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Abstract
Heterosis has been widely used in agriculture, but the molecular mechanism for this
remains largely elusive. In Arabidopsis hybrids and allopolyploids, increased photosynthetic
and metabolic activities are linked to altered expression of circadian clock regulators,
including CIRCADIAN CLOCK ASSOCIATED1 (CCA1). It is unknown whether a similar
mechanism mediates heterosis in maize hybrids. Here we report that higher levels of carbon
fixation and starch accumulation in the maize hybrids are associated with altered temporal
gene expression. Two maize CCA1 homologs, ZmCCA1a and ZmCCA1b, are diurnally upregulated in the hybrids. Expressing ZmCCA1 complements the cca1 mutant phenotype in
Arabidopsis, and overexpressing ZmCCA1b disrupts circadian rhythms and biomass heterosis. Furthermore, overexpressing ZmCCA1b in maize reduced chlorophyll content and
plant height. Reduced height stems from reduced node elongation but not total node number in both greenhouse and field conditions. Phenotypes are less severe in the field than in
the greenhouse, suggesting that enhanced light and/or metabolic activities in the field can
compensate for altered circadian regulation in growth vigor. Chromatin immunoprecipitation-sequencing (ChIP-seq) analysis reveals a temporal shift of ZmCCA1-binding targets to
the early morning in the hybrids, suggesting that activation of morning-phased genes in the
hybrids promotes photosynthesis and growth vigor. This temporal shift of ZmCCA1-binding
targets correlated with nonadditive and additive gene expression in early and late stages of
seedling development. These results could guide breeding better hybrid crops to meet the
growing demand in food and bioenergy.
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Author Summary
All corn in the USA is grown as hybrids, which grow more vigorously and produce higher
yield than their parents, a phenomenon known as heterosis. The molecular basis for heterosis remains elusive. Heterosis is predicted to arise from allelic interactions between parental genomes, leading to altered regulatory networks that promote the growth and fitness of
hybrids. One such regulator is the circadian clock, which is functionally conserved in Arabidopsis and maize. Disrupting corn CCA1 expression reduces growth vigor. In corn
hybrids, CCA1 proteins target thousands of output genes early in the morning, as if the
hybrids wake up early to promote photosynthesis, starch metabolism and biomass accumulation. This early acting mechanism could guide breeding and selection of high-yield
hybrids.

Introduction
A filial F1 hybrid often outperforms inbred parents in growth and fitness, a phenomenon
known as heterosis or hybrid vigor. Since early twentieth century, heterosis has been applied in
breeding and production of maize and many other crops, vegetables, and some animals [1–3].
However, the molecular bases for heterosis are poorly understood. Traditional “dominance”
and “overdominance” models cannot explain the complexity of heterosis. It is suggested that
these allelic models should be updated to account for gene expression and regulatory networks
that are often altered in hybrids relative to their parents [3–5]. Notably, gene expression
changes are dynamic in crop hybrids. For example, maize F1 hybrids exhibit additive expression, non-additive expression [6, 7], and all possible modes of gene expression [8]. These different observations of expression changes could be associated with a few major regulatory genes
that cause a cascade of effects on downstream metabolic and physiological pathways, leading to
heterosis [5].
Consistent with this concept, recent studies have discovered a link between altered circadian
clock regulation and increased levels of photosynthetic and metabolic activities and biomass in
Arabidopsis allotetraploids (interspecific hybrids) [9] and Arabidopsis thaliana intraspecific
hybrids [10, 11]. These results collectively indicate that the expression of central circadian
clock genes is epigenetically altered in hybrids, which in turn increases expression levels of
downstream genes involved in energy and metabolic pathways, promoting carbohydrate
metabolism during the day and night. The more starch accumulates during the day; the more
starch can be degraded at night to stimulate growth, leading to biomass heterosis [5].
In A. thaliana, the circadian clock consists of central oscillator components CIRCADIAN
CLOCK-ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) and their
reciprocal regulator TIMING OF CAB EXPRESSION 1 (TOC1), also known as PSEUDORESPONSE REGULATOR1 (PRR1) [12, 13]. When the endogenous clock matches the external
diurnal cycle, CO2 fixation, photosynthetic activities, and fitness are increased [14]. Disrupting
clock function causes decreased growth and fitness. For example, a CCA1 overexpression
mutant (CCA1-OX) lacks circadian rhythms and displays reduced photosynthesis and fitness
[15]. The double mutant cca1 lhy accumulates less starch and is unable to properly set the rate
of starch degradation to match the length of night [16]. An important mechanism by which the
clock improve fitness is temporal regulation of energetically costly activities, also known as gating [17]. Gating is apparent for pathogen responses, temperature responses, growth control,
shade avoidance, and phytohormone signaling [18–25]. CCA1-OX plants are arrhythmic and
largely lack these behaviors.
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Maize performs C4 photosynthesis, which is anatomically and biochemically distinct from
C3 photosynthesis in plants like Arabidopsis [26]. Photosynthetic activities in maize are subject
to diurnal regulation [27]. Sucrose accumulation rates increase during the day, reach a high
level at 15:00 hours, and continue to increase until dusk. Starch mobilization occurs beginning
at dusk, and all of the starch is depleted by the end of the night. Mobilization of starch at night
likely promotes growth, which, after temperature correction, is greatest at night [28]. This diurnal regulation of carbohydrate metabolism is consistent with diurnal gene expression in maize
leaves. Approximately 10% of ~13,000 transcripts examined display circadian expression patterns [29]. The majority of cycling genes peak their expression at subjective dawn and dusk,
similar to other plant circadian systems. In another study, 23% of expressed transcripts exhibit
a diurnal cycling pattern in leaves [30]. By contrast, in developing ears only core circadian
clock genes and a handful of other transcripts are diurnally regulated. This suggests tissue-specific circadian regulation in maize, as observed in Arabidopsis [10, 31]. The circadian effect on
biomass heterosis is established early during embryo development [10]. Furthermore, developmental shifts in gene expression can also influence biomass accumulation. In sorghum,
SbPRR37 activates expression of several downstream genes that repress flowering in long days
[32]. SbPRR37 expression is dependent on light and regulated by the circadian clock. In short
days, SbPRR37 is not expressed during the evening-phase, allowing sorghum to flower. This
suggests an integration of circadian clock with flowering time that alters biomass production.
Quantitative trait loci (QTLs) for key agronomic traits in crop plants have been associated
with likely clock-associated genes [33]. For example, yield-related QTLs are mapped to clockrelated and light signaling genes in the super-hybrid rice [34]. Flowering QTLs are associated
with circadian clock regulators, GIGANTEA in soybean [35] and CONSTANS in sorghum [36].
A recent study finds that the allelic variation of clock loci in tomato varieties is linked to their
domestication [37]. In maize, agronomic traits are controlled by many small-effect QTLs [38],
and several clock regulator homologs are identified as a priori candidate genes among genomewide association QTLs [39]. These studies support the notion that the circadian clock mediates
flowering, growth, and heterosis in crop plants including maize as in Arabidopsis [40].
However, the effect of the circadian clock on biomass production in maize hybrids and their
inbred lines is largely unknown. Here we examined biomass accumulation in maize hybrids
and their inbred parents, and investigated the function of maize CCA1 homologs (ZmCCA1a
and ZmCCA1b). Cloned ZmCCA1 coding sequences were used to test their functions in both
Arabidopsis and maize. Recombinant ZmCCA1 proteins were used to study their binding affinity to promoter fragments in vitro, and polyclonal antibodies against ZmCCA1 were used to
investigate ZmCCA1-binding targets and genes in planta. The results indicate altered temporal
binding activities of ZmCCA1s in hybrids relative to inbred parents, associated with increased
expression levels of carbon fixation genes, as well as increased rates of carbon fixation and biomass accumulation. The data suggest a molecular mechanism that reprograms circadian-regulatory networks in maize hybrids, promoting growth vigor.

Results
Early establishment of growth vigor in maize hybrids
Seedling growth vigor was reported to correlate with larger seeds in F1 hybrids [41]. This
hypothesis was not supported by seed size analysis: seed weight was similar in maize inbred
lines (B73 and Mo17) and their reciprocal F1 hybrids (B73XMo17, BM, and Mo17XB73, MB)
(by convention, the female parent is listed first in a genetic cross) (Fig 1A). In spite of similar
seed size, seedling growth heterosis occurred soon after germination (Fig 1B), and leaf areas
were significantly greater in the F1 hybrids than in the parents (Fig 1C). F1 hybrids showed
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Fig 1. Growth heterosis starts at the early seedling stage. (A) Seed morphology (upper panel) and weight (lower panel,
means ± SEM) in maize inbred lines (B73 and Mo17) and their reciprocal F1 hybrids (B73XMo17, BM and Mo17XB73, MB). Scale
bar = 10 mm. (B) Seedling phenotypes showing growth vigor in maize F1 hybrids. Scale bar = 10 mm. (C) Leaf area of F1 hybrids
relative to the inbreds (means ± SEM, n = 10). (D) Growth curve of biomass in the maize inbreds and F1 hybrids (means ± SEM,
n = 6). (E) Growth curves of leaf length in the maize inbreds and F1 hybrids (means ± SEM, n = 5). Heterosis for biomass and leaf
length was observed at 5 DAP in the hybrids. Note that the earliest time to measure biomass was 3 DAP when young leaves
emerged. Significant difference between hybrids and the best parent was calculated using Student’s t-test, *p-value < 0.05 and
**p-value < 0.01.
doi:10.1371/journal.pgen.1006197.g001

biomass heterosis 5 days after planting (5 DAP) (Fig 1D), and leaf length of the hybrids was
significantly greater than the best parent from the emergence of the first true leaf 5 DAP until
14 DAP (Fig 1E). Biomass and plant height heterosis was significantly different between the
reciprocal crosses, and vigor was higher when Mo17 was used as the maternal parent. However,
this difference in height decreased and was no longer obvious after two weeks (Fig 1D and S1
Fig). These data suggest early establishment of seedling growth heterosis and subsequent maintenance of this heterosis during seedling development.
Seedling growth rates were associated with increased levels of photosynthetic activities including
CO2 assimilation, which is under diurnal regulation as observed in maize inbred lines [27]. Positive
net CO2 assimilation increased from zeitgeber time 0 (ZT0 = dawn), peaked at ZT8, declined
through the remaining light period, and ceased at ZT14 (Fig 2A). Notably, the amplitude of CO2
assimilation significantly increased in both hybrids relative to the mid-parent value (MPV), especially during the morning phases. This increase in photosynthetic rate of the hybrids should be
related to the expected effect of greater leaf area on whole-plant carbon gain relative to the inbreds.
The increased photosynthetic activities promote starch synthesis and mobilization. In a
maize leaf, the middle-tip region represents a source where carbohydrates are synthesized,
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whereas the base region represents a sink where carbohydrates are stored, utilized in growth,
and mobilized [26, 42]. In the source region, starch amount was significantly more in the
hybrids than the MPV, but the sucrose content was similar (Fig 2B). In the sink region, both
starch and sucrose accumulated significantly more in the hybrids than the MPV. Little photosynthetic activity is present in the sink region of a maize leaf [43]; thus starch accumulation is
likely caused by the increased CO2 assimilation in the source region during the day, with carbohydrates being mobilized to the sink region at night. More sucrose synthesis and mobilization
in the hybrids provides more carbohydrates for seedling growth, suggesting a role for diurnal
regulation of carbon metabolism in growth heterosis.

Maize CCA1 homologs exhibit diurnal expression patterns and binding
activities
Photosynthetic activities and starch metabolism are diurnally regulated in maize [27, 28] as in
Arabidopsis diploids, hybrids and allopolyploids [5], suggesting a role for the circadian clock in

Fig 2. Increased capacity of carbon fixation in the F1 hybrids relative to the inbreds. (A) Diurnal
rhythms of net photosynthesis rate in the maize inbreds and hybrids (means ± SEM, n = 9). (B) Starch and
sucrose accumulation in sink and source regions of a mature leaf (means ± SEM, n = 3) at ZT14. FW, fresh
weight. Significant difference between hybrids and MPV was calculated using Student’s t-test, *pvalue < 0.05 and **p-value < 0.01.
doi:10.1371/journal.pgen.1006197.g002
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promoting seedling growth in maize. To test this, we investigated CCA1 homologs and their
functions in maize. Being an ancient tetraploid [44, 45], maize has paralogous duplicates of
many clock gene homologs [30]. The two homologs, designated ZmCCA1a (ZM2G474769)
and ZmCCA1b (ZM2G014902) and located on chromosomes 10 and 4, respectively [30], are
closely related to CCA1 and LHY in Arabidopsis (S2A Fig). In the maize gene model (B73
RefGen_v2), ZmCCA1a is a truncated version; in the ~20-kb upstream, there is another homologous gene (ZM2G175265) that encodes a MYB DNA-binding domain protein. The short transcript (ZM2G474769, ZmCCA1a) could be a splicing variant and was used for expression and
other analyses in this study. In Arabidopsis, CCA1 lacking the MYB DNA-binding domain acts
as a dominant negative factor to fine-tune the period length [46]. The two maize genes exhibit
diurnal expression patterns, although ZmCCA1b was expressed at higher levels than ZmCCA1a
[30], in most of 17 maize tissues examined [47] (S2C Fig), indicating that ZmCCA1b may play
a larger role than this truncated ZmCCA1a. Expression of ZmCCA1a and ZmCCA1b was diurnally regulated and peaked at ZT3 (Fig 3A), whereas GIGANTEA1 (gi1), ZmPRR59, and
ZmTOC1a [30, 33], peaked at ZT12 (S6A–S6C Fig). Interestingly, all clock genes analyzed were
nonadditively expressed (deviated from MPV) in the hybrids at time-points that coincided
with nonadditive photosynthetic and metabolic activities during the day (Fig 2). In the hybrids,
both ZmCCA1a and ZmCCA1b were up-regulated in the morning phase, while gi1 and
ZmPRR59, a PRR5 homolog in Arabidopsis, were up-regulated at ZT9. However, ZmTOC1a
was down-regulated in the middle of the day and at night. These data indicate altered expression of circadian clock genes in the maize hybrids as in Arabidopsis allotetraploids [9] and
intraspecific hybrids [10, 48].
Altered CCA1 expression may affect abundance of CCA1 protein that binds to the evening
element (EE) or CCA1-binding site (CBS) in the promoters of other clock and output genes [9,
49]. Electrophoretic mobility shift assays (EMSA) showed that ZmCCA1b but not ZmCCA1a
(excluding the MYB DNA-binding domain) bound competitively and specifically to the EE
and CBS elements of ZmTOC1a, gi1 and ZmPRR59 promoter fragments in vitro (Fig 3C). The
binding signal depended on EE or CBS elements as well as the recombinant ZmCCA1b
(rZmCCA1b) protein concentration. When the EE or CBS was mutated (M) or no EE or CBS
(N) was present in the endogenous promoter fragments, the binding activity of rZmCCA1b
was undetectable. As a control, maltose-binding protein (MBP) showed no binding activities.
Like the control, rZmCCA1a showed no binding activity. The absence of the MYB DNA-binding domain in truncated ZmCCA1a likely explains undetectable target binding. These data suggest that ZmCCA1b is a functional protein that binds to the promoters of circadian clock genes
via cis-acting EE and CBS elements.

