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ABSTRACT. Paleobotanists debate whether the Cretaceous/Paleogene boundary (KPB) event was selective. As
the hypothesis that the KPB event selected for plants with fast-return leaf economic traits (e.g. deciduousness)
has lost empirical support in recent investigations, researchers have turned to alternative hypotheses to explain
an abrupt decline in primary productivity across the KPB. Two contemporary hypotheses designed to explain
selectivity among plants across the KPB are that (1) polyploids exhibited greater survivorship than their diploid
progenitors or counterparts (i.e. the KPB-whole genome duplication or WGD hypothesis) and that (2) plants
with desiccation-tolerant (DT), i.e. orthodox, seeds exhibited greater survivorship than plants with desiccation-
sensitive (DS), also known as recalcitrant, seeds. Late embryogenesis abundant (LEA) protein gene families are
perceived to confer DT and seed longevity among vascular plants. Non-parametric Wilcoxon signed-rank test for
matched pairs and a Mann-Whitney U test reveal that plant lineages perceived to have undergone WGD across
the KPB exhibit significantly greater numbers of LEA genes than those that did not. On the basis of these data,
this investigation elicits a merger between the KPB-WGD and KPB-seed traits concepts. However, emphasis
is shifted from the concept of WGD as an immediate adaptation to climatic stress at the KPB (the KPB-WGD
hypothesis) to the concept that WGD was an exaptation, which, by definition, fortuitously enhanced the survival
of vascular plants across the KPB but that probably evolved initially in other climatic contexts.
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INTRODUCTION

Contemporary hypotheses on the cause of
the Cretaceous/Paleogene boundary (KPB)
mass extinction event emphasize an abrupt
loss of primary productivity at the KPB asso-
ciated with a severe, long-lasting impact win-
ter caused by sulfate and other stratospheric
aerosols produced by the Chicxulub asteroid
impact in the Yucatdn Peninsula (Junium
et al., 2022; Morgan et al., 2022). Although
previous paleobotanical investigations empha-
sized a rather mild KPB impact winter asso-
ciated with selection for deciduousness or
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other fast-return leaf economic strategies
(Wolfe and Upchurch, 1987; Blonder et al.,
2014), this hypothesis lacks critical empiri-
cal support in recent investigations (Berry,
2020; Butrim et al., 2022). Long-term recovery
of plants is perceived to have been from soil
propagule banks, although plants would have
initially faced global deforestation coupled
with wildfires caused by reentering impact
ejecta and a transient period of global dark-
ness associated with stratospheric aerosols
(Nichols and Johnson, 2008; Vajda and Ber-
covici, 2014). Accordingly, paleobotanists have
shifted their attention to other hypotheses,
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such as selection for desiccation-tolerant (DT),
i.e. orthodox (sensu Roberts, 1973), seeds that
are long-lived and form seed banks capable of
tolerating frost, drought and other environ-
mental factors or selection for stress-tolerant
polyploids across the KPB (Berry, 2020; Van
de Peer et al., 2021). Desiccation tolerance is
generally viewed as a prerequisite for long-
term seed viability, especially in the context
of forming seed banks in freezing terrestrial
environments (Jaganathan et al., 2015; Long
et al., 2015). In turn, DT and seed longev-
ity is conferred through late embryogenesis
abundant (LEA) genes (Smolikova et al., 2021,
Sharma, 2022). Changes in ploidy level may
have resulted in divergent evolutionary trajec-
tories and may have influenced the diversifica-
tion of surviving clades.

