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Abstract
Premise: The origin of diversity is a fundamental biological question. Gene
duplications are one mechanism that provides raw material for the emergence of
novel traits, but evolutionary outcomes depend on which genes are retained and how
they become functionalized. Yet, following different duplication types (polyploidy and
tandem duplication), the events driving gene retention and functionalization remain
poorly understood. Here we used Cakile maritima, a species that is tolerant to salt and
heavy metals and shares an ancient whole‐genome triplication with closely related
salt‐sensitive mustard crops (Brassica), as a model to explore the evolution of abiotic
stress tolerance following polyploidy.
Methods: Using a combination of ionomics, free amino acid profiling, and
comparative genomics, we characterize aspects of salt stress response in C. maritima
and identify retained duplicate genes that have likely enabled adaptation to salt and
mild levels of cadmium.
Results: Cakile maritima is tolerant to both cadmium and salt treatments through
uptake of cadmium in the roots. Proline constitutes greater than 30% of the free
amino acid pool in C. maritima and likely contributes to abiotic stress tolerance. We
find duplicated gene families are enriched in metabolic and transport processes and
identify key transport genes that may be involved in C. maritima abiotic stress
tolerance.
Conclusions: These findings identify pathways and genes that could be used to
enhance plant resilience and provide a putative understanding of the roles of
duplication types and retention on the evolution of abiotic stress response.
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Gene duplications are a source of evolutionary novelty. In
plants, gene duplication events are abundant and have
spurred the evolution of diverse adaptive responses to
extreme environments (Vanneste et al., 2014; Panchy
et al., 2016). However, evolutionary outcomes depend on

which genes are retained, with most duplicated genes being
lost. Although rare, retention of duplicates appears to be a
non‐random process (Rody et al., 2017). Retention and
functional divergence depend on the type of duplication
event and the original function of the gene that was
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duplicated (Rody et al., 2017; Birchler and Yang, 2022). The
two major mechanisms for duplicating genes are polyploidy
events resulting in whole‐genome duplications and triplica-
tions (WGD, WGT) and small‐scale duplications (SSD)
(Edger and Pires, 2009; Freeling, 2009; Conant et al., 2014;
Conant, 2014; Vance and McLysaght, 2023). Retention of
duplicate genes and functional divergence drive gene family
expansions, which can lead to novel traits (Vanneste
et al., 2014; Panchy et al., 2016; DeGiorgio and Assis, 2021).
After polyploidy, redundancy, increased dosage, and rewir-
ing of gene networks can lead to novel metabolic,
regulatory, or developmental pathways key in stress biology
(Van de Peer et al., 2021; Tossi et al., 2022).

Two major abiotic stresses impacting agriculture are
salinization of soils and accumulation of heavy metals
(Minhas et al., 2017; Gul et al., 2022). Halophytes (plants
tolerant to salt) and heavy metal accumulators employ diverse
strategies to mitigate stresses and thrive in inhospitable soils
(Hasanuzzaman et al., 2014; Kazachkova et al., 2018). Some of
these strategies include exclusion, uptake, and sequestration
of salt and/or heavy metals, salt glands to exude excess ions,
and alteration of metabolite profiles to cope with stress
(Mendoza‐Cózatl et al., 2011; Hasanuzzaman et al., 2014; Oh
et al., 2015; Kazachkova et al., 2018; Yan et al., 2020).
However, most crop species are glycophytes; that is, they are
plants susceptible to salt stress (Hasanuzzaman et al., 2014).
Since crop wild relatives can be locally adapted to diverse
environments, some of which are impacted by salt and heavy
metals (Lopes et al., 2015; Milla et al., 2018; Melino and
Tester, 2023), they provide a source of genetic variation that
may be useful in crop improvement strategies. Metabolically
stress‐adapted plants often accumulate osmoprotectants, such
as the amino acid proline and sugars, before stress or in
response to stress (Slama et al., 2015). Halophytes display a
wide range of salt concentration tolerances, and depending
on the threshold to define a halophyte, there are estimated to
be anywhere from around 350–2600 halophytes distributed
across the green plant phylogeny (Flowers and Colmer, 2008;
Flowers et al., 2010; Bromham, 2015) Often, strategies for
abiotic stress tolerance have evolved following gene duplica-
tion and neofunctionalization or subfunctionalization of
duplicated genes (Schranz et al., 2012). Natural variation
within crop wild relatives can be used to identify mechanisms
by which these plants cope with abiotic stress and provide
genetic tools to enhance crop resilience.

Cakile maritima Scop. (Brassicaceae) is an facultative
halophyte (Arbelet‐Bonnin et al., 2018, 2019) native to
coastal dunes in the Mediterranean and has invaded
coastlines across the globe. It is a crop wild relative that is
closely related to canola and other Brassica crops (Arias and
Pires, 2012; Walden et al., 2020; Hendriks et al., 2023). Cakile
maritima exhibits typical halophytic behavior in response to
salt stress such as exclusion, uptake, and sequestration
(Hamed‐Louati et al., 2016; Arbelet‐Bonnin et al., 2018, 2019)
and has been shown to be tolerant to heavy metals (Taamalli
et al., 2014). Yet how C. maritima has evolved to tolerate
abiotic stress is not well known. Cakile maritima shares the

recent whole‐genome triplication (WGT) with Brassica crops
called Br‐⍺ WGT (Lysak et al., 2005, 2007; Tang et al., 2012;
Emery et al., 2018; Qi et al., 2021) and is closely related to
other salt‐tolerant Brassicaceae including Eutrema salsugi-
neum and Schrenkiella parvula that do not share the more
recent Br‐⍺WGT (Figure 1A) (Walden et al., 2020; Hendriks
et al., 2023). Thus, C. maritima is well positioned
phylogenetically to investigate the role of duplication events
(SSD and WGT) on evolution of stress tolerance.

In this study, we investigated the role of retained
duplicate genes in stress adaptation from the Br‐⍺ WGT
and SSD events in C. maritima using a combination of
ionomics, free amino acid profiling, and comparative
genomics. We found that C. maritima can take up ions
and overaccumulate stress metabolites. We identified
expanded gene families, some of which show evidence of
functional divergence, and hypothesized that these may
contribute to the abiotic stress adaptation of C. maritima.
These findings provide insight into the roles of duplication
on abiotic stress tolerance.

