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Genomic DNA base composition (GC content) is predicted to signifi-
cantly affect genome functioning and species ecology. Although
several hypotheses have been put forward to address the biological
impact of GC content variation in microbial and vertebrate organ-
isms, the biological significance of GC content diversity in plants
remains unclear because of a lack of sufficiently robust genomic
data. Using flow cytometry, we report genomic GC contents for
239 species representing 70 of 78 monocot families and compare
them with genomic characters, a suite of life history traits and
climatic niche data using phylogeny-based statistics. GC content
of monocots varied between 33.6% and 48.9%, with several groups
exceeding the GC content known for any other vascular plant
group, highlighting their unusual genome architecture and organi-
zation. GC content showed a quadratic relationship with genome
size, with the decreases in GC content in larger genomes possibly
being a consequence of the higher biochemical costs of GC base
synthesis. Dramatic decreases in GC content were observed in species
with holocentric chromosomes, whereas increased GC content was
documented in species able to grow in seasonally cold and/or dry
climates, possibly indicating an advantage of GC-rich DNA during
cell freezing and desiccation. We also show that genomic adapta-
tions associated with changing GC content might have played a
significant role in the evolution of the Earth’s contemporary biota,
such as the rise of grass-dominated biomes during the mid-Tertiary.
One of the major selective advantages of GC-rich DNA is hypothe-
sized to be facilitating more complex gene regulation.
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Deep insights into the genomic architecture of model plants
are rapidly accumulating, especially because of advances be-

ing made in high-throughput next generation and third generation
sequencing techniques (1). However, the genomic constitution of
the vast majority of nonmodel plants still remains unknown (2),
impeding our understanding of the relationship between partic-
ular genomic architectures and evolutionary fitness in various
environments. One of the important qualitative aspects of ge-
nomic architecture is the genomic nucleotide composition, which
is usually expressed as the proportion of guanine and cytosine
bases in the DNA molecule (GC content). In prokaryotes, the
GC content is a well-studied and widely used character in taxon-
omy (3), and numerous studies have shown both the impact of
GC content on microbial ecology and the influence of the envi-
ronment in shaping the DNA base composition of microbial
communities (4–7). The DNA base composition is also fre-
quently discussed in relation to the evolution of the isochore
structure in humans and other homeothermic (warm-blooded)
vertebrates (i.e., birds and mammals) (8–10). In contrast, con-
siderably less attention has been paid to the biological relevance
of genomic GC content variation in plants (11), with genomic
GC contents known only for a limited amount of the total phy-
logenetic diversity (11–18).
One important feature of the GC base pair is its higher

thermal stability compared with the AT base pair, a feature that

arises from the stronger stacking interaction between GC bases
and the presence of a triple compared with a double hydrogen
bond between the paired bases (19). In turn, these interactions
seem to be important in conferring stability to higher order
structures of DNA and RNA transcripts (11, 20). In bacteria, for
example, an increase in GC content correlates with a higher
temperature optimum and a broader tolerance range for a spe-
cies (21, 22). Selection for higher thermal stability has also been
suggested to explain the evolution of GC-rich regions in the
genomes of homeothermic vertebrates in contrast to their GC-
poor homologs found in poikilothermic (i.e., cold-blooded)
groups, such as fish and amphibians (9). Nevertheless, other al-
ternative hypotheses have also been proposed to explain GC
richness in bacteria and certain regions of vertebrate genomes
(7, 8, 11, 23, 24). Two additional important features of the GC
base pair are its higher mutability, related to frequent cytosine
methylation (25–27), and the higher cost of its synthesis compared
with the AT base pair (28). The latter has led to speculation that
there will be a tradeoff in the relationship between genomic GC
content and genome size (11). Indeed, the higher cost of GC base
pairs has been suggested as the reason that explains the lower GC
contents observed in giant genomed geophytic plants compared
with the species with smaller genomes (16). Nevertheless, it
remains unknown whether such observations are limited to spe-
cies with a geophytic life strategy or a more widespread phe-
nomenon across plants with different life strategies.

