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Abstract

Closely-related species often use the same genes to adapt to similar environments'2. However, we know
little about why such genes possess increased adaptive potential, and whether this is conserved across
deeper evolutionary time. Classic theory suggests a “cost of complexity”: adaptation should occur via
genes affecting fewer traits to reduce deleterious side-effects (i.e. lower pleiotropy)2. Adaptation to
climate presents a natural laboratory to test this theory, as even distantly-related species must contend
with similar stresses®. Here, we re-analyse genomic data from thousands of individuals from 25 plant
species to identify a suite of 108 genes enriched for signatures of repeated local adaptation to climate.
This set includes many genes with well-known functions in abiotic stress response, identifying key genes
that repeatedly drive adaptation in species as distantly-related as lodgepole pine and Arabidopsis (~ 300
My). Using gene co-expression networks to quantify each gene's pleiotropy, we find enrichment for greater
network centrality/interaction strength and broader expression across tissues (i.e. higher pleiotropy),
contrary to the "cost of complexity” theory. These genes may be particularly important in helping both
wild and crop species cope with future climate change, representing a set of important candidates for
future study.

INTRODUCTION

Is evolution repeatable? This question, captured by Stephen Jay Gould's ‘replaying the tape of life
analogy®, has been the subject of decades of empirical research (reviewed in ©). The answer appears to
be context-dependent, with variation in repeatability among taxa, populations within species, and genes
in the genome, which leads to new questions about which evolutionary forces govern the continuum
between identical parallel change and divergent responses’. The relative importance of deterministic vs.
stochastic/contingent explanations has been the subject of great interest, and have been explored
extensively at short evolutionary timescales among populations (e.g. in stickleback®) or closely-related
species (e.g. Arabidopsis spp.? and Heliconius spp.'°?), highlighting predominant roles of the availability

11-13 gene flow'? or recurrent

of common adaptive variation either through shared inheritance
mutation'4. Experimental evolution has further emphasised the inverse associations between genetic
repeatability and the complexity of adaptive trait architecture'®. We know much less, however, about the
processes and contingencies shaping genetic repeatability at much longer evolutionary distances, or
whether such distances impose hard limits on observing any repeatability at all. The MC7R gene provides
a textbook example of repeatability across deep time, driving adaptive colour polymorphism in distantly-
related vertebrates, from fish to mammoths'®. Some have speculated the widespread re-use of this gene
is key due to minimal interactions with other genes, facilitating its modification whilst incurring minimal
pleiotropic disruption’. We have little understanding of whether the kinds of factors affecting
repeatability for candidate genes such as MCT7R also generalise to drive repeatability at genome-wide
scales, or generalise to more complex adaptive phenotypes beyond simpler traits such as colour.
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Climatic variation across the species ranges of plants is a ubiquitous selection pressure among distantly-
related species, presenting a natural laboratory to study repeated adaptation. Such variation exerts strong
selection pressure for local adaptation and genotypic responses'’, demonstrable through common
garden experiments, provenance trials and reciprocal transplants'8. Numerous candidate genes for
drought and thermal tolerance have been identified in Arabidopsis thaliana’®?, Panicum halli?’, and
conifers?2. Plants may use a wide array of strategies to adapt to climate, including phenological shifts,
such as flowering earlier or later to avoid frost, or modification of structures, such as smaller leaves to
mitigate the effect of air temperature in hotter climates®. While such studies have advanced our
understanding of climate adaptation within individual species, and have provided examples of a few
individual candidate genes with evidence of adaptiveness in multiple species, there has been little
combined analysis of whole-genome patterns across many species and large phylogenetic distances.
Repeatability in adaptive genetic responses to climate across independently evolving species is expected
if biological adaptation is limited to conserved functions, whereas a lack of repeatability might indicate
highly polygenic, alternative adaptive strategies to the problem of climate adaptation?3. The survival of
plant populations challenged by anthropogenic climate change may depend upon adaptation, which
itself may depend upon the maintenance of adaptive genetic variation within a species' metapopulation
through local adaptation?42°. Thus, studying repeatability of climate adaptation will give insights into the
flexibility of such genetic responses, which will both deepen our understanding of evolution and help
predict how species may respond to further changes in the future.

