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Kinetochore and ionomic adaptation to whole-
genome duplication in Cochlearia shows
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e A suite of kinetochore components evolves in response to
WGD in Cochlearia officinalis

e The strongest selection signal genome-wide is at CENP-E, a
polyploid cancer target

e Broadly, DNA management and ion homeostasis processes
evolve post-WGD

e Three independently formed autopolyploid species exhibit
process-level convergent evolution
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In brief

Bray et al. identify selective sweeps on
core kinetochore components following
WGD, with the strongest signal of a
selective sweep at the ortholog of a
polyploid cancer target. Comparing three
independently formed autopolyploid
species, they detect low gene- but high
process-level evolutionary convergence.
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SUMMARY

Whole-genome duplication (WGD) occurs in all kingdoms and impacts speciation, domestication, and cancer
outcome. However, doubled DNA management can be challenging for nascent polyploids. The study of
within-species polyploidy (autopolyploidy) permits focus on this DNA management aspect, decoupling it
from the confounding effects of hybridization (in allopolyploid hybrids). How is autopolyploidy tolerated,
and how do young polyploids stabilize? Here, we introduce a powerful model to address this: the genus
Cochlearia, which has experienced many polyploidization events. We assess meiosis and other polyploid-
relevant phenotypes, generate a chromosome-scale genome, and sequence 113 individuals from 33
ploidy-contrasting populations. We detect an obvious autopolyploidy-associated selection signal at kineto-
chore components and ion transporters. Modeling the selected alleles, we detail evidence of the kinetochore
complex mediating adaptation to polyploidy. We compare candidates in independent autopolyploids across
three genera separated by 40 million years, highlighting a common function at the process and gene levels,
indicating evolutionary flexibility in response to polyploidy.

INTRODUCTION

Whole-genome duplication (WGD; leading to polyploidy) is a dra-
matic mutation that disrupts fundamental cellular processes. '+
Yet, for lineages that can adapt to a transformed polyploid state,
it can hold great promise.’ Across life’s kingdoms, polyploidy
is associated with speciation and adaptation, and in plants, poly-
ploids are overrepresented among crops.” But despite its impor-
tance to evolution and agriculture, we do not yet know why some
polyploids thrive while others do not.?®

Understanding the diverse issues that face young polyploids
may help us understand why some polyploids succeed while

others fail. For polyploids originating from within-species
genome doubling (autopolyploids), specific challenges emerge
concerning DNA management. These involve the handling
of the doubled complement of chromosomes, with the most
obvious issues concerning chromosome segregation at
meiosis.®” In diploids, each chromosome has only a single ho-
molog with which to engage in meiotic crossovers, but in an
autotetraploid, there are three possible crossover partners for
each chromosome, each roughly equivalent. Therefore, if a chro-
mosome establishes multiple crossover events, then these
might occur with more than a single other homolog, possibly re-
sulting in breakage.®’ For between-species hybrid polyploids
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(allopolyploids, which combine genomes of two different diploid
parent species), such events are much less of a problem
because pairing partner preferences commonly restrict possible
crossover events to the single most homologous chromosome
from the same ancestral genome. Other changes are common
across polyploids, such as “nucleotypic” factors that may
affect a variety of fundamental cellular characteristics, including
cell size, nuclear volume, and cell cycle duration, which can
have profound effects on physiology.>® Together, these novel
changes resulting from polyploidy can have substantial pheno-
typic impacts on adaptation, e.g., through enhanced dehydra-
tion stress tolerance® and larger fruit and grain size.'® However,
given that these genetic and physiologic changes happen rather
suddenly as genome complement increases, they may inhibit the
establishment of nascent polyploids if adaptation to the new
state is not rapidly achieved."' Nonetheless, successful auto-
polyploids persist in nature, indicating that early challenges
can be overcome.

To date, work in two diploid-autotetraploid model systems
has explicitly sought the basis of adaptation to autopolyploidy
in young (<300,000-year-old) but stable lineages. However,
there was little concordance between their results. First, in Ara-
bidopsis arenosa, a handful of physically and functionally inter-
acting meiosis proteins exhibit the strongest signals of selec-
tion in a young autopolyploid relative to diploid sisters.'®'®
Derived alleles of these genes directly decrease chromosome
crossover rates, stabilizing autotetraploid meiosis.'*”"" Next,
a study in Cardamine amara was performed to test whether
the striking signal of adaptive evolution at meiosis proteins
seen in A. arenosa might be recapitulated in an independent
autopolyploid 17 million years diverged. However, the results
of genome scans in C. amara showed no excess overlap in
candidate orthologs with A. arenosa beyond the quantity ex-
pected by chance.'®

These works gave some insight but were limited in their power
to test whether there may be salient processes that commonly
stabilize recent polyploids. In particular, in C. amara, only two
diploid and two tetraploid populations were assayed by a low-
coverage pool-seq approach, and the reference genome used
was very fragmented.'® Of greater biological significance, as
noted by the authors of the C. amara study, widespread vegeta-
tive reproduction in C. amara likely offers a modicum of escape
from selection for meiotic stability in the young autopolyploid,
consistent with the observed results.’® Thus, minimal conver-
gence between these systems leaves unresolved whether there
may be salient processes that commonly stabilize recent poly-
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ploids. This is important because the major genomic changes
that occur in young polyploids may also help explain why
some polyploids are so successful and some are not.

Here, we test in a robust system that closely parallels
A. arenosa whether there may be common processes that sta-
bilize these multiple, independent, and successful recently
formed autopolyploids. Importantly, this system does not rely
on vegetative reproduction, as C. amara did, which means
that the selection pressure on faithful meiosis is expected to
be fully intact. This system, the Cochlearia genus, is also
more distantly related to A. arenosa and harbored at least 5
polyploidy events in the last 300,000 years.'® The Cochlearia
genus exhibits diploid, tetraploid, and higher cytotypes (Fig-
ure 1A),9?2 with the very successful autotetraploid cytotype'®
similar in age to A. arenosa.?®** Cochlearia is found across Eu-
rope, from Spain to the Arctic, in a wide range of habitats,
including freshwater springs, coastal cliffs, sand dunes, salt
marshes, metal-contaminated sites, and roadside grit (Fig-
ure 1A)."%?°7%% A broad (but not exclusive) general habitat dif-
ferentiation is evident by ploidy, with diploids most often found
in upland freshwater springs; autotetraploids broadly on
coasts, often directly adjacent to seawater or continuously sub-
merged; and higher ploidies in extreme salt marsh conditions or
salted roadways.?%%°

To infer the genes and processes under selection in the
young successful autopolyploid Cochlearia species and then
test for convergence with those found in A. arenosa and
C. amara, we first assess Cochlearia demography by individu-
ally resequencing 113 plants from 33 diploid, autotetraploid,
hexaploid, and outgroup populations from across its range.
We then focus our analysis on closely related diploids and au-
totetraploids in the UK and assess meiotic behavior and stress
resilience phenotypes in the autotetraploids vs. diploids. Next,
we scan for selective sweeps associated with autopolyploid
establishment and dissect candidate targets of adaptive evolu-
tion using functional protein modeling and identification of or-
thologous-derived sites from functional studies. Our results
show convergence at the process level in each of these recent
autopolyploid establishment events in three genera separated
by ~40 million years. This indicates that similar adaptive pro-
cesses likely establish these young polyploids but that specific
genes recruited are far less constrained. Surprisingly, we also
find very strong signals of autopolyploid adaptation in several
kinetochore components in autotetraploid C. officinalis, point-
ing to a novel mechanism of adaptation to autopolyploid
meiosis and mitosis.

Figure 1. Ploidy variation, genome assembly, sampling, and genetic structure
(A) Cochlearia species in this study. Metaphase chromosomes counterstained with DAPI. Scale bars, 10 um.
(B) Hi-C contact map and fluorescent in situ hybridization. Metaphase chromosomes counterstained with DAPI (blue) and hybridized with 102 bp satellite (pink)

and telomeric (green) probes. Scale bar, 10 um.
(C) Chromosome-scale assembly of diploid C. excelsa genome.
(D) Cochlearia populations sequenced (Data S2).

(E) Principal-component analysis of diploids (blue) and autotetraploids (orange). Principal component 1 (PC1) explains 21% of the variation and discriminates
populations based on ploidy. PC2 explains only 9% of the variation and separates Norwegian tetraploids from UK tetraploids. Axes are scaled to contribution of
each of the first PCs to the overall variation. NO, Norway; UK, United Kingdom; ES, Spain; SK, Slovakia; DE, Germany.

(F) fastSTRUCTURE®’ analysis of all Cochlearia individuals.

The same color legend applies to (A) and (D)-(F): blue indicates diploids; orange indicates tetraploids; green indicates hexaploids.

See also Figures S1 and S2 and Tables S1 and S2.
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RESULTS

Chromosome-level Cochlearia excelsa assembly and
annotation

First, to serve as a reference for our demographic analysis and
selection scans, we built a chromosome-level genome assembly
of one diploid Cochlearia excelsa individual (Styria, Gurktaler
Alpen, Austria). We chose C. excelsa because it is an early-
diverging diploid and, conveniently, also a rare, primarily selfing
Cochlearia species. This resulted in a contiguous primary as-
sembly (contig N50 = 15 Mb; Figure 1B), generated from Oxford
Nanopore PromethlON data (read N50 = 27 kb). The primary as-
sembly was performed with Flye 2.9°° and NECAT.*° The
assembled contigs were then scaffolded to chromosome-scale
using Hi-C (Figure 1B), and a final cleanup was performed with
Blobtools*® (Figure S1A). Hi-C-guided chromosome arm orienta-
tions were confirmed with fluorescence in situ hybridization
(FISH) and in silico mapping of telomeric and centromeric re-
peats (Figure 1B; Figures S1B and S1C). The assembly showed
high completeness (97.3%) in a kmer-based analysis using inde-
pendent read kmer assessment.*' The six primary scaffolds cor-
responded to the six C. excelsa chromosomes with a scaffold
N50 of 37 Mb and an overall genome size of 310 Mb
(Figures 1B and 1C; Table S1), matching our estimated haploid
genome size of 302 Mb in GenomeScope® (Figure S2A).
Concordance between our FISH and in silico mapping of the
probes over our continuous large scaffolds indicate that our
assembly is a telomere-to-telomere representation of the
C. excelsa genome (Figures S1B and S1C). Gene space repre-
sentation was excellent, with 98% complete Brassicales
BUSCOs*® (Table S1) using Compleasm.** Addition of the small
scaffold debris represented by scaffolds 7-115 gave 0 additional
BUSCOs. These small scaffolds were comprised of 83%
masked repeats with overwhelming contact associations with
the centromeres in the HiC contact map (Figure 1B), indicating
that these are predominantly uncollapsed repeats with little
gene content (Table S2). Finally, we performed an annotation
incorporating RNA sequencing data from the reference line,
protein homology information, and ab initio modeling with
BRAKER2."® This yielded 46,972 gene models.

Population sampling and ploidy confirmation

We set out to determine the optimal population contrasts to detect
autopolyploidy-specific signatures of selection. To this end, we
performed broad sampling of populations across the reported
range of Cochlearia species throughout Europe'®?%27-30:32:33:35
and then conducted flow cytometry-, cytology-, and kmer-based
surveys of genome size and ploidy variation (Figure 1A; Data S1;
Figure S2). Flow measurements were normalized against the
diploid population with the most stable within-population genome
size estimates, WOL (Data S1). We focus our demographic anal-
ysis on the three vastly most abundant ploidies (Figure 1A): dip-
loids = Cochlearia pyrenaica, tetraploids = Cochlearia officinalis,
and hexaploids = Cochlearia danica.

