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Abstract

Poaceae (grasses) is an agriculturally important and widely distributed family of plants with extraordinary phenotypic diversity, much
of which was generated under recent lineage-specific evolution. Yet, little is known about the genes and functional modules involved
in the lineage-specific divergence of grasses. Here, | address this question on a genome-wide scale by applying a novel branch-based
statistic of lineage-specific expression divergence, LED, to RNA-seq data from nine tissues of the wild grass Brachypodium distachyon
and its domesticated relatives Oryza sativa japonica (rice) and Sorghum bicolor (sorghum). | find that LED is generally smallest in B.
distachyon and largest in O. sativa japonica, which underwent domestication earlier than S. bicolor, supporting the hypothesis that
domestication may increase the rate of lineage-specific expression divergence in grasses. Moreover, in all three species, LED is
positively correlated with protein-coding sequence divergence and tissue specificity, and negatively correlated with network con-
nectivity. Further analysis reveals that genes with large LED are often primarily expressed in anther, implicating lineage-specific
expression divergence in the evolution of male reproductive phenotypes. Gene ontology enrichment analysis also identifies an
overrepresentation of terms related to male reproduction in the two domesticated grasses, as well as to those involved in host-
pathogen defense in all three species. Last, examinations of genes with the largest LED reveal that their lineage-specific expression
divergence may have contributed to antimicrobial functionsin B. distachyon, to enhanced adaptation and yield during domestication
in O. sativa japonica, and to defense against a widespread and devastating fungal pathogen in S. bicolor. Together, these findings
suggest that lineage-specific expression divergence in grasses may increase under domestication and preferentially target rapidly
evolving genes involved in male reproduction, host-pathogen defense, and the origin of domesticated phenotypes.
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Introduction 2009). Due to this extraordinary diversity generated within a

Grasses are flowering plants that comprise many economi-
cally important crops, including rice, wheat, and maize.
Adaptations to diverse environments ranging from lush rain-
forests to cold deserts enabled ancient grasses to inhabit every
continent of the globe, including Antarctica, providing food
and energy for numerous organisms (Bouchenak-Khelladi
et al. 2010). It may be for this reason that grasses were the
first plants to be domesticated by humans ~12,000years
ago, fueling the transition from hunting and gathering to
agriculture (Glémin and Bataillon 2009). Under domestica-
tion, many grasses experienced accelerated phenotypic evo-
lution, such that contemporary variants comprising a majority
of the modern human diet often bear little resemblance to the
ancestral species from which they arose (Glémin and Bataillon

short evolutionary timeframe, grasses represent a unique sys-
tem in which to examine lineage-specific phenotypic diver-
gence among closely related species.

Widespread conservation of the genetic repertoire across
the tree of life has led many to hypothesize that phenotypic
divergence often occurs via mutations that affect the regula-
tion of gene expression (King and Wilson 1975; Wray et al.
2003; Carroll 2005, 2008). In particular, perturbations in
the level, location, or timing of expression can dramatically
alter the function of a gene and, as a result, the phenotype of
an organism (Carroll 2008; Liao and Weng 2015). Moreover,
such changes are often strongly correlated with diverse genic
properties, including protein-coding sequence divergence
(Makova and Li 2003; Nuzhdin et al. 2004; Jordan et al.
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2005; Lemos et al. 2005; Duret and Mouchiroud 2000; Pal
et al. 2001; Herbeck et al. 2003; Rocha and Danchin 2004;
Subramanian and Kumar 2004; Assis 2014; Assis and
Kondrashov 2014; Sartor et al. 2006; Assis et al. 2012; Assis
and Bachtrog 2013, 2015; Hunt et al. 2013; Gossmann et al.
2016; Hodgins et al. 2016; Mahler et al. 2017), expression
breadth (Meiklejohn et al. 2003; Jordan et al. 2005; Duret and
Mouchiroud 2000; Subramanian and Kumar 2004; Bhardwaj
and Lu 2005; Assis and Bachtrog 2013; Assis 2014; Assis and
Kondrashov 2014; Assis et al. 2012; Assis and Bachtrog 2013,
2015; Gossmann et al. 2016), and network connectivity
(Lemos et al. 2005; Assis and Bachtrog 2013; Bhardwaj and
Lu 2005; French and Pavlidis 2011; Assis and Kondrashov
2014; Mahler et al. 2017). Thus, how, where, and when a
gene is expressed—its expression profile—is frequently con-
sidered an ideal proxy for its function (Nehrt et al. 2011; Assis
and Bachtrog 2013, 2015; De Smet et al. 2017). Further, in
contrast to alternative metrics of gene function, expression
profiles are easily quantified, compared, and interpreted.

In a recent study, Davidson et al. (2012) generated RNA-
seq data from nine tissues of three grass species:
Brachypodium distachyon, Oryza sativa japonica (rice), and
Sorghum bicolor (sorghum). Brachypodium distachyon and
O. sativa japonica are sisters whose lineages diverged from
each other ~50 Ma, and from that of their close outgroup S.
bicolor ~60 Ma (Paterson et al. 2009; Reineke et al. 2011).
Comparison of these grass transcriptomes revealed that most
protein-coding genes are shared among the three species, but
that orthologous genes often occupy distinct coexpression
clusters (Davidson et al. 2012), supporting the hypothesis
that mutations affecting gene expression played a central
role in the phenotypic divergence of grasses. Yet an untapped
utility of these RNA-seq data is that they enable the study of
lineage-specific expression divergence, which can provide in-
sight into phenotypic divergence that occurred along specific
grass lineages. Thus, here | use these data to quantify lineage-
specific expression divergence in grasses and explore its role in
domestication, characterize its relationships with genic prop-
erties, and assess its functional targets.

Results

Quantification of Lineage-Specific Expression Divergence
in Grasses

The main objective of this study was to characterize lineage-
specific expression divergence in B. distachyon, O. sativa
Japonica, and S. bicolor. To accomplish this goal, | designed
a summary statistic that quantifies lineage-specific expression
divergence of genes in three species. In particular, | considered
an unrooted tree of three orthologous genes, in which
each branch length represents the amount of expression
divergence that occurred along a particular lineage (fig. 1).
In the absence of lineage-specific expression divergence, all
branches lengths should be approximately equal, regardless
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Fic. 1.—A branch-based approach for quantifying lineage-specific
expression divergence from gene expression profiles in three species.
Depicted are unrooted trees of three orthologous genes in species X, Y,
and Z, with their expression profiles illustrated as colored circles, and
branch lengths representing their expression divergence from the internal
node. In the absence of lineage-specific expression divergence, branch
lengths are all approximately equal, regardless of whether the gene ex-
pression profile is (A) conserved or (B) diverged among the species. In
contrast, (C) lineage-specific expression divergence results in one dispro-
portionally long branch on the lineage in which it occurred (leading to
species X).

of whether the gene expression profile is relatively conserved
(fig. 1A) or diverged (fig. 1B) among the species. In contrast,
lineage-specific expression divergence should result in a tree
with one disproportionally long branch (fig. 1C). Thus, my
estimate of lineage-specific expression divergence, LED,
computes branch lengths on such a tree via application
of equation 11.20 in Felsenstein (2004) to gene expression
profiles. For example, lineage-specific expression divergence
of a gene in species X (e.g., Figure 1) can be estimated as
LEDX = % (E)@y -+ EX,Z — EY,Z): where EX,Y: EX,Z: and EY,Z
represent pairwise gene expression divergences between
species.

