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Abstract

Reliable, high-throughput and low-cost next-generation sequencing technologies have
invigorated genetic research into non-model organisms over the last decade. In this
work, RNA-Seq was employed to obtain the first-ever transcriptomes of two groups of
closely related plant taxa possessing distinctive complex physiological traits, namely
metal hyperaccumulation and C, photosynthesis.

Metal hyperaccumulator plants possess an extraordinary ability to take up trace elements
from the soil and accumulate them to high concentrations in their shoots, probably to
serve as a type of elemental defence against natural enemies. Taxonomically, the most
common form of metal hyperaccumulation, nickel hyperaccumulation, is encountered
on nickel-rich ultramafic (serpentine) soils, and is found with the highest frequency
(ca. 51 species) in the genus Alyssum (family Brassicaceae). Here, the genetic basis and
evolutionary history of nickel tolerance and hyperaccumulation was investigated in
the Alyssum serpyllifolium Desf. species complex, which contains both serpentine and
non-serpentine populations of unresolved phylogenetic relationships on the Iberian
Peninsula. Genome scans for outlier loci and differential expression analyses identified
a number of candidate hyperaccumulator genes common to two serpentine populations
found in Portugal and Spain, but the majority of adaptive variation was of local origin.
Phylogenetic and population-genetic inferences based on neutral and putatively adaptive
loci suggested that the key genes for the nickel hyperaccumulation trait evolved once
and spread across serpentine populations early in the history of this species, with no
genetic isolation but continued recent gene flow between serpentine and non-serpentine
populations.

To test the power of next-generation sequencing for analysing the genetic basis of
a separate complex trait, a cross-species comparison was performed using RNA-Seq
of two congeneric tropical species, the C, plant Alternanthera pungens Kunth and
the C, plant Alternanthera philoxeroides (Mart.) Griseb. f. angustifolia Suess. (family
Amaranthaceae). These species were cultivated at two different temperatures and showed
significant differences in levels of overall gene expression plasticity and isoform switching
in certain photosynthesis genes, which it is proposed may explain the observed difference
in the ability of these two species to acclimate to low and high growth temperatures.
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Abstract

Reliable, high-throughput and low-cost next-generation sequencing technologies have
invigorated genetic research into non-model organisms over the last decade. In this
work, RNA-Seq was employed to obtain the first-ever transcriptomes of two groups of
closely related plant taxa possessing distinctive complex physiological traits, namely metal
hyperaccumulation and C, photosynthesis.

Metal hyperaccumulator plants possess an extraordinary ability to take up trace elements
from the soil and accumulate them to high concentrations in their shoots, probably to
serve as a type of elemental defence against natural enemies. Taxonomically, the most
common form of metal hyperaccumulation, nickel hyperaccumulation, is encountered
on nickel-rich ultramafic (serpentine) soils, and is found with the highest frequency
(ca. 51 species) in the genus Alyssum (family Brassicaceae). Here, the genetic basis and
evolutionary history of nickel tolerance and hyperaccumulation was investigated in the
Alyssum serpyllifolium Desf. species complex, which contains both serpentine and non-
serpentine populations of unresolved phylogenetic relationships on the Iberian Peninsula.
Genome scans for outlier loci and differential expression analyses identified a number
of candidate hyperaccumulator genes common to two serpentine populations found in
Portugal and Spain, but the majority of adaptive variation was of local origin. Phylogenetic
and population-genetic inferences based on neutral and putatively adaptive loci suggested
that the key genes for the nickel hyperaccumulation trait evolved once and spread across
serpentine populations early in the history of this species, with no genetic isolation but
continued recent gene flow between serpentine and non-serpentine populations.

To test the power of next-generation sequencing for analysing the genetic basis of a separate
complex trait, a cross-species comparison was performed using RNA-Seq of two congeneric
tropical species, the C, plant Alternanthera pungens Kunth and the C, plant Alternanthera
philoxeroides (Mart.) Griseb. f. angustifolia Suess. (family Amaranthaceae). These species
were cultivated at two different temperatures and showed significant differences in levels
of overall gene expression plasticity and isoform switching in certain photosynthesis genes,
which it is proposed may explain the observed difference in the ability of these two species
to acclimate to low and high growth temperatures.
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Chapter 1

Introduction

1.1 Overview of next-generation sequencing methods

1.1.1  Advent of high-throughput, low-cost DNA sequencing technolo-
gies
High-throughput sequencing (HTS), also known as next-generation sequencing (NGS)
technologies, such as [llumina sequencing or 454 pyrosequencing, have enabled researchers
to generate short sequence reads (typically 100-300 bp but up to 14,000 bp) in a still growing
range of contexts, such as DNA-Seq, RNA-Seq, ChiP-Seq, Bisulphite-Seq (Fonseca et al.,
2012) at an unprecedented scale and low cost over the past 5 years (Wang ef al., 2009a;
Metzker, 2010;|Oshlack et al., 2010). As such, these methods have often displaced older
techniques, such as ‘first generation” Sanger sequencing in certain contexts (Metzker, 2010).
For instance, RNA-Seq has largely replaced DNA microarrays for gene expression profiling
(Finotello & DiCamillo} 2014) and has become the dominant technology for the study of
gene expression (Wang ef al.,|2009c¢). It has been shown that well-designed RNA-Seq and
microarray experiments show good concordance (Nookaew et al., |2012), and RNA-Seq
results from technical and biological replicates are highly reproducible and correlate well

with qPCR results (Cloonan et al.,2008; Nagalakshmi et al.,|2008).

RNA-Seq protocols start with reverse transcription of total RNA to cDNA, product
amplification, shearing, fragment selection, followed by steps specific to each of the RNA-
Seq technologies (Illumina, Roche 454, Pacific Biosciences etc.). In the case of the most

popular method, Illumina, also adopted here, adaptors are then ligated at the ends of
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fragments, which allows attachment to the flow cell surface and bridge-amplification in
solid phase (Marguerat & Bahler, 2010; Metzker, |2010). Clusters containing the same
fragment cycle through four-colour cyclic reversible termination, whereby one of the four
nucleotides with attached fluorophore is added to the flow cell, followed by a washing step
and imagining of clusters where the given nucleotide finds a complementary nucleotide,
cleavage of the terminating group and the dye, and finally re-start of the cycle.

Reads produced in this cyclic procedure from the application of a base-calling algorithm to
the signal generated by excited fluorophores are then mapped either to reference sequences
available or generated de novo from the reads themselves. The resulting mapped read
counts provide a digital measure of gene expression in the sample. Read counts can then
be used as input in differential gene expression studies aiming to characterize organismal,
tissue, or even cellular response to different extrinsic or intrinsic factors. Crucially,
RNA-Seq provides a window into both gene expression phenotype and underlying gene
sequences at the same time, enabling the latter to be utilized concomitantly for population

genetics studies.

1.1.2 Application of RNA-seq to research in non-model organisms: gene
expression profiling and population genetics

The advent of next-generation sequencing methods has also allowed researchers to tackle
reconstruction of the transcriptomes of non-model plant (and animal) species with little-
to-no prior sequence information (Gowik et al., 20115 Ness ef al.,|2011;|Su ef al., 2011;|Huang
et al.,2012;|Sloan et al.,|2012). This is evident in the publication record of projects, such
as the 1000 Plants (1 KP, www.onekp.com) initiative, which have sequenced hundreds of
non-model plant species. Lack of a requirement for prior knowledge of the transcript
sequence is a huge advantage compared to previously widespread microarrays, where
expression quantification was performed by hybridization with pre-defined gene probes
and so the transcript sequence in a given species or a close relative had to be known from
previous research (Garber et al, 2011). Furthermore, gene probes used in microarrays
span only a small fragment of the entire transcript, whereas in RNA-Seq the sequence

and expression of the entire transcript are potentially obtainable from scratch (Bullard
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et al., 2010; Finotello & DiCamillo, |2014). The short length of the microarray probes can
frequently result in cross-hybridisation of homologous sequences. Nevertheless, there
is an analogous problem with RNA-Seq, where challenge remains in assigning reads to
closely related paralog and transcript isoforms. The presence of background noise and
saturation, which are unique consequences of the microarray technology, lead to much
lower dynamic range than in RNA-Seq, whose dynamic range can span five orders of
magnitude (Mortazavi et al., |2008). While RNA-Seq allows single base pair resolution
and control over which reads contribute to quantification of expression of any given gene,
microarrays return only signal intensities, which are less quantitative in nature (Marguerat
& Bahler, 2010). Lastly, results from different microarrays are not directly comparable and
complex normalization is involved prior to re-analysis, which is not usually the case in

RNA-Seq experiments.

RNA-Seq certainly possesses potential pitfalls of its own, such as biases introduced at
different stages of sample preparation and inherent to the sequencing platform. As to the
first point, depending on where primers used for reverse transcription of mRNA bind, we
expect changes to the representation of different transcript ends in the sequencing output.
Random hexamer primers will result in the over-abundance of 5’- ends, while poly-dT
result oligomers in over-abundance of 3'- ends (Nagalakshmi ef al.,|2008). Sequencing
depth can influence estimates of gene expression and the power to detect differential
expression (Robinson et al., 2010). Highly expressed genes will be sampled and sequenced
disproportionately more often than the genes showing lower levels of expression given
limited number of sequence reads generated and the effect is even exacerbated for genes
producing long transcripts. As to the second point, different sequencing platform show
specific error profiles, including basepair miscalling (all platforms, typically at 0.1% to 0.01%
rates in Illumina; Yang et al., 2010b)), artificial introduction of tracts of homopolymers (454
pyrosequencing), bias against regions with extreme base composition, such as GC-rich
regions (Illumina) (Aird et al., 2011) etc. Fortunately, effective post hoc methods have been
developed to correct for most of the RNA-Seq errors and biases listed above (Oshlack ef al.,

2010; [Finotello & DiCamillo, 2014) and their use will be described later in analyzing the
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experimental results obtained.

RNA-Seq is a low-cost technique resulting in huge reduction in the sequence complexity as
compared to genome sequencing but at the same time allowing genome-wide sampling of
genetic variation. Importantly, this genetic variation is limited to functional regions and as
such, it benefits from low indel frequency and predictable codon structure. For that reason,
RNA-Seq can be used to survey the genetic basis of adaptation, using such approaches
as genome-wide scans for selection. Genome-wide scans, which involve comparison of
between-population and within-population variation based on SNPs at each locus to
look for signatures of selection and identification of possibly adaptive loci, have only
become possible in the last few years due to the advent of NGS. Previously used markers
in non-model organisms, such as AFLP (Amplified Fragment Length Polymorphism),
RFLP (Restriction Fragment Length Polymorphism) and microsatellites, suffered from
many drawbacks. They were time-consuming to generate, with anonymous positions in
the genome, preventing any functional inference about potentially adaptive loci (Davey
et al.,|2011). Conversely, marker production using NGS can result in parallel scoring at
millions of markers in an unlimited number of individuals following a single sequencing

experiment.

RNA-Seq technologies nevertheless possess certain disadvantages. High quality sequence
data is biased only towards genes expressed at moderate-to-high levels in all samples.
Further complications arise from allele-specific expression, alternative splicing, paralogous
loci and stochastic drop-out of alleles when sequencing at low-coverage, which can make
it difficult to establish genotypes (Nielsen et al., 2011; De Wit et al., 2015)). However, at least
one potential drawback of using transcriptomes for calculating allele frequency differences,
such as required for genome scans - namely the bias introduced by allele-specific expression
in different ecotypes - could in fact point to real underlying sequence differences in the

gene regulatory region (Westram et al., [2014).
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1.2 Introducing metal hyperaccumulation in plants

1.2.1 Metal hyperaccumulation - definition, distribution in space and
on the tree of life

One of the most extraordinary adaptations known in the plant kingdom is the ability
of certain plants to hyperaccumulate trace elements in their above-ground biomass.
This trait is present in only about 500 species, representing approximately 0.2% of all
angiosperm species (Plaza et al., 2015)). In contrast to metal excluders, whose strategy is to
control the uptake of metals into the root and prevent metal translocation to aerial organs,
hyperaccumulators accumulate metals in the shoot to levels toxic to other plants (Baker &
Brooks, 1989; Rascio & Navari-1zzo, [2011). This is remarkable since the photosynthetic
apparatus is one of the major targets of transition metal phytotoxicity typically resulting
in severe symptoms such as chlorosis and necrosis, wilting, reduced development and
growth (Pandey & Sharma, |2002; Rahman et al., |2005). These general signs of poor plant
health are a product of numerous harmful interactions at the cellular level (Haydon &
Cobbett, 2007), including: non-specific binding of metals to enzyme functional groups
and displacement of other metals from their binding sites, generation of reactive oxygen
species by redox-active metals, which can lead to disruption of the electron-transport
chain (Qadir et al., 2004)), lipid peroxidation and subsequent disruption of membrane

integrity (Pandolfini et al.; 1992; Ros et al., 1992;|Gonnelli et al., |2001).

The majority (~80%) of hyperaccumulator plants are known to hyperaccumulate nickel
(Reeves & Baker, 2000} Verbruggen ef al., |2009; Kramer, |2010)). Nickel’s sole function in
plants is as a cofactor in the enzyme urease, and as a result it is the least abundant (along
with molybdenum) essential trace element, reaching concentrations of typically o.1-10
mg/kg dry biomass in non-accumulator plants (Reeves, 1992; Marschner, 1995; Palmer &
Guerinot, 2009). Other metals for which hyperaccumulating plants have been discovered
include: zinc, cadmium, copper, cobalt, manganese, and the metalloids arsenic, thallium
and selenium, with nickel being the most commonly hyperaccumulated metal due to its
prevalence in ultramafic rocks over all the continents (Van der Ent ef al., 2013). When

ultramafic rocks have weathered and undergone metamorphic hydration of the minerals
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olivine and pyroxene (Mengoni et al.,|2009), they form serpentine soils that have have

distinctive physical and chemical characteristics.

About 90% of nickel hyperaccumulators are species endemic to serpentine soils (Reeves &
Baker, 2000). The reverse is not true: nickel hyperaccumulation is quite rare on serpentine
soils — only approximately 2% of serpentine species are nickel hyperaccumulators (Kazakou
et al., 2008)). Serpentine soils display particularly high contents of nickel, cobalt and
chromium, low Ca/Mg ratio, and low levels of essential minerals: nitrogen, phosphorus
and potassium (Brooks, 1987). Other types of soils have nickel concentration of typically
between 7 and 50 mg/kg, while in serpentine soils the nickel content usually ranges from

700 to 8000 mg/kg (Reeves, 1992; Reeves & Baker, 2000)).

This characteristic geochemistry, combined with a typically thin soil cover and granular
texture, poor water-holding capacity, easy erosion and exposure to high light intensity,
makes serpentine soils a notoriously difficult environment for plant growth (Proctor; 1975;
Freitas et al.,|2004). As a result, serpentine outcrops are treated as ecological islands
inhabited by specialized floras. Indeed, the discontinuity between serpentine outcrops,
with their sparse vegetation, and normal neighboring soils can be clearly delimited from

afar (Brady ef al., 2005; [Kruckeberg, 2004).

Despite the considerable interest in nickel hyperaccumulation in nature, this phenomenon
was only recorded in the scientific literature for the first time in 1948 (Minguzzi & Vergnano,
1948)). The species in question was Alyssum bertolonii Desv. growing on serpentine soils
in Tuscany, Italy. However, the term ‘hyperaccumulator’ was not coined until 1976 (Jaffré
et al.,1976). Brooks et al. (1977) first set the threshold for nickel hyperaccumulation at
1,000 mg/kg shoot dry biomass (all Ni concentration values are given per shoot dry mass
unless stated otherwise) as this is 10-100 times higher than nickel concentration found in
non-accumulator plants growing on serpentine (typically 10-100 mg/kg, Reeves,1992), and
100-1,000 times higher than in plants growing on other soils (typically 0.1-5 mg/kg, Reeves,

1992; Palmer & Guerinot, 2009). This threshold is not entirely arbitrary, as evidenced by
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the non-overlapping bimodal distribution of shoot nickel content in hyperaccumulators
and non-accumulators with a boundary between the two groups at around 0.1% Ni in the

genus Alyssum L. (Brooks, 1987; Reeves, 1992; |Pollard et al.,|2002).

Taxonomically, nickel hyperaccumulation ability is most prevalent in eudicots — only
four monocot species, as contrasted with 363 eudicots, have so far been found to exhibit
this trait (Burge & Barker, 2010). In fact, distribution of the nickel hyperaccumulation trait
is heavily skewed towards three families containing a large number of hyperaccumulators:
Brassicaceae (87 species in 10 genera, including the genus Alyssum section Odontarrhena,
Euphorbiaceae (83 species, including many Cuban endemics, such as species of Phyllanthus)
and Asteraceae (46 species, including Senecio coronatus and Berkheya coddii). There are
a further 18 families containing 2-20 species each, and 23 families each with a single

hyperaccumulator species (Flynn, |2013).

1.2.2 Adaptive value of metal hyperaccumulation

Of four original hypotheses proposed to explain the possible adaptive advantage conferred
by hyperaccumulation of metals (Boyd & Martens, 1992), only the pathogen/herbivore
“elemental defense” hypothesis has gathered plentiful supporting experimental evidence
(Boyd, 2004). There have been many reports of decreased pathogen infection rates and
herbivory on plants hyperaccumulating metals (Poschenrieder et al., 2006; Boyd, 2007;
Fones et al.,|2010)), but some negative evidence of no protective effect against herbivory
exists in the literature, too (Noret ef al.,|2007). More field and laboratory studies are
underway in this active field of research to further test the different hypotheses concerning
the selective advantage offered by metal hyperaccumulation. For instance, protection
against environmental stresses has also been proposed as the role for high Ni concentration
in above-ground tissue in plants. According to the hypothesis, perennial shrubs living
in xeric habitats (such as Alyssum Ni hyperaccumulators) could be protected from UV-
induced oxidative stress by nickel absorbance (de la Fuente et al.,|2007), but this hypothesis

has not yet been tested in plants.
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1.2.3 Metal hyperaccumulation as a complex trait

A complex trait "refers to any phenotype that does not exhibit classical Mendelian recessive
or dominant inheritance attributable to a single gene locus" (Lander & Schork; 1994). The
ability to hyperaccumulate metals requires considerable modification of basic physiological
and biochemical pathways, as outlined below, which necessitates the involvement of
multiple genes and pathways, e.g. as shown by previous QTL (Quantitative Trait Locus)
analyses in zinc hyperaccumulators (Deniau et al., 2006; [Willems et al., 2007; Frérot
et al., 2010)) which led to identification of multiple major QTLs for zinc accumulation
and tolerance. Thus, metal hyperaccumulation warrants a place on a list of important
complex traits found in plants (Hanikenne & Nouet, 2011), such as CAM (Crassulacean
Acid Metabolism) and C, photosynthesis (Christin ef al., |2011; |Flood et al., 2011;|Langdale,
2011), and salt tolerance (Flowers ef al., 1997; Yamaguchi & Blumwald, |2005). No QTL
analyses have been conducted on any nickel hyperaccumulating species so far but only
on nickel-tolerant serpentine ecotypes of Silene vulgaris (Bratteler et al.,|2006bja)) and
Caulanthus amplexicaulis (Burrell ef al.,|2012), which invites new studies into the genetic

architecture of nickel hyperaccumulation, including this one.

1.2.4 Physiology of metal hyperaccumulation

1.2.4.1  Overview

Hyperaccumulator plants accumulate metals to high concentrations in the shoot, so their
shoot:root metal concentration ratios are typically above 1, unlike other plants when ex-
posed to metals. This preferential accumulation of metals in the shoot entails modification
to basic physiological mechanisms governing metal transport: these include increased
rates of root metal uptake from the environment, decreased vacuolar sequestration in
the root (Lasat et al.,1998; Richau et al.,|2009) and efficient xylem loading (Kramer et al.,
1996; Hanikenne et al.}|2008). As metals need to be preferentially moved to the shoot in
hyperaccumulators, vacuolar sequestration in the root is two to three times lower, and
zinc efflux out of the vascular parenchyma cells into the xylem twice as fast in Noccaea
caerulescens compared to non-accumulating plants, for instance (Lasat et al., 20005 [Richau

et al.,2009)). This is followed by increased metal uptake into shoot cells (Kiipper et al.,



1. Introduction 11

2001) and sequestration in the cell wall and shoot vacuoles with high storage capacity
(Kiipper et al., 2000; Ma et al.,|2005; \Gustin et al., 2009)). Hyperaccumulator plants are
obviously hypertolerant to the metal they accumulate: they are able to detoxify the metal
when being transported through the symplast, and can store it in large quantities in their

aerial organs (Pollard et al., 2002; Kramer, |2010).

1.2.4.2 Mechanisms of countering metal toxicity

Metals pose a serious risk to cell metabolism because of their tendency to bind to free
functional groups on proteins (Kramer et al., 2007). As described by the Irving-Williams
series, a given metal can displace another with lower complex stability constant: for
example, nickel can displace iron, manganese and magnesium (da Silva & Williams, 1991);
this phenomenon is generated by a decrease in the radii of high spin octahedral ions
across the periodic table (Irving & Williams, 1953). In addition, transition metals have
especially high binding affinities for N- and S-donor ligands (amino and thiol functional
groups, respectively), so the cell must exercise tight control over the availability of free
metal ions (Waldron et al., 2009; Foster et al., 2014). Consequently, transition metals in
the cytoplasm are almost entirely bound by proteins with chaperone functions or by other
specific chelators, resulting in e.g. sub-nanomolar free Ni** concentrations (Williams),
2007; Smart ef al., 2010). We know little about metallochaperones presence in plants apart
from the copper ATX chaperones, which are highly conserved in eukaryotes (Burkhead
et al.t|2009; Puig & Penarrubia, 2009). On the other hand, low-molecular-weight chelators
such as nicotianamine, histidine, citrate and malate have been shown to be necessary for
sequestration of metals in specific cell compartments and/or for long-distance transport.
Depending on the cell compartment or tissue, a given metal species will be chelated by a
different ligand, forming a complex of different stability, facilitating further transport or

immobilisation.

Furthermore, oxidative stress resulting from metal toxicity seems to require increased
production of antioxidants, such as glutathione (Schiitzendiibel & Polle, 2002; Jozefczak

et al.,|2012). In the shoots of nickel-hyperaccumulating Noccaea species, salicylic acid
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levels are constitutively elevated and promote activation of genes involved in glutathione
synthesis and turnover resulting in increased levels of reduced glutathione, which appears
to contribute to nickel tolerance (Freeman et al., 2004, |2005; Freeman & Salt, 2007).
This was shown in Arabidopsis thaliana plants expressing Noccaea goesingense serine
acetyltransferase that overproduce salicylic acid and become highly resistant towards

nickel (Freeman & Salt, 2007).

1.2.4.3 Metal chelation in transit

One such small molecule is the amino acid histidine, which is the only key constitutive
component of nickel hyperaccumulation identified to date in Alyssum. Histidine acts as
a very effective chelator for nickel cations through its carboxylate, imidazole and amine
functions: of all the common carboxylic acids and proteinogenic amino acids, histidine
has the highest association constant for binding to nickel at typical cytoplasmic pH values
around 7.5 (Martell & Smithl 1989)). Kramer et al.|(1996) showed that nickel induced a
dose-dependent increase in histidine in the xylem sap of three hyperaccumulator species
of Alyssum, a response absent in the congeneric non-accumulator Alyssum montanum;
turthermore, supplying A. montanum with exogenous histidine phenocopied the nickel
hyperaccumulation trait. Thus, histidine is likely important for detoxifying nickel not
only by chelation, but also by facilitating loading of nickel into the xylem (possibly as a
nickel-histidine complex) and its transport to the shoot. Histidine-dependent transfer
of nickel to the shoot might be specific to only some genera in the Brassicaceae, since
Arabidopsis thaliana lines overproducing histidine show only increased nickel tolerance
but not hyperaccumulation of nickel in the shoots, despite the presence of elevated
concentrations of histidine in the xylem (Ingle et al., 2005a). Nickel speciation analysis
conducted by Alves et al. (2011) and|Centotanti et al.|(2013) showed that nickel in the xylem
travels mostly as a free hydrated cation (70%) in Alyssum pintodasilave. In contrast, in the
congeneric nickel hyperaccumulator A. lesbiacum, a considerable proportion (up to 19%)
of the nickel being translocated in the xylem can be complexed to histidine, depending
on the nickel concentration to which the plant is exposed (Kramer et al., 1996). However,

there are doubts about the feasibility of methods employed by Alves ef al.|(2011) to monitor
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the native in vivo Ni complexation state, rising the possibility that the free, dissociated Ni

state measured is a technical artefact.

Studies on nickel hyperaccumulators from the genus Noccaea provide more clues on
the potential role of histidine in nickel hyperaccumulation, indicating that nickel chelation
by histidine can prevent its sequestration in the root vacuole. Richau et al. (2009) showed
that nickel-histidine complexes are poorly taken up by root- and shoot- derived tonoplast
vesicles from nickel-hyperaccumulating Noccaea caerulescens, unlike the non-accumulator
Thlaspi arvense. Much better sequestration was obtained for nickel-citrate complexes in
the hyperaccumulator, especially in shoot vacuoles. Thus, it appears that due to prevention
of sequestration of the nickel-histidine complex in root vacuoles of the hyperaccumulator
species, detoxified nickel is available for export to the shoot, where it is eventually bound

with organic acids such as citrate.

Another ligand important for early detoxification of nickel on entering the plant can
be nicotianamine (NA), and a considerable proportion of Ni pool in the root and xylem
in N. caerulescens is found in a complex with NA (Vacchina ef al., 2003;|Mari et al., |2006;
Callahan et al., 2007). Supporting the hypothesis that the nickel-nicotianamine complex is
one form in which nickel travels from root to shoot in N. caerulescens, A. thaliana plants ex-
pressing the N. caerulescens nicotianamine synthase (the enzyme catalyzing nicotianamine
formation from three S-adenosylmethionine molecules) became significantly more nickel
tolerant and accumulated more nickel in the shoot (Pianelli et al.||2005). Detoxification of
nickel by complexation with nicotianamine and enhancement of xylem loading of nickel
by nicotianamine has also been reported in Arabidopsis halleri, even though this plant is

normally only a hyperaccumulator of zinc and cadmium (Cornu ef al., |2015).

1.2.4.4 Metal chelation in situ

Inside the shoot vacuoles, organic acids are quantitatively the major chelating agents for
metals in hyperaccumulator plants, as shown using X-ray absorption techniques (Callahan

et al.,2006; Haydon & Cobbett, |2007). For instance, in Arabidopsis halleri, most of shoot
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zinc pool is associated with malate (Sarret ef al., 2002), whereas in Noccaea caerulescens
most of the zinc is bound with citrate (Kupper et al.,|2004). Citrate has also been shown
to be the dominant ligand for chelation of nickel in shoots of several species of nickel
hyperaccumulators (Lee et al., 1978; Homer et al., 1991). Summarizing a number of earlier
studies, Brooks & Robinson|(1998) concluded that the major chelators of nickel in shoots
of hyperaccumulator species of Alyssum are malic, malonic and citric acids.

In the shoot, Ni has been shown to accumulate preferentially inside the epidermal cells on
both adaxial and abaxial surfaces and at the base of trichomes in hyperaccumulating species
of Alyssum (Kupper et all|2001; de la Fuente et al., 2007;|Smart et al., 2010). In trichomes,
nickel is distributed under a layer of calcareous deposits (Kramer ef al.,1997; Smart et al.,
2007). Nickel is also further deposited inside epidermal cell walls, mesophyll and vascular
bundle, in that order of preference. Interestingly, in the hyperaccumulator species Alyssum
murale, in contrast to the non-accumulator Alyssum montanum, nickel is specifically
directed into mitochondria, where it interacts with Krebs cycle to increase synthesis of its

side-products citric and malic acids, which are used to chelate nickel (Agrawal et al.,|2013).

1.2.5 Use of metal hyperaccumulating plants by humans

In addition to naturally occurring metal-rich soils, hyperaccumulator plants often flourish
on sites contaminated as a result of human activity such as mining and smelting. This
has suggested the potential application of metal hyperaccumulator plants in cleaning up
metal-contaminated sites (phytoremediation) and of extracting metals from low-grade ores
or mineralized soil (phytomining, agromining) (Brooks & Robinson, 1998). While field
trials have shown economic viability of nickel phytomining using e.g. Alyssum corsicum
under certain conditions (Li et al., 2003b)), novel plant genotypes with superior ability to
accumulate multiple metals as well as production of high biomass combined with efficient
metal extraction and storage are still sought after. In order to develop such plants, we need
better understanding of the exact genetic pathways implicated in metal hyperaccumulation
and general marginal land tolerance (Chaney et al., 2007, 20105 Sheoran et al., 2010; Escande
et al.,2014; Van der Ent et al., 2015). Although not the primary focus of the present work,

it is to be hoped that further insight into the genomic basis of metal hyperaccumulation
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might provide novel targets for breeding strategies aimed at producing plants more suited

to a variety of applications in phytoremediation and phytomining.

1.3 A. serpyllifolium as a model species for investigating
nickel hyperaccumulation

1.3.1 Limited historical research into nickel hyperaccumulation

Despite the greater abundance of nickel hyperaccumulator species (>400) in nature, much
more research has so far been conducted on the molecular basis and evolution of metal

hyperaccumulation in zinc and cadmium hyperaccumulators. However, only 15 described

species display zinc hyperaccumulation (Meerts & Van Isacker, 1997; Bert et al., 2000}

and just 4 cadmium hyperaccumulation (Brown et al.| 1995; Kiipper et al.|

20005 |Verbruggen et al.,|2009)). Two species have become de facto model organisms for

studying molecular mechanisms of hyperaccumulation: Arabidopsis halleri (L.) O’Kane &
Al-Shehbaz (referred to in the most of the earlier literature prior to 1997 as Cardaminopsis
halleri (L.) Hayek) and Noccaea caerulescens (].Presl & C.Presl) EK.Mey. (referred to in the
earlier literature as Thlaspi caerulescens ].Presl & C.Presl), which are constitutive zinc hyper-

accumulators in both metallicolous and non-metallicolous populations. Some populations

of the two species hyperaccumulate cadmium (Robinson et al., 1998; Reeves et al., 2001;

Bert et al., 20035 Roosens et al.,[2003), and a number of Noccaea caerulescens accessions

can hyperaccumulate nickel as well, albeit to a slightly lower degree (Reeves & Brooks,

1983; Reeves et all 2001). However, as nickel hyperaccumulation is the more common form

in terms of number of species across the plant kingdom (368 species according to

& Barker, 2010|and an estimate of 450 species by |Van der Ent et al., 2015) and the most

efficient form of metal hyperaccumulation, exclusively nickel hyperaccumulating taxa

could benefit from more focused studies (Kazakou et al.,[2008). So far, the genus Alyssum L.

containing nickel hyperaccumulators along with non-accumulator species (Kramer, 2010;

Pollard et al., 2014), has been the favoured taxon in nickel hyperaccumulation research

using modern genetics and molecular biology approaches.
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1.3.2 Occurrence of nickel hyperaccumulation in Alyssum L.

The genus Alyssum L. was first described by Linnaeus in 1753 based on Alyssum montanum
(Dudley, 1966). As currently circumscribed, the genus contains about 190 species, and
is particularly notable for the fact that it contains the highest number of hyperaccumu-
lator species of all genera in both absolute and relative terms - 51 hyperaccumulators,
contrasted with 98 non-accumulators and 39 non-characterised taxa (Burge & Barker,
2010). [Flynn| (2013) (Figure showed that all 51 Alyssum hyperaccumulator species
(34 exclusively hyperaccumulators, 17 facultative hyperaccumulators) belong to a single
monophyletic clade that recovers almost exclusively (except for 5 species) the traditional
section Odontarrhena, containing all the previously identified nickel hyperaccumulators in
Alyssum (Brooks et al.}1979)), with the sole exception of the hyperaccumulator A. lenense
Adams. However, this clade shows poor internal resolution at the species level due to
insufficient phylogenetically informative variation for the four sequenced chloroplast DNA
regions (trnL-F, rpsi6-trnK, matK, trnD-T), and so it has not been possible to establish
the phylogenetic relationships between the hyperaccumulators and non-accumulators

within this clade with any degree of confidence (Flynn, 2013).

1.3.3 Alyssum serpyllifolium - facultative hyperaccumulator

Several taxa within the genus Alyssum are classed as facultative hyperaccumulators or
pseudometallophytes (Pollard et al., |2014), i.e. containing populations occurring on
metalliferous and non-metalliferous substrates with distinct differences in ability to hy-
peraccumulate metals. The Alyssum serpyllifolium species complex is the best studied
case of facultative nickel hyperaccumulation in Alyssum, with clear morphological and
physiological differences between serpentine and non-serpentine populations being ev-
ident under ‘common garden’ conditions in the laboratory (Brooks et al., 1981; |Pollard
et al.,|2002; Ingle et al., |2005a). Alyssum serpyllifolium sensu lato is a widespread species
in south-western Europe, with a distribution centred on the Iberian Peninsula, that is
found growing on both serpentine and non-serpentine substrates (Dudley, 1964; Tutin,
1993)). At various times, it has been proposed that the serpentine populations should be

accorded the status of distinct subspecies, or even raised to the rank of species (Dudley,
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1986aib)), but so far phylogenetic analyses based on chloroplast DNA sequences have not
been able to establish clearly resolved relationships between the different populations
(Cecchi et al., 2013; Flynn, 2013). The Alyssum serpyllifolium species complex was chosen
for investigation in the present study, because as a taxon with distinct serpentine and
non-serpentine ecotypes, with close but as yet unresolved relationships, it lends itself well

to the study of the evolution of the hyperaccumulation trait from a number of perspectives.

1.3.4 Asingularinnovation in Alyssum L. - nickel hyperaccumulation?

In theory, two simplified scenarios could be invoked to explain the origin and wide
geographic distribution of the nickel hyperaccumulation trait within the genus Alyssum,
given that hyperaccumulator species are found on serpentine sites scattered across the
entire Mediterranean basin, from the Iberian peninsula in the west to the Irano-Turanian
region in the east (Brooks, 1987). Hyperaccumulation ability might either have arisen at
each serpentine site independently from a local (adjacent) ancestral non-accumulating
population, or alternatively the hyperaccumulation trait might have arisen just once in an
ancestral population and then spread by dispersal and range expansion to serpentine sites
scattered over a wide geographical area. Serpentine soil biochemistry and the specialised
plant adaptations required to thrive on such substrates suggest that serpentine-adapted
plants may not be successful competitors on non-serpentine substrates (Brooks, 1987;
Elmendorf & Moore, |2007;|Anacker & Harrison, 2012; Anacker, 2014). However, given
appropriate dispersal abilities, they should be able to colonise other serpentine islands
on encountering suitable habitats. With time, the populations occupying such serpentine
islands would become genetically distinct and could, as edaphic endemics, eventually give

rise to new taxa through the process of allopatric speciation.

According to the phylogenetic work of Flynn! (2013) based on chloroplast DNA sequences
(Figure[L1), nickel hyperaccumulation appears to have evolved in the genus Alyssum on the
branch leading to a single monophyletic clade that includes the section Odontarrhena (sub-
clade A1a, with a crown node radiation estimated from ultrametric trees to date to 3.3 MYA).

This single origin of nickel hyperaccumulation could require up to 15 apparent losses of the
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nickel hyperaccumulation trait within the clade (depending on how the non-accumulator
species are coded), but multiple independent origins of nickel hyperaccumulation could
not be ruled out. Sub-clade A1a radiated in the Pliocene Epoch, and Flynn| (2013)) inferred
a 2.5-fold increase in the species net diversification rate on the branch leading to this clade
compared with the background rate in the rest of the tribe Alysseae using a binary state
speciation and extinction (BiSSE) analysis (Maddison et al.,|2007). Flynn (2013) therefore
concluded that nickel hyperaccumulation qualified as a ‘key innovation’ in Alyssum,
tulfilling the four criteria required to meet such a designation: synapomorphy (single
origin of the trait and its persistence); functional advantage (tolerance of serpentine soils,
and possibly also enhanced defence against herbivores and pathogens); range expansion
(widespread distribution across the Mediterranean basin); and higher net diversification
rate of lineages possessing the trait. In practice, as the nickel hyperaccumulation trait
always co-occurs with serpentine tolerance within Alyssum, it is difficult to distinguish
between the two in terms of what constitutes the actual key innovation in the lineage,
and this issue will be re-examined in the research presented here. Specifically, Alyssum
hyperaccumulators are expected to show genetic adaptations not only related to nickel
hyperaccumulation, but also to the other challenges posed by the serpentine soils, such as
high chromium and cobalt, low calcium and high magnesium, low levels of potassium,
nitrogen and phosphorus, and low water availability due to the poor water-retention ability

of the soils (Proctor, 1975; Brady et al., |2005; Kazakou et al., 2008).
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1.3.5 Morphological differences within Alyssum serpyllifolium species
complex

Alyssum serpyllifolium Desf. is a highly variable, exclusively sexual perennial and iteroparous
herb species, first described based on non-serpentine populations (Desfontaines, 1798),
but variously split at different times into distinct subspecies or even species (Dudley,
1986a,b; Rodriguez-Oubina & Ortiz, 1991; Tutin, 1993). It is characterised by oblanceolate
or obovate-spathulate leaves (Cecchi et al.,|2013), which along with stems are covered by
unicellular stellate (stalk-less, multi-branched) trichomes with a variety of forms (Dudley,
1964)) that give a tomentose-whitish appearance to the plant (de la Fuente et al., 2007).

Field-collected Alyssum serpyllifolium specimens from different populations (Figure
A, B, C and Figure[1.3]top) display differences in morphology in terms of trichome cover,
plant stature, leaf shape and coloration, which led E.]. Nyarady (1931, 1932, 1949) to delimit
as many as 19 intraspecific taxa within the species (Dudley, 1966)). This is now thought to
represent a grossly inflated estimate of the number of infraspecific taxa, but the taxonomic
status of different populations within the Alyssum serpyllifolium species complex is still
unresolved and is summarised in Table 1.1} As all species/subspecies descriptions were
made from field material, some of the differences in morphology seen could be due to
phenotypic plasticity rather than genetic differences (Sultan, |2000|). On the other hand,
differential nickel hyperaccumulation and tolerance, along with certain differences in
morphology in standardised pot (Brooks et al., 1981; Dudley, 1986a) and hydroponic
trials (A.]. Pollard & J.A.C. Smith, unpublished results) do support the existence of key
genetic differences between serpentine and non-serpentine populations. In the present
work, different accessions are typically referred to by their population names derived
from nearby geographic features, and the name is always followed by a suffix denoting a
serpentine (-S) or non-serpentine (-NS) origin of the population. Species names (Alyssum
pintodasilvae, A. malacitanum, A. guitianae) are also sometimes used to refer to the various

serpentine populations of A. serpyllifolium Dest. from the Iberian peninsula.

Differences in plant stature, as well as leaf shape and arrangement, were used as diag-

nostic characters in the original descriptions of the serpentine taxa Alyssum malacitanum
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(Carratraca-S) and A. pintodasilvae (Samil-S). Alyssum malacitanum was described as
having flat leaves (Dudley, 1986b) and A. pintodasilvae as having conduplicate leaves (folded
together lengthwise with the upper surface within; Dudley, 1986a). Results from a recent
common garden experiment confirmed these differences in leaf morphology between
the Samil-S/Barazén-S and Carratraca-S populations, and also revealed that Samil-S and
Barazdn-S populations shared an obovate-spathulate leaf shape, whereas the Carratraca-S
population possessed an oblanceolate leaf shape (unpublished, Graham, 2013). Amongst
three non-serpentine populations examined, all three showed conduplicate leaves, but
while one population displayed oblanceolate leaf shape (Morata-NS), the other two showed
obovate-spathulate leaves (Rubia-NS and Alhaurin-NS), so these morphological characters
did not differentiate consistently between serpentine and non-serpentine populations.
Similarly, trichome morphology, which has been previously employed to delineate species
boundaries in Brassicaceae (Ancev & Goranova, 2006} [Beilstein et al., 2006}, 2008]), was
found to show only marginal differences between the various populations of Alyssum
serpyllifolium, with the three serpentine populations having a significantly higher abax-
ial trichome area density (and correspondingly smaller trichomes) than the three non-
serpentine populations in the study (unpublished, Graham, 2013). Finally, morphometric
analysis of seeds and silicles using nine descriptors did not reveal any consistent differences
between A. malacitanum, A. pintodasilvae and A. serpyllifolium sensu stricto. These results
suggest that morphological differences between populations within the A. serpyllifolium
complex are marginal at best and highlight the need for phylogenetic investigations of

the taxonomic status of these different entities.

1.3.6 Physiological differences within Alyssum serpyllifolium species
complex

Measurements of shoot nickel concentration in Alyssum serpyllifolium material collected
in the field have established that non-serpentine populations of Alyssum serpyllifolium
growing on limestone soils are non-accumulators containing only low amounts of Ni in
the shoot (2 to 4 mg/kg; Brooks & Radford, 1978; Brooks et al., 19795 de la Fuente et al.,

2007; |Becerra-Castro, 2012; (Cabello-Conejo et al., 2014. Conversely, specimens collected
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from serpentine soils showed nickel concentrations in the shoot always exceeding the
conventional hyperaccumulation threshold of 0.1 % (w/w): Alyssum malacitanum - mean
(+ SD) of 10,391 * 774 mg/kg (Becerra-Castro, 2012); Alyssum guitianae - mean of 15,464
+ 719 mg/kg (Becerra-Castro, 2012); Alyssum pintodasilvae - range from 1,940 to 9,000
mg/kg (Brooks and Radford, 1978), or mean of 11,022 * 1,169 mg/kg (Becerra-Castro, 2012),
with a maximum of 38,105 mg/kg (Freitas ef al.,|2004). In the field, plants restricted to non-
serpentine soils will not have the opportunity to hyperaccumulate nickel, so the only way to
determine the physiological differences between these populations is by means of common-
garden experiments under controlled conditions. Nickel tolerance and accumulation tests
carried out by Brooks et al.| (1981) in the laboratory setting first questioned the simple
division between hyperaccumulating serpentine Alyssum populations/species and non-
serpentine non-accumulators. A nickel tolerance test based on the maximum tolerated
Ni concentration in pot trials with amended soils showed substantial range of values
from serpentine Alyssum pintodasilvae (maximum tolerance of 3,160 mg/kg soil Ni ) to
A. malacitanum (max. 1,000 mg/kg) and the non-serpentine Alyssum serpyllifolium Desf.
(max. 600 mg/kg). Ni tolerance assays measuring germination rate and root growth in
excised shoots resulted in the same rank order of taxa (Brooks et al., 1981b). Importantly,
when grown in artificially Ni-enriched soil in pots, the maximum leaf Ni concentration in
Alyssum serpyllifolium Dest. plants could reach the hyperaccumulation threshold of 1,000

mg/kg (Brooks et al., 1981; |[Reeves & Brooks, 1983)).

As a prelude to the present investigation of the genomic basis of nickel hyperaccumulation
in Alyssum, and to characterise the physiological differences between populations of A.
serpyllifolium in greater detail, an investigation of nickel tolerance and hyperaccumulation
in six accessions of this taxon was recently conducted for hydroponically cultivated plants
by A.J. Pollard and J.A.C. Smith, the results of which are reported briefly here. In solution-
culture experiments, the exposure to precise nickel concentrations can be controlled more
readily than in amended soils, and a range of concentrations can be tested covering incipient
to severe toxicity. Six different Iberian populations of A. serpyllifolium sensu lato were

used in this experiment (the sources of which are shown in Figure[i.4): Carratraca-S (A.
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malacitanum) and Samil-S (A. pintodasilvae), Barazon-S (A. guitianae’), Morata-N§, Rubia-
NS and Alhaurin-NS (all A. serpyllifolium Dest.), together with two other species from
the tribe Alysseae as outgroups for comparison: A. montanum L. and Clypeola jonthlaspi
L. Clypeola jonthlaspi is a non-hyperaccumulating annual herb (Figure 1.2/and Figure
bottom), widely distributed across Europe, North Africa and south-west Asia (Tutin, 1993;
Keshavarzi et al.} 2012)). The phylogenetic work of Flynn (2013) using chloroplast DNA
sequences (Figure[L1) indicates that the genus Clypeola is nested within the genus Alyssum
as traditionally circumscribed, in a sister-group position to the subclade A1a containing
the entire section Odontarrhena (including Alyssum serpyllifolium); that close relationship
was confirmed in other Alysseae phylogenies (Warwick et al.}|2008; |Resetnik et al., 2013}
Li et al.,|2015b) with even merger of the two subclades proposed (Warwick et al.,|2008;
Resetnik et al.,|2013). Alyssum montanum is more distantly related to A. serpyllifolium and
Clypeola jonthlaspi, as it is part of section Alyssum within the traditionally circumscribed
genus Alyssum, and it is another species complex showing a wide geographic distribution

and displaying considerable intraspecific variability (Tutin} 1993; Spaniel et al., 2012).

As assessed by their relative dry biomass production in nickel-containing solutions (Figure
[1.5), all six accessions of Alyssum serpyllifolium sensu lato tested showed a considerably
higher degree of nickel tolerance than A. montanum, for which growth was already approx-
imately 50% inhibited at 10 uM Ni. Clypeola jonthlaspi was similar in its nickel tolerance
to the two least-tolerant accessions of A. serpyllifolium (Morata-NS and Rubia-NS), but
was significantly more nickel-tolerant than A. montanum (data not shown). On average,
the three serpentine populations showed a higher degree of nickel tolerance than the three
non-serpentine populations, but a wide range of nickel tolerance was evident across the six
accessions. Growth of the two most tolerant serpentine accessions (Carratraca-S and Samil-
S) was not significantly reduced even at the highest nickel concentration tested (300 uM
Ni), whereas a slight growth inhibition was detectable for the two least-tolerant accessions
of A. serpyllifolium (Morata-NS and Rubia-NS) at 30 uM Ni (p < 0.05). Interestingly, two
accessions — the most nickel tolerant of the non-serpentine populations (Alhaurin-NS) and

the least tolerant of the serpentine populations (Barazon-S) - showed an intermediate, and
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rather similar, degree of nickel tolerance. This suggests that a wide range of intermediate
phenotypes exist amongst the natural populations of A. serpyllifolium, rather than a strict

bimodal distribution of tolerance values in serpentine versus non-serpentine populations.

In terms of hyperaccumulation, the highest levels of nickel hyperaccumulation were
shown by the three serpentine accessions, which accumulated significantly (p < 0.05)
greater nickel concentrations in their leaves (> 10,000 mg/kg) at 300 yM Ni than the three
non-serpentine accessions (Figure [1.5). However, at solution Ni concentrations of 100
puM or less, all six accessions showed very similar levels of nickel accumulation in the leaf
tissues, and indeed all six exceeded the conventional nickel-hyperaccumulation threshold
of 1,000 mg/kg shoot dry biomass at a solution Ni concentration of 30 yM, at which the
non-serpentine accessions showed only mild toxicity symptoms. All six accessions of
A. serpyllifolium accumulated considerably higher concentrations of foliar nickel than A.
montanum, which remained below the nickel-hyperaccumulation threshold at all but the

most toxic concentration of nickel.

These findings provide some further insight into the nickel tolerance and hyperaccu-
mulation of natural populations of Alyssum serpyllifolium relative to the original studies on
this species complex published by Brooks et al. (1978, 1979, 1981a, 1981b) and|Morrison et al.
(1980). First, although the serpentine populations on average are more physiologically
nickel-tolerant than the non-serpentine populations, there appears to be a continuous
range of intermediate phenotypes present within the species complex, with the least tolerant
of the serpentine populations (Barazén-S) being only marginally more nickel-tolerant

than the most tolerant of the non-serpentine populations (Alhaurin-NS).
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Figure 1.2: Serpentine taxa: A) Alyssum pintodasilvae T.R.Dudley (= A. serpyllifolium Desf. ssp.
lusitanicum T.R.Dudley & P.Silva) growing at Samil, near Bragang¢a, Trds-os-Montes, Portugal; B)
Alyssum malacitanum (Rivas Goday) T.R.Dudley (= A. serpyllifolium Desf. ssp. malacitanum Rivas
Goday) growing at Carratraca, Malaga, Andalucia, Spain.

Non-serpentine taxa: C) Alyssum serpyllifolium Desf. ssp. serpyllifolium) growing at Covas, Rubia,
Orense, Galicia, Spain; D) Clypeola jonthlaspi L. cultivated in the glasshouse, grown from seed
originating from Jarash, Jordan, kindly provided by the Millennium Seed Bank, Royal Botanic
Gardens, Kew (serial no. 413532). Photographs courtesy of J.A.C. Smith, used with permission.
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Figure 1.3: Top: Inflorescence of glass-house cultivated Alyssum malacitanum (Carratraca-S).
Photograph courtesy of John Baker, used with permission.

Bottom: Inflorescence-infructescence of Clypeola jonthlaspi. Photograph courtesy of Sarah Gregg,
used under Creative Commons license with permission.
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Figure 1.4: Distribution of the sampled Alyssum serpyllifolium populations in the Mediterranean
region. Serpentine populations are marked in blue and non-serpentine populations in red.



29

1. Introduction

“uorsstuIad )M pasn s ) Y[ pue
prefod ‘(v jo synsax paystqndun) ‘(3N ‘Wojudreq ‘UoAd(J JO $AIQO(]) 92INOS [BIDIIUITUOD B WOIJ PAUTEIO dIOM WNUDIUOUL "l JO SPadg uredg eonfepuy
‘edeqjerte)) :€g ednjiod ‘SAUON-SO-sel], rures :zg uredg ‘eoIfen) ‘uozereq 1§ ureds ‘eonepuy urmey[y €7 cureds ‘prIpejy ‘ejeIoly T curedg ‘emIfen
“eIqmy T :SMO[0] St a1om winyjofifjddaas *y jo suonerndog Anewojoydonosads uondiosqe sorwoye Aq uonnrp arerrdordde pue EQNH parenuaouod yim
UOoMORIIXd SUIMO[[0] sSewolq AIp J00Ys pue 1001 Jo sa[dures-qns U0 pauTULIS}IP SeM JUSUOD [¥DIN "UONBUIULISIIP SSBWOI] 10] [ T 10] D), 0§ J& PILIP-UIAO
pue pajsoarey a1om sjue[d sYoam I9YINJ g I9)Je pue ApPam pase[dar arom suonnjog ‘JAH 00€ 10 ‘00T ‘0f ‘OT (JOIIU0D) T'0 JO UOTIRIUDUOD [eUY € 0)
YOSIN s pajuawaiddns sem wonnjos sruodoIpAy o) ‘sYoam € 10)Jy *(£007) ‘Te 19 SUIS00Y AqQ PIQLIISIP SB SJUSLIINUOIDIW U0JYsy SuoT ISuars-z'o
payrpowr snjd sjustnuoidew uonnjos pue[deoH YI3uaIis-1'o Uo paseq uonnjos >1uodoIpAy € 0} I19Jsues) 910Joq PULS ISIOW U0 $YIIM T J0J PIds WOIJ
pajeururiagd a1om sjueld (W) wnuvjuous winssAry Jo uoissadde auo pue (suonendod sunuadias sa11) :€ - 1§ ‘suorrendod suojsawr] 2211 :€ — 1) 01v]
nsuas uinijofijjAd.ias winssA]y Jo SUOISSIIE XIS YIM JUSWILIdXS 21n)[nd-uonnjos e ur paesse (g) uonemumdderdadAy pue (y) soueIa[o) [YPIN :$°1 a1ndig

() wnipaw yamoss ur [IN] (M) wingpaw yimous vy [IN]
00E sz 00t 0sT 0ot oS 0 00e o0sz ooz 0sT oot 0s 0
o
w
k ooor 2
z =
= )
L ooog 5 @
m 8
ES
00021 3 s
& g
—
= &
o
k 00091 =
L noooz
0
g
L oooz 3
g
a
- W
L aoor 2 )
5 =N
a3 []
b 0009 & g
—_ e
L 000z &
LN
L ooooT
L 0o00zT

Wy efes CCamfes 7Cosfes  [Cemlfmm ] sfses 7] sfes ] 4sFhse wy 0= f5—8— —— S—%— -0 -0 1% _




30 1.3. A. serpyllifolium as a model species for investigating nickel hyperaccumulation

Second, even the least tolerant of the A. serpyllifolium populations sampled from non-
serpentine sites were found to be considerably more nickel-tolerant than A. montanum;
this is contrary to the view of Brooks et al. (1978, 1979, 1981a, 1981b), who considered
the taxa to be almost equally nickel-sensitive, although their protocols did not in fact
permit a very precise estimate of the effect of moderate concentrations of nickel. Third,
both the serpentine and non-serpentine accessions have the physiological potential to
hyperaccumulate nickel in their shoots to concentrations above 0.1 % (w/w) before the
onset of pronounced toxicity symptoms, even though the latter do not have the opportunity
to express this capacity when growing on non-ultramafic substrates. In line with the clear
Ni hyperaccumulator status of both serpentine and non-serpentine populations of A.
serpyllifolium revealed under laboratory conditions, the population will be grouped based
on their edaphic origin. These intraspecific differences in nickel hyperaccumulation and
tolerance found within the Alyssum serpyllifolium species complex thus provide a very
good starting point for dissection of the genetic mechanisms and genomic architecture
underpinning these traits, which will form the principal topic of this thesis. While a certain
degree of intraspecific variation in Ni hyperaccumulation and tolerance has previously
been demonstrated in the serpentine endemic hyperaccumulator Alyssum bertolonii native
to the Apennine mountains in Italy (Galardi et al., 2007), and indeed the non-accumulator
A. montanum is also very variable and occurs both on and off serpentine substrates (Tutin,
19934 Spaniel et al., |2012), neither of these taxa shows the wide range of accumulator
phenotypes exhibited by the Alyssum serpyllifolium species complex across the variety

of habitats in which it is found in the field.