Establishment of C. officinalis as autotetraploid

While we include outgroups and sister species lonopsidium and
hexaploid C. danica in the genetic structure analysis, our focus
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in this study in the selection scans below is on adaptation
to autopolyploidy. Thus, it was essential to confirm whether
our abundant focal tetraploid, C. officinalis, arose from the
combination of two genomes of the same (autopolyploid) or
different (allopolyploid) species. Using deep (>120x) PCR-free
lllumina sequencing of C. officinalis, we establish autopolyploidy
with a kmer-based analyses and inspection of allele states (Fig-
ures S2C and S2D). This confirms the suitability of C. officinalis
for comparisons of diploidy vs. autotetraploidy without the
confounding factor of hybridization that would accompany
allopolyploidy.

Population sequencing and genetic structure analysis
To focus our sampling on adaptation to autopolyploidy, we
sampled primarily across the diploid-autopolyploid contrast
but also with outgroups to provide a robust genetic structure
analysis (113 individuals: 39 diploid, 67 tetraploid, 3 hexaploid,
and 4 outgroup). These originated from 33 populations (10
diploid, 18 tetraploid, 2 hexaploid, and 3 outgroup). We
sequenced all individuals by lllumina P150 (average per-individ-
ual depth = 17x; minimum = 4x; Figure 1D; Data S2). Read
mapping to our diploid reference was efficient in all ploidies
(average read mapping percentage per ploidy: diploids =
96%, autotetraploids = 93%, and hexaploids = 94%; Data
S2), reflecting the shallow divergence between Cochlearia
species.’® We used a well-established'®2%*¢~% polyploid-spe-
cific pipeline to call variants and filter data with appropriate
ploidy flags for each individual and perform demographic ana-
lyses. The final dataset consisted of 18,307,309 SNPs, on
average one variant every 17 bp. This VCF was then passed
through polyploid-aware analyses, following established best
practices (STAR Methods; theory elaborated upon in Bohutin-
ska et al.*®).

To assess genetic structure, we first performed fastSTRUC-
TURE®” (Figure 1F) on our 109 Cochlearia individuals, excluding
the outgroup sister genus lonopsidium. We used 23,733 un-
linked (linkage disequilibrium-pruned minimum = 5 kb and r? =
0.2) and 4-fold degenerate (proxies of neutral sites) SNPs. We
included sites only with a maximum 20% missing data and min-
imum minor allele frequency = 0.02. K = 3 maximized the mar-
ginal likelihood and grouped samples neatly by ploidy. Focusing
on diploids vs. autotetraploids, principal-component analysis
confirmed that ploidy dominates over geography (PC1 [ploidy] =
21% of variance explained; PC2 [UK vs. Norwegian tetraploids] =
9% of variance explained; Figure 1E). Interestingly, a single
diploid population, the C. aestuaria population VEG of Northern
Spain, clusters with the autotetraploids, suggesting a single
origin from this diploid. We reconfirmed diploidy and homozy-
gosity in this sample (Figures S2E and S2F).

Meiotic behavior in diploid vs. autopolyploid Cochlearia

Young autopolyploids tend to form tetravalents, associated
eventually with aneuploidy.® We therefore investigated the
meiotic behavior of C. officinalis to estimate whether they are
in fact adapted to their autotetraploid state. Similar to A. arenosa
autotetraploids, ' we found a significant per-bivalent reduction
in class | mature crossovers, evidenced by HEI10 foci (diploids =
2.28, tetraploids = 2.08; p < 0.00001; Mann-Whitney; Figures 2A,
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B unstable stable Figure 2. Meiotic behavior in autotetraploids
relative to diploids
(A and C) Quantification of mature crossovers by
HEI10 staining (green) on pachytene chromosomes
stained by ZYP1 (red) (A), showing a significant
(**p < 0.00001; Mann-Whitney) downregulation of
crossovers in autotetraploids (C); see Figure S3 for
split-channel images.
(B and D) Metaphase | chromosome spreads (B) and
stability quantification by visualization of multiva-
lents (D) showing higher proportions of multivalents
in tetraploids (orange) relative to diploids (blue). Blue
indicates diploids; orange indicates tetraploids.
Scale bars, 10 um.
See also Figure S3 and Table S3.
C 4. D . o .
ek disjunct geographic distribution by ploidy,
. U: 001 with diploids (2n = 12) deeply inland and
= @ autotetraploids inhabiting coastal regions
@ 3] ©°__] of high salinity, including full seawater sub-
g i) S mergence (Figure S4). We therefore tested
8 = 1 for ploidy-related differences in salinity
82_ ° 5o . tolerance and dehydration stress toler-
S % 1 ance. Interestingly, in terms of overall plant
RS o survival, we found extreme salinity toler-
e .GE) o5 A ance in all ecotypes tested, with even
o1 = diploids tolerating up to 600 mM NaCl
T 2 . (salinity level of seawater), along with all
o 4 2 higher ploidies (Table S4). Tetraploids
ok B T B A A B o levated stomatal conduc-
ploidy unstable rather rather stable ’ .
unstable stable tance and net photosynthetic rates under

2C, and S3). Despite the reduction in the number of class | cross-
overs per chromosome, we still observed greater overall meiotic
instability in the tetraploid compared with the diploid (Figures 2B
and 2D), with dramatic variation in multivalent production both
within and between populations (Table S3). By assessing the
number of multivalents (STAR Methods), diploid lines were
more frequently estimated to be “highly stable,” and more auto-
tetraploid lines had high variability, suggesting segregation for
stabilizing factors (Figure 2D; Table S3).

Increased drought tolerance in autopolyploid

C. officinalis

A second common phenotype evidencing adaptation to the
polyploid state is increased drought or salinity stress resilience.
A direct link between genome doubling and salinity tolerance
was established in Arabidopsis thaliana, where first-generation
neoautopolyploids (otherwise isogenic with diploid siblings)
show elevated salinity tolerance and intracellular potassium.*®
These results motivate this question additionally due to the prev-
alent increased dehydration stress tolerance observed in higher
ploidies relative to lower ploidies® and the accompanying cyto-
plasmic ionomic changes that are thought to mediate increased
dehydration stress, in particular high potassium.*®°° In the case
of Cochlearia, accessions exhibit a broadly (but not exclusively)

drought, relative to diploids (Figures 3A

and 3B; Tables S4-S7). This suggests an
adaptive benefit specific to higher ploidies in response to
drought.

Selective sweeps associated with successful
autopolyploid establishment

To identify candidate genes and processes involved in stabiliz-
ing autotetraploid C. officinalis, we next focused on the 18
geographically proximal populations from the UK (44 autotetra-
ploid individuals and 29 diploid individuals; no allohexaploids
were included in the below analyses). Concentrating the selec-
tion scan on UK diploids and autotetraploids minimizes the ef-
fects of genetic structure. To guide our window size choice, we
calculated pairwise linkage decay, which was rapid in both
ploidies, with near-complete loss of genotypic correlations
within 2 kb to low background levels (Figure 4A). We thus calcu-
lated in 1 kb windows a battery of differentiation metrics (Dxy,”’
Rho,*? Hudson’s Fsr1,>® Nei’s Fgr,°* Weir-Cockerham’s Fgr,°
and groupwise allele frequency difference [AFD]) genome wide
(minimum = 15; mean = 101 SNPs per window). After filtering,
these scans overlapped 86% of genes (40,245 of 46,972).

To determine which metric most reliably identified genomic re-
gions that exhibit localized peaks in AFD indicative of specific
sweeps upon autopolyploid establishment, we performed an in-
spection of all AFD plots in all outlier tails (STAR Methods). From
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Figure 3. Improved drought response in autotetraploid C. officinalis

(A and B) Increased stomatal conductance (A) and photosynthetic (B) rates under dehydration stress in tetraploids. Plots show median and variation of drought-
stressed plants in comparison to well-watered plants. Sign differences between diploids and tetraploids as seen in one-way ANOVA, post hoc Tukey (Table S7).

Blue indicates diploids; orange indicates tetraploids.
See also Tables S4-S7.

this, we identified Hudson’s Fst as most reliably identifying local-
ized AFD peaks (and not, e.g., low diversity®"). This formulation
of Fst brings the added benefit of robustness for unequal sample
sizes and the presence of rare variants®® and direct comparisons
to the C. amara study, which used this same metric. We therefore
extracted windows in the top 1% of this distribution as candidate
outliers, consisting of 1,823 1kb windows, overlapping 753 pre-
dicted genes for which we could obtain functional descriptions
primarily from orthology (or, lacking this, close homology) to
A. thaliana (Data S3). We focus on the most extreme 25 of these
(right of the dashed line in Figure 4B; Table 1), which we confirm
exhibit elevated Dxy values (outlier Fst peak Dxy = 0.17; mean
outside peak Dxy = 0.06; Mann-Whitney U test: p <2 x 1076;
Figure 4C).

Complementing this approach, we also focused our 1%
outlier list on gene-coding regions with a fineMAV approach.’®
Using Grantham scores to estimate the functional impact of
each non-synonymous amino acid change encoded by a given
SNP, this scales the severity of amino acid change by AFD be-
tween groups. Of 107,055 non-synonymous-encoding SNPs
assigned a MAV score, the top 1% outliers from the empirical
distribution were intersected with our Fsr outliers, yielding a
protein-evolution-oriented list of 159 genes, harboring 290
MAV SNPs (bold in Data S3; 1% Fgst outliers with 10 or more
1% extreme MAV outliers are given in Table 1). By these ap-
proaches, we resolved gene-specific peaks of Fgr (Figure 5A)
and candidate selective sweep alleles in our top 25 genome-
wide outliers (Figures 5B-5G).

Finally, because ecotype preference and ploidy correlate
within our dataset, we performed an additional selection scan
designed to fully isolate the effect of ploidy. We excluded all
coastal tetraploids, focusing only on inland tetraploids from
salt-free environments (similar to the diploids) in an Fgt scan
vs. diploids. Here, the same top outliers discussed above
emerged again, with good concordance between the 1% outlier
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lists (outlier plots in Figure S5, mirroring Figures 5B-5G). Indeed,
of the top 25 Fst outliers in Table 1, 18 were present in both 1%
outlier lists, including the DNA management and ion homeosta-
sis genes discussed below (of the 7 remaining genes, 2 were ab-
sent from the second scan due to inadequate coverage in the
smaller sample set).

DNA management, ion homeostasis, and cell
stoichiometry processes under selection in
autotetraploid C. officinalis

While we focus our discussion below on the top 25 genome-wide
outliers, a broader, 1% Fgr list of 753 selective sweep candi-
dates (Data S3) yields particularly informative Gene Ontology
(GO) enrichments, with 181 significantly enriched categories
(Data S4). Many of these categories can be grouped into
three classes congruent with expected polyploid-associated
changes’>°%72: (1) DNA management: 29 categories relate to
DNA integration, cell division, meiotic chromosome segregation,
mitosis, DNA repair, and recombination; 2) ion homeostasis: 26
categories relate to ion transport (principally extrusion), cation
homeostasis, salt stress, and stomata; and (3) cell stoichiometry:
7 categories relate to global gene expression, cell wall, and
biosynthesis, pointing to both global gene expression and nucle-
otypic® changes in polyploids.

Kinetochore evolution upon WGD

Genome wide, by far the strongest selection signature is directly
over the coding region of the CENTROMERE PROTEIN E ortho-
log (CENP-E; Figures 5A and 5B).”” This gene overlaps the 5 top
Fst outlier windows (mean Fgr = 0.88) and includes 37 of the 39
genome-wide fixed differences between ploidies. An essential
kinetochore protein, CENP-E moves mono-oriented chromo-
somes to the spindle equator, mediating congression.®” 5478
Strikingly, tetraploid cancers are far more susceptible to
CENP-E inhibitors than diploids.>®5%79:80
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Figure 4. Rapid linkage decay and empirical
outlier analysis

(A) Immediate decay of genotypic correlations (%)
observed in both diploid (blue) and tetraploid (or-
ange) Cochlearia.