Given that there is considerable taxonomic
evidence that plants with DT seeds probably
exhibited greater survivorship across the KPB
(Berry, 2020), a natural extension of this con-
cept is that plants with a greater number of
LEA genes exhibited greater survivorship
across the KPB. This hypothesis may explain
the apparent correlation between whole
genome duplication (WGD) frequency and the
KPB, which was first recognized by Fawcett
et al. (2009), but which has received relatively
little attention (Van de Peer et al., 2021). Up to
this point, connections between these concepts
have largely been anecdotal, such as recogniz-
ing that two of the plant taxa with the longest-
lived seeds known (i.e. seed longevity greater
than a millennium), Phoenix dactylifera L.
and Nelumbo nucifera Gaertn. (Sano et al.,
2016), represent lineages that have undergone
WGD at or near the KPB (Vanneste et al.,
2014; Lohaus and Van de Peer, 2016). Despite
several mentions (e.g. Berry, 2020; Shi et al.,
2020), the hypothesis that DT or seed longev-
ity was selected across the KPB in correlation
with WGD has not yet been rigorously tested
(Van de Peer et al., 2021).

Initially regarded as an evolutionary dead-
end during the formulation of the neo-Darwin-
ian Evolutionary or Modern Synthesis (Steb-
bins, 1950), polyploidy is now known to be
a major feature of plant macroevolution (Soltis
and Burleigh, 2009; Soltis et al., 2009, 2014).
WGD constitutes a relatively high proportion of
speciation events within vascular plant lineages
(~15-31% of all speciation events; Wood et al.,
2009), although the factors contributing to the

long-term success or establishment of poly-
ploid lineages are less well understood (Clark
and Donoghue, 2018; Clark et al., 2019). WGD
has been viewed as providing either the raw
genetic material for evolutionary diversification
(Barrett et al., 2019) or the means of surviving
major climatic upheavals (Sessa, 2019; Van de
Peer et al., 2021). In either of these ways, WGD
could be important for surviving or proliferat-
ing in the aftermath of global mass extinction
events. The adaptive benefits of WGD are three-
fold: the origination of evolutionary innovation
via neofunctionalization, the reduction of plei-
otropy via subfunctionalization and the genera-
tion of genetic redundancy (Chain et al., 2011).
In instances where these genes are maladap-
tive, duplicate genes are typically lost within
a few million years after the WGD event (Lynch
and Conery, 2000; Chain et al., 2011). Given
the very short-term nature of the impact win-
ter, which lasted decades at most (Chiarenza
et al., 2020; Tabor et al., 2020; Morgan et al.,
2022), it is conceivable that duplicate genes
favoring plant survival and proliferation during
this extreme, but short-lived event ultimately
would have been lost in the Danian unless they
conferred some longer-term advantage, which
may extend, perhaps, even to the present day.
Therefore, it seems reasonable to infer that
such traits may have been exaptations rather
than adaptations — i.e. features that had ini-
tially evolved in other climatic contexts, but
which fortuitously enhanced survival or prolif-
eration of plants across the KPB. In this way,
the KPB-seed traits hypothesis can be viewed
as conceptually distinct from the KPB-WGD
hypothesis, as the latter emphasizes WGD as
a means of “instant speciation” (cf. Coyne and
Orr, 2004) that facilitated rapid or immediate
adaptation to severe climatic upheaval at the
KPB (Sessa, 2019; Van de Peer et al., 2021).
Alternatively, the KPB-seed traits hypothesis
emphasizes that seed dormancy was not an
immediate adaptation to the climatic upheaval
at the KPB but instead had initially evolved
outside of this context (Berry, 2020).