A

B

FIGURE 1 Cakile maritima is tolerant to salt and heavy metals and
shares the Br‐⍺ WGT with Brassica rapa. (A) Cladogram depicting
relationships between species used in this study with representative images.
Ancient polyploidy events are indicated by the four‐ and six‐pointed stars.
C. maritma and B. rapa images are from the public domain (licensed under
https://creativecommons.org/publicdomain/zero/1.0/). Schrenkiella
parvula image provided by Dr. Pramod Pantha. Eutrema salsugineum
image observed in Russia by Сергей (licensed under https://
creativecommons.org/licenses/by-nc/4.0/). Arabidopsis thaliana image
observed in Germany by Wolfgang Jauch (licensed under https://
creativecommons.org/licenses/by/4.0/) (B) A. thaliana, B. rapa, and C.
maritima were grown for 6 days on ½ MS plates and moved to plates
containing 150 mM NaCl (salt stress), 20 μM cadmium (Cd2+ heavy metal
stress), or control plates, then grown for 5 days. Root length was measured
using ImageJ. Bars represent mean root length ± SEM of N ≥ 6 biological
replicates. *P < 0.01 in unpaired t‐test.
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MATERIALS AND METHODS

Plant growth on plates

Seeds of Arabidopsis thaliana (L.) Heyn. Col‐0 (Brassicaceae),
Brassica rapa L. R500 (Brassicaceae), and Cakile maritima
(henceforth referred to as Arabidopsis, Brassica, and Cakile;
accession information is available in Appendix S1) were
surface‐sterilized with 90% v/v ethanol for 1min, 15% v/v
bleach for 12min, and rinsed five times for 6min each with
sterilized water. Sterilized seeds were placed on plates
containing half‐strength Murashige and Skoog (½x MS)
agar plus 1% w/v sucrose for germination. After 6 days,
seedlings were moved to plates to induce different stresses: ½x
MS agar + 0.5% sucrose supplemented with 150mM NaCl for
salt stress, ½x MS agar + 0.5% sucrose supplemented with
20 µM CdCl2 for heavy metal stress, or ½x MS agar + 0.5%
sucrose for the control (Tran et al., 2022). The NaCl and Cd2+

concentrations were chosen because they would impose a
stress, but would not kill sensitive plants within the time
frames of the experiments (Tran et al., 2022). Plants were
grown at 23°C with a photosynthetic photon flux density of
~140mMm–2 s–1 and 16 h light/8 h dark. After 5 days, plants
on the plates were imaged with a camera (Canon PowerShot
SX540 HS), and root length was measured using ImageJ
software of N ≥ 6 biological replicates (Figure 1; Appendix S2).

Hydroponics and ionomics

Cakile seeds were surface‐sterilized and germinated on ½x
Hoagland modified basal salt agar in plastic cups (236.5 mL
[8 oz]) with dome lids to increase humidity. Once the
seedlings were approximately 2.5 cm tall, the lids were
removed, and the cups were placed in a flat tray filled with
water. When seedlings had adapted to lower humidity levels
(after approximately 6 days), they were transferred to
hydroponics containers.

To house the hydroponics solution, we used black
plastic cans (3.79 L [1 gallon]) with lids. In the lid, three
large holes were cut to house a foam sponge with a slit
down the middle. Cakile seedlings were placed inside the
foam sponge, and the containers were filled with ½x
Hoagland solution that had been aerated and adjusted to
pH 5.6 as described by Nguyen et al. (2016). The solution
was changed every 2 weeks. Hydroponics containers with
plants were kept in a growth chamber set to 22–23°C,
55% humidity, photosynthetic photon flux density of
120–140 mMm–2 s–1, and a 16 h light/8 h dark. Cakile
plants were grown for 4 weeks before stress treatments.

Cakile plants were transferred to new hydroponics
solutions containing 150 mM NaCl, 20 µM CdCl2, and
150 mM NaCl + 20 µM CdCl2 or ½x MS+0.5% sucrose
control solution. Leaf and root tissue were collected at 0, 24,
and 48 h of stress treatment to identify elemental changes
occurring rapidly during stress treatment. Tissue samples
were washed, processed, and analyzed using inductively

coupled plasma optical emission spectroscopy (ICP‐OES)
following methods from Chen et al. (2006) for data on K+,
Na+, Fe2+, Zn2+, and Cd2+ concentrations (µg/mg dry mass)
(Figure 2). We monitored changes in these metals because
K+ and Zn2+ are essential nutrients and their levels can be
affected by Na+ (during salt stress) and Cd2+, respectively
(Hauser and Horie, 2010; Mendoza‐Cózatl et al., 2011).
Maintenance of high K+/Na+ ratios is an important
phenotype in salt‐tolerant plants (Hauser and Horie, 2010),
and Cd2+ can disrupt Zn2+ transporter activity (Mendoza‐
Cózatl et al., 2011). Fe2+ was also measured because it is
linked to stress‐induced reactive oxygen species (ROS)
accumulation, which leads to iron‐sulfur cluster degrada-
tion (Zandalinas et al., 2020).

Amino acid extraction, detection,
and quantification

Tissue was collected from plants grown in a growth
chamber for analysis of amino acids without stress
(Figure 3A; Appendices S3–S5). Whole seedlings were used
from salt treatments on plates (Figure 3B; Appendix S6). All
plants were grown with 16 h light/8 h dark at 22°C with a
photosynthetic photon flux density at ~140 mMm–2 s–1.
Tissue was harvested and flash frozen in liquid nitrogen and
lyophilized for 72 h. Lyophilized tissue was pulverized with
3‐mm glass beads using a Spex SamplePrep 2010 Geno/
Grinder (Cole‐Parmer, Metuchen, NJ, USA), and free
amino acids were extracted, detected, and quantified by
liquid chromatography‐tandem mass spectrometry (LC‐
MS/MS) as previously described (Angelovici et al., 2013;
Yobi et al., 2020).

Identification of expanding and contracting
gene families

The primary coding sequence (CDS) and amino acid
sequences from Arabidopsis (Lamesch et al., 2012), Brassica
(Lou et al., 2020), Cakile (Brassicales Map Alignment Project,
DOE‐JGI, http://bmap.jgi.doe.gov/), Eutrema salsugineum
(Pall.) Al‐Shehbaz & Warwick (Brassicaceae) (Yang et al.,
2013) (henceforth referred to as Eutrema) and Schrenkiella
parvula (Shrenk) D.A. German & Al‐Shehbaz (Brassicaceae)
(Dassanayake et al., 2011; Oh et al., 2014) (henceforth
referred to as Schrenkiella) were obtained from Phytozome
and the Brassicales Map Alignment Project (BMAP) project
(with permission from the project's principal collaborators;
data sources can be found in Appendix S1). Orthologous
gene families (orthogroups) were inferred using amino acid
sequences in OrthoFinder version 2.5.4 (Emms and
Kelly, 2019) with parameters ‐t 20 and ‐a 20 to use 20
parallel analysis threads for sequence search, MSA and tree
inference (‐t 20), and internal, RAM intensive tasks (‐a 20).
All other parameters were left as default. Using the inferred
orthogroups from Orthofinder, we examined gene family
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expansion and contraction of orthogroups using CAFE5
(Mendes et al., 2021). Gene counts per species for all
orthogroups were extracted from the Orthofinder output,
and orthogroups with more than 100 gene copies in one or

more species were removed. Two hypotheses were tested to
account for variation in evolutionary rates (λ) across the
phylogeny: First, λ is constant across the tree and, second,
λ changes after the Br‐⍺ WGT event. In the first hypothesis,