(B) Distribution of genome-wide Fgr values for
182,327 1 kb windows. Dashed red line gives
extreme stringency Fsr cutoff of the top 25
genome-wide outlier genes; solid red line gives the
1% cutoff; windows inside the CENP-E gene-
coding region are highlighted in orange.

(C) Dxy values are significantly elevated inside Fst
peaks (Mann-Whitney U test: p <2 x 107'6).

(D) CENP-E, the #1 genome-wide Fgst outlier, also
exhibits greatly excess differentiation for its level
of diversity in the tetraploids, a classical signal of
selective sweep.

kinetochore component in both mitosis
and meiosis needed for centromere iden-
tity in plants, yeast, Drosophila, and
humans®°%® (Figure 5C), and INNER
CENP (INCENP), which controls mitotic
and meiotic chromosome segregation
and cytokinesis in plants, yeast, and
animals.”>®° At mitosis and meiosis,
INCENP localizes to kinetochores and,
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The Cochlearia CENP-E coding region contains 26 SNPs (syn-
onymous or non-synonymous) that are highly differentiated be-
tween diploids and tetraploids (>50% AFD). Six of these are
unique to Cochlearia tetraploids at highly conserved sites across
angiosperms (Figure 6A). None are in characterized conserved
functional regions of the kinase domain,®' meaning motor activity
is likely intact. Most of the tetraploid-specific changes are in the
coiled-coil regions, which, in animals, are important for the regu-
lation of cell division via phosphorylation and protein-protein inter-
actions.®” For example, point mutations in the coiled coils are
associated with human disease (e.g., microcephaly®>®). In hu-
mans and Xenopus, these regions are known to be extensively
phosphorylated during the cell cycle and may be involved in the
autoinhibition of CENP-E.?*®" Indeed, we see four tetraploid-spe-
cific changes that may affect regulation via the loss of phosphor-
ylation (S717A, S821A, S1059L, and S1169A). Three additional
changes toward the C terminus are in a cargo (chromosomes)
binding region. Four of the tetraploid-specific changes show
remarkable conservation across plants, being otherwise abso-
lutely conserved across CENP-E-like kinesins (Figure G6A;
AB07G, Q613D, R899Q, and Q1024E). Taken together, these
data suggest the changed regulation of CENP-E. This is consis-
tent with functional evidence from A. thaliana showing that
CENP-E mutations extend the cell cycle.®”

Our top outlier list (Table 1) contains two additional orthologs
of A. thaliana kinetochore components: CENP-C, an essential

later, the phragmoplast as the main sub-
unit of the chromosome passenger
complex.”* Both INCENP and CENP-C
contain 1% outlier-MAV SNPs, with
INCENP harboring a remarkable 15 MAV
outlier SNPs, the greatest number of any gene in the genome.
In order to investigate whether other kinetochore-related genes
might be exhibiting high, but not extreme, levels of selective
sweep, we also performed explicit searches for selection signal
in an exhaustive list of 131 kinetochore-related Cochlearia genes
based on homology to annotated loci in model systems (Data S5,
kinetochore-related genes). Among these, we found no compel-
ling selection signal, revealing no further candidates. This under-
scores that the signal we discuss at CENP-C, CENP-E, INCENP,
and related genes (Table 1; Data S3) is specific to those genes
and the processes they mediate, not to wider related processes.

0.3

Evolution of DNA repair and transcription

Several of the top signals of selective sweeps are in DNA repair-
related genes, for example, CONDENSIN-II COMPLEX SUBUNIT
H2/HYPERSENSITIVITY TO EXCESS BORON 2 (Figure 5D), which
functions directly in double-strand break (DSB) repair®®*° and
chromatin management in plants, mouse, and Drosophila.®®*"
Condensin Il is required for proper DNA DSB repair by homologous
recombination (HR) repair in A. thaliana and humans®®’® and has
been implicated in the association and dissociation of centro-
meres.”! We find in our 1% Fsroutliers an outlier also ata homolog
of DAYSLEEPER, an essential domesticated transposase.®”
DAYSLEEPER binds the Kubox1 motif upstream of the DNA repair
gene Ku70 to regulate non-homologous end joining DSB repair,
the only alternative to HR.%>%
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Table 1. Top selective sweep candidates in autopolyploid C. officinalis

Fst rank Cochlearia ID

thaliana 1D

Name

Description

12

10
11
12

17
18

8

g7445 AT3G10180

g31016 AT1G06670
g7446 AT3G10070
g40185 AT2G26690
925338 AT4G00060

949945 AT1G15660

925334 AT1G05940
925335 AT4G00026

96996 AT3G16730

924649 AT5G40595
924648 AT4G02000
933330 AT1G54310

g40302 AT4AG10310

933311 AT5G61390

910739 AT2G01980

946402 AT1G77990

g4631 AT5G19270
94632 AT2G07200

Cell Reports 43, 114576, August 27, 2024

CENP-E

NIH

TAF12

NPF6.2

MEE44

CENP-C

CAT9
SD3

CAP-H2/HEB2

HKT1

NEN2

SOSH

SULTR2

CENTROMERE PROTEIN E: kinetochore
protein that moves mono-oriented
chromosomes to the spindle equator®’;
cooperates with chromokinesins and
dynein to mediate chromosome
congression; activity is regulated by post-
translational modifications, protein
interactions, and autoinhibition; tetraploid
cancers are far more susceptible to
CENP-E inhibitors than diploids®®-°%¢°
NUCLEAR DEIH-BOX HELICASE: binds
DNA without clear specificity®’
TATA-ASSOCIATED Il 58: controls stress-
responsive root growth®”

NITRATE TRANSPORTER 6.2: mediates
drought stress response®

MATERNAL EFFECT EMBRO ARREST 44:
part of the RNA TRAMP complex
CENTROMERE PROTEIN C: Kinetochore
protein that is critical for centromere identity
in both mitosis and meiosis. Loss of
CENP-C results in aneuploidy and cell
death.®* Necessary in mitotic cells for
kinetochore assembly centromere
establishment. Mutants also fail to retain
centromeric SC in late pachytene.®>®®
CATIONIC AMINO ACID TRANSPORTER 9
SEGREGATION DISTORTION 3: mutants
have lower ploidy®’

CONDENSIN-II COMPLEX SUBUNIT H2:
functions in DSB repair and arranges
interphase chromatin®®°?; plays a role in
alleviating DNA damage and genome
integrity in A. thaliana®; condensin II-
depleted human cells have a defect in
homologous recombination-mediated
repair’®

unknown protein

Ta11-like non-LTR retrotransposon
S-adenosyl-L-methionine-dependent
methyltransferases superfamily protein
HIGH-AFFINITY K + TRANSPORTER 1:
sodium transporter; mediates salinity
tolerance in wild A. thaliana populations’”;
under selection post-WGD in A. arenosa'?
NAC45/86-DEPENDENT EXONUCLEASE-
DOMAIN PROTEIN 2

SALT OVERLY SENSITIVE 1: plasma
membrane-localized Na+/H+ antiporter;
extrudes Na+ from cells; is essential for salt
and stress tolerance

SULFATE TRANSPORTER 2; 2: a low-
affinity sulfate transporter

reverse transcriptase-like protein

cysteine proteinases superfamily protein

(Continued on next page)
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Table 1. Continued

Fst rank Cochlearia ID thaliana 1D Name Description

19 g25121 AT5G35970 - P loop containing nucleoside triphosphate
hydrolase superfamily protein

20 945503 AT5G08620 STRS2 STRESS RESPONSE SUPPRESSOR 2: a
DEA(D/H)-box helicase involved in drought,
salt, and cold stress responses

21 g25112 AT5G35980 YAK1 YAK1-related: controls cell cycle and
regulates drought tolerance’*"*

22 g40349 AT4G11110 SPA2 SPA1-related 2: convergent with WGD
adaptation in A. arenosa'?

23 954387 AT3G01420 DOX1 an alpha-dioxygenase involved in
protection against oxidative stress

24 925300 AT5G34940 GUS3 GLUCURONIDASE 3

25 g45090 AT1G65320 CBSX6 cystathionine beta-synthase family protein

15 MAV 939361 AT5G55820 INCEP/WYRD INNER CENTROMERE PROTEIN: the
largest subunit of the chromosome
passenger complex (CPC) and directly
binds to all other subunits in animals and
yeast”; the CPC ensures that all
kinetochores are attached to microtubules
emanating from opposing poles; INCENP is
necessary for normal mitotic divisions’*; at
mitosis and meiosis localizes to
kinetochores and, later, the phragmoplast’*

12 MAV 925323 AT4G29090 ribonuclease H-like superfamily protein

11 MAV 23778 AT4G25290 DNA photolyase

11 MAV 954385 AT1G56145 CORK1 an LRR receptor kinase required for cello
oligomer-induced responses

10 MAV 933400 AT1G50240 FU FUSED: an ARM repeat domain-containing

protein kinase involved in male meiosis;
tightly localized to nascent phragmoplast
and with the expanding phragmoplast ring

Top 25 of 40,245 genes assessed, with 5 additional genes (bottom) with 10 or more MAV SNPs and in the top 1% Fgr tail. Genome-wide Fst rank is

shown in column 1.

2Contains 37/39 whole-genome fixed differences between diploids and tetraploids and is also the only gene with three of the top 25 Dxy windows.

In a young polyploid, the total DNA content doubles, but the
protein content and cell size do not scale accordingly,® so we
predicted that the control of global gene expression, like
meiosis, should undergo adaptive evolution post-WGD. Here,
we see signals of this, with a suite of DNA or RNA polymerase-
associated genes among our selective sweep outliers. In our
1% Fgt outliers, this includes NRPB9, an RNA polymerase sub-
unit that is implicated in transcription initiation, processivity, fi-
delity, proofreading, and DNA repair,”>° as well as the ortholog
of MED13, of the mediator complex, which is essential for the
production of nearly all cellular transcripts'% (Data S3).

Evolution of ion homeostasis, transport, and stress
signaling

The ionomic equilibrium of the cell is immediately disrupted at
WGD?%; in particular, K* concentrations are increased instantly,
consistent with increases in salinity tolerance in synthetic
A. thaliana autotetraploids.*® In our young tetraploids, among
the top selective sweeps are ion channels that function explicitly
to remove K*, Na*, and other cations from the cell. At Fgyrank 13

genome wide, we see the ortholog of HIGH-AFFINITY K*
TRANSPORTER’"'°" (HKT1; Figures 5G and 6B), and at rank
15, we see SALT OVERLY SENSITIVE 1 (SOS17), a membrane
Na*/H* transporter that removes excessive Na* from the cell
and is central to salt tolerance'%*'%® (Figure 5F).

Structural homology modeling confirms that the Cochlearia
HKT under selection is class 1 from its selectivity filter residue
configuration (S-G-G-G), indicating that it is likely Na* selective
(and K* non-selective).’® There is an L344V mutation in the
tetraploid relative to the diploid; remarkably, this is the identical
site and amino acid change that is associated with salt tolerance
in rice OsHKT1; 5 (Figure 6B)'%>'%: functional confirmation in
rice shows that the orthologous site substitution to valine in
our tetraploid is associated with salt tolerance (including faster
Na* transport), while the diploid leucine is associated with salt
sensitivity (including slower Na* transport).'%® Given that the tet-
raploids live overwhelmingly in coastal regions where they are
exposed to extreme Na levels, while the diploid lives in low-Na
freshwater streams, this makes biological sense. While the close
proximity of L344 alone is likely enough to disrupt pore rigidity via

Cell Reports 43, 114576, August 27, 2024 9
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Figure 5. Selective sweep signatures of DNA management and ion homeostasis alleles
(A) Ploidy-specific differentiation across the Cochlearia genome. The dashed orange line gives the extreme stringency Fst cutoff of the top 25 outlier genes; the

solid line gives a 1% Fgr cutoff.