In order to evaluate the above hypotheses,
this investigation merges two datasets: (1) one
that emphasizes WGD events in relatively close
proximity to the KPB (Vanneste et al., 2014;
Lee et al., 2016; Lohaus and Van de Peer et al.,
2016; Olsen et al., 2016; Van de Peer et al.,
2017; Wu et al., 2019) and (2) one that com-
piles numbers of genes for late embryogenesis
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abundant (LEA) proteins (Artur et al., 2019a).
LEA genes are known to confer desiccation tol-
erance to plants and are generally perceived
to be associated with seed longevity (Smoli-
kova et al., 2021; Sharma, 2022). For exam-
ple, extreme seed longevity in both Phoenix
dactylifera and Nelumbo nucifera is conferred
by LEA genes (Shen-Miller et al., 2013; Aziz
et al., 2021; Matilla, 2022). This study inves-
tigates whether the average number of LEA
genes differs significantly between lineages
that either have or have not undergone WGD.
A net increase in gene diversification associ-
ated with WGD suggests LEA genes were
adaptive across the KPB. Whether or not WGD
represents an immediate adaptation to the
KPB event is contingent upon accurate dating
of WGD events. Therefore, it is also important
to consider contemporary evidence on the pre-
cise timing of WGD events in order to evaluate
the alternative exaptation hypothesis, which
suggests that WGD may have occurred in cli-
matic contexts other than the KPB event, but
which proved fortuitous for survival across the
KPB. Finally, a third hypothesis is that LEA
genes are almost always retained following
WGD events because they are non-adaptive
spandrels that arise as byproducts of selection
for other adaptive features (sensu Gould and
Lewontin, 1979), such as occasional asexuality
(Freeling, 2017). Accordingly, it is important
to specifically consider whether a reduction
in the number of LEA genes following WGD
has been associated with the evolution of seed
recalcitrance, a prediction of adaptive theory.

MATERIALS AND METHODS

According to contemporary perspectives, most
genes duplicated during WGD are eventually lost
unless they confer a selective advantage (Lynch and
Conery, 2000; Chain et al., 2011; Gout and Lynch,
2015; Wu et al., 2020). Previous investigations have
sought to identify duplicated genes retained across
the KPB in order to determine if these were selected
across this interval; however, these have not previously
addressed the question of whether LEA genes or gene
families were among those retained across the KPB
(Wu et al., 2020). For this investigation, a non-para-
metric Wilcoxon (1945) signed-rank test for matched
pairs is used to determine whether the number of LEA
genes is significantly higher among plants perceived to
have undergone WGD at or near the KPB than their
closest relatives that did not undergo WGD at or near
the KPB (Figs 1, 2). The Wilcoxon signed-rank test
for matched pairs can be used to determine whether

terminal taxa sharing a node but differing in key traits
— in this case, the presence/absence of paleopolyploidy
at or near the KPB — exhibit significant diversification
differences (Coyne and Orr, 2004). If the number of
LEA genes is significantly higher among those plant
lineages perceived to have undergone WGD at or near
the KPB, then it can be inferred that these duplicate
genes probably had a selective advantage across this
interval and were, therefore, retained (e.g. Wu et al.,
2020). Considering that WGD may have occurred out-
side of the context of the KPB event, it is conceivable
that a higher number of LEA genes could either be an
exaptation (i.e. initially evolved for some other pur-
pose, but which fortuitously contributed to survival
and proliferation across the KPB) or a spandrel (i.e.
a byproduct of the evolution of one or more traits,
rather than as a direct product of adaptive evolution).
For the purposes of this investigation, pairwise com-
parisons were made using the phylogenies of Vanneste
et al. (2014) and Artur et al. (2019a), where sister line-
ages perceived either to have or have not undergone
WGD at or near the KPB, respectively, were compared.
The average number of LEA genes for sister lineages
that either did or did not exhibit WGD at or near the
KPB was calculated, and these were subjected to the
Wilcoxon signed-rank test. Lineages known to exhibit
additional instances of WGD following the KPB, such
as Glycine max (L.) Merr., Brassica rapa L. and Zea
mays L. (Fig. 1), were excluded from the analysis to
reduce the confounding effects of additional rounds
of post-KPB paleopolyploidization on the analysis.
For the same reason, Xerophyta Juss. was not used
as a control for comparison because this taxon is now
perceived to have undergone WGD near the Paleocene/
Eocene thermal maximum (PETM), which affected the
number of LEA genes in this desiccation-tolerant, res-
urrection plant lineage via “rewiring” or cooptation of
the seed dormancy regulatory gene network (Costa
et al., 2017; Artur et al., 2019a, b; Lyall et al., 2020).