Significance

Our large-scale survey of genomic nucleotide composition across
monocots has enabled the first rigorous testing, to our knowl-
edge, of its biological significance in plants. We show that ge-
nomic DNA base composition (GC content) is significantly
associated with genome size and holocentric chromosomal struc-
ture. GC content may also have deep ecological relevance, be-
cause changes in GC content may have played a significant role
in the evolution of Earth’s biota, especially the rise of grass-
dominated biomes during the mid-Tertiary. The discovery of
several groups with very unusual GC contents highlights the
need for in-depth analysis to uncover the full extent of geno-
mic diversity. Furthermore, our stratified sampling method of
distribution data and quantile regression-like logic of phylo-
genetic analyses may find wider applications in the analysis of
spatially heterogeneous data.
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To date, the highest GC contents of land plants have been
found in grasses (Poaceae) (11, 15, 29–34). Although grasses are
reported to have undergone a dramatic spread and evolutionary
diversification over the last ∼30 My as the climate has become
increasingly arid and cool (35–37), the reasons underpinning
their success are controversial given that grasses have extremely
desiccation-sensitive (recalcitrant) pollen (38), a feature cer-
tainly not well-suited for growth in arid environments (39).
The question, therefore, arises as to whether the extremely
high GC content might somehow compensate or at least, whether
increased GC is also found in other groups with desiccation-
sensitive pollen. In contrast to grasses, the lowest GC contents
so far reported in plants have been found in several species
possessing holocentric chromosomes (i.e., in Cyperaceae and
Juncaceae) (15, 17), and this observation raises the question of
whether there is an association between genomic GC content
and chromosome structure.
The observations that both GC-rich Poaceae and GC-poor

Cyperaceae and Juncaceae are closely related (both belong to
the monocot order Poales) and that extreme GC contents have
also been reported in other monocots (16) make monocots (com-
prising ∼25% of all angiosperms) an ideal choice to conduct an
extensive survey of GC content to provide insights into the extent
of its diversity and its possible biological relevance and evolu-
tionary significance. Here, we present the first large-scale analysis,
to our knowledge, of GC content variation across 239 monocot
species, including representatives of all 11 orders and 70 of 78
families recognized by the Angiosperm Phylogeny Group III
(40). By analyzing GC content in relation to several genomic
characters, a suite of life history traits, and climatic data within a
well-resolved phylogenetic framework, we also explore the pos-
sible biological and ecological relevance of GC content variation
in monocots and discuss the nature of the driving forces that may
have contributed to it.

Results
GC content varied from 33.6% in Juncus inflexus to 48.9% in
Triticum monococcum (Figs. 1 and 2, Figs. S1 and S2, and Dataset
S1, Tables S1 and S2) and showed a strong phylogenetic signal
(Pagel λ = 0.919, P < 0.001). Several orders of monocots (i.e.,
Poales, Liliales, and Alismatales) contained species with GC con-
tents that exceeded those reported for any other group of vascular
plants (Fig. 2). Indeed, overall, the range of GC contents in mono-
cots is greater than that encountered in nonmonocot angiosperms,
gymnosperms, or lycophytes and broadly similar to the values
reported in monilophytes (ferns) (Fig. 2).
The highest GC contents were found within Poales, especially

in the grasses (Poaceae) and Xyris (Xyridaceae) (Fig. 1 and Figs.
S1 and S2). In grasses, the increase in GC content was recon-
structed to have occurred at the Mezozoic/Cenozoic boundary
(68 Mya) (Figs. 1 and 3), when grasses and related families (i.e.,
Flagellariaceae, Joinvilleaceae and Ecdeiocoleaceae) diverged
from Restionaceae. Additional significant increases were recon-
structed on many internal branches of Poaceae throughout the
Tertiary, mostly in association with the ability to grow in open
and seasonally dry habitats (Figs. 1 and 3).
Beyond Poales, phylogenetic analyses also identified a signifi-

cant increase in GC content at the base of Alismatales and within
Araceae as well as at the base of Liliales (namely Colchicaceae
and Alstroemeriaceae).
At the other end of the scale, the lowest GC contents were found