(B-G) Examples of 6 outlier genes. (B)—(E) represent kinetochore or DNA management. (F and G) lon homeostasis functional categories. The x axis gives genome
position. The y axis gives AFD values at single SNPs (dots) between diploid and tetraploid Cochlearia. Orange arrows indicate genes overlapping the top Fst
outlier windows; gray lines indicate neighboring genes. Orange dots indicate MAV outliers.

See Figures S5 and S6.
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Figure 6. Tetraploid-derived protein structure changes in CENP-E and HKT1

(A) Kinetochore subunit CENP-E structural prediction and diversity. Structure: diploid structure (blue), consensus (>50% allele frequency)-derived poly-
morphisms in tetraploids (orange), and kinesin motor domain (slate). Alignment: color by percentage identity; consensus mutations at highly conserved sites
(orange boxes).

(legend continued on next page)
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its larger side chain relative to V, in Cochlearia HKT1, we also see
T220M (a highly conserved residue) and 1346F mutations, which
are even closer to the P1-4 pore domains that hold S-G2-G3-G4
together to create the selectivity control. These mutations all
introduce large side chains that likely affect structural dynamics
at the P1-4 pore.'%>'% |n addition, the mutations F3261, R200P
L180F, Q303H, and M360I are all in (R200P and F326l), or in con-
tact with, the four alpha helices that stabilize the SGGG selec-
tivity filter. While this may seem an excessive quantity of muta-
tions, suggesting gene inactivation, all the sites except M360I,
T220M, and L344V are loosely conserved, suggesting flexibility
in these regions.

There are also mutations on the cytosolic side of the protein,
where a few poorly conserved residues appear to induce
small structural changes (Figure 6D). This includes a cluster of
changed residues (I388N, S386T, N384K, R396G), which are
predicted to break up an alpha helicase in the tetraploid, and
P18S and S19R, which appear to induce a break in the first alpha
helicase of the protein. To our knowledge, this domain is not
functionally characterized, though given this positioning, it could
represent a change in signaling or regulation.

Congruent with its conserved central role in ion homeostasis,
SOS1 is highly conserved, and tetraploid-specific changes are
not near transport binding sites (nucleotide or ion), nor dimeriza-
tion domains. Instead, a tight cluster of 3 mutations marks the
boundary between the B-sheet-rich cytoplasmic domain and
the C-terminal autoinhibition (CTA) domain, which contains a
further 3 mutations (K1014E, T1075S, and R1101Q). The CTA
is unstructured; however, it has been experimentally shown
that just two point mutations can change the behavior of the
channel, presumably by releasing autoinhibition, increasing
Na* transport, and, therefore, increasing salt tolerance.’®”
Notably, this includes one T1075S substitution: S and T are
two of the three amino acids that can be phosphorylated, and
it has been shown that these two residues behave differently
when phosphorylated, suggesting that the choice of S or T
may have evolutionary consequences.'%®

lon homeostasis shifts should be associated with changesinre-
sponses to salt, osmotic, and cold stress, as all these stressors
have a common osmotic basis. Such a link between immediate
ionomic changes in the polyploid cell may be a key functional ba-
sis for the observed ecotypic differentiation of young polyploids,
especially as observed in arctic and alpine conditions. We accord-
ingly see in our top outliers categories of relevant genes, e.g.,
DEAD-BOX RNA HELICASE 25 (STRS2), identified in A. thaliana
as a repressor of stress signaling for salt, osmotic, and cold
stress.'%"1% This gene also controls freezing tolerance,'"" rele-
vant to the cold-loving arctic and alpine history of Cochlearia."®

Functional relevance of ion homeostasis shifts in
diploids vs. autotetraploids

To assess whether these sweeps were better associated with
ecotype differentiation between ploidies rather than adaptation

Cell Reports

to autopolyploidy, we performed a salt tolerance experiment on
diploid and autotetraploid plants. Interestingly, given their diver-
gent ecotype preferences (Figure S4), with tetraploids found in
more saline conditions, we found that the diploid Cochlearia are
in fact more salt tolerant than the tetraploids (p = 2.178 X
10 ~%; see STAR Methods and Table S4.). This finding also con-
trasts with observations of increased salinity tolerance in neote-
traploid A. thaliana.*° Again, however, this may be a signal of pre-
adaptation to osmotic challenge (common to freezing, salinity,
and dehydration) across the halophyte Cochlearia."'?

Gene-level convergence
To test for convergence at the ortholog level, we first determined
orthogroups''® between Cochlearia, A. arenosa, and C. amara.
We then compared our top 1% Fsr candidate list for Cochlearia
(n = 753; Data S3) with those published by the same empirical
1% Fgr outlier approach'® in A. arenosa (n = 452; Data S6),
and C. amara (n = 229; Data S7). For all cases, genes were
considered orthologs if they were part of the same orthogroup.
By this criterion, not a single ortholog was under selection in
all three species (Figure S6A; Data S8). This approach depends
on strict 3-way orthogroup assignment, so we then searched for
convergence by assigning all genes in the outlier lists to the near-
est A. thaliana homolog. By this “nearest homolog” criterion,
only one gene was selected in all three WGDs: DAYSLEEPER,
an essential domesticated transposase®® with a role in regulating
non-homologous end joining DSB repair (Figure S6B; Data S9).
Interestingly, by both homolog assignment methods, several
of the Cochlearia WGD adaptation candidates were found to
be present also in A. arenosa. ASY3 (Figure S6D), functionally
validated'*"” to have a role in stabilizing autotetraploid meiosis
in A. arenosa, is also in our 1% Fgr outlier list in Cochlearia.'*
We also see CYCD5;1, which is a quantitative trait locus for en-
doreduplication.”'* Additionally, the salinity and osmotic genes
HKT1 and OST2 are in both top candidate lists (Data S8). All
these genes are involved in processes that have been implicated
in adaptation to WGD"?*%8'2 and therefore stand as good
candidates to mediate adaptation to salient challenges to
nascent polyploids. We note that overlap between Cochlearia
and both A. arenosa and C. amara candidates was greater
than expected by chance (SuperExactTest''® p = 0.0024 and
p = 0.0047, respectively) but only marginally so for C. amara
and A. arenosa (SuperExactTest p = 0.014).

Process-level convergence

We reasoned that there may be similarities in processes under
selection between the three independent WGDs, despite
modest gene-level convergence. To test this, we first compared
our GO results with those published in A. arenosa and C. amara.
The much greater signal of overlap (process-level convergence;
Figure S6C) was found between Cochlearia and A. arenosa: of
the 113 GO biological process terms significantly enriched in
Cochlearia, 17 were among the 73 GO terms enriched in

(B-D) lon channel HKT1: diploid structure (blue), mutation sites (orange; diploids, magenta: tetraploids), pore domains (teal). (C) HKT1 extracellular surface.
Salinity tolerance-mediating change L344V in red and selectivity filter residues S/G1, G2, G3, and G4 (black). (D) Super-imposition of diploid (blue) and tetraploid
(gray) intracellular domains. Structures that are predicted to have rotated are highlighted on the tetraploid structure (dark gray). Tetraploid consensus mutations

(magenta).

12 Cell Reports 43, 114576, August 27, 2024



Cell Reports

A. arenosa (Data S4; p = 0 in permutation tests). These were
high-level GO terms including representatives of ploidy-relevant
categories, e.g., “cell division,” “transmembrane transport,”
and “regulation of RNA metabolic processes.”

Further evidence of functional association between outliers
found in Cochlearia and those in A. arenosa is observed in pro-
tein interaction information from the STRING database, which
provides an estimate of proteins’ joint contributions to shared
function."'® Using comparable 1% Fgr outlier lists from the two
species, we see many connections between these independent
WGDs. Here, we see particularly large clusters (Figures S6E and
S6F) in the center of the overall network (Figure S6G). In partic-
ular, the endopolyploidy gene''® CYCDS5;1 and DNA Pol V (a
shared outlier in both species) interact with many other outliers
in each selection scan (Figure S6E). This analysis reveals, for
example, that DNA Pol V occurs as a top candidate alongside
either NRPB9A (in A. arenosa) or NRPB9B (in Cochlearia). These
subunits are partly redundant interactors with Pol /I, -1V, and -V,
and the double mutant is fatal in A. thaliana.®’

DISCUSSION

A rich literature cataloging phenotypic shifts upon ploidy in-
crease tells us that each polyploidy event represents a unique
evolutionary experiment.’*%® However, common themes
emerge, evidenced by fairly consistent changes in the cell. First,
a multiplication of DNA content may complicate meiotic pairing,
recombination, and segregation of the added genome copies,
especially in autopolyploids.”'” A survey of 67 ploidy-variable
species distilled the most common phenotypic alterations to
include also cell size increases and elevated stress tolerance,
especially to drought and salt.® Associated with these pheno-
types are ion homeostasis shifts’® and changes to stomatal
function.”®>® Underlying these phenotypes are cell-scaling
changes that occur immediately upon WGD, usually including
increased overall sizes and altered ratios of cell volume to sur-
face area (tetraploid cell volume is measured at twice that of
diploid progenitors, but the surface area is 1.6 times greater).''®
Accordingly, these changes impact relative stoichiometries of
many cellular components.®® Elemental concentrations can be
distorted: for example, first-generation A. thaliana neoautopoly-
ploids consistently exhibit increased potassium concentrations,
which associate with increased dehydration stress tolerance.*’
Thus, we can expect nascent polyploids to have to retune their
cellular physiology to their new reality.

We sought here to understand what shared evolutionary opti-
mizations autopolyploids make in response to WGD-associated
cellular shifts. In particular, we tested whether the focused
signal of meiotic adaptation discovered in A. arenosa'” is reca-
pitulated in a similar autopolyploid system, C. officinalis. Instead
of the suite of coevolving''® meiotic crossover-controlling pro-
teins found in A arenosa, we see the strongest evidence of selec-
tive sweep at kinetochore components CENP-E, CENP-C,
INCENP, and CAP-H2, as well as well-studied ion homeostasis
loci HKT1 and SOS1. By far, the most extreme selective sweep
signature covers the CENP-E gene-coding locus (Figure 5).
CENP-E moves mono-oriented chromosomes to the spindle
equator, mediating congression,>”*"® with a direct link to poly-
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ploidy in human cancers: strikingly, tetraploid cancers are far
more susceptible to CENP-E inhibitors than diploids,>®5%79-80
This, combined with our identification of the differentiation of
other kinetochore components CENP-C and INCENP, points to
mitotic and meiotic chromosome segregation’*#° as the target
of optimizations, in particular highlighting the phragmoplast.”*
Given previous observations of meiotic adaptation to WGD in
A. arenosa, a connection to meiosis would be unsurprising; how-
ever, these loci are more generally engaged in mitotic cell divi-
sion. Of course, mitosis must also be well orchestrated before
meiosis would matter: mitotically unstable neotetraploids would
most likely never engage in meiosis.

