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Nitrate releases seed dormancy in Arabidopsis (Arabidopsis thaliana) Columbia accession seeds in part by reducing abscisic acid
(ABA) levels. Nitrate led to lower levels of ABA in imbibed seeds when included in the germination medium (exogenous
nitrate). Nitrate also reduced ABA levels in dry seeds when provided to the mother plant during seed development
(endogenous nitrate). Transcript profiling of imbibed seeds treated with or without nitrate revealed that exogenous nitrate led
to a higher expression of nitrate-responsive genes, whereas endogenous nitrate led to a profile similar to that of stratified or
after-ripened seeds. Profiling experiments indicated that the expression of the ABA catabolic gene CYP707A2 was regulated by
exogenous nitrate. The cyp707a2-1 mutant failed to reduce seed ABA levels in response to both endogenous and exogenous
nitrate. In contrast, both endogenous and exogenous nitrate reduced ABA levels of the wild-type and cyp707a1-1 mutant seeds.
The CYP707A2 mRNA levels in developing siliques were positively correlated with different nitrate doses applied to the
mother plants. This was consistent with a role of the CYP707A2 gene in controlling seed ABA levels in response to endogenous
nitrate. The cyp707a2-1 mutant was less sensitive to exogenous nitrate for breaking seed dormancy. Altogether, our data
underline the central role of the CYP707A2 gene in the nitrate-mediated control of ABA levels during seed development and
germination.

Plants adapt to their environment by controlling
their development in response to different external
cues such as light, photoperiod, temperature, and
nutrient availability. The seed phase represents a cru-
cial stage in plant development in which plant sur-
vival is determined in part by seed germination at a
proper time when external conditions become favor-
able. Seed dormancy, a temporary quiescent state that
is observed in seeds frommany plant species, prevents
untimely germination and ensures plant survival by
adjusting vegetative development to seasonal changes
in the environment (Donohue et al., 2005). Many
external factors are known to reduce or break seed
dormancy after dispersal (Finch-Savage and Leubner-
Metzger, 2006): imbibition at low temperature, the
presence of nitrogenous compounds such as nitric
oxide (NO) or nitrate, and after-ripening (a period of

dry storage of mature seeds). Not surprisingly, seed
primary dormancy, which is observed in freshly har-
vested seeds, depends also on the environmental
conditions during seed maturation on the mother
plants. Temperature, photoperiod, and light quality
experienced by the mother plant thus constitute im-
portant environmental cues affecting the dormancy of
the produced seeds (McCullough and Shropshire,
1970; Hayes and Klein, 1974; Munir et al., 2001;
Donohue et al., 2007).

Genetic and physiological studies have underlined
the importance of two hormones, abscisic acid (ABA)
and GAs, in seed dormancy and germination (Bentsink
and Koornneef, 2002). ABA is a key hormone promot-
ing dormancy. Thus, a number of mutants affected in
ABA synthesis or response display altered dormancy
(Finkelstein et al., 2002; Gubler et al., 2005). More re-
cently, the Arabidopsis (Arabidopsis thaliana) CYP707A1
and CYP707A2 genes, which belong to a small multi-
gene family involved in ABA catabolism, were shown
to control seed dormancy: mutants affected in either of
these genes were more dormant than wild-type seeds
and accumulated high levels of ABA in seeds. Yet
spatial and temporal expression profiles of these genes
during seed development and germination were dif-
ferent, suggesting distinct roles for the CYP707A1 and
CYP707A2 genes (Okamoto et al., 2006). Indeed, the
CYP707A2 gene was shown to play a major role in
ABA degradation early during seed imbibition. Its
mRNAs accumulated highly in dry seeds and were
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induced early (6 h) upon imbibition, whereasCYP707A1
gene expression peaked in siliques and increased mod-
erately at the later stages of seed imbibition (Kushiro
et al., 2004). GAs, on the other hand, promote germina-
tion (Yamaguchi and Kamiya, 2002), and GA-deficient
mutants fail to germinate (Ross et al., 1997). The
importance of the ABA/GA balance for germination
is supported by the fact that the reduced dormancy of
some of the ABA mutants was linked with a lowered
requirement for GA for germination (Koornneef et al.,
2002). At the molecular level, the ABA/GA balance is
in part determined by the antagonistic control of ABA
and GA on each other through their reciprocal regu-
lation of the transcription of their metabolic genes (Seo
et al., 2006; Oh et al., 2007).

