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Angiosperms likely originated in mesic tropical forests
(Feild et al., 2004; Chaboureau et al., 2014; Willis and
McElwain, 2014). The cold (i.e., freezing) biomes currently
prevalent at higher latitudes and altitudes have only become
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Abstract

Premise: The Caryophyllaceae (the carnation family) have undergone multiple
transitions into colder climates and convergence on cushion plant adaptation,
indicating that they may provide a natural system for cold adaptation research.
Previous research has suggested that putative ancient whole-genome duplications
(WGDs) are correlated with niche shifts into colder climates across the
Caryophyllales. Here, we explored the genomic changes potentially involved in one
of these discovered shifts in the Caryophyllaceae.

Methods: We constructed a data set combining 26 newly generated transcriptomes with
45 published transcriptomes, including 11 cushion plant species across seven genera.
With this data set, we inferred a dated phylogeny for the Caryophyllaceae and mapped
ancient WGDs and gene duplications onto the phylogeny. We also examined functional
groups enriched for gene duplications related to the climatic shift.

Results: The ASTRAL topology was mostly congruent with the current consensus of
relationships within the family. We inferred 15 putative ancient WGDs in the family,
including eight that have not been previously published. The oldest ancient WGD
(ca. 64.4-56.7 million years ago), WGD1, was found to be associated with a shift into
colder climates by previous research. Gene regions associated with ubiquitination were
overrepresented in gene duplications retained after WGD1 and those convergently
retained by cushion plants in Colobanthus and Eremogone, along with other functional
annotations.

Conclusions: Gene family expansions induced by ancient WGDs may have contributed
to the shifts to cold climatic niches in the Caryophyllaceae. Transcriptomic data are crucial
resources that help unravel heterogeneity in deep-time evolutionary patterns in plants.
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increasingly widespread since the start of the Cenozoic
(Willis and McElwain, 2014). The cooling and drying trend
over the past 66 million years (Myr) led to repeated
adaptations to cold climates across angiosperm lineages
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(Willis and McElwain, 2014; Zanne et al., 2014; Folk
et al, 2020). Numerous studies have shed light on the
molecular, physiological, and morphological modifications
behind plant cold adaptations. Some well-known examples
of these modifications are osmolyte synthesis to prevent
frost damage, life history changes, and cushion-forming
phenotype (Chinnusamy et al,, 2004; Beck et al., 2007;
Preston and Sandve, 2013; Zanne et al., 2014; Korner, 2016;
Folk et al., 2020). However, questions remain regarding
the potential macroevolutionary enablers of these
modifications.

Ancient whole-genome duplications (WGDs) are common
throughout the evolutionary history of angiosperms and are
significant contributors to trait innovations and climatic niche
shifts (Soltis et al., 2009; te Beest et al, 2012; Moghe and
Shiu, 2014; Brockington et al, 2015; Smith et al, 2018b;
Baniaga et al., 2020; Wu et al, 2020). The increase in gene
copies has been hypothesized to increase the potential for
adaptation (Ohno, 1970; Zhang, 2003). Still, the connection
between ancient WGDs and cold adaptations in angiosperms,
whether causal or correlative, remains an active area of
research (Wu et al., 2020; Zhang et al., 2020).

In the last 15 years, the influx of genome-scale data has
enabled botanists to further investigate complex deep-time
evolutionary questions from functional and molecular angles
in addition to a phylogenetic perspective. For example,
genomic and transcriptomic data have been used to infer the
phylogenetic placement of ancient WGDs (Jiao et al., 2011;
Walker et al,, 2017; Yang et al,, 2018; Wang et al., 2019; Wu
et al., 2020). Patterns of gene family evolution from genomic
and transcriptomic data sets have provided information on
molecular changes underline the trait evolution (Brockington
et al, 2015; Walker et al, 2018b; Wang et al., 2019; Wu
et al., 2020). Transcriptome data generate long contigs that
enable phylogeny-informed methods for distinguishing
paralogs. The tens of thousands of loci provided by these
data sets have allowed for improved phylogenetic
reconstruction and, more importantly, investigations into
gene tree conflicts, gene duplications, and losses, and their
underlying abiotic and biological causes (Shen et al., 2017;
Walker et al., 2018a; Wang et al., 2019).

The family Caryophyllaceae (the carnations) contains 3300
currently accepted species in 101 genera with an estimated
crown age of ca. 80 Myr (Magallén et al,, 2015; POWO, 2022).
Members of the family have diverse floral morphologies, often
with clawed and limbed petals. Several species are popular for
horticulture (e.g, Dianthus species). Until recently, three
subfamilies (Paronychioideae, Alsinoideae, and Caryophylloi-
deae) were traditionally recognized (e.g, Bittrich, 1993).
Molecular sampling across the family revealed the subfamilies
are not monophyletic, which led Harbaugh et al. (2010) to
propose that relationships within the Caryophyllaceae are more
accurately reflected as 11 tribes. This alignment has been
supported by subsequent studies (e.g., Greenberg and
Donoghue, 2011; Sadeghian et al, 2015). While most of the
diversity in the family is found in the 11 tribes, a twelfth tribe,
Thylacospermeae, was proposed to segregate the two species of

Thylacospermum from tribe Eremogoneae based on morpho-
logical and phylogenetic evidence (Pusalkar, 2015). However,
support for the phylogenetic placement of this tribe remains
ambiguous (Xu et al., 2019).

Most species of Caryophyllaceae are distributed in dry
and cold regions in the northern hemisphere. Notably, the
Caryophyllaceae is the only eudicot family with a distribu-
tion spanning all seven continents. The Caryophyllaceae
comprise annuals, herbaceous perennials, and woody
perennials (subshrubs). Most of the subshrubs consist of
herbaceous stems with a woody base, while some exceptions
are mostly woody, such as cushion-forming plants. The
cushion growth form has a spherical shape to retain heat
and moisture (Aubert et al., 2014) and is associated with the
arctic-alpine climate, defined as an average growing season
temperature lower than 10°C (Korner, 2011; Boucher
et al., 2016; Birkeland et al., 2020). The cushion habit has
originated at least 115 times independently among flower-
ing plants, and cushion lineages are phylogenetically
clustered, suggesting potential physiological prerequisites
for this adaptation (Boucher et al., 2016).

The Caryophyllaceae is well suited for investigating the
link between cold climatic shifts and ancient WGDs. Smith
et al. (2018b) inferred associations between ancient WGDs
and shifts into lower mean annual temperature (MAT) in
the Caryophyllales, and one of the associations is within the
Caryophyllaceae. Furthermore, the carnation family has
multiple shifts to the arctic-alpine biome (Harbaugh
et al., 2010; Greenberg and Donoghue, 2011) and contains
164 cushion-forming species among 20 of the 101 genera
(Aubert et al., 2014; Boucher et al., 2016). The growth form
evolved approximately 16 times independently within the
family, displaying remarkable morphological and physio-
logical convergence. The Caryophyllaceae is also rich in
genome duplication events, with 11 putative events detected
by previous phylogenetic studies (Frajman et al., 2018; Yang
et al., 2018; Eroglu et al., 2020). Further investigation into
the molecular evolution of this clade is valuable for a deeper
understanding of the connection between genome duplica-
tions and cold adaptations.

This study combined 26 newly generated transcriptomes
in Caryophyllaceae with 45 previously published transcrip-
tomes. The data set included 11 cushion plant species
representing at least seven independent origins of cushion
growth form. We used these data to explore the hypothe-
sized association between the shift toward colder climates
and ancient WGD in the Caryophyllaceae from a genomic
angle (Smith et al., 2018b). We aimed to (1) reconstruct the
backbone relationships within the Caryophyllaceae and
examine gene tree conflict, (2) identify putative ancient
WGDs and gene duplications, and (3) explore the relation-
ship between gene duplications, shifts toward cold climate,
and associated life form changes. Because similar gene
copies in de novo assembled transcriptome data cannot be
distinguished, we used “ancient WGD” to refer to older
duplication events that show a significantly elevated number
of assembled paralogs.
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MATERIALS AND METHODS
Taxon sampling and transcriptome generation

We sampled transcriptomes from 59 ingroup Caryophylla-
ceae species, representing 34 of 101 genera and 11 of the
12 tribes (without Thylacospermeae), including 11 cushion-
forming species across seven genera. We included 12 species
spanning the families Polygonaceae, Montiaceae, Achato-
carpaceae, and Amaranthaceae as outgroups. Then, we
cross-referenced the species names with the World Check-
list of Vascular Plants (WCVP data set downloaded
February 2022; POWO, 2022) to ensure taxonomic
accuracy. In addition, the currently accepted name for
Arenaria globiflora (Fenzl) Wall. ex Edgew. & Hookf. is
Dolophragma  globiflorum Fenzl (Herndndez-Ledesma
et al,, 2015; Sadeghian et al., 2015), which is not an accepted
scientific name in the WCVP data set. Of the 71 assembled
transcriptomes, we obtained 45 from a previous study
(Walker et al., 2018b) and newly sequenced 26 using the
procedures for phylotranscriptomics of Yang et al. (2017).
GENEWIZ (South Plainfield, NJ, USA) prepared libraries
and sequenced RNA. We used total RNA with poly-A
selection (unstranded) for library preparation with the
NEBNext Ultra RNA library prep kit for Illumina (NEB,
Ipswich, MA, USA) according to the instructions. Sequenc-
ing was multiplexed over three lanes on an Illumina HiSeq.
4000 platform for 150-bp paired-end reads with a single
index. Detailed information for the transcriptome data sets
can be found in Appendix S1 and appendices of Walker
et al. (2018).