That said, there appears more in common between the
meiosis solution found in A. arenosa and the one here evidenced
in C. officinalis. In A. arenosa, a focused prophase I-oriented
signal emerged primarily around synaptonemal complex (SC)-
associated proteins mediating lower crossover rates in the auto-
tetraploid.'? Notably, CENP-C mutants fail to retain centromeric
SCs, and CENP-C appears to function in synapsis, cohesion,
and centromere clustering.'?® Thus, CENP-C may serve as a
bridge between earlier prophase homolog synapsis and later
metaphase kinetochore assembly.®® In addition, other SC-
related genes emerge: while not exhibiting the most dramatic
signatures of selective sweep we see in the kinetochore compo-
nents, a variety of other meiosis-related genes exhibit selection
signal in C. officinalis (genome-wide top 1% Fgt outliers; Data
S3). Most conspicuous among these is ASY3 (Figure S6D). In
A. arenosa, derived, polyploid-specific alleles of ASY3 (along
with ASY7) result in fewer multichromosome associations, which
are less prone to deleterious outcomes.'” However, dedicated
searches for selection signals in the suite of meiosis genes under
selection in A. arenosa revealed only ASY3 as a candidate
under selection in C. officinalis. Interestingly, other meiosis-
related genes show differentiation signals in C. officinalis
that do not show any signal in A. arenosa, such as ATM (ATAXIA
TELANGIECTASIA MUTATED), which controls meiotic DNA
DSB formation and recombination and affects SC organiza-
tion.””" We also see the PDS5 cohesion cofactor ortholog
RMI1 (RECQ MEDIATED INSTABILITY 1), which suppresses so-
matic crossovers and is essential for the resolution of meiotic
recombination intermediates.'?> Notable also are BRCA2-like
B (essential at meiosis and interacts with Rad51, Dss1, and
Dmc1) and SHUGOSHIN C (protects meiotic centromere cohe-
sion). Thus, there appears to be substantial parallelism between
the obviously “SC-focused” adaptive response in A. arenosa
and the evolutionary response to WGD in C. officinalis, although
the signalin C. officinalis is less concentrated on interacting part-
ners at the SC itself in favor of a broader array of DNA manage-
ment and meiosis-related genes.

The relatively diffuse signal at meiosis genes is accompanied
by a more focused signal at the kinetochore in C. officinalis
and partnered with the suggestion of other, diverse evolutionary
responses around DNA management and ion homeostasis.
While most of these categories are represented in A. arenosa,
no strong selection is evident on kinetochore proteins in
A. arenosa. It is unclear why particular solutions are favored in
one species relative to another. A degree of stochasticity de-
pending on available standing variation can be expected, but
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species histories likely play a role, offering preadaptations that
may “nudge” an evolutionary trajectory down another path.
For example, ion homeostasis, and especially genes involved
in salinity tolerance, is well represented among the genes with
the strongest signals of selection in Cochlearia, but in our func-
tional comparisons between diploid and autopolyploid Cochlea-
ria, we uncovered the surprising result that the diploid was at
least as tolerant to extreme salt concentrations as the polyploid,
although the diploid is found predominantly inland. A post-glacial
and boreal spread of the diploid toward the UK may have
brought salinity and cold tolerance along the way,'*® altering
the genomic substrate upon which selection acted in response
to polyploidy-associated ionomic challenge.

Finally, evidence of broader categories of DNA management
and repair under selection at WGD also suggest a speculative
hypothesis for the association long-observed between poly-
ploidy and adaptation. We observed an array of DNA manage-
ment and repair processes under selection in all three genera,
especially Cochlearia. That these processes exhibit marked se-
lective sweeps points to a selection pressure to adjust these pro-
cesses early in autopolyploid establishment. We speculate that
this may signal a temporarily increased susceptibility to DNA
damage in the nascent autopolyploid, possibly due to an early
suboptimal function of DNA repair—and certainly meiotic fidel-
ity—during the process of adaptation to the novel polyploid
state. This may effectively, therefore, result in a relative “mutator
phenotype” in nascent autopolyploids. Such a mutator pheno-
type is plainly observed in polyploid metastatic human cancers,
which not only exhibit SNP-level hypermutator phenotypes but
also dramatic structural variation in malignant aneuploid swarms
that are associated with cancer progression.® We suggest that a
parallel to this may exist following other polyploidy events.
Whether or not this hypothesis is further supported by future dis-
coveries, the centrality of polyploidy to evolution, ecology, and
agriculture, underscores the importance of understanding the
processes mediating adaptation to—and perhaps also by—
polyploidy in each of life’s kingdoms.

Limitations of the study

From these findings alone, it is unresolved whether the primary
function of the kinetochore-associated genes found under selec-
tion in the present study is mitotic or meiotic. Dedicated study of
the effects of alternate (diploid or autotetraploid) candidate al-
leles on mitosis and meiosis is required to address this. There-
fore, transgenics need to be developed in Cochlearia.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rat anti-ZYP1C Higgins et al.’* N/A

Rabbit anti-HEI10 Desjardins et al.'*® N/A

Goat anti-rat Alexa Fluor® 594 Thermofisher Scientific A48264
Goat anti-rabbit Alexa Fluor® 488 Thermofisher Scientific A-11008

Biological samples

Cochlearia excelsa This paper Biosample in https://www.ebi.ac.uk/ena/
browser/view/PRJEB66308

Cochlearia pyrenaica This paper Biosample in https://www.ebi.ac.uk/ena/
browser/view/PRJEB66308

Cochlearia officinalis This paper Biosample in https://www.ebi.ac.uk/ena/
browser/view/PRJEB66308

Cochlearia danica This paper Biosample in https://www.ebi.ac.uk/ena/
browser/view/PRJEB66308

lonopsidium spp. This paper Biosample in https://www.ebi.ac.uk/ena/
browser/view/PRJEB66308

Chemicals, peptides, and recombinant proteins

CTAB - Lysis buffer BioChemica ITW Reagents A4150

Proteinase K Qiagen 19131

RNaseA Qiagen 19101

Phenol:chloroform:isoamyl-alcohol Sigma 77617-500ML

Chloroform Fisher Scientific C/4960/PB17

Ethanol Honeywell 32221-2.5L

Sodium Acetatate (NaOAc) 3M Sigma S7899

Nuclease free water Sigma W4502

NEBNext Ultra Il End repair/dA-tailing New England Biolabs E7546

Module

NEBNext FFPE Repair Mix New England Biolabs M6630

NEBNext Quick Ligation Module New England Biolabs E6056

NEB Blunt/TA Ligase Master Mix New England Biolabs MO0367

2-Mercapthoethanol, > 98% Sigma-Aldrich M3148

3-Amino-3-Deoxydigoxigenin Invitrogen™ A2952

Hemisuccinamide, Succinimidyl Ester

4’,6-Diamidino-2-phenylindole Sigma-Aldrich D8417

dihydrochloride

Acetic acid 99% Penta 20000-11000

Agarose Sigma-Aldrich A9539

Albumin bovine Fraction V, pH 7.0 (BSA) Serva 11930

Alexa Fluor™ 488 NHS Ester Invitrogen™ A20000

(Succinimidyl Ester)

Alexa Fluor™ 546 NHS Ester Invitrogen™ A20002

(Succinimidyl Ester)

Alexa Fluor™ 594 NHS Ester Invitrogen™ A37565

(Succinimidyl Ester)

Alexa Fluor™ 647-aha-dUTP, Invitrogen™ A32763

1 mM in TE buffer

Aminoallyl-dUTP sodium salt Sigma-Aldrich A0410
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Aminoallyl-dUTP, 10 mM BIORON 513001
Anti-DNP antibody produced in rabbit Sigma-Aldrich D9656
BIOTIN — NICK TRANSLATION MIX Roche 11745824910
Biotin-XX, SE (6-Biotinoyl Amino Hexanoic Invitrogen™ B1606

Acid, Succinimidyl Ester)

Blocking Reagent Roche 11096176001
Cellulase from Trichoderma sp. Sigma-Aldrich C1794

Citric acid Penta 18790-31000
Cy3 Mono NHS Ester Amersham PA13104
Cytohelicase from Heix pomatia Sigma-Aldrich C8274

dATP Li-salt, (2’-Deoxyadenosine Roche 11051440001
5'-triphosphate sodium salt solution)

dCTP Li-salt, (, 2’-deoxy-cytidine- Roche 11051458001
5'-triphosphate)

Dextran sulfate sodium salt from Sigma-Aldrich D8906
Leuconostoc spp.

dGTP Li-salt, 2’-Deoxyguanosine Roche 11051466001
5'-triphosphate trisodium salt solution)

DIG — NICK TRANSLATION MIX Roche 11745816910
Dimethyl sulfoxide >99,9%, for molecular Sigma-Aldrich D8418
biology

DNA Gel Loading Dye (6X) Thermo Scientific™ R0611

DNA Polymerase | (10 U/puL) Thermo Scientific™ EP0042
Dnase |, (Deoxyribonuclease) Roche 10104159001
DNP-X, SE, 6-(2,4-Dinitrophenyl) Invitrogen™ D-2248
aminohexanoic Acid, Succinimidyl Ester

dTTP Li-salt, (2’-deoxy-thymidine- Roche 11051482001
5'-triphosphate)

Ethanol 70% Penta 70392-11002
Ethanol 96% (sazba SD 285,-) Penta 70390-11000
Ethanol absolute Penta 71250-11002
Ethylenediaminetetraacetic acid disodium Sigma-Aldrich E5134

salt dihydrate

Formaldehyde solution ACS reagent 37% Sigma-Aldrich 252549
Formamide (Deionized) Invitrogen™ AM9342
Formamide 100% Penta 14190-11000
GelRed® Nucleic Acid Gel Stain Biotium 41003
GeneRuler 100 bp DNA Ladder Thermo Scientific™ SM0242
Glycerol anhydrous Penta 14550-11000PE
Glycine, BioXtra, >99% (titration) Sigma-Aldrich G7403

Goat Anti-Avidin D Antibody, Biotinylated VectorLaboratories BA-0300-.5
Goat anti-Mouse IgG (H + L) Cross- Invitrogen™ A-11001
Adsorbed Secondary Antibody, Alexa

Fluor™ 488

Hydrochloric acid Penta 19360-11000
ChromaTide™ Alexa Fluor™ 488-5-dUTP Invitrogen™ C11397
ChromaTide™ Alexa Fluor™ 546-14-dUTP Invitrogen™ C11401
ChromaTide™ Alexa Fluor™ 594-5-dUTP Invitrogen™ C11400

IgG Fraction Monoclonal Mouse Anti- JacksonlmmunoResearch 200-002-156
Digoxin

Magnesium chloride hexahydrate Sigma-Aldrich M2670

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Nick Translation Mix Roche 11745808910
Pectolyase Y - 23 Duchefa P8004
Pepsin, from porcine gastric mucosa Sigma-Aldrich P6887
Potassium hydroxide Penta 15520-31000
Propyl gallate Sigma-Aldrich 48710
Ready-to-use 100 bp DNA ladder Biotium 31032
Ribonuclease A (RNase) Dnase free PanReac AppliChem A3832

SDS BioChemica Applichem A2572
Sodium acetate anhydrous, >99% Sigma-Aldrich S2889
Sodium bicarbonate Penta 15350-31000
Sodium citrate Penta 11470-31000
Sodium hydroxide Penta 15760-31000
Sodium chloride Penta 16610-31000
Texas Red™ Avidin D VectorLaboratories A-2006-5
Tris for analysis, ACS, ultrapure Applichem A1086
TWEEN® 20 Sigma-Aldrich P1379
VECTASHIELD® Antifade Mounting VectorLaboratories H-1000-10

Medium

Critical commercial assays

Short Read Eliminator XS

AMPure XP

Genomic DNA ScreenTape Reagents
Genomic DNA ScreenTape

Qubit dsDNA HS Assay Kit

Ligation Sequencing Kit (QDNA)
Native Barcoding Expansion kit

Flow Cell Wash Kit

Flow Cell (R9.4.1)

Pacific Biosciences

Beckman Coulter

Agilent

Agilent

Thermo Fisher Scientific

Oxford Nanopore Technologies (ONT)
ONT

ONT

ONT

SKU 102-208-200
A63882
5067-5366
5067-5365
Q32851
SQK-LSK109
EXP-NBD196
EXP-WSH002
FLO-MIN106D

Deposited data

Raw data of genome sequencing.