Transcriptome approaches in Arabidopsis have fur-
ther sustained the importance of ABA and GA in
controlling dormancy cycling. Indeed, genes with
ABA-responsive elements and genes involved in
ABA synthesis were more highly expressed in dormant
(D) seeds than in nondormant (ND) seeds (Cadman
et al., 2006; Finch-Savage et al., 2007). Conversely, GA
biosynthesis genes were more highly expressed in ND
seeds than in D seeds (Cadman et al., 2006; Finch-
Savage et al., 2007). These transcriptome studies fur-
ther highlighted the distinct gene expression programs
of ND and D seeds with a higher representation of
protein synthesis-related genes in ND seeds and
stress-related genes in D seeds (Cadman et al., 2006).
Different dormancy-releasing treatments led to similar
profiles, sustaining the idea that the seeds displayed a
similar physiological dormancy state irrespective of
the difference in environmental cues (Finch-Savage
et al., 2007).

Physiological and genetic analyses have also helped
uncover important genes involved in the control of
seed germination and dormancy by cold or light
experienced during seed maturation or imbibition
(Oh et al., 2004; Penfield et al., 2005; Donohue et al.,
2008). Thus, the AtGA3ox1 gene was shown to mediate
the increase of activeGAs in response to low temperature
(Yamauchi et al., 2004). Likewise, the basic helix-loop-
helix SPATULA andPHYTOCHROME-INTERACTING
FACTOR3-LIKE5 transcription factors were reported to
be involved in seed germination responses, respectively,
to light and to light and low temperature by affecting
the expression of GA- or ABA-related genes (Oh et al.,
2004, 2007; Penfield et al., 2005).

Nitrate has long been known to release seed dor-
mancy (Hilhorst and Karssen, 1989; Alboresi et al.,
2005; Bethke et al., 2006b), possibly by affecting seed
light requirement (Batak et al., 2002) or ABA levels
(Ali-Rachedi et al., 2004). When added in the germi-
nation medium, nitrate led to higher germination
percentages of Arabidopsis D seeds. This effect (exog-
enous effect of nitrate) was likely due to a signaling
effect of nitrate per se, since Gln, another nitrogen
source, did not relieve dormancy (Alboresi et al., 2005).
More recently, nitrate, nitrite, and cyanide were shown
to relieve seed dormancy in Arabidopsis likely via the

generation of NO, since cPTIO, a NO scavenger,
prevented dormancy removal by these nitrogenous
compounds (Bethke et al., 2006b).

In addition to this exogenous effect of nitrate, a
maternal effect of nitrate on seed dormancy was
evidenced. Indeed, mother plant nitrate nutrition
was shown to affect seed dormancy (Alboresi et al.,
2005). Higher nitrate nutrition (50 mM) during seed
maturation led to the production of less dormant seeds
than those produced under standard nitrate nutrition
(10 mM). The latter seeds, however, were less dormant
than those obtained under low-nitrate feeding of
mother plants (3 mM). Interestingly, a genotype defi-
cient in nitrate assimilation, the nia1 nia2 mutant
(Wilkinson and Crawford, 1993), accumulated nitrate
under standard nitrate nutrition and produced seeds
that were less dormant than wild-type seeds obtained
in the same conditions. Altogether, these data suggested
that the depth of seed dormancy was inversely corre-
lated to seed nitrate content (referred to as “endogenous
nitrate”), whether higher nitrate content was due to
mother plant feeding or to a mutation leading to
nitrate accumulation (Alboresi et al., 2005). At the
molecular level, however, little is known about the
players mediating nitrate control of seed dormancy.
Physiological analyses of Arabidopsis plants defective
in the nitrate dual-affinity NRT1.1 transporter gene
and more recently in the nitrate transporter NRT2.7
gene revealed a possible involvement of these trans-
porters in nitrate signaling or accumulation in seeds
(Alboresi et al., 2005; Chopin et al., 2007).

