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Abstract An important challenge of crop improvement strategies is assigning function to
paralogs in polyploid crops. Here we describe the circadian transcriptome in the polyploid crop
Brassica rapa. Strikingly, almost three-quarters of the expressed genes exhibited circadian
rhythmicity. Genetic redundancy resulting from whole genome duplication is thought to facilitate
evolutionary change through sub- and neo-functionalization among paralogous gene pairs. We
observed genome-wide expansion of the circadian expression phase among retained paralogous
pairs. Using gene regulatory network models, we compared transcription factor targets between B.
rapa and Arabidopsis circadian networks to reveal evidence for divergence between B. rapa
paralogs that may be driven in part by variation in conserved non-coding sequences (CNS).
Additionally, differential drought response among retained paralogous pairs suggests further
functional diversification. These findings support the rapid expansion and divergence of the
transcriptional network in a polyploid crop and offer a new approach for assessing paralog activity
at the transcript level.

Introduction

The transition from basic research in Arabidopsis to new model systems for monocot and dicot crops
has focused attention on the implications of polyploidy for current models of genetic processes
developed in Arabidopsis. The expansion of gene content through whole genome duplication
(WGD), tandem duplication, or transposed duplicates has been predicted to account for the evolu-
tion of morphological complexity (Freeling and Thomas, 2006). Improving crop yield in rapidly
changing climates depends on our ability to integrate these gene content expansions into functional
classifications of physiological importance. This will rely on the growing collection of sequenced
genomes, not just across crop species but of ecotypes within species, including complementary
genomic datasets such as transcriptomes, methylomes, chromatin accessibility profiles, and metabo-
lomes. One difficulty in assigning new or overlapping functions among paralogs arises from hetero-
geneity in transcript abundance datasets generated under various environmental conditions, from
various tissue types, and at distinct times of the day. Many studies have explored the potential for
functional divergence of duplicated genes by comparing the expression levels normalized across a
collection of expression studies (Blanc and Wolfe, 2004; Ganko et al., 2007, Schnable et al., 2011,
Woodhouse et al., 2014) which limits the search to genes showing very dramatic differences in tran-
script abundance at a single time point.
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elLife digest Like animals, plants have internal biological clocks that allow them to adapt to daily
and yearly changes, such as day-night cycles or seasons turning. Unlike animals, however, plants
cannot move when their environment becomes different, so they need to be able to weather these
changes by adjusting which genes they switch on and off. To do this, plants keep track of how long
days are using external cues such as light or temperature. One of the effects of climate change is
that these cues become less reliable, making it harder for plants to adapt to their environment and
survive.

This is a potential problem for crop species, like Brassica rapa. This plant has many edible forms,
including Chinese cabbage, oilseed, pak choi, and turnip. It is also a close relative of the well-
studied model plant, Arabidopsis. Since evolving away from Arabidopsis, the genome of B. rapa
tripled, meaning it has one, two, or three copies of each gene. This has allowed the extra gene
copies to mutate and adapt to different purposes. The question is, what impact has this genome
expansion had on the plant’s biological clock? One way to find out is to perform RNA-sequencing
experiments, which record the genes a plant is using at any one time.

Here, Greenham, Sartor et al. report the results of a series of RNA-sequencing experiments
performed every two hours across two days. Plants were first exposed to light-dark or temperature
cycles and then samples were taken when the plants were in constant light and temperature. This
revealed which genes B. rapa turned on and off in response to signals from the internal biological
clock. It turns out that the biological clock of B. rapa controls close to three quarters of its genes.
These genes showed distinct phases, increasing or decreasing in regular patterns. But the different
copies of duplicated and triplicated genes did not necessarily all behave in the same way. Many of
the copies had different rhythms, and some increased and decreased in patterns totally opposite to
their counterparts. Not only did the daily patterns differ, but responses to stressors like drought
were also altered. Comparing these patterns to the patterns seen in Arabidopsis revealed that
often, one B. rapa gene behaved just like its Arabidopsis equivalent, while its copies had evolved
new behaviors.

The different behaviors of the copies of each gene in B. rapa relative to its biological clock allow
this plant to grow in different environments with varying temperatures and day lengths.
Understanding how these adaptations work opens new avenues of research into how plants detect
and respond to environmental signals. This could help to guide future work into targeting genes to
improve crop growth and stress resilience.

The importance of daily rhythms was recognized with the 2017 Nobel prize in physiology or medi-
cine to Jeffrey Hall, Michael Rosbash, and Mike Young for their discoveries of the molecular mecha-
nisms generating circadian rhythms in Drosophila (Rosbash, 2017, Young, 2018). The conservation
of circadian oscillators across the animal and plant lineages supports a role for these rhythms in
maintaining fitness and evolving new regulatory pathways to fulfill that role (Bell-Pedersen et al.,
2005). Many lines of evidence support the importance of circadian rhythms to plant biology, includ-
ing photosynthesis, starch metabolism, biomass accumulation, and reproduction (Greenham and
McClung, 2015; Millar, 2016). The circadian clock responds to environmental conditions to set
these circadian rhythms to local time (Greenham and McClung, 2015). As a consequence, circadian
rhythms and thus much of plant biology are likely to be influenced by climate change. Examples of
natural variation in plant circadian function are accumulating, as is evidence that many domestication
traits that facilitated the geographic expansion of crops are due to alterations in circadian clock
genes (Nakamichi, 2015; Miiller et al., 2016; Miiller et al., 2018). This supports the utility in target-
ing circadian clock processes as a means of trait improvement without disrupting critical pathways
required for growth and yield.

Plant circadian biologists have focused primarily on Arabidopsis as a model for defining circadian
clock components and function in plants (Creux and Harmer, 2019). Transcriptome studies have
revealed extensive circadian control of transcript abundance resulting in time of day changes in
expression (Covington and Harmer, 2007, Mockler et al., 2007; Michael et al., 2008). These rhyth-
mic changes in transcript abundance are not unexpected given the daily changes in light,
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temperature, and precipitation that affect physiological processes such as photosynthesis. Dynamic
changes in metabolism and physiology must be driven by dynamic changes in gene expression and
ultimately protein regulation and activity. To identify candidate circadian regulators for trait improve-
ment in crops, a more detailed time-course resolution of transcript abundance levels is needed to
confirm whether the diel and circadian patterns observed in Arabidopsis are maintained in polyploid
crops. The crop plant Brassica rapa offers an excellent model system for studies in crops. It is a
member of the Brassicaceae and a close relative of Arabidopsis making comparative studies feasible.
The morphological diversity in B. rapa with turnip, Chinese cabbage, pak choi, leafy and oil-type vari-
eties provides a wealth of phenotypic traits to study in one species allowing for broad applicability
to other crops. Preliminary studies have shown diversity in circadian clock parameters among mor-
photypes that correlate with various physiology measures suggesting that circadian clock variation
has contributed to B. rapa diversification (Yarkhunova et al., 2016). Examination of the orthologs of
known circadian clock genes in Arabidopsis revealed preferential retention of these genes in B. rapa
following the triplication and extensive fractionation of the genome after the divergence of Brassica
and Arabidopsis from their common ancestor around 24 million years ago (MYA; Lou et al., 2012).
The preferential retention of clock genes is consistent with their involvement in protein complexes
and regulation of critical pathways making them sensitive to dosage effects. The gene dosage bal-
ance hypothesis proposes that duplication of the entire genome is favored over single or chromo-
some level duplications because it maintains the appropriate concentration of gene products
(Conant et al., 2014). This is supported by studies in yeast where genes of protein complexes tend
to be lost simultaneously with their interacting proteins (Pires and Conant, 2016). The increase in
expression of one duplicate could lead to or permit the loss of the other duplicate or neo-functional-
ization (Pires and Conant, 2016).

To assess the functional significance of the retention of circadian clock genes in B. rapa and look
for possible examples of neo-functionalization, we performed two high-resolution circadian tran-
scriptome experiments to characterize the circadian network. To compare the expression dynamics
of paralogous genes, we developed a novel method for identifying and classifying changes in
expression patterns, an R package called DiPALM (Differential Pattern Analysis via Linear Models).
DiPALM facilitated a comparison of paralog expression patterns, revealing the genome-wide expan-
sion of phase domains among paralogs providing novel insight into the rapid divergence of the tran-
scriptional network in this crop. To identify transcriptional regulators exhibiting functional
divergence, we compared the circadian gene regulatory networks (GRNs) between B. rapa and Ara-
bidopsis. Using previously generated circadian microarray data in Arabidopsis, we compared GRNs
to identify the more Arabidopsis-like versus the more divergent (less Arabidopsis-like) among mem-
bers of B. rapa paralogous transcription factors (TF) gene pairs based on conservation of connected
targets in the network. The identification of the more Arabidopsis-like TF ortholog was supported
by the presence of conserved noncoding sequences (CNSs) surrounding TF target genes, reinforcing
the importance of these CNSs for regulating gene expression. To associate these diverging patterns
with a biological pathway, we applied DiPALM to our recent drought time-course experiment in B.
rapa (Greenham et al., 2017) and discovered differential responses to mild drought stress among
paralogs suggesting neo- and sub-functionalization.

Results

Circadian regulation of the B. rapa transcriptome is pervasive

Studies in Arabidopsis have demonstrated widespread circadian regulation of the transcriptome
with distinct and overlapping genes responding to various entraining conditions (Covington et al.,
2008; Michael et al., 2008). As noted above, genes contributing to circadian clock function have
been retained in multiple copies following a WGD in B. rapa (Lou et al., 2012). We wondered
whether there have been concomitant effects on the extent of circadian regulation of the B. rapa
subsp. trilocularis (Yellow Sarson) R500 (henceforth called B. rapa R500) transcriptome and the
expression patterns of circadian regulated paralogs. We conducted two RNA-seq experiments
designed to capture the genes under circadian regulation entrained by light and temperature zeit-
gebers (German for ‘time givers’). We entrained plants to light-dark (LD) cycles at constant tempera-
ture or thermocycles (HC) in constant light before transfer to constant light at 20°C (LLHH; see
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Materials and methods). Following 24 hr in constant conditions leaf tissue from the youngest leaf
was collected and flash-frozen in liquid nitrogen every 2 hr for 48 hr. All samples were harvested
from biological replicates of plants from the LD and HC entrainment that had been transferred to
constant conditions of LLHH.

To identify the circadian transcriptome, we analyzed the LD and HC datasets and ran the circa-
dian analysis program RAIN (Thaben and Westermark, 2014), a nonparametric method for the
detection of rhythms from a variety of waveforms that are typical of transcript abundance datasets.
The 2 hr sampling regimen provided the resolution to capture more cycling genes than possible with
typical 4 hr sampling (Hughes et al., 2017). Using a Benjamini-Hochberg corrected p-value of 0.01,
we identified 16,447 high confidence circadian regulated genes from the two datasets. Of the
22,204 genes that were expressed in the RNA-seq datasets, 74% of them passed our cutoff for
cycling in one or both conditions, indicating retention of circadian regulation of the transcriptome
following WGD in B. rapa. To assign cycling genes to specific phase bins based on the timing of
peak expression, we generated co-expression networks for each dataset using the weighted gene
correlation network analysis (WGCNA) package in R (Langfelder and Horvath, 2008), which has
proven to be an effective method for grouping similarly phased genes based on their expression
pattern (Greenham et al., 2017). This resulted in 14 modules in the LD dataset and 10 modules in
the HC dataset. To demonstrate the uniformity of the genes within each module, a heatmap was
generated with the log; transformed expression data of each gene for all modules numbered based
on their phase (Figure 1). Each module reflects a similarly phased set of genes that collectively are
phased throughout the day with the LD_01 module showing peak expression at ZT24 (subjective
dawn; ZT refers to Zeitgeber Time and indicates the number of hours since the last dark-to-light or
cold-to-warm transition) and LD_09 showing peak expression at ZT36 (subjective dusk).

The similarity in patterns seen in the LD and HC heatmaps in terms of phasing and distribution of
genes within those phase bins suggests that there may be considerable overlap in gene phasing
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Figure 1. Expansion of the circadian transcriptome in B. rapa. Co-expression networks were generated for the LD and HC datasets (named for the
entraining conditions; all samples were from plants transferred to constant light and temperature [LLHH]). The 14 modules from the LD dataset are
shown in the heatmap on the left and the 10 modules from the HC dataset are shown on the right. Heatmaps were generated using the log,
transformed FKPM expression data. The low expression level is in purple and the high expression level is in orange. The circos plot in the middle shows
the overlap in genes between the LD and HC modules. Modules are numbered based on their phase starting at the beginning of the day (ZT24). The
width of the ribbon signifies the number of genes in common between the connected modules and the color represents the Pearson correlation
coefficient between the eigengenes of the two datasets. The high correlations (median of 0.73) indicates no or little phase difference between LD and
HC entrainment for most genes.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Phase difference of genes between LD and HC entrainment.
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after LD and HC entrainment. To quantify the overlap, we matched the genes across the two net-
works and compared the correlation of eigengenes (first principle component of the expression
matrix for each module) between LD and HC modules. The circos graph in Figure 1 depicts the
overlap between the two networks where the width of the ribbon represents the number of genes in
common between the two modules and the color signifies the Pearson correlation coefficient
between the eigengenes of the two datasets with dark orange being a correlation coefficient of 1.
Because the modules are numbered based on their phase, similarly phased modules are arranged in
the same order in the circos plot and the significant overlap and expression pattern between these
modules is evident. Figure 1—figure supplement 1 shows the distributions of phase difference
between LD and HC for all 16,447 genes that cycle in both conditions. 13,850 genes (~84%) have a
phase difference of less than or equal to 4 hr. These comparisons demonstrate that most genes have
the same or similar phasing when entrained by either photocycles or thermocycles. To further assess
the similarity between these two datasets, GO ontologies were compared for each module from the
LD and HC experiments (Supplementary file 1). This revealed similar biological processes enriched
in the modules with a high correlation in expression patterns. For example, genes in LD_03 and
HC_02 were both significantly enriched (FDR adjusted p-value<0.01) for photosynthetic processes
and response to abiotic stress, consistent with their morning phased expression. Interestingly, genes
in LD_07 and HC_07 were significantly enriched for protein phosphorylation suggesting a time-of-
day regulation of this process, as in Arabidopsis (e.g. Choudhary et al., 2015).