For my analysis, | used Euclidian distances between expres-
sion profiles to quantify pairwise gene expression divergences
between species (Exy, Exz, and Eyz; see Materials and
Methods for details). The main advantages of Euclidian dis-
tance over alternative distance- and correlation-based metrics
are that it is robust to measurement error, and that its squared
value increases linearly with evolutionary time (Pereira et al.
2009), such that the Euclidian distance between expression
profiles of orthologous genes is expected to increase with
evolutionary divergence between species. Yet, regardless of
the amount of evolutionary divergence between species, the
tendency toward conservation of expression profiles between
orthologs yields a right-skewed distribution of Euclidian dis-
tances (Pereira et al. 2009; Assis and Bachtrog 2013).
Therefore, the mass of a distribution reflects the genome-
wide level of expression divergence between a pair of species
and is proportional to their evolutionary divergence, and the
position of a particular gene within a distribution is indicative
of its expression divergence relative to other genes in the ge-
nome. Similarly, because LED estimates Euclidian distance
along a particular lineage of a three-taxon unrooted tree,
the mass of its distribution represents the genome-wide level
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of expression divergence that occurred along that lineage and
is proportional to its evolutionary divergence from the internal
node of the tree, whereas the position of a particular gene
within the distribution represents its lineage-specific expres-
sion divergence relative to other genes in the genome.

To assess lineage-specific expression divergence in grasses,
| computed LED for all 1:1:1 orthologous genes in B. dis-
tachyon, O. sativa japonica, and S. bicolor (supplementary ta-
ble S1, Supplementary Material online), using gene expression
profiles constructed from nine tissues in the three species
(Kapushesky et al. 2010; Davidson et al. 2012; see Materials
and Methods for details). As expected, distributions of LED are
right-skewed in all species (fig. 24). Moreover, distributions
differ significantly among species, such that LED is generally
smallest in S. bicolor, intermediate in B. distachyon, and larg-
est in O. sativa japonica (P < 0.001 for all pairwise compar-
isons, two-sample permutation tests; see Materials and
Methods for details). However, these differences do not
account for evolutionary time separating the three spe-
cies. Therefore, | scaled the distribution of LED for each
species by the total number of generations of evolution
along its branch. Because generation times vary across
climates and growing conditions, | obtained the number
of days to anthesis (35 in B. distachyon, 65 in O. sativa
Jjaponica, and 75 in S. bicolor) from the study in which
RNA-seq data used to compute LED were collected
(Davidson et al. 2012), which are comparable to those
estimated from other studies (Brkljacic et al. 2011). Then
| estimated the total number of generations along each
branch by multiplying the number of generations per year
in the respective species (365/35 in B. distachyon, 365/65
in O. sativa japonica, and 365/75 in S. bicolor) by the
millions of years of evolution from the central node of
the three-taxon tree (50 for B. distachyon, 50 for O. sativa
Japonica, and 60 for S. bicolor; Paterson et al. 2009;
Reineke et al. 2011). As with LED (fig. 24), distributions
of LED per generation differ significantly among species
(fig. 2B, P < 0.001 for all pairwise comparisons, two-
sample permutation tests; see Materials and Methods
for details), though the ordering of species is altered. In
particular, when accounting for evolutionary time from
the internal node of the tree, LED is generally smallest in
B. distachyon, intermediate in S. bicolor, and largest in O.
sativa japonica. What is interesting about this finding is
that one might expect B. distachyon to experience the
fastest rate of lineage-specific expression divergence due
to increased mutation rates from a shorter generation
time (Reineke et al. 2011) and increased efficiency of nat-
ural selection from a larger effective population size (Ai
et al. 2012; Adugna 2014; Stritt et al. 2018). Yet, B. dis-
tachyon is also the only species considered whose evolu-
tionary history has not been impacted by domestication.
Further, it is intriguing that LED is largest in O. sativa ja-
ponica, as recent estimates indicate that O. sativa japonica

underwent domestication ~4,000 years earlier than S. bi-
color (Winchell et al. 2017; Zuo et al. 2017). Therefore,
these differences support the hypothesis that domestica-
tion may have increased the rate of lineage-specific ex-
pression divergence in grasses.

Relationships between LED and Genic Properties

Gene expression divergence has been associated with
protein-coding sequence evolution, expression breadth, and
network connectivity in a number of diverse species (Makova
and Li 2003; Meiklejohn et al. 2003; Nuzhdin et al. 2004;
Jordan et al. 2005; Lemos et al. 2005; Duret and
Mouchiroud 2000; Ge et al. 2001; Pal et al. 2001; Herbeck
et al. 2003; Rocha and Danchin 2004; Subramanian and
Kumar 2004; Bhardwaj and Lu 2005; Baerenfaller et al.
2008; French and Pavlidis 2011; Assis 2014; Assis and
Kondrashov 2014; Sartor et al. 2006; Assis et al. 2012; Assis
and Bachtrog 2013, 2015; Hunt et al. 2013; Gossmann et al.
2016; Hodgins et al. 2016; Mahler et al. 2017). In particular,
expression divergence is often positively, though imperfectly,
correlated  with  nonsynonymous sequence divergence
(Makova and Li 2003; Nuzhdin et al. 2004; Jordan et al.
2005; Pal et al. 2001; Rocha and Danchin 2004;
Subramanian and Kumar 2004; Assis and Kondrashov
2014; Lemos et al. 2005; Sartor et al. 2006; Assis et al.
2012; Assis and Bachtrog 2013, 2015; Hunt et al. 2013;
Gossmann et al. 2016; Hodgins et al. 2016; Mahler et al.
2017), suggesting that changes in both encoded proteins
and their regulatory sequences contribute to expression diver-
gence. Additionally, previous studies have uncovered strong
positive correlations between expression divergence and tis-
sue specificity of genes (Meiklejohn et al. 2003; Jordan et al.
2005; Assis et al. 2012; Duret and Mouchiroud 2000; Assis
2014; Assis and Bachtrog 2013, 2015; Gossmann et al.
2016), indicating that expression divergence is greatest in
genes that are expressed in a single tissue and smallest in
broadly expressed housekeeping genes. In plants and ani-
mals, genes with the greatest levels of expression diver-
gence are often primarily expressed in male tissues
(Meiklejohn et al. 2003; Nuzhdin et al. 2004, Assis et al.
2012; Assis 2014; Assis and Bachtrog 2013, 2015;
Gossmann et al. 2016), which may be a result of faster
male-biased evolution. Last, genes with increased expres-
sion divergence are typically located at the edges of gene
interaction networks (Lemos et al. 2005; Assis and
Bachtrog 2013; Mahler et al. 2017), perhaps because
changes in such genes impact fewer pathways and are
therefore more likely to be tolerated and retained.
Hence, because LED is an estimate of expression diver-
gence, | hypothesized that it would be similarly associated
with these genic properties.

To examine the relationship between LED and protein-
coding sequence evolution, | computed Pearson’s (r) and
Spearman’s (p) correlation coefficients between LED and
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Fic. 2.—Comparison of distributions of LED among grasses. Notched boxplots embedded in violin plots for (4) LED and (B) LED per generation in B.

distachyon, O. sativa japonica, and S. bicolor.

gene tree branch length, nonsynonymous sequence diver-
gence (K;), and nonsynonymous/synonymous sequence di-
vergence rates (K,/Ks; see Materials and Methods for
details). As expected, LED is positively correlated with all three
measures of protein-coding sequence divergence (fig. 3).
However, similar to findings in other species (Makova and Li
2003; Nuzhdin et al. 2004; Pal et al. 2001; Rocha and Danchin
2004; Subramanian and Kumar 2004; Assis and Kondrashov
2014; Jordan et al. 2005; Lemos et al. 2005; Sartor et al.
2006; Assis et al. 2012; Assis and Bachtrog 2013, 2015;
Hunt et al. 2013; Gossmann et al. 2016; Hodgins et al.
2016; Mahler et al. 2017), correlations are moderate.
Therefore, although lineage-specific expression divergence is
associated with changes in protein-coding sequences, it is
likely that this relationship is due to similar selective forces
acting on coding and regulatory regions of genes. Thus, this
result further highlights the role of regulatory variation in gene
expression and phenotypic evolution.

