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Plant genomes contain large numbers of duplicated genes that contribute to the evolution of new functions. Following
duplication, genes can exhibit divergence in their coding sequence and their expression patterns. Changes in the cis-regulatory
element landscape can result in changes in gene expression patterns. High-throughput methods developed recently can identify
potential cis-regulatory elements on a genome-wide scale. Here, we use a recent comprehensive data set of DNase I sequencing-
identified cis-regulatory binding sites (footprints) at single-base-pair resolution to compare binding sites and network
connectivity in duplicated gene pairs in Arabidopsis (Arabidopsis thaliana). We found that duplicated gene pairs vary greatly
in their cis-regulatory element architecture, resulting in changes in regulatory network connectivity. Whole-genome duplicates
(WGDs) have approximately twice as many footprints in their promoters left by potential regulatory proteins than do tandem
duplicates (TDs). The WGDs have a greater average number of footprint differences between paralogs than TDs. The footprints, in
turn, result in more regulatory network connections between WGDs and other genes, forming denser, more complex regulatory
networks than shown by TDs. When comparing regulatory connections between duplicates, WGDs had more pairs in which the
two genes are either partially or fully diverged in their network connections, but fewer genes with no network connections than the
TDs. There is evidence of younger TDs and WGDs having fewer unique connections compared with older duplicates. This study
provides insights into cis-regulatory element evolution and network divergence in duplicated genes.

Gene duplication events during evolutionary history
have provided large numbers of new genes that can
diverge in function and gain new functions, resulting
in new morphological, physiological, and biochemical
characteristics of organisms and cellular systems. Whole-
genome duplication events provide a major source of
duplicated genes (whole-genome duplicates [WGDs])
and are frequent in flowering plants where multiple
whole-genome duplications have occurred during the
evolutionary history of most lineages (for review, see Van
de Peer et al., 2009; Tang et al., 2010; Jiao et al., 2011).
Genes may be duplicated by several mechanisms in ad-
dition to WGDs, which have been collectively referred to
as small-scale duplications (Maere et al., 2005). Tandem
duplicate (TD) genes, which are consecutive genes in the

genome, are thought to arise from unequal crossing over
(Freeling, 2009). There are also other types of duplicates,
including proximal duplicates, which are near one an-
other but separated by a few genes; dispersed duplicates,
which are neither adjacent to each other in the genomenor
within homologous chromosome segments; and retro-
posed duplicates, formed by RNA-based retroposition
(e.g.Wang et al., 2013). A large portion of the Arabidopsis
(Arabidopsis thaliana) genome is believed to derive from
evolutionarily recent polyploidy events, including the
alpha and beta WGDs, and approximately 17% of genes
are TDs (Vision et al., 2000; Simillion et al., 2002; Bowers
et al., 2003).

Genes can acquire various fates following duplica-
tion. The most likely fate is the transformation of one
paralog to a pseudogene (Lynch andConery, 2000; Long
and Thornton, 2001; Zhang et al., 2001). Alternatively,
one copy can acquire a novel function while the other
maintains the ancestral function (neofunctionalization),
or one copy acquires a new expression pattern (regulatory
neofunctionalization). Multiple functions of the original
gene can be divided between the two duplicates (sub-
functionalization), or the organ-specific expression pattern
can be divided between the two duplicates (regulatory
subfunctionalization). Alternatively, duplicated genesmay
retain the same function and expression pattern, and thus
add to the robustness of the regulatory network (Force
et al., 1999; Gu et al., 2003). Regulatory neofunctionalization
and subfunctionalization are likely caused by muta-
tional changes within the cis-regulatory region of the
duplicated genes, which alter the temporal/spatial
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expression profile as well as responses to various biotic
and abiotic stimuli.
Several genome-wide studies have attempted to de-

scribe the characteristics of regulatory evolution in
model organisms (e.g. Dermitzakis and Clark, 2002;
Schmidt et al., 2010). A study of Escherichia coli and
Saccharomyces cerevisiae showed that duplicated new
genes inherit more than one-third of the regulatory in-
teractions from their ancestral genes (Teichmann and
Babu, 2004). In yeast (S. cerevisiae), recently duplicated
genes were shown to rapidly gain transcription factor
binding sites after duplication (Tsai et al., 2012). In
Arabidopsis, Haberer et al. (2004) compared upstream
promoter regions between duplicated genes and iden-
tified conserved regions that might be cis-regulatory
elements. When analyzing a few duplicated pairs
that contain experimentally verified cis-regulatory ele-
ments, Haberer et al. (2004) demonstrated conservation
of these known cis-regulatory elements. Similarly, se-
quence alignments of the regions surrounding retained
WGDs have revealed small (15–255 bp) conserved non-
codingDNA sequence (CNS) patterns in close proximity
to retained duplicate genes (Freeling et al., 2007; Thomas
et al., 2007). The size and similarity of these CNS signa-
tures imply a functional role, and those genes that were
most enriched for CNSsweremost often associated with
transcription factor activity (Freeling et al., 2007). It is
likely that many CNSs play cis-regulatory roles shared
by WGDs, as reviewed by Freeling and Subramaniam
(2009). A significant positive correlation of duplicate pair
coexpression with the full-gene CNS count in a number
of different tissues was observed, indicating a broad
positive effect of CNS signatures on WGD pair coex-
pression (Spangler et al., 2012).
The interaction of transacting regulatory factors with