1.3.7 Alyssum serpyllifolium species complex - distribution of differ-
ent cytotypes

The geographical distribution of Alyssum serpyllifolium range spans the Iberian Peninsula,
southern France, and most likely North Africa (Tutin, 1993;|Jalas et al.,[1996). Original
reports exist of the species’ presence in north-west Africa (Algeria, Morocco; (Cecchi
et al., 2013), but the African populations do not appear to have been investigated since the

early 1990s (Vogt & Oberprieler, 1994). The traditional hyperaccumulator populations
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are endemic to a few ultramafic outcrops in Spain and Portugal (Figure Brooks, 1987;
Cecchi et al.,|2013. Alyssum malacitanum (= A. serpyllifolium ssp. malacitanum) is part of
secondary scrub communities growing on soils of dolomite and peridotite ultramafic rocks
of the Baetic Province (Dudley, 1986b; Rivas Martinez, 1991)), specifically the endemic
alliance Staehelino-Ulicion baetici located in the western Baetic Cordillera of Malaga
(Sierra Bermeja-S and Carratraca-S populations). This is an area of 30,000 hectares
of ultramafic rocks (Asensi et al., 2004)), typically displaying soil Ni concentrations of
between 1,532 and 4,254 mg/kg (de la Fuente et al.l|2007). Alyssum pintodasilvae (Samil-S)
is restricted to the 8,000 hectare serpentine area in north-eastern Portugal in the region of
Tras-os-Montes e Alto Douro near Braganca, where soil Ni concentrations vary from 851
to 2,962 mg/kg (Peterson et al., 2003). Serpentinophytes such as Alyssum pintodasilvae
dominate the landscape there due to extensive tillage, preventing establishment of climax
dwarf scrub vegetation (Brooks et al., 1981b; Dudley, 1986a). The Galician serpentine pop-
ulations in northwestern Spain near Melide (Barazon-S) have sometimes been described
as Alyssum guitianae’ (Rodriguez-Oubina & Ortiz, 1991), but this name has never been
validly published, and more recently the tendency has been to regard these populations as

part of A. pintodasilvae.

Serpentine areas inhabited by Alyssum serpyllifolium populations take the form of relatively
small ‘islands’ of specialized substrate up to tens of kilometres in diameter (Brooks, 1987;
Flynn, 2013). As they are surrounded by vast stretches of non-serpentine ‘sea’ with different
geochemistry, they have previously been described as edaphic islands (Stebbins, 19425
Mayer et al., 1994)), by analogy to classical archipelagos of islands harbouring distinct
floras. Here, instead of large distances between islands limiting migration and promoting
speciation, there are not easily surmountable ecological boundaries presented by substrates
of different geochemistry in the intervening areas. In the Alyssum serpyllifolium species
complex, this is coupled with the fact that the typical serpentine outcrops may also
be constrained by altitude, as they often occur in mountain ranges such as Sierra de
Aguas (Carratraca-S: A. malacitanum), Sierra Bermeja de Estapona (Sierra Bermeja-S: A.

malacitanum), and Serra do Careé6n (Barazon-S: ‘A. guitianae’).
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The Alyssum serpyllifolium species complex also shows two ploidy levels, as is common in

the Brassicaceae family and also within the genus Alyssum (Spaniel et al., 2015/and cf. the

A. montanum species complex: |Spaniel et al, 2011;|Zozomova-Lihovi et al} 2014). The

populations on the Iberian peninsula (A. serpyllifolium: Cecchi et al., 2013; A. pintodasilvae:

Fernandes & Queiros, 1973; Kiipfer, 1974; (Cecchi et al, 2013; A. malacitanum and A.

guitianae’:|Cecchi et al.}|2013) and Africa (Galland & Love, 1984;|Galland, 19905 |Vogt &

Oberprieler,1994) show ploidy 7 = 8, but both diploid n = 8 (Kiipfer, and tetraploid
n =16 (Puech, 1963; | Bonnet, 1963) populations in France have been reported.

1.4 Caryophyllales as a model order for investigating C,
photosynthesis

1.4.1 Multiple origins of C, photosynthesis in Caryophyllales

The Caryophyllales is a big plant order with 11,510 species distributed among 34 families

(Bremer et all 2009). Found across all the continents, members of this order show

adaptations to a variety of environments: dry deserts (e.g. succulent cacti), acidic sub-

strates (e.g. sundews), high salinity environments (e.g. members of the Chenopodiaceae

family - Salicornia, Salsola; Yang et al., 2015)). Widespread presence in high light and dry

environments made Caryophyllales a hotspot for the evolution of CO,-concentrating

complex traits on the tree of life (Christin et al., 2014)): C, photosynthesis has arisen at

least 23 times out of minimum 62 times across the flowering plants in total
and multiple CAM origins have also been noted. Disproportionately frequent C,
photosynthesis emergence in the Caryophyllales has been hypothesised to be a result
of a combination of ecological, life history, anatomical and genomic factors

(Christin et al., |2013; |Grifhiths et al., |2013); therefore this group lends itself well to the

study of the trait in order to define the minimum number of changes required to the
plant’s genome to gain it. In grasses, the transition from C, to C, photosynthesis was

statistically linked to the migration to more arid, open-space environments such as

savannas from forest understory (Edwards & Smith}|2010)) but no direct link to abiotic stress

was uncovered. In contrast, in the Amaranth family, faster evolution of C, photosynthesis
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was directly correlated with drought resistance (Kadereit et al., |2012)). Also, in grasses,
certain anatomical changes present in one grass subclade’s common ancestor were shown

to facilitate multiple origins of C, photosynthesis within it (Griffiths et al.} 2013).

1.4.2 Physiology of C, photosynthesis

C, and CAM plants fix inorganic carbon by the coupled action of carbonic anhydrase and
PEPC into a four-carbon organic acid in the mesophyll cells (Osmond, 1978; Hatch, 1987).
In C, plants, the acid is then exported for subsequent CO, release for re-fixation in the C,
cycle by ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) inside bundle sheath
cells with morphology allowing elevated CO, concentration. The CO,-concentrating
mechanism of C, plants results in 10-100-fold increase of [CO,] around Rubisco in bundle
sheath cells, compared to ambient air (Hatch, 1987). As such, the C, cycle can be viewed
as an ancillary cycle to the Calvin cycle, which through elevated CO, concentrations,
eliminates photorespiratory losses due to wasteful oxygenation reaction of Rubisco at low

[CO,], however, at the expense of additional ATP used in the cycle (Sage et al., 2012).

The evolution of CO,-concentrating mechanisms provides an advantage in environments
leading to low intracellular concentrations of CO, through one, or a combination of
factors (Sage et al., 2012). This is because the enzyme Rubisco responsible for initial
fixation of CO, in the first step of the Calvin cycle also shows affinity for oxygen, which out-
competes CO, for Rubisco active sites at lower [CO,]. The oxygenation activity of Rubisco
results in decreased photosynthesis efficiency by up to a third, because C, cycle product 3-
phosphoglycerate is produced at a reduced rate and a toxic by-product 2-phosphoglycolate
is generated which needs to be recycled using an additional C, cycle - this is the process of
photorespiration, which incurs the net loss cost of at least 25% of the initially fixed carbon,
nitrogen in the form of ammonia, and additional expenditure of ATP and NAD(P)H
(Ogren, 1984). It has to be noted that at the same time photorespiration’s inefficiency can
have a positive role in dissipating extra light energy and thus limiting photooxidative
damage and photoinhibition, particularly under drought and high salinity conditions

when the stomata are closed leading to reduced rates of CO, assimilation (Wingler
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et al, 1999, 2000). Other factors that promote photorespiration are: low atmospheric
[CO,], high temperatures decreasing CO, solubility at a faster rate than that of oxygen
(Sage et al., 2012; Lundgren et al., |2015). However, as a result, C, plants have higher
photosynthetic efficiency than C, plants at higher temperatures: at 25°C and the current
atmospheric [CO,] of 400 ppm, C, plants reach 30% higher maximum photosynthetic
energy conversion efficiencies than C, plants (Zhu ef al., 2008b). C, photosynthesis
allows almost total elimination of photorespiration (Skillman, 2008), but the extra energy
expenditure in C, photosynthesis results only in increased net photosynthetic efficiency
under conditions of high photorespiration. Therefore, the trait is found among species
inhabiting areas promoting high photorespiration, such as tropical savannas and grasslands,

which contribute as much as one quarter to terrestrial primary production (Still et al., 2003)).

The key anatomical change seen in C, plants is termed Kranz (German: wreath) anatomy,
and is an arrangement of two layers made up of different cell types in a concentrical manner
around the leaf vascular bundle, which is necessary to isolate Rubisco from the ambient
air (Hatch, 1987; Nelson, 2011). The outermost layer in contact with the intercellular
air space consists of mesophyll cells, and the innermost of enlarged bundle sheath cells
forming a ring around the vasculature, which are connected to the mesophyll via numerous
plasmdesmata facilitating metabolite flux. C, photosynthesis is partitioned between the
two cell types with the initial carbon fixation into the four-carbon acid oxaloacetate (OAA)
taking place in the mesophyll cell cytoplasm through the action of PEPC. PEPC substrate’s
phosphoenolpyruvate (PEP) is regenerated from pyruvate on the return leg of the C, cycle

in the mesophyll chloroplasts by pyruvate inorganic phosphate dikinase (PPDK).

Subsequently, OAA is reduced in the mesophyll cells to malate or aminated to aspartate for
export to the bundle sheath cells by diffusion through plasmodesmata. The C, cycle can
then be completed in the bundle sheath cells by decarboxylation through one of the three
pathways (Furbank, 2011), one of which always dominates (but not necessarily exclusively)
in a given species: NAD-malic enzyme (NAD-ME), NADP-malic enzyme (NADP-ME) and

phosphoenolpyruvate carboxykinase (PEP-CK). NAD-ME species reduce OAA to malate



1. Introduction 35

in the mesophyll chloroplasts, whereas NADP-ME and PEP-CK species aminate OAA to
aspartate in the mesophyll cytoplasm. In NAD-ME species, malate in the bundle sheath is
decarboxylated in the mitochondria to release CO,, which is then fixed by Rubisco in the
Calvin cycle, and pyruvate, which is recycled to the mesophyll. More steps are involved in
NADP-ME and PEP-CK-type C, photosynthesis. In the NADP-ME-type, aspartate is first
trans-aminated to OA A, which is then converted to malate by NADP malate dehydrogenase
(NADP-MDH)), and finally malate is decarboxylated in the chloroplasts by NADP-ME to
pyruvate. To complete the cycle, pyruvate is trans-aminated to alanine (with incoming
aspartate used as substrate) and alanine is transported back into the mesophyll, where
the reaction is reversed and pyruvate released. In PEP-CK-type plants, it is OAA rather
than malate that is directly decarboxylated - this reaction takes place in the cytosol and
is catalysed by PEP-CK. The product of the reaction, PEP, is then converted to pyruvate,

which then follows the same route as in NADP-ME type C, photosynthesis.

1.4.3 Humaninterestin dissectingthe C, photosynthesis complex trait

Higher water-, nitrogen-use efficiencies and yield exhibited by C, plants at higher ambient
temperatures make them ideal crops for the predicted changes in many ecosystems due to
future climate change, chief of which is the predicted 1.1-6.4°C increase in the world average
temperature in the next 100 years (Xu et al.,|2013). Consequently, considerable efforts have
been expended to engineer C, photosynthesis into C, crops such as rice, to complement
the limited roster of C, crops, such as maize, sugar cane and sorghum. C, photosynthesis
is a classic case of plant complex trait, as the effect on the plant’s phenotype is underlaid by
changes to numerous loci. The function of dozens of photosynthetic enzymes is changed
by regulation of their expression patterns and amino-acid substitutions altering their
catalytic properties in the new metabolic context, as exemplified by phosphoenolpyruvate
carboxylase (PEPC) evolution in C, plants (Christin ef al.,|2014), and development of the
leaf is changed resulting in the novel Kranz anatomy (Dengler et al., 1994). Despite the
immense importance of C, photosynthesis to life on Earth, only its enzymatic machinery
has been well characterised. Because C, photosynthesis takes place over two cell types

and in three subcellular compartments (cytosol, mitochondria and chloroplasts), the
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involvement of many metabolite transporters is needed in shuttling intermediate products
between different compartments; however, the molecular identity of relatively few of these
transporters is known (Brautigam et al., 2011). Moreover, regulation of C, photosynthesis
enzymes and the genetic specification of Kranz anatomy is still incompletely understood
(Kilahoglu ef al.,|2014). Recent years have delivered a spate of cross-species transcriptomic
studies trying to identify novel genes involved in C, photosynthesis, with varying success
(Brautigam et al., 2011; Gowik et al., 2011; |Aubry et al., 2014; Brautigam et al., 2014;

Kilahoglu et al., 2014; Wang et al., 2014).

1.4.4 Differential temperature acclimation ability in C, and C, pho-
tosynthesis

Overall, C, plants can assimilate effectively at much higher temperatures than C, plants
(largely because of very low rates of photorespiration) and also exhibit better photosynthetic
rate at high growth than low growth temperatures. In contrast, C, plants demonstrate better
stability in photosynthetic rate across a wider range of temperatures (Yamori et al., 2014). In
general, C, plants have a much greater capacity for acclimation, with the potential optimum
temperature of photosynthesis ranging from approximately 10°C to 35°C, as opposed to C,
photosynthesis with possible optima ranging from 26°C to 43°C. While the acclimation
ranges of photosynthetically optimal temperature can differ widely in C, species, they
remain consistent in C, plants and show little interspecific differentiation (Yamori et al.,
2014)). At temperatures above the optimum, photosynthesis is hypothesised to proceed
more slowly due to a reduced activation state of Rubisco because of decreased activity of its
activating enzyme Rubisco activase and/or limitations in electron transport (Yamori ef al.,
2014)). Regarding the minimum thermal barrier of acclimation response, C, photosynthesis
typically becomes inoperative at temperatures < 15°C with no photosynthetic activity (Wang
et al., 2008a; Sage et al., 2011). The progressive loss of photosynthetic capacity observed in
most C, species (but not in all, see e.g. the C, grass Miscanthus x giganteus) at temperatures
below 18°C is due to slow photoinhibition of the photosystems (Long et al., 1994). As the
capacity for assimilation of carbon at low temperatures is decreased, excitation pressure

on the thylakoid membrane is increased which promotes photoinhibition. Another factor
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influencing poorer temperature plasticity of C, photosynthesis is the lability of C, cycle

enzymes, in particular PPDK (Naidu ef al., 2003; Wang et al., 2008a)).

1.4.5 Selection of C; and C, Caryophyllales species to study temper-
ature acclimation

Analysis of gene expression differences important for physiological adaptation in C, and C,
species will be undertaken for two widespread species in the Amaranthaceae: Alternanthera
pungens Kunth (common name: khakiweed; C, species) and Alternanthera philoxeroides
(Mart.) Griseb. f. angustifolia Suess. (common name: alligator weed; C, species, referred
to as Alternanthera angustifolia here). Secondly, another goal is to perform the first-ever
comparison of transcriptomes of pairs of closely related Caryophyllales species separated
across ecological boundaries: warm and cold/salinity-adapted C, species - Schiedea globosa
H. Mann and Honckenya peploides (L.) Ehrh. (common name: sea sandwort). The
transcriptomes of the four species will be studied at different temperatures: 18°C and
30°C, and also 25°C in the case of H. peploides and S. globosa. This is because temperature
has been shown to exert a differential effect on the photosynthetic activity of plants and
the abiotic stress response depending on the adaptations to native conditions found in the

species (Berry & Bjorkman, 1980).

Alternanthera Forssk. is the second-largest genus in subfamily Gomphrenoideae of Amaran-
thaceae, with the number of species estimated at 80-200, depending on the circumscription.
The high morphological variation found within the genus has also led to a number of
subspecies, varieties and forms described in individual species over time. The native range
of Alternanthera is mainly constrained to the Neotropics (Mears, 1977; Sanchez-Del Pino
et al.,2012), with a number of species introduced elsewhere. The genus contains a single
independent derived lineage of C, species (NADP-ME subgroup: Sage et al., 2007, |2011),
to which A. pungens belongs, and interestingly C,-C, intermediate species are also found
in a clade containing C, species (Gowik et al., 2006; [Sage et al., |2007). According to
Sanchez-Del Pino et al.|(2012), the phylogeny of Alternanthera shows that A. pungens is

situated in a subclade B3, which is sister to a 100% supported subclade B2 containing the C,
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species A. angustifolia. Consequently, the species pair represents an appropriate contrast
for studying transcriptomic differences between C,; and C, species from the phylogenetic

perspective.

Both Honckenya peploides (Figure [L.7]top) and Schiedea globosa (Figure [r.7 bottom) are
perennial C, herbs (Gagné & Houle, 2002; Wallace et al., 2009)), with Honckenya peploides
and Wilhelmsia physodes forming the extant sister group to S. globosa according to a
chloroplast phylogeny (Sakai et al.l 2006)). Because of this relatively close phylogenetic
relationship, S. globosa and H. peploides form an appropriate pair for studying the tran-
scriptomic differences important for adaptation to their native climates: tropical and

temperate-subarctic, respectively.

The two of the Alternanthera species in this study are procumbent herbs that have spread
widely from their native ranges. A. angustifolia (Figure [1.6| top) is an invasive species
originating in the Parana River region of South America (Gunasekera & Bonila, 2001),
which has now spread to almost all tropical and subtropical parts of Australia, Asia and
North America (Julien et al.}1995) and has become established as a problem weed of 10 crop
species in 32 countries (Geng et al., 2006;|Wang et al.,2009b). One of the characteristics of
A. angustifolia that has allowed it to colonise diverse habitats is its adaptability to different
water regimes: it is mainly an aquatic species found in streams, swamps and irrigation
channels, but it can also propagate in drier habitats, such as croplands and roadsides (Pan
et al.,|2005; Wang et al., 2005). In aquatic ecosystems, this alien invader can overgrow the
entire surface of the water body, making access to boat routes more difficult and having
a negative impact on the native ecosystem’s food web due to reduced oxygen exchange
and water flow (Wang et al.,|2008b; Dong et al., 2012)); in terrestrial ecosystems, its growth
can lead to loss of crop yield and reduction in the diversity of the native flora (Sainty
et al.,1997). This species has also been shown to be quite resistant to heavy metal toxicity,
salinity and herbicides (Balagtas-Burow et al., 1993;|Naqvi et al.,1993; Eberbach & Bowmer,
1995; Naqvi & Rizvi, 2000). As with most weeds, it can reproduce vegetatively with roots

and stolons, in addition to sexual reproduction (Buckingham)1996) and asexual mode of
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reproduction facilitates its spread across novel habitats (Julien et al.,1992).

Alternanthera pungens (Figure [1.6| bottom) is another, although much less studied tropical
invasive weedy species (Robertson, 1981;|Sanchez-Del Pino et al.,|2012) that carries out C,
photosynthesis (Rajagopalan ef al.,[1993). This plant is widely used in folk medicine and as
such it has mostly been researched because of its putative medicinal qualities (Calderon

et al.,1997;|Djohan et al., 2009; Guédé et al.,|2010).

Schiedea globosa is one of the 32 species in the genus Schiedea, which is a group endemic
to Hawaii and a result of the single adaptive radiation event that has resulted in a cluster
of species showing high diversity of mating systems, morphologies and habitats (Weller
et al., 1995; Filatov & Burke, |2004). The genus Schiedea shows the highest diversity in
breeding systems of all Hawaiian angiosperm genera (Sakai et al., 2006) and Schiedea
globosa has so far attracted scientific interest because of its unusual mating system - it is
subdioecious, meaning it has ‘female’ or ‘male’ individuals with the occasional occurrence
of hermaphrodite flowers in staminate inflorescences (Weller ef al.,1990). S. globosa is the
most widespread species in the genus and it can be found on steep, north-facing coastal
rocky slopes or cliffs (Wallace et al.,|2009)).

Honckenya peploides is also found in coastal environments but in much colder climates,
from arctic to temperate regions (Sanchez-Vilas et al., 2010). H. peploides is an important
pioneer species on upper beaches, where its clonal clumps form so-called embryo dunes,
the youngest type of dune formation (Sanchez-Vilas et al., 2012). There, the plants face a
number of stresses, such as low nutrient availability, drought, sand movement and erosion,
and high salinity both from the saltwater spray and substrate (Gagné & Houle, 2002). H.
peploides is a halophyte well-adapted to those harsh environmental conditions and has
been studied as an example of stress-tolerant species facilitating dune establishment. H.
peploides is subdioecious, just as S. globosa, and it can also reproduce clonally through

stoloniferous rhizomes (Sanchez-Vilas et al., [2010|).
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Figure 1.6: Top: Alternanthera philoxeroides (Mart.) Griseb. f. angustifolia Suess. growing in New
South Wales, Australia. Photograph courtesy of Doug Beckers, used under Creative Commons
license with permission.

Bottom: Alternanthera pungens Kunth growing in Maui, Hawaii. Photograph courtesy of Forest &
Kim Starr, used under Creative Commons license with permission.
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Figure 1.7: Top: Honckenya peploides (L.) Ehrh. growing in Ord, Finland. Photograph courtesy of
Henna Ke, used under Creative Commons license with permission.

Bottom: Schiedea globosa H. Mann growing in O’ahu, Hawaii. Photograph courtesy of David
Eickhoft, used under Creative Commons license with permission.
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1.5 Research aims statement

The rapid spread of next-generation sequencing into almost every part of biological research
has in particular left its mark on study of non-model organisms by providing ready access
to previously unavailable genetic blueprint underlying the diversity of ecological adaptation
observed in nature. From butterfly mimicry to dessication tolerance in resurrection plants,
complex traits are building blocks of the most compelling natural phenomena, and their
dissection in non-model organisms has been made considerably easier in the age of a
$1,000 human genome. Drawing on this opportunity, two highly ecologically relevant
complex traits will be investigated for the first time in non-model species in this work.
First of all, the Alyssum serpyllifolium species complex is a prime target for studying the
evolution of nickel hyperaccumulation complex trait, as it contains both serpentine and
non-serpentine populations with well documented differences in Ni hyperaccumulation
and tolerance ability. Here, RNA-Seq will be used for the first time to evaluate genetic
divergence between serpentine and non-serpentine Alyssum serpyllifolium populations
in a genome-wide manner, as reflected in the degree of gene expression differences and
sequence polymorphism. Species-wide and population-specific candidate genes important
for the Ni hyperaccumulation phenotype and serpentine adaptation will be proposed based
on statistical interpretation of the data obtained. Detected patterns of neutral and adaptive
variation between serpentine and non-serpentine populations will then be employed to
evaluate simple evolutionary scenarios of hyperaccumulation trait origin and spread that
could have resulted in the modern species complex.

Second of all, the power of next-generation sequencing for illuminating the genetic basis
of another complex trait — C, photosynthesis — will be tested through application of the
RNA-Seq bioinformatics approaches developed earlier to two non-model Alternanthera
species in the plant order Caryophyllales. Using differential gene expression analysis, the
study will investigate the genetic basis for differential temperature acclimation ability in

C, and C, species, including mechanisms such as alternative splicing.



Chapter 2

Identification of Candidate Ni
Hyperaccumulation and Serpentine
Adaptation Genes Using
Next-Generation Sequencing

2.1 Introduction

It is expected that differences between ecotypes/species due to adaptation to different
environments should, at least partially, be reflected in gene expression differences and
previous research has confirmed that (Lépez-Maury ef al., 2008). The majority of genes
shown to be important for the zinc hyperaccumulation trait were revealed to be top
differentially expressed genes when comparing Arabidopsis halleri/ Noccae caerulescens
and Arabidopsis thaliana transcriptomes using cDNA oligonucleotide microarrays (Becher
et al.,2004; Weber ef al., 2004; Verbruggen et al., 2013). Knowing that relative high gene
expression level seems a good indication of functional importance in hyperaccumulator
plants, as is also the case with the only gene with well established function in nickel
hyperaccumulation in Alyssum - ATP-PHOSPHORIBOSYLTRANSFERASE (ATP-PRT 1,
Ingle et al.,|2005a), novel candidate genes responsible for the nickel-hyperaccumulating
phenotype and serpentine adaptation in Alyssum serpyllifolium will be identified in a

RNA-Seq comparison of two replicate limestone and serpentine populations.

Comparison of gene expression variation in closely related, conspecific individuals with

differences in a given trait - here, chiefly nickel accumulation and tolerance levels, should
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support identification of genes adaptive for it. The conclusion from previous studies on
the two zinc/cadmium hyperaccumulator species is that a complex physiological trait such
as metal hyperaccumulation can arise due to concerted changes in the expression of key
genes (Becher et al., 2004)). Based on data available so far, Arabidopsis halleri and Noccaea
caerulescens utilize the genes involved in metal homeostasis in non-accumulator species
— ZIP, MTP and HMA family members - but increasing their expression through gene
duplication and promoter enhancement (Verbruggen et al., 2009; Kramer, 2010). In the
experiment, plants were cultivated under common garden conditions with Ni exposure
in serpentine populations, which should highlight candidate genes important for nickel
homeostasis rather than other edaphic adaptations, unless their expression is non-plastic

and constitutive.

Secondly, genome-wide comparisons of allele frequencies between recently diverged
populations can also help us identify the key candidate genes important for adaptation
with no a priori information. Identification of peaks of high differentiation relative
to average genomic background is the first step in establishing genes under divergent
selection in populations in unbiased manner (Beaumont, 2005). Genome-wide scans for
signatures of selection, in particular fixed sequence differences between serpentine and
non-serpentine populations will be conducted here for the first time in the context of
nickel hyperaccumulation in Alyssum. One way to identify them is by finding genomic
regions which fall outside of the expected normal distribution of divergence - so called
outliers. Highly diverged loci are likely to have been under the influence of disruptive
selection (Beaumont & Nichols, 1996) and the aim was to find them by comparing
individual serpentine populations to the two combined non-serpentine populations. It
has to be kept in mind that some of the differences seen will be just strictly due to drift
and combination of demographic and other selective forces (e.g. background selection
in subdivided populations, Lotterhos & Whitlock, 2014)), and previous knowledge of
functional importance of some of the targets in e.g. metal tolerance, helps to restrict the
analysis to more true positive outliers. Furthermore, focusing only on loci showing non-

synonymous replacements and belonging to overrepresented categories should further
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reduce the number of false positives (De Wit et al., |2015).

Thirdly, variation along various environmental axes is omnipresent in nature and because of
that populations of many species display adaptations to selective pressures stemming from
locally encountered abiotic and biotic factors (Savolainen ef al.,|2013; Tiffin & Ross-Ibarra,
2014). Local adaptation to particular environments can be a first step towards ecological
speciation driven by divergence in selection pressures between different environments or
ecological niches (Rundle & Nosil, 2005), which can occur in the face of continuing gene
flow between incipient species. Here, NGS will be also employed to survey the amount of
local adaptation seen in the two serpentine populations of Alyssum serpyllifolium, using
both gene expression profiles and results of genome scans for candidate genes as proxies.
Both sampled serpentine populations have previously been classified as populations,
subspecies or even distinct species (see Chapter 1, section 1.4) and so it will be interesting
to see if the estimated degree of local adaptation seen in each population suggests that

they have been indeed on very distinct evolutionary trajectories for some time now.
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Aims and objectives

= Development, testing and execution of bioinformatics pipelines to generate and

quantify the first Alyssum transcriptome based on RNA-Seq data.

=> Evaluation of a degree of gene expression differences observed between/within
serpentine and non-serpentine populations of Alyssum serpyllifolium grown under

common laboratory conditions.

= Analysis of the footprints of selection left in the transcriptomes of the A. serpylli-

folium populations.

= Identification of candidate genes important for adaptation across the serpentine
populations, as revealed by the joint evidence of transcriptomics and tests for
selection with corresponding isolation of neutral variation present in the genome

and useful for phylogenetic and demography inference.

= Identification of key overrepresented pathways and genes among serpentine popula-

tions, both as shared between them and population-specific (local).

= Providing first estimates of the degree of isolation, mating system and gene flow be-
tween serpentine and non-serpentine A. serpyllifolium populations using identified

genome-wide neutral genetic markers (SNPs).
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2.2 Materials and methods
2.2.1 Plant material

In the pilot experiment, Alyssum pintodasilvae T.R.Dudley, henceforth referred to by
its population name as Samil-S, and Clypeola jonthlaspi seeds (Tables 2.1 and [2.2) were
germinated on moist grit sand mixed with coarse vermiculite. Plants were grown in
a glasshouse with natural solar irradiation supplemented by sodium-vapour lamps to
maintain a 16 hour light period (minimum 23°C daytime, 19°C nighttime temperature).
After 2 weeks, seedlings were transferred to 1.2-litre polystyrene boxes (10 plants/box).
Plants were grown for 3 weeks on o.1-strength modified Hoagland solution according to
Roosens ef al.| (2003)), which was replaced every week. After that time, solution strength
was doubled and NiSO, was added to a final concentration of 30 yM in boxes with Samil-S
only to elicit expression of any nickel-inducible genes. Following 3 weeks of nickel exposure,

plants were harvested and snap-frozen in liquid nitrogen.

The main experiment included also two non-serpentine populations of Alyssum serpylli-
folium Dest. (Morata-NS and Rubia-NS), as well as one serpentine population of Alyssum
malacitanum Rivas Goday (Carratraca-S) (Tables|2.1and [2.2)), in addition to Samil-S and
Clypeola jonthlaspi. In this experiment, after 3 weeks since germination, seedlings were
transferred to hydroponic culture with o.1-strength Hoagland solution (Roosens et al.,
2003)) modified to include 0.2 uM ZnSO,. After further 2 weeks, NiSO, was added to a final
concentration of 30 yM in boxes with Samil-S and Carratraca-S, and plants were exposed

to nickel for 3 weeks before harvest (Figure [2.1) and cryopreservation in liquid nitrogen.

2.2.2 Population sites and their selection

The economical set-up employed allowed assessment of the differences in gene expression
and underlying sequences in the two serpentine Alyssum serpyllifolium populations with
very similar, high nickel hyperaccumulation/tolerance ability but at the same time of
clearly allopatric origin in the species’ Iberian range ends in NE Portugal (Samil-S) and SW

Spain (Carratraca-S). The comparison was made against two non-serpentine populations
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showing similar, relatively low Ni hyperaccumulation/tolerance and situated in allopatry

relative to the two serpentine populations and each other.

Previous analyses revealed that the two serpentine areas are generally not dissimilar
in terms of soil properties, as compared to non-serpentine areas inhabited by Alyssum
serpyllifolium. Here, results for a population from the calcareous-dolomitic area of Sierra
Nevada (parapatric to Carratraca-S, situated ca. 125 km to the east) taken from [Becerra+t
Castro| (2012)) are reported, as the only ones available. It has to be also noted that Becerrat
Castro| (2012) tested a different population of Alyssum malacitanum - Sierra Bermeja-S,
situated ca. 55 km to the south of Carratraca-S.

Both serpentine soils were slightly acidic (Sierra Bermeja-S: pH 5.6, Samil-S: pH 6.3),
while the Sierra Nevada-NS soil was slightly alkaline at pH 7.2. The serpentine soils
were characterised by low Ca/Mg ratios < 1 (Sierra Bermeja-S: 0.5, Samil-S: 0.6) with Mg
predominant in the exchange complex, as expected (Brooks, 1987), and as compared to
Sierra Nevada-’s soil Ca/Mg ratio of 2.9. Carbon content of the serpentine soils was equally
low in Samil-S (mean 3.05%) and Sierra Bermeja-S (mean 2.42%) likely reflecting their
low organic content and/or increased erosion relative to the non-serpentine reference soil
(mean 9.73%). Reduced fertility of serpentine soils was also evident in lower nitrogen
content of the serpentine soils (Samil-S: mean 0.28%, Sierra Bermeja-S: mean: 0.21%)
relative to the Sierra Nevada-NS soil (mean 0.46%).

Nickel concentration was significantly higher in the Samil-S habitat (mean 3,028 mg/kg)
than in Sierra Bermeja-S (mean 2,098 mg/kg), but both soils contained two orders of
magnitude more nickel than the non-serpentine Sierra Nevada soil (mean 32 mg/kg).
Serpentine soils were also found to contain high total chromium (Samil-S: mean 847
mg/kg, Sierra Bermeja-S: mean 1,407 mg/kg) and cobalt concentrations (Samil-S: mean
141 mg/kg, Sierra Bermeja: mean 104 mg/kg), however, neither of the two metals is readily

available for plants in soluble form (Kidd & Monterroso,2005; Cabello-Conejo et al., 2014)).

Mineral content analysis of laboratory- and field-grown specimen of Alyssum serpyllifolium

has only been conducted in Alyssum pintodasilvae (Samil-S) (Freitas et al.,|2004;|Lazaro
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et al., 2006; |Cabello-Conejo et al., 2014). Studies in native soils (Lazaro et al., 2006])
and metal amended soils (De Varennes ef al., 1996) revealed that Samil-S did not display
specific root-to-shoot transfer and accumulation of any metal (Cd, Cr, Cu, Mn, Pb, Zn)
other than Ni, although like in other serpentinophytes in the community, root:soil metal
concentration ratios exceeded 1 and the concentration of Zn and Cr in its tissue was above

the toxicity threshold for non-metallicolous plants.

2.2.3 RNA extraction and sequencing

In the pilot experiment, total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad,
USA) from pooled shoots and roots from 20 plants for Samil-S and 10 plants for Clypeola.
Total RNA integrity was checked on a polyacrylamide gel. One 10 pg pooled total RNA
sample separately from root and shoot from each species was used in preparing multiplexed
cDNA library and the libraries were sequenced with a HiSeq 2000 instrument (Illumina,
San Francisco, USA) in 100 bp paired-end mode at Wellcome Trust Centre for Human
Genetics (Oxford, UK) with each sample sequenced over X of a lane. Base calls were
encoded with Illumina version 1.5+ format (Phred64) but converted to Phred33 before

analysis.

In the main experiment, total RNA was extracted from 50 mg fresh mass of tissue removed
from the tip of the primary shoot and 100 mg fresh mass of mature root, all collected
in the morning (Figure[2.1). RNA was extracted using TRIzol reagent and the aqueous
phase containing RNA further purified with RNeasy Mini Kit (Qiagen, Hilden, Germany).
For Morata-N§S and Carratraca-S, 3 root and 3 shoot samples taken from independent
plants were prepared; for Samil-S and Clypeola 2 root and 2 shoot samples taken from
independent plants were prepared. Finally, for Rubia-NS§, 3 root samples from independent
plants were harvested. Total RNA integrity was checked with a Bioanalyzer 2100 (Agilent,
Santa Clara, USA). Between 8 and 42 g of total RNA per sample was used in preparation of
each multiplexed cDNA library. All samples except for Rubia-NS were sequenced together
twice over two lanes on a HiSeq 2000 in 100 paired-end mode at the NERC Biomolecular

Analysis Facility (Edinburgh, UK). Rubia-NS root samples were then sequenced with a
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Table 2.1: Taxa investigated with RNA-Seq

Species Synonym Population name Soil type

Alyssum serpyllifolium Desf.  Alyssum pintodasilvae T.R.Dudley Samil-S serpentine

Alyssum serpyllifolium Desf.  Alyssum malacitanum Rivas Goday Carratraca-S serpentine

Alyssum serpyllifolium Desf. - Morata-NS limestone

Alyssum serpyllifolium Desf. - Rubia-NS limestone
Clypeola jonthlaspi L. - - non-serpentine

Table 2.2: Sources of seeds used in the study

Sample name  Latitude / Longitude Seed collection
Samil-S 41.46° N, 6.45° W AlJ. Pollard (Furman University, USA)
Carratraca-S 36.70° N, 4.60° W AlJ. Pollard, J.A.C. Smith
Morata-NS§ 40.29° N, 3.49° W R. D. Reeves (Sheffield University, UK)
Rubia-NS§ 42.54° N, 6.82° W T.A. Flynn, J.A.C. Smith

Clypeola N/A (near Jarash, Jordan) Millennium Seed Bank (Royal Botanic Gardens, Kew, UK)

HiSeq 2000 in 100 bp paired-end mode at Wellcome Trust Centre for Human Genetics
(Oxford, UK) with each sample sequenced over ; of a lane. In all cases, base calls were

encoded with Illumina version 1.8+ format (Phreds3).

Figure 2.1: Serpentine taxa: A) Alyssum malacitanum (Carratraca-S), B) Alyssum pintodasilvae
(Samil-S) and non-serpentine taxa: C) Alyssum serpyllifolium (Morata-NS), D) Alyssum serpylli-
folium (Rubia-NS) grown in hydroponic culture at 8 weeks since germination.

2.2.4 Read quality control

The goal of read pre-processing was to minimise the influence of sequencing errors
on the assembly and prevent misassembly (El-Metwally et al., |2013). All FASTQ files

with sequencing reads were first examined using Prinseq 0.20.3 (Schmieder & Edwards),
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2011) and FastQC o.10.1 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to
confirm the quality of sequencing - ie. consistently high quality scores across the read
length, low sequence duplication and sequence over representation levels. Since FastQC
detected Illumina adapters and PCR primers amongst over-represented sequences, all
such contaminating sequences were then trimmed away with Trimmomatic ver. 0.32 using
the authors’ recommended settings (Bolger et al., 2014), along with stretches of bases
with low Phred quality score (Q < 15 averaged over a 5-bp sliding window) at the ends
of reads. Fqtrim 0.94 (https://ccb.jhu.edu/software/fqtrim/) was then used to remove
A/T homopolymer stretches (n > 5 bp) indicative of polyA tails, to select reads based
on size (n > 20 bp) and to filter out the reads with high N-character (undefined base)
content (n >= 5%). Any possible eukaryotic or prokaryotic rRNA contamination was
filtered out with SortMeRNA 1.8 (Kopylova et al.,|2012) and finally the remaining reads
were corrected for sequencing errors with Racer 1.0 (Ilie & Molnar, 2013)), which shows
very good performance in comparison with other software employing k-mer count but
also k-mer spectrum and multiple alignment error correction strategies. A study has
shown that adding on an error correction pre-processing step improved assembly using
different assemblers, including Velvet (Salzberg et al., 2012 and reduced the number of

errors should diminish the number of false positive SNPs identified (De Wit ef al.,|2015)).

2.2.5 Assembly and mapping

In the study, two different types of read mappers were used: based on Burrows-Wheeler
transform (BWA) and seed method (Stampy). Stampy was employed in mapping reads to
reference sequences from different species: Alyssum and Clypeola reads in the Arabidopsis
transcriptome pre-mapping step prior to the assembly and later when mapping Clypeola
reads to the Alyssum reference to define the ancestral status of each allele. Seed methods
utilise only short initial match (ie. seed), then further extended in both directions,
which allows high sensitivity required for interspecific read mapping. On the other
hand, for standard read mapping of reads from each species to their own reference
Burrows-Wheeler Aligner (BWA) was employed, as it uses hash tables search for first-pass

identification of candidate alignment locations, which results in huge speed-up at vastly
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Figure 2.2: Outline of the workflow used in generating the Alyssum serpyllifolium transcript
sequences and expression estimates

higher computational cost when more diverged reads are considered (Oshlack et al., 2010;

Garber et al., 2011).

Reads were first mapped to Arabidopsis thaliana TAIR10 (Lamesch et al., |2011)) representa-
tive BLAST set of transcripts using Stampy 1.0.20 (Lunter & Goodson, 2011) independently
for each individual (default settings, except for: ~substitutionrate 0.15)asitemploys
hash-based indexing and can accurately map sequences with at least up to 15% divergence
to the reference (Sedlazeck et al., |2013;|Vijay et al., |2013). Mapping output was examined
using ea-utils.1.1.2 (https://code.google.com/p/ea-utils/) and custom Perl scripts to confirm
good mapping rate. The read pairs where both reads mapped uniquely to the same gene in
all the single individual samples were extracted. All such extracted reads mapping to a

given gene from across all the individuals in a population were pooled and reads assembled
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using Oases 0.2.8 (Schulz et al, |2012) with the following settings:

$ velveth 31 -fastq -shortPaired

$ velvetg -read_trkg yes -cov_cutoff 4 -scaffolding yes -min_contig lgth
200 -ins_length 180 -ins_length_sd 50 -min_pair_count 8

$ oases -ins_length 180 -ins_length sd 50 -scaffolding yes -cov_cutoff

4 -min_trans_1lgth 300 -edgeFractionCutoff 0.15 -min_pair_count 8

Contigs output by Oases were subsequently annotated using the BLASTx algorithm
(Altschul et al.} 1997) implemented in BLAST 2.2.26+ suite with Arabidopsis thaliana
TAIR10 proteome used as a reference with maximum 107+ hit Expect value (e-value)
cut-off. All contigs with a top hit to a given gene were then evaluated with custom
Perl scripts to select the representative sequence for each Arabidopsis locus present in
the assemblies. Since coverage and nucleotide diversity for each gene can differ across
populations, some transcripts were missing in some populations or assembled to transcripts
of lower quality (low contiguity etc.) than in others, so it was not possible to select one
population assembly as a reference. Instead, a ‘hybrid’ assembly comprising transcripts
from all the four populations was constructed as follows. The top bit-score contigs for

each gene in each of the four Alyssum populations were considered to select one with:
=> no N characters
=> no premature stop codons within the high-scoring segment pairs (HSPs)
=> no HSPs in different frames

= highest bit score (and shortest length if more than one contig of the same score was

found)

Only one population of Clypeola was sequenced, so reads were assembled using two
additional k-mer sizes (21 and 41), instead, because using multiple k-mer sizes can improve
assembly of genes showing different levels of expression (Surget-Groba & Montoya-Burgos,

2010; |Zhao et al., 2011). The best Clypeola contigs were then selected in an analogous
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manner using criteria listed above.

The selected contigs were then annotated with putative 5* UTR, CDS and 3’ UTR regions.
If a start codon aligning with the 1 position of the Arabidopsis reference protein was not
found in the alignment, any first methionine present upstream of the aligned portion of the
protein was treated as the start codon, or no 5" UTR region was defined in the transcript
unless a start codon was found. Similarly, if no stop codon was present downstream from
the aligned portion of the gene, no 3’ UTR region was defined and all the nucleotides up

to the 3’ end were treated as protein-coding.

To try to improve mapping efficiency within individual Alyssum populations, individual
‘consensus’ assemblies were created for each population based on the ‘hybrid’ reference
assembly described above (Figure[4.2](ii)). Reads from all the samples in a given population
were mapped to the ‘hybrid’ reference using STAR 2.3.0 (Dobin et al, |2013) with the

following settings:

$ star -outFilterMismatchNmax 100 -seedSearchStartLmax 25

-outFilterMultimapNmax 1

SAMtools o.1.17 (Li et all|2009a) was then used to convert the SAM output files to BAM
format, and to generate population consensus sequence based on mpileup-called variants,

using the following commands:

$ samtools mpileup -q 20 -d 10000 -L 10000 -Q 20 -m 5 -F 0.2 -o 20

-uf | bcftools view -cg - | vcfutils.pl vcf2fq | seqtk fqg2fa

The resulting contigs were parsed with a custom Perl script to create the final ‘consensus’
transcriptome for every Alyssum population. If the new ‘consensus’ contig did not contain
any ambiguity IUPAC characters, it superseded the ‘hybrid’ assembly contig; in cases in

which ambiguous characters were present in the population ‘consensus’ assembly was
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preferentially used whenever possible.

Mapping of reads to the individual population ‘consensus’ assemblies was then carried
out with BWA mem o.7.7 (options -U 15 -T 0;|Li,|2013)). Converted BAM files were then

filtered with SAMtools to remove chimeric mappings and discordant read pairs as follows:

$ samtools view -b -f 2 -F 2048

Each BAM file was then inspected in Tablet 1.13 (Milne et al., 2013)) and read count table
exported as input for differential expression analysis. Remaining reads, ie. those initially
unmapped and removed after the filtering step, were then pooled from all the single
individual Samil-S samples and assembled to resolve any transcripts with weak or no
homology to Arabidopsis or fragments from Arabidopsis homologs already present in the
dataset (Figure (iii)). Samil-S reads were chosen because of the primary interest in
highly expressed genes in hyperaccumulators; and introducing additional polymorphism
from other populations would result in more fragmented and redundant assembly (Haas
et al., 2013;|Singhal, 2013). Reads were assembled with Oases as before, but this time using
k-mers 21 to 51, step size 10. The four assemblies were then merged with merged command

in Oases to remove redundant transcripts in the following way:

$ velveth merged 31 -long
$ velvetg merged -read_trkg yes -scaffolding yes -conservelong yes
-min_contig_lgth 300

$ oases merged -merge yes -scaffolding yes -min_trans_lgth 300
The merged transcripts were then clustered additionally with USEARCH 7.0 (Edgar, |2010])
using the settings below and finally contigs extended with CAP3 (Huang & Madan, 1999)

using default settings:

$ usearch -cluster smallmem -id 0.9 -centroids
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The resultant assembly, henceforth referred to as ‘supplementary’, was then searched
against the Arabidopsis proteome, using BLASTx algorithm as previously, to find contigs
with significant hits to Arabidopsis. Contigs not annotated after that procedure were then
searched with BLASTx against nr and InterPro reference databases (Jones ef al., 2014) with
Blast2GO 2.7.1 (Gotz et al., 2008]), default settings but maximum e-value of 1075. All the
remaining Alyssum reads were mapped to the output contigs separately for each individual
using BWA mem (Figure |4.2| (iv)), with identical settings to those used previously. In
the case of Clypeola, reads were mapped with Stampy as previously described, making
use of its higher sensitivity when mapping to more diverged sequences. Sedlazeck et al.
(2013)) have shown that Stampy shows no decline in read mapping rate up to at least 10%
divergence and mean coding region sequence divergence between Alyssum and Clypeola
stands at 5.5% (Figure . All the BAM files were again filtered to remove discordant
read pairs and chimeric reads with SAMtools. Reads mapping to the Arabidopsis loci
already present in the read count matrix were simply summed and new entries created

for contigs annotated using nr or InterProScan hits.

2.2.6 Differential expression analysis

Read count matrix including all sequenced samples was imported into edgeR 3.6 (Robinson
et al.,|2010) and DESeq2 1.4 (Love et al., 2014) R packages. These two packages were selected,
because of their consistent top performance in various comparative studies (Guo et al.,
2013;|Rapaport et al.,|2013; Robles et al., 2012; Seyednasrollah et al., 2013). Genes in the data
set were filtered to include only those showing expression higher than 1 count per million
in at least 3 samples, resulting in 20 483 out of 21149 genes being retained for differential
expression analysis. Extremely lowly expressed genes are of little biological interest and
are unlikely to be found differentially expressed but eliminating them and thus reducing
the number of tests made will increase power of the remaining statistical comparisons
(Chen et al,|2014b). P1otMDS and plotPCA functions in edgeR and DESeq2, respectively,
as well as a core R function (R Core Team, 2014) prcomp were then used to visualise the

general gene expression similarity of all the samples.
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Generalized linear model (GLM) design feature from the two packages was used to fit a
model including all the samples with two specified factors (tissue and population) in order
to establish better gene dispersion estimates and facilitate making multiple contrasts (Chen
et al.,|2014b). In DESeqz2, function DESeq was called to carry out the default statistical analy-
sis on the filtered data set and contrasts of interest were investigated with results function.
In edgeR, library sizes were first normalised with calcNormFactors function followed
by dispersion estimation with estimateGLMCommonDisp, estimateGLMTrendedDisp
and estimateGLMTagwiseDisp before fitting gene-wise negative binomial GLMs with
glmFit function using the calculated dispersion values. Individual pairwise comparisons
were then accessed using makeContrasts and glmLRT functions. DESeq and edgeR
utilise similar strategies to detect differentially expressed (DE) genes, but with no clear
superiority of either method (Soneson & Delorenzi, 2013; Robles ef al., 2012), and edgeR
especially can suffer from a high false positive rate. To mitigate that, genes output as
significantly differentially expressed, were only retained if they remained so after applying
Benjamini-Hochberg procedure to control for false discovery rate (FDR) < o.01 in both

packages.

Finally, the results from all the individual contrasts were grouped into various general
patterns of gene expresssion: upregulated/downregulated/not differentially expressed
in the shoot/root based on ‘all the serpentine versus all the non-serpentine’ (S vs NS),
ie. Carratraca-S, Samil-S versus Morata-NS, Rubia-NS, Clypeola; or “all Alyssum versus
Clypeola’ comparisons, ie. all Alyssum serpyllifolium populations versus Clypeola. For
‘all the serpentine versus all the non-serpentine’ comparison, mean-centred log, reads
per kilobase of exon model per million mapped reads (RPKM) (Mortazavi et al., 2008)
values were plotted as a line graph with R plot function. For ‘all Alyssum versus Clypeola’
comparison individual gene expression patterns were first hierarchically clustered using
Euclidean distance measure and average-linkage clustering criterion with R hclust
function and plotted as a heatmap with heatmap . 3 function. Enrichment of gene ontology

(GO) terms (Rhee ef al., 2008), gene families, PlantCyc pathways (Caspi et al., 2013),
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and literature datasets in the different groupings was investigated with PlantGSEA web-
server (Yi et al., 2013)) (Fisher’s exact test with FDR < 0.05 significance cut-off), while
enrichment of KEGG pathways (Kanehisa et al., 2014)) and InterPro domains was analysed
with GeneCodis3 web-server (Tabas-Madrid et al., 2012)) (hypergeometric test with FDR <
0.05 significance cut-off). Fisher’s exact test and its equivalent, hypergeomteric test, were

chosen since they can be appplied to samples of any size (Primmer et al., 2013).

2.2.7 SNP and genotype calling

All the Alyssum samples were first mapped to the Carratraca-S ‘consensus’ transcriptome
and the ‘supplementary‘ transcriptome used previously in DE analysis with BWA mem
(settings as before). Clypeola samples were first mapped to the Carratraca-S ‘consensus’
transcriptome with Stampy (settings as before) and separately to the Clypeola transcriptome
with BWA mem; the former also included mapping initially unmapped Clypeola reads to
the ‘supplementary* transcriptome, done with Stampy.

In addition to applying the previous filtering strategy to remove chimeric mappings and
discordant read pairs from the resultant BAM files, any multimapping reads with MAPQ

= o were filtered using the following command in SAMtools:

$ samtools view -b -q 1

PCR and optical duplicates were marked in all the samples with MarkDuplicates module
from Picard Tools ver. 1.114 (http://picard.sourceforge.net/) to exclude them from further
analysis (MAX_FILE_HANDLES_FOR_READ_ENDS_MAP=1000 OPTICAL_DUPLICATE_PIXEL
_DISTANCE=10 options). Increase in coverage of one allele due to read duplication can
otherwise result in miscalling heterozygotes as homozygotes and errors introduced in PCR
duplicates can be treated as true variants by genotype callers (Andrews & Luikart, |2014).
To allow multi-sample SNP calling, all the individual BAM files were tagged with sample
and group names with bamaddrg (https://github.com/ekg/bamaddrg, default settings).
SNP calling was carried out on all the Alyssum samples simultaneously using 3 popular

and accurate variant callers (Cheng et al.,|2014): freebayes ver. 0.9.14-2 (Garrison & Marth,
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2012)) using default settings, GATK Unified Genotyper ver. 3.1-1 (DePristo et al., 2011))
(options -stand_call_conf 5 -stand_emit_conf 5 to relax stringency of filtering

of genotypes to be output), and SAMtools:

$ samtools mpileup -d 1000 -L 1000 -o 20 -C 50 -u -D

$ bcftools view -c -g -v

Variant calls from the three programs were then integrated with BAYSIC (Cantarel et al.,
2014), leading to retention of only calls made by all of the three variant callers. This step
was undertaken due to low concordance of different variant-calling pipelines reported in
the literature (O’Rawe et al.,|2013) to reduce the number of false positive variants. These
were then further parsed to exclude variant calls with the quality score below 20. Next,
individual genotypes produced by SAMtools were chosen for further analysis (minimum
read depth: 8; minimum genotype quality: 20) and, when unavailable, freebayes genotypes
were used. In all the analyses listed below, sole focus was placed on simple biallelic SNPs
and excluded loci for which high observed heterozygosity deviating from Hardy-Weinberg
equilibrium (H, > o.5) in any of the populations suggested the possibility of unresolved

paralogy, which would create artefactual genetic variation (Stapley et al., 2010).