In addition to the Wilcoxon signed-rank test for
matched pairs, a Mann-Whitney (1947) U test is per-
formed to determine whether spermatophyte lineages
perceived to have experienced WGD at or near the
KPB exhibit a significantly higher number of LEA
genes than plants that did not. These data were com-
piled from Artur et al. (2019a: Supplementary Table 1)
and are illustrated in Figure 2. For this test, all sper-
matophytes sharing a most recent common ancestor
(MRCA) with Amborella trichopoda Baill. were used.
Taxa excluded from this analysis included those per-
ceived to have undergone additional rounds of WGD
following the KPB, as discussed above.

Certain genes may be preferentially retained fol-
lowing WGD events, such as transcription factors,
signal transducers and genes encoding multiprotein
complexes (Blanc and Wolfe, 2004; Maere et al., 2005;
Li et al., 2016; Tasdighian et al., 2017). For this rea-
son, the Mann-Whitney U test and Wilcoxon signed
rank test for matched pairs were performed again,
including taxa previously excluded from the analyses
(i.e, taxa experiencing post-KPB WGD). The results of
these two rounds of analyses were compared in order
to determine whether duplicate LEA genes are prefer-
entially retained following WGD events, regardless of
whether they are associated with the KPB.
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DATA AND RESULTS

Plant lineages perceived to have under-
gone WGD at or near the KPB exhibit a sig-
nificantly higher number of LEA genes than
their closest relatives that did not (p<0.05),
as determined by both a Wilcoxon signed-
rank test for matched pairs (i.e. pairwise, sis-
ter group comparisons of average numbers of
LEA genes for taxa either exhibiting WGD at
or near the KPB or not exhibiting this trait)
and a Mann-Whitney U test (i.e. comparison of
number of LEA genes for spermatophyte taxa
either exhibiting WGD at or near the KPB or
not exhibiting this trait, for all taxa sharing an
MRCA with Amborella trichopoda). This is sig-
nified by a “+” sign in Figures 1 and 2. There-
fore, it can be inferred that the number of LEA
genes in these lineages was positively selected
across the KPB because they are retained in
these lineages, although this inference is con-
tingent on accurate dating of WGD events
(discussed below). As the number of genes or
diversification of gene families are perceived
to have been affected by paleopolyploidy in
these lineages (Artur et al., 2019a; Chen et al.,
2019), then it can be inferred that these were
selectively retained across the KPB. Two line-
ages perceived to have experienced WGD at or
near the KPB, the sea grasses and Solanaceae
Juss., experienced a reduction in the number
of LEA genes associated with WGD (Fig. 2).

When the tests were repeated with taxa
previously excluded from the analyses (e.g.
Glycine max, Brassica L., Zea mays and Xero-
phyta), there was no change to the result of the
Wilcoxon signed rank test for matched pairs.
This is because there was no change to the net
effect or positive shift in LEA gene diversifi-
cation, as taxa exhibiting post-KPB WGD still
exhibited a greater average number of LEA
genes than their respective sister taxa. Includ-
ing these taxa increased the significance of the
result of the Mann-Whitney U test, which low-
ered the p-value from p =0.02 to p =0.004.

DISCUSSION

The role of WGD in plant macroevolution,
particularly in relation to global mass extinc-
tion boundaries, remains uncertain, primarily
due to a lack of temporal control on the WGD
events (Clark and Donoghue, 2017, 2018;

Clark et al., 2019). It was initially thought that
guard cell size directly correlates with ploidy
level in angiosperms and other vascular plants
(Lomax et al., 2014). However, based on this
guard cell size proxy evidence, paleobotanists
have been critical of the concept that polyploids
exhibited greater survivorship than their dip-
loid progenitors or contemporaries at the KPB
(Lomax et al., 2014). This view is complicated
by the understanding that some polyploids
exhibit smaller guard cells and spores/pollen
than their closest diploid relatives (Da Silva
et al., 2019; Berry, 2022a).