cis-regulatory sites that lead to chromatin remodeling
and changes in gene expression has long been assayed
as hypersensitivity to cleavage by the nonspecific
endonuclease DNase I (Wu et al., 1979; Wu, 1980).
DNase I hypersensitive sites colocalize with a spectrum
of regulatory sequences, including enhancers, promoters,
silencers, insulators, locus control regions, and domain
boundary elements (Stalder et al., 1980; Forrester et al.,
1986; Grosveld et al., 1987; Chung et al., 1993). DNase I
sequencing, a method that relies on short sequence tags
from DNase I-treated genetic material, was adapted and
applied to Arabidopsis, revealing a large amount of reg-
ulatory information (Sullivan et al., 2014). The study ex-
amined the dynamics of the cis-regulatory landscape and
found thousands of DNase I-hypersensitive sites. Within
those sites were hundreds of thousands of footprints left
by regulatory proteins as they bound the underlying
DNA and protected it from DNase I cleavage. Although
only a handful of the approximately 1,700 predicted
Arabidopsis transcription factors (Palaniswamy et al.,
2006) have well-described target motifs, Sullivan et al.
(2014) used this information to build and describe em-
pirical genome-wide regulatory networks.
In this study, we use DNase I footprints, which are

locations of protein binding sites, and regulatory

information from Sullivan et al. (2014) to analyze the
evolution of cis-regulatory elements in duplicated
genes of Arabidopsis. We found that footprint density
and regulatory network characteristics vary based on
the type of duplicate. WGDs had more footprints and
formed denser and more complex regulatory networks
than TDs. The regulatory networks of pairs of dupli-
cates appeared more diverged than conserved, re-
gardless of duplication class, and this divergence
appeared to be linked to the age of the duplication.

RESULTS

The Regulatory Footprint Landscape Differs between
Types of Duplicated Genes

To analyze the evolution of cis-regulatory elements
in duplicated genes, the number and distribution of
DNase I-protected sites within DNase I-hypersensitive
regions, referred to as footprints, between two classes of
duplicated geneswere compared. TheDNase I footprints
provide single-base resolution of protein binding sites.
(This approach is different from phylogenetic footprint-
ing, where sequences frommultiple species are aligned to
identify conserved noncoding regions.) Duplicate gene
sets analyzed included 3,045 pairs of WGDs from Blanc
et al. (2003) and 1,370 pairs of TDs from Liu et al. (2011).
A set of 2,301 duplicates of other types, including dis-
persed, proximal, and retroposed, referred to here as
other duplicates, was also included in some analyses for
comparisonwith theWGDs and TDs. DNase I footprint
coordinates from Sullivan et al. (2014) were assigned to
each duplicate gene. In Arabidopsis, the largest per-
centage of DNase I-hypersensitive regions falls within
400 bp upstream of a gene’s transcription start site
(Sullivan et al., 2014). To confirm that the footprints left
behind by regulatory elements in duplicated genes are
also mainly found within a few hundred nucleotides
upstream of the transcription start site, the distribution
of footprints around duplicate genes was calculated.
Similar to DNase I-hypersensitive areas, the largest
proportion of footprints (31.3%) among duplicate genes
could be foundwithin the first 500 bp upstream (Table I).
A recent study of single nucleotide polymorphism den-
sity profiles also identified this length as the effective
promoter length (Korkuc et al., 2014). The regulatory

Table I. Footprint distribution of WGDs and TDs

No. of

Footprints

Percentage

of Total

Upstream 1,000 bp 25,644 15.2
Upstream 500 bp 52,978 31.3
59 Untranslated region (UTR) 10,080 6.0
Exon 23,977 14.2
Intron 7,014 4.1
39 UTR 7,134 4.2
Downstream 500 25,293 14.9
Downstream 1,000 17,097 10.1
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analysis focused on footprints located within the first
500 bp upstream of the transcription start site, and that
region is referred to as the promoter region.