SNPs in a given contig were phased using HapSeq ver. 2 (Zhang & Zhi, 2013)). The
following options were used: set Hidden Markov Model (HMM) rounds to 50, with 10
discarded as burn-in (rounds and burn-in options). In addition, readForwOpt was
used to perform HMM search with haplotype data, and mhPhasing and mhRounds to
perform 10 Metropolis-Hastings sampling rounds using the read data, with 5 rounds
used as burn-in (mhBurnin option). Sequencing error rate (seqError option) was set to
0.01, and 36 possible reference haplotype states were considered in HMM computation

(states option).
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2.2.8 Population structure

Principal Component Analysis (PCA) was conducted on the matrix containing all simple
biallelic SNPs genotyped in all the individuals using the smartpca module in the EIGEN-
SOFT package ver 5.0.2 (Patterson et al.|2006). Structure ver. 2.3 (Pritchard et al., |2000;
Falush et al.,|2003) was used to confirm clear delimitation of the four populations under
study. As recommended in the manual, A parameter was first inferred once for K =1,
which converged stably around 1, and that value was used for analyses with other K. In
total, 13,050 independent SNPs resident in different putatively neutral transcripts were
sampled. Fsy outliers were excluded, and five replicates for each value of K from 1 to 5
were run with 50,000 burn-in and 500,000 iterations. Structure output was analysed and
summarised with Structure Harvester Web ver. 0.6.94 (Earl & vonHoldt, |2012)). To find the
optimal alignment of clusters across all replicate runs and visualise it, the Greedy search
algorithm was applied in CLUMPP ver. 1.1.2 (Jakobsson & Rosenberg, |2007) using the
G’ pairwise matrix similarity statistic with 1000 random input orders tested, weighted

by the number of individuals in each population.

2.2.9 Tests for selection

A combination of PopGenome ver. 2.0.7 (Pfeifer et al.;|2014) and custom Perl scripts was
used to calculate basic SNP frequency statistics, including number of segregating sites
and minor allele frequency spectra, for each Alyssum population. PopGenome was also
used in calculating various population genetics summary statistics, such as Tajima’s D
(Tajima, 1989), Fu and Li’s D (Fu & Li,1993), Fay and Wu’s H (Fay & Wu, 2000), Zeng’s
E (Zeng et al, 2006) and Watterson estimator (Watterson, 1975), as well as carry out
a McDonald-Kreitman (MK) test (McDonald & Kreitman, 1991) with Clypeola as an
outgroup. Ancestral status for each SNP was established by mapping Clypeola reads to
the Alyssum reference transcriptome using Samtools, as described previously. P-values
in the McDonald-Kreitman test were calculated using Fisher’s Exact Test (fisher.test)
function in R. In some analyses, Rubia-NS population was excluded due to low sample
size (three individuals), which would introduce additional bias. All simple biallelic SNPs

genotyped in at least five individuals in Morata-N§ and five individuals in Carratraca-S or
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Samil-S populations were scanned for Fsr outliers using Bayescan ver. 2.1 (Foll & Gaggiotti,
2008). Bayescan analysis allows comparison of posterior probabilities of two models for
each SNP, one with selection and one without, using posterior odds ratio. The method
results in low number of false positives and robust power under different demography
scenarios (Mita et al.l |2013; |[Lotterhos & Whitlock, 20145 [Villemereuil et al.l |2014). For
each test, Bayescan was run for 100,000 iterations with 50,000 burn-in. FDR cut-off of
5% was used. The significance of the extent of overlap between outlier SNPs and loci in

Carratraca-S and Samil-S populations was checked by bootstrapping 1,000 times in R.

Pairwise dN/dS ratios were calculated for each population against Clypeola orthologs, in
turn, to detect genes with high rates of nonsynonymous substitutions. dN/dS comparisons
within the two species pairs were as follows: a reciprocal Blast approach (BLASTn, E-
value threshold = 107°) was used to identify orthologue contig pairs amongst the two
assemblies, and coding regions were subsequently aligned using transAlign ver 1.2 script
(Bininda-Emonds, 2005)). TransAlign determines the optimal codon-based alignment of
protein-coding sequences based on multiple frame alignments of translated sequences
with ClustalW (Larkin ef al., 2007). Nucleotide alignments as determined by transAlign
were then fed into the codeml program from PAML package ver. 4.8 (Yang, 2007) and dN
and dS rates calculated using mode -2 and the F3x4 codon table. Codeml was run twice:
once with constrained w value (w = 1) and once with calculation of w enabled, and InL

was compared between the two runs using a log-likelihood ratio test.

Enrichment for different gene ontologies was tested using Plant GSEA (Gene Set En-
richment Analysis, (Yi ef al., 2013)) webserver (A. thaliana genome as the background

reference), as before for differential expression using 0.05 as the FDR cut-off.
2.3 Results and discussion

2.3.1 Sequencing and read quality control

In total, 27 separate libraries were sequenced in the study: 3 shoot and 3 root samples from

each of the serpentine populations of Alyssum serpyllifolium - Carratraca-S and Samil-S, as
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well as a non-serpentine population Morata-NS and a non-accumulator outgroup species
Clypeola jonthlaspi, which belongs to the same tribe Alysseae in the Brassicaceae family
as Alyssum (Warwick et al.}|2008). In addition, 3 root samples from the non-serpentine

Alyssum serpyllifolium Rubia-NS population were sampled (Table[2.3)).

Four samples from the pilot experiment containing mixed RNA from a number of indi-
viduals were sequenced to obtain between 9.35 to 10.19 million read pairs (Table[2.3)). For
these samples, only 56.8% to 67.1% read pairs were retained after quality control, compared
with typically more than 93% for samples in the main experiment. This higher level of the
discarded reads in the pilot experiment can be attributed to rRNA contamination in the
sequenced library (data not shown). Nevertheless, high percentage of discarded reads is a
common malady of RNA-Seq studies, with typically 21% of reads removed during QC step
in a survey of 21 studies conducted by Dewoody et al. (2013).

The sequencing depth was higher in the main experiment, with the exception of Rubia-NS$
samples, and the range spanned 15.28 to 22.84 million sequenced paired-end reads. Quality
control trimming resulted in similar reduction of read length in all samples to between
95.9 and 97.2 bp (data not shown). Phred quality score of reads after trimming reached an
average of 36.22 (4.75 SD, data not shown). In general, sequencing depth achieved in the
study was in the region of 10 million paired-end reads and more, and thus should provide
us with reliable expression quantification of transcripts across a range of abundance levels
(Vijay et al., 2013). Nevertheless, to create a comprehensive catalog of genes expressed
across the full range of expression levels, a depth of 30-60 million reads would be required,
as demonstrated in RNA-Seq studies in various animals (Schulz et al., 2012; Francis et al.,
2013)). Shoot and root were sequenced separately, as samples from different tissues and
developmental stages provide more fine-scale picture of gene and isoform expression and
recovery of more transcripts at a lower sequencing depth becomes more feasible. Given
specialised physiological adaptations to hyperaccumulation and serpentine, in addition to
the obvious ones due to distinct morphology and functions, the expectation was to see

pronounced differences in gene expression profiles in the two tissues.
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Table 2.3: Summary of RNA-Seq reads obtained in the study
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Number of Raw read pairs

% retained

% retained

Population Tissue samples (in millions) reads bases
Pilot experiment
Clypeola root 1 (mixed) 9.95 57.7 55.5
Clypeola  shoot 1 (mixed)’ 9.35 64.1 61.9
Samil-S root 1 (mixed)? 10.11 67.1 64.4
Samil-S  shoot 1 (mixed)? 10.19 56.8 54.7
Main experiment
Clypeola root 2 15.49 - 18.19 96.1-96.7  93.4 - 94.0
Clypeola  shoot 2 15.28 - 18.16 96.6 -97.2  93.9 - 93.2
Samil-S root 2 20.16 - 20.54 97.1- 97.5 94.1 - 94.6
Samil-S  shoot 2 14.98 - 21.56 97.6 -97.7  94.7 - 94.8
Carratraca-S root 3 16.96 - 19.97 95.8-96.2  92.9 - 93.5
Carratraca-S shoot 3 16.98 - 19.21 96.3 - 97.4 93.2 - 93.5
Morata-NS root 3 20.48 - 22.84 94.7 - 95.8  93.0 - 94.0
Morata-NS  shoot 3 20.09 - 21.60 90.4-99.3 88.2-96.8
Rubia-NS§ root 3 6.75 - 8.14 93.1-94.5 89.5 - 91.3

! contains pooled tissue from 10 individuals; * contains pooled tissue from 20 individuals
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2.3.2 Assembly, mapping and transcriptome annotation

Vijay et al.| (2013) and Nadeau et al.| (2014) showed that when including a pre-mapping
step to a reference transcriptome (up to 15% divergence), the resulting transcriptome and
gene expression estimates are improved compared to when using a de novo assembly. In
the current data set, mapping the reads to Arabidopsis thaliana transcriptome resulted in
mapping to between 24 086 and 26 799 Arabidopsis loci and an average of 80% mapped
reads across all the samples (data not shown), despite even higher sequence divergence
from Arabidopsis ranging from 18% to 20%. This compares favourably with previous studies
-|Dewoody et al.| (2013) found that studies using a reference genome had typically 74%
reads mapped (n = 30) and those using a de novo assembly had 65% reads mapped (n =
20). Following the assembly of the selected reads for each mapped-to locus in individual
populations and selection of the best available contig per each locus, ‘hybrid’ assemblies
containing 18 565/17 222 sequences longer than 300 bp and mean contig length of 1486

bp/1477 bp for Alyssum and Clypeola, respectively, were created (Table|2.4)).

APVO single copy genes shared by A. thaliana, O. sativa, P. trichocarpa, V. vinifera (Duarte
et al., |2010)) and especially Core Eukaryotic Genes (CEG; Parra et al., |2007) are highly
conserved genes and thus can be used as a proxy for asssembly completeness (Bradnam
et al.,|2013). Alyssum assembly contained 904 out of 959 APVO genes (94%), whereas
Clypeola assembly contained 875 genes (91%). In the case of CEG, 394 genes out of 458
(86%) were detected in the Alyssum assembly and 390 (85%) in the Clypeola assembly.
While roughly only two-thirds of Arabidopsis protein-coding genes were sampled in the
assemblies, the genes that did get assembled were reconstituted to a nearly full size judging

by mean contig length (Table [2.4).
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This conclusion is further supported by coverage of the A. thaliana transcripts by the
assembly contigs which centred at 90% both in Alyssum and Clypeola (Figure[2.3). Coverage
for the selection of conserved orthologs was even higher - mean 96% for genes in the
APVO and CEG datasets (data not shown).

As well as this, the majority of contigs were found to contain the coding sequence (CDS)
together with 5’ and 3’ untranslated regions (UTR): 13 690 in Alyssum and 12 683 in Clypeola
(Table[2.4). In the majority of cases, at least the start or stop of the protein was deemed
high confidence by the virtue of aligning with A. thaliana homologs start or stop position.
Furthermore, 1074/2 589 Alyssum contigs and 943/2 533 Clypeola contigs contained either of
the 5" and 3’ regions in addition to CDS, respectively. Veracity of the annotation procedure
is supported by differences in GC nucleotide content across the three regions in the
assemblies closely tracking that of A. thaliana’s (Table When looking at the size
distribution of 5/3’ UTR and CDS regions in the three species, 5’ UTR and CDS appear to
have assembled better than 3’ UTR (Figure. Relative reduction in the number of longer
3’ UTRs could be explained by certain degradation of input mRNA used in preparation
of the sequenced cDNA libraries. Lastly, functional annotation was copied over from
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Figure 2.5: Distribution of amino acid identity of C. jonthlaspi and A. serpyllifolium ‘consensus’
contigs relative to A. thaliana reference proteins.

Arabidopsis thaliana reference loci. Mean amino acid percent identity for all the contigs

for both species is 83% (Figure [2.5), while nucleotide percent identity in the coding region
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Figure 2.6: Distribution of nucleotide identity of A. serpyllifolium ‘consensus’ contigs relative to A.
thaliana and C. jonthlaspi in the coding region.

was at 87% (Figure[2.6). It has been shown that protein sequence similarity in the range of

40 - 60% allows for reliable functional annotation of the homologs (Addou et al.,|2009) so

the functional annotation of the dataset should be broadly correct.

The ‘hybrid’ assembly could then be used as a reference for mapping of reads from
each population and creating a population-specific ‘consensus’ transcriptome based on
detected variants. This strategy was possible given moderate levels of polymorphism across
populations: nucleotide diversity () in a select subset of 26 stably-expressed, single-copy
APVO loci centred at 0.0053 with 0.0033 SD. BWA mem used for mapping the reads from
each population to the ‘hybrid” assembly and thus key to creating ‘consensus’ transcriptome
has been shown to handle much higher levels of polymorphism (at least up to 1.5%) with no
decline in performance (Li, 2013). The resulting four ‘consensus’ transcriptomes featured
sequence changes in between 7875 (Rubia-NS), 9 778 (Samil-S), 10 207 (Carratraca-S) and
10 244 (Samil-S) contigs but using them as a reference resulted only in a small increase in
the fraction of mapped reads (0.8-1.6 percentage point, data not shown). This was expected

given moderate nucleotide diversity levels across the populations.

Reads unmapped to the ‘consensus’ transcriptome or filtered due to multi-mapping or
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chimeric alignments were then rescued by independent ‘supplementary’ assembly which
they were then mapped to. The majority of new contigs showed similarity to Arabidopsis
thaliana genes already present in the ‘consensus’ assembly; only 680 out of 4570 contigs
with top blast hit to Arabidopsis mapped to new Arabidopsis loci. The former can represent
fragments from the original transcripts that were not assembled as a contiguous region
in the ‘consensus’ assembly and paralogs. Out of the remaining 1048 contigs, 987 had at
least a single InterPro domain match and further 199 showed significant similarity to a
sequence from nr database. The highest number of hits belonged to two other Brassicaceae
species: Eutrema salsugineum (30 hits) and Capsella rubella (13 hits) as expected given
phylogenetic proximity, however, dozens of hits to invertebrate animals and even plant

viruses were also found (data not shown).

Re-using the initially unmapped reads in that way resulted in the increase of mapped
reads by on average 5.9 percentage points (pp; SD = 0.4 pp) in all the root samples and
4.9 pp in the shoot samples (SD = o.2 pp; data not shown). Ultimately, 40x average read
coverage was achieved in the study but variation in the expression intensity was wide
(Figure and the distribution was skewed towards genes expressed at a low level. A
considerable number of genes was expressed at a high level of RPKM > 100: on average
1901 in Alyssum and 2 067 in Clypeola. However, the biggest fraction of genes showed
barely detectable expression (RPKM < 5): 6 735 on average in Alyssum samples and 7214
in Clypeola. Higher number of Clypeola contigs with no mapped reads - mean 3098
compared to 1661 in Alyssum can be attributed to 1344 fewer Arabidopsis loci assembled in
the Clypeola transcriptome. The majority of Clypeola genes found not to be expressed are
expected to be of little biological interest since they appear to be expressed at a low level
in both species, as evidenced by significantly higher number of Alyssum genes showing
expression below 5 RPKM (t-test, p < 0.01) - on average 958 more than in Clypeola.

One reason for fewer transcripts having been reconstituted in the Clypeola transcriptome
is the underlying lower mapping rate to the Arabidopsis transcriptome in the first step of
the assembly process (Figure[4.2). While the shoot Clypeola samples mapped well at 82%

(data not shown), root samples showed only 70% mapping rate, for unclear reasons. This
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effect carried on downstream to final mapping of reads to the ‘consensus’ transcriptome
and additional contig set based on unmapped reads. Whereas an average of 82% and 85%
of reads were mapped in the Alyssum samples in the root and shoot, respectively, the
percentage in Clypeola was only 71% and 79%, respectively. This artifact did not lead to an
elevated number of DE genes in the root, though - if anything, more genes were found

to be differentially expressed in the shoot in all comparisons made (see below).
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2.3.3 Differential expression analysis

2.3.3.1  MDS and PCA analysis
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Figure 2.8: Results of A) MDS analysis in edgeR and B) PCA in DESeq2 based on expression of
500 genes with the highest variance in the dataset. SH denotes shoot samples and RT denotes root
samples.

To investigate overall similarity in patterns of gene expression across the samples, distances
between the samples for the top 500 genes with the highest variance were visualised using
two dimensionality reduction methods: multidimensional scaling (MDS, Figure|2.8| A)
and principle component analysis (PCA, Figure 2.8/ B). The results were similar using both
approaches in clearly separating the samples along two components - tissue and species,
with bigger difference between tissues in Alyssum compared to Clypeola visible in the MDS
plot. This difference disappeared when looking at the plot based on all the genes in the
dataset (data not shown), suggesting the existence of greater tissue-specificity in the highly
variable genes between Alyssum and Clypeola.

Crucially, all the Alyssum samples in a given tissue clustered together, regardless of the
edaphic status of the source population - vast interspecific expression differences between

Alyssum and Clypeola drown out intraspecific differences within Alyssum.
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Figure 2.9: Results of A), C) MDS analysis in edgeR and B), D) PCA in DESeq2 based on expression
of A), B) 500 genes with the highest variance and C), D) all the genes in the Alyssum dataset. SH
denotes shoot samples and RT denotes root samples.

In order to focus on the relationships between Alyssum samples more closely, Clypeola

samples were removed and PCA/MDS analysis repeated. Looking at the results based on the

top 500 genes, there is greater scatter among root samples compared to the shoot samples

(Figure|2.9| A and B) indicative of greater biological variability in the root gene expression

in all of the populations. Root samples from serpentine populations Carratraca-S and

Samil-S tended to group together away from the non-serpentine populations Rubia-NS and

Morata-NS. However, when including all the genes in the analysis, this effect disappeared
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and the distances between population samples in each tissue correlated with geographical

distances between the source populations (Figure 2.9| C and D).

2.3.3.2 DE genes shared between the serpentine populations

The analysis then proceeded to identify specific genes contributing to the hyperaccumulator
serpentine phenotype, and associated serpentine adaptation, also known as serpentine
syndrome (Brady et al., 2005) in Alyssum. First, every possible one-on-one contrast between
taxa was made for root and shoot tissues separately. Genes significantly differentially ex-
pressed (FDR < 0.01) in all of the serpentine versus non-serpentine comparisons were then
grouped into four classes: upregulated in the root, downregulated in the root, upregulated
in the shoot, downregulated in the shoot in the two Alyssum serpentine populations relative
to the non-serpentine Alyssum and Clypeola (Figure[2.10). In total, only 52 genes met that
criteria which, along with the results of the PCA and MDS analysis suggests that few gene
expression differences are shared by the serpentine Alyssum populations relative to the

non-serpentine ones.

Root Ten genes were found to be upregulated in the serpentine roots (Figure A)
and they were enriched for the membrane category. Out of the 6 proteins annotated
with the membrane term in the group, 3 show transporter activity: IRON REGULATED 1
(IREG1) and IRON REGULATED 2 (IREG2), and an aminoacid/auxin permease (AAAP)
family member. The other three genes in the membrane category belong to the yet un-
characterised family whose 10 members contain cystathionine-3-synthase (CBS) domains.
Importantly, among the ten upregulated genes, IREG1, the AAAP family member and a
galactose oxidase/kelch repeat superfamily member had been shown to belong to the gene
set showing strong upregulation in response to iron deprivation (Dinneny et al., 2008;

Buckhout et al., 2009; Long et al.,|2010).

IREG1 belongs to the small family of 3 Arabidopsis homologs of mammal ferroportin
IREGs, which functions as iron exporters. Arabidopsis IREGa1 is localised to the plasma

membrane, mainly expressed in the stele (Morrissey et al., 2009) and is able to export
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nickel and cobalt. It has been shown to be important for nickel and cobalt detoxification
(Kirchner, 2009)), consistent with increased nickel tolerance in IREG1 overexpressor lines
and increased nickel sensitivity in iregz knockout lines.

IREG2 in Arabidopsis is targeted to the tonoplast in the two outermost root layers and func-
tions in nickel and cobalt sequestration. It is expressed under iron deficiency conditions
and its proposed role in Arabidopsis is to protect the plant against toxic effects of increased
unspecific influx of nickel and cobalt due to IRON-REGULATED TRANSPORTER 1 (IRT1,
transporter responsible for iron uptake from the soil, described later) overexpression
under low iron (Schaaf et al.}|2006; Morrissey et al., 2009). There is evidence for higher
expression of IREG2 in the roots of A. halleri relative to A. thaliana (Talke et al., 2006))
as well as higher expression in nickel hyperaccumulating accession of N. caerulescens
(Halimaa et al.,|2014). Additionally, a newly characterised IREG family member in non-
Brassicaceae nickel hyperaccumulator Psychotria gabriellae appears to be functionally
redundant with AfIREG2 (Merlot et al., 2014) - it is targeted to the tonoplast and confers
increased nickel resistance in WT and iregz Arabidopsis plants. Therefore, IREG family
members are likely to have convergently evolved functional importance in separate lineages
of nickel hyperaccumulators. Lastly, the AAAP family member (AT5G38820) is a putative
amino acid transporter regulated by iron deficiency (Buckhout et al., 2009;|Garcia et al.,
2010)).

Surprisingly, only one gene, a cytochrome 450 gene was found to be downregulated in all

the serpentine relative to all non-serpentine in the root (Figure B).

Shoot Comparison of the shoot transcriptomes yielded more shared DE genes between the
serpentine and non-serpentine than in the root: 28 upregulated and 13 downregulated. This
could be partially down to the fact that samples for only one (Morata-NS) of the two non-
serpentine populations were available, and Rubia-NS expression data was missing. Two
genes showed upregulation in the shoot as well as in the root (Figure C): IREG2, the
AAAP family member, which together with ATP-PRT1 and IRT1, contributed to the over-
representation of genes showing strong upregulation in response to iron deprivation, seen

also in the root. Five out of 28 upregulated genes were associated with metal ion transport
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gene ontology term: IREG2, IRT1, DICARBOXYLATE TRANSPORT 2.2 (DIT2.2), L-TYPE
LECTIN RECEPTOR KINASE S.5 (LECRK-S.5) and a lectin pectin lyase-like superfamily
member. Furthermore, 3 genes with carboxylic acid transmembrane transporter activity
were detected: CATIONIC AMINO ACID TRANSPORTER 4 (CAT4), DIT2.2, and the
AAAP family member. Two more genes belonging to the galactose oxidase/kelch family
with 152 members were found among upregulated genes in the shoot in addition to the
one gene in the root. CAT4, a member of the cationic amino acid transporter family (Su
et al.,2004) was recently shown to transport histidine into the vacuole and increase nickel
hyperaccumulation and tolerance when expressed in yeast (C.]. Snowden, S.T. Mugford &

J.A.C Smith, unpublished).

Among 13 downregulated genes in all serpentine (Figure D), two overrepresented
gene ontology terms were found with two associated genes, each: response to karrikin
- SMALL AND BASIC INTRINSIC PROTEIN 2 (SIP2) and CELL WALL INVERTASE 1
(CWINV1) and respiratory burst involved in defense response - CWINV1 and an a-1,4-

glycosyltransferase family gene.

2.3.3.3 Population-specific serpentine DE genes

It is also quite possible that population-specific (ie. present in only one of the serpentine
populations relative to all the non-serpentine taxa) differentially expressed genes also
contribute to the hyperaccumulation trait as well as adaptation to the serpentine in a given

population, and so they were examined more closely.

Root upregulated genes Comparison of Carratraca-S- and Samil-S- specific upregulated
genes in the root revealed similarly small number of genes - 15 and 10, respectively. In
Carratraca-S, 2 genes were annotated with amino acid transport term (FigureA): CATy4
(upregulated also in the shoot of the two serpentine populations) and a mitochondrial
substrate carrier family protein. In Samil-S, HEAVY METAL ATPASE 5 (HMAj5) was found
amongst upregulated root genes (Figure[2.12]A). HMA5 has been shown to play a key role in
Cu detoxification in the roots and interact with copper chaperones COPPER CHAPERONE
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(CCH) and HOMOLOG OF ANTI-OXIDANT 1 (ATX1) in Arabidopsis (Andrés-Colas et al.,
2006). In rice, HM A5 homolog is a plasma membrane transporter responsible for xylem

loading of copper in both vegetative and reproductive structures (Deng et al., |2013).

Root downregulated genes Twelve and eight population-specific downregulated genes in
the root in Carratraca-S and Samil-S did not appear to share common functions, either.
In Carratraca-S, these genes were enriched for glutathione degradation pathway (Figure
B) - including GAMMA-GLUTAMYL TRANSPEPTIDASE 3 (GGT3), and two were

oxoglutarate/iron-dependent oxygenase.

Shoot upregulated genes Just as in ‘all serpentine versus all non-serpentine’ comparison, a
higher number of population-specific differentially expressed genes was found in the shoot.
Seventy-seven and 68 genes were upregulated in Carratraca-S and Samil-S, respectively. In
the case of Carratraca-S, two of the CBS DUF21 domain genes upregulated in the root in the
two serpentine populations were also found to be so in the shoot (Figure[2.11]C). Four genes
involved in ubiquitin ligase complex formation also stood out. Amongst Samil-S-specific
genes, two glutathione transferases were found: GLUTATHIONE S-TRANSFERASE TAU
3 (GSTU3) and GLUTATHIONE S-TRANSFERASE F4 (GSTF4) (Figure2.12]C). Both in
Carratraca-S and in Samil-S, membrane transporters were an overrepresented category: 8
in Carratraca-S and 5 in Samil-S. Different ZRT, IRT-like Protein (ZIP) family members

were upregulated in each population: ZIP12 in Carratraca-S, and ZIP9 and ZIP11 in Samil-S.

ZIPg is a marker for zinc deficiency response in the root in Arabidopsis (Gustin et al.,
2009; |Yang et al.,|2010a), N. caerulescens (van de Mortel et al.,2006) and A. halleri (Talke
et al., 20065 Chiang ef al.,2006), but is also constitutively upregulated in A. halleri roots
relative to A. thaliana (Grotz et al., 1998; Weber et al., 20045 Talke et al.l|2006]). In addition,
AtZIPg was able to complement Mn uptake-deficient mutant in yeast (Milner ef al., 2013).
ZIP11 shows constitutively higher expression in A. halleri in all tissues relative to A. thaliana,
and shows especially big difference in leaves (Chiang et al., 2006). There is conflicting

evidence regarding ZIP11 upregulation under zinc deficiency conditions in Arabidopsis
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(van de Mortel et al., 2006; Jain et al., 2013) but it is likely not to be responsive to zinc
deficiency because of the lack of zinc deficiency responsive element in its promoter which
is present in the promoters of other zinc deficiency-regulated ZIP family members (Jain
et al.,|2013). Lastly, both ZIP11 and ZIP12 have the ability to rescue a zinc-uptake mutant in
yeast (Milner et al.,|2013).

Additionally, population-specific upregulated transport genes included METALLOTH-
IONEIN 1A (MT1A), GLUTAMATE RECEPTOR 2.4 (GLR2.4, uncharacterised glutamate
transporter), PLEIOTROPIC DRUG RESISTANCE 5 (PDR5), VHP2;2 and two nucleobase
permeases in Carratraca-S, while NON-INTRINSIC ABC PROTEIN 3 (NAP3) and a proton-
dependent oligopeptide transporter (POT) family representative were found in Samil-S.
In Arabidopsis, (MT1A) is strongly expressed in the phloem and senescent leaves, and is
induced by copper (Guo et al.,|2008)). It has been shown to take part in copper accumulation
in roots, and together with phytochelatins mediates copper tolerance (Guo et al.,|2008)
as well as copper mobilisation during seed maturation (Benatti et al., [2014). NAP3 is
an ortholog of rice SENSITIVE TO ALUMINIUM RHIZOTOXICITY STAR: protein
necessary for aluminium tolerance (Huang et al., |2009)) and despite different expression
pattern, the Arabidopsis ortholog also participates in aluminium tolerance and shows

redundancy with OsSTAR: function (Huang et al., 2010)).

Shoot downregulated genes Over twice as many genes appeared to be downregulated in
the shoot specifically in Carratraca-S: 142, than in Samil-S: 68. Interestingly, despite differ-
ent individual genes in each enriched category, some processes seemed to be downregulated
in both populations, namely: response to stress, defence response, tryptophan/indokylamine
catabolism and oxidation-reduction. Forty-three and 20 of the downregulated genes in
Carratraca-S and Samil-S, respectively, were annotated with the category response to stress
and since most of the genes in it were also found to be over-represented under more
specific categories, such as defense response described below, they will not be listed here.
Twenty-three downregulated defense genes in Carratraca-S included (Figure D):
METHYL ESTERASE 9 (MES9), two cytochrome P450 genes and two peroxidases, UDP-
DEPENDENT GLYCOSYLTRANSFERASE 76B1 (UGT76B1), KUNITZ TRYPSIN INHIBITOR
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1 (KTI1), BETA GLUCOSIDASE 26 (BGLU26) and DOWNY MILDEW RESISTANT 6
(DMR6). Samil-S-specific downregulated defense response genes were, amongst others
(Figure D), METHYL ESTERASE 1 (MES1), RESISTANCE TO PSEUDOMONAS SY-
RINGAE 3 (RPS3), GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE C2 (GAPC2),
MYB DOMAIN PROTEIN 108 (MYB108) and PROLINE DEHYDROGENASE 1 (PDH1).
KT1 is a serine protease, which is induced late following exposure to plant pathogens and
salicylic acid. It negatively regulates programmed cell death when exposed to bacterial
and fungal pathogens (Li ef al., 2008a)).

A single different MES (Methyl Esterase) family member in each of the serpentine pop-
ulation transcriptome’s was downregulated. Methyl esterases hydrolyse salicylic acid
derivative methyl salicylate into salicylic acid (Manosalva et al.,|2010)). In plants, methyl
salicylate is a hypothesised long-range systemic acquired resistance signal transported in
the phloem away from the site of infection and converted back into biologically active
salicylic acid (Liu et al., 2011; Shah & Zeier, 2013).

RPS3 is one of the R genes encoding cytoplasmic receptor-like protein recognising specific
avirulence genes produced by Pseudomonas bacteria, inducing hypersensitive response
at the sites of infection and thus conferring resistance to strains expressing these eftfector
genes (Grant et al.,1995; Boyes et al.,1998; Grant et al., 2000; Rose et al., 2012). Interestingly,
RPS3 also showed significant sub-population-specific expression variation amongst N.
caerulescens from different sites showing marked variation in morphology and Ni hyperac-

cumulation ability (Visioli et al., 2012).

Five out of 79 Arabidopsis genes involved in tryptophan/indokylamine catabolism were
found in Carratraca-S: SULFURTRANSFERASE PROTEIN 16 (STR16), CYTOCHROME
P450, FAMILY 79, SUBFAMILY B, POLYPEPTIDE 2 (CYP79B2), GLUTAMATE RECEPTOR
1.1 (GLR1.1), PEARLI4 and BGLU26. In Samil-S, three genes were found: avirulence
induced gene 2-like (AIG2-like) family member, IQ-MOTIF PROTEIN 1 (IQM1) and MAP
KINASE KINASE 9 (MKK9). CYP79B2 is one of the two genes catalysing the conversion of
tryptophan into indole-3-acetaldoxime, from which point either plant hormone indole

acetic acid or secondary metabolites with defence properties: indole glucosinolates or
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camalexins (the main phytoalexin) can be synthesised (Hull et al., 2000; Glawischnig et al.,
2004).

BGLU26 (also known as PENETRATION 2) participates in the pre-invasion phase of
nonhost resistance as well as resistance to adapted fungal pathogens (Hiruma et al., 2013).
BGLU26 encodes a peroxisome-bound myrosinase which activates a certain type of indole
glucosinolates with antifungal properties as well as increases callose deposition to restrict

pathogen growth (Lipka et al.,|2005; Bednarek et al., 2009; Clay et al., 2009).

The last shared GO category between Carratraca-S and Samil-S was oxidoreductase activity.
Ten genes in that category in Carratraca-S featured six cytochrome 450 genes, three
2-oxoglutarate-dependent oxygenases and DOWNY MILDEW RESISTANT 6 (DMR6).
Amongst eight genes in Samil-S, only two belonged to cytochrome 450 family and the rest
featured FERRITIN2 (FER2), COPPER CHAPERONE FOR SOD1 (CCS), GAPC2, PDH1.
FER2 is one of the plant genes with homology to ferritin proteins, which function as iron
stores in animals. Evidence from plants indicates that rather than providing iron storage
for development, ferritins protect plants against iron-induced ROS (Ravet et al., 2009a,b).
In N. caerulescens, FER2’s upregulation is associated with high zinc accumulating ecotypes
(Halimaa ef al., 2014) and the gene is constitutively upregulated in A. halleri relative to A.
thaliana (Talke et al.l 2006)).

CCS is a copper chaperone which delivers the copper co-factor to superoxide dismutase in
the chloroplast stroma, cytoplasm and peroxisome. In turn, copper superoxide dismutases
take part in detoxifying superoxide ions by catalysing dismutation to hydrogen peroxide
(Abdel-Ghany et al., 2005; |Chu et al., |2005). In Arabidopsis, copper superoxide dismutases
and CCS are downregulated by miR398 under thermal stress, which appears critical

especially for the protection of reproductive structures (Guan ef al., 2013).

In Samil-S, only one more gene ontology term was found to be overrepresented among
downregulated genes - response to ethylene stimulus (4 genes). Seven of the downregu-
lated genes in Samil-S had also appeared as downregulated in a WRKY DNA-BINDING
PROTEIN 15 (WRKY15, ROS-inducible transcription factor modulating salt and oxidative
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stress responses) overexpressor line (Vanderauwera et al., 2012).

Four specific enriched categories among genes downregulated in the shoot in Carratraca-
S concerned broadly amino acid metabolism: transport of nitrate (9 genes, including
PHOSPHATE 1 - transporter mediating inorganic phosphate xylem loading for transport
to the shoot, Hamburger et al., 2002), cellular modified amino acid metabolic process
(15 genes, including NICOTIANAMINE SYNTHASE 1 - NAS1), amino acid transport (8
genes), phenylpropanoid biosynthetic process (8 genes). In stark contast to Samil-S, where
one 7- and one ¢- class glutathione S-transferase were found to be upregulated in the
shoot, two 7 (GLUTATHIONE S-TRANSFERASE TAU 11 and 12 - GSTU11, GSTU12) and
one ¢ (GLUTATHIONE S-TRANSFERASE F3 - GSTF3) glutathione S-transferases were
downregulated in Carratraca-S. Three more downregulated transferases in Carratraca-S
were ISOPENTYLTRANSFERASES (IPT3 and IPT5), which function as cytokinin syn-
thetases, and NAS1. The three downregulated GSTs were also overrepresented under
the toxin metabolism category along with five more genes: DIHYDROSPHINGOSINE
PHOSPHATE LYASE 1 (DPL1), NAC DOMAIN CONTAINING PROTEIN 53 (NACo53), an
O-acyltransferase and WRKY DNA-BINDING PROTEIN 28 (WRKY28).

NAS: is an enzyme synthesising a non-proteogenic amino acid chelator nicotianamine from
three molecules of S-adenosyl methionine. Nicotianamine (NA) can form stable complexes
with a variety of metal cations: Fe**, Fe3*, Cu?*, Ni**, Co**, Zn*>*, and Mn?* (ordered
by decreasing affinity). Due to its ability to bind those metals with high affinity and low
molecular weight, nicotianamine is one of the critical components of metal homoeostasis
through roles in metal remobilisation, long range transport and chelation for detoxification
(Verbruggen et al., 2009; Maestri et al.,|2010). In particular, nicotianamine is involved in
remobilising iron from vasculature into iron sinks in young leaves and floral tissues as well
as seeds, and transport of zinc into the vacuole for zinc tolerance in Arabidopsis (Klatte
et al., 2009; Haydon et al., 2012;|Schuler ef al.,|2012). The importance of nicotianamine in
the two model hyperaccumulator species N. caerulesces and A. halleri is well established
(Verbruggen et al.,|2009; Maestri et al., 2010; Hanikenne & Nouet, |2011). It is produced

and accumulates in Thlaspi caerulescens (Vacchina et al., 2003) and Arabidopsis halleri



2. Identification of Candidate Ni Hyperaccumulation and Serpentine Adaptation Genes
Using Next-Generation Sequencing 83

(Weber et all|2004) to much higher concentrations than in congeneric non-accumulators.
Thus, finding NAS1 amongst downregulated genes in Carratraca-S is unexpected, given
the upregulation of NAS1 in Arabidopsis on exposure to excess zinc (van de Mortel ef al.,
2006), in the shoot transcriptome of N. caerulescens relative to the non-accumulator
T. arvense (Hammond et al., 2006)), and constitutive high expression of different NAS
isoforms in A. halleri relative to A. thaliana in the root and the shoot (Becher et al.
2004; \Weber et al.}|2004; [Talke et al., 2006). In particular, research suggests that NAS2
transcript levels in N. caerulescens correlate with zinc and cadmium tolerance (Halimaa
et al., 2014) and Zn/Cd hyperaccumulation in A. halleri - when NAS2 expression in A.
halleri is knocked down by RNAj, zinc and cadmium foliar concentrations are vastly
diminished, since nicotianamine is proposed to complex Zn/Cd and facilitate passage
towards the xylem in the root (Deinlein et al., 2012). Lately, |Cornu et al.|(2015)) further
confirmed the importance of nicotinamine (and consequently, NAS) in establishing the
zinc hyperaccumulator phenotype through facilitating xylem loading step in A. halleri.
However, they also surprisingly showed that nickel translocation to the shoot was actually
increased by the lack of AhNAS2, as opposed to zinc.

Conversely, overexpression of NcNAS1 in Arabidopsis increased nickel tolerance and
accumulation (Pianelli et al.,2005)), as expected. In N. caerulescens, Ne(NAS1 expression and
so nicotianamine production was found to be induced after Ni exposure and nicotianamine
likely mediates nickel root to shoot translocation in the xylem, where stable Ni>*-NA
complexes are formed only in the hyperaccumulator N. caerulescenes and not in the
non-accumulator T. arvense (Mari et al., |2006)); positive correlation exists between foliar
nicotianamine and shoot nickel content in different Noccaea species (Callahan et al.,
2007)). Interestingly, overexpression of NAS from non-accumulator plants can also lead
to induction of nicotianamine synthesis after metal treatment, higher transition metal
tolerance, and even elevated shoot metal accumulation (Douchkov et al., 2005} Kim et al.,

2005)).

Glutathione-S-transferases (GST) form a family of enzymes with six subclasses in Ara-

bidopsis that conjugate reduced glutathione via a a sulthydryl group to xenobiotics and
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peroxidised lipids for detoxification as well act as peroxidases or reductases to ROS (Dixon
et al., 2009). The production of this antioxidant is upregulated in response to salicylic
acid, hydrogen peroxide and metal stress in plants (Dixon et al., 2002; van de Mortel ef al.,
2006; Tuomainen et al., |2010; Jozetczak et al., 2012). As to the last point, expression of
a number of GSTs has been shown to increase on exposure to zinc in the leaf epidermis
in N. caerulescens (Schneider ef al., 2012). Also, overexpression of a tobacco GST gene in
Arabidopsis led to increased aluminium tolerance supporting hypothesised role of GSTs in
metal induced stress (Ezaki et al.,|2000). Consistent with the importance of glutathione
in metal hyperaccumulators, previous proteomics research in the Ni hyperaccumulator
Alyssum lesbiacum identified glutathione S-transferase to be upregulated on short exposure
to nickel (Ingle et al., 2005b).

The case for GST’s importance for adaptation to nickel hyperaccumulation is particularly
strong in N. caerulescens. In the shoots of nickel-hyperaccumulating Noccaea species, sali-
cylic acid levels are constitutively elevated and signal activation of genes in the glutathione
synthesis and turnover pathway; this results in increased production of reduced glutathione,
which appears to contribute to nickel tolerance (Freeman et al.,[2004,2005). This was shown
in Arabidopsis thaliana plants expressing Noccaea caerulescens serine acetyltransferase
that overproduce glutathione and become highly resistant towards nickel (Freeman &
Salt, 2007). Interestingly, GSTF3 protein levels have been shown to be increased in the
root of low zinc accumulating N. caerulescens ecotype relative to a high zinc accumulating
ecotype (Tuomainen et al.,|2010)), yet the gene shows higher expression in N. caerulescens

shoot than in the non-accumulator T. arvense (Hammond et al., 2006).

DPL1 catalyses the degradation of sphingoid long chain bases phosphates (LCB-Ps) to
C,¢ fatty aldehydes and phosphoethanolamine in plants (Tsegaye et al., 2007;|Nishikawa
et al., |2008). LCB-Ps are hypothesised to function as signalling molecules just like in
animals (Worrall ef al.} 2008)) and have been shown to play a negative role in reducing
transpiration under thermal stress (Nishikawa et al., 2008)). NACo53 is a transcriptional
activator stimulating expression of ROS biosynthetic genes when activated under drough-

induced senescent conditions (Lee ef al., 2012). In particular, NACos3 participates in a
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positive feedback loop mechanism promoting programmed cell death on exposure to heat
stress, whereby NACos3 activation induces hydrogen peroxide production and vice versa

(Shih et al., 2014).

Finally, 15 genes related to salicylic acid (SA) signalling were downregulated in Carratraca-S.
They had been discovered among 473 genes showing induction of expression upon salicylic
acid application (Krinke et al., |2007) and include transcription factors WRKY75 and
WRKY28. Both were shown to be upregulated in response to pathogenicity-determinant
oxalic acid secreted by necrotrophic fungi (Chen et al., 2013). The two genes regulate down-
stream defence response genes in the salicylic and jasmonic acid pathways. WRKY28 acts
a transcriptional activator of salicylic acid precursor biosynthesis gene ISOCHORISMATE
SYNTHASE 1 (ICS1,van Verk et al., 2011) and both genes serve to induce an oxidative burst
which slows down fungal growth and increases resistance to infection (Chen ef al}|2013).
Overexpression of WKRY28 with a transcription factor bHLH1y in Arabidopsis confers
increased tolerance to abiotic stresses: drought, salinity and oxidative stress (Babitha
et al., |2013). WRKY75 possess also roles in root cell morphogenesis - suppresses root
hair development in non-root hair files (Rishmawi et al, |2014) and regulates lateral
root architecture in general (Devaiah et al., |2007). The last function has been linked
to WRKY75’s role as a regulator of Pi deficiency response - it is induced under low Pj,
acts as a positive regulator of many phosphate deficiency genes and is required for low

Pi tolerance (Devaiah et al., 2007).
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Total number of genes in the cluster:

cytochrome P450 (1/251)

InterPro



2.3. Results and discussion

88

(Anwey dvvy) 0788€DSLY ‘( 1.1¥1) 06961DY1V (€2/7) 600T “Ip 39 INOYPPNY

(Z9341) 0£5€09SLY ‘(Awey dyvy) 0788€DSLY (1 .L¥ddLY) 0808SD 1LV ‘( 1141) 06961D¥ LV (6S€/¥) 010T *|p 22 Buo pue (|S/) 800T * P 12 Ausuuiq
:uonyealidap uoui 03 asuodsau uj uonendaidn Suoals

24njea9a3i
(Ajjwreysadns 1eadau yojoy)/asepixo aso1deed) 0096£OY1Y
(Ajiwrey 40103y uoneUNINbIgN pajeIdOSSE XOg- J3||odoud-e39q ‘Yo|e>|/asepIxo as03oe|es
[ty )y qn p 9-4) 0STHODELY TS1/0) 2|l q ‘y2[23)/sep |
0.4d493u]
(11¥d- d1V) 0808SD 1LV (81/1) stsayauhsolq autpnsy
LDDE)]
(Anwey dwvy) 0788€DSLY ‘(#.1VD) 0TLEODELY (Z'ZLIQ) 08THIDSLY (ze/€) Anande Jsriodsuen sueiquiswsue.y pide dljAxoqaed
(Z9341) 0£5£0951V ‘(Anwepiadns aji-oseA] undad) 0589 DELY
(§7SM4DFT) 0¥£90DSLY (Z'7L1Q) 08THIDSLY “( 1.LY1) 0696 1DV 1V (€£5/9) 1odsuen uol [e2aw
HETIETS) A80j03uQ auan
87 :493sn|d aYyj ui sauas jo Jaqunu [ejo |
o § o 9 o F §F e 9
(7] (7] (7] [72]
T T £ £ 3 3% 3 3 3
N I I Y e N | 0
- W
L __/u w
@
Q
=
19}
L L o
2
@
(o}
3
- O Q
N
3
Py
.3
= N
ko)



2. Identification of Candidate Ni Hyperaccumulation and Serpentine Adaptation Genes

Using Next-Generation Sequencing

89

‘sajdures Jooys - (g ‘sajdures 1001 - 13
“[0ad4[D - 1D ‘SN-BIBIOIN - DA ‘S-[IWES - [§ ‘S-BIRIRLIR)) - 4) 'S}00ys dunuadias [[e ur pajernsarumop (( ‘sjooys aunuadias [re ur pajendaxdn (D ‘sjoox
sunuadias [fe ur pajemn3asumop (g ‘sjool sunjuadias e ut pajendaidn (y :pusada] ‘punoidyoeq sawouad sisdopiquiy ay) 03 pareduwod £10331e0 uaAIS ©
Suryoyewr Josejep 2y} ut sauad Jo roquunu a3 Juasaxdar sisayyuared ur sorndy oy ‘sowreu auad g parerosse Ym Surdnoid ureyyed uorssardxs suad yoes ur
$]9SBIEP 9INJRIN] PUR SALI053)ed 0IJI)U] pue HOTY ‘0D (S0°0 > Y ) PAYLLIUS APUedYIUSIS 109[9s MOYS SI[QR], "PaI YIep ul (S[dures yoes I0J IN[eA Ueaur)
QUI[PULI) PUE IOPUIAL] UT MOYS Te souaS [enpIarpu] A[pAn}doadsar ‘sapdures o) ssoxoe uorssaidxa jo sureped uowrwod Jydiysry pue uorssardxa jo afuer
STWRUAD 9pIM )M Saud3 Jo Surjo[d MO[[e 0} PaIa)UD-UBIPIUT USY) PUL PIULIOJsueI) “30] ISI1J a1oMm san[es AN JY onssn) udAld e woxy sajdures vjoadA]) pue
sunjuadias-uou wnssAyy o3 sopdures suryuadias winssd]y Jurredwod uaym sauad passardxa A[renuaayIp (10°0 > Y1) APueoyrudis Jo MIIAIAQ :01°T dInS1]

(IANIMD) 06LE1DELV ‘(Aj1wey aseadjsuen|ksod4|3-4*| eydie) 0Z060DELY (121/7) @suodsau asusjep ul paajoAul 3sunq Aojeaidsau
(IANIMD) 06£€1D€LV “(ZdIS) 0TSLSDELY (821/7) upjuey 01 asuodsas
HE1ETS A8ojojuQ auap

€] :433SNnPd aY3 uil sauas Jo Jaquunu [ejo |

- HSID
- HSel

(wsidi)zbo| panusd-uesw




90

A Upregulated only in Carratraca roots
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Total number of genes in the cluster: 8

No enriched gene category.
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2.3.4 SNP calling

In total, 1,042,563 biallelic SNPs were detected in the four Alyssum serpyllifolium popu-
lations under study (Table : 894,219 were found in 18,344 contigs in the consensus
assembly, followed by 148,344 located in 7,228 contigs in the supplementary assembly.
Looking at individual populations: Carratraca-S (Table[2.6), Morata-NS (Table [2.8), Samil-
S (Table and Rubia-NS (Table contained 480,059 (193,947 private), 502,900
(196,046 private), 500,328 (207,139 private) and 198,826 (57,471 private) SNPs, respectively.
The lower number of SNPs in Rubia-NS is a direct consequence of the lower number of

individuals sequenced in that population - 3, as opposed to 6 in all the other populations.

Table 2.5: SNP statistics on all Alyssum transcriptomes combined

main  contigs no.  suppl.  contigs no.

all, including low
frequency (< 5%) SNPs
biallelic 894,219 18,344 148,344 7,228
multiallelic 31,224 11,428 6,808 2,967

min. 5% frequency

variants
biallelic 472,311 17,964 74,765 6,819
multiallelic 22,153 9,550 4,424 2,261

min. 5% frequency variants
and min. 5 genotypes/population
biallelic 292,755 12,934 17,710 2,258
multiallelic 12,200 6,164 858 551

When low-frequency variants (< 5%, effectively present just once in the whole dataset)
were excluded, the number of biallelic SNPs almost halved, down to 547,076 SNPs: 472,311
across 17,964 contigs in the consensus assembly, and 74,765 across 6,819 contigs in the
supplementary assembly. Consequently, a greater proportion of the remaining SNPs
was shared across populations: Carratraca-S contained 327,645 SNPs (54,170 private),
Morata-NS 343,532 (50,845 private), Samil-S 335,122 (55,359 private) and Rubia-NS 156,556

(19,305 private).
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Table 2.6: SNP statistics on the Carratraca-S transcriptome

2.3. Results and discussion

main  (private) suppl. (private)
all, including low
frequency (< 5%) SNPs
biallelic 412,836 164,236 67,223 29,711
multiallelic 18,029 4,159 3,412 1,009
min. 5% frequency
variants
biallelic 284,234 46,792 43,411 7,378
multiallelic 14,982 1,585 2,684 335
min. 5% frequency variants
and min. 5 genotypes/population
biallelic 175,671 27,450 11272 1780
multiallelic 8,350 786 609 63
Table 2.7: SNP statistics on the Samil-S transcriptome
main  (private) suppl. (private)
all, including low
frequency (< 5%) SNPs
biallelic 435,935 176,394 64,393 30,745
multiallelic 17,877 3,769 3,449 1,163
min. 5% frequency
variants
biallelic 292,609 45,230 42,513 10,129
multiallelic 14,947 1,315 2,805 565
min. 5% frequency variants
and min. 5 genotypes/population
biallelic 184,058 28,500 10,625 1,552
multiallelic 8,391 668 592 55
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Table 2.8: SNP statistics on the Morata-NS transcriptome

main  (private) suppl. (private)

all, including low
frequency (< 5%) SNPs
biallelic 432,117 165,489 70,783 30,557
multiallelic 18,742 4,212 3,802 1,226

min. 5% frequency

variants
biallelic 297,574 42,961 45,958 7,884
multiallelic 15,516 1,473 2,860 396

min. 5% frequency variants
and min. 5 genotypes/population
biallelic 183,331 25,094 11,546 1,522
multiallelic 8,615 752 622 64

Table 2.9: SNP statistics on the Rubia-NS§ transcriptome

main  (private) suppl. (private)

all, including low
frequency (< 5%) SNPs
biallelic 174,603 49,379 24,223 8,092
multiallelic 8,078 1,019 1,279 266

min. 5% frequency

variants
biallelic 138,485 17000 18,071 2,305
multiallelic 7,381 483 1,095 98

min. 5% frequency variants
and min. 5 genotypes/population
biallelic 102,657 12,568 6,432 770
multiallelic 4,995 292 372 28
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Many of the analyses undertaken required that only a low amount of data is missing,
and in these instances, a further filtered dataset of 310,465 biallelic SNPs from across
15,192 contigs was used. All of these SNPs were genotyped in at least 5 individuals in
Carratraca-S, Morata-NS and Samil-S populations and in all 3 individuals in Rubia-NS.
In the individual populations in this filtered data set, the number of biallelic SNPs was:
186,943 in Carratraca-S (29,230 private), 194,877 in Morata-NS (26,616 private), 194,683 in

Samil-S (30,052 private) and 109,089 in Rubia-NS (13,338 private).

Also, over 70,000 indels spread among approximately half of the contigs (data not shown)

were detected but they were ignored in the current analysis.

2.3.5 Population assignment

Carratraca Morata Rubia Samil

Figure 2.13: Cluster assignment to individuals in Carratraca-S, Morata-NS§, Rubia-NS§, Samil-S
according to K = 4

To test that four clearly delimited Hardy-Weinberg populations individually with
limited admixture were being dealt with, Structure software was first used to partition
the Alyssum serpyllifolium individuals into a different number of clusters (K =1to K =
5) based on a matrix containing 13,050 putatively neutral, unlinked markers. Structure
analysis results based on Evannos AK method (Evanno ef al., 2005)) as well as mean
LnP(D) change (data not shown) point to a four-population structure in the current
study, confirming the Carratraca-S, Morata-NS, Rubia-NS and Samil-S labels (Figure[2.13).
Interestingly, alternative K values (K =2) and (K = 3) grouped individuals according to their

geographic proximity (Figure ). Similar conclusions were drawn from PCA analysis
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Carratraca Morata

Figure 2.14: Cluster assignment to individuals in Carratraca-S, Morata-NS, Rubia-N§, Samil-S
according to K = 2 (top) K = 3 (bottom)
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Figure 2.15: Results of PCA analysis on SNPs genotyped in all individuals

using extended sampling of 265,775 SNPs — all biallelic SNPs containing no missing data

in any individual (Figure [2.15).

2.3.6 Comparison of population genetics parameters

Little is known about the mating system, population structure and degree of gene flow
between populations of Alyssum serpyllifolium. In general, species in the genus Alyssum are
mostly allogamous with the exception of some perennials (Cecchi et al., 2013). The mating

system of Alyssum serpyllifolium has not been targeted by any research previously, to the
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best of my knowledge. Other Brassicaceae metal hyperaccumulators have either totally
self-incompatible, fully outcrossing sexual mating system (Arabidopsis halleri, Llaurens
et al.,2008)) or a mixed mating system (Noccea caerulescens,|Mousset et al., 2016, selfing

rates ranging from 0.2 to 0.5).

