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In the darkest, dreadful, daunting day
The poachers permeate the perpetual peace
The footsteps frighten the fortified forest

The seckers smudge the solacing silence

I hear they whisper Kranbung
The name so distant

Their call so near

“Kat”

“We kill the Kranhung with the chainsaws”
“Kranbung” “Kat’

“We cut open their brothers and sisters”
“Kranbung” “Kat” “We see the blood”
“Kranbung” “Kat” “We smell the blood”
“Kranbung” “Kat” “We take their blood”

“Kat” “Because blood is money, blood is gold, blood is future”
“Kat” “We”

(The cold barrel smokes hot.)

In a village not far away
The family sent a father to a grave
For the money of rosewood

Be heard the last lament of the poor

T A8:3% % 0938 5 (In thousands of miles away)
From a newborn embraced

In a cradle crafted of Hongmu

Be heard the first word of Ma ma

The cradle is also the grave
We are nothing but the twigs of the

Tree of life

“The bloodwood’, from Wooden Heart
Henry Hung (2019)
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Abstract

Global biodiversity, in particular tropical forests, is decreasing under both
environmental change and anthropogenic disturbance. Environmental change alters species’
adaptability to their current habitat, leading to loss of fitness and range shift, while
anthropogenic disturbance reduces their adaptive capacity. Conserving and restoring
threatened species and ecosystems thus become a grand challenge for the 21% century. This
thesis studies two threatened rosewood species, Dalbergia cochinchinensis and D. oliveri,
which are illegally exploited for their valuable timber in the Greater Mekong Subregion. They
became the world’s most trafficked wild product between 2005 and 2014, amounting to ~40%
of the total global trade. Conservation efforts grew in the last decade to tackle the range-wide
challenge, aiming to improve the species’ survival, amplify the production of genetic materials,
and designate more conservation units. However, a sustainable supply of genetic materials can
meet several challenges that compromise the effectiveness of a restoration programme, namely
the genetic bottlenecks, maladaptation, and climate change. While knowledge of adaptation
can predict and mitigate these risks, standard study approaches such as common garden
experiments have become impractical due to the acute threats of illegal logging in these two

species, which are lacking in a priori knowledge.

This thesis aims to increase the knowledge of genetic and physiological underpinning
of adaptation in the two Dalbergia species with relevance to application in conservation and
restoration strategies. This thesis presents a rich body of genomic resources such as
chromosome-scale genomes and reference transcriptomes, which advance the progress in less-
represented angiosperm tree genomes and woody legume genomes and enable studies in

genetic diversity. Comparative genomic studies revealed insight into the evolution and
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potential adaptive role of of certain gene families in tropical Dalbergia species. The landscape
genomic study provides a comprehensive scan of adaptive signals and reports significant
differences of the adaptive variation between the two species, where D. cochinchinensis is
driven by temperature variability and D. oliveri by precipitation variability. The controlled
stress experiment provides a physiological understanding of how the two species regulate their
water relations and photosynthetic apparatus to respond to drought differently, where D.
cochinchinensis has a more anisohydric behaviour than D. oliveri. These contrasting patterns
of adaptation indicate how the two species may differentiate their niches, while co-occurring

in some habitats.

The knowledge of adaptive variation identifies hotspots of local adaptation and
vulnerability towards climate change, and thus are expected to help conservation practitioners
delineate conservation units, compare provenances for assisted germplasm transfer, and
prioritise conservation actions. It also opens new avenues for future research, including
combining common garden experiments and genomic approaches to more fully unravel

genotype-phenotype-environment relationships.
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Chapter 1. General Introduction

Global biodiversity is negatively impacted by the rapidly changing environment and
anthropogenic disturbances, such as habitat fragmentation and exploitation®. In particular,
tropical forests support more than two-thirds of the world’s biodiversity? but it also
experiences the greatest total forest loss and the trend is still increasing®. Research has thus
been increasingly focused on predicting the nature and magnitude of threats to species, in
particular long-lived individuals and populations such as forest trees, such as species range
shifts*, loss of fitness®, and changes in population genetic composition®. At the same time,
alongside the declaration of the Decade on Ecosystem Restoration between 2021 and 2030 by
the United Nations, forest restoration has been seen as an urgent opportunity to enable
biodiversity conservation, climate mitigation and adaptation, local likelihoods, and economic
gains’. Evidence-based restoration is therefore urgently called for to ensure that rigorous,

repeatable, and transparent methods can be applied for biodiversity conservation?®,

This thesis studies two endangered rosewood tree species, Dalbergia cochinchinensis
and D. oliveri, which are considered some of the most trafficked and most priced timber
species in the world®. This introductory chapter starts by discussing how rosewoods have
weathered decades of exploitation and become increasingly popular for restoration and
plantation. While an effective restoration programme depends heavily on a sustainable supply
of genetic materials, a number of associated genetic risks are also identified, namely the
genetic bottleneck, maladaptation, and climate change. Understanding adaptation and its
genetic and physiological underpinning to the environment is therefore critical for conserving

and restoring forest trees like Dalbergia®®.
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In the literature review, this chapter discusses how gene-environment studies are
conducted in other tree species using common garden experiments traditionally, and their
insights and challenges. This chapter then moves on to discuss how ecological genomics can

help us understand adaptation and guide conservation decisions under climate change.

Finally, this chapter presents the overarching goal of the thesis, which is to develop
and understanding of adaptive diversity in D. cochinchinensis and D. oliveri by comparing
provenances across their species’ range and searching for gene-environment associations, in
relevance of their conservation and restoration, and how the objectives of the subsequent

chapters address the goal.

1.1 Overview of Dalbergia cochinchinensis and D. oliveri

Dalbergia cochinchinensis Pierre and D. oliveri Gamble ex Prain belong to the genus
Dalbergia L. f. (Fabaceae: Faboideae), which contains around 250 species and is
predominantly pantropicall. Like many other Dalbergia species, the rosewood timber of D.
cochinchinensis and D. oliveri is often targeted in illegal harvesting especially for luxury
furniture?. The growing demand and the diminishing population supply have drastically
increased the economic value of rosewood and exploited their natural populations. D.
cochinchinensis was once the most sought-after rosewood species globally but it is now
virtually commercially extinct, whereas D. oliveri has been following a similar trend*3. They
were classified as vulnerable and endangered respectively in the IUCN Red List, and their
trade is now strictly regulated under CITES Appendix Il since 2017. These two species are
endemic to the Greater Mekong Subregion (GMS). D. cochinchinensis grows in open

deciduous and semi-deciduous forests at elevation up to 400 metres, while D. oliveri grows in
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a wider range of forest types from deciduous to evergreen and can grow at elevation up to

1,200 metres.

The Greater Mekong Subregion (GMS) in Southeast Asia is defined as consisting of
Cambodia, China, Laos, Myanmar, Thailand, and Vietnam. The majority (84%) of its area
overlaps with the Indo-Burmese mega-biodiversity hotspot!*. The complex biogeographical
and geological history in the GMS may have contributed to the high species richness and
endemism levels found in the area’®. In particular, the changes in the distribution of land and
water in the region have been associated with changes in vegetation types and cover®®. The
topography is highly varied, ranging from lowlands to mountains, with many freshwater
bodies including the Mekong River and the Tonle Sap Lakel’. As a result, the GMS has a
very heterogeneous landscape and supports a wide range of habitats. However, GMS also
harboured the countries with fastest accelerating loss of tree cover between 2001 and 2014,

for example, 14.4% in Cambodia and 6.1% in Vietnam®.

1.2 Routes to endangered status

The exploitation of D. cochinchinensis and D. oliveri is an integral part of the
worldwide rosewood trade. Between 2005 and 2014, rosewoods had the highest share among
total seizures of wildlife products by value (35%)° — more than all animal products summed
together, which still remained (31.7%) until 2018, when the latest data were available®®,
However, even with growing intentions to protect the species and to enforce national law
throughout their ranges, the threats have not stopped and the populations have continued to
decline®®. It was suggested that the huge financial profits offered in the Asian market,
particular the rising economy in China (which was the country of destination for 32.3% of

rosewood seizure)*8, led to continuous exploitation of the species. It was observed that after
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the listing of D. cochinchinensis on CITES since 2013, the dwindling wild stocks inflated its
value increasingly®°. D. cochinchinensis was reported to be the most trafficked rosewood
species with 798 metric tons of seizures aggregated between 2005 and 2015%%. While still not
being listed on CITES until 2017, D. oliveri was subsequently targeted for illegal harvesting
after D. cochinchinensis becoming rarer. The export of D. oliveri from Vietnam into China
was 193,880 m?, while that of D. cochinchinensis was 2,588 m? in 2013%2. The risk of serial

depletion of rosewood remains intense.

The population decline of Dalbergia species in the region has become and remains
prominent. In Thailand, the number of D. cochinchinensis trees dropped from 300,000 in
2005 to 80,000 to 2011%°. In Vietnam, even within the protected areas, D. cochinchinensis
density was as low as 1-10 trees per hectare?®, similar to 1.37 per hectare in Cambodia?. In
Laos, field surveys in 2012 confirmed no mature trees could be founded in the natural
populations of D. cochinchinensis?’. The endangered status was similar for D. oliveri. In
Vietnam, forest stands up to 60 years were no longer characterised with D. oliveri and they

have nearly disappeared from many forest sites?24,

There were very limited activities in commercial plantation of Dalbergia in the
region, thus wild populations remain the target of exploitation and face increasing risk of
extinction. Based on silviculture studies, a periodic annual increment of 1 cm in diameter-at-
breast-height could be attained in 20-29 year-old plantations of D. cochinchinensis®®. Natural
regeneration in both species was possible but was often found to be poor due to low
germination rates and unfavourable weather conditions, with negative impacts on growth

rates®?.



1.3 Conservation actions of Dalbergia around early 2000s

Table 1.1.

15

Conservation actions of D. cochinchinensis and D. oliveri by the countries in

their species’ range around early 2000s (compiled from APFORGEN reports?®25),

conservation
area

3ha
production
area

2 genetic
conservation
stands, 69 ha,

and
demonstration

plus trees (1999)
43 plus trees
(2003-2007)
Research on
genetic process
and variation
and distribution
and status is

Cambodia Lao Thailand Vietham
D. e Threatlevel 5 | o Priority species | e Very high e  Priority
cochinchinensis (2003) (1999) priority species species
e 50 ha seed e Category A (2003) (2003)
source (2002) (Endangered) e Recommended o lexsitu
e 5Kgseed e 200 ha to establish conservation
demand plantation area more ex situ site
supplied from in Bolikhamxai conservation e 2 seed sources
CTSPand Forest (1992) areas with 2,600
local people e Used mainly for | ¢ 5 genetic trees planted
(2003) ex situ conservation
e 50hainsitu conservation stands, 56 ha, 38

conservation
areas

3 genetic
conservation
stands, 34 ha, 30
plus trees (2002)
20 plus trees
(2003-2007)

147 trees needed
(2006)

D. oliveri e Threatlevel 5 | o Category B e Very high e  Priority
(2003) (Vulnerable) priority species species

o 4seed e 34 haexsitu e Very high
sources, 71.5 conservation site commercial
ha, 157 e Recommended value
mother trees to establish
more ex situ

In response to their declining populations, a wide range of actions were initiated

around early 2000s to conserve the two threatened Dalbergia species (Table 1), for example,

in situ and ex situ conservation stands, seed production areas, plantations, and demonstration
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plots. These actions were usually undertaken as part of a larger scale forest genetic resources
management and development programmes with other indigenous, threatened tree species in
the region, such as teak (Tectona grandis), padauk (Pterocarpus macrocarpus), and pyinkado
(Xylia xylocarpa)?’. By incorporating indigenous villagers, smallholders, and landowners, a
mixed-species plantation usually attracts more interests as species with complementary traits
can optimise the efficient use of limiting resources towards growth and production?®, The two
Dalbergia species were generally ranked high in the priority list of each country and specific
land and economic resources were used towards the conservation and research around the
two species. However, we note that the scale of conservation and production is still small in
scale with usually < 50 plus trees for seed production in one country, and D. oliveri has
attracted less attention than D. cochinchinensis in seed production and plantation initiatives.
In short, at the time, the countries lacked capacity to provide a sustainable supply of genetic

materials to meet the growing demand and conservation goals.

The range-wide threats to Dalbergia should ideally be met with a range-wide
response to conserve the genetic diversity and ensure the survival of these populations. Since
2010s, there have been more concerted efforts across the countries to develop novel
approaches, and strengthen existing capacity for genetic materials collection, nursery
management, and value chain development?®. For example, activities under the Asia Pacific
Forest Genetic Resources Programme (APFORGEN) bring together all of the range countries
of D. cochinchinensis and D. oliveri. In an APFORGEN project launched in 2018, the
countries have identified a set of impactful goals towards conservation of the two Dalbergia
species: including > 50% increase in number of in Situ or ex situ conservation units, > 20%
increase in forest-related income, and 10-25% improvement in species’ survival and
growth?. At the same time, the countries identified common challenges in assessing the

conservation status and defining conservation units due to lack of knowledge and research?.
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1.4 Ensuring sustainable supply of adaptively diverse genetic materials
Figure 1.1. A schematic diagram of a conventional seed supply chain from natural

populations to end use and their associated genetic risks.
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A seed supply chain usually consists of four levels: the seed source, the propagation
process, the trading network (wholesaler, retailers, and distributors), and the end users.
Conservation of D. cochinchinensis and D. oliveri, together with other prioritised species, in
the region heavily involves the local communities. For example, the governmental Cambodia
Tree Seed Project leads a National Forest Programme to establish seed sources and
community forests within and around local villages. Domestication activities of D.
cochinchinensis have also been reported in Laos (Phongoudome, 2003). There has been an
observed shift in responsibility of managing forest genetic resources from traditional forestry
sector to include more community participation, as new policies have recognised property
rights and benefit sharing for community-based forest management by releasing permits and
tenure, since the start of the millennium (cf. The Forestry Act [UU No. 41/1999], MOF
Decree n0.31/Kpts-11/2000, Act No. 29/2000). Continued development of small-scale

plantations and provision of nurseries at the village level has the potential to scale up the
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capacity to multiplicate germplasm and strengthen the supply to meet the demand?.
Demonstration plots for ex situ conservation, progeny trials, and seedling orchards were also

established in the region?’.

The end users of these genetic materials, usually NGOs and forest authorities, decide
their intended use and management. They may be planted into in situ populations of
Dalbergia, which may also be defined as an in situ conservation area, to bring up the
population size. They may also be brought into new habitats where Dalbergia have not
colonised, which may be deforested land or an early-succession site, for forest landscape

restoration.

1.5 Potential genetic risks

There are clear risks associated with declining population size and restoration efforts,
which will have negative impacts on population genetic processes. The first genetic risk is
associated with the genetic bottleneck during the sourcing of genetic materials. The
underrepresented genetic diversity is then passed down the seed supply chain for in situ and
ex situ plantations. Loss of genetic diversity reduces the species’ ability to both adapt to the
environmental gradient of current species’ range (adaptive variation) and to evolve under
future environmental change (adaptive potential)*°. The loss is usually exacerbated in
endangered species like Dalbergia, because the effect of genetic drift and inbreeding
depression are more prominent in their small effective population sizes®!. Unfortunately, the
lack of sufficiently diverse tree seed was found to be a widespread problem in forest
landscape restoration projects worldwide®?, usually due to the lack of capacity in seed

sourcing such as poorly developed guidelines or location accessibility and logistics.
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The second genetic risk is associated with maladaptation. Local adaptation is usually
constrained by variation in natural selection (environmental heterogeneity) and gene flow,
either temporally or spatially®. Local adaptation is usually characterised with both a higher
average relative fitness of individuals in their native habitats than those from foreign habitats,
and also reciprocally in foreign habitats®*. There has been substantial evidence of local
adaptation in plants globally, as supported by 71.0% of studies surveyed in the first
quantitative meta-analysis®. In the strictest sense of local adaptation defined by Kawecki and
Ebert®® where a reciprocal experiment has to be conducted, there are still nearly half of the
studies support the evidence of local adaptation. Therefore, maladaptation may either arise
from mismatched habitat suitability or small effective population size of the source
populations, which are more prone to deviation of population trait values from local optima
(maladaptation through “inaccuracy”)®. However, the extent and scale of local adaptation
lacks global empirical evidence in tree species®’, and the common approach is to put limits on

geographic distances but the accuracy is questionable because of the arbitrarity®,

The third genetic risk is associated with climate change. The negative effect of
climate change on long-term sustainability and effectiveness of restoration projects on
endangered species is multi-fold: affecting the ecosystem functioning3®, composition and size
of populations*®, and subsequently local extirpations and collapsing species’ range*!. Climate
change can also pose indirect, collateral threats to conservation management, for example,
the increased cost of seed production due to reduced land and water availability from extreme
climates, and the risk of disease outbreak or lack of pollinators and dispersers due to change
in the associated biodiversity*2. It is predicted that trees are more vulnerable than more
mobile and short-living organisms, as they have longer generation times and thus experience
a higher rate of climate change per generation*®. Therefore, a body of literature has indicated

that local seed sources may not be the best choice, and in some cases even underperform
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when the restored populations can no longer adapt*. More crucially, climate change makes
tree reproduction unpredictable and can lead to more but infertile seeds*, which has a direct
impact for seed sourcing in restoration projects. At the same time, climate change, especially
elevating temperature, accelerates aging of seeds, promotes oxidative stress, and decrease
their viability*®. Seed storage and germination will therefore become more challenging,
especially in areas with less access to long-term refrigeration. In short, not only may climate
change negatively impact the survivability of standing populations, it challenges the
multiplication and regeneration of genetic materials either naturally or in a restoration

project*’.

1.6 Detecting gene-environment association

Field experiments have been the gold standard to detect environmental variation and
differential selection that leads to genetic divergence and local adaptation among populations.
Common garden experiments have been widely used and can be dated back as early as a
century ago®®. Reciprocal transplant garden experiments emerged as an extension of the
common garden experiments to detect local adaptation, or more specifically, the effect of
genotype (G), that of environment (E), and their interaction (G x E). Evidence for local
adaptation was observed in hundreds of taxa in the United States, in which evidence of local
adaptation was inferred from better survival and fitness in 67% and 90% of the reciprocal
transplant studies*®. A recent meta-analysis reviewed 111 common and reciprocal transplant
gardens between 1990-2020 and trees were the dominant study type*®. While these
experiments provide valuable insights into adaptive variation relevant to climate change®,
conservation and restoration®!, knowledge gaps still exist for geographically distributed

populations of most plant species®?.
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Although common and reciprocal transplant experiments may provide valuable

insight into the adaptive variation of Dalbergia, they have several constraints and limitations.

First, the existing provenance and progeny trials in the region only represent a few

populations across the entire species range for the two species (Table 2), and this limits the

power for capturing the range-wide pattern of adaptation. A larger-scaled provenance trial is

thus needed, which may also serve as an ex situ conservation site and a seed production

source. Second, these trials are expensive and time-consuming to establish and maintain®,

Especially, when there are large number of provenances, reciprocal transplant experiments

can scale up the cost exponentially, while common garden experiments may not have

sufficient power to verify local adaptation®*. The long generation time of Dalbergia, like

other trees, is likely to exacerbate the challenges and cost of these experiments.

Table 1.2.

across their species’ range (pers. comm. with forestry authorities).

Existing provenance or progeny trials of D. cochinchinensis and D. oliveri

Species Site Site Number of | Provenanc | Number | Planted | Status
country location provenance | ecoverage | of assessed
families in 2019
D. Thailand Khao-Yai 7 East 85 1988 ?
cochinchinensis Field Thailand
Station
D. Vietnam Chumomray | 2 100 2003 Good
cochinchinensis NP & buffer growth
zone and
D. Cambodia | Siem Reap 7 Cambodia 100 2016 Survival
cochinchinensis
D. oliveri Vietnam Cat TienNP | 2 100 2003

The underlying theory of G x E and local adaptation is that selection pressure across a

heterogenous environment favours an adaptive variation in allelic frequencies of different
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loci, acting along other non-selection (neutral) forces such as genetic drift and geographical
barriers to gene flow®. The need to account for environmental heterogeneity in genetic
studies has opened the doors to the development of a new field — known as “landscape
genetics” — in the last ~15 years®®. Recent technological advances have stimulated the rapid
evolution of a new sub-field known as “landscape genomics” (first coined in 2007°) to study
adaptive variation due to three driving forces: (1) the accelerating advancements in
sequencing and bioinformatic tools allow us to quantify genetic variation with higher
genomic coverage and decreasing costs, even for non-model organisms®, (2) the remote
sensing technologies enable a finer spatial and temporal resolution of environmental data®®,
and (3) the increased computational capacity and more robust statistical models support more
power in analysing G x E*°. Landscape genomics thus breaks methodological barriers of
studying the genetic underpinning of adaptive variation and helps to extend the outputs of

common garden and reciprocal transplant experiments.

Landscape genomics is particularly attractive for studying forest trees. Trees are
particularly good models for understanding evolution and population processes because of
their higher level of genomic and phenotypic variation, compared to other shorter-lived
plants®. Due to their longevity and sessile lifestyle, they are spatially fixed and their
adaptation is mainly limited to dispersal, local adaptation, and phenotypic plasticity®’. The
earliest landscape genomic studies in forest trees analysed a relatively limited number of loci
(usually single nucleotide polymorphisms, SNP) and utilised simple correlation or regression
statistical models, such as Fst outlier tests and generalised linear mixed models (GLMM) (see
Soltis et al.® for review). They usually detected tens of candidate loci as outliers and
associated with environmental variables. As the field developed, there was a large and rapid
increase in the marker number up to millions, which are a analysed with more sophisticated

statistical models (Table 3). Non-model organisms may particularly benefit from reduced
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representation sequencing methods such as start codon targeted markers (SCoT), genotyping-
by-sequencing (GBS), and restriction site associated sequencing (RAD-seq). The advanced
statistical models, many of which are based on Bayesian inference (e.g. BayeScan), or
machine learning (e.g. gradient forest), bring in additional benefits, such as accounting for
neutral genetic structure®®, correcting for unobserved confounders®*, and predicting the

association in unsampled or future environment®®.

Table 1.3. Selected landscape genomic studies of forest trees using adaptive genetic

markers between 2007 and 2021 as an extension of the meta-analysis by Balkenhol et al.®2

Species Habitat Markers | Genotyping | Analysis Main finding Ref
method approach

Cotinus China, warm- 1,131 loci | SCoT FIDST2 + | 27 outlier loci (1.14%), | ¢

coggygria temperate zone BayeScan 13 environmentally

associated with
temperature and
precipitation

Quercus Trans-Mexican | 5,354 GBS (1) LFMM | 74 outlier SNPs and 97 | ¢
rugosa Volcanic Belt SNPs +(2) GF SNPs associated with
climate variation,
mostly temperature and
temperature seasonality

Cornus United States 3,134 GBS LFMM 72 outlier SNPs and 29 | 68
florida SNPs / SNPs significant for
1,660 loci predicting location with
disease occurrence
Platycladus | Northern China | 3,911 GBS BayeScan | 579 (5.24%) outlier 69
orientalis SNPs + Pcadapt | SNPs explained by
+ Bayenv2 | environment (10.7%)
and geography (6.3%)
Pinus taeda | Southern US 2,822,609 | GBS TASSEL 611 SNPs associated 0
SNPs (GLM) + with 56 climate and
RDA + geographic variables,

Sampada mainly longitude, max
temperature of the warm
months, monthly
precipitation
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Pterocarya | China, warm- 1,006 loci | SCoT Arlequin + | 43 loci associated with | ™
stenoptera temperate and BayeScan | environment, mainly
subtropical + LFMM minimum temperature
zones of the coldest month and
solar radiation in June
Neolitsea Taiwan, China, | 62,978 RADseq GDM 85 non-neutral SNPs (79 | 7
sericea Japan, Korea, SNPs under purifying
warm-temperate selection and 6 under
divergent selection),
strongly with annual
mean temperature and
precipitation of driest
month
Pterocarya | China, warm- 894,250 SLAF-seq BayeScan | 5,827 outlier SNPs, and | 7
stenoptera temperate and SNPs + LFMM + | 801 EAL, strongly with
subtropical Sampada temperature,
zones precipitation, and water
vapour pressure
Juniperus Trans-Mexican | 2,925 ddRAD-seq | Mantel test | Genetic differentiation | ™
monticola Volcanic Belt SNPs related to degree of
Berberis Trans-Mexican | 3,669 ddRAD-seq g;ancr::!:gsﬁgat
alpina Volcanic Belt SNPs
Acaciakoa | Hawaii 11,001 GBS GF + GDM | Mean annual rainfall is | ™
SNPs the most important
predictor
Quercus Western 2,583 GBS BayeScan | 265 EALs, majority of | 7
suber Mediterranean SNPs + RDA + which associated with
LFMM + temperature variables
GF
Achyranthes | China, warm- 202 loci SCoT RDA + 23 outlier loci, 18 "
bidentata temperate zone Arlequin + | EALs, related to
LFMM temperature and
precipitation
Quercus California, US 11,019 GBS SNMF + 536 EALsS
lobata SNPs LFMM +
GF

Within these studies, the availability of a reference genome is a powerful resource to

increase the density of genomic coverage and power of landscape genomics. When a

reference genome is available, landscape genomics provides additional insights into the

environment-associated loci, such as their functional annotation, evolutionary trajectory, and

genomic arrangement. The lack of a reference genome may also compromise the accuracy in
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de novo assembly and variant calling of sequence fragments, especially for genotyping
methods associated with restriction enzymes’®. Reference genomes are available now for
Populus, Eucalyptus, Picea, Pinus, and Quercus, among others which also have relevant

landscape genomic studies’.

Despite the very significant progress, there remains a huge gap in landscape genomic
studies of tropical and angiosperm trees, and even more so in the threatened species. Populus
and Quercus have been two emerging models for genomic studies in angiosperm trees, and
we benefit from an understanding of the genetic architecture of their phenology, disease
resistance, and landscape genomics®. Tropical forests harbour a higher ecological density
and the evolutionary findings than temperate forests, which make up the majority of the
landscape genomic studies to date, may not be congruent with the genomic underpinning of
adaptation in tropical areas®. Some angiosperm trees (like Populus and Dalbergia) can
undergo clonal reproduction effectively, which is shown to have a strong effect on local
genetic structure®82, There has been no landscape genomic study in the Greater Mekong

Subregion to date.

1.7 Predicting the fate of forest trees in the changing environment

As discussed earlier, climate change is a substantial risk to many tree species and their
conservation programmes. Knowledge of the spatial and temporal patterns of adaptive
variation are crucial in developing conservation and forest management strategies as it can

predict the genetic response of species and populations in the changing environment®?,

The resilience and productivity of forests in the future greatly depend on the match
between genotypes and new environmental conditions. If the local environments change more

rapidly than the populations can adapt genetically, they may lose genetic diversity and suffer
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from local extirpation®, and the classical preference of local germplasm for local provenance
may no longer hold. Deliberate transfer of germplasm along climate gradients may be
necessary®®. Examples of such strategies include assisted migration based on predictive
provenancing to facilitate adaptation of the populations under climate change®, which can be

classified into assisted gene flow and assisted colonization.

Assisted gene flow (AGF) refers to the managed translocation of individuals or
germplasms among populations within the current range (i.e. in situ), as to facilitate more
rapid adaptation to the predicted future climate, or to mitigate local maladaptation®. AGF
may target isolated populations which have restricted gene flow with other populations and
low genetic diversity. AGF aims to supply the population with individuals of higher fitness
under new conditions than the original residents, thus helping the survival and productivity of
the maladapted populations. In the long term, AGF should expand the genetic variation to
facilitate evolutionary responses in the changing environment®” and adaptation®2®°, However,
AGF has received most attention in temperate and boreal forests, because limited data are

available on local adaptation of tropical forests®.

Assisted colonization (AC) refers to the managed translocation of individuals or
germplasms outside contemporary species ranges (i.e. ex situ). Unlike AGF, AC is
distinctively important when the species cannot adapt to keep up with the changing climate®:.
However, many scientists point out the potential ecological risk of AC similar to invasive
species, and the uncertainty of tree survival®?®, AC can potentially be more suitable in
managed populations or production stands, especially for tree species that have high

economic value for production.

Landscape genomics has shown potential in guiding ex situ decisions for conservation

and forest restoration under climate change. The statistical framework of landscape genomics
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involves quantifying the correlation of alleles and environmental variables, which can
therefore be used to extrapolate future correlation. A few studies have integrated both current
and future climate scenarios in their landscape genomics model. Bay et al. defined the metric
“genomic vulnerability” as the mismatch between contemporary and future genomic variation
using landscape genomic model and predicted the population shift and decline in yellow
warblers®®. Gugger et al.” predicted that changes in rainfall patterns among Hawaiian koa
populations result in unmatched genotypes and environment in the future. Supple et al.® used
both landscape genomics studies and common garden experiments to examine genomic and
phenotypic variations, and made empirical based predictions for seed sourcing and restoration
sites in Australian Eucalyptus melliodora. These studies produced spatially explicit predictive
models, which are most useful because the science that underpins the predictions can be of
little use to frontline practitioners and managers®’. The findings can guide a wide range of

conservation and forestation decisions, including AGF and AC.

1.8 Rationale, objectives and outline of this thesis

Dalbergia cochinchinensis and D. oliveri are two threatened species across their
entire species’ range, where understanding genetic processes and adaptive variation of
Dalbergia have been identified as a priority research need in national evaluations?’. Early
conservation actions have been limited in scope and could not capture the range-wide
diversity that may be needed to conserve these valuable species. While there are emerging
efforts among these countries to reduce the pressure and restore the in situ populations,
ensuring a sustainably supply of adaptively diverse germplasm becomes the central goal of
conservation. We highlighted a number of genetic risks which may compromise the

effectiveness of the conservation programme and how understanding adaptive variation may
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either mitigate or prevent the risks. Common garden and reciprocal transplant experiments,
while proven to be useful, are impractical for these two species: there is no existing capacity
and it would be too time- and cost-consuming to establish. With the very limited a priori
knowledge on hand, landscape genomics thus has promising potential to unravel the adaptive
pattern of these two species. The knowledge will be translatable to decision-making
processes in the conservation and supply chain of genetic materials, such as delineating in

situ and ex situ conservation areas and predictive provenancing of assisted gene flow.

Led by the University of Oxford and funded by Darwin Initiative, forestry authorities
and research organisations from Cambodia, Lao PDR, Thailand, Vietnam, and China recently
launched a three-year collaborative project (2018 — 2021) to safeguard the genetic resources
of three Dalbergia rosewood species of high conservation concern (D. cochinchinensis, D.
cultrata, and D. oliveri), with the aims to improve capacity for seed collection, seed sourcing,
and nursery management. The project will also build the capacity of rural communities for
livelihood benefits from the sustainable use of the forest trees. Working with these
community forestry programmes opens up a new opportunity to develop and transfer
scientific knowledge to conserve both the genetic diversity and adaptability of the forests.
This thesis benefits from the infrastructure of the Darwin-funded project for both acquiring

samples for research and establishing routes for impact.

The overarching goal of this project is to develop and understanding of adaptive
diversity in D. cochinchinensis and D. oliveri by comparing provenances across their species’

range and searching for gene-environment associations.

