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ABSTRACT

Ancient whole-genome duplications (WGDs or polyploidy) are prevalent in plants, and some WGDs occurred
during the timing of severe global environmental changes. It has been suggested that WGDs may have
contributed to plant adaptation. However, this still lacks empirical evidence at the genetic level to support
the hypothesis. Here, we investigated the survivors of gene duplicates from multiple ancient WGD events
on the major branches of angiosperm phylogeny, and aimed to explore genetic evidence supporting the sig-
nificance of polyploidy. Duplicated genes co-retained from three waves of independent WGDs (~120 million
years ago [Ma], ~66, and <20 Ma) were investigated in 25 selected species. Gene families functioning in low
temperature and darkness were commonly retained gene duplicates after the eight independently occurring
WGDs in many lineages around the Cretaceous-Paleocene boundary, when the global cooling and darkness
were the two main stresses. Moreover, the commonly retained duplicates could be key factors which may
have contributed to the robustness of the critical stress-related pathways. In addition, genome-wide tran-
scription factors (TFs) functioning in stresses tend to retain duplicates after waves of WGDs, and the cose-
lected gene duplicates in many lineages may play critical roles during severe environmental stresses. Collec-
tively, these results shed new light on the significant contribution of paleopolyploidy to plant adaptation
during global environmental changes in the evolutionary history of angiosperms.
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Blanc and Wolfe, 2004; Cui et al., 2006; Soltis et al., 2009; Jiao
et al.,, 2011; Renny-Byfield and Wendel, 2014; Van de Peer
et al,, 2017). Two ancestral WGDs were identified before
the diversification of extant angiosperms and seed plants,
respectively (Jiao et al., 2011). Two major clades in
angiosperms, eudicots and monocots, both experienced
paleopolyploidization events early in their evolutionary history,
named gamma (y) and tau (1) (Jaillon et al., 2007; Tang et al.,
2010; Jiao et al., 2012, 2014; Vekemans et al., 2012; Ming

INTRODUCTION

Angiosperms (or flowering plants) are the most diverse and abun-
dant in the plant kingdom, with about 350,000 known species on
Earth. Charles Darwin described the rapid rise and early diversi-
fication of angiosperms from the middle to late Cretaceous period
as “an abominable mystery” (Friedman, 2009). Currently,
angiosperms constitute the dominant vegetation of the Earth’s
surface, covering regions from tropical to polar terrestrial

zones, as well as aquatic habitats. The success is speculated
because of, to some extent, prevalent whole-genome duplication
(WGD) events in the evolutionary history of angiosperms (Levin,
1983; Soltis et al., 2009; Van de Peer et al., 2009, 2017). WGD
has long been recognized as an important evolutionary force
for speciation, adaptation, and diversification (Wood et al.,
2009; Soltis and Soltis, 2016).

Within recent two decades, tremendous efforts have shown that
WGDs are far more prevalent than previously thought in the
evolutionary history of flowering plants (Bowers et al., 2003;

et al., 2015). In addition, WGDs also occurred in the common
ancestors of many species-rich groups, such as Asteraceae,
Brassicaceae, Cucurbitaceae, Fabaceae, and Poaceae
(Cannon et al., 2015; Edger et al., 2015; Huang et al., 2016;
McKain et al.,, 2016; Ren et al., 2018; Wang et al., 2018).
Especially, WGDs recurrently occurred in many lineages. For
example, three rounds of WGDs (y-B-o) occurred in the
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evolutionary history of Arabidopsis thaliana after a split from
monocots (Bowers et al., 2003); and the lineage of Musa
(bananas) independently experienced three rounds of WGDs
after a split with Poaceae (D’Hont et al., 2012).

Furthermore, previous studies found that the timing of WGDs are
not randomly distributed across the phylogeny of angiosperms,
indicating possible roles of WGDs under environmental selection.
A wave of ancient WGDs occurred around the Cretaceous-Paleo-
cene (K-Pg) boundary independently in many plant lineages,
suggesting that WGDs potentially helped species survive the
extinction event (Fawcett et al., 2009; Vanneste et al., 2014). It
also has been proposed that polyploidization was associated
with C4 grassland expansion during the late Miocene, as well as
with adaptation to recent glaciation maxima (Estep et al., 2014;
Novikova et al., 2018). Therefore, WGD has been speculated to
be associated with extinction events and other extreme
environmental changes. However, evidence at a genetic level
supporting the contribution and significance of WGDs to
adaptation remains largely unexplored.

Itis well acknowledged that polyploidy simultaneously duplicates
tens of thousands of genes by adding one extra set of genomes,
which provides a large amount of raw genetic materials for evo-
lution (Adams and Wendel, 2005; Doyle et al., 2008; Hegarty
and Hiscock, 2008; Soltis et al., 2015; Van de Peer et al., 2017).
During the subsequent fractionation and diploidization
processes, a large proportion of genes will quickly return to a
single-copy state (Lynch and Conery, 2000), while the
retained ones are considered of particular importance
to genetic innovation through neofunctionalization and
subfunctionalization (Ohno, 1970; Force et al., 1999). In
addition, the duplicated genes might also result in changes of
gene regulatory networks (GRNs) (Conant, 2010; De Smet and
Van de Peer, 2012), which could potentially contribute to plant
adaptation.

To explore the significance of WGDs, here we comprehensively
tracked the evolutionary history of global gene families in 25 plant
genomes, and investigated the genetic modifications after inde-
pendent WGDs. Firstly, 25 sequenced plant genomes represent-
ing major lineages of angiosperms were used to reconstruct
global gene families, and phylogenomic analyses were per-
formed to identify the gene families that retained duplicated
genes after ancient WGDs. Then, we identified gene families
with retained duplicates after independent WGDs from certain
periods with extreme environmental changes, looking for poten-
tial selection signatures at the genetic level. Finally, by recon-
structing GRNs from RNA sequencing (RNA-seq) data and
integrating previously known pathways, we provided evidence
showing how retained duplications have contributed to reshaping
the GRNs in response to environmental stresses.