To assess the regulatory landscape of WGD and TD
genes, the average number of footprints in the promoter
region was calculated. On average, WGD genes had
more footprints in their promoters compared with TDs
(Fig. 1A), 8.1 versus 4.2 (P = 2.07E2153, Mann-Whitney
U test following a Kruskal-Wallis one-way ANOVA).
This was the case in 7-d-old seedlings grown in the dark
as well as seedlings exposed to heat shock (Supplemental
Fig. S1). To compare the WGD and TDs with the other
duplicates set, the average number of footprints in the
promoters was calculated for the other duplicates and
found to be 10.3. This is significantly higher than the
WGDs (P = 1.94E260) and the TDs (P = 7.35E2348). To
compare duplicates with singletons, the average number
of footprints in singletons was calculated and found to be
5.9 (Fig. 1A). Thus, singletons tend to have fewer foot-
prints than duplicates, except for TDs (P = 3.36E249

comparedwithWGDs, 9.56E238 comparedwith TDs, and
2.74E2195 compared with other duplicates).

In general, the alpha WGDs are believed to represent
an older group of genes than TDs (Haberer et al., 2004).
However, TD formation is an ongoing process that in-
cludes ancient as well as recent events. To assess how
the average numbers of footprints in the promoters of
duplicate genes compared with recently formed genes,
footprints were assigned to 958 genes unique to the
Brassicaceae that originated during the evolution of
the family (Donoghue et al., 2011). The Brassicaceae-
specific genes had a lower average number of foot-
prints in their promoter than any of the three groups of
duplicates and the singletons (Fig. 1A; P = 7.19E2202,
6.03E212, 1.25E2398, and 7.81E278 compared with WGDs,
TDs, other duplicates, and singletons, respectively).

We next examined whether duplicate pairs of dif-
ferent origin show a difference in the number of foot-
prints when comparing genes within a pair with each
other. We calculated the difference in footprint number
between genes in each duplicate pair. WGDs had a larger
average difference in footprint number compared with
TDs: 6.32 and 4.37, respectively (Fig. 1B; P = 1.67E2278).
The other duplicates set had the largest average change in
footprint number between duplicate pairs, 6.98 (Fig. 1B;
Supplemental Table S1), whichwas significantly different
from the TDs (P = 2.37E2202) and theWGDs (P = 1.92E24).
Thus, one duplicate in a pair often has a higher or lower
number of footprints than the other. This suggests that, in
addition to having a higher average number of promoter
footprints in their promoters under various conditions,
WGD pairs are also more different from each other than
their TD counterparts.

Network Connectivity and Divergence Is Greater in
WGD Pairs

Duplicated genes can acquire new expression pat-
terns by regulatory neofunctionalization and sub-
functionalization. Changes in gene regulation are likely
preceded by changes in the cis-regulatory landscape. To
analyze regulatory network rewiring in duplicated
pairs, transcription factor/binding site interactions in
the tandem and WGD pair sets were compared using
network regulatory connections from Sullivan et al.
(2014). These connections allowed for the visualization
of regulatory connections between a WGD or TD gene
and any gene in the Arabidopsis genome. When con-
sidering regulatory network rewiring following a du-
plication event, there are three possible outcomes. The
two duplicates may continue to have identical network
connections; this is the conserved scenario. At4g12780

Figure 1. Regulatory protein footprint numbers differ in classes of duplicates. A, Box plots show the number of footprints within
500 bp of the transcription start site in different classes of duplicates as well as Brassicaceae-specific genes (BSG) and singletons.
Purple Xs show the mean (Kruskal-Wallis test andMann-WhitneyU test P values are significant for all comparisons, P, 0.01). B,
Box plots show the difference in the number of footprints between two genes in a duplicate pair within each duplicate class.
Purple Xs show the mean (Kruskal-Wallis test and Mann-Whitney U test P values are significant for all comparisons, P , 0.01).
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and At4g12770, which are a gene pair in the chaperone
DnaJ domain superfamily, are an example of a TD pair
in which all four connections are conserved. There were
no conserved examples among the WGDs (Fig. 2A).
Alternatively, the duplicates may share some common
connections and may have some unique connections,
which we refer to as partly diverged. Conversely, they
may not have any shared connections, which we refer
to as diverged (Fig. 2A). Examples are given in Figure
2A. The WGD pair of CTC-IINTERACTING DOMAIN5
(CID5) and CID6 is partly diverged, sharing five

connections along with six unique connections. NAC
DOMAIN CONTAINING PROTEIN17 (NAC017) and
NAC016 are a tandem pair that had completely diver-
gent regulatory networks. NAC017 has three unique
connections, whereas NAC016 had nine (Fig. 2A).