The correlation between module membership is not a rigorous test of differential transcript abun-
dance and many genes have low correlations with their module eigengene that are not reflected in
the analysis in Figure 1. To the best of our knowledge, there was not a rigorous test available for
identifying significantly different gene expression patterns that would classify the change based on
phase, amplitude, or a combination of both. Rather than looking at differentially expressed genes at
any given time point, we felt it was more important to classify a pattern change that encapsulated
the entire time course. Therefore, we developed an R package, DiPALM, which takes advantage of
the network analysis that assigns an eigengene to each module and thereby produces a minimal set
of patterns representing the entire dataset. The expression correlation of a given gene to any mod-
ule’s eigengene defines the module membership (kME) of that gene to the module. The combina-
tion of kMEs for a gene across all modules can be used to encode its expression pattern numerically
and allows for quantitative comparisons between any two gene's expression patterns. This allowed
us to run a set of linear model contrasts (one for each eigengene) that is analogous to running a con-
trast of gene expression data between time points or treatments except in this case the kME value
represents the entire expression profile across the time course. We first tested for differential
expression patterns between the LD and HC datasets for the set of 15,101 genes that cycle after
entrainment to either LD and HC. Both datasets were collected in constant conditions of light and
temperature (LLHH) following different entrainment regimens as specified by their names. To gener-
ate a significance cutoff, we also ran the analysis on a permuted gene expression set where gene
accessions were randomly re-assigned to expression patterns. P-values were then calculated using
this permuted set. Using a p-value cutoff of 0.01, we identified just 1713 genes, or 11% of all cycling
genes, that have altered patterns following LD versus HC entrainment. To quantify overall expression
level variation, we ran a similar linear model analysis on the median expression level for all genes
and identified 3465 (23%) of genes, only 448 of which overlapped with the pattern change list
(Supplementary file 2). The 11% of cycling genes with entrainment-dependent cycling patterns are
interesting but not within the scope of this manuscript. A functional enrichment analysis of these
genes revealed translation initiation factors and ncRNA metabolic process among the significant
(FDR adjusted p-value<0.01) functional categories (Supplementary file 1, 'Differential_Pattern’ Tab).
For the remainder of analyses with these datasets, we have combined LD and HC to increase our sta-
tistical power by having four replicates per time point rather than two. One significant advantage of
a linear model-based framework is the ability to account for any identified effect. We make use of
this feature by modeling any LD versus HC entrainment effects as a covariate. In other words,
DiPALM gives us the ability to combine these datasets while still accounting for any differences
between LD and HC entrainment. This combined dataset (referred to as LDHC) provides more statis-
tical power for further analysis, particularly for the 89% of genes that show no significant change
between LD and HC. For the other 11% that do have differences, these differences are taken into
account and will not adversely affect the results.
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Circadian regulated genes retained in multiple copies exhibit diverged
expression phasing

The network analysis revealed that a large portion of the transcriptome exhibits rhythmic expression
patterns. This implies that multi-copy paralogs have retained their rhythmic expression patterns and
circadian regulation consistent with the preferential retention of circadian clock orthologs in B. rapa
(Lou et al., 2012). Based on the gene dosage model, the balance in expression among different sub-
units of protein complexes must be maintained resulting in the proper adjustment of paralog expres-
sion level, in some cases resulting in one copy maintaining high expression while the other is
repressed (Conant et al., 2014). To evaluate this model, we calculated the mean expression level
for all cycling genes across the 48 hr time course. The mean expression level for the set of retained
multi-copy paralogs was significantly higher (p-value=0.0 based on one-way ANOVA with Tukey’s
test) than for genes retained in a single copy (Figure 2A). It is possible that one of the retained cop-
ies is expressed at a much higher level than the average single-copy gene as well as its paralog. To
test whether this is the case, we separated all the cycling two- and three-copy paralogs into the
highest and lowest expressed copies based on the average expression level across all time points. In
the case of three-copy paralogs, we only included the highest and lowest expressed genes in the
analysis. We compare this to randomly paired single-copy gene pairs that were also separated into
high and low expression groups (Figure 2B). Surprisingly, the difference is observed in the low
expressed paralog where these duplicated genes have significantly higher (p-value=0.0 based on
one-way ANOVA with Tukey's test) average expression levels compared to the genes retained in
a single copy, suggesting that although the duplicate paralogs do appear to exhibit gene dosage,
their overall expression is retained at a higher level than the expression of single-copy genes.

The retention of multi-copy genes that are under circadian regulation and maintained at a rela-
tively high expression level led us to explore whether there is evidence for divergence in expression
pattern that would support neo- or sub-functionalization among paralogs. To associate similar pat-
terns, we applied the same WGCNA method to the combined LDHC dataset as was done for the
individual analyses shown in Figure 1. This resulted in 12 modules with distinct phasing throughout
the day that is visible when the eigengene expression for each module is presented as a heatmap
(Figure 2C). Next, we wondered whether there was any association between the phase of expres-
sion and retained copies that may suggest certain biological processes that are phased to specific
times of the day and may preferentially retain multi-copy genes. Based on the number of genes
within each module, we ran a hypergeometric test to look for over- and under-enrichment of multi-
copy genes within the modules. Surprisingly, we found that modules with phasing from morning to
midday tend to be enriched for multi-copy genes. By contrast, evening and night phased modules
were depleted for multi-copy genes (Figure 2D). These trends were not associated with the number
of genes within the module as can be seen with two of the largest modules, LDHC_02 and
LDHC_09, being over- and under-enriched, respectively. GO enrichment was carried out on a com-
bined group of all multi-copy genes from the five morning modules with significant enrichment for
multi-copy genes (p-value<0.05). The same was done for the group of all multi-copy genes from all
four evening modules with significant depletion in multi-copy genes. Both of these sets appear to be
representative of the whole modules from which they came with the morning-phase copied genes
being significantly enriched (FDR adjusted p-value<0.01) for photosynthesis, translation, and
response to abiotic stimulus genes. The evening-phase multi-copy genes were significantly enriched
for protein phosphorylation and glycosinolate biosynthesis genes (Figure 2D, Supplementary file
3).

To look for signs of possible neo- or sub-functionalization among paralogs, we compared expres-
sion profiles to identify paralogs with significantly different expression patterns. For three-copy
paralogs, where all three copies (a, b, and c) were expressed, these sets were converted into three,
two-member pairs (ab, bc, and ac). We applied a similar linear modeling test using DiPALM that we
ran on the LD and HC comparison but including the covariate in the model to account for differences
following LD versus HC entrainment. We ran this analysis on 4433 pairs where both genes are
expressed. We found 3743 (84%) pairs with differential median expression and 1883 (42%) pairs
exhibiting differential expression patterns (p-value<0.01), the vast majority (1607/1883; 85%) of
which showed both differential median expression and pattern (Supplementary file 4). However,
this does not describe how the patterns differ. As with standard differential expression tests, it is
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Figure 2. Retained multi-copy circadian regulated genes are highly expressed and display time of day variation. (A) Mean log, FPKM expression levels
for each gene across the combined LD and HC time course for multi-copy paralogs compared to single-copy genes. Numbers above the whiskers
indicate the number of genes in each group. P-value is the result of a one-way ANOVA with Tukey's test. (B) Expression level comparison when
paralogs are separated into high and low expression groups compared to randomly paired single-copy genes. Numbers above the whiskers indicate
the number of genes in the groups. P-value is the result of an ANOVA test. (C) Heatmap of the 11 modules of the combined LDHC co-expression
network arranged by ZT time (in Zeitgeber [ZT] time, where ZTO represents the most recent dark to light or cold to warm transition) across the x-axis
and circadian phase along the y-axis. (D) Results of a hypergeometric test of the number of multi-copy genes in each module. The left barplot shows
the results of the hypergeometric test expressed as a -logig pValue with enrichment to the right and depletion to the left of 0. The right barplot shows
the number of multi-copy genes in each of the modules.

critical to associate a direction of change in expression to know how a gene transcript is affected by
treatment or condition. To isolate the type of pattern change for the paralogous pairs exhibiting sig-
nificantly different patterns, we performed clustering on the vector of expression values across the
combined LDHC data for each gene whose expression differed significantly from its paralog. This
clustering had the effect of grouping genes based on their phase. Similar clustering was done for

Greenham, Sartor, et al. eLife 2020;9:58993. DOI: https://doi.org/10.7554/eLife.58993 7 of 26


https://doi.org/10.7554/eLife.58993

ELIfe Research article Genetics and Genomics

the significantly different median expression set. This clustering component is also part of the
DiPALM package. A detailed description and example dataset of the analysis pipeline is provided
with the package on CRAN (R Development Core Team, 2018).

To visualize the degree of pattern change, we generated a heatmap of each of the clustering
methods with the paralogous gene pairs in the same row for comparison. As expected, the pattern
clustering uncovered the changes in rhythmic patterns between pairs (Figure 3A) while the median
expression clustering uncovered overall changes in transcript abundance (Figure 3—figure supple-
ment 1). From the heatmap visualization, it is clear that the majority of the pattern change among
paralogous pairs is the result of an altered phase of peak expression. In some cases (Figure 3A and
B, clusters 4 and 12) the pairs are completely antiphase. This suggests a genome-wide expansion of
phase domains among retained paralogs.
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Figure 3. Divergence in phase domains among retained paralogs. (A) Heatmap of the results from the DiIPALM differential pattern analysis (pDif)
clustering showing the changes in expression pattern for paralogous pairs. The Br1 and Br2 heatmap blocks for each module contain matching
paralogous pairs; for example, the gene in the first line of Br1 and Br2 heatmaps for module pDif_01 are paralogs. The blocks have been stacked on
top of each other to be able to compare the change in pattern across the time course. Three-copy paralogs were split into three two-way comparisons.
Expression values are log, transformed FPKM values and the expression is arranged by ZT time across the x-axis. Higher expression levels are in orange
and low expression levels are in purple. For example, pDif_01 shows paralogous pairs that are anti-phase with Br1 paralogs peaking at ZT36 and ZT40
and Br2 paralogs peaking at ZT24 and ZT48. (B) Line plots showing the expression patterns for three modules (pDif_04, pDif_14, and pDif_18). Each
plot shows the normalized expression of paralogous pairs for all the genes in the module. Ribbons (shaded regions) represent the standard deviation.
The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Divergence in median expression levels among retained paralogs.
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Identifying the ‘Arabidopsis-like’ paralog of B. rapa using gene
regulatory networks

The divergence in expression pattern among retained paralogs led us to ask how diverged the
retained pairs are with respect to their Arabidopsis ortholog (Figure 4A) and whether one copy
exhibits an Arabidopsis-like expression pattern while the other copy exhibits a different expression
pattern. One method of comparing the orthologs between B. rapa and Arabidopsis is to compare
the phase of expression. However, assigning an accurate phase to circadian data from two cycles is
challenging and often gene expression patterns show very broad peaks in abundance that can be
difficult to classify, especially with the resolution of only 4 hr that is available for Arabidopsis. Also,
because we are comparing two species, we have to consider the properties of the clock in each spe-
cies. The B. rapa R500 clock has a slightly shorter period than Arabidopsis Col-0O that results in
altered phasing among genes that is not indicative of divergence in function but arises merely from
the different paces of the Arabidopsis and B. rapa oscillators. For example, if we plot the expression
of single-copy circadian clock genes from B. rapa and their corresponding orthologs in Arabidopsis
we see a leading phase in B. rapa (Figure 4—figure supplement 1). To avoid these phase complica-
tions, we chose a gene regulatory network (GRN) approach using GENIE3 (Huynh-Thu et al., 2010)
that would provide additional statistical robustness by first predicting transcription factor (TF) targets
based on expression dynamics within each species followed by a comparison of network connections
between the species (Figure 4B).

We obtained previously published circadian microarray data from Arabidopsis that were gener-
ated under similar conditions with LD and HC entrainment (LL_LDHC, LL_LLHC, LL12_LDHH, and
LL23_LDHH from Mockler et al., 2007). We selected Arabidopsis TFs from the Arabidopsis TF data-
base (https://agris-knowledgebase.org/AtTFDB/) and B. rapa TFs from the Mapman annotation
‘RNA regulation of transcription’ in addition to known circadian clock TFs. This resulted in a list of
612 Arabidopsis and 2147 B. rapa TFs that were expressed in their respective datasets. For the tar-
get set, we included 9201 Arabidopsis expressed genes and the corresponding 14,541 B. rapa
expressed orthologs. Separate GRNs were generated for Arabidopsis and B. rapa. To identify
the significance of TF-target edges, we generated a permuted network by using the same TFs but
shuffling the expression values for the target genes. These permuted network edges were used as a
null distribution to select edges from the actual networks with a 5% FDR, resulting in an Arabidopsis
GRN with 71,216 edges and a B. rapa GRN with 947,062 edges. A gene was said to be a target of a
TF if one of these significant edges existed between them. We hypothesized that the paralogous TF
in B. rapa that displayed more of the Arabidopsis orthologous function would have a greater overlap
in targets in the network compared to the more divergent pair member. In other words, using TFs
as features to describe the targets, how well can the expression of the target genes be explained by
the expression of that TF (Figure 4B)? A set of 256 TFs exists where one Arabidopsis TF can be asso-
ciated with two B. rapa paralogs and all three of these genes had target groups defined by their
respective GRNs.

