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Gene duplication plays an important role in the evolution of diversity and novel function and is especially prevalent in the
nuclear genomes of flowering plants. Duplicate genes may be maintained through subfunctionalization and neofunction-
alization at the level of expression or coding sequence. In order to test the hypothesis that duplicated regulatory genes will
be differentially expressed in a specific manner indicative of regulatory subfunctionalization and/or neofunctionalization,
we examined expression pattern shifts in duplicated regulatory genes in Arabidopsis. A two-way analysis of variance was
performed on expression data for 280 phylogenetically identified paralogous pairs. Expression data were extracted from
global expression profiles for wild-type root, stem, leaf, developing inflorescence, nearly mature flower buds, and seedpod.
Gene, organ, and gene by organ interaction (G X O) effects were examined. Results indicate that 85% of the paralogous
pairs exhibited a significant G X O effect indicative of regulatory subfunctionalization and/or neofunctionalization. A
significant G X O effect was associated with complementary expression patterns in 45% of pairwise comparisons.
No association was detected between a G X O effect and a relaxed evolutionary constraint as detected by the ratio of
nonsynonymous to synonymous substitutions. Ancestral gene expression patterns inferred across a Type II MADS-
box gene phylogeny suggest several cases of regulatory neofunctionalization and organ-specific nonfunctionalization.
Complete linkage clustering of gene expression levels across organs suggests that regulatory modules for each organ
are independent or ancestral genes had limited expression. We propose a new classification, regulatory hypofunctional-
ization, for an overall decrease in expression level in one member of a paralogous pair while still having a significant G X O
effect. We conclude that expression divergence specifically indicative of subfunctionalization and/or neofunctionalization
contributes to the maintenance of most if not all duplicated regulatory genes in Arabidopsis and hypothesize that this results

in increasing expression diversity or specificity of regulatory genes after each round of duplication.

Introduction

Whole-genome duplication is especially common in
flowering plant lineages relative to animal lineages, with
between 50% and perhaps 70% or more of all angiosperms
having at least one detectable genome duplication in their
history (Wendel 2000; Blanc and Wolfe 2004b). Recent
work indicates that whole-genome duplications are respon-
sible for more than 90% of the expansion of regulatory
genes in the angiosperm lineage over the last 350 Myr
(Maere et al. 2005). Under the classical model of gene du-
plication (Ohno 1970), one duplicate maintains the original
function, while the other evolves a new function (rare), is
lost, or is silenced (common). However, newer models sug-
gest additional outcomes for the evolutionary fate of dupli-
cated genes (Force et al. 1999; Hughes 2002; Kondrashov
2002; Wagner 2002a). Under these revised models, dupli-
cated genes (paralogs) may experience the following: (1)
nonfunctionalization through silencing or null mutation,
(2) neofunctionalization through gain of novel function,
and (3) subfunctionalization through the partitioning of
functional modules such that the complement of both cop-
ies represents the functional capability of the ancestral gene
(Lynch and Conery 2000). The modification of regulatory
modules through mutation or epigenetic effects can result in
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specific expression pattern shifts between paralogs, result-
ing in regulatory subfunctionalization, neofunctionaliza-
tion, or nonfunctionalization (fig. 1). Subfunctionalization
and neofunctionalization contribute to the likelihood of
maintenance of a paralogous set of genes, and nonfunction-
alization contributes to the likelihood of loss of one member
of aparalogous set of genes. A prediction of the duplication-
degeneration-complementation (DDC) model is that sub-
functionalization will most often result in a symmetric
division of regulatory modules, whereas neofunctionaliza-
tion will typically reflect the gain of a single regulatory mod-
ule (Force et al. 1999). However, it is unclear how closely
the biology of duplicate genes follows the DDC model.
Evidence from studies in yeast supports asymmetric diver-
gence between duplicate genes, both in terms of the protein-
coding sequence and expression (Wagner 2002b; Gu 2004).
Recent studies have also suggested that expression diver-
gence tends toward rapid subfunctionalization followed
by neofunctionalization (Kramer, Jaramillo, and Di Stilio
2004; He and Zhang 2005; Zahn et al. 20054, 2005b).
Arabidopsis is hypothesized to have undergone two,
or possibly three, whole-genome duplications in its past
(Vision, Brown, and Tanksley 2000; Simillion et al.
2002; Vandepoele, Simillion, and Van de Peer 2002; Blanc,
Hokamp, and Wolfe 2003). In addition, studies based on
a limited set of genes in polyploids show evidence for rapid
expression pattern shifts after duplication (Adams et al.
2003; Osborn et al. 2003). Previous studies on individual
sets of regulatory paralogs in flowering plants provide ev-
idence for regulatory subfunctionalization in important
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Fic. 1.—Fate of duplicated genes and the effect of each fate on ex-
pression patterns. Following the DDC model (Force et al. 1999), before
duplication, a given hypothetical gene has a set expression pattern, de-
picted here as the quantitative expression level in six organs (A). Imme-
diately after duplication, both copies of the gene have the same expression
pattern (B). As time passes, the fate of the two copies can be described as
(C) nonfunctionalization, where one copy loses expression in all organs;
(D) subfunctionalization, where the expression patterns of both copies are
complementary and combined are equal to the expression pattern before
duplication; and (E) neofunctionalization, where one copy has a novel in-
crease in expression in one or more organs. Values below log,50 = 5.6 are
assumed to be undetectable expression (Zhang et al. 2005).