There are examples in which a divergence in connec-
tivity between duplicated genes revealed in our analysis
is accompanied by divergence in expression as well as
potential functional divergence. For example, the TD
pair CYCLIC NUCLEOTIDE GATED CHANNEL19
(CNGC19; AT3G17690) andCNGC20 (At3g17700) is part

Figure 2. WGD and TD pairs have differing wiring outcomes following duplication. A, Network rewiring between pairs may not
change after duplication (conserved), pairs may have some common and some unique connections (partly diverged), or they may
have no connections in common (diverged). Examples from each scenario from the two classes of duplicates are presented; there
are no conserved examples from theWGDs.Within the specific examples, purple and blue circles represent WGD and TD pairs,
respectively. Red and green circles are genes and interactions unique to each gene within the pair, and gray circles are shared
genes and interactions. Lines with arrows indicate regulatory interactions, with the arrow pointing toward the target gene. PPD1,
PEAPOD1; PPD2, PEAPOD2. B, Examples of a partially diverged WGD and TD pair. Purple circles are WGD pair, and blue are
TD pair. Red and green circles are genes and interactions unique to each gene within the pair, and gray circles are shared genes
and interactions. Lines with arrows indicate regulatory interactions, with the arrow pointing toward the target gene. C, Con-
nectivity composition in the WGD, tandem, and other duplicates sets. The number of gene pairs is in brackets. D, The number of
unique edges between members of a duplicate pair.
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of the family of cyclic nucleotide-gated channels. Mem-
bers of this family have been shown to be involved in
control of growth processes and response to stress
(Kaplan et al., 2007). We found that CNGC19 has 27
unique connections,CNGC20 has 15 unique connections,
and only three are shared (Fig. 2B). Reporter assays
used to study the expression of CNGC19 and CNGC20
showed the two genes were differentially expressed in
roots and shoots (Kugler et al., 2009). The CNGC19 gene
was predominantly active in roots already at early
growth stages. CNGC20 expression increased during
development and was maximal in mature and senescent
leaves. With respect to function, both genes appeared to
respond to changes in salt concentration in the shoot, but
in different cell types and at different times after treat-
ment (Kugler et al., 2009). Therefore, the divergence in
connectivity in our analysis seems to agree with ob-
served divergence in expression in the seedling during
early development as well as some potential diver-
gence in function between these two duplicated genes.
In another example, AUXIN RESISTANT1 (AUX1;
At2g38120) and LIKE AUXIN RESISTANT1 (LAX1;
At5g01240) are a whole genome duplicate pair that
appears to have distinct functions during Arabidopsis
development and show a divergence in connectivity.
AUX1 and LAX1 have nine shared and 21 and 34
unique connections in the seedling, respectively (Fig.
2B). These genes belong to a family of auxin influx
transporters, and both demonstrate auxin uptake func-
tion. AUX1 is localizedwithin the lateral root primordia
during all stages of development (Marchant et al.,
2002). In contrast, LAX1 expression is first detected in
stage I primordia and then mainly persists at the pri-
mordium base throughout lateral root formation (Péret
et al., 2012). LAX1 expression also appears stronger in
the presence of auxin and is detected much closer to the
root apex compared with untreated controls. Con-
versely,AUX1 expression does not appear altered in the
presence of auxin (Péret et al., 2012). These results in-
dicate that the regulation of AUX/LAX gene expression
has diverged, suggesting that they have acquired dis-
tinct roles in different developmental/physiological
processes. Despite experiments showing both AUX1
(Yang et al., 2006) and LAX1 (Péret et al., 2012) have
auxin uptake activity, a mutation in aux1 affected root

gravitropic responses and sensitivity to a synthetic
auxin, but this was not the case with the lax1 mutant
(Péret et al., 2012). This suggests that, along with di-
vergent regulation of these two duplicates, there is also
evidence for a divergence in function.

When comparing the WGD and TDs, a number of
striking differences appear. There appear to be a larger
percentage of partly diverged and diverged pairs in the
WGD set compared with tandem pairs: 36.5% and
53.3% versus 16% and 42.4%, respectively. Conserved
pairs are completely absent from the WGD group,
whereas five pairs are conserved among the tandems.
Unconnected duplicates (those with no regulatory
connections) make up 41.2% of the tandem groupwhile
only comprising 10.3% of the WGDs in the seedling
data set. To compare the WGDs and tandems with
other types of duplicates, the other duplicates set was
analyzed. The other duplicates set had more fully di-
verged connections than WGDs and tandems, fewer
partly diverged thanWGDs, and a comparable number
of genes with no connections to WGDs (Fig. 2C;
Supplemental Table S2). Thus, the WGDs and other
duplicates are more similar to each other than either is
to the TDs.