RESULTS

Identification of Paralogous Genes Retained after WGDs

To identify genetic contribution of WGDs, we investigated 21
well-acknowledged polyploidization events in the evolutionary
history of angiosperms (Figure 1). We selected 25 sequenced
plant genomes (Supplemental Table 1) and constructed
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putative gene families from their protein-coding sequences. In
total, 66,509 orthogroups were constructed by OrthoMCL (Li
et al., 2003). Among them, 12,077 orthogroups with four or
more genes and including at least one gene from outgroups
(Physcomitrella  patens, Selaginella moellendorffii, and
Amborella trichopoda) were used to reconstruct maximum
likelihood phylogenetic trees (see Methods). Then,
phylogenomic analyses were performed to look for duplication
events from each gene family phylogeny as described
previously (Jiao et al., 2011).

To largely ensure that the duplications were generated from
WGDs, tandem duplications were removed firstly based on the
chromosomal positions of the duplicated genes, which could
screen out some ancient small-scale duplications (see
Methods). Furthermore, synteny analyses of each species were
able to provide synteny support for a large proportion the
duplications identified in this study (Figure 1 and Supplemental
Figure 1). In addition, some duplications were hard to classify
due to a lack of branching species between two consecutive
WGD events, such as p or o in Poales, and o/™ or yM in Musa
acuminata. We employed a synonymous substitution per
synonymous site (Ks) approach to distinguish the gene
survivors from certain duplication events (see Methods).
Together, we were able to gather the gene families with
surviving duplicates from each WGD event (Figure 1).

Gene Retention Pattern after WGDs Occurred in Three
Periods

WGDs could generate a large number of duplicated genes in one
event, which provides a tremendous amount of raw genetic ma-
terial for evolution. If the independent WGDs helped species sur-
vive environmental changes, similar functional gene duplicates
would be retained in these different species as they might have
been selected by common environmental pressures.

The previously identified and dated 21 WGDs were denoted on
the species tree of selected land pants, 14 of which could be clas-
sified into three waves based on periods of the timing of occur-
rence (Figure 1 and Supplemental Table 2). The most ancient
wave was around ~120 million years ago (Ma) when vy (Jaillon
et al., 2007; Jiao et al., 2012; Vekemans et al., 2012) and 7 (Jiao
et al.,, 2014; Ming et al., 2015) events occurred in the early
evolutionary history of eudicots and monocots, respectively.
The second one is the well-known wave around the K-Pg bound-
ary, when a large number of WGD events occurred (Paterson
et al., 2004; Tuskan et al., 2006; Rensing et al., 2008; Fawcett
et al., 2009; Schmutz et al., 2010; D’Hont et al., 2012; The
Tomato Genome Consortium, 2012; Singh et al., 2013;
Vanneste et al., 2014). The relatively recent wave was within 20
Ma during which four independent WGDs occurred in the
evolutionary history of Glycine max, Panicum virgatum,
Tarenaya hassleriana, and Zea mays (Blanc and Wolfe, 2004;
Schmutz et al., 2010; Cheng et al., 2013; Lu et al., 2013).

We found certain gene families indeed survived gene duplicates
from several independent WGDs in many species (Figure 2A),
which were likely the signal of selection from the specific stress
environments. Sixty-six gene families commonly retained gene
duplicates in three periods (Supplemental Figure 2), which were
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Figure 1. Inferring Number of Gene Families Surviving Duplicates after Each WGD in the Evolutionary History of Land Plants.
Phylogenetic tree showed the topology and divergence times of 25 plants in this study. The evolutionary relationships of the 25 species were based on
current accepted topology (Angiosperm Phylogeny Website). Divergence time of each node of the species tree was obtained from the TimeTree Website
(http://timetree.org/). Well-acknowledged whole-genome duplication (circle) and triplication (square) events were positioned onto the branches of the
phylogeny. Three periods (~120, ~66, and <20 Ma) with prolific WGDs were recognized, and are denoted in green, orange, and blue, respectively.
The number of gene families with duplicates retention following each WGD are shown around the corresponding circle or square. The proportion of the
duplications verified by synteny evidence were generated from WGDs, which were indicated in the dashed circles. A sketch map in the upper left shows
the major environmental stresses during the Cretaceous-Paleogene extinction period.

mainly protein kinases, transporters, and protein binding gene
families (Supplemental Table 3). Three hundred and twenty
gene families retained duplicates from the most ancient wave
of WGDs (y and 1), which were enriched for genes functioning
in response to water deprivation and salt stress (Figure 2B).
These survivors may be, at least in part, selected by the arid
climate around 120 Ma of the Cretaceous (Heimhofer et al.,
2005). The second wave of WGDs were during the K-Pg
boundary with severe environmental changes, including global
cooling, darkness, acid rain, and wildfires (Nichols and
Johnson, 2008; Schulte et al., 2010). Four hundred and ninety-
three gene families retained gene duplicates from at least six
independent WGDs during the K-Pg boundary (Figure 2A),
which were enriched for many stress-related gene ontology
(GO) terms including cold, heat, osmotic, salt stress, water
deprivation, and wounding (Figure 2B), as well as several other

biological processes associated with stress response (e.g., the
abscisic acid signaling pathway, cellular response to phosphate
starvation, defense response, and response to karrikin)
(Supplemental Figure 3). We also investigated the other five
lineages without paleopolyploidization events during the K-Pg
boundary and found that they retained small-scale duplications
in 12 gene families (Supplemental Figure 4). However, these
gene families mainly encode enzymes or transporters in plant
metabolic processes, which are not directly related to
environmental adaptation (Supplemental Table 4). The most
recent wave of WGDs were within 20 Ma and retained
duplicates from 844 gene families (Figure 2A), of which the
functional category enrichments are responses to salt stress,
cold stress, water deprivation, and wounding (Figure 2B). The
recorded environmental changes were low CO, concentrations
and relatively cool temperatures during that period (Zachos
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Figure 2. Retention Patterns of Stress-Related Gene Families in Three Periods.