genes for reproductive developmental pathways (Bomblies
et al. 2003; Hileman and Baum 2003; Matsunaga et al.
2003; Kramer, Jaramillo, and Di Stilio 2004; Zahn et al.
20054, 2005b). Given the overrepresentation of regulatory
genes in the set of maintained duplicate genes in Arabidop-
sis (Blanc and Wolfe 2004a) and their important roles in
developmental pathways, we have chosen to focus on shifts
in expression patterns of regulatory genes after duplication,
as inferred through global expression profiling. Selective
constraints on regulatory proteins after duplication, such
as dosage imbalance and protein-protein interactions, sug-
gest that expression divergence may frequently play a role
in the maintenance of both duplicates (Doebley and Lukens
1998). Therefore, in the case of duplicated regulatory
genes, where there are constraints on protein functional
divergence and where either the expression or protein
function must diverge in order for both copies to survive,
we hypothesize that regulatory subfunctionalization and/or
neofunctionalization as described by the DDC model
(Force et al. 1999) are common in maintained duplicated
regulatory genes. In order to test this hypothesis, we have
developed a two-way analysis of variance (ANOVA) for
the analysis of microarray data.

Microarrays provide a rich resource for investigating
the evolution of gene expression. Previous studies of ex-
pression divergence between paralogs using microarray
data applied a correlation-based approach (Wagner 2000;
Gu et al. 2002; Makova and Li 2003; Blanc and Wolfe
2004a). These studies showed that expression divergence
does occur between paralogs and that this is correlated with
ds (a measure of silent substitutions) but not with d (a mea-
sure of protein divergence). A recent analysis of paralogs in
Arabidopsis using correlation indicated that 57% of recent
duplicates and 73% of older duplicates had divergent ex-
pression patterns (Blanc and Wolfe 2004a). Whereas cor-
relation is a good approximation for a relative level of
expression divergence that has an easily calculated distance
measure, there are limitations in using correlation to ana-
lyze the role of specific effects and interaction between
effects in expression divergence. In particular, correlation
studies only address the frequency of overall divergence
and therefore only provide general information about the
evolution of expression after duplication. Correlation can
result in false negatives if expression pattern shifts are lim-
ited to a small number of the data points (e.g., a spike in
expression in one of the paralogs due to neofunctionaliza-
tion in a single organ would be obscured) and false positives
if hybridization strength is not uniform over all probes. Fur-
thermore, differences in overall expression levels among
paralogs as detected by correlation can be the result of
technical differences in probe design and hybridization
(Hekstra 2003).

We use ANOVA to more closely examine the relation-
ship of expression patterns between genes in a paralogous
pair. ANOVA is widely used in the analysis of microarray
experiments (Jin et al. 2001) because of its power, flexibil-
ity, and robustness. These qualities also make ANOVA
well suited to isolate the factors that contribute to gene ex-
pression divergence in duplicate genes. With ANOVA, one
can examine the effect of differential and spatial expression
and the interaction between these two effects on the overall



divergence of expression patterns between paralogs. With
a focus on the consequence of gene duplication, this anal-
ysis can distinguish between expression shifts contributing
to maintenance of both paralogs (regulatory subfunctional-
ization or neofunctionalization) and shifts that would lead
to the silencing of one paralog (regulatory nonfunctionali-
zation). Whereas correlation analyses only provide general
trends in expression divergence since duplication, the
ANOVA approach described here tests more directly the
predictions of the DDC model (Force et al. 1999).

In order to test the hypothesis that retained duplicated
regulatory genes will have evidence of expression pattern
shifts that would contribute to maintenance, we applied
a split-plot two-way ANOVA to expression data for paral-
ogous pairs of Arabidopsis regulatory genes using gene ex-
pression profiles for six organs (root, leaf, stem, young
inflorescences, later stage flower buds, and silique). Our
findings indicate that 85% of the regulatory genes analyzed
in this study have undergone significant expression shifts,
likely contributing to regulatory subfunctionalization and/
or neofunctionalization. In addition, we provide evidence
that some paralogous pairs exhibit expression profiles that
are not clearly identifiable as regulatory nonfunctionaliza-
tion, neofunctionalization, or subfunctionalization. These
findings have important implications for the evolution of
regulatory networks in plants, suggesting that the expres-
sion of homologous developmental regulators is likely to
vary across plant lineages with distinct histories of ancient
polyploidy. We propose that the majority of expression
shifts we have detected here contribute to maintenance
of regulatory paralogs after duplication via regulatory sub-
functionalization and/ or neofunctionalization.

Methods
Microarray Experiments

Microarray experiments were performed on the Affy-
metrix ATHI1 array, which is based on the Arabidopsis
thaliana var. Columbia whole-genome sequence. Two bi-
ological replicates were used for six structures (root, leaf,
stem, young inflorescences, Stage-12 flower, and siliques),
which we refer to as organs, from A. thaliana var. Lands-
berg erecta (Zhang et al. 2005). The microarray data were
normalized using the robust multiarray average method
(Irizarry et al. 2003) in Bioconductor (Gentleman et al.
2004). The normalized data are expressed in logarithmic
units (base 2). Based on Zhang et al. (2005), we considered
genes with expression level below 5.6 to be below reliable
detection.