Here, this perennial plant (Kiipfer & Nieto Feliner, 1993) is shown to have a high in-
breeding coeflicient F;s (Nei ef al., 1983) amongst individuals in all the populations, with
mean inbreeding coefficient for individuals ranging from 0.42 to 0.53 and no significant
difference observed between populations (data not shown). High inbreeding coefficient
indicates more inbreeding than expected assuming random mating and can be a product
of (partial) selfing, small population size, population subdivision (Wahlund effect) and
habitat fragmentation (Charlesworth & Charlesworth, 1987; Young ef al.,1996)). Slightly
smaller Fjs values: mean 0.38 + 0.01 and ranging from 0.19 to 0.37, were discovered in
comprehensive microsatellite surveys of N. caerulescens populations from metalliferous
and non-metalliferous localities (Besnard et al., 2009;|Mousset et al.,|2016). This species
has been shown to be self-compatible with strong variation in outcrossing rate amongst
populations (Riley, 1956; Dubois et al., 2003; Mousset et al., 2016). Previous studies of
pseudometallophytes showed elevated inbreeding in metallicolous populations, e.g. in
Anthoxanthum odoratum, Agrostis tenuis (Antonovics & Bradshaw, 1968; Antonovics, 1972),
Armeria maritima (Letebvre, 1976)). Self-fertility in metallophytes has been hypothesised to
be selected for to reduce gene flow from non-adapted populations (Antonovics & Bradshaw,
1968) and/or for reproductive assurance amongst the founders of new metalliferous sites
(Lefebvre, 1976) but the hypothesis has not gained support in the literature (Dubois et al.,

2003; Leimu & Fischer, 2008;|Hereford, 20105 Mousset et al., 2016)).

Elements of A. serpyllifolium morphology (flower size etc.) and Fjs values suggest it
to be (at least partially) out-crossing. The results presented below indicate that different
Alyssum serpyllifolium populations are capable of interbreeding, or were until recently as
evidenced by limited levels of divergence observed. Furthermore, moderate nucleotide

diversity observed does not support total shift to autogamy (Lefller et al., 2012) in Alyssum
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serpyllifolium: Nei’s m (Nei & Li, 1979) ranged from median 0.00490 and mean 0.00604 (+
0.00511 SD) in Samil-S, through median 0.00504 and mean 0.00618 (+ 0.00508 SD) in

Morata-NS to 0.00506 and 0.00625 (+ 0.00529 SD) in Carratraca-S in the coding region,

respectively (Figure[2.16)).

Taking into account all the SNPs regardless of frequency, average density of synonymous
SNPs was higher than that of non-synonymous SNPs in all the Alyssum serpyllifolium
populations (Figure[2.17), later shown to be likely a consequence of pervasive genome-wide
purifying selection encountered in many species (Mitchell-Olds ef al., 2007). Between
35.6% and 37.5% contigs contained o synonymous SNPs on average per 100 bp, while for
non-synonymous SNPs the fraction increased to between 58.6% and 59.9%. The majority
of contigs contained 1 synonymous SNP per 100 bp - between 44.7% and 46.9%, while
for non-synonymous SNPs the fraction decreased to between 33.7% and 34.5%. Again,
much higher proportion of contigs contained 2 synonymous SNPs per 100 bp than non-
synonymous SNPs — between 13.7% and 14.3% versus 4.8% and 5.3%, respectively. Lastly,
between 3.4% and 4.1% contigs contained > 2 synonymous SNPs, and between 1.6% and

1.7% contigs contained > 2 non-synonymous SNPs.

Absolute divergence D, (Nei, 1987) between populations (Figure[2.18) varied significantly
between population comparisons when making each of the possible three comparisons
(paired t-test, two-tailed p-value < 107). Highest divergence was found between the two
serpentine populations, Carratraca-S and Samil-S: mean 0.01037 (£ 0.00693 SD), followed
by Morata-NS and Samil-S: mean 0.01013 (+ 0.00701 SD) with the lowest divergence found
between Carratraca-S and Morata-NS: mean 0.00985 (£0.00693 SD). Top 1% of loci with
the highest D, in Morata-NS-Carratraca-S comparison contained a slight overrepresenta-

tion of serpentine differentially expressed genes (Fisher’s exact test, p-value < 0.009).
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Figure 2.17: Average frequency of occurrence of (A) synonymous and (B) non-synonymous SNPs
per 100 bp of coding sequence across loci in the Alyssum assembly
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Similarly, when using Weir and Cockerham’s (1983) Fsr as a distance metric (Figure ,
Carratraca-S-Samil-S had the highest mean locus Fsr at 0.223 (£ 0.179 SD), which was
significantly higher than in both non-serpentine-serpentine comparisons: Morata-NS-
Carratraca-S (mean: 0.191 + 0.159, paired ¢-test, two-tailed p-value < 107) and Morata-
NS-Samil-S (mean 0.190 * 0.159, paired t-test, two-tailed p-value < 1075); however no
significant difference was detected between the former and the latter’s Fs; distributions.
Fsr values for individual populations (Figure[2.20)) pointed to the highest differentiation
in Carratraca-S: 0.257 (£ 0.159), followed by Samil-S: 0.240 (£ 0.153) and Morata-NS: 0.230
(+ 0.141 SD), and the differences between populations were significant when compared

in pairwise manner at p-value < 1075. Much lower differentiation was found in a study

of five Alpine populations of Arabidopsis halleri (Fischer et al.,|2013), where mean Fsy

lay at 0.038, and ranged 0.026-0.048 over 2 million SNPs.

1600 -
1400 - m Carratraca
1200 B Morata
[v]
3 .
= 1000 .Samll
(@]
o 800
0
€ 600
S
=z
400
200
0
o wn — wn o~ mn m wn < wn wn n O wn ~N wn [ce) wn (o)) wn —
S o " o Yo Mo ¥ o oo N o®XR s @
o o o o o o o o o o

Total F;

Figure 2.20: Total Fgr distribution across all the loci in Carratraca-S, Samil-S and Morata-NS$

2.3.7 Evidence for recent selection in the Alyssum transcriptomes

Different histories of selective pressure and drift between demes can result in increased
genetic differentiation, commonly measured by Fsr. A number of Bayesian methods
have been developed which help pinpoint areas of the genome that show elevated Fgr

and therefore were likely targeted by positive directional selection (Stephan, 2015). To

detect genes under recent positive selection in serpentine relative to non-serpentine
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populations, Bayescan was first run in two-population mode, taking Morata-NS and each
of the serpentine populations in turn. The SNP loci in the far right tail of the distribution
were then identified. All of the outlier SNPs showed fixation for divergent alleles in the
serpentine and non-serpentine populations. SNPs containing the serpentine allele in
the non-serpentine population Rubia-NS which had not been included in the Bayescan
analysis were excluded. Two datasets containing alleles specific to Samil-S or Carratraca-S
relative to the two non-serpentine populations were finally arrived at, some of which
are likely to be important for hyperaccumulation and serpentine adaptation (referred to
as “Bayescan outliers”). A complementary dataset was then created containing all SNPs
showing the same pattern of allele frequencies between each serpentine and the two non-
serpentine populations (referred to as “Fixed outliers”) - fixation for divergent alleles in
the dataset, regardless of the fact that some of them were omitted by Bayescan, which
does not output all the loci simply containing the highest allele frequency differences.
Obviously, the label of outlier and non-outlier is dependent on the detection methods
employed, and could be misleading in the expected false positive and negative cases, which
can be explained by a multitude of factors, such as low heterozygosity rates and hence
inflated Fgy estimates in a given genomic regions without significant contribution from
divergent selection (Cruickshank & Hahn, 2014) or demographic history factors, such as

hidden hierarchical population structure (Excoffier et al.,|2009).

In total, 1357 fixed SNPs (1291 Bayescan outliers) were detected in Carratraca-S population,
while 1324 fixed SNPs (340 Bayescan outliers) were detected in Samil-S population. When
it came to actual transcripts, the fixed SNPs were distributed amongst 480 genes in
Carratraca-S (448 Bayescan outliers) and amongst 481 genes in Samil-S (193 Bayescan
outliers). Genes where all the alleles present in the serpentine population were ancestral
relative to Clypeola and/or missing were then eliminated, but such genes formed a small
fraction of all outlier loci (92 genes/154 SNPs in Carratraca-S and 112 genes/197 SNPs in
Samil-S) and are henceforth referred to ancestral outlier loci, as opposed to serpentine
outlier loci. Unless explicitly stated otherwise, from now on only serpentine outlier loci

will be discussed.
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Further support for functional role in adaptation to hyperaccumulation and serpentine
comes from comparing the ancestral status of the serpentine outlier alleles with that of
the genome background. High number of Bayescan/fixed outlier loci with derived alleles
(serpentine outlier loci) mentioned in the previous paragraph contrasts with low incidence
(15%) of derived alleles amongst major alleles in the rest of the genome (Fisher’s exact test,
p-value < 1075). Also, the number of non-synonymous substitutions was significantly
higher (Fisher’s exact test, p-value < 1075) amongst the serpentine outliers (43-45%) than
that expected given the incidence of non-synonymous substitutions in the rest of the

genome (36%).

The magnitude of overlap at the SNP and locus level was highly significant between
the two serpentine populations. Less than 1 in 5 of the fixed SNPs in each population were
shared between Carratraca-S and Samil-S: 142 fixed (maximum 15 expected due to chance),
distributed over 64 transcripts and 42 Bayescan (maximum 7 expected due to chance)
outliers. At the level of the entire transcript, 77 genes common to both fixed datasets
(maximum 28 expected due to chance) were found and 36 (maximum 20 expected due to
chance) when looking at Bayescan outliers. Also, in both populations 45% of outlier alleles
were only detected in one of the serpentine populations and so are absent/segregating
at low frequencies below detection limit in the other serpentine population. The most
overrepresented functional category amongst fixed and Bayescan outliers (data not shown)
in the two populations was metal ion transmembrane activity (7 genes out of 157 available
in A. thaliana genome), and other categories related to cation/sugar substrate-specific
transport and membranes were highly overrepresented. In general, categories significantly
enriched among the shared and population-specific outlier genes were strikingly similar.
They included those related to leaf and root development - e.g. trichome and hair cell
elongation and differentiation, meristem initiation; defence — e.g. response to wounding,
response to bacterium/nematode/virus/fungus/chitin, systemic acquired resistance; response
to abiotic stresses, including salt stress, dehydration, heat, cold and redox stress; regulation

of protein activity - e.g. kinase activity, epigenetic modifications (methylation, acetylation)
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and last but not least metal and nutrient homeostasis - e.g. metal transport, iron deficiency

response.

Lastly, there was significantly increased representation of genes upregulated in serpentine
populations amongst Bayescan and fixed outliers in both Samil-S and Carratraca-S pop-
ulations as well as amongst outliers shared by the two serpentinophytes (Fisher’s exact
test, p-value < 0.05). Such genes are amongst the strongest candidates for functional
importance in adaptation to serpentine environment and, include CAT4, IREG1, CBS-
DUF21 family members, ATP-PRT1, and a SGNH hydrolase-type esterase superfamily
protein in the two serpentine populations, in addition to HMA5 in Samil-S. While the
majority of SNPs defining the expression levels occur in the regulatory regions which are
not well-sampled in RNA-Seq studies, this significant overrepresentation of upregulated
genes amongst the outliers could be indicative of the presence of an indirect link, due
to tight linkage disequilibrium influenced by e.g. a selective sweep. Nucleotide diversity
was significantly lower amongst Bayescan/fixed outlier genes compared to the remainder
of the genome, which supports the hypothesis that outliers arose throught the action
of selection and not other evolutionary processes. In Carratraca-S, mean nucleotide
diversity in the non-outliers was 0.0063, whereas Bayescan and fixed outliers’s 77 centered
at 0.00342 and 0.00353 (paired ¢-test, two-tailed p-value < 107), accordingly. Similarly,
in Samil-S, mean 7 was 0.00621 and in Bayescan and fixed outliers, mean 7 centered at
0.00430 (paired t-test, two-tailed p-value < 107) and 0.00503 (paired ¢-test, two-tailed
p-value < 107%°), respectively. Following the selective sweep, new rare mutations start
accumulating in the previously homogenous region of low genetic diversity. This distortion
in the allele frequency spectrum is detectable for thousands of generations and a range of
population genetics tests were devised to detect it, the first and most of popular of which
is Tajima’s D (Tajima, 1989)). Tajima’s D compares the average nucleotide diversity () with
a total number of segregating sites in the sample (S) by subtracting S from 7. Under the
assumptions of neutrality, these two values should be equal. An excess of rare alleles will
result in disproportionate increase in S in relation to 7 and in more negative D values,

which could either indicate previous action of positive selection or population expansion
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Figure 2.22: Fay & Wu’s H distribution across all the loci in Carratraca-S, Samil-S and Morata-NS

(Hartl &

Clark, |2007; Vitti et al., 2013)). One of the tests which are extensions to Tajima’s D

approach, Fay and Wu’s H (Fay & Wu, 2000) is often used to distinguish the two alternative

reasons for significantly negative Tajima’s D values. Fay and Wu’s H takes advantage of an

outgroup which specifies the ancestral and derived states of alleles. Under the scenario of a
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selective sweep, we expect to find derived alleles in linkage disequilibrium with the causal
allele to hitch-hike to high frequency. The resulting excess of high-frequency derived
alleles is reflected in small values of H and confirms the action of positive selection in the

gene.

One more statistic, DH, which combines the strengths of Tajima’s D and Fay and Wu’s
H was introduced by Zeng et al. (2006). Furthermore, |Zeng et al. (2006) introduced a
new statistic, Zeng’s E, contrasting the high and low frequency portions of the frequency
spectrum, which is unlike Fay and Wu’s H and Tajima’s D using intermediate frequency
alleles as the baseline for comparison. Zeng’s E is enhanced by the co-option of Ewens-
Watterson test (Ewens, 1972; |Watterson, 1975)), which contrasts the observed levels of
Hardy-Weinberg homozygosity with that expected under a neutral model and thus makes

the test mostly insensitive to recombination (Vitti ef al., 2013).

Tajima’s D distribution of Morata-NS and the two serpentine populations was significantly
different (Figure with Morata-NS’s D centred at 0.068 (+ 0.852 SD), and significantly
lower (paired t-test, two-tailed p-value < 107%) at mean —0.012 (£ 0.900 SD) in Samil-
S and —0.029 (+ 0.852 SD) in Carratraca-S. Tajima’s D in Samil-S was also slightly but
significantly higher than that of Carratraca-S (paired ¢-test, two-tailed p-value < 0.005). An
analogous trend in significant differences between populations was seen in the distribution
of Tajima’s D extension test Fay & Wu’s H (Figure [2.22)). This implies a higher number
of rare alleles segregating in the serpentine populations relative to Morata-NS§, but the
degree of difference observed is not so big as to suggest a stronger influence of population

expansion and selective sweeps in the recent history of those populations.

In two other tests related to Tajima’s D: Fu & Li’s D (Figure and Zeng’s E (Figure
2.24)), significantly lower values (paired t-test, two-tailed p-value < 1075) were obtained in
Samil-S (mean Fu & Li’s D: 0.021 * 0.886 SD, mean Zeng’s E: -0.541 * 1.254 SD) relative
to Carratraca-S (mean Fu & Li’s D: 0.438 + 1.173 SD, mean Zeng’s E: -0.407 + 1.235 SD)

and Morata-NS (mean Fu & Li’s D: 0.398 + 0.884 SD, mean Zeng’s E: -0.324 * 1.223 SD).
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Figure 2.23: Fu & Li’s D distribution across all the loci in Carratraca-S, Samil-S and Morata-NS

However, an opposite trend exists between Carratraca-S and Morata-NS populations when
comparing the two statistics. Carratraca-S’s Fu & Li’s D values are slightly higher than that
of Morata-NS§ (paired ¢-test, two-tailed p-value < 0.05), however for Zeng’s E, Carratraca-S
values are highly significantly smaller than Morata-NS’s (paired t-test, two-tailed p-value

<107Y).

It has been suggested that combining Tajima’s D and Fay and Wu’s H can be a means
towards distinguishing population size expansion and purifying selection (Yang, [2006;
Zeng et al., 2006), since H is not very sensitive to the former but to the latter (i.e. by the
virtue of focusing on high frequency derived alleles). Taking genes from the left 5% tails of
Tajima’s D and Fay & Wu'’s H in each population’s statistic distribution, 259, 232 and 179
loci were found to be in bottom 5% values for both statistics in Carratraca-S, Morata-NS
and Samil-S, respectively. For overlap between 5% tails of Tajima’s D and Fu & Li’s D, 384,
407 and 370 genes were found in Carratraca-S, Morata-NS and Samil-S, respectively. As

can be seen, Samil-S had an appreciably lower number of transcripts meeting bottom 5%
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Figure 2.24: Zeng’s E distribution across all the loci in Carratraca-S, Samil-S and Morata-NS

requirement for Tajima’s D and Fay & Wu’s H. The lower number of loci in the bottom 5%
tail of Tajima’s D and Fay & Wu’s H distribution, combined with significantly lower values
of Fu & Li’s D and Zengss E, statistics focusing on low frequency variants, suggests higher
role of population size expansion than positive selection in Samil-S relative to Carratraca-S.
No overlap was found between Tajima’s D-Fay & Wu’s H or Tajimas D-Fu & Li’s D and
Bayescan/fixed outlier transcripts, which is not surprising given that the two approaches
look for relatively earlier (Fsr outlier) and more recent (Tajima’s D, Fay & Wu’s H, Fu &

Li’s D) marks left by directional selection (Quintana-Murci & Clark, 2013).
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2.3.8 Identification of Alyssum outlier genes of further research inter-
est

Highly diverged loci are likely to have been under the influence of disruptive selection
(Beaumont & Nichols, 1996) and the aim here was to find them by comparing individual
serpentine populations to the two combined non-serpentine populations. It has to be
kept in mind that some of the differences seen will be just strictly due to drift and a
combination of demographic and alternative selective forces (e.g. background selection in
subdivided populations; Lotterhos & Whitlock, 2014)), and accrued knowledge of functional
importance of some of the putative selection targets in, e.g. metal tolerance, helps to
restrict the analysis to the outliers more likely to be true positives. Furthermore, focusing
only on loci showing non-synonymous replacements and belonging to overrepresented
categories should provide additional evidence to put the candidate gene forward as a
true positive (De Wit et al., 2015). This section provides a selection of Bayescan outlier
genes, containing derived alleles (relative to Clypeola) in serpentine populations and thus
likely under directional selection. The genes are grouped under labels representing highly
significantly overrepresented gene ontology categories amongst the outlier genes and
further grouped under subheadings: Shared, i.e. candidate outlier genes detected both
in Carratraca-S (Table [2.10) and Samil-S (Table[2.11), and Population-specific - candidate

outlier genes detected only in a single serpentine population - Carratraca-S (Table[2.12)
or Samil-S (Table [2.13)).

2.3.8.1 Metal transport and homeostasis

Shared Among the genes in this category, a number of transporter genes previously
implicated in metal tolerance and hyperaccumulation were found. Shared Carratraca-S
and Samil-S targets included: NATURAL RESISTANCE ASSOCIATED MACROPHAGE
PROTEIN 4 (NRAMP4), ZINC-INDUCED FACILITATOR 1 (ZIF1), IRON-REGULATED
PROTEIN 1 (IREG1), OLIGOPEPTIDE TRANSPORTER 3 (OPT3), K+ UPTAKE PERME-
ASE 9 (KUP9), K+ TRANSPORTER 1 (KT1), FERRIC REDUCTASE DEFECTIVE 3 (FRD3),
ANTI-OXIDANT PROTEIN 1 (ATX1) and CATION EXCHANGER 1 (CAX1).
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Members of NRAMP family of metal transporters have been shown to be strongly ex-
pressed in various hyperaccumulating taxa. In particular, NRAMP4 has been shown to be
both constitutively more highly expressed and exhibit inducible expression on cadmium
exposure in the zinc hyperaccumulator ecotype when compared to non-accumulating
ecotype in Sedum alfredii in the Crassulaceae family (Gao et al., 2013)), and its expression to
correlate with nickel tolerance in Noccaea caerulescens (Halimaa et al.l 2014;(Visioli et al.|
2014)) as well as show significantly elevated expression in N. caerulescens versus Arabidopsis
thaliana both in the shoots and in the roots (Oomen et al., 2009)). The last study also
revealed that the N. caerulescens homolog displays the same general functional properties
as that of A. thaliana — namely is capable of Zn, Fe, Mn and Cd transport and is localised
to the tonoplast (Thomine et al., 2000} 2003; Lanquar et al., 2005} 2010} |Pottier et al., 2015).
Furthermore, NRAMP4 overexpression in Arabidopsis thaliana promotes Zn and Cd
remobilisation from root vacuoles and decreased metal accumulation in the root (Pottier
et al., 2015). What is particularly interesting given the number of outlier SNPs identified
in the gene coding region in serpentine populations of Alyssum serpyllifolium, is that
NRAMPy’s ability to transport different metals is strongly affected by point mutations in
Arabidopsis thaliana, as is typical of other members of this gene family (Pottier et al., 2015)).
This invites the hypothesis of potential adaptive relevance of replacement substitutions in
the serpentine populations in altering the transporter metal specificity in the context of Ni
hyperaccumulation.

Another vacuolar transporter, ZIF1 has been shown to be important for iron and zinc
homeostasis in Arabidopsis (Haydon et al.,|2012). It is capable of changing the root and shoot
partitioning of metal chelator nicotianamine and in this way influencing zinc accumulation
and tolerance as well as iron deficiency response. ZIF1 overexpressor line contains increased
levels of nicotianamine in the root vacuoles which correlates with the increase of zinc
in the root vacuoles and at the same time produces Fe deficiency response in the leaves.
Another gene in the family, ZIF2, has been recently shown to be targeted to the root
tonoplast and contribute to zinc tolerance (Remy et al., 2014). ZIF1 along with ZINC-
INDUCED FACILITATOR-LIKE 1 (ZIFL1), another shared target of selection, belong to a

large family of poorly characterised Major Facilitator Superfamily (MFS) transporters with
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128 members in the Arabidopsis genome (Remy et al|2013)). Two different isoforms are
produced from the AtZIFL1 locus: full length ZIFL1.1 and truncated ZIFL1.3, and they both
show differential expression patterns and functions, however, both can transport potassium
when expressed in yeast (Remy ef al., 2013). ZIFL1.1 is targeted to the tonoplast of root cells
and influences auxin efflux from the root tip towards the shoot, whereas ZIFL1.2 sits at
the plasma membrane of leaf stomatal guard cells and is involved in regulation of drought
stress tolerance by modulating stomatal closure (Remy ef al., 2013). Another member
of the family and paralog of ZIFL1, ZIFL2 has been linked to cadmium/zinc tolerance
in N. caerulescens due to its expression pattern across different N. caerulescens ecotypes
(Halimaa et al.l |2014) as well as was revealed to be a target of local adaptation to serpentine

in A. lyrata (Turner et al.,|2010).

OPT3 is an oligopeptide transporter upregulated in Arabidopsis thaliana in response to
excess zinc (van de Mortel ef al.,|2006). Conversely, an OPT3 homolog from N. caerulescens
(Hu et al., 2012b) has been shown to be upregulated in response to zinc and iron deficiency.
It is a plasma-membrane localised transporter and is expressed primarily in the shoot,
with strong expression in the pericycle in particular, and can function as a heavy metal
transporter with broad substrate specificity (Fe/Zn/Cd/Cu) in yeast. The role of OPT3 in
systemic iron signalling in Arabidopsis between leaves and roots has been firmly established
now (Mendoza-Cozatl et al.,|2014; Zhali et al., 2014) - it mediates iron phloem loading as
well as iron redistribution from mature to developing tissues.

Another gene involved in iron homeostasis, FRD3 has been previously found to be consti-
tutively expressed in Noccaea caerulescens (van de Mortel et al., 2006) and in Arabidopsis
halleri (Talke et al.,|2006)) at a much higher level than in A. thaliana. FRD3 is responsible
for the efflux of metal chelator citrate into root vasculature which contributes to iron
root-to-shoot translocation (Durrett et al., 2007) as well as to zinc transport and tolerance

(Pineau et al.l 2012).

Two potassium transporters were identified as candidate loci in both serpentine pop-

ulations: KUPg and KT1. KUP9g locus was previously identified amongst targets of local
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adaptation to serpentine in A. lyrata (Turner et al., 2010). KT1 encodes an inward rectifying
channel predominantly expressed in root hairs and endodermis in Arabidopsis which
functions as one of the chief routes of potassium entry at intermediate to high (>10 uM)
concentration in the medium (Rubio et al., 2010;|Aleman et al., 2011; [Nieves-Cordones
et al.,2014). In addition, another KUP family member, KUP; is an outlier candidate with
polymorphism specific to Samil-S.

Lastly, one copper chaperone - ATX1 and tonoplast calcium antiporter - CAX1 were identi-
fied in both serpentine populations. ATX1 is crucial for copper homeostasis under both
copper deficiency and excess (Shin et al.,|2012) based on the knockout and overexpressor
line phenotypes and interacts with copper transporters HMA5 (Andrés-Colas et al.l|2006)
and HMA7 (Puig et al., 2007). CAX1 has been initially linked to serpentine syndrome
in an Arabidopsis mutant screen conducted on media with low Ca:Mg ratio which is
characteristic of that type of soils (Bradshaw, 2005)). A mutant identified in the screen
required low Ca:Mg ratio for normal growth. In the field, Turner et al.|(2010) identified a
polymorphism situated between CAX7 and CAX8 paralogs specific to serpentine A. lyrata,
suggestive of importance of CAX family members to serpentine plants. Recently, CAX1
has been unmasked as one of the genes behind a major QTL for cadmium tolerance in A.
halleri conditional on low Ca environment (Baliardini et al., 2015)).

Lastly, one gene predicted to function in metal transport but with no established role was

identified: AT5G27690 (heavy metal transport/detoxification superfamily).

Population-specific Two different members of the Heavy Metal ATPase family are can-
didate targets of selection in the two serpentine populations: HEAVY METAL ATPASE
4 (HMA4) in Carratraca-S and HEAVY METAL ATPASE 6 (HMAG6) in Samil-S. HMA4
colocalizes with a major QTL for cadmium tolerance in the zinc and cadmium hyperaccu-
mulator Arabidopsis halleri and shows elevated expression in comparison to A. thaliana
(Becher et al., 2004; Weber et al., 2004) and non-serpentine A. lyrata ssp. petraea in
the root and in the shoot (Courbot et al.,|2007). It is necessary for zinc and cadmium
hyperaccumulation, as it mediates root to shoot flux of zinc in Brassicaceae family members

A. thaliana (Hussain et al., 2004 Mills ef al.l|2005), A. halleri (Talke et al.| 2006; Hanikenne
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et al.,[2008) and N. caerulescens (O Lochlainn et al, 2011;|Craciun et al., 2012), likely by
facilitating xylem loading of the metal, as it is a plasma membrane transporter located in
root pericycle and xylem parenchyma (Hanikenne ef al., 2008)). It is also constitutively
upregulated in cadmium hyperaccumulating ecotype of Sedum alfredii relative to the
non-accumulating ecotype (Gao et al.,|2013).

HMAG6’s possible role is hyperaccumulation is less clear — so far it has only been shown
to be 4.6-fold upregulated in A. halleri shoots in comparison to A. thaliana (Talke et al.,
2006). In Arabidopsis, HMAG6 functions as a copper transporter localised to the chloroplast
envelope and responsible for copper co-factor delivery to the chloroplast (Shikanai et al.,

2003; Boutigny et al., 2014).

Similarly, two different magnesium transporters belonging to the same family were found
in each of the two Alyssum serpentine populations: high affinity MAGNESIUM TRANS-
PORTER 2 (MGT2, Gebert et al., 2009) in Carratraca-S and low affinity MAGNESIUM
TRANSPORTER 7 (MGT7, Mao et al., 2008)) in Samil-S - likely false positive, as it
contains the ancestral allele. MGT2 homolog shows constitutively high and also Cd-
inducible expression in cadmium accumulator Solanum nigrum in comparison with
the non-accumulator Solanum torvum (Xu et al.,2012)), while polymorphisms in MGT7
homolog (as well as MGTs5 and MGT9) have been associated with adaptation to serpentine
in A. lyrata (Turner et al, 2010). Interestingly, MGT2 has been implicated in tolerance of
serpentine low Ca:Mg ratios in A. thaliana. AtMGT2 was found to be targeted to tonoplast
(Conn et al., 2011), and is chiefly expressed in the mesophyll vacuoles, where magnesium
is preferentially deposited. Knockout mgt2 lines have lower Mg content under serpentine
conditions and MGT gene expression levels in various ecotypes correlate with the degree

of Mg accumulation under serpentine-like Ca:Mg ratios (Conn ef al., 2011).

Two more transporters with possible links to hyperaccumulator and serpentine adaptation
phenotype were found in each population - IRON-REGULATED TRANSPORTER 1
(IRT1) and YELLOW STRIPE LIKE 2 (YSL2) in Carratraca-S, ZINC TRANSPORTER 5
PRECURSOR (ZIPs5) and K+ UPTAKE PERMEASE 7 (KUPy7) in Samil-S (mentioned
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earlier).

IRT1 transporter serves as the chief route of entry of iron into the root cells in eudicots (Eide
et al.l1996; Varotto et al.,|2002; |Vert et al., 2002), however, it is also capable of transporting
a variety of other metal ions - zinc, manganese, cobalt, cadmium and crucially nickel
(Korshunova et al., 1999; Rogers et al., 2000; Nishida et al., 2011). Differential expression
of two IRT1 homologs in different Noccaea caerulescens ecotypes likely contributes to their
difference in cadmium (Plaza et al., 2007) and nickel accumulating ability (Halimaa et al.,
2014).

YSL2 is a plasma membrane transporter of nicotianamine-Fe?* complexes that is primarily
expressed in xylem parenchyma in leaves (DiDonato ef al., |2004;|Chu et al.}|2010). In N.
caerulescens, a zinc hyperaccumulation QTL has been detected in YSL2’s region on the
chromosome (Assuncao et al., 2006)). More is known about metal homeostasis roles played
by the other closely related YSL family members. Plasma membrane transporter YSL1
shows functional redundancy with YSL3 and both are Fe, Cu, Zn transporters with roles in
mobilising iron and other metals from the senescent leaves into developing inflorescence
and seeds; thus they are required for proper development of those structures (Waters
et al.,2006; Chu et al., 2010)). Recently, YSL3 has been implicated in defence response: it
is activated by NONEXPRESSOR OF PR1 (NPR1) on exposure to pathogens in salicylic
acid-dependent pathway, and ysl3 mutant is more susceptible to infection than wild type
(Chen et al., 2014a).

ZIPs5 belongs to the same family of metal transporters as IRT1. Many ZIP genes have
been implicated in the hyperaccumulator phenotype in N. caerulescens and A. halleri
(Halimaa et al., 2014) but ZIP5’s function is yet to be established. ZIP5 has been found to be
upregulated in response to zinc deficiency in Brassica rapa (Li et al., 2014a) and wild-type
Arabidopsis (van de Mortel ef al., 2006) as well as under the scenario of zinc deficiency
driven by increased deposition of zinc to the shoot vacuoles in transgenic plants (Gustin
et al.,2009)). OsZIP5 has been shown to be a plasma membrane-localised zinc transporter

capable of influencing overall zinc distribution in the plant (Lee et al., 2010).
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Other metal transport-related genes specific to Samil-S include: ENDOPLASMIC RETICULUM-
TYPE CALCIUM-TRANSPORTING ATPASE 3 (ECA3), REQUIRES HIGH BORON 1 (BOR1)
and NOD26-LIKE INTRINSIC PROTEIN 5;1 (NIPs;1). ECA3 is a Ca2*/Mn?* pump localized
to post-Golgi compartments which is important for manganese detoxification under Mn
excess (Li et al., 2008b) but also required under Mn deficiency conditions (Mills et al.,
2008). BOR1 and NIPs;1 are two transporters necessary for borate uptake. NIPs;1 is the
main plasma membrane borate channel which belongs to the aquaporin family, is expressed
in the root cap and epidermal cells and possesses outside facing polarity for borate import
(Takano et al.,2006; Tanaka et al., 2011). It is upregulated under boron deficiency conditions
and nips5;1 mutant/NIPs;1 overexpressor lines show decreased/increased tolerance to low
boron, respectively (Takano et al., 2006; [Kato et al., 2009). Interestingly, NIPs;1 also
showed very high genetic differentiation in serpentine and granitic accessions of A. lyrata,
indicating a possible role in the adaptation to serpentine soil (Turner ef al., 2008)).

BOR1 is a root plasma membrane-localised transporter with inwards-facing polarity
responsible for export of borate towards the stele for xylem loading under boron deficiency

conditions (Takano et al., 2002, 2010).

Lastly, two genes important for malate transport and response to aluminium ion were
detected in Samil-S: ALUMINUM-ACTIVATED MALATE TRANSPORTER 9 (ALMT9)
and an aluminium activated malate transporter family protein (AT1Go8440). AtALMT9 is
targeted to the vacuole in the mesophyll cells where it mediates malate (also tartrate in V.
vinifera; De Angeli et al., 2013)) fluxes into the vacuole (Kovermann et al., 2007). In guard
cells, it has a role as a malate-activated chloride channel needed for stomatal opening (De
Angeli et al., 2013)). Gene expression of another member of the family, ALMT12 has been
shown to correlate with nickel tolerance in N. caerulescens accessions (Halimaa et al., 2014).
Malate is one of the chief Ni chelators in serpentine species of Alyssum (Brooks et al.,1981)
and induction of another ALTM transporter (ALMT1) at a low Ni concentration correlates
with higher tolerance and accumulation of nickel in the shoot in serpentine Arabidopsis

thaliana ecotypes (Agrawal et al., 2012)).
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In Carratraca-S, METALLOTHIONEIN 1C (MTi1C) was also found. MTIC encodes one
of the three metallothioneins (small peptides binding metals and important for metal
tolerance) of class I; the Arabidopsis genome contains 5 more metallothionein genes
belonging to 3 other classes (Zimeri et al., 2005)). All members of class I in Arabidopsis
are involved in Cd tolerance as well as As and Zn accumulation based on the phenotype
of their knockdown lines (Zimeri et al., 2005)). Metallothioneins of different classes, in
particular IT and IIT have also been shown to be implicated in metal tolerance, particularly
of Cd, Cu and Zn (Hassinen et al.,|2009; Roosens et al., 2004; Visioli et al.} 2014)). In A.
halleri, MT2A, MT2B, MT3 are all upregulated in comparison with A. thaliana (Chiang
et al.,2006)), while the three metallothionein genes along with MT1A are constitutively
upregulated in metallicolous N. caerulescens relative to non-metallicolous N. caerulescens
accessions and A. thaliana (Roosens et al.,|2004;van de Mortel et al.l 2006; Hassinen et al.,
2009;|Halimaa et al., 2014). In addition, M T2 from Sedum alfredii concomitantly increases
accumulation and tolerance to Cd and Zn when heterologously expressed in yeast and
tobacco (Zhang et al., 2014b). MT1A and MTiC’s role in metal hyperaccumulating plants
further suggests that the high Fs;r window in the region harbouring these genes in the
comparison between the serpentine and non-serpentine population of A. lyrata could

be a result of directional selection (Turner ef al., |2010).

2.3.8.2 Amino acid metabolism, phosphate and nitrate nutrition

Shared The key enzyme involved in the first and second step in the histidine biosynthesis
pathway and constitutively highly expressed in the Alyssum hyperaccumulators, including
Alyssum pintodasilvae (Samil-S) - ATP-PRT 1 (Ingle et al.,|2005a; Rees et al., 2009), was
found to be a shared candidate gene in the two serpentine populations. Also, a gene
encoding the enzyme’s another isoform, ATP-PRT2, was found to be an outlier only in
Samil-S. Histidine has been demonstrated to play an important role both in nickel chelation
in the root as well as in xylem loading for transfer towards the shoot in Alyssum (Kramer
et all 1996} Kerkeb & Kramer, 2003). Furthermore, in N. caerulescens, histidine was
shown to inhibit vacuolar Ni sequestration in the root, as evidenced by blocked uptake of

Ni:histidine complex into isolated tonoplast vesicles (Richau et al., 2009).
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The other shared gene in the category was PHOSPHATE TRANSPORTER 1,3 (PHT1;3),
a phosphate transporter belonging to a family of nine Arabidopsis Pi transporters with
homology to yeast high-affinity phosphate transporter PHO84 (Mudge et al., 2002). It
has been shown to be constitutively upregulated in N. caerulescens roots in comparison
with Arabidopsis thaliana (van de Mortel ef al., 2006)). In Samil-S, another phosphate
transporter in the family was additionally found — PHT1;9 which functions as a high
affinity Pi/H* symporter important for root-to-shoot inorganic phosphate translocation
and response to Pi supply, as well as mediates arsenate uptake from the soil (Remy et al.,
2012; |Lapis-Gaza et al., 2014). The gene is upregulated in metallicolous N. caerulescens
and its expression is associated with cadmium hyperaccumulation and tolerance (Halimaa

et al.l2014]).

Samil-S HISTIDINE BIOSYNTHESIS 2 (HISN2) is one of the enzymes in the histidine
biosynthesis pathway and possesses dual phosphoribosyl-ATP pyrophosphohydrolase and
phosphoribosyl-AMP cyclohydrolase activity responsible for catalysing the second and
third step following the ATP-PRT-catalysed first step (Fujimori & Ohta,[1998).

ABERRANT GROWTH AND DEATH 2 (AGDz2) encodes a chloroplast-localised L,L-
diaminopimelate aminotransferase which converts tetrahydrodipicolinate to LL-DAP
in the lysine biosynthesis pathway in plants (Hudson et al., 2006). Its dwarf mutant shows
constitutive resistance to Pseudomonas syringae and high salicylic acid content; knockout
of the gene results in inviable embryo (Rate & Greenberg, 2001;/Song et al., 2004)). Based
on that and other evidence, it has been speculated that AGDz2 is involved in the synthesis
of amino-acid derived compound which can suppress defence response and promote

development (Song et al., 2004).

Carratraca-S In Carratraca-S, one out of three enzyme isoforms important for adaptation
to low Pi conditions was found - MONOGALACTOSYLDIACYLGLYCEROL SYNTHASE
2 (MGDz). Along with MGDs3, it is expressed under low phosphate nutrition to drive

the galactolipid digalactosyl diacyl glycerol (DGDG) biosynthesis, which substitutes
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phospholipids in plant membranes under Pi-deprived conditions (Dormann & Benning,
2002; |Kobayashi et al., 2006} |2009).

PHOSPHATE 2 (PHO2) is a ubiquitin E2-conjugase whose activity is essential for main-
taining Pi nutrition homeostasis by tightly regulating degradation of PHO1, a proposed
transporter required for Pi root to shoot translocation (Liu et al., 2012a).

WOODEN LEG (WOL) is an important histidine kinase receptor transmitting cytokinin
signalling with a wide variety of functions: negative regulation of phosphate starvation
response (Franco-Zorrilla ef al., 2002), establishment of root vasculature in the embryo
(Mahonen et al., 2000)) and negative regulation of sulfate assimilation through downregu-

lation of high-affinity sulfate transporters (Maruyama-Nakashita ef al., 2004).

2.3.8.3 Cell wall biosynthesis

Cell walls serve as an important sink of metals in both metal tolerant and intolerant
plants (Li et al., 2015a). In particular, cell wall polysaccharides, such as low methylestrified
pectins provide functional groups to which divalent and trivalent metal cations can bind.
Below, outlier genes with functions related to cell wall biosynthesis and maintenance and
thus potentially important for nickel accumulation in hyperaccumulator cell walls are
pin-pointed.

First of all, different GLUCAN SYNTHASE-LIKE genes were found to be putative targets
of selection in Carratraca-S and Samil-S: GSL12 in Carratraca-S and GSL1 in Samil-S.
GSL is a family of 12 callose synthase genes. Callose, a 3-1,3-glucan is deposited at the
plasmodesmata, cell plate and in phloem cells after wounding and pathogen attack, and
is also important for proper pollen development (Enns ef al., 2005). GSL1 has a partially
redundant role in forming the callose wall separating the microspores of the tetrad and
in pollen grain maturation (Enns ef al., |2005). GSLi2 is involved in plasmodesmata
aperture formation by callose deposition and thus essential for cell signalling (Vatén
et al.,|2011). Also, a GPI-anchored PLASMODESMATA CALLOSE-BINDING PROTEIN 5
(PDCBs), identified as an outlier gene in Carratraca-S, is localised to the plasmodesmata

and predicted to bind callose (Simpson ef al|2009).
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Genes involved in lignin and chitin metabolism in Carratraca-S included: CHITINASE-
LIKE PROTEIN 1 (CTL1), CHITINASE-LIKE PROTEIN 2 (CTL2), CELLULOSE SYNTHASE-
INTERACTIVE PROTEIN 1 (CSI1), and CAFFEOYL SHIKIMATE ESTERASE (CSE); while
in Samil-S: PEROXIDASE 2 (PRX2), FERULIC ACID 5-HYDROXYLASE 1 (FAH1). Two
homologs - CTL1 and CTLz2 are chitinase-like proteins secreted to the apoplast whose
proposed, mutually redundant, role is in glucan chain assembly, facilitating interactions
between hemicelluloses and cellulose microfibrils (Sanchez-Rodriguez et al., |2012). CTL2
was also found to be downregulated in the shoot only in the Carratraca-S population.
CS$1 interacts both with cortical microtubules and with cellulose synthase complexes
involved in primary cell wall biosynthesis, providing a link between the two and together
forming a scaffold required for guiding cellulose biosynthesis orientation (Gu et al., 2010;
Bringmann et al.,|2012;|Li et al., 2012b;|Landrein ef al.,|2013). CSE has a novel role in lignin
biosynthesis and it is responsible for hydrolysis of caffeoyl shikimate into caffeate and
shikimate (Vanholme et al.l |2013).

PRX2 is hypothesised to function in the last step of lignin biosynthesis in oxidative coupling
of monolignols to the growing lignin polymer in the stem, based on analysis of mutant
phenotypes and characterisation of chemical activity of a recombinant protein produced
in E. coli (Shigeto et al., 2013, |2014). FAH1 functions in lignin biosynthesis pathway as
well and its role lies in shuttling guaiacyl lignin pathway intermediates into the pathway
leading to production of lignin composed of syringyl units (Meyer ef al., 1998; Humphreys
et al.,1999; Marita et al., 1999;|Weng et al.,|2010). The gene is downregulated in the shoot

in the Samil-S population relative to others.

2.3.8.4 Lipid metabolism

Shared One lipase was identified amongst shared candidate genes in the two serpentine
populations: PHOSPHOLIPASE C 2 (PLCz2). It belongs to a large group of phosphoinositide-
specific phospholipase genes and hydrolyses phosphatidylinositol 4,5-bisphosphate into
inositol 1,4,5-trisphosphate and diacylglycerol, two important second messengers (Hit
rayama et al.,[1997; Otterhag et al., |2001). In addition, Samil-S’s candidate list contains

PHOSPHOLIPASE D ALPHA 1 (PLDALPHA1), which hydrolyses glycerophosholipids to
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phosphatidic acid, then quickly converted to diacylglycerol (Fan et al., 1997; |Pappan et al.,

1997) as well as an uncharacterised mono/di-acylglycerol lipase.

Carratraca-S Two additional genes directly involved in lipid metabolism discovered
in Carratraca-S were: ACETYL CO-ENZYME A CARBOXYLASE CARBOXYLTRANS-
FERASE ALPHA SUBUNIT (CAC3) and ACYL-COA OXIDASE 1 (ACX1). CAC3 encodes
the alpha subunit of acetyl-CoA carboxylase catalysing a critical step in de novo fatty acid
biosynthesis — biosynthesis of malonyl-CoA from acetyl-CoA and bicarbonate (Baud et al.,
2003;|Mu et al.,|2008). On the other hand, ACX1 is one of the six enzymes responsible for
catalysing the first rate-limiting step of beta oxidation of long chain fatty acids - conversion
from acyl-CoA to trans-2-enoyl-CoA (Adham et al., 2005; Pedersen & Henriksen, 2005).
STEROL GLUCOSYTRANSFERASE (SGT) is an enzyme whose function is glycosylating
sterols (Stucky et al.,|2015). The end product of that reaction - sterol glucosides play a
structural role in plant membranes but they are also hypothesised to function in pollen
coat maturation (Choi et al., 2014)), sugar transport, storage and signalling (Grille ef al.,
2010l) as well as tolerance to abiotic stress: salt, heat, cold (Mishra et al., 2013)).

Samil-S ECERIFERUM3 (CER3) forms a complex catalysing the synthesis of very long
chain alkanes from very long chain acyl-CoAs and thus is required for production of
the main cuticular wax component (Bernard et al., 2012; Lam ef al., 2012)). 16:0 DELTA9
DESATURASE 2 (ADSz2) is a 16:0 desaturase of monogalactosyl diacylglycerol and phos-
phatiadylglycerol, and is essential for plasma membrane acclimation to cold and freezing

through the shift to higher unsaturated lipid content (Chen & Thelen, 2013).

2.3.8.5 Response to abiotic stress

Shared SYNAPTOTAGMIN A (SYTA) is a member of a plant family homologous to animal
membrane trafficking proteins, important for, amongst other things, plasma membrane
resealing. SYTA is an integral membrane protein which has been shown to be a crucial for
plasma membrane integrity, and rapidly upregulated in response to freezing and osmotic
stress (Schapire et al.} 2008; Yamazaki et al., 2008)). SYTA also regulates endocytic recycling

pathway and as a consequence trafficking of viral proteins (Lewis & Lazarowitz, 2010).
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A number of heat shock proteins and chaperones were found amongst the outlier genes.
Carratraca-S and Samil-S contained two DnaJ-domain (HSP40) chaperones, each, as well
as a HSP7o0 and HSPgo protein, respectively. This underlies the importance of maintaining
such aspects of cellular homeostasis like correct protein folding, membrane and protein
stability and protein degradation (Wang et al., 2004)) in Alyssum hyperaccumulators’ cells
which can face many abiotic stressors, such as Ni, redox and thermal stress. Previous
proteomic research showed increase in expression of one HSP70 and one HSP9o gene on

nickel exposure in the hyperaccumulator Alyssum lesbiacum (Ingle et al., |2005b)

Carratraca-S TWO-PORE CHANNEL 1 (TPC1) forms the Slow Vacuolar (SV) channel
in Arabidopsis whose function is still debated (Gutla et al., |2012). TPCi is regulated
by magnesium, sodium, reducing agents, and importantly, vacuolar calcium (Dadacz:
Narloch et al., 2011). Recently, TPC1 has been demonstrated to be a key component in
rapid systemic stress signaling dependent on Ca** wave propagation (Choi et al., |2014).
TPCi1 is both a SNP-based candidate in Carratraca-S and shoot downregulated gene in
Samil-S. Interestingly, it is yet another Arabidopsis lyrata’s candidate gene for serpentine
adaptation overlapping with candidate genes from the current dataset (Turner et al.,|2010)).
SALT OVERLY SENSITIVE 1 (SOS81) is a key element of salt stress protection system in
plants. It is a plasma membrane Na*/H* antiporter responsible for Na* efflux and thus
keeping Na* levels in the cytoplasm at a non-toxic level as well as long-distance Na*
translocation from root to the shoot (Zhang & Shi, 2013). SOS1 is positively regulated by a
kinase complex comprised of Ca>* activated protein SOS3 and the kinase SOS2 (Quintero
et al.,|2002, [2011;|Zhang & Shi, 2013), which tellingly, is a candidate gene in the Samil-S
population. Under conditions of NaCl stress, SOS2 phosphorylates SOS1 which increases

its transport activity.

Samil-S SODIUM HYDROGEN EXCHANGER 4 (NHX4) is one of the six Arabidopsis
NHX intracellular Na*/H* antiporters (Li ef al., 2009b; Bassil ef al., 2011). It belongs to

the vacuolar group and its expression is responsive to salt stress. Evidence for a role in salt
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stress response comes from salt hypersensitivity of NHX4 overexpressor lines and E. coli
expressing NHX4 as well as increased salt tolerance of nhx4 plants (Li et al., 2009b).

Two other outlier genes of note in Samil-S were: SALT INDUCIBLE KINASE (SIK), a
kinase involved in the negative regulation of osmotic stress genes (Hwang et al., 2002)
and HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 15 (HOS15), a WD4o0-
repeat protein, which acts as a repressor of genes associated with cold tolerance through

histone H4 deacetylation (Zhu et al., 2008a).

2.3.8.6 Defence response to pathogens and herbivores

Shared MILDEW RESISTANCE LOCUS 2 (MLOz2, shared candidate) and MLO12 (candi-
date specific to Samil-S) are amongst 15 genes with homology to barley mildew resistance
locus o. They form part of an ancient system modulating resistance against nonadapted
powdery mildew pathogens (Humphry et al., |2010). MLO2 and MLO12 together with
MLOG are required for fungal penetration of the cell wall (Consonni et al., 2006, 2010),
and while MLO:2 knockout confers partial immunity, mloz mlo6 mloiz mutant is totally
immune against powdery mildews. This resistance is mediated through indolic metabolites:
glucosinolates and camalexins (Consonni et al., 2010)).

Moreover, Carratraca-S and Samil-S had different putative disease resistance genes amongst

the outliers: 5 and 15 genes belonging to TIR-NBS-LRR class, respectively.

Samil-S In Samil-S, HIGH ALIPHATIC GLUCOSINOLATE (HAG1, also known as MYB28),
was discovered amongst the outlier loci. It is one of the three MYB factors co-ordinately
trans-activating production of methionine-derived (aliphatic) glucosinolates and down-
regulating expression of indole glucosinolate biosynthesis genes (Gigolashvili et al., 2007,
2008). Glucosinolates are Brassicales-specific group of nitrogen- and sulphur-rich sec-
ondary metabolites with effective anti-pest and anti-pathogen properties (Halkier &

Gershenzon, 2006).

Carratraca-S Interestingly, another gene involved in the production of aliphatic glu-

cosinolates was found in Carratraca-S. 2-ISOPROPYLMALATE SYNTHASE (IMS2) is
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a chloroplast-localised methylthioalkylmalate synthase, which is responsible for the first
step in the aliphatic glucosinolates biosynthesis pathway — elongation of the chain by
insertion of methylene groups (Textor et al.,|2007).

WRKY46, a transcription factor which plays a variety of roles in protection against biotic
and abiotic stressors, was also found in Carratraca-S. It is rapidly induced by salinity,
drought and hydrogen peroxide, and regulates a number of downstream targets involved
in cell redox homeostasis (Ding ef al., |2014). WRKY46 expression is upregulated by
salicylic acid and pathogen infection and it positively regulates resistance to pathogenic
bacteria, likely by activating ICS1, an enzyme in the SA biosynthesis pathway, amongst
its downstream targets (van Verk et al.,|2011; Hu et al., 2012a)). In addition, WRKY46 is
expressed in the guard cells where it regulates light-dependent starch metabolism and
consequently affects opening of the stomatal aperture (Ding et al., 2014).

Furthermore, |Ding ef al.| (2013) have unequivocally shown that WRKY46 is a negative

regulator of root malate exporter ALMT1 which is one of the key Al tolerance genes.

2.3.8.7 Regulation of flowering, leaf and root morphogenesis

Shared HISTONE DEACETYLASE 2A (HDA2A) belongs to a group of four plant-specific
histone deacetylases in the Arabidopsis genome. They are part of a pathway helping to
establish adaxial-abaxial leaf polarity (Wu et al., 20005 |Ueno et al.,|2007). SCAR2 is one of
four SCAR/WAVE genes involved in positive activation of Arp2/3 complex whose role is
inducing nucleation and rearrangement of actin cytoskeleton (Zhang et al., 2005a}b). It
is also known as IRREGULAR TRICHOME BRANCH 1 due to the mutant phenotype’s
resemblance to the distorted mutant phenotype (misshapen trichomes due to aberrant

expansion of the trichome stalk and stunted branches).

Population-specific In Carratraca-S, CROOKED (CRK), one of the members of the Arp2/3
complex, turned out to be a possible target of directional selection. As such, CRK is
involved in functions relating to the actin cytoskeleton in development and physiology,
such as the recently uncovered feedback loop mechanism between H,O, production and

cytoskeleton remodelling in guard cells leading towards stomatal closure (Li ef al.,|2003a}
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2014b)). Similarly to SCARz2, the crk mutant belongs to the class of mutants exhibiting
distorted mutant trichome phenotype because of disruption in fine actin polymerisation
(Mathur et al., 1999, 2003).

Another gene related to the cytoskeleton - MYOSIN XI K (XIK) was also discovered
amongst outliers in Samil-S. It is one of 13 class XI myosin genes responsible for actin
filament shape change and turnover necessary for e.g. organelle and vesicle trafficking
important for cell expansion (Peremyslov et al.} 2012, 2013;/Cai et al., 2014)), polar tip growth
in root hairs (Peremyslov et al., 2008; |Prokhnevsky et al., 2008; Park & Nebenfiihr, 2013),
development of different leaf epidermis cell types, such as trichomes (Ojangu et al.,|2012)

and resistance against fungal penetration (Yang et al., 2014).

2.3.8.8 Other

Shared POLYOL/MONOSACCHARIDE TRANSPORTER 6 (PMT6) belongs to a subfamily
of six Arabidopsis genes in a family of 60 monosaccharide transporter-like (MST-like) genes.
While the gene itself has not been characterised yet, co-family members are symporters
transporting a wide range of sugar substrates: linear polyols, e.g. xylitol, sorbitol but also
myo-inositol and many hexoses and pentoses present in roots and leaf vasculature (Klepek

et al., 2005, 2010).