Genome assembly and annotation.

European Nucleotide Archive

Data Dryad

Accession number PRIEB66308. https://
www.ebi.ac.uk/ena/browser/view/
PRJEB66308
https://doi.org/10.1101/2023.09.27.
559727. https://doi.org/10.5061/dryad.
ncjsxkt1s

Software and algorithms

KMC 3.2.4
GenomeScope 2.0

Smudgeplot 0.2.5

Guppy 6

Flye 2.9

Necat 0.0.1
Medaka 1.11
Pilon 1.24
Trimmomatic 0.39
Bwa-mem 0.7
Picard 3.1
3D-DNA 201008

22 Cell Reports 43, 114576, August 27, 2024

Deorowicz et al.'*®
Ranallo-Benavidez et al.*

Ranallo-Benavidez et al.*

ONT technologies
Kolmogorov et al.*®
Chen et al.*®
Wright et al.*°

Walker et al.*’!

Bolger et al.”?”

:128
Li

Broad Institue'*®

Dudchenko et al.’*°

https://github.com/refresh-bio/KMC

https://github.com/tbenavit/
genomescope2.0

https://github.com/KamilSJaron/
smudgeplot

https://nanoporetech.com/
https://github.com/fenderglass/Flye
https://github.com/xiaochuanle/NECAT
https://github.com/nanoporetech/medaka
https://github.com/broadinstitute/pilon
https://github.com/usadellab/Trimmomatic
https://github.com/Ih3/bwa
https://github.com/broadinstitute/picard
https://github.com/aidenlab/3d-dna

(Continued on next page)


https://www.ebi.ac.uk/ena/browser/view/PRJEB66308
https://www.ebi.ac.uk/ena/browser/view/PRJEB66308
https://www.ebi.ac.uk/ena/browser/view/PRJEB66308
https://doi.org/10.1101/2023.09.27.559727
https://doi.org/10.1101/2023.09.27.559727
https://doi.org/10.5061/dryad.ncjsxkt1s
https://doi.org/10.5061/dryad.ncjsxkt1s
https://github.com/refresh-bio/KMC
https://github.com/tbenavi1/genomescope2.0
https://github.com/tbenavi1/genomescope2.0
https://github.com/KamilSJaron/smudgeplot
https://github.com/KamilSJaron/smudgeplot
https://nanoporetech.com/
https://github.com/fenderglass/Flye
https://github.com/xiaochuanle/NECAT
https://github.com/nanoporetech/medaka
https://github.com/broadinstitute/pilon
https://github.com/usadellab/Trimmomatic
https://github.com/lh3/bwa
https://github.com/broadinstitute/picard
https://github.com/aidenlab/3d-dna

Cell Reports

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Juicebox 2.20.00 Durand et al."®’ https://github.com/aidenlab/Juicebox

RepeatExplorer2 Novék et al.”®? https://github.com/sebhtml/
RepeatExplorer

BLAST Altschul et al.”*® https://github.com/blast-io/blast

Blobtools 4.3 Laetsch et al.*? https://pypi.org/project/blobtoolkit/

BUSCO 3.0.2 Seppey et al.*® https://busco.ezlab.org/

Compleasm 0.2.6

Meryl 1.4.1
Merqury 1.3
QUAST 5.2.0
Samtools 1.20
Diamond 2.1.90
EDTA 1.2.0
BRAKER2

STAR 2.7.11
GATK 4.2.3
Adegenet 2.1.7

SplitsTree 6.1.10

fastSTRUCTURE 1.0
R 4.3.1

RStudio 2023.9.0.463
StAMPP

JalView 2.11
Scantools

Orthofinder v. 2.5.5

SuperExactTest

TopGO v.2.52

Clustal-Omega
Alphafold 2.1

ImageJ
Photoshop CS6
FlowJo v 10.6.1
Minitab v 18.1.0.0

Huang et al.*®

Rhie et al.*®

Rhie et al.*®
Gurevich et al.”®*
Lietal.'
Buchfink et al.'®
Ou et al.”™”
Briina et al.*’

Dobin et al.'®®

McKenna et al.'®®
Jombard et al.’*®

Huson et al.’*’

Raj et al.®’
CRAN project
RStudio team'*?

Pembleton et al.’*®

Waterhouse et al.'**

Monnahan et al.”"

Emms et al.®®

Wang et al.”

Alexa et al.’%2

Sievers et al.’®®
Jumper et al.’®*

NIH
Adobe
FlowJo
Minitab

https://github.com/huangnengCSU/
compleasm

https://github.com/marbl/meryl
https://github.com/marbl/merqury
https://github.com/ablab/quast
https://github.com/samtools/samtools
https://github.com/bbuchfink/diamond
https://github.com/oushujun/EDTA

https://github.com/Gaius-Augustus/
BRAKER

https://github.com/alexdobin/STAR
https://gatk.broadinstitute.org/hc/en-us

https://github.com/thibautjombart/
adegenet

https://uni-tuebingen.de/en/fakultaeten/
mathematisch-naturwissenschaftliche-
fakultaet/fachbereiche/informatik/
lehrstuehle/algorithms-in-bioinformatics/
software/splitstree/

https://github.com/rajanil/fastStructure
https://cran.r-project.org/
https://github.com/rstudio/rstudio

https://cran.r-project.org/web/packages/
StAMPP/index.html

https://www.jalview.org/
https://github.com/mattheatley/scantools_
lite

https://github.com/davidemms/
OrthoFinder

https://cran.r-project.org/web/packages/
SuperExactTest/

https://bioconductor.org/packages/
release/bioc/html/topGO.html

http://www.clustal.org/omega/

https://github.com/google-deepmind/
alphafold

NIH
https://www.adobe.com/
https://www.flowjo.com/
https://www.minitab.com/

RESOURCE AVAILABILITY

Lead contacts

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Levi Yant

(leviyant@gmail.com).
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Materials availability
No new materials were generated in this study.

Data and code availability
® All sequence data for this study have been deposited in the European Nucleotide Archive (ENA) at https://www.ebi.ac.uk/ena/
browser/view/PRJEB66308, accession number PRJEB66308.
@ All custom code is available from https://doi.org/10.5281/zenodo.12674221.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Leaf samples of Cochlearia species listed in Data S1, Table S2 were collected from the at the locations indicated in Data S1, Table S2.
These were grown in natural conditions without chemical fertilizer at the indicated locations over their growing seasons from 2015 to
2022. Additionally, cultivated plants were produced by sowing field-collected seeds unsterilized in petri plates filled with wet sand for
one week, then transferred to pot trays filled with John Innes mix (No.1) with no additional chemical fertilizer or vernalization. Plants
were grown in a glasshouse at ambient Norwich, UK (or Heidelberg, DE) spring and summer temperature (~15-25C day, ~5-10C
night), or in a Conviron A1000 growth chamber (16h light from 6:00 to 20:00, temperature day: 22°C and night: 18°C). After two weeks
from germination, trays were bottom-watered twice weekly.

METHOD DETAILS

Plant material

We first located 89 Cochlearia populations throughout Europe and collected population samplings of plants from each, aiming for at
least 10 plants per population, with each sampled plant a minimum of 2 m from any other. Of these, we selected 33 geographically
and ecotypically diverse representative populations for population resequencing, including the outgroup lonopsidium (Data S,
Table S2). An average of 4 individuals per population were sequenced. A total of 149 individuals were initially sequenced, which
was narrowed down by a cutoff of minimum average depth of 4x, leaving 113 individuals from 33 populations in the final analyzed
dataset, including the outgroup lonopsidium.

Ploidy determination by flow cytometry

DNA content and ploidy were inferred for populations using flow cytometry (Data S1, Table S1). Approximately 1 square cm of leaf
material was diced alongside an internal reference using razor blades in 1 mL ice-cold extraction buffer (either 45 mM MgCl,, 30 mM
sodium citrate, 20mM MOPS, 1% Triton-100, pH 7 with NaOH for relative staining or 0.1 M citric acid, 0.5% Tween 20 for absolute
measurements). The resultant slurry was then filtered through a 40-pm nylon mesh before the nuclei were stained with the addition of
1 mL staining buffer (either CyStain UV precise P [Sysmex, Fluorescence emission: 435nm-500nm] for relative ploidy, or Otto 2 buffer
[0.4 M Na,HPO,4-12H,0, Propidium iodide 50 pgmL—1, RNase 50 ngmL—1], for absolute DNA content). After 1 min of incubation at
room temperature, the sample was run for 5,000 particles on either a Partec PA Il flow cytometer or a BD FACS Melody. Histograms
were evaluated using FlowJo software version 10.6.1.

HEI10 immunostaining

Pachytene chromosome spreads were prepared from fixed immature anthers, through partial enzymatic digestion (1% cellulase
R-10 [Duchefa] and 1% pectolyase [MP Biomedicals] in 0.01M citrate buffer), and cell spreading was performed in 70% acetic
acid."*® Immunostaining was conducted using two primary antibodies: anti-AtZYP1C rat, 1:500'“® and anti-HvVHEI10 rabbit,
1:250,""" followed by two secondary antibodies: goat anti-rat Alexa Fluor 594 (Invitrogen) and goat anti-rabbit Alexa Fluor 488 (In-
vitrogen). A Nikon Eclipse Ci fluorescence microscope equipped with NIS elements software was used to capture and quantify im-
ages. HEI10 foci were counted at pachytene using NIS software and significance was established using the Mann-Whitney U test
(Minitab v 18.1.0.0).

Chromosome number determination, meiotic stability estimation, and fluorescence in situ hybridization