Phylogenetic Identification of Arabidopsis
Paralogous Pairs

In order to identify duplicate pairs of regulatory genes,
we first identified putative regulatory gene families in the
PlantTribes database, an objectively defined database of pu-
tative protein families developed through Markov cluster-
ing (Enright, Van Dongen, and Ouzounis 2002; Enright,
Kunin, and Ouzounis 2003) of the rice and Arabidopsis pro-
teomes (http://floralgenome.org/cgi-bin/tribedb/tribe.cgi).
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The PlantTribes gene families were inferred using predicted
protein sequences from the A. thaliana var. Columbia and
Oryza sativa japonica genomes downloaded from the Insti-
tute for Genome Research (http://www.tigr.org/tdb/euk/).
An all-against-all BlastP (Altschul et al. 1990) analysis
was performed. TribeMCL (Enright, Van Dongen, and
Ouzounis 2002; Enright, Kunin, and Ouzounis 2003) was
used to cluster proteins into putative gene families (http://
floralgenome.org/cgi-bin/tribedb/tribe.cgi). A  multiple
amino acid sequence alignment for each regulatory gene
family was produced with POA (Lee, Grasso, and Sharlow
2002) followed by RASCAL (Thompson, Thierry, and Poch
2003) to improve poor regions of the alignment. This two-
step alignment strategy was used to balance the need for
speedy alignments (POA is very fast; Lassmann and Sonn-
hammer 2002) and accuracy (RASCAL polishing improves
alignment accuracy under diverse alignment conditions;
Thompson, Thierry, and Poch 2003; K. Beckman, J.
Leebens-Mack, and C. W. dePamphilis, unpublished data).
Maximum parsimony (MP) phylogenetic analysis was per-
formed for each regulatory tribe amino acid alignment using
PAUP* 4.0b (Swofford 2001). Tree searching was per-
formed using 10 random sequence additions and Tree Bisec-
tion-Reconnection branch swapping for alignments with
fewer than 50 taxa, subtree pruning reconnection branch
swapping for alignments with greater than 50 taxa, and fast
jackknife for alignments with greater than 100 taxa. MP
bootstrapping was performed (1,000 replicates) with heuris-
tic searches using random sequence additions as above. A
paralogous pair was identified as a distinct monophyletic
clade of two Arabidopsis genes with greater than 50% boot-
strap support in a given tribe phylogeny. Additional compar-
isons were made using an 80% cutoff for paralog
identification to test the effect of bootstrap support on re-
sults. Pairs with missing expression data for one or both
genes were eliminated from further analyses.

Statistical Analyses

In order to identify which components contribute to
expression pattern divergence within each duplicate pair,
a split-plot two-way ANOVA was used to partition the gene
(G) effect (the subplot treatment), organ (O) effect (the
whole-plot treatment), and gene by organ interaction
(G X Q) effect. In a preliminary analysis, a term was also
included for biological replication, but this was not statis-
tically significant for any gene pair, possibly because bio-
logical variability is small compared to technical variability
in this inbred species. Hence, we used a standard split-plot
ANOVA, using microarrays as the whole plots, which
allows for correlation among paralogs measured on the
same array, but independence between arrays. Analysis
was done using SAS PROC MIXED (Littell et al. 1996).
The resulting analysis allows us to assess whether there
are differences in the mean expression for the two genes
averaged over all organs (G effect), differences in the mean
expression for each of the six organs averaged over the two
genes (O effect), or whether the within-organ mean expres-
sion varies by gene (G X O effect). A duplicate pair with
expression levels A and B was said to have a comple-
mentary expression pattern in organ X (organs X and Y)
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if the G X O effect was statistically significant, and A > B in
some organs (both X and Y) while A < B in the other organs,
or vice versa (e.g., fig. 1E).

For genes with expression lower than the threshold
(2> in all organs, a one-way ANOVA to test for signif-
icant O effects was used to distinguish putative silencing
events from lowly expressed genes. Genes lower than
the threshold in all organs and without a significant O effect
were identified as putative “silent” loci. Putative silent loci
were further examined for evidence of expression in other
conditions using all Affymetrix whole-genome microarray
data stored at the arabidopsis information resource (TAIR)
(http://www.Arabidopsis.org).

Complete linkage cluster analysis using correlation
distance (Anderbert 1973; Spath 1980) was used to find rel-
atively homogeneous clusters of organs using transcript
abundance. A total of 1,186 probe sets representing regula-
tory genes were identified from the 22,810 probe sets on the
array. Using jackknife samples of 1,000 genes, 200 cluster
trees were built using complete linkage clustering with cor-
relation distance. PHYLIP (Felsenstein 1989) was used to
construct a consensus tree for organ similarity using the ex-
tended majority rule. Complementary expression patterns in
paralogous pairs as previously described were mapped onto
the resulting tree of organs to assess independence of reg-
ulatory modules and extent of expression pattern shifts.