Objective 1: To develop genetic resources for analyses of genetic diversity
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Chapters 2 and 3 present a genomic information base for the genus, including
reference genomes, reference transcriptomes, gene predictions, and annotations. The chapters
also illustrate the utility of these genomic resources by enhancing our understanding of

genome evolution in the legume family.

Objective 2: To understand the physiological underpinning of adaptation to

temperature and water availability

Chapter 4 presents a controlled experiment to test and compare the physiological
responses of D. cochinchinensis and D. oliveri under drought and heat stresses, the two major
drivers of adaptive variation between the two species and tree mortality worldwide. The
chapter provides a functional explanation of the adaptive patterns of the two species, and

predicts the effect of extreme climate on the survival of their seedling establishment.

Objective 3: To detect signals of adaptation and understand the genetic basis of

adaptation

Chapter 5 presents a landscape genomic study across the entire species’ range to
determine the influence of spatio-environmental variables on their genomic variation and to
identify loci under natural selection. The chapter also extends the genomic model to
incorporate future climate predictions and presents a novel web application which guides

assisted germplasm transfer.
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2.1 Abstract

Dalbergia is a pantropical genus with more than 250 species, many of which are highly
threatened due to overexploitation for their rosewood timber, along with general
deforestation. Many Dalbergia species have received international attention for conservation,
but the lack of genomic resources for Dalbergia hinder evolutionary studies and conservation
applications, which are important for adaptive management. This study produced the first
reference transcriptome for six Dalbergia species with different geographical origins and
predicted ~32 K to 49 K unique genes. We showed the utility of these transcriptomes by
phylogenomic analyses with other Fabaceae species, estimating the divergence time of extant
Dalbergia species to ~14.78 MYA. We detected over-representation in 13 Pfam terms
including HSP, ALDH and ubiquitin families in Dalbergia. We also compared the gene
families of geographically co-occurring D. cochinchinensis and D. oliveri and observed that
more genes underwent positive selection and there were more diverged disease resistance
proteins in the more widely distributed D. oliveri, consistent with reports that it occupies a
wider ecological niche and has higher genetic diversity. We anticipate that the reference
transcriptomes will facilitate future population genomics and gene-environment association
studies on Dalbergia, as well as contributing to the genomic database where plants,

particularly threatened ones, are currently underrepresented.
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2.2 Introduction

The genus Dalbergia L. f. (Fabaceae: Faboideae) contains around 250 species, many of
which are globally recognized for their economic value. Dalbergia species encompass a high
diversity in their life histories and morphologies as trees, shrubs, and woody lianas®. They are
distributed pantropically across Central and South Americas, Africa, and Asia?. More than 50
Dalbergia species are documented to have the ability to fix atmospheric nitrogen with
possession of aeschynomenoid type root nodules®. Many Dalbergia species produce valuable
heartwood timber known as rosewood, and are incorporated in a wide range of uses including
furniture, boats, and musical instruments®. They are often targeted in illegal harvesting and
traded in local and global markets with little regulation either in Asia (including the
Indochina biodiversity hotspot) or Africa (particularly in Madagascar)®®. Due to
overexploitation of their timber, population sizes and areas within their native distribution
have significantly diminished’. The genus Dalbergia is declared as threatened worldwide,
with many species classified as endangered or vulnerable in the International Union for
Conservation of Nature (IUCN) Red List. The whole genus of Dalbergia was listed in the
Convention on International Trade in Endangered Species (CITES) Appendix I or Il in 2017
to regulate the international trade of Dalbergia timber.

Studies in the evolutionary history and genetic resources of Dalbergia are still scarce.
Genetic markers have been developed for a number of Dalbergia species and used in studies
of evolutionary history and for conservation. The earliest complete report on infrageneric
taxonomy of Dalbergia was published by Bentham?®, and the first molecular phylogeny
recently supported the monophyletic nature of Dalbergia genus, grouped in a clade with other
genera including Machaerium, Aeschynomene, and Ormocarpum?. In earlier studies the
Dalbergia clade was assigned to the Dalbergieae tribe with Adesmia and Pterocarpus clades®.

Recent studies utilise genetic markers to infer the phylogeography of populations and identify
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landscape features which may explain the population structure®. A number of DNA-based
barcodes have also been developed that may be used in conservation forensics to track illegal
trade and verify species identification!. These Dalbergia studies have mainly analysed loci
such as rbcL, matK*!2, trnL, and psbA-trnH*2 at species level, and microsatellites!®415 at the
infraspecific level. Although recent advances in high-throughput sequencing have expanded
the assembly repertoire of many species, genomic resources for the genus Dalbergia remain
scarce for such a big genus: namely one de novo transcriptome assembly of D. odoriferal®
(without a gene annotation report), and ten chloroplast genomes®’2.,

The genomic resource gap potentially hinders the understanding of evolutionary history
in Dalbergia and the application of genetic tools in conservation. For example, D.
cochinchinensis and D. oliveri are commonly found in the same geographical localities in
South Eastern Asia, but they have significantly different neutral genetic structure?®.
Understanding their adaptive differences using genome-wide analyses would help devise
potentially different conservation strategies. Due to the lack of a reference genome for any of
the Dalbergia species, transcriptomes can be a practical starting point to facilitate
evolutionary research and conservation applications. High-throughput sequencing
technologies for RNA-seq enable gene prediction and annotation for non-model organisms
with scarce genomic information?2,

In this study, we develop a resource and knowledge base to facilitate transferability and
utility across the genus. We produced the first reference transcriptomes from de novo
assemblies for six diverse Dalbergia species, including D. cochinchinensis Pierre, D.
frutescens (Vell.) Britton, D. melanoxylon Guill. & Perr., D. miscolobium Benth., D. oliveri
Gamble ex Prain, and D. sissoo Roxb. ex DC. (Table 2.1). For gene annotation, we used ab-
initio gene prediction based on the structure of open reading frames, features of protein-

coding genes, and sequence homology to gene models of closely related species 2%, To
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demonstrate the utility of the transcriptomic resources, we conducted phylogenomic, gene

enrichment, and selection analyses comparing the Dalbergia and other Fabaceae species.
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2.3  Methods

2.3.1 Ethics statement

Dalbergia cochinchinensis and D. oliveri are vulnerable and threatened respectively.
All Dalbergia species are listed in the CITES Appendix I, albeit their seeds are exempted
according to Annotation #15. The seed collections of D. cochinchinensis and D. oliveri were

made by local government authorities with permissions and licences in place.

2.3.2 Plant materials and sample preparation

Dried seeds of Dalbergia cochinchinensis, D. frutescens, D. melanoxylon, D.
miscolobium, D. oliveri, and D. sissoo were obtained from different sources (Table 2.2) and
stored at 4°C until seed germination. The seeds were scarified by placing them in 70°C
distilled water, which was then left to cool to room temperature for 1 hour, with the seed
soaking in the water for 24 hours. The seeds were germinated in 1% agar in a plant growth
cabinet MLR-350 (Sanyo, Watford, United Kingdom) at 25°C and photoperiod 12L/12D.
Seedlings were transferred to small pots in a soil-perlite 3:1 (v:v) mixture in the same growth
cabinet. The plants were watered to pot capacity, with any moulded or diseased plants
immediately removed. After plant height reached a minimum of 10 cm, four plants of each
species were randomly selected. Two plants were drought-stressed until soil gravimetric
water content dropped below 50%, while the other two were watered as usual. Three tissues
(foliage, stem, and root) were harvested from each individual and their total RNA extracted
(n =72) with Monarch Total RNA Miniprep Kit (New England BioLabs, United Kingdom).
Multiple tissue types and growth conditions increased the diversity of transcripts towards a
more-complete transcriptome?*. The quantity and quality of total RNA from each sample
were determined with NanoDrop 2000 (Thermo, Wilmington, United States). RNA integrity
was assessed with the RNA 6000 Nano Assay on a 2100 Bioanalyzer (Agilent Technologies,

Santa Clara, United States) and RNA samples with a minimum RNA integrity number (RIN)
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of 7 (for leaf tissues) and 8 (for root and stem tissues) were retained for RNA-Seq. Samples

of the same species were pooled to equimolarity.

2.3.3 Library preparation and sequencing

RNA samples (n = 6) were sent to the Oxford Genomics Centre (Oxford, United
Kingdom) for library preparation and sequencing. Polyadenylated transcript enrichment was
performed with NEBNext Poly(A) mRNA Magnetic Isolation Module (New England
BioLabs), and then individual libraries were prepared with NEBNext Ultra 1l Directional
RNA Library Prep Kit (New England BioLabs). Libraries were amplified on a Tetrad (Bio-
Rad) using in-house unique dual indexing primers®. Individual libraries were normalised and
their size profiles were analysed on the 2200 or 4200 TapeStation (Agilent, RNA
ScreenTape). The pooled library was diluted to ~10 nM for storage. The 10 nM library was
denatured and further diluted prior to loading on the sequencer. Paired-end sequencing was
performed on the HiSeq4000 (Illumina, HiSeq3000/4000 PE Cluster Kit and 150 cycle SBS
Kit) with a read length of 150 bp. The raw reads were obtained in fastq files after an in-house

preliminary quality check.

2.3.4 Data filtering and de novo assembly

Quality of raw reads was examined using FastQC v0.11.8 and visualized in MultiQC
v1.7%%. Scythe v0.994?" was used to trim the 3’-end adapter contaminants and Sickle v1.33%8
was used to remove the low-quality reads (Phred quality score < 30). Filtered reads were
assessed again with FastQC. As no reference genome was available for the genus Dalbergia,
we assembled the transcriptomes de novo, to avoid the bias that may be introduced by using
other species in genome-guided assembly?®. The filtered reads for each species were de novo
assembled using Trinity v2.8.4%° with the default parameters. The assembly and subsequent

steps were performed on the University of Oxford Advanced Researching Computing
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ARCUS-B cluster. The schematic bioinformatic pipeline of the transcriptome assembly is

shown in Figure 2.1.

2.3.5 Assembly quality assessment and optimization

As a first quality assessment, we generated the output statistics of the initial individual
de novo assemblies with Trinity scripts. We then assessed the read content of the
transcriptome assembly for each species by mapping the clean reads to the assembly using
Bowtie2 v.2.3.4.3% with the options “-p 10 -q --no-unal -k 20”, as suggested in the Trinity
package.

Optimizations were carried out to improve the performance and accuracy of
downstream analyses, as de novo assembly often produces highly similar transcript sequences
such as isoforms or assembly artefacts. First, we reduced the redundancy of transcripts with
CD-HIT-EST v4.8.1% by removing transcripts with sequence similarity greater than 95%.
Then we estimated candidate coding regions within transcript sequences with TransDecoder
v5.5.0% to identify the single best predicted open reading frames (ORF) that are at least 100
amino acids long (parameter --single_best_only). Each transcript was represented by the
longest translated protein sequence and each gene by the longest transcript in the final
assembly.

We compared the transcripts in the final assembly against the OrthoDB v10
eudicotyledons database3* with BUSCO (Benchmarking Universal Single-Copy Orthologs)
v3.0%° to evaluate the assembly completeness. For full-length transcript analysis, we
performed BLASTP searches (--evalue 1e-3) on the non-redundant transcripts against the
RefSeq protein data of Arachis ipaensis (NCBI: GCF_000816755.2 Araip1.1%¢), which
represented the closest relative to Dalbergia with an available annotated genome3¢. We then
calculated the coverage of aligned transcripts based on their BLAST hits with

‘analyze blastPlus_topHit coverage.pl’ script in the Trinity package. We also used
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TransRate v1.0.3% to obtain the Conditional Reciprocal Best BLAST (CRBB) and coverage

metrics of final assemblies using Araipl.1 as a reference.

2.3.6  Structural and functional annotation

We aligned our final assemblies against the SwissProt database®, Araip1.1%¢, and the
Arabidopsis thaliana database (Araport11)® with BLASTP for best hits with an e-value
below the threshold 1073, We then annotated the protein domains with HMMER v3.2.1
(http://hmmer.org) on the Pfam 32.0 database (version September 2018, 17,929 entries)*°. We
also predicted signal peptides using SignalP 5.0* and transmembrane domains using
TMHMM 2.0%. We finally loaded the blast homologies of three databases (SwissProt,
Araportll, and Araipl.1) into an SQLite database and generated the annotation report for
each species assembly with Trinotate v3.3.1. GO (Gene Ontology), KEGG (Kyoto
Encyclopedia of Genes and Genomes), and COG (Clusters of Orthologous Groups)

assignments were transferred from SwissProt annotations as a verified source.

2.3.7 Phylogenomic analysis and estimation of divergence time

We ran OrthoFinder v2.2* on the six Dalbergia transcriptomes in this study and 10
other Fabaceae species (Table 2.3). After the analysis, only single-copy orthologs among taxa
were retrieved as they were the most robust for phylogenetic reconstruction with high
confidence and concordance*. We performed multiple sequence alignment for each set of
single-copy orthologs using MAFFT v7%, and every corresponding coding sequence was
retrieved and matched to ortholog alignment with PAL2NAL v144. Coding sequences of all
ortholog alignments were concatenated to create a single multiple sequence alignment

(https://github.com/nylander/catfasta2phyml).

The nucleotide substitution model was tested on the concatenated alignment with

jModelTest 2.1.10* for likelihood scores. The alignment was then used to construct a best-fit
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(i.e. GTR + I' + 1) maximum likelihood phylogenetic tree using RAXML (Randomized
Axelerated Maximum Likelihood) 8.2.12 with 100 rapid bootstrapping. The maximum
likelihood (ML) tree was used as a starting tree in both the Bayesian phylogenetic analysis
and subsequently in the gene family analysis.

We estimated the species divergence time with BEAST (Bayesian evolutionary
analysis by sampling trees) v.2.5.2* using a calibrated birth-death model with an
uncorrelated lognormal relaxed clock (ULRC). The crown age of the tree (Fabaceae) was
calibrated to the oldest definitive legume fossil (wood of Paracacioxylon frenguellii) at 63.5
million years ago (MYA)®. The crown age of Faboideae was calibrated to 56.3 + 1.05
MY A>! and that of the Dalbergoid clade (Nissolia-Dalbergia split) was calibrated to 50.7 +
0.8 MYA?®, The time of the A. duranensis-A. ipaensis split was calibrated to 2.88 + 0.22
MY A3, All nodes were calibrated to normal models and their sigma values estimated a
priori. We ran 15,000,000 iterations with 150,000 burn-ins for the Monte Carlo Markov
chain and also ran 15,000 trees with 10% burn-ins to produce the maximum clade credibility

tree.

2.3.8 Enrichment analysis and gene family evolution

Acrocarpus fraxinifolius, Bauhinia tomentosa, and Xanthocercis zambesiaca were
excluded from the subsequent Pfam and CAFE (Computational Analysis of gene Family
Evolution) analyses as their BUSCO scores were not reported in their original studies, and
incomplete transcriptomes could introduce bias to the enrichment and gene family analyses.

Gene annotations of the Dalbergia species from the Trinotate pipeline were subject to
enrichment analyses. First, the annotated GO terms were extracted and searched against the
WEGO (Web Gene Ontology Annotation Plot) 2.0 database® (version 1 November 2018) to
count the level-2 GO terms for each of the Dalbergia species. A chi-square test of

independence was conducted to detect under- and over-represented GO terms among the



50

species and significant terms were presented in chord diagrams

(https://github.com/mattflor/chorddiag). Second, the annotated Pfam domains were extracted

for each species and under- and over-represented Pfam terms were determined using a two-
tailed Fisher’s exact test. The mean Pfam domain counts in Dalbergia were compared against
the background domain counts of the other Fabaceae species. Row-Z scores for each
significant Pfam domain were used to construct a heatmap in R version 3.6.3.

We applied CAFE version 3.1% based on a Bayesian method to detect gene family
contraction/expansion events, where a gene family is defined as the orthogroup clustered in
the previous OrthoFinder pipelines. We used the ultrametric tree resulting from the Bayesian
phylogenetic analysis to time-calibrate the gene trees. For each orthogroup we computed the
family-wide p-value and branch-specific p-value (using the Viterbi method) to test the
significance of a contraction/expansion event at a specific branch. As recommended by the
software developers, only orthogroups with a family-wide p-value < 0.05 and a branch
Viterbi p-value < 0.001 were considered significant. We then used PANTHER version 15.0%¢
to detect significant over-/under-represented GO terms (p < 0.05 after Benjamini and
Hochberg correction) of biological functions in the significantly expanded gene families after

CAFE analysis.

2.3.9 Positive selection analysis

Single-copy orthologs of the 6 Dalbergia species were extracted using the
Orthofinder pipeline. The rooted trees for each set of orthologs obtained from RAXML were
used to support the evolutionary relationship of the species, while gene signatures of positive
selection along a specific branch were detected by branch-site models in the codeml function
of PAML (Phylogenetic Analysis by Maximum Likelihood) 4.9°7. We set D. cochinchinensis
and D. oliveri, which show overlapping ranges in South Eastern Asia’®, as the foreground

phylogeny and other species as the background phylogeny in the branch-site model. We built
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the alternative model (i.e. the foreground phylogeny has genes under positive selection) for
each ortholog with the codeml setting: model = 2, NSites = 2, fix_kappa = 0, fix_omega = 0,
omega = 1; and the null model (i.e. the foreground phylogeny has genes under neutral
selection compared to the background phylogeny) with the codeml setting: model =2,
NSsites =2, fix_kappa = 0, fix_omega=1 and omega = 1. Sites under positive selection were
defined as those with higher nonsynonymous-to-synonymous substitution ratios (dn/ds) > 1,
as expected under neutral evolution. The two hypothetical models were tested for likelihood
ratio using a chi-squared distribution with one degree of freedom, following the Benjamini
and Hochberg method to correct for the significance level®®. We determined the positively
selected genes as those with corrected p < 0.1%°. KEGG pathway and module enrichment tests
were performed on positively selected genes using enrichKEGG and enrichMKEGG
functions in clusterProfiler v3.0.4% respectively, with Arachis ipaensis set as the reference

organism.
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2.4 Results

2.4.1 RNA-seq library construction and sequencing

Total RNA was successfully extracted from leaf, stem and root tissues of each of 6
Dalbergia species and the RNA integrity numbers (RIN) of the RNA pools were all above
7.0. HiSeq4000 multiplex sequencing yielded between 71 to 180 million paired end reads of
150 bp length for each of the 6 Dalbergia species (Table 2.4). After quality filtering and
trimming, more than 90% of the reads were retained with quality scores >30. The raw read
data from Illumina sequencing for each species are deposited in the NCBI Sequence Read

Archive (SRR: SRR10592611-SRR10592618) under BioProject PRINA593817.

2.4.2 De novo transcriptome assembly and transcript filtering

The number of transcripts in initial de novo assemblies from Trinity ranged between
195,268 and 376,014 (see Table 2.4 for assembly statistics). As the first step of assembly
quality assessment, we successfully mapped 86-90% of the raw filtered reads to individual
assemblies, where an alignment rate above 80% indicates a good quality assembly®*.

Redundant transcripts were identified by clustering similar transcripts and open
reading frame prediction to produce the final assemblies (Figure 2.1), which filtered roughly
65—-75% of the transcripts. In the final assemblies, 67,379 to 92,906 transcripts were captured
for individual species, and predicted to correspond to 31,678 to 48,591 unique genes. The
final assemblies are deposited in the NCBI Transcript Shotgun Archive (GIHP00000000-
GIHU00000000).

The BUSCO procedure confirmed that the majority of eudicot core genes were
captured in our transcriptomes indicating high completeness of our transcriptome assemblies.
Search for the 2,121 orthologs recovered over 90% of complete BUSCOs in all of our

assemblies with fewer than 5% of BUSCOs missing (Table 2.5).
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We mapped our transcripts to gene models of Arachis ipaensis, with near full-length
and fragmented transcripts defined as > 70% and < 30% coverage respectively. We found
that roughly 80% of the transcripts were near full-length for all transcriptomes, with only 5—
8% of fragmented transcripts (Figure 2.2). There was no evidence for mapping bias among
the species when comparing the counts of full-length and fragmented transcripts among our
transcriptomes (p > 0.05, chi-square test of independence). The TransRate analysis returned a
high mean percentage of contigs covered by the ORF (> 99.7% for all assemblies) and a
rather low coverage on the A. ipaensis reference (~ 34.1% for all assemblies) (Table 2.7).
However, the reference coverage depends significantly on the evolutionary distance between

the assembled and reference species®’.

2.4.3 Structural and functional annotation

We annotated the Dalbergia transcriptome assemblies by using multiple sources and
methods to provide a complete set of annotations for each species. We separated the
annotations for our full transcriptome assemblies, which contained isoforms from alternative
splicing as predicted in the Trinity pipeline and the gene set, which only contained the longest
isoform representing each gene. The homology search on Arachis ipaensis, Arabidopsis
thaliana, and SwissProt annotated 69.8-88.9% of the transcripts and 63.9-83.1% of the
genes, depending on the Dalbergia species. We also identified protein domains (as Pfam
terms) on 59.8-69.8% of the genes, transmembrane domains on 16.7-20.2% of the genes,
and signal peptides on 6.3-7.7% of the genes. GO, KEGG and EggNOG assignments were
transferred from SwissProt/UniProtKB annotations. The annotation report for each species

assembly is available (https://doi.org/10.1038/s41598-020-74814-2#Sec25), and the

annotation statistics for the transcriptomes are shown in Table 2.6.


https://doi.org/10.1038/s41598-020-74814-2#Sec25
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2.4.4 Phylogenomic analysis and estimation of divergence time

Analysis using Orthofinder assigned 481,614 genes (84.7% of total genes) in our six
Dalbergia and 10 other Fabaceae transcriptomes into 34,725 orthogroups (Table 2.8). All
species present shared 5,493 orthogroups but only 256 orthogroups contained single-copy
genes. The Dalbergia species shared 13,149 orthogroups (Figure 2.3). A Bayesian
phylogenetic tree constructed using these 256 single-copy orthologs, with a total aligned
length of 479,064 bp, supported the monophyly of Dalbergia species in the present study and
showed the expected relationship of Dalbergia species with other major Fabaceae groups
(Figure 2.4).

Using the multiple fossil calibration nodes in Fabaceae, we estimated the divergence
time of extant members of the genus Dalbergia to be around 14.78 MYA (95% HPD: 13.74 —

16.02). The divergence times of other branches are shown in Table 2.9.

2.4.5 Enrichment analyses and gene family evolution

GO enrichment analyses revealed significant differences for GO categories of cellular
components, biological processes, and molecular functions among Dalbergia species (Table
2.10 & Figure 2.5; p < 0.05, chi-square test of independence). In most categories, D.
frutescens and D. oliveri had the most GO term counts, whereas D. miscolobium and D.
sissoo had the fewest counts. The pattern of GO term count reflected the number of genes
predicted in the assemblies, where D. frutescens had the highest number of genes (49,050)
and D. miscolobium the lowest (32,107).

We conducted enrichment analyses on the Pfam protein domains to determine over-
or under-represented specific groups of genes between Dalbergia species and other Fabaceae
species (Table 2.11 & Figure 2.6; p < 0.05, two-tailed Fisher’s exact test). While we reported
a list of under-represented protein domains in Dalbergia species, we were cautious about the

completeness of our transcriptome assemblies, owing to the samples only including juvenile
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stage vegetative tissues. We focused on the 13 protein domains that were over-represented in
our Dalbergia study species. These included two heat shock proteins Hsp70 and Hsp90
(PF00012.20 and PF00183.18), ubiquitin-related proteins (PF13881.6, PF11976.8,
PF14560.7, and PF00240.23), aldehyde dehydrogenase family (PF00171.22), ribosomal
proteins (PF01248.26 and PF00428.19), KOW motif (PF00467.29), elongation factor
(PF03143.17), actin (PF00022.19), and leucine rich repeats (PF12799.7).

To detect the local scale of gene family expansion/contraction events in D.
cochinchinensis and D. oliveri, CAFE analysis revealed 10 and 49 orthogroups that
significantly expanded respectively (family-wide p-value < 0.05, branch Viterbi p-value <
0.001; Table 2.12). GO enrichment analysis revealed many over-represented terms (BH p <
0.05, two-tailed Fisher’s exact test; Table 2.13 in these significantly expanded gene families,

including innate immune response (GO:0045087) and defence response (GO:0006952).

2.4.6 Positive selection analysis

A total of 9,054 single-copy orthologs were identified among the 6 Dalbergia species
using Orthofinder. A branch-site model, based on their dN/dS, detected 371 and 439
positively selected genes for D. cochinchinensis and D. oliveri respectively (BH p < 0.05,
chi-square test of independence, Table 2.14). KEGG and GO vocabularies were searched on
these positively selected genes for individual species to better summarise their biological
annotations. The GO enrichment test showed a significant difference between the two species
in 20 level-6 GO terms (Figure 2.7; p < 0.05, chi-square test of independence), with a
majority of GO terms attributed to molecular function and related to binding. We detected no

KEGG pathway or module showing a differential representation between these two species.
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2.5 Discussion

We produced six Dalbergia transcriptome assemblies estimated to each contain 32K
to 49K unique genes. Assessments of assembly completeness and quality suggested that they
are suitable for molecular and evolutionary analyses and afford fair comparisons as presented
in this study. Here, we discuss insights gained from data analyses with relevance to growth
habit, divergence time and phylogeny, gene families, positive selection, and potential

conservation implications.

2.5.1 Transcriptome assembly statistics

Genome size variation has been an important character in the evolution of higher
plants, and may be accompanied in some cases by substantial changes in the number of
genes®. No genome has been published for the genus Dalbergia, but previous
cytophotometry estimated that Dalbergia species have genome sizes ranging from 1.43-1.98
Gb, while Dalbergia is an exclusively diploid genus with 2n = 20 chromosomes®,
Cytophotometry results also indicated a larger DNA content in climber or liana Dalbergia
species than the congeneric tree species. A similar tree-liana evolution trend has been
suggested in other woody angiosperm taxa®*%°. A meta-study on 6,949 angiosperms also
confirmed that lianas generally have a larger DNA content®. In our study, D. frustescens was
the only liana while others were all tree species. D. frutescens had the largest number of
genes in its transcriptome, and was the most recently evolved, according to the most recent
molecular phylogeny. Both previous cytophotometry results and our transcriptome statistics
suggest that the climbing character in Dalbergia may have derived from non-climbing tree
ancestors, accompanied by both a larger genome size and an increased gene number. The
expansion of gene families in lianas may underpin adaptations such as stem flexibility and
vascular transport by adapted, derived secondary growth and wider vessel elements®’.

However, our study is limited by the number and choice of species, and we believe that
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studying more species in this large genus will give better insights into the tree-climber

relationship.

2.5.2 Phylogenomics and divergence time estimation

Molecular phylogenies have suggested Dalbergia is a monophyletic group placed in
the Dalbergia clade with its sister taxon Machaerium®®®. The estimated age of MRCA of
Machaerium copote and Dalbergia congestiflora was 40.4-43.0 MY A%, The most recent and
comprehensive molecular phylogeny research in Dalbergia suggested D. miscolobium as the
basal group among extant members?, but species divergence time in Dalbergia is unstudied to
date. Using transcriptome resources and fossil calibrations from other Fabaceae species, we
estimated the time of divergence of extant Dalbergia species to be around 14.78 MYA
(Miocene-Langhian). Our estimation was slightly out of previously estimated ranges
(Vantaparaset et al.': 3.8-12.7 MYA and Lavin et al.®®: 7-12.2 MYA) based on single or a
few loci. While most other fossil records of extinct members date to the Miocene (FD.
nostratum: Lower Miocene 15.97-23.03 MYA?; 4D. lucida: Late Miocene 5.33-11.61
MYA™), the earliest fossil record of +D. phleboptera was found in a Chattien (27.82—-23.02
MY A) deposit’?, which would suggest an earlier origin of the Dalbergia genus. However, the
morphological details of extinct Dalbergia species were not well described from fossils and
thus their placement within the genus Dalbergia could not be confirmed. Therefore, in our
study, these Dalbergia fossils were not useful in node calibration to determine the actual
divergence time of Dalbergia. We believe our Dalbergia crown age estimation would at least
be useful in providing a minimum bound when phylogenomic information of other Dalbergia
species becomes available.

The colonisation of D. cochinchinensis and D. oliveri in the Indochina biodiversity

hotspot was estimated to occur ~11.68 MYA (Lower Miocene), coinciding with rapid in-situ
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diversification events and migrations after the Thai-Malay Peninsula split into Indochina and
Borneo at ~15 MYA'3, leading to Indochina’s diverse biota.

Divergence time for legumes was estimated to be ~80.16 MYA in this study, which
falls within the most recent estimate of its marginal age prior (79.37-109.20 MYA)*. The
difficulty in accurate divergence time estimation is proposed to be due to both whole genome

duplication events near the root, intertwining with extinction and speciation events’.

2.5.3 Comparative analysis of gene families between Dalbergia and other Fabaceae
members

Eukaryotes share a large uniform set of conserved orthologs which encode for
essential functional domains, such as DNA replication and repair, stress response, and
secretion, and are based on the same genomic architeture’. The expansion and contraction of
core orthologs contribute to eukaryotic diversity and enable individual species adaptation to
their environment’®. New genes may develop and result in the partitioning of gene function
(subfunctionalisation) or the acquisition of new function (neofunctionalisation)’’. For
comparative genomic analyses of lineage-specific expansions and contractions, we used Pfam
and CAFE analyses. The former tends to cluster protein into larger gene families, while the
latter produces a finer clustering®.

Our Pfam analysis revealed expanded gene families in Dalbergia species compared to
other Fabaceae members with potential biological relevance to their adaptive significance.
For example, HSP70 and HSP90 heat shock proteins are molecular chaperones important for
protein folding that enable active response to different stresses in plants such as heat, drought,
pH and hypoxia via different signalling transduction pathways’®’®. The protection against
prolonged heat stress and acute heat shock by these chaperones has enabled heat
acclimatization in Arabidopsis thaliana®, such as via stomatal control and abscisic acid

signalling®!. The expansion of HSPs in Dalbergia species may enhance their tolerance of
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higher temperatures across their pan-tropical range. Another significantly expanded protein
family in the Dalbergia genus is the aldehyde dehydrogenase (ALDH) superfamily. ALDH is
highly conserved in many metabolic pathways in higher plants and plays a significant role in
aldehyde homoeostasis and redox balance®?, such as in photorespiration and nitrate
assimilation®. Increase in ALDH activity is shown to correlate with higher energy
production, which fosters faster coleoptile elongation and seedling survival®*. Many plant
ALDH genes are also known to respond to a diversity of stresses including dehydration,
heavy metals, salinity, and others®®. Finally, several ubiquitin-related terms are over-
represented in the Dalbergia genus. The best-characterised functions of ubiquitin proteins
(Ub) are regulation of targeted protein degradation and maintenance of protein load in cells,
with a role in manipulation of the proteome in response to abiotic stress conditions®®’. For
example, an Ub was found to regulate the expression of heat shock proteins in Brassica
napus®. In addition, Ubs can control pattern-recognition receptors, which are crucial for

plant defence and immunity against pathogens®®.