Different SYNTAXIN genes were found among the outliers in the two serpentine pop-
ulations: SYP81 in Samil-S and SYP42, SYPs51, SYPé61 in Carratraca-S. Also knowns as
Qa-SNARESs, they mark target plant membranes to safeguard precise vesicle-associated
membrane fusion events (Bassham et al., 2008). SYP42, along with two other SYP proteins
- SYP41 and SYP43, belongs to the SYP4 group of syntaxins in Arabidopsis, which localize
to the trans-Golgi network (TGN) (Uemura et all|2012). TGN is an organelle responsible
for sorting of the endocytosed and secretory cargos and forming the early endosome
(Dettmer et al.,[2006;|Viotti et al., 2010)) and SYP4 proteins regulate the transport pathways
downstream from TGN. Likely because of their involvement with secretion, SYP4 proteins
are required for PEN1/2-dependent resistance to fungal pathogens (Uemura et al., 2012).

SYPé1 has been hypothesised to participate in vesicle transport required in response to
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(a)biotic stressors (Drakakaki et al., |2011). SYPé61 interacts with another syntaxin SYP121

to facilitate post-Golgi trafficking of PIP2;7 aquaporin to the plasma membrane and syp1

mutants show high sensitivity to osmotic stress (Zhu et al., |2002; Hachez et al., |2014).

Furthermore, SYP61 is hypothesised to facilitate exocytosis of the cell wall components

(Drakakaki et al} |2011). SYP51 together with three other proteins determines membrane

fusion events between the prevacuolar compartment and the vacuole which is required

for e.g. proper seed development (Ebine et al., 2008]).

2.3.9 dN/dS and McDonald-Kreitman test

537 49 518 53
507 41 489 48

dN/dS ratio:
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>

Figure 2.25: Breakdown of dN/dS ratios as calculated against Clypeola for: A Carratracca-S, B
Morata-NS C Rubia-NS D Samil-S

Rates of substitution for nonsynonymous and synonymous sites between homolo-
gous sequences from non-accumulator outgroup Clypeola jonthlaspi and every Alyssum
serpyllifolium population were compared in turn. As expected, the vast majority of loci

showed dN/dS < 0.5 (Figure[2.25) and were thus experiencing long-term purifying selection.
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Samil Morata

Carratraca

Figure 2.26: The extent of overlap of genes with elevated (>1.1) dN/dS ratios across the Alyssum
serpyllifolium populations: Carratraca-S, Samil-S, Morata-N§S, Rubia-NS

Between 41 and 53 genes showed elevated dN/dS ratios of > 1.1 in the individual Alyssum
populations indicating possible historical action of positive selection. The majority of these
genes were shared between the populations (Figure and only a few of them showed
statistically significant log-likelihood ratio test result (y,, p < 0.05), when comparing w
fixed at 1 (neutrality) and the empirical w. In Carratraca-S and Samil-S populations, one
gene belonging to a family of unknown function (DUFs577), which was earlier shown to
be upregulated both in the shoot and in the root in all the Alyssum populations relative
to Clypeola, was found. In Morata-NS, PATHOGENESIS-RELATED 1 (PR1), a defence
response marker for systemic acquired resistance induced by plant pathogens, belonged to
that category. However, both genes showed elevated dN/dS ratio of > 1 in all four Alyssum

populations, so they are not candidate genes for serpentine adaptation.

The McDonald-Kreitman test was then carried out to jointly contrast the amount of
nonsynonymous and synonymous divergence and polymorphism between each Alyssum
population and Clypeola jonthlaspi. The test is based on the null assumption that the levels
of interspecific divergence and intraspecific polymorphism observed in a gene are expected
to be correlated because of constant mutation and substitution rate unless some other force,
such as selection, is acting. A significantly higher rate of nonsynonumous to synonomous
substitutions in the between-species comparison than within-species comparison suggests

the action of positive selection, whereas the opposite suggest the action of balancing

selection (Vitti ef al., 2013). Contigs with neutrality index significantly (p < 0.05) higher or
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lower than 1 were extracted for further analysis as putative targets of negative and positive
selection, accordingly. In total, 399, 387, 339 and 303 targets of negative selection were
detected in Carratraca-S, Samil-S, Morata-NS and Rubia-NS populations, respectively,

whereas 68, 68, 82 and 64 targets of positive selection were found in those populations.

2.3.9.1 Negative selection

The McDonald-Kreitman test allows detection of negative selection, i.e. purification of
a gene from new mutations, more often than not deleterious, which maintains low gene
diversity in the region. Genes under negative selection are understood to be of vital
functional importance as their sequence needs to remain conserved. In the context of
current research, the aim was to find out the identity of genes under particularly strong

negative selection in the Alyssum lineage, but especially specific to the serpentine lineages.

A B

Carratraca

Figure 2.27: The extent of overlap of candidate genes experiencing A positive B negative selection
according to the McDonald-Kreitman test across the Alyssum serpyllifolium populations: Carratraca-
S, Samil-S, Morata-NS, Rubia-NS

All Alyssum populations A limited number of targets of both positive (Figure[2.27]A) and
negative selection (Figure[2.27]B) was found to be overlapping between serpentine and non-
serpentine populations despite long shared evolutionary history relative to the Clypeola
outgroup. Eighty-four targets of negative selection were found to be shared among all
Alyssum populations. The functions of these genes were enriched for protein desumoylation
(6 genes) and hydrogen peroxide biosynthetic pathway (4 genes), amine catabolic process (5
genes, including THA1 and 2 out of 3 genes involved in proline degradation: PsCDH and
PDH1), and trichome morphogenesis (DEK1, GNOM, HEN2, VIL2).
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Proline, in addition to its essential protein building block function, protects against osmotic
and metal stress (Anjum ef al.,|2014) and serves as a transient nitrogen sink (Deuschle
et al.,|2001; |Cecchini ef al., 2011). Mitochondrial enzymes PROLINE DEHYDROGENASE
1 (PDH1) and DELTA1-PYRROLINE-s-CARBOXYLATE DEHYDROGENASE (PsCDH)
are the first and the second enzymes in the proline catabolism pathway. Proline is first
converted into toxic intermediate pyrroline-5-carboxylate by the action of PDH1 which
can then be oxidised by PsCDH into glutamate or recycled back into proline by pyrroline-5-
carboxylate reductase (Deuschle et al., 2001, 2004)). The latter route results in an increased
production of ROS in cells destined for programmed cell death through hypersensitive
response on exposure to plant pathogens (Cecchini et al., 2011; Monteoliva et al., 2014),
while the former route is intensified in response to water deprivation in growing tissues
(Sharma et al., 2011).

THREONINE ALDOLASE 1 (THA1) takes part in degradation of threonine into glycine.
It is the threonine aldolase isoform expressed mainly in seeds and seedlings (Joshi et al.,

2006)).

Shared between serpentine populations Thirty-six genes under negative selection (e.g.
LONG-CHAIN ACYL-COA SYNTHETASE 4 - LACS4, LOW PHOSPHATE ROOT1 - LPRy,
DEFECTIVE IN MERISTEM SILENCING 5 - DMS5 and METHIONINE AMINOPEP-
TIDASE 2A - MAP2A) shared between Carratraca-S and Samil-S contained a higher
proportion of transferase genes than expected by chance (11 genes - including LYSM-
CONTAINING RECEPTOR-LIKE KINASE 3 - LYK3, RNA-DEPENDENT RNA POLY-
MERASE 1- RDRYy, a glutathione S-transferase AT5G44000, CBL-INTERACTING PRO-
TEIN KINASE 3 - CIPK3/9) as well as genes in the vesicle docking involved in exocytosis
category (6 genes, including EXOCYST SUBUNIT EXOyo0 FAMILY PROTEIN genes:
EXOz0A1, EXO70D3, EXO70H6, VACUOLAR PROTEIN SORTING 33 - VPS33) and gluta-
mate metabolic process (4 genes, including DIT2.1, DELTA1-PYRROLINE-5-CARBOXYLATE
DEHYDROGENASE - PsCDH). More general categories connected to development and
reproduction were also overrepresented in both populations.

LPR1 is an ER-localised multicopper oxidase, which together with its paralog and a P5-type
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ATPase PDR2, relays low Pi status signal to SCARECROW, a key regulator of root meristem
patterning, to optimize root architecture (shorter primary root, more lateral branching)
under Pi deficiency conditions (Svistoonoft et al.,|2007; Ticconi et al., 2009).

DITz2.1 and DIT2.2 genes are a result of tandem genome duplication in Arabidopsis. DIT2 is
a chloroplastic glutamate/malate translocator crucial for primary and secondary ammonia

assimilation in the photorespiratory pathway (Taniguchi ef al., 2002; Renné et al., 2003).

The two CBL-INTERACTING PROTEIN kinases found to be under negative selection in
the two serpentine populations (as well as non-serpentine Rubia-NS): CIPK3 and CIPK9
were recently shown to be key in regulating magnesium homoeostasis in the cell under
condition of excess magnesium in relation to calcium, as experienced by plants under
serpentine conditions (Tang ef all|2015). CIPK3 and CIPKg both interact with tonoplast-
localised CALCINEURIN-B LIKE Ca?* sensors CBL2 and CBL3 and along with two other
CIPK genes form a signalling pathway essential for extra magnesium sequestration in the
vacuole. On its own, CIPK3 forms a complex with CBL3 and participates in regulatory
pathway maintaining potassium homoeostasis under low K* conditions in Arabidopsis
(Pandey et al., 2007; Liu et al., 2013). In addition, one CBL gene - CBL10, was detected as a
target of negative selection, only in the Samil-S population. CBL1o interacts with CIPK24
(SOS2) forming a vacuolar complex regulating the activity of Na* channels in response to
shoot salt stress which promotes vacuolar sodium sequestration and thus salt tolerance
(Kim et al., 2007; Quan et al., 2007; Lin et al., 2009)). CBL10 has been also implicated in
K* homoeostasis by negatively regulating the activity of potassium channel KT1 which

mediates K* uptake from the soil (Lin et al.,|2009; Ren et al., |2013).

Carratraca-S Genes under negative selection in Carratraca-S belonged to the following
overrepresented categories: protein/DNA methylation (10 genes, including HIGH EX-
PRESSION OF OSMOTICALLY RESPONSIVE GENE 1 - HOS1), protein ubiquitination (11
genes, including AXR1, THO6 and NUCLEOSOME/CHROMATIN ASSEMBLY FACTOR
GROUP C 3 - NFC3) regulation of flower development (14 genes, including CANDIDATE
G-PROTEIN COUPLED RECEPTOR 1 - CAND1, HUA ENHANCER 1 - HEN1, HEN1
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SUPPRESSOR 1 - HESO1, PHOTOPERIOD-INDEPENDENT EARLY FLOWERING 1 - PIE1,
RECEPTOR-LIKE PROTEIN KINASE 2 - RPK2 and SPLAYED), trichome and root hair
cell morphogenesis (8 genes, including SPIKE1), production of siRNA involved in RNA
interference (8 genes), response to DNA damage and DNA repair (13 genes, including
BREAST CANCER SUSCEPTIBILITY 1 - BRCA1, RAD54, REPLICATION PROTEIN A
1B - RPA70B, AT 4G32700), response to red or far red light (14 genes, including SIGMA
FACTOR 5 - SIGs, TIMING OF CAB EXPRESSION 1 - TOC1), response to freezing (6 genes),
lipid storage (6 genes, including FATTY ACID DESATURASE 6 - FAD6) and in general
post-translational protein modification (49 genes — mainly kinases and phosphatases).
HOS: is a RING finger E3 ubiquitin ligase, functioning as a negative regulator of cold
responses by promoting degradation of INDUCER OF CBF EXPRESSION 1 (ICE1), a
cold-induced MYB transcription factor (Ishitani et al.,1998; Lee et al., 2001; Dong et al.,
2006). HOS1 also participates in maintaining repression of flowering following short-term
cold exposure by inducing expression of a flowering repressor FLOWERING LOCUS C
(FLC) through attenuating the action of HISTONE DEACETYLASE 6 (HDAG6), which
silences FLC chromatin (Jung ef al., |2013). Furthermore, ICE1 also regulates flowering
in response to photoperiod by negatively regulating the abundance of CONSTANS (CO),
one of the flowering promoters (Lazaro ef al., 2012)). Recently, HOS1 has been implicated
in the maintenance of circadian rhythm by promoting mRNA export from the nucleus
(MacGregor et al., |2013)).

SPIKE1 is a DOCK family guanine nucleotide exchange factor localised to the surface of
the ER which is important for cytoskeletal organisation in the epidermal cells and thus
essential for proper trichome and pavement cell morphogenesis (Qiu et al., 2002; Zhang
et al.,|2010). SPIKE1 is part of a signalling complex which forms specialised domains in the
ER called exit sites controlling WAVE/SCAR and ARP2/3 downstream signalling (Basu
et al.,2008; Zhang et al., 2010).

FADG6 converts oleic acid (18:1) to linoleic acid (18:2) in the biosynthesis pathway of
polyunsaturated fatty acid—containing lipids (Falcone et al.,1994; Zhang et al., 2009)). FAD6
is required for recovery from photoinhibition at low temperatures (Vijayan & Browse),

2002), temperature acclimation in membrane lipid composition (Falcone et al., |2004),
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high salt stress tolerance (Zhang et al.,|2009) and it also participates in the regulation
of SUPPRESSOR OF SA INSENSITIVE 2-mediated defence signalling in chloroplasts

(Kachroo et al.,2003; Nandi et al., 2003).

Samil-$ In Samil-S, the following overrepresented functional categories were encountered
among genes putatively under purifying selection in that lineage: ATP binding (46 genes),
RNA processing (26 genes, such as BSM, PTAC2, RHON, OTP84 and SVR7 - in total, 3
out of 13 chloroplast RNA processing genes), regulation of potassium transport (2 out of
3 annotated genes in the category in the genome, including CBL10) and 2 chaperones:

MGE1 and PFDy.

2.3.9.2 Positive selection

Shared between serpentine populations Amongst the 7 genes likely to have been influ-
enced by positive selection in Carratraca-S and Samil-S, 4 genes with transmembrane
transporter activity were found (MATE efflux family protein AT1G61890, AMINO ACID
PERMEASE 5 - AAPs5, NAP1, YELLOW STRIPE LIKE 1 - YSL1), two of which are also
involved in response to iron (NAP1 and YSL1). NAP1 is an iron-stimulated ATPase which is
part of a complex participating in the assembly of plastidial sulphur-iron clusters (Xu et al.,
2005)) and also plays a role in chlorophyll catabolism (Nagane ef al., 2010). Other genes
included: CELLULOSE SYNTHASE 5 (CESA5), which is necessary for the production of
seed mucilage cellulose required for adhesion of mucilage pectin components to the seed
(Harpaz-Saad et al., 2013; Sullivan ef al., 2011). AAP5 is a plasma membrane amino acid
transporter mediating root uptake of basic amino acids arginine and lysine (Svennerstam
et al., 2008, |2011) as well as histidine in heterologous expression systems (Boorer & Fischer,

1997; Fischer et al., 2002)).

Carratraca-S The top category overrepresented amongst Carratraca-S’s targets of positive
selection was again transmembrane transporter activity - 11 genes, 5 of which are metal
transporters (such as NA+/H+ EXCHANGER 1 - NHX1 and two potassium transporters

KT1, KUPg and a predicted potassium transporter AT1G60160), while two are AAP (amino
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acid permease) family members - LYSINE HISTIDINE TRANSPORTER 1 - LHT1and AAP5.
Lastly, two MAPKK kinases (MEKK subfamily) were found: MITOGEN-ACTIVATED
PROTEIN KINASE KINASE KINASE 7 - MAPKKK7; MAPK/ERK KINASE KINASE 1 -
MEKKi. LHT1 was the first transporter functioning in root amino acid uptake identified
in plants (Chen & Bush, 1997; |Hirner et al.,|2006). LHT1 has high affinity for histidine,
glutamine and several other amino acids at low concentrations typically encountered in
soils (Svennerstam et al., 2008, |2011). NHX1 is a tonoplast Na* and K*/H* antiporter
responsible for vacuolar compartmentalisation of Na* and important for salt tolerance
(Apse et al.,1999). Crucially, NHX1 plays a vital role in K* accumulation in the guard cell
vacuole, essential for the regulation of stomatal aperture opening (Barragan et al., 2012;

Andrés et al., 2014).

Samil-S In Samil-S, significant overrepresentation of genes involved in kinase activity
was revealed (10 genes, including MEKK1), in addition to individual targets, such as:
MILDEW RESISTANCE LOCUS O 15 - MLO15, NONEXPRESSER OF PR GENES 3 - NPR3
and TRICHOME BIREFRINGENCE-LIKE 37 - TBL37. MEKK1 is part of MAPK signalling
cascade known to be involved in stress signalling networks in animals and plants (Bjornson
et al.,2014). Depending on the identity of its downstream and upstream partners, MEKK1
can participate in establishing plant response to different stressors, e.g. wounding (Hadiarto
et all 2006)), pathogens (Asai ef al., |2002)), cold (Furuya et al, |2014) and salt (Teige
et al., 2004)) and is also part of a glutamate sensing pathway postulated to help adapt
root architecture to local nitrogen supply in the soil (Forde ef al., 2013). NONEXPRESSER
OF PR GENES 3 (NPR3) participates in the negative regulation of defence response to
pathogens. It functions as a salicylic acid receptor and then promotes NPR1’s (key promoter
of defence response) proteosomal degradation in a salicylic-acid concentration-dependent
manner through its function as an adaptor of the Cullin 3 ubiquitin E3 ligase (Fu et al.,

20125 Shi et al.,|2013).

As can be seen, similar categories of genes were detected by McDonald-Kreitman test to

those detected by differential gene expression analysis and search for Fsr outliers, which
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is why the extent of precise overlap between the results of those tests was compared.
In Carratraca-S. two putative targets of positive selection were also simultaneously Fgr
outliers — potassium transporters KT1 and KUPg. In Samil-S, two such genes were found:
a protein phosphatase HOMOLOGY TO ABI2 (HABz) and ATP-PRT1, upregulated in all
serpentine populations. Twelve genes deemed to be under negative selection by MK
test were detected among Carratraca-S Fsy outliers and 13 amongst Samil-S outliers,
and some of them were MK test outliers in both serpentine populations (ATSIK, SUL-
FOQUINOVOSYLDIACYLGLYCEROL 1 - SQD1, PROBABLE CDP-DIACYLGLYCEROL-
INOSITOL 3-PHOSPHATIDYLTRANSFERASE 2 - PIS2). Lastly, a possible link between
differentially expressed genes in the Alyssum populations and candidate targets of selection
based on McDonald-Kreitman test was tested. No significant overrepresentation of either
upregulated or downregulated genes was discovered amongst genes with neutrality index

significantly deviating from 1 in either direction (p-value < o.01).
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2.4 Key findings

=> Thanks to the power of next-generation sequencing, the biggest library of Alyssum
sequences yet has been generated, totalling 27.6 Mbp across 18,566 transcript sequences.
High quality transcriptome assembly was achieved, with over 75% of transcripts

reconstructed within over 9o% of their predicted length.

=> Sequencing 21 individual samples taken from four two serpentine (Carratraca-S, Samil-
S) and two non-serpentine (Morata-NS, Rubia-NS) Alyssum serpyllifolium populations
allowed investigation of intraspecific genetic variation related to edaphic adaptation,
such as increased nickel tolerance and hyperaccumulation. Separate sequencing of two
main plant parts: shoot and root was helpful in determining targeted gene expression
changes as predicted due to their roles in plant physiology, particularly in metal

homeostasis of interest here.

=> Serpentine and non-serpentine A. serpyllifolium root and shoot transcriptomes were
virtually indistinguishable against the non-accumulator Clypeola jonthlaspi outgroup.
When analysed on their own, overall gene expression similarity across A. serpyllifolium
populations correlated with geographic distance rather than ecotype. However, the
most variable genes across the populations showed clustering by adaptation in the root,
where gene expression changes of larger magnitude than in the shoot were observed
across the populations. Larger dispersion in gene expression values in the root could
reflect the challenges posed by direct contact with serpentine soils and necessary

adaptation in the root proteome to maintain homeostasis.

=> A relatively small number of tissue-wide transcriptome alterations was needed to
acquire the full hyperaccumulator and serpentine-adapted state in Alyssum. As a first
of its kind, the study identified both constitutive and Ni-inducible components of
common gene expression differences between serpentine and non-serpentine ecotypes
of Alyssum serpyllifolium, which proved to be limited to 52 genes. Future experiments

could distinguish the two components by including samples under a variety of nickel
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concentrations, from excess to no nickel. Putative locally adaptive gene expression

differences were also identified (246 genes in Carratraca-S, 154 genes in Samil-S).

=> Genes commonly upregulated both in the shoot (7 out of 28 genes) and in the root
(3 out of 10 genes) in the two serpentine populations were significantly enriched for
transporters, underlining their prominence in establishing effective metal hyperac-
cumulation. Transporters with firmly established roles in metal homeostasis were
identified: IREG1, IREGz2, IRT1, along with novel putative aminoacid transporters:
CAT4 and an AAAP-family member. A novel gene family of membrane proteins: CBS-
DUF21 was heavily overrepresented, with three out of seven members upregulated in

the roots of serpentine A. serpyllifolium populations.

=> A number of high quality, non-singleton, bi-allelic SNP makers were identified across
the four populations: 292,755 SNPs distributed across 12,934 genes. Each population
appeared genetically distinct in PCA and STRUCTURE analyses carried out using a
sample of SNP markers.

=> A simple scan for directional selection revealed many outlier SNPs with unusually large
differences in allele frequency (Fsr outliers) across serpentine and non-serpentine
populations. In total, 388 and 369 genes fixed for at least one derived variant relative
to Clypeola and non-serpentine populations were found in Carratraca-S and Samil-S,
respectively. Similar proportion of genes and individual outlier SNPs - approx. one in
ten - overlapped between the two serpentine populations, a result highly significantly
deviating from chance. General support for adaptive significance of many outlier
variants was provided by higher frequency of non-synonymous changes among outliers
( 43%) than genomewide ( 36%), and significantly reduced nucleotide diversity of the

outlier genes.

=> In both serpentine populations, Fsr outlier loci, McDonald-Kreitman test outliers
and differentially expressed genes were enriched for similar functional categories,
lending further support for their adaptive significance. They included: metal ion

transport, oligopeptide transport, defence response (including salicylic acid signalling
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pathway), response to various abiotic stressors (including iron deprivation response)
as well as histidine biosynthesis and transport. In addition, putative targets of selection
responsible for morphological differentiation between populations are likely contained
within overrepresented categories related to leaf and root development - e.g. trichome

and hair cell elongation and differentiation, meristem initiation, flowering.

=> At the gene level, a significant number of genes was found to be simultaneously upregu-
lated in the serpentine populations as well as contain outlier SNPs. These included CAT4
and IREG1 transporters, ATP-PRT1 histidine biosynthesis enzyme and one member of
the novel CBS-DUF21 family. In addition, some of these genes were previously found
to be directly implicated in metal homeostasis and Ni hyperaccumulation, so they

present a strong case for candidate genes involved in serpentine adaptation in Alyssum.

=> The local adaptation process likely generated a considerable proportion of putative
adaptive outlier polymorphisms and gene expression differences. There is evidence
for substantial local adaptation within each serpentine population, with 45% of outlier
alleles specific to a given serpentine population and absent in any other S or NS

population.

= Genome-wide divergence, as measured by pairwise Fs; and Dy distance metrics,
is significantly higher between serpentine populations than between serpentine and
non-serpentine populations. Significantly positive Fjs values across serpentine and
non-serpentine populations indicate partial inbreeding and together with moderate

nucleotide diversity are suggestive of a mixed mating system in Alyssum serpyllifolium.
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Chapter 3

Tracing the Evolutionary History of the
Alyssum serpyllifolium Species Complex

3.1 Introduction

The Alyssum serpyllifolium species complex belongs to a distinct group of metal-tolerant
plants often described as pseudometallophytes and facultative metallophytes because the
complex encompasses both metallicolous and non-metallicolous populations (Pollard
et al,|2014). The two main model species for metal hyperaccumulation, Arabidopsis
halleri and Noccaea caerulescens also belong to the group of facultative metallophytes.
Two broad hypotheses have been considered in literature so far regarding the origin and
spread of metallicolous populations (Pauwels et al., 2005). One hypothesis is based on
the observation of often huge geographic distances separating populations inhabiting
metalliferous outcrops, which would limit dispersal of metallicolous populations and
instead favour evolution of metallicolous populations from nearby non-metalliferous
sites (Schat et al.,1996) driven by mechanisms of ecological speciation (Rundle & Nosil,
2005). The alternative hypothesis proposes a single origin of a metallicolous population,
its spread across outlying metalliferous sites and subsequent differentiation between newly
established metallicolous populations due to genetic drift. In this case, non-metallicolous
populations could be either ancestral as in the previous scenario but also locally descendant

from metallicolous populations.

Both metallicolous and non-metallicolous populations of A. halleri and N. caerulescens
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display a basic constitutive level of zinc tolerance and hyperaccumulation (Meerts &
Van Isacker, 1997; Bert et al., 2000} Escarré et al., 20005 Frérot et al., 2003; |Pauwels ef al.,
2006; Meyer et al., 2010). However, the degree of hyperaccumulation and tolerance
correlates with substrate metal concentration, and tends to be lowest for non-metallicolous
populations (Pauwels et al., |2005)). A similar pattern of a constitutive level of nickel
tolerance and accumulation has been recently revealed in a common garden experiment
with different populations of Alyssum serpyllifolium (A.]. Pollard & J.A.C. Smith, submitted).
While it is generally believed that the emergence of the hyperaccumulation trait in the
two model species was driven by and co-incident with appearance of anthropogenic metal
polluted sites in the mining regions of Europe (Pauwels ef al., |2006; Jiménez-Ambriz et al.,
2007; Besnard et al., 2009)), recent research in A. halleri supports a much more ancient
appearance of the trait or at least its HMA4 component during actual speciation hundreds
of thousands of years ago, and pre-dating any human industrial activity (Roux et al, 2011).
It has been proposed that the major loci of tolerance and accumulation, such as HMA4
were selected early on in the history of the species (Pauwels et al., 2005; Roux et al., 2011))
leading to constitutive zinc tolerance and accumulation in A. halleri, with local selection
acting on additional genes in each established metallophyte population later to boost metal
hyperaccumulation and tolerance ability. This has been supported by results of genome
scan analyses, which showed the presence of outliers specific to different metallicolous
A. halleri populations (Meyer ef al., 2009)). High variation in zinc tolerance within non-
metallicolous populations and individuals can then be explained by either local gene flow
from metallicolous to non-metallicolous populations, or as a result of ancestral standing
genetic variation present within the non-metallicolous populations which later was seized

upon as a basis for adaptation in metallicolous populations.

The serpentine species of Alyssum occupy isolated ultramafic outcrops that have been
exposed for many millions of years, at least since the Miocene, and so probably have a
different evolutionary history from Arabidopsis halleri and Noccaea caerulescens, which
are typically found in metal-contaminated sites created in the last two or three millennia

as a result of anthropogenic disturbance (such as mine sites). Additionally, the majority
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of range of Alyssum serpyllifolium was beyond the maximum advance of the main polar
ice cap during the Pleistocene glaciations (Reeves, 1992;|Hewitt, [1999)), unlike the ranges
of A. halleri and N. caeruelscens, possibly offering a more stable habitat and leading to a
different evolutionary trajectory. However, glacial ice covered parts of the current range of
A. serpyllifolium, including southern Spain, certain regions in central Spain, as as well as the
Pyrenees and the south of France (Levin, 2006) so the Last Glacial Maximum cannot be
entirely ruled out as a factor in the phylogenetic history of the Alyssum serpyllifolium
species complex. Influence of climatic fluctuations can be important for population
dynamics of serpentine species (Kolar et al., 2012). One scenario describes formerly
widespread metallophyte species being pushed out of non-serpentine sites during post-
glacial reforestation due to its low competitiveness on non-metalliferous soils. Meanwhile,
serpentine populations become separated and due to lack of or low gene flow progressively
differentiate due to drift and selection. This depleted (or paleoendemic) species scenario
(proposed by Stebbins, 1942; Stebbins & Major, 1965 and considered in the serpentine
context by Kruckeberg, 1954 has been shown to have taken place in serpentine subspecies
Minuartia laricifolia subsp. ophiolitica inhabiting the Alps (Moore et al.,|2013) and in

Strepthantus glandulus complex (Mayer et al.,1994).

This chapter continues the investigation of genetic data in the Alyssum serpyllifolium
species complex, moving from comparing the patterns of gene expression and identifying
footprints of selection to trying to establish the phylogenetic and demographic history
which resulted in divergence of different metallicolous and non-metallicolous popula-
tions, and ultimately arriving at a hypothesis regarding the origin and spread of nickel
hyperaccumulation trait, such as described above for zinc hyperaccumulators. To do
that all, available main methods of phylogenomic reconstruction: mixture trees based
on concatenated SNPs, population trees, species trees and phylogenetic networks will be
first employed on transcriptome sequence dataset to infer the deep neutral phylogenetic

history between serpentine and non-serpentine populations.

Then, three different genetic species delimitation approaches will be utilised to ascertain if
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the neutral level of genetic divergence observed merits elevation of any of the populations
within this complex to the species level. The Alyssum serpyllifolium species complex
has so far been the focus of a limited number of studies trying to define the taxonomic
status of populations/sub-species within it (Dudley, 1986ab)) as a part of a mission to
attain a stable taxonomy of the genus. However, the sole focus on chiefly morphological
and physiological character traits - such as the degree of nickel hyperaccumulation and
tolerance observed under common laboratory conditions - as well as poor experimental
design render the species delimitations of the hyperaccumulators Alyssum malacitanum
and Alyssum pintodasilvae highly controversial. However, the framework of integrative
taxonomy asks us to consider other types of genetic evidence when delimiting species
(Leaché et al., 2014)), chief amongst them genetic data, which has not yet been applied in the
context of the A. serpyllifolium species complex. As much as the species is a fundamental
concept in biology, it lacks a single strict and objective definition which would allow testing
the suitability of different species delimitations scenarios (De Queiroz, |2007)). This has
changed with the introduction of genetic data-based species delimitation methods (Fujita
et al., 2012). In contrast to species concepts linked to maintenance of genetic isolation
between species, as in the biological species concept (Mayr, 1942) - defined as: "a species is a
group of interbreeding populations that is reproductively isolated from other such groups",
molecular species delimitation focuses on the endpoint of speciation as reflected directly in
DNA sequences - involving a very high degree of genetic isolation between independently
evolving metapopulations (De Queiroz, 2007) and falling under phylogenetic species
concept, defined as: "a species an irreducible (basal) cluster of organisms, diagnosably
distinct from other such clusters, and within which there is a parental pattern of ancestry

and descent" (Cracraft,1989).

While whole-genome data has had a deep impact on advances in describing the phyla
on the tree of life, smaller- scale evolutionary changes resulting in speciation events
had been recalcitrant to capture by quantitative sequence-based methods. However,
adoption of the multispecies coalescent model has provided objectivity and statistical

rigour, as well as a general impetus to speciation research (Carstens ef al., 2013a), despite
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persistent computational problems in dealing with genome-wide datasets, with typical
studies limited to 20, and no more than 100 loci (Fujita ef al., 2012). In traditional
phylogenetic analysis, the same species tree is supposed to underlie all individual gene
trees, while in the multispecies coalescent, coalescent processes in the ancestral and
modern species and conflicts between species trees and gene trees can be accounted for.
Strong phylogenetic signal can thereby be derived despite the low power of individual loci
due to uncertainties in the branch lengths and topologies, which is especially important
for studying closely related populations/species. Here, both Bayesian guided approaches
requiring a prior consensus species tree (BP&P, Yang & Rannala, 2010) and unguided
approaches (SNAPP-based Bayes’ Factor Determination, |Leaché et al., 2014; STACEY,
Jones, 2015) were compared. Species delimitation in the simplest terms is performed
by establishing a threshold on the posterior node heights in the species tree, with small
heights indicating evidence for collapsing a node and lumping the populations into a single
species, or retaining the node as a speciation node for nodes with large heights showing
reciprocal monophyly across many loci. Within this framework, models lumping and

splitting populations into species in different ways can then be directly ranked.

Microsatellite genotyping of an extended sampling of a total of eight serpentine and
non-serpentine Alyssum serpyllifolium populations in this chapter will serve to shed light
on the shallower events in their demographic history. Microsatellite repeats are reliable
and economical genetic markers with widespread use in population and conservation
genetics/genomics (Selkoe & Toonen, 2006). They have typically high mutation rates
(between 1072 and 107¢ mutations per locus per generation), which makes them suitable to
study recent species history (Schlotterer, 2000). Nowadays, high-throughput sequencing
allows in silico detection of genetic markers with ease (Guichoux et al., 2011), as is the
case here with RNA-Seq-derived EST-SSRs. EST-SSRs are specifically believed to offer
an advantage over intergenic-SSRs due to the high success rate of amplification and inter-
species transferability (Varshney et al., 2005; Barbara et al., |2007; Ellis & Burke, 2007).
This is a desirable feature in design of studies encompassing populations of higher levels of

divergence, as in the case of Alyssum serpyllifolium. Furthermore, de novo assemblies have
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proven to be a robust source of microsatellite markers, and authors routinely report PCR
validation success rates of between 86% and 100% using EST-SSRs developed in this way
(Garg et al., 2011; Kaur et al., 2011; Wei et al., 2011; Zhang et al., 2012). Therefore, EST-SSRs
were chosen as markers to support analysis of a wider sampling of Alyssum serpyllifolium
populations to investigate the more recent phylogenetic relationships and history of gene

flow between serpentine and non-serpentine populations.

Lastly, genetic inference based on neutral variation will be compared with that of putatively
adaptive variation. This will be achieved by an initial phylogenetic analysis involving
genes putatively under positive selection in the serpentine populations and resequencing
of two selected candidate genes and one neutral gene across a larger sample from the
eight Alyssum serpyllifolium populations to contrast the observed sequence variation
patterns. This work aims to establish the cause of the apparent genetic convergence in
significant overlap of candidate serpentine adaptation genes identified in Chapter 2. In
general, three mechanisms can be responsible for convergent molecular evolution: 1)
independent de novo mutations in the same gene (‘hotspots of evolution: Martin et al.,
2013)) in different populations or species; 2) utilisation of pre-existing neutral standing
genetic variation inherited from a recent common ancestor by selection as a consequence
of new environmental pressures that render the variation adaptive; and 3) introduction of
adaptive variation present in one population to the other by introgression. The last two
mechanisms are obviously only possible in closely related lineages, and as such have been
termed collateral evolution by |Stern| (2013), as opposed to parallel evolution describing
the first mechanism, which in a sense is true homoplasy at a genotypic level, since it
requires generation of independent mutations and not just the recycling/propagation of
existing mutations |Martin et al.,|2013, Current research suggests a far more prominent
role for collateral evolution from standing genetic variation and introgression in sexually
reproducing eukaryotes, in contrast to a relatively higher contribution of independent de
novo mutations in unicellular organisms (Burke et al.} 2010). Simple prokaryotes have short
generation times and are fast evolvers, which means that supply of de novo mutations is not

a limiting factor in such organisms, but more complex organisms with longer life cycles
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tend to depend on pre-exisiting genetic variation (Barrett & Schluter, 2008). Other factors
influencing the emergence of parallel evolution include those related to selection, like the
probability and magnitude of fitness increase by mutation at the locus (Chevin et al., 20105
Conte et al., 2012), but also those related to genetic architecture, such as the mutation
and recombination rates at the locus (Chan et al.l 2010; Renaut et al.l 2014)). In collateral
evolution from standing variation, the amount of shared standing variation is key, which
is in turn influenced by facets of demographic history, such as effective population sizes,
history of gene flow, and selection (Westram et al., 2014)). For collateral evolution from
introgression, geographical distances and species dispersal range would be of particular

importance.

Neutral and divergent loci face different constraints in their histories and can inform
us about distinct evolutionary processes (Colosimo et al., 2005; Mitchell-Olds et al., 2007;
Nosil et al.,|2009;|Johannesson ef al.,[2010; Jones et al., |2012)). Neutral loci are expected
to reflect the average history of diversification and gene flow of populations under study;,
while relationships estimated based on outlier loci will not necessarily reflect that history
but also selective pressures - when these are shared between populations, they can group
such populations together in phylogenies. In theory;, it is possible to distinguish between
parallel evolution from de novo mutation and collateral evolution by examining the gene
region surrounding the focal allele(s) of convergent evolution (Stern, [2013). In the case
of parallel evolution, phylogenies constructed from the candidate gene will be identical
with the phylogenies from other genomic regions. On the other hand, the prediction
for collateral evolution by hybridisation and from standing variation would be that the
phylogenies from the gene under convergent evolution and closely linked regions would

show inconsistency with the other gene trees.

In the case of Alyssum serpyllifolium, it should be possible to distinguish between evolution
of serpentine adaptation/hyperaccumulation ability in parallel at each site from de novo
mutations as contrasted with a single origin of the putatively adaptive genes (either from

standing genetic variation, or by historical introgression) by studying the phylogenies of
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outlier and neutral genes. For a single origin of adaptive alleles, phylogenetic trees based
on candidate outlier alleles along with linked sites should show clustering by adaptation
and not by geography (distance), as would be expected in the gene trees of neutral loci,
assuming there is gene flow between adjacent populations. On the other hand, under
the parallel evolution scenario, trees based on the sites linked to the outliers and on
neutral genes should both result in similar clustering of the populations, likely by virtue of

geography (Roda et al.,|2013)).

Aims and objectives

= Genome-wide phylogenetic analyses to gauge the timing and patterns of ancestry
and descent between a small sampling of serpentine and non-serpentine populations

in the A. serpyllifolium species complex.

= First attempt at clarification of the taxonomic status of different serpentine and non-
serpentine A. serpyllifolium populations using the multispecies coalescent species

delimitation framework.

= Development of new microsatellite markers based on the A. serpyllifolium tran-
scriptome. Application of the EST-SSRs in a denser sampling of serpentine and
non-serpentine populations to estimate their genetic diversity and differentiation

between populations, and assessing correlation of these with ecotype and geography.

= Resequencing of firm candidate genes proposed to be adaptive for hyperaccumula-
tion ability, along with a neutral gene for comparison, across additional replicate
serpentine and non-serpentine populations to determine the origin of adaptive

variation.
3.2 Materials and methods

3.2.1 Demography and phylogenetics analyses

Taking advantage of the availability of thousands of neutral SNP markers for which 21

individuals in the four Alyssum serpyllifolium populations were genotyped, a number of
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methods were used to infer the genetic relationships between them. As defined in Chapter
2, the neutral dataset consists of 13,050 putatively neutral contigs, which did not appear
to deviate significantly from neutrality according to any of the tests for selection carried
out previously. Only sub-samples of neutral unlinked markers located in different contigs

are included in all the analyses described below, unless stated otherwise.

3.2.1.1  SNP-based analyses

The D4 genetic distance measure (Nei et al., 1983) was used to evaluate the relationships
among the populations and the outgroup using a down-sampled dataset of 1,305 neutral
SNPs in POPTREE2 (Takezaki et al., 2010) with 1000 bootstrap replicates. The rest of
the analyses described in this subsection were carried out using sub-samples of 13,050
unlinked neutral SNPs (one SNP/locus) genotyped with no missing data in any individual.
A neighbour-joining tree was constructed based on a pairwise genetic distance matrix
(Saitou & Nei, [1987) in MEGA 6 (Tamura et al., 2013) with 1000 bootstrap replicates. A
NeighborNet phylogenetic network was generated based on the UncorrectedP method
(proportion of sites that are different in each pair of sequences) in SplitsTree ver. 4.13.1
(Huson & Bryant, 2006) with 1000 bootstrap replicates using default settings. Generation of
a maximum likelihood (ML) tree based on concatenated SNPs was also attempted to obtain
an overview of relationships among all the individuals, despite caveats involved in creating
artificial concatenated sequence from SNPs located in loci with various evolutionary
histories (Lemmon & Lemmon, 2013). This analysis was run on the RAxML BlackBox
webserver (Stamatakis ef al., |2008) using the gamma model of rate heterogeneity and a
search for best ML tree followed by 100 bootstrap replicates. The SNAPP ver. 1.2 (Bryant
et al.,|2012) coalescent Markov Chain Monte Carlo (MCMC) sampler, which is, conversely,
designed to infer species trees from independent biallelic markers while side-stepping
gene tree construction, was then employed. Sampling was done every 1000 generations
and 2 million generations were run in total. Convergence of parameters was assessed with
Tracer ver. 1.6 (http://beast.bio.ed.ac.uk/Tracer).

Population trees were also surveyed in a different way using Treemix ver. 1.12 (Pickrell

& Pritchard, 2012). Treemix implements a maximum likelihood method using allele
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frequency data under a Gaussian approximation to genetic drift to infer population
ancestry graphs and historical admixture events; populations are connected based on
more incongruent allele-sharing proportions than expected by chance. In the analysis,
Clypeola provided the root, and the presence of between o to 6 admixture events was
tested. Finally, the results were bootstrapped 1000 times and the explanatory power of
the seven models with different number of admixture events was compared using the

Aikake Information Criterion (AIC).

3.2.1.2 Gene-based phylogenies in *BEAST

The gene trees derived from shared outlier loci and neutral loci were investigated with
multi-locus multi-individual analysis in *BEAST ver. 2.3 (Bouckaert et al.2014)). The
analyses were run using two different sets of neutral and outlier loci: shared outliers with
functions related to 1) metal transport and tolerance (10 genes), and 2) other functions (13
genes). Secondly, 30 putatively neutral genes that were of comparable genetic diversity to
the putatively selected loci were chosen at random. In order to prevent bias introduced by
artefactual genetic variation stemming from undetected gene duplication events, the analy-
sis was also repeated using a subset of fifteen putatively neutral APVO genes (Duarte et al.,
2010), which belong to a set of confirmed single-copy genes from across the angiosperms.
For *BEAST runs including the larger neutral gene dataset, 300 millions MCMC iterations
were run due to larger size of the dataset, and for the three other datasets, 200 million
MCMC iterations were run, sampled every 10 ooo chains. The molecular clock was set to
strict due to infra-specific sampling and consequent expectation of lower inter-branch rate
variation (Brown & Yang, |2011), and population size model to follow linear growth with
constant root. Yule prior was placed on species tree and best-fit sequence evolution model
for each gene (HKY with empirical base frequencies) was determined with PartitionFinder
ver. 1.1.1 (Lanfear ef al., 2014), using BIC (Bayesian Information Criterion). Divergence
time calibration in the neutral gene phylogeny was based on A1 crown node age (i.e. the
split between Clypeola and Alyssum section Odontarrhena, which contains all the known
hyperaccumulator species of Alyssum) of 11.65 MYA and a 95% HPD confidence limit of

7.49-16.5 MYA taken from Flynn (2013). The divergence time parameters were sampled
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from a log normal distribution to prevent incorrect sampling of negative values, and the
distribution was defined by coefficients M = 1.066 and S = 0.08. The first 10% of results was
discarded as burn-in, and run convergence and stationarity were inspected in Tracer ver 1.6
to confirm that ESS scores for all estimated parameters reached at least stable 200, followed
by generation of maximum clade credibility tree with median heights in TreeAnnotator
and visualisation of the species trees in DensiTree ver. 2.2.1 (Bouckaert, |2010)) and FigTree
ver. 1.4 (http://tree.bio.ed.ac.uk/software/figtree/). Run convergence across multiple runs
was established by performing three independent runs and checking the variability of

results across runs; a single representative run is reported here.

3.2.2 Species delimitation

More objective and quantitative molecular species delimitation methods with explicit
model assumptions have grown in popularity in recent times (Carstens et al., 2013a). Gen-
eration of multiple gene sequences from RNA-Seq allowed application of these methods

to the problem of species delimitation within the Alyssum serpyllifolium species complex.

3.2.2.1 BP&P

Firstly, joint Bayesian species tree estimation and delimitation was carried out in the
program BP&P ver. 3.1 (Yang & Rannala,|2014). Its multispecies coalescent model (Rannala
& Yang, 2003)) accounts for incomplete lineage sorting, incongruity between gene trees
and species trees, but as with other methods, it cannot handle migration post-speciation.
Both fixed guide tree (here, *BEAST tree based on neutral loci was used) and newly
implemented unguided species delimitation methods were tested in BP&P ver. 3.1 (Yang
& Rannala, 2014). Diftuse priors differing by two orders of magnitude, as recommended
by the authors, were chosen to explore the effect of priors on the results. The authors’
simulations indicate that prior values do not influence the ranking of models, but only
their posterior probabilities. For the gamma function describing ©, the prior was set
to G(1, 10) - large ancestral population sizes, or G(2, 2000) - small ancestral population
sizes. For the gamma function describing 7 at the root of the tree, the prior was set to G(1,

10) - deep divergence, or G(2, 2000) - shallow divergence. Other divergence times were
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assigned the Dirichlet prior as indicated by the authors. All possible combination of ©
and 7 priors were used, as their values can affect the outcome of the species delimitation
procedure, with large ® and small 7 favouring conservative solutions with fewer species

(Yang & Rannala, |2014).

Guide trees with one, two, three or four delimited species were considered and algorithm
o or 1 with auto fine-tune selected to define reversal jump MCMC (rfjMCMC) moves
responsible for node collapse or split between species delimitation models in the fixed
guide tree analyses, while the nearest-neighbour interchange algorithm was used for
branch swapping in the unguided analysis. For both guided and unguided methods,
each possible combination of four parameters (® prior, 7 prior, number of delimited
species, algorithm o or 1) was used, resulting in 32 runs in total. The sequence dataset
analysed consisted of 116 putatively neutral loci with no missing data in each of the 21
individuals, with one haplotype sampled per individual. Genes with pairwise D, varying
uniformly across one order of magnitude (between 0.002 and 0.021 on average) were
used to ensure sufficient polymorphism information content between populations. Each
analysis of 200,000 MCMC generations (sampling every two generations) was run with
a burn-in period of 10,000. Care was taken to ensure that different starting trees were

considered in the unguided analysis.

3.2.2.2 STACEY

The second approach utilising a multispecies coalescent model was STACEY ver. 1.0.4
(Jones, 2015; [Jones et al., 2015). It is an unbiased unguided approach with no a priori
assignment of individuals into populations. It is a modification to the BEAST 2 software
(Bouckaert et al., |2014) which also includes a new built-in birth-death-collapse prior
modification of the standard birth-death prior in BEAST (Jones, [2015). The addition
of the prior results in a model in which the tip nodes of the species tree are effectively
minimal possible clusters of individuals. As opposed to BP&P, STACEY does not make
use of jMCMC moves, but a new NodesNudge MCMC move, which can lead to better

convergence. A sub-sample of 20 genes used in the BP&P analysis were selected based on
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the top average pairwise D,,, as an analysis of more loci would be too computationally
intensive. Each of the 10 replicates was run for 200 million MCMC generations, stored
every 5,000 generations. Otherwise, default settings recommended in the STACEY paper
(Jones, 2015) were applied. Species Delimitation Analyser ver. 1.8.0 was then used to define
the clusterings of individuals into putative species from MCMC tree samples (Jones, 2015)

with default settings and 10% burn-in in the ten replicates.

3.2.2.3 Bayes’ Factor Delimitation (BFD) in SNAPP

SNAPP (Bryant et al., 2012) provides an alternative unguided method for estimation of
species trees without MCMC integrating over or sampling gene trees, but instead using
thousands of genome-wide markers and estimating the likelihood of change in allele
frequencies across phylogenetic nodes. The advantage of the method lies in genome-wide
sampling, instead of use of a handful of loci, and also in the lack of requirement for guide
tree specification, which can introduce bias when the correctness of the tree is uncertain
(Leaché et al., 2014). Finally, the Bayesian approach allows straightforward comparison of
alternative models of species delimitation using Marginal Likelihood Estimation (MLE)
values, which first need to be adjusted with proportionality constants. Here, path sampling
MLE approach was used, according to the framework introduced by Leaché et al|(2014).
The competing species delimitation models were ranked according to MLE values, and

Bayes’ Factor (BF) was used to compare each model to the 4 species null model.

Six realistic models for species delimitation, informed by previous studies, were tested.
The null model was a 4 species model, in which every population as identified by Structure
analysis constitutes a separate species, and non-serpentine populations are equally distinct
as serpentine populations. This model is not supported by any authority in the literature,
as only differences between serpentine, and not non-serpentine populations, were ever
considered meriting elevation to a subspecies or species rank. In the 3 species A model, both
non-serpentine populations Morata-NS and Rubia-NS constitute a single species, while
Carratraca-S (Alyssum malacitanum) and Samil- S (Alyssum pintodasilvae) are separate

species. This model is consistent with the taxonomic treatment of Dudley (1986a,b),
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based chiefly on Ni tolerance and accumulation differences, with a small component of
morphological variation. Conversely, in the 3 species B model, the serpentine populations
Carratraca-S and Samil-S belong to one species, while Morata-NS and Rubia-NS are
separate entitites. In the 2 species A model, the two serpentine and two non-serpentine
populations each form a species, and in the 2 species B model, the populations are grouped
according to the consensus phylogeny described in this chapter: species 1 - Carratraca-S
and Morata-NS, species 2 - Samil-S and Rubia-NS. In the case of each model, 200,000
MCMC replicates were run per step, and 48 steps in total on a sample of 1,149 unlinked
neutral SNPs, as suggested by the authors due to computational limits. Default settings
and priors were used, with the exception of alpha (=2) and beta (=1000), which places the
prior for the population sizes at the lower limit in line with fairly low values measured
for the Alyssum populations. Leaché et al. (2014) have shown that the two priors do
not appear to have a significant effect on species delimitation outcome. The number
of individuals sampled should be sufficient, as established by the robustness of results
in simulation studies involving five individuals per species (Leaché et al., 2014). Path
sampling results were summarised with Path Sample Analyser package from BEAST ver.

2.3 with alpha set at 0.3 and 10% burn-in.

3.2.3 Microsatellite development, genotyping and analysis

3.2.3.1 DNA extraction, EST-SSR detection and PCR amplification of EST-SSR frag-
ments

Genomic DNA was extracted using a modification of the CTAB method (Rogers & Bendich,

1985; [Porebski et al., 1997) from up to 40 individuals in each of the eight sampled Alyssum

serpyllifolium populations (Table [3.1). The concentration of DNA in each sample was

measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington,

USA) following extraction.

Perfect microsatellites were detected in the consensus Alyssum RNA-Seq assembly with
SciRoKo ver. 3.4 (Kofler ef al., 2007) using the following default settings: di-nucleotide

pattern — minimum 7 repeats; tri-nucleotide — minimum 5 repeats; tetra-, penta-, hexa-
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nucleotide - minimum 4 repeats. Each individual was then genotyped for 8 developed
microsatellites. The PCR mixture for each individual amplification reaction was assembled
with the following reagents: 1.5 ul of 10x buffer (New England Biolabs, Hitchin, UK),
0.3 pul of 10 mM total ANTPs (Thermo Scientific, Hemel Hempstead, UK), 1.2 pl of
25 mM MgCl, (New England Biolabs), 0.06 pl of 10 yuM forward primer, 0.3 pl of 10
pM reverse primer, 0.3 pl of FAM/HEX/NED labelled universal primer, o.1 ul of Taq
Polymerase (New England Biolabs), 1-2 pl DNA solution (depending on the concentration,
10-100 ng contained in the reaction) and double-distilled water to 15 pl total volume.
Oligonucleotide primers were supplied by Eurofins MWG Operon (Ebersberg, Germany),
and in addition to the gene-specific sequences listed in Table[3.4} forward primers contained
a 5" overhang fragment of 5'-CACGACGTTGTAAAACGAC-3' to facilitate incorporation
of the dye-labelled universal primer in subsequent PCR cycles. PCR cycling was carried
out using an MJ Research PTC-225 Peltier Thermal Cycler (M] Research, Waltham, USA)
or Eppendorf Mastercycler gradient (Eppendorf, Stevenage, UK) using the following
conditions: (1) initial denaturation (3 minutes at 95°C), (2) 10 cycles of touch-down
PCR (30 s at 95°C, 30 s at 65°C [reduced by one degree per cycle], 1 min at 68°C), (3)
30 cycles of standard amplification (30 s at 95°C, 30 s at 55°C, 1 min at 68°C), and (4)

final extension (5 min at 68°C).

3.2.3.2 Genotype scoring

PCR-amplified fragments containing target microsatellite repeats were run on an Applied
Biosystems Capillary Genetic Analyzer machine at the Department of Zoology, University
of Oxford, UK, with GeneScan 500 LIZ Size Standard added as a reference and results
collected using a DS-30 filter. Microsatellite genotypes were scored manually using
GeneMarker ver. 2.6.3 (SoftGenetics, Pennsylvania, USA) following the default settings
for plant microsatellite scoring. In cases where a genotype could not be established with
confidence, PCR products were re-run a second time on the ABI machine. MICRO-
CHECKER ver. 2.2.3. (Van Oosterhout et al., |2004) was then employed to test for
genotyping artefacts — stuttering, large allele drop-out and presence of null alleles. MICRO-

CHECKER’s combined use of deviation from Hardy-Weinberg equilibrium (HWE) across
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multiple loci with homozygote allele size and genotype allele size difference distributions
allows distinguishing homozygote excess due to inbreeding or Wahlund effect from that
generated by genotyping errors. All of the individual genotypes were exported from MS
Excel into CREATE ver. 1.37 (Coombs et al.l 2008), which was then used to convert the

data matrix into formats required for various programs.

