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General abstract

This work seeks to contribute to our understanding of conifer tree responses to drought. Research in
this field has historically privileged the study of the changing anatomy, physiology, and metabolism
of trees under adverse environmental conditions. The main reason for this lies in the size and
complexity of conifer genomes, which posed limitations to genetic studies in this important plant
group. Recently, fast-evolving sequencing technologies have unlocked conifer “mega-genomes” and
made a considerable number of genetic resources available for researchers. Here, we investigate the
genetic mechanisms governing the responses to soil water deficit of diverse conifer species, that are
relevant to the UK forestry market but are faced with human-made climate change. We explored how
dynamic expression of key genes involved in abscisic acid (ABA) biosynthesis and catabolism may
relate to the isohydry paradigm. Several frameworks have been proposed, that include a range of traits
and definitions to explain diverging water regulation responses falling along the isohydric spectrum.
We developed new evidence for the role of selected candidate genes, in particular 9-cis-
epoxycarotenoid dioxygenases (NCEDs), based on their expression in conifer species with
contrasting responses. These may be the master regulators of contrasting ABA accumulation profiles
in conifer foliage. We also characterised genes encoding putative NCEDs in detail, comparing three
key conifer species and model angiosperms, through in silico analyses, and produced a recombinant
protein from P. sitchensis (PsSNCEDI1) to enable functional characterisation in vitro. We found a high
degree of 1D-3D sequence conservation, indicating that conifers may have evolved a rate limiting
step for ABA biosynthesis. This information forms a basis for new gene functional studies on conifers,
which is important in the context of newly developing forest management programs. Finally, we
studied P. sitchensis and its natural hybrid with P. glauca, P. lutzii. P. sitchensis 1s widely exploited in
the UK timber market and represents a large portion of planted forests. We selected an array of
cultivars, including hybrids, and tested their phenotypic variability in relation to drought stress.
Although similarly conservative, cultivars deployed variable drought responses that differed in their
use of water. Exploring drought adaptability by use of hybrids is one approach for developing resilient
forests, which will be of interest to tree breeders looking for alternative planting materials. We believe
that this work will contribute to bridge the gap between phenotypic and genomic studies in conifers

and will help establish better breeding practices.
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General introduction

This thesis will explore the molecular bases of diverging drought responses in conifer species of
interest for the UK forestry sector. Conifers adapted to dry environments by the means of contrasting
strategies of water status regulation, characterized as conservative and risk-taking species,
respectively 2. They did this by evolving a dual system of hydraulic and metabolic traits, including
stomatal control of xylem water potential through abscisic acid (ABA) accumulation in the leaf %,
Fine-tuning of ABA biosynthesis and catabolism is required to produce species-specific accumulation
profiles that characterise conservative and risk-taking types >. We set out to investigate genes and
proteins hypothesized to contribute to the distinct behaviours observed across conifer clades that
nowadays are faced with climate change. Droughts represent one of the greatest threats to crops and
forests around the world *. It is crucial to understand how diverse plant species and types will respond
to such global change in the short to long term. Knowledge of plant physiology, anatomy, metabolism,
and genetics is needed to preserve ecosystems and improve crop productivity in the face of climate

change *°.

This work seeks to improve our understanding of the molecular mechanisms that control diverging
conifer responses to drought, by integrating across disciplines and levels of diversity. Most of the
research conducted on this topic falls in the field of eco-physiology, while genes and biochemical
pathways in conifer species are understudied *~. Here, we scan diverse taxa and investigate to what
extent differential expression of key metabolic genes, such as the rate-limiting epoxycarotenoid
dioxygenases (NCEDs), may vary in relationship to characteristic ABA accumulation profiles that
have been linked to the isohydry paradigm. We then attempt to characterise a clear drought responsive
NCED protein from Picea sitchensis (P. sitchensis) by using in silico and in vitro studies. Finally, we
focussed on phenotypic variability among breeding families P. sitchensis and its hybrid with Picea
glauca - Picea lutzii, to assess the potential for selecting forest reproductive materials with a higher
level of drought tolerance. We believe that this work will contribute to bridging the gap between
phenotypic and molecular studies in conifer species relevant to the forestry sector and will help

establish better breeding practices for a more sustainable future.

This chapter will introduce the reader to the diverse — and sometimes imbalanced — fields of research
and key findings of the last two decades concerning plant responses to water stress, with a particular
focus on conifers. First, drought events will be defined and their impact on forest survival across the

globe will be described. Then, the physiological and metabolic mechanisms by which plants cope
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with drought will be illustrated, dissecting the cellular pathways involved and their evolution in land
plants. Finally, a summary of present and future solutions for sustainable forestry in a fast-changing

world is presented.

Trees in a dry world

Climate change

Future climate forecasts

Yearly reports of the IPCC (Intergovernmental Panel on Climate Change) highlight the urgency to
curb human-made carbon emissions to mitigate global warming. Climate models predict that
temperatures will reach 1.5 °C above pre-industrial levels between 2030 and 2052 with high
confidence, with long-lasting effects on ecosystems, human health and well-being and socio-
economic structures if anthropogenic pollution does not drastically decrease 7. Global and regional
climate change patterns may vary, and their effects are difficult to predict, given the possible
feedbacks involving different factors other than global mean temperature 8°. Ultimately, temperatures
seem to rise even faster than expected and could reach higher than 2 °C above pre-industrial levels

due to reinforcing feedbacks and cascading effects 12,

Tipping elements and tipping points

In this catastrophic domino effect, tipping elements play a fundamental role. These are macro-
components of the Earth system that interact and stabilise each other in what we know as recurrent
climatic phenomena, biomes, and oceanic streams '>~!°. The list of tipping elements has been growing

in the last two decades, but all of them have one feature in common: a tipping point '3

. Climate tipping
points (CTPs) are critical thresholds that define the capacitance of tipping elements to endure applied
stress. Once a tipping point is exceeded, the corresponding tipping element will face a qualitative
change that becomes self-perpetuating and may affect other tipping elements and Earth functions,
compromising the stability of the global climate system '!>16. A clear example is the melting ice
sheets of Greenland and West Antarctica. Arctic Sea-ice, the Greenland Ice Sheet (GIS) and the West
Antarctic Ice Sheet (WAIS) are tipping elements that have received much attention in recent years

and are the most vulnerable, with existing evidence pointing at an early breaking of their tipping
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points "!113 In fact, recent modelling efforts have predicted that GIS and WAIS are most of the times

initiators of tipping cascades !¢ that affect downstream elements.

Extreme climate events

While the effects of global warming will likely require centuries to unfold completely, we can already
observe some early signs, the most obvious being extreme climate events (ECEs). Smith defines
ECEs as “an episode or occurrence in which a statistically rare or unusual climatic period alters
ecosystem structure and/or function well outside the bounds of what is considered typical or normal
variability” !”. There is mounting evidence that extreme events are becoming more frequent, and they

are oftentimes driven by global warming '-2°

, including heatwaves, fires, storms, frost, and drought.
All of these happen outside what is accepted as the common experience of seasonal weather
variability and will impact ecosystems and human activities on the short term to an extent that is
difficult to predict entirely 2°6. The most common ECEs — and most recognisable signature of
climate change - are heatwaves and droughts. A seminal paper by Meehl and Tebaldi predicted
increasing long-lasting heatwaves across Europe and North America, because of anthropogenic
pollution ?’. Indeed, compound drought and heatwave (CDHW) events have increased in 5 continents
out of 6, and especially in the Northern Hemisphere 2%, with some of the hottest years on record
occurring in the last two decades. Hot summers such that of 2003 in Europe will become more

frequent 2

. The excessive and prolonged heat (4 °C above the mean), a long-lasting drought, higher
solar irradiance, and low humidity *° resulted in 70,000 excess deaths 3! and unprecedented losses in
primary productivity and crop yields 3. The summer of 2010 was the hottest ever recorded in Russia:
heat, wildfires and smoke caused 56,000 deaths, forest industry losses estimated at US$ 330M and
agricultural losses for US$ 1.4bn *3. Increased frequency of droughts and heatwaves has been

observed in India *4, China *°, United States ¢, Brazil 3’ and Europe .

Drought definitions and indexes

Drought stands out as an important component of ecological stability, extreme events affecting forest

3941 42,43

ecosystem primary production and altering the terrestrial carbon cycle under the drive of
global warming in the 21 century **. Research on drought has been ongoing for over a century ** and
yet there is no agreement on a univocal definition of this phenomenon *-*3, Many different indices
have been produced to describe drought events in terms of their duration, severity, and intensity **-!.
Drought indices can be divided in two general groups: those that measure the supply of moisture from

precipitation only, and those that use a combination of diverse meteorological elements,
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evapotranspiration, and reservoirs **2, It is also possible to classify droughts in four categories 2.
Meteorological drought happens because of a precipitation deficit that lasts for a few weeks.
Hydrological drought occurs when water reservoirs, either on the surface or subsurface, are
exhausted. Agricultural droughts refer to drying soil and crop die-off and depend on factors that drive
meteorological and hydrological droughts in combination with biological features of the plants and
physico-chemical features of the soil. Finally, socio-economic drought happens when shortage in
water resources affects the supply of other economic goods *2. A recent review by AghaKouchak and
collaborators has coined a new category of drought, the anthropogenic drought >*. This definition
considers drought as a multidimensional process made of natural and human-induced changes and
feedbacks, impacting land water resources. Finally, time and space must also be accounted for when
approaching to study the drought phenomena. Most drought events are localised at the regional level
but depending on land-atmosphere feedbacks they can travel several hundreds of kilometres across
continents and possibly reach critical intensity and duration thresholds that make them extreme . It
is important to consider the time scale of droughts, as well. Droughts are normally measured in years,
a time scale that often applies in the context of regional events, or months, which are better suited to

describe agricultural droughts 2.

Trees and drought

Reports of forest mortality across the globe

Regional to sub-continental scale drought events can lead to extensive damage to forest ecosystems
by tree canopy die-off, depending on their intensity, duration, and interaction with compound events
such as heatwaves %, Widespread drought-related mortality events have been recorded with
increasing frequency in recent years in a variety of forest ecosystems °¢ from arid regions >>°!, to

38.59.62.63 and boreal forests °#%. While drought is the main driver of

temperate and central Europe
forest die-back, there are some concurring factors that can eventually result in tree death. Hotter
droughts, i.e., drought occurring with heatwaves, may induce faster tree death by increased
atmospheric evaporative demand and accelerated soil dry-down ®. The association between drought
and biotic outbreaks (often bark beetles or pathogenic fungi) has been widely studied ®’-”!. Drought-
driven wildfires represent an additional - and increasingly frequent - disturbance affecting forest
health, structure, and composition, from the wet Amazonian Forest > to Europe 7° and Borneo * and

even in ecosystems that are naturally subject to periodical fire such as the boreal forest ecosystems

of western North America °. Recent research highlights the intrinsic connection between increasing
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drought and tree mortality, dating back as far as 1987 >7°%, While the entire consequences of extensive
and long-lasting changes in forest cover and composition are yet to be fully understood ', it is
possible to predict increasing vulnerability of forest ecosystems to pests, pathogens and wildfires,
radical shift in nutrient use and carbon resources allocation patterns and drastic reductions in global

gross primary production under current greenhouse gas emission scenarios '8,

Mechanism of tree mortality under drought

Rising temperatures will likely bring more intense droughts, even if not causing them directly ”°,
compounding the effect of water deficit on the physiology of woody plants by accelerating drying
rates and eventually leading to widespread mortality events 3082, Forests occupy ~30% of earth’s land
surface, storing ~45% of terrestrial carbon, contributing ~50% of land net primary production and
sustaining nutrient and hydrological cycles ¥. Moreover, forests uptake ~30% of human-made carbon
emissions, representing an important terrestrial carbon sink 384 It is therefore compelling to
understand the mechanistic basis of tree mortality in response to climate change. However, this is not
an easy task. Despite intense research in this field, the mechanisms of tree death are still debated.
Ultimately, tree death under drought conditions is due to catastrophic failure of water and carbon
transportation and the exhaustion of their pools inside the plant tissues, with consequent impairment
of the plant defences against biotic attacks *. Several mechanistic models have been proposed to
explain the complex interactions and feedbacks between physiological and metabolic processes that
result in tree death, but these are based on different experimental conditions, hypotheses and

methodologies and no unambiguous definition has been produced %8,

Water transport in the tree

The main determinant of woody-plant mortality is a critical threshold of tissue water content 5%,
beyond which cell membrane integrity is compromised and meristematic activity ceases **°!. The
first step in the sequence of events that leads to this lethal threshold is a breakpoint in whole-plant
water conductance, from roots to leaves. Plants transport water in the form of sap thanks to a negative
pressure, defined as the difference of water potential between the atmosphere and the soil that creates
a capillary suction force through the xylem conduits *>. Water moves from the soil to the atmosphere,
and plant tissues act as a conductor. Stomata — the pores on the leaf surfaces - function as regulators
of this pulling force by opening and closing in response to the leaf water content . Stomatal control
of the plant water potential — interposed between that of the atmosphere and that of the soil - has

evolved as a means of avoiding high negative pressures in the xylem that may lead to the formation
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of emboli **. When water is scarce in the soil and the evaporative demand by the atmosphere remains
high, the pulling force in the plant vessels may exceed water molecule cohesion and induce a change
of phase from liquid to gas, producing air bubbles that can travel across and between conduits by air
seeding, blocking their lumen °>~°7. If embolism spreads through the plant organs, catastrophic failure

of the hydraulic system can happen and mark a crucial step towards death *.

Hydraulic failure under drought

Differences in resistance to embolism have been observed between plant organs in the hydraulic
system. These observations form the basis of the “hydraulic vulnerability segmentation hypothesis”,
according to which distal organs of woody plants are more vulnerable to embolism than the proximal
ones *%°. Hydraulic conductance and stomatal control of water potential coordinate to keep the plant
in an operative safety margin zone and prevent emboli formation '°°1%2, Proximal, carbon rich, organs
normally present a larger safety margin, allowing the tree to sacrifice distal, expendable, and easier
to repair parts such as the leaves to drastically reduce transpiration and prevent catastrophic embolism
in costly stems **!%, Roots may also suffer from early emboli formation, as they have been observed

103,104 " particularly smaller roots '%. Root

to operate with smaller safety margins compared to shoots
damage starts from fine roots. Unsuberised fine roots are the main entry point of water from the soil
into woody-plant hydraulic systems % . Cortical cells of fine roots suffer mechanical damage early
during mild drought stress, limiting root hydraulic conductivity and decoupling roots from the soil to
allow preservation of water pools in the canopy '""'% Increasing drought stress may eventually
induce root shrinkage and emboli formation in the xylem of fine roots and later coarse roots '°7. Roots
make up 81% of the total plant hydraulic resistance under normal conditions, but this contribution
increases up to 95% under moderate drought stress with cortical cell damage and root disconnection
from the soil !9, Reduced hydraulic conductance induces stomatal closure to limit canopy
conductance and slow down water loss ?*71°11% With safety measures such as root-soil decoupling
and stomatal closure in place, trees would appear to achieve a certain degree of isolation and conserve
their water pools '%°. Instead, trees continue to lose water by cuticular transpiration, stomatal leakiness
and even through the bark >!'%13 Trees can further contrast increasing xylem tension by adjusting
deep root water uptake through aquaporins according to canopy evaporative demand ''*, reversibly
collapsing minor leaf veins to protect major conduits from embolism !> and realising water from
cellular stores ''®. As drought progresses, xylem tension will eventually induce formation of emboli
that can spread through vessels and lead to systemic hydraulic failure and consequent tree death if

critical thresholds are passed, hampering recovery 7118,
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Carbon economy under drought

Stomata are the entry point of CO: inside the leaf. Hence, drought will affect photosynthesis either

119-122

transiently by diffusive limitation imposed by stomatal closure or, if drought is long enough

for compounding factors to intervene, by permanent metabolic damage to the photosynthetic

t 1201237125 1t has been postulated that prolonged drought and

apparatus inside the chloroplas
photosynthesis impairment may eventually lead to whole-tree carbon imbalance and death by carbon
starvation %¢. According to this hypothesis, trees can die because of exhaustion of carbon resources,
mainly in the form of non-structural carbohydrates (NSC — sugars deriving from starch mobilisation)
and the inability to maintain metabolic, defence and transport processes dependent on carbon pools
in the long term %12, Although this hypothesis lacks conclusive supporting evidence and the

127-129

phenomena may vary between individuals , carbon starvation could be a concurring cause of

tree mortality together with hydraulic dysfunction 87-88130.131

. Ultimately, as may be expected,
hydraulic failure and NSC depletion are interdependent. NSCs seem to improve drought resistance
and resilience, promoting higher xylem water potential, refilling of cavitated vessels and
osmoregulation '¥%!33. On the other hand, failure in water transport during drought stress can affect
nutrient and carbon transport to sink tissues through phloem collapse and increased phloem sap

126.134-137 3nd the concomitant use of this resource for growth, defences, osmoregulation and

viscosity
embolised xylem refilling can initiate self-reinforcing feedbacks, that will lead to tree death 87-88:126,
Finally, roots may be more sensitive to carbon starvation than shoots, as they benefit from carbon
supply only after crown tissues '** and NSC falling below a critical threshold of 5-6% could
compromise root structural integrity '*. Interestingly, roots are the first carbon sink to be restored
once drought is released '*°, demonstrating their importance in accessing newly available soil water.

Overall, tree survival under drought depends on whether carbon offer meets demand from different

organs and tissues *.

Biotic factors of tree mortality

Drought stress and biotic stressors interact, often leading to widespread infestation and regional scale
outbreaks that are either the primary, the concurring cause or the consequence of forest mortality

71,145-149 and

67.141-144 Reduced water availability will affect tree defences against attacks by insects
fungal pathogens 7130132 In fact, tree defences against biotic aggressors rely on both water and
carbon resources, feeding back on their respective pools once they are mobilised and hence
influencing the whole-plant carbon and water balance *. Defence compounds are secondary

metabolites (hence, not involved in growth and reproduction) such as resin and terpenes, that are
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carbon rich, and their production and efficacy depend in the first place on nutrient availability,

transport, and allocation !5315%

. Reduction of photosynthetic rate during drought stress, in
combination with steady-state leaf respiration, can limit photosynthate availability for export and
phloem loading, hampering the capacity to osmotically draw water from the xylem %157, At the same
time, impaired xylem hydraulic conductivity due to high tension or embolism will limit water
exchange with phloem vessels 1371315 Increasing phloem viscosity slows down sugar translocation

across the plant and carbon resource allocation to tissues and biological functions !37:15%156.158-160

156,159,161

Drought stress can also affect phloem vessel number and diameter or induce turgor collapse

135 with reduced overall conductance capacity. Reduced carbohydrate availability and/or
translocation will limit defence compound production, alter the phloem sap chemical profile, and
decrease tree resistance against pathogens #*-19271%8 Moreover, infestations deflect carbon resource
allocation from growth, development, and reproduction functions in favour of resin and secondary
metabolites, leading in the long term to starch reserve exhaustion, possible organ starvation and an
inability to maintain cell turgor '**1% Biotic aggressors directly damage tree tissues, by chewing or
occluding xylem vessels and stomata, disrupting water uptake and transport and reducing
transpiration %171 Thus, biotic attacks compound the adverse effect of drought in self-reinforcing

feedback that increases the chances of leading a tree to death 64172173,

Forest adaptation to drought

Means of adaptation

Climate change is likely to cause significant shifts in forest ecosystem structure, composition and

extent as trees succumb to unfavourable conditions or migrate towards favourable ones 74715,

Phenotypic traits have been widely studied in response to changing environmental conditions and
have been used to model changes in forest cover and composition, but modelling efforts lack the
contribution of the genetic information underlying quantitative traits >'®!. Phenotypic responses to

climate change can be the product of plasticity or evolution, or both, but their adaptive power is

unclear 2. Plant species have been documented to migrate towards higher elevations !77:17-180.183

179,184

higher latitudes or sometimes southwards '3* as local conditions change, and a mismatch

develops between adaptation and new conditions. Dispersal as a means of tracking favourable
environmental conditions may not be sufficient, as strong selection pressures can interrupt gene flow,

185-189

especially under fast changing climate and plant species may have to rely on genetic diversity,

22



phenotypic plasticity, fast recruitment, and shorter generation times to adapt to new conditions and

persist in their current range 86195,

Genes and phenotype variation

Both genetic and phenotypic variation, and their interactions, shape the adaptation capacity of tree
species to environmental conditions and will determine whether species will persist or migrate, but
research is still needed to identify key signatures >!*°. Genetic investigations on association between
genes and phenotypic traits involved in local adaptation are complicated by the polygenic nature of
forest tree phenotypic traits and genome size, especially in the case of conifer mega-genomes >!°7-
202 The study of the genetic mechanisms underlying phenotypic variation is complicated by the fact
that natural selection at a given location operates on many genes, often with epistatic interactions,
that have small individual effects on adaptive phenotypic traits, producing weak signals of polygenic
local adaptation and making it difficult to identify relevant traits and related allelic markers '81:19%201
203 Ultimately, existing standing variation within and between species populations will favour
adaptation to rapidly changing local conditions and species with large continuous cover will likely
have more chances of survival compared to those with fragmented distribution, as they will benefit
from improved gene flow, high genetic diversity due to clinal variation and rapid fixation of allelic
variants 181190191 "but only if harbouring enough fecundity and heritability. If forests lag behind fast
climate change, they will become maladapted and lose fitness with patterns dependent on species and
local population genetic diversity and phenotypic plasticity at a particular site, resulting in

geographical and functional shifts 88204207

Conifer ecosystems

Dynamic range shifts in response to climate change are part of the evolutionary history of forest
species, but conifers have experienced the most dramatic changes, facing several extinction events
during the Cenozoic and Quaternary era that contributed to angiosperms becoming dominant in many
modern ecosystems 28213, Conifer species distribution across the Northern and Southern hemisphere
are the result of processes of extirpation, migration to track climatic optima or adaptive shift and
persistence in climatic refugia during global glacial and interglacial periods 222213, Considering
their evolutionary history, it is not surprising that conifers are nowadays among the most threatened
and vulnerable species in the world, facing important range contractions and species composition
shifts in the face of global warming '°>2!4-21_ Coniferous forests may become particularly maladapted

to future climate scenarios, incurring into reductions of growth, productivity and diversity in response
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to climate-related disturbances, compared to broadleaf and mixed forests 200215220227 The risk of

maladaptation for conifer populations depends on genetic pools 2%

, which may not harbour large
diversity for some conifers 22%?2° but also on trait-climate associations and species responsiveness to
changing conditions. Species or populations with weak trait-climate association and low intraspecific
differentiation may be generalist enough to quickly adapt to new conditions and outcompete those
with strong trait-climate associations, that are extremely specialised in occupying a restricted step in
a cline 20°206.230.31 Boreal conifer populations, growing at the northern edge of species distribution
ranges, are at greater risk as they show higher sensitivity to climate variables such as increasing

temperature and water availability, compared to southern ones 206-220:224.226.231,

Conifer research

Conifers dominate several ecosystems, especially in the Northern hemisphere, support biodiversity,
represent large carbon sinks, participate in carbon, water and nutrient cycles, and provide ecosystem
services. It is therefore crucial to explore and understand key functional traits associated with growth
but also photosynthesis, hydraulic function, leaf traits and gas exchange, that may contribute to forest
tree adaptation to future climate scenarios, and their link with genetic variation in relation to the
environment, between and within species >16-200202.232°-235 There is a need to integrate approaches
and methodologies coming from different disciplines that can complement findings in the fields of
genetics, genomics and plant physiology and anatomy. While genome-wide association studies can
tell us much about the evolutionary capability of trees, gene expression and transcriptome analyses
can provide insights into plasticity and rapid responses to environmental change with adaptive power,

but knowledge of the traits involved in plant resistance and resilience is needed >!%,

Tree functional traits under drought

Functional traits and mechanistic frameworks

Tree functional traits provide useful metrics for assessing single species and plant communities'
capacity to withstand stress in their habitats, and therefore must be included in vegetation models
considering climate change 3?3, Despite much uncertainty around which set of traits to include in
these models (e.g., anatomical, morphological, or physiological), traits associated with hydraulic
function are particularly important in forest mortality forecasts as they are universally linked to

drought-related tree death, posing critical thresholds for tree survival under limiting water conditions
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237240 Stomatal control of transpiration to avoid cavitation-inducing pressures in the hydraulic system
has been widely investigated and recognised as a key trait for tree survival under drought 237-241-243,
Hydraulic frameworks accounting for plant water status, stomatal regulation of transpiration, water
conductivity and their operative safety margins have been developed to explain the mechanisms of
differential tree responses to drought 23%242244-247 One such framework has attempted to reduce the
diversity - and complexity - of plant hydraulic responses to drought by grouping them into two
opposite types, isohydric and anisohydric ones, based on sensitivity of regulation of leaf water

potential 244248,

The iso/anisohydry paradigm

248

First developed to describe daily fluctuations in plant water status “*°, the iso/anisohydric dichotomy

was later applied to the study of plant responses to soil water deficit on longer timescales 362437245249,
Within this framework, plants that maintain a relatively stable leaf water potential are isohydric,
whereas those that allow their leaf water potential to drop during drought are anisohydric 24424324,
Owing to its simplicity, this model has been widely used to investigate plant hydraulic strategies, not
without criticism concerning its reduction of diversity to a dual contrast that does not fully apply to a
real-world scenario, made of environmental clines and rich plant communities 2434, A step forward
in the use of this concept was the recognition that plant species (and sometimes cultivars) move along
a continuum of isohydric to anisohydric responses, and that the dichotomy previously proposed only
applies to its extremes 2*4242%_Different metrics of isohydry have been proposed, trying to quantify
the stringency of regulation of plant water homeostasis. The first and widely used metric was the

124 where values from 0 to 1

slope value of the regression line between plant and soil water potentia
indicate transition from isohydric to anisohydric behaviour, respectively. Stomatal control over water
potential was soon adopted as a proxy of sensitivity to water deficit, with plants being classified as
iso or anisohydric according to the stringency of control of water potential through stomatal closure.
Klein and collaborators 2*° proposed a system of classification based on the sensitivity of g, to changes
in midday leaf water potential, where plants with a tighter stomatal control over water potential were
isohydric, compared with less control in anisohydric plants. Eventually, it was found that leaf water
potential regulation is not necessarily associated with the degree of stomatal sensitivity 2°°, because
of the complexity of the soil-plant continuum, where the difference in water potential depends also
on xylem conductivity, timing of stomatal closure and changing soil water potential. From this point
of view, contrasting regulation of leaf water potential does not necessarily explain differential
predisposition to death under drought. One step in this direction was taken by Skelton and

5

collaborators >*°, who proposed an integrated system incorporating stomatal regulation of water
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potential and xylem vulnerability that allowed direct predictions of plant mortality under drought in
biodiverse communities. Finally, the only classification system that may hold despite variation in site-
specific water availability is based on the calculation of the area between the 1:1 line and the
regression line of midday leaf water potential versus predawn leaf water potential, defined as

hydroscape 246

Why still use iso/anisohydry classification?

To date, no agreement has been reached on an unambiguous definition of what seems to be a system
of coevolved and coordinated traits, rather than a discrete plant trait 242249-23325323¢ The sources of
variability may be too many for a species or cultivar to be described unequivocally as iso or
anisohydric, making drought-related mortality predictions inconsistent across studies 2°%2°2,
Therefore, when approaching the study of iso/anisohydric responses, it is important to acknowledge
which environmental conditions are being considered and which definition and metrics are being used
233 Despite its caveats, the iso/anisohydric framework can still provide useful insights into plant

responses to drought, especially if used to compare coexisting species 24°-2°7-262

and complemented
by evidence coming from other fields, such as genetics 2267, The iso/anisohydric contrast has also
been employed to assess ecosystem responses and vulnerability to drought in tree mortality studies,
also within the mechanistic framework of the hydraulic failure and carbon starvation hypotheses

86.88,141,259.268.269  although species predisposition to mortality may not vary linearly across the

isohydric continuum, with only extreme types suffering highest death rates during extreme events 27°.
The inclusion of the iso/anisohydric concept in such studies derives from the obvious implications of
differential control of stomatal closure as a means of water use regulation and its systemic link to
hydraulic function and xylem vulnerability to embolism, possibly acting on both hydraulic failure
and carbon starvation ¢, It is not surprising to find variation in multiple plant traits associated with
the discrimination between iso/anisohydric types. Anisohydric trees have been found to be less
vulnerable to xylem embolism, withstanding very low water potentials, compared to isohydric ones
245.249.269 - Qjgnificant differences exist also in photosynthesis regulation, with anisohydric trees
adopting faster stomatal opening, activation of photosynthesis, showing greater phososynthetic
capacity and lower water use efficiency *¢*%°. Anisohydric trees may also hold higher osmoregulation
capacity through non-structural carbohydrates (NSC) mobilisation, needed to maintain efficient
osmoregulation at low water potentials 2°”->>%27! Finally, isohydric behaviour appears to be controlled
by high ABA levels in the foliage, inducing tight stomatal closure, whereas anisohydric behaviour
would rely on a transient increase in hormone levels followed by water potential-driven loose

stomatal closure ">?7!,
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Abscisic acid

ABA and drought

The role of ABA in controlling iso/anisohydric responses to water deficit was first recognised by
Tardieu and Simonneau 2*¥. Later work confirmed how different strategies relate to differences in
stomatal sensitivity to this hormone as well as variation in ABA-related gene expression !-263-263:267.271,
Research on ABA dates to the mid 1900s. Early work in the 1940s identified a molecule involved in

bud dormancy 27>2"3. The same molecule was later found to be involved in both growth inhibition 27*

t 273 and leaves under two different names, dormin and abscissin

and the abscission of the cotton frui
I1 27°, and was finally called ABA ?”7. ABA was found to accumulate in water-stressed leaves and to
control stomatal aperture 2’323 Phenotyping and genetic studies on mutants of several model
angiosperms revealed new functions and key metabolic steps for this plant hormone 21728 It was
apparent that ABA controlled leaf water homeostasis in dry conditions 23286288 byt was also
involved in seed germination and plant growth 286282l and development %2, To date, ABA
metabolism, functions and mechanisms of action have been extensively investigated. ABA is a C15
isoprenoid molecule that is synthesised in the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway
through the cleavage of C40 carotenoid precursors 2%°, also called the “indirect pathway”. This
pathway is shared by photosynthetic organisms, but ABA is also synthesised through a “direct
pathway”, or mevalonate pathway, in some pathogenic fungi >**2%°. ABA has also been identified in

animal tissues and even some prokaryotes 2%7-3%

, suggesting an ancestral origin as a universal growth
regulator 2!, Genetic studies on viviparous mutants (VP) of Zea mays (Z. mays) have been crucial in
dissecting the biosynthetic pathway of ABA in land plants. In these mutants, the transition between
the embryo and post-embryo stage is unregulated, resulting in the early germination of seeds into
seedlings attached to the maternal plant. It was discovered that several vp mutants of maize are
insensitive to ABA-mediated inhibition because of the disruption of a variety of biosynthesis and
signalling mechanisms, resulting in precocious germination and associated characters such as
albinism and necrosis 284392306 Research on the mechanisms of ABA deficiency in angiosperms

greatly advanced thanks to studies on the model plant Arabidopsis thaliana (A. thaliana), so that in

the last 30 years the metabolic and signalling pathways have been widely uncovered (reviewed by
307-309)
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ABA biosynthesis

ABA synthesis begins inside the plastid with the epoxidation of zeaxanthin to all-trans-violaxanthin
by the zeaxanthin epoxidase (ZEP) enzyme, discovered with mutational studies in Nicotiana
plumbaginifolia *'° and isolated in A. thaliana loss-of-function abal mutants 233117313 Subsequently,
all-trans-violaxanthin needs to be isomerised to 9-cis-violaxanthin and 9-cis-neoxanthin by the
combined action of AtABA4 3!* and NXD1 !5, The next step is the key rate-limiting reaction, which
is considered the bottleneck of the pathway 34317, Nine-cis-epoxycarotenoid dioxygenases (NCEDs)
catalyse the cleavage of neoxanthin and violaxanthin to yield a C15 product called xanthoxin 38320,
This activity was first observed in maize vp/4 mutants and later several other nced mutants have been
found in maize, A. thaliana, tomato, avocado and other plant species 316318321323 ' making NCEDs a
well-studied, multi-gene family, showing functional redundancy 3**~32°, The next steps in the pathway
occur in the cytosol, where xanthoxin is converted to an intermediate abscisic aldehyde molecule by
ABAZ2, a short-chain alcohol dehydrogenase 327*?%, Finally, the abscisic aldehyde is oxidised to ABA
by an abscisic aldehyde oxidase (AAO), first identified through genetic screening of flacca and sitiens

281

mutants of tomato 2®! and later characterised as AAO3 in A. thaliana 3*°. This reaction requires a

molybdenum cofactor (MoCo), which is biosynthesised by the AtABA3 Molybdenum Cofactor

Sulfurase in A. thaliana 3133,
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Figure 1. ABA biosynthesis pathway. Enzymes that catalyse each step are shown in blue. Image from

Ma and collaborators, 2018.