A

B

C

F IGURE 2 Elemental profile for Cakile maritima after abiotic stress. Plants grown hydroponically for 4 weeks, then grown under control conditions
(‐Salt/‐Cd), (A) +Salt/‐Cd (150 mM NaCl), (B) ‐Salt/+Cd (20 uM Cd2+) or (C) +Salt/+Cd (150 mM NaCl + 20 uM Cd2+). Following stress treatment, root
and shoot tissue samples were harvested at 0, 24, and 48 h. Tissue samples were washed, processed, and elemental concentrations K+, Na+, Fe2+, Zn2+, and
Cd2+ were measured using ICP‐OES. Each graph shows measurements over time per each tissue and ion combination in stress treatments; red = +Salt/‐Cd,
blue = ‐Salt/+Cd, and purple = +Salt/+Cd) vs the control (grey = ‐Salt/‐Cd). Points represent the mean (N = 3); error bars show standard error. Significant
differences in the experimental treatments by time compared to the control (‐Salt/‐Cd) are denoted by an asterisk (*P < 0.05; **P < 0.01, Kruskal–Wallis test).
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one λ parameter was inferred for the whole tree, and in the
second hypothesis, two separate λ parameters were inferred,
one for the Br‐⍺ WGT clade (including Cakile and Brassica
branches; Figures 1A, 4A) and another for the rest of the tree.
The model with a separate λ parameter for the Br‐⍺ clade had
a higher likelihood (final likelihood, –lnL: 234,507) than the

model with constant λ parameter (final likelihood, –lnL:
244,248) and was used for downstream analyses. The
λ parameters estimated for the Br‐⍺ WGT clade and
the rest of the tree were ~0.022 and ~0.004, respectively.
The cutoff for significant gene family expansions or
contractions was set as P < 0.05. Orthogroups with significant

F IGURE 3 Proline accumulates in Cakile maritima before salt stress. (A) Proline composition of Arabidopsis thaliana, Brassica rapa, and C. maritima
tissues grown under standard conditions. Pro levels were higher in C. maritima before stress in all tissues analyzed compared to A. thaliana and B. rapa. Bars
are means ± SEM of N ≥ 4 biological replicates. (B) Amino acid (aa) changes during salt stress. A. thaliana, B. rapa, and C. maritima were grown for 6 days
on ½ MS plates and moved to plates containing 150 mM NaCl; roots and leaves from whole seedlings were analyzed for amino acids after 0, 2, 24, and 72 h
of salt stress. Select amino acids are shown (full amino acid profiles: Appendix S6). Bars represent means ± SEM of N ≥ 4 biological replicates.
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expansions at the Cakile branch and the branch shared by
Brassica and Cakile (Br‐⍺ branch) were binned into three
sets: Cakile specific expansions, Br‐⍺ specific expansions, and
expansions shared at both branches.

Identification and classification of duplicate
gene classes

Orthogroups in which all five species (Cakile, Brassica,
Arabidopsis, Eutrema, Schrenkiella) retained sequences were
classified into duplication classes: single copy (SC), small‐scale
duplication (SSD), whole‐genome triplication (WGT), and
whole‐genome triplication and small‐scale duplication (WGT

+SSD). This filtering was based on Cakile duplications
enriched at branches of ortholog gene trees (Figure 4). The
SC group represents genes maintained in single copies in all
five species. The SSD group represents orthogroups enriched
for duplications only at the Cakile branch in gene trees. The
WGT group represents orthogroups enriched for duplications
only at the branch shared by Brassica and Cakile (Br‐⍺
branch). The WGT+SSD group represents orthogroups that
are enriched for duplications at both the Cakile and the Br‐⍺
branch. This approach for classifying duplicate genes in Cakile
has some limitations as differential retention of duplicates in
various lineages could skew the expected patterns described
above. If gene loss is not consistent across species, differential
retention of genes could make WGT genes appear as SSD as

Arabidopsis

Eutrema

Schrenkiella

Brassica

Cakile

+549/-133

+28/-67

+13/-127

+928/-176

+550/-448

+184/-1309

+356/-1106

+300/-1122

Arabidopsis

Eutrema

Schrenkiella

Brassica

Cakile

Arabidopsis

Eutrema

Schrenkiella

Brassica

Cakile

Cakile

Arabidopsis
Eutrema
Schrenkiella
Brassica
Cakile
Brassica
Cakile
Brassica
Cakile

Arabidopsis
Eutrema
Schrenkiella
Brassica
Cakile
Brassica
Cakile
Brassica
Cakile
Cakile

5979 SC 2621 WGT1284 WGT+SSD3009 SSD

197 Br-α     352 Shared     576 Cakile

A

B

F IGURE 4 Expanded gene families and orthogroup classification for Cakile maritima. (A) Summary of CAFE results for significantly expanding/
contracting orthogroups. The blue and red numbers respectively indicate the number of significant (P < 0.05) gene family expansions and contractions per
branch as inferred by CAFE. Significantly expanding orthogroups at the Br‐⍺ and C. maritima branches were extracted and grouped as Br‐⍺‐specific,
C. maritima‐specific, and shared orthogroups. Counts for these groups are in gold, green, and purple, respectively. (B) Duplication classification workflow of
C. maritima genes. Inferred orthogroups were classified as single copy (SC), small‐scale duplication (SSD), whole‐genome triplication (WGT), or WGT+SSD
based on their duplication status in relation to the C. maritima and Br‐⍺ nodes. Phylogenetic tree under each classification show which branches are
enriched for duplications and the numbers next to them represent the number of orthogroups in each class. Green X: SSD duplication event; yellow star:
Br‐⍺ WGT.
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genes in other species sharing the polyploidy were lost and
not retained. Further it is possible for duplicates showing a
WGT pattern to be a retained SSD in the ancestral lineage.
For example, an SSD in the ancestor of Cakile and Brassica
would be inferred as being derived from WGT as it would
appear as a duplication at the Br‐⍺ branch.

The WGT groups (WGT and WGT+SSD) were
subjected to additional filtering based on the distribution
of the synonymous divergence (Ks) between paralogs in
Cakile. The FASTKs pipeline (McKain et al., 2016) was used
to obtain the Ks distribution for Cakile and assess pairwise
ortholog divergence between Cakile and Brassica to
Arabidopsis, and Cakile to Brassica. In this pipeline, CDS
sequences for each sample were aligned against themselves
with an e‐value cutoff of 1e‐40 using BLAST (Altschul
et al., 1990). Putative pairs were identified as BLAST hits
when they met the following criteria: (1) greater than 40%
identity in alignment, (2) not an exact match (100%
identity), and (3) longer than 300 bp of alignment length.
Amino acid sequences for the putative pairs were aligned
with MUSCLE (Edgar, 2004) and converted to CDS using
PAL2NAL (Suyama et al., 2006). Ks, Ka, and Ka/Ks were
estimated for the aligned pairs using codeml in PAML v.4.8
(Yang, 2007) with the same parameters used by McKain
et al. (2012). The previously identified WGT groups were
filtered to only include orthogroups containing Cakile genes
within the Ks range of 0.082 to 0.538 indicative of the Br‐⍺
WGT (Qi et al., 2021). Despite some inferential limitations,
as stated above, we expect that large‐scale patterns of gene
duplication classes described in this study are accurate.

Functional enrichment of orthogroup classes

The previously identified significantly expanding orthogroups
and duplication classes were assessed for Gene Ontology
(GO) term enrichment. Orthologous Arabidopsis genes in
these classes were used as the input to gain a putative
understanding of functional binning of all biological processes
and specific processes related to salt, metal, amino acid
metabolism, and ROS. For each class, GO enrichment analysis
was performed using ShinyGO 0.77 (Ge et al., 2020).
Arabidopsis was used as the reference database and the
parameters FDR cutoff = 0.05 and Pathway size min‐
max = 20–2000 were used. After enrichment, the resulting
FDR enrichment values and GO Biological Process terms
were extracted for the duplication classes. These were used as
inputs for REVIGO (Supek et al., 2011) to cluster terms based
on semantic similarity.