Functional conservation of maize circadian clock genes
To test the function of maize CCA1 homologs, we generated Arabidopsis CCA1, maize
ZmCCA1a or ZmCCA1b overexpression (OX) lines in the transgenic A. thaliana (Col-0) plants
that also express a luciferase (LUC) reporter driven by the promoter of CHLOROPHYLL A/B
BINDING PROTEIN 2 (CAB2) (CAB2:LUC). These lines designated CCA1-OX, ZmCCA1aOX, and ZmCCA1b-OX, respectively (Fig 3D). While the wild-type and transgenic control
(Vec-1) lines showed rhythmic CAB2:LUC expression, overexpressing CCA1 abolished CAB2:
LUC expression rhythmicity under constant light (S3A Fig), as previously reported (Wang and
Tobin, 1998 Cell). Interestingly, in the ZmCCA1b-OX lines the CAB2:LUC expression rhythmicity was dampened, and the timing of peak expression delayed under the constant light.
Overexpressing ZmCCA1a in the ZmCCA1a-OX lines had a smaller effect on CAB2:LUC
expression rhythmicity, and the expression peak was lower than that in the ZmCCA1b-OX
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Fig 3. Molecular characterization of maize CCA1 homologs. (A and B) Relative expression levels (means ± SEM, n = 3) of ZmCCA1a (A) and
ZmCCA1b (B) every 3 hours in a 24-hour period (light/dark cycle is shown below the histogram). Significant difference between hybrids and MPV
was calculated using Student’s t-test, *p-value < 0.05. The relative expression level in MPV at ZT0 was set to 1. (C) Binding of recombinant
ZmCCA1b (rZmCCA1b) to promoters of putative maize clock genes in vitro. Radioisotope-labeled DNA probes (endogenous promoter
fragments) were incubated in the presence of MBP (1 pmol), rZmCCA1a (1 pmol), and rZmCCA1b (0.5, 1 and 2 pmol). Shifted protein-DNA
complexes are indicated by the arrow. Competitors: 25X, 50X and 100X molar excess of unlabeled prompter DNA. M: DNA in which EE or CBS
site was mutated; N: no EE or CBS site in the DNA fragment. Location of probes for each gene is shown below the gel image. Arrowheads
represent EE or CBS site. Numbers are relative to the transcription start site (+1) and 5” UTR (grey box). (D) CAB2:LUC activity rhythms in wildtype (Col-0), Vec-1, ZmCCA1a-OX7, ZmCCA1b-OX2 and CCA1-OX2 under constant light (means ± SEM, n = 12–16). White and grey bars
represent the subjective day and night, respectively. T2 plants were used in the analysis. (E) Dry aerial biomass of wild-type (Col-0), Vec-1,
ZmCCA1a-OX7, ZmCCA1b-OX2 and CCA1-OX2. Dry biomass (grams) was measured 35 DAP in the diurnal conditions (means ± SEM, n = 10).
doi:10.1371/journal.pgen.1006197.g003
PLOS Genetics | DOI:10.1371/journal.pgen.1006197
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lines (Fig 3D and S3A Fig). The weaker ZmCCA1a-OX phenotype may be associated with the
lack of binding activity in the truncated ZmCCA1a to the EE or CBS of gene promoters (Fig 3C).
As a result of disrupting the clock gene functions, aerial biomass of CCA1-OX and
ZmCCA1b-OX lines was significantly lower than the wild-type or the transgenic control (Fig
3E), consistent with the growth disadvantage in clock gene mutants and overexpression lines
[14, 15]. Biomass in the ZmCCA1a-OX lines was not significantly different from the controls,
suggesting that a full-length clock gene is required for growth vigor.
Expressing ZmCCA1a or ZmCCA1b under the Arabidopsis CCA1 promoter partially rescued the early period phenotype of CAB2:LUC in the cca1-11 mutant (S3B and S3C Fig). Under
constant light, the period of CAB2:LUC rhythms was shorter in the cca1-11 mutant (23.9 ± 0.1 h)
than in the wild-type (WS) (25.4 ± 0.3 h). Expressing Arabidopsis CCA1 in the cca1-11 mutant,
as a control, fully rescued the short period phenotype of CAB2:LUC (25.4 ± 0.1 h). Expressing
CCA1:ZmCCA1b (24.8 ± 0.1 h) or CCA1:ZmCCA1a (24.2 ± 0.1 h) in the cca1 mutant also lengthened the period relative to cca1-11 (23.9 ± 0.1 h). These data suggest that the circadian clock
function between Arabidopsis and maize CCA1 homologs is conserved. ZmCCA1b complemented the mutant phenotype, while ZmCCA1a did not, suggesting that DNA binding activities
conferred by the MYB DNA-binding domain are required for the clock function.

Overexpressing ZmCCA1b reduces growth vigor in maize
To test if ZmCCA1b regulates growth vigor in maize, we expressed ZmCCA1b driven by the
constitutive UBIQUITIN promoter-intron cassette (UBI) [50] in maize B104 line. Multiple
independent transgenic lines were generated; two lines, designated OX1-3 and OX10-1, were
analyzed in both greenhouse and field conditions (Fig 4). These lines were maintained as heterozygotes to prevent transgene silencing and were subsequently genotyped to identify the
lines carrying the transgene for analysis. In the greenhouse, plant height was dramatically
reduced in the OX lines (Fig 4A). The OX1-3 line exhibited a more severe phenotype than the
OX10-1 line (Fig 4B). Reduction in plant height was associated with reduced lengths of early
nodes (from #3 to #10), while the total node number was unaffected (Fig 4C). The OX1-3 line
showed more severe reduction in plant height than the OX10-1 line, which is consistent with
higher ZmCCA1b expression levels in the former than in the latter (Fig 4D). Moreover,
ZmCCA1 were expressed at higher levels at ZT3 than at ZT15, suggesting oscillation of
ZmCCA1 transcripts in the overexpression transgenic plants. In addition, the amount of total
chlorophyll and chlorophyll a and b was reduced in the OX1-3 line in both greenhouse and
field conditions, with more severe reduction in the greenhouse than in the field. In the field,
the OX1-3 line also showed reduced height (Fig 4F), but the reduction in node length occurred
in the later nodes (#7 to #16) (compare Fig 4G with 4C). The phenotype was less severe in the
field than in the greenhouse. A major difference between the greenhouse and field conditions is
the light intensity, suggesting a role of light compensation for altered circadian regulation in
growth vigor. Alternatively, enhanced metabolic activities such as increased endogenous sugar
levels can provide metabolic feedback to the circadian oscillator, as observed in Arabidopsis
[51]. These predictions remain to be investigated. Together, these data suggest that disrupting
circadian regulation reduces chlorophyll content and growth vigor in maize as in Arabidopsis
(Fig 3E) [9, 14].

Maize ZmCCA1s bind to EE and CBS variants and Dof-binding motifs
These data indicate that ZmCCA1s, like their homologs in Arabidopsis, act as central clock regulators in maize. We predicted that altered ZmCCA1 expression in the F1 hybrids plays a role
in maize heterosis. To test how ZmCCA1s affect expression of output genes and growth vigor
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Fig 4. Maize transgenic plants that overexpressed ZmCCA1b (OX1-3 and OX10-1). (A) Phenotypes of OX1-3 and control lines grown in a
greenhouse (an arrow indicates the reduced height in OX1-3). Scale bar = 40 cm. (B) Height at maturity for OX1-3, OX10-1, and control plants
grown in the greenhouse. (C) Measurement of node elongation for OX1-3, OX10-1, and control plants grown in the greenhouse (n = 10, ± SD).
(D) Relative expression levels (to the control, Ctrl, at ZT3) of ZmCCA1b in the leaves of OX1-3 and OX1-10 transgenic plants at ZT3 and ZT15
(n = 2, ± SD). Significant difference was calculated using Student’s t-test, *p-value < 0.001. (E) Chlorophyll a (chl a), chlorophyll b (chl b), and
total chlorophyll (chl T) content in leaves of OX1-3 and control plants grown in the greenhouse (GH) or field as indicted. Chlorophyll
measurements for greenhouse grown and field-grown plants should not be compared since different developmental stages were tested
between the two growth conditions. Greenhouse-grown plants were at stage V9 and field-grown plants were at maturity. (F) Height at maturity
for OX1-3 and control plants grown in the field. Significant difference was calculated using Student’s t-test, *p-value < 0.001. (G) Measurement
of node elongation for OX1-3 and control plants grown in the field (n = 10, ± SD).
doi:10.1371/journal.pgen.1006197.g004

in maize, we raised antibodies against the N-terminus MYB DNA-binding domain (S2B Fig),
which could recognize ZmCCA1b and a full-length ZmCCA1a if the MYB DNA-binding
domain is included. Western blot analysis indicated that accumulation of ZmCCA1s reached
high levels in the morning, peaking at ZT3, and decreased during the day (S4A Fig). Using the
antibodies, we tested genome-wide ZmCCA1-binding profiles in the F1 hybrids and their
parents at ZT3, ZT9 and ZT15 using chromatin immunoprecipitation (ChIP) followed by deep
sequencing (ChIP-seq). Sequencing reads were mapped onto the B73 reference genome
(AGPv2) and the Mo17 genome, respectively [44] (see Materials and Methods). The pairedend reads that were uniquely and concordantly mapped were normalized among replicates and
all genotypes using a “down-sampled” approach [52] and subject to the peak calling pipeline
(model-based analysis of ChIP-seq, MACS2, p-value < 0.001) [53] (S4B Fig and S1 Table). The
peaks that were present in both replicates (Pearson correlation coefficient = 0.97, based on read
coverage over consecutive 1-kb bins) in one or more genotypes were used for further analysis.

PLOS Genetics | DOI:10.1371/journal.pgen.1006197
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The number of peaks ranged from 1,874 to 3,364 with a total of 10,136 peaks in all four genotypes
(S4C Fig) (S2 Table). Compared to total genomic features, the peaks were enriched in coding,
upstream including 2-kb promoter and 5’ untranslated region (UTRs), and downstream flanking
sequences (S5A Fig). De novo motif analysis identified two top-scoring motifs, namely, AAAATA,
an EE (AAATATCT) variant, and AAGAAA, a CBS (AAAAATCT) variant, which represented
81% and 65% of total binding peaks, respectively (Fig 5A). The sequence variants may suggest
divergence of canonical EE and CBS sequences between Arabidopsis (eudicot) and maize (monocot) over 150–200 million years of evolution [54]. Further analysis using the TOMTOM tool in
MEME [55] found a Dof-binding motif (AAAGC), which was statistically significantly similar to
the non-classified motif (p-value = 0.019) (Fig 5A). The Dof-transcription factor genes are involved
in tissue-specific expression, light signaling, and carbon fixation in maize [42, 56], suggesting that
ZmCCA1 interacts with other transcription factors to mediate light-regulated gene expression.