ABA catabolism

Once ABA has been synthetized, its signal is attenuated by either hydroxylation or conjugation. The
latter is a catabolic reaction based on the rapid sequestration of ABA in the vacuole in its glycosylated
and inactive form, ABA-glucose ester (ABA-GE) *!33 which is catalysed by a UDP-
glucosyltransferase (UGT) coded by AtUGT71C5 in A. thaliana. The converse reaction, the fast
mobilisation of ABA from vacuole ABA-GE stores into its active form, is catalysed by B-glucosidases

coded by AtBG1 and AtBG2 3317333,
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The main mechanism of ABA inactivation through catabolism is hydroxylation to phaseic acid (PA)
by 8'-hydroxylases which are cytochrome P450 monooxygenases (P450s), encoded by the CYP707A4s
multi-gene family in A. thaliana 337338, Within this gene family, CYP70743 has been identified as
the best candidate for controlling ABA levels in the vascular bundle of the leaf ***3%°, Phaseic acid is
then catabolised to dihydrophaseic acid (DPA) by a phaseic acid reductase (PAR) and further to 4'-
O-B-D-glucoside (DPAG) by a glycosyltransferase (GT) 3417345,

ABA transport

A third mechanism of ABA removal is transport between cells and organs. ABA can diffuse through
plasma membranes in its protonated form (ABAH) under weak acid conditions, but drought stress
increases the apoplastic pH, reducing ABAH mobility **3*7. Thus, active transport is required to
translocate active pools of ABA. Transporters act in concert to export and import ABA in and out of
cells and tissues and have been extensively reviewed 3073434 ATP-BINDING CASSETTE
transporters belonging to the G subfamily (ABCG) are among the best studied ABA transporters in
A. thaliana and some other model angiosperms. AtABCG25 and AtABCG31 are important for
stomata and embryo sensitivity to ABA, respectively. In fact, AtABCG25 exports ABA from cells
around the vascular tissue to active sites inside guard cells *>*>3, Moreover, AtABCG25 coordinates
with AtABCG31 in the export of ABA outside of the endosperm, to be imported by AtABCG30 and
AtABCG40 inside the embryo **3%° An A. thaliana NITRATE TRANSPORTER 1/PEPTIDE
TRANSPORTER FAMILY (NPF), AtNPF4.6, previously identified as a low-affinity nitrate
transporter on the plasma membrane, seems to have high affinity for ABA and functions as an
importer, contributing to regulation of hormone homeostasis within the vascular parenchyma cells
and hence stomatal aperture *>®. Reverse genetic studies on a protein belonging to the MULTIDRUG
AND TOXIN EFFLUX (MATE) transporter family, called AtDTXS50, revealed that it could
coordinate with AtABCG25 and AtNPF4.6 to export ABA when expressed in the vascular

parenchyma but could also control efflux from guard cells and hence stomatal aperture 7.

ABA signalling core

Once ABA is imported into the guard cells, a battery of nine soluble intracellular PYRABACTIN
RESISTANCE1/PYRI-LIKE/ REGULATORY COMPONENT OF ABA RECEPTOR
(PYR/PYL/RCAR) is ready to bind it >*33%2, ABA activates PYR/PYL/RCAR receptors which start
signal transduction by binding and inhibiting clade-A type-2C protein phosphatases (PP2Cs) so that
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they can release multiple SUCROSE NONFERMENTING 1 (SNFI1)-RELATED PROTEIN
KINASE 2 (SnRK2s), which are kept inactive by PP2C-mediated dephosphorylation in the absence
of ABA 338:359.361.363-366 'GnRK2s are then free to autophosphorylate or be phosphorylated by other

367-370

kinases and in turn phosphorylate downstream targets, such as transcription factors and ion

channels such as the S-type anion channel SLACI, allowing membrane depolarisation and hence

371

guard cell deflation *’'7®, The same channels can also be activated by ABA through a Ca?'-

377,378 and

dependent pathway that relies on the aperture of calcium channels in the plasma membrane
the creation of a pulse of Ca®" ions that may stimulate phosphorylation of SLACI by calcium-
dependent protein kinase 3">37°. The brief synthesis presented here shows what is known as the core
signalling complex of ABA inside guard cells, but other components are involved and extensive
crosstalk between this and other nodes forms a signalling network that is actively studied and has

been reviewed elsewhere 397308,

Evolution of the ABA metabolic pathway

While ABA has been detected in all land plants, the degree of conservation of its metabolic and
signalling pathways as well as the nature of ABA-related stomatal movements in early diverging taxa
are still debated *3*°3% ABA probably evolved in early land plants adapting to periodically dry
environments as a means of promoting desiccation tolerance and possibly regulating sporulation in

384389 as well as sexual development and leaf morphology in ferns **°~%2. Evidence

bryophytes
suggests that the ABA metabolic pathway may be at least partially conserved in non-vascular and
seedless plants. Homologous sequences of A. thaliana ZEP and NCED3 in moss Syntrichia caninervis
were responsive to dehydration treatment in gene expression studies *°*. Mutational studies targeting
ZEP in Physcomitrium patens (P. patens) produced an ABA-deficient phenotype ***. Microarray
analysis in P. patens identified NCED sequences that were differentially expressed in response to salt
osmotic stress **°. Phylogenetic reconstructions found orthologous sequences of A. thaliana AAO3 in

P. patens and Selaginella moellendorffii (S. moellendorffii) **°. Exogenous ABA applications down-
regulated ZEP, NCED3, ABCG25 and ABCG40 in fern Polystichum proliferum %',

Evolution of the ABA signalling pathway

While the components of the core signalling pathway have been found in all representatives of land
plants, their degree of functional conservation remains unclear. Bryophytes present homologs of the

main genes involved in the ABA signal transduction in their genomes, including PYR/RCAR
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receptors, PP2C phosphatases, SnRK2-OST]1 kinases and SLAC1 channels *°2°7402 which may be
involved in dehydration tolerance ¥¥%3%7401-493 " Fyrther molecular studies show that a P. patens
SLAC1 channel was activated by a SnRK-OST1 kinase in a Xenopus oocyte system “*4. Recent
evidence suggests that stomata only open once in the sporophyte of modern bryophytes to allow for

405,406

desiccation and release of spores and may not be associated with photosynthetic regulation.

Moreover, most physiological studies on bryophyte stomata have been based on high levels of
exogenous ABA that elicit only small responses and do not match natural conditions 38!-398:407-409,
There are few molecular studies in early vascular taxa lycophytes and ferns 8!, but a recent report
indicated no activation of SLACI1 channels by SnRK-OST1 in the lycophyte S. moellendorffii and
fern Ceratopteris richardii (C. richardii) **. The same authors also showed that mutation of SnRK-
OST1 in C. richardiii did not have any effect on stomatal behaviour, but it did impact spore dormancy

and sexual determination in the gametophyte.

Stomata and ABA evolution

Previous work proved that the stomata of ferns and lycophytes do not respond to high endogenous
ABA levels *1°, in line with passive, water potential-driven, guard cell movements *!'*'2_ This adds
to the line of evidence in favour of a gradual evolution of stomata and their active, ABA-dependent,

regulation 408411

, although conclusive findings are lacking as systems and conditions change among
studies 413 According to this argument, stomata evolved as a means of desiccation tolerance
passively regulated by environmental water fluctuations in non-vascular and seedless plants. They
form metabolically controlled valves to regulate gas exchange in coordination with the hydraulic
system of seed and flowering plants **!. Gymnosperms are in an intermediate position, being the
first land plant taxa to show clear active stomatal regulation *»*!#. Conifers respond to short-term
changes in atmospheric water availability with passive movements of guard cells but accumulate high
levels of ABA during drought **'. Furthermore, species with highly embolism-resistant xylem still
use passive stomatal closure and only synthesise ABA in the early stages of drought stress, while
species with low embolism resistance display high sensitivity of stomata to ABA and tend to
exponentially increase hormone foliage levels during drought 2. Finally, angiosperms have lost the
ancestral turgor-driven stomal closure and evolved a fast system of active regulation of guard cells
movements that allows them to quickly respond to slight fluctuations in environmental water, light

and CO» conditions, based on efficient SnARK-OST1 activation of SLAC1 channels 341518 and fast

NCED gene expression 7.

32



Tree breeding for safer forests

Improving the resilience of conifers to drought

Despite the wide array of genetic, genomic and phenotyping tools developed to study tree adaptation
to abiotic and biotic stresses, tree improvement programmes that could benefit from their application
are constrained by intrinsic limitations. The long generation times represent the most obvious

d 23 and some selection

constraint on breeding programs, with some trees taking up to 15 years to bree
traits measured on young trees possibly not matching mature tree characteristics at 50 years growth
235419 - Another constraint is posed by the large size of most forest trees, making measurements
difficult. Overall, field trials need to be large-scale and long-term, they are costly and represent an
investment that may not pay off in terms of economic gains and ideal wood traits, in the case of

commercial plantations.

Phenomics and genomics for tree breeding

The development of high-throughput phenomics technologies can aid the management and improve
the efficiency of breeding programs, by simplifying time-consuming and subjective screening on the
ground, enabling the scale-up of experiments and linking of genetic information with desired traits
420 Remote sensing of chlorophyll fluorescence and hyperspectral imaging allow the detection of the
early onset of biotic and abiotic stresses on large populations of trees “*! 23, Thermal image analysis
has proven effective in monitoring the performance of several genotypes in large populations under
field conditions and the early prediction of suitable growth traits in progeny trials “***?°. Fast and
cost-effective high-throughput DNA sequencing and genotyping technologies have produced a large
amount of valuable information and resources in the form of genomes, transcriptomes, genetic maps
and single nucleotide polymorphism (SNP) arrays, pushing traditional tree breeding into a new
generation of genetic selection >23342¢427 Breeders can now make use of detailed information on
complex genetic traits and their causative effects on phenotypic traits, highly characterised gene
families, genomic maps and different scaling of gene expression profiles >23%426427 This is
particularly useful for conifers, which are understudied, harbour complex large genomes and are

particularly slow growing 200428429,

33



Genomic selection

While marker-assisted selection (MAS) and Quantitative Trait Loci (QTL) allowed exploration of the
association between genes with large effects on simple phenotypic traits, they had limited power when
applied to multigenic traits in large, diversified populations, which result in complex inheritance
patterns “%%¥2. Genomic selection (GS) represents the most promising avenue of next-generation
breeding programs **2. This new approach is based on the detection of thousands of genome-wide
genetic markers and characterisation of quantitative traits in a breeding population, which is used as
a training set to estimate the simultaneous effect of each marker (QTL) on each phenotypic trait. The
predictive model is then validated on a test population and can be further used to predict the genomic
estimated breeding value (GEBV), or phenotypic value, of candidate uncharacterised individuals
based on genotypic data **2. GS is more efficient than standard MAS because it does not need previous
knowledge of genetic architecture and its association with phenotypic traits, and it uses high-density

433,434 and

genomic markers with small relative effects on traits of interest. GS is highly accurate
speeds up the process of selection, eliminating the need of long field trials and shortening the breeding

cycle, as it can be applied on young seedlings *2.

Alternative avenues of forest conservation

Forest genetics and next-generation tree breeding are promising approaches to improve individual
species resistance and resilience to climate change. To date, most of the advances in forest research
are based on studies on commercial tree species and managed plantations, rather than natural
populations, for which traits of interest may be different in the face of increasing drought risk . Thus,
alternative ways of conserving or improving forest adaptive potential to climate change-driven
disturbances must be considered for natural tree stands. A response can come from the implementation
of ecosystem-specific silvicultural planning, aimed at maintaining the ecological and economical
value of regional forests in the face of changing climate **>***7. The applicability of such planning is
still debated ***, but some efforts are being made to find the best framework for each changing
scenario. These include conservation or restoration of genetic and species diversity in degraded

landscapes, where they can promote resilience of ecosystem functions and plant health 43549,

or
restoration of key-stone species by promoting generational turnover and recruitment and by assisted
migration *7#%. The translocation of populations and species to aid their range expansion and
preserve them from extinction **! is debated, for its ethical implications and its risk associated with
ecosystem manipulation >’#4>~** Nevertheless, with a cautious cost/benefit analysis, accurate choice

of endangered species/population, target climate and site, science-based collection strategies, assisted
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migration may be the most direct way of filling the gap between fast-changing climate and forest

adaptation 3744,

Project rationale

Conifers are typically understudied due to their size, long generation time, slow growth, and large
genomes. Nonetheless they represent some of the most important forest species, often dominant in
many ecosystems. Recent advances in the field of genomics, thanks to next-generation sequencing
technologies, and increasingly accurate phenotyping tools, allow new insights into this important
plant group and better planning and management strategies of planted and natural populations. This
work seeks to improve our knowledge of the genetic mechanisms underpinning the drought

physiology and metabolism of conifer species of commercial interest for the UK forestry market.

From genes to phenotype

The project was developed in partnership with Maelor Forest Nurseries Ltd. and Forestart Ltd., the
largest tree nursery and forest tree seed supplier in the UK, respectively. Maelor are actively involved
in selecting the best performing progenies of P. sifchensis, its hybrid with P. glauca, P. lutzii, and
many other species. Tree breeding looks at the future, which is now uncertain. A warmer climate will
bring more frequent and hotter regional droughts, hence breeding efforts must account now for future
tree growing conditions. Research in the field of plant stress responses has yielded a large amount of
data on the way plants cope with drought. The bulk of information now available mainly focus on
plant ecophysiology, especially in the case of conifers, for which good quality genomic data are only
recently being published. In the previous paragraphs, we have seen how important is to bridge the
gap between genes and phenotypes and build solid bases for the establishment of better breeding
practices. To do this, this project crossed disciplines, from genomic data analysis to single protein
isolation. We provide molecular evidence that explains diverging drought responses among conifer
families and species, namely the iso/anisohydric strategies in conjunction with Peaking/Rising ABA
accumulation types. Discerning the genetic mechanisms controlling such contrasting response
patterns, could help decision making in applied silviculture. Furthermore, we explored the degree of
photosynthesis-related trait variation among breeding families of P. sitchensis and P. lutzii spruce and
analysed their significance under drought stress. We believe that these studies may provide tree

breeders with valuable information for better selection strategies.
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Hypotheses, objectives, and experimental approach

Species drought response comparison

The first part of our work was based on three hypotheses. First, NCED genes may control the
iso/anisohydric (rising/peaking types) phenotypes observed in diverging conifer species. In order to
do this, NCEDs need to be conserved among conifer families, representing a bottleneck in the ABA
biosynthetic pathway of conifers as in model angiosperms. Moreover, contrasting ABA accumulation
types should follow differential expression of NCED genes in time under drought conditions.

We set four objectives to verify these hypotheses:

1) Screen the water status of study species and compare them for their stringency in the maintenance
of leaf water potential in response to soil drought;

2) Model species-specific ABA profiles over the course of the drought and characterise rising vs
peaking types;

3) Identify putative NCEDs and other ABA-related gene sequences, through phylogenetic analyses
and ortholog searches;

4) Test the responsiveness of candidate genes to applied water deficit and relate their expression
profiles to ABA and water potential profiles.

We conducted a controlled drought experiment in a greenhouse setting, including 9 conifer species
that represented the 3 main phylogenetic families — Pinaceae, Cupressaceae and Taxaceae. Using time
response measurements, we investigated how species and families differed in their water homeostasis
management with drying soil. We used in-house transcriptomes and others sourced from NCBI (The

National Center for Biotechnology Information, https://www.ncbi.nlm.nih.gov), to identify

candidate genes for the key steps of the ABA metabolic pathway. Gene sequences were used for
phylogenetic analyses, aimed at identifying patterns of divergence among conifer families and
homology relations with other land plant groups. Selected conifer orthologs of A. thaliana ABA-
related genes, including NCEDs, were used in downstream gene expression assays for 3 species
representing 3 families — Picea sitchensis (P. sitchensis) (Pinaceae), Chamaecyparis lawsoniana (C.
lawsoniana) (Cupressaceae) and Taxus baccata (T. baccata) (Taxaceae). We finally compared
differential gene expression profiles to foliage ABA accumulation profiles, in order to determine

relative contribution of biosynthesis and catabolism to the production of characteristic Peaking/Rising

types.
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NCED protein isolation

Here, we aimed at confirming the identity and role of selected NCED enzymes in ABA biosynthesis.
We hypothesised that drought-responsive gene sequences would translate into structurally and
functionally conserved NCED proteins. We set three objectives:

1) Establish the degree of sequence similarity and motif conservation across six putative NCED,
compared with model Z. mays VP14 and A. thaliana NCED?3;

2) Verify 3D protein structure conservation, based on combined 1D-3D predictive modelling
approaches;

3) Test candidate proteins in silico for their functional conservation (membrane and substrate
binding);

4) Clone, isolate and test in vitro the best candidate protein for its catalytic activity.

NCED protein sequences of the same 3 species were used for in silico structural and functional
analyses. Using multiple screening tools, we collected more evidence in support of our experimental
conclusions and to further confirm the identity of the candidate ortholog sequences used in gene
expression assays. Finally, we selected one of the candidates NCED sequences from P. sitchensis,
based on its response to drought treatment and industrial interest. This sequence was cloned using an
Escherichia coli system and isolated. We concluded our experiments by attempting to test the purified

protein in vitro and prove its catalytic activity.

Breeding families and hybrids

In the third and final part of our work, we set out to compare several full-sibling families of P
sitchensis and its hybrid Picea lutzii, for their physiological performance under drought conditions.
We hypothesised that full-sibling breeding families of closely related species of conifers may harbour
enough inter- and intra-specific variation in responses to the same drought event. P. sitchensis and P,
lutzii are hypothesised to vary in drought tolerance. The objectives were:

1) Monitor and distinguish changes in water relations among breeding families.

2) Study variation of photosynthesis-related traits in response to drought.

3) Calculate water use efficiency and potential growth differences among breeding families.
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We investigated photosynthesis-related traits variation in breeding families provided by our industrial
partner. We set up a larger greenhouse drought experiment, including 8 full-sibling families (4 P.
sitchensis and 4 P. lutzii) and a rewatering phase. We monitored growth parameters, leaf water status
and leaf gas exchange in relation to drying soil. Photosynthesis parameters and water use efficiency
estimates were extrapolated from gas exchange readings. The experimental outcomes could inform

on best performing species or hybrids, and breeding families under our experimental conditions.
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Chapter 1

NCEDs drive Rising but not Peaking abscisic
acid profiles in conifer species
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Abstract

Climate change poses one of the greatest threats to forest ecosystem integrity. Human societies widely
rely on forests for their own development and well-being. It is crucial to find new ways of managing
forests in the face of global warming and to do so we need to understand how trees respond to extreme
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climatic events. In this work we investigate how conifer trees cope with drought and try to draw
conclusions valid for the establishment of better forest regeneration practices. We look at the genetic
mechanisms governing the production of the plant hormone abscisic acid (ABA), which safeguards
plant’s water status by the means of two divergent modes in conifers. To do this, we apply an
interdisciplinary approach by using plant ecophysiology, biochemistry and genetic tools. In line with
previous studies, we find that commercial conifer species from evolutionary ancient families adopt a
conservative water strategy during drought by accumulating high levels of ABA in their leaves, while
more derived species accumulate the hormone in a transient manner and allow for greater water loss.
Moreover, we provide evidence that these contrasting strategies are controlled by divergent modes of
differential expression of genes involved in the biosynthetic and catabolic pathways of ABA, adding
more information for a clear definition of the iso/anisohydric paradigm. We believe that studying
these and other related genes that regulate plant water status may help foresters develop and grow

more resistant trees.

Introduction

Climate change represents a threat to forest ecosystems worldwide ! as shown by phenomena such as
drought-related forest die-off becoming more widespread *°. Extreme droughts are increasing in
frequency and duration and have the potential to alter forest structure and function in the next decades
276, Research indicates that developing a better understanding of the mechanisms governing water
and carbon exchange between plants and the environment is crucial to develop solutions through the
choice of suitable species, knowledge of appropriate genetic markers and targeted breeding ’~!1.
Studies of physiology, anatomy and genetics point to a major role of stomata as a regulatory point for
the water and carbon balance in the evolutionary history of land plants 7', Stomata are valve-like
structures on the leaf surface, opening and closing in response to environmental cues such as light,
CO2 and water availability. The significant diversity observed in stomatal responses to water deficit
among species and genotypes has led to a conceptual framework of contrasting responses known as
isohydric and anisohydric '*16. Plants that apply a strict control on their water status through tight
stomatal regulation are termed isohydric, whereas plants allowing a greater degree of water status
variation under water deficit are anisohydric. These contrasting responses have distinct impacts on
hydraulic function and carbon balance !” and may help to explain the physiological bases of drought-
induced tree mortality '8, However, a quantitative definition encompassing plant forms and species

13,19,20

is lacking and there is a spectrum of responses observed %1722 Nonetheless, understanding

78



the regulation and signalling pathways involved in these processes is likely to be fundamental to

identify or develop trees able to perform better under abiotic stress.

Abscisic acid (ABA) is a key molecule controlling plant processes involving changes in osmotic
relations, such as growth, dormancy, and stress responses. A detailed understanding of how plants use
ABA for controlling stomatal closure has developed from studies in model plant systems 2>*. The
concentration of ABA increases during water deficits (either soil water or air humidity) 2>°, triggering
a complex signalling pathway that ultimately will induce the guard cells of the stomata to shrink and
the stomatal pores to close 2#?°. One protein family has emerged for its regulatory role in the ABA
biosynthetic pathway: NCEDs (9-cis-epoxycarotenoid dioxygenases). They are believed to be rate-
limiting enzymes in the pathway, and represent the first committed step of ABA biosynthesis, i.e.,
cleavage of 9-cis-violaxanthin or 9-cis-neoxanthin to produce xanthoxin 2’2, Over the course of
plant evolution, NCEDs have duplicated and undergone functional diversification, producing
organelle- and tissue-specific proteins, from algae, through Physcomitrium patens (P. patens) and the
land plant phylogeny to Arabidopsis thaliana (A. thaliana) >°. The chloroplast isoforms of NCED
proteins were shown to be fast-responding to water deficit, being up-regulated within twenty minutes
from the imposition of the stress in angiosperms 2123436 The ABA metabolic pathway includes other
enzymes that are also responsive to drought stress. The first enzyme in the pathway is the zeaxanthin
epoxidase (ZEP), which in 4. thaliana is encoded by AtABAI and is responsible for the epoxidation
of zeaxanthin to all-trans-violaxanthin, then converted to neoxanthin and violaxanthin, the substrates
of NCEDs *7*°, The very last enzyme in the pathway is an abscisic acid aldehyde oxidase, encoded

by AtAAO3 in A. thaliana, which catalyses the oxidation of abscisic aldehyde to ABA 4*4!,

Conifers represent an interesting but understudied system in which to examine the evolution and
diversification of plant mechanisms to cope with drought, including the role of ABA. Our current
understanding of conifer responses to drought stress is based on studies of plant hydraulics >>*. In
contrast to angiosperms, conifers rely on ABA biosynthesis only for prolonged water deficit *°,
whereas during mild water stress such as daily fluctuations in air humidity, stomatal closure is driven
by passive changes in the leaf water status ****. Moreover, conifers appear to be able to switch
between these mechanisms of stomatal control, and this ability may be subject to natural selection.
Basal conifer clades, such as Pinaceae, possess low cavitation-resistant xylem and respond to
prolonged water stress by accumulating high levels of ABA in the leaves to induce tight closure of

the stomatal pores (Rising-type response). In contrast, xylem in the more derived clades of

Cupressaceae and Taxaceae is resistant to cavitation, and this allows them to switch from ABA-driven
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to water potential dependent stomatal closure (Peaking-type response), allowing gas exchange to
continue until the advanced stages of drought *>46, There is an apparent link between ABA-types and
the iso/anisohydry paradigm. A typical Rising type accumulates and maintains high ABA levels and
has tight stomatal closure as seen in the isohydric response to maintain a steady water status. A
Peaking type would instead correspond to an anisohydric response, with ABA levels initially rising
and then dropping and thus allowing stomata to stay relatively open (see Figure 1 for a schematic

representation of contrasting behaviours).
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Figure 1. Schematic representation of iso/anisohydric and Rising/Peaking phenotypes observed in

response to drought stress in conifer species.

The drought-responsive pathway from ABA production to stomatal control is relatively well

: : . 20 _
understood in angiosperms but much less in gymnosperms  and the understanding of drought
responses across conifers open the doors to functional studies of genes involved in ABA stomatal

regulation for the first time.

This chapter has four objectives set out to fill this knowledge gap: 1) compare drought responses
across several coniferous species and families by applying an artificial drought stress on potted
seedlings and monitoring parameters related to the plant water status; 2) investigate the putative role
of ABA along the spectrum of hydrosensitivity by modelling species-specific ABA profiles over the
course of the drought, which should aid in the identification of Rising versus Peaking types in relation
to water status, in our study species; 3) use gene sequence similarity analyses and phylogenetic

reconstructions to identify putative NCEDs and other ABA-related gene sequences; 4) test the
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responsiveness of these candidate genes to drought stress and relate these gene expression profiles to

abscisic acid and water potential profiles.

We hypothesise that one or more NCED genes may be responsible for regulating ABA profiles in
conifers and that a better understanding of their role may help to elucidate the differential isohydric
and anisohydric responses observed across major conifer families. We expect that NCEDs enzymes
will have a conserved role across conifers as drought-responsive, rate-limiting enzymes in ABA
biosynthesis. We predict that variations in the transcriptional regulation of genes encoding NCEDs
enzymes represents a major control point for ABA accumulation and are key to P/R (Peaking/Rising)
types. In other words, NCED expression may increase in all species at least initially, and only show
a downregulation in species with P-type ABA profiles but not in R-type species. This hypothesis
assumes that ABA turnover is constitutive or enhanced during drought, as already reported *’;

therefore, the proposed regulation mechanism alone could actively control foliage ABA levels.

Materials and methods

Plant material and experimental design

One- to two-year-old conifer seedlings (15-40 cm tall) were obtained from Maelor forest nurseries
Ltd (Ellesmere Rd, Whitchurch SY13 3HZ) and Alba Trees Nurseries (Lower, Winton Way, Tranent
EH33 2AL) between January and August 2019 (see Supplementary table 1 for species identity,
provenance, and provider) and stored in a cold room in dark plastic bags until potting. Species
included were: Chamaecyparis lawsoniana (C. lawsoniana), Juniper communis (J. communis), Picea
sitchensis (P. sitchensis), Picea sitchensis x Picea glauca (P. sitchensis x P. glauca), Taxus baccata
(T. baccata), Larix eurolepis (L. eurolepis), (Pseudotsuga menziesii (P. menziesii), Tsuga heterophylla
(T. heterophylla), Sequoia sempervirens (S. sempervirens). Trees were potted in 3 litres square pots
using a homogenous 3:1 volumetric mix of potting compost (M2, ICL, Everris Itd, 4190 CA
Geldermalsen, The Netherlands) and horticultural grit sand (Bathgate horticulture, Vale Park,
Evesham, Worcestershire WR11 1GP). Once potted, trees were acclimatised for 4-6 weeks in a
greenhouse with natural light supplemented to achieve a photoperiod of 16h/8h day/night and
temperature set to 24/16 °C (day/night). Cooling and humidity control was achieved through venting

via roof windows.
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Three different drought experiments were run between March and October 2019 including eight
different conifer species and one hybrid (see Table 1, for species and treatment durations). Each
experiment used a complete randomised split-plot block design, in which the split-plots were the
drought stress treatment and well-watered controls. The drought treatment consisted of completely
withholding watering. Experiment 2 was slightly shorter due to higher temperatures, which exceeded
the cooling capacity of the greenhouse. The details and overlap in species between experiment 1 and

2 was as shown in Table 1.