Associated loci to the GO terms response to salt stress
(GO:0009651) and response to cadmium ion (GO:0071276)
from The Arabidopsis Information Resource (TAIR) data-
base were extracted and mapped to duplication classes to
gain a specific understanding of salt and cadmium functional
binning per duplication class. For each duplication class, GO
enrichment analysis was performed using ShinyGO version
0.77 (Ge et al., 2020). Arabidopsis was used as the reference

database and all other parameters were default (FDR
cutoff = 0.05; pathway size min‐max = 2–2000). After enrich-
ment, the resulting FDR enrichment values, GO molecular
function, and KEGG terms were extracted.

RESULTS

Cakile is tolerant to salt and cadmium stress

To quantify the degree of abiotic stress tolerance, we
challenged Cakile along with other Brassicaceae lineages
Arabidopsis and Brassica, both known to be salt and
cadmium sensitive, with salt and cadmium stress. Arabi-
dopsis and Brassica showed significantly shorter roots and
photobleaching on cadmium and salt (Figure 1B; Appen-
dix S2), whereas Cakile was not affected by these treatments
and maintained root growth (Figure 1B; Appendix S2).

Cakile uptakes salt and cadmium
in a tissue‐specific manner

To investigate the ability of Cakile to accumulate elements in a
tissue‐specific manner, we performed elemental profiling
(ionomics) from various tissues of Cakile grown in hydroponic
media during stress treatments. Upon the addition of salt in the
hydroponic media, Na+ levels increased slightly in both tissues
over the 48 h of salt treatment (Figure 2). K+ levels were
consistently higher in leaves compared to roots, with a slight
decrease in the roots over the 48‐h period (Figure 2). Fe2+ levels
showed a transient spike in the roots after 24 h and then
returned to baseline levels, whereas they did not change in the
leaf tissue (Figure 2). Zn2+ levels did not change substantially
upon salt stress and as expected, Cd2+ was not detectable
(Figure 2). When cadmium was applied in the hydroponic
media, Cd2+ levels increased in the roots, but not the leaves,
indicating that Cakile does not exclude Cd2+, but does, at least
in this context, take up Cd2+ in its roots (Figure 2). Cakile does
not appear to move Cd2+ into its leaves within 48 h (Figure 2).
Zn2+, Fe2+, K+, and Na+ levels were unaltered following
cadmium stress (Figure 2). When salt and cadmium were
applied together, the response was similar to the salt‐only
treatment, including a transient spike in Fe2+ at 24 h in the
roots, but not leaves (Figure 2). Finally, there was a very minor
increase in Cd2+ in the roots after 48 h, but not as dramatic
a change as observed when Cd2+ stress was applied alone
(Figure 2).

Cakile metabolic response during salt stresses

To better understand how Cakile metabolically responds to
salt stress, we extracted and quantified total free amino acids
from various tissues in the presence and absence of stress. In
general, roots contained the least amount of total free amino
acids and leaves the most across the species (Appendix S3).
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Cakile had the lowest amount of total free amino acids
compared to Arabidopsis and Brassica (Appendix S3), making
comparisons of absolute levels of amino acids between species
challenging. Additionally, changes in low‐abundance amino
acids can be masked by the most‐abundant amino acids, for
example, glutamine, glutamate, and aspartate (Appendix S4).
Relative amino acid composition can capture important, but
subtle, metabolic changes across the species; thus, percentage
compositions (the amount of an individual amino acid over
the sum of all free amino acids in a single extraction) were
compared across species (Appendix S5). The percentage
compositions of most amino acids were consistent across
species and tissues, for example, serine, valine, and tyrosine
(Appendix S5). One major exception was the relative proline
(Pro) composition. As a percentage of the total free amino
acids, Pro was dramatically higher in Cakile compared with
Arabidopsis and Brassica (Figure 3A). In Cakile, Pro
contributed to 10.8, 32.2, and 23.5% of the amino acid
composition in the roots, stems, and leaves, respectively
(Figure 3A), compared to 5.7, 8.5, and 7.2% Pro in Arabidopsis
roots, stems, and leaves, respectively, and 2.7, 12.9, and 14.2%
Pro in Brassica roots, stems, and leaves (Figure 3A).

Cakile, Arabidopsis, and Brassica were also investigated for
amino acid composition changes during salt treatment. Whole
seedlings were harvested at 0, 2, 24, and 72 h during salt
treatment to analyze amino acids. Amino acid changes could
be classified into three general categories during salt stress: no
change, increase, or decrease. Amino acids such as alanine had
no substantial change during salt treatment (Figure 3B;
Appendix S6). Amino acids such as threonine and Pro
increased during salt treatment; however, Pro increased
substantially more in Arabidopsis and Brassica (13.5‐ and
15‐fold, respectively) compared with Cakile (2.6‐fold) during
salt stress (Figure 3B; Appendix S6). Amino acids such as
glutamine tended to decrease during salt treatment (Figure 3B;
Appendix S6). A principal component analysis of the amino
acid content during salt stress revealed that the three species
could be distinctly grouped (Appendix S7A). The major amino
acids contributing to the model were the branched chain
amino acids (leucine, valine, and isoleucine), and amino acids
involved in nitrogen metabolism including aspartate, aspara-
gine, glutamate, and glutamine (Appendix S7B), whereas Pro
was only a minor contributor to the model (Appendix S7B).
Nitrogen metabolism amino acids were inversely correlated
with Pro, suggesting that when Pro levels increased, generally
nitrogen metabolism amino acids decreased (Figure 3B;
Appendices S6, S7B).

Expanding and contracting Cakile gene families

To identify pathways and genes contributing to Cakile abiotic
stress response, we first identified expanding and contracting
gene families at the Br‐⍺ WGT branch and the Cakile specific
branch in relation to the other Brassicaceae species used in the
phylogenetic analyses. In total, 24,813 orthogroups were
identified and after filtering served as the input for CAFE5

analysis (Mendes et al., 2021). Testing multiple evolutionary
rate hypotheses identified a model where the Br‐⍺ clade had a
separate evolutionary rate from the rest of the tree as the
optimal model with the highest likelihood (final likelihood
–lnL: 234,507). This model identified 549/708 significantly
expanding/contracting orthogroups at the Br‐⍺ branch and
928/176 significantly expanding and contracting orthgroups at
the Cakile specific branch (Figure 4A). GO enrichment
of expanding orthogroups identified biological processes
related to specialized metabolism, photosynthesis, response to
amino acid and defense response enriched at Br‐⍺; protein
ubiquitination, proteolysis, RNA dependent DNA biosynthesis
at the Cakile branch; RNA‐dependent DNA biosynthesis,
fungal defense response, pollen recognition, unsaturated fatty
acid metabolism shared at both branches (Appendix S8).