(A) Venn diagram showing the shared and specific gene families surviving duplicates after multiple WGDs in certain periods. Numbers represent the
number of gene families with gene duplications. Numbers in square bracket indicate number of WGDs with sharing gene families surviving duplicates.
(B) The significantly enriched GO terms of stress-related biological processes for the shared gene families retained gene duplicates in three periods. The
three columns with different colors are corresponding to the WGDs in three periods as in (A).

et al., 2008). Our enriched GO terms might partially explain the
environmental changes, but also suggest the presence of other
environmental selection for different lineages.

Biased Retention of Transcription Factor Gene Families
after WGDs

TFs play a critical role in the transcriptional regulation of genes
involved in many biological processes (e.g., growth, develop-
ment, and stress responses) (de Mendoza et al., 2013).
Previous studies demonstrated that TFs are the vastly over-
retained genes after WGDs (Maere et al., 2005; Freeling, 2009).

We examined the retention pattern of gene duplicates of TFs after
three waves of WGDs based on the retention value (R value, see
Methods). In general, the majority of the TF genes tend to be
retained after WGDs (Figure 3), which is consistent with
previous analyses (Maere et al., 2005; Freeling, 2009).
However, we found that not all TF gene families were over-
retained, and that different families of TF showed certain retention
preferences (Figure 3). For example, high-retention gene families,
including ARF, C2H2, C3H, CO-like, ERF, G2-like, GRAS, HD-
ZIP, HSF, LBD, MYB, NAC, Trihelix, WRKY, bHLH, and bZIP
gene families, tend to repeatedly retain duplicates after WGDs in-
dependent of the evolutionary periods and diverse lineages
(Figure 3). Many of the high-retention TF gene families are
involved in diverse development processes and response to
abiotic and biotic stresses (Khan et al., 2018). However, some
TFs were lowly retained after many WGDs, such as FAR1, HB-
PHD, HRT-like, LFY, LSD, NF-X1, S1Fa-like, STAT, SAP, and
Whirly, suggesting the conservative function and dosage of these
TFs (Figure 3). Most low-retention TF gene families were
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functioning in conserved biological processes. For instance,
LFY controls the switch from vegetative to reproductive
development (William et al., 2004) and LSD71 negatively
regulates plant cell death pathway (Dietrich et al., 1997).

Duplicated TF genes, which were co-retained after specific
waves of WGDs, are considered as critical genetic contributions
for species surviving environmental changes. Co-retained TF
genes at ~120 Ma were mainly involved in plant growth, develop-
ment, morphogenesis, and stress response (Supplemental
Table 5). For example, the retained duplicate genes and their
functional divergence in four orthogroups of the MADS-box
gene family likely contributed to the morphological novelty of
floral organs in both core eudicots and monocots (Zhao et al.,
2017). Two orthogroups of heat stress transcription factor (HSF)
play roles in responding to heat stress. However, co-retained
TFs at the K-Pg boundary were mainly involved in responding
to various abiotic stresses (Supplemental Table 6). Orthogroups
of the C2H2, ERF, and RAV families were involved in the
response to low temperatures. Orthogroups of the HD-ZIP family
were involved in the shade-avoidance syndrome and dehydration
stress responses, respectively. Orthogroup of the WRKY
family were involved in the response to low phosphate stress
(Supplemental Table 6).

Contribution of WGDs on the Complexity of GRNs

As WGDs could potentially rewire the GRNs (Conant, 2010; De
Smet and Van de Peer, 2012), we aimed to explore the
contribution of WGDs on reshaping networks during adaptation
to environmental changes following the K-Pg boundary (Alvarez
et al., 1980; Nichols and Johnson, 2008; Schulte et al., 2010).



Paleopolyplodization and Plant Adaptive Evolution

Molecular Plant

LN || r 1 | — | | [
0 1 2 3
Value @ @ @ @

1.89 3.31 3.57 0.95 1.89 1.96 2.84 1.15 1.38 1.32 1.69 1.07 1.07 2.54 ARF (5) =

0.81 0.53 1.3 0.96 0.76 0.84 0.58 0.88 0.93 0.9 0.84 0.98 0.84 0.75 bHLH (62) (g_

1.15 11 0.6 1.03 1.03 1.42 0.79 1.15 0.77 11 0.96 0.96 1.2 1.13 bZIP (30) -

0.81 0.95 1.58 0.92 0.61 1.31 0.68 0.86 1.12 1.08 1.01 0.95 0.99 0.85 C2H2 (35) .('_D._

1.32 2.18 0.47 1 0.87 1.03 1 0.9 0.73 1.21 1.06 1.07 1.33 1.34 C3H (19) CJD

0.52 1.38 1.49 1.19 0.39 1.64 1.58 0.95 1.92 1.65 0.84 1.07 0.44 212 CO-like (6) f=4

0.99 0.65 1.18 11 0.87 1.21 1.74 1.06 1.15 1.04 0.84 1.07 0.81 0.78 ERF (38) g

0.18 0.97 0.53 1.05 0.97 0.58 0.28 1.01 1.35 1.16 1.09 1.01 0.94 1.25 G2-like (17)