Table 1. Summary table of drought experiments. Experiment: first, second and third; Species: conifer
species tested in each of the three experiments; Duration: number of days of experimental drought;
Time points: number of time points for sample collection in each experiment; Sampling days: time

points for sample collection since water withheld.

Experiment Species Duration | Time Sampling

(days) points days

1 C. lawsoniana, 34 8 6, 8, 10,
J. communis, 12, 16, 20,
P, sitchensis, 24, 33

P, sitchensis x P. glauca,

T baccata

2 C. lawsoniana, 25 4 6,9,16,24
P, sitchensis,

P, sitchensi x P. glauca,
T baccata,

L. eurolepis,

P menziesii

3 T heterophylla, 35 5 6, 12, 18,

S. sempervirens 26, 34

Sampling and Tree Physiologyogy measurements

Samples were collected for experimental measurements between 11 am and 2 pm from randomly
selected plants across all plots and blocks, i.e., either four (experiments 1 and 2) or six (experiment
3) of both the well-watered and drought-stressed trees at each time point. The volumetric Soil Water

Content (SWC) was recorded in individual pots at the time of sample collection by completely
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inserting a soil moisture probe (ML3 ThetaProbe Soil Moisture Sensor, Delta-T Devices, 130 Low
Rd, Burwell, Cambridge CB25 OEJ) in the potting mix at root depth. The probe was used with default
calibration for organic mix and measurements were recorded in a hand-held device (HH2 Soil
Moisture Meter, Delta-T Devices). A single data point per pot was taken, as readings were consistent
across the pot’s surface (data not shown). Twigs were excised from each tree using a razor blade for
water potential measurements and stored in moist sealable plastic bags kept in the dark in a cold
transport box until measurements. Shoot tips with newly formed foliage were also collected for
molecular analyses and these were snap-frozen in 15 mL falcon tubes by complete immersion in
liquid N and stored in -80 °C until analysis. Midday Shoot Water Potential (MWP) was measured by
using a Scholander-type digital pressure chamber (SKPM 1400/80, Skye instruments, Unit 21, Ddole
Enterprise Park, Llandrindod Wells LD1 6DF). Pressure readings (bar) were recorded at the first
appearance of xylem sap from the cut surface with the help of a hand-held lens. When no sap

appeared, samples were considered damaged or dead and not included in any analyses.

Abscisic acid extraction and quantification

Abscisic acid (ABA) was extracted according to *°. All procedures were performed under dim light
to minimise ABA isomerisation. Briefly, 50 mg of frozen leaf tissue were weighed in 2 mL tubes
containing stainless steel beads using an analytical balance. Tubes were filled with cold 80%
Methanol (Sigma-Aldrich, catalog number 34860) in water with added BHT (2,6-Di-tert-butyl-4-
methylphenol, Sigma-Aldrich, catalog number B1378) and then stored at -20 °C overnight. Samples
were then homogenised using a mixer mill for less than 2 minutes to minimise overheating and 15 ng
of deuterated [2H6] (+)-cis, trans-abscisic acid (d6-ABA) were added. Samples were incubated
overnight at 4 °C to allow for extraction of ABA by passive diffusion and then centrifuged at 13,000
x g to pellet debris. A 1 mL aliquot was recovered and dried under vacuum using a SpeedVac vacuum
concentrator (Thermo Scientific), with temperature control to avoid overheating and shielding from
light by using aluminium foil. The residue was resuspended in 500 pL of 2% acetic acid in water,
transferred to a new tube and partitioned with 300 uL of diethyl ether by short centrifugation at 13,000
x g. The upper polar phase (diethyl ether) was collected and transferred to a new tube. Phase
separation was repeated, fractions pooled and then dried down in a heating block at 40 °C. Finally,
samples were resuspended in 150 pL of 5% MeOH in 2% acetic acid, centrifuged and a 50 pL aliquot

was transferred to a glass micro-vial for HPLC (High Performance Liquid Chromatography) analysis.
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HPLC analysis was carried out on a Waters Acquity H-class separation module. Separation was
achieved on an ACE C18, 3 um, 150 x 3 column (Hichrom, UK) maintained at 45 °C. Samples were
eluted in A: 0.1 % acetic acid, B: acetonitrile with a flow rate of 0.25 ml/min, a linear gradient of 20-
95 % B in 5 min, and a total run time 8 min. Analytes were measured by mass spectrometry with a
Waters Acquity TQD detector with electrospray ionisation in a negative ionisation mode. ABA was
detected at multiple reaction monitoring (MRM) 0f 262.8 > 152.7 and D6-ABA was detected at MRM
of 268.8 > 158.7, retention time 3.9 min for both. A calibration curve was run in the system and then
spiked with the same concentration of internal standard (d6-ABA). The calibration curve was then
plotted as peak area for ABA/peak area for IS against ABA concentration (see Supplementary figure

7 for an example chromatogram for ABA and calibration curve).

Gene sequence analyses

Sequence searches were conducted using conifer transcriptomes developed from previous studies
within our group — C. lawsoniana, Larix laricina (L. laricina), Picea glauca (P. glauca), P. sitchensis,
T baccata, Thuja occidentalis (T. occidentalis) — and a transcriptome of ancient gymnosperm Ginkgo
biloba (G. biloba). Protein sequences of model plant species stored at NCBI were included in the
analysis, nominally: Amborella trichopoda (A. trichopoda), A. thaliana, Marchantia polymorpha (M.
polymorpha), Oryza sativa (O. sativa), P. patens and Selaginella moellendorffii (S. moellendorffii).
RNA sequences were translated to amino acid sequences using VirtualRibosome — 2.0 (DTU Health
Tech) and clustered on CD-HIT, 97% identity threshold to filter highly similar sequences out.
Sequences shorter than 200 amino acids were removed to improve phylogenetic outputs. Putative
ortholog sequence detection was then conducted with Orthofinder — 2.3.1 *. 4. thaliana TAIR
accessions for selected candidate genes from the ABA biosynthetic and catabolic pathways (4BA1,
AAO3, CYP70743 and NCED3) were used as references for conifer ortholog identification within
orthogroups (see table 2 for gene IDs). Orthogroup sequences clustered by the Orthofinder algorithm
were used for further phylogenetic analyses through MEGA (Molecular Evolutionary Genetics
Analysis). First, a new MSA (Multiple Sequence Alignment) was generated in MAFFT *° with 1000
iterations. This MSA was used for phylogenetic tree inference in MEGA. A Maximum Likelihood
tree was inferred using JTT (Jones-Taylor-Thornton) substitution model and node support values were
obtained by using 1000 bootstrap replicates. A distance matrix was computed for between-groups
estimates of evolutionary divergence of taxa by calculating the number of average amino acid
substitutions on MEGA. The same approach was adopted for computing an identity matrix comparing

gene sequences.
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Table 2. Candidate gene (Conifer ID), with relative forward and reverse primers (Forward and
Reverse sequence) reference gene (Model Name and Model 1D) and housekeeping (bold characters)
gene sequence and primer information.

Forward Reverse

Model Name | Model ID Conifer ID sequence sequence Gene

PSIR DN33063 | cagatcccggectt | ggggatactecteg | 9-cis-epoxycarotenoid
NCED AT3G14440 —c0 gl cacac geatc dioxygenase

PSIR DN39298 | cgtcgtaggcata | tcggaggacacac | 9-cis-epoxycarotenoid
NCED AT3G14440 c0 gl ggoottc catttg dioxygenase

PSIR DN32321 | tgttggtaggaage | tcctcaatcaccttc | Cytochrome P450,
CYP70743 AT5G45340 c0 gl acgatacac ggttatg Sfamily 707

PSIR DN32134 | aacgttaataatgg | tcctgaatgatcacg | Cytochrome P450,
CYP70743 AT5G45340 c0 gl ccetggtg acaactc family 707

PSIR _DN38520 | gtgcgagacatge | gccacactttgectg
AAO3 AT2G27150 c0 gl cgtaag taagc aldehyde oxidase 3

PSIR DN41411 | tgcgtacagaggt | cgccagtaatgcaa | zeaxanthin epoxidase
ABAI AT5G67030 c0 gl ccaatcc ccattctcc (ZEP)
mRNA  capping
enzyme  family PSIR _DN38225 | tttccttgtcagetgt | ttccattcgtaccag
protein AT3G09100 c0) g2 gatge catcc HOUSEKEEPING

CLAR _DN5370 | gcaaatgcacaag | aagcaacggattgg | 9-cis-epoxycarotenoid
NCED AT3G14440 8 c0 gl gattgc actcg dioxygenase

CLAR _DN5370 | ggcgaggatgag | cttcttttgetetetee | 9-cis-epoxycarotenoid
NCED AT3G14440 8 c0 g5 gagattg tgtcg dioxygenase

CLAR DN4484 | ctcagtaggaaatg | gcataacttcatccc | Cyfochrome P450,
CYP707A43 AT5G45340 1 c0 gl tgggtcttg tcggaag family 707

CLAR DN4317 | ccccagataagtc | tggctatcaacgteg | Cytochrome P450,
CYP707A43 AT5G45340 0 cO g2 aaaacatcg catc family 707

CLAR DN4334 | ttgtctcttacgetgt | tgtgggaagaagg | Cyfochrome P450,
CYP707A43 AT5G45340 9 c0 gl gtcatcg cggtttatg family 707

CLAR DN4449 | gatgcctccaaag | gtggtggatcagga | Cyfochrome P450,
CYP707A43 AT5G45340 1 cl gl cctaacag cgagtatc family 707

CLAR _DN5437 | aagtgtggctgttg | tggtttacagggcc
AAO03 AT2G27150 2 cl gl ggtttc atttctc aldehyde oxidase 3

CLAR DN5098 | ggctgaacgaage | cactcccagcaggt | zeaxanthin epoxidase
ABAI AT5G67030 2 c0 gl B gacatactc tcattgtg (ZEP)
LisH
dimerisation CLAR _DN4656 | ggaagttgggacg | cggtaatcaaatggt
motif AT4G32551 3 cl gl ataaaagc tgtge HOUSEKEEPING

TBAR DNI1171 | gcctetettetcget | caaaccctegtgee | 9-cis-epoxycarotenoid
NCED AT3G14440 90 cl g5 atgtcc gtctatc dioxygenase

TBAR DNI1050 | tagttgacggagg | cgacagaggacge | 9-cis-epoxycarotenoid
NCED AT3G14440 25 cl gl atggagtg tgctttte dioxygenase

TBAR DNI1224 | cagctcaagatac | gttctgtcgtgacag | Cytochrome P450,
CYP707A43 AT5G45340 86 cl g3 B caccgee cctgg family 707

TBAR DN1130 | aggtgtcaaatggt | atcccctcectegte | Cytochrome P450,
CYP707A43 AT5G45340 07 cO g2 gcttgg tetg family 707

TBAR DN1232 | agtctacagctcaa | gacgcttcagettgt
AAO3 AT2G27150 60 c4 g3 gccagaacc atgcag aldehyde oxidase 3

TBAR _DN1099 | tcgtcaatgeetgg | ccttccgaccaactt | zeaxanthin epoxidase
ABAI AT5G67030 93 cl gl ttcaatc gtactg (ZEP)
LisH
dimerisation TBAR DN1131 | tccgctactcttcag | gectctgaggtace
motif AT4G32551 62 c2 g5 B caggttc agatcgac HOUSEKEEPING
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RNA isolation, primer design and PCR

Total RNA was isolated from 30 to 90 mg of frozen leaf tissue samples from C. lawsoniana, P.
sitchensis and T. baccata from experiment 1 using all sampling time points. The tissue was ground to
a powder in 2 mL tubes containing stainless steel beads and using a mixer mill with blocks frozen in
liquid N to prevent defrosting. Sample powder was either directly used in downstream extraction
protocols or pre-washed with a sorbitol solution for difficult samples yielding low quality RNA (i.e.,

low spectrometric absorbance values).

Further RNA extraction and purification steps were performed according to the Monarch Total RNA
Miniprep kit (NEB #T2010, Ipswich, Massachusetts 01938, USA). RNA was quantified both with a
NanoDrop One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Fisher, Waltham,
Massachusetts, USA) and a Qubit 4 Fluorometer (Thermo Fisher), but since readings were consistent
across the two instruments (data not shown) the NanoDrop was preferred for ease of use. Sample
RNA yield ranged from 20 ng/uL to 300 ng/uL. The RNA sample quality was determined based on
UV absorbance ratios by using a threshold set to minimum 260/280 ~ 1.8-2 and 260/230 ~ 1.7-2
values. RNA integrity was assessed using a Bioanalyzer system (Agilent, Santa Clara, California,
USA) and only samples with a RIN (RNA Integrity Number) ~ 7 or above were used in downstream
analyses. Complementary DNA (cDNA) was synthesised from ~160 ng of total RNA using a Reverse
Transcription Master Mix provided by Fluidigm (South San Francisco, California, USA) according

to manufacturer’s instructions.

Primers were selected using Primerldent online tool *° for multi-gene families or PrimerBlast (see
table 2 for primer details). Selected primers were tested in silico for tertiary and quaternary structures
with the Multiple Primer Analyzer from Thermo Fisher and OligoEvaluator from Sigma-Aldrich.
Primers were obtained from Sigma and resuspended in TE buffer (Tris 10 mM, EDTA 1 mM), pH 8.0
(Teknova, #T0225, Hollister, California, USA) and tested by PCR amplification for specificity,
visualised by gel electrophoresis and confirmed by Sanger sequencing. Newly synthesised cDNA was
purified, diluted, and used as template in a pre-amplification reaction according to the Delta Gene
Assays protocol (Fluidigm, South San Francisco, California, USA). Three master mixes were
prepared containing species-specific primers for the three test species (C. lawsoniana, P. sitchensis
and T baccata). Reverse-transcription quantitative PCRs (RT-qPCRs) were set up by using
microfluidic 192.24 TIFC (Integrated Fluid Circuits) plates on Juno system (Fluidigm) and then run

using a Biomark HD system (Fluidigm) equipped with a high sensitivity laser imaging system. Rt-
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qPCR cycle threshold (Ct) values were normalised against well-watered control samples and
housekeeping genes and used to calculate gene expression fold-change across time points. These

values were then log2-transformed.

Reference genes for RT-qPCR calculations

Candidate reference genes were identified from previous RNA-seq experiments in C. lawsoniana, P.
sitchensis and T. baccata including several tissues and drought treatments similar to those used here.
The FPKM (Fragments Per Kilobase Million) data were analysed with a script pipeline created in R

with three criteria for the identification of suitable reference genes:

1. Expression in all tissues and treatments.
2. Low variance in expression levels (log2(fold-change) between 0 and 1)

3. Medium to high expression levels (log2(mean(FPKM)) between 5 and 7)

Sequences with an FPKM < 1 were not considered as they were considered too low to accurately
predict gene expression levels. A reasonable threshold area that met the criteria was visually identified
by plotting the log2 fold-change of the mean FPKM against the log2 mean FPKM values. Candidate
gene sequences were then selected based on their presence/absence across all species data sets and
based on GO (Gene Ontology) terms annotations. This sequence search produced a total of three
candidate housekeeping genes shared by our study species according to TAIR annotations: mRNA
capping enzyme family protein *!, LisH dimerisation motif 32, RING/U-box superfamily protein 3.
Only the first two were used in downstream applications, as RING/U-box superfamily protein did not

amplify reliably in our study species.

Statistics and data analysis

All data analyses were performed in R environment. SWC and MWP readings were tested for
normality and homogeneity of variance considering treated and control trees as separate groups.
Differences in mean SWC between well-watered control and drought-treated pots were assessed with
a Student’s t-test (P < 0.05). Differences between mean SWC among species and experiments were
tested with a One-Way Anova followed by a Tukey HSD (Honestly Significant Difference) post-hoc

test (adjusted P value < 0.05), considering control and drought stress as separate groups.
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Differences in mean MWP between treated and control trees were first assessed with a Student’s t-
test (P < 0.05). Differences in mean MWP between species were assessed with ANOVA followed by
a Tukey HSD (Honestly Significant Difference) post-hoc test (adjusted P value < 0.05), considering

control and drought stress as separate groups.

The relationship between MWP and SWC was curvilinear and varied between species. Second order
polynomial equations were fit to these data to attempt to model the different relationships. The slope
o of the linear regression between MWP and SWC was instead chosen to represent the degree of iso
to anisohydric response, in a way similar to previous work **. A Tukey HSD post-hoc test was
implemented using the c/d (compact letter display) function in the Ismeans package in R to assess all
pairwise comparisons among treatment means, hence the difference between slopes. The grouping
pattern for all pairwise comparisons was used as a means of assigning species to drought sensitivity
responses (i.e., degree of iso to anisohydry). A third (visual) method to display varying degrees of
drought sensitivity was plotting the linear regression between intercept and slopes estimates of the

linear model fit to SWC and MWP.

The response of MWP to SWC was further inspected by fitting a linear mixed model (estimated using
Imer function in REML package and “nloptwrap” optimizer) to predict MWP with Species, Time and
Treatment (formula: MWP ~ Species * Time * Treatment). The model included Block as random

effect (formula: ~1 | Block) in order to account for random distribution across the greenhouse.

Differences in ABA levels between well-watered control and drought-treated trees were assessed with
a Student’s t-test (P < 0.05). Abscisic acid time series were analysed by fitting a smoothing curve to
data across 4 to 8 time points and calculating its 95% confidence interval. When ABA records reached

approximately the same levels as the starting record, the trend was a P-type, otherwise R-type.

A one-sample T test was implemented to compare the gene transcript levels detected for each target

gene to a zero-fold-change baseline at each time point (no change in gene expression, P < 0.05)
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Results

Soil drought progression and shoot water potential

We sought to monitor soil drought progression by measuring SWC and assess its effect on plant water
status by measuring changes in MWP. We did this in three different experiments from spring to
autumn 2019, including several conifer species representing three phylogenetic families. Some
species were included in both experiment 1 and 2, to validate findings from our first experiment (see
Table 1). The drought treatment in experiments 1-3 led to a decrease in SWC as shown by the
significant difference between drought treated pots and control pots for all species (Student’s t-test, P
<0.05, see Figure 2). Well-watered pots maintained a mean SWC of ~40%, whereas drought-treated
pots dropped below 10%. There were also significant differences in the mean SWC in the drought-

stressed plants among the study species (Table 3). C. lawsoniana differed from most species as it

reached the lowest mean SWC, followed by J. communis and S. sempervirens.
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Figure 2. Mean SWC in pots of droughted and well-watered plants. Red: drought-treated trees, N =

16-32, depending on experimental design; Blue: well-watered control trees, N = 16-32, depending
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on experimental design. Asterisks: significant differences between treated and control trees; dots
represent potential outliers. Bars indicate maximum and minimum values. Student s t-test (P value <
0.05).

The MWP (midday leaf water potential) decreased with drought progression for all study species
(Figure 3) to as low as —38.50 bar at 34 days of water stress for J. communis. In L. eurolepis and T.
heterophylla the mean MWP showed a smaller, less significant decrease compared to controls and a
significant difference from all other species under drought stress (Supplementary figure 1, figure 3
and table 4). We found high variation in MWP of treated P. sitchensis trees and no significant

difference in mean MWP between treatment and control.
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Figure 3. MWP change between drought treatments. Red: drought-treated trees, N = 16-32,
depending on experimental design; Blue: well-watered control trees, N = 16-32, depending on
experimental design. Asterisks: significant differences between treated and control trees; dots
represent potential outliers. Bars indicate maximum and minimum values. Student s t-test (P value <
0.05).
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Table 3. Tukey HSD post-hoc test summary of differences in SWC among species. Only significant
contrasts for treated pots are shown (adjusted P value < 0.05). term: regression term; contrast:
pairwise comparison levels; null.value: value to which the estimate is compared; estimate: estimated
value of the regression term, conf.low: lower confidence interval limit; conf.high: upper confidence

interval limit; adj.p.value: p-value adjusted for multiple comparisons.

term contrast null.value estimate conf.low conf.high adj.p.value
. S. sempervirens-

Species T. heterophylla 0 -9.067 -14.993 -3.14 0

Species Jo communis-T.| -6.539 -12.372 -0.706 0.015

heterophylla

. C. lawsoniana-
Species T heterophylla 0 -10.464 -16.297 -4.631 0

Species C. lawsoniana- | , -7.347 -14.374 -0.319 0.033
L. eurolepis

S. sempervirens-

P sitchensis 0 -8.43 -14.356 -2.504 0

Species

Species J. - communis-F | -5.903 -11.736 -0.07 0.045
sitchensis

. C. lawsoniana-
Species P sitchensis 0 -9.828 -15.661 -3.995 0

C. lawsoniana-
Species P, sitchensis x P. | 0 -6.409 -12.147 -0.671 0.016
glauca

Species C. lawsoniana- | -6.252 -12.036 -0.468 0.023
T. baccata

The mixed model's total explanatory power was substantial (conditional R2 = 0.71), and the part
related to the fixed effects alone (marginal R%) was of 0.71. The model's intercept, corresponding to
Species = T. heterophylla, Time = 0 and Treatment = Well-watered, was at -11.71 (95% CI [-14.16, -
9.26], t(448) =-9.39, p <.001). Within the model the interaction effect of water stress on species with
time was statistically significant for all study species except for L. eurolepis and T. heterophylla (see

mixed model summary in Supplementary table 2).

We fitted an ordinary least square regression to predict MWP with Species and SWC (formula: MWP
~ Species * SWC). The model explains a statistically significant and substantial proportion of the
variance (R2 = 0.72, F(17, 221) = 33.44, p < .001, adj. R2 = 0.70). The model's intercept,
corresponding to Species = 1. heterophylla and SWC = 0, was at - 17.57 (95% CI [-20.80, -14.34],
t(221) =-10.73, p <.001). The model confirmed a statistically significant effect of Species on MWP.
The overall effect of SWC was small but statistically significant (p = 0.025). The interaction effect of
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SWC on Species was significant for all species but 7. heterophylla and L. eurolepis, which did not
differ from each other (see supplementary table 3).

We used the slope of the linear model estimated by OLS (Ordinary Least-Squares) on treated trees to
quantify species-specific responses to drought stress. We found that 7. heterophylla had the smallest
slope (6 =0.17), while C. lawsoniana had the highest (c = 1.59). The other species had slopes situated
between these two extremes (see Figure 4) - i.e., overall showing a range of decreasing stomatal
sensitivity to soil water depletion (decreasing SWC). The Tukey HSD test only found a significant
difference for the two most extreme species, confirming the continuous range of responses in
between. T. heterophylla response to SWC was significantly different from seven other species and
not from L. eurolepis and P. sitchensis (see table 3). J. communis, T. baccata and P. menziesii were
significantly different from L. eurolepis and P. sitchensis and from C. lawsoniana, while the latter

was significantly different from all species.
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Figure 4. Curvilinear and linear relationships between MWP and SWC. Triangles: well-watered

controls, N = 16-32; Circles: drought-treated trees, N = 16-32. Red line: Linear regression model of
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MWP against % SWC. Black dashed line: second order polynomial regression. R?, P-values and
slope for the ordinary linear model for drought-treated trees are shown. Grey areas are 95%

confidence intervals.

Table 4. Tukey HSD post-hoc test summary of differences in MWP among species. Only significant
contrasts for treated pots are shown (adjusted P value < 0.05). term: regression term; contrast:
pairwise comparison levels; null.value: value to which the estimate is compared; estimate: estimated
value of the regression term, conf.low: lower confidence interval limit; conf.high: upper confidence

interval limit; adj.p.value: p-value adjusted for multiple comparisons.

term contrast null.value | estimate conf.low conf.high adj.p.value
P sitchensis
x P glauca-
Species T 0 0.636 0.035 1.236 0.029
heterophyll
a
S.
semperviren
Species s-T. 0 0.713 0.113 1.314 0.008
heterophyll
a
P
Species Z“:t’;j;;f;l’y; 0 0.746 0.026 1.466 0.036
a
C.
lawsoniana-
Species T 0 0.875 0.264 1.486 0.000
heterophyll
a
P. sitchensis
Species x P glauca- | 0 0.829 0.109 1.548 0.011
L. eurolepis
S.
semperviren
s-L.
eurolepis
P
Species menziesii-L. | 0 0.939 0.116 1.761 0.012
eurolepis
Species I. baccata- 1, 0.746 0.034 1.458 0.032
L. eurolepis
C.
Species lawsoniana- | 0 1.068 0.339 1.797 0.000
L. eurolepis

Species 0 0.906 0.186 1.626 0.003
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When plotting the intercept estimated by the linear model for treated trees against its the slope value,

a phylogenetic signal appeared that was consistent with the work from Brodribb and collaborators *°

in the distribution of conifer families across the iso/anisohydric spectrum (see Figure 5 and table 5).

The derived Cuprassaceae C. lawsoniana partitioned at the extreme anisohydric end of the spectrum;

the derived Cupressaceae J. communis and Taxaceae T. baccata grouped together in the anisohydric

part, followed by Pinaceae P. menziesii; the basal cupressaceae S. sempervirens and Pinaceae P

sitchensis and P. sitchensis x P. glauca occupied a more isohydric portion of the spectrum, followed

by Pinaceae, L. eurolepis and T. heterophylla in the isohydric and strict isohydric end.

35-
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ol T baccata
: P. sitchensis X P. glauca

J. communis

intercept

. .| S. sempervirens
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12 1'6

Figure 5. Two-dimensional spectrum of iso/anisohydric responses across conifer families. Intercept

values (intercept) were regressed against slope values (o) of the same linear model to obtain a visual

cue of the isohydry space. Values transition from more (purple) to less (red) isohydric.
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Table 5. Compact letters display of Tukey HSD post-hoc test summary of MWP versus SWC. Means
that do not share any letter are significantly different at the 5% level of significance. Species: species
name; SWC.trend: slope values of the MWP~SWC relationship; SE: standard error; df: degrees of
freedom; lower.CL: lower confidence interval limit; upper.CL: upper confidence interval limit;

group: groups based on mean comparisons.

Species SWC.trend SE df lower.CL upper.CL group
T. heterophylla | 0.172 0.076 221 -0.04 0.385 a
L. eurolepis 0.23 0.128 221 -0.126 0.586 ab
P, sitchensis 0.535 0.088 221 0.29 0.78 abc
glsgccje”mm 0.568 0.089 221 0.321 0.816 be
S. sempervirens | 0.717 0.105 221 0.424 1.01 bc
P. menziesii 0.776 0.118 221 0.446 1.106 c
T baccata 0.821 0.092 221 0.563 1.079 c
J. communis 0.87 0.117 221 0.544 1.197 c
C. lawsoniana 1.592 0.141 221 1.199 1.985 d
Reproducibility

Consistency in ranking the responses was examined by comparing results from experiments 1 and 2,
which had four species in common (see Table 1). In both cases, C. lawsoniana showed the most
anisohydric response with a negative slope of -2 in Experiment 2. In the same experiment, towards a
more isohydric part of the spectrum we found P. sitchensis x P. glauca and P. sitchensis (¢ = - 0.53
and ¢ = - 0.27 respectively). T. baccata was positioned between these two, with a slope of - 0.45

(Supplementary figure 2).

Abscisic acid dynamics

The level of ABA determined in all species at 4 time points showed large differences between well-
watered controls and drought treated plants, with the only exception of J. communis, where no
significant difference was observed (Figure 6). The controls had ABA levels ranging from 100 to 500
ng/g FW, which changed very little over the course of the study. In contrast, the drought stressed
plants in all species had major increases in ABA accumulation levels, but the accumulation profiles
appeared very different among species relative to time point and midday leaf water potential (MWP)
(see Figure 7 and 8). The derived Cupressaceae C. lawsoniana accumulated high ABA levels after a

few days of treatment, reaching a peak of almost 10000 ng of ABA within the second week of drought
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stress and then returned to moderate levels close to 2000 ng by the end, even though MWP continued
to become more negative. This ABA profile observed in C. lawsoniana is similar to a peaking type,
as described by Brodribb and collaborators *°. J. communis followed a similar profile but had a less
pronounced peak ~2000 ng of ABA in some individuals and overall, it showed low levels of
endogenous ABA. T. baccata showed a somewhat weak ABA accumulation profile, reaching as high
as 3000 ng of abscisic acid and then decreasing slowly to ~500 ng. We classified these three species
as peaking types based on the observation of decreasing ABA levels despite intensifying drought
conditions. In contrast, Pinaceae species accumulated abscisic acid throughout the drought
experiment reaching or approaching a plateau without decreasing, with each species varying
compared to others. Several plants had ABA levels in the range of 1000 ng to 2000 ng, with the
exceptions of L. eurolepis (~5000 ng) and remarkably P. sitchensis (~9,000 ng). These species display
profiles consistent with rising type similar to those from Brodribb and collaborators . The basal
Cupressaceae S. sempervirens had an unclear ABA profile, not rising enough to be clearly assigned

to a peaking or rising type.