For each of these 256 sets, we examined the significance of the overlap between the Arabidopsis
TF target group versus the corresponding B. rapa orthologous TF target groups. This resulted in
two p-values for each group indicating how similar each B. rapa TF is to its orthologous Arabidopsis
TF in terms of target gene overlap (Supplementary file 5). Next, we wanted to determine if the dif-
ference in these two p-values was significant; that is, does one of the B. rapa TFs show more conser-
vation of target gene overlap with its Arabidopsis ortholog than the B. rapa paralogous TF? This was
accomplished with another permutation-based test where genes were randomly sampled to create
target groups of the same sizes. The two B. rapa versus Arabidopsis p-values were calculated and
the difference was taken. This was repeated 10,000 times for each of the 256 TF sets. 49 TF pairs
exhibited significant enrichment (p-value<0.05) for one B. rapa TF (assigned Br1) being more similar
to Arabidopsis than its paralog (Supplementary file 5), suggesting possible divergence in function
between these TFs (Figure 4C and D). It is worth noting that the size of the target group is not driv-
ing the enrichment as we see a broad distribution in target size and significance (Figure 4C). Among
the list of 49 TFs, six are part of the core circadian clock (ELF3, ELF4, PRRY, PRR7, PRR5, and TOC1),
and a seventh, RVE1, integrates the circadian clock and auxin pathways (Rawat et al., 2009,
McClung, 2019). Based on the predicted targets of these TFs in the GENIE3 model, there are
11,559 B. rapa and 3387 Arabidopsis genes regulated by these 49 TFs, providing further support for
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Figure 4. |dentifying the 'Arabidopsis-like’ paralog using GRNs. (A) Schematic showing the triplication event following the divergence between
Arabidopsis and B. rapa leading to multi-copy orthologs of known Arabidopsis transcription factors (TF). (B) GENIE3 networks are generated to
associate a TF with target genes based on the expression patterns of the TF and all the genes in the network. There is no assigned direction to the TF
regulation in our GENIE3 network resulting in possible positive or negative regulation. (C) Scatterplot showing the results for the gene overlap network

Figure 4 continued on next page
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Figure 4 continued

analysis for all 256 B. rapa TF pairs. Triangles indicate TF pairs that were identified as having one B. rapa paralog significantly more Arabidopsis-like (p-
value<0.05, based on target group overlap) than the other; circles were not significantly different. Points colored red means that Br1 (the more
Arabidopsis-like TF) has a larger target group and teal means Br1 has the smaller target group. (D) P-value distribution of the overlap in the B. rapa
versus Arabidopsis target genes from the analysis shown in panel (C). All Br1 and Br2 TFs are viewed as separate groups with paralogs connected by
red lines. (E) Same scatterplot presentation as panel (C) showing the results from the CNS overlap analysis. (F) P-value distributions of the overlap in B.
rapa versus Arabidopsis target CNSs from the analysis shown in panel (E). (G) Of the 49 TFs identified as more Arabidopsis-like based on target genes
between the Arabidopsis and B. rapa networks, 35 overlapped with the 68 TFs identified based on CNSs between Arabidopsis and B. rapa target
groups. (H) Distribution of the Pearson correlation of TF expression patterns comparing each Br1 and Br2 TF with Arabidopsis TF ortholog. (I)
Distribution of BLAST bit score of Br1 and Br2 TFs compared to their orthologous Arabidopsis TF.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Phase variation between Arabidopsis and B. rapa clock genes.
Figure supplement 2. Motif enrichment in CNS regions in Arabidopsis and B. rapa GRN TF target genes.

an expansion of the circadian network in B. rapa. The divergence in TF target genes indicates several
possible changes have occurred; these could include modifications to regulatory elements of the tar-
get genes, mutations that alter the TF protein binding efficiencies for motifs or interacting partners,
or a combination of both. Alterations to regulatory elements associated with core TFs and/or target
genes can lead to whole pathway-level restructuring. One possible mechanism for altered expression
regulation is the distribution of conserved noncoding sequences (CNSs). A set of CNSs was identi-
fied across the Brassicaceae that show signs of selection (Haudry et al., 2013). To associate CNSs
with the B. rapa R500 genome, we performed a BLAST analysis with a collection of ~63,000 CNSs
against the B. rapa R500 genome. Provided the alignment met our BLAST filters, we allowed each
CNS to have a maximum of three targets (see Materials and methods). We repeated the BLAST with
the Arabidopsis genome but restricted each CNS to one target gene.

To test for altered regulatory element occurrences between target genes of the identified
diverged TFs, we asked whether variation in CNS retention followed the same pattern as the
observed gene expression changes. Do we see a similar divergence in B. rapa paralogous TF enrich-
ment with Arabidopsis in the GENIE3 network if we replace the target set gene ortholog data with
CNSs? With the list of genes and associated CNSs, we replaced the target genes in the GENIE3 net-
works with CNSs resulting in a network with TFs targeting a group of CNSs rather than genes. We
performed the same permutation tests to assign significant enrichment to the groups to ask whether
we could identify a B. rapa R500 TF ortholog that was more Arabidopsis-like than its paralog. We
identified 68 significant TFs (p-value<0.05) in the CNS network (Figure 4E and F,
Supplementary file 5), 35 of which overlapped with the 49 TFs identified based on target gene
overlap (Figure 4G). The agreement between these two approaches is apparent when the corre-
sponding p-value distributions from the overlap of targets are plotted (Figure 4D and F). In these
boxplots, the Br1 enrichment for At target gene overlap is shown with the paralogous pairs con-
nected by the red lines. Not only does the agreement between the target gene and CNS overlap
further strengthen the support for those 35 TF pairs showing signs of divergence but suggests that
the CNS distribution is associated with gene expression patterns and is a good predictor of expres-
sion variation. With this set of high confidence diverged TFs from the overlap group, we wondered
whether changes in TF amino acid sequence contribute to the divergence between paralogous pairs
in which case we would expect the Arabidopsis-like B. rapa TF to be more similar than its paralog.
To test this, we ran a protein BLAST using the B. rapa TFs against the Arabidopsis genome and
examined the distribution of blast scores for the more and less Arabidopsis-like TF. Results from the
BLAST suggest very little association between amino acid sequence and TF divergence (Figure 4I)
suggesting that changes to regulatory regions associated with target genes are likely to be a major
driver of TF divergence. TF expression pattern changes are likely contributing to the divergence in
regulation. To test this further, we conducted a similar analysis to the BLAST comparison where we
looked at the expression correlation of B. rapa TFs versus the orthologous Arabidopsis TF. In gen-
eral, the more Arabidopsis-like B. rapa TF was more likely to maintain a higher expression correlation
to the Arabidopsis ortholog but the effect is not significant (Figure 4H, p-value 0.057) and several of
the 35 TF sets tested do not show this result. However, due to the period difference between the
Arabidopsis and B. rapa datasets (longer period confers delayed phase), it is difficult to compare
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expression patterns directly (Figure 4—figure supplement 1). While paralogous TFs likely bind to
the same motifs, a divergence in expression may result in the loss of transcriptional coactivators or
corepressors required for gene activation or repression due to temporal separation in expression
pattern resulting from the shift in phase of that TF. Similarly, an altered phase of expression might
allow interaction with new TF interacting factors to provide a new target affinity for that TF resulting
in a new target set.

If the CNSs are driving the target gene expression differences we would expect them to be
enriched for TF binding motifs (Haudry et al., 2013). To test for motif enrichment, we selected 12
of the TF groups where Br1 was significantly more Arabidopsis-like (see Supplementary file 5, third
tab). For each TF (B. rapa paralogs and Arabidopsis ortholog), we took the collection of CNSs repre-
sented by their target genes in the GRNs and ran them against the HOMER motif analysis algorithm
(Heinz et al., 2010). Because the CNSs are located throughout the gene (promoter, 5’'UTR, introns,
3'UTR) we selected the sequence from 2 kb upstream of the start codon to the 3'UTR for each target
gene for comparison. We also included just the 2 kb upstream sequence to compare to standard
motif search parameters. For all 12 TFs tested, we found three- to fivefold greater enrichment for
motifs in the CNS elements compared to the full length and 2 kb promoter background sets (Fig-
ure 4—figure supplement 2). This is consistent with the results from the GRN analysis showing that
CNSs are as predictive as expression dynamics and contain important regulatory elements. Further
studies are needed to look for associations between groups of CNSs with their corresponding bind-
ing motifs and specific gene expression patterns. Since the GENIE3 algorithm associates target
genes based on a TF being an activator or repressor, the target genes typically have several major
expression patterns (Figure 4B). Isolating distinct patterns and analyzing CNS variation between the
target groups may reveal new motif groupings or novel motifs.

B. rapa paralog expression pattern response to abiotic stress

The gene balance hypothesis posits that multi-subunit complexes are sensitive to variations in stoi-
chiometry resulting in dosage compensation to produce the same amount of product (Birchler and
Veitia, 2014). Clustering based on paralog median expression levels did reveal a consistent trend
with one paralog having significantly higher median expression levels compared to the other
retained paralog of that pair (Figure 3—figure supplement 1). However, as previously demon-
strated, the overall expression levels for multi-copy genes is higher than single-copy genes
(Figure 2A and B). In addition, the rhythmicity in the paralogous pairs is still apparent, providing fur-
ther support for focusing on the importance of the pattern of expression rather than simply the over-
all expression levels. This led us to wonder whether there is any indication that these pattern
changes may contribute to new temporal responses to environmental stimuli such as abiotic stress.
Gated stress response has been characterized in several plant species including Arabidopsis, poplar,
rice, and B. rapa (Fowler et al., 2005; Wilkins et al., 2009; Wilkins et al., 2010, Greenham et al.,
2017; Grinevich et al., 2019). If a time-of-day dependent stress-responsive gene in Arabidopsis is
now present in two copies in B. rapa with altered expression patterns does this confer an expanded
stress response window or does one copy exhibit stress response while the other does not?

To look for indications of divergence in the function, we used a mild drought time-course RNA-
seq dataset (Greenham et al., 2017) to test for altered responses to drought among pairs of paral-
ogs. We first used the well-watered control samples to identify the paralogous pairs with altered
patterns. Consistent with the divergence in pattern change under circadian conditions, the same
trend is apparent under the diel (LD) conditions of our drought time course. Out of 4664 total pairs
where two copies show detectable expression levels, 3259 pairs had significantly different patterns
under control conditions (p-value<0.01). In the circadian dataset, we observed just 42% of genes
with altered pattern but these diel data reveal 70% of pairs with altered pattern. Similarly, 77% of
pairs (3602) had significantly different median expression levels (Supplementary file 6). Of the total
pairs, 50% had both genes identified as circadian-regulated and an additional 35% had one circa-
dian-regulated gene, emphasizing the importance of the circadian clock in diel conditions. For the
pairs with altered patterns under the well-watered conditions, 93% were tested (both genes were
expressed) under circadian conditions and 52% showed significant pattern changes. These results
point to even greater divergence of paralog expression patterns under real-world, diel conditions
compared to circadian conditions.
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To identify differential response to drought among paralogous pairs, we first ran DiPALM on all
(23,248) expressed genes and tested each gene for pattern and expression changes in response to
drought. We identified 3891 with a significant pattern change and only 327 with median expression
changes (p-value<0.01; Supplementary file 7). Unlike the circadian dataset, the largest source of
variation in expression is due to a phase change consistent with the importance of time-of-day gat-
ing of the stress response (Wilkins et al., 2010; Greenham et al., 2017). This provides further sup-
port for the dynamic nature of expression regulation and the limitations of simply quantifying
transcript abundance differences at single time points. It should also be noted that this drought
treatment captured the early signs of drought perception with very subtle expression changes dur-
ing the first 24 hr and more evident changes in the subsequent 24 hr (Greenham et al., 2017). The
ability to detect these distinct patterns using DIPALM highlights the effectiveness of the network
pattern approach for capturing unique and unpredicted patterns. To test whether the paralogous
pairs exhibiting differential expression patterns under well-watered conditions are enriched for
drought-responsive genes, we performed a permutation test. We randomly sampled the same num-
ber of pairs from the full set of pairs (3259 out of 4664) for 10,000 permutations to identify the likeli-
hood of selecting drought-responsive genes within the 3891 sampled set. As a result, the
differentially patterned copies were enriched for genes with drought responsive patterns (p-value
0.0005; Figure 5A), whereas copies with differential median expression level were not (p-value
0.6457; Figure 5A). With enrichment of drought-responsive genes among these pairs exhibiting dif-
ferent patterns, we wondered whether these pairs are more or less likely to have one or both copies

A p. value = 0.0005 p. value = 0.6457
a ]
2
3 ]
O]
L‘Ii_’ I — 3170 Pattern Changing Pairs
o I 3591 Expression Changing Pairs
z
[0)
i ]
750 800 850 900
Number of Drought Responsive Genes
B 3 p. value <0.0001 C § p. value = 0.1852
& &
2 2
(o8
o o
L L
2 2
© ©
[0)
i i
650 675 700 725 750 70 80 90 100 110
Number of pattern-changing pairs where ONE Number of pattern-changing pairs where BOTH
is drought-responsive are drought-responsive

Figure 5. Divergence in drought responsiveness among retained paralogs. (A) Frequency distributions showing the results of a permutation test of the
likelihood of paralogous pairs with significantly diverged expression patterns (blue) or significantly different expression levels (orange) in control
conditions being drought responsive. Frequency distributions showing permutation results testing the significance of only one member of the
paralogous pair being drought-responsive (B) or both paralogs being drought-responsive genes (C). The dashed vertical lines represent the true test
statistic and the frequency distributions represent the null distributions that result from the 10,000 permutation tests. Supplementary information

accompanies this paper.