Phylotranscriptomic data set assembly

We used the pipeline described by Yang and Smith (2014)
for the phylotranscriptomic data set assembly. In short,
we cleaned and processed the raw sequencing reads by
first removing adapters. We identified random sequencing
errors with Rcorrector v1.0.4 (Song and Florea, 2015) and
removed reads determined to be unfixable using the
unfixable_filter.py (Morales-Briones et al., 2021). Then, we
trimmed reads with low-quality scores with Trimmomatic
v0.39 (Bolger et al, 2014). We used Bowtie2 v2.4.4
(Langmead and Salzberg, 2012) to map the remaining reads
against a database of organellar genomes within the
Caryophyllaceae and to remove organellar (chloroplast
and mitochondrial) reads from the data set. We utilized
FastQC v0.11.9 (Andrews, 2010) to remove overrepresented
reads (Yang and Smith, 2013, 2014).

Next, we used the cleaned and filtered reads for de novo
transcriptome assembly with Trinity v2.5.1 (Grabherr
et al., 2011). We employed Transrate v1.0.3 (Smith-Unna
et al., 2016) to assess the quality of each assembly and
remove low-quality transcripts. We detected and removed
chimeras using a BLAST-based method described by Yang
and Smith (2013). Subsequently, we performed clustering of

transcripts from the same putative gene by mapping the
reads to the assembly with Salmon v0.9.1 (Patro et al., 2017)
and filtering for the best-supported transcript using Corset
v1.09 (Davidson and Oshlack, 2014). We then inferred open
reading frames from the filtered transcripts using TransDe-
coder v5.3.0 (Haas, 2018) guided by a custom blast database
of high-quality proteomes for Arabidopsis thaliana (L.)
Heynh. and Beta vulgaris L. (Dohm et al., 2012).

We used the coding sequence (CDS) output files from
each transcriptome for homology search and utilized cd-hit-
est v4.8.1 (Fu et al,, 2012) (-c 0.99 -n 10 -r 0 for positive
strands) to reduce the redundancy in each CDS data set. We
identified initial homology using all-by-all BLASTN v2.12.0
with max targets of 1000. We filtered BLASTN outputs by hit
fractions of 0.4 and clustered filtered hits with MCL v14-137
(Van Dongen, 2000) and an inflation value of 2. Then, we
aligned homolog clusters with less than 1000 sequences with
MAFFT v7.149b with the settings “--genafpair --maxiterate
1000” (Katoh and Standley, 2013), and inferred maximum
likelihood gene trees using RAXML 8.2.12 (Stamatakis, 2014)
with a rapid bootstrap search. We aligned clusters with 1000
sequences or more with pasta v.1.8.2 (Mirarab et al., 2015)
and used fasttree v2.1.7 (Price et al, 2010) for gene tree
inference.

Homolog cleaning and trimming

We removed potential errors in assembly and homology
inference through a procedure that involves removing
spurious branches of a specified length (absolute cutoff)
and branches that are longer than a fixed value and at least
10x greater in length than the sister branch (relative length).
The specific cutoft values for each round are stated below.
We removed alternative splice sites, isoforms, and phyloge-
netically uninformative in-paralogs, retaining the single
most character-rich tip on a clade containing only a single
taxon. We separated clades connected by a branch longer
than a specified length and containing at least four taxa into
two homolog trees, which indicates misidentified or remote
homology. We performed these procedures for four rounds,
examining the number of homologs that remained after
each pass to identify when the cleaning procedure no longer
cleaned the homologs.

In the first round, we trimmed the 70,220 homolog trees
using a relative tip cutoft of 0.4 and an absolute tip cutoft of
0.5. Then, we separated clades based on 1.0 substitution
(subs) per base pair for a connecting branch. For round 2,
we re-aligned the fasta sequences corresponding to the
resulting 69,322 clades from the first round using mafft
v7.490 (Katoh and Standley, 2013) with the settings “—auto
-maxiterate 1000” and cleaned for alignment occupancy of
at least 10% using the phyx v1.2 program pxclsq (Brown
et al., 2017). We inferred maximum likelihood homolog
trees using IQtree v1.6.12 with the GTR model of evolution
and gamma rate variation. Next, we trimmed the homolog
trees using a relative tip cutoff of 0.3 and an absolute tip

ASULDIT Suowwo)) aAnear) dqedsijdde ayy £q pauIaAos e sa[d1IR YO (asn JO s3[NI 10§ A1eIqI aur[uQ A3[IA\ UO (SUODIPUOD-PUB-SULIR)/WOY" K3[1M" KIeIqi[aur[uoy//:sdiiy) SuonIipuo)) pue swa [ ay) 298 [Sz0z/20/+0] uo Areiqry aurjuQ £[1p “0S€91°2al®/2001°01/10p/wod Kaim Areiqpaurjuo sqndesqy/:sdiy woiy papeoumod ‘8 “+70T ‘L61TLEST



40f 19 |

ANCIENT WHOLE-GENOME DUPLICATIONS AND COLD ADAPTATIONS IN CARYOPHYLLACEAE

cutoff of 0.5 and separated clades based on a branch
length of 1.0 subs/bp and four taxa on either side. The result
was 68,153 homolog trees for downstream analysis. We
performed the same procedure as round 2 in round 3;
however, we masked the monophyletic tips after trimming
absolute and relative branch lengths. The third round
produced 68,113 homolog trees, and then we performed a
fourth round of cleaning following the same procedure as
the third round.

We extracted the rooted gene duplication families from
the homolog trees using the extract clades.py script from
Yang and Smith (2014), specifying a minimum of 10 taxa
and the 5 species in the family Polygonaceae as outgroups.
The extraction procedure resulted in 4137 rooted gene
family trees.

Phylogeny and conflict inference

We extracted orthologs using the rooted tree (RT)
procedure, designed for large numbers of gene duplications
(Yang and Smith, 2014). The extraction procedure resulted
in 9051 ortholog trees for downstream analysis. We
specified the five species in Polygonaceae as outgroups.
Based on these outgroups, the orthology identification
procedure cut out and rooted the ortholog trees. Thus, the
resulting ortholog trees did not contain the specified
outgroups. We re-aligned the ortholog sequences using
Prank v.170427 with default settings (LOytynoja, 2014). We
removed all columns with less than 30% occupancy from
the alignments using the phyx v1.2 program pxclsq (Brown
et al., 2017). Eight of the 9051 ortholog sequences were not
usable for phylogenetic analysis because they contained
insuflicient variable sites (parsimony informative sites). We
used the 9043 remaining cleaned alignments to infer
ortholog gene trees using maximum likelihood as imple-
mented in IQtree, with the GTR + G model of evolution and
1000 ultrafast bootstrap (UFBoot) replicates (Hoang et al.,
2018). We then utilized ASTRAL v.5.7.8 (Zhang et al., 2018)
to infer a coalescent-based maximum support phylogeny
from the resulting gene trees.

To infer a dated phylogeny, we re-estimated the branch
lengths of the ASTRAL tree with a supermatrix of 50
ortholog alignments instead of including all extracted
orthologs. We selected 50 best orthologs via SortaDate v2
(Smith et al., 2018a). The chosen orthologs have the highest
taxon sampling, the most consistent root-to-tip distance,
and the least conflict with the ASTRAL topology in the data
set, so they are the most suitable genes for divergence time
estimation. Next, we re-estimated branch lengths of the
ASTRAL topology with a concatenated supermatrix of the
50 orthologs using RaxML-NG v1.2.0 GTR+G model
(Kozlov et al., 2019). We also tested the sensitivity of branch
length re-estimation with the best 20, 30, and 40 orthologs,
finding no significant difference in branch lengths across
these analyses. Thus, only using 50 orthologs for branch
length estimation should not cast any bias on dating results.