Based on the above results, we decided to focus the molecular investigation of NCED gene sequences
and their expression in C. lawsoniana, P. sitchensis and T. baccata due to the range of drought

responses and ABA accumulation profiles that we observed among them.
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Figure 6. Mean abscisic acid change between drought treatments. Red: drought-treated trees, N =

12-30; Blue: well-watered control trees, N = 12-30. Asterisks represent significant differences

between treated and control trees; Tukey HSD (Honestly Significant Difference) post-hoc test

(adjusted P value < 0.05). Bars indicate standard deviation. Dots represent potential outliers.
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Candidate gene analyses

We conducted sequence similarity searches on our conifer transcriptomes using A. thaliana protein
accessions as reference sequences. The analysis returned two putative NCED sequences for each of
the three study species (C. lawsoniana, P. sitchensis and T. baccata), two sequences for 7. occidentalis
and three sequences for L. laricina and P. glauca. These putative NCED genes form two distinguished
groups comprising conifer sequences only — with a 53% bootstrap support value at the branch node
(see Figure 9) - here named 1 and 2. Since these groups separated from the whole angiosperm
reference group (i.e., A. thaliana), we named the conifer sequences NCEDI to NCED3. A distance
matrix was computed for between-groups estimates of evolutionary divergence. The number of
average amino acid substitutions for conifer group 1 compared to model angiosperms (O. Sativa and

A. thaliana) was 0.49, while for conifer group 2 this was 0.53 (Supplementary table 4).

AENCED3
AENCEDS
ALNCED2
) AENCEDS
OsNCED4
OsNCEDS
OsSNCED3
AmErNCED3
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Gb 14131
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TbNCED2
LINCED2
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PgNCED2
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SmMNCED4
PpNCED4
PpNCED3

AT

Figure 9. Putative NCED orthologs ML phylogenetic tree. Support bootstrap values (1000 replicates)
are shown on the nodes. Red: angiosperms; Green: gymnosperms; Yellow: seedless plants. Amtr: A.
trichopoda; At: A. thaliana; CI: C. lawsoniana; Gb: G. biloba; LI: L. laricina; Mp: M. polymorpha;

Os: O. sativa; Pg: P. glauca; Ps: P. sitchensis; Sm: S. moellendorffii; To: T. occidentalis.
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Table 6. Identity matrix of putative NCED ortholog protein sequences calculated based on pairwise

comparisons withing a multiple sequence alignment.

%o AtNCED2 | AtNCED3 | AtNCED5 | AtNCED9 | PsNCED1 | PsNCED2 | CINCEDI | CINCED2 | TbNCEDI1 | TbNCED2
AtNCED2 | /

AtNCED3 | 70.2 /

AtNCEDS | 73.4 69.5 /

AtNCEDY9 | 70.7 71.8 71.8 /

PsNCED1 61.8 67.9 66.4 66.6 /

PsNCED2 | 57.7 63.1 60.6 61.5 75.8 /

CINCED1 63.7 68.9 67.7 64.5 77 76.8 /

CINCED2 61.4 66.3 63.7 62.6 733 71.2 75 /

TbNCED1 | 62.9 67 65.5 65.9 80.9 77.8 82.9 73.5 /
TbNCED2 | 60.2 64.9 63.3 62 72.8 74.4 74.5 78.1 74.8 /

The multiple sequence alignment (MSA) of all protein sequences showed that they were highly
conserved from residue 98 to 609, with a global similarity score above 0.7 spanning the main catalytic
domain with no aa substitutions observed in the key histidine residues that coordinate the catalytic
site (Supplementary figure 3). Pairwise comparisons of whole sequences within the MSA returned
sequence identities for the putative conifer NCEDs (Table 6). PSNCED1 and PsNCED2 were 75.8%
identical with each other, and 67.9% and 63.1% identical to 4tNCED3 and only 61.8% and 57.7%
identical to A/INCED2. CINCED1 and CINCED?2 were 75% identical to each other and they were 68.9
and 66.3 identical to AfNCED3 and only 63.7% and 61.4% identical to AtNCED2. ThNCEDI and
ThNCED?2 were 74.8% identical to each other and they were 67% and 64.9% identical to AfNCED3
and only 62% and 60.2% identical to AINCED2. These observations indicated an overall similarity
of the discovered conifer NCEDs to A/INCED3, which is linked to ABA biosynthesis, compared to
ANCED2, which is not linked to ABA biosynthesis.
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The search for candidate genes included two other genes encoding ABA biosynthesis enzymes, ABA1
(zeaxanthin epoxidase) and AAO3 (abscisic aldehyde oxidase). We found one putative ABA1 protein
sequence based on homology to the A. thaliana gene for each of the study conifer species and T.
occidentalis, and two homologous sequences for L. laricina and P. glauca. These sequences were
named ABA1 to ABA2 (Figure 10). The sequences were highly conserved (> 0.7 similarity global
score) from residue 91 to 659, including the characteristic FAD (flavin-adenine dinucleotide) binding
domain and the FHA domain (forkhead-associated domain) (Supplementary figure 4). We also found
one putative ortholog sequence of AtAAQO3 for each of the three study species, two for L. laricina
and T. occidentalis, so these sequences were named AAO1 to AAO2 (Figure 11). We found less
conservation among these sequences, especially within the Aldehyde oxidase and xanthine
dehydrogenase, a/b hammerhead domain (Ald Xan dh C, residues 579 to 688). There was a higher
degree of variation within the Molybdopterin cofactor-binding domain (residues 977 to 1239). The P.
sitchensis sequence (PsAAQO) was truncated, lacking the residues preceding the Ald Xan dh C, but
was nonetheless retained as it was the only representative sequence for P. sitchensis (Supplementary

figure 5).
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Figure 10. Putative ABA1 orthologs ML phylogenetic tree. Support bootstrap values (1000 replicates)
are shown on the nodes. Red: angiosperms; Green: gymnosperms; Yellow: seedless plants. Amtr: A.
trichopoda; At: A. thaliana; CI: C. lawsoniana; Gb: G. biloba; LI: L. laricina; Mp: M. polymorpha;

Os: O. sativa; Pg: P. glauca; Ps: P. sitchensis; Sm: S. moellendorffii; To: T. occidentalis.
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Figure 11. Putative AAO3 orthologs ML phylogenetic tree. Support bootstrap values (1000 replicates)
are shown on the nodes. Red: angiosperms; Green: gymnosperms; Yellow: seedless plants. Amtr: A.
trichopoda; At: A. thaliana; Cl: C. lawsoniana; Gb: G. biloba; LI: L. laricina; Mp: M. polymorpha;
Os: O. sativa; Pg: P. glauca; Ps: P. sitchensis; Sm: S. moellendorffii; To: T. occidentalis.

Our search for genes encoding enzymes in ABA catabolism focused on the CYP707A4 genes,
specifically the CYP7(07A43 subclass, as they have been shown to control the main catabolic pathway
of ABA . We found four putative CYP707A protein sequences for C. lawsoniana, three for L.
laricina, two for P. sitchensis and only one for P. glauca, T. occidentalis and T. baccata (Figure 12).
The phylogenetic reconstruction indicated that the protein sequences formed two separate groups:
group 1 containing CICYP707A1, PsCYP707A1 and TbCYP707A1 and group 2 containing
CICYP707A2, CICYP707A3 and CICYP707A4. CICYP707A2 and CICYP707A3 further diverged
from CICYP707A4. Group 1 was more closely related to AtCYP707A1 and AtCYP707A3, while
group 2 was more closely related to AtCYP707A2. Overall, we observed a high degree of sequence

similarity among taxa (Supplementary figure 6).
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Figure 12. Putative CYP707A orthologs ML phylogenetic tree. Support bootstrap values (1000
replicates) are shown on the nodes. Red: angiosperms; Green: gymnosperms; Yellow: seedless
plants. Amtr: A. trichopoda; At: A. thaliana; CI: C. lawsoniana; Gb: G. biloba; LI: L. laricina; Mp:
M. polymorpha; Os: O. sativa; Pg: P. glauca; Ps: P. sitchensis; Sm: S. moellendorffii; To: T.
occidentalis.
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Gene expression

A main hypothesis of our research is that NCED gene expression levels underpin the accumulation of
ABA in conifers responding to drought. Changes in NCED transcript levels relative to controls were
determined in C. lawsoniana, P. sitchensis and T. baccata as they represented a range of MWP
(midday leaf water potential) and ABA responses. Foliage samples from experiment 1 were analysed
by RT-qPCR with gene-specific primers targeting two distinct NCED gene sequences identified in
each species as the close homologs to NCEDs in A. thaliana. The data showed a 4 to 8-fold (2 to 3 in
Logy) increase in NCED gene expression in P. sitchensis, starting from 10 days of drought (Figure
13). The increase was more consistently detected in PsNCED! than in PsNCED2. On the contrary
the C. lawsoniana sequence CINCED] was clearly down-regulated from 8 days of drought, going as
low as a 100-fold (Log2 fold change of -7) decrease. CINCED?2 expression decreased later and more
variably from 20 to 33 days. There was no significant differential expression for 7. baccata NCED

genes.
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Figure 13. Relative transcript levels at 8 time points during the imposed drought stress for each of

the putative ortholog NCED sequences identified. Raw Ct values were normalised against well-

105



watered controls and reference genes to obtain AACt values. Asterisks represent significant
differences between treated trees and the zero-fold-change baseline (dashed red line); Tukey HSD
(Honestly Significant Difference) post-hoc test (adjusted P value < 0.05). Dots represent potential

outliers. N = 4.

Single homolog sequences of A403 and ABAI were analysed using the same methodology. In P,
sitchensis, PsABAI was significantly overexpressed relative to controls at 12, 20 and 24 days of
drought, showing a 2 to 4-fold increase in transcripts abundance. Ps44A0O was significantly
overexpressed at about the same level at only 12 days of drought stress and decreased afterwards
producing variable, non-significant, assay results (Figure 14). C/IAA0 was weakly but significantly
overexpressed at 8 days but downregulated at 16 days of drought. CI4BA 1 appear to follow the same
pattern as CI4A4 0O, but globally did not appear to be differentially expressed (Figure 14). In T_ baccata,
the data indicated variable levels of gene expression, with weak but significant down-regulation of
TbAAO only at 24 days and ThABAI at 33 days of drought, while no clear signal was detected for
other days.
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Figure 14. Relative transcript levels at 8 time points during the imposed drought stress for each of
the putative ortholog ABA1 and AAO sequences identified. Raw Ct values were normalised against
well-watered controls and reference genes to obtain AACt values. Asterisks represent significant
differences between treated and the zero-fold-change baseline (dashed red line); Tukey HSD
(Honestly Significant Difference) post-hoc test (adjusted P value < 0.05). Dots represent potential

outliers. N =4

We investigated the expression of putative catabolic CYP707A genes, responsible for the breakdown
of ABA (Figure 15). CICYP707A44 was significantly overexpressed up to 64-fold starting from 12
days of drought stress. On the contrary, C. lawsoniana CICYP707A1 and CICYP707A2 were strongly
downregulated from 10 and 8 days of drought respectively reaching as low as 1000-fold decrease.
CICYP707A43 appeared to be downregulated, but this change was not statistically significant. 7.
baccata ThCYP707A1 expression was significantly downregulated at three time points (12, 24 and
34 days of drought) with its lowest negative fold change at 34 days of drought stress (5 to 6-fold).
ThCYP707A42 appeared to vary its expression from significantly up- to down-regulated between the
second week and third week of drought, being weakly differentially expressed at 12, 16 and 24 days.

In contrast, there was no significant change in the expression levels of PsCYP707A1s in P. sitchensis.
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Figure 15. Relative transcript levels at 8 time points during the imposed drought stress for each of
the putative ortholog CYP707A sequences identified. Raw Ct values were normalised against well-
watered controls and reference genes to obtain AACt values. Asterisks represent significant
differences between treated and the zero-fold-change baseline (dashed red line); Tukey HSD
(Honestly Significant Difference) post-hoc test (adjusted P value < 0.05). Dots represent potential

outliers. N = 4.
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Discussion

Our study explored a genetic mechanism hypothesised to underpin contrasting water relations and
ABA accumulation profiles in species spanning three families of conifers. We used physiological data
in response to a drought treatment to classify species along the iso/anisohydry spectrum. Our
classification system allowed us to discern a degree of drought sensitivity from more to less
conservative, in good agreement with previous studies. Our study species diverged in their ABA
accumulation ranging from P- to R- type profiles corresponding to drought response strategies. Here,
we discuss how ABA-related gene expression results may help to explain the observed drought
response phenotypes. Changes in gene expression indicate that NCED may regulate ABA

accumulation in the R-type P. sitchensis, but not in P-type C. lawsoniana.

Tree Physiologyogy under drought conditions

We imposed a drought treatment on nine conifer species in three separate experiments. Water status
varied significantly across the study species. We observed a significant decrease in the mean MWP
between water-stressed and control trees in all species, but the difference was small in L. eurolepis
and T. heterophylla and even non-significant in P. sitchensis. In contrast, members of Cupressaceae
C. lawsoniana, J. communis and S. sempervirens as well as T. baccata (Taxaceae) reached a more
negative shoot water potential under drought stress. The observations indicated a range of responses
from conservative to more permissive strategies adopted across species, based on the relationship
between MWP and SWC. Changes along the iso- to anisohydry spectrum are often reported by
measuring stomatal or midday leaf water potential to soil water potential or pre-dawn leaf water

potential %2253757

, which are proxies of soil water availability to the root system. Here we used
volumetric SWC to model the response of shoot water potential to drought stress, but this approach
has been reported elsewhere 3*°. Volumetric SWC was an overall good predictor for shoot MWP and

allowed us to classify species along the iso/anisohydry spectrum similar to that of >,

We used the slope (o) of the drought-stress regression line to classify our study plants as follows: L.
eurolepis and T. heterophylla (¢ = -0.17 and -0.23, respectively) as strict isohydric; P. sitchensis, P.
sitchensis x P. glauca and S. sempervirens (c ranging from -0.53 to -0.72) as relative isohydric and
occupying the middle of the range; P. menziesii, J. communis and T. baccata (¢ =-0.78, -0.82, and -

0.87, respectively) as more anisohydric; and C. lawsoniana (c = -1.59) as extreme anisohydric.
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We explored the statistical meaning of this distribution along a continuum to better understand the
position of each species relative to another. The trend can also be visualised by plotting the
coordinates of the intercept and slope of the linear regression between MWP and SWC for each
species. As indicated, we found that species in the Pinaceae were strict to relative isohydric, compared
to derived Cupressaceae or Taxaceae, which were more anisohydric. There was a further distinction
between derived and basal Cupressaceae, with S. sempervirens — basal clade — clustering together
with the more conservative Pinaceae. Although we did not quantify this phylogenetic signal, these
results are clearly consistent with previous research showing the adaptive significance of variation in
water relations across the conifer phylogeny and especially resistance to embolism *>*%2 The
minimum xylem water potential that a plant can withstand depends on anatomical and structural
constraints such us vessel architecture and rooting depth, but ultimately it will depend on intrinsic
xylem resistance to embolism 2%, Our observations are consistent with reports of P50 values (the
water potential at which 50% of the xylem conductivity is lost) reported for these species' groups +*6°

and with the evolutionary history of water relations in conifers.

Abscisic acid profiles

Studies on ABA accumulation in response to drought stress have shown that tree species produce
Rising (R) or Peaking (P) types **°. While R-types rely on the maintenance of accumulated ABA
levels to control leaf water status and to prevent vessel embolism, P-type trees switch from ABA-
driven to turgor-driven stomatal closure, characterised by a drop in ABA levels, and keep transpiring
for longer into a drought event. These contrasting types have been observed in both conifers and
angiosperm species *+%%° While angiosperms can adopt both types within the same genus ¢%,
Brodribb and collaborators ** proposed that ABA types initially evolved in the conifer phylogeny
under different climatic conditions so that the most ancient conifer families display a Rising type,
while more derived (recently evolved) Cupressaceae and Taxaceae adopted a Peaking type. Species-
specific abscisic acid profiles found in our study were in general agreement with previous reports.

Peaking type profiles were found in extreme anisohydric C. laswoniana and anisohydric J. communis

and T, baccata.

For ABA accumulation to stop, leaf water potential must surpass the leaf turgor loss point, which can
be as low as -40 bar *+%6-%% At this point, leaf water status is low enough to cause passive stomatal
closure and a peaking type may be observed. We found high variation in abscisic acid levels within

our study species. This, combined with a relatively short drought, probably contributed to somewhat
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weak or incomplete Peaking profiles, such as those found in J. communis and T. baccata. Basal
Cupressaceae S. sempervirens eluded our classification method, as it did not clearly display a rising
nor peaking accumulation profile. On the contrary, all the Pinaceae included in the study were
classified as Rising types. This is coherent with the strict to relatively isohydric responses we
observed in these species since constant accumulation of ABA is needed for a conservative strategy

to prevent excessive water loss through stomatal leakage and to avoid embolism.

ABA-related genes and their expression

Genetic control of drought responses and ABA accumulation has been studied in detail in model
angiosperms but has received less attention in conifers 7°. Most of the studies addressing the genetics

7073 while a few have

of drought responses in conifers have made use of transcriptome analyses
identified candidate genes by use of expression studies '*”>. Our sequence similarity searchers were
successful at identifying candidate ABA-related genes using previously generated transcriptomes
from a range of conifer species. We investigated changes in the expression of these candidate genes
over the course of a simulated drought. While genes involved in abscisic acid accumulation and

signalling may be conserved across the land plant phylogeny 7677

, our observations suggest that their
regulation and functional specialization in conifers may differ from model angiosperms. NCED genes
are widely recognised as key regulators of drought responses for fine-tuning fast ABA biosynthesis
in model plants >**’®. We found two sequence clusters of putative NCED genes in our study species,
which we named NCED1 and NCED?2. These sequences were highly conserved, and the sub-groups
were both sister to angiosperm NCEDs, although group 1 was more closely related to the NCED3
which has been linked to ABA in A. thaliana (0.49 average amino acid substitutions). The expression
of NCED was clearly drought responsive but the observed changes in expression varied substantially

among conifer species and families. Furthermore, our data suggest a potentially divergent regulation

of gene expression of NCED:s in group 1 and 2.

In P, sitchensis (Pinaceae family), increased NCED gene expression was observed for PsNCED]
starting from day 10 of drought until the end of the drought experiment, although the level was
variable. A non-consistent trend was observed for PsNCED2, which was significantly overexpressed
at only two time points and most significantly after 6 days of drought, before changes in PsNCED1

were detected.
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The overall changes in NCED transcript levels observed in P. sitchensis are in line with the ABA
accumulation profile during drought. The PsNCED?2 transcript level changes differed from those of
PsNCEDI, suggesting that they may have partly complimentary roles, having potentially arisen
through duplication and followed by partial functional divergence. Alternatively, PsNCEDZ2 may be
more active in other tissues, developmental stages or under other kinds of stress and only marginally
involved in the drought response, as is observed with the extensive diversification reported in
angiosperm NCEDs *7. Based on our data, PsNCEDI could be the main biosynthetic gene
controlling ABA levels in P. sitchensis and, as such, it may be sufficient to explain the rising ABA

type observed in P, sitchensis.

We hypothesised that a Peaking type would result from the downregulation of NCEDs. In line with
our hypothesis, we observed reduced NCED gene expression in C. lawsoniana. At least CINCED1
was clearly and progressively downregulated. Here again, we could not establish a clear pattern for
the group 2 sequence CINCED?, as it was significantly downregulated at only one time point, and it
had highly variable expression levels. Nonetheless, CINCED] reached its lowest expression at 20
days of drought stress, about the same time CINCED? reached its only significant downregulation
(24 days). Therefore, we propose CINCEDI may be the main candidate for the role of rate-limiting
enzyme in C. lawsoniana, and downregulation happened before the peak of abscisic acid was
observed during the first two weeks of drought. One possibility is that ABA accumulated due to early
overexpression of CINCEDs, which we didn’t capture in our sampling. Alternatively, the peak in ABA
levels could be due to overexpression of other biosynthetic genes, implying that expression of
CINCED:s 1is not rate-limiting for accumulation. Another explanation is that ABA could come from
other sources, such as ABA-GE stores 64,70, while import from roots or different tissues has been
ruled out in other conifer studies **®3. As suggested in P. sitchensis, CINCED2 may be weakly

responsive to drought stress or may be involved in other processes and tissues.
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We also explored ABAI and AA03 gene sequence phylogenies and found one sequence for each of
our study species, although there were duplications in the other conifer species. We observed a high
degree of similarity between taxa, suggesting that these genes are highly conserved across the land
plants phylogeny. ABAl and AAO3 can support ABA biosynthesis at lower expression levels

compared to key NCEDs under drought stress in model plants 37-3841:8485,

In our study, 4403 and ABAI did not show substantial changes in expression levels, with few
exceptions. P. sitchensis showed high variability in Ps4403 expression and no significant trend, but
PsABAI seemed to partially mirror NCED overexpression with some level of upregulation, which
was significant at three time points. In C. lawsoniana CIABAI and CIAAO3 expression results suggest
they do not contribute to peaking ABA levels; in fact, they appeared to switch from being weakly
upregulated to being weakly downregulated, although the changes were not statistically significant.
Overall, our observations suggest that changes in 4403 and ABA1 expression may have a minor role,
if any at all depending on the species, in driving changes in ABA levels. If CIABAI and CIAAO3 are
not limiting in C. lawsoniana for de novo synthesis of ABA, it is not surprising that they are not
differentially expressed or are even downregulated to drive decreases in ABA accumulation. On the
other hand, the minor upregulation of PsABAI in P. sitchensis may complement the strong

upregulation of PsNCED] and thus support increased ABA biosynthesis.

In A. thaliana, CYP707A41-A4 genes encode 8'-hydroxylases that have a role in controlling cellular
ABA levels through catabolism, being upregulated upon re-hydration and oxidising ABA to phaseic
acid #8687 We found two homologous sequences of AtCYP707As in P. sitchensis and T. baccata,
while C. lawsoniana had four. We also found that L. laricina CYP707A4 have undergone multiple
duplications events. It was possible to distinguish between two groups of conifer CYP707As. Group
1 included sequences that were more closely related to A. thaliana CYP707A1 and CYP707A43, known
for functioning in leaf drought responses in 4. thaliana 3. Group 2 was more closely related to A.

478389 and was the

thaliana CYP707A2, a gene that is involved in seed dormancy in model plants
most diversified with multiple putative paralogs in C. lawsoniana and L. laricina. In C. lawsoniana
three CYP707A sequences were downregulated, and one was upregulated. It is possible that the four
paralogues co-operate in fine tuning ABA accumulation, although functional analyses are needed to
establish the role of each of them. We can speculate that downregulation of one or more sequences
among CICYP707A41, 2 and 3 at the early stages of drought may contribute to raise the levels of
abscisic acid, potentially coming from ABA-GE stores in the vacuole based on our expression data

for biosynthetic genes. On the other hand, upregulation of CICYP707A44 may counteract this process
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and remove ABA starting from the second week of drought to produce the typical peaking type we
have observed. However, recent evidence suggests that Peaking-types are not produced by ABA
degradation to PA, but by conjugation into ABA-GE 64. Since we didn’t measure either PA or ABA-
GE, we can only speculate as to the role of CYP707As in fine-tuning ABA levels in Peaking-type
conifers. In contrast, we didn't find any significant change in P. sitchensis orthologs PsCYP707A41
and PsCYP707A42, meaning that the ABA catabolic function is either maintained at constitutive levels
or not required. This supports our interpretation of a key role for PsSNCED1 and perhaps also PsABA1
in leading the steady accumulation of abscisic acid in P. sitchensis and production of the rising ABA

profile.

Finally, to our surprise, 7. baccata didn’t seem to differentially express NCED genes despite increased
levels of ABA in response to drought. 7h4AA0 and ThABAI appeared to be weakly differentially
expressed at only one time point each, but no clear signal was detected for other time points. The only
genes that were differentially expressed were ThCYP707As. We observed that ThCYP707A1 was
weakly but significantly downregulated, except for the last day of drought, were a 32-fold decrease
in expression was found. TbCYP707A2 on the contrary switched from up to downregulation,
suggesting that 7TbCYP707A4s may be downregulated to allow ABA accumulation despite biosynthetic

functions not being differentially regulated.

Conclusions

We investigated the possible genetic mechanisms underpinning contrasting drought responses among
conifer species. We confirmed that different conifer families can adopt diverging strategies to cope
with drought and accumulate ABA following typical Rising or Peaking phenotypes. While the more
conservative Pinaceae and basal Cupressaceae tend to rely on constant accumulation of ABA, the
more risk-taking derived Cupressaceae may produce Peaking profiles. We observed a clearly drought-
responsive expression in NCED genes that is consistent with a role in controlling such ABA levels in
Rising-type P. sitchensis. Based on our data, PsNCEDI could be the main biosynthetic gene
controlling ABA levels in P. sitchensis and, as such, it may be sufficient to explain the rising ABA
type observed in P. sitchensis. In contrast, there was no clear contribution of putative NCEDs in ABA
accumulation in Peaking-type C. lawsoniana. Expression of other biosynthetic genes suggests they
may complement NCED function and mirror to some extent NCED expression. A contribution of

putative catabolic CYP707A4s to ABA profiles was less clear based on transcript levels, although it
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seems they could cooperate with NCED genes in fine-tuning abscisic acid accumulation at least in C.
lawsoniana. More work is needed to clarify these roles, and our data suggest that the role of ABA-
GE stores and related genes in producing such phenotypes may be a fruitful area of study in future.
T baccata gene expression responses remained elusive, and more work is needed to establish a clear
drought response strategy. In practice, understanding and characterising these responses may inform

species choice and adaptive tree breeding faced with changing climates.
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Supplementary material

Tables

Supplementary table 1. Study species and essential information. Age: years in seedbed + years after

transplant to open field or pot. Provenance: Country of origin of the material. Type of material: trees

from Seed Orchard progeny, Germplasm, field stand or planting stock. Provider: company providing

the material.

: . Type of .
Species name  [Size (cm)  |Age (years) |Provenance material Provider
P. sitchensis 20-50 2+1 Denmark Orchard Maelor
P. sitchensis x P. 20-50 1+1 UK Orchard Maelor
glauca
Larix eurolepis [20-40 1+1 Denmark Seed Maelor
Tsuga 3040 UL USA Seed Maelor
heterophylla
PseU(_jot_s_uga 20-40 1+1 France Orchard Maelor
menziesii
C. lawsoniana  [20-40 1.5 UK Stand Alba
Juniper 20-40 15 UK Planting stock |Alba
communis
T. baccata 20-40 2 UK Planting stock |Alba
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Supplementary table 2. Summary of the mixed linear model of MWP (Midday Water Potential) with
Time and Treatment. Blocks were considered as random factor. Fixed part of the model includes:
Estimate = Slope estimate, Cl = Confidence interval, p = p-value; Random effect part includes: ¢ =
total variance within blocks, 700 = random intercept variance between blocks, ICC = inter-class

correlation coefficient, Nbiock = number of experimental blocks.

MWP

Predictors Estimates Cl p
(Intercept) -11.71 -14.16 --9.26  <0.001
Species [L. eurolepis] 1.14 -3.07 - 5.34 0.595
Species [P. sitchensis] -3.46 -6.93 — 0.01 0.051
Species [P. sitchensis X -2.12 -5.50-1.25 0.217
P. glauca]
Species [S. sempervirens] -1.60 -5.07 - 1.86 0.363
Species [P. menziesii] 1.33 -2.88 - 5.53 0.536
Species [T. baccata] -1.23 -4.64-218 0.478
Species [J. communis] -0.44 -3.86 — 2.98 0.800
Species [C. lawsoniana] -2.03 -5.47 — 1.41 0.246
Time -0.05 -0.16 — 0.06 0.397
Treatment [Water stress] 1.00 -2.47 —4.46 0.572
Species [L. eurolepis] * 0.03 -0.22-0.28 0.789
Time
Species [P. sitchensis] * 0.07 -0.11-0.25 0.454
Time
Species [P. sitchensis x 0.05 -0.12-0.22 0.556
P. glauca] * Time
Species [S. sempervirens] 0.05 -0.11 - 0.21 0.529
* Time
Species [P. menziesii] * -0.11 -0.36 -0.13 0.368
Time
Species [T. baccata] * -0.01 -0.18-0.17 0.954
Time
Species [J. communis] * 0.09 -0.08 - 0.27 0.280
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Time

Species [C. lawsoniana] *
Time

Species [L. eurolepis] *
Treatment [Water stress]

Species [P. sitchensis] *
Treatment [Water stress]
Species [P. sitchensis x
P. glauca] * Treatment
[Water stress]

Species [S. sempervirens]
* Treatment [Water
stress]

Species [P. menziesii] *
Treatment [Water stress]
Species [T. baccata] *
Treatment [Water stress]
Species [J. communis] *
Treatment [Water stress]
Species [C. lawsoniana] *
Treatment [Water stress]
Time * Treatment [Water
stress]

(Species [L. eurolepis] *
Time) * Treatment [Water
stress]

(Species [P. sitchensis]

* Time) * Treatment
[Water stress]

(Species [P. sitchensis x
P. glauca] * Time) *
Treatment [Water stress]
(Species [S.

sempervirens] * Time) *

2.16

1.92

1.26

4.10

5.10

3.02

-0.13

-0.14

-0.46

-0.44

-0.39

0.03

0.90

5.92

-0.14 -0.20

-5.20 - 6.99

0.96 - 10.88

-2.67-6.99

-2.98 - 6.82

-4.69-7.21

-0.73-8.94

0.21-10.00

-1.85-7.88

-0.29-0.03

-0.50-0.22

-0.72--0.20

-0.69 --0.20

-0.61--0.16

0.719

0.772

0.019

0.381

0.442

0.678

0.096

0.041

0.223

0.106

0.432

0.001

<0.001

0.001
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Treatment [Water stress]

(Species [P. menziesii] * -0.62 -0.98 —-0.27 0.001
Time) * Treatment [Water
stress]
(Species [T. baccata] * -0.50 -0.75--0.26 <0.001
Time) * Treatment [Water
stress]
(Species [J. communis] * -0.68 -0.93--0.43 <0.001
Time) * Treatment [Water
stress]
(Species [C. lawsonianal] -0.70 -0.95--0.45 <0.001
* Time) * Treatment
[Water stress]
Random Effects
02 9.83
TOO Block 0.00
ICC 0.00
Block 8
Observations 486
Marginal R2 / Conditional R2 0.706 /0.706
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Supplementary table 3. Summary of the linear model of MWP with SWC. Blocks were considered as
random factor. Fixed part of the model includes: Estimate = Slope estimate, ClI = Confidence

interval, p = p-value.