Here, we analyse sequencing data from thousands of individuals from 25 plant species (Fig. 1) across a
distribution spanning diverse biomes across four continents (Fig. 1A) to investigate repeatability in the
genetic basis of adaptation to climate variation. By processing all raw data through a common pipeline,
we compiled by far the largest population genomics dataset to date in terms of phylogenetic breadth and
sequencing effort to examine the phenomenon of repeated local adaptation across the genome. We seek
to identify genes that exhibit evolutionary associations with climate across multiple species, employing
novel statistical analyses tailored specifically to detect repeatable genotype-environment associations.
Finally, we explore what properties of these genes may facilitate their repeated evolution and significance
for climate adaptation across the plant kingdom.

ASSEMBLING DATASETS AND DEFINING ORTHOLOGY ACROSS
SPECIES

Raw sequencing data were downloaded from the SRA/ENA for 29 datasets, covering 25 unique species
(Table S1). These data were either individual whole-genome sequencing (WGS), capture-based
sequencing (CAPTURE), or pool-sequencing (POOL) data, with a minimum of five sampling locations (see
methods for full selection criteria). Data were processed using a common SNP-calling pipeline (Fig S2;
see methods), to minimise the influence of bioinformatic technical artefacts. The number of SNPs and
individuals sampled per dataset ranged between 173,119 to 23,406,976 and 46 to ~ 1300 respectively
(Table S1). To enable comparisons of multiple species, we reconstructed orthology relationships using
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OrthoFinder2?” and classified genes into orthologous sets across species (orthogroups), which could
include multiple copies of a gene in a given species due to gene duplication. In total, 44,861 orthogroups
were classified, 14,328 were species-specific, and 92.8% of all genes from all genomes were assigned to
an orthogroup. Importantly, orthogroups were predominantly characterised by low rates of paralogy

(Fig. 1E) and high occupancy (Fig. 1F), with rates of single-copy genes ranging from 39.8%-62.4% (Table
S2).

To identify genes with signatures of local adaptation within species, we performed genotype-environment
association (GEA) scans by testing the association among per-site allele frequencies and per-site climatic
variation (BioClim variables 1-19) taken from worldclim (v2.1, 2.5 minutes)?® using non-parametric
Kendall's Tau correlations (see methods for full details). We also defined and quantified two variables
that capture change in local climate (max temperature and precipitation) over the last 50 years. Briefly,
these represent the effect size per sampling site of the difference between climate quantified in either the
1960s or 2010s (example in Fig. 1C, see methods). We then combined per-SNP p-values to calculate per-
gene p-values using the weighted-Z analysis (WZA)?° correcting for associations between SNP count and
WZA variance. This WZA GEA method exhibits increased power and reduced error for identifying adaptive
genes across realistic and extreme spatially-correlated climatic variation compared with other commonly-
used methods?°. To identify orthogroups with repeated signatures of association across multiple species,
we applied PicMin3° (see methods supp) across a focal 8,470 orthogroups with at least 20 species
represented for each of the 21 climate variables. These focal orthogroups were slightly more likely to
include genes with stronger associations with climate relative to untested orthogroups (see
supplementary text). For orthogroups with multiple paralogs within a given species, we include the
paralog with the strongest evidence of association to test for repeatability after correction for multiple
testing. This approach, therefore, tests for repeated adaptation driven by any member of a gene family.