We performed dating using penalized likelihood as
implemented in treePL (Smith and O'Meara, 2012). We
used a Late Campanian pollen fossil Periporopollenites
polyoratus (Stover and Partridge, 1973) for constraining the
minimum crown age of the Caryophyllaceae (72.1 Myr) and
the 95% HPD maximum age (88.56 Myr) from Magallén
et al. (2015) as the maximum crown age of the family. Also,
we included the Middle-Late Eocene inflorescence fossil
Caryophylloflora paleogenica (Jordan and Macphail, 2003)
for constraining the split between former subfamilies
Alsinoideae and Caryophylloideae at a minimum age of
33.9 Myr. This split is the most recent common ancestor
(MRCA) of seven currently recognized tribes: Eremogoneae,
Sileneae, Caryophylleae, Alsineae, Arenarieae, Sagineae, and
Sclerantheae. We set the node's maximum constraint to the
Caryophyllaceae's minimum crown age (72.1 Myr). treePL
only utilizes the constraints when the estimated dates are
out of the range. Thus, although the minimum age of
Caryophylloflora paleogenica is probably much younger
than the appointed node, it would not bias the estimation to
a younger age. In addition, treePL only provides point
estimates for dates, so we performed bootstrap analysis to
infer uncertainty. We generated 1000 bootstrap supermatrix
alignments for the 50 orthologs with RaxML-NG v1.2.0
(Kozlov et al., 2019). Then, we performed branch length re-
estimation and dating in the same way as the original
supermatrix for the 1000 bootstrap replicates. We summa-
rized the 1000 dated trees as the confidence intervals for the
node ages.

We inferred gene tree conflict inference using the
program bellerophon (Smith et al., 2020, https://git.sr.ht/
~hms/bellerophon), which is a time-efficient tool to
analyze bipartitions for large data sets. We utilized the
043 ortholog trees and inferred the percentage of
concordant and conflict of those gene trees with the
ASTRAL topology. We discarded bipartitions with lower
than 90% bootstrap support in the analyses. To further
explore the complex conflicts, we conducted alternative
relationship likelihood analysis (Smith et al, 2020;
phyckle: https://github.com/FePhyFoFum/phyckle) and
quartet sampling (QS) analysis (Pease et al., 2018). We
generated phylogenetic figures, including those with
conflict pie charts, with the tree-plotting software gokstad
(https://git.sr.ht/~hms/gokstad) and edited them in Illus-
trator (Adobe, San Jose, CA, USA).

We checked for contamination and misplaced taxa by
examining ortholog trees, alignments, and conflict analysis
results, and we decided to remove three newly sequenced
samples from the study. The sample for Spergula arvensis
L. was placed in Silene in the ASTRAL topology instead of
in Sperguleae; the sample for Silene davidii (Franch.)
Oxelman & Lidén was frequently placed in the genus
Dianthus in the ortholog gene trees, often sister to Dianthus
caryophyllus L. Judging from the gene trees and alignments,
we were unable to determine the source of gene tree
conflicts between contamination during library prep/
sequencing or introgression. Although exploring the
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possibility of potential introgression (Frost et al., 2024)
would be interesting, it is outside the scope of this study,
and there is no previous support for the possibility of
introgression in the two species.

The sample for Claytonia perfoliata Donn ex Willd. was
frequently placed within Caryophyllaceae in the ortholog
trees without a dominant alternative and did not seem to be
contaminated based on the alignments. Its sequence length
in the ortholog alignments was often much shorter than the
other species in the same cluster. The C. perfoliata sample
also had the lowest QF score from the QS analysis, meaning
that its placement was only concordant with the ASTRAL
tree 54% of the time. Therefore, C. perfoliata was likely a
“rogue taxon” (Wilkinson, 1996; Aberer et al., 2014), but we
could not determine the cause of this erroneous placement.
Thus, we removed Spergula arvensis, Silene davidii, and
Claytonia perfoliata from the ortholog gene trees and re-
performed all the downstream analyses with the remaining
57 ingroups and six outgroups.

Ancient whole-genome duplications (WGDs),
gene duplications, and gene functions

Previous studies (Yang et al., 2015; Tiley et al., 2018) showed
that analysis of transcriptomes recovered approximately one
third of genes supporting nodes with ancient WGDs, similar
to the proportions recovered from whole-genome sequencing
data and successfully recovered all ancient WGDs recovered
from whole genome sequencing. We inferred putative ancient
WGDs from phylogenetic locations of elevated gene duplica-
tions, peaks in Ks (synonymous distance between paralogous
gene pairs) distribution, and published chromosome counts.
As ancient WGDs were inferred from transcriptome data, we
define them as duplication events that produce a highly
elevated number of paralogs that can be distinguished from
de novo assembled transcriptome data. We generated Ks
plots for each species following Yang et al. (2015) for Ks
distributions, with Nei-Gojobori correction for multiple
substitutions. We identified gene duplication events from
the 4137 rooted gene family trees and mapped them onto the
ASTRAL phylogeny with PhyParts v0.0.1 (Smith et al., 2015).
Also, we gathered chromosome counts (median) from the
Chromosome Counts Database v1.66 (Rice et al., 2014). In
the database, the median monoploid chromosome counts are
usually the most reported number in the species, so these
counts are the most representative of the chromosome
number across the species. We confirmed the phylogenetic
positions of newly discovered ancient WGDs by comparing
paralog and ortholog Ks distributions of closely related
species via ksrates v1.1.3 (Sensalari et al., 2022).

Based on Ks peaks and the estimated number of gene
duplications, there was ambiguity in mapping the phyloge-
netic location of WGD1 between two adjacent nodes on the
ASTRAL tree. Thus, we tested whether WGDI1 is an
allopolyploidy event with GRAMPA v1.4.0 (Thomas
et al., 2017) with the 4137 rooted gene family trees.

GRAMPA is a parsimony-based method for identifying
polyploidy events and their parental lineages in a phylogeny.
We analyzed gene functions for gene duplications
associated with WGDI1 and gene duplications associated
with alpine cushion plant clades. We inferred gene IDs by
BLASTing homologous peptide sequences to the Arabidop-
sis thaliana Genome Annotation Official Release Araportll
from the Arabidopsis Information Resource (TAIR;
Berardini et al., 2015). Then, we identified gene ontology
(GO) terms for biological processes by matching Arabidop-
sis gene IDs with the UniProt database release 2023_03
(Bateman et al., 2023). We also performed a PANTHER
overrepresentation test (PANTHER version 18.0 Released
2023-08-01) for duplicated genes based on the correspond-
ing Arabidopsis thaliana gene IDs (Thomas et al., 2003). If
one gene contains multiple duplications, it was only
counted once. We conducted these overrepresentation tests
(Fisher's exact) with the 4137 extracted gene family clusters
as the reference gene list with GO biological process
complete annotation data set and false discovery rate (FDR)
correction. We also performed the same overrepresentation
test for the duplicated genes and the gene families with
Solanum lycopersicum L. as the reference gene list.

Climatic niche and life-form categorization

We obtained recent species coordinates (after the year
1950) for all 65 species in the ASTRAL phylogeny from
GBIF.org (2022) for preserved specimens and human
observation. We removed taxonomic mismatches or
invalid coordinates (e.g., zero coordinates, mismatch with
geographic region, coordinates in water, etc.) from the
data set. We also removed duplicated coordinates and
those with less than two decimal places. None of the
records of Mcneillia saxifraga (Friv.) Dillenb. & Kadereit
include wusable digital coordinates, so we manually
obtained coordinates from herbarium specimens on GBIF.
We acquired bioclimatic layers for average growing season
temperatures (gst) and mean daily minimum air tempera-
ture of the coldest month (bio6) from CHELSA (Karger
et al.,, 2017). We calculated the climatic values in each
species' distribution from these coordinates.

Zanne et al. (2014) defined freezing-exposed as having a
freezing temperature anywhere in the species distribution,
ie, a bio6 value<0°C. It is too stringent for a cold
delimitation for the Caryophyllaceae, a clade with only ca.
1% of strictly tropical species (POWO, 2022). Also, plants
that share the same life-form have broad climatic distribu-
tions (Woodward et al.,, 2004). Thus, we defined freezing-
exposed as having a mean bio6 value lower than 0°C across
their distribution; others as freezing-unexposed. We also
characterized species as arctic-alpine if the average gst value
across species distribution is lower than 10°C (Korner et al.,
2011; Birkeland et al., 2020).