2.5.4 Evolution of plant defence genes in Dalbergia cochinchinensis and D. oliveri

CAFE analysis was conducted to detect expanded gene families in D. cochinchinensis
and D. oliveri compared to other Dalbergia and Fabaceae species. Both species showed a
significant expansion in disease resistance proteins (R proteins): 34 R protein families were
detected to expand in D. oliveri (294 R proteins), while 6 were detected in D. cochinchinensis
(52 R proteins). GO enrichment of these significantly expanded gene families also confirmed
an over-representation of immune response and defence response genes. R proteins are
important in response to biotic stresses, as plants are attacked by many pathogenic organisms
such as bacterial, fungi, viruses, and nematodes®. Pathogens secrete effector proteins during

infection and can be recognised by R proteins in gene-for-gene interactions®’. Due to the
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highly specific nature of R proteins on effectors, the R protein family evolves under
diversifying selection for rapid acquisition of novel specificity to pathogens®2.

Although D. cochinchinensis and D. oliveri are commonly found in the same
geographical localities in Thailand, Laos, Cambodia and Vietnam, D. oliveri has a wider
distribution towards Myanmar and occurs in a broader diversity of forest types'. The wider
niche of D. oliveri may encompass a wider array of biotic stresses and diseases and thus
explain the more diverged R protein families than in D. cochinchinensis.

Our PAML analysis detected 16 and 22 positively selected genes responsible for
defence responses (GO: 0006952) in D. cochinchinensis and D. oliveri, respectively,
suggesting an adaptive divergence in the suite of plant defence genes. Positive selection in
PAML analysis is detected based on measuring the ratio of non-synonymous to synonymous
substitution (dN/dS) for all single-copy orthologs, assuming dN/dS = 1 in neutral molecular
evolution, dN/dS > 1 signals positive selection®:. Most of the positively selected genes do not
belong to the R family, but instead, for example, to the leucine-rich repeats (LRR) family,
RNA-binding family, NPK1-related protein kinase family, which also are involved in the
detection of pathogenic compounds and triggering of plant defence®.

Positive selection analysis also revealed several GO terms that were different between
the two species, with D. oliveri having more positively selected genes in every term than D.
cochinchinesis. Only 28 genes were positively selected in both D. cochinchinensis and D.
oliveri, whereas they each had 343 and 411 positively selected distinct genes respectively.
The difference in selection signals may suggest that even though the two species share similar
geographical distributions, they are subject to different selective forces and slightly more
genes have undergone positive selection in D. oliveri evolution. The only population genetic
study revealed that D. oliveri maintains higher genetic diversity than D. cochinchinensis from

ancient genetic bottlenecks, potentially related to higher gene flow and dispersal capacity in
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D. oliveri®®. Potential selection differences between the two species will need further studies,

such as through landscape genomics, to fully elucidate their gene-environment associations.
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2.6 Conclusion

Of the 14,191 vascular plants that have been listed as threatened (Vulnerable,
Endangered and Critically Endangered) on the IUCN Red List (version February 2019)%, 16
(~ 0.1%) have published genomes and only 64 have published transcriptomes as BioProjects
on NCBI (~ 0.5%)%. Compared to about 1% of threatened animal species with published
genomes on NCBIY, there are disproportionately few genome-wide resources in threatened
plants.

The potential application of genomic tools for conservation theory and practice has
been clearly highlighted but its use is still limited in real-world initiatives®. One of the
limitations is, assembling a reference genome involves considerable expertise, costs, and
computational resources®®. Advances in RNA-seq and transcriptomics offer a cost-effective
alternative to facilitate diverse genomic applications'®, Reference transcriptomes enable the
development of an array of genotyping methods, such as microsatellites®’, exon capture!®,
and SNP discovery with genotyping-by-sequencing®2. Although targeted capture probes exist
for legumes®, our transcriptomes capture a larger set of single or low-copy homologous
genes exclusive to Dalbergia. The genome-wide resource allows us to study genetic diversity
and understand both its neutral and adaptive components. This will produce insights into the
mechanisms driving interactions between the environment and populations, with the potential
to inform adaptive management of threatened populations, such as through assisted gene
flow, GWAS, and marker-based or genomic selection®"1%,

Dalbergia is highly threatened as a genus globally because of its economic value,
with D. cochinchinensis and D. oliveri respectively characterised as Vulnerable and
Engendered in the IUCN Red List. With overexploitation of these two species, timber
markets have already shifted to other Dalbergia species leading to serial exploitation within

the genus!®. Our reference transcriptomes hugely expand the genomic resource repertoire for



the genus Dalbergia and will facilitate transfer of utility through to other Dalbergia species.
They will also open the potential for future studies of Dalbergia species towards their

evolution and conservation in a broader context.
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2.10 Figures and Tables

Figure 2.1.

Bioinformatic pipeline of de novo transcriptome analysis and gene annotation

for the 6 Dalbergia species. For the software details, see methods.
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Figure 2.2. Transcripts of the 6 Dalbergia species aligned to the Arachis ipaensis NCBI

RefSeq database at a given coverage.
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Figure 2.3. Venn diagram showing orthogroups among the 6 Dalbergia species visualized

with ClusterVenn.
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Figure 2.4. Dated phylogeny of 16 Fabaceae species based on Bayesian analysis of a

supergene from the 256 single-copy orthologs (479,064 bp) from their transcriptomes. Node

bars indicate 95% CI for the estimated divergence time. Numbers on branches indicate

posterior probability (1 for all branches).
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Figure 2.5. Chord diagrams of annotated GO terms (level 2) for (a) cellular components
(red); (b) biological processes (green); (c) molecular functions (blue) in the 6 Dalbergia
species, only showing terms that are significantly different among the species (p < 0.05 in

chi-square test of independence). Each tick interval is 1,000 counts. The scale is arranged
clockwise showing descending GO counts.
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Figure 2.6. Heatmap of annotated Pfam domains of the 13 Fabaceae species, only showing
domains (n = 91) that are significantly contracted (negative) or expanded (positive) in the

Dalbergia species (p < 0.05 in two-tailed Fisher’s exact test of independence).
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Table 2.1. Basic details and conservation status of the six Dalbergia species covered in this
study.

Scientific Common Native Habitat IUCN status | CITES References
name name occurrence status
Dalbergia Siamese Cambodia, Terrestrial; Vulnerable 11 (2017) 106
cochinchinensis | rosewood Lao PDR, open semi- Alcd (1998)

Thailand, deciduous

Vietnam forests
Dalbergia Brazilian Columbia, Variable, Unclassified | 1l (2017) to7
frutescens tulipwood Amazonia, usually as a

Andes, liana

Caribbean

Plain,

Magdalena

Valley
Dalbergia African Wide Range of Near 11 (2017) 108
melanoxylon blackwood geographical | woodland threatened

distribution habitats (1998)

in sub-

Saharan

countries
Dalbergia Jacaranda- Brazil, Savannah Unclassified | 11 (2017) 109
miscolobium do-cerrado Bolivia
Dalbergia Burmese Cambodia, Mixed Endangered | Il (2017) 110
oliveri rosewood Lao PDR, deciduous Alcd (1998)

Myanmar, forests and

Thailand, tropical

Vietnam evergreen
Dalbergia North Indian | Indian Deciduous Unclassified | I1 (2017) 1
5iss00 rosewood; Subcontinent | forests

Shisham
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Table 2.2.  Acquisition details for the plant materials of the six Dalbergia species covered

in this study.
Species Source Accession Year Wild Identifier
collected used by
source
D. Forest Research Center, Lao Bolikhamxay, | 2018 Yes N/A
cochinchinensis | PDR Khamkend,
Laos
D. frutescens Millennium Seed Bank, Royal Brazil 1992 Yes 98382
Botanic Gardens, Kew
D. melanoxylon | World Agroforestry Centre Kathozweni, | 2011 Yes 05662
Kenya
D. miscolobium | Royal Botanic Gardens, Kew Brazil 1994 Yes 102498
D. oliveri Institute of Forest & Wildlife Cambodia 2018 Yes N/A
Research & Development,
Cambodia
D. sissoo Commercial retailer Unknown Unknown | Unknown | YRFFDASI

(http://www.rarepalmseeds.com)
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Table 2.3. Transcriptome and annotation resources of the 16 Fabaceae species used in this

study.
Species Abbreviatio | Source Assembl | BUSCO Referenc
n used in this y method | score e
paper

Acrocarpus Af https://ics.hutton.ac.uk/tropiTree | Trinity Unreporte | !
fraxinifolius / d
Arachis Ai NCBI: GCF_000816755.2 Trinity C:87.3;F |?
ipaensis 5.8; M: 6.9
Arachis Ad NCBI: GCF_000817695.2 Trinity C:88.8;F: |?
duranensis 4.7, M: 6.5
Bauhinia Bt DOI: 10.5061/dryad.ff1tq Trinity Unreporte | 3
tomentosa d
Cercis Cc DOI: 10.5524/101044 Trinity C:96.2;F |4
canadensis 1.9;M: 1.9
Chamaecrista Cf DOI: 10.5524/101045 Trinity C:93.2;F |*
fasciculata 1.7, M:5.1
Dalbergia Co NCBI: GIHU00000000 Trinity C:92.2; F. | this study
cochinchinensi 4.0; M: 2.9
S
Dalbergia Fr NCBI: GIHP00000000 Trinity C: 92.1; F: | this study
frutescens 4.8; M: 3.1
Dalbergia Me NCBI: GIHQ00000000 Trinity C: 92.3; F: | this study
melanoxylon 5.1; M: 2.6
Dalbergia Mi NCBI: GIHR00000000 Trinity C: 93.1; F: | this study
miscolobium 4.6; M: 2.3
Dalbergia ol NCBI: GIHS00000000 Trinity C: 90.9; F. | this study
oliveri 6.5; M: 2.6
Dalbergia Si NCBI: GIHT00000000 Trinity C; 94.4; F. | this study
Siss00 3.3; M: 2.3
Mimosa pudica | Mp DOI: 10.5524/101049 Trinity C:94.3;F |4

1.7, M: 4.0
Lupinus La NCBI: GCF_001865875.1 Trinity C:92.7;F |5
angustifolius 4.2; M: 3.1
Nissolia schottii | Ns DOI:10.5524/101050 Trinity C:95.0;F: |*

1.5;M: 35
Xanthocercis Xz DOI: 10.5061/dryad.ff1tq Trinity Unreporte | ®

zambesiaca

d
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Table 2.4.  Summary of transcriptome assembly statistics of the six Dalbergia species.

Feature D. D. D. D. D. oliveri D. sissoo
cochinchinensi | frutescens | melanoxylo | miscolobiu
S n m
Number of 168,351,690 71,187,798 | 74,366,734 | 91,273,654 | 181,456,68 | 73,160,910
paired-end 3
raw reads
Number of 156,116,637 65,092,217 | 67,994,105 | 83,178,635 | 169,551,74 | 67,086,967
paired-end (92.7%) (91.4%) (91.4%) (91.1%) 8 (91.7%)
filtered reads (93.4%)
Number of 277,981 274,663 363,116 208,249 376,014 195,268
transcripts in
initial
assembly
Number of 161,051 179,085 212,141 123,962 223,289 121,629
genesin
initial
assembly
Total length 316,346,363 255,266,59 | 309,909,355 | 237,557,440 | 357,336,70 | 216,910,97
of transcripts 4 5 5
(bp)
Average 1138.01 929.38 853.47 1140.74 950.33 1110.84
transcript
length (bp)
N50! (bp) 2,159 1,749 1,477 2,074 1,851 2,019
GC (%) 40.25 41.88 41.38 40.60 40.59 41.06
Map 89.85 87.71 85.69 89.20 87.14 89.02
representatio
n alignment
rate (%)
Number of 224,511 231,281 271,088 174,382 293,334 168,039
non-
redundant
transcripts
Final assembly
Number of 84,003 84,897 80,484 69,357 92,906 67,379
transcripts in
final
assembly
Total length 81,157,122 75,431,325 | 70,467,927 | 68,915,367 | 83,501,667 | 67,138,149
of transcripts
(bp)
Average 966.12 888.50 875.55 993.63 898.78 996.43
transcript
length (bp)
N50 of 1,254 1,152 1,149 1,290 1,179 1,305
transcripts
(bp)
GC of 44.66 46.01 45.24 44.68 44.97 45.00

transcripts
(%)
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Number of 34,655 48,591 43,848 31,678 43,879 32,753
genes in final

assembly

Total length 33,219,183 41,338,207 | 37,309,763 31,488,922 | 37,371,154 | 32,374,118
of genes (bp)

Average gene | 958.57 850.74 850.89 994.03 851.69 988.43
length (bp)

N50 of genes 1,341 1,145 1,173 1,383 1,182 1,374

(bp)

GC of genes 45.37 47.43 46.00 45.32 45.97 45.92

(%)

BUSCO C:922;F. 49, | C:921; F C:923; F C:93.1; F C:90.9; F: C:944; F:
Score? (N= M: 2.9 48;M:3.1 | 51;M:26 4.6; M: 2.3 6.5;M:26 | 3.3;M:23

2,121) (%)
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Table 2.5. Summary of transcriptome BUSCO statistics (N = 2,121) of the 6 Dalbergia

species.
BUSCO D. D. D. D. D. oliveri D. sissoo
statistics cochinchinensis | frutescens | melanoxylon | miscolobium
Complete 1,956 (92.2%) 1,953 1,958 1,976 1,927 2,002
(92.1%) (92.3%) (93.1%) (90.9%) (94.4%)
single- 1,180 (55.6%) 1,257 1,236 1,254 1,172 1,331
copy (59.3%) (58.3%) (59.1%) (55.3%) (62.8%)
duplicated 776 (36.6%) 696 722 722 755 671
(32.8%) (34.0%) (34.0%) (35.6%) (31.6%)
Fragmented | 104 (4.9%) 102 (4.8%) | 109 (5.1%) 97 (4.6%) 137 (6.5%) | 69 (3.3%)
Missing 61 (2.9%) 66 (3.1%) 54 (2.6%) 48 (2.3%) 57 (2.6%) 50 (2.3%)
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Table 2.6. Transcriptome annotation statistics of the 6 Dalbergia species. For the versions

of annotation databases, see methods for details. Highest numbers for each row are

highlighted in bold.

D. D. frutescens | D. D. D. oliveri D. sissoo
cochinchinensis melanoxylon miscolobium
Number of 84,003 84,897 80,484 69,357 92,906 67,379
transcripts in
final
assembly
Number of successfully annotated TRANSCRIPTS
Araip 1.1 74,397 (88.6%) 67,052 67,164 (83.5%) | 61,653 (88.9%) | 78,245 58,512
(79.0%) (84.2%) (86.8%)
Araport 11 70,780 (84.3%) 63,438 62,185 (77.3%) | 58,984 (85.0%) | 73,889 56,091
(74.7%) (79.5%) (83.2%)
SwissProt 63,175 (75.2%) 61,062 56,193 (69.8%) | 53,201 (76.7%) | 67,064 51,051
(71.9%) (72.2%) (75.8%)
GO 61,993 (73.8%) 60,005 55,022 (68.4%) | 52,043 (75.0%) | 65,740 50,008
(70.7%) (70.8%) (74.2%)
KEGG 55,538 (66.1%) 52,709 48,603 (60.4%) | 46,789 (67.5%) | 57,896 45,190
(62.1%) (62.3%) (67.1%)
EggNOG 52,510 (62.5%) 44,849 44,802 (55.7%) | 44,221 (63.8%) | 54,059 41,184
(52.8%) (58.2%) (61.1%)
Pfam 58,589 (69.7%) 56,835 51,717 (64.3%) | 49,888 (71.9%) | 62,162 47,842
(66.9%) (66.9%) (71.0%)
TMHMM 17,486 (20.8%) 15,424 14,864 (18.5%) | 14,338 (20.7%) | 18,359 13,671
(18.2%) (19.8%) (20.3%)
SignalP 5,603 (6.7%) 5,214 (6.1%) | 4,880 (6.1%) 4,772 (6.9%) 5,896 4,643
(6.3%) (6.9%)
Number of 34,655 48,591 43,848 31,678 43,879 32,753
genes in final
assembly
Number of successfully annotated GENES
Araip 1.1 28,277 (81.6%) 33,452 33,617 (76.7%) | 26,315 (83.1%) | 32,936 26,141
(68.8%) (75.1%) (79.8%)
Araport 11 26,388 (76.1%) 31,421 30,420 (69.4%) | 24,894 (78.6%) | 30,497 24,837
(64.7%) (69.5%) (75.8%)
SwissProt 24,175 (69.8%) 32,281 28,022 (63.9%) | 22,920 (72.4%) | 28,658 23,396
(66.4%) (65.3%) (71.4%)
GO 23,686 (68.4%) 31,733 27,471 (62.7%) | 22,427 (70.8%) | 28,116 22,926
(65.3%) (64.1%) (70.0%)
KEGG 20,603 (59.5%) 27,102 23,609 (53.8%) | 19,606 (61.9%) | 23,810 20,297
(55.8%) (54.3%) (62.0%0)
EggNOG 19,163 (55.3%) 20,886 21,121 (48.2%) | 18,204 (57.5%) | 21,470 17,635
(43.0%) (48.9%) (53.8%)
Pfam 23,134 (66.8%) 30,561 26,161 (59.7%) | 22,077 (69.7%) | 27,332 22,544
(62.9%) (62.3%) (68.8%)
TMHMM 7,609 (22.0%0) 8,120 7,748 (17.7%) | 6,417 (20.3%) | 8,006 6,447
(16.7%) (18.3%) (19.7%)
SignalP 2,607 (7.5%) 3,060 (6.3%) | 2,763 (6.3%) 2,453 (7.7%) 2,874 2,401
(6.6%) (7.3%)
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Table 2.7. TransRate reference-based metrics of the 6 Dalbergia transcriptomes mapped on

Arachis ipaensis. CRBB means Conditional Reciprocal Best BLAST. RBH means reciprocal

best hit.

Feature D. D. D. D. D. D.
cochinchinens | frutescen | melanoxylo | miscolobiu | oliveri SiSS00
is S n m

Number | 34,655 48,591 43,848 31,678 43,879 | 32,753

of

sequence

S

Number | 23,440 30,717 26,763 22,084 26,737 | 22,887

of contigs

with an

ORF

Mean % | 99.78 99.80 99.79 99.79 99.79 99.78

of the

contig

covered

by ORF

CRBB 14,963 14,820 15,668 14,778 15,395 | 14,365

hit

Number | 14,963 14,820 15,668 14,778 15,395 | 14,365

of contigs | (43.18%) (30.50%) | (35.73%) (46.65%) (35.09% | (43.86%

with ) )

CRBB

RBH per | 35.76 35.42 37.45 35.32 36.80 34.33

reference

(%)

Number | 13,465 13,405 13,649 13,419 13,618 | 13,196

of (32.18%) (32.04%) | (32.62%) (32.07%) (32.55% | (31.54%

reference ) )

s with

CRBB

Referenc | 34.38 34.21 34.47 34.43 34.42 34.10

e

coverage

(%)
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Table 2.8. (a) Basic statistics of the Orthofinder results of the 16 Fabaceae species and (b)

the number of shared orthogroups among species.

(@)
Number of genes 568,554
Number of genes in orthogroups 481,614 (84.7%)
Number of orthogroups 34,725
Number of species-specific orthogroups 925
Number of genes in species-specific orthogroups 3,465 (0.6%)
Number of orthogroups with all species present 5,493
Number of single-copy orthogroups 256

(b)

Ad | Af |Ai [Bt |Cc |Cf |[Co |Fr Me | Mi | Ol |Si La |Mp | Ns | Xz
A |16, | 10, |15 |10, |12, |11, |12, |12, |12, |12, |12, |12, |12, |10, |12, |10,
d | 595 | 149 | 648 | 595 | 256 | 498 | 346 | 337 | 501 | 221 | 441 | 266 | 013 | 540 | 416 | 806
A | 10, | 138, |10, |10, |10, |97 |10, |11, |11, |10, |11, |12, |10, |92 |10, |10,
f | 149 | 646 | 253 | 781 | 374 | 91 | 946 | 281 | 440 | 991 | 232 | 005 | 253 | 01 | 245 | 970
A |15, |10, |16, |10, |12, |11, |12, |12, |12, |12, |12, |12, |12, |10, |12, |10,
i | 648 | 253 | 834 | 687 | 283 | 528 | 429 | 431 | 614 | 311 | 529 | 319 | 034 | 595 | 431 | 892
B |10, |10, |10, |13, |11, |10, |11, |12, |12, |12, |12, |11, |10, |95 |10, |11,
t | 595 | 781 | 687 | 812 | 051 | 261 | 461 | 598 | 843 | 445 | 668 | 371 | 750 | 20 | 811 | 423
C |12, |10, |12, |11, |14, |12, |12, |12, |12, |12, |12, |12, |12, |11, |13, |11,
C | 256 | 374 | 283 | 051 | 960 | 393 | 848 | 832 | 973 | 711 | 938 | 710 | 589 | 261 | 112 | 095
C |11, |97 |11, |10, |12, |13, |12, |12, |12, |11, |12, |11, |11, |10, |12, |10,
f | 498 |91 |528 | 261 | 393 | 822 | 032 | 009 | 138 | 931 | 110 | 922 | 892 | 813 | 301 | 372
C |12, |10, |12, |11, |12, |12, |18, |15, |15, |14, |16, |14, |12, |11, | 13, |11,
0 | 346 | 946 | 429 | 461 | 848 | 032 | 209 | 388 | 739 | 696 | 060 | 769 | 475 | 052 | 022 | 754
F |12, |11, |12, |11, |12, |12, |15, |21, |17, |15, |17, |16, |12, |11, |12, |11,
r | 337 | 281 | 431 | 598 | 832 | 009 | 388 | 650 | 347 | 693 | 047 | 873 | 464 | 003 | 978 | 925
M| 12, |11, |12, |11, |12, |12, |15, |17, |20, |15, |16, |16, |12, |11, |13, |12,
e | 501 | 440 | 614 | 843 | 973 | 138 | 739 | 347 | 719 | 388 | 678 | 007 | 568 | 128 | 128 | 224
M| 12, |10, |12, |11, |12, |11, | 14, |15, | 15, |17, | 15, |14, |12, |10, |12, | 11,
i | 221 | 991 | 311 | 445 | 711 | 931 | 696 | 693 | 388 | 963 | 467 | 862 | 397 | 925 | 875 | 762
O |12, |11, |12, |11, |12, |12, |16, |17, |16, |15, |20, |15, |12, |11, | 13, |11,
| | 441 | 232 | 529 | 668 | 938 | 110 | 060 | 047 | 678 | 467 | 592 | 650 | 547 | 132 | 158 | 949
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S |12, |11, |12, |11, |12, |11, |14, |16, |16, |14, | 15, |19, |12, |10, |12, |11,
i | 266 | 005|319 | 371 | 710 | 922 | 769 | 873 | 007 | 862 | 650 | 090 | 394 | 939 | 882 | 681
L |12, |10, (12, (10, |12, |11, |12, |12, |12, |12, |12, |12, |13, |10, | 12, | 10,
a | 013 | 253 | 034 | 750 | 589 | 892 | 475 | 464 | 568 | 397 | 547 | 394 | 882 | 826 | 668 | 902
M|10, |91 (10, {95 |11, |10, |11, |11, |11, |10, |11, |10, |10, |12, |11, |95
p [540 |01 |595 |20 | 261 |813 | 052 | 003 | 128 | 925 | 132 | 939 | 826 | 882 | 254 | 92

N (12, (10, |12, |10, |13, |12, |13, |12, |13, |12, |13, |12, |12, |11, |15, |11,
s | 416 | 245 | 431 | 811 | 112 | 301 | 022 | 978 | 128 | 875 | 158 | 882 | 668 | 254 | 005 | 024
X |10, |10, |10, |11, |11, |10, |11, |11, |12, |11, |11, |11, |10, |95 |11, |14,
z | 806 | 970 | 892 | 423 | 095 | 372 | 754 | 925 | 224 | 762 | 949 | 681 | 902 | 92 | 024 | 319
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Bayesian analysis of a supergene from the 256 single-copy orthologs (479,064 bp) from their

transcriptomes.

Node

Median of node age

95% HPD of node age

Bauhinia tomentosa—Acrocarpus fraxinifolius

80.1610

69.4302 — 95.4551

Bauhinia tomentosa—Cercis canadensis 46.8064 43.4005 - 50.6522
Acrocarpus fraxinifolius—Chamaecrista 58.2181 56.9537 — 59.8703
fasciculata

Chamaecrista fasciculata—Mimosa pudica 43.8327 42.2482 — 46.0581
Acrocarpus fraxinifolius—Xanthocercis 64.0946 62.6783 — 65.9590
zambesiaca

Xanthocercis zambesiaca—Lupinus 57.1341 56.2045 — 58.7156
augustifolius

Lupinus augustifolius—Nissolia schottii 51.3041 50.4486 — 52.5991
Nissolia schottii-Arachis duranensis 41.8895 41.1156 — 42.8862
Arachis duranensis—Arachis ipaensis 3.2624 3.1225 - 3.4102
Arachis duranensis—Dalbergia miscolobium 25.5414 24.0776 — 27.1138
Dalbergia miscolobium-Dalbergia 14.7808 13.7365 — 16.0182
cochinchinensis

Dalbergia cochinchinensis—Dalbergia oliveri 11.6900 9.6624 — 13.6183
Dalbergia cochinchinensis—Dalbergia 12.7026 10.4926 — 14.4774
frutescens

Dalbergia frutescens—Dalbergia sissoo 10.0446 7.7557 - 12.8381
Dalbergia frutescens—Dalbergia melanoxylon | 7.0789 4.8187 —10.2959
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Table 2.10. Counts of annotated GO terms (level 2) in 6 Dalbergia species, only showing

terms that are significant different among the species (p-value < 0.05 in chi-square test of

independence).
Co Fr Me Mi Ol Si p-value

Cellular components

cell 18918 25665 22120 18346 22471 18756  0.00E+00
cell junction 1056 1071 1166 986 1266 934 3.53E-13
cell part 18887 25610 22084 18305 22427 18715  0.00E+00
extracellular region 1587 2179 1650 1567 1819 1544 2.20E-35
extracellular region part 370 392 308 345 415 302 2.30E-05
membrane 8770 11238 10013 8320 10102 8345 2.88E-155
membrane-enclosed lumen 1495 2825 1876 1544 1859 1752 2.01E-131
membrane part 6488 8413 7749 6105 7521 6151 8.28E-138
nucleoid 47 91 76 66 61 79 4.67E-03
organelle 13715 18843 15907 13489 16265 13898  5.45E-302
organelle part 6824 10183 8093 6886 8407 7025  3.76E-229
protein-containing complex 3441 5836 4096 3677 4551 3818 1.52E-191
supramolecular complex 363 416 344 369 437 343 1.20E-03
symplast 991 981 1120 936 1166 878 1.34E-11
synapse 82 121 79 85 130 68 3.05E-06
synapse part 67 96 65 68 103 57 3.22E-04
Molecular functions

antioxidant activity 199 290 218 201 247 234 1.27E-04
binding 16104 21436 19157 15169 19352 15228 0.00E+00
cargo receptor activity 3 19 11 6 10 5 2.44E-03
catalytic activity 11947 16786 14322 11596 14272 12024  0.00E+00
molecular carrier activity 38 85 57 42 48 55 9.03E-05
molecular function regulator 526 763 566 519 634 421 4.79E-24
molecular transducer activity 471 527 547 438 512 562 5.90E-04
structural molecule activity 843 1233 836 908 1301 778 1.90E-53
transcription regulator activity 1552 1839 1745 1487 1683 1512 7.30E-12
transporter activity 1608 2477 1954 1651 1863 1710 1.71E-57

Biological processes




behavior
biological adhesion
biological regulation

cell aggregation

cellular component organization or

biogenesis

cellular process
detoxification
developmental process
growth

immune system process
localization

locomotion

metabolic process
multi-organism process
multicellular organismal process

negative regulation of biological
process

nitrogen utilization

positive regulation of biological
process

regulation of biological process
reproduction

reproductive process

response to stimulus

signaling

26
76
6865
34

4070
15997
58
3630
778
1108
3349
173
13803
2627
3462

1462
15

1745
6179
2037
2014
7706
2553

45
121
8847
31

6294
22257
149
4014
925
1217
5211
233
19567
2901
3571

2104
58

2403
7853
2244
2191
9228
3053

25
84
7968
10

4680
18818
100
4035
881
1379
3926
156
16249
2935
3866

1747
25

1977
7137
2276
2254
8974
2987

31
78
6534
46

4021
15510
83
3567
730
849
3409
217
13673
2303
3352

1478
16

1713
5833
1955
1929
6972
2219

46
100
8031
52

4912
19098
82
4074
878
1394
4058
254
16395
3053
3822

1715
24

2057
7183
2234
2201
8989
3069

16
66
6527
21

4280
15839
85
3411
721
760
3535
169
14048
2180
3138

1519
14

1756
5816
1849
1811
6820
2086

4.40E-04
4.07E-04
1.11E-130
5.27E-07

6.98E-164
0.00E+00
1.06E-09
9.97E-22
8.57E-09
1.88E-66
2.10E-131
1.86E-07
0.00E+00
2.15E-50
3.68E-22

8.36E-37
1.36E-10

2.33E-37
6.84E-113
8.84E-15
7.93E-15
1.18E-154
3.99E-76
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Table 2.11. Row Z scores of annotated Pfam domains (N = 17,929) of the 13 Fabaceae
species, only showing domains (n = 91) that are significantly contracted (negative) or
expanded (positive) in the Dalbergia species (p < 0.05 in two-tailed Fisher’s exact test of

independence).

Table 2.11 is too big to be included in the main text. It can be accessed at https://static-
content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-
2/MediaObjects/41598 2020 74814 MOESM8 ESM.xIsx.



https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM8_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM8_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM8_ESM.xlsx
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Table 2.12. Results of CAFE analysis on gene expansion/contraction events in (a) D.
cochinchinensis and (b) D. oliveri, only showing 10 and 49 orthogroups that have

significantly expanded or contracted (family p < 0.05 and Viterbi p <0.001).

Table 2.12 is too big to be included in the main text. It can be accessed at (a) https://static-
content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-

2/MediaObjects/41598 2020 74814 MOESM9_ESM.xlIsx and (b) https://static-
content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-

2/MediaObjects/41598 2020 74814 MOESM10_ESM.xIsx.



https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM9_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM9_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM9_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM10_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM10_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM10_ESM.xlsx
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Table 2.13. GO enrichment for biological processes of significantly expanded gene
families in CAFE analysis in (a) D. cochinchinensis and (b) D. oliveri, only showing GO
terms that are significantly over- or under-presented (p < 0.05 in two-tailed Fisher’s exact test

of independence).

Table 2.13 is too big to be included in the main text. It can be accessed at as Supplementary
Table 10 at https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-
2/MediaObjects/41598 2020 74814 MOESM1_ESM.docx.



https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM1_ESM.docx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM1_ESM.docx
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Table 2.14. Results of PAML analysis on positive selection in (a) D. cochinchinensis and
(b) D. oliveri, detecting 371 and 439 positively selected genes respectively, out of 9,054

single-copy orthologues tested (BH p < 0.05 in chi-square test of independence).

Table 2.14 is too big to be included in the main text. It can be accessed at (a) https://static-
content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-

2/MediaObjects/41598 2020 74814 MOESM11_ESM.xIsx and (b) https://static-
content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-

2/MediaObjects/41598 2020 74814 MOESM12_ESM.xIsx.



https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM11_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM11_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM11_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM12_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM12_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-74814-2/MediaObjects/41598_2020_74814_MOESM12_ESM.xlsx

104 Statement of Authorship for joint/multi-authored papers for PGR thesis

To appear at the end of each thesis chapter submitted as an article/paper

The statement shall describe the candidate’s and co-authors’ independent research contributions in the thesis
publications. For each publication there should exist a complete statement that is to be filled out and signed by the
candidate and supervisor (only required where there isn’t already a statement of contribution within the paper
itself).