Greenham, Sartor, et al. eLife 2020;9:e58993. DOI: https://doi.org/10.7554/eLife.58993 13 of 26


https://doi.org/10.7554/eLife.58993

eLife

Genetics and Genomics

responding to drought. Using the same 10,000 randomly sampled sets of 3891 pairs, we estimated
a null distribution of the expected number of pairs with one and two drought-responsive genes.
Results from the permutations indicated significant enrichment for pairs in which one member is
drought responsive (p-value<0.0001) and no enrichment for both copies being drought responsive
(p-value 0.1852; Figure 5B and C). Thus, we observed enrichment for only one but not both paral-
ogs responding to drought stress in B. rapa. This suggests that the genome-wide expansion of
expression domains among paralogs is biologically meaningful, in this case for drought stress
response. More broadly, these results have important implications for how we capture and charac-
terize transcriptomic responses or ‘states’ when making predictions about paralog function. Tempo-
ral, spatial, and conditional regulation can reveal new expression dynamics.

An assessment of functional comparisons among paralog expression levels defines the gene with
the highest expression in one or multiple tissue samples as ‘winning’ over the other
(Woodhouse et al., 2014). This classification is often referred to when looking for signs of subge-
nome dominance within polyploid species. With our set of pairs with one drought-
responsive paralog, we wondered whether the responsive member of a pair had a higher median
expression level under control conditions. Of the 764 pairs with a drought-responsive paralog, the
drought responsive gene was the lower expressing member in 420 pairs and the higher expressing
member in 344 pairs in the control conditions. Thus, we conclude that transcript abundance, whether
at a single time point or combined across a time series, is not a reliable predictor of a gene's func-
tional importance. As validation of this, we ran a standard linear model test at each time point com-
paring well-watered and drought treatments and did not detect significant transcript abundance
differences for any genes. To detect the initial transcriptional response to drought perception, we
had to incorporate the complete transcript profile into the differential expression test. What appears
to be very subtle changes in the abundance of a subset of transcripts are contributing to the mea-
sured temporal physiological changes in Fv'/Fm’ and stomatal conductance also occurring at specific
time points (Greenham et al., 2017). The ability to capture these early transcriptomic responses to
the onset of drought offers new insight into how responsive the network is to slight adjustments in
the temporal regulation of expression. The next challenge is to capture this fine-scale resolution
across genotypes with diverse physiological responses to stress and identify the associated patterns.

Discussion

The circadian regulation of the transcriptome leads to time of day changes in gene expression that
coordinate physiological responses to environmental conditions. This study emphasizes the power of
B. rapa as a model system for investigating the consequences of polyploidy on transcriptional net-
work dynamics. The close relationship of B. rapa to Arabidopsis facilitates comparative studies and
guides gene function hypotheses due to the wealth of genomic and molecular resources developed
in Arabidopsis. B. rapa, a morphologically diverse crop, has undergone whole-genome triplication
since diverging from its common ancestor with Arabidopsis resulting in an expansion of gene copy
number. To examine how this expansion has influenced the circadian transcriptome, we developed a
new R package (DiPALM) to compare gene expression in time-course experiments. DiPALM enables
a new line of inquiry into how temporal regulation of paralogs influence GRNs in B. rapa in which sin-
gle time point comparisons of differential expression are replaced with temporal pattern analysis to
provide a more complete view of the transcriptional network and the pervasiveness of rhythmic
gene expression. In particular, this method facilitated the discovery of genes with altered expression
patterns independent of expression levels. DIPALM was benchmarked using a publicly available sim-
ulated dataset (Spies et al., 2019). DiPALM was designed specifically for large time-course datasets
in multicellular species that span daylength-scale experiments. This benchmark data consists of simu-
lations that mimic short time-frame cell culture treatments with as little as four timepoints. Despite
this, DiPALM performed on par with the top three methods evaluated by Spies et al.
(Supplementary file 8) and DiPALM remains the only method to use a linear model-based frame-
work that allows for complex contrasts between any number of different treatments. This framework
has become the standard for differential expression analysis with packages such as edgeR
(McCarthy et al., 2012) and DEseqg2 (Love et al., 2014). In this simulated dataset, a simple pairwise
comparison between corresponding timepoints using established differential expression methods
was shown to outperform all other methods tested. However, we show that when this ‘pairwise’
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approach is applied to a real dataset involving mild drought response, it yields no significantly differ-
entially expressed genes, whereas DiPALM detects 3891 genes with differential patterning.

Our data support extensive circadian and diel regulation of the B. rapa transcriptome, as docu-
mented in Arabidopsis and a few other plant species (Covington et al., 2008; Wilkins et al., 2009,
Wilkins et al., 2010; Li and Zhang, 2015; Oakenfull and Davis, 2017). Our circadian time-
course experiments with 2 hr sampling density provided sufficient resolution to reliably assess rhyth-
micity for all expressed genes resulting in roughly 74% showing circadian clock regulation in B. rapa,
consistent with a pervasive role of the circadian clock in regulating diverse aspects of plant physiol-
ogy. Interestingly, we found that genes retained in multi-copies in B. rapa are enriched in network
modules that are phased during the day whereas evening and night phased modules are depleted
for multi-copy genes. This difference might be related to the dosage sensitivity of processes occur-
ring during the day. Gene ontology enrichment processes for the genes in these daytime phased
modules included photosynthesis and abiotic stress response. Given the importance of proper tran-
scriptional regulation of photosynthetic processes and the balance of enzyme components, it is not
surprising that there is higher retention of multi-copy genes within these pathways. However,
whether these genes are performing similar functions to their orthologous counterparts in Arabidop-
sis or have acquired new functions that could lead to additional regulation of the photosynthetic pro-
cess is one exciting avenue of future study. However, it should be noted that in general, evening
phased genes are likely to be greatly understudied because most experiments are performed during
the day (Grinevich et al., 2019), which could artifactually reduce the identification of abiotic stress
(and other) genes in our evening modules.

The retention of multi-copy genes that are circadian regulated provided an opportunity to assess
the level of retention of transcript abundance patterns among paralogs to look for signs of possible
neo- or sub-functionalization. Applying DIPALM to our list of circadian regulated paralogs uncovered
evidence for extensive rearrangement of the transcriptional network through the divergence in
expression pattern among retained paralogs in B. rapa that, in extreme examples, results in paralogs
being expressed in antiphase to one another. This demonstrates the genome-wide expansion of
phase domains among retained paralogs. The expansion of expression domains is reminiscent of the
PSEUDO-RESPONSE REGULATOR (PRR) and REVEILLE (RVE) families of circadian clock genes that
were retained following WGD as well as tandem duplication events (Linde et al., 2017). The PRR
genes in Arabidopsis have a temporally sequential expression pattern with PRR9 expressed just after
dawn followed by PRR7, PRR5, PRR3, and finally PRR1/TOC1 in the evening (Matsushika et al.,
2000). The PRR proteins appear to retain some common functions (e.g. repression of expression of
CCA1, LHY, and TOCT) but their diverged expression patterns also allow differential contributions
to the circadian network (Nakamichi, 2011; Nakamichi et al., 2012; Liu et al., 2013; Liu et al.,
2016). This also emphasizes the benefit of applying a network framework to data that associate simi-
larly regulated genes as observed for paralogs with similar expression patterns having their paralo-
gous pairs diverging in expression together.

These changes in phasing among paralogs occur in similar network modules where groups of
genes are classified with a particular phase while their paralogous pair-mates exhibit a similar phase
difference indicative of common regulatory control. The expansion of expression domains among
paralogous pairs provides ample opportunity for neo- and sub-functionalization through new net-
work connections and novel interacting targets now expressed in phase with the pair member with
the altered phase of expression. To test this hypothesis and predict the possible network rearrange-
ments that have occurred in B. rapa since diverging from its common ancestor with Arabidopsis, we
took a GRN approach to model the relationships between TFs and gene expression patterns. The
identification of a set of 49 TF B. rapa paralogs where one paralog showed significantly more over-
lap with the Arabidopsis ortholog supports the divergence in network regulation between retained
paralogous TFs in B. rapa. This is further supported by the overlap of CNSs among target genes in
the GRNs. By replacing genes with CNSs in the GRN we were able to identify the more Arabidopsis-
like paralog with strong consensus with the original GRN. Among the 35 TFs that overlapped
between the CNS and gene expression networks are several genes involved in light signaling (CRY2,
PHYA, ELF4, HYH, ZFN1), photosynthesis (GLK2), flowering time (COL2, COL4, CDF1, CDF2), abi-
otic/biotic stress (RAP2.4, STO, IBH1, TIP) and the circadian clock (CDF1, CDF2, ELF4, PRR5, PRR9,
RVE1, TIC, TOC1). The divergence in TF among light signaling, photosynthesis, and abiotic stress
pathways is consistent with the GO enrichment observed for the daytime phase modules that are
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enriched for retained copies. Each of these pathway lists, other than photosynthesis, contains one or
more TFs with zinc finger domains. A worthwhile future study would be to investigate whether cer-
tain features of TFs make them more likely to neo-functionalize within certain biological pathways.
The success of the CNS network approach supports a predictive role of these CNSs for expression
dynamics and provides a refined nucleotide sequence space to explore in future studies to associate
regulatory elements with specific expression patterns. Associating CNSs with specific gene pattern
responses may uncover new regulatory elements or novel combinations of regulatory elements that
contribute to the differential regulation of paralogs and their targets, for example in response to
drought stress.

In the case of mild drought response, we find that two-copy B. rapa paralog pairs with signifi-
cantly different expression patterns are enriched for pairs in which only one of the copies is drought
responsive. This highlights the improved sensitivity gained with time series resolution and the ability
to capture critical diel responses to environmental conditions that would otherwise be missed or
assumed for all paralogs based solely on homology to Arabidopsis. The significant enrichment of
one rather than both members of a paralogous pair being drought responsive also supports neo- or
sub-functionalization. This is consistent with observations in Arabidopsis, rice, and poplar, that
homeologous genes undergo expression partitioning among tissues (De Smet and Van de Peer,
2012; Langfelder and Horvath, 2012). This is also seen in the polyploids, Gossypium hirsitum and
Tragopogon mirus (Adams et al., 2003; Buggs et al., 2010). In Arabidopsis, the majority of dupli-
cated genes show divergent expression (Blanc and Wolfe, 2004; Haberer et al., 2004), and this is
particularly evident among abiotic and biotic stress-responsive genes (Casneuf et al., 2006;
Ha et al., 2007). That significant amino acid sequence variation apparently does not contribute to
the divergence between B. rapa paralogous TFs reinforces the importance of regulatory element
variation in target genes. This raises the question of how two paralogous TFs with the same motif
binding affinities can have such diverse targets in the GRN. One possibility is that the presence of
new interacting partners at the novel phase of expression could modify binding affinity to either
enhance or prevent binding to certain motifs or affect the consequences of TF binding (activation
versus repression). Conversely, the lack of critical interacting partners due to a mismatch in phasing
could affect target binding and/or regulatory consequence. Further study into the temporal regula-
tion of known binding partners for the divergent TFs is needed.

These findings bring up several questions surrounding the importance of the variation in paralog
expression pattern. Are these differential patterns maintained across B. rapa morphotypes or is
there additional within-species variation? Did these phase differences arise post-genome triplication
or were they present in the diploid progenitors that gave rise to B. rapa? Different B. rapa morpho-
types (e.g. leafy vegetable, turnip, and oilseed) exhibit differential circadian clock parameters, as
assessed by leaf movement analysis (Yarkhunova et al., 2016), strongly supporting additional
within-species variation in the transcriptomic network. An examination of the circadian networks
across B. rapa morphotypes is needed to characterize these differences and begin to associate net-
work plasticity with morphotype-specific traits. Our analysis reveals divergence in drought response
among retained paralogs; how do these responses differ in more or less drought-tolerant geno-
types? Applying these pattern analysis approaches to pan-transcriptome time-course studies has the
potential to identify regulatory elements that contribute to transcriptional network architecture and
the evolution of new forms of transcriptional control in polyploids.