CLIMATE ADAPTATION INVOLVES REPEATED GENE RE-
USE

To cast a broad net and capture a large number of genes driving adaptation to climate, we adopt a False
Discovery Rate of 50%, and identify a set of 108 unique orthogroups with evidence of repeated
association to climate. While this lenient FDR threshold will include a substantial number of false
positives, it is chosen specifically to capture as many true-positives as possible to enable downstream
analyses of gene properties (as false positives will simply add noise to any analysis of enrichment). This
set is the union from tests across all climate variables, many of which are correlated, representing a
collection of 141 significant results at FDR < 0.5. Tests of our method on simulated data yield a median
of 36 significant ‘repeatable’ orthogroups, representing 36 unique orthogroups at FDR < 0.5 (see
Supplementary Materials). Indeed, 108 unique orthogroups was greater than any simulated outcome
across 1,000 permutations (max = 102). Our results therefore constitute a three-fold enrichment of
orthogroups than would be expected by chance (Fig. 2A; permuted p <0.001) for causal loci driving
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adaptation in species spanning both gymnosperms and angiosperms (Fig. 2E), despite the ~ 300 million
years separating these clades.

These Repeatedly Associated Orthogroups (hereafter, RAOs) were observed across most climate
variables, although variation in the number and strength of statistical support varied. Generally,
temperature variables exhibited a greater number of RAOs with stronger evidence of repeatability, in
particular mean temperature in the warmest month (Fig. 2B). This suggests that the adaptive molecular
response to temperature variation across plants may be more repeatable at the level of individual genes,
compared with precipitation, which might reflect adaptive constraint or the added complexity of how
precipitation interacts with soil to modulate drought effects. Variability in the number of RAOs identified
across climate variables for a given species was not linked to inferred GEA power or estimated niche
breadth (see supplementary results, Figs S3-S5). For downstream analyses, we focus on two sets of
orthogroups: those with FDR < 0.5 to explore general trends in the distribution of RAOs among species
and climate variables and to discuss specific candidate genes; and those with a PicMin p-value<0.005
(based on the top decile cut-off of strongest evidence of repeatability across all climate variables per-
orthogroup) within each climate variable to explore general properties of RAOs.

For RAOs (FDR < 0.5), we identified species contributing towards the signature of repeatability on the
basis of their per-orthogroup p-value (see methods). Visualising the abundance of these contributions by
species and climate variables (Fig. 2C) demonstrates importantly that no specific species, or cluster of
species, contributes excessively to the repeatability signatures that we observe. In agreement, we failed to
observe any evidence of phylogenetic signal of GEA results in our RAOs with respect to random
orthogroups (see supplementary results; Fig S6). This shows that our identification of significant
orthogroups is not driven by groups of closely-related species, but rather a signature observed broadly
across the phylogenetic tree. This is reinforced by visualising the contribution to repeatability signatures
for pairwise contrasts among species (Fig. 2D), where if groups of closely-related species were driving
effects, we would expect heat signatures to cluster near the diagonal, which is not observed.

Sixteen orthogroups were associated with repeatability across multiple climate variables (Fig S3). Most
strikingly, the orthogroup including the A. thaliana genes PRR3 and PRR7, with instrumental functional
roles in circadian rhythm3' and flowering time3?, was repeatedly adaptive across 10 of 21 variables (most
strongly with mean temperature in the dry quarter, FDR = 0.102) and across multiple variables within the
same species (difference between red and blue bars in Fig. 2E; Fig S7). The role of this gene family in
circadian rhythm may contribute towards its repeated association with multiple climate variables if these
also vary with latitude. Another notable RAO includes a family of four ubiquitin-related proteins
(RUB1/RUB3/UBQ7/AT1G11970), which was associated with six climate variables and most strongly
with minimum temperature in the coldest month (FDR =0.051). The RUB-conjugation pathway has been
implicated in the auxin response, embryo development and growth33. A summary of genes in RAOs that
are associated with phenotypes known to be adaptive under climatic stress®* is shown in Table 1 (full
details of RAO gene contents in Table S3-S5)
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Table 1

Summary of known climatic adaptive phenotypes associated with RAOs. Each line represents the A.
thaliana paralogs within a given RAO.