Among those plant lineages with orthodox
seeds that crossed the KPB include Nelumbo
Adans. and Fabaceae Lindl. The former is
known to have crossed the KPB in the West-
ern Interior of North America (Johnson, 2002;
Berry, 2020), whereas the latter is perceived
to have first appeared either slightly below or
just above the KPB in this region (Lyson et al.,
2019; Koenen et al., 2021; Zhao et al., 2021;
Herendeen et al., 2022). Nelumbo is perceived
to have evolved DT in association with WGD
at or near the KPB (Shi et al., 2020). Parsi-
mony suggests that orthodox seeds evolved in
Fabaceae only once; as a water-impermeable
seed coat, i.e. physical dormancy is present in
all of the subfamilies of this family, is compar-
atively rare among other angiosperm families
and is lacking in its closest relatives (e.g. Polyg-
alaceae Hoffmanns. et Link) and gymnosperms
(Baskin and Baskin, 2014). DT seeds might
have offered numerous benefits to survive the
changing climate, such as the ability to estab-
lish a long-term seed bank. Zanne et al. (2014)
postulated that DT seeds establish soil seed
banks as a critical survival strategy for angio-
sperm radiation in freezing environments.

Accordingly, this trait may have contrib-
uted to the proliferation of Fabaceae in the
Paleogene (De Casas et al., 2017), although
other factors (e.g. nitrogen fixation and the
ability to adapt to dry conditions) may also
have contributed to this radiation (Zhao et al.,
2021). Furthermore, physical dormancy or DT
is explained through an LEA gene regulatory
network, which is now known to have evolved
through WGD (Verdier et al., 2013; Marques,
2018; Artur et al., 2019a). Although older,
Fabaceae-like fruits are reported from the late
Campanian in Mexico (Centeno-Gonzalez et al.,
2021), these fruits lack diagnostic character-
istics associated with this family (Herendeen
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Figure 1. Relative timing of whole genome duplication events (redrawn from Vanneste et al., 2014: Fig. 1) plotted against
numbers of LEA genes (adapted from Artur et al., 2019a). Numbered nodes indicate clades subjected to the Wilcoxon (1945)
signed-rank test for matched pairs to test the differential effects on LEA gene diversification by WGD at or near the KPB.
Positive signs “+” indicate a significant, positive shift in the average number of LEA genes in clades with WGD at or near the
KPB as determined by the Wilcoxon signed-rank test for matched pairs and the Mann-Whitney (1947) U tests. Clades demon-
strating physical dormancy are labeled “PD”. Arrows indicate the two taxa with the longest-lived seeds known
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Figure 2. Numbers of LEA genes in relation to phylogenetic relationships, with WGD events depicted as stars (redrawn and
adapted from Artur et al., 2019a: Fig. 1). Arrows indicate WGD events reconstructed as occurring close to the KPB according to
Vanneste et al. (2014), Lohaus and Van de Peer (2016), Lee et al. (2016), Olsen et al. (2016), Van de Peer et al. (2017) and Wu
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“+” indicate a significant, positive shift in the number of LEA genes in clades with WGD at or near the KPB as determined
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in the number of LEA genes associated with WGD near the KPB (Lee et al., 2016; Olsen et al., 2016), presumably as a result
of adaptation to a warm, shallow water coastal habitat in the case of sea grasses (Artur et al., 2019a) or a loss of duplicates

following WGD in the case of Solanaceae (Chen et al., 2019)

et al., 2022). The oldest confirmed Fabaceae
fruits first appear in seasonal tropical for-
ests in the Denver Basin, Colorado, slightly
above the KPB (Lyson et al., 2019; Herendeen
et al., 2022). Thus, it is probable that tropical
wet forests favored the DS seeds, and when
moved to other ecosystems with seasonal cli-
mates resulted in drying pressures, eventually
mechanisms to avoid overdrying, plausibly
explaining the absence of physical dormancy,
in wet ecosystems. This is because the related

family Polygalaceae and these more ancient,
Fabaceae-like fruits are both found in tropical
wet forests (Greenwood and Christophel, 2005;
Baskin and Baskin, 2014; Martinez-Cabrera
and Estrada-Ruiz, 2014). This places the ori-
gin of Fabaceae near the KPB event (Her-
endeen et al., 2022), when multiple rounds of
WGD may have occurred, including an ances-
tral, pan-legume WGD event first posited by
Koenen et al. (2021) and later corroborated by
Zhao et al. (2021). Finally, Fabaceae observed
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to be DS (i.e. species where DT has been sec-
ondarily lost) display an underrepresenta-
tion of LEA genes when compared to their
close relatives with DT (Delahaie et al., 2013;
Marques, 2018).