Reference transcriptomes and comparative analyses of six species in the
threatened rosewood genus Dalbergia

Title of Paper

Publication Status EPublished o Accepted for Publication

oSubmitted for Publication oUnpublished and unsubmitted work written
in a manuscript style

Hung, T. H.*, So, T., Sreng, S., Thammavong, B., Boounithiphonh, C., Boshier,
D. H. & MacKay, J. J.* (2020). Reference transcriptomes and comparative
analyses of six species in the threatened rosewood genus Dalbergia. Scientific
Reports, 10, 17749. http://doi.org/10.1038/541598-020-74814-2

Publication Details

Student Confirmation

Student Name: Tin Hang Hung
Contribution to the Desi?ned the study, conducted the sample preparation, conceived and conducted the
Paper bioinformatic analyses, drafted and revised the manuscript

Signature

)/7775 YA% Date

8 MAR 2022

Supervisor Confirmation

By signing the Statement of Authorship, you are certifying that the candidate made a substantial contribution to the
publication, and that the description described above is accurate.

Supervisor name and title:  John MacKay, Wood Professor of Forest Science

Supervisor comments

Signature

/ /J
(&‘(/ %{d& | ; B Date 8 MAR 2022

This completed form should be included in the thesis, at the end of the relevant chapter.



Chapter 3. The first chromosome-level genome assembly of
Siamese rosewood Dalbergia cochinchinensis and comparative

genomics of resistance genes

Tin Hang Hung!”, David H. Boshier?, John J. MacKay*”

1. Department of Plant Sciences, University of Oxford, Oxford OX1 3RB, United

Kingdom



106

3.1 Abstract

Dalbergia cochinchinensis produces valuable rosewood, which is the world’s most trafficked
wild product. The escalating demand exploits the natural populations and the species was
classified as Vulnerable in the IJUCN Red List in 1998 and regulated under CITES Appendix
Il since 2017. Despite the growing interest of incorporating genomic tools into conservation
of threatened species like D. cochinchinensis, genomic resources remain scarce and
disproportionate for endangered plants and in particular Dalbergia species. We presented a
complete, chromosome-level assembly of D. cochinchinensis using a combination of ~260X
long-read sequencing using PacBio and Oxford Nanopore and ~88.52X Hi-C proximity
ligation. We produced 27,952 unique gene models, the majority of which were functionally
annotated and are an improved version of a previous study. Protein domain prediction and
motif discovery predicted the identity and arrangement of 166 resistance genes (R genes) in
the genome of D. cochinchinensis. Systematic analysis in 44 species from Fabaceae and
closely related families further revealed a large repertoire of R genes ranging from 32 to
2,763, the majority of which CNLs outnumbered and were positively correlated with TNLSs.
We also found that the number of R genes was significantly higher in perennial plants, which
could imply the evolutionary significance of a larger repertoire of specific resistance
responses in longer lifespans. Our study offers a reference-grade genome of D.
cochinchinensis, which has important potential for use, such as discovering adaptive variation
and marker-assisted selection for adaptive traits, and also studying legume evolution through

R genes.
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3.2 Introduction

Dalbergia cochinchinensis Pierre (2n = 2x =20) is one of 250 species in the
pantropical genus Dalbergia L. f., many of which produce extremely valuable rosewood
timber. Rosewoods has been the most trafficked wild product since 2015 and D.
cochinchinensis is the top trafficked rosewood speciest. The growing demand for D.
cochinchinensis is driving its exploitation to commercial extinction. It was classified as
vulnerable in the IUCN Red List in 1998, with international trade regulated since 2017 under
CITES Appendix 112. The species is endemic to Cambodia, Laos, Thailand, and Vietnam
within the Indo-Chinese biodiversity hotspot. D. cochinchinensis is an intermediate
pioneering species that fixes nitrogen, has fast juvenile growth, and drought tolerance?, and
thus is suitable for use in restoring degraded forests and deforested sites. Its conservation
could produce ecological and economic benefits both locally and at regionally, and would be
facilitated by an improved understanding of genomic properties.

The foundation of conservation genetics theory is based on the premise that small,
isolated populations may be genetically threatened, where random genetic drift and
inbreeding significantly decrease the genetic variation as a function of their effective sizes®.
By supplementing conservation biology with genome-wide information, there are two
dimensions of advancement: firstly, the increased density of markers across the genome
would provide more informative parameters including genetic diversity, demographic history,
and inbreeding coefficients*; secondly, the wider repertoire of genetic markers would provide
more insight into evolutionary mechanisms and adaptations®. A reference genome will enable
analysis, including characterisation of functional genes, higher-resolution species delineation,
association mapping and adaptation, genetic rescue, and genome editing®. These in turn will

help to address important conservation and forest restoration questions such as genetic
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monitoring of introduced and relocated populations, predicting population viability, disease
resistance, synthetic alternatives, and de-extinction®’.

Despite growing interest and the potential of genomic tools for conservation biology,
genomic resources for endangered species remain critically scarce, most of which are non-
model organisms®. Genomic resources are limited with disproportionate coverage across taxa.
Of the 14,191 vascular plants that are listed as either Vulnerable, Endangered, and Critically
Endangered in the IUCN Red List, only 0.1% have their genomes published, far fewer than
the 1% reported for animals®.

Genomic resources remain limited for the Dalbergia genus which consists of more
than 250 species’®. As of January 2022, the only available genomes are for D. hupeana®! and
D. odorifera?, and seven transcriptomes®*2. In addition, previous studies in Dalbergia
mainly focused on a limited number of loci and microsatellites**2°, which potentially hinders
a broader understanding of their evolutionary and ecological processes and the application of
genetic tools to conservation and forest restoration.

Filling in the resource and knowledge gaps in Dalbergia will ultimately contribute to
the understanding of legume evolution. The legume family (Fabaceae) evolved about 60
million years ago and is the third-largest angiosperm family after Orchidaceae and
Asteraceae?!. It contains many ecologically and economically important species. Most
legumes host bacteria symbionts in their root nodules and thus are able to fix atmospheric
nitrogen and improve soil fertility?2. Many legumes are major agricultural crops, for example,
soybean, peanut, and chickpea, which together contribute to more than 20% of global primary
crop production?®. However, their production has potentially been limited due to a wide range
of plant diseases such as rusts, mildews, leaf blights, and bacterial wilts?*. Most legume crops

that have reference genomes are herbaceous; therefore, analysis of species with a perennial
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and woody life habit such as Dalbergia will open the doors to comparative studies of
legumes with a wider range of ecological niches.

Understanding the evolution of disease defence mechanisms enables assisted breeding
in legumes, and could inform both conservation and breeding of endangered species like D.
cochinchinensis. In particular, plants have evolved highly diverse resistance gene (R gene)
families, which produce pathogen-resistance proteins (R proteins). R proteins contain highly
conserved domains and motifs, and are involved in effector-triggered immunity for pathogen
recognition?. Plant R proteins are characterised by an N-terminal effector domain, a NB-
ARC domain (nucleotide-binding adaptor shared by APAF-1 [apoptotic protease-activating
factor 1], R proteins, and CED-4 [the Caenorhabditis elegans homolog]) and have a series of
LRRs (leucine-rich repeat) making up the sensor domain?®. The N-terminal effector domain
largely defines the R proteins, such as the TIR (toll interleukin-1 receptor) domain for the
TNL (TIR-NB-ARC-LRR) subfamily and the coiled-coil (CC) structure for the CNL (CC-
NB-ARC-LRR) subfamily?’. Comprehensive genomic studies on R genes have focused on
Arabidopsis?® and crop species?®-3!, but rarely on complete taxonomic groups. The only
previous study on legumes identified rapid evolution of R genes under purifying selection in
seven species®.

This study presents a complete, chromosome-level assembly of D. cochinchinensis
developed by using a combination of PacBio and Oxford Nanopore Technologies sequencing
and Hi-C scaffolding. We produced the gene models with both ab initio prediction, a
previously published transcriptome, and protein homology evidence with Arabidopsis
thaliana and Arachis ipaensis. We then conducted genome-wide identification of R genes in
D. cochinchinensis to understand their genomic architecture. We further predicted R genes in

44 genomes from Fabaceae and closely related families to conduct evolutionary analyses.
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3.3 Methods

3.3.1 Plant materials and sample preparation

Dried seeds of Dalbergia cochinchinensis were collected from the Bolikhamxay
provenance in Khamkend, Lao PDR by the Forest Research Center, Lao PDR in 2018 and
stored at 4°C until germination. We scarified the seeds by placing them in 70°C distilled
water, which was then left to cool to room temperature. After soaking the seeds in the water
overnight, they were germinated in 1% agar in a plant growth cabinet MLR-350 (Sanyo,
Watford, United Kingdom) at 25°C and photoperiod 12L/12D. Germinants were transferred
to 3-litre pots in a soil-perlite 3:1 (v:v) substrate in a greenhouse at 30°C and 16L/8D
photoperiod. The plants were regularly watered to pot capacity and fertilised once a week
using N-P-K 20:20:20 fertiliser (Chempak, Suffolk, United Kingdom), and any moulded or
diseased plants immediately removed. Leaf tissue was harvested from one selected 9-month-

old individual and ground in liquid nitrogen with a mortar and pestle.

High-molecular-weight genomic DNA was extracted with Carlson lysis buffer (100
mM Tris-HCI, pH 9.5, 2% CTAB, 1.4 M NaCl, 1% PEG 8000, 20 mM EDTA) followed by
purification using the QIAGEN Genomic-tip 500/G. The quantity and quality of genomic
DNA were determined with NanoDrop 2000 (Thermo, Wilmington, United States) and Qubit
1 (ThermoFisher Scientific, United Kingdom). DNA integrity was preliminary assessed with
a 0.4% agarose gel against a NEB Quick-Load® 1 kb Extend DNA Ladder. DNA samples
passed the quality check only when a single band could be mapped near a lambda DNA band

(~ 48.5 kb).

3.3.2 Nanopore library preparation and sequencing
Prior to library preparation, 9 ug of extracted DNA was size-selected using the Short

Read Eliminator Kit v2.0 (Circulomics, Baltimore, United Kingdom). 400 ng of size-selected
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DNA was used in each library preparation using the Rapid Sequencing Kit (SQK-RADO004)
(Oxford Nanopore Technologies, United Kingdom). The library was sequenced on two R9.4
flow cells on a MinlON platform (127.0.0.1). For each flow cell, the total sequencing time
was ~ 72 hours. Every 24 hours, the sequencing was paused and the flow cell washed with
the Flow Cell Wash Kit (EXP-WSHO003). A new library was prepared each time and loaded
on the same flow cell to resume the sequencing. Real-time basecalling was performed in

MinKNOW release 19.10.1. Raw reads with a Phred score lower than 8 were filtered.

3.3.3 PacBio library preparation and sequencing

The Genomics & Cell Characterization Core Facility at the University of Oregon for
PacBio prepared the DNA library and carried out the sequencing. Throughout the sample
preparation, the quality of DNA was assessed using Fragment Analyzer 1.2.0.11 (Agilent,
United States). 20 pg of unsheared genomic DNA was used for library preparation using the
SMRThbell Express Template Prep Kit 2.0 (Pacific Biosciences, United States). The library
was size selected using the BluePippin system (Sage Science, United States) at 45 kb and
then sequenced on a single SMRT 8M cell on a Sequel Il System (2.0 chemistry) using the

Continuous Long-Read Sequencing (CLR) mode with a movie time of 30 hours.

3.3.4 Hi-C proximity ligation library preparation and sequencing

We harvested 0.5 g of fresh leaf from the same reference individual and immediately
cross-linked the finely chopped tissue in 1% formaldehyde for 20 minutes. The cross-linking
was then quenched with glycine (125 mM). The cross-linked samples were then ground in
liquid nitrogen with a mortar and pestle and shipped to Phase Genomics (Seattle, USA) for
library preparation and sequencing. The Hi-C library was prepared with the restriction

enzyme Dpnll, proximity-ligated, and reverse-crosslinked using Proximo Hi-C Kit (Plant)
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v2.0 (Phase Genomics, Seattle, USA). The library was sequenced on a HiSeq4000 for ~300

M 150-bp paired-end sequencing.

3.3.5 Assembly pipeline

The raw reads were obtained in BAM format from PacBio platform and converted to
FASTA format using samtools 1.9, PacBio and Nanopore raw reads shorter than 500 bp
were filtered. We tried different assemblers for the de novo draft genome: Raven v0.0.7%,
Flye 2.7-b1585%°, wtdbg2%, Canu 2.0%". Among all assemblers, Canu-assembly had the
highest contiguity and retained halotigs which were useful for genome phasing. BUSCO?®®
was used to estimate the redundancy of the draft genome. GenomeScope®® was used to
estimate the genome profile. We used purge_haplotigs v1.1.1*° to collapse the redundant

contigs by separating the primary assembly and haplotigs.

The Hi-C reads were mapped to the draft genome assembly using hicstuff 2.3.2%! to
generate the contact matrix, which was then used to scaffold and polish the assembly using
instaGRAAL 0.1.2% with default options. The contact matrices before and after scaffolding

were visualised as heatmaps of contact frequencies using hicstuff.

3.3.6 De novo repeat library

A de novo repeat library was constructed using RepeatModeler 2.0.1%%, which
incorporated RECON 1.08*, RepeatScout 1.0.6%, and TRF 4.0.9% for identification and
classification of repeat families. We then used RepeatMasker 4.1.1*" to mask low complex or
simple repeats only (“-noint”). A de novo library of long terminal repeat (LTR)
retrotransposons was constructed on the simple-repeat-masked genome using L TRharvest*3
and annotated with the GyDB database and profile HMMs using L TRdigest*® module in the
genometools 1.6.1 pipeline. Predicted LTR elements with no protein domain hits were

removed from the library. We applied the RepeatClassifier module in RepeatModeler to
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format both repeat libraries. We merged the libraries together and clustered the sequences
that were > 80% identical by CD-HIT-EST 4.8.1%° (“-aS 80 -c 0.8 -g 1 -G 0 -A 80”) to

produce the final repeat library.

3.3.7 Genome annotation

Filtered mRNA-sequencing data (50.5 Gbp) for D. cochinchinensis from a previous
project® were aligned against the genome assembly using STAR v2.7.6°L. The alignment was
used to assemble the transcripts using the genome-guided mode of Trinity v2.11.0%2. Protein
sequences were obtained from Arabidopsis thaliana (Araport11)®® and Arachis ipaensis
(Araip1.1)>*. After soft-masking the genome with the de novo repeat library using
RepeatMasker (Dfam libraries 3.2), the transcript and protein evidences were used to produce
gene models using MAKER 3.01.03°. The MAKER pipeline was iteratively run for two
more rounds to produce the final gene models. In between each run of MAKER, the gene
models were used to train the ab initio gene predictors SNAP (version 2006-07-28)% and
AUGUSTUS 3.3.3%" which were used in the MAKER pipeline. tRNA genes were predicted

with tRNAscan-SE 1.3.1%,

3.3.8 Nanopore methylation calling

Oxford Nanopore sequencing is capable of detecting base modifications. We applied
Nanopolish 0.13.2° onto the raw Nanopore reads to detect 5-methylcytosine (5mC) in CpG
sites. We filtered the methylation calls based on the log-likelihood ratio and calculated the

frequency of methylation across various genomic regions.

3.3.9 Identification and evolution of R genes (NBS-LRR)
Whole genomes and their gene models of 44 species from the Fabaceae family and

closely related families, including Betulaceae, Cucurbitaceae, Euphorbiaceae, Juglandaceae,
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Phrymaceae, Rosaceae, Salicaceae, and Vitaceae were obtained from publicly available
sources (Table 3.1).

We identified the R-genes in the legume species by filtering the gene models with
Pfam entries NB-ARC (PF00931), TIR (PF01582), RPW8 (PF05659) and LRR 1 to 6, 8, 9,
and LRRNT (PF00560, PFO7723, PF07725, PF12799, PF13306, PF13516, PF13855,
PF14580, and PF01462 respectively)? using HMMER 3.1b2%° and the Pfam 34.0 database
(March 2021)% with a e-value threshold of 10. We used the ncoils program to predict coiled-
coil secondary structure elements in the putative R-genes. We used NLR-Annotator®? to
detect putative R-genes, while motif discovery and scanning were performed on MEME Suite
5.3.3 using the default parameters®. Putative R-genes were characterised by the presence of
motif 1 (P-loop)®, at least three consecutive motifs from the series 1, 6, 4, 5, 10, 3, 12, or 2
(NB-ARC domain), and at least one motif of 9, 11, or 19 (LRR-domain), and classified into
CNL, NL, TCNL and TNL classes, based on the 20 sequence motifs characteristic of R-

genes?.

3.3.10 Sequence alignment, clustering, and phylogenetic analyses

We extracted the NB-ARC domains of the putative R-genes for phylogenetic
analyses. To optimise for computational efficiency, sequences with similarity higher than
60% were clustered using CD-HIT. Multiple sequence alignment of the NB-ARC domains
was performed on MAFFT 7.575% using the E-INS-i algorithm (--genafpair --maxiterate
1000). The nucleotide substitution model was tested on the multiple sequence alignment with
ModelTest-NG 0.1.6 for likelihood scores. The best model (JTT) was used to construct the

maximum likelihood phylogeny using RAXML-NG v. 1.0.2%".



115

3.4 Results

3.4.1 Genome assembly

PacBio and Oxford Nanopore whole-genome sequencing of Dalbergia
cochinchinensis produced 140 Gb and 25 Gb of long reads respectively, with a N50 of 9 Kb
and 48.5 Kb respectively. The raw reads approximately had a 260-fold coverage of the
Dalbergia haploid genome. K-mer analysis using GenomeScope revealed two distinct strong
peaks (Figure 3.1), implying that the genome of D. cochinchinensis was highly heterozygous
(1.26%). K-mer analysis also predicted that the genome size was 449.89 Mb, which was
likely an underestimate because of the high heterozygosity. Among all tested assemblers,
Canu produced the most contiguous, diploid-aware assembly of 1.35 Gb with 6,443 contigs,
achieving a contig N50 of 1.35 Mb and the longest contig being 33.2 Mb at chromosome
arm-length (Table 3.2). Purging the diploid assembly with an alignment value of 70%
successfully reduced the redundancy of the genome, where BUSCO analysis showed that the
duplicated genes went down from 80.3% to 4.0%, without overpurging or collapsing the
genome size (Figure 3.2 and Table 3.3).

Hi-C proximity ligation yielded ~366 M read pairs totalling 54.97 Gb (~88.52-fold
coverage of the haploid genome), which were used to scaffold the genome assembly. Of
these, 25.37% were considered high quality and 6.82% were 10 Kbp apart. In total, 5.21% of
the read pairs were informative for genome scaffolding (Table 3.4). instaGRAAL mapped
98.3% of the contig-level assembly into 10 pseudomolecules (Figure 3.3), which were
considered the putative chromosomes. After polishing and gap-closing, the final assembly
(Dacoc 1.2) of 621 Mb contained 512 scaffolds, with a scaffold N50 of 60.0 Mb (Figure 3.4).

To assess the completeness of our final assembly, we compared it to 2,326 core genes
in the eudicotyledon lineage using BUSCO and obtained 98.0% of complete genes (4.3%

duplicated), 0.3% fragmented, and only 1.7% missing. We also confirmed that the vast
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majority (92.1%) of RNA-seq reads of leaves, stems, and roots from a previous sequencing

experiment were uniquely mapped to the final assembly (Table 3.5).

3.4.2 Genome annotation

RepeatModeler and LTRharvest predicted 2,119 and 6,215 repeat families
respectively. The two repeat libraries were merged after removing the redundant families.
64.80% of the genome was masked with the final repeat libraries. LTR elements were the
dominant type of repeats (46.63%) found in the genome, such as Ty1/Copia (15.25%) and
Gypsy/DIRS1 (30.51%), while 14.59% could not be identified (Table 3.6).

Iterative running of the MAKER pipeline finally produced 40,222 gene models,
which were supported by transcript and protein evidence and ab initio prediction. These
included 27,852 models predicted to be unique genes, with an average length of 4,284.20 bp.
98.3% of the gene models had an AED score below 0.5, which was considered a good gene
model (Figure 3.5). 96.2% of the gene models were complete BUSCOs (92.1% single-copy),
1.3% fragmented, and only 2.5% missing.

The gene models were functionally annotated using different sources. We found a
homologue match with the protein models of Arachis ipaensis, Arabidopsis thaliana, and
SwissProt in 25,802 (92.6%), 24,820 (89.1%), and 21,468 (77.08%) gene models
respectively. We obtained a target hit for at least one PFAM domain in 24,107 (86.55%) gene
models. We predicted at least one transmembrane helix and a signal peptide (Sec/SPI) in

6,820 (24.49%) and 2,628 (9.44%) gene models respectively.

3.4.3 Genome-wide identification of R genes in D. cochinchinensis
Protein domain prediction and motif discovery based on Pfam and Meme predicted

166 putative R genes in the genome of D. cochinchinensis, with an average coding sequence
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length of 2,466.99 bp. The R genes had different motif combinations made up by C (coiled
coil), T (TIR), N (NR-ABC), and L (leucine-rich repeat). CNL, TNL, and TCNL were
regarded putatively as full R genes while others were partial. 70 were complete CNLs and 42
were complete TNLs. Phylogenetic analysis confirmed that CNLs and TNLs formed distinct
clades, except that one predicted CNL (Dacoc13882-RA _nlr_1) was more closely related to
TNLs than other CNLs (Figure 3.6). The genomic landscape of CNLs and TNLs showed that
they were distributed in all 10 assembled chromosomes (Figure 3.7), however unevenly (P <

0.02648, Pearson’s Chi-squared test).

3.4.4 Evolution of R genes

Protein domain prediction and motif discovery based on Pfam and Meme predicted
16,540 R genes by analysing the gene models of 44 genomes in the Fabaceae and eight other
families of flowering plants (Table 3.7). The number of putative R genes ranged from 32 in
Cucurbita maxima to 2,763 in Rosa chinensis. Average length of the coding sequences of all
R genes identified was 2622.12 bp.

Motif discovery revealed the conventional domain organisation in angiosperms. N-
terminus started with a pre-nucleotide-biding domain (motives 17, 16 in CNL; motives 18,
15, 13in TNL), a conserved central NB-ARC (motives 1, 6, 4, 5, 10, 3, 12, 2), a linker region
(motives 8, 7), and a highly polymorphic LRR region (motives 9, 11, 19). We observed that
motif 11 (in the LRR domain) has the most distinct variation among the R proteins and did
not cluster with any other motifs (Figure 3.8). The median number of motif 11 ranged from 2
in Vigna radiata to 12 in Lupinus angustifolius, with the extreme case of 46 in a putative
CNL gene identified in Arachis duranensis (Figure 3.9). On the other hand, N-terminal
domains, including the motives 17 and 16 in CNL and motifs 18, 15, 13 in TNL, were highly

conserved and had high intercorrelation (R > 0.8, P < 0.05, Spearman’s rank correlation)
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(Figure 3.10). Phylogenetic analysis also confirmed that CNL and TNL formed distinct
clades (Figure 3.11).

We found that the frequency of CNLs was positively correlated with that of TNLs,
both considering all genomes (R = 0.86, P = 5.4¢33< 0.05, Spearman’s rank correlation)
(Figure 3.12a) and only legume genomes (R = 0.83, P = 5.5e" < 0.05, Spearman’s rank
correlation) (Figure 3.12b).

We compared the frequency of R genes between annual and perennial plants, and
found that there was a significant difference between the two. Considering all genomes,
perennial plants had a higher frequency of complete R genes (Figure 3.13a). The median
frequency of CNLs was significantly higher in perennial plants (174) than annual plants
(73.5) (P =0.031, Wilcoxon signed rank test). The median frequency of TNLs was also
significantly higher in perennial plants (90) than annual plants (24.5) (P = 0.0065, Wilcoxon
signed rank test). The trend held for most of the partial R genes: 22 CNs in perennial and 8.5
in annual (P = 0.0069), 12 Ns in perennial and 4 in annual (P = 0.0052), 27 NLs in perennial
and 5.5 in annual (P = 0.0012), and 14 TNs in perennial and 4 in annual (P = 0.062). The
same trend was observed when only considering legume genomes, but was not statistically
significant, potentially due to the smaller sample size (Figure 3.13b): the median frequency of
CNLs was higher in perennial plants (122) than annual plants (85.5) (P = 0.32), and that of
TNLs was higher in perennial plants (80.5) than annual plants (42) (P = 0.078). We observed
no significant difference in any class of R genes between Fabaceae and non-Fabaceae species

(P >0.05) (Figure 3.14).
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3.5 Discussion

3.5.1 The first genome assembly and improved gene models

We developed a chromosome-level genome of Dalbergia cochinchinensis which
provides a genomic resource for the study of the species and other legumes. The K-mer
analysis, BUSCO analysis, and high mapping rate of transcriptome sequences indicated the
completeness of our genome assembly. We obtained 27,852 high-confidence unique gene
models with both ab initio prediction and protein and transcriptome evidence. Our study
substantially improved the gene models from our previous dataset based on transcriptome
assemblies®, where the average transcript length increased from 966.12 to 1826.50 bp and the
complete BUSCO score increased from 92.2 to 96.2. More genes were also functionally
annotated, including their protein homology and prediction of presence of transmembrane
helices and signal peptides.

The number and quality of plant genome assemblies have been drastically increased,
owing to the advance of sequencing and bioinformatic technology over the past decades. As
of January 2021, 798 land plant genome assemblies are publicly available and contig N50
increased from 99.5 Kbp to 3.40 Mbp between 2010 and 2020%. In particular, long-read
sequencing (e.g. PacBio, Oxford Nanopore) helps produce more contiguous contigs while
optical mapping (e.g. BioNano) and chromosomal conformation capture (e.g. 3C, Hi-C) help
reach the chromosome-level structure*?. However, available plant genomes still have a major
over-representation of economically important and model species with small diploid genomes
and there is a paucity of wild species. This imbalance is even more extreme for endangered
plants, where only ~0.1% of threatened (Vulnerable, Endangered and Critically Endangered
on the IUCN Red List) vascular plants had published genome on NCBI as of 2020°,

constraining the application of genomic tools to species conservation.
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3.5.2 R genes in the genome of D. cochinchinensis

We have characterised the complete set of 112 CNL and TNL genes in this genome
assembly of D. cochinchinensis (Dacoc_1.2), which represent ~0.40% of all gene models.
CNL genes outnumber TNL genes by nearly two to one in the D. cochinchinensis genome.
Our phylogenetic tree based on the NB-ARC domain also confirmed that the CNL clade has
longer branch lengths, consistent with the previous observations that CNL genes have
accumulated a greater degree of evolutionary change and represent a more ancient group than
TNL genes®®. However, different evolutionary patterns of relative frequency between CNL
and TNL genes have been observed when considering land plants. For example, similar to D.
cochinchinensis, CNL sequences are found to be more numerous in rice’®, potato?®,
grapevine, and poplar’, ranging from approximately 1.7x to 3.8x relative to TNLs. On the
other hand, TNL sequences are more numerous in Arabidopsis?® and field mustard’?. In the
latter cases, TNL genes may have undergone a recent amplification and outnumbers CNL
genes in specific lineages?®. TNLs are not found in the order Lamiales, early-diverged dicots
(Aquilegia coerulea) and all monocots”. However, they are abundant among conifers, which
may suggest a parallel evolved mechanism to trigger immunity?°.

The presence of multiple collinear R genes, usually defined as within regions up to
1.5 Mb, on chromosomes 2, 5, 7, and 10 of the D. cochinchinensis genome is a frequently
observed phenomenon in plant genomes. Clustering of R genes can emerge from tandem
gene duplication, gene conversion, and unequal crossing-over during recombination’, and
may further lead to new resistance specificities’. Clustering of gene sequences can enable
co-transcribed gene expression, for example, PigmR and PigmS reside in the same
epigenetically regulated cluster and function antagonistically in broad-spectrum resistance to

blast fungus’®.
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3.5.3 Molecular evolution and R genes in legumes

R genes comprise one of the largest gene families in plants and contribute to
substantial genetic variation’®. They have an ancient origin and have been identified in the
ancestors of early land plants. In particular, a novel gene family has been identified in moss
(Physcomitrella patens) with sequence homology to TNL genes. We identified a high
abundance of both CNL and TNL genes in legumes.

The most recent study dates the origin of legumes to ~66 MY A (million years ago)
with in the Maastrichtian or Early Paleocene, which is closely associated with the
Cretaceous—Paleogene (K—Pg) boundary (KPB)™". It also provided evidence for at least three
WGD events in the early evolution of legumes, which could explain the higher abundance of
multiple-copy orthologs than single-copy orthologs in legumes®2. The most recent study on
legumes found a range of 227-952 R genes in 7 legume species, while our study identified
36-889 R genes across 24 legume species, which was made possible with the availability of
new legume genomes®2. The number of R genes did not correlate with genome size, which
may be explained by the rapid gain-and-loss events in R genes during evolution of specific
lineages.

We report a consistent trend of higher frequency and a positive correlation when
considering the number of CNL genes compared to TNL genes in both legumes and all 44
species we surveyed. This contrasts with previous studies suggesting the distinct expansion of
R proteins with TIR domain in dicots when compared to monocots’®, and also an additional
expansion in legumes conferring diversified resistance functions®2. Although R genes are
generally responsible for specific effector recognition of pathogens to activate immune
responses, R genes are hypothesised to be part of various immune signalling pathways?’.
CNLs may signal through the non-race specific disease resistance 1 gene (NDR1), whose loss

of function results in susceptibility to bacterial and fungal pathogens with a repertoire of
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effectors’®. TNLs signal through the enhanced disease susceptibility 1 gene (EDS1), which is
recruited with its interacting partners, phytoalexin deficient 4 (PAD4) and senescence-
associated carboxylesterase 101 (SAG101) to elicit immune response®%8L,

We also note the high variability of length in the leucine-rich repeats (LRR) among
legume species in contrast to the relatively conserved central NB-ARC domain. The LRR
domains are shown to be the most polymorphic part of R proteins®, and are variable in length
with a tandem repeat of 10-40 short LRRs®®. They have a consensus sequence of
LxxLxLxxNxL (where L is a leucine, x any residue, and N an asparagine, threonine, serine,
or cysteine), which is critical for the structural arrangement of the domain®, They are
regulatory in nature and physically associated with the NB-ARC domain, as demonstrated in
studies of Bs2, resistance to Pseudomonas syringae 5 (RPS5), and Rx®%6, In particular, a
study reported that the deletion of only the first four LRRs would result in auto-activation of
RPS5®%. Therefore, the variability of length of LRR repeats contribute to diversification and
regulation of immune response to specific pathogens, with a high level of diversifying
selection®®,

The higher abundance of R genes in perennial plants imply their evolutionary
significance. Plants need to adapt to the changing environments over their lifespan, and in
particular, to defend against invading pathogens in situ. Long-lived perennials, such as trees
are exposed to a rapidly evolving pathogen environment. Our results are consistent with a
previous literature review on 13 species that perennial plants possess a larger and more
diverse repertoire of R genes®®. Favoured, but parallel, expansion of R gene families is also
observed across multiple long-lived tree species, suggesting that immunity marks an essential
contribution to longevity®. Defence capacity can be further amplified by alternative splicing
and post-translational modification, on top of the existing gene diversity, at transcript and

protein level®-%3,
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3.5.4 Implications of the Dalbergia reference genomes for conservation

Conserving genomic variation is an important target for conservation across the tree
of life and could be facilitated by reference genomes. Maintaining genetic variation and
maximising effective population size (Ne) remains one of the primary goals of conservation®.
Below we discuss briefly three potential avenues to incorporate reference genomes in plant
conservation and restoration.