1.18 1.55 2.23 1.12 1.18 0.61 2.07 1.16 1.44 1.65 0.74 0.87 1.25 1.32 GRAS (16)

0.63 0.83 2.68 1.07 1.66 1.64 2.37 1.43 1.84 0.66 1.52 1.07 1.2 0.85 HD-ZIP (10)

1.57 2.07 1.12 0.74 1.77 0.82 1.18 1.07 1.72 0.82 1.47 1.07 0.33 1.59 HSF (8)

1.57 1.66 2.68 1.07 1.66 0.65 1.89 1.29 1.38 1.98 0.84 0.96 1.07 0.85 LBD (10)

1.1 0.39 1.25 1 1.05 0.99 1.43 1.1 0.32 1.15 1.02 1.07 1.05 0.59 MYB (43)

0.98 0.78 0.56 1.15 1.4 0.92 0.3 0.94 1.08 0.41 1.26 1.07 1.21 1.19 NAC (32)

0.93 1.46 0.53 1.05 0.7 0.77 0.56 1.1 0.68 0.58 0.79 0.88 0.78 0.5 Trihelix (17)

1.19 0.86 1.23 0.86 0.82 0.56 0.82 0.79 1.19 0.57 0.99 0.85 0.83 1.02 WRKY (29)

1.05 2.76 0 1.19 2.37 2.18 1.58 1.43 1.53 1.1 1.12 1.07 1.33 1.41 CAMTA (3)

0.79 1.08 0 1.19 1.48 0.82 1.77 0.9 0.86 0.41 1.05 1.07 117 0.53 AP2 (8)

1.48 1.95 0 1.05 0.97 0.96 0.56 1.1 0.95 1.55 1.09 1.07 1.33 1.25 MYB_related (17)

1.57 2.76 0 0.79 0.79 1.64 0.79 0.95 1.53 1.65 0.56 1.07 1.1 212 NF-YB (6)

0.9 2.37 0 1.02 1.01 0.94 1.35 1.23 0.98 0.47 1.2 1.07 1.14 0.6 SBP (7)

0.63 0.83 0 0.95 1.89 0.65 0.95 1.15 1.61 0.33 1.35 1.07 0.67 0.85 TALE (10)

1.26 3.31 3.57 0.95 1.89 1.31 0 1.15 0.92 0.66 0.67 1.07 1.33 1.69 Nin-like (5)

0.79 2.07 0 1.19 2.37 245 0 1.07 0.57 0.82 1.26 1.07 0.67 1.06 ARR-B (4)

3.15 8.28 0 1.19 2.37 3.27 4.73 0 2.3 3.29 1.69 1.07 1.33 4.23 VOZ (1)

1.57 0.83 0 0.95 0.24 0.98 0.47 1 1.38 0.66 1.18 0.96 0.93 0 TCP (10)

0.94 0 0.89 0.95 1.18 2.29 2.37 1.15 1.84 1.32 1.35 0.85 1.47 212 GATA (10)

1.57 0 2.23 1.19 1.18 1.64 1.18 1.43 1.15 0.82 0.84 1.07 1.33 1.06 NF-YA (4)

1.18 0 0 0.89 0.89 1.23 0.59 0.72 0.57 1.65 1.05 0.93 0.83 1.06 B3 (8)

0.79 0 4.47 1.19 1.18 0.82 2.37 1.43 1.72 0.82 0.84 1.07 1 0 ZF-HD (4)

0.52 0 0.74 0.99 1.18 0.82 0.39 1.19 1.72 0.55 1.26 0.98 0.89 0 Dof (12)

1.57 0 0 1.19 1.18 3.27 2.37 1.43 0 1.65 1.69 1.07 1.33 212 EIL (2)

21 0 0 1.19 0.79 1.09 3.15 0.95 0 3.29 1.69 1.07 1.33 1.41 E2F/DP (3)

0.79 2.07 0 1.19 1.77 0.82 2.37 1.43 0 1.65 1.26 1.07 0.33 4.23 DBB (4)

1.45 2.55 0.69 0.92 1.09 1.01 1.46 0.77 0 0.51 1.04 1.07 0.72 1.63 MIKC_MADS (13)

0.63 0 0 1.19 0.95 0.65 0 0.86 1.38 0 1.01 1.28 1.07 1.69 HB-other (5)

1.26 0 0 0.71 0.47 1.31 0 0.57 0.46 1.32 0.67 0.64 1.07 0.85 M-type_MADS (5)

315 0 0 1.19 2.37 1.64 0 1.43 0 3.29 1.69 1.07 1.33 0 CPP (2)

1.57 0 0 0.89 1.18 0 1.18 1.07 0 0 1.69 1.07 1 1.06 YABBY (4)

1.57 414 4.47 0.6 1.18 0 2.37 1.43 1.15 1.65 0 1.07 0.67 0 GeBP (2)

0.35 0.92 0.99 0.93 0.53 0 0.53 0.8 1.28 0.37 0.37 0.95 0.89 0.47 WOX (9)

3.15 414 0 1.19 1.18 0 0 0.72 23 3.29 0 1.07 1.33 0 BES1 (2)

0 0 0 0.6 0 1.64 0 1.43 1.15 0 0.84 1.07 0.67 212 GRF (2)

0 0 0 0.71 0 0.65 0 0.86 0.92 1.98 0.34 1.07 1.33 0.85 NF-YC (5)

0 0 4.47 1.19 0 0 2.37 1.43 2.3 0 1.69 1.07 1.33 212 BBR-BPC (2)
0 0 0 1.19 2.37 0 0 0 2.3 0 1.69 2.14 1.33 4.23 NF-X1 (1)