Hypotheses focused on selection of leaf eco-
nomic traits, such as deciduousness or other
fast-return growth strategies, struggle to
explain differential survival of conifers across
the KPB (Royer et al., 2003; Berry, 2020). More
recently, this has been explained through dif-
ferences in seed traits (Berry, 2022b, c), clari-
fying why low-latitude (i.e. tropical evergreen)
araucarian conifers (Fig. 3), for example, suf-
fered greater extinction than other archaic
conifer groups (e.g. Classopollis Pflug pollen-
producing  Cheirolepidiaceae = Turutanova-
Ketova) — a well-documented pattern (Car-
valho et al., 2021; Jacobs and Currano, 2021).
Carvalho et al. (2021) proposed that the dis-
appearance of these conifers at the KPB may
be due to the lesser propensity of conifers for
WGD than angiosperms, which may agree
with the results of this investigation (Fig. 3).

The hypothesis that plants experienced
WGD at the KPB due to enhanced stress tol-
erance of polyploids (Fawcett et al., 2009) has
been critiqued because of inaccurate dating
of WGD events (Clark and Donoghue, 2017,
2018; Clark et al., 2019). For example, Van-
neste et al. (2014), Lohaus and Van de Peer
(2016), and Van de Peer et al. (2017) describe
a WGD event in the lineage leading to Phoenix

dactylifera, which they presume occurred in
close proximity to the KPB on the basis of
synonymous substitution rate (Ks) peak-based
estimates; however, Barrett et al. (2019) rec-
ognize that this ancient WGD event is shared
by all palms and, therefore, must have signifi-
cantly pre-dated the KPB. Similarly, Huang
et al. (2020) identified a series of WGD events
in Cyatheales A.B. Frank (tree ferns) closely
bracketing the KPB; however, scrutiny of
these events in the context of highly resolved,
fossil-calibrated phylogenies clearly indicate
that WGD occurred closer in proximity to
the Triassic/Jurassic than the KPB (Berry,
2022a). Other WGD events formerly thought
to have occurred close to the KPB have also
been shown to either significantly predate (e.g.
Vanneste et al., 2015 vs. Clark et al., 2019) or
significantly post-date the KPB (Berry, 2022d).

The hypothesis that seed traits were
selected across the KPB emphasizes that seed
longevity is an exaptation (sensu Gould and
Vrba, 1982) rather than an adaptation to the
severe climatic conditions at the KPB, particu-
larly if the KPB climatic event was too severe
for plants to reproduce and plant recovery was
contingent on preexisting soil propagule banks
(Berry, 2020). Essentially the same, exapta-
tion-focused hypothesis has already been pro-
posed to explain differential survival of dia-
toms across the KPB (Gould, 2002). Therefore,
WGD conferring seed longevity (e.g., duplica-
tion of LEA genes) need not have occurred at

L-12997) from the syndepositional late Maastrichtian Vermejo-Raton Formation, southeastern Colorado, an example of a coni-
fer that disappeared at the KPB
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the KPB, but could have occurred any time
prior to the KPB, so long as differential WGD
events provided the raw material (i.e., varia-
tion in LEA gene number) upon which selec-
tion could later act at the KPB.

It is well established that transcription fac-
tors, signal transducers and genes encoding
multiprotein complexes have a greater chance
of surviving WGD events (Blanc and Wolfe,
2004; Maere et al., 2005; Li et al., 2016; Tas-
dighian et al., 2017). Accordingly, it is probable
that retention of duplicate LEA genes following
WGD may be a general phenomenon not exclu-
sively associated with selection for seed lon-
gevity at the KPB or during long-term climatic
cooling during the Cenozoic. Furthermore, it is
also conceivable that WGD may be a spandrel
(sensu Gould and Lewontin, 1979) associated
with selection for other traits, such as asexual-
ity, across the KPB (Freeling, 2017). In either
case, it may be that duplicate LEA genes are
frequently retained after WGD events, but not
because they are climatic adaptations.