in the holocentric clade [i.e., Prionium with Cyperaceae and Jun-
caceae; mean GC = 36.9%], sharply contrasting with the high GC
contents found in Xyris (mean GC = 48.5%), which is in the sister
clade (both within Poales). It is notable that the repeated decreases
in GC content within the holocentric clade coincided with significant
decreases in genome size (Fig. 1 and Figs. S1 and S3). In addition
to the holocentric clade, significant decreases in GC content
were also identified at the base of the Commelinales, the large
genome-sized family Amaryllidaceae (Asparagales), and the
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Fig. 1. Reconstructing the evolution of GC content and 2C genome size
across the phylogenetic tree of monocots. Significant increases and decreases
(P ≤ 0.01) in each character are marked with circles inserted at the appropriate
branches of the phylogenetic tree. The names of all monocot orders are shown
together with the names of important families and genera with signifi-
cant shifts in either GC content or genome size. Greater detail of particular
branches and species is in Figs. S1 and S3; greater detail for Poaceae is shown
in Fig. 3.
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Dianella clade in Xanthorrhoeaceae (Asparagales) (Fig. 1 and
Figs. S1 and S3).
Among the several traits and climate data shown to be sig-

nificantly associated with changes in GC content in the phylo-
genetic analyses (Table 1 and Dataset S1, Tables S3 and S4), the
strongest relationship was with genome size (with both absolute
2C genome size and 1Cx monoploid genome size, which remove
the impact of polyploidy on genome size). In general, GC con-
tent increased with increasing genome size, although at both
lower and higher genome sizes, there was a tendency for GC
content to decrease, making the relationship between GC con-
tent and genome size quadratically curved (phylogenetic gener-
alized least squares procedure; P < 0.001) (Fig. 4 and Table 1).
After removing the effect of 2C genome size, GC content was

shown to be significantly associated with a holocentric chromo-
somal structure. Species in the holocentric clade had lower GC
contents than predicted from their small genomes (Fig. 4) and
were generally characterized by possessing the lowest GC con-
tents so far encountered in monocots. After removing the effect
of genome size (and holocentrism in the analyses with 2C ge-
nome sizes), GC content still remained significantly negatively
correlated with the presence of species in Oceania, tropical
rainforest biome, mean annual temperature, isothermality (i.e.,
the proportion of day-to-night to summer-to-winter temperature
oscillations), average minimum temperature of coldest month,
mean temperature of coldest, warmest, driest, or wettest quarters,
annual precipitations, amount of precipitation in wettest month,
and wettest, warmest, or coldest quarters and positively correlated
with latitude, annual temperature range, and annual temperature
seasonality (i.e., coefficient of variation of monthly mean tem-
peratures) (Dataset S1, Tables S3 and S4). These correlations
indicate that an increased GC content is associated with the
ability of plants to tolerate seasonally dry winter cold regions
typical of a continental temperate climate. In the summary ex-
planatory model, these highly intercorrelated variables are best
substituted with the 90th percentile of the average minimum
temperature of the coldest month (Table 1). Together, in the full
239-species 2C data, genome size, holocentrism, and average
minimum temperature of the coldest month were able to explain
over 30% of the residual variation in GC content of monocots
and caused the most dramatic decrease in the Akaike in-
formation criterion of the explanatory model (Table 1).
A minor improvement of the model was further achieved by
the inclusion of one climatic variable and two life history traits.
Specifically, GC content was found to decrease in bulbous geo-
phytes and increase in plants from the global Mediterranean
climate biome [only in calculations with the full 2C data] and

plants with desiccation-sensitive pollen (Table 1 and Dataset S1,
Tables S3 and S4).