Next, | investigated the association between LED and ex-
pression breadth by calculating Pearson’s (r) and Spearman’s
(p) correlation coefficients between LED and the tissue spe-
cificity index 7 (Yanai et al. 2005). As expected, LED is signif-
icantly and strongly positively correlated with t (fig. 4A4),

indicating that increased lineage-specific expression diver-
gence is primarily due to tissue-specific changes. To further
examine this phenomenon, | selected genes in the top 1% of
LED and classified each gene by the tissue in which it is pri-
marily expressed. Comparisons of primary tissues of these
genes with large LED to those expected based on genome-
wide counts (see Materials and Methods for details) revealed
significant overrepresentations of anther expression in all
three species (fig. 4B). Because anther is the organ that pro-
duces pollen in plants, its overrepresented expression in genes
with large LED suggests that lineage-specific expression diver-
gence is often associated with male-biased evolution, as has
been found for expression divergence in many plant and an-
imal species (Meiklejohn et al. 2003; Nuzhdin et al. 2004;
Assis et al. 2012; Assis 2014; Assis and Bachtrog 2013,
2015; Gossmann et al. 2016). Moreover, there is a significant
underrepresentation of early inflorescence expression among
genes with large LED in B. distachyon, and in pistil expression
among genes with large LED in both O. sativa japonica and S.
bicolor. Thus, underrepresented tissues of genes with large
LED differ between wild and domesticated species, perhaps
pointing to a role of domestication in tissue targets of lineage-
specific expression divergence.
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Fic. 3.—Relationships between LED and protein-coding sequence divergence in grasses. Scatterplots showing correlations between LED and (A) gene
tree branch length, (B) nonsynonymous sequence divergence (K3), and (C) nonsynonymous/synonymous sequence divergence rates (K, /Ks) in B. distachyon
(left), O. sativa japonica (middle), and S. bicolor (right). The best-fit linear regression line is shown in red, and Pearson’s (r) and Spearman’s (p) correlation
coefficients are provided at the bottom right of each panel. *P < 0.001 (see Materials and Methods for details).

Last, | assessed the relationship between LED and network
connectivity in grasses. To estimate the network connectivity
of each gene, | obtained the number of its known interaction
partners from experimental studies (see Materials and
Methods for details). Because count data are not continuous,
I was unable to estimate correlation coefficients between LED
and network connectivity. Rather, | performed Poisson re-
gression on these data in each species (see Materials
and Methods for details), yielding regression coefficients

p = —1.27 for B. distachyon, f = —0.93 for O. sativa ja-
ponica, and f = —1.02 for S. bicolor (P < 2.0 x 10~ '® for
all regressions). Hence, consistent with findings for ex-
pression divergence between species (Lemos et al. 2005;
Assis and Bachtrog 2013; Ge et al. 2001; Bhardwaj and Lu
2005; French and Pavlidis 2011; Assis and Kondrashov
2014; Mahler et al. 2017), there is a significant negative
relationship between LED and network connectivity, such
that lineage-specific expression divergence often targets
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Fic. 4—Relationships between LED and tissue-specific gene expression in grasses. (A) Scatterplots showing correlations between LED and tissue
specificity (z) in B. distachyon (left), O. sativa japonica (middle), and S. bicolor (right). The best-fit linear regression line is shown in red, and Pearson’s (r) and
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lowly connected genes at the edges of interaction
networks.

Relationship between LED and Gene Function

Though protein-coding sequence evolution, expression
breadth, and network connectivity can each shed light on
different aspects of gene function, none of these metrics
provides a complete picture of the role of a gene within a
biological system. Therefore, to better understand the func-
tional modules targeted by lineage-specific expression diver-
gence in grasses, | utilized annotation data from the Gene
Ontology (GO) Consortium (Ashburner et al. 2000; Gene
Ontology Consortium 2017). In particular, GO terms classify
genes by the molecular functions that they perform, the cel-
lular components in which they perform these functions, and

the larger-scale biological processes in which they participate
(Ashburner et al. 2000; Gene Ontology Consortium 2017). To
study the relationship between LED and GO terms in each
species, | sorted genes by their LED, performed GO enrich-
ment analysis on ranked lists, and extracted significantly over-
represented GO terms (supplementary tables S2-54,
Supplementary Material online; see Materials and Methods
for details).

Consistent with anther-biased expression patterns, | ob-
served enrichment of GO terms related to anther function
in O. sativa japonica and S. bicolor. In particular, the biological
process “microsporogenesis” is enriched in both species, and
the biological process “recognition of pollen” is enriched in
S. bicolor. Microsporogenesis is the production of micro-
spores that give rise to pollen (Ashburner et al. 2000; Gene
Ontology Consortium 2017), thus implicating lineage-specific
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expression divergence in pollen development in O. sativa ja-
ponica and S. bicolor. In contrast, recognition of pollen is
crucial in self-incompatibility, a strategy used by plants to limit
or prevent self-fertilization (Ashburner et al. 2000; Gene
Ontology Consortium 2017). Because self-fertilization reduces
genetic variation and has been described as an evolutionary
dead end (Stebbins 1957), the enrichment of this term sug-
gests that lineage-specific expression divergence may be as-
sociated with increased adaptive potential in S. bicolor.
Therefore, lineage-specific expression divergence may impact
both the development and evolution of pollen in O. sativa
Japonica and S. bicolor.

Additionally, | sought to address whether there are any
global patterns in functional targets of lineage-specific diver-
gence across grasses. To answer this question, | compared
enriched GO terms in B. distachyon, O. sativa japonica, and
S. bicolor. Only three terms, one from each GO class, were
enriched in all three species: the molecular function “serine-
type endopeptidase inhibitor activity,” the cellular component
“cell wall,” and the biological process “DNA metabolic proc-
ess.” Though DNA metabolism is a general process, the other
two GO terms point to a role of lineage-specific expression
divergence in host-pathogen defense. In particular, plant ser-
ine endopeptidase inhibitors, also called serine protease inhib-
itors, compose a diverse group of genes that are expressed in
response to injury or attack by insects or pathogens (Hartl
et al. 2011; Jamal et al. 2013). Though their precise mecha-
nisms of action remain to be elucidated, their primary mode
of defense is via inhibition of the protease family of digestive
enzymes (Hartl et al. 2011; Jamal et al. 2013). Moreover, be-
cause the cell wall forms a physical barrier and interface be-
tween adjacent cells, it plays a pivotal role in plant-pathogen
interactions (Keegstra 2010). Last, it is interesting to note that
“defense response” is the most significantly enriched biolog-
ical process in O. sativa japonica. Thus, lineage-specific expres-
sion divergence may be primarily associated with host-
pathogen defense responses in grasses.

As a complementary approach to understand functional
modules impacted by lineage-specific expression divergence,
| performed database and literature searches for genes with
the top LED in each species: Bradi1g62070 in B. distachyon,
050290725700 in O. sativa japonica, and Sb08g003710 in
S. bicolor. Bradi1g62070, or LOC100824152, is an uncharac-
terized protein-coding gene that is part of a family of only
three genes, one in each of the species considered in this
study. Therefore, this gene family is likely young. Because
the annotation of Bradi1g62070 is limited, | investigated
its orthologs 0S03G0356540 in O. sativa japonica and
SB07G003950 in S. bicolor. Unfortunately, information about
SBO7G003950 is also scarce. However, 0S03G0356540, bet-
ter known as CXXCT, is a small cysteine-rich protein-coding
gene with CXXC and CXXXC motifs that performs functions
in a cytoplasmic membrane-bounded vesicle (GO:0016023;
Ashburner et al. 2000; Gene Ontology Consortium 2017).