First, reference genomes are powerful tools for species delimitation and our
understanding of the speciation process. Lack of a robust species taxonomy is a key barrier to
conservation assessment, as species delimitation is critical for assessing distribution,
population abundance, and threats to target species®. For example, a previous barcoding
study confirmed that D. bariensis, D. mammosa, and D. dognaiensis were all synonyms of
the same species D. oliveri’. At the same time, discriminating species with risk of illegal
harvesting or trafficking can help authorities with legal enforcement such as for CITES or
national conservation laws. Reference genomes allow discovery of new polymorphic
markers, which in turn provides higher statistical power for species delimitation.

Second, they enable the study of adaptive variation. Conservation theory of
population persistence focuses on the loss of potentially adaptive alleles and subsequent
reduced productivity and fitness under novel selection pressure brought by rapid
environmental change®®. While traditional conservation genetic studies usually focus on
neutral molecular data such as microsatellites or a limited number of loci®’, new evidence has
suggested that neutral genetic diversity does not necessarily predict adaptive potential of
populations®. Reference genomes help understand functional genetic variation which is
relevant for future climate change, especially through identifying the significant
environmental factors and associated risks. This helps guide the delineation of conservation

units and assisted migration to facilitate adaptation of endangered populations.
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Third, they can assist the discovery of molecular markers that inform adaptive traits
including growth, known as marker assisted selection (MAS). Development of genetic
resources and artificial propagation have been central parts of many conservation
programmes, especially in plants, to multiply genetic materials for restoration and
reintroduction®®. Mathematical models show that if the between-individual variation is
controlled by equalizing family size and the within-individual variation minimized by MAS,
Ne of diploid species can in theory be maximised until infinity . An example of a favourable
trait to be selected is disease resistance, as epidemics of insects and diseases, both introduced
and native, pose substantial ecological damage and economic loss?®1%, Previous research
has identified important markers for genotype screening of resistance in specific species, for

example, Ruv2 confers rust resistance in cowpeal®.
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3.6 Conclusion

The potential application of genomic tools for conservation practice has been clearly
highlighted but is still limited in practice, constrained by the disproportionally scarce
genomic resources for endangered species. Our genome of D. cochinchinensis provides a
valuable reference for the endangered genus and more widely the Fabaceae family, which has
been mainly studied for its crop species. The present study particularly enhanced our
understanding of the evolution of resistance genes and its implications. We believe that this
paper will stimulate more intraspecific studies on D. cochinchinensis and comparative

genomic studies on Fabaceae of relevance for their evolution and conservation.
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3.9 Figures and Tables

Figure 3.1. K-mer analysis and GenomeScope profile of raw reads from PacBio and

Oxford Nanopore sequencing.
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Figure 3.2. Coverage histogram of cleaned reads mapped on the unpurged genome
assembly.
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Figure 3.3. High-resolution contact probability map of (a) draft genome assembly after
purging and (b) final genome assembly after scaffolding, revealing the 10 pseudomolecules

(putative chromosomes) of the D. cochinchinensis genome at 100 Kbp resolution.
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Figure 3.4. Genomic landscape of the 10 assembled chromosomes (pseudomolecules) of D.
cochinchinensis, showing (a) tick marks every 1 Mb, (b) gene density, (c) repeat density, (d)
5-mC density, and (e) interchromosomal syntenic arrangement. (b) — (e) are calculated in 1-

Mb sliding window.
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Figure 3.5. Cumulative frequency of gene models of Dacoc_1.2 against annotation edit

distance (AED). A gene model with a AED below 0.5 is considered good.

1
)
% 0.8
=
O
(]
- 0.6
()]
2
©
S 04
£
-
O o2
0

0 0.2 0.4 0.6 0.8 1
AED



142

Figure 3.6. Maximum-likelihood tree of complete CNL proteins and TNL proteins
identified in the genome of D. cochinchinensis using the JTT+G4 substitution matrix with
1,000 Felsenstein bootstrapping. Red tip labels denote CNL proteins and blue denote TNL

proteins.
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Figure 3.7. Genomic landscape of the complete CNL (red) and TNL (green) genes on the

10 assembled chromosomes (pseudomolecules) of D. cochinchinensis, showing tick marks

every 1 Mb.
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Figure 3.8. Heatmap of scaled number of motifs 1-20 (rows) among all predicted R genes
(columns) with hierarchical clustering analysis. Motif 11 had the most dominant abundance

and did not cluster with any other motifs.
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Figure 3.9. Boxplot of number of motif 11 in the leucine-rich repeat (LRR) domain among

legume species.
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Figure 3.10. Pairwise correlation of frequency of motifs 1-20, only showing those with
significant correlation (P < 0.05, Spearman’s rank correlation). Motif 1 has a frequency

distribution with zero standard deviation and thus no correlation value with any other motif.
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Figure 3.11. Maximum-likelihood phylogenetic tree of R genes across 44 genomes with

1,000 Felsenstein bootstrapping and their motif compositions.
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Figure 3.12.  Number of TNL proteins against number of CNL proteins among (a) all 44
genomes and (b) only the legume genomes. The coefficient of determination (R), significance

(p) and the regression equation (y) are provided.
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Figure 3.13. Frequency of R genes of different classes between annual and perennial plants

for (a) all genomes (N = 44) and (b) Fabaceae genomes only (N = 24). Pairwise P-values are

obtained with Wilcoxon signed rank test.
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Figure 3.14. Frequency of R genes of different classes between Fabaceae and non-

Fabaceae species. Pairwise P-values are obtained with Wilcoxon signed rank test.
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Table 3.1.

Details of whole genomes and their gene models of 44 species from the

Fabaceae family and closely related families used for comparative genomic analysis in this

study.

Species

Abrus precatorius
Aeschynomene evenia
Arachis duranensis
Arachis ipaensis
Benincasa hispida
Cajanus cajan
Carpinus fangiana
Carya illinoinensis
Cercis canadensis

Chamaecrista fasciculata

Cicer arietinum
Cucumis melo
Cucumis sativus

Cucurbita maxima
Dalbergia
cochinchinensis

Erythranthe guttata
Hevea brasiliensis
Jatropha curcas
Juglans regia

Lotus japonicus
Lupinus albus
Lupinus angustifolius
Malus baccata
Manihot esculenta
Medicago truncatula
Mimosa pudica
Momordica charantia
Mucuna pruriens
Nissolia schottii
Phaseolus lunatus
Phaseolus vulgaris
Pisum sativa
Populus trichocarpa
Prunus avium
Ricinus communis
Rosa chinensis

Salix dunnii

Senna tora

Genome

Abrus 2018
CIAT22838.gnm1.ann1.ZM3R
aradu.V14167.gnm1.SWBf
araip.K30076.gnm1.bXJ8
ASM972705v1
cajca.ICPL87119.gnm1.SBGP
ASM693729v1
C.illinoinensisPawnee_v1
cerca.lSC453364.gnm1.B05Z
chafa.MN87.gnm1.JXFN
cicar.ICC4958.gnm2.bg5m
ASM31304v1
Cucumber_9930 V3
Cmax_1.0

Dacoc_1.2

Mimgul 0
ASM165405v1

RJC1 Hi-C

Walnut_2.0
lotja.MG20.gnm3.QPGB
lupal. Amiga.gnm1.F4ANR
lupan.Tanjil.gnm1.QqON
Malus_baccata v1.0
M.esculenta_v8
medtr.A17_HM341.gnm4.2GZ9

ASM199503v1
ASM337056v1

phalu.G27455.gnm1.7NXX
phavu.G19833.gnm1.zBnF
pissa.Cameor.gnm1.P4FG
Pop_tri_v3

PAV_r1.0

JCVI_RCG_11
RchiOBHmM-V2

SDv1.1

ASM1485142v1

Source

NCBI
Legume_Federation
Legume_Federation
Legume_Federation
NCBI
Legume_Federation
NCBI

NCBI
Legume_Federation
Legume_Federation
Legume_Federation
NCBI

NCBI

NCBI

this_paper

NCBI

NCBI

NCBI

NCBI
Legume_Federation
Legume_Federation
Legume_Federation
NCBI

NCBI
Legume_Federation
GigaDB

NCBI

NCBI

GigaDB
Legume_Federation
Legume_Federation
Legume_Federation
NCBI

NCBI

NCBI

Life_History Family

Perennial Fabaceae
Perennial Fabaceae
Annual Fabaceae
Annual Fabaceae
Annual Cucurbitaceae
Perennial Fabaceae
Perennial Betulaceae
Perennial Juglandaceae
Perennial Fabaceae
Annual Fabaceae
Annual Fabaceae
Annual Cucurbitaceae
Annual Cucurbitaceae
Annual Cucurbitaceae
Perennial Fabaceae
Annual Phrymaceae
Perennial Euphorbiaceae
Perennial Euphorbiaceae
Perennial Euphorbiaceae
Perennial Fabaceae
Annual Fabaceae
Annual Fabaceae
Perennial Rosaceae
Perennial Euphorbiaceae
Perennial Fabaceae
Perennial Fabaceae
Annual Cucurbitaceae
Annual Fabaceae
Perennial Fabaceae
Annual Fabaceae
Perennial Fabaceae
Annual Fabaceae
Perennial Salicaceae
Perennial Rosaceae
Perennial Euphorbiaceae
Perennial Rosaceae
Perennial Salicaceae
Annual Fabaceae



Spatholobus suberectus
Trifolium pratense
Trifolium subterraneum
Vigna angularis

Vigna radiata

Vitis riparia

ASM432916v1
tripr.MilvusB.gnm2.gNmT
TSUd rl1.1
vigan.Gyeongwon.gnm3.JyYC
vigra.VC1973A.gnm6.3nL8
EGFV_Vit.rip_1.0

NCBI
Legume_Federation
NCBI
Legume_Federation
Legume_Federation
NCBI

Perennial
Perennial
Annual
Annual
Annual
Perennial
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Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Vitaceae
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Table 3.2.  Assembly statistics of draft genomes of D. cochinchinensis using different

assemblers.

Assembler | CPU Hour | Genome size | Contigs | Contig N50 | Longest contig

Flye 2.7 ~ 3,000 814145473 9951 470066 7001933
wtdbg2 714 | 1137325019 | 24354 88235 2952015
Raven 1.3.0 | ~ 5,096 1478339536 4184 403082 2115674

Canu 2.0 > 500,000 | 1353086645 6443 1345847 33225722




Table 3.3.  Assembly statistics of draft genomes with haplotig-purging using different
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thresholds of alignment values. Bold one has the highest percentage of single-copy BUSCOs.

Alignment value Genome size N50 BUSCO score

unpurged 1.35Gb 1.35 Mb C:97.4%[S:17.1%,D:80.3%],F:0.6%,M:2.0%
a60 584 Mb 22.0 Mb C:96.1%[S:92.2%,D:3.9%],F:0.9%,M:3.0%
a7’0 621 Mb 21.4 Mb C:96.89%[S:92.8%,D:4.0%],F:0.9%,M:2.3%
ars 654 Mb 17.0 Mb C:96.9%][S:92.5%,D:4.4%],F:0.9%,M:2.2%
aso 689 Mb 16.9 Mb C:97.1%[S:91.8%,D:5.3%)],F:0.9%,M:2.0%
a8b 724 Mb 16.5 Mb C:97.3%[S:91.4%,D:5.9%)],F:0.8%,M:1.9%
a90 779 Mb 13.9 Mb C:97.2%[S:89.9%,D:7.3%],F:0.9%,M:1.9%
a9%5 854 Mb 10.4 Mb C:97.2%[S:86.6%,D:10.6%)],F:0.8%,M:2.0%
ag97 904 Mb 8.59 Mb C:97.1%][S:82.2%,D:14.9%],F:0.7%,M:2.2%
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Table 3.4. Statistics of Hi-C library prepared with the restriction enzyme Dpnll and

proximity-ligated.

Total read pairs (RPS) 366,490,675
RP length 150 bp
High quality (HQ) RPs 25.37%
RPs > 10 Kb apart 6.82%
RPs > 10 Kb apart (CTGs > 10 Kb) 10.37%
Intercontig RPs 33.22%
Intercontig hig-quality (HQ) RPs 6.31%
Same strand RPs 7.22%
Split reads 13.53%
Duplicate reads (extrapolated) 8.72%
Genome scaffolding sufficiency

Same-strand high-quality* (HQ) read pairs | 5.03%
(RPs)

Informative RPs** 5.21%




Table 3.5.

Mapping statistics of RNA-seq raw reads from a previous experiment using

pooled samples from leaves, stems, and roots of D. cochinchinensis on the Dacoc_1.2

genome.
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Number of input reads

132,696,766

Average input read length

299

Unique reads

Number of uniquely mapped reads

122,215,722 (92.1%)

Average mapped length 296.69
Number of splices 96,847,851
GT/AG 95,280,260
GC/IAG 1,148,136
AT/AC 44,025
Non-canonical 375,430
Mismatch rate per base (%) 2.87
Deletion rate per base (%) 0.03
Deletion average length 2.87
Insertion rate per base (%) 0.03
Insertion average length 2.50
Multi-mapping reads
Number of reads mapped to multiple loci 4,875,679 (3.67%)

Number of reads mapped to too many loci

230,932 (0.17%)

Unmapped reads

Number of reads with too many mismatches

0 (0.00%)

Number of reads too short

4,954,750 (3.73%)

Number of other reads

419,683 (0.32%)

Chimeric reads

Number of chimeric reads

0 (0.00%)
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Table 3.6. Composition and percentage of the repeat families in the final genome of D.

cochinchinensis identified with RepeatModeler and LTRharvest.

Number of Total Percentage

elements length (bp) | of sequence

Dacoc_1.2 621009970
Bases masked 402405433 64.80
Retroelements 405732 | 293464285 47.26
SINEs 0 0 0.00
Penelope 0 0 0.00
LINEs 9518 3856482 0.62
CRE/SLACS 0 0 0.00
L2/CR1/Rex 0 0 0.00
R1/LOA/Jockey 0 0 0.00
R2/R4/NeSL 0 0 0.00
RTE/Bov-B 3633 803221 0.13
L1/CIN4 5885 3053261 0.49
LTR elements 396214 | 289607803 46.63
BEL/Pao 0 0 0.00
Ty1/Copia 209546 94712214 15.25
Gypsy/DIRS1 176990 | 189459322 30.51
Retroviral 0 0 0.00
DNA transposons 11462 6635025 1.07
hobo-Activator 1830 871791 0.14
Tcl1-1S630-Pogo 0 0 0.00
En-Spm 0 0 0.00
MuDR-1S905 0 0 0.00
PiggyBac 0 0 0.00
Tourist/Harbinger 3272 1401349 0.23
Other (Mirage, P-element, Transib) 0 0 0.00
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Rolling-circles 3613 2108774 0.34
Unclassified 359305 90585676 14.59
Total interspersed repeats 390684986 62.91
Simple repeats 131568 8474809 1.36
Low complexity 23616 1136864 0.18
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Table 3.7. Number of different classes of R genes in 44 species identified with protein
domain prediction and motif discovery based on Pfam and Meme. The R genes had different

combination of motifs made up by C (coiled coil), T (TIR), N (NR-ABC), and L (leucine-rich

repeat).
Species CN | CNL | N | NL [ TCN | TCNL | TN | TNL | UN Total
Abrus precatorius 26| 225| 6 3 2 7 81 0 351
Aeschynomene evenia 4 80| 1| 14 0 0 2 26 0 127
Arachis duranensis 22| 197 | 8| 24 6 1| 19| 137 1 415
Arachis ipaensis 26| 246| 6| 30 4 2| 14| 159 0 487
Benincasa hispida 9 71| 3 3 0 0 4 47 0 137
Cajanus cajan 12| 114 12| 15 0 0 9 77 0 239
Carpinus fangiana 2 39| 6 7 0 0 0 0 1 55
Carya illinoinensis 16| 247 |35| 79 0 1| 54| 155 0 587
Cercis canadensis 27| 282 | 13| 31 0 2| 14 96 0 465
Chamaecrista fasciculata 8| 113| 8| 18 0 0| 18 74 0 239
Cicer arietinum 14 64| 3| 10 0 0 3 19 0 113
Cucumis melo 5 44 |1 4 4 0 0 2 43 0 102
Cucumis sativus 2 46| 3 2 0 0 3 24 0 80
Cucurbita maxima 1 21| 2 0 0 0 0 8 0 32
Dalbergia cochinchinensis 17 70| 6| 27 0 0 4 42 0 166
Erythranthe guttata 56| 239 | 2 2 0 1 0 3 0 303
Hevea brasiliensis 80| 784 | 11| 52 0 1| 14| 174 0| 1116
Jatropha curcas 18 95 | 15 9 0 2 2 47 0 188
Juglans regia 27| 167 | 22| 45 0 0| 16| 192 0 469
Lotus japonicus 36 75|25 37 1 0] 39 80 0 293
Lupinus albus 1 19| 3 3 0 0 4 6 0 36
Lupinus angustifolius 1 36| 2 3 0 0 1 3 0 46
Malus baccata 19| 17412 | 43 0 1] 31| 109 0 389
Manihot esculenta 33| 377 1| 29 2 0 1 55 0 498
Medicago truncatula 30| 400| 18| 56 1 1| 36| 347 0 889
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Mimosa pudica 11 108 [ 11| 28 1 0] 21| 131 0 311
Momordica charantia 12 33| 6 5 1 0 2 19 0 78
Mucuna pruriens 16 76| 5| 17 0 1| 18 62 0 195
Nissolia schottii 5| 129 | 4| 12 1 0 9 90 0| 250
Phaseolus lunatus 12| 14411 19 0 1| 14 71 0 272
Phaseolus vulgaris 3| 245 2| 12 0 0| 12| 110 0 384
Pisum sativum 14 82| 2 4 0 0 0 1 1 104
Populus trichocarpa 56 | 540 | 24| 11 8 5] 28| 178 1 851
Prunus avium 58 | 292|120 26 0 4| 34| 178 0 612
Ricinus communis 8 93| 2| 14 0 0 1 35 0 153
Rosa chinensis 44 | 1367 | 78 | 101 14 101 | 53 | 1002 3| 2763
Salix dunnii 12 97| 5 1 0 0 0 0 0| 115
Senna tora 8 83| 8 5 0 0 0 8 0 112
Spatholobus suberectus 22 61| 6 5 0 0 9 10 0 113
Trifolium pratense 441 193 (25| 33 0 1| 14 48 0 358
Trifolium subterraneum 36| 193 |11 | 14 1 2| 14 59 0 330
Vigna angularis 1 88| 3 6 0 0 8 25 0 131
Vigna radiata 2 38| 4 8 0 0 5 15 0 72
Vitis riparia 172 | 945|135 | 66 0 7| 14| 275 0| 1514
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4.1 Abstract

Dalbergia cochinchinensis and D. oliveri are classified as vulnerable and endangered
respectively in the IUCN Red List and under continued threat from deforestation and illegal
harvesting for rosewood. Despite emerging efforts to conserve and restore these species, little
is known of their responses to drought and heat stress, which are expected to increase in the
Greater Mekong Subregion where the species co-occur and are endemic. In this study of
isolated and combined drought and heat effects, we found that D. oliveri had an earlier
stomatal closure and more constant midday water potential in response to increasing drought
level, suggesting that D. oliveri is relatively isohydric while D. cochinchinensis is relatively
anisohydric. Heat shock and drought had synergistic effects on stomatal closure. Our results
indicate contrasting relationships in water relations, photosynthetic pigment levels and total
soluble sugars. An increase in chlorophyll a was observed in D. cochinchinensis during
drought and a concomitant increase in carotenoid content likely afforded protection against
photo-oxidation. These physiological changes correlated with higher total soluble sugars in
D. cochinchinensis. By contrast, D. oliveri avoided drought by reducing chlorophyll content
and compromising productivity. Anisohydry and drought tolerance in D. cochinchinensis are
adaptations which fit well with its ecological niche as a pioneering species with faster growth
in young trees. We believe this understanding of the stress responses of both species will be
crucial to their effective regeneration and conservation in degraded habitats and in the face of

climate change.
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4.2 Introduction

The pantropical genus Dalbergia L. f. (Fabaceae: Faboideae) contains around 250
species?, many of which produce valuable heartwood timber known as rosewood?, which is
used to manufacture luxury furniture, boats, and musical instruments®. Growing demand and
diminishing supply have drastically increased the economic value of rosewood, resulting in
much illegal harvesting and poorly regulated exploitation of natural populations. Among
these are Dalbergia cochinchinensis Pierre and D. oliveri Gamble ex Prain (Figure 4.1), both
of which are endemic to Cambodia, Laos, Thailand, and Vietnam within the Greater Mekong
Subregion (GMS). D. cochinchinensis was once the most sought-after rosewood species
globally but it is now virtually commercially extinct, as is D. oliveri*. They were classified as
vulnerable and endangered respectively in the IUCN Red List in 1998, with international
trade strictly regulated since 2017 under CITES Appendix II.

Responses to their declining populations have seen new initiatives in the Greater
Mekong Subregion to conserve and restore both species, such as through improving capacity
for seed collection, germplasm supply, and propagation®'. In addition, some Dalbergia
species are deemed suitable candidates for use in forest landscape restoration in the region®,
where intense land conversion has degraded sites®. Successful incorporation of valuable and
endangered species like Dalbergia in forest restoration programmes can achieve both
conservation and restoration goals!®, A sustainable supply of diverse germplasm is essential
for the success of such projects?. Recently the importance of investigating the response to
climatic stresses of germplasm used in forest restoration and other tree planting has been
recognised?, since many forest restoration projects around the world have neglected the
adaptability of seeds in the planting sites'*. For reforestation to succeed, it is crucial to know
about the ranges of abiotic conditions that a species can tolerate, allowing their planting in

appropriate regions. There is particular concern for the effect of climate change within the
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Greater Mekong Subregion with evidence pointing to increased temperature, variability in
runoff, and prolonged agricultural droughts®®. Simultaneously, water availability may
decrease in the region due to increasing urbanisation and changes in river infrastructure such
as upstream dams in China®. However, we have little understanding of the physiological
adaptations of D. cochinchinensis and D. oliveri, which hinders informed decision-making in
both conservation and forest restoration initiatives.

Imminent effects of climate change will, in many areas, result in rapid increases in
temperatures, drought and extreme weather'’. The sessile habit and longevity of tree species
mean they must have sufficient phenotypic plasticity to tolerate the wide range of
environmental conditions that occur during their lifespans'®. Similarly trees are potentially
more vulnerable than other plants under changing climate scenarios as they have long
generation times, with the persistence of a particular tree species dependent on adaptive
capacity to stress, plasticity, and migration potential'®. Extreme abiotic conditions caused by
climate change will potentially be detrimental to primary productivity, ecological functions,
and associated biodiversity of these forests?®. Vulnerability of forests to tree die-off due to
climate change has become a focus of forest sustainability?!, with extensive tree climate-
induced mortality well-documented worldwide??-24. In particular, seedling recruitment and
survival are considered critical bottlenecks in tree life history and have an important role in
shifts in species’ range under changing climate®. Migration to adapted ecological niches and
acclimation in an existing range are important mechanisms for tree survival in a changing
climate?®,

Although knowledge of the ability of tree species to tolerate environmental stresses is
essential for our understanding of how trees will respond to the effects of climate change®,
we lack data on the stress tolerance of specific taxa?’. Water availability varies spatially and

temporally, and has also been found to be an important determinant of functional traits in
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trees?®. Trees have evolved strategies to balance hydraulic conductance and resource
allocation in response to water deficit. One of these strategies is establishing barriers for
evaporation to achieve homeostasis of tissue water status'8. Other strategies exist to maintain
their metabolism at a lower water potential?® through osmotic adjustment and protection from
photo-oxidation®®. However, prolonged drought stress that exceeds the drought resistance
threshold can lead to mortality associated with hydraulic failure, carbon starvation and the
demography of biotic agents®.

Temperature also plays a major role in determining the distribution of tree species, as it
significantly regulates tree growth and development. Trees can usually utilise transpiration to
allow water evaporation for temperature regulation®! but excessive heat stress is an important
driver of tree die-off in natural ecosystems®2. Studies have shown that heat stress impairs
photosystems, stimulates photorespiration, and encourages production of volatile
compounds®334, Extreme heat reduces tree vigour, fecundity and growth, significantly
affecting survival®.

Different stresses often occur simultaneously in the field but there are few reports on
interactions between such stresses in trees?’. It has been proposed that drought and heat
stresses were intrinsically linked and produce positive feedbacks to intensify their effects®®,
but new evidence indicates that combinations of stresses can invoke responses that are
distinct from those of the individual stresses®’. For example, the combination of heat and
drought stress could reduce the negative effect of drought stress by preserving pre-dawn
water potential and malondialdehyde®. These interactions and responses are species-specific,
and are expected to be complex and difficult to predict, as response mechanisms vary
between stresses®.

The objective of the present study is to develop an understanding of the physiological

responses of 3-month-old D. cochinchinensis and D. oliveri seedlings under controlled
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conditions of heat and drought stress. First, we compare and characterise the hydraulic
responses in the two species when exposed to drought. Second, we determine the effects of
isolated and combined stresses of heat and drought on hydraulic, leaf, and photosynthetic
traits. We discuss the findings in relation to life-history traits and ecological niches of these

species and formulate implications for their conservation and use in restoration.
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4.3 Methods

4.3.1 Plant materials

Dried seeds of D. cochinchinensis and D. oliveri were provided by the Forest
Research Center, Lao PDR and the Institute of Forest & Wildlife Research & Development,
Cambodia respectively in 2018. We scarified the seeds by placing them in 70°C distilled
water, which was then left to cool to room temperature overnight and germinated them on 1%
agar in a plant growth cabinet MLR-350 (Sanyo, Watford, United Kingdom) at 25°C and
photoperiod 12L/12D. Germinants were transferred to 1L-pots in a soil-perlite 3:1 (v:v)
mixture in a greenhouse set to 30°C, 80% RH, and 12L/12D. 128 plants were kept in trays of
8 pots and randomised with equal numbers of individuals of D. cochinchinensis and D.
oliveri. Plants were watered to maintain at substrate capacity and fertilised once a week using

N-P-K 20:20:20 fertiliser (Chempak, Suffolk, United Kingdom).

4.3.2 Experimental design

After 3 months of growth in the greenhouse, the experiment began on the 12" June
2019 (Day 0), on which all plants were watered. The design included a total of 4 treatments:
drought treatment (D), well-watered control (W), heat shock treatment (H) or non-heat shock
control (N) (Figure 4.2). Each of the trays of 8 plants was randomly assigned as either D or
W, while each plant of the trays was then randomly assigned to H or N. This resulted in each
individual being assigned to one of four treatment combinations: drought and heat shock
(DH), well-watered and heat shock (WH), drought and non-heat shock (DN), and well-
watered and non-heat shock (WN). The well-watered plants were watered every other day to
maintain them at substrate capacity and all water was withheld from the drought plants. Each
individual plant was randomly assigned to one of the three sampling points: 5, 9 and 13 days

from the beginning of treatments. 5 biological replicates were present for each sampling

group.
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For the heat shock treatment, we placed half of the individuals to be sampled at a
given time point in a plant growth cabinet MLR-350 (Sanyo, Watford, United Kingdom) at
38°C for 4 hours from 08:00 to 12:00 before sampling. The samples were made up of
homogeneous leaves that were snap-frozen in liquid nitrogen and kept at —80°C for
subsequent analyses. Fully expanded branches were also cut at the nodes and kept in cooler

bags for water potential, mass and area measurements.

4.3.3 Water relation measurements

Soil water content (SWC) was measured daily using a ML3 ThetaProbe Soil Moisture
Sensor (Delta-T Devices Ltd. Cambridge, England) by placing the sensor probe in the soil at
the centre of the pot. Stomatal conductance was determined daily using an SC-1 leaf
porometer (METER Group, Inc., Washington, USA) to measure vapour flux through the
stomata on fully expanded leaves for 30 seconds. Midday water potential (¥mp) was
measured by using a scholander-type pressure chamber SKPM140 (Skye Instruments Ltd.
Llandrindod Wells, Wales, UK) on a fully expanded branch. Pressure was increased inside
the chamber with compressed nitrogen, until moisture appeared on the cut end and the

reading recorded.

4.3.4 Leaf dry matter content and specific leaf area

An office scanner was used to obtain electronic images of leaves on a fully expanded
branch from each plant. The program ImageJ 1.52s*® was then used to measure the total leaf
area of a fully expanded branch for each individual. These leaves were then dried in an oven
at 65°C until the weight reading remained constant for two consecutive days.

Leaf dry matter content (LDMC) and specific leaf area (SLA) were deduced using the

following equations*:
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Oven-dried mass of leaf (mg)

(egn. 1)
Fresh mass of leaf (mg)

Leaf dry matter content =

Area of leaf (cm?)
Oven-dried mass of leaf (mg)

Specific leaf area (cm* mg™) = (eqgn. 2)

4.3.5 Pigment quantification

Photosynthetic pigments were extracted using cold acetone-50mM Tris buffer pH 7.8
(80:20 v:v) following Sims & Gamon’s protocols*?. Absorbances of the extract were read at
470, 537, 647, and 663 nm using Helios Gamma UV-Vis Spectrophotometer (Thermo Fisher
Scientific, United States). Concentrations of anthocyanin (Ac), chlorophyll a (Chla), b (Chly),

and carotenoids were determined using Sims & Gamon’s formulae:

Ac (mol mi™) =0.08173A,;, —0.00697 A, —0.002228A,,, (egn. 3)
Chl, (mol mi™) =0.01373A,,, —0.000897 A, —0.003046 A, (eqn. 4)
Chl, (zmol mi™) =0.02405A,, —0.004305A,,, —0.005507 A, (egn. 5)

Carotenoids (zmol ml™) = (A470 —(17.1><(Chla +Ch|b)—9.479Ac))x119.26 (eqgn. 6)

4.3.6 Total soluble sugars quantification

Total soluble sugars (TSS) were extracted from 50 mg of frozen leaves in 80% (v/v)
ethanol for 1 hour at 80°C. TSS concentration was determined by Osaki’s anthrone method®,
in which the extract was mixed with anthrone and sulphuric acid. After heating the mixture at
100°C for exactly 10 min, absorbance was read at 625 nm using Helios Gamma UV-Vis
Spectrophotometer (Thermo Fisher Scientific, United States). The concentration was

determined according to a D-glucose standard curve.

4.3.7 Statistical analysis
The experiment used a split-plot design: the drought treatment was randomised at the

tray level (main-plot), while heat shock was randomised at the individual plant level (split-
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plot). We log-transformed the stomatal conductance, SLA, anthocyanin content, Chly, and
carotenoids content to correct for normality.