Pseudogenization is an outcome following gene du-
plication andmay play a role in the observed lack of TD
connectivity. The Arabidopsis Information Resource
(TAIR)-annotated pseudogenes were filtered out in our
analysis, and thus characterized pseudogenes should
not influence our results. However, there could be other
pseudogenes among the TDs that have not been an-
notated as such by TAIR. For example, Yang et al.
(2011) looked at the expression of Arabidopsis genes
and found 1,939 pseudogene candidates that lacked
expression in EST, full-length complementary DNA,
and 17 libraries of massively parallel signature se-
quencing data (Yang et al., 2011). Although some of
those genes may be expressed in other tissue types or
environmental conditions not analyzed in that study,
others are likely to be pseudogenes. In any case, all of
the pseudogene candidates have very limited expres-
sion patterns if they are expressed at all. In our analysis,
the TDs were found to contain 283 of the candidate
pseudogenes, whereas theWGDs set only contained 41.
Of the 283 candidate pseudogenes in the TDs set, 209
(73.8%) were unconnected.

When a footprint harboring a known binding site of a
transcription factor (TF) is found in the promoter region
of one duplicate but not in the other, we considered this
a unique connection. When comparing unique con-
nections between duplicate pairs, TD pairs have fewer
unique connections between pairs, with almost 70% of
pairs having between 0 and 10 unique connections.
Conversely, less than 40% of WGDs and other dupli-
cates fall within this group, with more pairs having
higher numbers of unique connections (Fig. 2D). To-
gether, these data suggest that WGD pairs, as well
as the other duplicates, are more different from each
other and have more connections than TD pairs. TD
pairs seem less diverged but have a larger number of

Table II. Comparison of networks formed using 1,000 randomly se-
lected WGDs and TDs

Numbers indicate parameters from an average of three subsets of
1,000 pairs of each type.

TFs

Excluded

TFs

Included

WGD TDs WGDs TDs

Nodes 1,135.3 1,247.0 9,397.0 2,082.3
Edges 9,218.7 5,184.3 25,219.7 6,200.0
Network

diameter
1 1 9.3 3

Network
density

0.014 0.007 0.0006 0.003
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unconnected pairs than either WGDs or the other
duplicates.

WGDs and TDs Form Distinctly Different
Regulatory Networks

To analyze the role that WGDs and TDs play in the
larger regulatory network of Arabidopsis, 1,000 WGD
pairs and 1,000 pairs of TDs were randomly selected.
All of the genes to which each duplicate was directly
connected were identified, and then the networks
formed were analyzed. These networks inevitably in-
volved genes that did not belong to either WGD or TD
groups, and therefore, the number of total nodes is
greater than 1,000. Duplicates that did not have foot-
prints in their promoters are considered unconnected
and were included in the networks. Three independent
networks of connected genes as well as isolated genes
were considered for each group. All genes (duplicate
and singleton) within the network comprised the nodes
of the network. If the binding motif of a transcription
factor within this network was found within 500 bp
upstream of the start codon of another gene also within
this network, an edge was created. Because the source
of the edge was known (the TF) as well as the target (the
target gene), the derived networks were directed. The
networks were analyzed with TFs excluded as well as
included from the sample. This was because the WGDs
have enrichment in TFs compared with the TDs (127
TFs with known binding sites are found among the
WGDs, whereas only five are found in the TDs), and
TFs can disproportionally alter the structure of a net-
work. With TFs excluded, the 1,000WGD subset formed
amore densely connected networkwhen comparedwith
the 1,000 TD subset (Table II). The 1,000 WGD subsets
created a network with an average of 1,135.3 nodes and
9,218.7 edges compared with 1,247.0 nodes and 55,184.3
edges created by TDs (Table II). Network density is de-
fined as the number of observed edges divided by the
number of possible edges [n*(n 2 1)/2]. When the TFs
are excluded, the WGDs had an average network

density twice that of the TDs: 0.014 and 0.007, respec-
tively. The network diameter is the largest number of
edges connecting any two nodes within the network.
This value is 1 for both WGD and TD networks when
TFs are excluded (Table II).When TFs are included in the
analysis, the results are very different. The number of
nodes and edges increases. WGD networks had an av-
erage 9,397.0 nodes and 25,219.7 edges, whereas the TD
networks had 2,082.3 nodes and 6,200.0 edges. TD net-
works had a higher network density (0.003) compared
with WGDs (0.0006). However, the diameter of WGD
networks increased drastically to 9.3 compared with 3
for TD networks. Collectively, these results suggest that
WGD-derived networks can form larger and denser
networks than their TD counterparts when TFs are ex-
cluded, but when included in network analyses, TFs
can drastically alter the structure and attributes of a
regulatory network.