0 0 4.47 1.19 1.18 1.64 2.37 1.43 0 1.65 0.84 0.53 0.67 0 RAV (2)

0 0 0 1.19 0 0 2.37 0 0 1.65 1.69 0.53 0.67 0 LSD (2)

0 0 0 1.19 0 0 0 1.43 0 1.65 0.84 1.07 1.33 0 SRS (2)

0 0 0 0 0 0 0 0 2.3 3.29 1.69 1.07 1.33 0 LFY (1)

3.15 0 0 0 0 0 0 0 0 0 1.69 1.07 1.33 0 FAR1 (2) o)
0 0 0 1.19 0 0 0 0 0 3.29 0 1.07 0 0 S1Fa-like (1) s
0 0 0 0.6 0 0 0 0.72 0 0 0 1.07 1.33 0 Whirly (2) =
0 0 0 0 0 3.27 0 1.43 0 0 0 1.07 0 0 SAP (1) :(Po-
0 0 0 1.19 2.37 0 0 0 0 0 0 0 1.33 4.23 STAT (1) (:;D
0 0 0 119 1.18 0 0 0 0 1.65 0 107 133 212 HB-PHD (2) 5
0 0 0 0 0 0 0 0 0 3.29 0 0 1.33 0 HRT-like (1) >

Figure 3. Biased Retention Patterns of Transcription Factor Gene Families after WGDs.

TFs (rows) were clustered based on their retention values, and WGDs (columns) were grouped according to their occurring timing. Gene families to the top
of the heatmap were the high retention ones after WGDs, while TFs to the bottom of the heatmap were the low retention ones. Color key on the upper left
denotes the retention values of the TFs. The number in each cell of the heatmap represents the retention value of each TF after corresponding WGD. The
numbers in parentheses after the TF names represent the total number of orthogroups belonging to the TF gene families.

Global cooling (or low temperatures) was a major environmental
stress during the mass extinction period (Schulte et al., 2010),
and the C-repeat/DREB binding factor (CBF)-dependent
signaling pathway is the well-known major cold signaling pathway
(Chinnusamy etal., 2007; Shietal., 2015, 2018). Currently, the core
components of the CBF-dependent signaling pathway have been
deciphered in A. thaliana (Shi et al., 2015). CBF genes, as key

components in the pathway, are regulated by upstream ICE and
CAMTA TFs (Shi et al., 2015; Zhao et al., 2015), and are able to
trigger the expression of many cold-responsive (COR) genes under
cold stress (Chinnusamy et al., 2007).

By tracking the evolutionary history of key gene families in
the CBF pathway, we found that the CBF, ICE, CAMTA, and
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other related families (SIZ, EIN, and so forth) presented as
duplicated states in many different lineages (Figure 4A). The
ICE1-ICE2 were duplicated from B WGD in Arabidopsis
(Figure 4B and 4C). The ice1 loss-of-function mutant is sensi-
tive to cold stress, which leads to significant reduction of sur-
vival rate than the wild type (Chinnusamy et al., 2003).
Overexpression of ICE2 greatly enhanced the cold tolerance
in transgenic plants (Fursova et al., 2009). In Oryza sativa,
CBF genes were also retained as duplicated copies after the
p WGD, which also play an important role in cold stress
(Supplemental Figure 5). Therefore, duplicated genes that
were retained from WGDs occurred during the K-Pg
boundary in difference lineages have largely contributed to
the copy number (probably dosage at first) and the
complexity of the current CBF-dependent signaling network
functioning in cold stress tolerance in eudicots and monocots
(Figure 4B).
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WGD after the y event. We constructed

A Chr the cold-specific coexpression networks

e for A. thaliana and Vitis vinifera using

162 and 60 RNA-seq data, respectively

(see Methods). For the duplicated ICE

genes from B WGD, we examined

anvs T the coexpression networks of AthICE1

and AthICE2 in Arabidopsis and their

orthologous WilCE in Vitis (Figure 5). Most

of the coexpressed genes in WilCE module have orthologous

genes clustered in the AthICE1 and AthICE2 modules, and the

corresponding orthologous genes in Arabidopsis could be

divided into three sets: one set specifically coexpressed with

AthICET1, one set specifically coexpressed with AthICE2, and

one set coexpressed with both AthICET and AthICE2 (Figure 5),

indicating subfunctionalization of the duplicated /ICE genes after

WGD. Moreover, the module of AthICE1 and AthICE2 in

Arabidopsis is twice as large as the module of WilCE by

recruiting additional genes into the network after B and o

WGDs, which might potentially increase the cold stress
tolerance.

Darkness (or low light) was another major environmental stress
encountered by species during the mass extinction period, due
to the atmospheric dust reflecting sunlight over a long period
(Schulte et al., 2010). We investigated the key components in
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Figure 5. Comparison of Coexpression Networks between Duplicates of ICET and ICE2 in A. thaliana and the Orthologous ICE in

V. vinifera.

ICE1 and ICE2 were generated by B WGD. The red sinewave lines link corresponding orthologous pairs as they clustered in the same orthogroup. Green
dashed lines between two nodes indicate positive coexpression relationships. Four genes in the Arabidopsis coexpression network, which have been
previously demonstrated function in cold treatment response, were highlighted with annotation information.

the shade avoidance pathway in plants (Jiao et al., 2007; Ruberti
et al,, 2012), and also found that several key genes were
duplicated from the WGDs in multiple lineages (Figure 6A). In
A. thaliana, the ATHB2 and HAT1 in the HD-ZIP Il gene family,
which function in shade avoidance response, were derived
from the B WGD (Figure 6B and 6C). Molecular genetic
analyses revealed that ATHBZ is rapidly induced by low red:far
red light in Arabidopsis, and the athb2 loss-of-function mutant
displays significant reduction of hypocotyl elongation and shade
avoidance ability compared with the wild type (Carabelli et al.,
2013). By using Arabidopsis as an example, a putative model
for network evolution from pre-WGD to post-WGD is illustrated
in Figure 6B. Despite that the predicted ancestral network is
somewhat uncertain, our results showed clear evidence for the
expansion of a shade avoidance pathway after WGDs, which
may enhance the perception of light signals and better adapt to
low light environment.