To compare and characterise the hydraulic responses in the two species over time, we
applied linear-plateau regression of gs against SWC in the drought treatment groups for both
species. Best-fit estimates of the intercept (c), the slope (m), and the critical value of SWC

(x') were predicted using nonlinear least squares method** with the following equation:

mx+c ,ifx<x
g = (eqn. 7)

mx'+c ,ifx>x
To test the effects of isolated and combined stresses on the hydraulic, leaf, and
photosynthetic traits, we performed main-plot analyses on data subsets which averaged the
response variables, including gs, ¥mp, LDMC, SLA, Ac, Chl,, Chly, carotenoids, and TSS,
over the combinations of block, species, and two treatments, and performed split-plot
analyses on the full dataset while controlling for block. The fixed effects of the two stresses

and their interaction were tested with the following equation:

Y = p+drought, +block; +7,, + species, + day, + heatshock, +

. (eqgn. 8)
(drought *heatshock *day * species)_ . + &,

(Y: response variable; x: mean; droughta: fixed effect of drought treatment; block;: fixed
effect of block; #i: whole-plot error; speciesy: fixed effect of species; dayc: fixed effect of
number of days since water withholding; heatshockg: fixed effect of heat shock treatment;
(drought*heatshock*day*species)ancd: interaction between explanatory variables; ancdi: split-
plot error)

We used R 3.6.2 to perform the randomisation for experimental design, statistical
analysis and data visualisation. An analysis of variance (ANOVA) table was computed for

the statistical model of each response variable.
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4.4 Results

The plants were divided into drought (D) and well-watered control (W) treatment
groups following a split-plot experimental design. Physiological traits were measured after 5,
9 and 13 days of treatment. On the sampling days only, we also applied a heat shock (H)
treatment to half of the individuals in each sampling group with the other not exposed to heat

(N). Hence, there were four treatment groups: DH, DN, WH, WN (Figure 4.2).

4.4.1 Stomatal conductance

We found a statistically significant difference in slopes of stomatal conductance (gs)
(p = 0.0134; Table 4.1) between the drought and well-watered (control) treatments but not in
intercepts (p = 0.2308; Table 4.2). This observation indicated that water relations were
similar among the two groups at the start of the experiment and that gs decreased with the
drought treatment in both species.

We employed a linear-plateau nonlinear least squares fit to model the relationship
between gs and soil water content (SWC) and searched for a critical value of SWC that
affects the stomatal aperture (Figure 4.3). We found that the critical SWC of D.
cochinchinensis (32.65%, p = 4.65e-11) was lower than D. oliveri (47.23%, p < 2e-16),
suggesting that D. cochinchinensis closed its stomata later than D. oliveri in response to
decreasing SWC.

When analysing all four treatment groups on sampling days, we obtained the same
significant decrease in gs in drought treatment (p = 2.401e-5; Table 4.3 and Figure 4.4a). We
found that D. oliveri had a lower stomatal conductance than D. cochinchinensis (p = 3.366e-
06). In addition, we found a significant decrease in heat shock treatment (p = 2.936e-15) and
a significant drought x heat interaction in gs (p = 0.000666). The interaction effect was the

strongest on day 13: The gs of combined stress was lower (27.54) than either drought (50.48)
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or heat (61.8) alone in D. cochinchinensis. In D. oliveri, the gs of combined stress was also

lower (24.56) than either drought (37.46) or heat (34.66) alone.

4.4.2 Midday water potential

We observed a significant decrease in midday water potential (¥mp) in the drought
treatment, (p = 0.03955; Table 4.4 and Figure 4.4b). A significant interaction was found
between the drought treatment and species, (p = 0.004137), indicating differential responses
and vulnerabilities, with D. cochinchinensis displaying a faster decrease in MWP over time
than D. oliveri. The Wwmp of the D. cochinchinensis drought treatment group dropped
drastically from —7.27 to —13.84 bar between day 5 and 13, while that for D. oliveri remained

relatively stable from —11.75 to —13.78 bar.

4.4.3 Leaf dry matter content and specific leaf area

We found no significant effect of the drought and heat treatments on leaf dry matter
content (LDMC) and specific leaf area (SLA) (Table 4.5 and Figure 4.5a). However, SLA
was significantly different between species (p = 1.061e-12; Table 4.6 and Figure 4.5b), with

D. cochinchinensis having a lower SLA (0.30 cm?/mg) than D. oliveri (0.48 cm?/mg).

4.4.4 Pigments

We observed no significant effect of either drought or heat shock stresses on
anthocyanin content (Table 4.7 and Figure 4.6a). Chlorophyll a content (Chla) was
significantly affected by drought treatment (p = 0.02927; Table 4.8 and Figure 4.6b), species
(p = 0.039284), and the interaction between both stresses and species (p = 0.034303). We
found opposite trends of change in Chla content between species, such that combined stresses
increased Chla from 1.15 to 1.43 pmol/g FW in D. cochinchinensis and decreased Chla from
0.876 to 0.568 umol/g FW in D. oliveri. The drought treatment seemed to amplify the

difference between species, resulting in the highest Chla in D. cochinchinensis and lowest in
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D. oliveri. We observed no significant effect of drought and heat shock stresses on
chlorophyll b content (Chly) (Table 4.9 and Figure 4.6¢).

Carotenoid content was significantly affected by the drought treatment (p = 0.03966;
Table 4.10 and Figure 4.6d) and the combination of drought, species, and days (p =
0.003470). An opposite trend between species was observed in carotenoids similar to Chla,
where carotenoid content increased over time following drought from 11.27 to 11.54 mmol/g

FW in D. cochinchinensis but decreased from 14.27 to 8.63 mmol/g in D. oliveri.

4.45 Total soluble sugars

We found that the total soluble sugars content (TSS) changed significantly with the
drought treatment (p = 0.03993; Table 4.11 and Figure 4.7) and increased slightly from 22.66
to 27.14 mg/g FW in D. cochinchinensis, but decreased slightly from 20.34 to 18.58 mg/g

FW in D. oliveri. D. cochinchinensis maintained a higher TSS than D. oliveri (p = 2.586e-6).
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4.5 Discussion

We report short term physiological changes in seedlings of D. cochinchinensis and D.
oliveri in response to isolated and combined stress treatments of drought and heat. Most of
the responses are found to be induced by drought only but the two stresses have an additive
effect on reducing stomatal conductance. These stress responses included several
physiological factors and may highlight metabolic vulnerabilities, which follow from
adaptations to environmental conditions. Our observations indicate changes in water
relations, photosynthetic pigments, and soluble sugars. Our results suggest possible trade-offs
between hydraulic integrity and gas exchange associated with photosynthesis during drought,
or between hydraulic integrity and temperature regulation during combined heat and drought
stress. We discuss our findings as potential indicators of adaptation to different ecological
niches for D. cochinchinensis and D. oliveri and the implications for their conservation and

restoration.

45.1 Water relations

The observed differences in stomatal conductance (gs) and water potential (¥mp) over
time reflected contrasting hydraulic responses in the two species: (1) stomatal closure occurred
at a higher soil water content (or lower water deficit) in D. oliveri leaves than in D.
cochinchinensis, and (2) Wwmp was relatively stable in D. oliveri until the last day of the drought
treatment but decreased rapidly in D. cochinchinensis. The ability to maintain ¥mp and
regression of gs in response to increasing water deficit are common differentiators of iso-
anisohydric behaviours®: D. oliveri fit more closely with an isohydric response, characterized
by earlier stomatal closure and thus maintaining a more constant ¥mp*®. By contrast, D.
cochinchinensis was more anisohydric, maintaining stomatal aperture until experiencing severe
drought, when Wwp decreases drastically*’. However, recent research suggests that species

naturally present a continuum of iso-anisohydry, and very few species could be categorised in
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a strict dichotomy of iso-anisohydry*84°, Iso-anisohydry is closely related to a plant’s life
history traits and survival strategy. Isohydry implies a more conservative water-balance
management strategy to prevent loss of water via transpiration®, which can protect plants from
hydraulic failures and xylem embolism. Anisohydry maintains higher carbon assimilation at
mild drought conditions and thus achieves an overall higher productivity®!. A previous study
among species of Bornean rainforest found that anisohydry is more prevalent and reduces the
risk of drought-induced hydraulic failure®2. However, satellite data suggested the contrary, i.e.
that isohydry is more dominant in wet areas®®. These conflicting results reflect an important
role that environment plays in shaping water relations and call for investigation of more aspects
of plant hydraulic functions*. More studies on specific systems and species are also needed to
improve our understanding of species’ responses to drought in tropical forests under

progressive climate change.

The heat shock applied in this study resulted in rapid closure of stomata in both well-
watered and drought stressed plants of both species, suggesting that drought and heat-shock
stress were additive in reducing gs. Transpiration via the stomatal aperture is a mechanism of
heat regulation®®. Previous studies have shown that many plants achieve heat loss via
transpiration, with stomatal conductance either maintained at normal levels®® or increased®! to
prevent leaf temperatures from reaching harmful levels. By contrast, our findings are similar
to those reported in olive trees®®, in which gs decreased with heat shock, and this could be a
mechanism for plants adapted to low water availability to reduce the risk of xylem embolism.
The level of heat stress tested here produced a conservative response in both D. oliveri and D.

cochinchinensis. Stomatal responses may vary at different levels and durations of heat.
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45.2 Leaf traits

We found no significant effect of drought or heat shock on leaf dry matter content
(LDMC) or specific leaf area (SLA). LDMC and SLA are two leaf traits related to resource use
and trade-offs. High SLA or low LDMC imply rapid assimilation for growth and production,
whereas low SLA or high LDMC imply efficient conservation of nutrients within structural
and well-protected tissues®®. The temporal limitation in this study may not reflect effects in
SLA as leaf development potentially operates over a longer timeframe. Previous studies mainly
suggested that drought stress caused decreased SLA to reduce the surface area for transpiration

and thus prevent water loss®"°8,

We found a higher SLA in D. oliveri than D. cochinchinensis, however D. oliveri was
more isohydric in terms of hydraulic traits. This observation seems to contradict the above
claim that SLA decreases plastically in response to drought. However, there is little
understanding of variation of SLA across species. Poorter et al.>® in their meta-analysis
suggested that SLA varies strongly with many factors including light, temperature, nutrient,
and functional groups. An increase in SLA could be a compensating mechanism for reduced
carbon allocation to the leaves during stress®. In response to heat stress, increase in SLA could
provide a mechanism for temperature regulation by increasing surface area®®. These features
suggest that isohydric D. oliveri may suffer an impaired carbon assimilation under drought

stress and compensate through associated leaf traits.

4.5.3 Photosynthetic pigments and carbon assimilation

We found that levels of chlorophyll a and carotenoids increased in D. cochinchinensis
in response to drought and decreased in D. oliveri. Chlorophyll content is one of the most
commonly used parameters to measure the severity of drought stress®? as drought stress is

thought to damage photosynthetic apparatus and diminish chlorophyll content®®. By
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maintaining lower chlorophyll content under severe drought conditions, plants are protected
from photo-oxidative damage by inhibiting photosynthesis and avoiding excess light excitation
energy>%®*. As such, the decreasing trend of chlorophyll ain D. oliveri implies correspondence
to drought avoidance as may be expected with an isohydric behaviour. On the contrary, some
studies have suggested that chlorophyll content is positively associated with drought tolerance
and recovery®®, and that the potential photo-oxidative damage can be remediated by increasing
levels of carotenoids, which play a central role in the assembly of the light-harvesting complex
in the photosystem, regulate photomorphogenesis and provide photoprotection®. Carotenoids
are also precursors for two plant hormones, strigolactones and abscisic acid (ABA) from
carotenoid cleavage®’, while ABA has a dominant role in regulation of stomatal conductance
in response to drought stress®®. Therefore, the contrasting trends of photosynthetic pigments
further support the conclusion that D. oliveri avoids drought by reducing carbon assimilation
and maintaining water potential, while D. cochinchinensis tolerates drought and maintains its

productivity.

The higher levels of photosynthetic pigments associated with these increases in D.
cochinchinensis may explain its higher total soluble sugars (TSS). Higher TSS may also
provide an energy buffer to sustain metabolic activity during drought stress®®. The lower TSS
in D. oliveri potentially implies a carbon limitation, which is commonly associated with
isohydric species and could lead to carbon starvation in the long-term?. Our finding that TSS
increased in response to drought stress may suggest a mechanism of osmoregulation’®, in which

osmotically active soluble sugars can help maintain water potential and hydraulic integrity’?.

In our study, we found little response specifically to heat shock in either species, thus
potentially suggesting that these trees could have a higher heat threshold than 38°C for 4 hours.

We did not observe any synergistic or antagonistic effect of both drought and heat stresses as
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in previous studies®’~*°, except gs. There is an emerging interest in studying plant responses to
a suite of stress factors, as different stresses may lead different signaling pathways to interact

and conflict to produce novel physiological responses®’..

4.5.4 Relating life-history traits with potential ecological niches

D. cochinchinensis and D. oliveri are endemic to and geographically co-occur in
Cambodia, Laos, Thailand, and Vietnam. D. cochinchinensis is described as an intermediate
pioneering species, characteristic of faster growth rate in young age’?. Its anisohydric
behaviour, described here as maximising carbon assimilation at the risk of hydraulic failure
during drought, may be associated with its higher productivity for more efficient colonisation
in early ecological succession. This fits well with an earlier formulation by Smith and Huston®
that light-demanding pioneers would optimise growth and outcompete shade-tolerant species
in drier habitats. Other studies also support the theory that pioneers run the risk of drought-
induced cavitation in order to maintain higher hydraulic efficiency and meet the water demand
for photosynthesis and fast growth during drought’*". Such a trade-off between short-term
growth and long-term survival aligns with the spectrum from pioneers to shade-tolerant

species’®.

On the other hand, D. oliveri demonstrates a wider ecological amplitude within the
deciduous forest, from relatively rich, deep soils to poor, shallow soils’’. Aerts et al.”’
suggested that D. oliveri can grow on shallow, eroded regosols where drought stress is
persistent during the dry season. We report a more isohydric behaviour in D. oliveri and
hypothesise that it is more conservative in order to allow survival under low water availability

of the region’s deciduous forests.

The controlled nature of the experiment in this study allowed studying the effects of

multiple stressors and assessing their interactions’®. Although the controlled experiment does
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not replicate the environmental and growth conditions in the field, its focus on seedlings shows
close relevance to a crucial regeneration stage when mortality and selection pressures are
high”°, We believe our results need further validation with field experiments and observations.
At the same time, our results inform design of such field studies, for example by indicating the

need to study multiple stressors and the divergent response strategies of individual species.

The contrasting hydraulic strategies of D. cochinchinensis and D. oliveri may reflect
adaptation to their current ecological niche, but such dynamics may change drastically with
changing climate and affect their survival and regeneration. The extent to which these water-
carbon trade-offs affect growth and survival depend on species-specific vulnerability to and
capacity for recovery from hydraulic failure and carbon starvation. We recommend that
research is needed to study responses and recovery to the extreme stresses at different life

stages and under probable climate scenarios within their ranges.
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4.6 Conclusion

To date, our understanding of physiology and ecological function in D. cochinchinensis
and D. oliveri is poorly developed compared to that of their mating and genetic structure:#,
This knowledge gap hinders informed decision-making for the conservation and restoration of
these valuable species. We present the first study on hydraulic traits and carbon assimilation of
D. cochinchinensis and D. oliveri in their seedling stages, and characterise their iso-anisohydric
behaviour in response to drought and heat stresses. We suggest potential thresholds and
interactions of drought and heat stresses, which will open the opportunity for further studies to
gain a better understanding of their physiology and stress response. Such an approach would
also be beneficial to studying stress responses in other Dalbergia species to similarly inform

their conservation and use.

Dalbergia species regenerate naturally when circumstances permit, but are also suited
to use for planting in restoring degraded forests and restoring deforested sites®®. Seedling
establishment is a crucial life stage of trees and an understanding of their stress responses will
contribute to appropriate site selection and effective long-term regeneration®®, especially

with regard to restoration efforts and climate change.
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4.10 Figures and Tables

Figure 4.1. Photo of (a) Dalbergia cochinchinensis and (b) D. oliveri in a greenhouse (not

taken during this study).
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Figure 4.2. Conceptual diagram of the experimental design in this study.
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Figure 4.3.

Linear-plateau regression of stomatal conductance (gs) against soil water

content (SWC) of Dalbergia cochinchinensis (red) and D. oliveri (blue). Goodness-of-fit was

tested using Nagelkerke method. Values in the brackets represent 95% confidence interval.
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Figure 4.4. (a) Stomatal conductance (gs) and (b) midday branch water potential (\¥mp) of
Dalbergia cochinchinensis (left) and D. oliveri (right) at 5, 9, and 13 days from the beginning
of drought treatment. Treatment groups were: DH (drought and heat shock), DN (drought and

non-heat shock), WH (well-watered and heat shock), and WN (well-watered and non-heat

shock).
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(b)
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Figure 4.5. (a) Leaf dry matter content (LDMC) and (b) specific leaf area (SLA) of
Dalbergia cochinchinensis (left) and D. oliveri (right) at 5, 9, and 13 days from the beginning
of drought treatment. Treatment groups were: DH (drought and heat shock), DN (drought and

non-heat shock), WH (well-watered and heat shock), and WN (well-watered and non-heat

shock).
(a)
Group DH == DN == WH WN
0.30- 0.30- --
£ £ i
Q Q
£ T £
S 0.271 S027{ L
o o o
> > 1
50241 So024{ - I
‘© ‘©
Q Q
- -
0.21- 0.21-
5 9 13 5 9 13

Days since water withheld Days since water withheld



200

(b)
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Figure 4.6. (a) Anthocyanin content, (b) chlorophyll a content (Chla), (c) chlorophyll b
content (Chly), and (d) carotenoid content of Dalbergia cochinchinensis (left) and D. oliveri
(right) at 5, 9, and 13 days from the beginning of drought treatment. Treatment groups were:
DH (drought and heat shock), DN (drought and non-heat shock), WH (well-watered and heat

shock), and WN (well-watered and non-heat shock).
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(d)
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Figure 4.7. Total soluble sugars content (TSS) of Dalbergia cochinchinensis (left) and D.
oliveri (right) at 5, 9, and 13 days from the beginning of drought treatment. Treatment groups
were: DH (drought and heat shock), DN (drought and non-heat shock), WH (well-watered

and heat shock), and WN (well-watered and non-heat shock).
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Table 4.1. Analysis of variance (ANOVA) table of the mean slope of daily log-transformed
Os-
Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 1408.0 1407.95 8.0014 0.0134*
Error (main-plot) 14 2463.5 175.96
Block 15 | 51196 341.31 9.8187 0.0001507*
Species 1 560.9 560.94 16.1371 0.0017083*
Species : drought 1 9.1 9.09 0.2615 0.6183585
Error 12 417.1 34.76
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Table 4.2.  Analysis of variance (ANOVA) table of the mean intercept of daily log-

transformed gs.

Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 12009 12008.7 1.2234 0.2873
Error (main-plot) 14 137426 9816.1

Block 15 188827 12588 7.1974 0.0007127*
Species 1 151109 151109 86.3965 7.844e-07*
Species : drought 1 186 186 0.1062 0.7500877
Error (split-plot) 12 20988 1749
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Table 4.3. Analysis of variance (ANOVA) table of the regression on gs against SWC log-

transformed stomatal conductance on sampling days.

Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 1.39741 1.39741 38.171 2.401e-05*
Error (main-plot) 14 0.51253 0.03661

Heat shock 1 17.0342 17.0342 1112.0253 2.936e-15*
Block 15 12.0692 0.8046 5.2915 1.576e-06*
Species 1 4.0044 4.0044 26.3351 3.366e-06*
Day 2 1.4667 0.7334 4.8229 0.011482*
Drought : heat shock | 1 1.9638 1.9638 12.9148 0.000666*
Day : drought 2 2.0458 1.0229 6.7270 0.002335*
Day : heat shock 2 0.4135 0.2067 1.3597 0.264674
Species : drought 1 0.0034 0.0034 0.0223 0.881672
Species : heat shock |1 0.2863 0.2863 1.8827 0.175225
Species : day 2 0.1423 0.0712 0.4681 0.628517
Day : drought : heat | 2 0.5062 0.2531 1.6646 0.198029
shock

Species : drought : 1 0.5349 0.5349 3.5176 0.065669
heat shock

Species : day : 2 0.3421 0.1711 1.1250 0.331503
drought

Speces : day : heat 2 0.3117 0.1558 1.0248 0.365172
shock

Species : day : 2 0.2149 0.1075 0.7067 0.497410
drought : heat shock

Error (split-plot) 59 8.9713 0.1521
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Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 8.7392 8.7392 5.1517 0.03955*
Error (main-plot) 14 23.7492 1.6964

Heat shock 1 7.34 7.341 0.7939 0.376529
Block 15 187.21 12.480 1.3497 0.203269
Species 1 13.46 13.465 1.4562 0.232354
Day 2 260.73 130.364 14.0987 9.892e-06*
Drought : heat shock | 1 7.34 7.341 0.7939 0.376529
Day : drought 2 202.06 101.029 10.9261 9.188e-05*
Day : heat shock 2 18.42 9.209 0.9960 0.375480
Species : drought 1 82.32 82.320 8.9028 0.004137*
Species : heat shock | 1 16.42 16.424 1.7762 0.187738
Species : day 2 10.55 5.274 0.5704 0.568387
Day : drought : heat | 2 20.77 10.387 1.1234 0.332035
shock

Species : drought : 1 30.75 30.749 3.3255 0.073281
heat shock

Species : day : 2 45.14 22.569 2.4408 0.095842
drought

Speces : day : heat 2 3.74 1.870 0.2022 0.817486
shock

Species : day : 2 0.33 0.167 0.0181 0.982075
drought : heat shock

Error (split-plot) 59 545.55 9.247
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Table 4.5. Analysis of variance (ANOVA) table of LDMC on sampling days.

Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 0.0002297 0.00022972 | 0.4279 0.5236
Error (main-plot) 14 0.0075165 0.00053689

Heat shock 1 0.005667 0.0056668 1.8272 0.18162
Block 15 | 0.046698 0.0031132 1.0038 0.46386
Species 1 0.001281 0.0012807 0.4130 0.52296
Day 2 0.016766 0.0083830 2.7030 0.07530
Drought : heat shock | 1 0.003203 0.0032033 1.0329 0.31363
Day : drought 2 0.012903 0.0064513 2.0802 0.13398
Day : heat shock 2 0.037019 0.0185094 5.9682 0.00436*
Species : drought 1 0.000067 0.0000667 0.0215 0.88395
Species : heat shock |1 0.002547 0.0025474 0.8214 0.36846
Species : day 2 0.003652 0.0018262 0.5888 0.55820
Day : drought : heat | 2 0.006750 0.0033749 1.0882 0.32349
shock

Species : drought : 1 0.000085 0.0000847 0.0273 0.86931
heat shock

Species : day : 2 0.001544 0.0007722 0.2490 0.78040
drought

Speces : day : heat 2 0.008646 0.0043229 1.3939 0.25616
shock

Species : day : 2 0.006402 0.0032012 1.0322 0.36257
drought : heat shock

Error (split-plot) 59 0.182980 0.0031014
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Table 4.6. Analysis of variance (ANOVA) table of the log-transformed SLA on sampling

days.
Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 0.004837 0.0048374 0.3514 0.5628
Error (main-plot) 14 0.192709 0.0137649
Heat shock 1 0.0273 0.0273 0.3786 0.5407
Block 15 1.3237 0.0882 1.2230 0.2812
Species 1 5.8698 5.8698 81.3485 1.061e-12*
Day 2 0.2332 0.1166 1.6157 0.2074
Drought : heat shock | 1 0.1062 0.1062 1.4719 0.2299
Day : drought 2 0.5980 0.2990 4.1439 0.0207*
Day : heat shock 2 0.2757 0.1379 1.9107 0.1570
Species : drought 1 0.0020 0.0020 0.0277 0.8683
Species : heat shock | 1 0.0048 0.0048 0.0669 0.7969
Species : day 2 0.0013 0.0007 0.0090 0.9910
Day : drought : heat | 2 0.1124 0.0562 0.7790 0.4635
shock
Species : drought : 1 0.0078 0.0078 0.1087 0.7428
heat shock
Species : day : 2 0.0344 0.0172 0.2386 0.7885
drought
Speces : day : heat 2 0.1742 0.0871 1.2068 0.3064
shock
Species : day : 2 0.2163 0.1081 1.4987 0.2318
drought : heat shock
Error (split-plot) 59 4.2572 0.0722
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Table 4.7.  Analysis of variance (ANOVA) table of the log-transformed Ac on sampling

days.
Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 0.00618 0.0061774 0.2272 0.641
Error (main-plot) 14 0.38069 0.0271921
Heat shock 1 0.1606 0.16062 0.4258 0.51659
Block 15 2.4567 0.16378 0.4342 0.96200
Species 1 0.5139 0.51394 1.3625 0.24781
Day 2 1.5478 0.77390 2.0516 0.13760
Drought : heat shock | 1 1.0394 1.03941 2.7555 0.10223
Day : drought 2 0.5054 0.25271 0.6699 0.51559
Day : heat shock 2 0.2370 0.11852 0.3142 0.73158
Species : drought 1 0.2658 0.26583 0.7047 0.40459
Species : heat shock | 1 1.1777 1.17769 3.1221 0.08241
Species : day 2 0.5238 0.26192 0.6944 0.50343
Day : drought : heat | 2 0.5747 0.28733 0.7617 0.47139
shock
Species : drought : 1 0.0649 0.06492 0.1721 0.67975
heat shock
Species : day : 2 0.8013 0.40064 1.0621 0.35225
drought
Speces : day : heat 2 0.9065 0.45325 1.2016 0.30797
shock
Species : day : 2 0.3440 0.17198 0.4559 0.63609
drought : heat shock
Error (split-plot) 59 22.2557 0.37721




Table 4.8. Analysis of variance (ANOVA) table of Chla on sampling days.
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Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 0.10204 0.102040 5.8941 0.02927*
Error (main-plot) 14 0.24237 0.017312

Heat shock 1 0.2891 0.28908 2.0159 0.160918
Block 15 1.9510 0.13007 0.9071 0.560724
Species 1 0.6372 0.63723 4.4439 0.039284*
Day 2 0.9462 0.47310 3.2993 0.038328*
Drought : heat shock | 1 0.0729 0.07290 0.5084 0.478639
Day : drought 2 0.3011 0.15057 1.0501 0.356362
Day : heat shock 2 0.0783 0.03914 0.2730 0.762082
Species : drought 1 0.1421 0.14212 0.9911 0.323533
Species : heat shock | 1 0.1297 0.12974 0.9048 0.345386
Species : day 2 0.7073 0.35367 2.4664 0.093604
Day : drought : heat | 2 1.0368 0.51839 3.6151 0.033036*
shock

Species : drought : 1 0.6732 0.67322 4.6949 0.034303*
heat shock

Species : day : 2 2.3969 1.19847 8.3578 0.000637*
drought

Speces : day : heat 2 0.5126 0.25629 1.7873 0.176362
shock

Species : day : 2 0.1205 0.06027 0.4203 0.658799
drought : heat shock

Error (split-plot) 59 8.4603 0.14340
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Table 4.9. Analysis of variance (ANOVA) table of the log-transformed Chl, on sampling

days.
Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 0.000971 0.0009706 0.0751 0.788
Error (main-plot) 14 0.180877 0.0129198
Heat shock 1 0.3697 0.36967 1.2272 0.27245
Block 15 1.2975 0.08650 0.2871 0.99499
Species 1 0.1694 0.16939 0.5623 0.45630
Day 2 0.4506 0.22528 0.7479 0.47781
Drought : heat shock | 1 0.4629 0.46290 1.5367 0.22002
Day : drought 2 0.1703 0.08514 0.2826 0.75481
Day : heat shock 2 0.0394 0.01971 0.0654 0.93672
Species : drought 1 0.0223 0.02225 0.0739 0.78672
Species : heat shock | 1 1.7441 1.74410 5.7899 0.01927*
Species : day 2 1.1308 0.56539 1.8769 0.16208
Day : drought : heat | 2 0.4671 0.23353 0.7753 0.46521
shock
Species : drought : 1 0.1913 0.19126 0.6349 0.42875
heat shock
Species : day : 2 1.1827 0.59133 1.9631 0.14949
drought
Speces : day : heat 2 0.1603 0.08013 0.2660 0.76735
shock
Species : day : 2 0.2171 0.10854 0.3603 0.69898
drought : heat shock
Error (split-plot) 59 17.7725 0.30123




Table 4.10. Analysis of variance (ANOVA) table of the log-transformed carotenoids

content on sampling days.
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Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 3.5244 3.5244 5.1451 0.03966*
Error (main-plot) 14 9.5900 0.6850

Heat shock 1 3.960 3.960 0.7669 0.384730
Block 15 66.756 4.450 0.8618 0.607878
Species 1 0.450 0.450 0.0872 0.768777
Day 2 59.359 29.680 5.7475 0.005242*
Drought : heat shock | 1 11.480 11.480 2.2231 0.141291
Day : drought 2 4.096 2.048 0.3966 0.674397
Day : heat shock 2 3.960 3.960 0.7669 0.384730
Species : drought 1 8.284 8.284 1.6043 0.210273
Species : heat shock | 1 6.826 6.826 1.3218 0.254903
Species : day 2 7.207 3.603 0.6978 0.501732
Day : drought : heat |2 14.632 7.316 1.4168 0.250616
shock

Species : drought : 1 7.855 7.855 1.5211 0.222340
heat shock

Species : day : 2 64.485 32.243 6.2438 0.003470*
drought

Speces : day : heat 2 27.682 13.841 2.6803 0.076886
shock

Species : day : 2 2.850 1.425 0.2759 0.759847
drought : heat shock

Error (split-plot) 59 304.670 5.164
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Table 4.11. Analysis of variance (ANOVA) table of TSS on sampling days.