Though this particular gene has not been closely examined,
small cysteine-rich genes often possess a diversity of lineage-
specific antimicrobial roles in plants (Silverstein et al. 2007).
Therefore, lineage-specific  expression divergence of
Bradi1g62070 may be related to defense against a microbial
pathogen that specifically targeted the B. distachyon lineage.

050290725700, better known as OsHAP3E, is a member
of the Heterotrimeric Heme Activator (HAP) family of genes. It
is a histone-fold domain containing gene that is involved in
vegetative and reproductive development (lto et al. 2011;
Zhang and Xue 2013). A recent study of 35 HAP genes in
rice identified OsHAP3E as one of just four genes whose over-
expression delayed flowering time under long-day conditions
(Li et al. 2016). Moreover, of these four genes, OsHAP3E had
the largest and most significant effect on flowering time
(Li et al. 2016). Flowering time is a crucial determinant of
rice domestication, as it regulates seasonal and geographic
adaptability (Izawa 2007). Further, delayed flowering time
increases yield (Xue et al. 2008; Wei et al. 2010), an important
phenotype in domestication of crops for human consump-
tion. Therefore, lineage-specific expression divergence of
OsHAP3E may be associated with domestication pressures
in O. sativa japonica.

Sb08g003710, also known as NHL3, produces a protein
with an immunoglobulin-like fold that is involved in host-
pathogen defense in S. bicolor (Upadhyaya et al. 2013). In
particular, a recent study demonstrated that NHL3 is one of a
handful of genes associated with resistance to anthracnose, a
fungal disease considered to be one of the most common and
destructive in S. bicolor (Upadhyaya et al. 2013). Moreover,
NHL3 is homologous to the gene HINT, which has been
shown to mediate the hypersensitive response in tobacco
and tomato plants (Gopalan et al. 1996). Hypersensitive
response is a major defense mechanism to anthracnose in
S. bicolor that causes the rapid death of plant cells at the
infection site. Thus, defense against this widespread fungal
disease may have contributed to the dramatic lineage-specific
expression divergence of NHL3 in S. bicolor.

Discussion

In this article, | present the first genome-wide analysis of
lineage-specific expression divergence in the grasses B. dis-
tachyon, O. sativa japonica, and S. bicolor. To estimate
lineage-specific expression divergence in these species, | de-
sign a novel branch-based summary statistic, LED. Contrary to
this approach, past studies in other taxa have primarily utilized
model-based estimates of lineage-specific expression diver-
gence (Caceres et al. 2003; Gu and Gu 2003; Rifkin et al.
2003; Gu 2004; Khaitovich et al. 2005; Gilad et al. 2006;
Blekhman et al. 2008; Chaix et al. 2008; Brawand et al.
2011; Kayserili et al. 2012; Perry et al. 2012; Rohlfs and
Nielsen 2015). In particular, a recent focus of such work has
been in implementing Ornstein-Uhlenbeck (OU) processes,
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which can model evolution of gene expression levels along
phylogenetic trees (Hansen 1997, Butler and King 2004;
Bedford and Hartl 2009; Brawand et al. 2011; Perry et al.
2012; Rohlfs et al. 2014; Rohlfs and Nielsen 2015). Because
OU processes model Brownian motion with a pull toward an
optimal state, they have a natural application to evolution, in
which drift is analogous to Brownian motion, selection to pull,
and fittest phenotype to optimal state (Hansen 1997; Butler
and King 2004). Therefore, OU processes have high power for
detecting shifts in gene expression due to lineage-specific ex-
pression divergence. However, the major advantages of LED
over these approaches are its lack of assumptions and inher-
ent simplicity. Specifically, OU processes assume normality
and require information about tree topology and divergence
times. Moreover, when data comprise multiple tissues as in
the current analysis, further assumptions are made about the
covariance structure among tissues (e.qg., independence,
equal variance, etc.). In contrast, the only information neces-
sary for calculating LED is the genome-wide expression levels
from at least one tissue, developmental stage, or experimental
condition in three related species. Further, as with OU pro-
cesses, LED can be applied to any measurable quantitative
trait, enabling the assessment of lineage-specific divergence
of a wide array of genetic, epigenetic, and phenotypic
attributes.

Alimitation of LED is that it is applied to three-species trees.
In particular, consider figure 1C, which illustrates dispropor-
tionally large LED along the lineage leading to ortholog X.
Rather than a change arising along the lineage leading to X,
it is also possible that a change occurred along the lineage
ancestral to Y and Z. Rooting the tree would not resolve this
issue because it would require assigning the outgroup state as
ancestral, thereby incorporating an additional assumption and
removing the outgroup species from the analysis. Rather, an
optimal solution is to obtain similar data from a fourth species.
Then, one can construct an analogous statistic to LED that
subtracts out the internal branch length of the four-species
tree via application of equation 12.6 in Felsenstein (2004).
Unfortunately, similar RNA-seq data do not currently exist
for a fourth grass species, and so this approach is not feasible
in the present study. However, even with this three-species
approach, it is unlikely that changes ancestral to two of the
species are common phenomena in the grasses studied here.
In particular, the findings that LED is positively correlated with
protein-coding sequence divergence and tissue specificity,
negatively correlated with network connectivity, and posi-
tively associated with high male tissue expression and GO
terms related to male reproduction and host-pathogen de-
fense are all consistent with those from previous studies of
gene expression divergence in many plants and animals
(Makova and Li 2003; Meiklejohn et al. 2003; Nuzhdin
et al. 2004; Jordan et al. 2005; Lemos et al. 2005; Sartor
et al. 2006; Silverstein et al. 2007; Assis 2014; Assis et al.
2012; Assis and Bachtrog 2013, 2015; Hunt et al. 2013;

Gossmann et al. 2016; Hodgins et al. 2016; Mahler et al.
2017). Therefore, LED is likely capturing general patterns of
lineage-specific expression divergence in grasses.

Comparison of distributions of LED among grasses
revealed that lineage-specific expression divergence occurs
at the slowest rate in the wild B. distachyon. This result is
unexpected given increased mutation rates due to shorter
generation time (Reineke et al. 2011) and decreased effi-
ciency of natural selection due to larger effective population
size (Ai et al. 2012; Adugna 2014; Stritt et al. 2018) of B.
distachyon relative to O. sativa japonica and S. bicolor. It is also
intriguing that LED occurs at the fastest rate in O. sativa ja-
ponica because it was domesticated several thousand years
earlier than S. bicolor (Winchell et al. 2017; Zuo et al. 2017).
Thus, rates of lineage-specific expression divergence support
the hypothesis that lineage-specific expression divergence in
grasses may be influenced by their domestication histories.
However, of key importance is that these grass species also
differ in their genomic contents, climate, environmental con-
ditions, and pathogens. Moreover, O. sativa japonica and S.
bicolor were domesticated in different locations of the world
and may have each experienced multiple rounds of domesti-
cation that selected for varied traits (Doebley et al. 2006;
Glémin and Bataillon 2009; Winchell et al. 2017).
Therefore, though differences in LED are consistent with do-
mestication and its timing, there are many variables—both
related and unelated to domestication—that may affect
lineage-specific expression divergence of grasses.