Relationships between Divergence in Connectivity and
Duplication Age

The above analyses indicate that TDs tend to show
different footprint and regulatory network properties
from WGDs and other duplicates. Unlike WGDs, TDs
have occurred continuously during the evolutionary
history of the Arabidopsis lineage. To examine the ef-
fect of time on pair connectivity in networks, Ks values
were calculated for all TDs and compared with the
number of shared and unique edges (regulatory con-
nections) between duplicate pairs. Synonymous sub-
stitution rates (Ks) are used as a rough proxy for
duplication age, as commonly done in molecular evo-
lution studies. When considering edges, multiple in-
stances of the same TF motif within the promoter of a
duplicate gene were ignored and designated as a single
edge. Among the TDs, the average number of unique
edges increased from 4.8 in duplicates with Ks values
between 0 and 0.15 to 11.8 in duplicates with Ks values
above 1 (Fig. 3A). The correlation between Ks value and
the number of unique edges between duplicates was

Figure 3. Relationships between divergence in connectivity and duplication age. Box plots of the average number of unique
edges between duplicate pairs within binned Ks ranges. A, TDs. B, Other duplicates. C, WGDs (asterisks indicate Mann-Whitney
U test P values , 0.05).
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significant (Spearman correlation coefficient = 0.19;
P = 1.7E212 for TDs). These results suggest that unique
edges between duplicates increase soon after forma-
tion, as the pair likely diverges in their respective reg-
ulatory landscape. However, the number of unique
edges then is relatively stable, with only small and
statistically insignificant increases observed (Fig. 3A).

To determine if other types of duplicates show sim-
ilar patterns, we performed a similar analysis with the
other duplicates set. The other duplicates set contains
duplicates that tend to be older than the TDs. Thus, the
Ks bins were adjusted to increase the sample size per
bin. The average number of distinct edges showed a
steady increase up to the Ks values of 1.5 to 2 (Fig. 3B).
The correlation between Ks value and the number of
unique edges between duplicates was again significant
(Spearman correlation coefficient = 0.13; P = 4.3E210).
Thus, the younger duplicates have fewer distinct edges.
As with the TDs, the number of shared edges stayed
constant at approximately 1.0 average shared connec-
tions (data not shown).

In addition, we analyzed gene pairs derived from
three successively older WGD events: the alpha, beta,
and gamma WGDs. The average number of distinct
edges showed a statistically significant increase when
comparing the alpha WGDs (youngest) to the beta and
gamma WGDs (P = 0.03 and 0.02, respectively; Mann-
Whitney U test; Fig. 3C). There was an increase in dis-
tinct edges when comparing the beta and gamma
(oldest) WGDs, but it was not statistically significant
(Fig. 3C). Like the TDs and other duplicates, the number
of shared edges remained constant at approximately 1.0
average connections (data not shown).

DISCUSSION

Evolution of Duplicated Genes by Divergence in
Regulatory Elements and Networks

In this work, we show that duplicate gene pairs in
Arabidopsis, as a whole, show extensive divergence in
DNase 1 regulatory footprints. WGDs and TDs vary
greatly in the number and distribution of regulatory
footprints (protein binding sites) within 500 bp up-
stream of their respective transcription start sites.
WGDs have approximately twice as many footprints as
TDs across different conditions (Fig. 1; Supplemental
Fig. S1). They appear to have more footprints than ei-
ther singleton genes or Brassicaceae-specific genes and
slightly more than the set of other duplicates. Further,
we show that this increase in footprints translates to an
increase in connectivity within larger regulatory net-
works. Because only a small subset of Arabidopsis
transcription factors have known and characterized
binding sites, only a fraction of footprints can be paired
with a potential transcription factor that would bind
the underlying DNA. Nonetheless, WGDs have fewer
unconnected genes compared with TDs, 10.3% com-
pared with 41.2% (Fig. 2). Furthermore, sample networks

show more incoming and outgoing regulatory interac-
tions (edges) compared with TDs (Table II). This in-
creased connectivity leads to the formation of larger,
and in certain cases more densely connected, networks
(Table II).