To test the possible link between WGDs and plant adaptation, we
compared the specific retention pattern of regulatory genes in
response to the cold and dark stresses after the three waves of
WGDs. The regulatory genes of the cold stress pathway have a
higher chance to be retained after the recent two waves of
WGDs (~66 and <20 Ma), when the global cooling has been re-
corded during these two periods (Nichols and Johnson, 2008;
Zachos et al.,, 2008; Schulte et al.,, 2010) (Supplemental

Figure 6). The global darkness was only reported during the
K-Pg boundary (Nichols and Johnson, 2008; Schulte et al.,
2010). Genes in the shade avoidance pathway have a
particularly higher retention after the WGDs around the K-Pg
boundary than the retention after the other two waves of WGDs
(Supplemental Figure 6). In addition, we further investigated
another stress pathway (Na* tolerance), despite high Na* not
being the main global stress during the K-Pg boundary. The
Salt Overly Sensitive (SOS) signaling pathway has functions in
maintaining ion homeostasis under high Na* tolerance (Ji et al.,
2013; Supplemental Figure 7A). Duplicates of the core
members of the SOS pathway, such as SOS3, ScaBP8, SOS2,
and SOS1, were only biasedly retained after the examined
WGDs (Supplemental Figures 6 and 7B). Therefore, the
preferential retention of the key members in stress-related
networks after multiple independent WGDs may serve as
critical evidence supporting the contribution of WGDs to the
adaptation of species during the global environmental changes.

DISCUSSION

The Nature of Periodic Occurrence of Ancient WGDs in
Angiosperms

To bridge the gap of the genetic contribution of paleopolyploid-
izations with adaptive evolution in general, we need to explore
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Figure 6. The Retention Pattern of Key
Genes in Shade Avoidance Pathway after
WGDs around the K-Pg Boundary.

(A) Summary of retention status of the PHY and
HB gene families after eight independent WGDs

around the K-Pg boundary. PHY and HB are the
two major gene families in shade avoidance
pathway. “x” denotes no retention and solid dots
indicate gene retentions.

(B) An illustration of expansion and remodeling of
shade avoidance pathway following WGD by
comparing a predicted ancestral network with the
current network in A. thaliana. ATHB2 and HAT1
were generated by § WGD.

(C) Phylogeny of the HD-ZIP Il gene family showed
the duplications in its evolutionary history. Solid
circles indicate duplications that occurred in
different periods. Numbers on branches show the
bootstrap supporting values. Syntenic blocks with
HD-ZIP Il genes were placed on the right of the
phylogenetic tree.

A Ortho ID Sha::nzvsoidance
480 PHY X X
623 HB
B Predicted ancestral network WGD Current network
Pr ‘T—) Pfr Pr—— Pfr
D G5 D
C Gma Chr1 ——  GMma Chr1

53.86-54.01Mb
Gma Chr11

100 Gma Glyma.01G207300.1.p
87 Gma Glyma.11G035900.1.p
99 MitrMedtr59013010.1

Gma Chr5

53.83-54.04Mb
the  paleopolyploidization events in
angiosperms clustered and co-occurred

Gma Chr5

5.77-6.18Mb

Gma Chr17
11.65-11.94Mb

2.64-2.47Mb
94 Gma Glyma.05G062700.1.p
LrE Gma Glyma.17G144700.1.p $_
o7 MtrMeditrdg100550. 1
100 StuPGSC0003DMP400045581
Sly Solyc08g078300.2.1
Stu PGSC0003DMP400041776
100 Sly Solyc06g060830.2.1
Ath AT5G47370.1
Bst Bostr.14419s0034.1.p
Ath AT4G17460.1 (HAT1)
Bst Bostr.30275s0201.1
Tha XP_010529979.1
Ath AT4G16780.1 (ATHB2)
Bst Bostr.30275s0139.1.p
Tha XP_010531658.1
Tha XP_010538408.1
100 — Ptr Potri.001G155100.1
— Ptr Potri.003G079800.1

91 5¢

Sly Chré
35.34-35.16Mb

Ath Chrs
19.17-19.29Mb
Ath Chr4

9.76-9.68Mb

100

63,

Ptr Chr1
12.66-12.98Mb

Ptr Chr3
10.65-10.93Mb

the empirical adaptive genetic signatures of many WGDs during
the evolutionary history of angiosperms. Polyploids are very
common in nature. However, the nascent polyploid individuals
tend to encounter internal and external obstacles, including
increased rates of chromosome segregation errors, small effec-
tive population size, competition with progenitor diploid spe-
cies, and so on (Comai, 2005; Arrigo and Barker, 2012).
Several studies suggested that polyploidy is usually an
evolutionary dead end (Stebbins, 1950; Mayrose et al., 2011).
Recently formed polyploid plants have to find certain
ecological niches that are different from corresponding diploid
species to survive (Stebbins, 1950; Levin, 1983; Ramsey,
2011; te Beest et al.,, 2012; Visger et al., 2016). Polyploid
plants could move to a new, but stressful environment with
no competition with their ancestral diploids, or survive after a
strong environmental selection that swapped the diploid
ancestors for polyploids (Otto and Whitton, 2000; Brochmann
et al., 2004; Ramsey, 2011; te Beest et al., 2012; Chao
et al., 2013; Parisod and Broennimann, 2016). Therefore,
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with past global environmental changes,
which might have played significant roles
in the establishment of polyploids (Van de
Peer et al., 2009, 2017).