In all grasses, increased LED is associated with increased
protein-coding sequence divergence, increased tissue specif-
icity, and decreased network connectivity. These relationships
are not unexpected given similar findings for expression di-
vergence between species in other taxa (Makova and Li 2003;
Meiklejohn et al. 2003; Nuzhdin et al. 2004; Jordan et al.
2005; Lemos et al. 2005; Duret and Mouchiroud 2000; Ge
et al. 2001; Pal et al. 2001; Herbeck et al. 2003; Rocha and
Danchin 2004; Subramanian and Kumar 2004; Bhardwaj and
Lu 2005; Baerenfaller et al. 2008; French and Pavlidis 2011;
Assis 2014; Assis and Kondrashov 2014; Sartor et al. 2006;
Assis et al. 2012; Assis and Bachtrog 2013, 2015; Hunt et al.
2013; Gossmann et al. 2016; Hodgins et al. 2016; Mahler
et al. 2017). Therefore, it appears that expression divergence
in general affects nonhousekeeping genes, perhaps in which
it is more likely to be tolerated. Moreover, examination of the
primary tissues in which genes with large LED are expressed
uncovered strong biases toward anther expression in all three
species, consistent with the faster sequence and expression
evolution of male-biased genes observed in both plants and
animals (Meiklejohn et al. 2003; Assis 2014; Nuzhdin et al.
2004; Assis et al. 2012; Assis and Bachtrog 2013, 2015;
Gossmann et al. 2016). Hypotheses for faster evolution of
male-biased genes include increased mutation rates due to
a greater number of germline cell divisions in male tissues
(Shimmin et al. 1993), positive selection due to sexual
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selection (Préschel et al. 2006; Ellegren and Parsch 2007), and
relaxed negative selection due to reduced functional pleiot-
ropy (Ellegren and Parsch 2007; Gershoni and Pietrokovski
2014; Harrison et al. 2015). In dioecious plants, there are
more cell divisions during pollen than ovule production, and
male-biased genes often have higher mutation rates (Filatov
and Charlesworth 2002; Whittle and Johnston 2002), both of
which support the increased mutation rate hypothesis
(Shimmin et al. 1993). However, the positive association be-
tween LED and protein-coding sequence divergence is indic-
ative of positive selection, whereas the positive association
between LED and tissue specificity points to decreased pleiot-
ropy and relaxed negative selection. Therefore, any of these
mechanisms may contribute to increased male-biased evolu-
tionary rates in grasses.

Functional analyses uncovered three major biological
themes associated with lineage-specific expression divergence
in grasses: male reproduction, host-pathogen defense, and
domestication. Male reproduction is not a surprising result
in light of the male-biased expression evolution observed.
However, host-pathogen defense is noteworthy because its
associated GO terms are enriched in all three species,
“pathogen defense” is the most significantly enriched GO
biological process in O. sativa japonica, and genes with the
largest LED in both B. distachyon and S. bicolor are likely in-
volved in defense against pathogens. Therefore, host-patho-
gen defense appears to be a major functional target of
lineage-specific expression divergence in all grasses. Further,
it is interesting to note that male reproduction and host-path-
ogen defense may be associated with one another, in that
infection with pathogens has been found to alter male-
biased expression (Zemp et al. 2015), sexual dimorphic traits
(Zemp et al. 2015), and DNA methylation patterns (Castellano
et al. 2016) in other dioecious plants. In contrast to the other
two functions, there do not appear to be any enriched GO
terms specifically related to domestication. Yet comparison of
overall rates of LED among the three species suggests that
increased lineage-specific expression divergence may be asso-
ciated with domestication, and the gene with the largest LED
in O. sativa japonica may play an important role in enhanced
adaptation and yield during domestication. Therefore, these
findings indicate that lineage-specific expression divergence in
grasses may increase under domestication and target rapidly
evolving genes involved in male reproduction, host-pathogen
defense, and phenotypes selected for during domestication.

It is important to note that conclusions relating lineage-
specific expression divergence to domestication are limited
in this study. In particular, phenotypic evolution under domes-
tication of grasses occurred over short evolutionary timescales
(Glémin and Bataillon 2009) that were not examined in the
current analysis. Therefore, signals of lineage-specific expres-
sion divergence associated with domestication are likely inter-
mingled with those due to unrelated events preceding or
following domestication. As a result, though the increased

rate of lineage-specific expression divergence in domesticated
grasses is consistent with faster evolutionary divergence under
domestication, changes in specific genes or functions cannot
be directly attributed to domestication. Similarly, lineage-
specific expression divergence of genes involved in male re-
production or host-pathogen defense may or may not be as-
sociated with domestication. Indeed, such genes undergo
rapid evolution in many species of undomesticated plants
and animals (e.g., Meiklejohn et al. 2003; Nuzhdin et al.
2004; Silverstein et al. 2007; Assis et al. 2012; Assis 2014;
Assis and Kondrashov 2014; Assis and Bachtrog 2013, 2015;
Gossmann et al. 2016). Therefore, it is likely that lineage-
specific expression divergence affects a suite of gene func-
tions that are targeted by selection pressures independently
related to male reproduction, host-pathogen defense, and
domestication of grasses.

Materials and Methods

Identification of Orthologous Genes

Amino acid sequences of protein-coding genes in B. dis-
tachyon (version 1.0; International Brachypodium Initiative
2010), O. sativa japonica (IRGSP-1.0; International Rice
Genome Sequencing Project 2005), and S. bicolor (version
1.4; Patterson et al. 2009) were downloaded from
EnsemblPlants (release 37) at https:/plants.ensembl.org.
Orthologous groups were identified by running OrthoMCL
(version 2.0; Li et al. 2003; Chen et al. 2006; Fischer et al.
2011) with default parameters on the longest transcripts of all
genes in the three species. In total, 29,970 orthologous
groups were identified. However, to minimize the probability
of misassigning orthologs due to duplication, | limited my
analysis to 11,142 1:1:1 orthologs.

Gene Expression Analyses

Tables of normalized RNA-seq abundances in transcripts per
million (TPM) for nine tissues of B. distachyon, O. sativa japon-
ica, and S. bicolor were downloaded from Expression Atlas
(Kapushesky et al. 2010) at https:./Avww.ebi.ac.uk/gxa/home/;
last accessed December 12, 2018. These data were obtained
with the iRAP pipeline, averaged across technical replicates,
and quantile normalized (Papatheodorou et al. 2018). The
tissues included in these tables are leaf, early inflorescence,
emerging inflorescence, anther, pistil, seed 5 days after polli-
nation, seed 10 days after pollination, embryo, and endo-
sperm (Davidson et al. 2012). Data were log-transformed,
genes with 1og,(TPM) > 2 in at least one of the nine tissues
were retained, and expression profiles were constructed from
relative abundance levels to enable cross-species comparisons
(Liao and Zhang 2006; Pereira et al. 2009). Euclidian distances
were calculated between expression profiles in all nine tissues
of orthologous genes for each pair of species (Ego, Egs,
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9
> (B — Ot)z, where t rep-

t=1

resents one of the nine tissues, B; the relative expression of
the B. distachyon ortholog in tissue t, and O; the relative
expression of the O. sativa japonica ortholog in tissue t. LED
was computed from Eg o, Egs, and Eq s. The tissue specificity
index 7, which ranges from 0 (broadly expressed) to 1 (tissue-
specific), was used to estimate expression breadth of genes
(Yanai et al. 2005).

and Eqs). For example, Eg o =

Sequence Analyses

Protein-coding sequences of genes in B. distachyon (version
1.0; International Brachypodium Initiative 2010), O. sativa ja-
ponica (IRGSP-1.0; International Rice Genome Sequencing
Project 2005), and S. bicolor (version 1.4; Patterson et al.
2009) were downloaded from EnsemblPlants (release 37) at
https:/plants.ensembl.org; last accessed December 12, 2018.
Multiple alignments of 1:1:1 orthologs were performed with
MACSE (version 1.2; Ranwez et al. 2011), which accounts for
frameshifts and stop codons. PhyML (version 3.0; Guindon
et al. 2010) was used to calculate branch lengths for each
gene tree, and the codeml function in PAML (version 4; Yang
2007) was used to calculate K, and K,/Ks for all pairs of
orthologs.