Temporal regulation of ZmCCA1-binding activities in maize F1 hybrids
and inbreds
These peaks were associated with target genes within 10-kb sequences using the filtered gene
set (FGS) in MaizeGDB (http://archive.maizegdb.org/cgi-bin/termrefs.cgi?id=2366450). The
number of ZmCCA1-binding target genes ranged from 1,406 to 2,511 in each genotype, resulting a non-redundant set of 4,319 target genes (S2 Table), which is consistent with the observation that 10–20% of maize genes exhibit diurnal expression [29, 30], although not all diurnally
expressed genes are regulated by ZmCCA1. ZmCCA1s bound to EE and CBS elements of putative circadian clock homologs (S5C Fig), as shown in the EMSA results (Fig 2C). These putative
clock genes were nonadditively expressed at certain time points in the hybrids relative to the
parents (S6A and S6B Fig). These data suggest a role for ZmCCA1-binding activities in circadian-mediated gene expression. In the reciprocal crosses, more ZmCCA1-binding peaks were
found in BM than in MB (S6C Fig), which may suggest a parent-of-origin effect of circadian
clock function, consistent with that in Arabidopsis intraspecific hybrids [10].
Interestingly, the proportion of ZmCCA1-binding peaks in the hybrids was significantly
shifted towards ZT3 (Fisher’s exact test, p-value < 4.3E-15 at ZT3; p-value < 4.2E-05 at ZT9),
while the proportion in the inbreds was relatively unchanged between ZT3 and ZT9 (Fig 5B). The
ZmCCA1-binding target genes, associated with ZmCCA1-binding peaks, were partitioned into
shared among all genotypes and specific to either hybrids or inbreds and among all time-points
(S7A Fig) or at each time-point (S7B Fig). Among the shared set of ZmCCA1-binding target
genes (418) (significant overlaps; Fisher’s exact test, p-value < 1.59E-179), the proportion was significantly more at ZT3 in the hybrids than in the inbred lines (Fisher’s exact test, p-value < 7.2E12) but fewer at ZT9 in the hybrids than in the inbred lines (Fisher’s exact test, p-value < 0.03)
(Fig 5C). The temporal shift of ZmCCA1-binding target genes in the inbred lines were not statistically significant (Fig 5C), but the shift was significant for the targets that were not shared among
all genotypes (S6D Fig). Similarly, among the ZmCCA1-binding target genes that were specific to
hybrids or inbreds, the temporal shift was significantly in the hybrids but not in the inbreds (S6E
Fig). These data suggest that the ZmCCA1-binding activities of target genes in the hybrids have
shifted towards the early morning. However, this does not exclude a possibility of many targets
that are preferentially bound by ZmCCA1s in the hybrids compared to the inbreds.

ZmCCA1-binding genes in Gene Ontology (GO) groups of energy and
metabolism
To test the biological function of the temporal shift, we classified ZmCCA1-binding target
genes into GO groups (S3 Table). The shared target genes in both hybrids and inbreds were
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Fig 5. ChIP-seq analysis of ZmCCA1s in the maize inbreds and F1 hybrids. (A) De novo motif analysis of ZmCCA1-binding sites using MEME suites
showed enrichment of EE, CBS, and no CBS or EE motifs. In the latter, Dof-binding motif was significantly matched in TOMTOM analysis. Percentage (pvalue) is shown below each motif. (B and C) Proportion of ZmCCA1-binding peaks (B) and binding targets (C) shared in all genotypes at each time-point.
Asterisks indicate statistical significance of ZT3 or ZT9 frequencies between the F1 hybrids and their parents were calculated by Fisher’s exact test. The
number of peaks or genes is shown above each bar. (D) Gene Ontology (GO) classification of ZmCCA1-binding targets in each genotype at each time
point by GO analysis (false-discovery rate adjusted p-value < 0.05, Hypergeometric test). GO terms associated with carbon fixation are marked by a
dashed box. (E) Examples of altered temporal bindings of ZmCCA1s in F1 hybrids compared to the inbred lines. The Y-axis indicates input-subtracted
read density on a same-scale for all genotypes and time-points. Arrows indicate gene orientation.
doi:10.1371/journal.pgen.1006197.g005
PLOS Genetics | DOI:10.1371/journal.pgen.1006197
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enriched in the genes in electron transport chain, generation of precursor metabolites and
energy, photosynthesis, and light reaction among all time-points (S7A Fig) or in different timepoints (S7B Fig). This indicates a major role of ZmCCA1s in modulating photosynthetic and
metabolic activities, which is consistent with the circadian control of energy and metabolism in
other plants [5, 9] and mammals [57]. Moreover, the hybrid-specific target genes were significantly enriched in the genes involved in protein and cellular protein metabolic processes, indicating a role for ZmCCA1s in altered cellular metabolism that would promote growth vigor in
maize hybrids. Notably, the inbred-specific target genes among all time points or in different
time points were overrepresented in the genes involved in intracellular transport and protein
localization (S7 Fig), which could suggest a role for protein stability and movement in maintaining cellular growth and development [4].
Notably, the enrichment of carbon fixation genes in F1 hybrids was almost exclusive at ZT3
(Fig 5D), whereas these genes in the inbreds also occurred in other time-points, in addition to
ZT3. The genes in GO terms of other pathways, including protein catabolic process, tRNA metabolic process and protein transport, were also enriched, but they were not associated with the
phase-shift (Fig 5D and S3 Table). This suggests a uniform shift in activating photosynthetic
and carbon metabolism pathways to the early morning in the hybrids.

Expression of carbon fixation genes is consistent with the phase-shift of
ZmCCA1-binding activities in the hybrids
Morning phased-genes associated with the temporal shift included those encoding a starch
synthase III (ZM2G121612), a light harvesting complex photosystem II (ZM2G033885), a malate
dehydrogenase (ZM2G129513), and a starch synthase II (ZM2G126988), a putative phospholipid-transporting ATPase (ZM2G398288) (Fig 6A–6C and 6G and S8A Fig). These genes were
up-regulated in the morning and in the hybrids compared to the inbreds, which correlated with
the shift of ZmCCA1-binding activities in the hybrids (Fig 6D–6F and S8E Fig). Thus, the phaseshift of ZmCCA1-binding in the hybrids is positively associated with expression levels of these
morning-phased genes. EMSA assays have confirmed the binding activities of ZmCCA1b to the
promoters of ZM2G121612, ZM2G033885 and ZM2G129513 (S9 Fig).
For the afternoon-phased genes, including gi1 and ZM2G412611 encoding an alpha-glucan
water dikinase chloroplast precursor, their expression peaks were also shifted from ZT12 to
ZT9 (Fig 6G–6I), which correlated with the temporal shift of ZmCCA1-binding in the hybrids
(S8F Fig). Collectively, these results indicate that altered temporal binding activities of
ZmCCA1s to the clock output genes in the maize hybrids are responsible for the expression
rhythms of carbon fixation genes, promoting photosynthesis and metabolism.
There were a few exceptions. For example, the expression shift for the genes encoding a
photosynthetic reaction center protein (ZM2G427369) and a photosystem II reaction center
protein Z (ZM2G394732) was consistent with the ZmCCA1-binding shift in the hybrids (S8B
and S8C Fig), but they were expressed at higher levels in most time points examined. The transcript level of the gene (ZM2G448142) encoding an ATP synthase β-subunit in the hybrids was
similar to that in the inbreds (S8D Fig). These data suggest that other circadian clock regulators
such as TOC1 and ELF3 homologs may also play a role in the diurnal regulation of gene
expression in maize hybrids.

Validation of the temporal shift of ZmCCA1-binding targets in the hybrids
The ChIP-seq binding activities of ZmCCA1s to the promoters of several carbon fixation genes
were confirmed by ChIP-qPCR (Fig 6D–6F) and EMSA (S9 Fig) assays. To test if the temporal
shift of ZmCCA1-binding targets is induced in the hybrids, we examined ZmCCA1-binding
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Fig 6. Diurnal expression of ZmCCA1-binding target (carbon fixation) genes in response to the phase-shift of
ZmCCA1-binding in the hybrids. (A-C and G) Relative expression levels (means ± SEM, n = 3) of the morning-phased carbon
fixation genes, including ZM2G121612 (A), ZM2G033885 (B), ZM2G129513 (C) and ZM2G398288 (G), every 3 hours in a 24-hour
period (light/dark cycle is shown below the histogram). The relative expression level in MPV at ZT0 was set to 1. Significant difference
between hybrids and MPV was calculated using Student’s t-test, *p-value < 0.05 and **p-value < 0.01 (D-F) ChIP-qPCR validation
of ZmCCA1s ChIP enrichments on ZM2G121612 (D), ZM2G033885 (E) and ZM2G129513 (F). M indicates the enrichment in mock
samples at ZT3. The EMSA analysis confirmed ZmCCA1b-bining to the promoter of ZM2G121612, ZM2G033885 and ZM2G129513
in vitro (S9 Fig). (H-I) Relative expression levels (means ± SEM, n = 3) of the afternoon-phased genes, gi1 (H) and ZM2G412611 (I),
every 3 hours in a 24-hour period (light/dark cycle is shown below the histogram). The relative expression level in MPV at ZT0 was set
to 1. Significant difference between hybrids and MPV was calculated using Student’s t-test, *p-value < 0.05 and **p-value < 0.01.
doi:10.1371/journal.pgen.1006197.g006

activities to the promoters of selected four carbon fixation genes in B104, OX1-3 and OX13XMo17 by ChIP-qPCR (Fig 7). Compared to the control (B104), overexpressing ZmCCA1b in
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Fig 7. Temporal shift of ZmCCA1-binding to target (carbon fixation) genes in ZmCCA1b
overexpression line (OX1-3) and F1 hybrids. (A-D) ChIP-qPCR assays were performed on
ZmCCA1-binding target genes in B104, OX1-3 and F1 hybrid (OX1-3XMo17) lines in four target genes,
ZM2G121612 (A), ZM2G033885 (B), ZM2G398288 (C), and ZM2G394732 (D). ChIP-qPCR values are
represented relative to the corresponding input values (means ± SEM, n = 2–3). Dash lines represent ChIPqPCR data from control (mock) samples.
doi:10.1371/journal.pgen.1006197.g007

the OX1-3 increased the binding levels at the four genes tested, consistent with the levels of
ZmCCA1 transcripts that are oscillating in the overexpression lines (Fig 4D). Remarkably, in
the F1 hybrid (OX1-3XM), the ZmCCA1-binding activities were not only increased in levels
but also shifted to the morning-phase (ZT3), which was not obvious in the OX1-3 line.
Although not all possible genotypes were tested, the data suggest a temporal sift of ZmCCA1binding activities in the hybrids towards early morning, which could play an important role in
maize heterosis. Collectively, these results indicate that altered temporal ZmCCA1-binding
activities to the clock output genes in the maize hybrids are responsible for expression rhythmicity of carbon fixation genes, promoting photosynthesis, metabolism and growth vigor.

A developmental role in heterosis
Circadian regulation of gene expression in Arabidopsis intraspecific hybrids is established during embryo development and maintained during seedling growth [10], and biomass heterosis
is established during early stages of seedling development [58, 59]. Consistent with this notion,
expression of the circadian clock genes (ZmCCA1a and ZmCCA1b) and their output genes in
maize hybrids is developmentally regulated during seedling stages (S8G Fig). Expression of
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ZmCCA1a, ZmCCA1b and carbon fixation genes was nonadditive in maize hybrids at 5 DAP
and 8 DAP but gradually became additive at 11 DAP and 14 DAP. As a control, Cell Number
Regulator 2 (CNR2), which controls cell numbers in maize [60], was nonadditively expressed in
the hybrids late in seedling development (14 DAP). These data suggest that the influence of circadian regulation on seedling heterosis in maize is likely developmentally regulated, corresponding to gene expression dynamics during maize development [42].

Discussion
Developmental regulation and a temporal shift model for heterosis
Heterosis is predicted to arise from allelic interactions between parental genomes, leading to
altered regulatory networks that promote the growth and fitness of hybrids [1, 3, 5]. Here, we
demonstrate that one such regulator is the circadian clock in maize hybrids. The circadian
clock genes are functionally conserved in Arabidopsis and maize. In hybrids, the maize central
clock proteins target thousands of output genes early in the morning, including carbon fixation
genes. The data collectively support a phase-shift model for heterosis (Fig 8). ZmCCA1-binding target genes are involved in energy and metabolism, which is established early in the seedling and subsequently maintained during growth. During establishment, morning-phased
bindings of ZmCCA1s to carbon fixation genes in F1 hybrids (relative to the inbreds) may
cause nonadditive gene expression; consequently nonadditive increases in carbon fixation rate,
and, ultimately, biomass accumulation. During late stages of development, gene expression in
the hybrids is shifted towards additive expression of the circadian-mediated carbon fixation

Fig 8. A phase-shift model for heterosis. ZmCCA1-regulatory networks orchestrate multiple biological
pathways for growth heterosis, which is established at early stage and subsequently maintained during the
seedling development. The altered temporal binding of ZmCCA1s to carbon fixation genes in F1 hybrids,
which causes nonadditive gene expression, increasing carbon fixation capacity and leading to heterosis. At
the stage of maintenance, additive gene expression of the carbon fixation genes is predominant in the
hybrids, suggesting a developmental coordination of additive and nonadditive gene expression for growth
heterosis. Phase distributions of ZmCCA1-bindings are shown in orange for F1 hybrids and in blue for the
inbreds.
doi:10.1371/journal.pgen.1006197.g008
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and metabolic genes. This shift of different gene expression modes may explain different findings of additive expression [7], nonadditive, and/or all modes of gene expression [8], which
have been documented in maize hybrids or hybrids with different ploidy levels [61]. The temporal shift from non-additive to additive gene expression has also been observed in A. thaliana
F1 hybrids [58, 62]. Moreover, ZmCCA1-binding target genes are dependent on genotypes
(inbreds vs. hybrids) (S7 Fig). In the hybrids, coordinated regulation of the protein and cellular
metabolic genes could allow them to achieve greater protein metabolic efficiency, as many cellular metabolic processes are simultaneously engaged in production of stable or efficient
metabolites, saving energy used in their synthesis and metabolism [4]. Our findings provide
novel insights into a circadian-mediated mechanism for the temporal shift of morningexpressed genes in the maize hybrids to promote photosynthetic and metabolic activities, leading to biomass heterosis.
Maize leaf displays a gradient with respect to cell maturation and transcript levels [42, 43].
This developmental gradient is reflected by the differential starch and sugar accumulation
between the sink and source within a leaf (Fig 2). In A. thaliana intraspecific hybrids, intermediate gene expression and higher metabolic activities lead to enhanced performance in the
hybrids [58]. This early establishment of heterosis persists over the growth cycle of the hybrids,
leading to higher biomass and yield [62]. In maize hybrids, the change from nonadditive gene
expression in early developmental stages to additive gene expression in the late stages may
serve as a transition or switch to accelerate the rate of development, while the additive gene
expression maintains or stabilizes this gradient development at the accelerated rate. The transitional changes in gene expression will enhance metabolic activities that promote higher biomass accumulation and ultimately higher yield in the hybrids.