The increase in footprints may reflect amore complex
and tissue-specific level of transcription of WGDs
compared with TDs. An increase in tissue-specific ex-
pression and perhaps a higher overall level of expres-
sion means more transcription factors binding to the
promoter, which in turn manifests as an increase in
detectable footprints by DNase I sequence. This may be
explained by the difference in ages of the two sets of
genes. WGDs have been shown to be, on average,
older than TDs in Arabidopsis (Haberer et al., 2004). In
Arabidopsis, as well as in animal and yeast model
systems, older genes have been shown to be transcribed
at higher levels (Liao and Zhang, 2006; Wolf, 2006;
Donoghue et al., 2011). The functional classes of genes
retained among tandem and WGDs may also explain
the reason for increased footprint number. TDs have
been shown to be more involved in responses to envi-
ronmental factors and stresses (Parniske et al., 1997;
Michelmore and Meyers, 1998; Lucht et al., 2002;
Kovalchuk et al., 2003; Rizzon et al., 2006). Genes
retained throughWGDs tend to be TFs, genes involved
in signal transduction, and those involved in develop-
ment (Blanc andWolfe, 2004; Maere et al., 2005). WGDs
may, on average, have a broader expression pattern
and, in turn, may be more likely to be expressed in the
7-d-old seedling, resulting in an increase in footprints
that were detected in the promoter in this study. Con-
versely, TDs may be less likely to be expressed at a
single developmental stage, thus resulting in fewer
footprints on average in the seedling data set. When
comparing the number of footprints in tandems and
WGDs under heat stress and in the dark, TDs did not
appear to have a significantly more pronounced re-
sponse to heat stress and dark in terms of footprint
numbers comparedwithWGDs (Supplemental Fig. S1).
Both WGD and TD footprint numbers remained un-
changed under heat shock, and both decreased signif-
icantly in the dark. This reduction in the dark is
expected, because in the absence of light, expression is
generally reduced across the genome, and promoter
accessibility is low (Sullivan et al., 2014).

In cases where the binding motif of a TF is known,
that motif can subsequently be mapped to a footprint,
and a regulatory connection can be made. When these
regulatory connections are made genome wide, a dense
network begins to emerge. However, in Arabidopsis,
the number of TFs whose binding site is known is in-
complete, and this is a limiting factor in the depth of the
analysis. In the case of WGDs, the larger number of
footprints appears to translate to an increase in the
overall network. Whether comparing sample networks
that include or exclude TFs, WGDs form larger net-
works with more nodes and edges than TDs (Table II).
TFs have many targets and therefore quickly increase
the number of edges in a network and, thus, its density
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and connectivity. The distribution of TF within any
randomly selected set may significantly affect the dis-
tribution of edges/nodes. When TFs are excluded, the
WGD networks had twice the density of TD networks.
However, when included in the analysis, TD networks
had a higher density (Table II). The WGD set had an
enrichment of TFs compared with TDs, and therefore
always had more TFs within the 1,000 random dupli-
cates set. This resulted in a lower density because each
TF would introduce a large number of nodes to the
network but relatively few edges. For example, if one of
the 1,000 randomly selected WGDs was a TF with 500
target genes, then this would result in an additional 500
nodes and 500 edges added to the network. Unless
these targets are also WGDs, they do not provide any
additional edges to the network because only genes
with direct interactions to WGDs are considered. In-
troducing so many nodes to the network drastically
increases the number of possible edges while only
slightly increasing the number of observed edges. The
high numbers of unconnected genes also likely con-
tribute to the lower node and edge numbers of the
tandem networks. Of tandem genes, 41.2% have no
connections in the seedling DNase 1 data set, whereas
in theWGDs, this number is only 10.3%. Thismay again
be due to the nature of the types of genes found among
the TDs. As mentioned previously, TDs tend to be
genes involved in stress responses, and thusmay have a
restricted expression pattern manifested here as fewer
footprints and thus decreased network involvement.

Regulatory Divergence and Functional Differentiation

Regulatory divergence in the form of expression
pattern changes appears frequently when comparing
pairs of duplicates (for review, see DeSmet and Van de
Peer, 2012). In yeast, only a small fraction of duplicated
gene pairs showed no or little expression variance,
whereas most duplicated genes quickly diverged in
their expression patterns (Gu et al., 2002). Expression of
duplicated genes seems to be initially coupled and sub-
sequently diverges rapidly, suggesting rapid neo- and/or
subfunctionalization (Gu et al., 2002). In Arabidopsis, a
majority of duplicated genes show a divergence in their
expression patterns (e.g. Blanc and Wolfe 2004; Haberer
et al., 2004; Casneuf et al., 2006; Liu et al., 2011). If regu-
latory divergence precedes expression divergence, then it
is not surprising that we find even more extreme differ-
entiation in regulatory elements between duplicates in
our study. Only five (0.1%) pairs of our analyzed dupli-
cates share the same regulatory connections, whereas the
vast majority (82.4%) are either partly or fully diverged
(Fig. 2). In this study, we were not able to directly link the
changes in regulatory footprints and networks found
between duplicated genes in the seedlings with diver-
gence in expression patterns. However, many of them are
likely to be involved in the extensive divergence in ex-
pression patterns that has been found inmany duplicated
genes in Arabidopsis. Divergence in the cis-regulatory

element landscape could potentially generate differ-
ing expression patterns and eventually lead to neo-
functionalization and subfunctionalization on a
transcriptional level.