Network Connectivity Analyses

Gene interaction data for B. distachyon, O. sativa japonica,
and S. bicolor were downloaded from the STRING database at
https://string-db.org; last accessed December 12, 2018 (Snel
et al. 2000; Szklarczyk et al. 2017). The number of interaction
partners of each gene was estimated as the total number of
unigue genes with which an interaction was recorded from
experimental data. The relationship between LED and number
of interaction partners was assessed with Poisson regression.
In particular, a Poisson model was fit to the data for each
species and used to estimate regression coefficients and com-
pute their P-values. Fits of Poisson models to the data were
ensured by performing X? goodness-of-fit tests on residual
deviance (P = 1 for tests in all species).

GO Analyses

GO annotation data sets for B. distachyon, O. sativa japonica,
and S. bicolor were downloaded from the PLAZA 4.0 data-
base at https/bicinformatics.psb.ugent.be/plaza/;  last
accessed December 12, 2018 (Van Bel et al. 2018). TopGo
(Alexa et al. 2006) was used to assess GO enrichment of
genes in each species based on their ranked LED scores. For
each analysis, the Kolmogorov—Smirnov test was applied, us-
ing the weight01 algorithm to account for the GO topology.
GO terms with fewer than ten annotated genes were not
considered in analyses (by setting nodeSize = 10), and only
those with P < 0.01 were classified as significantly enriched

(supplementary tables S1-S3, Supplementary Material
online).

Statistical Analyses

All statistical analyses were performed in the R software en-
vironment (R Core Team 2013). Two-sample permutation
tests were used to evaluate differences between pairs of dis-
tributions shown in figure 2. Each test was performed with
1,000 permutations and with the test statistic set as the dif-
ference between medians. Correlations depicted in figures 3
and 4A were assessed with one-sample t-tests. For results
shown in figure 4B, X? goodness-of-fit tests were first used
to compare observed distributions of highest-expressed tis-
sues in genes with the top 1% of LED scores with their
expected distributions based on highest-expressed tissues in
all genes in the genome. Because observed distributions were
significantly different from those expected in all species
(P < 0.001), binomial tests were performed to compare
the observed frequency of each primary tissue class in genes
with the top 1% of LED with the genome-wide frequency of
the class. In each test, the number of successes X was set as
the count for a particular primary tissue class, the number of
trials n as the total number of genes with the top 1% of LED
in each species, and the probability of success p as the fre-
guency of the primary tissue class in the genome of the spe-
cies of interest. P-values from binomial tests were Bonferroni-
adjusted to correct for the nine comparisons performed.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.

Acknowledgments

This work was supported by the National Science Foundation
(DEB-1555981). Portions of this research were conducted
with Advanced Cyber Infrastructure computational resources
provided by the Institute for CyberScience at Pennsylvania
State University (https://ics.psu.edu; last accessed December
12, 2018). | also thank three anonymous reviewers and the
journal Associate Editor for their helpful comments.

Literature Cited

Adugna A. 2014. Analysis of in situ diversity and population structure in
Ethiopian cultivated Sorghum bicolor (L.) landraces using phenotypic
traits and SSR markers. Springerplus 3:212.

Ai B, Wang ZS, Ge S. 2012. Genome size is not correlated with effective
population size in the Oryza species. Evolution 66(10):3302-3310.

Alexa A, Rahnenfihere J, Lengauer T. 2006. Improved scoring of func-
tional groups from gene expression data by decorrelating GO graph
structure. Bioinformatics 22(13):1600-1607.

Ashburner M, et al. 2000. Gene ontology: tool for the unification of biol-
ogy. Nat Genet. 25(1):25-29.

216  Genome Biol. Evol. 11(1):pp. 207-219  doi:10.1093/gbe/evy245 Advance Access publication November 6, 2018


Deleted Text: -
Deleted Text: a
https://plants.ensembl.org
Deleted Text:  
Deleted Text:  
Deleted Text: c
Deleted Text: a
ttps://string-db.org
Deleted Text: a
https://bioinformatics.psb.ugent.be/plaza/
Deleted Text: -
Deleted Text: 10 
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evy245#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evy245#supplementary-data
Deleted Text:  
Deleted Text: to 
Deleted Text: to 
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evy245#supplementary-data
https://ics.psu.edu

Lineage-Specific Expression Divergence in Grasses

GBE

Assis R. 2014. Drosophila duplicate genes evolve new functions on the fly.
Fly 8.

Assis R, Bachtrog D. 2013. Neofunctionalization of young duplicate genes
in Drosophila. Proc Natl Acad Sci U S A. 110(43):17409-17414.

Assis R, Bachtrog D. 2015. Rapid divergence and diversification of mam-
malian duplicate gene functions. BMC Evol Biol. 15:138.

Assis R, Kondrashov AS. 2014. Conserved proteins are fragile. Mol Biol
Evol. 31(2):419-424.

Assis R, Zhou Q, Bachtrog D. 2012. Sex-biased transcriptome evolution in
Drosophila. Genome Biol Evol. 4(11):1189-1200.

Baerenfaller K, et al. 2008. Genome-scale proteomics reveals Arabidopsis
thaliana gene models and proteome dynamics. Science
320(5878):938-941.

Bedford T, Hartl DL. 2009. Optimization of gene expression by natural
selection. Proc Nat/ Acad Sci U S A. 106(4):1133-1138.

Bennetzen JL. 2007. Patterns in grass genome evolution. Curr Opin Plant
Biol. 10(2):176-181.

Bhardwaj N, Lu H. 2005. Correlation between gene expression profiles
and protein-protein interactions within and across genomes.
Bioinformatics 21(11):2730-2738.

Blekhman R, Oshlack A, Chabot AE, Smyth GK, Gilad Y. 2008. Gene
regulation in primates evolves under tissue-specific selection pressures.
PLOS Genet. 4(11):21000271.

Bouchenak-Khelladi Y, Verboom GA, Savolainen V, Hodkinson TR. 2010.
Biogeography of the grasses (Poaceae): a phylogenetic approach to
reveal evolutionary history in geographical space and geological time.
Bot J Linn Soc. 162(4):543-557.

Bowers JE, et al. 2005. Comparative physical mapping links conservation
of microsynteny to chromosome structure and recombination in
grasses. Proc Natl Acad Sci U S A. 102(37):13206-13211.

Brawand D, et al. 2011. The evolution of gene expression levels in mam-
malian organs. Nature 478(7369):343-348.

Brenchley R, et al. 2012. Analysis of the bread wheat genome
using whole-genome shotgun sequencing. Nature 491(7426):
705-710.

Brkljacic J, et al. 2011. Brachypodium as a model for the grasses: today and
the future. Plant Phys. 157(1):3-13.

Butler MA, King AA. 2004. Phylogenetic comparative analysis: a modeling
approach for adaptive evolution. Am Nat. 164(6):683-695.

Céceres M, et al. 2003. Elevated gene expression levels distinguish human
from non-human brains. Proc Natl Acad Sci U S A. 100(22):
13030-13035.

Carroll SB. 2005. Evolution at two levels: on genes and form. PLoS Biol.
3(7).e245.

Carroll SB. 2008. Evo-devo and an expanding evolutionary synthesis: a
genetic theory of morphological evolution. Cell 134(1):25-36.

Castellano M, et al. 2016. Changes in the DNA methylation pattern of host
male gametophyte of viroid-infected cucumber plants. J Exp Bot.
67(19):5857-5868.