Discussion
GC Content and Genome Size. Our analysis revealed that GC
content is closely related with the physical size of the genome.
The quadratic nature of the relationship between GC content
and genome size (Fig. 4) corroborates previous findings from
geophytic (bulbous) plants (16) and suggests that this rela-
tionship may hold across the diversity of plants. The positive
correlation between GC content and genome size observed for
monocot species with small to medium genome sizes reflects a
general trend observed in many plant genera (18, 41) as well as
bacterial and animal genomes (6, 22, 42). In plants, this cor-
relation might arise simply from the fact that genome growth
predominantly arises from increases in the amount of LTR
retrotransposons that dominate most plant genomes (43, 44).
LTR retrotransposons consist of GC-rich gene regions, making
them relatively more GC-rich than other noncoding DNA
sequences. Indeed, the expansion of GC-rich retrotransposons
may have contributed to the high GC contents observed in
some grasses, such as maize (Zea mays; GC = 47.2%) (12), where
the extremely GC-rich Huck element (GC ∼ 62%) comprises
at least 10% of the genome (45). In general, rapid changes in
the abundance of retrotransposons are expected to be the
major reason for the differences in GC content observed between
closely related taxa that differ sharply in genome sizes (11), like for
instance, in the genus Tetraria (Cyperaceae) in our data (Dataset S1,

Fig. 2. Variation in GC content measured with flow cytometry across vascular
plants. Box plots show the minimum-to-maximum range (whiskers), inter-
quartile range (black boxes), median (white squares),and outliers (empty
circles). Numbers in parentheses after the group names indicate the numbers
of species with known GC content. The figure is based on our own data
(11, 16) and the work by Barow and Meister (12). All of the data were recalcu-
lated based on the standards used in this paper, and where multiple values were
available for a species, those values estimated for this work were selected.
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Fig. 3. Reconstruction of the evolution of genomic GC content in Poaceae
and their closest evolutionary relatives. Within the deep sea paleotemper-
ature curve (58) in Lower, the vertical dotted lines indicate the onset of the
two major Cenozoic aridification events (i.e., the beginning of the Oligocene
and the Monterey Transition in the mid-Miocene). The highest GC contents
are found in modern grassland-forming tribes dominating various seasonally
dry ecosystems (savannah, temperate grassland, and Mediterranean-type
vegetation). Correspondingly, lower GC content is found in forest-dwelling
and wetland grasses experiencing all-year humid conditions. Ar, Aristidoideae;
Ba, Bambusoideae; Ce, Centothecoideae; Ch, Chloridoideae; Da, Danthonioideae;
Eh, Ehrhartoideae; Oligo, Oligocene; Pa, Panicoideae; Paleo, Paleocene; Ph,
Pharoideae; Pl, Pliocene; Po, Pooideae; Q, Quaternary.
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Tables S1 and S2). Here, the three species analyzed range from
36% to 40% GC while possessing genome sizes that vary over
fourfold (2C = 793–3,398 Mb). In such cases, alternative mecha-
nisms, such as DNA mutations, are unlikely to operate fast enough
to result in the substantial divergence in GC content over such
short evolutionary timescales.
The observed quadratic relationship between genome size and

GC content (Fig. 4) may point to the presence of a specific
mechanism responsible for decreasing the GC percentage when

a genome becomes very large. Rocha and Danchin (28) noted
that the synthesis of guanine and cytosine (i.e., their deoxyribo-
triphosphates dGTP and dCTP) is more energetically demanding
than dATP and dTTP. It is possible to envisage that a deficiency
in dGTP and dCTP during DNA replication (which may be es-
pecially pronounced during the replication of large genomes
because of the large amounts needed) might result in the mis-
incorporation of less costly dATPs and dTTPs and hence, an
overall mutation bias toward AT-rich DNA (11). This hypothesis
still remains to be tested experimentally [e.g., by comparing the
extent and direction of dNTP misincorporation rate between
plants growing under different nutrient regimes and/or between
species with weak and strong selection pressures for rapid DNA
synthesis (e.g., evergreen perennials and large-genomed annuals,
respectively)]. It is also possible that the need for dNTPs econ-
omy in large genomes may be coupled with structural constraints,
such as the need for compact DNA packing in nuclei, where
AT-rich DNA may be favored over GC-rich DNA because of its
higher compactness (24).