Sly Chrg
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Challenges to Infer the Evolutionary
Significance of WGDs

Because of the recurrent occurrences
and subsequent large-scale gene losses,
the remaining signals of genetic contribu-
tion from ancient WGDs became compli-
cated and ambiguous (Doyle et al., 2008;
Schnable et al.,, 2011; Wendel et al.,
2016). In addition, the environmental
selection pressure usually do not last
as long as tens of million years. The
increased novel genetic contribution
of ancient WGDs might have been lost after the
environmental conditions changed. Moreover, hybridization
and recombination could also remove the critical genetic
information that helped species survive severe environmental
changes during a particular period. Therefore, it poses
challenges to infer the significance of WGDs in the
evolutionary history of angiosperms. Here, we have to
include many high-quality completely sequenced genomes
sharing one ancient WGD in our analysis to avoid
missing critical genes due to incomplete and/or improper
genome assembly and annotation. More importantly, although
these critical genes might be lost in some species, we
might still be able to piece together a broad picture from simul-
taneous consideration of many species. Finally, we investi-
gated several independent WGDs that occurred at same
period to look for shared duplicated genes. Therefore, we
were able to identify critical genetic signals for species surviv-
ing dramatic environmental changes, and propose the likely
evolutionary consequences of WGDs for plant adaptation.
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Genetic Evidence Sheds New Light on the Contribution
of WGDs to Adaptation

In addition, to illustrate the genetic impact of individual WGDs, we
also need to consider certain waves of ancient WGDs indepen-
dently occurring in different lineages. The severe environmental
changes should have posed similar selection for all species on
Earth. Previous studies have demonstrated the biased retention
for genes related to regulation and development (Maere et al.,
2005; Freeling, 2009). After comprehensive investigation of
gene families, we found that certain functional genes were
duplicated after independent WGDs occurred during the same
period, which provides likely evidence supporting global
environmental selection on the paleopolyploids from different
lineages. For example, in response to low-temperature and
low-light environmental changes during the K-Pg boundary, the
second wave of ancient WGDs have contributed to reshape
CBF-dependent signaling (Figures 4 and 5) and shade
avoidance pathways (Figure 6). The duplicates in ICE and CBF
gene families are recruited in the pathway which indeed
enhanced cold tolerance in plants (Shi et al., 2015).

METHODS

Genome Data

We selected 25 sequenced plant genomes representing major lineages of
angiosperms and having clear WGD records during their evolutionary his-
tory. The studied species included 10 eudicots (A. thaliana, Boechera
stricta, Eucalyptus grandis, G. max, Medicago truncatula, Populus tricho-
carpa, Solanum lycopersicum, Solanum tuberosum, Tarenaya hassleriana,
and V. vinifera), 12 monocots (Brachypodium distachyon, O. sativa,
P. virgatum, Sorghum bicolor, Setaria italic, Spirodela polyrhiza, Setaria
viridis, Z. mays, Aegilops tauschii, Elaeis guineensis, Hordeum vulgare,
and M. acuminata), one living representative of a lineage that represents
the extant earliest diverging lineage of flowering plants also named basal
angiosperm (A. trichopoda), one lycophyte (S. moellendorffii) and one
moss (P. patens). Genome data of A. tauschii, E. guineensis, and
M. acuminata were downloaded from their project websites
(Supplemental Table 1), and the other genome data were mainly
downloaded from Phytozome (version 11) (Goodstein et al., 2012).

Gene Family Classification and Phylogenetic Analysis

We classified protein-coding genes into putative gene families or subfam-
ilies using the OrthoMCL method (version 2.0.9) (Li et al., 2003) with an
inflation parameter of 1.5, and obtained 66 509 orthogroups in total. The
orthogroups with less than four genes and/or without at least one gene
from outgroups were filtered out, and the remaining 12,077 orthogroups
were processed to phylogenetic analysis. The taxonomic distribution of
the 12,077 orthogroups by considering the last common ancestor of
genes in each orthogroup was shown in Supplemental Figure 8. For the
construction of global gene family trees, the amino acid sequences of
each orthogroup were aligned with MAFFT (Katoh et al., 2005). Then the
corresponding nucleic acid sequences were forced onto amino acid
alignments using PAL2NAL (Suyama et al., 2006). To remove poorly
aligned regions, the nucleic acid alignments were refined using trimAl
1.4 (Capella-Gutirrez et al., 2009) with the option “automatedi.”
Phylogenetic trees were conducted using maximum likelihood method
in RAXML 8.2.11 (Stamatakis, 2014) with the fast bootstrap option, 100
replicates under GTRGAMMA model.

Identifying Gene Duplication Events

To accurately identify gene duplications, we followed the same standard
for gene trees and species tree reconciliation as proposed by Jiao et al.
(2011). That is, two child branches need to have genes from at least one
common species, and the parental node and one of the child nodes
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should both have bootstrap values equal or greater than 50%. Since the
phylogenetic relationships of 25 species sampled in this study were
clear (Angiosperm Phylogeny Website), we directly adopted the
currently accepted topology as species tree. Genes from outgroups
(P. patens, S. moellendorffii, and A. trichopoda) were used to root trees.