Circadian regulation and biomass heterosis in maize
Circadian clocks regulate biological processes of most organisms including plants and animals
[57]. Plant growth and development, from stress responses, biomass accumulation, to seedling
growth, flowering, and fruit formation, is directly controlled by clock regulators through transcriptional and post-transcriptional regulation of output processes [12, 13]. Physiological activities, including CO2 fixation and starch metabolism, are diurnally regulated by circadian clock
factors. CCA1 serves as both a transcriptional repressor and activator of target genes, including
those in the core circadian oscillator and output pathways [12, 49]. For example, CCA1 is a
repressor for evening-phased genes in A. thaliana; it directly binds to promoters of the evening-phased central clock genes (TOC1 and GI) and represses their expression [63, 64]. In the
cca1-11 mutant, expression of evening-phased starch metabolic genes is up-regulated [9].
Meanwhile, CCA1 is an activator for morning-phased genes; it directly binds to the promoters
of the morning-phased central clock genes (PRR7 and PRR9) [65] and cold stress responsive
genes [66], which are repressed in cca1-11 and cca1 lhy mutants. CCA1 also regulates expression of morning-phased photosynthetic genes, including CAB genes, and their expression is
suppressed in the cca1 mutant [67]. A recent study indicates that circadian-mediated stressresponsive genes could promote and predict heterosis in Arabidopsis [68].
Our study has demonstrated functional conservation between Arabidopsis and maize CCA1
homologs. Consistent with the positive role of CCA1 in morning-phased genes in Arabidopsis,
ZmCCA1-bindings to the morning-phased carbon fixation genes were positively correlated
with the expression of these genes in the morning (ZT3), whereas ZmCCA1 association with
promoters of these genes in the afternoon (ZT9) were negatively correlated with the expression
of these genes. It is likely that the positive and negative roles of CCA1 are achieved through its
interaction with other factors. For example, in A. thaliana, CCA1 interacts with LHY in vitro
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and in vivo, and the two factors function synergistically in circadian clock regulation [69]. A
splice variant of CCA1 (CCA1β), which lacks the MYB DNA-binding domain, interferes with
the transcriptional function of CCA1 by interacting with the full-length CCA1 (CCA1α) or
LHY to form nonfunctional heterodimers [46]. Without CCA1β, the circadian period is longer,
whereas overexpressing CCA1β leads to a short-period phenotype, suggesting that interacting
with spliced CCA1β fine-tunes CCA1α function. In maize, although the long-form of
ZmCCA1a is not studied, the short-form of ZmCCA1a lacking the MYB DNA-binding domain
could act as a dominant negative factor to fine-tune circadian rhythms in maize as in Arabidopsis [46], as the effect of this splicing variant in Arabidopsis overexpressing and complementation tests is relatively small compared to ZmCCA1b (Fig 3 and S3 Fig). Both maize ZmCCA1b
and ZmCCA1a are up-regulated in the hybrids in a morning-specific manner with higher
expression of ZmCCA1b, which may serve as co-regulators for each other with redundant and/
or separate functions in the transcriptional regulation of output (photosynthetic, carbon fixation, and metabolic) genes in the hybrids. The rhythmic expression of circadian-mediate genes
is likely established over 24-hour diurnal cycles based on ZmCCA1 expression rhythms (Fig 3).
It is notable that the F1 hybrids share similar molecular and physiological phenotypes such as
photosynthetic rate and expression of carbon-fixation genes with one of the parent B73. However,
the hybrid still performs better than the best parent, which is known as better-parent heterosis
(BPH) [1]. This suggests that some molecular events could be more important than others in promoting growth vigor. For example, net carbon gain (starch and sugar contents) in the sink and
source correlates better with the level of heterosis than other molecular and physiological parameters (Fig 2B). Interestingly, the genes corresponding to starch metabolic pathways are regulated
by the circadian clock and nonadditively expressed, which could play an important role in heterosis. The circadian-mediated phase-shift model of gene expression in maize hybrids should be further tested using quantification of genome-wide gene expression data, which will demonstrate
relative effects of the earlier and extra induction of many morning-phased genes on the contribution to heterosis. In addition, the effect of these morning-phased genes on heterosis could be
tested using maize transgenic lines, mutant, and/or recombinant inbred line populations. Further
testing the functions of these genes will reveal mechanisms for the circadian clock to regulate
unique and complex biological pathways that stimulate growth vigor in maize hybrids.

Materials and Methods
Plant materials and growth conditions
The inbred lines B73 and Mo17 and their reciprocal F1 hybrids B73XMo17 (BM) and
Mo17XB73 (MB) were used for this study. All maize plants were grown at 600 μmol m−2 s−1
under 16L:8D (hours of light:dark) cycle with temperature 28°C (light) and 23°C (dark) except
for the experiments to measure photosynthetic rates, starch and sucrose content. They were carried out in a glasshouse where natural sunlight (maximum photosynthetically active radiation
598 ± 354 μmol m−2 s−1, mean ± SD) was supplemented with fluorescent lighting to achieve a
16L:8D cycle with daily maximum temperature at 26.7 ± 2.1°C (mean ± SD), daily minimum
temperature at 19.4 ± 0.4°C (mean ± SD), relative humidity at 57 ± 7% (mean ± SD), and net
CO2 exchange examined during the day. The plants were placed in a randomized design and
rotated on a daily basis to minimize positional effects.

Growth trait measurement
The growth traits included seed mass, aerial biomass, plant height, and leaf-blade length and
area. For seed weight, 10 seeds randomly selected from three replicates for each genotype were
weighed. For aerial biomass, aboveground seedlings for each genotype were collected at 3, 4, 5
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and 6 days after planting (DAP) (n = 4–8). The biomass was weighed after desiccation for 48 h
at 80°C. Plant height and leaf-blade length for each genotype were daily measured from 5 DAP
to 12 DAP (n = 5). Plant height was measured as the distance from the ground to the top of
seedlings. Leaf-blade length was measured as the distance from the base to the tip of the 2nd
leaf. The 2nd leaf at 12 DAP for each genotype was photographed and processed for leaf area
using NIH ImageJ software (http://imagej.nih.gov/ij/) [70] (n = 6). All experiments were replicated three times, unless noted otherwise.

Arabidopsis plant growth conditions and luciferase assays
Arabidopsis seedlings were plated onto Murashige-Skoog media (Sigma, St. Louis, MO) supplemented with 0.8% agar, 3% sucrose (MS agar) and appropriate antibiotics. After stratification in
the dark at 4°C for 2 days, plates were transferred to a growth room with a 16L:8D cycle (80 μmol
m−2 s−1) at 22°C. Luminescence recordings were performed on a TopCount (Packard Bioscience,
Shelton, CT) over 7 days, as previously described [10]. The data were analyzed by fast Fourier
transform–nonlinear least squares (FFT–NLLS) [71] using the interface provided by the Biological Rhythms Analysis Software System version 3.0 (BRASS) (http://www.amillar.org).

Transgenic plant construction
The construct for ZmCCA1b (ZM2G014902) overexpression in the binary vector pTF101.1gw1
[72] (generously provided by Dr. Kan Wang, Iowa State University, Ames, IA) consisted the
ZmUBI promoter-ZmUBI intron (ZmUBIpro) cassette immediately upstream of the ZmCCA1
coding sequence and the octopine synthase (OCS) terminator immediately downstream. The
ZmUBIpro cassette was PCR amplified from the pANIC6A vector [73] with primers F 5’-CACC
GTAAGCTTAATGCAGTGCAGCGTGACCC-3’ and R 5’-GTAAGCTTTGCAGAAGTAAC
ACCAAACAACAGGGTG-3’, which added the HindIII restriction site (underlined) onto each
side of the fragment. The OCS terminator was PCR amplified from the pANIC6A vector with
primers F 5’-CCTGCTTTAATGAGATATGCGAGA CGC-3’ and R 5’-CACCAAAACGACG
GCCAGTGCCAA G-3’. The ZmCCA1b coding sequence was PCR amplified with primers F
5’-CACCATGGAGGTGAATTCCTCTGGTGAGGAAAC-3’ and R 5’-TTATGTTGATGCTT
CACTATCAAGACGAATCCTCTT-3’. The ZmUBIpro cassette was subcloned into the Hind
III site upstream of attR1 site in pTF101.1gw1. The ZmCCA1b coding sequence was moved
into with LR Clonase II according to the manufacturer’s recommendations (Thermo-Fisher,
Waltham, Massachusetts). The OCS terminator was subcloned into the AscI site downstream
of the ZmCCA1b coding sequence. The Plant Transformation Facility (Iowa State University,
Ames, IA) transformed the complete ZmCCA1b overexpression binary construct into the B104
maize inbred by Agrobacterium-mediated transformation according to their published protocol [74]. Pollen from T0 plants, which were confirmed to carry at least copy of the one construct, was used for crosses to the B104 inbred. Transgenic lines were maintained in a
hemizygous state by crosses to the B104 inbred.

Plant genotyping
Transgenic plants were screened using fluorescent probe-based endpoint qPCR. Genomic
DNA was extracted from leaf tissue taken from the newest expanded leaf when plants were
between V3 and V8. The presence of ADH and BAR was assessed together in PCR reactions
with primers 5’-TGTTGAGCAGATCTCGGTGAC-3’and 5’-GTTTCTGGCAGCTGGACTT
C-3’, with probe 5’-[HEX]AGGACCGGACGGGGCGGTA[BHQ1]-3’, for the bar gene in
pTF101.1gw1; and primers 5’-GAATGTGTGTTGGGTTTGCAT-3’ and 5’-TCCAGCAATCC
TTGCACCTT-3’, with probe 5’-[FAM]TGCAGCCTAACCATGCGCAGGGTA[BHQ1]-3’,
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for ADH1, which is a single copy gene in the maize genome [75]. Samples with PCR amplification for both ADH and BAR were scored as transgenic and those with ADH alone were scored
as non-transgenic.

Field and greenhouse conditions
Field trials took place at Oxford Tract in Berkeley, CA during summer 2015. The field was
sown in a randomized complete block design with two trials separated by one week, planted in
late May. In the greenhouse, plants were grown under 16L:8D cycle, supplemented by LumiGrow Pro 325 LED lights (LumiGrow, Inc., Novato, CA), with 25°C days and 20°C nights. Two
individual trials were replicated in greenhouse conditions. 5 plants of each family along with 5
non-transgenic siblings were maintained for each trial.

Plant measurements
In field trials, weekly height measurements were taken beginning at the V8 stage until final
height was reached. In greenhouse trials, weekly height measurements were taken starting
when plants were at the V7 stage until final height was reached. Height was measured from
prop roots to the collar of the last fully expanded leaf. Node length was measured at the end of
the field or greenhouse trial after plants had reached maturity. Measurements were taken from
the upper prop roots to the final visible node, or the base of the tassel.

Chlorophyll
Plant tissue for chlorophyll analysis was harvested using a Harris Uni-Core 2.5 mm biopsy
punch (Ted Pella, Redding, CA). 4 punches were taken midway from the base to the tip of the
leaf, equidistant from the mid-vein and the leaf edge. Tissue was immediately placed in 1 mL
DMSO and incubated at 65°C for 30 min. Absorbance at 645 nm and 663 nm was used to
determine chlorophyll content based on Arnon’s equation [76].

Phylogenetic analysis
CCA1 protein sequences are AtCCA1 (At2g46830), AtLHY (At1g01060), SbCCA1
(Sb07g003870), OsCCA1 (Os08g0157600), PnLHY1 (AB429410), PnLHY2 (AB429411), BraA.
LHY.a (Bra030496), McCCA1 (AY371287) and GmLCL1 (Glyma11g15580), At: Arabidopsis
thaliana; Sb: Sorghum bicolor; Os: Oryza sativa; Pn: Populus nigra; BraA: Brassica rapa; Mc:
Mesembryanthemum crystallinum; and Gm: Glycine max. The protein sequences were aligned
using the ClustalW module [77]. The phylogenetic tree was constructed using the NeighborJoining method [78]. The bootstrap values were calculated with 1,000 replicates and shown
next to the branches. The evolutionary distances were computed using the Poisson correction
method [79] with the units of the number of amino acid substitutions per site. All positions
containing gaps and missing data were eliminated. A total of 472 positions were analyzed using
MEGA6 [80].

Gene expression analysis
For gene expression analysis, aerial tissues were harvested and immediately frozen in the liquid
nitrogen. Total RNA was extracted from the frozen tissues by PureLink Plant RNA reagent
(Invitrogen, Carlsbad, CA) and treated with RQ1 DNaseI (Promega, Madison, WI) according
to the manufacturers’ instructions. For cDNA synthesis, 1 μg of DNaseI-treated total RNA was
incubated with Omniscript reverse transcriptase (Qiagen, Valencia, CA) in the presence of
10 μM random hexamer (GeneLink, Hawthorne, NY). For qPCR, FastStart Universal SYBR
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Green Master (ROX) (Roche Applied Science, Indianapolis, IN) was used in the presence of
gene-specific primers and template cDNAs in an ABI7500 (Applied Biosystems, Foster City,
CA) or LightCycler 96 machine (Roche Applied Science, Indianapolis, IN). The control was
18S rRNA to estimate the relative expression levels of each gene in three biological replicates. A
list of primers for gene expression analysis is provided in S4 Table.