3.2.3.3 Data analysis

Firstly, departures from HWE and linkage disequilibrium (LD) were tested in Arlequin
ver. 3.5 (Excoffier et al., 2005) and FSTAT ver. 2.9.3.2 (Goudet, 1995). Subsequently, two
programs were used in calculating basic population genetics parameters: allele frequency;,
F-statistics, heterozygosity, as well as AMOVA (Arlequin). The presence of an isolation-
by-distance pattern (Wright, 1943) was investigated using the Mantel test with 1000
permutations (Mantel, 1967) in Genepop ver. 4.2 (Raymond & Rousset,1995) by examining
the correlation between log-transformed Euclidean distances between pairs of populations
and linearized pairwise genetic distances (Fsr/(1- Fs7)). The PHYLIP package ver. 3.69
(Felsenstein, 2005)) was employed to calculate various inter-population genetic distance
metrics with bootstrapping (1000 replicates), while Factorial Correspondence Analysis
was carried out in Genetix ver. 4.05 using the default settings (http://www.genetix.univ-

montp2.fr/).

Bayesian analysis in Structure ver. 2.3.3 (Pritchard et al., |2000; Falush et al., 2003) was
used to assign individuals to genetic clusters (K) and to estimate admixture proportions
(Q) for each individual. A model was chosen in which individuals had admixed ancestries
and correlated allele frequencies, which should allow detection of more ancient admixture
events (Falush et al., 2003). Choosing independent allele frequencies made no significant
difference to the structure detected, and so results based on correlated allele frequencies
are reported here. The LocPrior clustering method implemented in the latest version of
Structure was used, which is not only based on the individual multilocus genotypes but
also takes into account the sampling locations. The model is recommended by the authors

when the genetic data is not highly informative in order to detect population structure,
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and was chosen because of a moderate number of microsatellite markers employed in the

present study.

The value of K was set from a minimum of 2 to a maximum of 10, and five simulations
were run for each K value with a burn-in of 100,000 and a main run of 1,000,000 MCMC
iterations. To define the most probable number of genetic clusters (K) present in the data,
the method proposed by Evanno et al.|(2005) was initially used, which is based on an ad hoc
measure AK that depends on the rate of change in the log probability of the data between
successive values of K. Secondly, the number of true clusters was also inferred following
L(K) over a number of clusters, and then looking for the signature of L(K) starting to plateau
with diminished variance in L(K) (Pritchard et al.,2000). These calculations were carried
out by Structure Harvester Web ver. 0.6.94 (Earl & vonHoldt, |2012), which also generated
CLUMPP input files. Subsequently, cluster assignments from across the replicate runs were
aligned and averaged using CLUMPP ver. 1.1 (Jakobsson & Rosenberg, 2007) run with the
Greedy algorithm and 1000 permutations of randomized input order. Resulting final cluster

assignments were visualized using the program DISTRUCT ver. 1.1 (Rosenberg, |2004).

3.2.4 Sanger-based resequencing of candidate loci

3.2.4.1 Locus selection and primer development

Four candidate genes with outlier SNPs were tested: ATP-PRT1, CAT4, NRAMP4 and IREG1
because of their formerly investigated role in nickel hyperaccumulation in Alyssum: ATP-
PRT1 (Ingle et al.,|2005a), CAT4 (S.T. Mugford, C.J. Snowden and J.A.C. Smith, unpublished
results), or in other hyperaccumulators: NRAMP4 (Oomen et al.,|2009; Halimaa et al.,
2014)). IREG1 was also included because of its proposed role in Ni transport and tolerance
in Arabidopsis thaliana (Kirchner, 2009), as well as its differential expression between

serpentine and non-serpentine populations in the Alyssum RNA-Seq results.

Primers in conserved regions surrounding target SNPs were developed using multiple
sequence alignments from sequences of all individuals in the four sequenced Alyssum

serpyllifolium populations using the PrimerDesign-M web server (Yoon & Leitner; 2015)
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with default settings. For ATP-PRT1, CAT4, IREG1 and NRAMP4 amplification, 2, 3, 4 and 2
external and 1, 2, 1 and 2 internal primer pairs, respectively, were designed and tested in all
possible combinations of forward and reverse primers. Genes with neutral genetic pattern
of variation were selected for Sanger sequencing from the neutral gene set described before -
the subset of stably expressed genes with no missing coverage for any sequenced individual,
to increase the likelihood of future successful amplification in the extended sampling of
populations, with a particular focus on genes with similar 7 and D, values and gene
lengths to those of the candidate hyperaccumulator genes. Two primer pairs were designed
and tested for each of the following genes: 6B-INTERACTING PROTEIN 1-LIKE 1 (ASIL1),
NON-ATPASE SUBUNIT 9 (ATS9). Neither of these genes is expected to play a specific role
in ecological adaptation in Alyssum: ASIL1is a transcriptional repressor of seed maturation
genes in germinating seeds and seedlings (Gao et al.}|2009), whereas ATSg is a subunit

of the 19S regulatory complex from the 26S proteasome (Peng et al., |2001).
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3.2.4.2 DNA extraction, gene fragment amplification and Sanger sequencing

Genomic DNA was extracted and quantified as described in section 3.2.3.1. PCR mixture
(30 pl) for each sample was assembled with the following reagents: 3 pl of 10x buffer (New
England Biolabs), 0.6 ul of 10 mM total ANTPs (Thermo Scientific), 2.4 pl of 25 mM MgCl,
(New England Biolabs), 0.6 ul of 10 yM forward primer, 0.6 pl of 10 uM reverse primer,
0.2 ul of Taq Polymerase (New England Biolabs), 1 ul DNA solution (25-250 ng), and 21.6
ul double-distilled water. In the case of ASIL1 PCR, 4.8 ul of sM betaine was added to the
final concentration of 0.8 M with concomitant reduction of the water volume, to increase
primer annealing specificity and fragment amplification rate (Ralser et al., 2006)). Custom
oligos were supplied by Sigma Aldrich (Gillingham, UK). PCR cycling was carried out
using an MJ Research PTC-225 Peltier Thermal Cycler or Eppendorf Mastercycler gradient
using the following conditions: (1) initial denaturation (3 min at 95°C); (2) 10 cycles of
touch-down PCR (30 s at 95°C, 30 s at 65°C [reduced by one degree per cycle], 1 min at
68°C); (3) 33 cycles (IREG1) or 40 cycles (NRAMP4) of amplification (30 s at 95°C, 1 min
at 45-55°C, 4 min at 68°C), or in the case of ASIL1 the first 10 cycles carried out at 42°C
and the final 30 cycles with 50°C annealing temperature to facilitate permissive primer
binding and target region amplification in the initial steps of the PCR reaction; and (4)
final extension step (5 min at 68°C). To confirm the success of PCR reactions, PCR samples
were separated with agarose gel electrophoresis, using 1.5% (w/v) agarose gel stained with
ethidium bromide (1 yg/ml). Gels were typically run for 30 min to 1 h at 100-150 V and the
DNA separation results visualised using Kodak Gel Logic 2200 Imaging System connected
to a UV illuminator. PCR products of correct size, high purity and concentration were then
sent to the DNA Sequencing Unit at the Department of Zoology, University of Oxford for
clean-up, sequencing using BigDye Terminator Cycle Sequencing Kit (Applied Biosystems,
Carlsbad, USA), purification of the products of sequencing reactions and subsequent run

on an ABI 3730x] DNA Analyzer sequencing machine.
3.2.4.3 Data analysis

Raw ABI output chromatograms were examined and exported to the FASTA format using

FinchTV software ver. 1.4 (Perkin-Elmer, Beaconsfield, UK). Consensus DNA contigs from
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combined forward primer and reverse primer sequencing results were created manually
in MEGAG6 (Tamura ef al., 2013) from sequences trimmed on base call quality. DnaSP
ver. 5 (Librado & Rozas, |2009) was employed to calculate the relevant population genetics
parameters, carry out tests for selection, and phase the diploid sequences with PHASE
algorithm (Stephens et al., 2001). Lastly, AMOVA was performed in Arlequin ver. 3.5
(Excofher et al., 2005)) and gene trees based on Nei’s D, (Nei ef al.,1983) were prepared

in POPTREE2 (Takezaki et al., |2010) with 1000 bootstrap replicates.

3.3 Results and discussion
3.3.1 Phylogenies based on neutral markers

Methods sampling both the entire neutral gene coding sequences (BEAST) and indepen-
dent SNP markers distributed throughout thousands of neutral genes (Treemix, SplitsTree,
RaxML, NJ, Nei’s D4) were employed to establish the phylogenetic relationships between
the four Alyssum populations in the RNA-Seq study. Such dense sampling is expected
to allow resolution of phylogenies regardless of short branch lengths or population sizes
(Lemmon & Lemmon, 2013).

Both stochastic and non-stochastic processes inherent in evolution, such as drift, lineage
sorting and introgression, often result in incongruence between different gene trees,
and make individual gene trees unreliable for determination of relationships between
populations/species that have recently diverged or are involved in rapid radiations (Cutter,
2013), and so this phenomenon was expected to be of note in closely related populations
of Alyssum serpyllifolium. In such cases, coalescent, multi-individual, multi-locus meth-
ods such as *BEAST, which can simultaneously estimate individual gene trees and the
overarching species tree while accounting for gene tree uncertainty and lineage sorting, as
opposed to concatenation-based methods, are particularly well-suited (Kutschera et al.,

2014).

*BEAST results based on a random subsample of putatively neutral loci and a subsample of
APVO (Duarte et al., 2010) neutral loci - that is, conserved single copy genes across eudicot

and monocot genera (Arabidopsis, Populus, Vitis, Oryza), produced perfect agreement.
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Figure 3.1: Clypeola-rooted *BEAST maximum clade credibility Alyssum serpyllifolium population
tree based on 30 neutral genes. Posterior probabilities are given at each branch and 95% highest
posterior density (HPD) intervals for node ages in Mya are marked in green. Serpentine populations
are marked in blue and non-serpentine populations in red. Note that the apparent trichotomy is an
illusion introduced by low node heights.

Furthermore, results from concatenated analysis of genome-wide sampling of SNPs in a
ML framework in RAXML arrived at the same tree topology (data not shown). The trees
recover two serpentine-non-serpentine subclades, (Rubia-N§, Samil-S) and (Carratraca-S,
Morata-NS), with very high confidence (0.98 and 1.00 posterior probability, respectively:
Figure [3.1). Secondary calibration from the Alyssum phylogeny of Flynn, (2013) was
used to calibrate the split from the outgroup Clypeola based on the Clypeola-Alyssum
section Odontarrhena crown node. The results indicate that the divergence between all four
Alyssum serpyllifolium populations took place over a relatively short time in the overlapping
interval of 1.23-1.13 MYA. The split between (Carratraca-S, Morata-NS) and (Rubia-NS,
Samil-S) subclades is estimated to have taken place 1.23-1.19 MYA (95% HPD values),
with subsequent divergence between 1.21-1.14 MYA (Rubia-N§, Samil-S) and 1.19-1.13

MYA (Carratraca-S, Morata-NS). The dating indicates an ancient origin of all Alyssum
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serpyllifolium populations, which likely precedes emergence of metal hyperaccumulation
in the model genera Noccaea and Arabidopsis. However, the timing in absolute terms at
this stage does not have a high degree of certainty, given that the estimates are based on a
secondary calibration from a single phylogeny of the genus Alyssum genus inferred from
a handful of chloroplast loci originally calibrated using three verified Brassicales fossils
and a molecular-phylogenetic tree of this order (Beilstein ef al., 2010). Therefore, Alyssum
serpyllifolium divergence times presented here will reflect and amplify the distortions from

true divergence times introduced at an earlier stage by secondary calibration. Population

— Samil
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81
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Figure 3.2: A. serpyllifolium population tree based on Nei’s (1983) D4 calculated over 1015 unlinked
SNPs and rooted on Clypeola. Branch values represent percentage support over 1000 bootstrap
replicates. Serpentine populations are marked in blue and non-serpentine populations in red.

tree topologies based on D, (Nei et al., 1983) net sequence divergence per site (Figure
and the neighbour-joining algorithm (data not shown, [Saitou & Nei, 1987) were not unlike
the *BEAST analysis results, with the exception of the position of Rubia-NS, which now
shares direct common descent with Carratraca-S and Morata-N§, and not Samil-S. To test
for any deviation from strictly bifurcating phylogenies as indicated by slight incongruence
between species tree and populations tree, two methods were applied: Treemix to detect
the presence of gene flow, and NeighborNet network to reveal incomplete lineage sorting

or gene flow. According to the AIC, the model with two unexpected moderate strength
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Figure 3.3: Treemix ancestry graph representing the relationships between Alyssum serpyllifolium
populations and the most likely number of past admixture events (two), which are coloured
according to their weight. The phylogeny is based on 13,050 unlinked SNPs. Serpentine populations
are marked in blue and non-serpentine populations in red.

migration bands from Clypeola to Carratraca-S, and low intensity from Morata-NS to
Clypeola was the best of the ones tested in Treemix (Figure[3.3), which is quite unexpected
given the long evolutionary distance separating the species and lack in overlap of their
native ranges, and so could be an overestimate due to false explanation of a pattern of
allele frequency differences resulting from processes other than hybridization (Yu et al.,
2011). Furthermore, results for alternative models with a different number of migration

events were close in terms of their AIC values: -191.1 for two migration events, through
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Figure 3.4: Consensus SplitsTree NeighborNet network of Alyssum individuals based on 13,050
unlinked SNPs, rooted on Clypeola. Serpentine populations are marked in blue and non-serpentine
populations in red. All inter-population splits had 100% bootstrap support (not shown).

-189.2 to -182.5 for between 1 and 6 migration events, and -167.9 for o migration events. The
graph topology is in line with results from the two previously described analyses, with
Samil-S splitting first followed by Rubia-NS, and finally Carrataca-S as sister to Morata-NS.
Morata-NS and Samil-S branches were quite short compared to Rubia-NS and Carratraca-
S, but no such differences in the rate of evolution between populations are supported by

other phylogenetic analyses.

Lastly, the NeighborNet algorithm in the SplitsTree software package was employed to
uncover and visualise any possible reticulation events (Figure 3.4). The overall topology
of the network emphasises the complex pattern of shared polymorphisms between the
serpentine and non-serpentine populations as well as relatively high genetic diversity
contained within Alyssum serpyllifolium individuals, judged by long branching leading
to individuals in population sub-clades. Again, the serpentine and non-serpentine popu-
lations do not form two separate sub-clades, which is suggestive of equally long shared

evolutionary histories between serpentine and non-serpentine populations.
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Table 3.2: Species delimitation results from SNAPP Bayes’ Factor Delimitation analysis. Bayes’
Factor compares each model to the null model with 4 delimited species.

Model MLE  Rank BF

4 species -13172.5 1 N/A

3 species A -13672.2 2 -999.4
3 species B -13710.1 3 -1075.3
2 species A -14110.9 4 -1876.8
2 species B -14215.6 5 -2086.3

MLE - Maximum Likelihood Estima-
tion; BF - Bayes’ Factor

3.3.2 Species delimitation

To test if the levels of genetic diversity observed between populations merited their
designation as independently evolving lineages, and perhaps even raising them to the
species level, three different molecular methods of species delimitation were used. In view
of the conflicting results, species boundaries within the Alyssum serpyllifolium species
complex continue to remain fuzzy. Overall, two extreme outcomes were obtained from
species delimitation analyses: lumping all populations into a single species (STACEY) or
retaining all 4 populations as putative species (BP&P, SNAPP). Different simplifications
assumed by the models of species delimitation in the methods tested are likely respon-
sible for the disparate outcomes (Carstens et al.,2013b). Inclusion of more populations
and outgroup species in the analyses to gain more information about relative levels of
polymorphism and divergence between different lineages could be helpful in obtaining
more conclusive species delimitations in the complex. It has to be emphasised that the
results reported below are based simply on nucleotide sequence data, whereas it has
been suggested that molecular species delimitation methods could benefit from explicit
inclusion of classical taxonomic information about the species as a prior in order to
arrive at comprehensive species delimitation outcomes (Jones, 2015)). Nevertheless, it is
not uncommon for molecular sequence information to show incongruence with species
classification based on morphological traits, as in the case of three subspecies of Cistus

ladanifer, which occurs in similar habitats (Quintela-Sabaris et al.} 2010)).
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3.3.2.1 BP&P

In total, 24 different replicate runs were carried out in BP&P, which were monitored for
rjMCMC acceptance rates to remain within the range of 0.15-0.70 to avoid the chain
becoming stuck in a non-optimal state. Consistent results were obtained across runs
with high ESS (>500), always pointing to 4 species delimitation with perfect support
(posterior probability = 1) and always recovering the consensus topology of ((Rubia-
NS, Samil-S) (Carratraca-S, Morata-NS)) as the most probable species tree. The results
are rather surprising given the fact that BP&P tends to be a species lumper rather than
splitter, as its model does not take account of the homogenising effect of gene flow post-
speciation, and the retained species splits are generally conservative (Yang & Rannala,
2014). Misspecification of the guide tree and reassignment of individuals to populations
can cause errors (Zhang et al., 2014a)), but neither bias is likely to be present here, as
the same results have been obtained in unguided runs, and assignment of individuals to

populations was validated with Structure and PCA analysis.

3.3.2.2 Bayes’ Factor Delimitation (BFD) with SNAPP

Apparent stationarity and large effective sample sizes (ESS) (>200) were achieved in the
BFD analysis. According to Kass & Raftery (1995), Bayes Factor values above 10 offer
decisive support in favour of a given hypothetical species delimitation model, and so in

all cases the 4 species null model was very strongly preferred (Table [3.2)).

3.3.2.3 STACEY

Across 10 replicate STACEY runs, uniform results were obtained with >99.9% posterior
probabilities, supporting a single cluster encompassing all Alyssum populations. Simula-
tions conducted by the authors indicate that the method is conservative (Jones, 2015; Jones

et al,, 2015), with all the errors amounting to false species lumping, as in the case of BP&P.

3.3.3 EST-SSR detection

Overall, 3,942 di- to hexa-nucleotide EST-SSRs were discovered in the consensus Alyssum

assembly, with tri-nucleotide SSRs (2,906, or 73.7% of the total number; top motif: AAG)



186 3.3. Results and discussion

as the most abundant group, followed by di-nucleotide SSRs (752, or 19.1% of total number;
top motif: AG). Average EST-SSR frequency was 1 in 10.5 kbp and average SSR length was
approx. 17.9 bp. The prevalence of tri-nucleotide repeats has been found in EST-derived
SSRs in other plant species, e.g. in various legumes (Garg et al., 2011; Kaur ef al., 2011, 2012;
Jhanwar ef al., 2012; Zhang et al.,|2012) and cereals (Varshney et al., 2002; La Rota et al.,
2005)), Scabiosa columbaria (Angeloni et al., 2011), Ammopiptanthus mongolicus (Zhou
et al.,2012), Artemisia tridentata (Bajgain et al., 2011) and Ipomoea batatas (Tao et al., 2012).
The prevalence of trimeric EST-SSRs has been explained as stemming from the pressure
to maintain an unchanged reading frame in protein coding sequences (Metzgar et al.,
2000)). On the other hand, estimates of total SSR frequency vary considerably according
to detection parameters, e.g. from 1 in 0.74 kbp to 1 in 17.42 kbp for wheat EST-SSRs
(Varshney et al., 2002; Kaur et al.,|2011)), and so are not very informative. The top Alyssum
EST-SSR motifs AG and AAG have frequently been reported as the most abundant motifs
in plants in general (Lawson & Zhang, |2006; Wei et al., 2011; Zhou et al., 2012); they occur
preferentially in UTRs and were shown to be involved in transcriptional regulation (Zhang

et al.,|2006).

Out of 3,942 microsatellites detected in the Alyssum assembly, 32 were selected based on
repeat size (3 or 6 nucleotides, i.e. no introduction of frame-shift mutation), as well as the
function of the target gene, and lack of differential expression pattern, as well as outlier SNPs
associated with it (i.e. putatively neutral gene, not likely to be important for adaptation to
serpentine). Primers were then designed around each locus, and amplification success
along with level of polymorphism was tested in 3-4 individuals in each population. Four
serpentine populations (Barazon-S, Carratraca-S, Samil-S, Sierra Bermeja-S) and four
non-serpentine populations (Alhaurin-NS, Leén-NS, Morata-NS, Rubia-NS: Table
were eventually genotyped across eight selected microsatellite loci with mode 5 alleles
found across 4 microsatellite loci and a range of 4-12 alleles (Tables and. In total, 272
individuals were genotyped in the eight populations, and low amounts of missing data were
recorded; between 250 and 266 individuals were scored for each of the eight microsatellite

loci, all unbiased towards any population. As no evidence of genotyping artefacts was
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found, and all loci are in linkage equilibrium, results from all eight microsatellite loci

could be used in the subsequent analyses.

Table 3.3: Description of genes containing EST-SSRs used in the study of Alyssum serpyllifolium
populations

FragmentID TAIRlocus Gene name and function

AP31733 AT2G46830 CIRCADIAN CLOCK ASSOCIATED 1, transcriptional
repressor of TOC1 involved in circadian rhythm regulation
AP32282 AT5G22090 Protein of unknown function (DUF3049)
AP31679 AT2G33730  P-loop containing nucleoside triphosphate
hydrolases superfamily protein
AP8o1 AT3Gs6590 Hydroxyproline-rich glycoprotein family protein
AP31640 AT1G29350  Kinase-related protein of unknown function (DUF1296)
AP34461 AT1G49975 Protein containing photosystem I
reaction centre subunit N domain
AP10368 AT3Go1780 TPLATE, cytokinesis protein participating
in vesicle-trafficking important for pollen germination
AP5386 AT2G25180  RESPONSE REGULATOR 12, an Arabidopsis response

regulator acting in cytokinin signalling pathway




LOOODLOLLOOLVOVODILVOLD VVO.LOOOILOOLIDLIVODD § Sge-£L¢ 13 081STOHT Y 98¢SdV
OOLOVOOVVOLLOLLVOOOL DLLODODDOVODIVOLOVVILIL v sse-£be 13 0810DELY gotorgy
VOVVOVOVLVOLLLOVVVOLLOLLOV OOVOVODVVOVOLOVVVODOVV VA 891-L¥1 13 SL66YDITY ovveqv
OOLOOLLLLOODLLOLOLOD OODLOILVOIOODIDIOVVVVDOO o1 T6T-£5T ¢ 0S£6TOLLY ovoreqy
VOVVVOIOVOVOOVOVOOVIOD VVVOOVOLVLYDDDILOOVOOL s 62c-got 9 0659SDELY 1084V
LOLODDLODLOIDLODOVLLO DOOVILOOVVVIIOVIOLODL (4 66¢-£9¢ 9 0ELLEDTY 6/916qV
OLLLLODDOODLYVOLLOODOVD VVOILOOILLLOVOLOOLOOL S s1E-¥ 67 3 060TTHSTY (£{42% A
VOLLLLLOVVVOODDOODLLVLOD DILODDIDLVOVVVOIILLYVOIOD § T0T-L81 13 0£89YDHT IV Lelieqy
dqunu  I8uer IzZIs
,£<,S 1owrnad as1oA ,£<,S owrnad premiog APV dwSery azisjeadoy smo[YIVI (I3IuwdwSery

Apm3s STy} uT pasn 100 dY1[[oyesoIdTwr winijofifjddias winssAyy jo Arewrwng :°€ afqer,



3. Tracing the Evolutionary History of the Alyssum serpyllifolium Species Complex 189

Table 3.5: Average Fjg (Weir & Cockerham, 1984), observed (H,) and expected (H,) heterozy-
gosities with standard deviation (SD) in the microsatellite-genotyped individuals (#) in the eight
Alyssum serpyllifolium populations. Fjg values deviating significantly from o are labelled with an

asterisk (*).

Population n  Fpg H, SD H, SD
Alhaurin-NS 36 0.35% 033 0.21 0.51 0.22
Barazon-S 35 0.07 0.40 0.27 0.43 0.25
Carratraca-S 33 0.27° 0.48 0.24 0.65 0.5
Leon-NS 22 0.22% 051 0.26 0.65 0.23
Morata-NS 30 0.22% 055 0.14 0.70 0.09
Rubia-NS§ 41 0.24% 0.44 0.21 058 0.3
Samil-S 36 0.16% 0.62 0.14 0.73 0.1
Sierra Bermeja-S 36 0.08 o0.51 0.20 0.5 0.8
Samil
370 3
424 Ledn
362 Barazon
370
Morata
rratr
382 Carratraca
Alhaurin
Rubia

Sierra Bermeja

Figure 3.5: Extended majority rule consensus neighbour-joining tree based on Nei’s (1972) Dgr.
Values on the branches represent bootstrap support over 1000 replicates. Serpentine populations
are marked in blue and non-serpentine in red.



3.3. Results and discussion

o) $TT 0 1o €90°0 gSc'0 ot1'0 9TT'0 0TT0 SN-U0d7T
o €10 1210 v/co 9L1°0 L1€°0 oryo SN-uLIney[y
0 $60°0 6S1°0 €ero g¥co 88T'0 S-eoeajerIR)
o] S/ro 7800 9T 0 10T°0 SN-BICIOIA
0 €20 8870 ¥z€o S-efowrrag eIIdIg
o] ovzo 1€T°0 S-[rureg
o] zo¥ 0 SN-eIqny
o S-uozereq
S-elowrrag

SN-U09T SN-ULINeY[Y S-edenjerre) SN-BJRIO\ BIIIIS

S-[fures  SN-eIqny  S-uozureq

100] 9)I[[)eSOIOTI

1819 10§ symsax ayy 03 Surproooe suonemndod winyofijjddias winssdpy W10 oy UdaMIaq (V6T treyIaND0D) @ MM ) LS, asmmared paderoay :9°€ J[qe],

190



3. Tracing the Evolutionary History of the Alyssum serpyllifolium Species Complex 191

3.3.4 Levels of genetic diversity in S and NS populations of A. serpyl-
lifolium
The results show high levels of population differentiation, with overall Fs; = 0.23 (95% CI
0.17 - 0.29), and echo the genome-wide estimates of high differentiation obtained for four
select populations through the RNA-Seq analyses. Moderate-to-high values of Fsy in A.
serpyllifolium are typical of values from other taxa endemic to specific substrates, such as
Primulina tabacum (0.3936: |Ni et al., 2006), Jurinea pinnata (0.374: Salmerdn-Sanchez et al.,
2014a)) or in Convolvulus boisseri (0.395: |Salmeron-Sanchez et al., 2014b). An even higher
Fsr range was encountered between Western Swiss populations of the model hyperaccumu-
lator N. caerulescens, where Fgr reached an average of 0.591 (Besnard et al., 2009). Values
in that range provide evidence for moderate gene flow between the populations of Alyssum
serpyllfolium probably determined by ecological (serpentine "islands” of endemism) and

topographical barriers, such as mountains, resulting in fragmentation of the species range.

The average within-population gene diversity for microsatellite markers (Hp = 0.48)
and heterozygote deficiency are typical of endemic species with small population sizes and
disjunct distribution, as in the example of Convolvulus boissieri (Salmerén-Sanchez et al.,
2014b)). Fjs values in the range of 0.07 - 0.35, and significantly different from o over 1000
permutations in all populations except for Barazon-S and Sierra Bermeja-S (Table[3.5)),
point to a degree of inbreeding. Significantly positive Fs values for the four populations
obtained through SNP genotyping from RNA-Seq further support the conclusion of partial
inbreeding, which likely stems from population isolation and small effective sizes, but
endogenous barriers to gene flow cannot be excluded until research is performed into the
mating system of this taxon. Similar Fg values were obtained in microsatellite surveys
of metallicolous and non-metallicolous populations of N. caerulescens, a species with
a mixed mating system (Mousset et al., 2016|). Nevertheless, these results are in line
with expectations for serpentine endemics, reflecting small effective population sizes and
small distribution ranges, and as a consequence low genetic diversity and high levels of

inbreeding (Anacker ef al., 2011).
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Previous studies of the population genetics of species harbouring metallicolous and
non-metallicolous populations have often speculated that, given the scenario of local
evolution of metallicolous populations from more tolerant, low-frequency genotypes in
non-metallicolous populations, a founder effect may have been present in metallicolous
populations when they originally diverged from non-metallicolous populations (Pauwels
et al.,|2005), resulting in lower genetic diversity in the metallicolous populations. How-
ever, no differences in genetic diversity between metallicolous and non-metallicolous
populations have been consistently found in the species investigated to date (Vekemans &
Lefebvre, [1997; Quintela-Sabaris ef al., 2010), such as Arabidopsis halleri (Pauwels et al.,
2005), Alyssum bertolonii (Mengoni et al., 2003)) and Minuartia laricifolia ssp. ophiolitica
(Moore et al.,2013); neither have they been found here (Table[3.5). However, the bottlenecks
in question would have to have been quite recent to stand out in this way, and gene flow and
accumulation of new mutations would later erode the signal of any putative bottlenecks

(Vekemans & Letebvrel 1997).

AMOVA results indicated that 23.7% (g7 = 0.24) of all genetic variation was partitioned
between populations, while 16.7% (®;s = 0.21) was partitioned within individuals within
populations. Similar between-population partitioning of genetic variation (22%), was
found in an ISSR (Inter-Simple Sequence Repeat) study of four populations of the nickel
hyperaccumulator Alyssum lesbiacum (Adamidis et al.,|2014). In contrast, another Alyssum
hyperaccumulator, A. bertolonii, had over a half (51%) of its genetic variation partitioned
between populations in a study of 9 populations genotyped with chloroplast SSRs (Mengoni
et al., 2003)). Between-population variation found in a chloroplast RFLP (Restriction Frag-
ment Length Polymorphism)-based study of 28 Arabidopsis halleri populations (Pauwels
et al., 2005)) was even higher and amounted to 68%. These examples support the conclusion
that levels of between-population genetic variation in the Alyssum serpyllifolium species
complex are far from unusually high or low among those found in metal hyperaccumulator
species, indicating that the populations of Alyssum serpyllifolium have not been subject to
extremely strong vicariant processes, unless the results are severely biased by homoplasy

of microsatellite alleles (Pannell & Fields, |2014).
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3.3.5 Population structure determination with EST-SSR

12f

10f

Delta K
(=

Ao

Figure 3.6: Probability of different numbers of true populations (K) identified using EST-SSR
markers in the Structure analysis, as calculated by AK (Evanno ef al., |2005)
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Figure 3.7: EST-SSR marker data fit in the Structure analysis (LnP(D)) to different numbers of
hypothetical populations (K)

Population-genetic structure analysis with Structure which detects fairly recent genetic

isolation (Yang et al., 2010b), reveals two optimal numbers of genetic clusters (K): K = 4
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1. 2. 3. 2. 3. 3 4. 4,
Rubia Barazon Ledn Samil Morata Alhaurin Sierra Carratraca
Bermeja
n 42 36 22 36 30 36 36 34

K=8

Figure 3.8: Assignment of genotypes of individuals in the eight Alyssum serpyllifolium populations
to either 4 (top) or 8 (bottom) genetic clusters as defined to be most likely by Structure. Serpentine
populations are marked in blue and non-serpentine in red. n - number of sampled individuals in
each population

(as per AK, Figure[3.6) and K = 8 (as per LnP(D), Figure[3.7). K = 4 results show a trend
towards grouping together geographically close populations of the same ecotype, while
K = 8 simply place each population in its own separate cluster (Figure [3.8). Admixture
proportions of individuals in different populations varied in the K = 4 solution. Individuals
in non-serpentine populations (northern Rubia-NS and southern Alhaurin-NS) belonged
to a single cluster each (pink and green clusters, respectively), and so did both Alyssum
malacitanum populations in the south (Sierra Bermeja-S and Carratraca-S: blue cluster).
The other four populations showed varying degrees of admixture. The northern ‘Alyssum
guitanii’ population (Barazén-S) and Alyssum pintodasilvae population (Samil-S) mostly
belonged to the fourth cluster (brown), with more (Samil-S) or less (Barazon-S) admixture
from Alhaurin-NS’s green cluster. The northern and central non-serpentine populations
Morata-NS and Ledn-NS contained the highest admixture from Alhaurin-NS’s green

cluster, in addition to smaller admixture from Samil-S’s and Barazdn-S’s brown cluster and
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Rubia-NS’s pink cluster (only in Ledn-NS). The two most optimal K solutions are likely
to reflect the complex levels of organisation in Alyssum population structure (Meirmans,
2015)), with K = 4 identifying non-hierarchical relationships resulting from the interplay of
geographic distance and edaphic factors, as evidenced by the four serpentine populations
being evenly split into a northern (Samil-S, Barazén-S) and a southern (Carratraca-S, Sierra
Bermeja-S) groups corresponding to species circumscriptions of Alyssum pintodasilvae and
Alyssum malacitanum, accordingly, and isolation of nearby non-serpentine populations

(Rubia-NS in the north and Alhaurin-NS in the south).

Consequently, to investigate if the pattern of isolation-by-distance (IBD) could be detected
over all populations, a Mantel test was carried out on Weir and Cockerham’s Fgr pairwise
distances matrix (Table[3.6). This did not reveal any direct correlation, and the number of
populations within each ecotype was too small to allow testing for IBD within them. No
consensus neighbour-joining tree could be obtained with reliable branch support values
based on Nei’s (1972) Dgr distance metric (Figure and no population structure could
be detected using factor analysis in GENETIX (data not shown). Taken together, it was
not possible to resolve the relationships between Alyssum serpyllifolium populations with
only eight microsatellite loci. Further research is required with a higher number of genetic
markers for increased power, as SNP-based results from RNA-Seq were sufficiently densely

sampled to deliver high confidence population phylogenies (see section 3.3.1).

In general, previous research on pseudometallophytes has revealed isolation-by-distance
irrespective of the edaphic type of population sites (Mayer et al., 1994; Mengoni et al.,
2001; Berglund ef al., 2003; [Pauwels et al., |2005; [Yokoo et al., |2009)). A study of differ-
ent populations of Arabidopsis halleri using chloroplast RFLP markers (Pauwels ef al.,
2005)) found a strong pattern of isolation-by-distance: chlorotypes from metallicolous
populations were more closely related to chlorotypes from parapatric non-metallicolous
populations than allopatric metallicolous populations which suggested that they had been
founded independently from nearby non-metallicolous populations. In Jurinea pinnata,

whose populations occur on either gypsum or dolomite substrates, genetic differentiation
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between population correlates with geographic distances and not the edaphic factor

(Salmerodn-Sanchez et al, |2014al).
3.3.5.1 Polyploidy

None of the Alyssum serpyllifolium populations from the Iberian Peninsula showed any
evidence of polyploidy when analysing microsatellite genotyping data, e.g. detection
of more than two fragment sizes at a given microsatellite locus that was clearly not a
technical stutter artefact. This was expected, given previous reports that had consistently
pointed to their diploidy (see Chapter 1). Unfortunately, the karyotypes of the three
French populations, for which material was collected in the field for the first time (Anduze,
Bédarieux, Malaucéne: Table[3.1), appeared to be polyploid based on the genotyping results
of all the highly polymorphic microsatellite loci (data not shown). Population genetic
analyses of polyploids is notoriously difficult, not only because it is almost never possible
to establish the true genotypes, but also because few methods exist that allow co-analysis
of populations of different ploidy levels (Dufresne et al., 2014). For that reason, these three
putatively polyploid populations were dropped from the sample of Alyssum serpyllifolium

populations analysed.

While plant polyploidy in certain cases does seem to confer advantage in environments
with extreme ion imbalance (Madlung, 2013)) and can facilitate metal ion accumulation, as
in the case of root autopolyploidy in natural populations of Arabidopsis thaliana (Chao et al.,
2013)), polyploidy has so far not been associated with adaptation to serpentine environment
in species with multiple ploidy levels (Kolar et al., 2013), and this factor does not seem
to play a role in Alyssum serpyllifolium either, given that French polyploid populations

inhabit non-serpentine soils (Mengoni et al., 2003).

3.3.6 Source of adaptive variation

In order to test if the shared outlier candidate genes for adaptation to nickel hyper-
accumulation and serpentine environment tolerance were descended from the same

common ancestor, or rather arose independently by convergence as de novo mutations,
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Rubia

Morata

— Carratraca

—— Samil

Clypeola

9.0E-4

Figure 3.9: Clypeola-rooted *BEAST maximum clade credibility tree based on 11 Alyssum
serpyllifolium outlier genes involved in metal homeostasis. Posterior probabilities are given at
each branch. Serpentine populations are marked in blue and non-serpentine populations in red.

two additional multi-gene phylogenies were generated in *BEAST based on the RNA-
Seq data. Firstly, a phylogeny based on 11 candidate outlier genes involved in metal
homeostasis (ATX1, AKT1, CAX1, IREG1, FRD3, OPT3, KUP9, ZIF1, ZIFL1, NRAMP4,
CAT4) was reconstructed to test if this differed from the species tree based on neutral
markers and genes. A directly opposite outcome was found to the two subclades defined
by neutral genes: the two serpentine populations Carratraca-S and Samil-S were clustered
in one subclade and the two non-serpentine populations Morata-NS and Rubia-NS in
the other, with branch lengths significantly shorter in the serpentine subclade (Figure
3.9). This striking difference demonstrates that common genes putatively important for
hyperaccumulation or serpentine adaptation largely share closely related haplotypes, which
could have arisen either through intogression or through parallel selection from standing
genetic variation. An identical tree topology with the same branch support values (data not
shown) was obtained when analysing the sequences of 13 non-metal homeostasis-related

candidate genes for adaptation to serpentine/hyperaccumulation (CXXS1, AT1G47330 -
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a CBS-DUF21 gene, ATP-PRT1, SYTA, a SGNH hydrolase-type esterase, SCAR2, MLO12,
PGPs, PLC2, MRP3, HDA3, PHT3, ICU2).

3.3.7 Sanger-based resequencing of candidate loci

Identifying a set of candidate outlier loci under selection using a limited sampling of
individuals and populations is only the first step towards confirming their importance.
The next step is to extend the sampling in a larger survey of polymorphism in the loci to
establish patterns of haplotype variation encountered in populations from across replicate
environments (De Wit ef al.,|2015). In the current study, four candidate genes - ATP-PRT1,
CATj4, IREG1 and NRAMP4 were tested, out of which two - IREG1 and NRAMP4 - were
finally selected due to reproducible sequencing results obtained across different Alyssum

serpyllifolium populations.

Putatively neutral loci for comparison were selected based on three factors: their absence
as putative targets of selection in the results of all tests applied in Chapter 2, their function,
and levels of nucleotide diversity (7r) and divergence (D) in line with that of candidate
loci. Amplification of three loci was tested, namely ASIL1, ATS9 and ERH3. Out of the three
tested neutral genes, ASIL1 was selected because of a higher rate of successful amplification

and sequencing than ERH3 and higher sequence diversity than found in ATSo.

Primers were designed to amplify IREG1 and NRAMP4 gene fragments containing the
highest possible number of outlier SNPs. All of 10 NRAMP4 outlier SNPs were genotyped in
this way, and in IREGT1 just one Carratraca-S outlier SNP was missing (which was over 1 kbp
further downstream from the preceding outlier SNP). For both genes, amplification primers
were also used as sequencing primers (Table[3.7), but in the neutral gene ASIL1 a different
reverse primer was used for amplification (ASIL1_R1) and sequencing (ASIL1_INTF1) due

to noisy results from sequencing using the default amplification primer.

Sequenced regions in both IREG1 and NRAMP4 were found to contain putative introns:
82 bp long in IREG1 and 145 bp long in NRAMP4 (Table 3.8), which were eliminated from
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the analyses described below, unless otherwise stated. The NRAMP4 gene fragment was
sequenced from both ends, resulting in coverage of positions 218-640 and 896-1507 in the
original contig (Table[3.7)), as a microsatellite present in the non-covered region resulted
in sequence phase changes. However, cloning was not pursued to resolve the problem, as

the missing region does not contain any outlier SNPs.

IREG1 sequencing did not proceed according to expectations, despite designing the
primers specifically according to the conserved contig sequence, which was based on
abundant sequencing reads and in full structural homology to the reference IREG1 gene
from Arabidopsis thaliana. Despite these precautions and PCR amplification resulting in
a clean single product in each individual, the sequenced fragment was missing a region
approximating to the full first exon, which is conserved across the Brassicaceae, moreover
a premature stop codon was found in the 5’ region. This suggests that a non-functional
pseudogene copy of the original IREG1 was unexpectedly Sanger-sequenced. Nevertheless,
the results of IREG1 sequencing are reported here anyway, as the gene copy sequenced
does not appear degraded beyond what was mentioned, and it can offer insight into the

evolution of the original IREG1.
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Table 3.8: Comparison of sequence diversity statistics across the three loci (ASIL1, IREG1, NRAMP4)
resequenced in the eight Alyssum serpyllifolium populations, calculated over nonsynonymous (NS)

or synonymous (S) sites.

ASIL1 IREG1 NRAMP4
coding sequence length 735 586 888
intron sequence length N/A 82 145
number of segregating sites 30 24 33
number of segregating sites (NS) 17 11 1
number of segregating sites (S) 13 10 14
number of singletons 2 6 3
haplotype (gene diversity) + SD 0.965 + 0.009 0.834 + 0.020 0.809 + 0.026
mns (%) 0.318 0.333 0.348
s (%) 1.232 1.174 1.341
nins | Ts 0.258 0.284 0.260

0w from S (per site) £ SD

0.00739 £ 0.00212

0.00629 * 0.00186

0.00532 + 0.00023
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Overall, similar sequence diversity levels were obtained for the two candidate genes and the
neutral gene (Table. Between 24, 30 and 33 segregating sites were found in IREG1, ASIL1
and NRAMP4, respectively, which were distributed among a high number of haplotypes,
resulting in very high haplotype diversity: 0.809 * 0.026 SD in NRAMP4, 0.834 + 0.020
SD in IREG1, and 0.965 + 0.009 SD in ASIL1. Highly similar synonymous (ASIL1 7g 1.232%,
IREG1 g 1.174%, NRAMP4 15 1.341%) and non-synonymous (ASIL1 s 0.318%, IREG1
TIns 0.333%, NRAMP4 mys 0.348%) nucleotide diversity levels were recorded in the three
genes, resulting in 7mys/mg ratios of 0.258-0.284. Thus, the neutral gene ASIL1 offers a good
comparison to the putatively selected genes. Interestingly, IREG1 does not show the relaxed
selective constraint expected in a pseudogene which should be evident in relatively higher
nns (Lynch & Force, |2000), so the sequenced gene may have undergone pseudogenisation

only recently.

Focusing on results from individual populations (Table : between 5 and 13 individuals
were sequenced for ASIL1, 10 to 12 individuals for IREG1, and 6 to 11 individuals for
NRAMP4, with the exception of Le6n-NS, for which only 2 individuals were successtully
sequenced. For this reason, the Le6n-NS population was removed from most of analyses
centering on NRAMP4. Gene diversity varied widely for each gene in the populations
sequenced, but with no clear pattern, and so did nucleotide diversity and 6, (Table[3.9).

However, genetic differentiation between populations as measured by Fsr (Table
and D, (Figure revealed striking disparities between serpentine and non-serpentine
populations in the two candidate genes, in contrast to the neutral gene. In NRAMP4,
two firmly supported sub-clades grouping serpentine and non-serpentine populations,
respectively, were reconstructed based on Nei’s (1983) D, (Figure , and were also
recovered in an equivalent analysis of IREG1 (data not shown). An absence of genetic
parallelism through independent selection from ancestral standing variation in individual
populations in the case of NRAMP4 is supported by the presence of two distinct serpentine
and non-serpentine intron haplotypes, which group into two sub-clades on the population
tree (data not shown). The tests for recent selection (Tajima’s D, Fu & Li’s D and F, Fu’s F,

Fay & Wu’s H) did not detect any departures from neutrality in any of the populations,
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Figure 3.10: Gene tree based on Nei’s (1983) D4 calculated for SNPs in the sequenced intronless
NRAMP4 gene fragment. Branch values represent percentage support over 1000 bootstrap replicates.
Serpentine populations are marked in blue and non-serpentine populations in red.

which taken together implies that the single origin and fixation of a putatively adaptive
haplotype through the action of divergent selection occurred relatively early in the history

of the species complex.

Conversely, no well supported population tree (all bootstrap support values < 0.55) could
be recovered based on ASIL1, with serpentine and non-serpentine populations intermixed
on the tree (data not shown), emphasizing the far from simple evolutionary history of
the species complex, which was also observed in the low power microsatellite analysis.

This is also reflected in pairwise Fsr values for ASIL1, which did not vary significantly

Table 3.11: AMOVA results for the three resequenced genes (ASIL1, IREG1, NRAMP4) across eight
populations of Alyssum serpyllifolium. Populations were split into two groups: serpentine and
non-serpentine and partitioning of genetic variation compared among different levels.

Percentage variation

Among groups Among populations Within

within groups populations
ASIL1 4.5 41.1 54.4
IREG1 64.5 16.8 18.7

NRAMP4 89.7 4.6 5.6
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when comparing populations from the two ecotypes (Table 3.10). Conversely, in NRAMP4
pairwise comparisons of the serpentine and non-serpentine populations result in Fsr
> 0.9, whereas for pairwise comparisons within serpentine populations, much lower
differentiation was found, with Fsr typically < o.125, with the exception of Barazon-S,
where NRAMP4 appears to have undergone additional longer sequence evolution than in
other serpentine populations (Figure[3.10). AMOVA results (Table[3.11) further underscore
the high degree of shared genetic variation in the candidate genes in populations of
the same ecotype. When populations are grouped into serpentine and non-serpentine
clusters, the overwhelming percentage (89.7% in NRAMP4 and 64.5% in IREG1) of genetic
variation is split between the two groups, while the rest is evenly distributed between
among populations within groups and within populations. Almost the exactly opposite
pattern is found for the neutral gene ASIL1, where no significant percentage of genetic
variation (only 4.5%) is explained by the serpentine versus non-serpentine grouping, and
the majority of variation is partitioned among populations within groups (41.1%) and within

populations (54.4%).

Detailed breakdown of the outlier SNPs confirmed the pattern observed through AMOVA
and population distance metrics (Table[3.12)). Out of 10 outlier SNPs in NRAMP4, 8 are
fixed for separate alleles in serpentine and non-serpentine populations as expected. Two
SNPs show slight deviation: at one SNP position, the serpentine allele is segregating in
Rubia-N§, and at the other SNP position, the serpentine allele is not fixed in Barazén-S,
but both of these SNPs are at silent positions and so are not the focal variants which were
initially under selection. Four out of the 8 SNPs showing serpentine versus non-serpentine
polarity encoded non-synonymous changes, and in all cases the serpentine alleles are
derived relative to non-accumulators Arabidopsis thaliana and Clypeola jonthlaspi, and so
could likely be of adaptive importance. In particular, Asp—Asn amino acid replacement
at position 1190 leads to a change from an amino acid with acidic to basic side-chain
properties in the serpentine populations, which could influence protein function. A more
complex picture emerges in the hypothesised IREG1 pseudogene, where 1 out of 6 SNP

positions is non-synonymous (position 509, Val-Ala) and a derived allele is fixed in
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Barazo6n-S and Carratraca-S, but is segregating in Samil-S and Sierra Bermeja-S, as in

the case of the other outlier SNPs in the (pseudo-)gene.

3.4 Key findings

= *BEAST multi-locus phylogenetic analysis of two serpentine and two non-serpentine
Alyssum serpyllifolium populations revealed a rapid pattern of descent among all
populations, tentatively dated at between 1.23-1.13 MYA (95% HPD), followed by genetic

drift in the two mixed serpentine-non-serpentine population subclades.

=> Application of various methods of phylogenetic inference (Neighbour-joining, Max-
imum Likelihood, NeighborNet, Treemix) on a selection of unlinked neutral SNPs
supported a confident conclusion of a lack of clear separation of populations into
serpentine versus non-serpentine subclades, indicating complex history of gene flow
between serpentine and non-serpentine populations, with northern population’s (Samil-

S, Rubia-NS) lineages splitting off first.

=> Species delimitation analysis of two serpentine and two non-serpentine populations
with three different coalescent-based methods (BP&P, BFD, STACEY) proved incon-
clusive, with two extreme models favoured: single species model (STACEY) and four
species model (BP&P, BFD). As the latter is an implausible model, supported neither
by morphology, physiology nor ecology, the taxonomic recommendation is to retain

all Alyssum serpyllifolium populations as a single species for now.

=> 272 individuals distributed among eight Iberian Alyssum serpyllifolium populations
were genotyped for eight putatively neutral EST-SSR markers developed from 3,942 di-

to hexa- nucleotide microsatellites discovered through RNA-Seq.

=> Results showed high levels of population differentiation, with overall high Fsr = 0.23 (
0.17 - 0.29 95% CI) indicating restricted modern gene flow. F;g values in the range of
0.07 - 0.35 indicate a moderate degree of inbreeding. Average within-population gene
diversity (Ho = 0.48) and heterozygote deficiency are typical of endemic species with

small population sizes.
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=> The power afforded by selected microsatellite loci was too low to establish the rela-
tionships between the serpentine and non-serpentine populations with any degree of
confidence but STRUCTURE analysis pointed to a complex interplay of both geography

and edaphic factor as likely drivers of genetic divergence.

= *BEAST multi-gene phylogenetic analyses of two subsets of shared candidate genes in
the two serpentine populations - involved in metal homeostasis and other processes
- arrived at a different outcome than that based on neutral genes, with serpentine
and non-serpentine populations separated into two distinct subclades. This shared
selected genetic variation arose once in Alyssum serpyllifolium and forms the basis
for the superior Ni hyperaccumulation phenotype and serpentine adaptation seen in

metallicolous populations.

=> That pattern was further confirmed in an extended sampling of four serpentine and
four non-serpentine populations sequenced for two select outlier genes involved in
metal transport: NRAMP4 and IREG1 (with the caveat that a pseudogenised copy
of this gene was likely sequenced). Phylogenetic analyses recovered one serpentine
and one non-serpentine subclade, and no well-supported topology was established
in the neutral gene tree. While the vast majority of genetic variation was accounted
for by the serpentine-non-serpentine division in the AMOVA analyses: NRAMP4
(90%) and IREG1 ( 65%), in the neutral gene it only accounted for 4.5%. A number of
non-synonymous derived alleles was found in the candidate serpentine genes, some of
which are proposed to have a functional effect on the protein due to altered amino-acid

physiochemical properties (Table 3.12).
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Chapter 4

Application of the Devised RNA-Seq
Pipeline in Caryophyllales

4.1 Introduction

Despite the diversity of ecological forms and importance of members of the Caryophyllales
for humans as crops (e.g. buckwheat, beet, spinach, quinoa, jojoba, rhubab, Amaranthus
spp.), the Caryophyllales has not substantially benefited from the on-going revolution in
genome and transcriptome sequencing brought about by NGS until very recently. Up until
now, only one high quality Caryophyllales genome - the sugar beet cultivar of Beta vulgaris
(Dohm et al., |2013) has been generated, and an early draft version of the Amaranthus
hypochondriacus genome was released last year (Sunil ef al., |2014). Only a handful of
Caryophyllales transcriptomes were also available until 2015 - buckwheat (Logacheva et al.,
2011), carnation (Tanase et al., 2012), spinach (Dohm et al.,2013)) and venus flytrap (Jensen
et al., |2015)). This all changed with a recent release of 27 genomes and 69 Caryophyllales
transcriptomes (Yang et al., 2015). However, the studies mentioned earlier concentrated
either on generating sequences useful for breeding efforts in agriculture (e.g. Dohm et al.,
2013) and horticulture (e.g. Tanase et al., 2012)) or focused on the problems of phylogenomic
nature (Brockington et al., |2015; Christin ef al., 2015;|Yang et al.,|2015), and never patterns

of gene expression differences of ecological-evolutionary importance.

The study’s first goal is to generate the first transcriptomes of four non-model plant

species in Caryophyllales. To achieve this, the custom-designed bioinformatic pipeline
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for transcriptome reconstruction and quantification developed in Chapter 2 for the plant
taxon Alysseae will be applied and modified for this new objective. Subsequently, the
first-ever comparison of closely related C, and C, Caryophyllales species will be attempted,
in order to identify gene-expression differences that could be associated with their key
traits and specific ecological adaptations. In the case of A. angustifolia and A. pungens,
the focus lies in a comparison of the C, (A. angustifolia) and C, (A. pungens) modes of
photosynthesis, whereas in the case of H. peploides and S. globosa the focus is adaptation
to high salinity and low temperature (H. peploides) compared with more mesophytic traits

(S. globosa).

Plant transcriptomes will be sampled at warm (25°C, 30°C) and colder (18°C) growth
temperatures, which will allow identification of species-constitutive gene expression differ-
ences found across all the differing temperatures, but also those specific to either cold or
warm temperature. Temperature-specific differences could illuminate our understanding
of greater flexibility in acclimation to temperature and high abiotic stress tolerance found
in A. angustifolia, which has resulted in its spread to colder, temperate regions and diverse
habitats as a highly invasive weed, unlike the less invasive A. pungens, which is restricted
to warmer regions. Specifically, temperature-induced gene expression changes in the C,

and C, core photosynthetic enzymes will be of interest.

Aims and objectives

=> Evaluation and application of a previously developed bioinformatics pipeline in
reconstructing the transcriptomes of unrelated non-model species harbouring
complex traits of ecological importance in an order where few genetic resources

were previously available.

= Genome-wide in silico discovery of SNP and SSR genetic markers to facilitate future
population genetics studies in Caryophyllales species of interest in weed science and

photosynthesis research.
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= Transcriptome-based comparison of gene expression plasticity in response to low
and high temperature in C, and C, species, with particular focus on the photosyn-

thesis machinery.