Decreased GC and Holocentrism. After genome size, the presence
of a holocentric chromosome structure was shown to be the next
most significant factor influencing GC content of monocot
genomes. Here, the very low GC contents found in species from
the holocentric clade (i.e., Prionium, Cyperaceae and Juncaceae)
resulted from the combined effects of their small genome size and
holocentric chromosome nature (Fig. 1, Table 1, and Fig. S1). In
contrast to most plants that have monocentric chromosomes
(i.e., the centromere and kinetochore are localized), plants with
holocentric chromosomes lack centromeres, and the kinetochore
spreads over the whole length of the chromosome (46). One
consequence of this type of organization is that holocentric
chromosomes are small and rigid, which may in turn, reduce
recombination rates (at least during mitosis) (46). If so, this lower
recombination might also result in a reduced frequency of repair at
heterologous recombination sites. This type of repair preferen-
tially introduces GC bases (47), and it has been suggested to be
one of the few mechanisms responsible for maintaining the high
GC richness of genes and perhaps, other regions of DNA in the
genome (11, 23, 32). However, clearly, more experimental and
detailed genomic data are needed from plant and animal species
with holocentric chromosomes before attempting any generalization

Table 1. ANOVA showing the final phylogenetic generalized least squares model that explains the observed
variation in GC content in monocots

Character of
relationship F value P value Model AIC

Explained residual
variance (%)

2C data*
log 2C Positive 33.95 <0.0001 1,014.80 9.36
(log 2C)2 Negative 38.96 <0.0001 986.65 10.74
Holocentrics Negative 22.56 <0.0001 969.29 6.22
BioClim 6† Negative 16.89 <0.0001 955.70 4.65
Bulb geophyte Negative 7.54 0.0065 950.39 2.08
Mediterranean Positive 7.13 0.0081 945.27 1.97
Recalcitrant pollen Positive 4.77 0.0299 942.38 1.32

1Cx data‡

log 1Cx Positive 13.56 0.0003 776.57 5.44
(log 1Cx)2 Negative 19.84 <0.0001 762.16 7.98
BioClim 6§ Negative 22.36 <0.0001 743.75 9.00
Bulb geophyte Negative 8.27 0.0045 737.59 3.33
Recalcitrant pollen Positive 4.51 0.0351 734.99 1.82

Dataset S1, Tables S3 and S4 shows the results of variables not incorporated into the final model. Degrees of freedom equal one in
all variables. AIC, Akaike information criterion; BioClim, bioclimatic.
*Model with 2C absolute genome size data (n = 239).
†Average minimum temperature of coldest month (90th percentile).
‡Model with 1Cx monoploid genome size data (n = 186; data for species with holocentric chromosomes are not included in the tested
dataset because of their uncertain ploidy-level status).
§Average minimum temperature of coldest month (75th percentile).
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Fig. 4. Raw GC contents and 2C genome sizes of the measured species
showing a quadratic relationship between the two genomic parameters. The
holocentric species are marked with black circles. The quadratic regression fit
of the raw data is shown by a dashed line for illustrative purposes. The
results of the exact phylogeny-corrected test confirming the existence of the
quadratic relationship are shown in Table 1 and Dataset S1, Tables S3 and S4.
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on the relationship between GC content, genome size, and
recombination rates.

Increased GC Content and Response to Cold and Dry Climates and
Desiccation Stress. Our study confirmed a significant relationship
between GC content and the ecology and distribution of mono-
cot species, particularly their tolerance to temperature extremes.
However, in contrast to bacteria (6), where higher GC content
correlates with increased thermotolerance (likely under selection
because of the higher thermal stability of the DNA molecule)
(21, 22), in monocots, higher GC content was associated with
increased tolerance and ability to grow in regions of extremely
cold winters or experiencing at least some seasonal water de-
ficiency (i.e., biomes characterized by seasonal drought). Such
observations suggest that the reasons underlying higher GC con-
tents in plants are different from those in bacteria. These con-
trasting observations may result from fundamental differences
in the structural and regulation complexity of plants compared
with prokaryotic (bacterial) genomes as well as the generally
lower temperature and environmental extremes that plants
experience compared with extreemophilous bacteria.
An inability to cope with low (extreme) temperatures and fre-