Photosynthesis, starch and sucrose measurements
Photosynthetic rate was measured on fully expanded 2nd leaves of seedlings at 12 DAP (n = 9),
grown under 16L:8D cycle with natural sunlight, every 2 hours from dawn (ZT0) to dusk
(ZT14). A LI-6400XT portable photosynthesis analyzer (LICOR Environmental, Lincoln, NE)
equipped with a light source (LI-6400-40) and CO2 mixer (LI-6400-01) was used to determine
net CO2 assimilation at a reference CO2 concentration of 400 μmol mol−1, with cuvette conditions set to match ambient conditions at the start of each measurement period. The experiment
was reproduced twice, in February and April 2012, respectively. Data from the April experiment is shown. Starch and sucrose contents were measured on source (middle-tip of the 2nd
leaf) and sink (base of the 2nd leaf) of additional replicate plants grown alongside those used for
photosynthesis assays. Pooled plants in three biological replicates at ZT14 were used for testing.
Leaf discs were collected using an 11 mm-diameter cork borer, weighed and immediately frozen in liquid nitrogen. The frozen tissues were ground, mixed with a homogenization buffer
(500 mM MOPS pH 7.5, 5 mM EDTA, 10% ethyl glycol), and then filtered through Miracloth
(CalBiochem, San Diego, CA). After centrifugation, pellets were dissolved in DMSO to extract
the insoluble carbohydrate fraction, while supernatant was transferred to a new tube as the soluble carbohydrate fraction. The starch content was measured from the insoluble carbohydrate
fraction using a commercial assay kit according to the manufacturer’s instruction (R-Biopharm, Darmstadt, Germany). Sucrose content was measured from the soluble carbohydrate
fraction using a commercial assay kit according to the manufacturer’s instruction (K-SUFRG
Megazyme, Bray, Ireland) and as previously described [9].

Purification of recombinant ZmCCA1b and ZmCCA1a proteins
The coding sequence (CDS) of ZM2G474769 (ZmCCA1a) was amplified from B73 cDNA by the
primer pair 5’-GAATTCATGCCCTTGAGCAATGAG-3’ (EcoRI, underlined) and 5’-GTCGAC
TCATGTTGATGCTTCACTAT-3’ (SalI). The full-length ZmCCA1b (ZM2G014902) CDS was
amplified from B73 cDNA by the primer pair 5’- GGATCCATGGAGGTGAATTCCTCTGG
C-3’ (BamHI) and 5’- GTCGACTTATGTGGATGCTTCGCTATC-3’ (SalI). The ZmCCA1a or
ZmCCA1b cDNA fragment was cloned into a pGEM-T (Promega, Madison, Wisconsin). After
sequence verification, the ZmCCA1a or ZmCCA1b CDSs was subcloned into pMAL-C2 (New
England BioLabs, Beverly, MA) through EcoRI/SalI and BamHI/SalI restriction sites, respectively.
E. coli strain Rosetta-gami B competent cells (Novagen, Madison, WI) was used to transform
empty pMAL (expressing maltose-binding protein, MBP), pMAL-ZmCCA1a or pMAL-ZmCCA1b, which were grown in 4 ml of Luria-Bertani (LB) media with Carbenicillin (100 mg/L) at
37°C for 18 h. The overnight cultures of Rosetta-gami B cells containing pMAL, pMAL-ZmCCA1a or pMAL-ZmCCA1b construct were diluted into 1:100 in 80 ml LB media with Carbinicillin (100 mg/L) and grown at 37°C to an OD600 value of 0.5, when isopropyl-β-D-thiogalactoside
(IPTG) (0.1 mM) was added. After 20 h of additional incubation at 16°C, cells were harvested
after centrifugation at 4,000 g at 4°C for 10 min and resuspended in 2 ml of Column buffer (20
mM Tris-HCl, 200 mM NaCl, 1 mM EDTA). After frozen at -20°C for 18 h, cells were lysed by a
Bioruptor Sonicator (Diagenode, Sparta, NJ) and centrifuged at 20,000 g at 4°C for 20 min. The
cleared cell lysates were diluted 1:5 with Column buffer, and loaded on amylose-coupled agarose
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resin columns prepared according to the manufacturer’s instruction (New England BioLabs, Beverly, MA). After columns were washed with 12 volumes of Column buffer, MBP, rZmCCA1a and
rZmCCA1b were eluted with elution buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 10
mM Maltose). After filtration by Amicon Ultra 100 K (Millipore, Darmstadt, Germany), the purified MBP, rZmCCA1a or rZmCCA1b was aliquoted and stored at -80°C.

Chromatin immunoprecipitation (ChIP), ChIP-seq library preparation,
and ChIP-PCR
ChIP was performed as previously described with following modifications [81]. Aerial tissues
of three biological replicates were harvested at ZT3, ZT9 and ZT15 and were completely submerged in fresh prepared formaldehyde buffer (0.4 M Sucrose, 10 mM Tris-HCl, 1 mM PMSF,
3% Formaldehyde, 5 mM β-mercaptoethanol). A vacuum was applied for 20 min; after adding
glycine to a final concentration 125 mM, another vacuum was applied for 5 min. After the
formaldehyde/glycine buffer was removed, the cross-linked tissues were washed with sterilized
water, briefly dried with paper towels, immediately frozen in liquid nitrogen and stored at
-80°C for experimental use. Sonication was performed with 10 cycles of 30 s pulses on and 30 s
pulses off to achieve an average fragment size of 400-bp using a Bioruptor Sonicator (Diagenode, Sparta, NJ). Samples were subjected to centrifugation at 13,800 g at 4°C for 10 min, and
the supernatant containing chromatin was transferred to a new 1.5 ml tube. Immunoprecipitation (IP) was performed using 600 μl of sonicated chromatin with 5 μg of anti-CCA1 antibody.
For each IP sample, a mock (no antibody) and input (no IP) were included. Purified DNA (IP,
mock and input) from ChIP was resuspended in TE, pH 7.5 and used for qPCR and ChIP-seq
library preparation.
ChIP-seq libraries for ChIP and input samples from two biological replicates were constructed using the standard NEB protocol (New England BioLabs, Beverly, MA) using custom
made adapters containing barcodes used to pool multiple samples for sequencing. ChIP DNA
was subject to end repair, dA-tailing, ligation with the adapters, and amplification by 18 cycles
of PCR using Next High-Fidelity 2XPCR Master Mix (New England BioLabs, Beverly, MA).
Pair-end (2X100-bp) sequencing was performed on an Illumina HiSeq 2500 at The University
of Texas at Austin Genomic Sequencing and Analysis Facility.
For qPCR, purified ChIP and mock DNA was diluted 2 times, and input DNA was diluted 5
times. The diluted DNA (2 μl) was used for qPCR in an ABI7500 machine (Applied Biosystems, Foster City, CA) using FastStart Universal SYBR Green Master (ROX) (Roche Applied
Science, Indianapolis, IN). Enrichment of the binding in IP and mock samples was normalized
relative to the corresponding input sample. A list of primers for ChIP-qPCR analysis is provided in S4 Table.

ChIP-seq data analysis
Raw reads were subject to quality trimming and adaptor clipping using FASTX-Toolkit (hannonlab.cshl.edu/fastx_toolkit) followed by removing orphan reads. The filtered pair-end reads
were mapped to the maize reference genome (Zmays_284_AGPv2, release 5b.60) and Mo17
genome (reference-guided assembly based on the B73 genome) [44, 82], using Bowtie (version
2.1.0) [83], allowing 1 mismatch in the 20-bp ‘seed’ with options ‘—score-min L,0,-0.3 -X 1000
—no-mixed—no-discordant’. Particularly, for B73 and Mo17, the filtered pair-end reads were
mapped to the maize B73 reference genome and the Mo17 genome, respectively. For F1
hybrids, the filtered pair-end reads were mapped to both B73 and Mo17 reference genomes,
and the best alignment was selected for each read. Only reads concordantly mapping to the
genome exactly 1 time was kept and used for peak calling. Duplicate reads were removed from
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the Bowtie output using samtools rmdup command [84]. To normalize sequencing depth of
the mapped reads among samples from different genotypes and time-points, we adopted a normalization method based on the previously published paper [52]. In order to adjust different
sequencing depths among genotype and time-points, the uniquely and concordantly mapped
paired-end reads were “down-sampled” to the lowest number of samples without PCR duplicates (S1 Table). For example, if B73, Mo17, BM and MB had 4, 5, 6 and 7 million reads respectively, all samples were down-sampled to 4 million reads. This will ensure that numbers of
binding peaks are comparable among genotypes and time-points. The criteria for identifying
targets were based on abundance of peak enrichment using ANOVA test (p-value < 0.05 as a
cut-off). When target genes showed same abundance 2 or more time-points, they were
excluded from the phase-shift analysis.
The latest version of model-based analysis of ChIP-seq algorithm (MACS, version 2.0.1)
[53] was used to identify enriched peaks on each ChIP-seq file against the corresponding input
file using a mappable genome size of–g 2.07e+09 and cut off p-value of 1e-3. Peaks were
defined if they overlapped in two biological replicates. To make a master-peak list from the
three time-points, the peaks obtained from each time-point were merged for each genotype.
Integrated Genomics Viewer (version 2.3.46) [85] was used to visualize duplicate-filtered input
subtracted ChIP signals. For the normalization, modules of the deepTools suite (http://
deeptools.ie-freiburg.mpg.de) [86] were used. De novo motif analysis was performed with the
total master-peaks using MEME suite [87] in which JASPAR CORE (2014) plants database was
selected for motif database. GO enrichment analysis was performed using the web interface of
agriGO (http://bioinfo.cau.edu.cn/agriGO/) [88] with false-discovery rate adjusted pvalue < 0.05 (Hypergeometric test) as a cutoff. Biological process among ontology categories
was used. The heatmap for GO analysis was generated using R package gplots. Peak distribution was determined with respect to the maize gene model (release 5b.60).

Generation of Arabidopsis transgenic lines
To create CAB2:LUC, a native Arabidopsis CAB2 (AT1G29920) promoter fragment was amplified from Col-0 wild-type genomic DNA by the primer pair 5’- CTCGAGTTATATTAATGTT
TCGATCATC-3’ (XhoI) and 5’- CCATGGGTTCGATAGTGTTGGATTATA-3’ (NcoI) and
cloned into pGEM-T (Promega, Madison, WI). After sequence validation, the CAB2 promoter
fragment was subcloned into pFAMIR binary vector (Basta resistance), which was fused with
LUC CDS, via XhoI/NcoI restriction sites. The CAB2:LUC construct was transformed into the
Col-0 and WS wild-types, respectively, using a floral dip method [89]. Homozygous T3 lines in
each background were selected for the following analysis. To generate CCA1-OX, ZmCCA1-OX
and ZmCCA1b-OX transgenic lines, CCA1, ZmCCA1a and ZmCCA1b cDNAs were amplified
by the following primer pairs, respectively, CCA1 5’-CTCGAGATGGAGACAAATTCGTCT
GG-3’ (XhoI) and 5’- GGATCCTCATGTGGAAGCTTGAGTTTC-3’ (BamHI), ZmCCA1a
5’- CTCGAGATGCCCTTGAGCAATGAG-3’ (XhoI) and 5’- GGATCCTCATGTTGATGCT
TCACTATC-3’ (BamHI), and ZmCCA1b 5’- CAAGCTCGAGATGGAGGTGAATTCCTCT
GGC-3’ (XhoI) and 5’- GGATCCTTATGTGGATGCTTCGCTATC-3’ (BamHI), and cloned
into pGEM-T (Promega, Madison, WI). After sequence validation, CCA1 CDS, ZmCCA1a
CDS or ZmCCA1b CDS was subcloned into pF35SE binary vector (conferring Kanamycin
resistance) through XhoI/BamHI restriction sites. The resulting constructs designated
CCA1-OX, ZmCCA1a-OX and ZmCCA1b-OX, respectively. The construct of vector control,
CCA1-OX, ZmCCA1-OX or ZmCCA1b-OX was introduced into the transgenic Col-0 plants
that express CAB2:LUC. T2 lines were used for the luciferase and biomass analysis. For the
cca1-11 complementation analysis with maize CCA1 homologs, a native Arabidopsis CCA1
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(AT2G46830.1) promoter fragment was amplified from WS wild-type genomic DNA by the
primer pair, 5’- GAATTCGCCACGTCCTTCCTTCAATC-3’ (EcoRI) and 5’- CTCGAGCAC
TAAGCTCCTCTACACAA-3’ (XhoI), and cloned into pGEM-T (Promega, Madison, WI).
After sequence validation, the CCA1 promoter fragment was subcloned into pFAMIR binary
vector (Hygromycin resistance), via EcoRI/XhoI restriction sites. To create CCA1:CCA1, the
CCA1 CDS was amplified from the WS cDNA by the primer pair, 5’- ATTTAAATATGGA
GACAAATTCGTCTGG-3’ (SwaI) and 5’- GGATCCTCATGTGGAAGCTTGAGTTTC-3’
(BamHI), and cloned into pGEM-T (Promega, Madison, WI). To generate CCA1:ZmCCA1a,
the ZmCCA1a CDS was amplified from Z. mays B73 cDNA by the primer pair, 5’- CTCGAGA
TGCCCTTGAGCAATGAG-3’ (XhoI) and 5’- GGATCCTCATGTTGATGCTTCACTATC-3’
(BamHI), and cloned into the pGEM-T (Promega, Madison, WI). To generate CCA1:ZmCCA1b,
the ZmCCA1b CDS was amplified from Z. mays B73 cDNA by the primer pair, 5’- CAAGCTC
GAGATGGAGGTGAATTCCTCTGGC-3’ (XhoI) and 5- ACCGGATCCTTATGTGGATG
CTTCGCTATC-3’ (BamHI), and cloned into the pGEM-T (Promega, Madison, WI). After
sequence validation, CCA1 CDS, ZmCCA1a CDS or ZmCCA1b CDS was subcloned into the
pFAMIR (Hygromycin resistance), which harbors the CCA1 promoter fragment, through the
respective restriction sites, generating CCA1:CCA1, CCA1:ZmCCA1a, and CCA1:ZmCCA1b constructs, respectively. The construct of CCA1:CCA1, CCA1:ZmCCA1a or CCA1:ZmCCA1b was
transformed into A. thaliana cca1-11 plants (obtained from the Arabidopsis Biological Resources
Center, ABRC, CS9865), which express CAB2:LUC, generating CCA1:CCA1 cca1-11, CCA1:
ZmCCA1a cca1-11 or CCA1:ZmCCA1b cca1-11 transgenic lines, respectively. T1 transgenic lines
were selected for the luciferase analysis.