Factor Df | Sumsq Mean sq F value Pr(>F)
Drought 1 10.579 10.5792 5.1289 0.03993*
Error (main-plot) 14 28.877 2.0627

Heat shock 1 63.53 63.53 1.6632 0.20221
Block 15 |392.78 26.19 0.6856 0.78804
Species 1 1034.19 1034.19 27.0757 2.586e-06*
Day 2 209.28 104.64 2.7395 0.07283
Drought : heat shock | 1 2.79 2.79 0.0731 0.78777
Day : drought 2 160.79 80.39 2.1048 0.13093
Day : heat shock 2 61.55 30.77 0.8056 0.45165
Species : drought 1 14.54 14.54 0.3807 0.53961
Species : heat shock | 1 0.00 0.00 0.0001 0.99303
Species : day 2 10.45 5.22 0.1367 0.87248
Day : drought : heat | 2 34.94 17.47 0.4574 0.63515
shock

Species : drought : 1 0.99 0.99 0.0259 0.87264
heat shock

Species : day : 2 107.94 53.97 1.4130 0.25152
drought

Speces : day : heat 2 13.18 6.59 0.1726 0.84191
shock

Species : day : 2 35.89 17.95 0.4698 0.62742
drought : heat shock

Error (split-plot) 59 2253.58 38.20
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5.1 Abstract

Rosewoods were the world’s most trafficked wild product between 2005 and 2014. In
particular, Dalbergia cochinchinensis and D. oliveri in the Greater Mekong Subregion are
threatened by habitat degradation, overexploitation, and climate change. They become the
priority species in both national and regional programmes for conservation and restoration.
However, genetic risks can compromise the effectiveness of restoration programmes, for
example, genetic bottleneck during seed sourcing and maladaptation in plantation. Although
there has been a growing knowledge on their genetic diversity and population structure, their
adaptation under changing environment remains unstudied. Here we present the first genomic
resources and ecological genomic study on ~770 samples across their range and ~200,000
genetic markers. We used a gradient forest model on 34 environmental predictors to elucidate
their gene-environment association and local adaptation. We predicted the future adaptation
and vulnerability across their species ranges under a range of climate scenarios (SSP126, 245,
370, and 585) from 2041 to 2100. We developed a web application based on R Shiny,
seedeR, which allows end-users to predict genomic similarity between current germplasm
sources and future restoration site. The outcomes of these studies will ultimately enhance the
germplasm management of Dalbergia for their sustainable production and long-term genetic

conservation.
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5.2 Introduction

Dalbergia cochinchinensis Pierre and D. oliveri Gamble ex Prain are two of the around
250 species in the pantropical genus Dalbergia L. f. (Fabaceae: Faboideae), many of which
produce extremely valuable rosewood timber?. Rosewoods were the world’s most trafficked
wild product between 2005 and 2014, with D. cochinchinensis being the most sought-after
species?. The growing demand for and the diminishing populations in both species is driving
their exploitation to commercial extinction, meaning a constant supply can no longer be
maintained in the market, but at the same time drastically escalating their economic value due
to their rarity®. The two species were classified as vulnerable and endangered in the [IUCN
Red List in 1998, with their international trade regulated under CITES Appendix Il since
2017.

These two species are endemic to the Greater Mekong Subregion (GMS) in Southeast
Asia, consisting of Cambodia, southwest region of China, Laos, Myanmar, Thailand, and
Vietnam. GMS is of high ecological and conservation concern as 84% of its area overlaps
with the Indo-Burmese mega biodiversity hotspot*. The complex biogeographical and
geological history may have contributed to the high species richness and endemism levels in
GMS®. In particular, the ancient changes in the distribution of terrestrial and water bodies in
the region have been associated with changes in vegetation types and cover®. The topography
is highly varied, ranging from lowlands to mountains, with many freshwater bodies including
the Mekong River and the Tonle Sap Lake’. As a result, the GMS has a very heterogeneous
landscape and supports a wide range of habitats. Dalbergia cochinchinensis grows in open
deciduous and semi-deciduous forests at elevation up to 400 metres, while D. oliveri grows in
a wider range of forest types from deciduous to evergreen and can grow at elevations of up to
1,200 metres®. However, there exist only a few studies on these two valuable species and

biological knowledge surrounding them and their populations are still relatively unknown.
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Three main studies have examined the spatial genetic variation of the species®1°,
Hartvig et al. (2018) reported high levels of genetic differentiation among populations in both
D. cochinchinensis and D. oliveri. They found a link between population genetic structure
with landscape features in the region, such that the Tonlé Sap, Mekong river and Cardamon
Mountains effectively block gene flow among populations and could explain the observed
genetic differentiation. A similar observation has been made on other animal and plant
species that are also endemic to the region'?. Although deforestation and forest degradation
are severe in the region, the two Dalbergia species seem to maintain higher levels of genetic
diversity. The two species display substantial among-population variations, compared to
other tree species in the area, including Afzelia xylocarpa®®, Prunus cerasoides'®, Shorea
obtusa’®, and Xylia xylocarpa®®, and no inbreeding was evident in any of the Dalbergia
populations studied so far. It may be too early to conclude however that regional habitat
fragmentation did not influence the genetic diversity because trees species such as Dalbergia
have long generation time and any effect may appear in later generations®’.

The studies reported significant differences in the genetic variation of the species, which
could be explained by the different ecological niches they occupy. Dalbergia oliveri had a
higher level of gene flow and more evenly distributed genetic diversity among populations
than D. cochinchinensis. A potential explanation is that D. oliveri has both a broader
geographical distribution and wider ecological niche, while D. cochinchinensis is more
pioneering and thus genetic bottlenecks have potentially affected individual populations.
Previous studies used neutral genetic markers (e.g. AFLP and SSR) to understand the
microevolutionary processes of gene flow and genetic drift in these two species as an
evidence base to inform conservation and forest management. However, the role of

environment in driving genetic divergence between populations remains largely unexplored,
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and this lack of knowledge on adaptability may hinder conservation management in the long
term.

Development of new and economic technologies open doors to using genomic
approaches and incorporating them into biodiversity conservation and landscape restoration?®,
In particular, recent advances in high-throughput genotyping and sequencing offer the means
to discover and genotype a much larger set of single-nucleotide polymorphisms (SNP)20,
that represent the genetic variation more comprehensively than a small number of near-
neutral loci, thus leading to less biased estimates of population genetic parameters?t. The
universality of sequencing methods enables genomic studies in non-model and novel
organisms?2. At the same time, advances in remote sensing and geodata tools, such as satellite
imaging and GIS, allow scientists to obtain and process environmental and landscape data at
higher spatial and temporal resolutions reducing the effort of in situ measurement??,

The gene-environment interaction (G x E) of trees has been demonstrated in many tree
species, revealing adaptive variations in response to environmental differences®*2%. However,
many of these population genetic studies use neutral markers such as microsatellites and
amplified fragment length polymorphism (AFLP)?'. As a result, most of the genomic basis of
the genotype-by-environment interactions that impact and connect the population fitness and
adaptation remain unknown?®. The use of genomic tools can significantly broaden the
understanding of the relationships among environment, selection, gene expression and
fitness.

In short, these technical and conceptual advances lead to an accelerating trend to
incorporate genomic models into landscape research for conservation and restoration?®, and
thus the emerging field of “landscape genomics”.

Landscape genomics is an analytical framework that attempts to unravel geographic

patterns of genome-wide genetic variation®. It detects the association between loci and
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environmental variables, and further dissects the relative contribution of these variations in
explaining the difference between spatial structure of associated and neutral loci®!. Most
landscape genomics studies incorporate three analytical steps®2. First, they examine the
genetic variation among populations and its patterns and microevolutionary processes.
Second, they quantify environmental heterogeneity from landscape data. Third, they
incorporate statistical analyses to model the relationship between genetic and environmental
data. An outlier test is commonly used to distinguish two components of genetic variation,
neutral and adaptive, and their corresponding genetic structure and processes. Neutral
variation in that has been successfully and widely analysed using microsatellites or short
DNA sequences reflects the environmental effects on functional connectivity and is mainly
driven by genetic drift and gene flow. Adaptive variation is driven by natural selection,
resulting in possible local adaptations, and is highly related to the local bioclimatic factors.
Landscape genomics uses a suite of environmental association analyses (EAA) to correlate
local adaptation to environmental heterogeneity®*, including logistic regressions, spatial
analysis method (Joost et al., 2007), canonical correlation analysis®®, mixed effect models®’.
Some of the models were developed based on community-level frameworks, such as
machine-learning based gradient forest (GF)*® and generalized dissimilarity modelling
(GDM)*°, which make them ideal to measure turnover in allele frequencies along
environmental gradients. Different statistical methods have their own strengths and
weaknesses, for example, only a few of them can be used to account for spatial
autocorrelation (e.g. spatial analysis method, partial Mantel test, GDM)*.

We can see that landscape genomics is still an emerging field and the statistical methods
are developing rapidly to address analysis challenges such as the detection of false
positives*!. Although considerable progress has been made in the field throughout the past

decade, the lack of a universal analytical method and a central hypothesis is still a core gap in
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this young field. Research has shown the importance of the sampling design and the
usefulness of complementing the methods with other lines of evidence such as common
garden experiments for validation of adaptive genetics®.

Landscape genomics receives considerable attention in the study of forest due to their
important ecological and economical values. Understanding how forests are adapted to
climate and landscape structure is one of the keys to sustainability of forests. Forest trees are
also considered suitable model organisms for landscape genomics because of their high levels
of genomic and phenotypic variations. Since the first mention of ‘landscape genomics’*, a
wide range of applications on forest trees have emerged, but mainly on temperate and boreal
species**. The scale of genomic coverage in landscape genomics studies also increased
from a few hundred* to tens of thousands of SNPs*’. It was only very recently that the first
genomic assessment of local adaptation was done in the tropical plant on Ipomoea
cavalvantei®®. To the best of our knowledge, there are no landscape genomics studies
published on any tropical forest trees.

This paper presents the first study to survey the genomic variations and their association
with the environment across the present range of D. cochinchinensis and D. oliveri. First, we
produce the first genome assembly of D. oliveri using long-read Nanopore sequencing and
multi-contact chromosome conformation capture. Second, we genotype the range-wide
individuals and differentiate neutral genetic structure and signatures of adaptation. Third, we
project the current genotypes onto future climate scenarios and predict the potential
maladaptation of populations. Finally, we deploy an interactive application to predict optimal

seed sources for restoration under future climate.
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5.3 Methods

5.3.1 Dalbergia oliveri de novo genome assembly

Dried seeds of Dalbergia oliveri were collected at the Institute of Forest and Wildlife
Research and Development, Phnom Penh, Cambodia in 2018. We germinated the seeds in a
greenhouse at 30°C and photoperiod 16L/8D. Leaf tissues were harvested from a selected 1-

year-old individual and ground in liquid nitrogen with a mortar and pestle.

High-molecular-weight genomic DNA was extracted from the reference individual
with Carlson lysis buffer (100 mM Tris-HCI, pH 9.5, 2% CTAB, 1.4 M NaCl, 1% PEG 8000,
20 mM EDTA) followed by purification using the QIAGEN Genomic-tip 500/G. The
quantity and quality of genomic DNA were determined with NanoDrop 2000 (Thermo,
Wilmington, United States) and Qubit 4 (Thermo Fisher Scientific, United States). DNA
integrity was preliminary assessed with a 0.4% agarose gel against a NEB Quick-Load® 1 kb
Extend DNA Ladder. DNA sample passed the quality check only when a single band could

be mapped near a lambda DNA band (~ 48.5 kb).

5.3.2 Nanopore library preparation and sequencing

9 ug of extracted DNA was size-selected using the Circulomics Short Read
Eliminator XL Kit (Maryland, United States) to deplete fragments < 40 Kbp. 3 g of size-
selected DNA was used in each library preparation with the Oxford Nanopore Technologies
Ligation Sequencing Kit (SQK-LSK110), totalling to 3 libraries for the same sample. The
libraries were sequenced on two R10.3 (FLO-109D) flow cells on a GridlION sequencer for ~
72 hours. Real-time basecalling was performed in MinKNOW release 19.10.1. Raw reads

with Phred score lower than 8 were filtered.
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5.3.3 Pore-C proximity ligation library preparation and sequencing

Pore-C library was prepared with the protocol and reagents described by Belaghzal et
al.*® with minor modifications. We harvested 2 g of fresh leaf from the same reference
individual as for the Nanopore library and immediately cross-linked the finely chopped
tissues in 1% formaldehyde for 20 minutes. The cross-linking was then quenched with 125
mM glycine for 20 minutes and the samples were then ground in liquid nitrogen with a
mortar and a pestle. Cell nuclei were isolated with a buffer containing 10 mM Trizma, 80
mM KCI, 10 mM EDTA, 1 mM spermidine trihydrochloride, 1 mM spermine
tetrahydrochloride, 500 mM sucrose, 1% (w/v) PVP-40, 0.5% (v/v) Triton X-100, and 0.25%
(v/v) B-mercaptoethanol, and then passed through a 40 pum cell strainer. The suspension was
centrifuged at 3,000 g, according to the estimated genome size of ~ 700 Mbp. Chromatin was
denatured with the restriction enzyme Nlalll at a final concentration of 1 U/puL (New England
Biolabs, United Kingdom) at 37°C for 18 hours. The enzyme was heat-denatured at 65°C for
20 minutes at 300 rpm rotation. Proximity ligation, protein degradation, decrosslinking, and
DNA extraction were performed according to the original Belaghzal protocol. The Pore-C
library was prepared with the Oxford Nanopore Technologies Ligation Sequencing Kit
(SQK-LSK110), then sequenced on two R10.3 (FLO-109D) Nanopore flow cells on a
GridION sequencer for ~ 72 hours. The flow cell was washed once every 24 hour with the

Flow Cell Wash Kit (EXP-WSHO003).

5.3.4 Assembly pipeline

Nanopore raw reads shorter than 500 bp were filtered. Due to the heterozygous nature
of the wild individual, we assembled the assembly with Canu 2.1.1 using the options
“corOutCoverage=200 correctedErrorRate=0.16 batOptions=-dg 3 -

db 3 -dr 1 -ca 500 -cp 50”. We then used purge haplotigs v1.1.1 with the cutoff
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—-a 98 to collapse the assembly by separating the primary assembly and haplotigs. Pore-C

reads were mapped to the draft genome assembly and used to generate contact map with the

Pore-C-Snakemake (https://github.com/nanoporetech/Pore-C-Snakemake) to produce a
merged_nodups (.mnd) file, which contains a duplicate-free list of paired alignments from the
Pore-C reads to the draft assembly. The draft assembly and the merged_nodups file were

used for scaffolding in 3D-DNA (version 180419) to produce the final genome Daoli 0.2,

To validate the scaffold arrangement, Daoli 0.2 was aligned to that of D.
cochinchinensis (Dacoc 1.2) using minimap2 and D-GENIES*®

(http://dgenies.toulouse.inra.fr/) to produce a dot plot for visualising similarity, repetitions,

breaks, and inversions, with a minimum identity of 0.25.

Filtered mRNA-sequencing data (54.4 Gb) for D. oliveri from a previous project®
(NCBI Bioproject: PRINA593817) were aligned against the genome assembly using STAR
v2.7.6 and assembled using the genome-guided mode of Trinity v2.13.2. Both de novo repeat
library and gene models were then constructed following the same pipeline in Hung et al
(unpublished). The quality of the gene models was assessed with two metrics: the annotation

edit distance (AED) in MAKER 3.01.03°! and the BUSCO score (v5.1.2)%2

5.3.5 Population sampling

We obtained a collection of 435 and 331 foliage samples of Dalbergia
cochinchinensis and D. oliveri from 35 and 28 localities across their native range (Gaisberger
et al., under review). These samples were a combination of those collected in a previous
study® and newly between 2019 and 2020. Genomic DNA was purified using a two-round
modified CTAB protocol (2% CTAB, 1.4 M NaCl, 1% PVP-40, 100 mM Tris-Cl pH 8.0, 20
mM EDTA pH 8.0, 1% 2-mercaptoethanol) with sorbitol pre-wash (0.35 M Sorbitol, 1%

PVP-40, 100 mM Tris-Cl pH 8.0, and 5 mM EDTA pH 8.0) as the samples were rich in


https://github.com/nanoporetech/Pore-C-Snakemake
http://dgenies.toulouse.inra.fr/
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polyphenols and polysaccharides®®. Genomic DNA was treated with 5 uL. RNase (10
mg/mL). Quality and quantity of the genomic DNA were assessed using NanoDrop One
(Thermo, Wilmington, United States) and Qubit dSDNA BR Assay kit on Qubit 4 (Thermo,

Wilmington, United States) respectively.

5.3.6 Genotyping-by-sequencing (GhS)

DNA samples were normalised to 200 ng suspended in 10 uL water and sent to the
Genomic Analysis Platform, Institute of Integrative Biology and Systems, Université Laval,
Quebec, Canada for GbS library preparation. DNA was digested with a combination of
restriction enzymes Pstl/Nsil/Mspl, ligated with barcoded adapter, and pooled to
equimolarity. The pooled library was amplified by PCR and sequenced on a Illumina

NovaSeq6000 S4 with paired-end reads of 150 bp at the Génome Québec, Canada.

5.3.7 Variant calling

Variant calling was done with the Fast-GBS v2.0 pipeline>*: lllumina raw reads were
demultiplexed with Sabre 1.0%° and trimmed with Cutadapt 1.18% to remove the adaptors.
Trimmed reads shorter than 50 bp were discarded. Reads were aligned against the Dacoc 1.0
genome (Hung et al., unpublished) and the Daoli 0.1 genome using BWA-MEM 0.7.17°’.
The SAM alignment files were converted to BAM format and indexed using SAMtools 1.9%,
Variant calling was performed in Platypus® and variants were filtered with proportion of
missing data of 0.2 and minimum allele frequency (MAF) of 0.01 using VCFtools 0.1.16%.
Missing genotype was imputed using Beagle 5.2. Finally, linkage equilibrium among SNPs
was detected using BCFtools 1.9%8, and one SNP was removed from all SNP pairs with r? >

0.5 in a genomic window of 5 Kbp.
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5.3.8 Environmental heterogeneity characterisation

Environmental data were obtained at different sources (34 variables in total, see Table
5.1) and represented different measurers of temperature, precipitation, their seasonality, soil,
elevation, and vegetation. We calculated a correlation matrix across the sampling localities
and highly inter-correlated variables ( |pairwise correlation coefficient| > 0.7) were detected.
For each inter-correlated variable pair, the one variable with the largest mean absolute

correlation across all variables was removed.

5.3.9 Population genetic structure and identification of putatively adaptive loci
Population genetic structure was assessed with sparse non-negative matrix
factorisation (SNMF) to estimate the number of discrete genetic clusters (K)®*. The SNMF
was run for 10 repetitions for each value of K from 1 to 15 with a maximum iteration of 200.
The optimal K was selected based on the lowest cross-entropy value from the SNMF run, or
where the value began to plateau. Admixture plots were drawn for K = {2, 4, 8, optimal K}.
Population structure-based outlier analysis was also conducted with SNMF, in which outlier
SNPs that are significantly differentiated among populations, based on estimated Fst values
from the ancestry coefficients obtained from sSNMF®2, were obtained and mapped on the 10
putative chromosomes for D. cochinchinensis or the 16 longest scaffolds for D. oliveri in a

Manhattan plot.

We used latent factor mixed modelling (LFMM) to test for significant associations
between environmental variables and SNP allele frequencies. The optimal K obtained from
the SNMF was used in LFMM to correct for the neutral genetic structure. LFMM was run for
3 repetitions with a maximum iteration of 1,000 and 500 burn-ins. Z-scores were obtained for
all repetitions for each environmental variable, and then the median was taken for each SNP.

Next, the genomic inflation factor A, defined as the observed median of Z-scores divided by
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the expected median of the chi-squared distribution for each environmental association®, was
calculated to calibrate for P-values:
median(Z?) . 72

- Puspustea = X2(5)
2 05 adjusted X
Xl( ) , such that A .

A=

The calibration was then inspected on a histogram of P-values for each environmental
association. Finally, multiple testing was corrected with the Benjamini and Hochberg method

to obtain Q-values.

The sSNMF and LFMM calculations were performed in R 4.1.0 using the packages

LEA 3.4.0%.

5.3.10 Gradient forest modelling

For all predictions in gradient forest models, resampling was necessary because not
all environmental raster layers had the same resolution and extent. They were all cropped to
the latest-updated modelled species distribution (Gaisberger, 2021) and reprojected to the
WorldClim bioclimatic rasters, as they have the highest resolution, using bilinear
interpolation or nearest neighbour method for continuous and categorical variables

respectively.

To correct for the genetic structure, spatial variables were generated using the
principal coordinates of neighbour matrices (PCNM) approach®. Only half of the positive
PCNM values were kept. Gradient forest model was used to predict and rank the importance
of environmental variables in genomic variation, as its machine learning algorithm worked
best with minimal prior and confounding variables. All SNPs and putatively adaptive SNPs

were used as the response variables and all the filtered environment variables and PCNM
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variables were used as the predictor variables in the gradient forest model for 500 regression

trees. The maximum number of splits to evaluate was determined as follows:

(0.368 x number of predictor variables)

Maximum number of splits = log, 5

The turnovers of allelic frequencies were then projected spatially across the latest-
updated species distribution (Gaisberger, 2021) using the fitted gradient forest model and the
environmental values across the range. Principal component analysis (PCA) was used to
summarise the genomic variation across the distribution and the first three principal
components (PC1, PC2, and PC3) were used for visualisation of genomic variation across the

range.

The PCAs of turnovers of allelic frequencies between adaptive SNPs and all SNPs
were compared using the Procrustes rotation, and its residuals were used to map where

adaptive genomic variation deviates from neutral variation.

5.3.11 Prediction of genomic vulnerability

Future climate projection was obtained from five general circulation models (GCM)
(MIROC6, BCC-CSM2-MR, IPSL-CM6A-LR, CNRM-ESM2-1, MRI-ESM2-0)
participating in the World Climate Research Programme Coupled Model Intercomparison
Project 6 (WCRP CMIP6) for four shared socio-economic pathways (SSPs) (126, 245, 370,
and 585) over four 20-year periods (20212040, 2041-2060, 20612080, 2081-2100). The
gradient forest model was used to predict the patterns of genetic variation and local adaption
under future environmental scenarios. The allelic frequency turnover function was fitted on
the future landscape and the genomic offset, defined as the required genomic change in a set

of putatively adaptive loci to adapt to a future environment®®, was calculated in a grid-by-grid
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basis using the following equation for Euclidean distance, where p is the number of

environmental (predictor) variables:

p
Genetic offset = \ Z(Future allelic turnover — Current allelic turnover)?

n=1

The genetic offset was then scaled across all SSPs and time periods.

5.3.12 Prediction of genomic similarity between current germplasm source and future
restoration site

It is of practical interest to forestry end-users to predict if a current germplasm source
is a good match for future restoration sites, or where to source suitable germplasm for a
future restoration site. We developed an interactive web application based on R Shiny and
hosted the application on the shinyapps.io server. seedeR v 1.0 is open source and freely

available from https://trainingidn.shinyapps.io/seeder/. The analysis workflow consists of the

selection of species of interest, time period and scenario for future climate, and input of
geographical coordinates for the restoration site (Figure 5.1).

The application mapped the predicted turnovers of allelic frequencies on a future
hypothetical restoration site onto the current landscape in a grid-by-grid basis, then the
genetic offset was calculated as described above. After scaling, the values were reversed on
the 0-1 scale to represent the genomic similarity between current germplasm source and

future restoration site.


https://trainingidn.shinyapps.io/seeder/
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5.4 Results

5.4.1 Genome assembly of Dalbergia oliveri

The genome was sequenced from a single Dalbergia oliveri seedling grown from a
seed collected at the Institute of Forest and Wildlife Research and Development, Cambodia.
Oxford Nanopore sequencing produced 15.13 Gbp (~ 22X) and 13.46 Gbp (~ 20X) of raw
reads and Pore-C reads respectively, with a N50 of 44.83 Kbp and 5.79 Kbp. Canu produced
a diploid-aware assembly of 814.69 Mbp with 3,249 contigs, achieving a N50 of 474.02 Kbp
and the longest contig being 6.01 Mbp. Purging the haplotig and scaffolding with
chromosome conformation Pore-C data reduced the assembly size by 15.40% and scaffold
number by 8.37%, and increased the scaffold N50 by approximately 8 folds. The final
assembly (Daoli_0.2) has a total length of 689.25 Mbp in 2,977 scaffolds with a N50 of 38.43
Mbp (Table 5.2 and Figure 5.2). The assembly has a BUSCO v5.1.2 completeness of 93.6%
using the eudicots_odb10 reference dataset, with 86.7% being complete single-copy.
Syntenic analysis between Daoli_0.2 against the 10 putative chromosomes of D.
cochinchinensis in the assembly Dacoc_1.2 showed that the 16 largest scaffolds in Daoli_0.2
had 1-to-1 or 2-to-1 correspondences to Dacoc_1.2, implying that Daoli_0.2 was at
chromosome arm length (Figure 5.3).

The de novo repeat library of Daoli_0.2 was constructed with RepeatModeler and
LTRharvest. The final library contained 453 Mbp of repeat elements (65.71% of the
genome), majority of which contained LTR elements (48.55%) such as Ty1/Copia (15.75%)
and Gypsy/DIRS1 (31.96%) (Table 5.3 and Figure 5.4).

The MAKER pipeline predicted 33,558 gene models with a mean length of 3942.71
bp and 54,062 transcripts. 95.5% of the gene models had a AED score less than 0.5, which
was considered a good gene model (Figure 5.5). 88.3% of the gene models were complete

BUSCOs (Table 5.4).
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5.4.2 Variant calling

Illumina raw reads were obtained for 435 and 331 samples of D. cochinchinensis and
D. oliveri respectively. After demultiplexing, filtering and trimming low-quality reads, and
variant calling, 1,832,629 and 3,377,855 SNPs were initially obtained. The Platypus step kept
246,225 and 250,954 SNPs. After pruning for linkage disequilibrium, the final variant pools

contained 180,944 and 193,724 SNPs respectively for the two species (Table 5.5).

5.4.3 Population differentiation tests

SNMF was run for each value of K from 1 to 15 for all filtered SNPs of D.
cochinchinensis and D. oliveri. The optimal K for D. cochinchinensis and D. oliveri were
determined to be 13 and 14 respectively, based on the cross-entropy criterion (Figure 5.6).
sNMF showed a highly-resolved hierarchical population genetic structure for both species
(Figure 5.7). Population differentiation tests with SNMF reported 50,951 (28.1%) and 54,154
(28.0%) outlier SNPs for the two species respectively (P < 0.05) (Figure 5.8).

A subset of 13 and 12 environmental variables for D. cochinchinensis and D. oliveri
were retained, which were related to temperature, precipitation, their seasonality, soil,
elevation, and vegetation, after filtering the highly inter-correlated variables ( |pairwise
correlation coefficient| > 0.7). These environmental variables were then used for the LFMM
analysis.

Genomic inflation factor A for D. cochinchinensis ranged from 0.071
(evapotranspiration) to 0.25 (precipitation of driest quarter), with a mean of 0.13 and standard
deviation of 0.049; that for D. oliveri ranged from 0.038 (evapotranspiration) to 0.081 (mean
diurnal range), with a mean of 0.056 and a standard deviation of 0.016 (Table 5.6).

After correcting for the neutral structure (optimal K) and the genomic inflation (%),
LFMM predicted 20,373 (11.3%) and 6,953 (3.59%) of the SNPs to be adaptive (| Z-value | >

2 & Q-values < 0.01) for at least one of the environmental variables (Figure 5.9). The
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frequency distribution of adjusted P-values of the SNPs is rather flat among the non-outliers

(P > 0.05), suggesting that false discovery rate is controlled (Figure 5.10).

5.4.4 Gradient forest

10 and 8 PCNM values were kept for D. cochinchinensis and D. oliveri respectively
as uncorrelated spatial variables to be incorporated into the GF model, together with the
filtered environmental variables. GF model predicted that PCNMs were predominantly the
most important variables that explained both neutral and adaptive genomic variation, but
among non-spatial variables, wc2.1_30s_bio_3 (isothermality) was the main driver of both
neutral and adaptive genomic variation in D. cochinchinensis, while wc2.1_30s_bio_16
(precipitation of wettest quarter) was that in D. oliveri (Figure 5.11 and Figure 5.12). Soil
factors were among the lowest ranked variables for both species. The fitted GF model for
adaptive genomic variation was mapped across the native range of both species (Figure 5.13).
D. cochinchinensis and D. oliveri had a different geographic pattern of adaptive variation: D.
cochinchinensis had a strong differentiation between North and South at around 16°N, that
was mainly driven by wc2.1_30s_bio_3 (isothermality) as seen in the PCA loadings (Figure
5.14). On the other hand, D. oliveri had the major differentiation between coastal and inland
areas, that was driven by both wc2.1 30s_bio_16 (precipitation of wettest quarter) and
wc2.1 30s_bio_2 (mean diurnal range).

The allelic frequency turnover functions of the neutral and adaptive genomic variation
were compared for each environmental predictor variable (Figure 5.15). Adaptive genomic
variation, which was captured by only adaptive SNPs, were more strongly associated with
environmental gradients than neutral variation, which was represented by all SNPs. There
was only one exception, where s AWCh1_sl5 (available soil water capacity at depth of 60
cm) had similar importance in explaining neutral and adaptive variation, regardless of the

environmental gradient.
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Procrustes residuals were used as a proxy of local adaptation to identify areas where
adaptive genomic variation deviated from neutral variation (Figure 5.16). Coastal areas in
east Vietnam and Cardamom Mountains in southwest Cambodia were common hotspots of

local adaptation for both D. cochinchinensis and D. oliveri.

5.4.5 Prediction of genomic vulnerability

Genetic offset in form of Euclidean distance represented the mismatch of current and
future gene-environment association, which was averaged over the five GCMs (MIROCS,
BCC-CSM2-MR, IPSL-CM6A-LR, CNRM-ESM2-1, MRI-ESM2-0) under WCRP CMIP6.
For both species, genetic offset generally increased over shared socioeconomic pathway,
which implies increased carbon emission, and time. However, the geographic patterns of
genetic offset differed between the two species: D. cochinchinensis had an increasing offset
universally across the range, while the southeast part of the range of D. oliveri had a

distinctly high offset (Figure 5.17).

5.4.6 Genomic similarity between current germplasm source and future restoration site
seedeR is open source and freely available from

https://trainingidn.shinyapps.io/seeder/, where users could select the species (only D.

cochinchinensis and D. oliveri for now), SSP, time period, and geographical coordinates of
future restoration site. seedeR would predict the genomic similarity between current
germplasm source and future restoration site from allelic frequency turnover functions and
genetic offset and project onto the species range. We demonstrated the utility of seedeR by
selecting a hypothetical future restoration site (106° N, 14° E) in northeast Cambodia for both
D. cochinchinensis and D. oliveri, under the future climate scenario of SSP370 between 2081
and 2100. In both predictions, the genomic similarity was the highest at proximity and

decreased when further away. Commonly, coastal regions in northeast Vietnam, which was


https://trainingidn.shinyapps.io/seeder/
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predicted to have the strongest local adaptation in both species, showed a low genomic
similarity. An example of the maps as seedeR output was shown in Figure 5.18. The output of
seedeR may be viewed directly online or saved as a PNG file in local instances. The output
included a title showing both selected SSP and time period. The selected future restoration
site was marked as a white asterisk on the map. The genomic similarity was colour coded

between white (the most dissimilar) and dark green (the most similar).
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5.5 Discussion

Global biodiversity is threatened by human footprints in modern times, including
anthropogenic climate change®’, habitat degradation®®, and overexploitation®®,

Dalbergia cochinchinensis and D. oliveri are highly threatened and their distributions
have been declining over the past decades due to escalating demand of their rosewood timber.
They become the priority species for conservation and restoration in both national and
regional programmes to establish management strategies, germplasm guidelines, networking,
partnership, and capacity building’®2. Our study is the first to assess the association between
environmental factors and genomic variation in the genus Dalbergia, and predict its change

in future climate scenarios.