Adaptive Phenotype

Flowering time, development, and
photoperiodism

Circadian rhythm

Auxin signaling

Salicylic Acid (SA) signaling
Abscisic Acid (ABA) signaling

Seed dormancy and vegetative timing

Genes (A. thaliana paralogs)
ATC/TSF/TFL1/BFT/FT

AT4G04260/ EBS/ SHL 1

PDP5/ PDP2

AHBP-1B/ BF5/ TGA6/ PAN

ELF9

GIGANTEA

BRD1/BRD2

RVET/RVE2/AT3G10113/ EPR1

GPRI1/GLKZ

CUL4

PRR7/ PRR3

ATH13

RVET/RVE2/AT3G10113/ EPR1

GIGANTEA

GH3.1/ GH3.3/ GH3.9/ WEST1/ BRU6/ DFL 1/ GH3.17/ GH3.4
UBQ7/AT1G11970/ RUB3/ RUBT

IAA33

PEX5

ABCG33/ABCG41/ABCG30/ ABCG42/ ABCG43/ABCG37
RVET/RVE2/AT3G10113/ EPR1

AHBP-1B/ OBF5/ TGA6/ PAN

CIPK3/ CIPK8/ CIPK26/ SOSZ/ CIPK9/ CIPK23, SPP1
DRG

RPN8A/ MEE34

GPST

AT4G04260/ EBS/ SHL1
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Adaptive Phenotype Genes (A. thaliana paralogs)
POD1
CPN60A/ Cpn60alpha2
Root growth and development ZP1
ATSACTB/ RHD4/ SAC8
ABCB24/ ABCB23/ ABCB25
ABCG33/ABCG41/ABCG30/ ABCG42/ ABCG43/ ABCG37
BCHAZ2/ SPI
WAVZ2
GH3.1/ GH3.3/ GH3.9/ WES1/ BRU6/ DFL 1/ GH3.17/ GH3.4
HRD/ AT5G 52020/ AT1G12630, ANL2/ HDG1

Cold- and thermo-tolerance CIPK3/ CIPK8/ CIPK26/ SOSZ/ CIPK9/ CIPK23
HCF106
GIGANTEA
HSF4

Salt stress SOS1/NHX8, ANL2/ HDG1

CIPK3/ CIPK8/ CIPK26/ SOS2/ CIPK9/ CIPK23
ATSACTB/ RHD4/ SAC8

The functions of these genes reflect the expected responses to climatic variation, such as phenological
avoidance of drought or frost through changes to flowering time or seed dormancy?, or modification to
root hair number and structure in response to temperature changes®®. Changes to growth or stomatal

function through hormone signaling®® meanwhile may facilitate tolerance to drought by reducing water
loss, and genes associated with salt stress may be involved in surviving salt accumulation in soils due to
aridity.

We found only a single RAO associated with our two climate change variables at FDR < 0.5; harbouring
the A. thaliana genes ATKPNB1, AT3G08943 and AT3G08947. ATKPNB1 is sensitive to abscisic acid and

is involved in drought tolerance through stomatal closure®’. The limited number of RAOs here likely
reflects the relatively short amount of time that our climate change variables are calculated over (~ 50
years), and the limited time to respond to selection subsequently, particularly in longer-lived species.

REPEATED ADAPTATION ACROSS ORTHOGROUPS WITH
SIMILAR FUNCTIONS
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Repeated adaptation may also happen beyond the gene level, where multiple genes from within the same
molecular pathway are used for adaptation across multiple species. Examples of this ‘functional
repeatability’ have been documented in adaptation to whole-genome duplication in Arabidopsis®® and
highland adaptation in maize®°. To explore this phenomenon, we used the STRING database*® (v11.5) to
provide a network-based representation of protein-protein interactions (direct and indirect associations
compiled from genomic context, experimental evidence such as co-expression, and text-mining of
literature), and tested whether RAOs formed networks with more interactions than expected (see
methods). We grouped RAOs all together and into temperature- and precipitation-related groups, and
tested each group to see whether RAOs as a group contained genes that were more likely to interact with
one another than random orthogroups.