Classification of duplicates in Cakile

We hypothesized that duplication and divergence has
contributed to Cakile abiotic stress adaptation; therefore,
expanded gene families in Cakile could arise from
polyploidy events, including the Br‐⍺ WGT and/or
Cakile‐specific SSDs. Orthogroups were classified based on
their duplication status: single copy (SC), small‐scale
duplication (SSD), whole‐genome triplication (WGT), and
whole‐genome triplication plus small‐scale duplication
(WGT+SSD). These classes were inferred based on the
phylogenetic context of orthogroup gene trees and the
distribution of the synonymous divergence (Ks) between
Cakile paralogs (Figure 4B). For example, when a single
copy was phylogenetically distributed across all five species
in a gene tree, these were classified as SC. Gene trees with
duplications localized to a Cakile specific branch were
classified as SSD, and gene trees classified as WGT only
contained duplications at branches shared by Cakile and
Brassica (Br‐⍺). Finally, WGT+SSD represent cases where
gene trees contained duplications at both Cakile‐specific
branches and Br‐⍺ branches. Of the 24,813 orthogroups,
17,152 were present across all five species (Cakile, Brassica,
Schrenkiella, Eutrema, and Arabidopsis); 5979 of these were
present as single‐copy genes across all the species analyzed
(Figure 4B); 3009 orthogroups were classified as resulting
from SSD only and showed enrichment only in Cakile
(Figure 4B); 2621 orthogroups were classified as resulting
from WGT only; and 1284 were classified as resulting from
both WGT and SSD (WGT+SSD) (Figure 4B). The
remaining orthogroups were enriched for duplications only
at nodes outside of Br‐⍺ and Cakile and were not included
in downstream analyses.

Partitioning of biological process terms across
Cakile duplication classes

Using GO term enrichment of biological processes, we
discerned the partitioning of biological processes across
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Cakile duplication classes and identified where terms related
to salt and cadmium tolerance occurred. The Arabidopsis
orthologs in orthogroups identified as different Cakile
duplication classes and were subject to gene enrichment
analyses. All significantly enriched terms per duplication class
can be found in Appendix S9. In summary, 107, 65, 681, and
304 GO biological process terms were enriched (FDR < 0.05)
in the SC, SSD, WGT and WGT+SSD duplication classes,
respectively. The SC category contained GO terms associated

with core cellular functions such as DNA repair, RNA
modification, macromolecule modification, and plastid
organization (Figure 5A). Transport and metabolic processes
such as amide biosynthetic process, peptide biosynthetic
process and cellular amide metabolic process were enriched
in the SSD category (Figure 5B). The WGT category had
many functionally enriched categories associated with
regulation/regulatory elements, abiotic responses, and core
developmental functions, such as regulation of metabolic

A

B 

C 

D 

F IGURE 5 Gene ontology enrichment of Cakile maritima duplication classes. Arabidopsis thaliana genes from orthogroups were used as input for GO
Enrichment using ShinyGO (Ge et al., 2020). Enriched GO biological process terms and their FDR enrichment values were used as inputs for REVIGO
(Supek et al., 2011) to cluster semantically similar terms. The x‐ and y‐axes represent semantic space used to cluster semantically similar GO terms (Supek
et al., 2011). Displayed terms include the most significant terms based on EnrichmentFDR value (SC: value <–10; SSD: value <–2; WGT: value <–20; WGT
+SSD: value <–4.59). Salt‐ or cadmium‐specific terms are shown in red; terms with an asterisk did not meet the cutoff for the displayed term. The full list of
significantly enriched categories can be found in Appendix S9. Color of circles is based on EnrichmentFDR value; size of circles indicates the number of
terms clustered. (A) Single‐copy (SC) orthogroups. (B) Small‐scale duplication (SSD) orthogroups. (C) Whole‐genome triplication orthogroups. (D) Whole‐
genome triplication + small‐scale duplication (WGT+SSD) orthogroups. Phylogenetic trees show which branches are enriched for duplications. Green X:
SSD duplication event; yellow star: Br‐⍺ WGT.
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process, developmental process, and DNA‐templated tran-
scription (Figure 5C). Finally, the WGT+SSD category was
enriched for response to cadmium ion, xenobiotic transport,
amino acid metabolism, and terms related to core cellular
process processes (Figure 5D).

Given the metabolic and ionomic response of Cakile
following abiotic stress, we expected to identify biologi-
cal processes related to salt, metal, amino acid metabo-
lism, and ROS. Consistent with our hypothesis, salt‐
specific terms were found exclusively in the WGT
(response to salt stress and regulation of response to
salt stress) and WGT+SSD (response to salt stress and
cellular response to salt stress) categories (Figure 5).
Metal‐related terms were identified across all duplication
classes except SC, but cadmium‐specific terms were
identified only in the WGT and WGT+SSD categories
(Figure 5). In relation to the high potassium abundance
in salt‐treated Cakile (Figure 2), potassium ion transport
was found in the WGT category (Figure 5C). Amino acid
metabolism terms were found in all categories except SC.
Specifically, amide biosynthetic process and peptide
biosynthetic process were among the top enriched terms
in the SSD and WGT+SSD categories (Figure 5). This
term was also enriched in the WGT category; however, it
was the 523rd ranked term by FDR enrichment
(Figure 5). Enrichment of amino‐acid‐related metabolic
processes tend to be retained more commonly following
Cakile‐specific duplications and may be involved in
metabolic pre‐adaptation to abiotic stress. Finally, ROS‐
specific terms were found in all categories except for SC.
Response to oxidative stress was found in the SSD and
WGT categories, reactive oxygen metabolic process was
found in SSD, and response to oxygen‐containing
compound was found in the WGT and WGT+SSD
categories (Figure 5). Based on the trends observed,
duplicate retention post polyploidy is enriched for
regulation and stress terms, whereas Cakile‐specific
duplications are enriched in metabolic processes, high-
lighting the relevance of duplication type in various
aspects of abiotic stress response.

Salt‐ and cadmium‐responsive genes show
evidence of duplication and divergence

Next, we investigated the duplication status and divergence of
known salt‐ and cadmium‐responsive genes to understand
what pathways may be contributing to Cakile stress tolerance.
Enriched GO molecular function and KEGG pathways were
identified from known salt‐ (Figure 6) and cadmium‐
responsive genes (Appendix S10). There were 501 salt‐
responsive genes identified across the duplication classes and
of those that were classified in SSD, WGT, and SSD+WGT,
terms related to transport, cofactor, amino acid, and sugar
metabolism were highly enriched (Figure 6A, B). Addition-
ally, Pro metabolism was enriched in the SSD only category
(Figure 6B).

To identify whether any of these duplicates show
evidence of divergence, we determined Ka/Ks ratios between
Cakile and Arabidopsis orthologs for salt‐responsive genes
(Figure 6C). Salt‐responsive genes falling within the SC and
WGT categories had low Ka/Ks ratios, indicating sequence
conservation (Figure 6C), whereas salt‐responsive genes
within the SSD and WGT+SSD categories had a bimodal
distribution and higher mean Ka/Ks ratios, which were
significantly different from the distributions observed in the
SC category (Figure 6C; Appendix S11). Ka/Ks ratios between
Brassica and Arabidopsis, and Cakile and Brassica were also
investigated (Appendix S12). Brassica and Arabidopsis had
similar Ka/Ks distribution patterns to those of Cakile and
Arabidopsis (Appendix S12A). However, Ka/Ks distribution
patterns between Cakile and Brassica had higher means
across all categories, and SSD, WGT, and WGT+SSD
distributions of Cakile and Brassica all significantly differed
from the SC distribution (Appendix S12B). Cakile and
Brassica also shared more total ortholog pairs compared to
Arabidopsis, which may influence Ka/Ks ratio distributions.
Overall, higher Ka/Ks ratios between orthologs in the SSD
and WGT+SSD categories indicate that some genes are
diverging in sequence, perhaps indicators of sub‐ or
neofunctionalization and abiotic stress response. However,
in the absence of expression data, we cannot determine
whether Cakile genes with high Ka/Ks ratios are expressed,
which would be crucial for functionalization.