Among the strongest evidence contradicting
this spandrel hypothesis is the view that sea
grasses experienced WGD at or near the KPB
(~67 Ma; Lee et al., 2016; Olsen et al., 2016)
coupled with a net reduction in the number of
LEA genes (Fig. 2), which has been proposed
as a result of adaptation to the warm, shallow
marine habitat rather than adaptation to the
severe climatic stress of the KPB event (Lee
et al., 2016; Olsen et al., 2016; Artur et al.,
2019a). This is consistent with the observation
that sea grasses exhibit strongly recalcitrant
(i.e. desiccation-intolerant or DS) seeds, despite
retaining the potential for seed dormancy (Xu
et al., 2020). Sea grasses first appeared in the
Maastrichtian and are known to have crossed
the KPB in its type area and vicinity (Van der
Ham et al., 2007; Hart et al., 2016). Despite
being desiccation- intolerant (DS), recalcitrant
sea grass seeds are known to remain viable in
warm, shallow sea water habitats for at least
three years (Leck et al., 1989; Belzunce et al.,
2008), thus forming what is referred to as
a “persistent” seed bank in shallow marine sed-
iments, with seed viability greater than a year
(Orth et al., 2006: 113—-114). Therefore, these
plants could have recovered from a period of
transient darkness lasting 1-2 years, provided
that coastal sea temperatures remained warm
enough for seed bank survival, as predicted
in some asteroid impact climate models (e.g.

Chiarenza et al., 2020; Morgan et al., 2022).
Indeed, coastal habitats may have experienced
a less severe asteroid impact winter than conti-
nental landmasses due to the “thermal inertia”
of the ocean (Tabor et al., 2020: p. 5), a factor
already discussed at length in the context of the
KPB-seed traits hypothesis (Berry, 2020). This
underscores the adaptive context of LEA gene
diversification. In the case of sea grasses, loss
of duplicate LEA genes is presumed to have
been rapid following WGD - that is, prior to
the radiation of sea grasses in the Paleogene
(Lee et al., 2016; Olsen et al., 2016). There-
fore, these data seem to corroborate the exist-
ing theory on the fate of duplicate genes in an
adaptive context (Lynch and Conery, 2000;
Gout and Lynch, 2015; Wu et al., 2020). For
this reason, retention or loss of LEA genes can
be viewed as an adaptive phenomenon linked
to climatic factors (Artur et al., 2019a).
Another group that may have experienced
WGD near the KPB is the lineage leading to
the Solanaceae (Wu et al., 2019), although this
was also accompanied by a net reduction in the
number of LEA genes (Fig. 2). Solanum tubero-
sum L. has been reported as having 72-74 LEA
genes (Artur et al., 2019a; Chen et al., 2019),
although the diploid or non-polyploid sister
group to the Solanaceae is reconstructed as
having 81 LEA genes (Artur et al., 2019a).
Although LEA genes are presumed to have
evolved through whole genome duplication in
the Solanaceae, functional similarity may have
resulted in the loss or consolidation of gene
duplicates with functional overlap (Chen et al.,
2019). In any case, these genes appear to have
retained their function in desiccation and other
stress tolerance (Chen et al., 2019). This is con-
sistent with the view that Solanum tuberosum
seeds are DT and can remain viable for at least
two decades (Barker and Johnson, 1980).
Viviparous seeds, or those with effec-
tively no dormancy, are characteristic of
tropical mangrove palms (e.g. Nypa [fruti-
cans Wurmb) (Baskin and Baskin, 2014),
including those known from the fossil record
(Moreno-Dominguez et al., 2016). These man-
grove palms are presumed to have been the
principal competitors or ecological replace-
ments of Classopollis pollen-producing Cheir-
olepidiaceae (archaic conifers) throughout the
late Cretaceous and early Paleogene (Jacobs,
2004; Quattrocchio et al., 2013; Berry 2022e).
In the early Paleocene (Danian), anomalous
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abundance patterns or “spikes” in Classopol-
lis pollen appear to have been associated with
a temporary reprieve from ecological competi-
tion with these mangrove palms in brackish-
water, coastal or intertidal habitats due to
the non-deposition of this palm pollen at peak
palynological abundances of Classopollis pol-
len (Muller, 1968; Wang et al., 1990; Morley,
1998; Barreda et al., 2012; Berry, 2022e¢). Clas-
sopollis pollen spikes have been recorded from
several areas in the early Paleocene, including
depositional basins along the equator (western
Sarawak in Borneo) and in both the Northern
(Tarim Basin, China, and vicinity) and South-
ern Hemispheres (Colorado and Golfo San
Jorge Basins in Patagonia, Argentina) (Muller,
1968; Morley, 1998; Wang et al., 1990; Quat-
trocchio, 2006; Barreda et al., 2012; Berry,
2022b, e). These data are consistent with the
predictions of the KPB-seed traits hypothesis
(Berry, 2022b, e), as Cheirolepidiaceae is known
to have exhibited seed dormancy (Baskin and
Baskin, 2014). These data are also consistent
with palynological evidence for a near mass
extinction event among palms, where palm pol-
len diversity decreased by ~47% in some equa-
torial regions at the KPB (Pan et al., 2006).
With the exception of only a few palms (e.g.
coryphoid palms that include Phoenix dactyl-
ifera), most palms produce recalcitrant or DS
seeds (Baskin and Baskin, 2014; Jaganathan,
2021). Considering that palynological records
are typically too poorly resolved taxonomically
to record the species-level mass extinction
event among plants at the KPB (Nichols and
Johnson, 2008), a near mass extinction event
recorded in palm pollen diversity in equatorial
habitats strongly supports predictions based
on the KPB-seed traits hypothesis.