Electrophoretic mobility shift assays (EMSA)
DNA probes were generated by annealing PAGE-purified sense and antisense oligonucleotides
(S5 Table). The double-stranded oligonucleotides were [32P] end-labeled using a T4 Polynucleotide Kinase according to the manufacturer’s instruction (New England BioLabs, Beverly,
MA). The recombinant proteins (0.5 to 2 pmol) were mixed with 20 fmol of the radiolabeled
probes, without or with variable amounts of unlabeled competitor DNA in reaction buffer (25
mM HEPES-KOH pH7.5, 2.5 mM DTT, 75 mM KCl, 10% glycerol, 1.25 ng poly-dIdC). Each
reaction was incubated on room temperature for 10 min without the probes and then incubated on ice for 20 min with the radiolabeled probes. The competitor concentrations were at 0
(-), 0.5 (25X), 1 (50X) and 2 (100X) pmol. After the incubation, the reaction mixtures were
resolved by electrophoresis on a 5% non-denaturing polyacrylamide gel. Gels were dried in a
gel dryer (Bio-Rad, Richmond, CA) and exposed to X-ray film (Kodak, Rochester, NY).

Western blot analysis
Total crude protein was extracted from the aerial tissues of seedlings at 5 DAP using an extraction buffer (50 mM Sodium Phosphate pH 8.0, 1 mM EDTA, 5 mM DTT, 10% Glycerol). 30 μg
of total crude proteins were resolved in 10% SDS-PAGE gel and transferred to PVDF membrane (GE Healthcare, Piscataway, NJ). ZmCCA1s were detected using anti-CCA1 antibody
(1:2,000) that was generated against the N-terminus MYB DNA-binding domain (epitope: residues 11–77 of ZmCCA1s, S2B Fig), followed by HRP-conjugated anti-rabbit secondary antibody (1:20,000) (12–348 Upstate, Lake Placid, NY). Loading control was detected using an
anti-H3 antibody (1:5,000) (Ab1791 Abcam, Cambridge, MA). Immunoreactive protein was
visualized on X-ray film (Kodak, Rochester, NY) using SuperSignal West Pico Substrate
(Thermo Scientific, Waltham, MA)
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Supporting Information
S1 Fig. The early-established heterosis is subsequently maintained. (A) The percent betterparent heterosis (BPH) is shown for plant height. The percentage BPH (means ± SEM) was calculated for each biological replicate (n = 5) as: %BPH = [(Hybrid–Best parent)/Best parent] X
100. (B) Representative growth vigor in the reciprocal hybrids at different developmental
stages; 5 DAP, 8 DAP, 11 DAP and 14 DAP. Scale bar, 40 mm.
(PDF)
S2 Fig. Phylogenetic tree and multi-alignment of CCA1 homologs in plants, and gene
expression patterns in maize tissues. (A) Phylogenetic tree of CCA1/LHY homologs in plants.
The Neighbor-Joining phylogenetic tree of CCA1/LHY was constructed from amino acid
sequences, and bootstrap values calculated with 1,000 replicates are shown next to the
branches. (B) Multiple sequence alignment showing N-terminus MYB DNA-binding domain
of CCA1 homologs in plants. Amino acid sequences were aligned using the ClustalW module.
The MYB-DNA binding domain, indicated by the black bar, is highly conserved in the CCA1
homologs. The red bar indicates the region recognized by anti-CCA1 antibody. Consensus
match is plotted below. Representatives are shown from monocots (Os, O. sativa; Sb, S. bicolor;
Zm, Z. mays) and eudicots (At, A. thaliana; Bra, B. rapa; Mc, M. crystallinum; Pn, P. nigra;
Gm, Glycine max). (C) Expression levels of the two maize CCA1 paralogous genes in 17 tissues
of B73. The maize gene atlas developed by RNA-seq was used to compare the tissue-specific
expression for ZmCCA1a and ZmCCA1b. Expression level indicates fragments per kilobase
pair of exon model per million fragments mapped (FPKM).
(PDF)
S3 Fig. Circadian characterization of maize CCA1 homologs in Arabidopsis. (A) A plot of
period versus relative amplitude error (RAE) of CAB2:LUC activity in wild-type (Col-0), Vec-1,
ZmCCA1a-OX7, ZmCCA1b-OX2 and CCA1-OX2 under LL (means ± SEM). RAE > 0.6 represents arrthymicity. Mean values were compared to those of the vector control line using Student’s t-test. Single and double asterisks indicate significant differences at p-value < 0.05 and
p-value < 0.01, respectively. T2 plants were used in the analysis. (B) CAB2:LUC activity
rhythms in wild-type (WS), cca1-11, CCA1:ZmCCA1a cca1-11, CCA1:ZmCCA1b cca1-11 and
CCA1:CCA1 cca1-11 under LL (means ± SEM, n = 4–8). White and grey bars represent the subjective day and night, respectively. T1 plants were used in the analysis. T1 plants were used in
the analysis. (C) A plot of period versus relative amplitude error (RAE) of CAB2:LUC activity
in wild-type (WS), cca1-11, CCA1:ZmCCA1a cca1-11, CCA1:ZmCCA1b cca1-11 and CCA1:
CCA1 cca1-11 under LL (means ± SEM). Mean values were compared to those of cca1-11 using
Student’s t-test,  p-value < 0.05 and  p-value < 0.01.
(PDF)
S4 Fig. Specificity of antibody against ZmCCA1s and computational pipeline for ChIP-seq
analysis. (A) Immunodetection of ZmCCA1s in the maize inbreds and hybrids using the polyclonal antibodies used for our ChIP-seq. Histone H3 protein was used as a loading control. Plant
tissues were collected at time points as labeled under the diurnal condition and used for protein
extraction. (B) Workflow of computational analysis of ZmCCA1s ChIP-seq. Summary of mapping
statistics is provided in S1 Table. (C) Line graph displays pairwise correlations between biological
replicates calculated by Pearson correlation coefficients in windows of 1-kb over mapped read files.
(PDF)
S5 Fig. Relative distribution of ZmCCA1-binding peaks across genomic regions and binding
motifs found in the peaks. (A) Histogram showing genomic annotation of ZmCCA1-binding
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peaks. Genome indicates the maize genome fraction as a control. Significant differences between
Genome and each genotype are shown above each category using Fisher’s exact test. (B) Local
enrichment of ZmCCA1-binding at putative maize clock genes at ZT3, ZT9 and ZT15. The Y-axis
indicates input-subtracted read density on a same-scale for all genotypes and time-points. Arrows
indicate gene orientation.
(PDF)
S6 Fig. Temporal regulation of ZmCCA1-binding targets and nonadditive expression of
putative clock homolog genes. (A-B) Relative expression levels (means ± SEM, n = 3) of
ZmTOC1a (A) and ZmPRR59 (B) every 3 hours in a 24 h period analyzed by qRT-PCR (light/
dark cycle is shown below the histogram). Significant difference between hybrids and MPV
was calculated using Student’s t-test,  p-value < 0.05 and  p-value < 0.01. The relative expression level in MPV at ZT0 was set to 1. (C) Hierarchically clustered heatmap showing the ChIP
signals of ZmCCA1-binding (Z-scores) on ZmCCA1-binding peaks of each genotype. (D) Proportion of ZmCCA1-binding targets that were not shared. Statistical differences of ZT3 or ZT9
frequencies between the inbreds and F1 hybrids were calculated using Fisher’s exact test. Blue
and purple values indicate the comparison with B73 and Mo17, respectively. The number of
peaks or genes is shown above each bar. (E) Proportion of ZmCCA1-binding targets that were
specific to either hybrids or inbreds. Statistical differences of ZT3, ZT9 or ZT15 frequencies
between the hybrid-specific and inbred-specific target genes were calculated using Fisher’s
exact test (ZT3, p-value = 2.2E-15; ZT9, p-value = 3.6E-15; ZT15, p-value = 2.9E-15). The
number of genes is shown above each bar.
(PDF)
S7 Fig. Diverse biological pathways are enriched in ZmCCA1-binding target genes. (A)
Venn diagram showing genotype-dependent and -shared ZmCCA1s targets in the inbreds and
hybrids (B73, n = 2521; Mo17, n = 1522; BM, n = 2063; MB, n = 1406). (B-D) Venn diagram
showing genotype-dependent and -shared ZmCCA1s targets at ZT3 (B), ZT9 (C) or ZT15 (D).
Inbred-specific or hybrid-specific genes are indicated by dashed circles. Enriched functional
pathways in GO analysis are shown with false-discovery rate adjusted p-value (Hypergeometric
test). Full lists of GO terms are available in S3 Table.
(PDF)
S8 Fig. Temporal shift of ZmCCA1-binding target (carbon fixation) genes and their expression. (A-D) Relative expression levels (means ± SEM, n = 3) of ZM2G126988 (A),
ZM2G427369 (B), ZM2G294732 (C), and ZM2G448142 (D) every 3 hours in a 24-hour period
(light/dark cycle is shown below the histogram). The relative expression level in MPV at ZT0
was set to 1. Significant difference between MPV and hybrids was calculated using Student’s
t-test,  p-value < 0.05 and  p-value < 0.01. The right panel for each gene shows ZmCCA1binding peaks at ZT3, ZT9 and ZT15. The Y-axis indicates input-subtracted read density
on a same-scale for all genotypes and time-points. Arrows indicate gene orientation. (E-F)
ZmCCA1-binding enrichments of ZM2G398288 (E) and gi1 (F) at ZT3, ZT9 and ZT15. Notations are the same as above. (G) Heatmap of qRT-PCR data (|log2(F1/MPV)|, n = 3) showing
nonadditive expression of maize CCA1 and carbon fixation genes in the hybrids at ZT3 except
for ZM2G412611 at ZT9. CNR2 was used as a marker for nonadditive expression in the seedlings.
(PDF)
S9 Fig. Verification of ZmCCA1-binding to promoters of carbon fixation genes in vitro.
Binding of recombinant ZmCCA1b (rZmCCA1b) to the promoters of ZmCCA1-binding target genes associated with carbon fixation in vitro. Radioisotope-labeled DNA probes

PLOS Genetics | DOI:10.1371/journal.pgen.1006197

July 28, 2016

25 / 31

Circadian Regulation and Maize Heterosis

(endogenous promoter fragments) were incubated in the presence of MBP (1 pmol),
rZmCCA1a (1 pmol), and rZmCCA1b (0.5, 1 and 2 pmol). Shifted protein-DNA complexes
are indicated by the arrow. Competitors: 25X, 50X and 100X molar excess of unlabeled
prompter DNA. M: DNA in which EE or CBS site was mutated; N: no EE or CBS site in the
DNA fragment. Location of probes for each gene is shown below the gel image. Arrowheads
represent EE or CBS site. Numbers are relative to the transcription start site (+1) and 5’ UTR
(grey box).
(PDF)
S1 Table. ChIP-seq mapping summary.
(DOCX)
S2 Table. Genomic loci and annotated genes associated with ZmCCA1-binding peaks.
(XLSX)
S3 Table. Enrichment of Gene Ontology (GO) groups of ZmCCA1-binding targets.
(XLSX)
S4 Table. List of primers used in qRT-PCR and ChIP-qPCR.
(DOCX)
S5 Table. List of oligonucleotides used in EMSA.
(DOCX)

Acknowledgments
We thank Curators Professor James A. Birchler (University of Missouri) for the generous gift
of hybrid corn seeds. We are grateful to Prof. Kan Wang, Ms. Bronwyn Frame, and staff members at the Plant Transformation Facility (Iowa State University, Ames, Iowa) for the production of maize overexpression lines. We also thank Genome Sequencing and Analysis Facility
(GSAF) at The University of Texas at Austin for sequencing and Texas Advanced Computing
Center (TACC) for providing computing resources and technologies in data analysis.

Author Contributions
Conceived and designed the experiments: DKK FGH ZJC. Performed the experiments: DKK
DR QS SHT. Analyzed the data: DKK DR FGH ZJC. Contributed reagents/materials/analysis
tools: TEJ. Wrote the paper: DKK DR FGH ZJC.

References
1.

Schnable PS, Springer NM. Progress toward understanding heterosis in crop plants. Annu Rev Plant
Biol. 2013; 64:71–88. Epub 2013/02/12. doi: 10.1146/annurev-arplant-042110-103827 PMID:
23394499.