MWP

Predictors Estimates Cl p
(Intercept) -17.57 -20.80--14.34  <0.001
Species [L. eurolepis] 1.1 -4.34 — 6.56 0.688
Species [P. sitchensis] -9.62 -14.42 — -4.82 <0.001
Species [P. sitchensis x -11.21 -15.67 —-6.75 <0.001
P. glauca]
Species [S. sempervirens] -10.27 -14.38 — -6.16 <0.001
Species [P. menziesii] -13.69 -18.55 - -8.83 <0.001
Species [T. baccatal] -13.66 -18.12 - -9.20 <0.001
Species [J. communis] -11.97 -16.69 — -7.26 <0.001
Species [C. lawsoniana] -20.86 -25.35--16.36  <0.001
SWC 0.17 0.02-0.32 0.025
Species [L. eurolepis] * 0.06 -0.24 - 0.35 0.699
SWC
Species [P. sitchensis] * 0.36 0.13-0.59 0.002
SWC
Species [P. sitchensis x 0.40 0.17-0.63 0.001
P. glauca] * SWC
Species [S. sempervirens] 0.54 0.29-0.80 <0.001
*SWC
Species [P. menziesii] * 0.60 0.33-0.88 <0.001
SWC
Species [T. baccata] * 0.65 0.41-0.88 <0.001
SWC
Species [J. communis] * 0.70 0.42-0.97 <0.001
SWC
Species [C. lawsoniana] * 1.42 1.10-1.73 <0.001
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SWC

Observations

2

R™/ R2 adjusted

239

0.720 / 0.699

Supplementary table 4. % Similarity matrix for groups of putative NCED ortholog sequences.

Conifersl = including NCED group 1; Conifers2 = including NCED group 2.

% Angiosperms |Conifersl  [Conifers2 Ginkgo Seedless
Angiosperms

Conifersl 0.49

Conifers2 0.532 0.375

Ginkgo 0.533 0.37 0.387

Seedless 0.626 0.546 0.563 0.579
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Supplementary figure 1. Midday Shoot Water Potential (MWP) progression during experimental
drought. Triangles: well-watered controls, N = 2-6 per time point. Circles: drought-treated trees, N
= 2-6 per time point. Red line: Linear regression of MWP against days since withholding water.
Black dashed line: second order polynomial regression. R"2, P-values and slope for the ordinary

linear model are shown. Grey shaded area: 95% confidence interval.
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Supplementary figure 2. Curvilinear and linear relationships between MWP and SWC. Triangles:
well-watered controls, N = 16. Circles: drought-treated trees, N = 16. Red line: Linear regression
model of Midday Shoot Water Potential (MWP) against % volumetric soil water content (SWC).
Black dashed line: second order polynomial regression. R"2, P-values and slope for the ordinary

linear model are shown. Grey shaded area: 95% confidence interval.

“NCED alignment supplemental.pdf”

Supplementary figure 3. MAFFT multiple sequence alignment (MSA) of putative and model NCED
protein sequences. Amtr: A. trichopoda; At: A. thaliana; Cl: C. lawsoniana; Gb: G. biloba; LI: L.
laricina; Mp: M. polymorpha; Os: O. sativa; Pg: P. glauca; Ps: P. sitchensis; Sm: S. moellendorffii;
To: T. occidentalis. Residues with similarity scores above the 0.7 similarity cut-off value are shown
in red on white background. Columns that are strictly conserved are shown in white on red

background..
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“ABAI alignment supplemental.pdf”’

Supplementary figure 4. MAFFT multiple sequence alignment (MSA) of putative and model ABA1
protein sequences. Amtr: A. trichopoda; At: A. thaliana; Cl: C. lawsoniana; Gb: G. biloba; LI: L.
laricina; Mp: M. polymorpha; Os: O. sativa; Pg: P. glauca; Ps: P. sitchensis; Sm: S. moellendorffii;
To: T. occidentalis. Residues with similarity scores above the 0.7 similarity cut-off value are shown
in red on white background. Columns that are strictly conserved are shown in white on red

background.

“AAO3 alienment supplemental.pdf”

Supplementary figure 5. MAFFT multiple sequence alignment (MSA) of putative and model AAO
protein sequences. Amtr: A. trichopoda; At: A. thaliana; Cl: C. lawsoniana; Gb: G. biloba; LI: L.
laricina; Mp: M. polymorpha; Os: O. sativa; Pg: P. glauca; Ps: P. sitchensis; Sm: S. moellendorffii;
To: T. occidentalis. Residues with similarity scores above the 0.7 similarity cut-off value are shown
in red on white background. Columns that are strictly conserved are shown in white on red

background.

“CYP707A_alignment_supplemental.pdf”

Supplementary figure 6. MAFFT multiple sequence alignment (MSA) of putative and model CYP707A
protein sequences. Amtr: A. trichopoda; At: A. thaliana; Cl: C. lawsoniana; Gb: G. biloba; LI: L.
laricina; Mp: M. polymorpha; Os: O. sativa; Pg: P. glauca; Ps: P. sitchensis; Sm: S. moellendorffii;
To: T. occidentalis. Residues with similarity scores above the 0.7 similarity cut-off value are shown
in red on white background. Columns that are strictly conserved are shown in white on red

background.

130


https://doi.org/10.5281/zenodo.7807814
https://doi.org/10.5281/zenodo.7807814
https://doi.org/10.5281/zenodo.7807814

7500004

500000

25000 :4

450 4

L] 3 'E @ o0 [N
Wrues
——— SampleName: 1900 ng/mASA

e

%

“oan

20000 300 1000 2N®
Aot

Equaton: Y = 245¢-003 X » 4.34¢-002 R*2: 0.995410

Supplementary figure 7. ABA peak as detected by LC-MS and standard curve.
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Abstract

Carotenoid cleavage dioxygenases (CCDs) are a large protein family contributing to carotenoid
turnover inside the plant cell. They catalyse the oxidative cleavage of alkene bonds in the carotenoid

polyene chain, through a non-heme Fe!' co-factor. Nine-cis-epoxycarotenoid dioxygenases (NCEDs)
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are a sub-family known for their ability to selectively break the 11-12 double bond of neoxanthin and
violaxanthin, in what has been recognised as the first committed step in the biosynthesis of abscisic
acid. NCEDs have been characterised in detail in angiosperm systems, but studies in other taxa are
poor. In this chapter, we characterise six conifer NCEDs identified in chapter 1, through in silico
studies. We then attempt to clone, purify and test one selected NCED from Picea sitchensis. Although
non-conclusive, we provide evidence for the conserved function of some of the candidate NCEDs

and set a solid basis for further functional studies by isolating PsSNCEDI.

Introduction

Carotenoids

Carotenoids are naturally occurring pigments, which are synthesised by all photosynthetic organisms
on Earth and have been extensively reviewed '. They are Cio isoprenoid compounds, typically
alternating double and single bonds in the polyene chain. Around 600 different structures are known
nowadays, all generated by isomerisation around the C=C double bond, and each with a particular
reactivity. Each carotenoid can adopt a trans or cis configuration, in which the polyene chain will
extend in a linear conformation to reach its low-energy state. Overall, these are highly hydrophobic
molecules mostly associated with all plastid membranes, where they seem to be synthetised by
enzyme complexes called metabolons *°. Carotenoids are precursor molecules found in some of the
most important metabolic pathways in the plant cell, being converted into pigments operating in plant
interactions with pollinators, photoprotection of the antenna systems, photosynthesis or
phytohormones involved in responses to environmental cues. Importantly, one of such
phytohormones is abscisic acid (ABA), an isoprenoid molecule implicated in fine-tuning a wide range

of plant responses to biotic and abiotic stresses.

Carotenoid dioxygenases

While carotenoids are important molecules regulating plant growth, development and many more
functions, they must be metabolised to keep a constant turnover and generate apocarotenoids 7.
These are regulatory molecules, such as hormones and signalling molecules, produced in vivo by the

activity of carotenoid cleavage dioxygenases (CCDs) 31°. The typical reaction catalysed by this large
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enzyme family is the oxidative cleavage of specific alkene bonds within the carotenoid polyene chain,
through a non-heme Fe!' co-factor. A key characteristic of CCDs, highly conserved from bacteria to
plants, is the presence of four His residues coordinating the iron centre (Figure 1). Several CCDs have
been discovered with preference for cleavage of one specific bond or a few bonds, generating a great
variety of interactions and apocarotenoid compounds. All these reactions have in common the
substrate (a Cso carotenoid) and the fact that the first product is an aldehyde (Figure 1 in General

Introduction).

Figure 1. Detail of the CCD/NCED catalytic centre. Four histidine residues (nitrogen atoms shown
in blue) bind octahedrally a Fell ion (orange sphere) in cooperation with a dioxygen and a water

molecule (oxygen atoms shown in red).

Zea mays VP14

The first CCD to be structurally resolved and functionally characterised was Zea mays (Z. mays)
VIVIPAROUS-14 (VP14), which is one of a few proteins that hold substrate specificity to catalyse
the cleavage of the 11-12 double bond in the 9-cis isoform of neoxanthin and violaxanthin, producing
xanthoxin and a Cas epoxy apo-aldehyde, which are precursors of ABA "4, First identified during a

genetic screening of viviparous seeds, the gene coding for VP14 was observed to be responsive to
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water stress and was proposed to be associated with ABA biosynthesis !'. Sequence homology
analyses revealed a significant similarity to lignostilbene dioxygenases (LSDs), which catalyse a
double bond oxidative cleavage. Recombinant VP14 was then isolated and tested in vitro for cleavage
activity '>!%. The crystal structure of VP14 was ultimately resolved '* and homology comparisons to
Z. mays CCD1, together with mutational studies, allowed the identification of the amino acid residues
conferring substrate specificity and bond selectivity. VP14 appeared as a seven-bladed B-propeller
capped by an a-helical domain (Figure 2). The tunnel crossing the B-propeller hosts the catalytic iron
centre, octahedrally bound by four His residues (His-590 in blade 1, His-298 in blade 3, His-347 in
blade 4, and His-412 in blade 5). A highly reactive dioxygen molecule coordinates to the Fe ion and
is needed for catalysing the cleavage. Both the B-propeller and a-helices 1 and 3 present several
hydrophobic residues that allow docking of the ligand and penetration of the thylakoid membrane
respectively. VP14 is thought to anchor to the thylakoid membrane, where it can easily access its

substrates 1.

109

Helical cap —
ade

Figure 2. Z. mays VP14 3D structure. A and B: Side view of ZmVP14 showing the a-helices and top
view of the p-strands of the seven-bladed f-propeller. Figure adapted from Messing et al, 2010 4,

Other NCEDs

Several CCDs with specificity for the 11-12 double bond of 9-cis-neoxanthin and 9-cis-violaxanthin
have been characterised since VP14 was discovered in Z. mays. These sequences have been grouped
into a sub-family of enzymes named NCEDs (9-cis-epoxycarotenoid dioxygenases) and are widely
represented in plant genomes. Examples are found in tomato, bean and avocado '*'8, but they have

been especially well characterised in Arabidopsis thaliana (A. thaliana), where they have undergone
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multiple duplications followed by functional diversification '°2!. NCED sequences have also been
identified in non-angiosperm species, mainly through gene expression studies, including mosses 22,
lycophytes 2 and conifers 2. No functional studies of NCED proteins have been undertaken in non-

angiosperm species, to our knowledge.

Here, we want to address this knowledge gap to confirm the role of NCED enzymes in ABA
biosynthesis in conifers on drought response. We selected six putative NCED sequences from three
species belonging to the conifer families of the northern hemisphere (Pinaceae, Cupressaceae,
Taxaceae) that we studied in a previous drought experiment. First, we applied in silico modelling
methods to assess their structural features. We then chose one sequence, based on its responsiveness
to drought for molecular cloning and protein expression. Finally, we tested the recombinant protein

in vitro for its catalytic activity towards neoxanthin and violaxanthin.

Materials and methods

Protein sequences and alignment

Protein sequences for 9-cis-epoxycarotenoid dioxygenases (NCEDs) and carotenoid-cleavage
dioxygenases (CCDs) of Z mays and A. thaliana were obtained from UniProt database

(https://www.uniprot.org/). Protein sequences of conifer NCED putative homologs were identified in

chapter 1; here, we analyse NCED1 and NCED2 of Chamaecyparis lawsoniana (C. lawsoniana -
CINCED:s), Picea sitchensis (P. sitchensis - PSNCEDs) and Taxus baccata (T. baccata - TONCEDs),

obtained from transcriptomes developed from previous studies and analysed according to the previous

chapter. MAFFT (Multiple Alignment using Fast Fourier Transform) 2 server

(https://mafft.cbre.jp/alignment/server/) was used for multiple protein sequence alignment — version

7, L-INS-i iterative refinement method, 1e-10 threshold.

Phylogenetic tree construction

A Maximum Likelihood phylogenetic tree of the amino acid sequences was inferred using MEGA X

(Molecular Evolutionary Genetics Analysis) 2’. Amino acid distances were computed using JTT
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(Jones-Taylor-Thornton) matrix-based model. Node support values in the bootstrap consensus tree
were inferred from 1000 replicates.

In silico structural analyses

Physical and chemical parameters of selected protein sequences were computed using ExPASy’s

ProtParam tool (https://www.expasy.org/resources/protparam) 2%, The following parameters were

considered: molecular weight (MW), isoelectric point (pl), number of positive and negative residues
(+R and -R), instability index (Ii), aliphatic index (Ai), grand average hydropathy (GRAVY). Motif
analysis was conducted on MEME (Multiple Em for Motif Elicitation) ?° server (https://meme-
suite.org/meme/). BLAST 3° (https:/blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) and

Interproscan 31 (http://www.ebi.ac.uk/interpro/search/sequence/) were used for motif identification.

Sequence similarities, amino acid substitutions and secondary structure information from aligned

32

sequences were obtained from Espript 3.0 (Easy Sequencing in PostScript) server

(https://espript.ibcp.fr/ESPript/ESPript/). A similarity global score with a cut-off of 0.7 was

calculated for each possible residue pair in each column. Residues with similarity scores above the
cut-off value are shown in cyan blue on black background. Columns that are strictly conserved are

shown in black on cyan blue background.

3D models for putative conifer NCED proteins were created with both ab initio and comparative
modelling strategies using four different platforms: AlphaFold2 colab notebook ** (ab initio,

https://colab.research.google.com/), Modeller ** (https://salilab.org/modeller/), ProMod3 3.2.1 *° at

SwissModel ¢ (https://swissmodel.expasy.org/) and Phyre2 Protein Fold Recognition Server 3’

(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) (comparative). All models were

structurally compared with Z. mays VP14 using TM-align *® (https://zhanggroup.org/TM-align/) and

the best scoring model was selected based on the root mean square deviation between corresponding
residues (RMSD) and TM-score values. Further quality checks on the best scoring model were
performed with ProSa * (https://prosa.services.came.sbg.ac.at/prosa.ph), Errat *° and Verify3D !+

through SAVES v6.0 web server (https://saves.mbi.ucla.edu/), whereas QMEANDisCo Global score
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and Ramachandran plots were assessed using ModBase ** at Expasy’s SwissMode structure

assessment web page (https://swissmodel.expasy.org/assess).
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Presence/absence prediction of N-terminal pre-sequences was computed using TargetP-2.0 **
webserver  (https://services.healthtech.dtu.dk/service.php?TargetP). Membrane topology was
modelled using MEMEMBED 45 through PSIPRED workbench 46

(http://bioinf.cs.ucl.ac.uk/psipred/). Protein-ligand interactions were predicted through SwissDock

4748 (http://www.swissdock.ch/) and molecular graphics and analyses performed with UCSF Chimera

49 using Viewdock tool — the lowest energy interaction was chosen as the best fit.

The following procedures apply to the Picea sitchensis NCEDI only, which was chosen as

representative homolog sequence for conifer NCED:s.

cDNA sequence synthesis

A synthetic gene sequence, coding for a truncated version of NCED33063 from Picea sitchensis, was
obtained by Thermo Fisher Scientific (Waltham, Massachusetts, USA) through the GeneArt Strings
service. The sequence included the alpha helices, the catalytic domain and C-terminus. The putative
chloroplast signal peptide and the C-terminal UTR (untranslated region) were not included, as they
were not necessary for our in vitro assay. The sequence was also optimised for expression in
Escherichia coli (E. coli), prior to synthesis. Two different restriction sites were added at the N- and
C-termini of the sequence: a BamHI and a EcorRI site respectively; these were extended with four
random nucleotides to improve restriction efficiency and stability of the sequence. The total length of
the sequence was 1580 bp. 1250 ng of synthetic product were suspended in 10 mM Tris pH 8.5 buffer,

delivered dried and subsequently resuspended in 10 microliters of nuclease-free water.

Sequence cloning

A pMAL-c6-T plasmid vector containing a N-terminal Maltose Binding Protein (MBP) tag (New
England Biolabs) was transformed (1 pL) into DH-5 alpha competent E. coli cells through heat-shock.
The malE gene sequence coding for the MBP tag is positioned between the 6X Histidine tag coding
sequence and the multiple cloning site, to improve target protein solubility and can be cleaved with a
TEV reaction upon protein purification. Briefly, the cells were thawed on ice and 50 pL of cell
suspension were added to the plasmid vector. The mixture was incubated on ice for 30 minutes. Heat-
shock was applied for 45 seconds at 42 °C in a PCR machine and returning the cells on ice for 2
minutes. Competent cells were then recovered in 100 pL of LB (Luria Broth) liquid media for 45-60

minutes at 37 °C. The liquid culture was finally plated on LB-Agar plates supplemented with 100
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pug/ml ampicillin and grown at 37 °C overnight. One colony was picked, inoculated on 5-10 ml of
liquid LB media supplemented with 100 pg/ml ampicillin and grown overnight at 37 °C. Plasmid
DNA was then extracted and purified from the bacterial liquid culture using a Nucleospin plasmid
Quick Pure purification kit (Macherey-Nagel™, Diiren, Germany). Total DNA was quantified with
the Nanodrop One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Fisher, Waltham,
Massachusetts, USA) to 120 ng/uL.

The synthetic fragment and the acceptor plasmid were digested using 0.25 pL BamHI and 0.25 pL of
EcoRI restriction enzymes, with 0.5 pL of CutSmart buffer. Reactions were incubated at 37 °C for
1h, 65 °C for 5 min, 80 °C for 5 min. Subsequently, the reaction products were combined and 0.5 puL.
of Ligase T4 and 1 pL of Ligase Buffer were added. The mix was incubated 37 °C for 2h, 65 °C for
5 min, 80 °C for 5 min. The restriction/ligation product and the control empty plasmid were then
transformed into DH-5 alpha competent E. coli cells by heat-shock and grown overnight on LB-agar
ampicillin-enriched media. 20 colonies were selected for screening by PCR and grown overnight in

liquid LB medium before DNA isolation.

Cell transformation

The purified vector was transformed into NEBExpress Competent E. coli cells (New England
Biolabs). 1-5 pL of the cell mixture were thawed on ice. The tube was gently flicked 4-5 times and
the mixture was incubated on ice for 30 minutes. Heat shock was then applied at 42°C for 20 seconds.
The tube was incubated on ice for 5 minutes, then 950 pL of room temperature SOC were pipetted
into the mixture followed by incubation at 37°C for 60 minutes with vigorous agitation (250 rpm).
Afterwards the cell suspension was mixed by flicking the tube and diluted with several 10-fold serial
dilutions in SOC. 50-100 pL of cell suspension were spread on warm selection plates and incubated

overnight at 37°C.

Protein expression

5-10 ml LB liquid media with ampicillin were inoculated with a single colony and the culture was
incubated at 37°C overnight. This starter culture was then used to inoculate 1 L of LB liquid medium
enriched with antibiotic, 440 mM sorbitol (Fisher Scientific, # 11357868) and 2.5 mM betaine
(Merck, # 61962-50G). The scaled-up culture was incubated at 37°C until OD600 reached 0.4 - 0.6

and induced with filtered IPTG (Merck, # 16758-1G) to 0.4 mM, for 5 hours at 25°C.
139



Protein expression was verified by Coomassie stain and His-tag stain (InVision His-tag In-gel
staining, Invitrogen) following separation on SDS- polyacrylamide gel (Bolt 12%, Bis-Tris, 1.0 mm,
Mini Protein Gel, Thermo Fisher). Cells were harvested from the liquid culture by centrifugation of
multiple aliquots at 10,000 x g for 10 min using 500 ml centrifuge bottles. The pellet was resuspended
in a few ml of sterile LB media, pooled together and centrifuged again. Finally, the supernatant was
discarded by decantation and the pellet stored at -80°C until needed. Before use, the pellet was thawed
on ice and weighed on an analytical balance. A modified protocol from Massiah and collaborators >°
involving the use of Sarkosyl detergent (N-Lauroylsarcosine, Sigma Aldrich, no. 61739) was
implemented to solubilise as much protein as possible, due to its tendency to form a thick insoluble
pellet. 5 ml of room temperature BugBuster Protein Extraction Reagent (Novagen, Madison,
Wisconsin 53719, USA) per gram of wet pellet were used to resuspend the cells, by both pipetting
and vortexing. The suspension was incubated on a rotating mixer for 20 minutes at room temperature.
At this point, 30% Sarkosyl stock solution was added to 10% (v/v) final concentration and the
emulsion was incubated at room temperature overnight. The next morning, the cell debris was
centrifuged for 20 minutes at 20,000 x g and the supernatant was transferred to a clean 15 ml tube

and stored at 4°C.

Protein purification

Protein purification was obtained by using a Novagen HIS-bind kit. 2 ml of Ni?*-NTA agarose resin
(1 ml bed volume) were added into a plastic column (7 ml volume). The column was then washed
with 20 ml of milliQ water to remove excess ethanol and equilibrated with 20 ml binding buffer (50
mM Tris-Cl pH 7.5, 200 mM NaCl, pH 7.4-7.5). The protein extract was diluted with binding buffer
such that the concentration of Sarkosyl was reduced to 1% and was then loaded onto the pre-
equilibrated Ni**-NTA column and allowed to flow through. The column was then washed with 20
ml binding buffer containing 25-50 mM imidazole (Merck, # 1202-100G) to remove any unbound
protein; the HIS-tagged NCED protein was then eluted in 5 fractions of 1 ml each with buffer
containing 300 mM imidazole. Samples were analysed by SDS-PAGE gel to check for protein purity.

Elution fractions containing the His-NCED were pooled together and loaded onto an Amicon Ultra-

15 Centrifugal Filter tube (Millipore, # UFC9010). Several washes with 50 mM Tris-CI pH 7.5 (4,000

X g at room temperature) were applied to remove excess salt and finally concentrate the purified
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protein. The His-tag MBP-bound protein was quantified at the NanoDrop (Protein A280 method,

absorbance at 280 nm) to = 1.5 mg/ml. Protein samples were stored in aliquots at -80°C.

Although we attempted to cleave the MBP tag using a TEV protease (New England Biolabs, # P8§112S)
and purify the cleaved protein product using an amylose resin (NEB, # E8021S) in combination with
a Maltose solution (NEB, # 63423) according to manufacturer instructions, this did not produce a

detectable cleaved protein.

Enzymatic assay

Experimental procedures followed Sergeant et al. 2009 °! with some modifications.

Twenty pL from stock purified MBP-psiNCEDI1 (= 30 pg) were incubated with 1 pL of 20mM Iron
Sulfate, 1 pL of 20mM Ascorbate and 32 pL H>O, on ice for 10 minutes. This aliquot was added to
the reaction mix, containing: 15 pL 1M TRIS-HCI (50mM final conc.), 1 pL 0.005% V/V TRITON
X-100 (0.0003% final conc.), 75 pL Catalase (2mg/mL stock), 5 pL 9-cis-neoxanthin (1 mg/mL stock,
Merck, # 72994) or all-trans-violaxanthin (1 mg/mL stock, Toronto Research Chamicals, # V634510)
~ 5 pg. One Maltose Binding Protein (MBP)-only control and one control with no enzyme were run
in parallel to the reaction. All reactions were incubated in the dark for 0, 10, 20, 40 and 60 minutes
(15 minutes should suffice to observe product °!') and stopped by adding 700 uL of milliQ water.
Products were extracted 3 times with 700 pL of ethyl acetate by vortexing. The solvent was then

removed under vacuum overnight at -80°C in the dark.

Liquid Chromatography-Mass Spectroscopy

Reaction products were analysed by LC-MS on a Xevo G2-oligo spectrometer system coupled to an
Acquity UHPLC system (Waters Corporation, Milford, USA), using a C18 column (Kinetex, 5 pm
C18 100A LC column, 100 x 2.1 mm). The mobile phases were A water acidified with 0.1% formic
acid and B acetonitrile with 0.1% formic acid. The linear gradient used started with 20% B, at 2 min
was 30% B, at 6 min was 38% B, at 8 min was 50% B, at 10 min was 70% B, at 12 min was 20% B,

and ended at 15 min with 20% B. Flow rate was 0.2 mL min '

. Column temperature was maintained
at 40 °C. The mass spectrometer was operated in the negative ionization mode, with spectra acquired

over a mass range of 50 to 1200 m/z.

141



Results

Physical parameters, multiple sequence alignment and motif analysis

Physico-chemical properties of each conifer protein, 4. thaliana NCED3 and maize VP14 are shown
in Table 1. The interpretation of the scoring values is based on the work of Walker and colleagues 23
and references therein. Protein length varied substantially among conifers between 513 amino acids
(THNCED1) and 631 (CINCED1 and PsNCED1), with predicted molecular weight between 57 and
70.4 kDa. All proteins scored an instability index (Ii) above 40, except for AINCED3, indicating that
they may be unstable under in vitro conditions. On the other hand, the aliphatic index (Ai) was rather
high, scoring =~ 80 for all proteins, suggestive of high thermostability. Grand average hydropathy

(GRAVY) scores were negative, which may indicate a globular hydrophilic nature of the protein,

rather than a hydrophobic one.

Table 1. ProtParam summary table of angiosperm and putative conifer NCED protein chemico-

physical parameters. MW: Molecular Weight; pl: Isoelectric point; +R/-R: number of

positive/negative residues; li: Instability index; Ai: Aliphatic index; GRAVY: GRand AVerage
hydropathy.

D Length | MW (kDa) | plI -R +R Ti Ai GRAVY
ZmVP14 | 604 65.4 5.68 76 59 44.46 80.48 -0.183
AtNCED3 | 599 65.8 5.9 71 59 39.2 79.58 -0.283
PsNCEDI | 631 70.2 6.25 81 75 46.95 80.98 -0.331
PsNCED2 | 611 67.5 5.97 70 61 42.99 84.08 -0.235
CINCEDI | 631 70.4 6.08 81 73 50.68 77.58 -0.336
CINCED2 | 603 67 5.68 84 70 40.47 85.52 -0.302
TbNCED1 | 513 57 6.19 66 58 45.06 83.45 -0.267
TbNCED2 | 590 66.1 5.91 77 66 55.44 84.92 -0.29

A MSA (Multiple Sequence Alignment) revealed high evolutionary conservation among the putative
conifer NCED protein sequences when compared to the angiosperm reference sequence ZmVP14 (see
Supplementary Figure 1). The highest sequence identity was found between THNCED1 and reference
sequence ZmVP14 (60.69%, see Table 2). This result was based on a reduced coverage and shorter
sequence length of THANCED1 compared to the second-best scoring sequence - AfNCED?3 - which had
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an identity score of 60.64%. All conifer putative ortholog sequences followed, with identity scores
between 56% and 51%. In contrast, 4t1CCD4 was only 35.04% identical to ZmVP14. Similarly,
ZmCCD1 was 32.04% identical.

Table 2. MSA details table, showing sequence IDs (ID), alignment length (Length (aa)), alignment
coverage (Coverage (%)) and sequence identity (Identity to anchor sequence (%)), using ZmVP14

as reference anchor sequence.

D Length (aa) Coverage (%) Identity to
anchor sequence
(%)

ZmVP14 604 100 100

TbNCEDI1 510 83.28 60.69

AtNCED3 599 95.7 60.64

TbNCED2 590 91.56 55.89

PsNCEDI 631 96.03 55.45

CINCED1 631 96.85 55.38

CINCED2 600 91.72 52

PsNCED2 610 93.21 51.47

AtCCD4 595 94.7 35.04

ZmCCD1 539 85.43 32.06

Motif conservation was investigated by uploading protein sequences on MEME web server 2°. Motif
analysis showed that angiosperm and putative conifer NCEDs shared 10 motifs enriched across the
whole protein sequence and conserved in the same order, whereas other carotenoid cleavage
dioxygenases lacked from 3 to 4 of these motifs (motifs 2, 5, 6, 10 in Figure 3). 4t1CCD4 lacked motif
2, which in ZmVP14 covers a portion of the hydrophobic pocket inside the B-propeller including
important residues Val-315 and Met-345 and form non-specific interactions with the ligand. 4t1CCD4
had respectively a proline and a phenylalanine in place of these amino acids. Both 41CCD4 and
ZmCCD1 lacked motif 5, 6 and 10. Motif 5 in ZmVP14 includes Leu-218 and Leu-227, again in the
same hydrophobic patch, and several hydrophobic residues in the a3-helix - Ile-224, Ala-225, Ala-
228, Leu-229, Tyr-231, Ala-232, Ala-234, Ala-235, and Gly-237 — needed for membrane penetration.
Motif 6 includes a Met-432 next to the 9-cis bond of the ligand molecule, while motif 10 spans a

region between the al-helix and a B-strand.
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Name p-value Motif Locations

ZmVP14 0.00e+0 \ || | | | | I Il e |
7ZmCCD1 8.88e-179 [ | [ [ ]
AINCED3  0.00e+0 \ [ ] | | | | |
AtCCD4  1.20e-159 [ [ N e
CINCED1  0.00e+0 [ N | | | | | I | Bl
CINCED2  0.00e+0 \ || | | | | 1 | B
PsNCED1  0.00e+0 | [ | | | | | I [ |
PsNCED?2  0.00e+0 \ | | | | | | | Bl
TbNCED1  0.00e+0 _. || | | | | B
TONCED?2  0.00e+0 | | | | | | | | | 1 |
Motif Symbol Motif Consensus

1. EEEEEEN FMLRGGSPVIYDKEKVPRFGILPKYASDESRMKWIEVPDCFCFHLWNAWE

2. B ] YDVIKKPYLKYFMFRPDGTKGPDVTISLKEPTMMHDFATTENYVVVEDOQ

3. [ 1 YFNGRLLAMSEDDLPYAVRVTEDGDLETVGREDFDGOLKSSMIAHPKIDP

4. _ QIPECLEGVYVRNGANPQFEPVAGHHLFDGDGMIHAVRLKEKNGTA

5. [ 1 SYCCRFTRTHRLVQEEKJGRAVFPKAIGELHGHSGIARLLLFYARSLFGJ

6. ] EVVVIGSCMTPPDSIFNESDEALRSVLSEIRLNLKTGESTRREIAPLNLE

7. ] AGQVNRNYLGRKTRYAYLATIAEPWPKVSGIAKVDLQA

8. I EIVASVKLPSRVPYGFHGTFITSDDLAKQ

9. [ EDDGYILTFVHBEETGKSELLILDA

10. I:I FIAALEKKHPLPKTADPEVQISGNFAPVAESPVQHELEVVG

Figure 3. MEME (Multiple Em for Motif Elicitation) results. Sequence motifs enriched in the set of
study proteins are shown with different colours and are supported by a combined match p-value.
Consensus sequences for each motif are shown in the legend box.