Tests for Adaptive Protein Evolution

Codon-based alignments for each gene pair were
obtained by translating the DNA sequences, aligning in
MUSCLE (Edgar 2004), and forcing the DNA sequences
back onto the amino acid alignments. Each alignment
was also inspected visually. In order to analyze the changes
in selective constraint for each paralogous pair, maximum-
likelihood, codon-based analyses of nonsynonymous to
synonymous nucleotide substitution ratios (0 = dn/ds) were
performed for each pair using the codeml program in PAML
version 3.13 (Yang 1997) using program default values. To
investigate whether paralogous pairs with expression pat-
tern shifts are more or less likely to exhibit altered constraint
at the protein level, Mann-Whitney U tests were used to
compare the dy, ds, and dn/dg distributions between (1)
paralogous pairs with a significant G X O effect and paral-
ogous pairs withoutasignificant G X O effect; (2) paralogous
pairs containing at least one putative nonfunctionalization
event and all other paralogous pairs; and (3) paralogous pairs
with a significant G X O effect and paralogous pairs without
a significant G X O effect, with cases of putative nonfunc-
tionalization events removed from the data set.

Inferring Ancestral Expression Patterns in
Type II MADS-Box Genes

The mean expression value for each organ for each
Type I MADS-box gene in Arabidopsis was obtained
and sorted into seven discrete categories based on twofold
expression differences starting with the threshold for detect-
able expression of 2>°. For each organ, the character states
for each gene (0—6) were mapped onto a modified phylogeny
of Type IMADS-box Arabidopsis genes (Martinez-Castilla
and Alvarez-Buylla 2003) as unordered states with ancestral

expression inferred under Fitch optimization in MacClade
4.06 (D.R. Maddison and W. P. Maddison 2001). Equivocal
ancestral expression levels were resolved using ACCTRAN.
The results from each organ tree were compiled in order to
infer expression patterns over all six organs for each an-
cestral gene prior to duplication. The expression patterns
from all extant Type Il MADS-box paralogous pairs were
then compared to the expression pattern for the ancestral
gene in order to detect regulatory subfunctionalization,
neofunctionalization, and nonfunctionalization.

Results

By using phylogenies to identify paralogous pairs of
genes, we are able to focus our study on paralogs resulting
from duplications since the separation between the rice and
Arabidopsis lineages. A total of 91 gene clusters (Tribes)
containing 1,464 genes in the PlantTribes database
(http://www floralgenome.org/cgi-bin/tribedb/tribe.cgi)
were identified as containing at least one gene functionally
characterized as a regulator of floral development. Using
MP phylogenies for 91 regulatory tribes in Arabidopsis
and rice, we identified 354 pairs of paralogs (monophyletic
Arabidopsis sister genes) maintained in the Arabidopsis ge-
nome. A total of 280 pairs remained after paralogous pairs
with missing microarray data were excluded (Supplemen-
tary Table 1, Supplementary Material online). Accordingly,
at least 63% of the paralogous pairs in this study appear to
have resulted from polyploidy events in Arabidopsis, with
at least 53% associated with the most recent whole-genome
duplication (Blanc, Hokamp, and Wolfe 2003).

The two-way ANOV A results for representative paral-
ogous pairs are reported in figure 2, with graphs of expres-
sion levels in all six organs for one example from each
possible result from the two-way ANOVA. ANOVA results
for all paralogous pairs are reported in Supplementary
Table 1 (Supplementary Material online). Two pairs showed
no significant effects (e.g., fig. 2A). Thirteen pairs showed
only a G effect (e.g., fig. 2B). Three pairs showed only an O
effect (e.g., fig. 2C). Twenty-four pairs showed significant G
and O effects but no significant G X O effect (e.g., fig. 2D).
A significant G X O effect without significant G or O effects
was observed in two paralogous pairs (e.g., fig. 2F). Twelve
pairs showed a G effect coupled with a G X O effect (e.g.,
fig. 2F), and a significant O effect coupled with a G X O
effect was observed in 22 paralogous pairs (e.g., fig. 2G).
Finally, 202 pairs have a significant G, O, and G X O effect
(e.g., fig. 2H). A total of 85% of paralogous pairs have a sig-
nificant G X O effect at o = 0.05, which is representative of
regulatory subfunctionalization and/or neofunctionaliza-
tion. This result is not significantly altered by reducing
the data set to include only the most strongly supported du-
plicate gene pairs (bootstrap values above 80%) or consid-
ering paralogous pairs with a G X O effect significant at
a more stringent level (o = 0.01) (Supplementary Table
1, Supplementary Material online).

Because a large number of repeated tests were per-
formed, we explored the possibility of false detection or
false nondetection of significant effects in our study. A
Bonferroni correction (Storey and Tibshirani 2003) as-
sumes a priori that none of the gene pairs has a significant
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Fic. 2.—Range of ANOVA results. The depicted paralogous pairs are examples of all possible results, with the number of pairs exhibiting that result
following in parantheses: (A) no significant effects (2 gene pairs); (B) G effect only (13 pairs); (C) O effect only (3 gene pairs); (D) G and O effects only (24
pairs); (E) G X O effect only (2 pairs); (F) Gand G X O effects (12 pairs); (G) O and G X O effects (22 pairs); and (H) G, O, and G X O effects (202 pairs).