For the arctic-alpine biome, temperature was found to
have a positive correlation with precipitation (Boucher
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et al,, 2016). However, we did not observe a pattern for
temperature (CHELSA bio6) vs. precipitation (CHELSA
bio12) in our sampled species, potentially due to the low
sampling fraction. Thus, we did not include a precipitation
definition for arctic-alpine species.

We downloaded life-form and biome information
for every accepted species of Caryophyllaceae from the
World Checklist of Vascular Plants (POWO, 2022). We also
acquired counts of accepted species in each climate category
from WCVP. The life-form categories are in the Raunkiaer
(1934) system, and we scored the Raunkiaer life-forms into
three commonly used categories: annual, herbaceous
perennial, and woody perennial, following the methods of
Humphreys et al. (2019). We obtained cushion life-form
data from the most recent documentation of cushion plants
by Aubert et al. (2014). All cushion-forming plants are
woody perennials, but we listed them as a fourth life-form
category to highlight their significance in this study.

RESULTS

Phylogenetic relationships and conflicts
in the Caryophyllaceae

The phylogenetic relationships recovered here via ASTRAL
(Figure 1) were mostly congruent with recent systematics
studies for this family (Sadeghian et al., 2015; Madhani
et al., 2018; Arabi et al., 2022). Due to missing taxa in the
ortholog trees, each ortholog might be uninformative
concerning specific nodes. About one third of the 9043
orthologs contained at least 30 species, so most orthologs
were informational to a small subset of nodes in the
ASTRAL tree. The sizes of the pie charts in Figure 1 are
proportional to the number of gene trees that were
informational to the corresponding node. These numbers
ranged from 1093 to 4403. We included the number of gene
trees that were not informational to each node in the pie
charts in Figure S1 (Appendix S2), which essentially displays
the same information as Figure 1.

Based on our current species sampling, the 11 tribes
represented here were recovered as monophyletic with the
highest local posterior support. The placement of Dolo-
phragma globiflorum was congruent with the rps16 phylogeny
of Sadeghian et al. (2015). We followed Sadeghian et al.
(2015) in not considering it as a member of the Eremogo-
neae. However, our taxon sampling did not allow testing
whether D. globiflorum is segregated from Eremogoneae.
Corrigioleae, Paronychieae, Polycarpaeae, and Sperguleae
were recovered in a well-supported early-diverging grade
within the family. The gene tree conflicts were low in these
four tribes except for Paronychia and Polycarpaeae. Although
the proportions of conflicted gene trees were high for two
nodes in Polycarpaeae, the actual numbers of conflicted gene
trees were relatively low for these nodes.

For the remaining tribes, the level of conflict was elevated
compared to other parts of the tree, not only along the

backbone (esp. nodes 2 and 4-7) but also within Eremogone,
Sileneae, Caryophylleae, and Cerastium (Figure 1). These
elevated conflicts did not encompass a dominant conflicting
relationship (Appendix S2). For backbone nodes 2 and 4-7,
the conflicts were accompanied by short internal branch
lengths. For Eremogone, Sileneae, Caryophylleae, and Cer-
astium, the conflicts were all from rearrangements of internal
relationships.

Gene duplications and ancient whole-genome
duplications (WGDs)

Our analyses with increased transcriptome sampling
uncovered 15 putative ancient WGDs in Caryophyllaceae:
eight were newly detected by our study; seven were
previously published by Yang et al. (2018). Ks plots and
ksrates results are provided in Appendix S3 (Figures S2-54).
The ancient WGDs were identified by (1) having the same
Ks peak in all descendant taxa, e.g., WGDI, or (2) having
ambiguous Ks peaks but confirmed by chromosome counts,
e.g., WGDI10. Ambiguous Ks peaks without chromosome
counts were not recognized as ancient WGDs, e.g.,
Herniaria latifolia Lapeyr, because Ks values below 0.5 can
be difficult to assess (Tiley et al., 2018). The numbers of
gene duplications and chromosome counts were mapped
onto the phylogeny along with the ancient WGDs in
Figure 2. For the eight newly detected events, all were
located on one terminal branch given our sampling, except
WGD6 was shared by Spergularia marina (L.) Besser and
S. bocconei (Scheele) Graebn.

The treePL analysis placed the crown age of the
Caryophyllaceae at ca. 88.56 Myr, which was the maximum
constraint for the node (Figure 3). The bootstrap analysis
for the crown node hit the maximum constraint every time,
so it appears as no uncertainty in Figure 3. Date ranges of
some putative ancient WGDs could be estimated from the
dated tree, as noted in Figure 2. WGD1 occurred ca.
64.4-56.7 Myr ago (Mya), followed by the diversification of
the seven more nested tribes. WGD6 was shared by
Drymaria subumbellata 1.M. Johnst. and D. cordata (L.)
Willd. ex Schult., ca. 45.4-29.3 Mya; WGD7 was shared by
Spergularia bocconei and S. marina, ca. 8.8-2.3 Mya;
WGD12 was shared by two arctic-alpine cushion species
Colobanthus subulatus Hook.f. and C. quitensis (Kunth)
Bartl,, ca. 26.7-3.5 Mya; WGD15 was shared by Schiedea
membranacea H.St.John and S. globosa H.Mann, with a date
range of ca. 12.3-3.5 Mya based on orthologs.

Many of the detected ancient WGDs were exclusive to
one species in this study, thus difficult to date (Figure 2).
Although ages of ancient WGDs can be estimated from Ks
plots with the assumption of a strict clock, it was deemed
unreliable since Caryophyllaceae has a variety of life
histories and generation times (Clark and Donoghue, 2017).
Ancient WGDs detectable by Ks plots were old enough that
paralogs were significantly differentiated and were as-
sembled separately in the de novo assembly process. The
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FIGURE 1 ASTRAL topology with molecular branch lengths estimated from 50 ortholog supermatrix. The size of the pie charts is proportional to the
number of gene trees that are informational to the corresponding node. The color slices of the pies represent the proportion of ortholog gene trees in
concordance (blue) and conflict (yellow) with the topology. The local posterior support from ASTRAL is 1 for all nodes. Numbers in gray squares are node
numbers used in the main text. Taxa in gray indicate outgroups. Corresponding tribes for the ingroups are labeled on the right.

Ks peak for core eudicot genome triplication (~117 Mya,
Jiao et al., 2012) had a synonymous substitution (Ks) of
around 2.0 substitutions per synonymous site between
paralog pairs; the peak for WGD1 (64.42-56.69 Mya) had a
Ks peak at around 0.5 (Appendix S3: Figure S2). The
remaining ancient WGDs had Ks peaks around 0.02 to 0.2.

GRAMPA results remain inconclusive about the nature of
WGD1—being an autopolyploidy, allopolyploidy, or triploidy
event (Appendix S4: Figure S5). The heterogeneity in gene
family trees and missing data might be the reason that
GRAMPA delivered ambiguous results for WGD1 (Appen-
dix S5: Figure S6). The singly labeled tree (no polyploidy at

node 3) was the most parsimonious reconciliation (parsimony
score = 385905; Appendix S4: Figure S5), which was against
the strong evidence for a polyploidy event at node 3 from Ks
plots (Appendix S3: Figures S2 and S3). The second most
parsimonious reconciliation (parsimony score = 386241)
presented WGD1 as an allopolyploidy event with Sperguleae
as the other parental lineage, while the sixth most parsimo-
nious reconciliation (parsimony score = 390963) presented
WGD1 as an autopolyploidy event. Therefore, GRAMPA
results supported that WGD1 was more likely to be an
alloploidy event rather than autopolyploidy because the
parsimony score was much higher for autopolyploidy.
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FIGURE 2 Dated tree (only ingroups) inferred from ASTRAL phylogeny with treePL. Tip branches and tip labels are colored based on climate:

freezing-unexposed (black), freezing-exposed (turquoise), and arctic-alpine (blue). All ancient WGDs are labeled as stars. Ks plots supporting the inferences
are included in Appendix S3. The seven ancient WGDs published by Yang et al. (2018) have black outlines. The relative position of the ancient WGDs along
the branch does not indicate the time of the events. Nodes with more than 100 gene duplications are labeled with the number of gene duplications. Numbers
in gray squares are node numbers used in the main text. Chromosome counts (median) from the Chromosome Counts Database v1.66 (Rice et al., 2014) are
listed next to the tip labels. Some species do not have a chromosome count.