In view of all of these patterns, the results
of this investigation provide key insight into
the role of WGD in plant macroevolution
across the KPB. Rather than representing an
immediate adaptation to the severe climatic
stress of the KPB event, WGD across the KPB
appears to have been associated with adapta-
tion to varying climatic conditions. Fortuitous
survival and proliferation of plants across the
KPB appears to have depended on traits that
initially evolved in other climatic contexts —
that is, exaptation. This is consistent with the
view that climatic conditions at the KPB were
probably too severe for plant reproduction,
thus facilitating recovery from below-ground

reserves (Nichols and Johnson, 2008; Vajda
and Bercovici, 2014). This perspective high-
lights that retention of LEA gene duplicates
is clearly adaptive in climatic contexts outside
of the KPB event, as seen by the inclusion of
taxa, such as Glycine max, Zea mays, Brassica
and Xerophyta, in the analyses. This perspec-
tive also accommodates uncertainty in the
timing of WGD events, as it allows WGD to
be removed from the precise temporal context
of the KPB event. Although some of the WGD
events may be dated precisely to the KPB
interval, this is not a prerequisite for an exap-
tation-focused hypothesis as to why plant line-
ages experiencing WGD in the general vicinity
of the KPB appear to exhibit a greater number
of LEA genes than their closest relatives.

CONCLUSION

The critical role of seed traits aiding the
successful recovery of spermatophytes across
KPB is only recently gaining renewed inter-
est. This study reinforces the potential impor-
tance of WGD across the KPB by showing that
terrestrial vascular plant lineages perceived
to have undergone WGD at or near the KPB
exhibit significantly greater number of LEA
genes and shows a clear link between WGD
and seed traits, particularly DT. Accordingly,
this investigation shifts emphasis from WGD
as a rapid, immediate adaptation to climatic
stress at the KPB to WGD as an exaptation
that is generally adaptive in other climatic
contexts, but which fortuitously enhanced
plant survival across the KPB.
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