This study has shown extensive divergence in regu-
latory elements and networks between duplicated
genes in Arabidopsis, using new high-throughput data
that allow for single-base resolution of the cis-regulatory
elements. It would be interesting to extend our analyses
of regulatory elements found in seedlings to other organ
types and developmental stages once such data sets are
available.

MATERIALS AND METHODS

Duplicate Genes and DNase I Footprint Data

DNase I footprint data from 7-d-old seedlings of Arabidopsis (Arabidopsis
thaliana) for three conditions, normal (DS21094), heat shock (DS20423), and
dark (DS22138), were obtained from Sullivan et al. (2014). WGDs were from
Blanc et al. (2003). TD pairs were from Liu et al. (2011). The set of other du-
plicates was identified by pairs with reciprocal best BLAST hits that did not
overlap with the WGDs and TDs, and as such, contain proximal as well as
dispersed duplicates. Brassicaceae-specific genes in Arabidopsis that arose at
some point during the evolutionary history of the family were from Donoghue
et al. (2011). Singleton geneswere identified as those genes that had zero nonself
hits with a BLAST e-value lower than 1e-3. WGDs derived from the gamma,
beta, and alpha whole genome duplications, used in the analyses shown in
Figure 3, were from Wang et al. (2013).

Analysis of Footprint Data to Assign and Count
Cis-Regulatory Elements

The software BEDTools (Quinlan and Hall, 2010) was used in combination
with Python scripts developed in house to assign and count the footprints that
overlap with the following genomic regions of our genes of interest: 500 and
1,000 bp upstream of the transcription start site, 59UTR, exons, introns, 39UTR,
and 500 and 1,000 bp downstream of the transcribed region. Sequences for the
genomic features from TAIR9 were downloaded from the file transfer protocol
site (ftp://ftp.arabidopsis.org/Genes/TAIR9_genome_release/; July 2013).
BEDTools’ intersection tool was used along with the footprint data to produce
footprints 500 bp upstream of the transcription start site for each condition.

Calculating Ks Values

Pairwise synonymous substitution rates (Ks) were estimated using the
software KaKs Calculator (Zhang et al., 2006), with the MYN (Modified version
of the Yang-Nielsen method) approximation method. Protein alignments were
performed using Clustal (Sievers et al., 2011) and were translated into codon
alignments using PAL2NAL (Suyama et al., 2006).

Regulatory Network Analyses of Duplicate Pairs

An entire (not TF filtered) regulatory TF and target gene network from light-
grown 7-d-old seedlings was obtained from Sullivan et al. (2014). Duplicate
gene pairs were assigned as being conserved, partly diverged, diverged, and
unconnected based on the conservation of their regulatory connections, using a
Python script.

Three random samples of 1,000 WGDs and 1,000 TDs were extracted from
the entire network. Subnetworks composed only of the genes in our WGD and
TD lists and their first neighbors (genes having a direct regulatory interaction)
were derived. These networks inevitably involved genes that did not belong to
either WGD or TD groups, and therefore, the number of nodes is greater than
1,000. Duplicates that did not have footprints in their promoters are considered
unconnected and were included in the networks. The resulting networks of
connected genes as well as isolated genes were considered. All genes (dupli-
cated and singleton) within the network comprised the nodes of the network. If
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the bindingmotif of a transcription factorwithin this networkwas foundwithin
500 bp upstream of the start codon of another gene also within this network, an
edge was created. Because the source of the edge was known (the TF) as well as
the target (the target gene), the derived networks were directed. The resulting
subnetworks were further analyzed using the Cytoscape v. 3.0.1 software
(Shannon et al., 2003). Network diameter or maximum eccentricity is the maxi-
mumnoninfinite length of a shortest path between any two nodes in the network.
If a node is unconnected, the value is zero. Network density was calculated as
(number of observed edges) / number of possible edges [n*(n2 1)/2]. A Python
script was used to identify distinct and shared incoming connections for dupli-
cates. Shared and unique connections were calculated such that the number of
binding sites is not considered (i.e. if gene 1 has two inputs fromgene X, and gene
2 has one input from gene X, they have 1 shared input).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. WGD and TD promoter footprints in various
conditions.

Supplemental Table S1. Differences in promoter footprints.

Supplemental Table S2. Connectivity composition of duplicated genes.
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