interaction and then very conservatively adjusts the target P
value to 0.05/282 (0.00017). With the Bonferroni correction,
only 31.6% of the gene pairs have a significant G X O effect.
However, there is good reason to think that this adjustment is
unnecessary and introduces a considerable false nondetec-
tion bias because multiple comparisons adjustments unduly
inflate the false-negative rate when the true differential ex-
pression rate is high (Delongchamp et al. 2004). The positive
false discovery rate (FDR) method improves on the Bonfer-
roni method by estimating metaexperiment-wise “q values”
in place of P values. This procedure also estimates the true
percentage of significant effects for the set of tests consid-
ered (Storey and Tibshirani 2003). In this case, the estimated
percentage of gene pairs in our experiments with a G X O
effect is 98%. At o = (.05, the estimated FDR is 0.12%
(0.0012), and using the Bonferroni-corrected o, the esti-
mated FDR is 0.001%. This suggests that false nondetection
is a greater problem than false detection for these data and
that testing at o = 0.05 provides better control of the overall
error rate than adjusting for the familywise error rate, which
assumes a priori that none of the interactions are truly sig-
nificant and that the false detection rate is very tiny when
tested at the uncorrected value oo = 0.05.

The number of pairs with a significant G effect (251
pairs) is very similar to the number with a G X O effect (238
pairs). However, it should be noted that not all pairs with
a significant G effect have a significant G X O effect (37
pairs have a significant G effect without a significant G X O
effect). This indicates that the type of expression divergence
detected by correlation-based analyses is not always indic-
ative of expression pattern shifts that would contribute to
maintenance. In addition, there are 24 pairs with a signifi-
cant G X O effect that do not have a significant G effect and
therefore would not be identified as having significant ex-
pression divergence in a correlation-based analysis. This

illustrates the improvement in sensitivity by using a two-
way ANOVA analysis versus a correlation-based analysis.

In addition, our statistical analyses identified genes
that did not have a significant G X O effect and were likely
candidates for regulatory nonfunctionalization. We identi-
fied 38 paralogous pairs where at least one paralog was si-
lenced in our data set according to the following criteria: (1)
low to no detectable expression and (2) no significant
change in expression as measured by one-way ANOVA
over all six organs. Analysis of expression data provided
at the TAIR Microarray Expression database (http://
www.Arabidopsis.org) indicated that of these 38 pairs,
20 pairs contain at least one paralog that is lowly expressed
or not expressed (below 5.6). All other putative silent genes
had medium to strong expression in at least one organ or
treatment (http://www.Arabidopsis.org). The median dn/
dg ratio for the 259 actively expressed paralogous pairs
(0.160) versus the 20 paralogous pairs containing at least
one silent paralog (0.255) differs significantly according
to a Mann-Whitney U test (P = 0.0007). However, the me-
dian dg and dy values for actively expressed paralogous
pairs and paralogous pairs containing at least one silent
paralog are not significantly different according to a Mann-
Whitney U test (P = 0.094 and P = 0.093, respectively).

We also identified a set of paralogous pairs that could
not be easily classified according to the DDC model. There
were 22 pairs in which one member of the pair was consis-
tently expressed two- to threefold lower than the other
member of the paralogous pair. Examining additional ex-
pression data from TAIR (http://www.Arabidopsis.org),
we find this pattern to be relatively consistent in these pairs.
Additionally, all these pairs do have a significant G X O
effect. There are no significant differences in ds, dn, and
dn/ds between these pairs and all other pairs according
to a Mann-Whitney U test at oo = 0.05.
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FiG. 3.—Inferring ancestral expression patterns in Type Il MADS-box
gene family in Arabidopsis. All gray pairs in the Type Il MADS-box gene
phylogeny (Martinez-Castilla and Alvarez-Buylla 2003) were detected in
our MP phylogeny. All paralogous pairs in the Type I MADS-box gene
family have a significant G X O effect, except MAF4/MAFS. This ap-
proach has allowed us to infer putative instances of regulatory neofunction-
alization and nonfunctionalization by examining fold differences in
expression between members of a paralogous pair and other closely related
genes in a phylogenetic framework.

Identifying an expression pattern shift as subfunction-
alization or neofunctionalization requires an approximation
of the ancestral expression pattern before duplication (Force,
Lynch, and Postlethwait 1999; Force et al. 1999; Lynch
and Force 2000). We were able to make a detailed character
reconstruction analysis for the Type II MADS-box gene
family using MP (fig. 3). Six out of nine paralogous pairs
were identified as having complementary expression
patterns, and all pairs except one had a significant G X
O effect, which is consistent with regulatory subfunction-
alization and/or neofunctionalization. Eight of the nine
paralogous pairs in this gene family can be mapped to either
the most recent paleopolyploidy event or are in a tandem
repeat. Pairs in tandem repeats have higher P values for
the G X O effect (Supplementary Table 1, Supplementary
Material online). Although complementary expression pat-