quent freezing is likely to restrict the distribution of many vascular
plant lineages, especially those that evolved in the humid warm
(tropical) climates of the Mesozoic and Early Cenozoic (48).
Indeed, plant lineages that are able to establish in regions of sea-
sonally cold climates must have developed a series of physiological
adaptations to improve their ecological response to cold and
limit the risk of incidental frost damage (49). Adaptations to cold
hardiness are principally similar to those for drought, because
the major danger of cold temperatures—the freezing of water in
living plant tissues—may result in damaging cell dehydration
(50). The role of these physiological adaptations is to substitute
intracellular water that freezes easily with sugars and substitute
water molecules used to stabilize the structure of biomolecules
with protective structure-stabilizing proteins (50–52).
Many plants also prevent incidental frost or desiccation damage

by the controlled senescing of aboveground tissues (49), with
perennials surviving unfavorable climatic periods in the form of
renewal organs (buds, rhizomes, and bulbs) protected from the
extremely low temperatures or droughts by hiding underground
or under a buffering cover of snow. Typically, this type of ad-
aptation is found in true bulbous geophytes, where a need to
develop intrinsic cold tolerance adaptations might be of lesser
evolutionary advantage than in other life forms. Indeed, it is perhaps
not so surprising that, although cold tolerance is generally associated
with higher GC contents, this relationship is not so significant in
bulbous geophytes, because they had lower GC contents com-
pared with other plants in the explanatory model (Table 1).
Given that freezing and drought stress can be matched by

similar physiological and ecomorphological adaptations, their
importance might seem particularly pronounced in the Medi-
terranean climate regions experiencing incidental frosts together
with long periods of summer drought. The increased GC content
found in plants typical of the global Mediterranean biome sup-
ports the interpretation of the above view of a putative function
of the increased GC content as a genomic adaptation to increased
levels of desiccation stress. The increased GC content found in
plants with desiccation-sensitive (recalcitrant) pollen (Table 1)
also lends support to this idea. Desiccation-sensitive pollen typi-
cally lacks specific pollen wall structures and apertures (38, 39)
that prevent uncontrolled water loss and desiccation (53). As a
consequence, the viability of desiccation-sensitive pollen is highly
dependent on the air humidity when the pollen is shed (39, 54).
In grasses, for example, the pollen remains viable for only a very
short time (a few minutes to a few hours), even under the most
favorable environmental conditions (54, 55). This short period of
viability forces plants with desiccation-sensitive pollen to care-
fully restrict pollen release to humid periods of the day (39, 56).
Such plants would certainly benefit from any intrinsic adaptation
(possibly associated with increased GC content) that would as-

sure pollen viability at lower water potential. It is, thus, notable
that the extremely high GC contents in grasses correspond well
with the observation that grasses are the only large monocot
group with desiccation-sensitive pollen that dominate cold and
drought-stressed environments. We suggest that these hy-
potheses can effectively be tested, for instance, by measuring the
response to incidental frost in tropical plants with different GC
contents that have never experienced freezing temperatures or
comparing the decrease in pollen viability in plants with the same
pollen type but different GC contents.
Adaptations to growth in seasonally cold and/or dry environ-

ments (e.g., autumnal cold-hardening, development of dormant
organs, or programmed tissue loss) pose a significant physiological
and regulatory challenge for plants, requiring complex genome
regulation. These challenges are considerably greater than those
faced by tropical floras, which experience year-round favorable
climate conditions, supporting continuous growth. Current studies
of the effect of GC richness on gene function indicate that these
complex physiological responses may, indeed, be facilitated by
the presence of GC-rich genes and genomes (24, 57). Because
this evidence comes from studies of grass genes, the possible
mechanisms are discussed below in the context of the evolu-
tionary success of GC-rich grasses.