Mitotic and meiotic metaphase | chromosome spreads from fixed root tips and anthers, respectively, were prepared.’*® In 13 and 11
individuals, 12 and 24 chromosomes were detected within mitotic chromosome spreads. In addition to the autosomes, smaller su-
pernumerary B chromosomes were identified as follows: LAB_201: 2n = 12 + 4B; LAB_210: 2n =12 + 2B; NEN_201: 2n =12 + 2B;
NEN_202: 2n =12 + 4B; NEN_203: 2n =12 + 5B; NEN_204: 2n = 12 + 2B; NEN_205: 2n = 12 + 3B; NEN_206: 2n =12 + 3B; NEN_207:
2n =12 +3B; NEN_208: 2n =12 + 5B; NEN_209: 2n =12 + 4B; NEN_211: 2n =12 + 2B; NEN_212: 2n =12; no Bs; ROT_201: 2n =24 +
2B; ROT_204: 2n = 24 + 7B; ROT_205: 2n = 24 + 3B; ROT_208: 2n =24 + 13B?; ROT_210: 2n = 24 + 10B; SKN_201: 2n = 24 + 7B;
SKN_202: 2n =24 + 8B; SKN_207: 2n = 24 + 3B; SKN_209: 2n = 24 +4B; SKN_210: 2n =24 + 9B; SKN_211: 2n = 24 + 3B. However, B
chromosomes were not considered in the further analyses. Chromosome stability was assessed in DAPI-stained metaphase | in 13
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individuals from two diploid populations and 11 individuals from two tetraploid populations. In diploids, spreads with 6 bivalents were
categorized as "stable meiosis", 5-4 as "rather stable", 3 as "rather unstable", and less than 3 bivalents as "unstable”. In tetraploids,
spreads with 12 bivalents were classified as "stable meiosis", 11-9 as "rather stable", 8-6 as "rather unstable", and less than 6 bi-
valents as "unstable". The Arabidopsis-type telomere repeat (TTTAGGG)n was prepared according to.'*® The Cochlearia-specific
102-bp (GTTAGATGTTTCATAAGTTCGTCAA ACTTGTACAAAGCTCATTGAGACACTTATAAGCACTCATGTTGCATGAAACTTGGTT
TAGAGTCCTAGAAACGCGTT) tandem repeat was designed and prepared based on®'°? and used for identification of centromeres.
The DNA probes were labeled by nick translation with biotin-dUTP and digoxigenin-dUTP according to,'®' pooled and precipitated
by adding 1/10 volume of 3 M sodium acetate, pH 5.2, and 2.5 volumes of ice-cold 96% ethanol and kept at —20°C for 30 min. The
pellet was then centrifuged at 13,000 g at 4°C for 30 min. The pellet was resuspended in 20 pL of the hybridization mix (50% form-
amide and 10% dextran sulfate in 2xSSC) per slide. 20 uL of the probe was pipetted onto a chromosome-containing slide. The cov-
erslips were framed with rubber cement. The probe and chromosomes were denatured together on a hot plate at 80°C for 2 min and
incubated in a moist chamber at 37°C overnight. Post-hybridization washing was performed according to."®" Afterimmunodetection,
chromosomes were counterstained with 4’, 6-diamidino-2-phenylindole (DAPI, 2 ng/mL) in Vectashield (Vector Laboratories). The
preparations were photographed using a Zeiss Axioimager Z2 epifluorescence microscope with a CoolCube camera
(MetaSystems). The three monochromatic images were pseudocolored, merged and cropped using Photoshop CS (Adobe Systems)
and ImagedJ (National Institutes of Health) software.

Salinity tolerance experiments

Seeds were sowed in petri plates filled with wet sand for a week, then transferred to pot trays filled with John Innes mix (No.1). Each
tray contained 60 plants. A total of 1,036 plants were planted. The experiment was conducted in complete randomized design with as
many replications as possible per maternal seed line (average 13.05) and plants were grown in a glasshouse at ambient UK summer
temperature (~25°C day, ~10°C night). After two weeks from germination, trays were bottom-watered twice weekly with watering
solution containing either 10 MM MES pH 7 and NaCl for the treatment or just 10 mM MES for the control. Salt concentrations began
at 50 mM NaCl for two weeks, then were increased to 300 mM for two weeks, and were finally increased to 600 mM for 4 weeks.
During the final week, leaves were sprayed with 600 mM NaCl watering solution twice. After 8 total weeks of treatment, a modified
Standard Evaluation System (SES) Score was used to evaluate symptoms of salt stress. Three individuals independently took mea-
surements for each plant and the final score was given as the average of the three. At the same time point, two leaves of each plant
were harvested, dried at 60°C for two days and stored for ICP analysis. The diploids were significantly more salt tolerant than the
tetraploids (W = 29568, p-value = 2.178e-05, Wilcoxon rank-sum test with continuity correction performed in R Version 3.6.0).

Stomatal conductance assessment, net photosynthesis and drought tolerance experiments

To test for differences in physiological responses to drought stress we cultivated twenty different populations of Cochlearia side by
side in a controlled environment. Seeds were germinated in wet sand in a growth camber with temperature and humidity control
before being transplanted into PET-based potting soil and placed in a Conviron A1000 growth room (16h light from 6:00 to 20:00,
temperature day: 22°C and night: 18°C). The watering regime for control and drought stressed plants was as follows: For the first
two weeks after transplanting, they were watered 1000 mL H,O per tray every 2™ day. From the 3™ week onwards a drought stress
was imposed. Control plants were still watered with 1000 mL H,O per tray every 2™ day. Drought stress was generated by lowering
watering/soil moisture week by week as follows: week 3-1000 mL H,O per tray every 3 day, week 4-1000 mL H,O per tray every 41"
day, week 5-1000 mL H,O per tray every 5 day, week 6-1000 mL H,O per tray every 6™ day. Plants were assessed at the end of
week 6. Wet and dry weight of the shoot as well as photosynthesis parameters were captured. Photosynthetic parameters were as-
sessed using the LI-6400XT Portable Photosynthesis System (LI-COR , Lincoln, NE, United States). All measurements were taken
between 9:30 and 11:30 using light adapted plants. Photosynthetic parameters were measured on the largest leaf from both control
and drought treatment groups and all measurements were conducted at the same time of the day (9:30a.m.-11:30a.m.). The leaf was
placed into a custom-made single leaf chamber (chamber: polyoxymethylene, lid: poly (methyl methacrylate)), openings sealed with
sponge rubber, which was connected to the LI-COR. Photosynthetic parameters were recorded after the reads were stable. We
analyzed 9 diploid populations and 11 tetraploid populations. We observed an increased net photosynthetic rate in tetraploids in
both control and drought conditions. We note large population-specific variation in both cytotypes.

Data were analyzed using R Version 3.6.0 (2019-04-26) with RStudio Version 1.2.1335. Data were plotted using the ggplot2 pack-
age version 3.2.1. The Ismeans package version 2.30-0 was used to fit a linear model to the data while the package bestNormalize
version 1.4.3 was used for data normalization and estimation of normality. The package sjPlot version 2.8.2 was used to generate a
summary table for the linear model fitted to the data. The package flextable version 0.5.9 was used to generate summary tables con-
taining averages, sd and ci intervals.

Reference genome assembly and alignment
We generated a long read-based de novo genome assembly using Oxford Nanopore and Hi-C approaches, below.
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High molecular weight DNA isolation and Oxford Nanopore sequencing

Atotal of 0.4 g Cochlearia excelsa leaf material from one individual plant was ground using liquid nitrogen before the addition of 10 mL
of CTAB DNA extraction buffer (100 mM Tris-HCI, 2% CTAB, 1.4 M NaCl, 20 mM EDTA, and 0.004 mg/mL Proteinase K). The mixture
was incubated at 55°C for 1 h then cooled on ice before the addition of 5 mL Chloroform. This was then centrifuged at 3500 x g for
30 min and the upper phase taken, this was added to 1X volume of phenol:chloroform:isoamyl-alcohol and spun for 30 min at 3500 x
g. Again, the upper phase was taken and mixed with a 10% volume of 3M NaOAc and 2.5X volume of 100% ethanol at 4°C. This was
incubated on ice for 30 min before being centrifuged for 30 min at 3500 x g and 4°C. Three times the pellet was washed in 4mL 70%
ethanol at 4°C before being centrifuged again for 10 min at 3500 x g and 4°C. The pellet was then air dried and resuspended in 300 pL
nuclease-free water containing 0.0036 mg/mL RNase A. The quantity and quality of high molecular weight DNA was checked on a
Qubit Fluorometer 2.0 (Invitrogen) using the Qubit dsDNA HS Assay kit. Fragment sizes were assessed using a Q-card (OpGen Argus)
and the Genomic DNA Tapestation assay (Agilent). Removal of short DNA fragments and final purification to HMW DNA was per-
formed with the Circulomics Short Read Eliminator XS kit.

Long read libraries were prepared using the Genomic DNA by Ligation kit (SQK-LSK109; Oxford Nanopore Technologies) following
the manufacturer’s procedure. Libraries were then loaded onto an R9.4.1 PromethlON Flow Cell (Oxford Nanopore Technologies)
and run on a PromethlON Beta sequencer. Due to the rapid accumulation of blocked flow cell pores or due to apparent read
length anomalies on some Cochlearia runs, flow cells used in runs were treated with a nuclease flush to digest blocking DNA frag-
ments before loading with fresh library according to the Oxford Nanopore Technologies Nuclease Flush protocol, version
NFL_9076_v109_revD_080ct2018.

Genome size estimation and computational ploidy inference

We used KMC'? to create a k-mer frequency spectrum (Kmer length = 21) of trimmed lllumina reads. We then used GenomeScope
2.0 (parameters: -k 21 -m 61) and Smudgeplot*” to estimate genome size and heterozygosity from k-mer spectra. To ensure robust
results free of PCR artifacts, we PE150 lllumina sequenced one C. officinalis individual, ROT 20, to 120x coverage after library prep-
aration with PCR-free lllumina library construction. A preponderance of simplex genotypes (AAAB) over duplex (AABB) genotypes
indicated autotetraploidy over allotetraploidy in C. officinalis.

Data processing and assembly

Fast5 sequences produced by PromethlON sequencing were base called using the Guppy 6 high accuracy base calling model
(dna_r9.4.1_450bps_hac.cfg) and the resulting fastq files were quality filtered by the base caller. A total of 17.2 GB base called
data were generated for the primary assembly, resulting in 60x expected coverage. Primary assembly was performed in Flye®®
and Necat.* The contigs were polished to improve the single-base accuracy in a single round of polishing in Medaka'*® and Pilon."?®

Pseudomolecule construction by Hi-C, assembly cleanup, and polishing

To scaffold the assembled contigs into pseudomolecules, we performed chromosome conformation capture using Hi-C. Leaves
from a single plant were snap-frozen in liquid N and ground to a fine powder using mortar and pestle. The sample was then homog-
enized, cross-linked and shipped to Phase Genomics (Seattle, USA), who prepared and sequenced an in vivo Hi-C library. After
filtering low-quality reads with Trimmomatic,'?” we aligned the Hi-C reads against the contig-level assembly using bwa-mem'?® (set-
tings —5 -S -P) and removed PCR duplicated using Picard Tools (https://broadinstitute.github.io/picard/). We used 3D-DNA'?° to
conduct the initial scaffolding, followed by a manual curation in Juicebox.'*° After manually assigning chromosome boundaries,
we searched for centromeric and telomeric repeats to orient the chromosome arms and to assess the completeness of the assem-
bled pseudomolecules. To identify the centromeric repeat motif in C. excelsa, we used the RepeatExplorer'®" pipeline to search for
repetitive elements from short-read sequence data originating from the reference individual. RepeatExplorer discovered a highly
abundant 102 nucleotide repeat element (comprising 21% of the short-read sequence), which we confirmed as the centromeric
repeat motif by fluorescence in situ hybridisation. Using BLAST, we localised the centromeric and telomeric (TTTAGGG) repeats
and used them to orient the chromosome arms. We performed a final assembly cleanup in Blobtools® (Figure S1A). Gene space
completeness was assessed using BUSCO version 3.0.2*° and Compleasm.** Assembly completeness was assessed with Merqury
and Meryl*" with default settings.

Assembly annotation and RNA-seq

Prior to gene annotation, we identified and masked transposable element (TE) sequences from the genome assembly. To do so, we
used the EDTA pipeline, '** which combines multiple methods to comprehensively identify both retrotransposons and DNA transpo-
sons. After running EDTA on our chromosome-level genome assembly, we performed BLAST queries against a curated protein data-
base from Swiss-Prot to remove putative gene sequences from the TE library and masked the remaining sequences from the assem-
bly using RepeatMasker (https://www.repeatmasker.org).

We then used the BRAKER2® pipeline to conduct gene annotation on the TE-masked genome assembly. Evidence types included
RNA-seq data from the identical C. excelsa line and protein data from related species. RNA-seq was generated from bud, stem and
leaf tissue. Total RNA was extracted from each tissue using the Qiagen RNeasy Extraction Kit. Stranded RNA libraries with polyA
were constructed Using NEB Next Ultra Il Directional RNA Library Prep Kit for lllumina and then evaluated by gPCR, TapeStation
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and Qubit at the DeepSeq facility (Nottingham, UK) before being sequenced at PE 150 at Novogene, inc (Cambridge, UK). We map-
ped the RNA-seq reads of each tissue to our reference genome using STAR'®® with default parameters (-twopassMode Basic) before
running BRAKER2. Running BRAKER2 without UTR prediction generated more gene models and much better BUSCO metrics than
with UTR prediction (97.8% [raw, pre-Blobtools trimmed] complete BUSCOs without UTR prediction vs. 91.7% with UTR prediction),
so for the final annotation, we used the more complete set and ran BRAKER2 without UTR prediction.