Each group of RAOs tended to include more protein-protein interactions than random orthogroups, and
this was particularly clear for RAOs identified through precipitation variables (permuted p-value = 0.015)
(Fig. 3A). Gene-ontology (GO) enrichment over the same groups of RAOs reflected this, as precipitation-
related RAOs were highly enriched for biological processes with clear adaptive roles (Fig. 3B-C; Table S6).
orthogroups associated with ‘root hair tip’ were enriched across all RAOs, and temperature-RAOs were
enriched for several processes, notably ‘regulation of photoperiodism, flowering’ and ‘brassinosteroid
biosynthetic process’ which are known to be involved in thermotolerance*4'. These results suggest that
independently identified RAOs contain genes involved in similar functional processes, which implies that
repeated adaptation is occurring beyond the level of the gene. This may occur because a given adaptive
response requires the coordinated modification of multiple functionally-related genes in all species
involved. Alternatively, this signal could also be driven by different subsets of functionally-related genes
contributing to adaptation in different subsets of species (e.g. if genes A, B, C, and D are functionally
related, species 1, 2, and 3 adapt via genes A and D while species 4, 5, and 6 adapt via genes B and D). In
either case, our results show that certain pathways or functional groups of genes are particularly
important for adaptation to these climatic stressors, particularly with regards to adaptation to
precipitation variation.

REPEATABILITY IS ASSOCIATED WITH INCREASED
PLEIOTROPY

We next ask whether the genes we identified that contribute to repeated adaptation tend to share
particular characteristics with respect to their degree of pleiotropy. Pleiotropy is a fundamental attribute
of a gene describing the number of traits it affects. Based on Fisher's model of universal pleiotropy*?, the
‘Cost of Complexity’ hypothesis® posits a reduced adaptive potential for genes with greater pleiotropy, as
constraint increases with organismal ‘complexity’. In keeping with this, greater fitness consequences are
predicted by the degree of pleiotropy in yeast*3. However, empirical evidence from mice, nematodes and
yeast suggests this cost may be counteracted by a greater mutational effect size per-trait observed for
genes with greater pleiotropy*##°. In line with this, Rennison and Peichel*® found genes repeatedly
involved in stickleback adaptation exhibited elevated levels of pleiotropy. To test the importance of
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pleiotropy by multiple definitions in our dataset, we used public databases of gene expression for A.
thaliana and Medicago truncatula genes extracted from Expression Atlas*/ and ATTED-I1*®. We explored
pleiotropy by two definitions, tissue specificity*® and condition-independent co-expression with other
genes®Y. Tissue specificity of gene expression is inversely associated with pleiotropy, has previously been
linked to increased rates of evolution®', and was estimated here according to the T metric®? (Fig. 4A). T
describes tissue specificity, the inverse of pleiotropy, so to avoid confusion we will describe changes to
the breadth of expression, which we define as lower T. Contrary to the ‘Cost of Complexity’ prediction, we
found that RAOs with the strongest evidence of repeatability were strongly associated with increased
expression breadth (p = 5.44e™ %), and expression breadth tended to decrease in subsets of orthogroups
with increasingly weaker evidence of repeatability, such that orthogroups with the weakest evidence of
repeatability were enriched for genes with high specificity (p=4.74e"%; Fig. 4C).

Alternatively, pleiotropic constraint can be considered as various node centrality statistics within a gene
coexpression network (Fig. 4B), where the ‘distance’ between two gene nodes is lower when co-expression
of those genes increases (e.g. across experimental treatments or tissue types). Node degree and strength
describe the number and summed weights of interactions for a given node, betweenness describes a
gene’s role in bridging subnetworks, while closeness represents nodes with the shortest distance (edge
length) to all other nodes. All of these centrality measures have been inversely linked to rate of evolution
in several eukaryotic protein-protein networks, and changes to genes with high centrality are more likely
lethal®354, indicative of evolutionary constraint. However, in contrast to these negative associations with
evolvability, we observed clear positive associations between evidence of repeatability and co-expression
centrality for node closeness, degree, and strength across both co-expression networks (Fig. 4C; node
betweenness was not significantly associated with evidence of repeatability in the A. thaliana network).
Similar to results for specificity of expression, centrality was significantly greater (p<0.05) in orthogroups
with the strongest evidence of repeatability and significantly lower (p< 0.05) in orthogroups with the
weakest evidence. These clear trends highlight a robust association between increased pleiotropy and
evidence of adaptive repeatability across all tested orthogroups.