=> Variant-focused discovery of evidence for possible isoform switching in photosyn-

thesis genes in C, and C, species.

4.2 Materials and methods

4.2.1 Sample preparation

4.2.1.1 Plant material

Seeds of Alternanthera pungens and Alternanthera angustifolia were obtained from the
Royal Botanic Gardens, Kew (UK). Schiedea globosa was kindly provided as cuttings by
Dr Stephen G. Weller from greenhouse collections at the University of California, Irvine
(USA). Accessions of Honckenya peploides were collected by Dr Maxim Kapralov north
of the Arctic Circle near Tromse (Norway). The Alternanthera species were germinated
from seed at the beginning of the experiment, while S. globosa cuttings were rooted
and field-collected H. peploides plants were kept in a greenhouse before the start of the
experiment when they were transferred into three growth chambers. Growth chambers
conditions were the day temperature of 18°C, 25°C (just S. globosa and H. peploides) and
30°C, and night temperature of 15°C, 20°C and 25°C, respectively. The day length was
set to 16 hours. Plants were kept in the growth chambers for 4 months, after which leaf

samples were harvested from plants in full vigour.

4.2.1.2 RNA extraction and sequencing

Three biological replicates of Alternanthera philoxeroides and Alternanthera pungens leaves
were collected from separate plants grown at 18°C and 30°C. Two replicates were collected
from Honckenya peploides and Schiedea globosa leaves, each, from separate plants grown
at 18°C, 25°C and 30°C, each. In total, six RNA-Seq libraries were prepared for each
species and sequenced. RNA was extracted from mature leaves at the end of 4-month

acclimation period. Extraction was performed using the RNeasy Plant Mini Kit (QIAGEN)
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following the manufacturer’s protocol, and RNA was immediately snap frozen in liquid
nitrogen and shipped to the Wellcome Trust Centre for Human Genetics (Oxford, UK)

sequencing facility on dry ice.

4.2.2 Read quality control

All FASTQ files with sequencing reads output by the Illumina system were first examined
using Prinseq 0.20.3 (Schmieder & Edwards, 2011) and FastQC o.10.1

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to confirm the quality of
sequencing - i.e. consistently high-quality scores across the length of reads, low sequence
duplication and sequence over-representation levels. Since FastQC detected Illumina
adapters and PCR primers amongst over-represented sequences, all such contaminat-
ing sequences were then trimmed with Trimmomatic ver. 0.32 using the authors’ rec-
ommended settings (Bolger et al.} 2014), along with stretches of bases with low Phred
quality score (Q > 15 averaged over a 5-bp sliding window) at the ends of reads. Fqtrim
0.94 (https://ccb.jhu.edu/software/fqtrim/) was then used to remove A/T homopolymer
stretches (n > 5 bp) at the ends of reads, indicative of polyA tails; to select reads based
on size (n > 20 bp), and to filter out the reads with high N (undefined base) content (n
>=5%). Any possible eukaryotic or prokaryotic rRNA contamination was filtered with
SortMeRNA 1.8 (Kopylova et al., 2012) and finally the remaining reads were corrected

for sequencing errors with Musket 1.0.6 (Liu et al., |2012b)).

4.2.3 Assembly, annotation and mapping

Corrected reads were then assembled using Oases 0.2.8 (Schulz et al., 2012) with k-mer
sizes ranging from 21 to 81 (step size: 10) on two data sets for each species: a) reads from
all individuals in the species; b) reads from one individual grown at 18°C and one grown
at 30°C. The latter option was considered in order to obtain representative sequences
from genes expressed at different temperatures, but also to avoid assembly problems
associated with increased polymorphism introduced by adding more individuals (increased
redundancy and contig fragmentation, Ruttink et al.,|2013). Low k-mer sizes will result in

quick termination of de Bruijn graph assembly, as closely related genes will share some
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nodes, so higher k-mer values are generally preferred. However, the use of higher k-mer
values for genes expressed at a low level will result in too low k-mer coverage for proper
assembly, so a range of k-mer sizes for assembly construction is recommended (Gruenheit
et al., 2012).

Scaffolding was allowed with minimum support of eight bridging read pairs, and a
transcript had to be at least 300 bp long to be retained. Contigs within each assembly were
then merged with USEARCH 7.0 (Edgar, |2010) using the Greedy smallmem algorithm
and clustering percentage identity set at 95%, 98% or finally 99% with centroid output.
Subsequently, assemblies from different k-mer sizes in the range of 31 to 61 were merged

and re-clustered with USEARCH to arrive at the final assembly with reduced redundancy.

Assemblies were annotated against the 1.1 release of the Beta vulgaris ssp. vulgaris (sugar
beet) genome (Dohm et al., |2013), as it was the only high quality genome available in
the order Caryophyllales. Contigs were searched with the BLASTx algorithm (Altschul
et al.,1997) implemented in the BLAST 2.2.26+ suite against sugar beet protein-coding
sequences, and hits with minimum e-value of 1075 were accepted. Contigs not annotated
after this procedure were then searched with BLASTX, this time against the Arabidopsis
thaliana proteome (TAIR1o0 release, Lamesch et al., 2011) and lastly against the nr database
using Blast2GO 2.7.1 (Gotz et al., 2008) with default settings but minimum e-value of 1075.
In addition, prior to clustering, transcripts used for population genetics analysis were
filtered for those containing N (unknown) basepairs, premature stop codons within the
high-scoring segment pairs (HSPs) and frameshift mutations as evidenced by HSPs in
different frames. The selected contigs were reverse complemented to obtain plus-strand
sequence, if needed, and then annotated with putative 5* UTR, CDS and 3’ UTR regions
with a custom Perl script. If a start codon aligning with the 1 position of the reference
protein was not found in the alignment, any first methionine present upstream of the
aligned portion of the protein was treated as the start codon, or no 5* UTR was defined
in the transcript unless a start codon was found. Similarly, if no stop codon was present
downstream from the aligned portion of the gene, no 3’ UTR was defined and all the

nucleotides up to the 3’ end were treated as protein-coding.
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Final mapping was carried out with STAR 2.3.0 (Dobin et al., 2013) with maximum
alignment mismatch set at 10 and maximum number of alignments for a read set to
10 for differential expression analyses and set to 1 to eliminate multi-mapping reads for
population genetics analyses. Mappings were subsequently filtered in SAMtools 0.1.17

(Li et al., 2009a) to remove chimeric and discordant reads.

4.2.4 Differential expression analysis

Read abundance for each contig was estimated using eXpress ver. 4.0 (Roberts & Pachter,
2013)), as its use prevents the loss of information resulting from discarding multi-mapping
reads. Using the Expectation-Maximisation (EM) algorithm, eXpress re-assigns multi-
mapping reads to alternative contig locations with appropriate weight, given each contig’s
expression based on uniquely mapping reads and other parameters. Rounded effective
counts obtained from eXpress were used as input for differential expression analysis
conducted using two R packages: edgeR ver. 3.6 (Robinson et al., |2010) and DESeq2
ver. 1.4 (Love et al.l 2014)), the intersection of whose results was treated as the final list of
differentially expressed genes in the study. When conducting interspecific comparisons,
read counts were adjusted in linear proportion to the contig coverage of its sugar beet
or Arabidopsis homolog to correct for bias inherent when using two separate assemblies.
Genes in the data set were filtered to include only those showing expression higher than 1
count per million in at least three samples. Extremely lowly expressed genes are of little
biological interest and are unlikely to be found differentially expressed. but eliminating
them and thus reducing the number of tests made will increase the power of the remaining

statistical comparisons (Chen et al.l|2014b).

The Generalized Linear Model (GLM) design feature from the two packages was used to
fit a model including all the samples with specified factors (temperature, and species - only
in the interspecific comparisons) in order to establish better gene dispersion estimates
and facilitate multiple contrasts (Chen et al., 2014b). In DESeqz2, the function DESeq

was used to carry out the default statistical analysis on the filtered data set and contrasts
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of interest were investigated with the results function. In edgeR, library sizes were
first normalised with calcNormFactors function followed by dispersion estimation with
estimateGLMCommonDisp, estimateGLMTrendedDispand estimateGLMTagwiseDisp
before fitting gene-wise negative binomial GLMs with glmFit function using the cal-
culated dispersion values. Individual pairwise comparisons were then accessed using
makeContrasts and glmLRT functions. DESeq and edgeR utilise similar strategies to
detect differentially expressed (DE) genes, with no established clear superiority of either
method (Robles et al., 2012; Soneson & Delorenzi, 2013); however, edgeR can suffer from a
high false positive rate. To mitigate against this possibility, genes output as significantly
differentially expressed, were only retained if they remained so after applying the Benjamini-
Hochberg procedure to control for a false discovery rate (FDR) < o.01 in both packages.
P1otMDS and plotPCA functions in edgeR and DESeq2, respectively, as well as a core
R function (R Core Team, |2014) prcomp (input: log, trimmed-mean normalised read
counts), were finally used to obtain an overview of expression pattern similarity of all the

samples.

Enrichment of gene ontology (Ashburner et al., 2000) terms and metabolic pathways
amongst upregulated and downregulated genes in a given contrast was tested using the
GOSeq package ver. 1.18 (Young et al., 2010), which aims to correct for bias in enrichment
results related to over-representation of long genes amongst differentially expressed genes.
Here, the results were standardised by the use of the CDS length of the model species
homolog to be consistent and facilitate interspecific comparisons; otherwise default settings
were followed. Lastly, all the enrichment test results were adjusted for multiple comparisons

using Benjamini-Hochberg correction with an FDR cut-off of 0.05.

4.2.5 SNP calling and SSR identification

PCR and optical duplicates were marked in all the samples with the MarkDuplicates
module from Picard Tools ver. 1.114 (http://picard.sourceforge.net/) to exclude them from
further analysis. This step was required because increase in coverage of one allele due

to read duplication can result in miscalling heterozygotes as homozygotes and errors
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introduced in PCR duplicates can be treated as true variants by genotype callers (Andrews
& Luikart, [2014]).

To allow multi-sample SNP calling, all the individual BAM files were tagged with sample
and group names with bamaddrg (http://github.com/ekg/bamaddrg, default settings).
Then, SNP calling was carried out on all the samples in a given species simultaneously
using three different variant callers: freebayes ver. 0.9.14-2 (Garrison & Marth), 2012)
using default settings, GATK Unified Genotyper ver. 3.1-1 (DePristo et al., 2011, options
-stand_call_conf 5 -stand_emit_conf 5 to relax stringency of filtering of geno-
types to be output) and SAMtools. Variant calls from the three programs were then
integrated with BAYSIC (Cantarel et al., 2014) leading to retention of only calls made by at

least two of the variant callers.

Microsatellites in all the assemblies were identified using SciRoKo ver. 3.4 (Kofler et al.,
2007) using the perfect search algorithm and specifying minimum total allele length to
be 10 basepairs, combined with minimum repeat number of 10-5-5-4-4-3 (for mono- to

hexa- nucleotide motifs, respectively).

4.2.6 Differential allele expression in Rubisco small subunit and Ru-
bisco activase genes in response to temperature in Alternanthera

All the contigs with a best hit to either Rubisco small subunit (rbcS) or Rubisco activase
(rbca) genes in the B. vulgaris proteome were extracted from each species’ assembly used
for differential expression analysis. The contigs were blastxed against the A. thaliana and
B. vulgaris proteomes and the contigs with evidence of chimerism were eliminated. Both
Rubisco small subunit and Rubisco activase are highly conserved across the plant kingdom,
so any deviation from the transcript structure present in the model species was indicative of
errors in the assembly. Subsequently, one representative contig for each gene was selected
based on three criteria: highest similarity and coverage of the two model species’ homologs
as well as high mapping rate. Then, reads were mapped to modified assemblies, where all
the contigs with homology to rbcS and Rubisco activase were substituted for by the chosen

representative contig for each gene. Since nucleotide diversity was found to be 0.0735 for
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the 5 rbcS copies found in B. vulgaris genome, the number of maximum mismatches was
set at 20 for each read pair to allow for alignment from reads derived from all the copies
of the rbcS gene in the genome. Otherwise, the same procedure was followed as given
above for differential expression mapping. Finally, SNPs were called using GATK Unified
Genotyper and allele depths for the SNPs within rbcS or Rubisco activase coding regions
were found for all SNPs fixed for heterozygotes in all the samples from a given species. The
read counts for each allele were adjusted in linear proportion to the total mapped reads in
each sample using RPKM standardisation. This allowed a test of differential expression of
gene isoforms at 18°C and 30°C in the two species without establishing the exact number
and sequence of each gene isoform, which proved too challenging using de novo assembly
approach. The difference in expression between reference and alternative alleles at a given
position in response to temperature was tested with replicated G-test of independence

in R with the package Deducer (Fellows, |2012).

4.3 Results and discussion

4.3.1 Sequencing and read quality control

Table 4.1: Summary of RNA-Seq reads obtained in the Caryophyllales study

A. angustifolia A. pungens  H. peploides S. globosa

Number of samples grown at:

18°C 3 3 2 2
25°C o} o} 2 2
30°C 3 3 2 2
Raw read pairs (in millions) / sample 4.52-5.48 4.22-5.93 4.5-5.51 4.33-5.55
Mean read length after QC / sample 95.7-96.1 96.0-96.1 96.4-96.6 96.5-96.8
% retained reads / sample 78.9-89.5 78.1-86.6 80.3-86.3 75.2-78.2

RNA-Seq has become the default method for measuring gene expression differences

in the biological samples of interest. Here, the transcriptomes of four species in the order
Caryophyllales were sequenced: 3 independent leaf samples of the two Alternanthera
species - A. angustifolia, A. pungens grown at 18°C or 30°C; for H. peploides and S. globosa

two leaf samples of plants grown at those temperatures were sequenced, each, and in
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Figure 4.1: Mean dry weight of A. angustifolia (C;) and A. pungens (C,) plants grown for 4 months
at 18°C and 30°C. Error bars represent standard error based on 3 replicates.

addition two more leaf samples from plants grown at 25°C were sequenced. In the case
of Alternanthera, the principal focus here lies in differences exhibited in acclimation to
temperature in the two tropical species differing in their mode of photosynthesis: C,
(A. angustifolia) and C, (A. pungens). The C, species A. pungens shows significantly
poorer ability to acclimate to the lower temperature, and experiences a 71% reduction
in its mass when grown at 18°C, as compared to when grown at 30°C, while in the C,
species A. angustifolia the relative reduction amounts to only 15% in mass (Figure[4.1). The
comparison of H. peploides and S. globosa transcriptomes at different growth temperatures
promises to offer insight into expression changes required for acclimation to temperature
in plants naturally adapted to different climates and environmental conditions, namely:
coastal, tropical (S. globosa) and dunelike, subarctic (H. peploides). In the investigation
conducted, each sample consisting of leaves from a single individual was sequenced at
the depth of between 4.22 million and 5.93 million reads (Table . After quality control,
including removal of low-quality terminal basepairs, putative polyA-tails and extremely
short reads as well as reads with high N content, average read length centred on 95.7 -
96.8 bp (Table. Between 75.2% and 89.5% of reads were kept for final analysis, with

virtually all of the removed reads classified as rRNA contamination (data not shown).



Nevertheless, a high percentage of discarded reads is a common problem of RNA-Seq

studies, with typically 21% of reads found to be removed during QC step in a survey of

21 studies conducted by Dewoody et al.| (2013).

4.3.2 Assembly, mapping and transcriptome annotation
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Figure 4.2: Outline of the workflow used in the analysis of Caryophyllales RNA-Seq data

Two assemblies were prepared: one for differential gene expression analysis (ab-

breviated as expresssion assembly) and a separate one for population-genetic analysis
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(abbreviated as popgen assembly) (Figure[4.2)). This separation was made because it was
impossible to achieve a good balance between mapping rate and redundancy in S. globosa,
H. peploides and A. pungens due to high nucleotide diversity (data not shown). When
using a single k-mer assembly of 41 with and without a 99% clustering step carried out
by USEARCH, total mapping rate was higher at around 80% on average, but the multi-
mapping rate increased to around 40% on average (data not shown). When contigs were
clustered to remove redundancy at the identity of 95%, the multi-mapping rate dropped
to 10% but overall mapping rate decreased to 60% in the three species (data not shown).
Building on the strengths of the two redundancy removal approaches, two assemblies were
devised in the study. For differential gene expression analysis, highly redundant assembly
based on reads from 2 individuals grown at 18°C and 30°C, respectively, assembled using
k-mer = 41 and clustered at 99% identity was chosen (Figure[4.2). For population genetic
analysis, more stringent criteria for contig selection were used to decrease mis-assembly
and redundancy rate at the cost of lower mapping rate. Selected contigs from individual
k-mer assemblies based on more conservative k-mer values of 41, 51 and 61 were first

clustered at 95% identity, combined and re-clustered again at 95% (Figure[4.2). In the

Table 4.2: Assembly and mapping statistics for the Alternanthera transcriptomes in the study

A. angustifolia A. pungens
Expression  Popgen  Expression  Popgen
Number of contigs 19,306 15,921 26,726 17,460
Mean contig length 1,488 1,381 1,282 1,131
Median contig length 1,265 1,183 1,107 945
Nso 1,877 1,729 1,612 1,430

Unique mapping rate  61.2-63.4% 61.2-64.0%  37.1-39.7%  48.3-50.9%
Multi-mapping rate 23.8-24.6%  11.5-12.0% 39.0-42.6% 16.4-17.8%

expression assemblies, the number of contigs varied from 19,306 in A. angustifolia (15,921
popgen assembly) to 25,695 in S. globosa (18,144 popgen assembly), 26,726 in A. pungens
(17,460 popgen assembly) and 27, 962 in H. peploides (17,987 popgen assembly). Expression
assemblies had longer contig length than the corresponding popgen assemblies in all cases

(Tables[4.2}[4.3). Mean contig length ranged from 1,263 bp in H. peploides to 1,488 bp in
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Table 4.3: Assembly and mapping statistics for H. peploides and S. globosa transcriptomes in the
study

H. peploides S. globosa
Expression  Popgen  Expression  Popgen
Number of contigs 27,962 17,987 25,695 18,144
Mean contig length 1,263 1,093 1,353 1,196
Median contig length 1,066 896 1,151 1,001
Nso 1,612 1,397 1,716 1,527

Unique mapping rate  36.5-38.4%  45.0-46.7% 41.3-46.6%  45.0-49.0%
Multi-mapping rate 36.2-39.0% 14.0-15.6%  29.5-33.6%  14.3-15.1%

A. angustifolia in the expression assembly, while it ranged from 1,093 bp in H. peploides
to 1,381 bp in A. angustifolia in the popgen assembly. Analogous results were obtained for

median contig length and Nso statistic (Tables[4.2} [4.3).

In terms of mapping rate, A. angustifolia stood out from the three other species in terms
of its much higher unique mapping rate: 61.2%-64.0% reads mapped in both assemblies,
and lowest multi-mapping rate. This coincided with the smallest number of contigs and
the greatest length of all assemblies considered, showing that the lowest redundancy
was achieved in this species’ transcriptome. S. globosa was intermediate with 41.3-49%
unique mapping rate, followed by A. pungens (37.1-50.9% unique mapping rate) and H.
peploides (36.5-46.7% unique mapping rate) (Tables[4.2} [4.3). While multi-mapping rate
decreased significantly in the popgen assembly in all the species: e.g. from 23.8-24.6% to 11.5-
12.0% in A. angustifolia and from 39.0-42.6% down to 16.4-17.8% in A. pungens, this came
with a trade-off of reduced overall mapping rate, i.e. precision over sensitivity. In total, A.
angustifolia and A. pungens had the highest overall mapping rates in the expression assembly,
at 85.0-88.0% and 76.1-82.3%, respectively, followed by H. peploides and S. globosa at 72.7-
77.4% and 70.8-80.2%, respectively. The decline in mapping rate for popgen assemblies
relative to expression assemblies ranged from 12-12.3 pp in A. angustifolia, 11.4-14.6 pp in
A. angustifolia, 13.7-15.1 pp in H. peploides through to 11.1-15.9 pp in S. globosa. This is
suggestive of not only reduced redundancy, but also sensitivity in the popgen assemblies,

as non-redundant sequences were apparently also removed, resulting in reduced mapping
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rate.

Contigs in both types of assemblies were first annotated using the only currently available
high quality genome in the order Caryophyllales (sugar beet), to which all the species
in the study belong. The vast majority of contigs could be annotated in this way: in the
A. angustifolia expression assembly, 17,898 out of 19,306 (92.7%) of contigs had a sugar
beet homolog, followed by 123 annotated with an Arabidopsis thaliana homolog among
the remainder of unannotated contigs. In the A. pungens expression assembly, 25,193 out
of 26,726 (94.3%) contigs were annotated with a sugar beet homolog and 155 with an A.
thaliana homolog. In H. peploides, 25,690 out of 27,962 (91.9%) / 212 contigs, while in
S. globosa 23,677 out of 25,695 (92.1%) / 203 contigs were annotated with sugar beet / A.
thaliana homologs, respectively. An even higher fraction of contigs was annotated with
a sugar beet homolog in the popgen assemblies (data not shown). In total, a moderate
number of genes was annotated, most likely due to low sequencing depth (Tarazona et al.,
2011): 10,578 in A. angustifolia, 10,116 in A. pungens, 9,479 in H. peploides, 9,571 in S.
globosa. B. vulgaris is predicted to contain 27,421 protein-coding genes (Dohm et al., 2013),
so slightly more than one-third of B. vulgaris homologs were detected in all the expression

assemblies.

When comparing amino acid percentage identity relative to sugar beet proteins, it varied
from mean 74.5-74.% (£ 13.5% SD) in S. globosa and H. peploides, respectively, to 79.0- 79.5%
(% 12.4% SD) in A. pungens and A. angustifolia, respectively. It has been shown that protein
sequence similarity in the range of 40-60% allows for reliable functional annotation of the
homologs (Addou ef al.,|2009), so the annotation utilised in the study should be broadly
correct. The completeness of the reconstructed transcripts was measured in two ways: by
looking at the extent of coverage of reference protein homologs from B. vulgaris (Figure
and at distribution of lengths of 5" UTRs, CDS and 3’ UTRs in the four species in
comparison to B. vulgaris (Figure[4.3). Just as in terms of transcript length, A. angustifolia
assemblies proved to be the best with median coverage of B. vulgaris proteins at 90.4%

and 92.0% in popgen and expression assemblies, respectively (Figure[4.4). A. angustifolia
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Figure 4.3: Comparison of distribution of A) 5" UTR; B) 3’ UTR; C) CDS region length among
transcripts in A. angustifolia, A. pungens, H. peploides and S. globosa popgen assemblies and the
reference B. vulgaris transcriptome.
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Figure 4.4: Coverage of the contigs in different assemblies relative to the reference sugar beet root
proteins

was then followed by the sister species A. pungens at median 84.0% and 81.7% coverage, S.
globosa (79.7% and 80.5%) and H. peploides (78.5% and 76.1%). While the range of coverage
was similar across the four species” assemblies, A. angustifolia coverage distribution was
skewed towards contigs with better coverage, as can be seen by the shift of the first quartile
by between 11.3-24.0 pp relative to the rest of the transcriptomes. Reassuringly, the increase
in the contig sizes in the expression assemblies relative to the popgen assemblies in A.
pungens, H. peploides and S. globosa corresponded to the increase in the coverage of the
sugar beet reference proteins, which supports the correctness of the assembly process.
Next, the overall completeness of the transcripts was assessed by not only looking at the
coding region but also at the 5" and 3’ UTRs by comparing the length of each transcript
region in the generated assemblies relative to the B. vulgaris reference transcriptome, which
looked very similar to B. vulgaris for 5’ UTR and CDS regions, and less so for 3’ UTR. The

over-representation of longer sequences among the 3 UTR in the sequenced species could
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be explained by a combination of factors: 3" decay of sequenced transcripts and incorrect

annotation of contigs with premature stop codons (Figure [4.3).

4.3.3 Differential gene expression analysis

MDS (multi-dimensional scaling) function in the edgeR package as well as the PCA
(principal component analysis) function in DESeq2 and R-base were used to visualise
the relationships between the samples to check the reproducibility of biological replicates
(Figurel4.5). While the three replicates from the two temperatures, 18°C and 30°C, clustered
together according to the temperature along the first two principal components in A.
angustifolia and A. pungens, this was not the case for H. peploides and S. globosa. In the A.
angustifolia-A. pungens PCA plot (Figure|4.5|a), the first principal component explaining
the largest percentage of variance (82%) separates the samples according to the species
divide, while the second component (11.7% variance) results in separation of the samples
according to the temperature; they both combine to form four sample clusters on the
plot representing the four experimental groups, as expected. Intriguingly, the variance
attributed to the temperature can be seen to be much smaller in the C , species A. pungens
than in the C, species A. angustifolia, suggesting more plasticity in the transcriptomic
response to temperature in the latter. This is also evident in PCA plots when each species is
analysed independently: the second principal component separating the samples according
to the temperature explains 6.1% gene expression variance in A. angustifolia, while only
2.6% in A. pungens (data not shown). On the other hand, there is a clear lack of consistency
of gene expression profiles from plants grown at different temperatures in H. peploides and
S. globosa (Figure[4.5]4.5a). In Honckenya, only the two samples from plants grown at 25°C
appear to show consistent gene expression pattern and cluster together, while those grown
at 18°C and 30°C are intermixed. In Schiedea, while the two replicates from the 25°C and
30°C treatments are clearly delimited, the two 18°C replicates do not show a consistent
response. Due to limited replication (two replicates) per treatment in the H. peploides-S.
globosa comparison, it is impossible to establish which sample is more representative of
the population of plants grown at a given temperature. Therefore, differential expression

analysis including the affected samples will not be reliable and, unfortunately, had to be



228 4.3. Results and discussion

abandoned for this species pair.

In total, 10,578 and 10,116 genes were analysed in intraspecific comparisons within A.
angustifolia and A. pungens, respectively. For interspecific A. angustifolia-A. pungens
comparison, 8,576 genes with the same reference annotation were compared. Most
contrasts yielded thousands of differentially expressed genes and so in order to limit
the number of genes to those whose changes in gene expression are more likely to have
a meaningful biological effect, it was thought best to retain only those with minimum
2-fold change and false discovery significance threshold of 0.01. In agreement with smaller
differences in temperature response in A. pungens than in A. angustifolia seen in the PCA
plot, intraspecific comparisons of samples in each species between 18°C and 30°C revealed
only 9 downregulated genes at 30°C in A. pungens and 110 in A. angustifolia; none of them
matching (Figure[4.6|b). Similarly, there were about ten times more upregulated genes at
30°C in A. angustifolia than in A. pungens: 226 and 21, respectively; five genes were shared,
including two trypsin inhibitor genes (Figure |4.6/a). The apparent lack of plasticity in
acclimation of gene expression to temperature in A. pungens could manifest itself finally

in the 71% reduction in its biomass when grown at 18°C, as opposed to just 15% reduction

in A. angustifolia (Figure[4.1).

Comparison of the two species’ transcriptomes at each temperature, 18°C and 30°C,
revealed a number of genes showing the same trend in expression at both temperatures:
163 upregulated and 207 downregulated in A. pungens relative to A. angustifolia (Figure
[4.7). These genes are likely responsible for constitutive differences between the two species,
including that of different modes of photosynthesis, as can be seen in Tables |4.4/ and
which show the alterations in the expression of C, cycle genes. However, the same
order of magnitude of gene number shows upregulation or downregulation only at a
single experimental temperature, indicating their greater importance for plant acclimation.
Amongst genes upregulated in A. pungens in comparison to A. angustifolia, 144 were only

DE at 18°C and 219 at 30°C (Figure[4.7]4.7b); for downregulated genes the numbers were:
169 and 233, accordingly (Figure [4.7][4.72).
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Figure 4.6: Overlap of (a) upregulated and (b) downregulated genes in response to temperature in
the two Alternanthera species in this study.
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Figure 4.7: Overlap of (a) upregulated and (b) downregulated genes in A. pungens relative to A.
angustifolia at 18°C and 30°C
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4.3.4 Exploring functional categories of genes important for temper-
ature response in C, and C, photosynthesis

4.3.4.1 C, photosynthesis genes

C, plants express an additional suite of enzymes specific to the C, cycle, and a significantly
higher abundance of core enzymes of the NADP-ME subtype of C, photosynthesis was
expected to be found in A. pungens than in A. angustifolia regardless of the temperature.
Indeed, as Tables 4.4/ and |4.5| demonstrate, key C, enzymes: alanine aminotransferase,
aspartate aminotransferase, NADP-MDH, NADP-ME and PEPC displayed constitutively
higher expression (4.7-26.0 fold) in A. pungens at both temperatures, with no significant
change across the temperature treatments. Amongst other genes related to C, photo-
synthesis, very high expression of PYRUVATE, PHOSPHATE DIKINASE 2 (PPDK2) - 63
times higher in A. pungens than in A. angustifolia and the transporter TRIOSE PHOS-
PHATE/PHOSPHATE TRANSLOCATOR (PPT1) was found. It seems that A. pungens uses
only (or overwhelmingly) NADP-ME subtype C, photosynthesis, as NAD-ME expression
was low, and in fact was higher in A. angustifolia. Interestingly, DIT1 was upregulated
in A. pungens relative to A. angustifolia at 18°C but not at 30°C due to a sudden spike in
gene expression in A. angustifolia at 30°C (possibly due to DIT1’s role in the ‘'malate valve’),
which is still nevertheless consistent with its proposed role in C, photosynthesis transport
as a chloroplast OA A/malate shuttle in the mesophyll (Gowik et al., 2011; Kinoshita et al.,
2011), since the expression of the gene is moderately high and stable in the C, species.
Overall, expression of C, photosynthesis genes is in agreement with expectation in A.
pungens and A. angustifolia, which increases confidence in the expression results for other

genes, for which there is no such clear expectation.

4.3.4.2 Temperature acclimation in a C; plant

Intraspecific comparison in A. angustifolia and A. pungens across the two growth tempera-
tures revealed very limited remodelling of the transcriptome in the C, species A. pungens,
as opposed to A. angustifolia (Figure[4.6)). A number of gene categories were more highly
expressed in A. angustifolia at 30°C than at 18°C: genes involved in photosynthesis, heat

and oxidative stress and cell wall biosynthesis. In the first category, 2 ribulose-bisphosphate



234 4.3. Results and discussion

carboxylase small subunit genes and 3 Rubisco activase genes were significantly upregulated
at 30°C, which can probably be explained by increased Rubisco catalytic rate and thus

turnover, as well as decreased Rubisco activase activity at higher temperatures.

Similarly, a number of genes typically upregulated under the condition of heat stress
were found to be more highly expressed at 30°C than at 18°C in A. angustifolia but not
in A. pungens: 5 heat shock protein binding genes (including 4 heat shock 40 proteins), 5
genes involved in response to heat - MULTIPROTEIN BRIDGING FACTOR 1C (MBF1C),
ANNEXIN 4, HEAT SHOCK FACTOR 4 (HSF 4). In addition to 4 HSP40 chaperones
guiding protein folding and refolding important for mitigating the effects of stress, such
as high temperatures which promote protein damage and denaturation (Sun et al.,|2002),
HSF4o0, a transcriptional co-activator which belongs to the family of 20 genes binding
to heat stress elements in the promoters of heat shock proteins, was found. HSF4o itself
contributes to the development of acquired thermotolerance in the face of prolonged heat
stress, but is also a positive regulator in the systemic acquired resistance defence response
pathway (Ikeda et al., 2011; Pick et al., 2012)). MBF1C acts as a transcriptional co-activator
in the ethylene-response signal transduction pathway, which promotes tolerance to heat
and osmotic stress (Suzuki et al., 2005). Lastly, ANNEXIN4 belongs to a class of calcium-
and lipid- binding proteins, and along with ANNEXINT, it has been shown to be a part of
osmotic stress signalling pathway and act in a photoperiod-specific manner (Huh et al.,

2010)).

More broadly, oxidation-reduction process-related genes were overrepresented (18 genes)
among genes upregulated at 30°C compared to 18°C in A. angustifolia, including 6 cy-
tochrome P450 genes, ALKENAL/ONE OXIDOREDUCTASE (AOR), MYO-INOSITOL
OXYGENASE 4 (MIOX4), and a gene with L-ascorbate oxidase function. Cytochrome P450
proteins catalyse a diverse set of oxidative reactions in metabolism of plant compounds and
xenobiotics (Morant et al.,[2003), and their expression is highly responsive to abiotic stresses
(Narusaka et al., 2004), which may be one reason for their high expression at 30°C. AOR is

a chloroplast-localised enzyme, which catalyzes the reduction of «,3-unsaturated bond in
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reactive carbonyls in the chloroplast stroma, such as formed during lipid peroxidation. It
is essential for countering oxidative stress in the chloroplast and preventing photosystem
I inhibition (Yamauchi et al, 2012)). MIOX4 is an enzyme involved in an alternative L-
ascorbic acid biosynthesis pathway in plants (Lorence ef al., 2004; Valpuesta & Botella,
2004)). L-ascorbate oxidases oxidize ascorbic acid to monodehydroascorbate, which in
turn is unstable and quickly disproportionates into dehydroascorbate, and again ascorbic
acid (Pignocchi et al.,|2003)). Ascorbate is one of the most important antioxidants, vital for
defence against oxidative stress due to its role in the glutathione-ascorbate cycle, and it is
therefore intriguing to see both catabolic and anabolic ascorbate pathway genes upregulated

at elevated temperature.

Two additional functional groups stood out: 9 genes involved in carbohydrate metabolism
and 12 transmembrane transporters. One of the genes in the first category is XYLOGLU-
CAN ENDOTRANSGLUCOSYLASE/HYDROLASE 23 (XTH-23), which belongs to a group
of cell-wall modifying enzymes whose activity is needed for cell expansion (Miedes et al.,
2013). Another gene related to cell wall homeostasis was a caffeic acid 3-O-methyltransferase,
which catalyzes methylation reactions of lignin precursors (Ma & Xu, 2008])). Focusing on
the transporters upregulated at 30°C in A. angustifolia, 2 sulfate transporters, 3 oligopeptide
transporters and the aquaporin PLASMA MEMBRANE INTRINSIC PROTEIN 2;1 (PIP2;1)
were the subgroups discovered. Aquaporins form integral membrane water channels and
PIP2;1 expression is essential for increased guard cell permeability to water required by
ABA-mediated stomatal closure triggered by heat and drought (Garcia-Mata & Lamattina,

2001; |Grondin et al., 2015).
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4.3.4.3 Interspecific differences between C, and C, plants in gene expression: con-
stitutive and plastic
A number of gene ontology terms were significantly enriched amongst differentially
expressed genes when conducting cross-species comparison of transcriptomes of A. an-
gustifolia and A. pungens at either 18°C (Figure[4.8) or 30°C (Figure[4.9). In the following,
selected genes in the categories hypothesised to play a role in both constitutive (i.e. found
at both temperatures) interspecific differences and the plastic differences present just in
acclimation to either 18°C or 30°C between the C, and the C, species are described in
functional groupings. In all comparisons here after, gene expression level in A. pungens is
compared with that of A. angustifolia. In general, heat and oxidative stress response genes
as well as many genes involved in chloroplast biogenesis, function and turn-over were
downregulated in A. pungens relative to A. angustifolia. On the other hand, genes involved

in cell wall formation and modification were constitutively upregulated in the species.

Photosynthesis and chloroplast function Two genes known to participate in the photo-
system repair were downregulated: DEGRADATION OF PERIPLASMIC PROTEINS 8
(DEGS, both at 18°C and 30°C) and DEGRADATION OF PERIPLASMIC PROTEINS 5
(DEGs, only at 18°C). These two proteases form a hexamer in the thylakoid lumen and
cleave damaged protein D1 in the Photosystem II and thus are needed for the repair of
Photosystem II following the exposure to high light and photoinhibition (Sun et al., 2007).
Another two genes important for protection against photoinhibition were downregulated
at 18°C: chloroplastic CHLOROPHYLL A OXYGENASE (CAO) and PROTON GRADIENT
REGULATION 5 (PGRs). CHLOROPHYLL A OXYGENASE converts chlorophyllide a
to chlorophyllide b (Tanaka et al., 1998) which is required for formation of chlorophyll-
protein antenna complexes around Photosystem I and adaptation to different levels of light
intensity and resistance to photoinhibition. PGR5 is needed for electron transfer in one of
cyclic electron flow systems around Photosystem I and PSI protection from fluctuating light
(Suorsa et al., 2012). Finally, two photorespiration-related genes found to be downregulated

both at 18°C and 30°C were L-SERINE:GLYOXYLATE AMINOTRANSFERASE (SGAT),
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which encodes an enzyme functioning in photorespiratory nitrogen cycling through per-
forming transamination reactions (Kendziorek & Paszkowski, 2008) and AOR, mentioned
in the previous section. Two genes were downregulated just at 18°C: FERREDOXIN-
DEPENDENT GLUTAMATE SYNTHASE 1 (GLU1) and GLYCOLATE OXIDASE 1 (GOX1).
GLU1 has been found to be important for detoxification of excess ammonium produced
during photorespiration (Potel ef al., 2009; [Jamai ef al., 2009) and GOX1 is one of the
GOX enzymes participating in photorespiration that oxidizes 2-phosphoglycolate to
glyoxylate in the peroxisome, with concomitant production of hydrogen peroxide (Fah!
nenstich et al.,|2008; Rojas & Mysore, 2012). In contrast, two enzymes in the Calvin
cycle were downregulated at 30°C as expected due to more constant photosynthesis rate
in C, species: GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE B SUBUNIT
(GAPB) and PHOSPHORIBULOKINASE (PRK) (Marri et al., 2009)). Difterent subunits of
chloroplastic ATP synthase changed expression according to temperature: ATP SYNTHASE
DELTA CHAIN (ATPD) and ATP SYNTHASE CF1 BETA SUBUNIT were constitutively
upregulated, while ATP SYNTHASE SUBUNIT BETA (ATPB) was downregulated at 18°C.

Two genes involved in chlorophyll catabolism and more generally, leaf senescence, were
downregulated at 18°C: CHLOROPHYLLASE 2 (CLH2) and PHEOPHORBIDE A OXY-
GENASE (PAO). CLHz2 is thought to catalyze the initial step in chloroplast-localised
chlorophyll degradation pathway: hydrolysis of the ester bond to yield chlorophyllide and
phytol (Lin et al., 2014)), while PAO catalyzes one of the later steps in the degradation of
chlorophyll to an intermediate fluorescent chlorophyll catabolite (Sakuraba et al., 2012).
Lastly, two genes participating in chloroplast protein production were downregulated at
18°C and 30°C: CHLOROPLAST RNA BINDING (CRB), and a chloroplastic elongation
factor G gene. CRB along with its homolog hold roles in chloroplast rRNA metabolism
and transcription, including stabilisation of essential chloroplast rRNAs (Qi et al., |2012).
Another downregulated gene important for expression of chloroplast genes was a chloro-
plastic elongation factor G GTPase, which catalyzes translocation of mRNA and tRNA

during translation of chloroplast genes (Albrecht ef al., 2006).
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Response to oxidative stress A number of genes important for cellular redox homeostasis
were differentially expressed: 3 peroxidases were downregulated at 18°C, while 3 other
peroxidase genes were upregulated at 30°C. Peroxidases utilize either hydrogen peroxide
or molecular oxygen to oxidise a number of substrates and play a variety of roles during
plant development, including roles in cell wall modification (Yoshida et al., 2003)). Two
classes of genes with a variety of roles in catabolism and detoxification were downregulated
at 30°C: 5 cytochrome P450 genes and 4 glutathione transferase genes, 3 of which were
downregulated at 18°C. Genes with glutathione transferase function were significantly
more often downregulated than expected by chance at both 18°C and 30°C (Figure
and[4.9). Glutathione transferases are ubiquitous proteins whose glutathione-dependent
catalytic reactions are primary conjugation and detoxification of xenobiotics; glutathione
transferases are also associated with responses to a number of abiotic stresses that generate

redox imbalanace (Dixon ef al., 2010).

Proteins containing an iron-sulfur cluster were significantly overrepresented among genes
downregulated at 30°C: chloroplastic choline monooxygenase, GLUTAREDOXIN-Cg
(GRXC9), PGR5 and CAO. Three genes were also downregulated at 18°C (constitutively
downregulated): amongst them a ferredoxin protein and GLUTAREDOXIN 4 (GRX4).
Choline monooxygenases are a type of oxidoreductases which convert choline to betaine
aldehyde hydrate using ferredoxin as a reducing agent. Betaine aldehyde is an intermediate
in the biosynthesis of glycine betaine, an important plant osmoprotectant (Yamada et al.,
2015). On the other hand, chloroplastic BETAINE ALDEHYDE DEHYDROGENASE which
oxidises glycine betaine aldehyde into the osmoprotectant glycine betaine in the second
step of glycine betaine biosynthesis was upregulated at both temperatures. This gene
was shown to be upregulated during drought and salt stress in other plants. It is not
known if glycine betaine is produced by Alternanthera; however, the compound was in fact
discovered in sugar beet in the same order, so this is likely. In Arabidopsis, which does not
accumulate glycine betaine, BETAINE ALDEHYDE DEHYDROGENASE has been impli-
cated in stress tolerance as a detoxification enzyme controlling the level of aminoaldehydes

(Missihoun et al., |2011). Glutaredoxins are a type of disulfide oxidoreductases important for
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cellular protection against oxidative stress. GRXCo is a chloroplast-localised glutaredoxin
guarding against protein carbonylation within chloroplasts (Cheng et al., 2006)), while

GRX4 participates in salicylic acid/jasmonic acid cross-talk (Ndamukong et al., 2007).

Oxido-reductases A number of oxido-reductase genes were downregulated at both tem-
peratures - 23. However, one category of oxido-reductases was upregulated at 18°C - those
acting on the CH-OH group of donors and using NAD or NADP as acceptor, such as NADP-
dependent ISOCITRATE DEHYDROGENASE (ICDH), which catalyzes the production
of the respiratory intermediate 2-oxoglutarate (Boex-Fontvieille ef al., 2013)). Downregu-
lated oxidoreductases at 30°C included: 1-AMINOCYCLOPROPANE -1-CARBOXYLATE
OXIDASE 3 (ACO4), two omega-3 fatty acid desaturases (chloroplastic and endoplasmic
reticulum-located), FERREDOXIN-DEPENDENT GLUTAMATE SYNTHASE 1 (GLU1),
GLYCOLATE OXIDASE 1 (GOX1). ACO4 belongs to a group of oxidases catalysing the last
committed step in the ethylene biosynthesis pathway (Gomez-Lim ef al.,[1993)). Omega-3
fatty acid desaturases’ role is introduction of the third double bond in the synthesis of
16:3 and 18:3 fatty acids which could be of importance in adaptation to heat stress in A.
angustifolia. FERRITIN 3 (FER3) was found among upregulated oxido-reductases at 30°C -
unlike mammal ferritins, plant ferritins do not appear to constitute a major Fe sink but
are needed for protection against oxidative stress (Ravet et al., 2009a). SENESCENCE-
RELATED GENE 1 (SRG1), a member of the family and marker for senescence (Callard
et al.,[1996), as well as a protein with a putative monodehydroascorbate reductase function

in the glutathione-ascorbate cycle, were constitutively upregulated at both temperatures.

Cell wall formation Regarding cell wall biosynthesis genes, their upregulated expression
was predicted in the C, species, given they may be needed to produce the Krantz anatomy
through the structural reinforcement of bundle sheath cells. Indeed, genes labelled with
GO term cell wall organisation were enriched for among upregulated genes constitutively
at both temperatures (Figure[4.8|and[4.9). Among upregulated genes at both temperatures
was CELLULOSE SYNTHASE 8 (CESAS), whereas only at 18°C: CELLULOSE SYNTHASE
LIKE D3 (CSLD3), GLUCAN SYNTHASE LIKE 1 (GSL1) and GLUCAN SYNTHASE-LIKE
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5 (GSLs), and just at 30°C: an endo-1,4- glucanase. CESA8 is one of the three isozymes
together responsible for cellulose biosynthesis in cellulose synthase complex and thus re-
quired for secondary cell wall formation (Hill et al., 2014). On the other hand, CELLULOSE
SYNTHASE 3 (CESA3), which together with two other isozymes forms a complex for the
synthesis of cellulose in the primary cell wall (Gonneau ef al., 2014), was downregulated at
30°C. Interestingly, in cases of both primary and secondary cell wall cellulose synthase
complexes, the different enzyme subunits are found in 1:1:1 ratio, but no coordinated change
in their expression was observed here. Cellulose and xyloglucan components of the cell
wall contain f3-1,4-glycosidic bonds that can be cleaved by endo-1,4-f8 glucanases, which are
believed to play numerous roles in cell wall biosynthesis and modification (Glass et al., 2015)).
CSLD3 encodes a glycosyl transferase important for cellulose and xyloglucan organisation
in the root hair cell walls (Galway ef al., 2011). The two glucan synthase genes (GSL1,
GSLs) found participate in the synthesis of the (1,3)-f-glucan callose which is deposited
as cell wall thickenings to prevent fungal infection (Ellinger ef al., |2013,|2014). Among
constitutively downregulated genes associated with cell wall organisation were also two
xyloglucan-endotransglucosylase, the first of which is responsible for cell wall loosening for
leaf cell growth: XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 8 (XTHS)
and XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 23 (XTH23) (Miura

et al.,2010)). XTH-23 was also upregulated at 30°C relative to 18°C in A. angustifolia.

Wax provides a mechanical barrier important for drought, UV light and pathogen re-
sistance. Furthermore, cell walls of bundle sheath cells are impregnated with waxy suberin
or reinforced with lignin, which helps to establish a barrier against CO, diffusion out of
bundle sheath cells (Evert et al.,[1977;Wang et al.,|2014)). Contrary to the expectation of
high expression of wax biosynthesis genes, three genes involved in wax biosynthesis were
downregulated at 18°C: ECERIFERUM 3 (CER3), WAX INDUCER 1 (WIN1 (also downregu-
lated at 30°C), 3-KETOACYL-COA SYNTHASE (KCS1). CER3 is a transmembrane protein
which promotes biosynthesis of very-long-chain alkane components of the cuticular wax
(Mao et al., 2012), while KCS1 is a key enzyme in elongating fatty acids in wax biosynthesis

(Ghanevati & Jaworski, |2001). WIN1 is an ERF/AP2 transcription factor which promotes
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expression of cutin biosynthesis genes and wax accumulation (Oshima et al.; 2013)).

Transcription factors Whereas at 18°C there was an over-representation (Figures
and[4.9) of downregulated sequence-specific DNA binding transcription factors (15 genes),
at 30°C this category was among the top represented amongst upregulated genes (12 genes).
The more general category regulation of transcription, DNA-dependent, was also enriched
for among upregulated genes at 30°C with 29 genes, and although not significant, the
number of downregulated genes in this category was bigger than that of upregulated by a
third at 18°C. Constitutively upregulated or downregulated transcription factors could be
important for generating the differences in phenotypes between the two species, including

the mode of photosynthesis.

Five constitutively downregulated transcription factors were found. Among them, homeobox-
leucine zipper protein HAT2 is an auxin responsive factor which belongs to class II
homeodomain-leucine zipper (HD-ZIPII) transcription factor family, which is known to
participate in regulation of leaf morphogenesis, in particular shade avoidance response
(Ciarbelli et al.,|2008). Moreover, previously uncharacterised, constitutively downregulated
genes included GATAg, which along with the other members of the GATA family of
obscure transcriptional activators, may be involved in regulation of light-responsive genes
(Manfield et al., 2007): GATA6 and GATA24 were also found amongst transcription factors
downregulated only at 18°C, while GATA7 was upregulated at 30°C. Another family of
transcription factors was also heavily represented among differentially expressed genes:
WRKY 40 was constitutively downregulated, WRKY70 downregulated only at 18°C, while
WRKY7 and WRKY20 constitutively upregulated. Both WRKY 40 and WRKY?7 are negative
regulators of plant innate immune response (Kim ef al.,|2006); WRKY40 acts also as a
repressor of abiotic stress response, including expression of stress-responsive chloroplast
and mitochondrial genes, in particular in high-light-induced signalling (Xu et al., 2006;
Van Aken et al., 2013)). In contrast, WRKY7o is a positive regulator of the plant defence
response, which promotes ROS-induced plant cell death (Brosché ef al.,|2014)), but is also a

negative regulator of osmotic stress tolerance by repressing stomatal closure and also leaf
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senescence (Besseau et al.,|2012; Hu et al., 2012a; Li et al., 2013). Soybean WRKY20, on
the other hand, has been shown to be a positive regulator of stomatal closure and drought

tolerance, in addition to wax biosynthesis genes (Luo et al., 2013).

Two members of the ethylene response factor subfamily in the ERF/AP2 transcription
factor family were downregulated: previously uncharacterised ERF-1 as well as well-known
ETHYLENE RESPONSE FACTOR 72 (ERFy2), a transcriptional activator of oxidative,
osmotic and heat stress resistance in the ABA and ethylene signalling pathway (Papdi et al.,
2015). Among constitutively upregulated transcription factors, only 2 genes were found,
one of which is PATHOGENESIS RELATED HOMEODOMAIN PROTEIN A (PRHA).
PRHA is strongly auxin-induced homeobox gene associated with regions of developing

vasculature but unknown function (Plesch et al.,1997).

Most transcription factors were only upregulated at 30°C and included: HOMEOBOX
PROTEIN 22 (HB22), ARABIDOPSIS THALIANA HOMEOBOX 12 (ATHB-12). HB22 is a
zinc finger homeobox protein, which can bind to the phosphoenolpyruvate carboxylase
gene of Flaveria trinervia and has been hypothesised to regulate its mesophyll-specific
expression (Windhovel et al., 2001). ATHB-12 belongs to a homeodomain leucine zipper
class I of proteins, and is a positive regulator of leaf cell expansion and endoreduplication
during development as well as mediates negative feedback effect in drought-induced
ABA signalling (Valdés et al., |2012; [Hur et al., 2015). Interestingly, SCARECROW (SCR)
turned up among upregulated transcription factors at 18°C, while SHORT-ROOT (SHR)
was upregulated at 30°C. Both transcription factors are members of the GRAS family,
and required for maintaining the quiescent centre and radial patterning, with SCR acting
downstream of SHR (Helariutta et al., 2000; Sabatini et al., |2003; Koizumi & Gallagher,
2013)). Crucially here, these two transcription factors seem to be conserved regulators
for bundle sheath cell specification (Cui et al., 2014) and further than that, SCR has
been shown to be necessary for establishing correct Krantz anatomy in maize leaves
(Slewinski et al., |2012)). SCR has also turned up as a shared candidate regulator of C,

leaf development in Zea mays and Cleome gynandra (Aubry et al., |2014). However,
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none of the other transcription factors identified in the current study matched any on
the shortlist of 119 candidate transcription factors from Aubry et al. (2014). While two
transcription factor families repeatedly appeared in Aubry et al|(2014) and here (WRKY
and ARABIDOPSIS THALIANA HOMEOBOX), the lack of convergence in the two
studies might suggest recruitment of different transcription facto family members in
C, evolution in Caryophyllales, which would be surprising given that the Z. mays - C.

gynandra comparison is evolutionary very distant (monocot - eudicot).

Transporters Overall, genes involved in transmembrane transport were constitutively
downregulated at both temperatures but different subcategories were also upregulated,
such as carbohydrate transporters (Figures[4.8/and [4.9), e.g. constitutively upregulated
EARLY RESPONSE TO DEHYDRATION SIX-LIKE 1 (ESL1), TRIOSE-PHOSPHATE/PHOS-
PHATE TRANSLOCATOR (TPT), and uncharacterised transporters in the nucleobase-
ascorbate transporter group - NUCLEOBASE-ASCORBATE TRANSPORTER 7 (NAT7)
and NUCLEOBASE-ASCORBATE TRANSPORTER 11 (NAT11). ESL1 is a monosaccharide
transporter induced by osmotic stress and hypothesised to regulate osmotic pressure
(Yamada et al., 2010). TPT is a chloroplast envelope transporter that exports triose
phosphates from the Calvin cycle in the stroma to the cytosol for sucrose synthesis
(Schneider et al., 2002) and is also essential for acclimation to high light (Walters et al.,
2003; Schmitz et al., 2012, 2014)). This gene was expressed 8-9 fold more highly at both
temperatures in A. pungens (Tables[4.4/and [4.5)).

In contrast, aquaporin genes were downregulated at 30°C: a borate channel NOD26-
LIKE INTRINSIC PROTEIN 6;1 (NIP6;1, Tanaka et al., 2008), water channel PLASMA
MEMBRANE INTRINSIC PROTEIN 2;1 (PIP2;1) - already found among genes upregulated
at 30°C in A. angustifolia, and finally TONOPLAST INTEGRAL PROTEIN 2;1 (TIP2;1), a
vacuolar ammonium transporter (Loqué et al.,|2005), also downregulated at 18°C. Metal
transport genes were downregulated at 18°C: three ZIP transporters and the copper-
transporting ATPase RAS-RELATED NUCLEAR PROTEIN 1 (RAN1), which is essential
for ethylene signalling via the delivery of copper cofactors for ethylene receptors (Woeste

& Kieber, 2000} Binder et al.l 2010).
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4.3.5 Differential allele expression in Rubisco small subunit and Ru-
bisco activase genes across temperature in Alternanthera

Rubisco, the most abundant protein on Earth, which constitutes 25% and upwards of
leaf protein content, has a hexadecameric structure in all green plants. Rubisco is made
up of eight large subunits (RbcL) arranged as a tetramer of antiparallel dimers, capped
by four small subunits (RbcS) at the upper and four at the lower face (Andersson &
Backlund, |2008). While not contributing to the active site, small subunits are required
for structural support. Type I Rubisco found in green plants shows significant catalytic
differences across plant species, especially between C, and C, species, however catalytic
properties of only a handful of Rubiscos have been characterized. Therefore, the link
between expressed sequence and catalytic diversity, and influence of environmental factors,

such as temperature on the two has not been extensively studied (Whitney et al., 2011).