terns associated with pairs with a significant G X O effect
are common in the Type Il MADS-box gene family, there
are no clear cases of regulatory subfunctionalization via the
qualitative pathway of the DDC model, in which there is
complementary loss of expression. However, using infer-
ence of the ancestral gene expression, regulatory neofunc-
tionalization can be inferred for PI, SHPI, and SHP2. Our
analysis uses successively more distant paralogs as out-
groups to estimate ancestral expression patterns. An alter-
native and sometimes more sensitive approach would be to
use corresponding expression data for one or more related
species that diverged prior to the duplication event to serve
as an outgroup to the paralogous pair of interest (Gu, Zhang,
and Huang 2005). Unfortunately, corresponding genome-
scale expression data for one or more related species are
not yet available. Loss of leaf-specific expression can be
inferred for SEP2 because expression patterns for SEP/
and SEP3 suggest that expression in the leaf is the ancestral
state. Reduction of expression is more common than
complete loss of expression. Subtle neofunctionalization
through increase of expression level is observed in multiple
paralogs, such as AP3 and PI. In one-third of paralogous
pairs, the sister paralog is generally expressed two- to three-
fold less than the other member of the paralogous pair, such
as AP1/CAL, AGL6/AGLI3, and SHP1/SHP?2.

Another important factor in the maintenance of dupli-
cated genes is the evolution of the protein-coding region
and the relationship between expression divergence and re-
laxation of constraint on the protein-coding region of the
duplicated genes. Divergence in expression pattern was
not associated with positive selection on the protein-coding
portion of the genes, as detected by dn/ds > 1.0, except in
a single pair that included a putative silencing event. There
is a statistically significant difference in median dn/dg (P =
0.014) and dg (P = 0.009) between the 237 paralogous
pairs with a significant G X O effect and the 42 paralogous
pairs without a significant G X O effect using a Mann-
Whitney U test. However, the significant difference in me-
dian dn/ds may have been the result of relaxed constraint
following loss of expression for one of the paralogs in some
pairs. When the 20 paralogous pairs in the data set exhibit-
ing silencing across all organs and treatments in one of the
duplicates were removed from the analysis, the median dg
and dy/dg ratios between paralogous pairs with and without
a G X O effect were not significant (P = 0.059 and P =
0.279, respectively). A series of 19 paralogous pairs with at
least a twofold decrease in expression for one gene through-
out all organs have no significant difference in median dg,
dy, and dy/ds compared to pairs with a putative silencing
event (P = 0.768, P = 0.279, and P = 0.1189, respec-
tively); pairs in which both members are actively expressed
(P =0.213, P = 0.921, and P = 0.120, respectively); and
all other pairs (P = 0.262, P = 0.984, and P = 0.203,
respectively).

Given the mechanism for regulatory subfunctionaliza-
tion in the DDC model, understanding the number and na-
ture of the regulatory modules in the duplicate genes is
necessary for distinguishing subfunctionalization and neo-
functionalization. By mapping complementary expression
patterns onto an organ similarity tree based on expression
profiles, we were able to ascertain the relative independence



Fic. 4—Complete linkage clustering and mapping of complementary
expression patterns supports independence of regulatory modules. The tree
above summarizes the results of a complete linkage cluster analysis of the
six plant organs by expression level of regulatory genes and the analysis of
paralogous gene pairs for complementary expression. Bootstrap support
for the cluster analysis in gray and italicized. Of 280 paralogous pairs,
128 were found to have complementary expression. Black numbers indi-
cate the number of paralogous pairs whose expression patterns differ only
on organs below this branch. The network below the tree indicates the
number of paralogous pairs that differ on the pairs or triples of organs con-
nected at the nodes. For example, 35 sets exhibit complementation only in
root compared with other organs; 12 sets exhibit complementation in leaf
and root; and 1 set exhibits complementation in root, leaf, and silique.
Eleven sets of paralogs are not shown on the graph because they have
uncommon complementary expression patterns.

of expression between organs and common complementary
expression patterns (fig. 4). This analysis resulted in
expected patterns of organ similarity; however, bootstrap
support for most nodes are relatively weak, except root
versus all other organs, which has 100% bootstrap support.
Reproductive organs are clustered together, with inflores-
cence and Stage-12 flower more similar. Almost all comple-
mentary expression patterns are mapped to the tips of the tree
or have unusual patterns unrelated to organ similarity.