Amino acid sequence variation

A closer inspection of the protein sequence alignment allowed us to identify which key residues were
conserved between 9-cis-epoxycarotenoid dioxygenases and carotenoid cleavage dioxygenases, and
between angiosperm and conifer proteins. Conifer and angiosperm NCEDs shared most of amino
acids conferring ligand stereoselectivity, including the four key His residues, with some exceptions.
A first set of important substitutions was found between residues 214 and 265 (Figure 4). Within the
substrate pocket, PsNCED?2 changed Ala-214 for a Proline and ZmCCD1 had a deletion. Ile-215 was
highly conserved but was changed for a non-equivalent Phe in ZmCCD1. Leu-218 and Leu-227 were
conserved among ZmVP14, AINCED3 and all conifer candidate sequences. 4/CCD4 had non-
conservative substitutions at both positions, having a Phe and Gly respectively. Asp-265 was highly
conserved among angiosperm and conifer NCEDs but was substituted by a Ser in 41CCD4 and an

Ala in ZmCCD1.
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Figure 4. MSA showing structural features based on reference sequence of Z. mays VP14. Target
region comprising residues between position 214 and 265. Residues with similarity scores above the
0.7 similarity cut-off value are shown in cyan blue on black background. Columns that are strictly
conserved are shown in black on cyan blue background. Sequence regions harboring amino acid
substitutions relevant to protein function are highlighted with red boxes. At = A. thaliana, Cl = C.

lawsoniana, Ps = P. sitchensis, Th = T. baccata, Zm = Z. mays.

Between residues 300 and 400 (Figure 5), Val-315 was conserved among angiosperm and several
conifer NCEDs, although PsNCED1 and THNCED1 swapped it for an equivalent Isoleucine residue.
ZmCCD1 and AtCCD4 had non-conservative substitutions at this position — His and Pro respectively.
Ile-316 was conserved, although ZmCCD]1 had a deletion at this position. 4/CCD4 swapped Met-345
for a Phe. Phe-365 was changed for a Val in PsNCED2 and a Met in 4#CCD4. Leu-367 was conserved
except for a non-equivalent substitution with Proline in PSNCED2 and ZmCCDI.
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Figure 5. MSA showing structural features based on reference sequence of Z. mays VP14. Target
region comprising residues between position 300 and 400. Residues with similarity scores above the
0.7 similarity cut-off value are shown in cyan blue on black background. Columns that are strictly
conserved are shown in black on cyan blue background. Sequence regions harboring amino acid
substitutions relevant to protein function are highlighted with red boxes. At = A. thaliana, Cl = C.

lawsoniana, Ps = P. sitchensis, Tb = T. baccata, Zm = Z. mays.

Towards the C-terminal part of the proteins (Figure 6) three Phe residues - Phe-411, Phe-171, and
Phe-589 hold in position the substrate’s carbon 9 to carbon 15, which include the 9-cis bond of the
carotenoid molecule. These three Phe residues are well-conserved except for 4#CCD4, which lacks
Phe-411, having an Ile in its place. Other important residues surrounding the same 9-cis bond are:
Phe-127, Leu-170, Met-432, Val-478, Trp-501, and Pro-502. Leu-170 was highly variable, being
substituted by an aromatic residue - either a Phe or a Trp — in A/INCED3, C/INCED1 and CINCED2,
and ZmCCD1. Val-478 was overall conserved by substitutions with another aromatic residue, Ala,
but A/CCD4 and ZmCCDI1 showed a Phe in this position. Trp-501 was highly conserved, and only
changed in 41CCD4 and ZmCCD1 for aliphatic Met or Ile residues respectively. Pro-502 only
changed in ZmCCD1 for an Ala.
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Another relevant portion located inside the B-barrel is represented by residues 499-503 forming a
loop that together with Leu-170 accommodates the carotenoid molecule (Figure 6 and Supplementary
figure 2). This loop was conserved among angiosperm and conifer NCEDs, but not in 4¢CCD4 and

ZmCCDI1.
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Figure 6. MSA showing structural features based on reference sequence of Z. mays VPI14. Target
region comprising residues between position 478 and 502. Residues with similarity scores above the
0.7 similarity cut-off value are shown in cyan blue on black background. Columns that are strictly
conserved are shown in black on cyan blue background. Sequence regions harboring amino acid
substitutions relevant to protein function are highlighted with red boxes. At = A. thaliana, Cl = C.

lawsoniana, Ps = P. sitchensis, Tb = T. baccata, Zm = Z. mays.

Structure modelling

The 3D protein structures of putative conifer NCEDs were modelled using both ab initio and
homology methods. Phyre2, Modeller and Swiss-Model were used with the 9-cis-epoxycarotenoid
dioxygenase crystallographic structure of Z. mays VP14 in complex with oxygen obtained by Messing
et al. 2010 '*, built on residues 84 to 604, as a template for model prediction. The ab initio model
generated by AlphaFold2 fit the same structure but included an unresolved stretch of residues at the
N-terminus of the protein, including the highly variable regions that precede the alpha helices

(Supplementary figure 3).
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The 3D models were structurally aligned to ZmVP14 using TM-align web server. Root mean square

deviation (RMSD) and TM-score were used to evaluate equivalence and superimposition of the

residues in the alignment. RMSD values below 2 A represent good models. TM-scores below 0.2

indicate unrelated protein structures, while values above 0.5 indicate good matching. Modeller

structures consistently showed the best scores, although all homology modelling tools generated

accurate models compared to ZmVP14 crystallographic structure (see Tables 3 and 4). AlphaFold2

performed consistently more poorly both in terms of RMSD and TM-score, probably because of

difficult N-terminus pre-sequences. Homology models generated by Modeller were hence preferred

for structure validation and downstream analyses.

Table 3. Root mean square deviation (RMSD) between corresponding residues computed by TM-align

web server. Each RMSD value refers to one structural model inferred by one modelling algorithm.

Modelling

PsNCED1 PsNCED2 CINCED1 CINCED2 TbNCED1 TbNCED2
algorithm
Swiss-Model | 0.52 0.44 0.51 0.41 0.45 0.45
Modeller 0.32 0.4 0.28 0.4 0.31 0.42
Phyre2 0.82 0.86 0.85 0.82 0.81 0.81
AlphaFold 1.61 1.58 1.64 1.59 1.64 1.67

Table 4. TM-score computed by TM-align web server. Each TM- score value refer to one structural

model inferred by one modelling algorithm.

Modelling

PsNCED1 PsNCED2 CINCED1 CINCED2 TbNCED1 TbNCED2
algorithm
Swiss-Model | 0.97 0.97 0.97 0.97 0.95 0.98
Modeller 0.97 0.97 0.98 0.97 0.96 0.98
Phyre2 0.97 0.97 0.97 0.98 0.95 0.97
AlphaFold 0.95 0.95 0.95 0.96 0.93 0.95
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Validation of Modeller structures was conducted through quality scores and energy plots. All
modelled conifer protein structures uploaded on ProSa web server showed local quality scores below
zero (positive scores indicating problematic parts of the structure) (see Supplementary Figure 4),
except for a C-terminal stretch of residues, positioning above the zero line. ProSa also computes Z-
scores indicating overall model quality. All conifer models had Z-scores between —8 and -9,
positioning in the range of experimentally known native crystal structures (Supplementary Figure 5).
Compatibility between tertiary structure and its amino acid sequence was assessed by Verify-3D
through comparison with known good structures. All modelled structures showed a 3D-1D
compatibility score above the 0.2 acceptance threshold for more than 80% of the residues (see Table
5). Modelled protein structures were further inspected by their QMEANDisCo Global scores and
Ramachandran plots obtained from ModBase at SwissModel (Table 5 and Supplementary figure 7).
QMEAND:IsCo is a scoring function used to obtain both global (structure) and local (residue) quality
estimates. All QMEANDisCo Global scores were above 0.8, indicating good agreement with
experimental structures. Ramachandran plots did not show substantial deviations of Phi/Psi angles
from allowed regions; the proportion of residues falling in the favoured regions of the plot and that

of outliers are reported in Table 5.

Table 5. Summary table of quality scores for predicted models. 3D-1D = Verify3D score indicating
the proportion of residues passing the quality threshold of 0.2, Favoured = the proportion of residues
falling in favoured regions of the Ramachandran plot, Qutliers = the proportion of outlier residues

in the Ramachandran plot.

ID 3D-1D > 0.2 (%) QMEANDiIsCo Favoured (%) Outliers (%)
PsNCED1 83.2 0.84 92.44 1.74
PsNCED2 86.07 0.82 93.2 0.78
CINCEDI1 86.63 0.83 94.16 0.97
CINCED2 85.49 0.8 93.2 1.36
TbNCEDI 87.8 0.81 92.89 2.37
TbNCED2 80.04 0.82 91.91 1.35
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Membrane and ligand interactions

The presence of N-terminal chloroplast transit peptides is predicted by TargetP-2.0 for AtCCDA4,
AtNCED3, ZmVP14, PsNCED2, CINCEDI, but not for ZmCCD1, PsNCED1, CINCD2, TboNCED1
and TbNCED?2 (see Supplementary table). Memembed was used to predict the orientation of the
proteins on the thylakoid membrane (see Figure 7). All proteins were predicted to penetrate the lipid
bilayer to some extent by using their helices. An example of docking simulation results (protein in
complex with 9-cis-neoxanthin) is shown for PsSNCED1 (Figure 8; Supplementary figure 6 for
others). Among the possible protein-ligand interactions, the most favoured were the ones allowing
the carotenoid molecule to fit in the tunnel beneath the a-helices and inside the B-propeller in their
extended form, thus positioning the 9-cis double bond next to the catalytic iron (Figure 8). The only
two exceptions were represented by 7ThNCED1 and 7ANCED?2, which did not show a protein-ligand
conformational state favourable to stretch the polyene chain in its linear shape nor to fit the carotenoid

molecule in the catalytic pocket.

Figure 7. Protein-membrane interaction simulations for putative conifer NCED structures. A
generic lipidic bilayer is show in red and blue. A= PsNCED1, B = PsNCED2, C = CINCEDL1, D =
CINCED2, E = TbNCEDL1, F = TONCED?2.
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Figure 8. Close-up of the ligand docking simulation run by Swiss-dock web server and visualised on
CHIMERA viewdock tool. PSNCED1 structure (grey ribbons) is shown in complex with Fell
(purple sphere) and 9-cis-neoxanthin (cyan blue). Key residues in the catalytic pocket are indicated

by black labels. Red arrow points at cleavage site.

Protein cloning and isolation

The P. sitchensis NCED1 was chosen for in vitro testing because of its drought responsiveness in
previous gene expression studies and expressed as an His-MBP-tagged protein. The expressed protein
proved rather insoluble and formed inclusion bodies (IB) upon cell lysis that appeared in the
Coomassie-stained SDS page gel as irregular bands (see Figure 9). In order to improve sample
solubility, the protein was expressed in a modified LB liquid media containing sorbitol and betaine at

25°C for 5-6 hours, which resulted in the best trade-off between protein yield and IB formation.

Protein purification steps included the addition of Sarkosyl to the cell lysis buffer. Sarkosyl is a mild
non anionic detergent that has been shown to improve protein solubility with no denaturing effects
30 Although Sarkosyl disrupted the protein pellet, it also rendered the cell extract somewhat viscous,

hampering thorough clean-up of the protein upon on-column purification. Nevertheless, it was
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possible, using sarkosyl at 1%, to extract soluble recombinant protein which could be purified to a

reasonable degree. The isolated uncleaved protein appeared as a band of about 96 kDa on Coomassie-

stained SDS gel (Figure 10). The difference in size between the recombinant NCED protein and the

empty vector protein supports correct protein production and isolation, so this was used in functional

testing of enzymatic activity.

Lanel Lane2 Lane3 Laned4 Lane5 Lane6 Lane7 Lane8
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Figure 9. A: Coomassie-stained SDS-PAGE gel, showing expressed recombinant protein segregation

between extraction pellet and lysate. Blue smeared bands about 100 kDa are recombinant His-MBP-

PsSNCEDLJ. Lane 1: protein marker. No-induction controls are shown in lanes 2-4. Protein expression

in lanes 5-8. B: His-stained version of the same SDS page gel, confirming the presence of an His-

tagged protein.
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Figure 10. Coomassie-stained SDS-PAGE gel, showing recombinant His-MBP-PsNCED1 and
control His-MBP tag extraction and purification steps. Lane 1: protein marker, lane 2: control LB
culture sample before addition of IPTG, lane 3: control sample from induced culture, lane 4: IPTG-
induced sample of PSNCED 1 recombinant protein, lane 5-10: elution fractions for both MBP control
and recombinant protein. Lane 11-12: MBP control isolated from empty vector expression and His-

MBP-PsNCEDI respectively, after filtration through size-exclusion column.

Enzymatic assay

We tested the purified PsNCEDI1 protein in vitro, to confirm its catalytic action and cleavage
specificity towards 9-cis epoxycarotenoids neoxanthin and violaxanthin, using a mass spectrometry-
based assay modified from Sergeant and collaborators >!. The enzyme assay did not appear to be
successful as upon analysis no peak was observed in the chromatogram, nor any species observed in
the mass spectrum, which corresponded to the product (although the ABA standard was detectable).
However, under the conditions it was not possible to observe the substrate in either the enzyme assays
or the negative controls. This might have been caused by substrate degradation during the preparation

of the reaction mix, as neoxanthin and violaxanthin are highly sensitive to light and oxygen.

153



Discussion

Carotenoid cleavage dioxygenases are a large protein family responsible for the biosynthesis of
apocarotenoids in plants. NCEDs are a subset of these proteins which have the substrate specificity
to catalyse the cleavage of the 11-12 bond of 9-cis-neoxanthin and 9-cis-violaxanthin, to produce
xanthoxin — the precursor of ABA. Here, we aimed to characterise putative 9-cis-epoxycarotenoid
dioxygenases, which we hypothesise to be involved in ABA production in conifer species. The
sequences targeted for investigations were identified based on previous phylogenetic analysis and
gene expression studies that showed their conservation and responsiveness to drought stress. We
showed they had a high degree of similarity to the reference NCED sequences in model angiosperm
species. We then modelled the corresponding protein structures using several in silico methods,
providing substantial evidence supporting their identity and predicted function, as a pre-requisite to

select the best candidate for protein cloning and testing.

Physical parameters and comparative sequence analysis

We compared amino acid sequences of our conifer candidates to Z. mays VP14 and A. thaliana
NCED3, the former being the first NCED to be structurally and functionally characterised '*!'* and
the latter being one of the most studied NCEDs among plants °>>*. Our analysis also included
sequences of Z. mays CCDI and 4. thaliana CCD4, which are not stereoselective in their cleavage

activity and hence are not involved in ABA biosynthesis >>%,

Protein sequence and structural alignments allowed to establish the degree of similarity between
model angiosperm species and conifers, but also between CCDs and NCEDs. Overall, conifer
sequences were more homologous to the reference ZmVP14 sequence than those of the CCDs, with
an identity between 50% and 60% (Table 1). Identity scores should be carefully interpreted because
they are influenced by sequence coverage. As a rule of thumb 30% coverage is considered a good
threshold for inferring protein homology *°. In our case, sequence coverage ranged between 83%

(THNCED1) and 97% (CINCED1), making their identity scores reliable.

We further inspected protein sequence alignments through a motif search (Figure 3). Protein sequence
motifs are conserved amino acid blocks bearing enough information to make them signatures of a

protein family — and hence protein function °*2, They are often useful to reduce the complexity of
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sequence alignments. Here we found 10 shared motifs across the alignment, although only 6 were
conserved in all sequences. The known NCED references ZmVP14, AfNCED3 and conifer putative
NCEDs shared all 10 motifs and signatures of protein function in the same order, in agreement with
sequence identity estimates. All motifs were related to the carotenoid oxidoreductase activity with
CCDs significantly missing 3-4 of them. Importantly, the missing motifs contain residues that have
hydrophobic interactions with the ligand in the substrate tunnel, contributing to the stereoselectivity

by positioning the 11-12 bond of 9-cis-violaxanthin and 9-cis-neoxanthin next to the catalytic iron '4,

Important residues identified during the structural and functional study of ZmVP14 * were well-
conserved between angiosperm and conifer NCEDs, with some exceptions. PSNCED2 had 3 non-
conservative substitutions at residue positions inside the hydrophobic tunnel: Ala-214, Phe-365 and
Leu-367; these amino acids are among those thought to hold the carotenoid molecule in place through
non-specific interactions. Interestingly, ZmCCD1 and A#CCD#4 either lacked the same amino acids or
had substitutions at the same positions. While substitution of Phe-365 didn’t affect VP14 function in
mutational studies ', the effect of the other substitutions is not known. We can argue that PsSNCED2
may have reduced affinity for the substrate of interest to some extent, as observed in docking
simulations (Supplementary figure 6) and may be consistent with its reduced gene expression

responsiveness to drought compared to PSNCED1 (chapter 1).

The highest variability in important and key amino acid composition was observed in both ZmCCD1
and A#CCD4, which had 9 relevant substitutions in the hydrophobic tunnel alone, including Phe-411,
Val-478, Trp-501 and Pro-502. These residues are directly involved in positioning the 11-12 bond of
the carotenoid molecule over the catalytic iron and the oxygen. ZmCCDI1 and AfCCD4 lacked another
key region, a loop forming a pocket in association with Leu-170 in ZmVP14, which accommodates
the second ring of the carotenoid molecule. Finally, 4t«CCD4 lacked key Phe-411, which again
participates in locking the substrate over the iron molecule. In contrast, these residues were conserved
in all conifer sequences (in agreement with the motif analysis), indicating they are likely to have
stereospecific cleavage activity of the 9-cis form of neoxanthin and violaxanthin, even though P,
sitchensis NCED2 and T. baccata sequences presented some substitutions in the catalytic pocket,

which may again affect the overall strength or affinity of the protein-ligand interaction.
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Protein structure modelling

We used in silico 3D modelling to predict protein folding, based on both ab initio and homology
methods %. In silico protein modelling is a fast and inexpensive way of obtaining valuable
information about protein structure and function, where experimental methods fail or are unavailable
6364 Different algorithms returned the same model based on ZmVP14 crystal structure and identified
all conifer proteins as monomeric epoxycarotenoid dioxygenases in complex with Fe!' and oxygen
with a high degree of confidence. We found that the structure predicted by AlphaFold colab tool was
less accurate, but this was expected as comparative methods remain more robust than others . It is
noteworthy that the ab initio algorithm reached the same model outcome as homology-based
modelling. Agreement between different prediction methods is a good indicator of model accuracy,
but quality checks and model validation are still needed to know which structure is best  fit for
downstream applications ®. Several algorithms and quality score systems have been developed. TM-
align compares structural alignments residue-by-residue, providing an accuracy measure for residue
matching in the form of RMSD score of superimpositions, and a combined measure of structural
quality in the form of TM-score, which is more sensitive to global topology and less dependent on
sequence coverage °5. Based on these local and global scores, we were able to select the best
performing modelling tool and the model that was closest to ZmVP14, our structural reference for
NCEDs. Modeller performed consistently better, so its predicted structures were chosen for further
quality checks. ProSa uses the known structures in the Protein Data Bank (PDB) to return local and
global quality scores for the protein of interest **. Local quality scores are based on residue energy
calculations across the length of the protein and positive scores correspond to problematic parts of

the structure.

The predicted conifer NCED structures were in the range of native crystal structures for model quality
given by Z-scores (Supplementary figure 4), although they did show some difficult (poorly resolved)
regions towards the C-terminal portion of the protein (Supplementary figure 3). These were mainly
loops between secondary structures (see Supplementary figure 7), which are often difficult to predict
as they may exist in different conformational states ’-7°. To further validate the accuracy of the
predicted protein structures, we used Verify-3D. Its algorithm assesses the compatibility of the amino
acid sequence with the atomic positioning of each residue in the 3D protein environment *'** and
confirmed that the modelled structures were compatible with their sequences (Figure 7). We also used
a newly developed algorithm, QMEANDIsCo, to obtain an estimate of local and global quality of the
model. QMEANDiIsCo derives from the combination of QMEAN — a scoring function for the degree
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of “nativeness” of a structure ’' - and DisCo, which computes pairwise distances between a model
and an ensemble of constraints derived from homologous experimental protein structures 2. All
models obtained a score above 0.8 and were hence comparable to known native experimental
structures. Finally, we investigated the stereochemistry of the models by producing Ramachandran
plots. More than 90% of the residues fell in the favoured regions of the plot, suggesting general
stability for the predicted protein structures (see Table 5 and Supplementary figure 7).

In silico functional study

Functional analyses in this study included signal peptide prediction, membrane interaction
simulations and ligand docking. ZmVP14 has been previously shown to be targeted to the chloroplast
by a transit peptide located at the N-terminal, which is cleaved after import is completed '°. An
amphipathic sequence of 160 residues in the a-helices is responsible for thylakoid membrane
targeting, together with a part of the B-propeller, so that the tertiary structure might be involved in
membrane interaction '°. Membrane localization seems to be a conserved feature of NCEDs in A.
thaliana and P. vulgaris *°. TargetP-2.0 predicted a chloroplast transit peptide in ZmVP14, AINCED3
and AtCCD4 as expected 2. The same signal was identified in PsSNCED2, CINCEDI, but not
ZmCCD1 and intriguingly not in the remaining six conifer sequences. This is not conclusive evidence
of the absence of interaction of these conifer NCED sequences with thylakoid membranes, as signal

and transit peptide can be highly variable and their identification difficult or uncertain.

In contrast, all putative conifer NCEDs were predicted to have the capacity of membrane binding, by
interacting with a lipidic bilayer in our simulation (see Figure 7). This may indicate that conifer
NCEDs could be localised either on the intern or the outer membrane of chloroplasts, not requiring
import inside the organelle. Although most of the carotenoids are stored on the thylakoid membranes,

73,74

some others including violaxanthin can be found on the chloroplast envelope , so they may be

accessible to cytoplasmic CCDs and NCEDs.

When running docking simulations we chose the lowest energy state for the protein-ligand interaction.
The carotenoid molecule stretched in its linear form inside the hydrophobic pocket, with its 11,12
double bond next to the catalytic iron. This positioning has been already observed in ZmVP14 and it
is not possible in ZmCCD1 . Surprisingly, ThANCED1 and ThNCED2 did not show such an
arrangement, but instead they accommodated the ligand molecule in a state that did not allow it to
reach the catalytic pocket. This evidence is consistent with gene expression studies, where the two 7.
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baccata sequences didn’t seem to respond to drought stress. 7ThANCED1 and TANCED2 may therefore
be involved in the cleavage of similar but different substrates analyses by use of recombinant protein
analysis to verify catalytic activity of the PsSNCED1 enzyme are presented below. In addition,
complementation studies in 4. thaliana are ongoing to confirm the identity and catalytic activity of

studied enzymes each of the species investigated here.

Protein isolation

PsNCED1 was selected as representative sequence for conifer NCEDs and expressed as an His-MBP-
tagged protein. The MBP tag has been observed to improve protein solubility and foldability of
difficult samples ">7°. However, the expressed protein was insoluble and formed inclusion bodies
during cell lysis procedures (see Figure 10). In order to improve sample solubility and increase the
chances of isolating a folded structure, the protein was expressed in an improved LB liquid media
containing sorbitol and betaine *° at 25°C for 5-6 hours, which resulted in the best trade-off between
protein yield and IB formation. Protein purification steps included the addition of Sarkosyl to the cell
lysis buffer. This is an anionic detergent known for aiding correct protein folding and isolation under
difficult conditions, such as IB formation *°. Although Sarkosyl did disrupt the protein pellet, it also
rendered the cell extract somewhat viscous, hampering thorough clean-up of the protein upon on-
column purification (see Figure 11). To cleave the MBP tag, a standard cleavage procedure including
the use of TEV protease was applied according to manufactured instructions. Although the reaction
did work with a 48h incubation or longer on small samples, on-column purification using an amylose
resin did not yield a cleaved pure product, therefore the uncleaved protein had to be used in

downstream applications.

Enzymatic assay

Finally, we attempted at testing the isolated protein in vitro, but it was not possible to obtain any
reaction product according to LC-MS analysis. This could be due to the lability of the substrates,
which are sensitive to light and oxygen, so that they may have been degraded during reaction
preparation. The fact that we were not able to detect the product nor the substrate of the reaction using
LC-MS points in this direction. Another possibility is that the MBP tag may have been affecting the
protein activity. This is less likely compared to the first option since previous studies used an

uncleaved VP14 protein during in vitro testing >'.
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Conclusions

In this work we collected several lines of evidence suggesting that the six selected conifer CCD
sequences are indeed NCEDs. Sequence and structure similarities to reference protein of Z. mays
VP14 and A. thaliana NCED?3 point at functional homology. /n silico analyses conducted in this study
and previous experimental work suggest that our candidate NCEDs are likely to cleave 9-cis-
neoxanthin and 9-cis-violaxanthin as part of the ABA biosynthesis pathway. This validates the
importance of monitoring these candidate sequences in gene expression studies in response to drought
or other stress factors that trigger ABA production in conifers. Further direct evidence is needed to
confirm the cleavage stereospecificity of our candidate proteins, especially for TONCEDs. In vitro

and in vivo assays are ongoing to confirm the candidate protein's function.
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Supplementary material

Tables

Supplementary table 1. TargetP — 2.0 output table. CS position = chloroplast signal position in the
sequence, SP = signal peptide, mTP = mitochondrial transit peptide, cTP = chloroplast transit
peptide, ITP = thylakoidal lumen composite transit peptide, Other = no targeting peptide.

ID Prediction [OTHER [SP |[mTP |cTP |ITP |CS Position

ZmVP14 |cTP 0.31] 0] 0.02| 0.68 0|CS pos: 34-35. PRA-VS. Pr: 0.2976
ZmCCD1 |OTHER 1 O 0 0 0

AtNCED3 |cTP 0.01f 0 0] 0.98 0.01/CS pos: 52-53. VSS-AL. Pr: 0.2114
AtCCD4 |cTP 0.34] 0] 0.01] 0.63] 0.02|CS pos: 35-36. INS-AV. Pr: 0.4207
CINCED1 |[cTP 0.25[ 0] 0.01] 0.73] 0.02|CS pos: 58-59. RVQ-SV. Pr: 0.4809
CINCED2 |OTHER 0.87] 0] 0.03] 0.1 0

PsNCED1 |OTHER 0.81] 0] 0.14] 0.05 0

PsNCED2 |[cTP 0.07] 0] 0.02] 0.89 0.02|CS pos: 44-45. INA-HT. Pr: 0.2784
TbNCED1 |OTHER 0.99] 0] 0.01 0 0

TbhbNCED?2 |OTHER 0.77| 0] 0.17| 0.06| 0.01
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Figures

“Chapter 2 Supplemental alignment.pdf”

Supplementary figure 1. MAFFT multiple sequence alignment (MSA) of putative and model NCED
and CCD protein sequences. At: A. thaliana; CI: C. lawsoniana; Ps: P. sitchensis; Th: T. baccata;
Zm: Z. mays. Residues with similarity scores above the 0.7 similarity cut-off value are shown in red
on white background. Columns that are strictly conserved are shown in white on red background.
ZmVP14 was used as reference anchor sequence and its structural features from PDB file 3npe

are shown. Click on interactive element to visualise.

ZmVP14
AtNCED3
PsNCED1

PsNCED2
C1NCED1
C1NCED2
TbNCED1
TbNCED2
AtCCD4

ZmCCD1

Supplementary figure 2. MSA showing structural features based on reference sequence of Z. mays
VP14. Target region comprising residues between position 499 and 503. Residues with similarity
scores above the 0.7 similarity cut-off value are shown in cyan blue on black background. Columns
that are strictly conserved are shown in black on cyan blue background. Sequence regions harboring
amino acid substitutions relevant to protein function are highlighted with red boxes. ZmVP14 was
used as reference anchor sequence and its structural features from PDB file 3npe *“are shown. At =

A. thaliana, Cl = C. lawsoniana, Ps = P. sitchensis, Tb = T. baccata, Zm = Z. mays.

167


https://doi.org/10.5281/zenodo.7807814

Supplementary figure 3. Reference ZmVP14 known crystal structure and Putative conifer NCED structures predicted by AlphaFold2 colab ab initio
algorithm. A: ZmVP14, B: PsNCED1, C: PSNCED2, D: CINCED1, E: CINDED2, F: TONCED1, G: ToNCED?2.
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Supplementary figure 6. Close-up of ligand docking simulation based on modelling by Swiss-dock
web server and visualised on CHIMERA viewdock tool. Protein structure is shown in white,
important residues that interact with the ligand are shown in magenta and labelled. Catalytic iron is
shown as a green sphere and the water molecule + dioxygen is shown in red. Ligand is shown in
cyan blue. A: PsNCED1, B: PsNCED2, C: CINCED1, D: CINDED2, E: TONCED1, F: ToNCED?2.
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QMEANDISCO (range 0-1) is used to compute confidence gradient and class interpretation guides shown below.
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Chapter 3

Leaf-level gas conductance explains variation
in water use among breeding families of Picea
sitchensis and Picea lutzii
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Abstract

Natural and planted forests are faced with new climatic challenges. Researchers and tree breeders
have joined their efforts in the search of genotypes and phenotypic traits that may confer higher
adaptability to future climate scenarios. Commercial tree species are some of the most studied systems
in the field of forest research, but variation in physiological drought responses at the interspecific
level is somewhat elusive. At the same time, recent interest has emerged around hybrids, which may
retain traits of interest of both parental species. In this chapter, we explore variability in water and
photosynthesis-related traits in response to an occasional drought in a set of Sitka (Picea sitchensis)

and Lutz spruce (Picea lutzii) breeding families.