Before it can carry out any catalytic reactions, Rubisco needs to be activated by car-
bamylation of the active site pocket which allows RuBP to be positioned in place for
electrophilic attack by CO, (Andersson, 2008). In certain cases, because of formation of
pentulose bisphosphate by-products by Rubisco misfiring or erroneous docking of RuBP
before carbamylation reaction, Rubisco becomes inactive and needs to be remodelled
by a chaperone Rubisco activase to release inhibitory sugars in order to regain catalytic
activity (Mueller-Cajar et al., 2014; Hauser et al., |2015). Rubisco activase belongs to a
group of AAA+ ATPases, which form a hexameric helical arrangement with a central pore,
through which target proteins loop segments are pulled through and unfolded (Stotz et al.,
2011). According to the current model, Rubisco activase recognises Rubisco (residues
89-94 in spinach rbcL) using at least two regions of the protein: N-terminal domain and
alpha-helical subdomain (helix 9) in the C-terminal domain (Portis ef al., 2008; Stotz et al.,
2011). However, it has been proposed that due to the diameter size of the Rubisco activase
pore, it is highly unlikely that only a short six amino-acid peptide motif is engaged by
Rubisco (Mueller-Cajar ef al.,|2014).

Rubisco activase is a thermolabile enzyme, and as such, it has been linked to decreased

activation states of Rubisco at elevated temperatures in C, plants but there has been no
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confirmation of direct cause and effect (Salvucci & Crafts-Brandner, 2004bya; Cen & Sage,

2005; |Yamori et al.l 2006; Kurek et al., |2007;|[Yamori ef al., |2012).

The Arabidopsis and B. vulgaris genomes contain one Rubisco activase gene, which gives rise
to two different isoforms due to alternative splicing. Also, four Rubisco small subunit genes
have been identified in the Arabidopsis genome, and five in the sugar beet genome (Dohm
et al.,2013). Here, the hypothesis is that C; and C, plants will show differences in response to
temperature in terms of produced isoforms of Rubisco activase and Rubisco small subunit.
This hypothesis has been informed by two observations. Firstly, Rubisco enzyme kinetics
measurements showed that efficiency of carboxylation and specificity of carboxylation
over oxygenation vary significantly across the two tested temperatures in the C, species
(A. pungens), with more efficient and specific Rubisco activity at 30°C, and no significant
difference across the two temperatures in the C, species A. angustifolia. These differences
in Rubisco activity also correspond to significant differences in growth rates across the two
temperatures between the two Alternanthera species, with A. pungens showing significantly
better growth at 30°C and no significant effect of temperature on growth in A. angustifolia.
Secondly, some C, species, such as spinach (also Caryophyllales), wheat and cotton can
express an alternative Rubisco activase isoform at high temperatures, which apparently
confers thermostability to the Rubisco activation process (Crafts-Brandner ef al.,1997;|Law
& Crafts-Brandner, 2001; Law et al., |2001)). The hypothesis was tested by identifying SNPs
with alleles showing opposite pattern of expression at low and high temperature, e.g. higher
expression of a given allele at 18°C and lower at 30°C than that of the alternative allele,
as well as significantly varying across the two temperature conditions in absolute terms.
Such pattern suggests existence of separate enzyme isoforms underlying the differences in
expression of different alleles, which could not be resolved using our current methodology.
Then, SNPs showing replacement instead of just synonymous substitutions were of interest

as they can result in altered activity and interaction between the two proteins investigated.

For Rubisco activase, 81 and 75 SNPs were found which showed significant differential

expression between the two temperatures in the gene coding region in A. angustifolia and
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A. pungens, respectively. However, SNPs which showed opposite trends of expression at
the two experimental temperatures were a fraction of those: 21 SNPs in A. angustifolia with
9 of them classed as replacement substitutions (Figure[4.9), and 6 SNPs in A. pungens with
3 of them replacement substitutions (Figure . While the numbers of SNPs showing
differential expression of the two alleles in the coding region of Rubisco activase in A.
angustifolia and A. pungens are comparable, four times more SNPs matching the expected
pattern were identified in the C, species. For Rubisco small subunit itself, out of 45 SNPs
showing differential expression in the coding region, 17 SNPs showed the expected pattern
in A. angustifolia (9 of them replacement substitutions), while none did in A. pungens, out

of 19 SNPs showing differences in expression at the two temperatures (data not shown).

Only one SNP encoding amino acid replacement in rbcS was found in the separate gene
copies in A. thaliana and B. vulgaris, while the rest of SNPs were specific to each species in
the analyses undertaken, supporting their species-specific importance in the Alternanthera
lineage. On the other hand, most substitutions encoded amino acids with similar chemical
properties. In A. angustifolia only three (2 x Ala <> Ser, Gly <> Ser) and four (Asn < Val,
His <> Gln, Thr < Met, Asn < Ser) changes for amino acids with different side chain
types in rbcS and Rubisco activase were found, respectively. Nevertheless, in A. pungens,
all of the three replacement substitutions encoded amino acids with more pronounced
differences in chemical properties (Lys <> Pro, His <> Tyr, Asn <> Ser). The crystal structure
of Rubisco and Rubisco activase interacting in a complex has not been solved yet, so only
very simplistic predictions can be made regarding the functional importance of these
substitutions based on their exposure on protein surface, which in this case support, or
rather do not rule out the importance of the replacements listed above. Overall, the much
higher frequency of SNPs with expected pattern of expression in A. angustifolia Rubisco
activase, and their lack in A. pungens Rubisco small subunit agrees with the hypothesis that
this C, species expresses different isoforms of one or both of those genes which function
better at either low or high temperatures as part of the species’ temperature acclimation

response, guaranteeing stable photosynthesis rates. In contrast, in A. pungens, there is no
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such plasticity in isoform switching, and consequently the rate of photosynthesis declines

at the sub-optimal, low temperature.

4.3.6 Population genetics analyses

To facilitate future population genetics studies utilising molecular markers, SNPs and
microsatellites were identified in the popgen assembly in each species in the study. A
number of di- to hexa- nucleotide microsatellite loci were identified in the assemblies,
from 1,797 SSRs in H. peploides, through 1,974 SSRs in S. globosa, 2,746 in A. pungens and
3,622in A. angustifolia (Table[4.7). As expected, the top two microsatellite categories in each
species were tri-nucleotide and hexa-nucleotide repeats, as they are not purged quickly
by natural selection like the microsatellites, which can introduce frame-shift mutations

(Metzgar et al.,2000).

When it comes to SNP calling, again, there were significant differences between results
obtained from the A. angustifolia assembly and the remainder. While 77,906 SNPs were
found in A. angustifolia, 291,499 were found in A. pungens, 230,583 in S. globosa and 423,556
in H. peploides (Table([4.6]). One basic method of filtering ‘false positive’ SNPs, which are
a result of collapsing two homologous sequences into one contig, is to look for SNPs
heterozygous in each individual sequenced (termed fixed heterozygotes here), which is a
result strongly deviating from Hardy-Weinberg equilibrium. Such SNPs constitute less
than 10% in A. angustifolia, but as many as 49.5% in A. pungens, 25.4% in H. peploides,
45.6% in S. globosa (Table [4.6).

Taken together, the higher number of SNPs in A. pungens, H. peploides and S. globosa
could be the outcome of a number of evolutionary processes, including polyploidization
events. In fact, H. peploides and S. globosa have a high ploidy of # = 34 chromosomes, and
n = 22-23, respectively (Malling, 1957; Kapralov ef al.,|2009)), and divergence distribution
of sequenced paralogs in Schiedea along with the Schiedea- Honckenya divergence support
a single polyploidisation event prior to the Honckenya - Schiedea split (Kapralov et al.,

2009). Therefore, one needs to proceed with caution in any population genetic studies on
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these three species. Also, because of the inability to establish correct genotypes, no tests for
selection contrasting levels of intraspecific polymorphism with interspecific divergence,
such as the HKA and MK test, could be applied to the species pairs sequenced in the
study. Consequently, despite identification of 6,563 ortholog pairs using a reciprocal Blast
approach (Hirsh & Fraser, 2001) between A. angustifolia and A. pungens (average nucleotide
identity: 88.5%, SD + 3.9), and of 5,349 ortholog pairs between H. pungens and S. globosa

(average nucleotide identity: 92%, SD =+ 3.9), no population genetics tests were carried out.

4.4 Key findings

=> Re-use - with modification - of a custom bioinformatics pipeline allowed assembly,
annotation and quantification of four new transcriptomes of non-model species with
complex traits of ecological interest in the order Caryophyllales. On average, ~10,000
reference genes were annotated in each assembly, representing the most highly ex-
pressed fraction of each species’ transcriptome. Median coverage of the reference
proteins by reconstructed transcripts was >75% in each species, allowing reliable gene

identification and expression quantification.

=> Generation of an additional assembly for each species with low redundancy and mis-
assembly allowed identification of thousands of microsatellite and SNP markers but
also uncovered indirect evidence for polyploidy in all but one (A. angustifolia) species

in the study.

= Comparison of shoot transcriptomes of two Alternanthera species at two temperatures
(18°C and 30°C) revealed substantial changes in the C, species (A. angustifolia - 336
genes) but not in the C, species (A. pungens - 30 genes), which correlated with stable
plant performance and photosynthesis rate in A. angustifolia but poor acclimation to
the low temperature in A. pungens. Relative to the C, species, A. pungens showed consti-
tutive upregulation of C, photosynthesis genes as well as genes related to establishment
of the Kranz anatomy, and downregulation of genes related to photorespiration, as

expected. The temperature acclimation response in the C, species centred on changes
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related to heat tolerance and redox stress, and crucially: photosynthetic enzymes,

photosystem function and regulation of photoinhibition.

=> Indirect evidence for the role of isoform switching in temperature acclimation was
found in the C, species. Alternative isoforms of thermostable Rubisco activase and
Rubisco small subunit are likely expressed at the high temperature promoting Rubisco

activation and efficient photosynthesis.
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Figure 4.10: Allele-specific expression at SNPs in the Rubisco small subunit showing opposite
trends of differential expression at: (a) 18°C and (b) 30°C in A. angustifolia. Results from three
replicate plants are shown per site and sites are numbered in reference to A. thaliana Rubisco
small subunit coding region (AT5G38410). Amino acid changes (Ref — Alt) in non-synonymous
substitutions are marked below the chart. Reference (Ref) and alternative (Alt) allele states were
determined in reference to the assembly consensus sequence.
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Chapter 5

Conclusions and Future
Recommendations

5.1 Features of the A. serpyllifolium transcriptome assem-
bly

Faced with opportunity for colonisation of soils containing phytotoxic levels of heavy
metals, certain plant lineages have evolved not only tolerance but also an active ability
to take up and transport metals for accumulation in the shoot in the process of metal
hyperaccumulation. This intriguing plant trait invites questions regarding its genetic basis
and evolutionary routes taken to arrive at it. This study tackled aspects of both issues within
the Iberian Alyssum serpyllifolium species complex, which contains populations endemic
to serpentine soils with superior Ni hyperaccumulation ability, as well as Ni tolerant non-
serpentine populations, with so far unexplored phylogenetic relationships linking the
populations within the complex. The aim of this chiefly RNA-Seq-based work was to
evaluate genetic differences between serpentine and non-serpentine Alyssum serpyllifolium
populations as reflected in the degree of gene expression differences and sequence polymor-
phism. Also of interest was the nature of evolutionary forces acting on the candidate loci
for hyperaccumulation and serpentine adaptation combined with demographic history

of the serpentine and non-serpentine populations in the species complex.
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Twenty-one Alyssum serpyllifolium individuals distributed among 2 serpentine (Carratraca-
S, Samil-S) and 2 non-serpentine (Morata-Ns, Rubia-NS) populations were sequenced
using RNA-Seq at 40x average coverage, along with 6 additional individuals from the
outgroup Clypeola jonthlaspi. A hybrid assembly procedure combining a pre-mapping
step to the Arabidopsis thaliana transcriptome prior to de novo assembly of each locus
was employed. This resulted in 18,566 Alyssum contigs showing high coverage of the
coding regions of the corresponding Arabidopsis orthologs - mean 9o%. SNP calling
yielded 292,755 biallelic SNPs genotyped with high confidence in at least 85% of individuals

in each population.

5.2 Differential gene expression analysis in Alyssum

Differential gene expression analysis (FDR cut-off < 0.01) using RNA samples from both
the root and the shoot revealed small gene expression differences between serpentine
and non-serpentine populations of Alyssum serpyllifolium: 52 differentially expressed
genes (DEG), as opposed to 5,087 DEG in all Alyssum serpyllifolium versus Clypeola
jonthlaspi comparison. Greater variance in gene expression amongst the serpentine
and non-serpentine Alyssum populations was observed in the root than in the shoot,
as evidenced by the PCA analysis which suggests more flexibility in gene expression is

needed in Alyssum in the root when faced with difficult soil chemistries.

Out of the 10 genes upregulated in serpentine populations in the root, 6 were membrane-
targeted, chief amongst them 3 members of the yet uncharacterised Cystathionine-f-
synthase domain-containing family (CBS-DUF21) and 2 members of the Iron Regulated
(IREG) family: IREG1 and IREGz2, which show nickel and cobalt transport activity and
appear important for Ni hyperaccumulation across different plant families. Twenty-
eight genes upregulated in the shoot were enriched for metal transporters with another
appearance from IREGz2, but also the main soil iron importer IRT1. Population-specific
upregulated genes in the shoot included members of the ZRT, IRT-like Protein (ZIP)
family previously implicated in metal hyperaccumulation: ZIPg, ZIP11 and ZIP12. Genes

associated with histidine production (ATP-PRT1) and transport (CAT4) were also found
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amongst upregulated genes in the shoots of both serpentine populations, as histidine has
previously been shown to be an important nickel chelator in Alyssum, which facilitates
nickel loading into the xylem for transport to the shoot. Interestingly, despite different
individual genes in each enriched category, the same processes seemed to be downregulated
in both serpentine populations in the shoot, namely: response to stress, defence response
to bacteria and fungi, tryptophan/indokylamine catabolism, metal detoxification and

oxidation-reduction.

5.3 Genome-wide scans for selection in Alyssum

The search for outlier loci, containing SNPs showing the highest Fs; values, was conducted
between each serpentine population and the two non-serpentine populations. Both
serpentine populations contained a similar number of candidate outliers displaying total
polarisation in frequency between serpentine and non-serpentine alleles and derived
state relative to the outgroup: Carratraca-S 1170 SNPs (in 388 genes), while Samil-S 1127
SNPs (in 369 genes). The high proportion of derived serpentine alleles as compared with
just 15% amongst major alleles in the rest of the genome likely indicates strong action of
directional selection in the serpentine lineage. This conclusion is further supported by
a significantly higher number of non-synonymous substitutions amongst the serpentine
outlier loci (43-45%), than in the rest of the genome (36%) as well as significantly lower
nucleotide diversity of the serpentine outlier genes (mean 0.00342- 0.00430) compared

with non-outliers (mean 0.00621 - 0.0063).

Only close to 1 in 10 of the outlier SNPs (142 SNPs in 77 genes) in each population was
shared between the two serpentine populations. In both of them, 45% of outlier alleles were
only detected in one of the serpentine populations and so are absent/segregating at very
low frequencies below detection limit in the other serpentine population. This suggests
the existence of local selective pressures resulting in divergence (Kaeuffer ef al.,|2012) and
possibly functional redundancy or flexibility in generating the same phenotype. QTL
analyses conducted in other model hyperaccumulator and metallophyte species support

the existence of few loci of major effect (e.g. |Bratteler ef al., 2006b) so the non-shared
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outlier loci are possibly involved in adaptation to other differences between sites, such as
latitude, or have a tangential, non-essential role in adaptation to serpentine. Genetic crosses
allow explicit testing of associations between genotype and phenotype under controlled
environmental conditions (Stern, |2013). Such approaches were not undertaken before for
Alyssum because of the long time commitment (reproduction only in the second year)
and high cost required to maintain a lab population of different crosses. Given the right
resources, however, QTL analysis could be used in identification of broad genomic regions
harbouring the selected loci followed by time-consuming fine-mapping of specific genes
(Stern, 2013). This method has the benefit of genome-wide discovery of candidate loci
allowing estimation of their effect sizes (Conte et al., |2012)), unlike genome scans, which do
not provide quantitative information about the magnitude of the effect of a given candidate

locus.

Focusing on caveats of the analysis, a non-insignificant proportion of identified outliers
are expected to be false positives arising out of both the methodology and experimental
design used - here the very small number of replicates is crucial, as it can lead to distortion
away from the true allele frequency spectrum. When it comes to methodology biases,
the empirical approach for identifying outliers in genome scans can lead to both a high
rate of false negatives, particularly in the instance of genome-wide purifying selection,
standing genetic variation, previous population bottlenecks on one hand (Li ef al., |2012a)
and from false positives hitch-hiking to a causal allele on the other hand (Teshima et al.,
2006). Moreover, protein activity does not necessarily always correlate with steady-state
transcript levels due to e.g. differential mRNA stability as well as turn-over and translation
rates (Marguerat & Béhler, |2010; Wolf, |2013)), so in effect there is some potential for false

positives and negatives among differentially expressed genes, as well.

5.4 Key pathways and genes for serpentine adaptation in
Alyssum and beyond

In both serpentine populations, the outlier loci were enriched for similar functional cate-

gories as the differentially expressed genes: metal ion transport, iron deprivation response,
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defence responses, histidine biosynthesis and oligopeptide transport. For instance, the
second isoform of the ATP-PRT enzyme (ATP-PRT2) catalysing the first step of histidine
biosynthesis in addition to the gene catalysing the second and third steps (HISN2) were
found amongst outliers in Samil-S, with ATP-PRT1 expression also upregulated in both
serpentine populations. In addition, two histidine soil importers (AAPs5 and LHT1) showed
traces of positive selection in the serpentine lineage according to the McDonald-Kreitman
test. Next, shared candidate outlier loci important for metal homeostasis included two
members of the Major Facilitator Superfamily (MFS) - ZIF1 and ZIFL1, while two different
members of the Heavy Metal ATPase family (HMA4 and HMAG6) were targeted in each
population specifically. In the abiotic stress category, different components of the SOS salt
tolerance pathway and in the defense category, different genes involved in the synthesis of

aliphatic glucosinolates were found amongst outliers in the two serpentine populations.

In fact, genes in the same family (e.g. ZIP, MT, NAP) or even the same genes were
pinpointed as candidate genes based on the two complementary approaches. There was a
statistically significant increased representation of genes upregulated in serpentine popula-
tions amongst outlier loci (both population-specific and shared). Such loci are amongst the
strongest candidates for functional importance in adaptation to a serpentine environment
or hyperaccumulation and include CATy4, IREG1, CBS-DUF21 family members, ATP-PRT1,
HMAS.

On a broader scale, there was significant convergence in the functional classes and families
(e.g. IREG, NRAMP, HMA, ZIP, YSL) of identified genes potentially important for the
hyperaccumulator phenotype in Alyssum when compared with results from previous
studies on hyperaccumulators of other metals. Identification of many genes involved in
zinc and cadmium hyperaccumulation is not surprising given the promiscuity of certain
metal transporters and chelators towards metals with similar and even not-so-similar
chemical properties but could also indicate altered functionalities and changed metal
ion preference (Baxter & Dilkes, 2012)). Furthermore, a number of outlier candidate

genes appeared to show convergent evolution to the serpentine environment, as they had
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been previously identified in an analogous way in serpentine accessions of Arabidopsis
lyrata (Turner et al., 2010)). They include KUPg potassium transporter, CAX1 antiporter
important for growth under low Ca/Mg regimes encountered in the serpentine soils,
MGT magnesium transporter as well as MT1C metallothionein protein and TPCi vacuolar
channel in Carratraca-S, and NIPs transporter responsible for borate uptake from the soil
in Samil-S. Significant convergence in the genetic mechanism of metal hyperaccumulation
and serpentine endemism revealed is likely due to pleiotropic constrains surrounding the
mechanism for metal tolerance and high conservation of metal transporters. Simply put,

“specialized genes drive the evolution of specialized traits” (Martin et al., 2013)).

However, some gene families with proven important roles in other hyperaccumulators
were missing in the study - e.g. the MTP family of transporters, nicotianamine synthase
genes and genes involved in sulphate assimilation. Novel candidate genes not found before
included CAT4 - a member of the CAT family important for histidine transport and
4 out of the 7 CBS-DUF21 genes in the A. thaliana genome. CBS-domain containing
proteins have been shown to play a role in protection against heavy metal and osmotic

stress in plants (Singh ef al., 2012).

5.5 Proposed genetic model of serpentine adaptation in A.
serpyllifolium

Alyssum serpyllifolium is an Ni hyperaccumulator exclusively (De Varennes et al., 1996):
it cannot hyperaccumulate Cr, Cu, Pb, Zn, which suggests specific molecular adaptation
towards accumulation of Ni. Moreover, low bioavailability of chromium and cobalt,
despite their abundance in the serpentine habitat of A. serpyllifolium suggests that specific
adaptations targeted at countering their toxicity are not very likely. On the other hand,
tolerance to these metals is elevated in serpentine Alyssum serpyllifolium. Furthermore,
Alyssum serpyllifolium’s uptake of other metals (cobalt, manganese) present in its native
environment is an order of magnitude higher than of the other serpentinophytes in the wild
(Freitas et al., 2004)), which suggests partial presence of common mechanisms facilitating

uptake of these metals as well as nickel. Plant metal homeostasis network is a complex
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system with many in-built redundancies as studied by the field of metallomics (Mounicou
et al., 2009; Kramer, 2010), and revealed e.g. by promiscuity of many metal transporters
such as IRT1, NRAMP4, which are capable of transporting various metal cations. With
that in mind, genes potentially adaptive for nutrient challenges posed by serpentine soils
will be discussed focusing only on their chief known functions, with implicit possible

interactions in other related pathways and processes.

Integrating various strands of evidence from this study (differential gene expression
analysis, scans for selection) and the literature, one is able to roughly define a partial
common core of putative genes important for serpentine adaptation in A. serpyllifolium
(Figure[s.1). It is centred on two permanent fixtures of serpentine soils: large mobile Ni
fraction in the soil and low Ca:Mg ratio (Freitas ef al., 2004; Kidd & Monterroso, 2005;

Cabello-Conejo et al., 2014).

Low Ca:Mg ratios seen in the serpentine soil are reflected in plants: in serpentine Alyssum
serpyllifolium populations (Sierra Bermeja-S, Samil-S, Barazén-S), Ca:Mg ratio ranges
from 0.3 to 0.6 but increases to 2.6 in non-serpentine Alyssum (Becerra-Castro, 2012)). To
deal with magnesium excess and low calcium, A. serpyllifolium is hypothesised here to
rely on three genes with established roles in metal homeostasis under low Ca:Mg ratios -
CAX1 as well as CIPK3 and CIPKg kinases. CAX1 was found among shared Fsr outliers
in serpentine populations and is a tonoplast calcium antiporter with roles in supporting
tolerance of low Ca condition (Bradshaw, |2005; Baliardini et al., 2015). The two CIPK
genes were found to be under strong purifying selection in the serpentine populations
and participate in signalling pathway leading to storage of excess Mg in the vacuole (Tang

et al.,|2015)).

Moreover, a tonoplast Mg transporter MGT2 hypothesised to transport Mg into the vacuole
in the mesophyll for sequestration (Conn ef al.,|2011) was found among Fsr outliers in
Carratraca-S. Finally, a novel role in Mg homeostasis is proposed for the root-upregulated

CBS-DUPF21 proteins found in serpentine populations as the CBS domain features in a
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number of bacterial and eukaryotic Mg transporters, and can act as a Mg sensor and affect

Mg transport rate (Hattori et al., 2007;|Gomez-Garcia ef al., 2012;|Hardy ef al, 2015)).

Moving onto adaptations allowing high nickel transfer and accumulation in serpentine
populations, the first proposed mechanism is the activation of iron deprivation response
across the plant, as evidenced by upregulation of iron transporter IRT1 in the shoot, IREG
family transporters in the root and signature of directional selection found in serpentine
populations in transporters involved in Fe homeostasis: OPT3, FRD3 and ZIF1. In direct
analogy with zinc deficiency response activated in zinc hyperaccumulators A. halleri and
N. caerulescens and driving increased zinc uptake into the root and the shoot (Hanikenne
et al.,2008; Gustin et al.,|2009)), iron deficiency response-activated genes are hypothesised
to facilitate Ni uptake and transport to the shoot. The main cause of iron deprivation
response seen in Alyssum plants is expected to stem from nickel out-competing iron for
IRT1 binding sites due to its high bioavailability in serpentine soils and conversely, poor
iron solubility at near neutral pH found in serpentine soils (Nishida et al., 2011; Becerra+
Castro, 2012). Then, iron deficiency would elicit upregulation of IREG transporters with
proposed roles in stimulating Ni hyperaccumulation: export of nickel from the root into
the xylem by IREG1 (Kirchner, 2009) and temporary buffering of excess Ni in the root
vacuole by IREG2 (Schaaf et al., 2006)). Under this scenario, remobilisation of Ni from the
root vacuole for xylem loading would be done by NRAMP4, as it is a tonoplast transporter
with wide metal transport abilities with confirmed role in Zn and Cd remobilisation in
A. thaliana (Thomine et al., 2000, |2003; |[Lanquar et al.l 2005, 2010} [Pottier ef al., 2015).
Particularly exciting in the context of this study, is the recent finding that NRAMP4’s
ability to transport different metals is strongly affected by point mutations in Arabidopsis
thaliana (Pottier et al., 2015), advancing the hypothesis of functional role of replacement
substitutions seen across all serpentine populations in A. serpyllifolium in tweaking the

transporter properties in favour of Ni transport.

Finally, further confirmation for the importance of histidine chelation-related mechanisms

in Ni transport, tolerance and hyperaccumulation was found in the study. Elevated
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expression of key histidine biosynthesis enzyme - ATP-PRT1 and signature of selection
seen in the gene across both serpentine populations as well as in HISN2 (another enzyme
in the histidine biosynthesis pathway) in Samil-S confirms results from Ingle et al. (2005a)
and is consistent with suggested histidine-dependent Ni xylem loading (Kramer ef al.,
1996; Kerkeb & Kramer, |2003). The identification of the CAT4 transporter as being highly
expressed in the shoot tissues of serpentine populations suggests that histidine transport
might be important in aspects of Ni hyperaccumulation other than xylem loading, such
as vacuolar sequestration in the shoot. Preliminary studies have shown that the Alyssum
CAT4 encodes a vacuolar histidine transporter, and is implicated in the sequestration of

nickel into the vacuole (C.J. Snowden, S.T. Mugford & J.A.C Smith, unpublished).

In addition, the study found a highly significant over-representation of genes related
to defence response and oxidative stress, such as involved in respiratory burst, among
genes downregulated in the shoot across the serpentine populations and discovered as
putative targets of positive selection, with scant overlap among the actual genes targeted.
This could be explained by the proposed trade-off mechanism in the elemental defence
hypothesis of metal hyperaccumulation (Boyd & Martens, 1992; Kazakou et al., 2008),
where Ni accumulation adaptation affords protection from biotic stresses and ROS stress at
the same time allowing reduction in the expenditure for regular innate mechanisms of plant
defence. This would be one of the first times such a gene regulation effect has been shown
for metal hyperaccumulators (Farinati et al., 2009). Quite the contrary, in N. caerulescens,
increased shoot activation of salicylic acid synthesis and downstream synthesis/turnover
of the anti-oxidant glutathione contributes to Ni tolerance and accumulation (Freeman
et al., 2004, |2005; Freeman & Salt, 2007). However, this pathway is overall downregulated
in the shoot in serpentine A. serpyllifolium populations, with e.g. different Methyl Esterase
genes involved in long-range salicylic acid signalling downregulated in each serpentine
population and 15 genes responsive to salicylic acid downregulated in the Carratraca-S

shoot.

Apart from high nickel and low Ca:Mg ratios, serpentine soils exhibit typically other
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unfavourable traits towards plant growth. Low phosphorus and nitrogen content have
been measured in Samil-S (Kidd & Monterroso, |2005) and Barazon-S habitats (Alvarez:
Lopez et al., 2016). In agreement with that factor exerting selective pressure, two potassium
transporters (KUPg and KT1), one phosphate transporter (PHT1;3) and one gene in the
low Pi signalling relay (LPR1) were identified as shared targets of selection in both studied
serpentine populations. Possible influence of local adaptation was reflected in the presence
of population-specific outlier genes: a regulator of phosphate transport (PHO2), a DGDG
biosynthesis gene expressed under low Pi (MGD2), a negative regulator of phosphate
deficiency response (WOL) in Carratraca-S along with a potassium transporter (KUP7)

and a negative regulator of the KT1 potassium transporter (CBL10) in Samil-S.

Interestingly, a number of outlier loci in Samil-S were associated with regulating the
uptake of other metals: boron (BOR1, NIP5;1), manganese (ECA3) and sodium (SOSz,
NHX4, SIK). In certain serpentinophytes, the concentrations of these metals was found to
have an inverse relationship with the high plant magnesium concentration (Brooks & Yang,
1984)), however this antagonism in nutrient uptake should be also present in Carratraca-S,

where such hypothetical adaptation appears absent.

5.6 Nextsteps towards establishing functional importance
of candidate genes

While comparative transcriptomics and scans for selection provide circumstantial evidence
for potential adaptive value of a given gene, in vivo characterisation of gene function can
lend more direct support by revealing relevant phenotypes. In the future, in order to
establish the role of candidate genes identified in the study in metal homeostasis, a number
of steps could be taken. Establishing gene expression responsiveness to metal concentration
using qQRT-PCR or Nothern blotting could be a first step. For instance, a number of zinc
transporters identified in Arabidopsis are zinc deficiency- or excess- inducible, among
them candidate genes identified in this study: ZIP9, ZIP12 (Jain et al., 2013) and ZIF1
(Haydon & Cobbett, 2007). Furthermore, impaired release of nickel and histidine from

the root into the xylem in A. lesbiacum on addition of a translation inhibitor (Kerkeb
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& Kramer, 2003) suggests a possible involvement of nickel-induced protein(s) in xylem

loading in Alyssum.

However, the majority of the known key hyperaccumulator genes were shown to be
constitutively expressed (Becher et al.,|2004; Freeman et al., 2004;|Weber ef al., 2004;|Ingle
et al., 2005a;Hammond et al., 2006), which is typical of endemic plants that complete their
entire life cycle on metalliferous soils or other habitats with a high level of a specific stressor
(see e.g. halophyte Thellungiella salsuginea -|Gong et al., 2005; Amtmann, 2009; Sun ef al.,
2010)). Therefore, lack of evidence for metal inducibility of a given gene’s expression
would not discount its role in metal homeostasis in hyperaccumulators. Next, responses
of Arabidopsis loss-of-function mutants, and equally overexpressor lines featuring the
Alyssum gene, to media with a range of metal concentrations would be characterised,
particularly those showing atypical concentrations in serpentine soils. Plant performance
and metal tolerance would be measured using such standard metrics as germination rate,
root growth, biomass and chlorophyll content, and metal accumulation in different organs
determined. Transport ability, selectivity and kinetics of predicted transporters could
be tested using yeast functional complementation assays. In addition, in cases such as
NRAMP4, where there is firm evidence of altered metal selectivity conferred by point
site mutations (Pottier et al., 2015), non-synonymous outlier alleles as discovered in the
serpentine populations could be introduced through site-directed mutagenesis. Lastly,
subcellular and tissue localisation would be investigated with transient expression of
fluorescent protein-tagged constructs in Arabidopsis protoplasts or tobacco mesophyll

cells, and with in situ hybridisation, GUS staining or immunostaining, respectively.

5.7 Potential role of CNV in serpentine adaptationin Alyssum

One unexplored factor in adaptation to hyperaccumulation and serpentine environments
in this work is the phenomenon of copy number variation (CNV), which has proven
of some importance in extremophytes (Wu et al., 2012; Oh et al.}|2014), including other

hyperaccumulators, in particular through increased expression or sub-functionalisation
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of transporters - likely because of their importance for adaptation to atypical ionic en-
vironments. In the current study, steps were taken to eliminate polymorphisms with
frequencies deviating from the Hardy-Weinberg equilibrium to ensure that the population
genetics results reported pertain to a single locus at a time and not an amalgamation of a
number of copies. However, gene expression changes detected could certainly be due to
differences in the total expression of a number of unknown paralogs. There is considerable
evidence for the importance of gene duplication in establishing the hyperaccumulator and
metal tolerant phenotype, so far through promoting increased expression - triplication of
HMA4 in A. halleri (Hanikenne et al., 2008]), duplication-to-quadruplication of HMA4
and pentaplication of HMA3 in N. caerulescens (O Lochlainn et al., 20115 Ueno et al., 2011
Craciun ef al., 2012) and copy number variation in ZIP3, ZIP6, ZIP9 and MTP1 in A. halleri

(Talke et al., |2006)).

Unbiased detection of CNVs would certainly be facilitated by the generation of an entire
genome sequence in the future, whereas now targeted effort utilising molecular biology
methods is required. Generation of a genome sequence of Alyssum serpyllifolium would
allow application of linkage disequilibrium-based methods for detection of recent soft
and hard selective sweeps, adaptations in regulatory regions and studying the physical
architecture of the complex trait, such as role of inversions, CNV and distribution of
selected genes in different chromosomal regions. For example, the genome of Noccaea
caerulescens has been shown to contain a number of inversions grouping Zn and Fe
homeostasis genes in a single chromosomal region that is absent in closely related species
(Mandakova et al., 2015). Moreover, provision of a good genome assembly would facilitate
studies of the processes surrounding divergence between serpentine and non-serpentine
populations. It would allow identification of genomic regions resistant to gene flow between

them, and quantifying their size, number and distribution (Roda et al., |2013).
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5.8 Phylogenetic and demographic history of A. serpylli-
folium

In future studies, more balanced selection of populations should be pursued, and non-
serpentine populations within consistent distances from each of the three serpentine
clusters of populations collected. For now, neutral gene flow between Alyssum serpyllifolium
populations was assessed using a small set of neutral EST-SSR and SNP markers. Microsatel-
lite analysis using an extended sampling of 8 populations and ~ 30 individuals/population
genotyped for 8 neutral EST-SSR loci showed no trace of clear isolation-by-distance, or
isolation-by-adaptation pattern based on pairwise Fsr and Neis D4 (Nei ef al., 1983) and
multifactorial analysis. However, a top solution in STRUCTURE analysis recovered 4
clusters of populations which group together parapatric populations on the same substrate.
STRUCTURE results from genome-wide sampling of SNPs sourced through RNA-Seq
indicated clustering by distance when different K values are considered. Also, expression
profiles of serpentine and non-serpentine populations did not group by the hyperaccumu-
lation ability but rather by distance, with the exception of the most variable genes in the
root and shoot. Genome-wide, the largest pairwise absolute divergence D, (Nei, 1987)
and Fsy (Weir & Cockerham, 1983) on average was found between the two serpentine
populations, and was significantly higher than when comparing serpentine with non-
serpentine populations. Neighbour-joining trees, Treemix ancestry graphs and RaxML
ML trees all show one of the Alyssum serpyllifolium serpentine populations to be basal in
relation to one subclade containing serpentine and non-serpentine population and another
subclade containing parapatric non-serpentine population. Taken together, there is a lack
of clear separation into one serpentine and one non-serpentine clade, indicating a complex
history of past neutral gene flow between serpentine and non-serpentine populations.
More sophisticated scenarios than just bifurcating phylogenies could be explicitly tested
using various Markov chain Monte Carlo (MCMC) or Approximate Bayesian Computation
(ABC) coalescence-based methods and/or allele frequency spectrum-based demography
methods (Sousa & Hey, |2013) to establish migration rates, divergence times and ancestral
population sizes between populations within the complex, which was attempted here but

abandoned due to problems with run convergence.
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On the other hand, investigating the portion of the A. serpyllifolium genome putatively
adaptive for serpentine adaptation and Ni hyperaccumulation revealed substantial ge-
netic convergence between different metallicolous populations. The number of shared
outliers both at the gene and SNP level was significantly higher than expected by chance
in the serpentine populations. Phylogenetic analysis of shared outliers indicates that
these outlier loci arose as a result of a single sweep from de novo mutations or ancestral
standing variation as evidenced by clear separation between serpentine and non-serpentine
haplotypes, confirmed in a larger sample of eight populations for two select genes -
IREG1 and NRAMP4. Given that based on genome-wide neutral variation, the two
sequenced serpentine populations group by geography and not by ecotype, overall high
differentiation between all the Alyssum populations and their estimated ancient divergence
(ca. 1.2 MYA) in quick succession, it is quite likely that the common genetic source of
hyperaccumulation adaptation arose early in the history of the species and became quickly
fixed in serpentine populations which then carried on diverging due to local adaptation

and drift, but continued gene flow and introgression at later stages cannot be discounted.

5.9 Proposed model of evolution of edaphic adaptation in
A. serpyllifolium

Assembling all evidence gathered in the thesis together, a gradual model of complex trait
acquisition within the Alyssum serpyllifolium emerges involving three broad phases. This
study helped to pinpoint adaptive changes in the transcriptomes of serpentine Alyssum
populations which have occurred during the second (serpentine-wide) and third (local)
phases. The first phase involved species-wide evolutionary processes which gave rise to
constitutive basic Ni hyperaccumulation ability and tolerance across the non-serpentine
and serpentine populations. The genetic variation behind this could partially come from
pre-adaptation present also in other closely related Ni hyperaccumulators in Odontarrhena,
where at least 70% species are Ni hyperaccumulators (Brooks et al., 1979)). This sort of
clustering suggests presence of cryptic precursor traits (Marazzi et al., 2012)) or enabling

traits (Edwards & Donoghue, 2013), which could include better tolerance of challenges
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posed by serpentine soils, such as mineral imbalance (Brady et al., 2005)), water deficits
(Hughes et al., 2001) and facilitated by genetic architecture, anatomy and physiology of

the plant lineage.

This scenario is comparable with that hypothesised to have frequently taken place in
the evolution of the other complex trait of interest in this work. In C, photosynthesis
research, it has been now recognised that simple binary encoding of plants as carrying
either C, or C, photosynthesis is misguided in many cases of so-called C;-C, intermediates
with partial C, properties (Christin et al., 2010). For example, in the widely studied genus
Flaveria, some C,-C, intermediates give independently rise to fully C, species, whereas
others persist in various stages of intermediate state (McKown & Dengler, |2007) but none
seems to return to their ancestral C, state. Indeed, Christin et al|(2010) postulated that the
common ancestors at the bases of C,-rich clades contained partial C, characteristics, such
as leaf anatomy with suitable vein spacing, cell size or enzyme biochemical properties (Sage,
2001), which were seized upon and developed in C, lineages. Similarly, gradual acquisition
of metal hyperaccumulation trait from an ancestor with some pre-hyperaccumulation

genetic adaptation seems likely in Alyssum.

During the short second phase of selection which led to a split between serpentine and
non-serpentine populations, additional genetic components were selected for resulting
in core hyperaccumulator genes shared across all serpentine populations, such as IREG1
and NRAMP4, which allowed them to colonise the serpentine outcrops. Lastly, since
then there was a long period (third phase) of local adaptation, drift and limited migration.
Serpentine soils acting as island-like habitats can be expected to be a hotbed of local
adaptation due to pronounced environmental heterogeneity along with patchy distribution
and sharp boundaries which are expected to limit gene flow (Brady et al., 2005)). Similar to
N. caerulescens (Dubois et al.,|2003;|[Jiménez-Ambriz et al., 2007;|Gonneau et al., 2014),
the likely mixed mating system of A. serpyllifolium would serve as another barrier to
gene flow. Nevertheless, geographic structuring within the species complex is apparent

when sampling genome-wide neutral variation. This lack or small effect of ecotype on the
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structure of neutral genetic variation is relatively common in pseudometallophytes (Men+
goni et al.,|2000;|Deng et al., |2007; Bizoux et al.,[2008;|Stomka et al., |2011); geographical
grouping sometimes explains neutral genetic variation better than ecotype characteristics

(Baumbach & Hellwig, 2007; Pauwels et al., |2012).

Such observations are congruent with the ecological model of speciation (Feder et al., 2012,
2013)), and it appears that A. serpyllifolium populations are positioned on the ecological
speciation continuum spectrum. Gene flow from serpentine to non-serpentine populations
would then only get established for the neutral part of the genome, as the maladaptive
serpentine adaptation genes would be purged, resulting in the maintenance of two ecotypes
with distinct Ni hyperaccumulation abilities. In the case of parapatric metallicolous and
non-metallicolous populations and continued flow of migrants towards non-metallicolous
populations, this process might not operate efficiently enough resulting in non-serpentine
populations with cryptic intermediate Ni hyperaccumulation and tolernce phenotype. This
effect has been possibly documented in the Alhaurin-NS population which is parapatric
to Alyssum malacitanum populations: Sierra Bermeja-S and Carratraca-S (Figure
and shows significantly higher Ni hyperaccumulation ability and tolerance than other

non-serpentine populations of A. serpyllifolium when grown in the laboratory (Figure

The overarching model for metal hyperaccumulation and edaphic adaptation evolution in
A. serpyllifolium outlined above bears resemblance to the proposed scenario for evolution
of metal hyperaccumulation in A. halleri (Pauwels et al., 2005, 2008, |2012)). Sampling
of 65 metallicolous and non-metallicolous populations of Arabidopsis halleri across its
European range revealed no isolation-by-adaptation but isolation-by-distance, regardless
of the ecotype (Pauwels ef al., 2005, 2012)). This supports the hypothesis that founder events
for different metallicolous populations and evolution of enhanced metal tolerance and
hyperaccumulation were independent. However, estimates of co-incidence of AhHMA4
origin and duplication with A. halleri speciation 300 ooo year ago (Roux et al., 2011)
along with basal level of zinc tolerance and hyperaccumulation constitutive across the

entire species (Bert et al. 2000} |2002; Pauwels ef al.} 2006; Kashem et al., |2010)) suggest the
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presence of ancient common core of species-wide genetic adaptations for increased zinc
tolerance and accumulation shared across all the populations, such as that involving
HMAy4 - ie. the result of the first phase (species-wide) of metal hyperaccumulation
evolution. There is not much evidence for a second phase of adaptation involving all
metallicolous populations, but rather only local adaptation on colonisation of individual
regions or even just substrates (corresponding to the third phase described above). In short,
Pauwels et al.|(2012) speculate that adaptive genes in metallicolous populations do not share
common ancestry in distinct phylogeographic units in the species but suggest convergent
realisation of the same phenotype employing homologous and non-homologous genetic
pathways. Lastly, high variation in zinc tolerance within non-metallicolous populations and
individuals in A. halleri can then be explained by either local gene flow from metallicolous
to non-metallicolous populations, or ancestral standing genetic variation segregating
within the non-metallicolous populations which was seized upon as a basis for adaptation
in parapatric metallicolous populations, which could be the case given the relatively young

age of this species.

In fact, the timeline of events in the evolution of Alyssum serpyllifolium is expected to
be much longer as the serpentine outcrops in the Iberian Peninsula have represented a
stable and permanent fixture of the landscape for millennia rather than centuries as is
the case with man-made metallicolous sites inhabited by A. halleri. In agreement with
that, the current - admittedly, very uncertain estimates due to tertiary calibration and
low taxon sampling - put the origin of A. serpyllifolium at ca. 1.2 MYA and divergence
within the complex shortly there after, making serpentine populations of A. serpyllifolium
much older than that of A. halleri. A. halleri speciated 300,000 years ago with much
later emergence of metallicolous populations, possibly co-inciding with appearance of
human metal mining activity and accordingly its populations appear much less diverged

as judged by Fsr values (Fischer et al., 2013)).
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5.10 Features of the new Caryophyllales transcriptome as-
semblies

The first RNA-Seq study of four species in the order Caryophyllales was carried out with the
goal of measuring acclimation in gene expression in response to temperature in related C,
and C, species. Two species pairs from a range of environments were sequenced. The first
pair featured a C, species (Alternanthera pungens) and a weedy C, species (Alternanthera
angustifolia), while the second pair two C, species: warm-adapted tropical (Schiedea
globosa) and cold-adapted subarctic (Honckenya peploides). Plants in the experiment were
grown under different temperatures to compare and contrast the acclimation response
which is known to depend on native climate conditions and photosynthesis type (Berry
& Bjorkman, 1980)). Two temperatures were tested: 18°C and 30°C with three replicate
leaf samples sequenced per treatment in the Alternanthera comparison. In contrast, three
temperature conditions were used in the Schiedea-Honckenya comparison - 18°C, 25°C,
30°C with 2 replicate leaf samples sequenced per treatment. This proved to be a fatal flaw
in the experimental design as reproducibility was shown to be lacking across the replicate
samples in a PCA analysis, precluding differential gene expression analysis. While the
new S. globosa and H. peploides transcriptomes remain as the outcome of this study, their
quality metrics slightly below that of Alternanthera transcriptomes, these assemblies will

not be discussed below.

Small RNA-Seq libraries were generated (~ 5 mln reads) in the experiment. Following a
multi-step assembly procedure, 19,306 and 26,726 contigs were recovered in A. angustifolia
and A. pungens, respectively. The transcripts were annotated based on the only available
high quality genome in the Caryophyllales: sugar beet root, which had a significant hit
for the majority of contigs in each assembly (92.7% in A. angustifolia and 94.3% in A.
pungens). For the majority of transcripts in the assemblies, a considerable fraction of
the reference protein was reconstructed: median 92.0% in A. angustifolia and 81.7% in A.
pungens. Differential gene expression analysis was carried out comparing samples grown
at different temperature inside each species and at the same temperatures across the two

species (8,576 transcripts compared), and genes with a minimum 2-fold difference in
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expression were only considered.

In addition, separate assemblies with lower contig redundancy and mis-assembly rate,
achieved at a cost of significantly reducing mapping rate, were generated to facilitate
SNP and EST-SSR discovery in a more unbiased manner. In A. angustifolia, 3,622 di-
to hexa- nucleotide EST-SSRs were discovered, while 2,746 in A. pungens. SNP calling
revealed 77,906 SNPs in A. angustifolia and almost four times as many in A. pungens -
291,499. However, almost half of A. pungens SNPs appear to be false positives derived
from merging homologous sequences, which warrants caution in future analyses, and

may indicate recent polyploidization in the species.

5.11 Constitutive differences between transcriptomes of C,
and C, species

In the interspecific gene expression comparison, differentially expressed genes showing the
same trend in expression at both temperatures (163 upregulated and 207 downregulated
genes) likely represent genes mostly responsible for constitutive differences between the
species related to e.g. morphology, life history and, last but not least, C, photosynthesis.
Confirming correct quantification of gene expression in the cross-species comparison
undertaken here, the relative level of C, photosynthesis genes agreed with expectations.
It showed constitutively higher expression of C, photosynthesis (NADP-ME) subtype
genes, such as alanine aminotransferase, aspartate aminotransferase, NADP-MDH, NADP-
ME and PEPC in A. pungens relative to A. angustifolia. This result increased confidence
in other gene expression estimates in the study. Moreover, in line with elimination of
photorespiration in C, plants, genes involved in the process were downregulated in
A. pungens: SGAT, AOR, GLU1, GOX1. Interestingly, genes with functions in cell wall
formation and modification (such as CESA8, GSL1, GSLs) were constitutively upregulated
in the C, species, which may serve e.g. towards structural reinforcement of bundle sheath

cells in Kranz anatomy.
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5.12 Genetic basis for temperature acclimation ability in
C, and C, species

The majority of plants show some degree of alteration in their physiology in response
to temperature during the course of their life cycle (so-called temperature acclimation),
which is of particular importance for survival and reproduction in seasonal environments,
as plants are sessile organisms (Yamori et al., [2014). However, like other C, species, A.
pungens has a much smaller temperature range of optimum photosynthesis function and
shifted towards higher temperatures, than C, species which results in poorer acclimation
to sub-optimal low temperatures. When grown at 18°C compared to 30°C, the C, species
A. pungens showed significantly higher reduction in its biomass - 71%, than just 15%
reduction seen in A. angustifolia. The gene expression phenotype behind this phenomenon
was investigated in this study. Overall, the C, species displays much more plastic gene
expression response to temperature (336 genes DEG), while the C, species gene expression
profile remains fairly constant from 18°C to 30°C (30 DEG). In the interspecific comparison
between A. pungens and A. angustifolia at each temperature, the same order of magnitude
of genes were seen to be upregulated and downregulated exclusively at a single temperature
(between 144 and 233 genes). Some of these genes are likely behind the differences in

temperature acclimation response observed in the two species.

First and foremost, temperature acclimation is expected to affect the photosynthesis
apparatus, resulting in a shift in the optimal temperature for photosynthetic activity
and also more efficient photosynthesis (photon yield) at a given temperature. Processes
involved in photosynthetic acclimation include increase in the quantity of photosynthetic
enzymes at extreme temperatures to compensate for their decreased activity. In agreement
with this hypothesis, A. angustifolia showed higher expression of certain photosynthesis
genes at 30°C than at 18°C: 2 ribulose-bisphosphate carboxylase small subunit genes and 3
Rubisco activase genes. In addition, a number of genes directly involved in maintaining
photosystem function and preventing photoinhibition were upregulated in A. angustifolia

relative to A. pungens at 18°C: DEG5, DEG8, CAO, PGRs.
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Secondly, a certain class of accessory proteins — heat-shock proteins (HSPs)/chaperones
— is needed for heat tolerance, as these proteins increase cellular homeostasis through
stabilization of membranes and proteins, and by helping in protein folding and assembly
(Vierling, 1991; Yamori et al.,|2014)). Supporting that notion, 5 heat shock protein binding
genes (including 4 HSP40) and 5 genes involved in response to heat, including HEAT
SHOCK FACTOR 4, were upregulated in A. angustifolia at 30°C relative to 18°C. Moreover,
genes involved in combating redox stress were upregulated at 30°C in A. angustifolia relative
to 18°C, including two genes in the ascorbate pathway and AOR, a chloroplast enzyme
important for countering lipid peroxidation and preventing photosystem I inhibition
(Yamauchi et all|2012). On the other hand, in A. pungens, significant over-representation
of glutathione transferases was found among downregulated genes across the two temper-

atures.

Furthermore, alterations to membrane composition are highly important in acclimation
to more extreme temperatures, as appropriate membrane fluidity needs to be maintained
for the cell to carry out its normal functions, including photosynthesis. This is done
through changes to the ratio of unsaturated and saturated fatty acids in membranes, which
increases at low temperature and decreases at high temperature (Sung et al., 2003; Falcone
et al.,|2004)), and increased expression of a omega-3 fatty acid desaturase at 30°C in A.

angustifolia relative to A. pungens could be an example for this mechanism at play.

Interestingly, certain transcription factors tangentially involved in C, photosynthesis,
such as HB22, ATHB-12, were upregulated in A. pungens relative to A. angustifolia at 30°C
when plant growth is optimal and two transcription factors involved in, among other things,

bundle sheath cell specification (SCR, SHR) were upregulated at either 18° or 30°C, each.

5.13 Temperature-dependent isoform switching in C, and
C, photosynthesis

Evidence gathered in the study and previously prompted analysis of temperature-induced

differential expression within genes - alternative enzyme isoforms with better performance
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at low or high temperature. Detection of alternative enzyme isoforms was attempted
indirectly through differential expression of SNP alleles across two temperatures within
each species. Rubisco enzyme kinetics measurements indicate a drop in the efficiency and
specificity of function at 18°C compared to 30°C in the C, species A. pungens, and no influ-
ence of temperature in the C, species A. angustifolia (M.V. Kapralov, unpublished), which
corresponds to growth rate changes; different catalytic properties of Rubisco in C, and C,
species are commonly found. Rubisco activation state is dependent on chaperone Rubisco
activase, which remodels inhibited Rubisco to release it from inactive state (Mueller-Cajar
et al.,|2014; Hauser et al., |2015)). Rubisco activase is generally a thermolabile enzyme but
alternative, more thermostable Rubisco activase isoforms are expressed in some C, species,
such as spinach (also Caryophyllales) at high temperatures (Crafts-Brandner et al.,1997;
Law & Crafts-Brandner, 2001; Law et al., 2001). Consequently, it was hypothesised that
the C, species A. angustifolia is able to maintain constant Rubisco activation and kinetics
thanks to expression of alternative isoforms of Rubisco activase as well as its interacting
parter Rubisco small subunit. In Rubisco activase, 9 SNPs with replacement substitutions
in A. angustifolia and only 3 in A. pungens met the required pattern, while in Rubisco
small subunit gene, 9 SNPs with replacement substitutions in A. angustifolia and o in A.
pungens were found. The crystal structure of the Rubisco activase-rbS complex is not
available but the exposure of the amino acids does not rule out their functional role in
interaction between Rubisco small subunit and Rubisco activase. Therefore, the presence
of a number of SNPs supports the hypothesis of temperature-induced isoform switching
in A. angustifolia in two interacting partners, leading to stable Rubisco activation and

photosynthesis rates across a wide range of temperatures seen in vivo.
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