Linking genomic changes to climatic shift
and the cushion life-form

Of the 57 Caryophyllaceae species included in this analysis,
20 species were characterized as not freezing-exposed and
the rest as freezing-exposed (Figure 3). Of the 37 freezing-

exposed species, 14 were arctic-alpine. There were no
freezing-unexposed arctic-alpine species. All 11 cushion-
forming species were identified either as freezing-exposed
or arctic-alpine. All arctic-alpine species were herbaceous or
woody perennials (including cushion forms). Most of the
cold-tolerant taxa sampled in this study were within the
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FIGURE 3 Dated tree and life-form diversity in sampled species. (A) Dated tree (only ingroups) inferred from ASTRAL phylogeny with treePL. Tip
branches and tip taxa are colored based on climate. The squares before tip taxa are colored based on life-forms. Dates that are referenced in the manuscript
are labeled next to the nodes. Error bars (gray) were calculated based on bootstrapping ortholog alignments, branch length re-estimation with RaxML-NG,
and dating with treePL. The position of WGD1 (star) and a shift into lower mean annual temperature (MAT) inferred by Smith et al. (2018b) are labeled.
(B) Life-form diversity in four sampled Silene species: Silene conica L., Silene andicola Gillies ex Hook. & Arn., Silene vulgaris (Moench) Garcke, and Silene
acaulis (L.) Jacq.
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seven tribes descending from the oldest ancient WGD in
Caryophyllaceae (WGD1). All 11 cushion plants were also
members of these seven tribes. However, there was no
apparent co-occurrence between younger ancient WGDs
and arctic-alpine lineages in this study. Additional and
broader sampling would be required to address this
adequately.

WGDI1 coincided with a shift in climatic niche (Smith
et al., 2018Db), so we looked closer at the gene duplications
retained after the duplication events. Given that dupli-
cated genes retained at nodes 1 and 3 had similar GO
term (biological processes) compositions and WGD1 was
putatively allopolyploidy, we could reasonably assume
that these duplications were all associated with WGD1.
Thus, we combined these duplications in the GO term
analysis. Among the 931 genes duplicated at nodes 1 and
3, 21 genes were labeled with the GO term response to
cold (Table 1). There was no statistically significant result
for the PANTHER overrepresentation test when account-
ing for the false discovery rate (FDR), a conservative
method that corrects for false positive results. Yet, based
on raw P-values, 54 were overrepresented GO biological
processes. The top positively enriched processes are
listed in Table 2; the full list is in Appendix S6
(Table S1). Most of the overrepresented processes were
involved in phosphorylation, ubiquitination, and vesicle-
mediated transport.

Only two clades in the ASTRAL phylogeny mainly
comprised arctic-alpine cushion species and had large
numbers of gene duplications at the crown node of the
clade: Eremogone and Colobanthus (Figure 2, nodes 10 and
15). The two clades shared 68 of the 829 duplicated genes
for Colobanthus and 187 duplicated genes for Eremogone.
Similarly, there was no significant result based on FDR, but
there were 61 overrepresented GO biological processes
based on raw P-values. The top 30 processes are listed in
Table 3; the full list is in Appendix S6 (Table S2). The
overrepresented processes involved carbohydrate homeosta-
sis, ubiquitination, and trichome morphogenesis.

We performed the gene overrepresentation tests with
gene family clusters as reference instead of with a reference
genome because the gene families obtained from transcrip-
tomes tend to be the large gene families and are
consecutively expressed (Yang et al, 2015). To evaluate
the potential bias, we ran the PANTHER overrepresentation
test for the gene family clusters with Solanum lycopersicum
as the reference genome, and ~1700 GO biological processes
were significantly overrepresented based on FDR correction
(Appendix S6: Table S3). Essential biological processes, such
as various organ development and metabolic processes,
were overrepresented in the gene families. They would bias
our functional analyses with duplicated genes if we did not
use the gene families as the background reference for the
tests. Supportively, a similar set of organ development
processes was shown to be overrepresented with the
duplicated genes associated with WGDI1 with S. Iycopersi-
cum as the reference gene list (Appendix S6: Table S4).

DISCUSSION

Interpreting the nature of putative ancient
whole-genome duplications (WGDs) in the
Caryophyllaceae

An excess number of gene duplications detected at the node
ancestral to the position of an ancient WGD inferred from
Ks plots suggests an allopolyploidy event (Yang et al., 2018).
For WGD1, there were 982 duplications (744 genes) at the
same node (node 3, Figure 2) and 624 duplications (574
genes) at the closest ancestral node (node 1, Figure 2).
Therefore, WGD1 might be the result of a hybridization
event with an ancestor of the tribe Sperguleae or an
unsampled lineage. We examined the gene family trees of
the gene duplications to explore the nature of WGD1 (e.g.,
autopolyploidy, allopolyploidy, or triploidy; Appendix S5:
Figure S6). Most gene family trees that showed duplications
at node 1 only had Sperguleae in one paralog clade,
indicating allopolyploidy. Most gene family trees that
showed duplications at node 3 did not involve Sperguleae
in the paralogs, which supports autopolyploidy. Addition-
ally, some gene family trees showed a gene triplication with
Sperguleae in one paralog, but the number was too low to
support genome triplication for WGD1 confidently. All
these gene families had different levels of missing gene
copies.

Given the heterogeneity in the gene family trees, it is not
surprising that GRAMPA could not determine the nature of
WGDI1. According to GRAMPA, the most parsimonious
outcome was no polyploidy (score = 385905), which is
against the strong evidence for an ancient WGD from Ks
and gene duplication analyses. This result may be because
GRAMPA is designed for genome sequencing data and is
sensitive to missing data (Thomas et al., 2017). Although
allopolyploidy (score = 386241) appeared to be much more
parsimonious than autopolyploidy (score = 390963), the fact
that GRAMPA did not rank polyploidy first makes the
parental lineage test inconclusive. Due to the short branch
lengths between nodes 1 and 3 relative to their age,
between-species Ks peaks largely overlapped with within-
species Ks peaks (data not shown). Thus, it was not feasible
to infer allopolyploidy with Ks peaks either. More genomic
sampling of the Caryophyllaceae and improved methods for
inferring allopolyploidy are needed to confidently conclude
the origin and nature of WGD1.

Autopolyploidy should correspond with many gene-
tree-inferred duplications at the same node (Yang
et al, 2018). Deviation from this correspondence may be
caused by uninformative gene trees, noise, incomplete
lineage sorting, accumulation of small-scale gene duplica-
tions, allopolyploidy, or gene loss due to diploidization
(Yang et al., 2015; Li et al., 2021). Aside from WGDI, there
were also other such deviations in this study. Nodes 8-14
and 16-17 all had elevated numbers of gene duplications
that did not correspond with an ancient WGD at the same
node (Figure 2). All these nodes except node 8 were

ASULDIT Suowwo)) aAnear) dqedsijdde ayy £q pauIaAos e sa[d1IR YO (asn JO s3[NI 10§ A1eIqI aur[uQ A3[IA\ UO (SUODIPUOD-PUB-SULIR)/WOY" K3[1M" KIeIqi[aur[uoy//:sdiiy) SuonIipuo)) pue swa [ ay) 298 [Sz0z/20/+0] uo Areiqry aurjuQ £[1p “0S€91°2al®/2001°01/10p/wod Kaim Areiqpaurjuo sqndesqy/:sdiy woiy papeoumod ‘8 “+70T ‘L61TLEST



15372197, 2024, 8, Downloaded from https://bsapubs.onlinelibrary.wiley.com/doi/10.1002/ajb2.16350, Wiley Online Library on [04/02/2025]. See the Terms and Conditions (https://onlinelibrary.wiley .com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