Tertiary Climate Cooling and the Rise to Dominance of GC-Rich Grasses.
Grasses are among the most spectacular group of monocots
showing consistently high genomic GC contents. The timing of
the major GC increases (Fig. 3) coincides with the origin and
diversification of the modern grassland-forming tribes that then
underwent additional diversification, possibly in response to the
global cooling and aridification events in the Oligocene (34–23
Mya) and more recently, the mid-Miocene (∼15 Mya) (35, 36,
58, 59). Today, the grasses that can grow in seasonally stressed
(dry or cold) climates and especially, those dominating the grassland
biomes (i.e., in the Aristidoideae, Danthonioideae, Chlorideoideae,
Panicoideae, and Pooideae tribes) have the highest GC contents
(mean GC percentage = 47.2) of all monocots and are clearly GC-
richer than their forest dwelling relatives in the tribes Pharoideae,
Bambusoideae, and Centothecoideae (mean GC percentage =
45.4) or the wetland grass lineages experiencing all-year humid
conditions (Fig. 3). For example, the GC content is higher in
Ehrharta longiflora (GC percentage = 46.2), which is typical of the
Mediterranean-type ecosystems of the Southern Hemisphere,
compared with Oryza sativa (GC percentage = 43.6) growing
in tropical wetlands (Fig. 3).
Edwards et al. (36) postulated that the advantageous traits

that enabled the rapid expansion of grassland biomes during the
mid-Tertiary evolved early (during the shady history of grasses)
and before the demise of Tertiary forests and the advent of the
C4 photosynthetic pathway in numerous modern grass clades.
However, the nature of such traits has remained elusive. Given
the timing and the trend in GC content evolution within grasses
that we have reconstructed here (i.e., initial increase in GC
content in the early diverging and forest dwelling tribes with
additional significant increases in the clades, which subsequently
gave rise to the modern grassland-forming tribes) (Fig. 3), we
propose that such advantageous traits include adaptations at the
genome level associated with shifts to higher GC contents.

Advantages of GC-Rich Grass Genomes Under Seasonally Cold and Dry
Climate Regimes. The most notable feature of the GC-rich grass
genomes is the presence of extremely GC-rich genes, which mostly
represent paralogs of GC standard genes (57, 60). A similar bi-
modality in the GC composition of genes has also been observed
in other plant groups with GC-rich genomes, such as some green
algae and ferns (11). It seems, therefore, that understanding the
origin and function of GC-rich genes may play a key role in
understanding the forces driving the evolution of high genomic
GC contents in plants.
Compared with standard genes, GC-rich genes in grasses are

characterized by fewer or no introns, a much higher GC content
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in the 5′ region of the gene, more methylatable CpG dinucleo-
tides in the leading strand, and a higher frequency of regulatory
TATA boxes in their promoter regions (57, 60). These findings,
together with overrepresentation of the GC-rich paralogs in cer-
tain functional groups of genes, have led to the suggestion that
GC-rich genes facilitate a plant’s response to environmental stress
(57). Hypothetically, an improved response to cold and drought
typical of biomes characterized by thermal (warm/cold) and
precipitation (summer dry or winter dry) seasonal climates might
also be facilitated by GC-rich genes.
Another advantage of GC-rich DNA may arise from the dif-

ferent conformation changes in DNA that are possible in GC-rich
compared with GC-poor DNA, because these conformations
may also contribute to enabling more complex genome regu-
lation (24). DNA can adopt various conformational states,
known as A-DNA, B-DNA, and Z-DNA. A-DNA is consid-
ered to be an inactive conformation state, whereas B-DNA is
associated with metabolically active DNA, and Z-DNA has
been linked to regulation of DNA transcription and gene ex-
pression, perhaps affecting the binding of transcription factors
(61). When a cell desiccates, the removal of DNA-stabilizing
water molecules forces the native B-DNA to adopt different
conformations (62), with GC-poor B-DNA forming metaboli-
cally inactive A-DNA and GC-rich B-DNA sequences tending to
form Z-DNA (63, 64). Furthermore, a positive correlation exists
between GC content and the ability of DNA to undergo B→Z
conformational transitions in genes of humans and other model
vertebrates and plants (24). Given these observations, it is perhaps
easy to envisage how GC-rich DNA could be advantageous for
cell regulation and survival in plants during cold hardening or as
a consequence of tissue freezing or desiccation (50–52). Hypo-
thetically, formation of Z-DNA instead of A-DNA might allow
DNA to retain some minimum metabolic activity, even at de-
creased intracellular water contents, which could be important
for the regulation and/or resurrection of frozen or drought-
dehydrated tissues. In this way, enabling the formation of a partly
functional DNA conformation (i.e., Z-DNA) caused by high GC
content might be seen as an additional genomic adaptation along
with other physiological cold or drought stress responses to
minimize the effect of water loss on the structure and func-
tionality of biomolecules.
Such a hypothesis could be tested, for example, by comparing