2.

Duvick DN. Biotechnology in the 1930s: the development of hybrid maize. Nat Rev Genet. 2001; 2
(1):69–74. PMID: 11253074.

3.

Birchler JA, Yao H, Chudalayandi S, Vaiman D, Veitia RA. Heterosis. Plant Cell. 2010; 22(7):2105–12.
Epub 2010/07/14. tpc.110.076133 [pii] doi: 10.1105/tpc.110.076133 PMID: 20622146; PubMed Central
PMCID: PMC2929104.

4.

Goff SA. A unifying theory for general multigenic heterosis: energy efficiency, protein metabolism, and
implications for molecular breeding. New Phytol. 2011; 189(4):923–37. Epub 2010/12/21. doi: 10.1111/
j.1469-8137.2010.03574.x PMID: 21166808.

5.

Chen ZJ. Genomic and epigenetic insights into the molecular bases of heterosis. Nat Rev Genet. 2013;
14(7):471–82. Epub 2013/06/12. doi: 10.1038/nrg3503 PMID: 23752794.

6.

Springer NM, Stupar RM. Allelic variation and heterosis in maize: how do two halves make more than a
whole? Genome Res. 2007; 17(3):264–75. PMID: 17255553.

PLOS Genetics | DOI:10.1371/journal.pgen.1006197

July 28, 2016

26 / 31

Circadian Regulation and Maize Heterosis

7.

Stupar RM, Springer NM. Cis-transcriptional variation in maize inbred lines B73 and Mo17 leads to
additive expression patterns in the F1 hybrid. Genetics. 2006; 173(4):2199–210. PMID: 16702414.

8.

Swanson-Wagner RA, Jia Y, DeCook R, Borsuk LA, Nettleton D, Schnable PS. All possible modes of
gene action are observed in a global comparison of gene expression in a maize F1 hybrid and its inbred
parents. Proc Natl Acad Sci U S A. 2006; 103(18):6805–10. PMID: 16641103.

9.

Ni Z, Kim ED, Ha M, Lackey E, Liu J, Zhang Y, et al. Altered circadian rhythms regulate growth vigour in
hybrids and allopolyploids. Nature. 2009; 457(7227):327–31. PMID: 19029881 doi: 10.1038/
nature07523

10.

Ng DW, Miller M, Yu HH, Huang TY, Kim ED, Lu J, et al. A Role for CHH Methylation in the Parent-ofOrigin Effect on Altered Circadian Rhythms and Biomass Heterosis in Arabidopsis Intraspecific
Hybrids. Plant Cell. 2014; 26(6):2430–40. Epub 2014/06/05. doi: 10.1105/tpc.113.115980 PMID:
24894042.

11.

Miller M, Zhang C, Chen ZJ. Ploidy and hybridity effects on growth vigor and gene expression in Arabidopsis thaliana hybrids and their parents. G3 (Bethesda). 2012; 2(4):505–13. Epub 2012/04/28. doi:
10.1534/g3.112.002162 [pii]. PMID: 22540042; PubMed Central PMCID: PMC3337479.

12.

Harmer SL. The circadian system in higher plants. Annu Rev Plant Biol. 2009; 60:357–77. Epub 2009/
07/07. doi: 10.1146/annurev.arplant.043008.092054 PMID: 19575587.

13.

McClung CR. Plant circadian rhythms. Plant Cell. 2006; 18(4):792–803. PMID: 16595397.

14.

Dodd AN, Salathia N, Hall A, Kevei E, Toth R, Nagy F, et al. Plant circadian clocks increase photosynthesis, growth, survival, and competitive advantage. Science. 2005; 309(5734):630–3. PMID:
16040710.

15.

Green RM, Tingay S, Wang ZY, Tobin EM. Circadian rhythms confer a higher level of fitness to Arabidopsis plants. Plant Physiol. 2002; 129(2):576–84. PMID: 12068102.

16.

Graf A, Schlereth A, Stitt M, Smith AM. Circadian control of carbohydrate availability for growth in Arabidopsis plants at night. Proc Natl Acad Sci USA. 2010; 107(20):9458–63. Epub 2010/05/05.
0914299107 [pii] doi: 10.1073/pnas.0914299107 PMID: 20439704; PubMed Central PMCID:
PMC2889127.

17.

Hotta CT, Gardner MJ, Hubbard KE, Baek SJ, Dalchau N, Suhita D, et al. Modulation of environmental
responses of plants by circadian clocks. Plant Cell Environ. 2007; 30(3):333–49. Epub 2007/02/01.
PCE1627 [pii] doi: 10.1111/j.1365-3040.2006.01627.x PMID: 17263778.

18.

Goodspeed D, Chehab EW, Min-Venditti A, Braam J, Covington MF. Arabidopsis synchronizes jasmonate-mediated defense with insect circadian behavior. Proc Natl Acad Sci USA. 2012; 109(12):4674–7.
Epub 2012/02/15. 1116368109 [pii] doi: 10.1073/pnas.1116368109 PMID: 22331878; PubMed Central
PMCID: PMC3311395.

19.

Wang W, Barnaby JY, Tada Y, Li H, Tor M, Caldelari D, et al. Timing of plant immune responses by a
central circadian regulator. Nature. 2011; 470(7332):110–4. Epub 2011/02/05. nature09766 [pii] doi:
10.1038/nature09766 PMID: 21293378.

20.

Fowler SG, Cook D, Thomashow MF. Low temperature induction of Arabidopsis CBF1, 2, and 3 is
gated by the circadian clock. Plant Physiol. 2005; 137(3):961–8. Epub 2005/02/25. pp.104.058354 [pii]
doi: 10.1104/pp.104.058354 PMID: 15728337; PubMed Central PMCID: PMC1065397.

21.

Thines B, Harmon FG. Four easy pieces: mechanisms underlying circadian regulation of growth and
development. Curr Opin Plant Biol. 2010. Epub 2010/10/15. S1369-5266(10)00128-7 [pii] doi: 10.1016/
j.pbi.2010.09.009 PMID: 20943429.

22.

Nozue K, Covington MF, Duek PD, Lorrain S, Fankhauser C, Harmer SL, et al. Rhythmic growth
explained by coincidence between internal and external cues. Nature. 2007; 448(7151):358–61. Epub
2007/06/26. nature05946 [pii] doi: 10.1038/nature05946 PMID: 17589502.

23.

Covington MF, Harmer SL. The circadian clock regulates auxin signaling and responses in Arabidopsis.
PLoS Biol. 2007; 5(8):e222. PMID: 17683202.

24.

Salter MG, Franklin KA, Whitelam GC. Gating of the rapid shade-avoidance response by the circadian
clock in plants. Nature. 2003; 426(6967):680–3. PMID: 14668869.

25.

Arana MV, Marin-de la Rosa N, Maloof JN, Blazquez MA, Alabadi D. Circadian oscillation of gibberellin
signaling in Arabidopsis. Proc Natl Acad Sci U S A. 2011; 108(22):9292–7. doi: 10.1073/pnas.
1101050108 PMID: 21576475; PubMed Central PMCID: PMC3107313.

26.

Evert RF, Russin WA, Bosabalidis AM. Anatomical and ultrastructural changes associated with sink-tosource transition in developing maize leaves. Int J Plant Sci. 1996; 157:247–61.

27.

Kalt-Torres W, Huber SC. Diurnal Changes in Maize Leaf Photosynthesis: III. Leaf Elongation Rate in
Relation to Carbohydrates and Activities of Sucrose Metabolizing Enzymes in Elongating Leaf Tissue.
Plant Physiol. 1987; 83(2):294–8. Epub 1987/02/01. PMID: 16665239; PubMed Central PMCID:
PMC1056351.

PLOS Genetics | DOI:10.1371/journal.pgen.1006197

July 28, 2016

27 / 31

Circadian Regulation and Maize Heterosis

28.

Sadok W, Naudin P, Boussuge B, Muller B, Welcker C, Tardieu F. Leaf growth rate per unit thermal
time follows QTL-dependent daily patterns in hundreds of maize lines under naturally fluctuating conditions. Plant Cell Environ. 2007; 30(2):135–46. doi: 10.1111/j.1365-3040.2006.01611.x PMID:
17238905.

29.

Khan S, Rowe SC, Harmon FG. Coordination of the maize transcriptome by a conserved circadian
clock. BMC Plant Biol. 2010; 10:126. Epub 2010/06/26. 1471-2229-10-126 [pii] doi: 10.1186/14712229-10-126 PMID: 20576144.

30.

Hayes KR, Beatty M, Meng X, Simmons CR, Habben JE, Danilevskaya ON. Maize global transcriptomics reveals pervasive leaf diurnal rhythms but rhythms in developing ears are largely limited to the
core oscillator. PLoS One. 2010; 5(9):e12887. Epub 2010/10/05. doi: 10.1371/journal.pone.0012887
PMID: 20886102; PubMed Central PMCID: PMC2944807.

31.

James AB, Monreal JA, Nimmo GA, Kelly CL, Herzyk P, Jenkins GI, et al. The circadian clock in Arabidopsis roots is a simplified slave version of the clock in shoots. Science. 2008; 322(5909):1832–5.
PMID: 19095940 doi: 10.1126/science.1161403

32.

Murphy RL, Klein RR, Morishige DT, Brady JA, Rooney WL, Miller FR, et al. Coincident light and clock
regulation of pseudoresponse regulator protein 37 (PRR37) controls photoperiodic flowering in sorghum. Proc Natl Acad Sci U S A. 2011; 108(39):16469–74. Epub 2011/09/21. 1106212108 [pii] doi: 10.
1073/pnas.1106212108 PMID: 21930910; PubMed Central PMCID: PMC3182727.

33.

Bendix C, Mendoza JM, Stanley DN, Meeley R, Harmon FG. The circadian clock-associated gene
gigantea1 affects maize developmental transitions. Plant Cell Environ. 2013; 36(7):1379–90. doi: 10.
1111/Pce.12067 PMID: WOS:000319875100012.

34.

Song GS, Zhai HL, Peng YG, Zhang L, Wei G, Chen XY, et al. Comparative transcriptional profiling and
preliminary study on heterosis mechanism of super-hybrid rice. Mol Plant. 2010; 3(6):1012–25. Epub
2010/08/24. ssq046 [pii] doi: 10.1093/mp/ssq046 PMID: 20729474; PubMed Central PMCID:
PMC2993235.

35.

Watanabe S, Xia Z, Hideshima R, Tsubokura Y, Sato S, Yamanaka N, et al. A map-based cloning strategy employing a residual heterozygous line reveals that the GIGANTEA gene is involved in soybean
maturity and flowering. Genetics. 2011; 188(2):395–407. doi: 10.1534/genetics.110.125062 PMID:
21406680; PubMed Central PMCID: PMC3122305.

36.

Yang S, Weers BD, Morishige DT, Mullet JE. CONSTANS is a photoperiod regulated activator of flowering in sorghum. BMC Plant Biol. 2014; 14:148. doi: 10.1186/1471-2229-14-148 PMID: 24884377;
PubMed Central PMCID: PMC4046011.

37.

Muller NA, Wijnen CL, Srinivasan A, Ryngajllo M, Ofner I, Lin T, et al. Domestication selected for deceleration of the circadian clock in cultivated tomato. Nat Genet. 2016; 48(1):89–93. doi: 10.1038/ng.3447
PMID: 26569124.

38.

Buckler ES, Holland JB, Bradbury PJ, Acharya CB, Brown PJ, Browne C, et al. The genetic architecture
of maize flowering time. Science. 2009; 325(5941):714–8. Epub 2009/08/08. 325/5941/714 [pii] doi: 10.
1126/science.1174276 PMID: 19661422.

39.

Chen C, DeClerck G, Tian F, Spooner W, McCouch S, Buckler E. PICARA, an analytical pipeline providing probabilistic inference about a priori candidates genes underlying genome-wide association QTL
in plants. PLoS One. 2012; 7(11):e46596. doi: 10.1371/journal.pone.0046596 PMID: 23144785;
PubMed Central PMCID: PMC3492367.

40.

Chen ZJ, Birchler JA. Polyploid and Hybrid Genomics. Chen ZJ, Birchler JA, editors. New York: WileyBlackwell; 2013. 363 p.

41.

East EM. Heterosis. Genetics. 1936; 21:375–97. PMID: 17246801

42.

Li P, Ponnala L, Gandotra N, Wang L, Si Y, Tausta SL, et al. The developmental dynamics of the maize
leaf transcriptome. Nat Genet. 2010; 42(12):1060–7. Epub 2010/11/03. ng.703 [pii] doi: 10.1038/ng.
703 PMID: 21037569.

43.

Pick TR, Brautigam A, Schluter U, Denton AK, Colmsee C, Scholz U, et al. Systems analysis of a maize
leaf developmental gradient redefines the current C4 model and provides candidates for regulation.
Plant Cell. 2011; 23(12):4208–20. doi: 10.1105/tpc.111.090324 PMID: 22186372; PubMed Central
PMCID: PMC3269860.

44.

Schnable PS, Ware D, Fulton RS, Stein JC, Wei F, Pasternak S, et al. The b73 maize genome: complexity, diversity, and dynamics. Science. 2009; 326(5956):1112–5. Epub 2009/12/08. 326/5956/1112
[pii] doi: 10.1126/science.1178534 PMID: 19965430.

45.

Schnable JC, Springer NM, Freeling M. Differentiation of the maize subgenomes by genome dominance and both ancient and ongoing gene loss. Proc Natl Acad Sci U S A. 2011; 108(10):4069–74.
Epub 2011/03/04. doi: 10.1073/pnas.1101368108 PMID: 21368132; PubMed Central PMCID:
PMC3053962.