The association we find between repeatability of local adaptation and increased pleiotropy stands in
apparent contrast to previous findings of increased contributions to adaptation by genes with reduced
pleiotropy®'°3%4_ This difference may arise because of the scale at which adaptation is occurring; here
we have focused on local adaptation, which involves a tension between migration and spatially divergent
selection that tends to favour the contribution of alleles of large effect, as they can overcome migration
swamping?3°°. As the phenotypic effect size of mutations tends to increase with pleiotropy 444°,
increased pleiotropy may therefore be favoured in local adaptation. By contrast, when a species adapts to

a temporal change in environment across its whole range, there is no tension between migration and
selection and no additional advantage for alleles of larger effect?. This may explain the reduced
pleiotropy previously observed in rapidly evolving genes®':°354. Qur results suggest a robust impact of
pleiotropy on local adaptation across multiple plant species, consistent with similar observations in

stickleback?®, ragweed®®, and A. thaliana®’. It is unknown whether the association between pleiotropy
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and repeatability is monotonic, or if intermediate pleiotropy promotes repeatability and extreme pleiotropy
remains constraining, as suggested by*®°7. In the A. thaliana tissue specificity and node degree data,
RAO sets were diminished for the least pleiotropic genes, but also enriched for the most pleiotropic (Fig
S8). It is important to make clear that we cannot rule out an association between repeatability and
pleiotropy due to an increased likelihood of detecting large-effect alleles with GEA methods. A
comparable analysis centred on global adaptation through selective sweeps could distinguish these, as
selective sweep methods are similarly biassed towards large-effect alleles but there is no assumption of

a biological role for increased pleiotropy facilitating global adaptation at the species-level®*2.

We were also interested in whether pleiotropy enrichment was isolated to specific climate variables. We
therefore repeated enrichment analyses for orthogroups exhibiting the strongest evidence of repeatability
within climate variables (PicMin p-value < 0.005) for tissue expression specificity and A. thaliana node
degree (Fig. 4D). The majority of these sets of orthogroups exhibited elevated pleiotropy. Strikingly,
orthogroups with the strongest evidence of repeatability associated with our climate change variables
were highly enriched (p< 0.05) for pleiotropic genes by both measures. Given these variables only capture
environmental change over ~ 50 years, the genes with the strongest evidence of repeatability associated
with these variables may be highly pleiotropic due to genes with greater effect sizes facilitating rapid

adaptation to shifting fitness optima®8.

CONCLUDING REMARKS

We demonstrated repeatability in the genetic basis of local adaptation to climate variation across plant
species separated by >300 million years of evolution. The gene families identified here will be of
significant adaptive importance as climates change and plants find themselves under increased climatic
selection. Our results demonstrate that the adaptive responses to such changing selection involves
conserved, core functional responses. We have also shown that, contrary to expectations that pleiotropic
constraint impedes adaptation, the genes identified as repeatedly adaptive bear signatures of increased
pleiotropy. These results support the model of pleiotropy driving increasing phenotypic effect sizes, and
such large effects being a major driver of local adaptation in the genome. Whether these results extend
beyond the dominant biomes of boreal and temperate forest found in the Global North to species in the
tropics and Global South will be of pertinent interest as global sequencing effort continues to increase.
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Figure 1