Materials and methods

Key resources table

Reagent type Additional
(species) or resource Designation Source or reference Identifiers information
Biological sample R500 ABRC CS28987

(Brassica rapa
subsp. trilocularis)

Continued on next page
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Continued

Reagent type Additional

(species) or resource Designation Source or reference Identifiers information

Software, DiPALM This paper and CRAN See markdown file

algorithm (https://CRAN.R-project. on github page
org/package=DiPALM) (Greenham, 2020;

https://github.com/GreenhamLab/
Brapa_R500_Circadian_Transcriptome)

Circadian transcriptome growth conditions

Seeds of Brassica rapa subsp. trilocularis (Yellow Sarson) R500 were planted in (3.25' x 3.625) pots
with a soil mixture of two parts Metro-Mix PX1 + one part Pro-Mix amended with 0.5 mL of Osmo-
cote 18-6-12 fertilizer (Scotts, Marysville, OH). The first photocycle experiment (LD) involved entrain-
ing plants under 12 hr light/12 hr dark and constant 20°C (LDHH) for 15 days after sowing (DAS)
before transfer to constant light at 20°C (LLHH). The second thermocycle experiment (HC) involved
entraining B. rapa R500 plants under 24 hr light with 12 hr 20°C and 12 hr 10°C temperature cycles
(LLHC) until 15 DAS before transfer to LLHH. Following 24 hr in constant conditions leaf tissue from
the youngest leaf was collected and flash-frozen in liquid nitrogen every 2 hr for 48 hr. Lights in the
chamber at plant height were ~130 pmol photons m~2 s, Plants were shifted to constant light and
temperature (LLHH) for 24 hr before starting the leaf tissue sampling at ZT24. Leaf tissue (~100 mg)
from the youngest fully developed leaf was harvested and frozen in liquid nitrogen every 2 hr for 48
hr (ZT24 — ZT72). At each time point, leaf tissue from 10 plants was collected.

RNA-sequencing library preparations and processing

Leaf tissue was ground to a fine powder using a Retsch Mixer Mill MM 400 (Vendor Scientific, New-
town, PA). The mRNA extraction was performed according to Greenham et al., 2017 and the
strand-specific libraries according to Wang et al., 2011. For each leaf sample (~100 mg), 1 mL lysis
binding buffer (LBB) was used to resuspend ground tissue. For each of two biological replicates, 200
uL aliquots of LBB lysate from each of five plants were pooled before mRNA isolation. Library size
and quality was verified using a 2100-bioanalyzer (Agilent Technologies, Santa Clara, CA). Libraries
were indexed and pooled into 12 sample sets and sequenced as 101 bp paired-end reads using lllu-
mina HiSeq2500 (lllumina, San Diego, CA). Raw data have been submitted to GEO (http://ncbi.nlm.
nih.gov/geo) under accession number GSE123654 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE123654). The raw fasta reads were filtered using trimmomatic (Bolger et al., 2014) with
mostly default settings (ILLUMINACLIP:./Tru-Seq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDING-
WINDOW:4:25 MINLEN:50). Reads were aligned to the B. rapa R500 genome Brapa_R500_V1.2.
fasta (https://genomevolution.org/CoGe/Genomelnfo.pl?gid=52010) using tophat2 (Kim et al.,
2013; https://ccb.jhu.edu/software/tophat/index.shtml) with the following options: ~1ibrary-type
fr-firststrand -1 12000 G R500_v1.6.gff -M -max-segment-intron 12000 -max-coverage-
intron 12000. Sample LD_ZT62 rep2 was identified as an outlier and removed, to avoid over-
weighting rep1 the rep2 values were imputed by averaging the values of ZT60_rep1 and ZTé4_rep1.
Raw counts were generated in Subread version 1.6.3 (Liao et al., 2019; http://subread.sourceforge.
net/) with the following options: -F SAF -M -T 6 —fraction -s 2 p -B -C. Count data was normalized
using edgeR (Robinson et al., 2010; McCarthy et al., 2012; https://bioconductor.org/packages/
release/bioc/html/edgeR.html) version 3.22.1 using ‘calcNormFactors’ and log, FPKM values were
calculated using ‘rpkm’ with log = TRUE, prior.count = 0.1.

R package DiPALM

We created an R package that takes a raw count table of RNAseq data and runs differential pattern
analysis from time series gene expression data. DiIPALM is available through the Comprehensive R
Archive Network (CRAN; https://cran.r-project.org/package=DiPALM) or via the Greenham Lab
Github page (https://github.com/GreenhamLab/Brapa_R500_Circadian_Transcriptome; Green-
ham, 2020; copy archived at swh:1:rev:9d59bbc84659cbbdffa?6413694e01298c9868bb). A sample
dataset is provided with the package along with a detailed vignette and manual that describes the
analysis pipeline.
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DiPALM benchmarking

A published set of simulated time-course expression datasets (Spies et al., 2019) was used for
benchmarking. Data consists of eight separate time courses meant to simulate cell culture treat-
ments with samples taken at various times after treatment along with untreated controls at each
timepoint. In each dataset, 1200 genes were intentionally perturbed at various intensities using a set
of predefined patterns of perturbation. These were taken to be the ‘differentially expressed’ genes
or 'positives’ in the test. This benchmarking test was run through DiPALM as well as various other
methods tested by Spies et al. Table S1 shows the area under the receiver operating characteristic
(AUROC) curve for all tests. The three top-performing methods found by Spies et al. are shown for
comparison: splineTC (Michna et al., 2016), maSigPro (Nueda et al., 2014), and impulseDE2
(Fischer et al., 2018). Both the differential pattern (kME) and differential expression (median) detec-
tion parts of DiIPALM were tested along with a combined score which simply takes the sum of the
scores from both parts (combined). The method of running a traditional differential expression analy-
sis on each timepoint separately and then taking the most significant timepoint for each gene was
also tested (pairwise).

Bioinformatic and statistical analysis

The entire analysis pipeline, starting with raw count data, was carried out using the R Statistical Pro-
graming Language (R Development Core Team, 2018) along with the Rstudio integrated develop-
ment environment (R Studio Team, 2015). A comprehensive R markdown file is available through
the Greenham Lab Github page (Greenham, 2020; https://github.com/Greenhamlab/Brapa_R500
Circadian_Transcriptome). This analysis script includes all data processing, statistical analysis and
plotting that was used for this publication. Additional R packages were used in this analysis, includ-
ing ‘edgeR’ (Robinson et al., 2010; McCarthy et al., 2012), 'stringr’ (Wickham, 2019), ‘ggplot2’
(Wickham, 2016), ‘rain’ (Thaben and Westermark, 2014), ‘'WGCNA' (Langfelder and Horvath,
2008; Langfelder and Horvath, 2012), ‘circlize’ (Gu et al., 2014), and ‘pheatmap’ (Kolde, 2019).

B. rapa paralog expression analysis

For paralog expression comparisons we converted all three-copy paralogs into three two-way com-
parisons (copy 1 versus copy 2, copy 1 versus copy 3, copy 2 versus copy 3) in order to perform one
analysis with the two-copy tests and enable consistency in the interpretation of the results (see line
606 of the markdown file). For the heatmap presented in Figure 3, Br1 and Br2 were assigned based
on the sign of the summed t-statistics from the limma output (see line 709 of the markdown file).

B. rapa R500 drought RNAseq dataset

For the drought RNAseq analysis we used our previous dataset (Greenham et al., 2017) and aligned
the data to our new B. rapa R500 genome assembly (https://genomevolution.org/CoGe/Organism-
View.pl?org_name=Brassica%20rapa) using the same pipeline described for the circadian datasets.
These raw counts are available in a file called ‘DroughtTimeCourse_CountTable.csv’ on the Green-
ham Lab Github page (Greenham, 2020; https://github.com/GreenhamLab/Brapa_R500_Circadian_
Transcriptome).

CNS annotation

Using a list of canonical CNS sequences derived from Haudry et al., 2013, the B. rapa R500 and
TAIR10 genomes were annotated for those CNSs using NCBI BLAST+. A local BLAST database for
each reference genome was created using the command:

e makeblastdb -in < reference.fasta> \
e parse_seqids \

e hash_index \

e blastdb_version 5\

o dbtype 'nucl’\

o title < title >

To get an initial set of CNS alignments, the following command was run for each reference
genome:
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e blastn -query < cns.fasta> \

o db < reference.fasta> \

o task ‘blastn’ \

e out < out.csv>\

e outfmt ‘10 gaccver saccver glen sstart send sstrand evalue bitscore gcovs’ \
e dust 'no’\

o soft_masking ‘false’ \

e evalue 0.01\

e num_threads < num_threads>

Filtering was disabled in favor of a different scheme also used in Yocca et al., 2019. All align-
ments with a bitscore of 28.2 were dropped, and alignments with a smaller than 60% coverage of
the CNS sequence (BLAST+'s ‘qcovs’ value) were also dropped. Finally, to ensure the CNS align-
ments are reasonably unique, all of the alignments for a particular CNS sequence were discarded if
they appeared more than once in the TAIR10 reference, or more than three times in the B. rapa
R500 reference. Since the B. rapa genome has undergone a genome triplication event relative to A.
thaliana, three occurrences were seen as the maximum reasonable amount. Two BED files were gen-
erated for each genome containing the coordinates of each resulting alignment.

To associate the resulting CNS alignments with genes in the references, BEDtools was used to
find the closest gene to each CNS location:

bedtools closest -s -t all -D a -a < cns.bed> -b < reference.bed>>CNS_prox_genes.txt

cns.bed is one of the two BED files generated in the previous section, and reference.bed is a
gene annotation for the respective reference genome. The -s option constraints reported associa-
tions to be only on the same strand - that is, CNS alignments and genes must appear on the same
strand. -D tells BEDtools to report distances and ensures that the reported distances are signed
(negative for occurring before the gene, positive for occurring after, and 0 for being intragenic).

Motif analysis

Motif analysis was performed using HOMER - specifically, findMotifsGenome.pl. This program
requires that two sets of sequences be provided: a set of target sequences to be searched for
motifs, and a set of background sequences for comparison to the target sequences to be compared
to. Motif analyses were performed on three different target groups.

The first analysis consisted of searching the CNSs against an ‘extended’ promoter background.
For each transcription factor group, the CNSs corresponding to all of the target genes in Ath, Br1,
and Br2 separately were pulled and placed into three BED files containing the coordinates of the
CNSs in TAIR10 and B. rapa R500, respectively. A background set of sequences was then generated
for every gene in the TAIR10 and B. rapa R500 genomes using BEDtools:

bedtools slop -s -i < reference.bed> -g < reference.genome> -1 2000 r 0 > 2 kb_and_gene.bed

Reference.bed is a gene annotation for the reference genome, and reference.genome is a text
file containing the lengths of each chromosome that BEDtools uses to ensure that the coordinates it
outputs are valid. This outputs a BED file that annotates a background consisting of a 2 kb promoter
region before each gene, as well as the gene itself, to the end of the 3' UTR. This larger background
sequence was selected rather than the 2 kb promoter alone since many CNSs occurred in the UTRs
and introns, and so using only 2 kb promoters would leave out background sequence relevant to
many of the CNSs, potentially skewing the results.

The second analysis searched the ‘extended’ promoter sequences against themselves. The target
set consisted of ‘extended’ promoters corresponding to target genes in each transcription factor
group, and the background consisted of a total list of sequences, including the target group, as per
HOMER's recommendations.

The third analysis consisted of a more traditional motif search of promoter regions against pro-
moter-only background. In this case, neither the target nor background sequences contain CDS,
introns, or UTRs as with the ‘extended’ regions defined in the previous two analyses. These pro-
moters were pulled using BEDtools:

bedtools flank -s -i < reference.bed> -g < reference.genome> -1 2000 r 0 > 2 kb_promoters.bed

Everything is identical as above, except that bedtools flank does not include the genes them-
selves in the output, and only generates locations for promoter regions. As before, promoters corre-
sponding to TF target groups were selected and then analyzed against the entire set of promoters.
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HOMER was run using its included plant motif database on all three datasets (Supplementary files
9-10). Default parameters were used.

Motif analyses were performed separately for the Ath, Br1, and Br2 target groups. Given that
three analyses were performed for each of these target groups, a total of nine motif analyses were
performed for each TF group for a total of 108 motif analyses. Only the 'knownMotifs’ output of
HOMER was considered, which consists of a database search of target and background sequences
against known plant motifs with a hypergeometric test to quantify significance. The de novo results
were not used. For each of the 108 analyses, the outputs of the 'knownMotifs’ analysis were simpli-
fied by grouping together found motifs that correspond to the same DNA-binding protein domain.
Of each of these domain groups, the best p-value out of all the motifs found for that domain was
selected as representative for the entire group. For each TF group, significant (p<0.01) domains
were counted for the Ath, Br1, and Br2 target groups, for the CNS, ‘extended’ promoter, and pro-
moter-only motif analyses.

Availability of data and materials
The B. rapa R500 genome was used for all analyses in this study. It is available through CoGe under
the Genome ID: 52010 (https://genomevolution.org/CoGe/Genomelnfo.pl?gid=52010).

Circadian time-course RNA-seq data for B. rapa entrained in light cycles (LDHH) and temperature
cycle (LLHC) are available through NCBI GEO under accession number GSE123654 (https://www.
ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE123654).

Diel time-course RNA-seq under mild drought stress and well-watered conditions is from
Greenham et al., 2017. Raw data are available through NCBI GEO under accession number
GSE90841 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE?0841). For this study, the
data were re-mapped to the B. rapa R500 genome and raw count data are available through a
Greenham Lab Github repository (Greenham, 2020; https://github.com/Greenhamlab/Brapa_
R500_Circadian_Transcriptome). The file is named ‘DroughtTimeCourse_CountTable.csv'.