A similar analysis was performed using all the cadmium‐
responsive genes, which consists of a much smaller list than
salt‐responsive genes (42 cadmium‐responsive genes). Some
overlapping categories were identified in the SSD, WGT, and
WGT+SSD categories including cofactor, amino acid, sugar,
and specialized metabolism, but protein degradation catego-
ries were unique to cadmium‐responsive genes (Appen-
dix S10A, S10B). Ka/Ks ratios were calculated for all the
cadmium‐responsive genes, and we saw no significant
differences between groups. (Appendix S10C). The low
number of cadmium‐responsive genes limits further inter-
pretation of these data.

DISCUSSION

Duplications are important for stress tolerance

Duplications are a source of genetic material for the evolution
of novel traits. Although gene loss is often the outcome
following duplication, maintenance and functional diver-
gence can lead to new functions (DeGiorgio and Assis, 2021).
Expansions and contractions in gene families post polyploidy
have contributed to the evolution of functional networks
enabling crop domestication and environmental adaptation
(Salman‐Minkov et al., 2016; Zhang et al., 2019; Van de Peer
et al., 2021; Xu et al., 2021; Tossi et al., 2022; Thomas
et al., 2023). Abiotic stress tolerance is a multifaceted
response encompassing morphological, transport, metabolic,
and regulatory changes (Mickelbart et al., 2015; Slama
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A

B

C

F IGURE 6 Top 10 GO terms/pathways per duplication class enriched with genes associated with response to salt stress. TAIR loci associated with
response to salt stress (GO:0009651) found in duplication classes were used as inputs for functional enrichment using ShinyGO (Ge et al., 2020). The top 10
terms per duplication class for (A) GO molecular function and (B) KEGG. The size of circles indicates the proportion of genes in enrichment/total genes
associated with the term/pathway; circle color indicates –log (Enrichment FDR). (C) Ka/Ks distributions per duplication class for loci associated with salt
stress. Violin plots with nested boxplots of Ka/Ks ratios for loci associated with response to salt stress gene ontology term (GO:0009651). The t‐test
comparisons with P < 0.05 are displayed above distributions.
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et al., 2015; Gul et al., 2022). In mangrove species, polyploid‐
derived genes have enabled environmental adaptations to
fluctuating salinity (Xu et al., 2021; Thomas et al., 2023).
Small‐scale duplications (SSDs) also contribute to novel
phenotypes; for example, genomes of salt‐tolerant Brassica-
ceae species Eutrema and Schrenkiella are enriched for SSDs
linked to salt tolerance (Kazachkova et al., 2018). In the
present study, duplicated Cakile genes were classified as
resulting from SSD, whole‐genome triplication (WGT) or
retained after both (WGT+SSD). The duplicated Cakile genes
associated with putative salt and heavy metal responses are
more likely retained in SSD, WGT, and WGT+SSD,
suggesting that different duplication classes contribute to
various aspects of abiotic stress tolerance in Cakile.

Dosage sensitivity explains patterns
of duplicate retention

The ability of gene(s) and pathways to tolerate changes in
copy number have dramatic impacts on the evolution of
novel traits. The gene balance hypothesis proposes that the
stoichiometric balance of genes whose products act in multi‐
subunit complexes (gene networks) is important for a
complete and functional network (Birchler and Newton, 1981;
Birchler et al., 2001; Edger and Pires, 2009; Freeling, 2009;
Makino and McLysaght, 2010; Birchler and Veitia, 2012;
Conant et al., 2014; Conant, 2014). Dosage sensitive genes are
genes in which a change in copy number alters expression
and protein abundance and may interrupt the stoichiometric
balance of a functional gene network (Bird et al., 2023).
Duplications in dosage sensitive genes are tolerated when the
entire network is duplicated (i.e., via polyploidy) and gene
balance is not perturbed; however, duplications such as SSD
that only duplicate one or a few members of a network at a
time are not tolerated because these disrupt network/gene
balance. In contrast, dosage insensitive genes are more
amenable to SSDs because they are not as highly connected
and reliant on the stoichiometry of a network. This pattern of
dosage sensitive genes tending to be over‐retained post
polyploidy and dosage insensitive genes tending to be over‐
retained after SSD is called reciprocal retention and has been
shown in many studies (Edger and Pires, 2009; Freeling, 2009;
Makino and McLysaght, 2010; De Smet et al., 2013; Conant
et al., 2014; Conant, 2014; Tasdighian et al., 2017; Emery
et al., 2018; Gout et al., 2023).

Overall, our results are consistent with patterns of
reciprocal retention in Cakile after gene duplication. GO
terms were classified as dosage sensitive, dosage insensitive,
or neither (Appendix S13A) based on reciprocal retention of
Arabidopsis duplicates (Song et al., 2020). In Cakile, the
WGT class contained a higher proportion of dosage sensitive
GO terms (Appendix S13A), including highly connected
functions such as macromolecular complexes, transcriptional
regulation, and signal transduction (Figure 5). On the other
hand, the SSD class had a higher proportion of dosage
insensitive compared to dosage sensitive genes, which may

indicate that Cakile genes retained after SSD are involved in
metabolism and biosynthetic processes (Figure 5). However,
across all duplication classes, most GO terms were not
classified as dosage sensitive or insensitive. Response to salt
stress (GO:0009651) and response to cadmium ion
(GO:0046686) GO terms were both found in the WGT and
WGT+SSD categories, but were not found to be dosage
sensitive or insensitive because they had a higher than
average retention after both polyploidy and SSD (Appen-
dix S13B). These data suggest that functions associated with
abiotic stress adaptation have either weak or no dosage
sensitivity and can diversify and contribute to adaptation
through combinations of polyploidy and SSD.

Salt‐tolerance functions are partitioned into
various duplication classes

Based on patterns of reciprocal retention, we hypothesized
that Cakile duplicated genes involved in different aspects of
abiotic stress response would be partitioned into the SSD,
WGT, and WGT+SSD classes. Within salt‐response GO
terms, we found enrichment in molecular function and
metabolic pathways generally associated with amino acid
metabolism, cofactor metabolism, lipid metabolism, spe-
cialized metabolism, and sugar metabolism and transport
(Figure 6A, B). Amino acid metabolism terms were found
across all duplication classes, and specifically, Pro metabo-
lism was enriched in the SSD class (Figure 6B). Cofactor and
specialized metabolism were mostly enriched in the SSD
class (Figure 6A, B). Lipid and sugar metabolism terms were
mainly partitioned into the WGT class and transport was
mainly found in the WGT+SSD class (Figure 6). Our results
are consistent with previous studies that show specialized
metabolic genes are over‐retained post SSD but not
polyploidy, and metabolism and transport are often retained
in multiple copies and are seen as drivers of environmental
stress tolerance (Dunham et al., 2002; Gresham et al., 2008;
Selmecki et al., 2006, 2015; Sunshine et al., 2015; Moore
et al., 2019). Genes for core metabolic processes are more
conserved compared with evolutionarily agile genes for
specialized metabolism (Schenck and Last, 2020; Schenck
and Busta, 2022), and we find that genes for lipid and sugar
metabolism may be more constrained by dosage balance
than those involved in specialized metabolism. Noncoding
RNAs (ncRNA) play roles in the regulation of gene
expression in response to stress (Di et al., 2014; Wang
et al., 2017). Although ncRNA were not identified in this
study, there are likely many in the Cakile genome that could
contribute to stress tolerance and occur through different
duplication types.