)
k]
1 (F102) Te 32 Lo[swafy uorssaxdxa aua aarsuodsar-proo SunenSay $1 yunqns vondrosuen J] aserowd[od YN JO I0JRIPIIA PIAIN 0770351V
Aydayur suerquiawr
(2007) Te 32 uoss[Ie) jsefdoroyo Sururejurewr pue spoe £13ey Surzisayjudg 11 aseqpuAs [ureyord-rarires-jfoe]-joeoxo-¢ onsedoIofyD SV 096%/313V
asuodsar ygy jo
(0107) Te 39 o3| uoniqryur era Sureusis ssans p[o> SunemSar ApaneSaN € 9seun| JUIPHSIH ENHV 0zeL8nV
(9007) ‘Te 32 senoo ssaxs p[oo £q paonpujp aserdjsueI)jAurioy aprurexoqiedssjozepruwrourureisoqrioydsoyd - 0v0seSTV
(2007) Te 32 29T uondrosuer) ausd aarsuodsai-pioD J107eATIOR [RUONdLIdSURI}/Z ISE[OUd [BUOLOUNJIY ZSOT/ZONT 0gs9sdny
(2107) 'Te 32 uoreg proe orsosqe Suntodsuely, 0% Joquawr A[rurej 5 1a)1odsueny DGy 0FDDOIV 0zssT31IV
(9007) 'Te 30 dwwy ssaxs pod £q paonpuy uy01d Surpurq-y Ny dnseidororyd g6zdD 0zzLe3nv
(2107) e 30 I'T ssaxs p[oo £q paonpujp aseuny ur2)o1d-auruoaIy}/ouriog SYSY 0106S351V
(2007) Te 12 Suon s10)oej uondrosuen jo royem3ar Areq 8¢ aseoray YNy Juopuadop-4 1V X0q-qvad SEIIY 011ES361V
m
M (8007) yrws-weyuog syduosuen
M pue jprequaSoq suad 2a1109301doL1d Jo uone[SULI) dATIOR SUTUTRIUTEIA A¢zn urjoxd jrunqns [ewosoqur adre qvez1dyd 0825s3¢1v
—
m (£661) 'Te 32 ofyLre( ssaxs p[oo £q paonpuj d-ssepo aseudorpdyap [oyoo[y IHAV 0z12310V
m (£007) Te 12 Aspueg umissejod jo uonenday 6 oseuny urajord-suruoary)/ouras SurnoeIaur-1gD 6dID 0F110313V
<
ot (9002) 'Te 32 991 s1duosuen spquisun Jo rorouwm) pue Supnds 1QaZITIAVLS IVIS 0£7£081IY
m (Z007) SITH pue n'g [MOI3 SUIpads pue UOTEUIWISD) [ asexdysuenfoe-Q [o104[Skoeq LLYOd 0sv6130V
m (¥007) Te 12 OULIDIN-ZOWOD) proe srpneydsoyd Sunerousn ¢ aseuny [oxA[ShoeIq 2I0d 0£L£93GYV
~
m uone[419089p
M (8007) Te 12 nyZ suolsty ySnoiyy uorssaxdxe suad JunemSoy urayoxd Gururejuod-yeadar oFaM SISOH 02£29351v
—
3 (#0027) ‘Te 3 3813, Burreuds ssans poD 9 aseuny ujoid pajeanoe-uadoupy NI 06L£¥30V
a
wNn (2007) T8 39 way) ssaxs p[oo £q paonpup e ujo1d YI[-ZTVAH CCVAH 0TsvL813V
w
m (8107) Te 12 eIX uononpal Ayms Surenpon (urxopai1ay) asejonpar yyms Lroyeruusse onsejdoroyDd AIS 06570351V
=
m (0102) Te 32 ng suerquow ur poe drpreydsoyd Sururejurepy I ujoid Surureyuos-urewop Surpuiq-yo)-[£oy 149DV 0¥€S351v
—
m ($007) 'Te 30 wny own Surromory Surkepdp pue ssaxys plod Sursuag urajoxd Gurureyuod-yeadar op-qM TAL/FISW 0zs6130V
W_ DdudIyY 25UBII[0) P[OD 0} PIIB[I SISSIV0IJ urj0Ig awreu dudn) Ai sisdopiqoay
]
Z "sassaoo1d renuajod Lue 15933ns jou prp 1nq ssons pod Jurmp uorssardxs ausd ur s3ueyd © punoj Apnis oY) Jey) sueaw  Ssa1s p[od Aq pasnpuy, AU Y], *SAIPNIS IBNII[OW PIOUIIIAI )
M Sursn paajoaur axe surajoxd oy} YOIYM UT $3553501d Paje[oI-20URIS[O}-P[Od Y} PAUTWLIANIP IM “(£207 “[e 12 UBWdIRg) €0~ €707 ISLIY dSeqeIep J0IJIup) 3y} woy suonouny urdjoxd pue saureu sudd paurejqo ap
3 "Pa1SI] I SWLId) QD) JAJUT 0} Pasn d1am Jey)) s stsdopiquay ayJ, "p[od 0} asuodsax ssadoid [esrdororq (0D) £4S010juo auad o) yaIm pajejouue JJOHAA I23Je paure)ar sauagd pajesrdnp jo sy myoyl, 1 ATdV.L
Jen
z
=
z
=
Q
Z
<



12 of 19

ANCIENT WHOLE-GENOME DUPLICATIONS AND COLD ADAPTATIONS IN CARYOPHYLLACEAE

TABLE 2 Top 30 positively enriched GO biological processes for duplicated genes associated with WGD1, ordered by P-value, with gene family clusters

as the reference gene list. FDR = false discovery rate. The full list is in Table S1 (Appendix S6).

Frequency of genes in:

Gene family Duplicated Fold
GO biological process complete clusters genes enrichment P FDR
Phosphorylation (GO:0016310) 0.03976339 0.06702703 1.68 0.000902 0.606
Vesicle-mediated transport (GO:0016192) 0.04797897 0.07783784 1.62 0.000936 0.472
Signaling (GO:0023052) 0.09069997 0.12648649 1.39 0.00207 0.641
Phosphorus metabolic process (GO:0006793) 0.10647387 0.14378378 1.35 0.0027 0.68
Signal transduction (GO:0007165) 0.08807098 0.12216216 1.38 0.00277 0.656
Protein phosphorylation (GO:0006468) 0.03384818 0.05621622 1.66 0.00351 0.745
Cell communication (GO:0007154) 0.10778837 0.14378378 1.33 0.00408 0.748
Phosphate-containing compound metabolic process 0.10154453 0.13621622 1.34 0.00471 0.792
(GO:0006796)
Protein modification process (GO:0036211) 0.12980611 0.16756757 1.29 0.00476 0.767
Regulation of biological process (GO:0050789) 0.32237923 0.37189189 1.15 0.00689 0.959
Peptidyl-serine modification (GO:0018209) 0.01018732 0.0227027 2.22 0.00733 0.985
Peptidyl-serine phosphorylation (GO:0018105) 0.01018732 0.0227027 2.22 0.00733 0.953
Localization (GO:0051179) 0.18895826 0.23027027 1.21 0.00739 0.932
Regulation of cellular process (GO:0050794) 0.27374302 0.32 1.16 0.00884 1
Vesicle organization (GO:0016050) 0.01150181 0.02378378 2.06 0.0107 1
Golgi vesicle transport (GO:0048193) 0.01807427 0.03243243 1.79 0.0131 1
Modification-dependent protein catabolic process 0.03319093 0.05189189 1.56 0.0132 1
(GO:0019941)
Modification-dependent macromolecule catabolic 0.0341768 0.05297297 1.54 0.0145 1
process (GO:0043632)
Transport (GO:0006810) 0.16201117 0.19783784 1.22 0.0145 1
Establishment of localization (GO:0051234) 0.16398291 0.2 1.22 0.0149 1
Regulation of transport (GO:0051049) 0.00690108 0.01621622 2.34 0.0157 1
Cell differentiation (GO:0030154) 0.06309563 0.08648649 1.37 0.0174 1
Protein autophosphorylation (GO:0046777) 0.01413079 0.02594595 1.83 0.0195 1
Ubiquitin-dependent protein catabolic process 0.03253368 0.04972973 1.52 0.021 1
(GO:0006511)
Localization within membrane (GO:0051668) 0.01478804 0.02702703 1.82 0.0215 1
Post-translational protein modification (GO:0043687) 0.03976339 0.05837838 1.46 0.022 1
Nucleoside monophosphate biosynthetic process 0.00657246 0.01513514 2.29 0.0228 1
(GO:0009124)
Nucleoside monophosphate metabolic process 0.00657246 0.01513514 2.29 0.0228 1
(G0O:0009123)
Cytoskeleton organization (GO:0007010) 0.02760434 0.04324324 1.56 0.023 1
Proteolysis involved in protein catabolic process 0.03779165 0.05513514 1.45 0.0247 1

(GO:0051603)
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descendant lineages of WGD1, so the elevated number of
gene duplications without a corresponding Ks peak can be
due to phylogenetic uncertainty, differential gene loss, or
noise. Nodes 9, 10, 14, 16, and 17 had ancient WGDs at
adjacent nodes on the phylogeny, so they could also be
caused by uninformative gene trees, incomplete lineage
sorting, allopolyploidy, or noise. Yang et al. (2018) inferred
WGDI15 (on the Schiedea child node of node 17) as an
allopolyploidy event, with one parental lineage closely
related to Honckenya peploides (L.) Ehrh. and one
unsampled parental lineage. Thus, the gene duplications at
node 17 could likely reflect allopolyploidy. For node 8, there
might be ancient WGDs in addition to WGD2 (Ks~0.1) in
Paronychia. However, there was not enough information
from chromosome counts, and Ks peaks in Paronychia
jamessii and P. drummondii were ambiguous.