Population resequencing and analysis

Library preparation and sequencing

DNA was prepared using the DNeasy Plant Mini Kit from Qiagen. DNA libraries were made using TruSeq DNA PCR-free Library kit
from lllumina as per the manufacturer’s instructions and were multiplexed based on concentrations measured with a Qubit Flourom-
eter 2.0 (Invitrogen) using the Qubit dsDNA HS Assay kit. Sequencing was carried out on either NextSeq 550 (lllumina) in house
(4 runs) or sent to Novogene for lllumina Hiseq X, PE150 sequencing (2 runs).

Data preparation, alignment, and genotyping

Reads were quality trimmed with Trimmomatic 0.39'2” (PE -phred33 LEADING:10 TRAILING:10 SLIDINGWINDOW:4:15 MINLEN:50)
and then aligned to the C. excelsa reference using bwa-mem'®* and further processed with Samtools.'®® Duplicate reads were
removed and read group IDs added to the bam files using Picard (version 1.134). Indels were realigned with GATK (version
4.2.3.0)."*® Samples were first genotyped individually with “HaplotypeCaller” (-emit-ref-confidence BP_RESOLUTION -min-
base-quality-score 25 —minimum-mapping-quality 25) and were then genotyped jointly using “GenotypeGVCFs” in GATK (version
4.2.3.0). The resulting VCF files were then filtered for bi-allelic sites and mapping quality (QD < 2.0, FS > 60.0, MQ < 40.0,
MQRankSum < —12.5, ReadPosRankSum < —8.0, HaplotypeScore <13.0). The VCF was then filtered by depth to avoid mapping
artifacts based on common structural variants. Following Monnahan et al.*® we further removed SNPs with per-sample sequencing
depth >1.6x the mean depth to avoid issues caused by paralogous mapping.

Demographic analysis

We used a well-establishe polyploid-specific pipeline to perform appropriate demographic analyses (principles elaborated
in“®). We first inferred genetic relationships between individuals using principal component analysis (PCA). Following,'®” we estimated
a matrix of genetic covariances between each pair of individuals. For two individuals, i and j, covariance (C) was calculated as:

m (gis/Xi - ps)(gjs/xj - ps)
; ps(1 — ps)

18,23,46-48
d &9y

1
Cj = = )
where m is the number of variable sites, gjs is the genotype of individual i in site s, x is the ploidal level of the individual, and p is the
alternate allele frequency. PCA was performed on the matrix using the R function prcomp, setting scaling to TRUE, and the first two
axes of the rotated data extracted for plotting (https://github.com/thamala/polySV). For fastSTRUCTURE we followed*® by randomly
subsampling two alleles from tetraploid and hexaploid individuals using a custom script. We have previously demonstrated that re-
sults generated in this way are directly comparable to results generated with the full dataset in STRUCTURE.*® To determine optimal
K, model complexity that maximizes marginal likelihood and model components used to explain structure in data were determined
using the approach included in the fastSTRUCTURE software (chooseK.py; https://github.com/rajanil/fastStructure). We calculated
Nei’s distances among all individuals in StAMPP'*® and visualized these using SplitsTree.'*° Linkage disequilibrium was estimated
using Idsep.'“° To avoid biasing the estimates with unequal sample sizes, we chose 39 diploids and tetraploids for the analysis. To
reduce computation time, the analysis was performed on 4-fold sites from a single chromosome (chromosome 1). To visualize the
decay of LD as a function of physical distance, we calculated the average r? in 10 bp non-overlapping windows and fit a loess curve
on the binned data.

Window-based scan for selective sweep signatures

We performed a window-based divergence scan for selection consisting of 1 kb windows that contained at least 15 SNPs. The data
were filtered as described above and in addition was filtered for no more than 20% missing data and a depth of > 8x. We calculated
the following metrics: Rho,*” Nei’s Fsr,”* Weir-Cochran’s Fsr,”® Hudson’s Fsr,>® Dxy,”' number of fixed differences and average
groupwise allele frequency difference (AFD). To determine the best metric to detect localized peaks of divergence we performed
a quantitative analysis of AFD plot quality for all 1% outliers of each metric. Each window was given a score of 0-4, with 0 being
the lowest quality and 4 the highest. Scores were based on two qualities: peak height and peak specificity. For peak height one point
was awarded if the window contained one SNP of AFD between 0.5 and 0.7, and two points were awarded for any SNP of AFD >0.7.
Likewise, for peak specificity two points were awarded for an AFD peak that was restricted to a single gene and one point was
awarded for a peak that was restricted to 2-3 genes. Compared to all other single 1% outlier lists and all permutations of overlapped
1% outlier lists, the top 1% outliers from Hudson’s Fst performed most favorably as it maximized the number of ‘4’ and ‘3’ scores
while minimizing the number of ‘1’ and ‘0’ scores. Finally, we masked from the downstream analysis a region of uniformly high dif-
ferentiation marking an inversion at scaffold 6 (between 5,890,246 and 6,137,362 bp).

MAYV analysis

Following,'® we performed a FineMAV”®-like analysis on all bi-allelic, non-synonymous SNPs passing the same filters as the window-
based selection scan. SNPs were assigned a Grantham score according to the amino acid change and this was scaled by the AFD
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between ploidies. SNPs were first filtered for a minimum AFD of 0.25. The top 1% outliers of all these MAV-SNPs were then over-
lapped with the genes in our 1% Fgr outlier windows to give a refined list of candidate genes that contain potentially functionally sig-
nificant non-synonymous mutations at high AFD between cytotypes. The code outlining this can be found at https://github.com/
paajanen/meiosis_protein_evolution/tree/master/FAAD.

Orthogrouping and reciprocal best blast hits

We performed an orthogroup analysis using Orthofinder version 2.5.5.""® to infer orthologous groups (OGs) from four species
(C. amara, A. lyrata, A. thaliana, C. excelsa). A total of 25,199 OGs were found. Best reciprocal blast hits (RBHs) for Cochlearia
and A. thaliana genes were found using BLAST version 2.9.0. Cochlearia genes were then assigned an A. thaliana gene ID for GO
enrichment analysis in one of five ways. First if the genes’ OG contained only one A. thaliana gene ID, that gene ID was used. If
the OG contained more than one A. thaliana gene ID then the RBH was taken. If there was no RBH then the OG gene with the lowest
E-value in a BLAST versus the TAIR10 database was taken. If no OG contained the Cochlearia gene then the RBH was taken. Finally, if
there was no OG or RBH then the gene with the lowest E-value in a BLAST versus the TAIR10 database was taken. BLASTs were
performed using the TAIR10.1 genome with data generated on 2023-01-02. To test of overlap is greater than expected by chance,
we used the SuperExactTest."'® This test implements a theoretical framework for computing the statistical distributions of multi-set
intersections, by which it can then calculate the exact probability of multi-set intersections.

GO enrichment analysis

To infer functions significantly associated with directional selection following WGD, we performed gene ontology enrichment of
candidate genes in the R package TopGO v.2.52,"*" using our Cochlearia universe set. We tested for overrepresented Gene Ontology
(GO) terms within the three domains Biological Process (BP), Cellular Component (CC) and Molecular Function (MF) using Fisher’s
exact test with the conservative ‘elim’ method, which tests for enrichment of terms from the bottom of the hierarchy to the top and
discards any genes that are significantly enriched in a descendant GO term. We used a significance cut-off of 0.05.

GO overlap significance

A permutation test was performed to determine whether the number of overlaps between GO categories observed was likely to occur
by chance. For each species a list of random genes with the same size as the real candidate gene list was generated using all the
genes that could appear in the selection scan (i.e., in windows that pass quality controls). GO analyses were then performed on these
random lists and the number of overlapping GO categories was determined. This was performed 10,000 times. p-values were calcu-
lated as the proportion of randomized repeats where an equal or greater number of overlapping GO terms were discovered
compared to the observed data.

Generation of consensus sequences

Consensus sequences were generated for proteins of interest so that they could be closely inspected via multiple sequence
alignments and 3D protein structure prediction. Genomic regions were selected for either all diploids or all tetraploids present in
the selection scan with GATK SelectVariants, while simultaneously being filtered for bi-allelic SNPs, “~max-nocall-fraction 0.2”
and “-select ‘AF > 0.5°”. A consensus sequence was generated for exons by combining samtools faidx and bcftools consensus.
Finally, a VCF containing only non-biallelic variation was manually inspected and any multiallelic variants at AF>0.5 and max-no-
call-fraction<0.2 were manually incorporated into the consensus.

Multiple sequence alignments (MSAs)

We generated multiple sequence alignments using Clustal-Omega'“? in combination with amino acid sequences from the GenBank
database. Sequences were selected either because the genes/proteins were well studied in other organisms or to give a phyloge-
netically broad coverage. Alignments were manually refined and visualized in JalView.'*®

Protein modeling

Protein homology models were created using AlphaFol version 2.1 on the Czech national HPC MetaCentrum. The full database
was used with a model preset of monomer and a maximum template data of 2020-05-14. Structures were visualized and images were
generated in the PyMOL Molecular Graphics System (Version 2.0 Schrédinger, LLC).

144
d

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis
Statistical significance threshold was defined as: p < 0.05 (*); p < 0.01 (**); and p < 0.001 (***) throughout the study.

HEI10 foci were counted at pachytene using NIS software and p-values for a significant per-bivalent reduction in class | mature
crossovers was established using the Mann-Whitney U test (Minitab v 18.1.0.0).

Significance in the salinity tolerance experiments was tested with the Wilcoxon rank-sum test with continuity correction performed
in R Version 3.6.0.

p-values for drought tolerance, stomatal conductance and photosynthetic rate were assessed using R Version 3.6.0 (2019-04-26)
with RStudio Version 1.2.1335. Averages, standard deviation and confidence interval for relative stomatal conductance and net
photosynthesis can be found in Tables S5-S7. The Ismeans package version 2.30-0 was used to fit a linear model to the data while
the package bestNormalize version 1.4.3 was used for data normalization and estimation of normality. The package sjPlot version
2.8.2 was used to generate a summary table for the linear model fitted to the data. The package flextable version 0.5.9 was used
to generate summary tables containing averages, sd and ci intervals.
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Elevated Dxy values in the most extreme 25 Fst outliers was tested with a Mann Whitney U test performed in R Version 3.6.0.

Significant overlap between candidate gene homologues was calculated using a SuperExactTest’? performed in R Version 3.6.0.
This test implements a theoretical framework for computing the statistical distributions of multi-set intersections, by which it can then
calculate the exact probability of multi-set intersections.

A permutation test was performed to determine whether the number of overlaps between GO categories was significant. Bespoke
python code was used to generate random gene lists (same size as the real candidate gene lists), perform GO analysis on and count
the number of overlaps 10,000 times. p-values were calculated as the proportion of randomized repeats where an equal or greater
number of overlapping GO terms were discovered compared to the real data.

Overrepresented Gene Ontology (GO) terms within the three domains Biological Process (BP), Cellular Component (CC) and Mo-
lecular Function (MF) was determined in R Version 3.6.0 using Fisher’s exact test with the conservative ‘elim’ method, which tests for
enrichment of terms from the bottom of the hierarchy to the top and discards any genes that are significantly enriched in a descendant
GO term.
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