Ionomic response to abiotic stress

Plants that are salt and/or heavy metal tolerant have evolved
diverse adaptive strategies, including exclusion, uptake, and
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sequestration (Mendoza‐Cózatl et al., 2011; Hasanuzzaman
et al., 2014; Kazachkova et al., 2018; Yan et al., 2020). The
elemental profiling suggests that Cakile can tolerate salt by
accumulating Na+ in leaf tissue and cadmium through Cd2+

sequestration in the root tissues with limited translocation
to the leaves (Figure 2). The addition of salt in the
hydroponic media tended to show a pattern of higher K+ in
leaf tissue; however, this result was not statistically
significant (Figure 2). During salt stress, Na+ ions can
compete with K+ ions for binding to K+ transporters due to
ionic similarities (Munns, 2002). Maintenance of high K+/
Na+ ratios can mitigate ionic competition, and the pattern
of high K+ in Cakile leaf tissue could suggest that Cakile
maintains high K+/Na+ ratios to mitigate salt stress. During
cadmium treatments, there was a significant reduction of K+

in roots at 24 h (cadmium only) and at 24 and 48 h (both
stressors applied). Cadmium stress has been shown to
negatively impact nutrient uptake (Qin et al., 2020; Naciri
et al., 2021). With Zn2+, there were no obvious patterns that
emerged from the data; however, there was a significant
increase of Zn2+ at 48 h in leaf tissue when salt and
cadmium were applied. Interestingly, salt stress induced a
transient spike in Fe2+ levels in the roots after 24 h, but Cd2+

stress alone had little effect on Fe2+ levels (Figure 2). Salt
stress induces ROS, which can degrade Fe‐S clusters, so
perhaps Cakile increases Fe2+ uptake to compensate for this
degradation (Zandalinas et al., 2020). We found ROS‐
related terms were enriched across all duplication classes
and may be related to this pattern. When Cakile was grown
on cadmium, an increase in Cd2+ was observed in the roots,
but not the leaves, suggesting uptake in the roots but not
translocation, at least within the 48‐h window monitored
(Figure 2). However, when salt and cadmium treatments
were applied together, an increase in Cd2+ was observed in
the roots; however, the increase was substantially lower than
when cadmium was applied alone (Figure 2). Cakile may
respond differently when multiple abiotic stresses are
supplied, which could have led to the decreased Cd2+

uptake observed (Figure 2). These data provide initial
insights into the ionomic changes during abiotic stress
response in Cakile.

Genes for transporters have been reported as dosage
sensitive (Blanc and Wolfe, 2004; Maere et al., 2005);
therefore, we expected to find transporters enrichment in
the WGT category. However, we found that transporters
tolerated duplications post WGT and SSD because they
were mainly found in the WGT+SSD category (Figure 6).
HKT1 is a sodium transporter in Arabidopsis and other
plants (Kazachkova et al., 2018). Natural variation of
AtHKT1 is associated with salt tolerance in some coastal
Arabidopsis accessions (Busoms et al., 2018). Cakile
possesses four HKT1 orthologs in the SSD category, two
of which have greater than mean Ka/Ks values (Appen-
dix S11A, S14) when compared to Arabidopsis, and further
comparing Ka/Ks ratios of Cakile and Brassica HKT1
orthologs, we see similar levels of divergence. These data
suggest that HKT1 orthologs may have diverged in Cakile.

Multiple HKT1 orthologs are found in other salt‐tolerant
plants. In closely related Brassicaceae species, HKT1
expansion was the result of SSD (Kazachkova et al., 2018),
whereas in mangrove HKT1 expansion is the result of
polyploidy (Xu et al., 2021; Thomas et al., 2023). Another
sodium transporter, AtNHX1, is also associated with salt
tolerance in Arabidopsis (Pehlivan et al., 2016). Cakile has
three AtNHX1 homologs; however, none had high diver-
gence rates (Appendix S11A). It is possible that expansion
of AtNHX1 in Cakile contributes to abiotic stress tolerance;
however, this divergence could be through transcriptional
or subcellular localization changes, which were not captured
in this study. Thus, evolutionary context and environmental
pressures influence the fates of duplicated genes.

Metabolic response to abiotic stress

Metabolically stress‐adapted plants often accumulate osmo-
protectants, such as Pro, before stress or in response to
stress (Verslues and Sharma, 2010; Slama et al., 2015).
Amino acid profiling of Cakile supports that it is
metabolically prepared for stress (Figure 3). Before salt
stress, Pro overaccumulates in Cakile compared to Arabi-
dopsis and Brassica, and only minor changes were observed
in Pro levels following salt stress in Cakile (Figure 3;
Appendices S5, S6). Over 30% of the amino acid composi-
tion in Cakile stems consists of Pro before stress treatment
(Figure 3A). Other Brassicaceae species including Schren-
kiella and Eutrema show metabolic stress adaptation via
increases in Pro content (Tran et al., 2022). Downregulation
of Pro catabolic genes appear to enable Pro overaccumula-
tion in these species and to lead to stress tolerance (Gong
et al., 2005; Tran et al., 2022). Amino‐acid‐related processes,
including Pro metabolism, were enriched in SSD categories
and show evidence of sequence divergence (Figure 6),
suggesting that Pro metabolism in Cakile may have diverged
to support Pro accumulation. However, not all Pro
biosynthetic or catabolic genes have greater than mean
Ka/Ks (Appendices S11, S14), indicating that Cakile Pro
metabolism may have diverged at a transcriptional level, like
in other salt‐tolerant species (Tran et al., 2022). Although
Pro levels increased in Brassica and Arabidopsis following
stress treatment (Figure 3B; Appendix S6), this increase did
not translate into salt tolerance (Figure 1B), suggesting that
Pro accumulation by itself is insufficient for some abiotic
stresses and additional metabolic processes likely contribute
to Cakile stress tolerance. Other metabolic processes
including sugar and lipid metabolism were mostly enriched
in WGT (Figure 6). Cytochrome P450 (CYP) genes play key
roles in metabolic pathways related to plant development
and stress response (Xu et al., 2015). Many CYPs were
enriched in both the SSD (CYP71B families) and WGT
+SSD (CYP72A and CYP709B families) classes, and several
showed higher than mean Ka/Ks ratios (Appendi-
ces S11, S12, S14), which may suggest functional divergence.
In particular, Cakile possesses two CYP709B3 orthologs
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with high sequence divergence, and this gene has been
characterized in Arabidopsis to play a role in the regulation
of salt stress response (Mao et al., 2013). These CYP
duplicate genes may contribute to novel specialized
metabolites in Cakile. Although we did not capture sugars,
lipids, or specialized metabolites in our metabolic profiling,
alteration in these pathways may also contribute to abiotic
stress tolerance in Cakile. Large‐scale metabolomic charac-
terization could give further insights into patterns seen by
the comparative genomics analyses.