Chaix R, Somel M, Kreil DP, Khaitovich P, Lunter GA. 2008. Evolution of
primate gene expression: drift and corrective sweeps? Genetics
180(3):1379-1389.

Chen F, Mackey AJ, Stoeckert CJ, Roos DS. 2006. OrthoMCL-DB: querying
a comprehensive multi-species collection of ortholog groups. Nucleic
Acids Res. 34(Database issue):D363-D368.

Davidson RM, et al. 2012. Comparative transcriptomics of three Poaceae
species reveals patterns of gene expression evolution. Plant J.
71(3):492-502.

De Smet R, Sabaghian E, Li Z, Saeys Y, Van de Peer Y. 2017. Coordinated
functional divergence of genes after genome duplication in
Arabidopsis thaliana. Plant Cell 29(11):2786-2800.

Doebley JF, Gaut BS, Smith BD. 2006. The molecular genetics of crop
domestication. Cell 7:1309-1321.

Duret L, Mouchiroud D. 2000. Determinants of substitution rates in mam-
malian genes: expression pattern affects selection intensity but not
mutation rate. Mol Biol Evol. 17(1):68-74.

Ellegren H, Parsch J. 2007. The evolution of sex-biased genes and sex-
biased gene expression. Nat Rev Genet. 8(9):689-698.

Felsenstein J. 2004. Inferring phylogenies. Sunderland (MA): Sinauer
Associates, Inc.

Filatov DA, Charlesworth D. 2002. Substitution rates in the X- and Y-linked
genes of the plants, Silene latifolia and S. dioica. Mol Biol Evol.
19(6):898-907.

Fischer S, etal. 2011. Using OrthoMCL to assign proteins to OrthoMCL-DB
groups or to cluster proteomes into new ortholog groups. Curr Protoc
Bioinformatics. 35:6.12.1-6.12.19.

French L, Pavlidis P. 2011. Relationships between gene expression and
brain wiring in the adult rodent brain. PLoS Comput Biol.
7:€10011049.

Ge H, Liu Z, Church GM, Vidal M. 2001. Correlation between transcrip-
tome and interactome mapping data from Saccharomyces cerevisiae.
Nat Genet. 29:484-486.

Gene Ontology Consortium 2017. Expansion of the Gene
Ontology knowLEDgebase and resources. Nucleic Acids Res
45:D331-D338.

Gershoni M, Pietrokovski S. 2014. Reduced selection and accumulation of
deleterious mutations in genes exclusively expressed in men. Nat
Commun. 5:4438.

Gilad Y, Oshlack A, Smyth GK, Speed TP, White KP. 2006. Expression
profiling in primates reveals a rapid evolution of human transcription
factors. Nature 440(7081):242-245.

Glémin S, Bataillon T. 2009. A comparative view of the evolution of
grasses under domestication. New Phytol. 183(2):273-290.

Gopalan S, Wei W, He SY. 1996. Hrp gene-dependent induction of hin1: a
plant gene activated rapidly by both hairpins and the avrPto gene-
mediated signal. Plant J. 10(4):591-600.

Gossmann TI, Saleh D, Schmid MW, Spence MA, Schmid KJ. 2016.
Transcriptomes of plant gametophytes have a higher proportion of
rapidly evolving and young genes than sporophytes. Mol Biol Evol.
33(7):1669-1678.

Gu J, Gu X. 2003. Induced gene expression in human brain after the split
from chimpanzee. Trends Genet. 19(2):63-65.

Gu X. 2004. Statistical framework for phylogenomic analysis of gene fam-
ily expression profiles. Genetics 167(1):531-542.

Guindon S, et al. 2010. PhyML 3.0: new algorithms, methods and utilities.
Syst Biol. 59(3):307-321.

Hansen TF. 1997. Stabilizing selection and the comparative analysis of
adaptation. Evolution 51(5):1341-1351.

Harrison PW, et al. 2015. Sexual selection drives evolution and rapid turn-
over of male gene expression. Proc Natl Acad Sci U S A
112(14):4393-4398.

Hartl M, Giri AP, Kaur H, Baldwin IT. 2011. The multiple functions of plant
serine protease inhibitors. Plant Signal Behav. 6(7):1009-1011.

Herbeck JT, Wall DP, Wernegreen JJ. 2003. Gene expression level
influences amino acid usage, but not codon usage, in the tsetse
fly  endosymbiont  Wigglesworthia. ~ Microbiology — 149(Pt
9):2585-2596.

Hodgins KA, Yeaman S, Nurkowski KA, Rieseberg LH, Aitken SN. 2016.
Expression divergence is correlated with sequence evolution but not
positive selection in conifers. Mol Biol Evol. 33(6):1502-1516.

Hunt BG, Ometto L, Keller L, Goodisman MA. 2013. Evolution at two
levels in fire ants: the relationship between patterns of gene expression
and protein sequence evolution. Mol Biol Evol. 30(2):263-271.

International Barley Genome Sequencing Consortium. 2012. A physical,
genetic and functional sequence assembly of the barley genome.
Nature 491:711-716.

Genome Biol. Evol. 11(1):pp. 207-219  doi:10.1093/gbe/evy245 Advance Access publication November 6, 2018 217



Assis

GBE

International Brachypodium Initiative. 2010. Genome sequencing and
analysis of the model grass Brachypodium distachyon. Nature
463:763-768.

International Rice Genome Sequencing Project. 2005. The map-based se-
quence of the rice genome. Nature 436:793-800.

lto Y, et al. 2011. Aberrant vegetative and reproductive development by
overexpression and lethality by silencing of OsHap3E in rice. Plant Sci.
181(2):105-110.

Izawa T. 2007. Adaptation of flowering-time by natural and artificial se-
lection in Arabidopsis and rice. J Exp Bot. 58(12):3091-3097.

Jamal F, Pandey PK, Singh D, Khan MY. 2013. Serine protease inhibitors in
plants: nature’s arsenal crafted for insect predators. Phytochem Rev.
12(1):1-34.

Jordan IK, Marino-Ramirez L, Koonin EV. 2005. Evolutionary significance
of gene expression divergence. Gene 345(1):119-126.

Kapushesky M, et al. 2010. Gene Expression Atlas at the European
Bioinformatics Institute. Nucleic Acids Res. 38(Suppl 1):D690-D698.

Kayserili MA, Gerrard DT, Tomancak P, Kalinka AT. 2012. An excess of
gene expression divergence on the X chromosome in Drosophila em-
bryos: implications for the faster-X hypothesis. PLoS Genet.
8(12):21003200.

Keegstra K. 2010. Plant cell walls. Plant Phys. 154(2):483-486.

Khaitovich P, Paabo S, Weiss G. 2005. Toward a neutral evolutionary
model of gene expression. Genetics 170(2):929-939.

King MC, Wilson AC. 1975. Evolution at two levels in humans and chim-
panzees. Science 188(4184):107-116.

Lemos B, Bettencourt BR, Meiklejohn CD, Hartl DL. 2005. Evolution
of proteins and gene expression levels are coupled in Drosophila and
are independently associated with mRNA abundance, protein length,
and number of protein-protein interactions. Mol Biol Evol.
22:1345-1354.

Li L, Stoeckert CJ, Roos DS. 2003. OrthoMCL: identification of
ortholog groups for eukaryotic genomes. Genome Res.
13(9):2178-2189.

Li Q, et al. 2016. Duplication of OsHAP family genes and their association
with heading date in rice. J Exp Bot. 67(6):1759-1768.

Liao B-Y, Weng M-P. 2015. Unraveling the association between mRNA
expressions and mutant phenotypes in a genome-wide assessment of
mice. Proc Nat/ Acad Sci U S A. 112(15):4707-4712.