Summary of study design and orthology assignment among species. Sampling locations from all 29
datasets (25 species) relative to global annual mean temperature (A). An example of six bioclim variables
across a single dataset with ten sampling locations from Kubota et al.?® (B). Panel C shows an example

for the same dataset of how climate change variables were calculated, taking monthly climate data from
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the 1960s and 2010s and taking the effect size of the difference between decades. The species tree
derived from the OrthoFinder2 analysis for the 17 reference genomes used in this study is shown in D;
species that provided a reference genome but were not included in analyses are marked with asterisks
and the age of high-confidence nodes is shown with values pulled from TimeTree (Fig S1). Species
analysed here are placed according to the reference genome used and the reference’s position in the tree.
The per-genome distribution of the number of paralogs per orthogroup (E) and number of representative
genomes per orthogroup (F) are depicted as stacked bars, with bar fill scaling from light-to-dark according
to most-to-least desirable value.
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Figure 2

Signatures of repeatability for 8,470 orthogroups across 21 climate variables and 25 species. Enrichment
of the total and unique number of RAOs observed at FDR <0.5 relative to random permutations is shown
in A. The number of orthogroups exhibiting significant repeatability at different FDR thresholds per
climate variable is shown in panel B. Heatmaps show the contribution of individual species to orthogroup
repeatability at FDR < 0.5 for different climate variables (C) and among pairs of species (D), with species
ordered phylogenetically. In each case, the fill of each cell represents the proportion of orthogroups where
a given species contributes towards the signature of repeatability based on its minimum GEA p-value.
The number of times a species contributes towards repeatability for a given RAO (FDR < 0.5) is also
shown (E). In this panel, cell fill denotes the number of climate variables where a species contributes a
low p-value to a given RAO, with grey = 0. The vertical green line separates gymnosperms and
angiosperms. Row-wise summations are shown as bars, where the blue bar shows the number of species
associated with a given orthogroup (Species N), and the red bar shows the total number of species and
climate variables (Total N). The strongest statistical support for repeatability is also shown per-
orthogroup as -log10-transformed FDR. Only 73 RAOs with at least 5 contributing species are displayed.

Page 17/19



A Orthogroup N
60 80 100
All Variables _O—‘—
Temperature —.—‘—
Precipitation -.—A *
0 25 50 75 100

Within—-network interactions

Regulation Of
Flower Development

Response To Auxin

Regulation Of
Stomatal Movement

Figure 3

e®
® .\z_ 59
h§—e®
$owal
- °
o ® 9%
ee ' ®
%

Orthogroup N

25 50 7.5 100

root nair v | EEED N

brassinosteroid biosynthetic process

rRNA processing

regulation of photoperiodism, flowering

endoplasmic reticulum

cis-regulatory region sequence-specific DNA binding
nucleoplasm

proteclysis involved in cellular protein catabolic process
ubiquitin-dependent protein catlabolic process

cortical microtubule organization

root hair cell tip growth
root development
regulation of flower development
response o hydrogen peroxide

response ko iron ion starvation

abscisic acid-activated signaling pathway
auxin-activated signaling pathway
response to auxin

regulation of stomatal movement

auxin homeocstasis

circadian rhythm
rhythmic procass
cation transport
potassium ion transport

potassium ion transmembrane transport
protein binding

ubiquitin protein ligase binding

pallen tuba tip

protein kinase binding

cell cortex

Precipitation

spindle
ubiquitin ligase complex
root hair tip

Enrichment of functional interactions among RAOs. (A) Mean number of STRING interactions within
single-gene-per-orthogroup networks based on grouped RAOs (triangles) compared to results from
permutation tests. Circles and lines represent the mean and 5/95% quantiles STRING interactions among
10,000 random gene sets sampled for single genes in the same way. The colour of circles shows the
number of orthogroups in each group of RAOs. (B) The network derived from all genes in precipitation-
related RAOs, with orange highlighting indicating which genes are members of 4 enriched GO terms. (C)
Enriched GO terms (FDR < 0.7) showing the number of contributing orthogroups from each species, with
FDR-adjusted significance shown as adjacent bars. GO terms are ordered on the y-axis based on
semantic similarity clustering, to group GO terms associated with similar genes together. Cell fill shows
the number of orthogroups per species and GO term, with grey = 0.