Introduction

Forest Research has estimated the UK woodland area to be 3.24 million hectares - 13% of the total
land area in the UK (March 2022) - including commercial plantations. Of these, 51% is made up of
conifers and half of this portion is represented by Picea sitchensis (P. sitchensis) ', making it the
principal tree species in the UK timber industry. P. sitchensis dominates the UK softwood timber
market because of its high yields on diverse sites and viability under current climatic conditions 2.
However, it may suffer on dryer sites because it originates from the west coast of North America and
is adapted to moist maritime climates. Indeed, P. sitchensis plantations tend to perform better in the

wetter north-west of the UK, compared to the drier south-east *->.

Evidence suggests that the UK will follow the global trend of climate warming and its mean
temperatures may increase even faster than in other regions ®. Winters are expected to become warmer
and wetter, and summers will get hotter and drier ®’. This change will likely exacerbate differences
in regional weather patterns, with the north-west potentially becoming even more suitable for P,
sitchensis plantations, and the south-east seeing a possible increase in drought cracks and diebacks

34 Climate change will affect timber quality even when trees survive droughts *.

Our knowledge of the UK forest resilience to climate change, and that of P. sitchensis, is limited and

only a few reports have studied the responses of conifers grown in the UK to extreme weather events
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89 Overall, P, sitchensis may be more sensitive to drought stress and more prone to xylem cavitation
than other species ' %, Despite this, yield may remain high under future climate conditions and may
even compensate for its drought susceptibility; therefore, it continues to be used as the dominant
species in productive forestry . The UK Government is setting out to increase afforestation rates to
between 30,000 and 50,000 hectares per year, as part of the effort to increase forest land cover up to
17-19% and reach net-zero carbon emissions by 2050 !°. While species richness has proven to
increase forest resistance to abiotic and biotic disturbances and maintain interannual productivity '

19 it is to be expected that a relevant part of the new planted forest will be made up of P. sitchensis.

In this context, it is crucial to advance our knowledge of the resilience of P. sitchensis to climate
disturbances including drought, in order to inform on best practises in silviculture and tree breeding.
Genetic selection of best performing P. sitchensis progenies has been ongoing since 1963 %°, by
mainly looking at height, diameter, stem-straightness and wood density. As of today, more than 90%
of the planted P. sitchensis in the UK is from improved planting stock, increasing the total timber
yield by 29% 2!?, Tree breeding for yield and form traits may carry some drawbacks such as the loss
of genetic diversity associated with resistance traits, which can be overcome by crossing different
provenances. Despite the obvious economic benefits of tree selection for improved timber yield and
quality, it is unclear whether breeding practises can provide a solution to the threat posed by climate
change. Recent studies on improved Sitka full-sibling families (i.e., both parents are known improved
material) have highlighted homogeneous responses to drought both in terms of eco-physiological
functional traits and biomass production, as well as in comparison to unimproved seed lots 1?3, In
the search for alternatives to dominant P. sitchensis, some interest has re-emerged around its natural
occurring hybrid with Picea glauca — Picea x lutzii (P. lutzii) ***°. The hybrid is found both in the wet
maritime zones of the native habitat occupied of P. sitchensis and in the drier inland areas growing
together with P. glauca. Breeding efforts, such as those made by our partners at Maelor Forestry
Nurseries Itd, are currently aiming at obtaining a tree that retains the high yield typical of P. sitchensis

and site tolerance of P. glauca *'** 7.

In this study, we used a controlled drought experiment comparing several seedlings from full-sibling
families of P. sitchensis and P. lutzii. The objective was to assess the effects of acute short-term
drought on the different families by 1) monitoring changes in water relations, 2) studying changes in
photosynthesis-related traits expected to vary in response to drought and, 3) calculating water use
efficiency. This experimental approach aimed to identify putative physiological markers of inter- and

intra-specific diversity in closely related species that are highly important to the UK timber market.
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Materials and methods

Plant material and experimental conditions

Two-year-old seedlings (30-50 cm tall) of P. sitchensis and P. lutzii were obtained from Maelor Forest
Nurseries 1td (Fields Farm, Bronington, Wrexham, SY 13 3HZ). Both species included five breeding
families each, but only four were used due to space constraints and variation in plant vigour (see
Table 1 for identifiers and origin). Trees were shipped with bare roots, in dark plastic bags and potted
upon arrival into 3-litres square pots containing medium coarse potting compost (pH: 5.3 to 6.0,
Levington®). Potted seedlings were allowed to acclimatise for 8§ weeks in a greenhouse supplied with
artificial lights (photoperiod 16h/8h - day/night). Temperature and relative air humidity were
monitored by using a SKH 2065 - PT100 RH+ temperature probe fitted with a radiation screen (Skye
instruments Itd, Ddole Enterprise Park, Llandrindod, Wells Powys LD1 6DF, UK). Oscillations in
temperature and air humidity were buffered by automatic air ventilation through roof vents.
Photosynthetically active radiation (PAR) was monitored by a QS5-15 PAR quantum sensor (Delta-
T devices Itd, 130 Low Road, Burwell, Cambridge, CB25 OEJ, UK). All sensors were connected to a
GP2 data logger (Delta-T devices 1td), and data recorded daily (8:00AM) (see figure 1). It must be
noted that a heatwave caused high temperature conditions inside the greenhouse for the duration of
the experiment, with peaks above 40°C, the ventilation and cooling systems being not sufficient to
ameliorate them. Although we did not consider temperature as a factor in our experimental design, it

could have been exacerbating tree stress to some extent. Implications are discussed.
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Table 1. Provenance and type of material of the full-sibling families of Sitka and P. lutzii used in this

experiment. Pl = Picea lutzii, Ps = Picea sitchensis. WSFN = P. glauca pollen from Canada. SS =

Sitka spruce (P. sitchensis). Veg. Prop. = vegetative propagation. W+1 = 1 year grafted + 1 year in

open field.

Species and
provenance

Parent ¢

Parent &
(pollen)

Propagation
method

Type of crop

Batch no.

P1700

SS686

WSFEN6055

Somatic
embryogenesi

S -> veg. prop.

15100700/1

P1701

SS1350

WSFN6121

Full sibling
seed > veg.
prop.

W+1

16100701

P1702

SS1494

WSFEN6055

Full sibling
seed > veg.
prop.

W+1

16100702

P1703

SS390

WSFN6096

Somatic
embryogenesi

s -> veg. prop.

W+1

15100703/1

Psll11

SS1492

SS1500

Full sibling
seed > veg.
prop.

W+1

1990111

Ps112

SS1492

SS1583

Full sibling
seed -> veg.

prop.

W+1

1990112

Ps117

SS394

SS1583

Full sibling
seed -> veg.
prop.

W+1

1990117

PsA18

Seed orchard
seed - open
pollination

1+1

198202

Trees were organised in a design with 5 blocks distributed across the greenhouse, each block

containing 14 trees of all breeding families. Pots were watered to full capacity until the drought

treatment was started by completely withholding water. The drought treatment lasted for 25 days

during July 2021, after which pots were re-watered to full capacity twice in August (04/08 and 06/08).

All physiology measurements were collected from randomly selected trees. Once sampled for water
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potential determinations (see details below), each tree was virtually removed from the experimental

design, but physically maintained in its position.
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Figure 1. A: Time course of experimental PAR (Photosynthetic Active Radiation), Air Temperature
and Air Relative Humidity, measured daily at morning by greenhouse sensors. Smoothing line and
95% confidence interval are applied (orange line and shaded area, respectively). B: Experimental
time windows (Well-watered, Drought stress and Rewatering) and sampling time points (dates);

LRCs (Light Response Curves) measured on selected time points.
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Plant physiology measurements

Gas exchange measurements were performed using a LC-pro T IRGA (InfraRed Gas Analyser) device
(ADC BioScientific 1td., Global House, Geddings Rd, Hoddesdon EN11 ONT, UK) at the following
time points: 09/07, 13/07, 16/07, 20/07, 23/07, 27/07, 30/07, 04/08, 06/08 (2, 6, 9, 13, 16, 20, 23, 28
and 30 days since first withholding water). Needle-leaf area was measured with Easy Leaf Area
software (Easlon and Bloom, 2014). Green and fully expanded twigs were selected, and then a
photograph was taken with an iPhone SE camera and loaded onto the Easy Leaf Area dashboard. A
white paper sheet with a reference red square of known area (3 x 3 cm) was used as a background.
The estimated leaf area was recorded on the LC-pro T system and used to normalise gas exchange
readings for every twig. Three twigs from each of four individual trees per family were sampled and
the mean value was calculated. The IRGA operated in CO2 ambient mode with a supplied air flowrate
of 200 umol s! and saturating PAR (see light response curves for saturating PAR estimation). A
cylindrical conifer leaf chamber equipped with a LED white light was used, and complete insulation
was achieved by applying a grease layer on the gasket and by sealing the chamber with tape to prevent
air leakage. Three instant readings were recorded every 2-3 minutes after letting the twig
acclimatising in the chamber — once sub-stomatal CO> and stomatal gas conductance had reached
steady values. The following parameters were recorded: stomatal conductance of H2O (g;), leaf
transpiration rate (E), instantaneous net leaf assimilation rate (4), sub-stomatal CO, (C;), intrinsic
water use efficiency (WUE;) - calculated as the ratio of A/gs- and instantaneous water use efficiency

(WUEins) - calculated as the ratio of A/E.

Light response curves (LRCs) were obtained from a subset of three seedlings of each family at three
time points: before starting the drought treatment (well-watered, 7™ of July), at the end of the drought
(drought, 28" and 29" of July), and after rewatering (rewatered, 12" of August). The same twigs of
the same three seedlings from each breeding family were re-analysed at every time point. Data were
collected by placing a single twig and in the conifer chamber letting it acclimatise at maximum PAR
(1500 umol m? s! - the chamber was wrapped in a black plastic sheet to minimise interference by
environmental light). PAR was then reduced following a stepwise sequence: 1500, 1250, 1000, 800,
600, 400, 200, 150, 50, 30, 0 umol m~s’'; at intervals of 3 minutes and net photosynthetic assimilation
(4) was recorded at each step. Light response curves were modelled by fitting a nonlinear least
squares regression (non-rectangular hyperbola). Four parameters were estimated by the model: light
saturated rate of photosynthesis (4s.), dark respiration (Ry), apparent quantum yield (AQY)), curvature
parameter (theta). Light compensation point (LCP) and light saturation point (LSP) were obtained by
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solving the model equation when A = 0 and 90% A respectively. The highest light saturation points
of each of the three seedlings from every family estimated for the well-watered subset of trees were

used as saturating PAR in all subsequent IRGA measurements for trees belonging to the same family.

Volumetric soil water content (SWC) was measured in the pot of each seedling with a ML3
ThetaProbe soil moisture sensor (Delta-T devices) fully inserted below the soil line. Plant water status
was assessed by measuring midday xylem water potential (MWP) between 11:00 and 14:00, using a
Scholander-type pressure chamber (SKPM 1400/80, Skye instruments, Unit 21, Ddole Enterprise
Park, Llandrindod Wells LD1 6DF). Three twigs from each individual tree were excised using a razor
blade and immediately fitted in the chamber for measuring. Xylem sap extrusion was observed using

a 10X illuminated magnifier. MWP readings from the 3 replicates were then averaged.

Tree height and diameter

Seedling growth was estimated on a subset of trees during the drought and recovery period by
measuring stem height and diameter. Five seedlings per family were measured at each time point.
Tree height was measured with a 2m metric ruler from the first node to the tip of the trunk. Stem
diameter was measured with a 150mm digital calliper (0.01 mm resolution) at the first node next to

the soil line.

Statistical analysis

All statistical analyses were performed in R environment. Data distribution and linear model residuals
were checked for normality and homogeneity of variance using Shapiro-Wilk test and Bartlett test
respectively. When linearity assumptions were violated, non-parametric Kruskal-Wallis test followed
by post hoc Student’s t-test were applied to compare means of photosynthesis parameters among
species and breeding families, including both droughted and re-watered seedlings. One-sample
ANOVA followed by Student’s t-test were used to compare light response curves parameters.
Comparisons of growth parameters between families were performed by ANOVA, while pairwise
comparisons between first and last experimental day for each family were performed with T test.
Relationships between plant water status (MWP), photosynthetic parameters (gs, E, 4, Ci, WUE;,
WUEins) and SWC are presented by fitting a simple linear regression or second order polynomial
function, chosen accordingly to lowest significance p-value and highest 1* coefficients. Time course

of water status (MWP), photosynthetic parameters (g5, E, 4, Ci;, WUE;, WUEixs) and SWC are
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presented and multiple pairwise comparisons against a base-mean (all versus all) are computed using
a Student’s t-test. Correlation between tree water status and photosynthesis variables was assessed by
applying a Spearman’s correlation test. A PCA (Principal Component Analysis) was run on a scaled

and standardised data matrix.

Results

The P. sitchensis and the hybrid P. lutzii seedlings exposed to drought for 25 days and rewatered
remained healthy and increased their overall size over the course of the study. There were no
significant differences in height and diameter between families at the beginning of the study nor were

by the end of it (Supplementary figure 1 and supp. Table 1).

Changes in soil water content and water potential

The volumetric SWC progressively decreased with the drought for the duration of the experiment,
from = 50% to less than 10%. When rewatered at the end, pots showed a full recovery of SWC to pre-
drought levels (Figure 2). The data indicated that the pot drying rate varied significantly between
families, with some crossing the base-mean threshold later than others, such as families P/700,
indicating slower loss of water. Overall, pots reached below 30% SWC between 13 and 16 days after
the start of the drought. MWP also decreased but to a lesser extent and did not show a clear trend
across families relative to SWC. In fact, the average midday water potential changed less than
expected, varying between —8 and —13 bars until rewatering, when an increase of 30-40% was
observed compared to the initial values (Figure 2). Exceptions were noted in P/701, P/703 and Ps112,
where a significant decrease in mean water potential was observed during the drought period, but it
was not consistent for the entire duration of the experiment. In all cases a transient increase towards
less negative water potential was observed after around 20 days of drought stress. g; was relatively
low when the first measurements were taken, being close to 0.1 mol m? s and tended to further
decrease between 13 and 23 days of drought stress. Changes in E were consistent with gs, although
the data were more variable, and differences were less significant. A clear increase in overall gas
conductance was observed upon rewatering, up to 155% for family P/700, although the increase was

not significant compared to the base-mean value (Figure 2).
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Determination of photosynthesis levels and water use efficiency

Mean A4 tended to increase slightly between day 9 and day 13 in all families up to = 10 pmol m s™!
before decreasing (Figure 3). Mean A decreases were significant in 3 of the P. lutzii families (P/700,
PI702 and PI703) and only between 20 and 23 days of drought stress. The increase in water
availability after rewatering triggered a steep increase in photosynthetic carbon assimilation in all
families to above 10 pmol m™ s™!. Although this change was significantly higher than base-mean only
for families PI701 and PI/702, it represented an increase of 50-120% compared to initial values for all
families. Sub-stomatal CO» (C;) showed a significant decrease only in families P/701 and Ps117, and
changes were consistently in the opposite direction compared to mean photosynthetic rate (Figure 3).
WUE; and WUEiys followed similar trends and appeared to change in the opposite direction compared
to ci. Mean water use efficiency increased transiently during drought treatment in families P/701,
PI702 and Ps117 and most strikingly in family PsA18. Family P/701 showed = 40-60% increases in
WUEinsat 13 and 23 days of drought, as well as after rewatering. P/702 had a 50% increase in WUEins
at 13 days only, while families Ps117 and PsA18 increased their water use efficiency, but this was

statistically significant only after rewatering.

The data indicated that P. /utzii had a significantly higher instantaneous water use efficiency compared
to P. sitchensis (Kruskal-Wallis p-value < .05) (Table 2). There were significant differences in mean
E, g5 and instantaneous water use efficiency (WUEins) between breeding families of both species
across the entire duration of the drought and recovery experiment (Kruskal-Wallis p-value <.05, post
hoc t-test p-value < .05) (Table 3). Mean instantaneous water use efficiency was highest in P/700,
PI701 and Ps117 (6.31-7.50 umol ~ mmol™') and was lowest in Ps111 and PsA18 (5.50-5.68 umol ~
mmol ™). We found the highest mean E in Ps111, P/702 and Ps117 (1.08-1.22 mmol m™ s) with
Ps111 recording the highest mean E which was significantly different from all other families. The
lowest mean E was found in Ps112 and P/703 (0.86-0.92 mmol m-2 s-1). Gs to water vapour (gs) was
highest in P/700, Ps111 and PI702 (0.08-0.1 mmol m? s™), while families P/703 and PsA18 had the
lowest values (0.07 mmol m™? s™). The other families showed a high degree of variability in their

stomatal responses to experimental treatment.
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Table 2. Summary of non-parametric analysis of variance of P. lutzii (Picea lutzii) and P. sitchensis

(Picea sitchensis) water status and photosynthesis parameters. MWP (- bar), gs (mol m?s), E (mmol

m2s?), A (umol m? s*), Ci (umol mol™*), WUE; (umol mol*), WUEins (umol mmol™*). Mean = mean

values, (SD) = Standard Deviation.

MWP 275
E 277
9s 277
A 277
C; 277
WUE; 277
WUE;,s 277
T Mean (SD)

Kruskal-Wallis test
Variable N P [utzii,n = 1387 P sitchensis,n=1397 p-value?

-9.30 (2.41)

0.99 (0.41)
0.08 (0.05)
6.7 (3.8)
248 (69)
84 (41)

6.67 (2.83)

2 Kruskal-Wallis rank sum test

-9.27 (2.26)

1.05 (0.43)
0.08 (0.04)
6.1(3.6)
247 (71)
85 (38)

5.83 (2.50)

>0.9

0.13

0.2

0.2

>0.9

0.6

0.005
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Table 3. Summary of non-parametric analysis of variance and post hoc multiple comparisons by Tukey test of P. lutzii (Picea lutzii) and P. sitchensis

(Picea sitchensis) water status and photosynthesis parameters. MWP (- bar), gs (mol m2 s?), E (mmol m-2 s-1), A (umol m? s), Ci (umol mol™),
WUE:i (umol mol ™), WUEins (umol mmol*). Mean = mean values, (SD) = Standard Deviation. T test significant differences between groups are shown

in compact letter display. Level of significance: p-value < 0.05.

P, lutzii

Kruskal-Wallis test

Variable N PI700,n=32" PI701,n=35" PI702,n=36" PI703,n=35" Ps111,n =357

MWP 275 -9.51(2.04) -898(272) -9.16(2.48) -9.58(2.38) -9.28 (2.20)
E 277 1.02(0.45) b€ 0.99 (0.42)P¢ 1.08 (0.37)2P 0.86 (0.39)¢ 1.22 (0.40)2
gs 277 0.10(0.07)® 0.08 (0.05° 0.08(0.04)2 0.07(0.03)® 0.08 (0.03)2
A 277 7.7(4.3) 7.0 (3.9) 6.9 (3.5) 5.3(3.2) 6.9 (4.1)
C; 277 245 (41) 245 (81) 245 (65) 255 (81) 248 (69)
WUE; 277  81(22) 84 (49) 84 (38) 85 (49) 82 (33)

WUEns 277 7.50 (2.01)% 6.89(3.45%° 6.18(2.41)%° 617 3.07)° 550 2.26)°

T Mean (SD)
2 Kruskal-Wallis rank sum test

P sitchensis

Ps112,n=35" Ps117,n =347 PsA18,n=35" p-value?

-9.13(2.49)

0.92 (0.37)¢

0.07 (0.03)°
5.5(3.5)
254 (65)

82 (33)

b b
5.84(2.51) C 6.31(2.55) 2 ¢ 5.68 (2.69)°

-9.70 (2.15)

-8.99 (2.21)

0.7

1.08 (0.45)2PC .99 (0.45)P¢ 0.006

0.09 (0.05)2° 0.07 (0.04)P

6.6 (3.4)

251 (69)

86 (37)

5.4 (3.1)
237 (82)

91 (48)

0.015

0.13

>0.9

>0.9

0.020

186



Modelling relationships between physiological traits

We explored the relationships between gas exchange and plant water status variables by computing a
correlation matrix (Figure 4 and 5). This showed that E and g, were positively correlated with SWC
across all families; however, MWP was not significantly correlated with SWC. 4 was highly
correlated with E and g; (Correlation coefficient = 0.5-0.9) in most families (except Ps117, correlation
coefficient =~ 0.2). In contrast, 4 was not significantly correlated with MWP (p-value > 0.05) and gave

low correlations with SWC in all families (= 0.2-0.4, but not significant for Ps117).

We observed higher and wider ranging correlations between 4 and water use efficiency in P, sitchensis
compared to P. [utzii. Correlation between 4 and WUE; was 0.3 - 0.5 in P. [utzii, compared to 0.3 -
0.8 in P, sitchensis. Similarly, the correlation between 4 and WUEins was 0.6 - 0.7 in P. lutzii and 0.5
- 0.8 in P, sitchensis. A was negatively correlated with C; (Correlation coefficient = 0.5-0.7), while C;
was negatively and highly correlated with water use efficiency (Correlation coefficient = - 0.9). A
PCA analysis of the above data across all families identified two principal components, the first
explaining 47.5% of variability in the data and the second explaining 34.5% (Figure 6). Most of the
variability along the main axis was driven by E and g;, whereas MWP did not represent a major factor.
Water use efficiency and C; moved along the second axis, but in opposite directions, being inversely
correlated. 4 positioned diagonally in between the main axes and represented a substantial portion of

total variability. PCA analysis did not identify differences between study families.
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We modelled the relationship between soil volumetric water content (SWC) and key physiological
parameters for each family, using quadratic functions (Figure 7). This showed that the relationship
with water potential measured at midday (MWP) varied among families and was statistically
significant only for P/701 (p-value <0.01) (Figure 7). Although the second order polynomial function
explained only 27% of the total variance (r*adj = 0.27), P[701 did show a decreasing MWP in response
to SWC. This relationship was not as obvious for the remaining families, where MWP did not show
significant patterns in response to SWC. We did instead observe a higher level of significance for the
relationship of E and g, with SWC. Only two families — PI700 and Ps112 — did not significantly
respond to the decrease in SWC (p-value > 0.05). Photosynthetic assimilation trends were poorly

explained by SWC, being significantly related only for PI703 (p-value = 0.04).

Similar modelling was carried out with 4, gs and C; for each of the families (Figure 8). The positive
relationship between 4 and g, did not show substantial deviations from linearity, although there was
some variation among families, with family Ps117 showing the highest divergence (r*adj = 0.22)
(Figure 8, left side). A steep decline in photosynthetic 4 with decreasing g; was apparent in all
families. An increase in C; was apparent in response to decreasing 4. No significant relationship was

found between g and C; (Figure 8).
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sitchensis (Ps) and P. lutzii (PI). Quadratic functions and ordinary least squares are represented by dashed lines. R%adj = adjusted coefficient of

determination, P = p-value. Samples from drought period (circles) and rewatering (triangles) included. N = 32-36.
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Light response curves

We developed light response curves (LRCs) before, during and after water deficit (Figure 1), to assess
how the capacity and performance of the photosynthetic apparatus may change in response to drought
stress and recovery. Analysis of the resulting LRCs identified key variables that significantly varied
within and between families (Table 5 and 6) and at different time points, but not between species
(Table 4).

Table 4. Summary of analysis of variance of P. lutzii and P. sitchensis light response curve
parameters. LCP (umol m? sY), LSP (umol m? s, Asat (umol m? s), AQY (mol mol ™), Rg (umol
m=2s7), theta (dimensionless). Level of significance: p-value < 0.05. Mean = mean values, (SD) =

Standard Deviation.

ANOVA
Species

Variable N P lutziin= 36" P, sitchensis, n= 36’ p-valuez

LCP 70 26 (17) 29 (18) 0.4
LSP 70 764 (425) 727 (419) 0.7
Agar 70 10.0 (4.8) 9.0 (4.9) 0.4
AQY 70  0.06 (0.06) 0.06 (0.04) 0.8
Ry 70 1.30(0.84) 1.33(0.69) 0.9
theta 70  0.60(0.44) 0.60 (0.43) >0.9
" Mean (SD)

? One-way ANOVA
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The major changes in photosynthesis were observed in family P/700 (Table 4). When looking for
overall differences in mean values of LRC parameters, we observed variability in 4 at light saturation
(Asar) (ANOVA p-value = 0.031) and dark respiration (Rg) (ANOVA p-value = 0.002) among families.
PI700 showed the highest mean maximum photosynthetic rate with 14.6 pmol CO2 m 2 s~!, whereas
PI703 and PsA 18 had the lowest (6.9 and 7 umol CO2 m 2 s~ ! respectively) and all other families had
intermediate values. We found the highest R, in family P/700 (1.99), followed by Ps117 (1.89). PI702
had overall the lowest Rs (0.83). Here light compensation point (LCP, p-value < 0.001), light
saturation point (LSP, p-value = 0.004) and light saturated rate of photosynthesis (45, p-value =
0.034) showed an increase from well-watered to recovery, across drought stress. The light
compensation point significantly increased after re-watering (41 umol m 2 s™!), light saturation point
increased upon imposition of drought stress up to 1,045 pmol m 2 s ' and 1,289 umol m2 s™! after
re-watering, while light saturated rate of photosynthesis constantly increased from the imposition of
drought stress until re-watering from 10.68 to 18.65 umol CO, m™2 s™!. In family PI701, light
saturated rate of photosynthesis only changed significantly (p-value = 0.03) by increasing upon re-
watering compared to the drought-stress period. Family P/703 showed significant changes in apparent
quantum yield (AQY) and curvature parameter (theta). Apparent quantum yield was not significantly
affected by drought treatment but increased upon re-watering to higher levels compared to drought
period (0.063, p-value = 0.044), while curvature parameter progressively moved from 0.86 at the
well-watered time point to 0.51 after re-watering (p-value = 0.022). Family PsA18 showed a steep
increase in maximum photosynthetic rate upon rewatering, while drought period couldn’t be

accounted for as it was not possible to estimate LRCs parameters at this time point.
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Table 5. Summary of analysis of variance and post hoc multiple comparisons by Tukey test of P. lutzii light response curve parameters. 0 = Pre-
drought, 1 = Drought, 2 = Rewatering. LCP (umol m? s*), LSP (umol m? sY), Asat (umol m? s), AQY (mol mol™), Ry (umol m?s?), theta
(dimensionless). Significant differences between groups are shown in compact letter display. Level of significance: p-value < 0.05. Mean = mean

values, (SD) = Standard Deviation.

Variable N 0,n=31

LCP 9
LSP 9
Asat 9
AQY 9
R4 9
theta 9
"Mean (SD)

16 (1)@

320 (20)

10.682
(1.90)

0.11
(0.02)

1.67
(0.35)

0.76
(0.02)

S One-way ANOVA

P1700
p-
1,n=3" 2,n=3" value’
21(3)a 41(4a)b <0.001
a 1,045b 1,289b
(330) (184) 0004
ab b
14473b 1865b
4.13)  (1.46)
016  0.06
©018 (©o1) %°
202 228
1500 (054) %7
001 067
(119) (005) %4

¥e]

¥e)

(o]

Yol

54 (9)

21 (20)

735(596) 741 (461)

2,n=31

23(15)

884 (452)

p-
2
value

0.074

>0.9

7.8(1.4)2P 54 (4.4) @ 13.4 (1.4)P 0.030

0.047
(0.012)

2.03
(0.40)

0.36
(0.95)

0.027
(0.012)

0.69
(0.89)

0.68
(0.09)

0.080
(0.044)

1.44
(0.37)

0.58
(0.11)

0.12

0.089

0.8

N

9

0

0

0,n=3

24 (10)

632 (223) 773 (439)

9.20
(0.92)

0.053
(0.032)

1.13
(0.36)

0.75
(0.06)

Pl702

1,n=3

18 (8)

8.67
(6.22)

0.040
(0.010)

0.71
(0.45)

0.70
(0.16)

1

2,n=31

12 (8)
763 (511)

10.90
(2.61)

0.067
(0.025)

0.65
(0.29)

0.64
(0.19)

p-
2
value

0.3

0.9

0.8

0.5

0.3

0.7

N

0

0

o)

0,n=3

28 (21)

332 (337)

6.2 (6.3)

Pl703

7,n=3’
36 (27)

912 (66)

5.8(1.7)

0.0402P (027 2

(0.017)

1.36
(1.42)

086 b
(0.07)

(0.006)

0.76
(0.33)

0.68ab
(0.07)

2,n=3

14 (11)

743 (656)

8.7 (4.1)

0.063b
(0.015)

0.79
(0.42)

0512
(0.16)

p- 2
value

0.5

0.3

0.7

0.044

0.7

0.022
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Table 6. Summary of analysis of variance and post hoc multiple comparisons by Tukey test of P. sitchensis light response curve parameters. 0 = Pre-
drought, 1 = Drought, 2 = Rewatering. LCP (umol m? s*), LSP (umol m? sY), Asat (umol m? s), AQY (mol mol?), Ry (umol m?s?), theta

(dimensionless) Significant differences between groups are shown in compact letter display. Level of significance: p-value < 0.05. Mean = mean

values, (SD) = Standard Deviation.