Liao B-Y, Zhang J. 2006. Evolutionary conservation of expression profiles
between human and mouse orthologous genes. Mol Biol Evol.
23(3):530-540.

Mahler N, et al. 2017. Gene co-expression network connectivity is an
important determinant of selective constraint. PLoS Genet.
13(4):21006402.

Makova KD, Li W-H. 2003. Divergence in the spatial pattern of gene
expression between human duplicate genes. Genome Res.
13:1638-1645.

Meiklejohn CD, Parsch J, Ranz JM, Hartl DL. 2003. Rapid evolution of
male-biased gene expression in Drosophila. Proc Natl Acad Sci U S
A. 100(17):9894-9899.

Nehrt NL, Clark WT, Radivojac P, Hahn MW. 2011. Testing the ortholog
conjecture with comparative functional genomic data from mammals.
PLoS Comput Biol. 7(6):e1002073.

Nuzhdin SV, Wayne ML, Harmon KL, Mclntyre LM. 2004. Common pat-
terns of evolution of gene expression level and protein sequence in
Drosophila. Mol Biol Evol. 21(7):1308-1317.

Pal C, Papp B, Hurst LD. 2001. Highly expressed genes in yeast evolve
slowly. Genetics 158(2):927-931.

Papatheodorou |, et al. 2018. Expression Atlas: gene and protein expres-
sion across multiple studies and organisms. Nucleic Acids Res.
46(D1):D246-D251.

Patterson AH, et al. 2009. The Sorghum bicolor genome and the diversi-
fication of grasses. Nature 457(7229):551-556.

Pereira VV, Waxman D, Eyre-Walker A. 2009. A problem with the correla-
tion coefficient as a measure of gene expression divergence. Genetics
183(4):1597-1600.

Perry GH, et al. 2012. Comparative RNA sequencing reveals substantial
genetic variation in endangered primates. Genome Res. 22:202-610.

Proschel M, Zhang Z, Parsch J. 2006. Widespread adaptive evolution of
Drosophila genes with sex-biased expression. Genetics 174:893-900.

R Core Team. 2013. R: a language and environment for statistical com-
puting. Vienna (Austria): R Foundation for Statistical Computing.

Ranwez V, Harispe S, Delsuc F, Douzery EJP. 2011. MACSE: multiple align-
ment of coding sequences accounting for frameshifts and stop
codons. PLoS One 69:622594.

Reineke AR, Bornberg-Bauer E, Gu J. 2011. Evolutionary divergence and
limits of conserved non-coding sequence detection in plant genomes.
Nucleic Acids Res. 39(14):6029-6043.

Rifkin SA, Kim J, White KP. 2003. Evolution of gene expression in the
Drosophila melanogaster subgroup. Nat Genet. 33(2):138-144.

Rocha EP, Danchin A. 2004. An analysis of determinants of amino acids
substitution rates in bacterial proteins. Mol Biol Evol. 21(1):108-116.

Rohlfs RV, Harrigan P, Nielsen R. 2014. Modeling gene expression evolu-
tion with an extended Ornstein-Uhlenbeck process accounting for
within-species variation. Mol Biol Evol. 31(1):201-211.

Rohlfs RV, Nielsen R. 2015. Phylogenetic ANOVA: the expression variance
and evolution model for quantitative trait evolution. Syst Biol.
64(5):695-708.

Sartor MA, et al. 2006. A new method to remove hybridization bias for
interspecies comparison of global gene expression profiles uncovers an
association between mRNA sequence divergence and differential
gene expression in Xenopus. Nucleic Acids Res. 34(1):185-200.

Schnable P, et al. 2009. The B73 maize genome: complexity, diversity, and
dynamics. Science 326(5956):1112-1115.

Shimmin LC, Chang BHJ, Li W-H. 1993. Male-driven evolution of DNA
sequences. Nature 362(6422):745-747.

Silverstein KAT, et al. 2007. Small cysteine-rich peptides resembling anti-
microbial peptides have been under-predicted in plants. Plant J.
51(2):262-280.

Snel B, Lehmann G, Bork P, Huynen MA. 2000. STRING: a web-server to
retrieve and display the repeatedly occurring neighborhood of a gene.
Nucleic Acids Res. 28(18):3442-3444.

Stebbins GL. 1957. Self fertilization and population variability in higher
plants. Am Nat. 91(861):337-354.

Stritt C, Gordon SP, Wicker T, Vogel JP, Roulin AC. 2018. Recent activity in
expanding populations and purifying selection have shaped transpos-
able element landscapes across natural accessions of the
Mediterranean grass Brachypodium distachyon. Genome Biol Evol.
10(1):304-318.

Subramanian S, Kumar S. 2004. Gene expression intensity shapes evolu-
tionary rates of the proteins encoded by the vertebrate genome.
Genetics 168(1):373-381.

Szklarczyk D, et al. 2017. The STRING database in 2017: quality-controlled
protein-protein association networks, made broadly accessible. Nucleic
Acids Res. 45(D1):D362-D368.

Upadhyaya HD, Wang YH, Sharma R, Sharma S. 2013. Identification of
genetic markers linked to anthracnose resistance in sorghum using
association analysis. Theor Appl Genet. 126(6):1649-1657.

Van Bel M, et al. 2018. PLAZA 4.0: an integrative resource for functional,
evolutionary and comparative plant genomics. Nucleic Acids Res.
46(D1):D1190-D1196.

Wei X, et al. 2010. DTH8 suppresses flowering in rice, influencing plant
height and vyield potential simultaneously. Plant  Physiol.
153(4):1747-1758.

Whittle CA, Johnston MO. 2002. Male-driven evolution of mitochondrial
and chloroplastidial DNA sequences in plants. Mol Biol Evol.
19(6):938-949.

218 Genome Biol. Evol. 11(1):pp. 207-219  doi:10.1093/gbe/evy245 Advance Access publication November 6, 2018



Lineage-Specific Expression Divergence in Grasses

GBE

Winchell F, Stevens CJ, Murphy C, Champion L, Fuller DQ. 2017. Evidence
for sorghum domestication in fourth millennium BC Eastern Sudan:
spikelet morphology from ceramic impressions of the Butana group.
Curr Anthropol. 58(5):673-683.

Wray GA, et al. 2003. The evolution of transcriptional regulation in eukar-
yotes. Mol Biol Evol. 20(9):1377-1419.

Xue W, et al. 2008. Natural variation in Ghd7 is an important regulator of
heading date and yield potential in rice. Nat Genet. 40(6).761-767.

Yanai |, et al. 2005. Genome-wide midrange transcription profiles reveal
expression level relationships in human tissue specification.
Bioinformatics 21(5):650-659.

Yang Z. 2007. PAML 4: phylogenetic analysis by maximum likelihood. Mo/
Biol Evol. 24(8):1586-1591.

Zhang JJ, Xue HW. 2013. OsLEC1/OsHAP3E participates in the determi-
nation of meristem identity in both vegetative and reproductive devel-
opments of rice. J Integr Plant Biol. 55(3):232-249.

Zemp N, Tavares R, Widmer A. 2015. Fungal infection induces sex-specific
transcriptional changes and alters sexual dimorphism in the dioecious
plant Silene latifolia. PLoS Genet. 11:1005662.

Zuo X, et al. 2017. Dating rice remains through phytolith carbon-14 study
reveals domestication at the beginning of the Holocene. Proc Nat/
Acad Sci USA. 114(25):6486-6491.

Associate editor: Helen Piontkivska

Genome Biol. Evol. 11(1):pp. 207-219  doi:10.1093/gbe/evy245 Advance Access publication November 6, 2018 219