Firstly, we used Notung 2.9 (Stolzer et al., 2012), a gene tree-species tree
reconciliation program, to batch reconciling all the nodes of gene trees
with corresponding nodes in species tree. Parsimony-based optimization
criterion was employed in Notung to minimize the duplication/loss cost.
We ran the analysis based on the duplication-loss events model. In addi-
tion to “—reconcile” mode, the “—rearrange” mode was also performed
with parameters setting as “—threshold 50%.” This option could rear-
range weakly supported edges (such as bootstrap <50%) and reduce
the duplication uncertainty of inference (Notung 2.9 manual). Secondly,
after carefully checking thousands of reconciled trees resulting from
Notung, we further applied the standard that “two child branches need
have genes from at least one common species,” and removed some
low-confidence duplications from all the reconciled trees.

Eliminating Tandem Duplications

We defined two genes located within five genes as tandem duplicates. If a
duplication node contains two genes (genel, gene2), or two child
branches ((gene1, gene2), (gene3, gened)), either of the two genes located
proximal to each other were treated as from tandem duplications. Based
on the above criteria, we removed tandem duplication events for all the
reconciled gene trees.

Ks Calculation of Duplication Node and Circumscription of
Individual WGDs

We used Kg values to date two WGDs occurring on the same branch that
could not be circumscribed using the phylogenetic method. Ks estimates
for pairwise comparisons (one gene in the m branch and the other gene in
the n branch) were obtained using the Nei-Gojobori method (Nei and
Gojobori, 1986) implemented in the yn00 program of the PAML package
(Yang, 1997). The sum of Kg values for all pairwise comparisons were
then divided by the number of Kg estimates (m*n). Thus, we got a
weighted Kg value for a duplication event. According to the Ks ranges of
p and o events indicated by a sequential Ks curve of syntenic gene
pairs of O. sativa, as obtained using Plant Genome Duplication
Database online tools, we roughly defined that duplication nodes with
Ks > 1.0 belong to the o event, and that duplication nodes with Ks <
1.0 belong to the p event (Supplemental Figure 9). Ks > 0.7 belonging
to the Y™ event and Kg < 0.7 belonging to the /g™ event were defined
based on the circumscription of a previous study (D’Hont et al., 2012).

Syntenic Conservation Analysis of Retained Paralogous Genes

The above procedures allow us to obtain the paralogous genes potential
related to each WGD. To further validate if the duplicate genes are still
located on syntenic blocks, we performed collinearity analysis of WGD-
derived species. The intragenome syntenic blocks were detected by using
MCScanX based on the default parameters (Wang et al., 2012). We then
scored the percentage of paralogous genes with syntenic evidence out
of the total genes through phylogenomic timing.

GO Annotation of Gene Orthogroups and Functional
Enrichment Analysis

To annotate orthogroups, we used the full GO term of A. thaliana genes as
the annotation of orthogroups if they have Arabidopsis genes. Otherwise,
we searched the InterPro domain of protein sequences using
InterProScan (Zdobnov and Apweiler, 2001) and got the full GO term
annotation. Statistical enrichment of GO terms was evaluated by
comparing the sample (common retained orthogroups) with the
background (all annotated orthogroups) based on Fisher’s exact test
and adjusted P values according to the Benjamini and Hochbery (false
discovery rate) method (Ashburner et al., 2000).

Molecular Plant 13, 59-71, January 2020 © The Author 2019. 67



Molecular Plant

Retention Analysis of Transcription Factors

We used the gene families of transcription factors (TFs) of A. thaliana
downloaded from PlantTFDB 4.0 (Jin et al., 2017) to annotate
orthogroups. For each WGD event, the retained orthogroups of each
TF family were identified. Owing to the sequence divergence after
duplications, some TF families were usually classified into multiple
orthogroups. To eliminate the influence of the size of orthogroups
in one TF gene family, we calculated a normalized value (retention
value, R value) to reflect the retention pattern of each TF
after corresponding WGD. R value is calculated from the formula as
follows:

Ryawe =

Number of orthogroups with retention in specific TF

Total number of orthogroups in specific TF /

Number of all TF orthogroups with retention
Total number of TF orthogroups

)

where Number of orthogroups with retention in specific TF is the proba-
Total number of orthogroups in specific TF P
bility of retention of a specific TF family after corresponding WGD and
Number of all TF orthogroups with retention - .
th bability of retent
Total number of TF orthogroups 15 the probabfiiy of retention

of all TF families after the corresponding WGD.

Coexpression Network Construction and Comparison

A total of 222 cold-related RNA-seq samples (162 for A. thaliana in
Supplemental Table 7 and 60 for V. vinifera in Supplemental Table 8)
were downloaded from the NCBI's Sequence Read Archive database
(https://www.ncbi.nlm.nih.gov/sra/). These datasets were then
investigated with quality control, clean reads mapping, FPKM
(Fragments Per Kilobase of transcript per Milion mapped reads)
calculation, as in You et al. (2016). After removing non-expression
genes of each sample (FPKM 0.14 and 0.36 were selected as cutoffs
for A. thaliana and V. vinifera, respectively; detailed method as
described in You et al., 2016), the remaining expressed genes were
used to calculate coexpression relationships using Pearson’s
correlation coefficient (PCC). Subsequently, Mutual rank (MR)
(calculated as the geometric mean of the PCC rank from gene A to
gene B and the rank of gene B to gene A), was used to construct the
coexpression network (Obayashi and Kinoshita, 2010; You et al,
2016). MR was demonstrated to be more effective to get credible
coexpression gene pairs than PCC (Obayashi and Kinoshita, 2010).
Therefore, we constructed MR-based coexpression networks for each
species. Then, we selected the top 300 coexpressed genes (a threshold
used by You et al. [2016] and Obayashi et al. [2018]) in Arabidopsis and
in Vitis for network comparison. In such cases, the coexpression
networks of AthICE1 and AthICE2 (formed by B WGD) in Arabidopsis
and their orthologous WiICE in Vitis were used to assess the
evolutionary pattern of these key genes in the CBF signaling pathway.
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