Page 18/19



I\ | . (: At At At At Mt Mt Mt Mt PO oo B8
TPM (Scaled)@ ) Betweenness Closeness Degree Strength  Betweenness Closeness Degree Strength Bpl‘eadlh
Q° 0V 07 o' A
> [se-060005761{ I [@ HE ) e e e i@ @ N
Z 3 (0.00576,00141] e B R E i ;e E ] R J E
AT5G13150 23 wouoozs{ | e ie e el e e ile
AT2G20580 @7 (00251,0.098] o : B B Y ‘e ‘e 2 B L]
AT4GO8700 €2 (oossoosen{ i pi Ppi P e i P i |e it
AT3G03810 8% mosstooreal{ gl i i R i o Pp i|e
Sad nod §E (0.0786,0.109] P il e : bd o B ®|: o
RN iﬁ§§%§§§$596§ﬁﬁﬁ° 85 ©worwn] B ®: o : LE L E i e »
ST F N r 55 wexmny et |L@ | || @ || @f: || Gp o |l@
o & & & (023707521 @ : fiml w5 Fim R L E o | F 0 ®:|: L
& c 6303 6303 6303 6303 6303 -6-80 3 3083 630 8
&
B g)@ Stouffer's Z
&
D B AtNode Degree E
Betweennes.s Closeness | Expression Breadth
. ] :
. [ ] " T'[_‘nax glgm Enange Random |
@ . . @] ® . rgcﬂé"l‘:lzaé P?%%e — At Closeness Z [Nl [
. ™ recip Cold Quarter — 1 At
. A A [} ® I:‘Mean Diurnal —_— Dugres £
Y ) 9 [ ) p Range - s At Strength Z
. 7= ® 1 ___ Precip Dry Monih ™ ' At Betweenness Z
[ ] @ Min Temp Coldest Month — '
’ ‘ ¢ . [ recip Seasonality | — ! Mt Closeness Z
rec| e uarter —
b b4 . Preap Dry guaﬂer — ] Mt Degree Z
recip vvarm Wuarter e
Degree ) Strength ; M e = ' Mt Strength Z
e ™ : r-voriyee
L ] ax .
> U Oy e = ’ “Ouptcaton
[ I uarter e=—Sr———
. e . Tgmp Seasonality - H Mpliesion
. L] » L ] Mean Temp Wet Quarter — '
e L . o A Precip Wet Month — — ! .
” [ ] [ ] . { ] () Mean Temp — — i &
o * * o * -1 0 1 2 3 N €
i3 v G v Stouffer's Z NRRY RN
. " (Repeatable Orthogroups) - w
Figure 4

Associations between pleiotropy and orthogroup repeatability. Panels A and B show examples of the
variables considered, breadth of expression across tissues (A) and gene co-expression (B). In panel A, five
A .thaliana genes are shown with their tau statistic of tissue specificity (bars). Each cell in the heatmap
shows tissue-specific gene expression scaled by the maximum across all tissues. Panel B shows an
example network of 20 genes with four centrality measures calculated across nodes. Node size and
colour (small-blue = low, large-red = high) denotes centrality by each metric. Panels C and D show
pleiotropy enrichment in RAO. Panel D shows Stouffer's Z calculated for orthogroups grouped into deciles
on the basis of the strongest evidence of repeatability across all climate variables (green = p < 0.05 more
pleiotropic than expected, red = p < 0.05 less pleiotropic than expected). Panel D shows Stouffers Z for
node degree and tissue specificity metrics within climate variables, focussing on orthogroups with at
least one PicMin p-value < 0.005. Panel E shows non-parametric correlations of per-orthogroup pleiotropy
and duplication metrics, along with a randomised control variable.
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