5.5.1 Genome assembly of D. oliveri

The high-quality, chromosome-arm-scale assembly of D. oliveri adds an important
resource for genomic analysis of the valuable genus, as reflected by the contiguity, gene
completeness, synteny with D. cochinchinensis,. For the genus currently, there are only two
available genomes: D. hupeana’ and D. odorifera’, and seven transcriptomes®®". Despite
the recent advances in sequencing technologies, genomic resources remain scarce for such a
big genus consisting of over 250 species®. New reference genomes will enable genome-wide
analysis, including characterisation of functional genes, higher-resolution species delineation,
association mapping and adaptation, genetic rescue, and genome editing’®, which address
important conservation questions such as genetic monitoring of introduced and relocated
populations, predicting population viability, disease resistance, synthetic alternatives, and de-
extinction’"""8. Specifically, previous studies in Dalbergia mainly focused on limited number
of loci and microsatellites® "84 which potentially hinders the broader understanding of their
evolutionary and ecological processes and the application of genetic tools in conservation

management.
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5.5.2 Higher-resolution population differentiation

Our study assessed the population genetic structure using the SNMF method and
obtained the optimal number of ancestral populations, K = 13 and K = 14, for D.
cochinchinensis and D. oliveri, which were much higher than previous studies where K =5
was reported for both species®?. We believed the difference can be accounted by three main
reasons. First, the enormous number of SNPs (> 180,000) gave a much higher resolution than
the previous studies using only nine microsatellite markers and 19 SNPs. Second, there were
more populations in this study (35 and 28) than the previous one (26 and 23). Third, SNMF is
able to detect lower hierarchical levels of population substructure, while the AK method, as
done in previous studies, can only detect higher ones or fail®®®, It was also reported that in
large human datasets K did not stabilise for K < 10 using the minimal cross-entropy criterion
in SNMF®?, thus a higher number of K (> 10) is necessary to describe the population
substructure. In summary, we provided a higher resolution of neutral population structure of
D. cochinchinensis and D. oliveri across their species range, which could be useful in
delineating conservation management units and assessing gene flows in relevance to

landscape features.

5.5.3 Environmental drivers of adaptive variation

Our gradient forest model identifies a number of environmental variables related to
precipitation, soil, spatial, temperature, and vegetation as significant drivers of genomic
variations across the species range. Spatial variables, in the form of PCNMs, explain the
highest variation, indicating strong spatial autocorrelation and isolation by distance, as
previous studies already reported &9, It confirms the importance of correcting for the spatial
factor in analysing adaptive genomic variation. However, it sometimes can also imply
important unmeasured environmental predictors®’, and thus have to be taken with caution.

Although the two species have an overlapping range, they show different patterns in gene-
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environment associations: D. cochinchinensis has the strongest association with
isothermality, while D. oliveri with precipitation of wettest quarter. In particular, there is a
steep turnover in allelic frequencies at around 55% for isothermality. Isothermality is
generally a useful metrics in tropical environments®, and has been shown to influence plant
height growth®. In a controlled greenhouse experiment, it was found that D. cochinchinensis
is more anisohydric than D. oliveri, which means that it optimises carbon assimilation and
tolerates drought as a pioneering species with faster growth®. D. oliveri is also found often in
moist areas and along streams and rivers®, and the morphological characters of its seeds
suggest that water dispersal is likely®. Nonetheless, temperature and precipitation, and their
variability such as isothermality®?, have been reported as the most important drivers in other

similar studies on tree species® .

5.5.4 Genomic vulnerability and match

Genomic vulnerability, determined here as the mismatch between current and future
gene-environment associations, can inform priority setting. Conservation resources are
limited, particularly in lower-income countries, and thus need efficient and practical priority
setting®®. As expected, our study reports that genomic vulnerability increases under higher
emission scenarios along with time. However, the two species show a different pattern: D.
cochinchinensis has an increased vulnerability rather uniformly across the species range,
while D. oliveri has distinct regions with higher vulnerability, such as inland at the borders
among Laos, Cambodia, and Vietnam. It is reported that some areas of their range show
limited gene flow that can be explained by geographical barriers, with D. oliveri generally
having a higher level of gene flow than D. cochinchinensis®. Due to the longevity and long
generation time of trees, they usually have a low rate of migration which can hardly keep
track of the climate velocity in many scenarios. Forest trees usually experience a higher rate

of climate change per generation than mobile and short-living organisms®’. In a rapidly



241

changing environment, forest trees either persist through migration or phenotypic plasticity,
or extirpate® when environmental change outpaces the adaptation. By developing a spatially
explicit model of vulnerability, we provide a metric which quantifies the balance between in
situ adaptation and migration, where populations with lower vulnerability are likely to persist
through adaptation®. We thus also inform important decision making in conservation
between in situ and ex situ, where ex situ is recommended for populations with higher
vulnerability to preserve the genetic resources that may disappear.

On the other hand, our gradient model also allows prediction of matches between
current germplasm source and future restoration site, on which the resilience and productivity
of the species in the future greatly depend. In case of maladaptation and extirpation due to
environmental change®®, when the classical preference of local germplasm for local
provenance may no longer hold, deliberate transfer of germplasm along climate gradients
may be necessary'®. Examples of such strategies include assisted migration based on
predictive provenancing to facilitate adaptation of the populations under climate change®?,

which can be classified into assisted gene flow and assisted colonization.

5.5.5 Conservation implications for assisted migration

Assisted gene flow (AGF) refers to the managed translocation of individuals or
germplasms among populations within the current range (i.e. in situ), as to facilitate more
rapid adaptation to the predicted future climate, or to mitigate local maladaptation®®. AGF in
D. cochinchinensis and D. oliveri may target hotspots of local adaptation in the coastal
Vietnam, which have higher priority to conserve their genetic diversity. Genetic materials
from these regions can be moved to suitable regions using the seedeR prediction to supply
populations with individuals of higher fitness, helping the maintenance of the unique genetic

components of the population.
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Assisted colonization (AC) refers to the managed translocation of individuals or
germplasms outside contemporary species ranges (i.e. ex situ). They are particularly
important when setting up seed production areas and plantations in the restoration of
Dalbergia species to multiply genetic materials. In particular, hotspots of vulnerable
populations such as those in northern Cambodia will need to find new suitable areas to
conserve the genetic diversity. Also, the edge of species range, especially in western
Thailand, can benefit from AC to expand the species range.

Our newly developed application seedeR helps visualising these spatially explicit
predictive models of genomic vulnerability and match, which are most useful because the
science that underpins the predictions can be of little use to frontline practitioners and
managers®’. It informs the conservation and management strategies as discussed above and
narrows the ‘conservation genomics gap’ which is related to the challenge of disseminating
genomic knowledge, by simplifying the analytical pipelines and presenting a user-friendly

platform®°.
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5.6 Conclusion

This study presents a genome assembly of Dalbergia oliveri and a study of genomic
variation of Dalbergia species. Genome-wide analysis enables us to detect signatures of
gene-environment association and local adaptation, which are useful in ecological genomic
models to predict the variation both spatially (e.g. across the species range) and temporally
(e.g. different future climate scenarios). When coupled with gradient forest model, the
genomic technology offers a faster, cheaper, and more robust route to test gene-environment
associations than large-scale controlled experiment such as common garden or reciprocal
transplantation. It is particularly important for decision-making in conservation management
under rapidly changing environment. The outcomes of this study encourage two future
avenues: (1) the spatially explicit model enables genomic prediction of germplasm sources
and restoration sites, as demonstrated by the vulnerability model and the seedeR application,
which can benefit the planning of assisted migration; (2) the adaptive loci pool and predicted
gene-environment association encourages further empirical study to understand the
ecological adaptation of Dalbergia species, for example, a controlled experiment to study

temperature-associated loci.
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5.9 Figures and Tables

Figure 5.1. The user interface of the “Predict” function of seedeR

(https://trainingidn.shinyapps.io/seeder/). In the left panel “Inputs”, the user can choose a

species, a SSP, a time period and input the longitude and the latitude of the future restoration

site. After clicking “Run”, the process will begin and print the output In the right panel

“Output”.
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Right click to save the image.



https://trainingidn.shinyapps.io/seeder/
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Figure 5.2. Snailplot of the genome assembly Daoli_0.2, showing scaffold statistics,

BUSCO statistics, and assembly base composition.
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Figure 5.3. Syntenic dot plot of D. oliveri (Daoli_0.2) against D. cochinchinensis

(Dacoc_1.2) with a minimum identity of 0.25.
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Figure 5.4. Percentage of repeat elements in the repeat library of Daoli_0.2.
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Figure 5.5. Cumulative frequency of gene models of Daoli_0.2 against annotation edit

distance (AED).
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Figure 5.6. Cross-entropy criterion as a function of the number of factors in the SNMF

analysis for (a) D. cochinchinensis and (b) D. oliveri.
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Figure 5.7.  Admixture results of SNMF analysis showing hierarchical population

£ 2 g 3 s
E g 8 2z & 3

substructure of (a) D. cochinchinensis and (b) D. oliveri.
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Figure 5.8. Manhattan plot of outlier loci predicted by population differentiation tests with
SNMF for (a) D. cochinchinensis and (b) D. oliveri. Blue dots are outlier SNPs (P-value <

0.05), light-blue dots are non-outlier SNPs.
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Figure 5.9. Manhattan plot of adaptive SNPs predicted by LFMM for (a) D.
cochinchinensis and (b) D. oliveri. Blue dots are adaptive SNPs for at least one

environmental variable (| Z-value | > 2 & Q-value < 0.01), light-blue dots are neutral SNPs.
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Figure 5.10. Frequency histogram of adjusted P-values for each environmental association

of the LFMM analysis in (a) D. cochinchinensis and (b) D. oliveri.
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Figure 5.11. Accuracy and R2-weighted importance for the environmental predictor

variables which explained the neutral genomic variation (all SNPs) for (a) D. cochinchinensis

and (b) D. oliveri predicted by the GF model.
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(b)

Environmental variables
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Figure 5.12. Accuracy and R2-weighted importance for the environmental predictor

variables which explained the adaptive genomic variation (adaptive SNPs) for (a) D.

cochinchinensis and (b) D. oliveri predicted by the GF model.
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Figure 5.13. Adaptive genomic variation across the species range predicted by GF model
for (a) D. cochinchinensis and (b) D. oliveri, visualised using the first two principal axes

from the PCA.
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Figure 5.14. Principal component analysis (PCA) of the adaptive genomic variation
predicted by the GF model across the species range for (a) D. cochinchinensis and (b) D.

oliveri. The loadings are the environmental factors.

(@)

PC2

PC1

(b)

PC2

PC1



273

Figure 5.15.  Allelic turnover functions of all and adaptive SNPs explaining the cumulative
importance of each environmental predictor variable in (a) D. cochinchinensis and (b) D.

oliveri.
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Figure 5.16. Procrustes residuals between neutral and adaptive gene-environmental

associations as an indicator of strength of local adaptation for (a) D. cochinchinensis and (b)

D. oliveri.
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Figure 5.17. Genetic offset of gene-environmental association (scaled between 0, lowest
offset, and 1, highest offset) across the range of (a) D. cochinchinensis and (b) D. oliveri in 4
SSPs (126, 245, 370, and 585) over three bidecades (2041-2060, 2061-2080, 2081-2100)
averaged across five GCMs (BCC-CSM2-MR, CNRM-ESM2-1, IPSL-CM6A-LR, MIROCS,

MRI-ESM2-0.
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Figure 5.18. Genomic similarity (scaled between 0, most dissimilar, and 1, most similar)
between a hypothetical future restoration site (106° N, 14° E) and the current potential
germplasm sources under the future climate scenario of SSP370 between 2081 and 2100 for
(a) D. cochinchinensis and (b) D. oliveri predicted on seedeR

(https://trainingidn.shinyapps.io/seeder/).
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Table 5.1. List of environmental data used in the landscape genomics modelling of this
study.
Symbol Description Category Source D. D.
cochinchinens | oliver
IS i
wc2.1 30s bio 1 | Annual mean Temperatur | WorldCli
temperature e m
wc2.1 30s bio 2 | Mean diurnal Temperatur | WorldCli | V V
range e m
wc2.1_30s_bio_3 | Isothermality Temperatur | WorldCli | V V
e m
wc2.1_30s_bio_4 | Temperature Temperatur | WorldCli
seasonality e m
wc2.1 30s bio 5 | Maximum Temperatur | WorldCli
temperature of e m
warmest month
wc2.1 30s bio 6 | Minimum Temperatur | WorldCli
temperature of e m
coldest month
wc2.1_30s_bio_7 | Temperature Temperatur | WorldCli
annual range e m
wc2.1 30s bio 8 | Mean Temperatur | WorldCli | V
temperature of e m
wettest quarter
wc2.1_30s _bio 9 | Mean Temperatur | WorldCli
temperature of e m
driest quarter
wc2.1 _30s_bio_10 | Mean Temperatur | WorldCli
temperature of e m
warmest quarter
wc2.1 30s_bio_11 | Mean Temperatur | WorldCli
temperature of e m
coldest quarter
wc2.1 30s_bio 12 | Annual Precipitatio | WorldCli
precipitation n m
wc2.1 30s_bio_13 | Precipitation of | Precipitatio | WorldCli | V
wettest month n m
wc2.1_30s_bio_14 | Precipitation of | Precipitatio | WorldCli \/
driest month n m
wc2.1 30s_bio_15 | Precipitation Precipitatio | WorldCli
seasonality n m
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wc2.1_30s_bio_16 | Precipitation of | Precipitatio | WorldCli
wettest quarter n m
wc2.1_30s_bio_17 | Precipitation of Precipitatio | WorldCli
driest quarter n m
wc2.1_30s_bio_18 | Precipitation of | Precipitatio | WorldCli
warmest quarter | n m
wc2.1_30s_bio_19 | Precipitation of | Precipitatio | WorldCli
coldest quarter n m
wc2.1_30s_bio_el | Digital elevation | Elevation WorldCli
ev m
s_AwChl sl2 Available soil Soil SoilGrids
water capacity
(volumetric
fraction) with FC
= pF 2.0 at depth
of 5cm
s_AwCh1l sl5 Available soil Soil SoilGrids
water capacity at
depth of 60 cm
s CLYPPT sl2 Clay content in Soil SoilGrids
percent at depth
of 5cm
s CLYPPT sl5 Clay content in Soil SoilGrids
percent at depth
of 60 cm
s ORCDRC sl2 Soil organic Soil SoilGrids
carbon stock at
depth of 5 cm
s ORCDRC sl5 Soil organic Soil SoilGrids
carbon stock at
depth of 60 cm
s PHIHOX slI2 Soil pH Soil SoilGrids
measured in
water solution at
depth of 5cm
s PHIHOX slI5 Soil pH Soil SoilGrids
measured in
water solution at
depth of 60 cm
s SLTPPT sl2 Silt content in Soil SoilGrids

percent at depth
of 5cm
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s SLTPPT slI5 Silt content in Soil SoilGrids
percent at depth
of 60 cm

s SNDPPT _sl2 Sand content in | Soil SoilGrids
percent at depth
of 5cm

s SNDPPT _sl5 Sand content in | Soil SoilGrids
percent at depth
of 60 cm

npp Net primary Vegetation | The Atlas
productivity of the

Biosphere

evapotrans Evapotranspirati | Vegetation | The Atlas

on of the

Biosphere




284

Table 5.2.  Assembly statistics of the D. oliveri genome (Daoli_0.2).

Assembly identifier

Daoli_0.2

Species Dalbergia oliveri Gamble ex Prain
NCBI taxonomy ID 1030150

Raw reads Pore-C reads | Contigs Primary Scaffolds

haplotigs

Total size 15,127.06 13,462.40 814.69 687.92 689.25
(Mbp)
Number of 959,359 3,098,972 3,249 2,239 2,977
sequences
Average length | 15,767.9 4,344.2 250,750 307,244.3 231,525
of sequences
N50 44,832 5,789 474,015 623,924 38,426,337




Table 5.3.

Repeat elements in the repeat library of Daoli_0.2.

285

Number of Total Percentage

elements length (bp) | of sequence

Retroelements 455479 | 339092238 49.2
SINEs 0 0 0
Penelope 0 0 0

LINEs 10758 4445290 0.64
CRE/SLACS 0 0 0

L2/CR1/Rex 0 0 0
R1/LOA/Jockey 0 0 0

R2/R4/NeSL 0 0 0

RTE/Bov-B 3783 973287 0.14

L1/CIN4 6975 3472003 0.5

LTR elements 444721 | 334646948 48.55
BEL/Pao 0 0 0

Ty1/Copia 229457 | 108551031 15.75

Gypsy/DIRS1 200968 | 220263371 31.96

Retroviral 181 91342 0.01

DNA transposons 16939 12338687 1.89
hobo-Activator 2978 1273955 0.18
Tcl1-1S630-Pogo 1440 179489 0.03
En-Spm 0 0 0
MuDR-1S905 0 0 0
PiggyBac 0 0 0
Tourist/Harbinger 2277 1185567 0.17

Other (Mirage, P-element, Transib) 0 0 0
Rolling-circles 5146 3333791 0.48
Unclassified 376428 91174602 13.23
Total interspersed repeats 1757530 | 442605527 64.22
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Simple repeats

143462

5735706

0.83

Low complexity

25174

1218960

0.18




Table 5.4. BUSCO statistics of gene models of Daoli_0.2 using eudicots_odb10 as the

reference dataset (n = 2,326).

287

Complete BUSCOs

2,054 (88.3%)

Complete and single-copy BUSCOs

1,878 (80.7%)

Complete and duplicated BUSCOs

176 (7.6%)

Fragmented BUSCOs

107 (4.6%)

Missing BUSCOs

165 (7.1%)
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Table 5.5. Statistics of SNPs for D. cochinchinensis and D. oliveri at each bioinformatic

step.

D. cochinchinensis D. oliveri
# Samples 435 331
# Localities 35 28
# SNPs after variant calling | 1,832,629 3,377,855
# SNPs after filtering for 246,225 250,954
missing data and MAF
# SNPs after pruning for 180,944 193,724
linkage disequilibrium
# Adaptive SNPs predicted | 50,951 54,154
by SNMF
# Adaptive SNPs predicted | 20,373 6,953

by LFMM




Table 5.6. Genomic inflation factor A for the gene-environment associations of (a) D.

cochinchinensis and (b) D. oliveri.

env
evapotrans
s_AWCh1_sl2

s AWCh1_sI5

s CLYPPT sl2
s_ORCDRC _sl5
s_PHIHOX_sI5
s_SLTPPT slI2
wc2.1 30s_bio 13
wc2.1_30s_bio_17
wc2.1 30s_bio 19
wc2.1_30s_bio_2
wc2.1 30s_bio_3
wc2.1 30s_bio_8
mean

sd

env
evapotrans

npp

s AWCh1 sl2

s AWCh1 sl5

s ORCDRC sl2

s PHIHOX sl2

s SLTPPT sl5
s_SNDPPT _sl5
wc2.1 30s_bio 14
wc2.1 30s_bio_16
wc2.1 30s_bio 2
wc2.1 30s_hbio 3
mean

sd

lambda
0.071053
0.1012
0.097883
0.0773
0.103751
0.11886
0.117395
0.166612
0.247199
0.136046
0.186022
0.144369
0.088284
0.127383
0.049323

lambda
0.038403
0.046587
0.037444
0.057747
0.05131
0.05708
0.050496
0.032456
0.070037
0.079196
0.080899
0.069888
0.055962
0.016241
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Chapter 6. General Discussion

Conservation of Dalbergia cochinchinensis and D. oliveri depend on the sustainable
multiplication of genetic materials of genetic and adaptive diversity, in order to reduce the
existing pressure on the natural populations and increase their number. This thesis produces
genomic resources and an evidence base of adaptability that will help narrow the existing

knowledge gap and enable real-world conservation applications.

In this chapter, we will discuss (1) the major findings of this thesis and their
implications in a broader context of adaptation in tropical forest trees, (2) the pathways to
impact and potential applications of the findings in their conservation, and (3) future research

directions that will complement with this thesis.

6.1 Adaptation: linking gene, environment, and physiology

Species range is dependent on the environmental heterogeneity and its shift is thus
impacted by the ongoing environmental change. To avoid extinction or extirpation, species
need to either adapt in situ or colonise newly suitable habitat!. Therefore, understanding of
the adaptability and its natural-occurring variation remains a central goal of conservation
biology studies. This thesis presented the first genomic study of adaptation on two
endangered Dalbergia species in the Greater Mekong Subregion, D. cochinchinensis and D.

oliveri.

A key objective of the thesis was to develop genomic resources of D. cochinchinensis
and D. oliveri, which was met by developing reference genomes and reference

transcriptomes, along with gene models, annotations, and comparative analyses. Green plants
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are hugely diverse and are estimated to comprise of ~ 500,000 species?; however, genomic
resources available for a relatively small fraction of them to date. Biodiversity, together with
associated evolutionary, ecological, developmental, morphological, and physiological
processes, is driven by fundamental genomic diversity. Genomes are markers of evolutionary
history and drivers of evolutionary change®. There has been an exponential growth in
genomic resources, set with ambitious objectives such as to sequence the genome of every
species on Earth under the Earth BioGenome Project*. However, when compared to the
animal counterpart (e.g. Vertebrate Genomes Project®), the progress is still lagging behind for
plant genomes (e.g. 10KP Plants Project®). The development of genomic resources for
Dalbergia open up the opportunities of ecological and evolutionary studies in forest trees,
which offer unique insights into genetic basis of longevity and adaptation to the environment
throughout their sessile but long lifespan Chromosome-scale assemblies of Dalbergia
genome and transcriptomes thus meets major objectives of forest tree genomics research,
including the evolution and structure of tree genomes, monitoring adaptive gene diversity,
and developing genomics-based tools’. Dalbergia genomes thus fill two diversity gaps:
progress towards angiosperm tree genomes, which were largely confined to temperate trees
of Populus, Eucalytpus, Salix, and Quercus®; and progress towards legume genomes, which
only received attention for their herbaceous crop species such as soybeans, peanuts, and
peas®. Our comparative genomics studies revealed insightful differences between the
expansion of certain gene families in tropical Dalbergia species and the significant difference

in resistance gene numbers between perennial Dalbergia species and annual species.

One important dimension of adaptation is the interaction between genes and the bio-
physical environment. Both D. cochinchinensis and D. oliveri co-occur in a highly
heterogeneous environment and thus it is hypothesised that they exhibit substantial amounts

of adaptive variation and have patterns of local adaptation. While there is virtually no a priori
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knowledge on their adaptability, the landscape genomic study reported in this thesis provides
a comprehensive scan of adaptive signals and models the range-wide gene-environment
association. We found significant differences between the species when comparing the
environmental determinants of their adaptive variation, where D. cochinchinensis is driven by
temperature variability and D. oliveri by precipitation variability. Their contrasting patterns
of adaptation may be related to their different ecological niches as a pioneering species and
climax species, respectively. This leads to different predictions of patterns of genetic
maladaptation in the future climate scenarios and therefore the optimal seed sourcing and
restoration strategies are likely different for the two species. However, although landscape
genomics is particularly attractive in studying forest trees, which harbour higher levels of
genomic and phenotypic variation than their annual counterparts, there is a noticeably large
gap in landscape genomic studies among both tropical and angiosperm trees. This would be
the first study in the Greater Mekong Subregion to date. While many of other studies on
temperate and subtropical tree species have identified temperature to be a major driver of
adaptive variation instead of precipitation'?, the contrasting adaptive difference towards
temperature and precipitation between D. cochinchinensis and D. oliveri may suggest the
differential effects of environmental factors on tropical tree species. Numerous studies have
already demonstrated the associations of tropical forest trees to a suite of environmental
variables including elevation, edaphic content, temperature, and light regimes and the
evidence of niche differentiation!!. While a study on two Dalbergia species cannot draw a
broad conclusion on tree adaptation in the tropics, this study will be the first step to fully
understand pattern of adaptations in Greater Mekong Region, which harbours great

environmental heterogeneity and biodiversity.

The controlled stress experiment presented in this thesis sheds light into physiological

responses and provides further evidence of their contrasted adaptation pattern, where D.



294

cochinchinensis is found to be less conservative in terms of water relations during drought
stress. Regulation of water relations is driven by the sustained stomatal opening and
decreasing water potential. On the other hand, carbon assimilation is maximised and
photoprotective pigments appear to equip D. cochinchinensis to tolerate drought more readily
as indicated by its anisohydric behaviour. D. cochinchinensis is a pioneering species and thus
may benefit from such a physiological adaptation to maximise productivity for more efficient
colonisation in early ecological succession'?. The trade-off between short-term growth and
long-term survival is well aligned to the niche spectrum between pioneer and climax
species'®, such as D. cochinchinensis and D. oliveri respectively. This experiment on stress
response complements the major findings of contrasting adaptive differences between D.
cochinchinensis and D. oliveri in the landscape genomic studies despite of their co-
occurrence, as it provides a physiological explanation to the implied niche differentiation of

gene-environment associations.

6.2 Conservation implications: enhancing germplasm diversity and adaptability

A central question of Dalbergia conservation is: “How do we ensure a sustainable
supply of genetically and adaptively diverse germplasm for forest restoration?”. While its
sustainable supply is mainly dependent on the establishment of a seed supply chain, we
identified three potential genetic risks that may compromise the seed supply and restoration

end-goal, namely genetic bottlenecks, maladaptation, and climate change.
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Figure 6.1. Conservation implications of the knowledge of adaptation in D.

cochinchinensis and D. oliveri.

» Adaptive variationin » In-situ prioritisation for » Ex-situ prioritisationfor » Assisted migration for
germplasm collection and areas with strong local area with higher pre-adapting
conservation units adaptation genomic offset germplasms to future

climate

The deliverable outputs of this thesis have direct implications on conservation (Figure
6.1). First, the knowledge of adaptive variation enables conservation practitioners to assess if
any genetic materials are missed by the current germplasm production areas. This knowledge
also allows the designation of conservation units based on the genetic uniqueness of
populations. Second, resources to establish new conservation areas are limited and priority
setting is important to balance cost and budget*, therefore, in situ prioritisation should be
given to areas with strong local adaptation as germplasm brought outside their native habitats
are likely to have a reduced fitness. Third, while climate change is likely to impact the entire
species range, populations in areas with higher genomic offset are more likely to undergo
local extirpation and therefore should be prioritised for ex situ conservation. Assisted

germplasm transfer will help pre-adapt germplasm to new areas and future climate.

The only genetic studies to date on D. cochinchinensis and D. oliveri, which served
the current conservation practice, are based on neutral genetic markers, namely

microsatellites®>*®. Our study provided a higher resolution of population differentiation,
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which can be informative in assigning new conservation areas. These, previous studies
identified the main driver for population structure as the Indochinese landscape features. In
contrast, our studies found that the environmental variation (isolation-by-environment) had a
strong role in shaping the population structure, resulting in a different pattern of population
genetic structure, although we also found that spatial factors contributed significantly to
isolation-by-distance. The future designation of in situ and ex situ conservation units thus

needs to take into account the environmental factors in addition to the spatial factors.

6.3 Narrowing the ‘conservation genomics gap’

This thesis illustrates how genomic technologies are advantageous in studying
adaptation and guiding conservation activities in D. cochinchinensis and D. oliveri, especially
when our knowledge of their biology is limited. Although the benefits of genomics in
conservation have been widely discussed and advocated, there are still significant barriers to
translate fundamental genomic research into end-user conservation applications — this is
known as ‘conservation genetics gap’l’. These barriers are hypothesised to include: extensive
use of jargon in genomic research coupled with poor communication between geneticists and
conservation practitioners'®, cost of sequencing and genotyping, inaccessibility to genetic
knowledge, frontier research, and methodologies®®. It has been argued that the scientific and
conservation communities operate in largely separate circles, and the transition from
conservation genetics to genomics is likely expanding the gap?°, where the increased number
of genetic markers and more sophisticated models in conservation genomics translate to

higher financial cost and a wider knowledge barrier.

It is hoped that this study will help to narrow the conservation genetics gap through a

number of perspectives. First, this study benefited from the infrastructure of a region-wide
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network and collaboration to obtain range-wide samples for a comprehensive analysis, within
the framework of a Darwin Initiative project. Second, the main deliverable outputs, such as
the prediction of seed sourcing and vulnerability, are made as user-friendly and use spatially
explicit models. Third, through engaging policy makers and forest authorities in target
countries, this study has identified the conservation opportunities and consolidated pathways
to impact. The range-wide consorted efforts have set ambitious goals for the two Dalbergia
species, such as > 50% increase in number of in situ or ex situ conservation units and 10-25%
improvement in species’ survival and growth. Our genomic models enable visualisation of
adaptive patterns and thus will accelerate the decision-making and map-drawing exercises to

designate conservation units and favourable nurseries conditions for their growth.

Genomic prediction in conservation of threatened species is moving forward among
different stakeholders in the practitioners’ circle . While most genomic studies have a main
focus on risk assessment, conservation management, and decision prioritisation®!, we also
emphasise the importance of incorporating the aspects of value chains and sustainable
production to generate incentives for conservation and restoration. In addition, critical gains
from genomic analysis also pushes international parties such as the Convention on
International Trade in Endangered Species (CITES) or the International Union for
Conservation of Nature (IUCN) Red List to incorporate genomic tools in more rapid
assessment of threatened species, as these parties continue to remain as the gold standard

among the practitioners.

6.4 Two is better than one: future directions of research
The landscape genomic study revealed substantial adaptive variation in D.

cochinchinensis and D. oliveri, while the physiological study identified a suite of
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physiological traits proposed to contribute to the contrasting adaptive strategies between the
two species. While landscape genomics is usually considered a ‘bottom-up’ approach where
the first step is to identify the potential loci under selection without a priori knowledge,
common garden experiments are a more quantitative ‘top-down’ approach to identify
phenotypic variation of different provenances and populations??. Therefore, we see a
promising avenue for a new study to combine genomic and common garden experiments to
unravel the genetic and environmental control of complex traits such as morphological and
physiological traits. It is hard to avoid false positives in genome scans for natural selection?,
therefore, if a strong signal of adaptation is detected in both genomic and phenotypic data
from a combined common garden approach, it constitutes two pieces of evidence to test the

local adaptation hypothesis®*.

Combining the two approaches is believed to better explain the complex and
multigenic nature of plant adaptation?, and could potentially delineate genotype-by-
phenotype-by-environment interactions of local adaptation?®. Although the combined
approach is often advocated, it was not very commonly applied, as a previous literature
survey revealed that only 11% of common garden studies incorporated a genetic component
of any kind?’. A few studies have been able to couple landscape genomics and common
garden experiments to: detect linkage between phenotypic variation and outlier analysis®®,
study local adaptation at fine spatial scales?®, and examine heritability of the associated

traits®C,

At the same time, common garden experiments provide an opportunity to study
associations between phenotypes and genotypes, which are impractical in their natural

habitats as the phenotypic traits can be confounded with environmental effects. Common
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gardens thus overcome the challenge and help isolate the genotypic effect on phenotypes by

providing uniform environmental conditions for all genotypes®!.

Storfer et al.®2 distinguished four research frameworks to understand the relationship
between genetic adaptability and environment: (a) correlative analyses based on outlier test
and/or EAA,; (b) phenotypic analyses on QTL or GWAS; (c) candidate gene analyses; and (d)
exome or transcriptome analyses. Combining landscape genomics and common garden
experiments may support all of these frameworks and increase the statistical power to link

adaptive genetics and environment.

While regional conservation efforts are increasing the number of in situ and ex situ
conservation units and the germplasm production capacity in Dalbergia, there is an
expanding opportunity to obtain genetic materials and construct range-wide common garden
experiments. We are planning to study the effects of drought and heat stresses on different
ecotypes of D. cochinchinensis and D. oliveri. The objectives of this planned study is three-
fold: (1) to detect their local adaptation towards water availability and temperature; (2) to
predict their vulnerability and recovery towards drought and heat stresses under extreme
climate; (3) to dissect the genetic underpinning of the phenotypic variation and adaptation

towards water availability and temperature.
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