Full details of the data analysis including explanations, code and additional data files can be
found in the above Github repository. The analysis is laid out in an R markdown file named ‘Brapa_-
CircadianTranscriptome_Markdown.Rmd'.
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Supplementary files

« Supplementary file 1. Categorical enrichment of GO Biological Process annotations in WGCNA cir-
cadian modules. Coexpression modules were generated for genes in circadian conditions using two
different entrainments (LD and HC). Each module was analyzed for categorical enrichment using Bio-
logical Process Gene Ontology annotations. Each tab in this file represents a different LD or HC
module. The last tab, titled ‘Differential_Pattern’ represents categorical enrichment results on the list
of 1713 genes that show significant pattern changes between LD and HC entrainment conditions.

 Supplementary file 2. DIPALM results for LD versus HC entrainment conditions. Gene expression
was evaluated under circadian conditions (constant light and temperature) for 48 hr after plants
were entrained in one of the two conditions; LD (12 hr light/12 hr dark) or HC (12 hr 20 °C/ 12 hr 12°
C). Using the set of cycling genes that were identified in both datasets, DiPALM was used to detect
differential patterning and differential median expression between LD and HC conditions. This data-
set reports these results. Column 1 are gene accessions, Column 2 are adjusted p-values for differen-
tial patterning and Column 3 are adjusted p-values for differential median expression.

 Supplementary file 3. Categorical enrichment of GO Biological Process annotations in morning-
phased and evening-phased multi-copy genes. WGCNA modules generated with cycling genes from
a combined LD and HC dataset were analyzed for depletion or enrichment of multi-copy genes. Sig-
nificant enrichment of multi-copy genes was observed in five morning-phased modules while deple-
tion was observed in four evening-phased modules. This dataset shows the results of Biological
Process Gene Ontology categorical enrichment for the set of multi-copy genes in these five enriched
modules (‘MorningCopied’ tab) and the set of multi-copy genes in these four depleted modules
('EveningCopied’ tab).

 Supplementary file 4. DIiPALM results for paralog comparison in LDHC circadian time course. The
LD and HC circadian time-course datasets were combined into one LDHC time course. B. rapa paral-
ogous pairs were identified and DiPALM was used to detect differential patterning and differential
median expression between paralogs. This dataset reports these results. Column 1 are gene acces-
sions, Column2 are adjusted p-values for differential patterning and Column 3 are adjusted p-values
for differential median expression.

 Supplementary file 5. GRN target groups identify which member of B. rapa paralog pairs is more
Arabidopsis-like. Predicted target groups from GRNs were compared between Arabidopsis (At) and
B. rapa (Br) networks. Sets of 3 genes containing one At Transcription factor (TF) and its two Br
orthologs (denoted B. rapa 1 and B. rapa 2) were defined. 256 of these TF sets were found between
the At and Br GRNs. Tab ‘GRN_Comparison_Orthologs’ reports results after testing for orthology
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between predicted target groups of corresponding At and Br TFs. Column 1 (Gene Accessions)
denotes the three accessions for TFs in each set. For simplicity, B. rapa 1 was always made to be the
Br TF with the most significant overlap in target genes with the At TF. Columns 2, 3, and 4 are the
total number of genes in the predicted target groups for At, Br1, and Br2, respectively. Columns 5
and 6 are the number of overlapping genes with the At targets (based on orthology) for Br1 and
Br2, respectively. Columns 7 and 8 are the p-values for the significance of overlap with At targets for
Br1 and Br2, respectively. Column 9 is the p-value result of a permutation test performed to deter-
mine if Br1 is significantly more At-like than Br2. This p-value is meaningless unless Column 7 is also
significant. Tab: GRN_Comparison_CNSs reports results after testing for conserved non-coding
sequences (CNSs) near genes in predicted target groups of corresponding At and Br TFs. Column 1
(Gene Accessions) denotes the three accessions for TFs in each set. For simplicity, B. rapa 1 was
always made to be the Br TF with the most significant overlap in target gene CNSs with the At TF.
Columns 2, 3, and 4 are the total number of CNSs associated with genes in the predicted target
groups for At, Br1, and Br2, respectively. Columns 5 and 6 are the number of overlapping CNSs with
the At targets for Br1 and Br2, respectively. Columns 7 and 8 are the p-values for the significance of
CNS overlap with At for Br1 and Br2, respectively. Column 9 is the p-value result of a permutation
test performed to determine if Br1 is significantly more At-like than Br2. This p-value is meaningless
unless Column 7 is also significant. Tab: Significant_Groups summarizes all TF groups where Br1 is
significantly more At-like than Br2 based on either the ortholog or CNS comparison. Column 1 lists
the three accession numbers for TFs in each group and is ordered based on the target genes orthol-
ogy comparison (i.e. Br1 is always the most At-like based on orthology of the predicted TF-target
genes with predicted At target genes). Column 2 lists the three accessions for TFs in each group
and is ordered based on the target genes CNS comparison (i.e. Br1 is always the most At-like based
on CNS overlap of the predicted TF-target genes with predicted At target genes). Column 3 lists
the p-values for the significance of overlap with At targets and Br1 targets based on orthology. Col-
umn 4 indicates if Br1 is significantly more At-like than Br2 based on target gene orthology. Column
5 lists the p-values for the significance of overlap with At targets and Br1 targets based on CNSs.
Column 6 indicates if Br1 is significantly more At-like than Br2 based on target gene CNS overlap.
Column 7 indicates the 12 TF groups that were used for the motif enrichment analysis (Figure 4—
figure suplement 2).

* Supplementary file 6. DIPALM results for paralog comparison in diel time course. Gene expression
data from control samples in a time course performed in diel conditions (14 hr light 21°C/10 hr dark
18°C) were examined (Greenham et al., 2017). B. rapa paralogous pairs were identified and DiPALM
was used to detect differential patterning and differential median expression between paralogs. This
dataset reports these results. Column 1 are gene accessions, Column 2 are adjusted p-values for dif-
ferential patterning, and Column 3 are adjusted p-values for differential median expression.

« Supplementary file 7. DiPALM results for drought-responsive genes in drought time course. Gene
expression data from Greenham et al., 2017 were examined. Mild drought was imposed and com-
pared to well-watered samples. DIPALM was used to identify differential patterning and differential
median expression of genes in response to drought. This dataset reports these results. Column 1 are
gene accessions, Column 2 are adjusted p-values for differential patterning, and Column 3 are
adjusted p-values for differential median expression.

 Supplementary file 8. DiIPALM benchmarking using the area under the receiver operating charac-
teristic (AUROC) curve. DiPALM was evaluated using simulated benchmark datasets (Spies et al.,
2019). Eight different simulated datasets were generated (rows). Dataset names denote the number
of simulated counts, number of simulated replicates, and the number of simulated timepoints. This
table also includes the top three performing methods mentioned in Spies et al.: splineTC
(Michna et al., 2016), maSigPro (Nueda et al., 2014), and impulseDE2 (Fischer et al., 2018). The
method of running a traditional differential expression analysis on each timepoint separately and
then taking the most significant timepoint for each gene is also shown (pairwise). Three different
DiPALM evaluations were carried out using the pattern-detecting version (kME), the abundance-
detecting version (Median) and a combined score using the sum of both.

e Supplementary file 9. CNS annotations for Arabidopsis. Using a list of canonical CNS sequences
derived from Haudry et al., 2013, the TAIR10 genome was annotated for those CNSs using NCBI
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BLAST+. This dataset is in BED file format with six fields as follows: Field 1 denotes the chromo-
some, Field 2 denotes the start nucleotide position, Field 3 denotes the end nucleotide position,
Field 4 denotes the CNS accession (name), Field 5 is a placeholder 1’ for a score annotation but is
not used in this case, Field 6 denotes the strand.

 Supplementary file 10. CNS Annotations for Brassica rapa R500. Using a list of canonical CNS
sequences derived from Haudry et al., 2013, the B. rapa R500 genome was annotated for those
CNSs using NCBI BLAST+. This dataset is in BED file format with six fields as follows: Field 1 denotes
the chromosome, Field 2 denotes the start nucleotide position, Field 3 denotes the end nucleotide
position, Field 4 denotes the CNS accession (name), Field 5 is a placeholder ‘1’ for a score annota-
tion but is not used in this case, Field 6 denotes the strand.

« Transparent reporting form
Data availability
Sequencing data have been deposited in GEO under accession codes GSE123654.

The following dataset was generated:

Database and

Author(s) Year Dataset title Dataset URL Identifier
Greenham K, Sartor 2020 Expansion of the circadian https://www.ncbi.nlm. NCBI Gene

R, Lou P, Mockler transcriptome in Brassica rapa nih.gov/geo/query/acc.  Expression Omnibus,
TC, McClung CR supports genome wide cgi?acc=GSE123654 GSE123654

diversification of homeolog gene
expression patterns

The following previously published dataset was used:

Database and

Author(s) Year Dataset title Dataset URL Identifier
Greenham K, Gua- 2017 Network analysis identifies * https://www.ncbi.nlm.  NCBI Gene

dagno CR, Gehan temporal regulation of nih.gov/geo/query/acc.  Expression Omnibus,
MA, Mockler TC, transcriptomic and physiological cgi?acc=GSE90841 GSE90841

Weinig C, Ewers responses to early drought

BE, McClung CR perception in Brassica rapa.

References

Adams KL, Cronn R, Percifield R, Wendel JF. 2003. Genes duplicated by polyploidy show unequal contributions
to the transcriptome and organ-specific reciprocal silencing. PNAS 100:4649-4654. DOI: https://doi.org/10.
1073/pnas.0630618100, PMID: 12665616

Bell-Pedersen D, Cassone VM, Earnest DJ, Golden SS, Hardin PE, Thomas TL, Zoran MJ. 2005. Circadian
rhythms from multiple oscillators: lessons from diverse organisms. Nature Reviews Genetics 6:544-556.

DOI: https://doi.org/10.1038/nrg1633, PMID: 15951747

Birchler JA, Veitia RA. 2014. The gene balance hypothesis: dosage effects in plants. In: Spillane C, McKeown P.
C (Eds). Plant Epigenetics and Epigenomics: Methods and Protocols. Humana Press. p. 25-32. DOI: https://doi.
org/10.1007/978-1-0716-0179-2

Blanc G, Wolfe KH. 2004. Functional divergence of duplicated genes formed by polyploidy during Arabidopsis
evolution. The Plant Cell 16:1679-1691. DOI: https://doi.org/10.1105/tpc.021410, PMID: 15208398

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for illumina sequence data. Bioinformatics
30:2114-2120. DOI: https://doi.org/10.1093/bioinformatics/btu170, PMID: 24695404

Buggs RJ, Elliott NM, Zhang L, Koh J, Viccini LF, Soltis DE, Soltis PS. 2010. Tissue-specific silencing of
homoeologs in natural populations of the recent allopolyploid Tragopogon mirus. New Phytologist 186:175-
183. DOI: https://doi.org/10.1111/j.1469-8137.2010.03205.x, PMID: 20409177

Casneuf T, De Bodt S, Raes J, Maere S, Van de Peer Y. 2006. Nonrandom divergence of gene expression
following gene and genome duplications in the flowering plant Arabidopsis thaliana. Genome Biology 7:R13.
DOI: https://doi.org/10.1186/gb-2006-7-2-r13, PMID: 16507168

Choudhary MK, Nomura Y, Wang L, Nakagami H, Somers DE. 2015. Quantitative circadian phosphoproteomic
analysis of Arabidopsis reveals extensive clock control of key components in physiological, metabolic, and
signaling pathways. Molecular & Cellular Proteomics 14:2243-2260. DOI: https://doi.org/10.1074/mcp.M114.
047183, PMID: 26091701

Greenham, Sartor, et al. eLife 2020;9:e58993. DOI: https://doi.org/10.7554/eLife.58993 23 of 26


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123654
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123654
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123654
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE90841
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE90841
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE90841
https://doi.org/10.1073/pnas.0630618100
https://doi.org/10.1073/pnas.0630618100
http://www.ncbi.nlm.nih.gov/pubmed/12665616
https://doi.org/10.1038/nrg1633
http://www.ncbi.nlm.nih.gov/pubmed/15951747
https://doi.org/10.1007/978-1-0716-0179-2
https://doi.org/10.1007/978-1-0716-0179-2
https://doi.org/10.1105/tpc.021410
http://www.ncbi.nlm.nih.gov/pubmed/15208398
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1111/j.1469-8137.2010.03205.x
http://www.ncbi.nlm.nih.gov/pubmed/20409177
https://doi.org/10.1186/gb-2006-7-2-r13
http://www.ncbi.nlm.nih.gov/pubmed/16507168
https://doi.org/10.1074/mcp.M114.047183
https://doi.org/10.1074/mcp.M114.047183
http://www.ncbi.nlm.nih.gov/pubmed/26091701
https://doi.org/10.7554/eLife.58993

e Llfe Research article

Genetics and Genomics

Conant GC, Birchler JA, Pires JC. 2014. Dosage, duplication, and diploidization: clarifying the interplay of
multiple models for duplicate gene evolution over time. Current Opinion in Plant Biology 19:91-98.
DOI: https://doi.org/10.1016/j.pbi.2014.05.008, PMID: 24907529

Covington MF, Maloof JN, Straume M, Kay SA, Harmer SL. 2008. Global transcriptome analysis reveals circadian
regulation of key pathways in plant growth and development. Genome Biology 9:R130. DOI: https://doi.org/
10.1186/gb-2008-9-8-r130, PMID: 18710561