Discussion
Understanding Expression Pattern Shifts Using
a Two-Way ANOVA

An expectation of both the classical and the DDC mod-
els for the fate of duplicated genes is that maintenance of
duplicated genes will be accompanied by divergence in ex-
pression or protein structure (Ohno 1970; Force et al. 1999;
Hughes 2002; Kondrashov et al. 2002; Wagner 2002). An
ANOVA approach allowed us to identify and classify instan-
ces of expression divergence as they relate to the DDC
model in regulatory genes following gene duplication using
expression profiles for different organs. The two-way
ANOVA results are interpreted as follows: (1) a G effect rep-
resents divergent quantitative expression levels between
genes across all organs (e.g., fig. 2B), this is equivalent to
expression divergence seen in previous correlation-based
analyses and may be the result of differences in quantitative
expression levels or may be the result of technical bias in
microarray probe design; (2) an O effect represents different
expression levels in each organ for both genes in the same
paralogous pair (e.g., fig. 2C); and (3) a G X O effect rep-
resents the case that the expression levels for each locus in
the paralogous pair are significantly different in spatial and
quantitative terms (e.g., fig. 2E—H); this is interpreted as rep-
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resentative of regulatory neofunctionalization and/or sub-
functionalization. Another advantage for this approach is
that ANOVA accounts for data quality because large varian-
ces will reduce the ability to identify significant effects.
Surprisingly, although most of the gene pairs in this
study have evidently evolved differential gene expression
patterns, few of the paralogous pairs are diverged in
a way that is fully consistent with a classic subfunctional-
ization or neofunctionalization hypothesis of complete di-
vision of ancestral expression or acquisition of novel
expression followed by loss of ancestral expression. In
our results, it is uncommon to observe complete loss of ex-
pression in a given organ or treatment for one paralog while
the sister paralog is expressed. Therefore, a simplistic bi-
nary model for expression shifts in regulatory duplicates,
like the qualitative pathway of the DDC model (Force
et al. 1999), is inadequate. For example, regulatory neo-
functionalization as defined by gain of novel expression
and loss of all ancestral expression seems to be extremely
rare in duplicated Arabidopsis regulatory genes. More com-
monly, duplicated Arabidopsis regulatory genes in our
study have altered the ancestral expression levels rather
than strict division of ancestral expression (as seen in
fig. 3). Though this type of expression shift is described
as a quantitative shift in the DDC model, it is not considered
to be a common pathway for divergence (Force et al. 1999).
However, our results suggest that a quantitative pathway for
regulatory subfunctionalization is frequently taken by du-
plicated regulatory genes. In other cases, altered expression
levels include duplicate pairs where a single paralog is ex-
pressed at a higher level in a specific organ than the other
paralogs or the ancestral gene (see API/CAL in fig. 3). This
increase in expression may change the role of the gene, sim-
ilar to regulatory neofunctionalization. However, this
expression change is not entirely novel because the an-
cestral gene was expressed in the same organ. In addition,
a paralog that does gain novel expression in a specific
organ or condition may also retain part of the ancestral ex-
pression pattern. Such a mixture of subfunctionalization
and neofunctionalization has been previously noted in stud-
ies using yeast and human duplicates (He and Zhang 2005)
and computational models (Rastogi and Liberles 2005).
Another circumstance deviating from the DDC model
concerns genes that are lowly expressed compared to their
sister paralogs, but which still exhibit expression shifts that
would contribute to maintenance (indicated by a G X O
effect) and selective constraint on the coding sequence
(dn/ds < 1.0). We have assigned these genes to a classifi-
cation of “regulatory hypofunctionalization,” a special case
of subfunctionalization that does not follow the typical pat-
tern of subfunctionalization outlined by the DDC model.
Examination of our data set, combined with additional ex-
pression data from TAIR, indicates that these are uncom-
mon (22 pairs out of 280). This includes the API/CAL,
AGL6/AGLI3, SEPI/SEP2, and SHP1/SHP2 paralogous
pairs from the Type II MADS-box gene family, which
are critical regulators of floral development (Becker and
Theissen 2003; Irish 2003). Regulatory hypofunctionaliza-
tion is a specialized case of subfunctionalization, where in-
stead of splitting the expression pattern equally as predicted
by the DDC model, expression in one of the paralogs is
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greatly diminished (by at least two- to threefold) compared
to the other paralogs in almost all organs and treatment
conditions. In this case, it seems that the minor paralog
is maintained through selection for genetic robustness
(Moore, Grant, and Purugganan 2005), or loss of selective
maintenance of the minor paralog has been so recent that
the gene is not silenced across all organs. The maintenance
of “redundant” duplicate genes can contribute to the robust-
ness of the genetic network by reducing the fitness effect of
deleterious mutations (Gu 2003). Given the importance of
the floral developmental pathway, we may expect that
regulatory hypofunctionalization as “protection” against
deleterious mutations should be common among floral
regulators. Another explanation is that expression differen-
ces between paralogs are among cells within an organ and,
therefore, not detectable in typical microarray experiments.
In any case, the minor paralog has persisted, but the evo-
lutionary mechanism responsible for persistent low-level
expression is not easily ascribed to regulatory subfunction-
alization or neofunctionalization.

Complete regulatory nonfunctionalization is difficult to
ascertain. Because of limited organ sampling, it is also pos-
sible that these putative silencing events are regulatory genes
that have highly restricted expression patterns that could
not be detected in the microarray results. However, given
the breadth of the microarray experiments accessed through
TAIR, the proportion of putative silent loci that are not truly
silent is expected to be small. There is a significant difference
in the median dn/dg ratio between paralogous pairs of ac-
tively expressed regulatory genes and paralogous pairs with
a putatively silent regulatory gene, suggesting that actively
expressed regulatory genes are evolving under purifying
selection, whereas regulatory nonfunctionalization (silenc-
ing) is associated with arelaxation of evolutionary constraint
on protein-coding portions of a regulatory gene.