the GC content of key genes responsible for retaining the func-
tioning of frozen and dehydrated cells or those expressed during
cell rehydration. Still, understanding the link between nucleotide
composition, DNA conformation, and regulation of gene expres-
sion in determining how a plant responds to cold (freezing) or
increased drought still poses a significant challenge to cell biol-
ogists. Clearly, additional research in this field is essential if we
are to improve our understanding of how long-term changes in
the environment may have influenced the evolution and com-
position of plant genomes and the genomic determinants, which
shape a plant’s response to climate change.

Methods
GC contents and 2CDNA contentsweremeasured using flow cytometry in 239
species covering all 11 orders and 70 of 78 currently recognized monocot

families (40) (Fig. S2 and Dataset S1, Table S1). The measurements of GC
content were based on comparison of nuclei fluorescence stained with two
different fluorochromes [the DNA intercalating propidium iodide (measur-
ing the absolute 2C genome size) and AT-selective DAPI (measuring the AT
fraction of the genome)] using the protocols by �Smarda et al. (14, 15). The
chromosome numbers for measured species were taken from the literature
or estimated by us in 16 species (Dataset S1, Table S1) to enable monoploid
genome size (1Cx) to be calculated (1Cx = 2C genome size divided by the
ploidal level) (65). Data on selected biologically important life history traits
(life form, pollination strategy, and pollen desiccation sensitivity) as well as
information on species distribution and their habitat preferences (including
geographic distribution on continents, extent of distribution area, presence
in biomes, moisture requirements, or ability to grow in open, sun-exposed
habitats) were collected from available floras and taxonomic literature
(Dataset S1, Table S2). The geographical distribution data were extracted
from the Global Biodiversity Information Facility portal (www.gbif.org) and
the South African National Floristic Database (http://bgis.sanbi.org). The
geographical data were resampled using a novel spatial data stratification
algorithm based on heterogeneity-constrained random resampling (66),
which was devised to remove the effect of uneven data sampling (SI
Methods, Dataset S2, and Fig. S5). Nineteen bioclimatic variables and al-
titude were extracted for each selected location from the WorldClim database
(67) (Dataset S1, Table S2).

The phylogenetic tree for all measured taxa, except grasses, was obtained
by pruning the recent large-scale dated angiosperm phylogeny by Zanne et al.
(49) (Fig. 1, SI Methods, and Figs. S1 and S3). This phylogeny contains directly
∼70% of studied species, whereas many of the remaining species studied by
us were sufficiently closely related to species studied by Zanne et al. (49) that
the latter could be used as surrogates for our species to provide insights into
their phylogenetic relationships. For grasses, we adopted the phylogenetic
tree of the Grass Phylogeny Working Group II (37) and used maximum
likelihood dating with two fossil calibration points (Dataset S3). Significant
episodes in the evolution of GC content and genome size were detected on
the tree using generalized least squares and tip values reshuffling randomi-
zation calculated using the ape package (68) in R (69) (Fig. 1 and Figs. S1,
S3, and S4, and Dataset S4). We compared GC contents with genome size,
life history traits, and climatic niche data by applying multiple regressions
using phylogenetic generalized least squares calculated in the caper package
of R (70) and built an explanatory model for GC content variation, including six
nonredundant variables (Table 1). For the calculation, we used different (10th,
25th, 50th, 75th, and 90th) percentiles of climatic variables to account for
multifactor control of species occurrences using a similar testing logic as in
quantile regression. Full methods and associated references are included in
SI Methods.
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