Covington MF, Harmer SL. 2007. The circadian clock regulates auxin signaling and responses in Arabidopsis.
PLOS Biology 5:€222. DOI: https://doi.org/10.1371/journal.pbio.0050222, PMID: 17683202

Creux N, Harmer S. 2019. Circadian rhythms in plants. Cold Spring Harbor Perspectives in Biology 11:a034611.
DOI: https://doi.org/10.1101/cshperspect.a034611, PMID: 31138544

De Smet R, Van de Peer Y. 2012. Redundancy and rewiring of genetic networks following genome-wide
duplication events. Current Opinion in Plant Biology 15:168-176. DOI: https://doi.org/10.1016/].pbi.2012.01.
003, PMID: 22305522

Fischer DS, Theis FJ, Yosef N. 2018. Impulse model-based differential expression analysis of time course
sequencing data. Nucleic Acids Research 46:e119. DOI: https://doi.org/10.1093/nar/gky675, PMID: 30102402

Fowler SG, Cook D, Thomashow MF. 2005. Low temperature induction of Arabidopsis CBF1, 2, and 3 is gated
by the circadian clock. Plant Physiology 137:961-968. DOI: https://doi.org/10.1104/pp.104.058354,
PMID: 15728337

Freeling M, Thomas BC. 2006. Gene-balanced duplications, like tetraploidy, provide predictable drive to
increase morphological complexity. Genome Research 16:805-814. DOI: https://doi.org/10.1101/gr.3681406,
PMID: 16818725

Ganko EW, Meyers BC, Vision TJ. 2007. Divergence in expression between duplicated genes in Arabidopsis.
Molecular Biology and Evolution 24:2298-2309. DOI: https://doi.org/10.1093/molbev/msm158, PMID: 1767080
8

Greenham K, Guadagno CR, Gehan MA, Mockler TC, Weinig C, Ewers BE, McClung CR. 2017. Temporal
network analysis identifies early physiological and transcriptomic indicators of mild drought in Brassica rapa.
eLife 6:€29655. DOI: https://doi.org/10.7554/elife. 29655, PMID: 28826479

Greenham K. 2020. Brapa_R500_Circadian_Transcriptome. Software Heritage. swh:1:rev:
9d59bbc84659cbbdffa?6413694e01298c9868bb. https://archive.softwareheritage.org/swh:1:dir:
427176833398a9899ef1995376c71f5dd96cdaee;origin=https://github.com/Greenhamlab/Brapa_R500_Circadian_
Transcriptome;visit=swh:1:snp:007b0936ba1abf222e0c8c6269544e1961d3443d;anchor=swh:1:rev:
9d5%9bbc84659cbbdffa?6413694e01298c9868bb/

Greenham K, McClung CR. 2015. Integrating circadian dynamics with physiological processes in plants. Nature
Reviews Genetics 16:598-610. DOI: https://doi.org/10.1038/nrg3976, PMID: 26370901

Grinevich DO, Desai JS, Stroup KP, Duan J, Slabaugh E, Doherty CJ. 2019. Novel transcriptional responses to
heat revealed by turning up the heat at night. Plant Molecular Biology 101:1-19. DOI: https://doi.org/10.1007/
s11103-019-00873-3, PMID: 31062216

Gu Z, Gu L, Eils R, Schlesner M, Brors B. 2014. Circlize implements and enhances circular visualization in R.
Bioinformatics 30:2811-2812. DOI: https://doi.org/10.1093/bioinformatics/btu393, PMID: 24930139

Ha M, Li WH, Chen ZJ. 2007. External factors accelerate expression divergence between duplicate genes. Trends
in Genetics 23:162-166. DOI: https://doi.org/10.1016/j.tig.2007.02.005, PMID: 17320239

Haberer G, Hindemitt T, Meyers BC, Mayer KF. 2004. Transcriptional similarities, dissimilarities, and conservation
of cis-elements in duplicated genes of Arabidopsis. Plant Physiology 136:3009-3022. DOI: https://doi.org/10.
1104/pp.104.046466, PMID: 15489284

Haudry A, Platts AE, Vello E, Hoen DR, Leclercq M, Williamson RJ, Forczek E, Joly-Lopez Z, Steffen JG, Hazzouri
KM, Dewar K, Stinchcombe JR, Schoen DJ, Wang X, Schmutz J, Town CD, Edger PP, Pires JC, Schumaker KS,
Jarvis DE, et al. 2013. An atlas of over 90,000 conserved noncoding sequences provides insight into crucifer
regulatory regions. Nature Genetics 45:891-898. DOI: https://doi.org/10.1038/ng.2684, PMID: 23817568

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C, Singh H, Glass CK. 2010. Simple
combinations of lineage-determining transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Molecular Cell 38:576-589. DOI: https://doi.org/10.1016/j.molcel.2010.05.
004, PMID: 20513432

Hughes ME, Abruzzi KC, Allada R, Anafi R, Arpat AB, Asher G, Baldi P, de Bekker C, Bell-Pedersen D, Blau J,
Brown S, Ceriani MF, Chen Z, Chiu JC, Cox J, Crowell AM, DeBruyne JP, Dijk DJ, DiTacchio L, Doyle FJ, et al.
2017. Guidelines for Genome-Scale analysis of biological rhythms. Journal of Biological Rhythms 32:380-393.
DOI: https://doi.org/10.1177/0748730417728663, PMID: 29098954

Huynh-Thu VA, Irrthum A, Wehenkel L, Geurts P. 2010. Inferring regulatory networks from expression data using
tree-based methods. PLOS ONE 5:12776. DOI: https://doi.org/10.1371/journal.pone.0012776, PMID: 209271
93

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. 2013. TopHat2: accurate alignment of
transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biology 14:R36. DOI: https://
doi.org/10.1186/gb-2013-14-4-r36, PMID: 23618408

Kolde R. 2019. pheatmap. 1.0.12. Pretty Heatmaps. https://rdrr.io/cran/pheatmap/

Langfelder P, Horvath S. 2008. WGCNA: an R package for weighted correlation network analysis. BMC
Bioinformatics 9:559. DOI: https://doi.org/10.1186/1471-2105-9-559, PMID: 19114008

Langfelder P, Horvath S. 2012. Fast R functions for robust correlations and hierarchical clustering. Journal of
Statistical Software 46:i11. DOI: https://doi.org/10.18637/jss.v046.i11, PMID: 23050260

Greenham, Sartor, et al. eLife 2020;9:58993. DOI: https://doi.org/10.7554/eLife.58993 24 of 26


https://doi.org/10.1016/j.pbi.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24907529
https://doi.org/10.1186/gb-2008-9-8-r130
https://doi.org/10.1186/gb-2008-9-8-r130
http://www.ncbi.nlm.nih.gov/pubmed/18710561
https://doi.org/10.1371/journal.pbio.0050222
http://www.ncbi.nlm.nih.gov/pubmed/17683202
https://doi.org/10.1101/cshperspect.a034611
http://www.ncbi.nlm.nih.gov/pubmed/31138544
https://doi.org/10.1016/j.pbi.2012.01.003
https://doi.org/10.1016/j.pbi.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/22305522
https://doi.org/10.1093/nar/gky675
http://www.ncbi.nlm.nih.gov/pubmed/30102402
https://doi.org/10.1104/pp.104.058354
http://www.ncbi.nlm.nih.gov/pubmed/15728337
https://doi.org/10.1101/gr.3681406
http://www.ncbi.nlm.nih.gov/pubmed/16818725
https://doi.org/10.1093/molbev/msm158
http://www.ncbi.nlm.nih.gov/pubmed/17670808
http://www.ncbi.nlm.nih.gov/pubmed/17670808
https://doi.org/10.7554/eLife.29655
http://www.ncbi.nlm.nih.gov/pubmed/28826479
https://archive.softwareheritage.org/swh:1:dir:427f76833398a9899ef1995376c71f5dd96cdaee;origin=https://github.com/GreenhamLab/Brapa_R500_Circadian_Transcriptome;visit=swh:1:snp:007b0936ba1a6f222e0c8c6269544e1961d3443d;anchor=swh:1:rev:9d59bbc84659cbbdffa96413694e01298c9868bb/
https://archive.softwareheritage.org/swh:1:dir:427f76833398a9899ef1995376c71f5dd96cdaee;origin=https://github.com/GreenhamLab/Brapa_R500_Circadian_Transcriptome;visit=swh:1:snp:007b0936ba1a6f222e0c8c6269544e1961d3443d;anchor=swh:1:rev:9d59bbc84659cbbdffa96413694e01298c9868bb/
https://archive.softwareheritage.org/swh:1:dir:427f76833398a9899ef1995376c71f5dd96cdaee;origin=https://github.com/GreenhamLab/Brapa_R500_Circadian_Transcriptome;visit=swh:1:snp:007b0936ba1a6f222e0c8c6269544e1961d3443d;anchor=swh:1:rev:9d59bbc84659cbbdffa96413694e01298c9868bb/
https://archive.softwareheritage.org/swh:1:dir:427f76833398a9899ef1995376c71f5dd96cdaee;origin=https://github.com/GreenhamLab/Brapa_R500_Circadian_Transcriptome;visit=swh:1:snp:007b0936ba1a6f222e0c8c6269544e1961d3443d;anchor=swh:1:rev:9d59bbc84659cbbdffa96413694e01298c9868bb/
https://doi.org/10.1038/nrg3976
http://www.ncbi.nlm.nih.gov/pubmed/26370901
https://doi.org/10.1007/s11103-019-00873-3
https://doi.org/10.1007/s11103-019-00873-3
http://www.ncbi.nlm.nih.gov/pubmed/31062216
https://doi.org/10.1093/bioinformatics/btu393
http://www.ncbi.nlm.nih.gov/pubmed/24930139
https://doi.org/10.1016/j.tig.2007.02.005
http://www.ncbi.nlm.nih.gov/pubmed/17320239
https://doi.org/10.1104/pp.104.046466
https://doi.org/10.1104/pp.104.046466
http://www.ncbi.nlm.nih.gov/pubmed/15489284
https://doi.org/10.1038/ng.2684
http://www.ncbi.nlm.nih.gov/pubmed/23817568
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1016/j.molcel.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20513432
https://doi.org/10.1177/0748730417728663
http://www.ncbi.nlm.nih.gov/pubmed/29098954
https://doi.org/10.1371/journal.pone.0012776
http://www.ncbi.nlm.nih.gov/pubmed/20927193
http://www.ncbi.nlm.nih.gov/pubmed/20927193
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1186/gb-2013-14-4-r36
http://www.ncbi.nlm.nih.gov/pubmed/23618408
https://rdrr.io/cran/pheatmap/
https://doi.org/10.1186/1471-2105-9-559
http://www.ncbi.nlm.nih.gov/pubmed/19114008
https://doi.org/10.18637/jss.v046.i11
http://www.ncbi.nlm.nih.gov/pubmed/23050260
https://doi.org/10.7554/eLife.58993

e Llfe Research article

Genetics and Genomics

Li S, Zhang L. 2015. Circadian control of global transcription. BioMed Research International 2015:187809.
DOI: https://doi.org/10.1155/2015/187809, PMID: 26682214

Liao Y, Smyth GK, Shi W. 2019. The R package rsubread is easier, faster, cheaper and better for alignment and
quantification of RNA sequencing reads. Nucleic Acids Research 47:e47. DOI: https://doi.org/10.1093/nar/
gkz114, PMID: 30783653

Linde AM, Eklund DM, Kubota A, Pederson ERA, Holm K, Gyllenstrand N, Nishihama R, Cronberg N, Muranaka
T, Oyama T, Kohchi T, Lagercrantz U. 2017. Early evolution of the land plant circadian clock. New Phytologist
216:576-590. DOI: https://doi.org/10.1111/nph.14487, PMID: 28244104

Liu T, Carlsson J, Takeuchi T, Newton L, Farré EM. 2013. Direct regulation of abiotic responses by the
Arabidopsis circadian clock component PRR7. The Plant Journal 76:101-114. DOI: https://doi.org/10.1111/tpj.
12276, PMID: 23808423

Liu TL, Newton L, Liu MJ, Shiu SH, Farré EM. 2016. A G-Box-Like motif is necessary for transcriptional regulation
by circadian Pseudo-Response regulators in Arabidopsis. Plant Physiology 170:528-539. DOI: https://doi.org/
10.1104/pp.15.01562, PMID: 26586835

Lou P, Wu J, Cheng F, Cressman LG, Wang X, McClung CR. 2012. Preferential retention of circadian clock genes
during diploidization following whole genome triplication in Brassica rapa. The Plant Cell 24:2415-2426.
DOI: https://doi.org/10.1105/tpc.112.099499, PMID: 22685167

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion for RNA-seq data with
DESeq2. Genome Biology 15:550. DOI: https://doi.org/10.1186/513059-014-0550-8, PMID: 25516281

Matsushika A, Makino S, Kojima M, Mizuno T. 2000. Circadian waves of expression of the APRR1/TOC1 family of
pseudo-response regulators in Arabidopsis thaliana: insight into the plant circadian clock. Plant and Cell
Physiology 41:1002-1012. DOI: https://doi.org/10.1093/pcp/pcd043, PMID: 11100772

McCarthy DJ, Chen Y, Smyth GK. 2012. Differential expression analysis of multifactor RNA-Seq experiments with
respect to biological variation. Nucleic Acids Research 40:4288-4297. DOI: https://doi.org/10.1093/nar/
gks042, PMID: 22287627

McClung C. 2019. The plant circadian oscillator. Biology 8:14. DOI: https://doi.org/10.3390/biology8010014,
PMID: 30870980