Ps111

p-

Variable N 0,n=3" 1,n=3" 2,n=3' value’

LCP 9 45@)P 110102 12(10)2 0.007
885 1,126 682

i ° @316) (214) (as4) 3
13.4

At 9 75018 80(47) 0.3
0.03 0.05 0.11

AQY 9 000) (004 (007) 92
1.42 0.64 0.75

Rd % (©024) (055 (022) 0084
068  -0.17 0.64

theta 9 053 (108 (009 O3

"Mean (SD)

? One-way ANOVA

N

9

0

0

9

Ps112
0o,n=3" 1,n=3" 2n=3
33(13)  25(10)  19(24)

419 (359) 612 (398) 421 (341)

8.53 (2.56) 7.05 (3.81) (111'3894)
0057 0043  0.100

(0.015) (0.012) (0.053)

1.62 (0.45) 0.99(0.21) 1.12(0.76)

0.86 (0.15) 0.70(0.16) 0.81 (0.05)

p-
2
value

0.6

0.8

0.2

0.2

0.4

0.4

N

0

0o,n=3" 1,n=3 2,n=3"
45(28) 37(22)  42(20)

1,230
565 (388) 622 (394) (367)
6.2(34) 6.4(39) 17.1(6.7)

0.057 0.043 0.073
(0.035) (0.021) (0.040)

1.75(0.43) 1.56(1.28) 2.38(0.49)

0.76 (0.15) 0.72(0.16) 0.55(0.07)

p-

2
value

>0.9

0.14

0.055

0.6

0.5

0.2

~

~

~

7

PsA18
p-
0o,n=3" 1,n=3" 2,n=3" value’
31(5) 9 (NA) 30 (16) 0.4
529
502 (623) (NA) 996 (289) 0.5
a b
3.24 11.33
3.92(1.77) (NA) (1.00) 0.006
0.040 0.080 0.057 0.4
(0.010) (NA) (0.029) =
0.55
1.13(0.14) (NA) 1.50 (0.76) 0.4
-0.17
0.67 (0.47) (NA) 0.61 (0.15) 0.2
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Discussion

In this study we assessed the degree of variation in water status and gas exchange dynamics between
two species of conifers in the Pinaceae, P. sitchensis and its hybrid P. lutzii - and their full-sibling
breeding families. We did this by imposing an artificial and acute drought stress on potted young
seedlings under semi-controlled conditions and by monitoring their responses throughout several
weeks, from optimal SWC, through soil water deficit, to rewatering. Both species adopted a
conservative water regulation strategy, and the main source of variability was found in g, and E. Water
and gas exchange parameters recovered to higher levels than pre-stress, as a probable mechanism of
compensation over drought stress. The photosynthetic apparatus didn’t seem to be largely affected by
stress. In fact, P. lutzii showed signs of resistance under drought conditions, while P. sitchensis

appeared tolerant. WUEi,s was slightly higher in P. [utzii compared to P. sitchensis.

Changes in soil water content and water potential

SWC drastically decreased from full capacity to less than 10% in all measured pots (Figure 2 and 7).
Despite this, we did not observe a consistent reduction in MWP. In fact, MWP was rather stable in all
families for the entire duration of the experiment, although variable among measured time points
(Figure 2). Some families displayed a more consistent decrease in MWP with increasing soil water
deficit, especially P/701, PI703 and Ps112. Nevertheless, the change in MWP was small and breeding
families didn’t differ in mean water status, nor did correlation analysis find any significant links
between SWC and MWP (Figure 4 and 5). These results agree with studies on conifer responses to
drought showing that members of the Pinaceae such as Picea spp. can be very conservative in terms
of leaf water status dynamics under drought conditions 234, P[701 was the only family to show an
almost linear decrease of MWP with SWC (p-value < 0.01, R?,j = 0.27), which we interpret as a less
conservative response to drought stress (Figure 7). PsA18 didn’t show a significant response to
decreasing SWC (p-value < 0.06, R%,qj = 0.14), but together with P/702 appeared to have less of a
conservative control over MWP as well. These three families may therefore be the less sensitive to

drought conditions among the others, in terms of leaf water status.
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Plant stress-physiology and gas exchange

MWP appeared to be decoupled from gas exchange. This was indicated by the lack of relationship
between the levels of gas exchange and changes in MWP during soil drying (Figure 7). In fact, our
correlation analysis did not show any significant result for both g; and E in relation to MWP (Figure
4 and 5). This is coherent with the argument that tight stomatal control under limiting water soil
conditions is not necessarily associated with conservative regulation of leaf water potential *3, as we
have observed previously in Chapter 1 of this work, and that other factors may influence water status
and ultimately determine tree death under drought (hydraulic architecture, rooting system). This
seems to be the case for family P/700, where maintenance of g; does not result in a drop of MWP
(Figure 7). In contrast, Ps117 closed stomata quickly and maintained a rather steady MWP. Overall,
gs and E declined with drought progression in most families (Figure 2 and 7), being significantly
correlated with SWC, and were among the main drivers of variation in our experimental dataset,
according to PCA (Figure 8). Non-parametric analysis of variance identified significant differences
in mean g; and E between families (Table 3), but not between species (Table 4). Ps111, P/702 and
PI700 were the families losing more water through their stomata, as indicated by the highest mean
rates of gas exchange, while PsA18 had the lowest g;. The relationship between decreasing SWC and
conductance to water vapour was quadratic and significant in all families except for /700 and Ps112
(Figure 7). The parabola suggested a 20-30% SWC response threshold in the seedlings. Other studies
have found similar SWC thresholds, where = 20% SWC limits water availability for the plant and
triggers physiological responses >3, We found stricter stomatal control, as described by the goodness
of fit of the quadratic function and the degree of its curvature, in families Ps117, P/703, P/702. In
contrast, P/700 didn’t appear to be affected by SWC depletion, the almost flat slope of g; and E

indicating loose stomatal control.

MWP was not significantly correlated with 4 (Figure 4 and 5). On the other hand, SWC was correlated
with 4 and this relationship was slightly stronger for P. [utzii compared to P. sitchensis. The time-
course of leaf-level assimilation saw a transient increase between the first and second week of water
deficit (Figure 2), possibly due to an increase in solar irradiance or the high temperature inside the
greenhouse **. Afterwards, 4 decreased and recovered only after rewatering. All families seemed to
operate around the same level of mean photosynthetic A4 as there were no significant differences
(Table 3). The change in photosynthetic assimilation rate was highly correlated with water vapor
conductance (Figure 8) and the concomitant decrease in gy and 4 indicated stomatal limitations over

photosynthetic carbon assimilation in all families 3°**. Hence, photosynthesis depended on CO,
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diffusive resistance rather than on leaf water status ***®, We in fact observed an inverse relationship
between photosynthetic 4 and C;, with the latter decreasing as the rate of net photosynthesis increased
(Figure 8). It has been shown that non-stomatal limitations intervene in the advanced stages of
drought, when g decreases past a threshold of around 0.05 mol m2 s ! and eventually leads to
photosynthesis failure *’*%. In our study mean g, was above that limit, pointing again at a probable
stomatal limitation over net photosynthetic rate under our experimental conditions. However, the lack
of any clear link between stomatal opening and sub-stomatal CO; represents a confounding factor.
Therefore, we can’t rule out a simple co-regulation of 4 vs g; and an effect of non-stomatal limitations
of photosynthesis (i.e. a direct effect of stress factors on photosynthesis reactions), as these would

contribute to increasing C;, versus the decrease driven by limited gas exchange and net photosynthesis
40,49-51

High growth temperatures can affect both stomatal behavior and photosynthesis biochemistry 2.
Stomatal responses vary between species and are still debated 2. A recent study found that a
combination of heat and drought can induce a strong response leading to stomata aperture and loss of
water in broadleaf, evergreen isohydric species *>. We did not observe such dramatic increments in
gas exchange in our conifer species. Acclimation of leaf photosynthetic biochemistry to high growth
temperatures can intervene, imposing non-stomatal limitations on photosynthesis and reducing its
efficiency >*°°. However, this acclimation response may depend on plant species and functional
types, as it has been observed that evergreen woody plants (such as P. sitchensis) have greater
temperature photosynthetic homeostasis, showing limited changes of photosynthetic rates to

increasing growth temperatures 5.

Light response curves

We examined the changes in light use efficiency at key time points as extrapolated from the
photosynthetic light response curves (4/PAR) to assess the potential for metabolic damage to the

photosynthetic apparatus. This highlighted differences between P. sitchensis and P. lutzii.

In P, sitchensis, the photosynthetic function was largely unaffected by drought stress. Drought can
impact the photosynthetic machinery, causing a reduction in maximum photosynthetic rate (A4sa),
apparent quantum yield (AQY), light saturation point (LSP) and light compensation point (LCP) >
80, Analysis of variance showed only a significant increase in maximum photosynthetic rate (Asa)

between pre-stress and recovery time points of PsA18 and a nearly significant increase in maximum
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photosynthetic rate between the same time points of Ps117 (Table 4 and 5). These were large
increments in maximum photosynthetic rate in all P. sitchensis families upon rewatering compared to
starting levels, although non-significant. This, together with the visible but not significant increase in
apparent quantum yield and decrease in light compensation point at the rewatering compared to pre-
drought time point of all families, could suggest that an acclimation mechanism to limiting conditions
other than SWC took place at the beginning of our experiment and rewatering re-established optimal
conditions. This could be due to transient acclimation to the elevated temperatures that trees

38.61-63 " which then enhanced photosynthetic functions under non-

experienced in the greenhouse
limiting water conditions >°. Post-drought overcompensation effects have been found in angiosperm
plant systems subject to episodic drought treatments, where rewatering elicited growth and

photosynthetic recovery above pre-stress levels %0466,

In contrast, P, [utzii had significant changes in photosynthesis biochemistry, that altogether point at a
greater resistance to adverse conditions (Table 4 and 6). Families P/700, PI701 and P/702 showed
signs of resistance. P/702 was the only Lutz family that was not significantly affected by drought
treatment. P/700 increased both light compensation point after rewatering and light saturation point
during the drought stress period, indicating a progressive improvement in the use of high
photosynthetic light intensity in the time between drought stress and rewatering. Maximum
photosynthetic rate (A4sw) also increased, both in P/700 and PI701, meaning an improved
photosynthetic efficiency under drought stress. Instead, P/703 significantly increased its apparent
quantum yield and decreased Rs upon rewatering, which could be interpreted as a sign of improved

photochemical capacity and resilience to drought stress.

Water use efficiency under drought and recovery

The ratio between net photosynthetic assimilation and gas conductance represents the water use
efficiency (WUE) of the plant at the leaf level. A better mechanistic understanding of plant water use
is required to improve crop production ¢’; however, the opportunity of including water use efficiency
as a trait in tree breeding programs is highly debated and no conclusive evidence has emerged that

68.69 or increase in tree growth 772, We looked at dynamic changes in water

points at either a decrease
use efficiency by calculating WUE; (4/gs) and WUEins (4/E) for the duration of the experiment.
Previous studies have found a positive correlation between water use efficiency - or its proxies - and
biomass production ">, Positive correlation of water use efficiency and 4, but not g, nor E (Figure

3 and 4), indicated that increased water use efficiency possibly depended on net photosynthetic gain
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increases at relatively constant gas conductance, with possible beneficial effects on biomass

production 776,

The relationship between water use efficiency and leaf gas exchange parameters had a best fit with a
quadratic model, suggesting that no further increments in water use efficiency could be expected once
a certain assimilation threshold is passed (Supplementary figure 3 and 4). WUE;,s showed significant
and opposite changes when compared to the C; time course. There was a strong and inverse linear
relationship between the water use efficiency responses to C;, with the former decreasing at elevated
C; concentration. A negative correlation between water use efficiency and C; has previously been
modelled and experimentally observed 78, Therefore, C; could be a good predictor of leaf-level
water use efficiency for our study species. When looking at the time course of developing water use
efficiency, we did not identify a consistent growth pattern in response to the drought treatment, except
for family PsA18, which nevertheless was not significant. A difference emerged between the two
species indicating that P. [utzii had a slightly higher mean WUEi,s compared to P. sitchensis (Table
4).

Differences in whole plant water use efficiency and its proxies have been observed in different
provenances of Larix occidentalis ”°. Here, we found that full-sibling families of Lutz and P. sitchensis
differed in WUEixs (Table 3). P/700 and P/701 had the highest water use efficiency, while Ps111 and
PsA18 had the lowest. It appears that a combination of low E and relatively high net photosynthetic
rate produced the WUEis trends we observed in P. [utzii families. In contrast, higher transpiration
rates did not necessarily translate into higher 4 in P. sitchensis families, relegating them to the lower
part of the WUEiys spectrum. This could provide additional information for genetic selection of high
or low water use efficiency families in the future, whether the target will be more efficient use of
water, reduced transpiration, or higher transpiration rates. We didn’t find any difference in growth
rate as estimated by height and diameter between families (Table 6, Figures 9 and 10), but the
evidence we collected suggests P. [utzii PI700 could be the best performing family under our
experimental conditions, from the point of view of photochemistry, as indicated by water status, gas

exchange measurements, WUE;ys and photosynthetic apparatus efficiency.
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Conclusions

In this study we assessed variation in physiological responses to a short-term water deficit in full-
sibling families of P. sitchensis and P. lutzii to gain insights into resilience to acute seasonal drought
events. We compared water status, gas exchange and photosynthesis performance proxies in potted
seedlings. We found significant differences in gas exchange regulation, but these were not necessarily
related to water status as observed by midday water potential measurements. Net photosynthetic rate
at light saturation was affected by drought stress and led to differences in intrinsic water use efficiency
between families and species when combined with transpiration rates, where P [utzii slightly
outperformed P. sitchensis. No damage to the photosynthetic apparatus was detected and all trees
recovered to even higher levels of gas exchange and water potential compared to the beginning of the

experiment, indicating possible acclimation mechanisms.
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Supplementary material
Tables
ANOVA
Family
Variabe N PI70;, N = PI7051;N = PI70;, N = PI70513;N = Ps11511, N= Ps115%,N = Ps11571,N = PsA15§, N = vai:ez
Height 40 342(48)  419(67)  407(69) 407 (54) 420 (45) 454 (74) 437 (58) 414 (26) 0.2

Diameter 40 4.58(0.99) 5.30(0.35) 6.28(1.55) 4.77(0.51) 5.46(0.66) 584(0.79) 5.27(1.05) 526(1.17) 0.2

T Mean (SD)
2 One-way ANOVA

Supplementary table 1. Summary of analysis of variance of P. lutzii and P. sitchensis growth

parameters. Height (mm), Diameter (mm). Level of significance: p-value < 0.05. Mean = mean

values, (SD) = Standard Deviation.
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Figures
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Supplementary figure 1. Differences in stem diameter of Psitchensis (Ps111-118) and P. lutzii (P1700-
703) at 2 (red) and 30 (blue) days since the onset of drought, compared by Student s t-test. Bars are

standard deviations. Ns = non-significant. N = 5.
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Supplementary figure 2. Differences in stem height of Psitchensis (Ps111-118) and P. lutzii (PI700-
703) at 2 (red) and 30 (blue) days since the onset of drought, compared by Student s t-test. Bars are

standard deviations. Ns = non-significant. N = 5.
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Supplementary figure 3. (A) Relationship between iWUE; and gs and (B) WUE; and Ci in P. sitchensis (Ps) and P. lutzii (Pl) subjected to drought

treatment and recovery. Quadratic functions and ordinary least squares are represented by dashed lines. R2adj = adjusted coefficient of determination,

P = p-value. Samples from drought period (circles) and rewatering (triangles) are included. N = 32-36.
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Supplementary figure 4. (A) WUEins and gs and (B) Ci in P. sitchensis (Ps) and P. lutzii (Pl) subjected to drought treatment and recovery. Quadratic
functions and ordinary least squares are represented by dashed lines. R2adj = adjusted coefficient of determination, P = p-value. Samples from

drought period (circles) and rewatering (triangles) are included. N = 32-36.
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General discussion

This work investigated the genetics of conifer drought responses, which are poorly studied. Starting
from genomic resources spanning a diverse range of conifer species and families, we pinpointed
single-gene mechanisms that may govern the production of species-specific phenotypes under
limiting soil water conditions. The genes of interest participate in the abscisic acid (ABA)
biosynthesis pathway and appeared conserved across millions of years of evolution. Although not
definitive, we bring new evidence that 9-cis-epoxycarotenoid dioxygenases (NCEDs) fine-tune ABA
accumulation in conifer foliage in two diverging modes, depending on phylogenetic history.
Characterisation of the coded enzymes is still ongoing, but in silico analyses confirmed the high
degree of structural conservation for at least two species, implying conserved function. Finally, we
inspected variability among cultivars and hybrids of one species particularly important to the UK
forestry sector, Picea sitchensis (P. sitchensis). We discuss our main findings and their implications

for future research and industrial applications.

Multispecies drought response characterisation

We successfully identified a continuum of xylem water potential regulation among 9 species of 3
diverging conifer families, in line with the widely accepted view that iso/anisohydric strategies
constitute a spectrum of responses . We were able to quantify the degree of isohydricity by
calculating the slope (o) of the regression line between MWP and percentage SWC. In agreement
with previous reports, we observed that Pinaceae and basal Cupressaceae are positioned at the
isohydric end of the spectrum, while derived Cupressaceae and Taxaceae are towards the anisohydric

end .

ABA profile characterisation

We then correlated water potential, as a proxy of isohydricity, with a metabolic trait such as ABA
accumulation. In line with previous studies *°, all Pinaceae displayed a Rising (R) type, increasing
foliar ABA levels continuously accordingly to their isohydric behaviour. Cupressaceae did tend to
show just a transient increase in hormone levels, with Chamaecyparis lawsoniana (C. lawsoniana)

being a clear Peaking (P) type coherently with its strong anisohydric response. In peaking type trees,
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high ABA levels only play a role at the early onset of soil drought but are not needed later, as stomatal
closure is driven by the low water potentials that these trees are able to withstand ®’. By directly
considering variation of MWP with SWC and complementing this information with a metabolic trait,
our drought experiment confirmed that the iso/anisohydry framework can still be effective in
separating tree species based on their drought response. Moreover, our experiment adds to the
growing body of evidence suggesting that R/P types of ABA accumulation may be an evolutionary

trait that emerged during conifer diversification and adaptation to dry environments %%,

ABA-related gene identification

We hypothesised that rate limiting NCEDs, if functionally conserved, may be the best candidates and
the main regulators of contrasting R/P types. We used sequence similarity searches to identify
candidate sequences using model 4. thaliana gene sequences as a reference. To do this, we selected
three species that represent their respective families in the drought response spectrum: P. sitchensis
for the isohydric Pinaceae, C. lawsoniana for the extreme anisohydric Cupressacease and Taxus
baccata (T. baccata) for the relatively anisohydric Taxacease. We found several candidate sequences
that shared high similarity with Arabidopsis thaliana (A. thaliana) genes, indicating that their function
and the ABA biosynthesis pathways may be conserved in conifers. This is in line with genomic studies
that have identified homologous sequences of A. thaliana ABA-related genes in conifers * 2.
Previous studies mostly focus on Pinaceae and are based on transcriptome production and analysis,

with no ABA quantitation. Here, we aimed at testing selected target genes for their timely expression

in relation to drought progression and ABA accumulation in a diverse array of conifer species.

ABA biosynthesis contributes to R/P-types

NCED expression levels were responsive to drought stress in P. sitchensis and C. lawsoniana. NCEDs
of P. sitchensis were upregulated in response to drought stress for the entire duration of the
experiment, consistent with our predictions. Instead, NCEDs of C. lawsoniana were strikingly
downregulated, meeting only partially our expectations for the peaking type. In fact, we expected to
see a shift in gene expression from up to downregulation. We did not find evidence suggesting that
other biosynthetic genes alone could drive ABA accumulation to high levels in any of the species
tested. The ABA peak that we observed in C. lawsoniana could originate from early upregulation of
CINCEDs which we didn’t capture, or by glycosylated stores of ABA. Only one study, to our

knowledge, compared gene expression and ABA dynamics in two conifers, Scot pine and Norway
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spruce, which are both Pinaceae '*. The authors found a relationship between NCED expression and
ABA levels in Norway spruce but not Scot pine, where both increased transiently, and no contribution
was observed from other biosynthetic genes. Intriguingly, Pashkovskiy and collaborators observed
upregulation of genes coding for B-glycosidases, which free ABA from ABA-GE stores, but no

reduction in conjugated ABA of Scot pine and Norway spruce '°.

Catabolism of ABA in R/P-types

We further tested whether catabolic function could contribute to shaping R/P ABA profiles. P.
sitchensis cytochrome P450 707As (CYP707As) were not differentially expressed in response to
drought, indicating that catabolism is constitutive under drought, as expected. Instead, C. lawsoniana
CYP707A4s were differentially expressed, three of them being downregulated and one being
upregulated at about the same time of decreasing levels of ABA. Thus, catabolic function may
contribute to modulating ABA levels in Peaking types, although we can only speculate on this as we
did not measure phaseic acid (PA), the product of the catabolic reaction. However, a recent study
found no contribution of catabolism of ABA, by only quantifying PA levels, in the production of P-
types of the conifer Callitris rhomboidea (C. rhomboidea) '*. Instead, the authors detected a
significant increase in ABA-GE, indicating that conjugation and not catabolism controls post-peak
ABA decrease. T. baccata showed some degree of downregulation of CYP707A4s, possibly indicating
that catabolic function is switched off to allow ABA accumulation by other sources than de-novo

biosynthesis, as we did not detect any significant upregulation of biosynthesis genes for this species.

NCEDs sequence analysis

We inspected our conifer NCED protein sequences to study their degree of homology with known

1521 Overall, conifer

CCD and NCED sequences from model species maize and A. thaliana
sequences were more closely related to the reference ZmVP14 sequence than those of the CCDs,
sharing important protein motifs correlated with carotenoid oxidoreductase activity. Key residues
contributing to stereoselectivity for the substrate were also well-conserved between angiosperm and
conifer NCEDs, suggesting specific cleavage of the 11-12 bond of 9-cis-violaxanthin and 9-cis-
neoxanthin, except for PsNCED2 and T baccata putative NCEDs which harboured some
substitutions in the catalytic pocket. This is coherent with their reduced responsiveness to drought in

gene expression studies.
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NCEDs structural and functional analyses

We used protein sequence information to model the 3D protein structure of each putative conifer
NCED. Different algorithms identified all conifer proteins as monomeric epoxycarotenoid
dioxygenases able to complex with Fe'' and oxygen with a high degree of confidence. All modelled
structures were high-quality, falling in the range of native crystal structures. We were able to identify
a chloroplast transit peptide at the N-termini of ZmVP14, AtNCED3 and AtCCD4, as expected %,
and PsNCED2, CINCEDI, but not ZmCCDI1 and intriguingly not in the remaining six conifer
sequences. Transit peptides are made of highly variable sequences, that the prediction software may
not capture, as programs are based on limited libraries. Therefore, this result must be carefully
considered before excluding the possibility of interaction of the conifer NCEDs with the chloroplast
membranes. However, protein membrane interaction simulations showed that putative conifer
NCEDs have membrane binding capacity and could localise either on the thylakoid membrane or, if
they are not imported inside the organelle, on the chloroplast envelope. Here, they could access their
substrates 2>%*. Protein-ligand simulations showed a low energy conformation that suited the optimal
position of the substrate inside the catalytic pocket 2° for all putative NCEDs but 7ThNCED1 and
THNCED?2. This is consistent with gene expression studies, where 7. baccata NCEDs did not respond
to drought stress in a substantial way. We can speculate that 7TANCEDs may cleave other but similar

substrates than neoxanthin and violaxanthin.

Protein cloning, isolation and testing

We successfully cloned and purified PsNCEDI, as it was one of the most drought responsive and
promising sequences at the structural and functional analysis. It was also the most interesting for
industrial applications. This is the first putative conifer NCED to be cloned, to our knowledge. The
recombinant protein had to be isolated as a maltose binding protein (MBP)-fusion PsNCEDI1, due to
its low solubility in aqueous solutions and tendency to form inclusion bodies. The MBP-PsNCEDI1
was then tested to verify its catalytic activity in vitro, using neoxanthin as substrate. Unfortunately,
no product was detected. The lack of substrate detection suggests that it was degraded during the

reaction preparation 4%,
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Stress physiology of Picea sitchensis and Picea lutzii

We explored variability in drought responses within P. sitchensis and its hybrid Picea lutzii (P. lutzii)
- because of their relevance to the forestry market. Both species adopted a conservative water
regulation strategy, coherently with our isohydric characterisation and the literature for Pinaceae >2°,
although the stringency of this response varied among families. Stomatal conductance and leaf
transpiration were the main drivers of variation among breeding families and could be the main
limiting factor affecting photosynthetic gain, more than metabolic photosynthetic damage 2"%%.
Interestingly, both species were resilient to drought, as gas exchange parameters recovered to higher
levels than pre-stress. This indicates that Sitka and P. /utzii have the capacity of adapting to an episodic
drought and once water is available can overcompensate by boosting their photosynthetic activity, as

observed before in angiosperm plant systems 2% 32,

Photosynthesis performance under drought conditions

We calculated photosynthetic Light Response Curves (LRCs) to estimate the impact of drought on
photosynthesis biochemistry, by measuring leaf gas exchange. Again, both species appeared resilient
to drought stress, as their photosynthetic apparatus fully recovered and overcompensated previous
losses upon rewatering, as observed for the gas exchange functions. Moreover, P. [utzii showed signs
of improved photosynthetic efficiency even under drought conditions, compared to P. sitchensis.
Previous studies on P. sitchensis found homogeneous physiological responses to drought among
different breeding families **-*4. Our findings could help in the choice of genetic lines of interest in
Sitka and P. lutzii, showing at the same time the possible outcomes of crossing species to produce

similar trees with different responsiveness to drought stress >°.

Water use efficiency

We found evidence that sustained net carbon gain under drought stress led to increased water use
efficiency (WUE) under our experimental conditions. Instantaneous WUE, measured at leaf level,
was somewhat higher in P. lutzii compared to P. sitchensis. This is in line with the greater resistance
to drought stress of the photosynthetic apparatus of P. [utzii. These findings, together with the
observation of significant variability in leaf transpiration and stomatal conductance, may inform on
the selection of suitable genotypes. Overall, P. lutzii is promising in terms of photosynthesis gains

under our experimental conditions.
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Contribution to research on conifers

With our work, we provide evidence that NCEDs conserve their role of rate-limiting enzymes in the
biosynthesis of ABA among genetically and phenotypically divergent coniferous species. We also
show the role of differential NCED gene expression in controlling R/P-types in at least two conifer
species, P. sitchensis and C. lawsoniana, with contrasting water regulation strategies. Evidence
showing that long term expression of NCEDs is essential to produce these ABA profiles was lacking
413,14 "We also isolated for the first time a conifer NCED protein, P. sitchensis NCED1, and provided
evidence of the degree of structural and functional conservation of other conifer NCEDs. The
recombinant PsNCED1 protein with its sequence, primer oligos and an experimental protocol for
cloning and purification are available, so that downstream applications and testing are possible. These
resources integrate genomic and transcriptomics information collected so far in the field of conifer
research, and specifically on conifer responses to drought. Finally, we found evidence of variability
in drought sensitivity among several breeding families of Sitka and P. [utzii, the latter showing
increased photosynthetic functions under drought stress conditions. The scientific literature reporting
studies on conifer breeding families is rather limited and variability among provenances and genetic
lines has been difficult to detect 3***. We believe that our findings will help foresters in establishing

better breeding practices.

Future research directions

Further work is needed to assess the origin of the ABA peak that we observed in C. lawsoniana and
the role of catabolism in the removal of active ABA from the cell. Previous studies have provided
non-conclusive evidence regarding the role of either mobilisation of ABA-GE stores > or de-novo

14

biosynthesis " in increasing ABA foliage levels. Setting earlier time points for gene expression

analysis may help understanding if early NCED expression contributes to the ABA peak. ABA-GE

mobilisation is catalysed by PB-glucosidases °

and future screenings should account for their
expression. We observed timely differential expression of catabolic genes in C. lawsoniana,
suggesting that they could be involved in the modulation of the ABA response, but Mercado-Reyes
and colleagues showed that ABA removal was promoted by conjugation and no change was observed

in phaseic acid in C. rhomboidea

. Abscisic acid conjugation is catalysed by UDP-
glucosyltransferases 7, so it will be necessary to quantify both their expression levels and ABA-GE

changes during drought.
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Our PsNCEDI1 recombinant protein assay did not yield conclusive evidence about its role in
catalysing the cleavage of the 11-12 double bond of neoxanthin, although gene expression study and
in silico analyses point in that direction. This was likely due to substrate degradation during
preparation of the reaction mix. It will be necessary to repeat the experiment under more controlled
conditions. Moreover, gene complementation studies in planta are ongoing with A. thaliana mutants
and include NCED sequences from P. sitchensis, C. lawsoniana, and T. baccata. This, together with
the in vitro enzyme assay, will serve to confirm the biological function of the proteins object of our

work.

Finally, drought experiments in the field may be needed to test whether our findings apply to natural
conditions, longer time scales and older trees. Some studies indicate that physiological responses to
drought may depend on tree ontogeny, changing with tree size and age ***#!. We also found that
temperature increased to very high values during our drought experiment on Sitka and P. lutzii. It
would be interesting to assess the impact of such high temperatures on the drought physiology of

these trees, as multiple stresses can influence tree survival on the long term *!.

Impacts and applications

Our work seeks to contribute to the establishment of better-informed breeding programmes in the
forestry sector and especially in the UK market, where P. sitchensis is still the principal species. We
believe that integrating approaches in a multidisciplinary way, can yield quality information to help
adapt and potentially mitigate the impacts of climate change as a key for the future of British and
global forests. Genomic resources are increasingly available but bridging the gap between genes and
phenotype is required to disentangle the relative contribution of evolution and plasticity to tree
performance and survival under drought. Knowledge of the genes and pathways involved in different
drought responses in diverse species, and how they are regulated under stress, can guide genetic
modification or selection of genotypes to produce desired phenotypes, starting from existing
germplasm. Much of the research conducted in the forestry field has focused on growth-related and
anatomical traits. Knowing the level of intraspecific variation in water and photosynthesis-related
traits can inform on the significance of work past and future, as it will allow to pinpoint which
breeding lines, that have been selected so far, may adapt to future local conditions and to act by

focusing efforts on the promising material.
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