WGDI1 coincided with high levels of gene tree
conflict in the Caryophyllaceae

Several biological processes may cause gene tree conflicts, such
as incomplete lineage sorting (ILS), gene duplications and
losses, horizontal gene transfer, and hybridization (Maddison,
1997; Degnan and Rosenberg, 2009). Polyploidy leads to an
influx of gene duplications, many of which are lost during
diploidization (Li et al., 2021). Therefore, ancient WGDs can
be a significant source of gene tree conflicts in phylogenomic
analyses. Our conflict results align with this claim as most
bipartitions that contain elevated gene tree conflicts were
descendant lineages of WGD1 (Figure 1). These bipartitions
can be categorized into those that derived soon after WGD1
(nodes 2 and 4-7) and those within more recently diversified
clades in the family (Eremogone, Sileneae, Caryophylleae, and
Cerastium).

The conflicts in nodes 2 and 4-7 were accompanied by
incongruence among these bipartitions compared to previous
phylogenetic works (Harbaugh et al, 2010; Greenberg and
Donoghue, 2011; Sadeghian et al., 2015; Walker et al.,, 2018;
Yang et al, 2018). The phylogenies based on a few markers
showed low support for the nodes connecting the seven
descending tribes of WGD1 (Eremogoneae, Sileneae, Caryo-
phylleae, Alsineae, Arenarieae, Sagineae, and Sclerantheae).
The transcriptomic studies did not explore the phylogenetic
relationships or address incongruence. There was no consen-
sus for the relationships among the seven tribes. However, the
relationships among the early-diverging tribes (Corrigioleae,
Paronychieae, Polycarpaeae, and Sperguleae) were congruent
across all studies.

Although all nodes in the ASTRAL topology had the
highest local posterior support, the branch length separating
backbone nodes 2 and 4-7 were relatively short with
elevated levels of conflicts (Figure 1). There were two
potential connections between WGD1 and the conflicts in
the backbone nodes. First, as mentioned previously, the
high conflicts can be caused by differential gene loss from
diploidization (Degnan and Rosenberg, 2009; Li et al., 2021).

The genome content that WGD1 increased experienced
extensive loss or silencing, which is evidenced by deeper
ancient WGDs that had shorter Ks peaks (Appendix S3:
Figure S2), the lower number of informational gene trees in
the backbone compared to descending clades (Figure 1),
and missing paralog copies in the example gene family trees
(Appendix S5). Second, the short branch lengths provided
little information to resolve the relationship, even with a
large amount of data. This lack of information in genomic
data can result from the rapid divergence of lineages in a
short time frame, increasing the possibilities for conflict due
to ILS, among other causes (Sanderson and Shaffer, 2002;
Felsenstein, 2004; Suh et al,, 2015). Ancient WGDs are
hypothesized to promote speciation by increasing genome
size and the potential for adaptation or by diploidization
that contributes to reproductive isolation (Soltis et al., 2009;
Mandakova and Lysak, 2018).

The elevated conflicts from descending clades of WGD1
may also be attributed to diploidization and differential
gene loss. The conflicts in Eremogone, Sileneae, Caryophyl-
leae, and Cerastium all came from rearrangements of
lineages within the clade (Appendix S2). While these
conflicts might result from ILS, it is essential to consider
the effect of differential gene loss because several descendant
clades of WGD1 had high gene tree conflicts.

Although having a large amount of data complicated
phylogenetic reconstruction, it provided a more comprehen-
sive picture of the evolutionary history of the Caryophylla-
ceae beyond resolving bifurcating phylogenetic relationships.
Our results highlight the importance of genomic data for
angiosperm phylogenomics, given how common polyploidy
events are in flowering plants (Clark and Donoghue, 2018).
As additional genomes are sequenced, there will be
opportunities to gain better insights into the relationships
in question.

Gene family expansion and convergent
evolution in arctic-alpine lineages

Ancient WGDs are often associated with trait innovations
and climatic shifts (te Beest et al, 2012; Moghe and
Shiu, 2014; Brockington et al,, 2015; Smith et al.,, 2018b;
Baniaga et al, 2020; Wu et al, 2020). One of the
mechanisms by which ancient WGDs contribute to trait
innovations is gene family expansion (Brockington
et al,, 2015; Wang et al., 2019; Jablonski, 2022).

Smith et al. (2018b) tested climatic shifts in the
Caryophyllales with increased sampling using Sanger-
sequencing-based markers from GenBank and inferred a
shift into colder climates (lower mean annual temperature)
at the node corresponding to WGD1 (Figure 3). Although
Smith et al. (2018b) only sampled 27% of the species for the
Caryophyllaceae, the relationship between the shift to cold
climatic and WGDI1 was also supported when tallying all
accepted Caryophyllaceae species in the World Checklist of
Vascular Plants (WCVP) data set (POWO, 2022). Before the

ASULDIT Suowwo)) aAnear) dqedsijdde ayy £q pauIaAos e sa[d1IR YO (asn JO s3[NI 10§ A1eIqI aur[uQ A3[IA\ UO (SUODIPUOD-PUB-SULIR)/WOY" K3[1M" KIeIqi[aur[uoy//:sdiiy) SuonIipuo)) pue swa [ ay) 298 [Sz0z/20/+0] uo Areiqry aurjuQ £[1p “0S€91°2al®/2001°01/10p/wod Kaim Areiqpaurjuo sqndesqy/:sdiy woiy papeoumod ‘8 “+70T ‘L61TLEST



14 of 19 ANCIENT WHOLE-GENOME DUPLICATIONS AND COLD ADAPTATIONS IN CARYOPHYLLACEAE

TABLE 3 Top 30 overrepresented GO biological processes for duplicated genes convergently retained by Colobanthus and Eremogone, ordered by
P-value with gene family clusters as the reference gene list. The full list is in Table S2 (Appendix S6).

Frequency of genes in:

Gene family Duplicated Fold
GO biological process complete clusters genes enrichment P FDR
Trichome branching (GO:0010091) 0.00361485 0.04411765 12.06 0.00316 1
Cytoplasmic translation (GO:0002181) 0.0085442 0.05882353 6.8 0.00389 1
Glucose homeostasis (GO:0042593) 0.00098587 0.02941176 29.49 0.00461 1
Intracellular glucose homeostasis (GO:0001678) 0.00098587 0.02941176 29.49 0.00461 1
Cellular response to glucose stimulus (GO:0071333) 0.00098587 0.02941176 29.49 0.00461 1
Cellular response to hexose stimulus (GO:0071331) 0.00098587 0.02941176 29.49 0.00461 1
Cellular response to monosaccharide stimulus (GO:0071326) 0.00098587 0.02941176 29.49 0.00461 1
Positive regulation of proteasomal ubiquitin-dependent 0.00131449 0.02941176 22.12 0.00682 1
protein catabolic process (GO:0032436)
Positive regulation of ubiquitin-dependent protein catabolic 0.00164312 0.02941176 17.69 0.00942 1
process (GO:2000060)
Regulation of proteasomal ubiquitin-dependent protein 0.00164312 0.02941176 17.69 0.00942 1
catabolic process (GO:0032434)
Carbohydrate homeostasis (GO:0033500) 0.00164312 0.02941176 17.69 0.00942 1
Defense response to insect (GO:0002213) 0.00164312 0.02941176 17.69 0.00942 1
Translation (GO:0006412) 0.05159382 0.13235294 2.54 0.00987 1
Peptide biosynthetic process (GO:0043043) 0.05192244 0.13235294 2.52 0.0102 1
Peptide metabolic process (GO:0006518) 0.05356556 0.13235294 2.44 0.0123 1
Regulation of chlorophyll biosynthetic process (GO:0010380) 0.00197174 0.02941176 14.74 0.0124 1
Regulation of ubiquitin-dependent protein catabolic process 0.00197174 0.02941176 14.74 0.0124 1
(GO:2000058)
Positive regulation of proteasomal protein catabolic process 0.00197174 0.02941176 14.74 0.0124 1
(GO:1901800)
Positive regulation of catabolic process (GO:0009896) 0.00690108 0.04411765 6.32 0.015 1
Regulation of protein metabolic process (GO:0051246) 0.02037463 0.07352941 3.57 0.0153 1
Positive regulation of protein catabolic process (GO:0045732) 0.00230036 0.02941176 12.64 0.0157 1
Positive regulation of proteolysis involved in protein catabolic 0.00230036 0.02941176 12.64 0.0157 1
process (GO:1903052)
Regulation of tetrapyrrole biosynthetic process (GO:1901463) 0.00230036 0.02941176 12.64 0.0157 1
Regulation of chlorophyll metabolic process (GO:0090056) 0.00230036 0.02941176 12.64 0.0157 1
Glycolytic process (GO:0006096) 0.00755833 0.04411765 5.77 0.0187 1
Positive regulation of proteolysis (GO:0045862) 0.00262898 0.02941176 11.06 0.0193 1
Trichome morphogenesis (GO:0010090) 0.00788695 0.04411765 5.53 0.0207 1
Regulation of proteasomal protein catabolic process (GO:0061136) 0.00295761 0.02941176 9.83 0.0233 1
Trichome differentiation (GO:0010026) 0.00887282 0.04411765 491 0.0274 1
Regulation of proteolysis involved in protein catabolic 0.00328623 0.02941176 8.85 0.0276 1

process (GO:1903050)
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shift, 143 of the total 490 species (~29%) in the four early-
diverging tribes (Corrigioleae, Paronychieae, Polycarpaeae,
and Sperguleae) occur in the temperate or subarctic-
subalpine biome, including 24 cushion species. After the
shift, 2270 of 2810 species (~81%) among the seven more
recently diverged tribes occur in temperate or subarctic-
subalpine habitats, and 140 are cushion species.