What is the functional significance of these results?
While some pairs show threefold differences or greater,
others have more subtle differences. The level of divergence
required to affect function is dependent on the particular
gene, the cellular context, and the environment. Therefore,
functional significance would need to be assessed in each
case. Where functional studies are available, major expres-
sion difference is clearly correlated with functional dif-
ferences. For example, in the Type II MADS-box gene
family, API has higher levels of expression than does
CAL, consistent with AP/ playing a more prominent role
in specifying floral meristem and organ identities than
CAL (Mandel 1992; Kempin 1995). On the other hand, sub-
tle expression differences may not be related to dramatic
functional divergence detectable in laboratory conditions,
as in the case of SEP] and SEP2, and SHPI and SHP2,
which seem to have completely redundant roles in control-
ling flower and fruit development, respectively (Liljegren
2000; Pelaz 2000). Whereas the expression pattern shifts
found in this study may not result in an altered phenotype
in a single knockout mutant, it is important to recognize that
laboratory conditions are only a small subset of conditions
that the organism has experienced in its evolutionary his-
tory. Under natural conditions, these subtle expression pat-
tern shifts could affect fitness over evolutionary time and
therefore could be evolutionarily important expression

shifts (Weinig 2003). Alternatively, some of the subtle
changes might represent evolutionarily “transient” states
of truly redundant paralogs that will diverge functionally
in the future.

Expression Divergence Is Not Coupled with
Global Protein Constraint

The classical and DDC models for the fate of dupli-
cated genes assert that duplicated genes will only be main-
tained when changes occur in the regulation or protein
activity of the paralogs which result in neofunctionalization
or subfunctionalization in the case of the DDC model
(Ohno 1970; Force et al. 1999; Hughes 2002; Kondrashov
et al. 2002; Wagner 2002). Based on these models, we may
expect retained paralogs without evidence of regulatory
subfunctionalization and/or neofunctionalization to have
significant changes in the protein sequence. However,
the lack of significant difference in mean dy/ds between
those paralogous pairs with a G X O effect and paralogous
pairs without a G X O effect (with putative silencing events
removed) suggests independent roles for gene regulation
and protein activity in the maintenance of duplicated reg-
ulatory genes and that survival of a duplicate gene pair is
not solely dependent on expression or protein changes. This
agrees with previous studies that show no relation between
expression divergence and protein divergence (Wagner
2000; Gu et al. 2002; Makova and Li 2003). It should
be noted that this methodology for determining ds and
dn (Yang 1997) has a low statistical power and only pro-
vides a general overview of protein constraint within the
paralogous pair. It is still plausible for local adaptive protein
evolution to occur within these paralogous pairs (Yang et al.
2000; Nam et al. 2005). Local adaptive evolution could
complement changes at the regulatory level or eliminate
selective pressure for expression pattern shifts.

Complementary Expression Patterns in
Duplicated Regulatory Genes

By identifying the organs in which complementation
occurs and comparing it to complete linkage clustering of
organs based on expression levels, we can determine
whether related organs may share the same regulatory mod-
ule for expression or if regulatory modules are independent
(fig. 4). In this case, the mapping of most complementary
patterns to the tips of the tree supports independence of reg-
ulatory modules that coordinate a specific spatial or tempo-
ral expression pattern (Wray et al. 2003) and also suggests
that many duplicated regulatory genes may have been
expressed in a limited number of organs prior to duplica-
tion. These conclusions apply to approximately half of
the paralogous pairs with a significant G X O effect.

The 122 paralogous pairs with a significant G X O
effect but without complementation suggest that these non-
complementary expression patterns evolve after duplication
through a quantitative pathways; in this case, both copies are
required at the same time in order to meet ancestral func-
tional thresholds for proper regulation of genes downstream
in a regulatory network (Force et al. 1999). Complementa-
tion may also not be detectable if subfunctionalization or
neofunctionalization are occurring within organs included



in this study. However, there is also a possibility that the
quantitative measures of expression are inconsistent, and
a constant difference in expression across all organs may
be a result of poor probe design or resolution for one of the
paralogs. In this case, the ANOVA would detect significant
G, O, and G X O effects, but a complementary expression
pattern would not be present. Overall, the ANOVA ap-
proach, by identifying different components of variance
in expression data, can identify unique relationships be-
tween expression patterns in a paralogous pair and is not
confounded by technical bias in microarray data that can
affect the quantitative expression level.

Role of Gene Duplication in the Evolution of
Plant Regulatory Networks

Our hypothesis that duplicated regulatory genes in
Arabidopsis will have evidence of expression pattern shifts
that contribute to maintenance (regulatory subfunctionali-
zation and/or neofunctionalization) is supported by the ma-
jority of paralogous pairs of regulatory genes which have
a significant G X O effect. Therefore, we conclude that
our global analysis supports a hypothesis that the molecular
evolution of regulatory proteins in Arabidopsis is signifi-
cantly impacted by regulatory subfunctionalization and
neofunctionalization after duplication and that this hypoth-
esis will apply to other angiosperms.

Given the prevalence of gene and genome duplication
in the evolutionary history of plants, evolution of develop-
ment in angiosperms may differ from organisms where ge-
nome duplication is rare and extensive expression pattern
shifts after duplication would have a profound impact on
the evolution of developmental and regulatory networks.
This evolutionary scenario comes with testable predictions.
Lineages with fewer detectable gene or genome-wide dupli-
cation events may be expected to have less specialized
regulatory networks and regulatory genes with broader
function.

Supplementary Material

A full listing of the paralogous pairs used in this study,
along with their respective ANOVA P values, status of
complementary expression, dy, ds, dn/ds ratio, amino acid
identity, DNA sequence identity, and gene family annota-
tion are available at Molecular Biology and Evolution
online (http://www.mbe.oxfordjournals.org/).
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