CONCLUSIONS

This study identifies duplicated genes in Cakile, a mustard
crop wild relative, which may mediate tolerance to salt and
cadmium stress. Abiotic‐stress‐related genes in Cakile
grouped into different duplication classes, and sequence
divergence of some of these genes suggest potential sub‐/
neofunctionalization. Validation of these putative stress‐
related Cakile genes can provide experimental evidence into
their specific functions in abiotic stress tolerance. This study
demonstrates the power of using crop wild relatives because
they can provide insights into the evolution of environ-
mental adaptation. Further they provide novel genetic
resources that can aid in the development of stress‐
resilient crops to meet global agricultural challenges.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix S1. Taxon sampling and genome data sources.

Appendix S2. Representative images following salt and
cadmium stress. Arabidopsis, Brassica, and Cakile were grown
for 6 days on ½ MS plates and moved to plates containing
150mM NaCl (salt stress), 20 μM cadmium (Cd2+ heavy metal
stress) or control plates and grown for an additional 5 days.

Appendix S3. Total absolute free amino acid levels in
Arabidopsis, Brassica, and Cakile tissues grown under
standard conditions. Amino acids were extracted from root,
stem, and leaf tissue under standard growth conditions in
the absence of exogenous abiotic stress. Amino acids are
shown as the sum of the absolute amount of each individual
amino acid. Data are the mean of N ≥ 4 biological replicates
± standard deviation.

Appendix S4. Absolute levels of individual amino acids in
root, stem, and leaf tissue of Arabidopsis, Brassica, and
Cakile grown under standard conditions in the absence of
exogenous abiotic stress. The three‐letter abbreviations are
used for each amino acid. Data are the means of N ≥ 4
biological replicates ± standard deviation.

Appendix S5. Free amino acid composition in leaf, root,
and stems of Arabidopsis, Brassica, and Cakile grown under
standard conditions in the absence of exogenous abiotic
stress. Amino acids are expressed as a percentage of the total
amino acid complement in different tissues. The three‐letter
abbreviations are used for each amino acid. Data are the
mean of N ≥ 4 biological replicates.

Appendix S6. Free amino acid composition of Cakile,
Brassica, and Arabidopsis during salt stress. Amino acids
were extracted from whole seedlings of Arabidopsis,
Brassica, and Cakile under salt stress for different times.
Plants were grown for 6 days on ½ MS plates and moved to
plates containing 150 mM NaCl. Whole seedlings were
collected and analyzed for amino acids after 0, 2, 24, and
72 h of salt stress. Amino acids are expressed as a percentage
of the total amino acid complement at each timepoint. The
three‐letter abbreviations are used for each amino acid. Data
are the mean of N ≥ 4 biological replicates.

Appendix S7. PCA of amino acid changes during salt stress.
(A) PCA of amino acid content from whole seedlings of
Arabidopsis, Brassica, and Cakile during salt stress for different
times. Amino acid content was normalized by subtracting
means and dividing by the standard deviations. PC1 and PC2
accounted for 79.59% of variance. Symbol size is based on the
squared cosine values (cos2). (B) Loadings plot shows relative
contributions and correlations of each amino acid to changes
observed during salt stress. The standard three‐letter code is
used to abbreviate each amino acid.

Appendix S8. GO biological processes enriched at significantly
expanding gene families. TAIR loci found in significantly
expanding gene families that are (A) Br‐⍺ branch specific, (B)
shared at the Br‐⍺ and Cakile branches, and (C) Cakile branch
specific were used as inputs for functional enrichment using
ShinyGO (Ge; Jung and Yao, 2020). The top enriched GO
biological process terms per group are shown. The size of
circles indicates the number of genes, circle color indicates –log
(Enrichment FDR), and fold enrichment is indicated by the
length of the lines in the chart.

Appendix S9. Partitioning GO biological process terms
across Cakile duplication classes. (A) Single‐copy (SC)
global enrichment. (B) Small‐scale duplication (SSD) global
enrichment. (C) Whole‐genome triplication (WGT) global
enrichment. (D) Whole‐genome triplication+small‐scale
duplication (WGT+SSD) global enrichment.

Appendix S10. Top 10 GO terms/pathways enriched with
loci associated with response to cadmium ion. TAIR loci
associated with response to cadmium ion (GO:0046686) and
found in duplication classes were used as inputs for
functional enrichment using ShinyGO (Ge et al., 2020).
The top 10 terms per duplication class for (A) GO
molecular function and (B) KEGG per duplication class.
The size of circles indicates the proportion of genes in
enrichment/total genes associated with the term/pathway,
and circle color indicates –log (Enrichment FDR). (C)
Ka/Ks distributions per duplication class for response to
cadmium ion loci. Violin plots with nested boxplots of Ka/
Ks ratios for loci associated with response to cadmium ion
(GO:0046686). The t‐test comparisons with P < 0.05 are
displayed above distributions.

Appendix S11. Ka, Ks, Ka/Ks values between (A) Cakile
and Arabidopsis genes in the salt‐specific enrichment and
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their duplication class; (B) Cakile and Arabidopsis genes in
the cadmium‐specific enrichment and their duplication
class; (C) Brassica and Arabidopsis genes in the salt‐specific
enrichment and their duplication class; (D) Cakile and
Brassica genes in the salt‐specific enrichment and their
duplication class.

Appendix S12. Ka/Ks distributions per duplication class for
response to salt stress loci. Violin plots with nested boxplots
of Ka/Ks ratios for loci associated with response to salt
stress (GO:0009651). The t‐test comparisons with P < 0.05
are displayed above distributions. (A) Brassica vs. Arabi-
dopsis. (B) Cakile vs. Brassica.

Appendix S13. Response to salt stress and response to
cadmium ion GO Terms were not classifiable as dosage
sensitive or insensitive. (A) Log10‐transformed counts of
enriched GO biological process terms with FDR < 0.05 per
duplication class classified as dosage sensitive, insensitive,
and NA per Song et al. (2020) assignments of GO terms. (B)
Adaptation of Figure 1a from Song et al. (2020). Yellow data
points indicate class I GO terms (putatively dosage balance
insensitive; unbalanced > 0.38 and α < 0.3), and blue data

points indicate class II GO terms (putatively dosage balance
sensitive; unbalanced < 0.38 and α > 0.3). Response to salt
stress (GO:0009651) and response to cadmium ion
(GO:0046686) did not fall into either group and had
unbalanced = 0.44, α = 0.35 and unbalanced = 0.41, α = 0.37,
respectively.

Appendix S14. Arabidopsis gene annotations of Ka/Ks
values above means between Cakile and Arabidopsis genes.
(A) small‐scale duplication (SSD) class. (B) whole‐genome
triplication+SSD (WGT+SSD) class.
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