With increased transcriptomic sampling, we further
explored the genes associated with WGD1 to gain insights
into the cold climatic shift. Because transcriptomic data
sets provide genome-wide evidence on protein-coding
sequences and gene duplications, they are a powerful tool
to examine the specific functions of gene duplications
associated with ancient WGDs. Although extensive gene
loss occurred after WGDI, some of its extant descendant
species still retain a large number of gene duplications
(Figure 2). We examined the gene ontology (GO) terms for
the gene duplications associated with WGD1 and performed
gene overrepresentation tests.

An often-overlooked aspect of overrepresentation tests is
the reference genes used for comparison. Gene family clusters
extracted from transcriptomic data sets are already enriched in
specific biological processes (Yang et al., 2015). Various organ
development and metabolic processes were overrepresented in
the gene families we used to infer gene duplications (Appendix
S6: Table S3). Therefore, we used the gene families as the
reference gene list for gene overrepresentation tests; otherwise,
the results may be biased toward the biological processes
enriched in the gene families (Appendix S6: Table S4).

There were 21 genes associated with the GO term response
to cold in the 931 duplicated genes retained after WGD1
(Table 1). During cold stress, the level of gene expression of
these genes changed in Arabidopsis thaliana. Some genes were
involved in stabilizing membrane and transcription during
stress (ACBPI: Du et al., 2010; STAI: Lee et al., 2006; RPL23AB;
Degenhardt and Bonham-Smith, 2008; KAS2: Carlsson
et al, 2002); some were involved in regulating cold stress
signaling and cold-responsive gene expression (MSI4/FVE: Kim
et al,, 2004; MPK®6: Teige et al., 2004; HOSI5: Zhu et al.,, 2008;
RH38: Gong et al., 2002; ENO2/LOS2: Lee et al. 2002; AHK3:
Jeon et al, 2010; MEDI4: Hemsley et al, 2014). However,
response to cold is not an overrepresented GO biological
process among the genes retained after WGD1, although the
number of genes under that label so far could be limited due to
the amount of cold tolerance molecular research.

Phosphorylation, ubiquitination, and vesicle-mediated
transport were the major overrepresented GO biological
processes associated with WGD1, with the gene family
clusters as the reference gene list (Table 2; Appendix S6:
Table S1). Protein phosphorylation is involved in signaling
pathway regulation for cold tolerance (Praat et al., 2021),
while the ubiquitin-proteasome system plays a critical role
in plant response to environmental stress (Xu and
Xue, 2019). It is also notable that phosphorylation,
ubiquitination, and vesicle-mediated transport are all
processes involved in protein regulation, which can be a
response to low temperature (Chinnusamy et al., 2004; Beck

et al., 2007; Preston and Sandve, 2013; Janmohammadi
et al., 2015). However, protein regulation is not a specific
corresponding response for cold climates, and those GO
biological processes were statistically significant only
without false discovery rate (FDR) corrections (Appendix
S6: Table S1). These genes and biological processes are
worth further exploration, but they cannot serve as strong
evidence for the effect of gene family expansion on cold
adaptation in the Caryophyllaceae.

While WGDI1 led to retained gene duplications that might
aid in cold tolerance in the descendant lineages, Colobanthus
and Eremogone shared 66 duplicated genes that were
overrepresented in carbohydrate homeostasis, trichome devel-
opment, and ubiquitination (Table 3; Appendix S6: Table S2).
Colobanthus and Eremogone both had highly elevated gene
duplications at each of their crown nodes, 1062 duplications in
829 genes and 203 duplications in 187 genes, respectively
(nodes 10 and 15 in Figure 2), and both were predominantly
arctic-alpine cushion plants in our taxon sampling. Gene tree
topologies supported that species of Colobanthus and
Eremogone converged on the 68 duplicated genes instead of
retaining homologous gene duplications.

The cushion phenotype is a specialized life history
strategy in cold-adapted plants (Aubert et al, 2014).
Carbohydrate accumulation supports cellular hydration,
membrane stability, and other cellular functions and is a
commonly observed response to cold (Beck et al., 2007;
Preston and Sandve, 2013; Folk et al, 2020). Although
trichomes can help retain heat and moisture (Wang
et al., 2021) and are often found in arctic-alpine plants,
cushion plants maintain their temperature and water by
their spherical shape and smooth surface and are usually not
found to be remarkably hairy (Boucher et al, 2016;
Lee, 2020). Therefore, it is interesting that trichome
developmental processes were overrepresented here because
the sampled cushion plants in Colobanthus and Eremogone
are not extensively hairy. As discussed previously, ubiqui-
tination is involved in protein regulation and can potentially
contribute to plants’ response to cold stress (Xu and
Xue, 2019). Because these GO biological processes were only
statistically significant without FDR corrections (Appendix
S6: Table S2), they can serve as candidates for future
molecular research, but they do not provide direct evidence
for the molecular mechanisms of cushion plant adaptations.

Ancient WGD1 as a potential
macroevolutionary enabler in the
Caryophyllaceae

WGDI1 is associated with a climatic niche shift in the
Caryophyllaceae (Smith et al., 2018b). WGD1 putatively took
place ca. 64.4-56.7 Mya (Figure 3) during the substantial
cooling of the climate in the Early Cenozoic (Willis and
McElwain, 2014). Our results showed that many gene
duplications retained after WGDI1 have a potential link to
cold adaptation, coinciding with independent instances of cold
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adaptation and a shift into colder climates. Similarly, Wu et al.
(2020) uncovered the same pattern that ancient WGDs close to
the K-Pg boundary retained gene duplications related to cold
tolerance in descendant lineages. While a direct link between
the duplications and adaptation is beyond the scope of this
study, further investigation can help determine whether
candidate genes retained after WGD1 contributed to cold
adaptations in descendant lineages.

WGD1 was followed by a divergence of lineages into the
seven tribes that comprise 85% of the extant species
diversity in the family. Based on our results, WGD1 is
potentially a critical enabler that allowed its descendants to
move into the expanding cold climatic niche in the Early
Cenozoic and aided in the diversification of lineages.

CONCLUSIONS

Our results provide evidence for a putative ancient whole-
genome duplication (WGD1) followed by the diversification
of major lineages in the Caryophyllaceae with adaptations to a
newly available cold environment in the Early Cenozoic. Our
study showed that genes that are potentially associated with
cold adaptation were preferentially retained after WGD1 and
convergently retained in additional gene duplications associ-
ated with more recent arctic-alpine cushion plant lineages.
These results provide evidence for a potential link between
ancient WGDs and shifts to cold climates. WGD1-induced
gene family expansion and differential gene loss complicated
the phylogenomic reconstruction, but these genomic changes
also provided evidence about the biological processes in the
evolutionary history of the Caryophyllaceae. While further
investigations will be necessary to understand better the link
between these genomic events and the evolution of cold
tolerance, our analyses yielded important insights into
molecular evolution associated with cold tolerance and the
iconic cushion plants in arctic-alpine environments.
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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. Table of all newly sequenced transcriptomes.
Newly sequenced taxa used for the analyses, number of
sequences, RNA extraction method, method of sequencing,
collection information, and voucher. Sample ID and
scientific names for transcriptomic data sets published by
Walker et al. (2018b) are also listed.

Appendix S2. Figure S1 is an alternative version of Figure 1.
This dix also includes bellerophon conflict results ordered
by highest to lowest gene tree conflicts, only listing the top 5
alternative relationships.

Appendix S3. Figures S2-S4 display all Ks plots and ksrates
results.

Appendix S$4. Figure S5 displays GRAMPA results.

Appendix S5. Figure S6 shows example gene family trees to
discuss the nature of WGDI1.

Appendix S6. Tables S1-S4 for full lists of PANTHER
overrepresentation test results.
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