Michael TP, Mockler TC, Breton G, McEntee C, Byer A, Trout JD, Hazen SP, Shen R, Priest HD, Sullivan CM,
Givan SA, Yanovsky M, Hong F, Kay SA, Chory J. 2008. Network discovery pipeline elucidates conserved time-
of-day-specific cis-regulatory modules. PLOS Genetics 4:e14. DOI: https://doi.org/10.1371/journal.pgen.
0040014, PMID: 18248097

Michna A, Braselmann H, Selmansberger M, Dietz A, Hess J, Gomolka M, Hornhardt S, Blithgen N, Zitzelsberger
H, Unger K. 2016. Natural cubic spline regression modeling followed by dynamic network reconstruction for
the identification of Radiation-Sensitivity gene association networks from Time-Course transcriptome data.
PLOS ONE 11:e0160791. DOI: https://doi.org/10.1371/journal.pone.0160791, PMID: 27505168

Millar AJ. 2016. The intracellular dynamics of circadian clocks reach for the light of ecology and evolution.
Annual Review of Plant Biology 67:595-618. DOI: https://doi.org/10.1146/annurev-arplant-043014-115619,
PMID: 26653934

Mockler TC, Michael TP, Priest HD, Shen R, Sullivan CM, Givan SA, McEntee C, Kay SA, Chory J. 2007. The
DIURNAL project: diurnal and circadian expression profiling, model-based pattern matching, and promoter
analysis. Cold Spring Harbor Symposia on Quantitative Biology 72:353-363. DOI: https://doi.org/10.1101/sgb.
2007.72.006, PMID: 18419293

Miiller NA, Wijnen CL, Srinivasan A, Ryngajllo M, Ofner |, Lin T, Ranjan A, West D, Maloof JN, Sinha NR, Huang
S, Zamir D, Jiménez-Gémez JM. 2016. Domestication selected for deceleration of the circadian clock in
cultivated tomato. Nature Genetics 48:89-93. DOI: https://doi.org/10.1038/ng.3447, PMID: 26569124

Miiller NA, Zhang L, Koornneef M, Jiménez-Gémez JM. 2018. Mutations in EIDT and LNK2 caused light-
conditional clock deceleration during tomato domestication. PNAS 115:7135-7140. DOI: https://doi.org/10.
1073/pnas.1801862115, PMID: 29789384

Nakamichi N. 2011. Molecular mechanisms underlying the Arabidopsis circadian clock. Plant and Cell Physiology
52:1709-1718. DOI: https://doi.org/10.1093/pcp/pcr118, PMID: 21873329

Nakamichi N, Kiba T, Kamioka M, Suzuki T, Yamashino T, Higashiyama T, Sakakibara H, Mizuno T. 2012.
Transcriptional repressor PRR5 directly regulates clock-output pathways. PNAS 109:17123-17128. DOI: https://
doi.org/10.1073/pnas.1205156109, PMID: 23027938

Nakamichi N. 2015. Adaptation to the local environment by modifications of the photoperiod response in crops.
Plant and Cell Physiology 56:594-604. DOI: https://doi.org/10.1093/pcp/pcu181, PMID: 25432974

Nueda MJ, Tarazona S, Conesa A. 2014. Next maSigPro: updating maSigPro bioconductor package for RNA-seq
time series. Bioinformatics 30:2598-2602. DOI: https://doi.org/10.1093/bioinformatics/btu333, PMID: 24
894503

Oakenfull RJ, Davis SJ. 2017. Shining a light on the Arabidopsis circadian clock. Plant, Cell & Environment 40:
2571-2585. DOI: https://doi.org/10.1111/pce.13033, PMID: 28732105

Pires JC, Conant GC. 2016. Robust yet fragile: expression noise, protein misfolding, and gene dosage in the
evolution of genomes. Annual Review of Genetics 50:113-131. DOI: https://doi.org/10.1146/annurev-genet-
120215-035400, PMID: 27617972

R Development Core Team. 2018. R: A language and environment for statistical computing. Vienna, Austria, R
Foundation for Statistical Computing. https://www.R-project.org/

R Studio Team. 2015. RStudio: integrated development for R. RStudio, Inc . http://www.rstudio.com/

Greenham, Sartor, et al. eLife 2020;9:58993. DOI: https://doi.org/10.7554/eLife.58993 25 of 26


https://doi.org/10.1155/2015/187809
http://www.ncbi.nlm.nih.gov/pubmed/26682214
https://doi.org/10.1093/nar/gkz114
https://doi.org/10.1093/nar/gkz114
http://www.ncbi.nlm.nih.gov/pubmed/30783653
https://doi.org/10.1111/nph.14487
http://www.ncbi.nlm.nih.gov/pubmed/28244104
https://doi.org/10.1111/tpj.12276
https://doi.org/10.1111/tpj.12276
http://www.ncbi.nlm.nih.gov/pubmed/23808423
https://doi.org/10.1104/pp.15.01562
https://doi.org/10.1104/pp.15.01562
http://www.ncbi.nlm.nih.gov/pubmed/26586835
https://doi.org/10.1105/tpc.112.099499
http://www.ncbi.nlm.nih.gov/pubmed/22685167
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/pcp/pcd043
http://www.ncbi.nlm.nih.gov/pubmed/11100772
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1093/nar/gks042
http://www.ncbi.nlm.nih.gov/pubmed/22287627
https://doi.org/10.3390/biology8010014
http://www.ncbi.nlm.nih.gov/pubmed/30870980
https://doi.org/10.1371/journal.pgen.0040014
https://doi.org/10.1371/journal.pgen.0040014
http://www.ncbi.nlm.nih.gov/pubmed/18248097
https://doi.org/10.1371/journal.pone.0160791
http://www.ncbi.nlm.nih.gov/pubmed/27505168
https://doi.org/10.1146/annurev-arplant-043014-115619
http://www.ncbi.nlm.nih.gov/pubmed/26653934
https://doi.org/10.1101/sqb.2007.72.006
https://doi.org/10.1101/sqb.2007.72.006
http://www.ncbi.nlm.nih.gov/pubmed/18419293
https://doi.org/10.1038/ng.3447
http://www.ncbi.nlm.nih.gov/pubmed/26569124
https://doi.org/10.1073/pnas.1801862115
https://doi.org/10.1073/pnas.1801862115
http://www.ncbi.nlm.nih.gov/pubmed/29789384
https://doi.org/10.1093/pcp/pcr118
http://www.ncbi.nlm.nih.gov/pubmed/21873329
https://doi.org/10.1073/pnas.1205156109
https://doi.org/10.1073/pnas.1205156109
http://www.ncbi.nlm.nih.gov/pubmed/23027938
https://doi.org/10.1093/pcp/pcu181
http://www.ncbi.nlm.nih.gov/pubmed/25432974
https://doi.org/10.1093/bioinformatics/btu333
http://www.ncbi.nlm.nih.gov/pubmed/24894503
http://www.ncbi.nlm.nih.gov/pubmed/24894503
https://doi.org/10.1111/pce.13033
http://www.ncbi.nlm.nih.gov/pubmed/28732105
https://doi.org/10.1146/annurev-genet-120215-035400
https://doi.org/10.1146/annurev-genet-120215-035400
http://www.ncbi.nlm.nih.gov/pubmed/27617972
https://www.R-project.org/
http://www.rstudio.com/
https://doi.org/10.7554/eLife.58993

e Llfe Research article

Genetics and Genomics

Rawat R, Schwartz J, Jones MA, Sairanen |, Cheng Y, Andersson CR, Zhao Y, Ljung K, Harmer SL. 2009.
REVEILLE1, a Myb-like transcription factor, integrates the circadian clock and auxin pathways. PNAS 106:
16883-16888. DOI: https://doi.org/10.1073/pnas.0813035106, PMID: 19805390

Robinson MD, McCarthy DJ, Smyth GK. 2010. edgeR: a bioconductor package for differential expression analysis
of digital gene expression data. Bioinformatics 26:139-140. DOI: https://doi.org/10.1093/bioinformatics/
btp616, PMID: 19910308

Rosbash M. 2017. A 50-Year personal journey: location, gene expression, and circadian rhythms. Cold Spring
Harbor Perspectives in Biology 9:a032516. DOI: https://doi.org/10.1101/cshperspect.a032516, PMID: 286003
96

Schnable JC, Springer NM, Freeling M. 2011. Differentiation of the maize subgenomes by genome dominance
and both ancient and ongoing gene loss. PNAS 108:4069-4074. DOI: https://doi.org/10.1073/pnas.
1101368108, PMID: 21368132

Spies D, Renz PF, Beyer TA, Ciaudo C. 2019. Comparative analysis of differential gene expression tools for RNA
sequencing time course data. Briefings in Bioinformatics 20:288-298. DOI: https://doi.org/10.1093/bib/bbx115,
PMID: 29028903

Thaben PF, Westermark PO. 2014. Detecting rhythms in time series with RAIN. Journal of Biological Rhythms 29:
391-400. DOI: https://doi.org/10.1177/0748730414553029, PMID: 25326247

Wang L, Si Y, Dedow LK, Shao Y, Liu P, Brutnell TP. 2011. A low-cost library construction protocol and data
analysis pipeline for lllumina-based strand-specific multiplex RNA-seq. PLOS ONE 6:e26426. DOI: https://doi.
org/10.1371/journal.pone.0026426, PMID: 22039485

Wickham H. 2016. Ggplot2: Elegant Graphics for Data Analysis. New York: Springer-Verlag. DOI: https://doi.
org/10.1007/978-0-387-98141-3

Wickham H. 2019. stringr. Simple Consistent Wrappers for Common String Operations. GPL-2. https://rdrr.io/
cran/stringr/

Wilkins O, Waldron L, Nahal H, Provart NJ, Campbell MM. 2009. Genotype and time of day shape the Populus
drought response. The Plant Journal : For Cell and Molecular Biology 60:703-715. DOI: https://doi.org/10.
1111/j.1365-313X.2009.03993.x, PMID: 19682285

Wilkins O, Brautigam K, Campbell MM. 2010. Time of day shapes Arabidopsis drought transcriptomes. The Plant
Journal 63:715-727. DOI: https://doi.org/10.1111/j.1365-313X.2010.04274.x, PMID: 20553421

Woodhouse MR, Cheng F, Pires JC, Lisch D, Freeling M, Wang X. 2014. Origin, inheritance, and gene regulatory
consequences of genome dominance in polyploids. PNAS 111:5283-5288. DOI: https://doi.org/10.1073/pnas.
1402475111, PMID: 24706847

Yarkhunova Y, Edwards CE, Ewers BE, Baker RL, Aston TL, McClung CR, Lou P, Weinig C. 2016. Selection during
crop diversification involves correlated evolution of the circadian clock and ecophysiological traits in Brassica
rapa. New Phytologist 210:133-144. DOI: https://doi.org/10.1111/nph.13758, PMID: 26618783

Yocca AE, Lu Z, Schmitz RJ, Freeling M, Edger PP. 2019. Evolution of conserved noncoding sequences in
Arabidopsis thaliana. bioRxiv. DOI: https://doi.org/10.1101/727669

Young MW. 2018. Time travels: a 40-Year journey from Drosophila’s Clock Mutants to Human Circadian
Disorders (Nobel Lecture). Angewandte Chemie International Edition 57:11532-11539. DOI: https://doi.org/10.
1002/anie.201803337, PMID: 30003624

Greenham, Sartor, et al. eLife 2020;9:58993. DOI: https://doi.org/10.7554/eLife.58993 26 of 26


https://doi.org/10.1073/pnas.0813035106
http://www.ncbi.nlm.nih.gov/pubmed/19805390
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1101/cshperspect.a032516
http://www.ncbi.nlm.nih.gov/pubmed/28600396
http://www.ncbi.nlm.nih.gov/pubmed/28600396
https://doi.org/10.1073/pnas.1101368108
https://doi.org/10.1073/pnas.1101368108
http://www.ncbi.nlm.nih.gov/pubmed/21368132
https://doi.org/10.1093/bib/bbx115
http://www.ncbi.nlm.nih.gov/pubmed/29028903
https://doi.org/10.1177/0748730414553029
http://www.ncbi.nlm.nih.gov/pubmed/25326247
https://doi.org/10.1371/journal.pone.0026426
https://doi.org/10.1371/journal.pone.0026426
http://www.ncbi.nlm.nih.gov/pubmed/22039485
https://doi.org/10.1007/978-0-387-98141-3
https://doi.org/10.1007/978-0-387-98141-3
https://rdrr.io/cran/stringr/
https://rdrr.io/cran/stringr/
https://doi.org/10.1111/j.1365-313X.2009.03993.x
https://doi.org/10.1111/j.1365-313X.2009.03993.x
http://www.ncbi.nlm.nih.gov/pubmed/19682285
https://doi.org/10.1111/j.1365-313X.2010.04274.x
http://www.ncbi.nlm.nih.gov/pubmed/20553421
https://doi.org/10.1073/pnas.1402475111
https://doi.org/10.1073/pnas.1402475111
http://www.ncbi.nlm.nih.gov/pubmed/24706847
https://doi.org/10.1111/nph.13758
http://www.ncbi.nlm.nih.gov/pubmed/26618783
https://doi.org/10.1101/727669
https://doi.org/10.1002/anie.201803337
https://doi.org/10.1002/anie.201803337
http://www.ncbi.nlm.nih.gov/pubmed/30003624
https://doi.org/10.7554/eLife.58993