PLOS Genetics | DOI:10.1371/journal.pgen.1006197

July 28, 2016

28 / 31

Circadian Regulation and Maize Heterosis

46.

Seo PJ, Park MJ, Lim MH, Kim SG, Lee M, Baldwin IT, et al. A self-regulatory circuit of CIRCADIAN
CLOCK-ASSOCIATED1 underlies the circadian clock regulation of temperature responses in Arabidopsis. Plant Cell. 2012; 24(6):2427–42. Epub 2012/06/21. doi: 10.1105/tpc.112.098723 PMID:
22715042; PubMed Central PMCID: PMC3406914.

47.

Sekhon RS, Briskine R, Hirsch CN, Myers CL, Springer NM, Buell CR, et al. Maize gene atlas developed by RNA sequencing and comparative evaluation of transcriptomes based on RNA sequencing
and microarrays. PLoS One. 2013; 8(4):e61005. doi: 10.1371/journal.pone.0061005 PMID: 23637782;
PubMed Central PMCID: PMC3634062.

48.

Shen H, He H, Li J, Chen W, Wang X, Guo L, et al. Genome-wide analysis of DNA methylation and
gene expression changes in two Arabidopsis ecotypes and their reciprocal hybrids. Plant Cell. 2012; 24
(3):875–92. Epub 2012/03/23. tpc.111.094870 [pii] doi: 10.1105/tpc.111.094870 PMID: 22438023;
PubMed Central PMCID: PMC3336129.

49.

Harmer SL, Kay SA. Positive and negative factors confer phase-specific circadian regulation of transcription in Arabidopsis. Plant Cell. 2005; 17(7):1926–40. PMID: 15923346.

50.

Christensen AH, Quail PH. Ubiquitin promoter-based vectors for high-level expression of selectable
and/or screenable marker genes in monocotyledonous plants. Transgenic Res. 1996; 5(3):213–8.
Epub 1996/05/01. PMID: 8673150.

51.

Haydon MJ, Mielczarek O, Robertson FC, Hubbard KE, Webb AA. Photosynthetic entrainment of the
Arabidopsis thaliana circadian clock. Nature. 2013; 502(7473):689–92. Epub 2013/10/25. doi: 10.1038/
nature12603 PMID: 24153186; PubMed Central PMCID: PMC3827739.

52.

Koike N, Yoo SH, Huang HC, Kumar V, Lee C, Kim TK, et al. Transcriptional architecture and chromatin
landscape of the core circadian clock in mammals. Science. 2012; 338(6105):349–54. Epub 2012/09/
01. doi: 10.1126/science.1226339 PMID: 22936566.

53.

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, et al. Model-based analysis of
ChIP-Seq (MACS). Genome Biol. 2008; 9(9):R137. doi: 10.1186/gb-2008-9-9-r137 PMID: 18798982;
PubMed Central PMCID: PMC2592715.

54.

Wolfe KH, Gouy M, Yang YW, Sharp PM, Li WH. Date of the monocot-dicot divergence estimated from
chloroplast DNA sequence data. Proc Natl Acad Sci U S A. 1989; 86(16):6201–5. PMID: 2762323;
PubMed Central PMCID: PMCPMC297805.

55.

Gupta S, Stamatoyannopoulos JA, Bailey TL, Noble WS. Quantifying similarity between motifs.
Genome Biol. 2007; 8(2):R24. doi: 10.1186/gb-2007-8-2-r24 PMID: 17324271; PubMed Central
PMCID: PMCPMC1852410.

56.

Yanagisawa S, Sheen J. Involvement of maize Dof zinc finger proteins in tissue-specific and light-regulated gene expression. Plant Cell. 1998; 10(1):75–89. PMID: 9477573; PubMed Central PMCID:
PMCPMC143930.

57.

Wijnen H, Young MW. Interplay of circadian clocks and metabolic rhythms. Annu Rev Genet. 2006;
40:409–48. PMID: 17094740.

58.

Meyer RC, Witucka-Wall H, Becher M, Blacha A, Boudichevskaia A, Dormann P, et al. Heterosis manifestation during early Arabidopsis seedling development is characterized by intermediate gene expression and enhanced metabolic activity in the hybrids. The Plant J. 2012; 71(4):669–83. Epub 2012/04/
11. doi: 10.1111/j.1365-313X.2012.05021.x PMID: 22487254.

59.

Fujimoto R, Taylor JM, Shirasawa S, Peacock WJ, Dennis ES. Heterosis of Arabidopsis hybrids
between C24 and Col is associated with increased photosynthesis capacity. Proc Natl Acad Sci USA.
2012; 109(18):7109–14. Epub 2012/04/12. doi: 10.1073/pnas.1204464109 PMID: 22493265; PubMed
Central PMCID: PMC3344962.

60.

Guo M, Rupe MA, Dieter JA, Zou J, Spielbauer D, Duncan KE, et al. Cell Number Regulator1 affects
plant and organ size in maize: implications for crop yield enhancement and heterosis. The Plant cell.
2010; 22(4):1057–73. Epub 2010/04/20. doi: 10.1105/tpc.109.073676 PMID: 20400678; PubMed Central PMCID: PMC2879740.

61.

Riddle NC, Jiang H, An L, Doerge RW, Birchler JA. Gene expression analysis at the intersection of
ploidy and hybridity in maize. Theor Appl Genet. 2010; 120(2):341–53. Epub 2009/08/07. doi: 10.1007/
s00122-009-1113-3 PMID: 19657617.

62.

Groszmann M, Gonzalez-Bayon R, Greaves IK, Wang L, Huen AK, Peacock WJ, et al. Intraspecific
Arabidopsis hybrids show different patterns of heterosis despite the close relatedness of the parental
genomes. Plant Physiol. 2014; 166(1):265–80. doi: 10.1104/pp.114.243998 PMID: 25073707; PubMed
Central PMCID: PMC4149712.

63.

Alabadi D, Oyama T, Yanovsky MJ, Harmon FG, Mas P, Kay SA. Reciprocal regulation between TOC1
and LHY/CCA1 within the Arabidopsis circadian clock. Science. 2001; 293(5531):880–3. PMID:
11486091.

PLOS Genetics | DOI:10.1371/journal.pgen.1006197

July 28, 2016

29 / 31

Circadian Regulation and Maize Heterosis

64.

Lu SX, Webb CJ, Knowles SM, Kim SH, Wang Z, Tobin EM. CCA1 and ELF3 Interact in the control of
hypocotyl length and flowering time in Arabidopsis. Plant Physiology. 2012; 158(2):1079–88. Epub
2011/12/23. doi: 10.1104/pp.111.189670 PMID: 22190341; PubMed Central PMCID: PMC3271744.

65.

Farre EM, Harmer SL, Harmon FG, Yanovsky MJ, Kay SA. Overlapping and distinct roles of PRR7 and
PRR9 in the Arabidopsis circadian clock. Curr Biol. 2005; 15(1):47–54. PMID: 15649364.

66.

Dong MA, Farre EM, Thomashow MF. CIRCADIAN CLOCK-ASSOCIATED 1 and LATE ELONGATED
HYPOCOTYL regulate expression of the C-REPEAT BINDING FACTOR (CBF) pathway in Arabidopsis. Proc Natl Acad Sci USA. 2011; 108(17):7241–6. Epub 2011/04/08. 1103741108 [pii] doi: 10.1073/
pnas.1103741108 PMID: 21471455; PubMed Central PMCID: PMC3084081.

67.

Green RM, Tobin EM. Loss of the circadian clock-associated protein 1 in Arabidopsis results in altered
clock-regulated gene expression. Proc Natl Acad Sci U S A. 1999; 96(7):4176–9. PMID: 10097183;
PubMed Central PMCID: PMC22440.

68.

Miller M, Song Q, Shi X, Juenger TE, Chen ZJ. Natural variation in timing of stress-responsive gene
expression predicts heterosis in intraspecific hybrids of Arabidopsis. Nat Commun. 2015; 6:7453. doi:
10.1038/ncomms8453 PMID: 26154604.

69.

Lu SX, Knowles SM, Andronis C, Ong MS, Tobin EM. CIRCADIAN CLOCK ASSOCIATED1 and LATE
ELONGATED HYPOCOTYL function synergistically in the circadian clock of Arabidopsis. Plant Physiol. 2009; 150(2):834–43. Epub 2009/02/17. pp.108.133272 [pii] doi: 10.1104/pp.108.133272 PMID:
19218364; PubMed Central PMCID: PMC2689956.

70.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nature
Methods. 2012; 9(7):671–5. doi: 10.1038/Nmeth.2089 PMID: ISI:000305942200020.

71.

Plautz JD, Straume M, Stanewsky R, Jamison CF, Brandes C, Dowse HB, et al. Quantitative analysis
of Drosophila period gene transcription in living animals. Journal of biological rhythms. 1997; 12
(3):204–17. Epub 1997/06/01. PMID: 9181432.

72.

Paz MM, Shou H, Guo Z, Zhang Z, Banerjee AK, Wang K. Assessment of conditions affecting Agrobacterium-mediated soybean transformation using the cotyledonary node explant. Euphytica. 2004;
136:167–79.

73.

Mann DG, Lafayette PR, Abercrombie LL, King ZR, Mazarei M, Halter MC, et al. Gateway-compatible
vectors for high-throughput gene functional analysis in switchgrass (Panicum virgatum L.) and other
monocot species. Plant Biotechnol J. 2012; 10(2):226–36. doi: 10.1111/j.1467-7652.2011.00658.x
PMID: 21955653.

74.

Frame BR, Shou H, Chikwamba RK, Zhang Z, Xiang C, Fonger TM, et al. Agrobacterium tumefaciensmediated transformation of maize embryos using a standard binary vector system. Plant Physiol. 2002;
129(1):13–22. doi: 10.1104/pp.000653 PMID: 12011333; PubMed Central PMCID: PMCPMC1540222.

75.

Osterman JC, Dennis ES. Molecular analysis of the ADH1-Cm allele of maize. Plant Mol Biol. 1989; 13
(2):203–12. PMID: 2577507.

76.

Richardson AD, Duigan SP, Berlyn GP. An evaluation of noninvasive methods to estimate foliar chlorophyll content. New Phytol. 2002; 153:185–94.

77.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, et al. Clustal W and
Clustal X version 2.0. Bioinformatics. 2007; 23(21):2947–8. doi: 10.1093/bioinformatics/btm404 PMID:
17846036.

78.

Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol
Biol Evol. 1987; 4(4):406–25. Epub 1987/07/01. PMID: 3447015.

79.

Zuckerkandl E, Pauling L. Evolutionary divergence and convergence in proteins. In: Bryson V, Vogel
HJ, editors. Evolving Genes and Proteins. New York: Academic Press; 1965. p. 97–166.

80.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular Evolutionary Genetics Analysis version 6.0. Mol Biol Evol. 2013; 30(12):2725–9. doi: 10.1093/molbev/mst197 PMID: 24132122;
PubMed Central PMCID: PMC3840312.

81.

Saleh A, Alvarez-Venegas R, Avramova Z. An efficient chromatin immunoprecipitation (ChIP) protocol
for studying histone modifications in Arabidopsis plants. Nat Protoc. 2008; 3(6):1018–25. PMID:
18536649 doi: 10.1038/nprot.2008.66

82.

Xin M, Yang R, Li G, Chen H, Laurie J, Ma C, et al. Dynamic expression of imprinted genes associates
with maternally controlled nutrient allocation during maize endosperm development. Plant Cell. 2013;
25(9):3212–27. Epub 2013/09/24. doi: 10.1105/tpc.113.115592 PMID: 24058158; PubMed Central
PMCID: PMC3809528.

83.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nature Methods. 2012; 9
(4):357–U54. doi: 10.1038/Nmeth.1923 PMID: ISI:000302218500017.

PLOS Genetics | DOI:10.1371/journal.pgen.1006197

July 28, 2016

30 / 31

Circadian Regulation and Maize Heterosis

84.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics. 2009; 25(16):2078–9. doi: 10.1093/Bioinformatics/Btp352 PMID:
ISI:000268808600014.

85.

Nicol JW, Helt GA, Blanchard SG Jr., Raja A, Loraine AE. The Integrated Genome Browser: free software for distribution and exploration of genome-scale datasets. Bioinformatics. 2009; 25(20):2730–1.
doi: 10.1093/bioinformatics/btp472 PMID: 19654113; PubMed Central PMCID: PMC2759552.

86.

Ramirez F, Dundar F, Diehl S, Gruning BA, Manke T. deepTools: a flexible platform for exploring deepsequencing data. Nucleic Acids Res. 2014; 42(Web Server issue):W187–91. doi: 10.1093/nar/gku365
PMID: 24799436; PubMed Central PMCID: PMC4086134.

87.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME SUITE: tools for motif discovery and searching. Nucleic Acids Res. 2009; 37(Web Server issue):W202–8. doi: 10.1093/nar/
gkp335 PMID: 19458158; PubMed Central PMCID: PMC2703892.

88.

Du Z, Zhou X, Ling Y, Zhang Z, Su Z. agriGO: a GO analysis toolkit for the agricultural community.
Nucleic Acids Res. 2010; 38(Web Server issue):W64–70. Epub 2010/05/04. doi: 10.1093/nar/gkq310
PMID: 20435677; PubMed Central PMCID: PMC2896167.

89.

Clough SJ, Bent AF. Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 1998; 16:735–43. PMID: 10069079

PLOS Genetics | DOI:10.1371/journal.pgen.1006197

July 28, 2016

31 / 31