This work analyzes the effect of both exogenous and
endogenous nitrate on seed dormancy by assessing
ABA levels and performing transcriptome analyses in
nitrate-treated seeds. We show here that effects of both
exogenous and endogenous nitrate were correlated
with lower accumulation of ABA in nitrate-treated
seeds and higher expression of the ABA catabolic gene
CYP707A2. Physiological analyses show that the
CYP707A2 gene but not the CYP707A1 gene was
specifically involved in mediating changes in ABA
levels and seed dormancy in response to exogenous
nitrate. Expression of the CYP707A2 gene during seed
development was consistent with its involvement in
controlling seed ABA levels by endogenous nitrate.
Altogether, our data underline the central role of the
CYP707A2 gene in the control by exogenous and
possibly endogenous nitrate of seed ABA levels.

RESULTS

ABA Levels Were Reduced in Nitrate-Treated Seeds

Our previous results showed that both exogenous
nitrate and endogenous nitrate released seed dor-
mancy (Alboresi et al., 2005). Indeed, freshly harvested
Columbia accession (Col-0) wild-type seeds obtained
under standard nitrate nutrition (10 mM nitrate) did
not germinate in water but did in the presence of 10
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mM nitrate (exogenous nitrate treatment). Also, higher
nitrate nutrition (50 mM) of wild-type mother plants or
a genotype (nia1 nia2, deficient in nitrate reductase
activity) accumulating nitrate under standard nutri-
tion led to the production of ND seeds (endogenous
nitrate “treatments”). Since ABA is important for
controlling seed dormancy, we measured ABA levels
in the ND nitrate-treated and the D nontreated seeds
by HPLC followed by immunodetection. To test the
effect of endogenous nitrate, ABA content was mea-
sured in freshly harvested wild-type seeds produced
under standard nutrition (C10 D seeds) or high-nitrate
nutrition (50 mM nitrate feeding; C50 ND seeds) and in
nia1 nia2 seeds produced under standard nutrition
(nia10 ND seeds). Both C50 and nia10 dry seeds
accumulated significantly lower ABA levels than C10
dry seeds (P, 0.05; Fig. 1A), consistent with the lower
dormancy of seeds treated with endogenous nitrate.
To analyze the effect of exogenous nitrate, ABA levels
were determined in C10 seeds imbibed for 20 h in the
presence or not of nitrate. Imbibition of C10 seeds in
the presence of 10 mM nitrate (exogenous nitrate)
resulted in significantly lower ABA levels (P , 0.05)
compared with control seeds imbibed in water (Fig.

1B). Altogether, these data showed that the lower
dormancy of seeds treated with exogenous or endog-
enous nitrate was correlated with lower ABA levels.

Transcriptome Analysis Revealed Distinct Profiles for
Seeds Treated with Exogenous or Endogenous Nitrate

Transcriptome analyses were performed to compare
the transcript profiles of nitrate-treated and nontreated
seeds, either dry seeds or imbibed seeds, using the
CATMA arrays (Crowe et al., 2003; Hilson et al., 2004).
We chose a short time point for seed imbibition so that
no macroscopic difference is observed between D and
ND seeds. A preliminary time-course study of ABA
levels during C10 seed imbibition (0–12 h) showed that
6 h of imbibition was sufficient for seed ABA levels to
decrease to the basal level and that this level was
higher in water-imbibed than in nitrate-imbibed seeds
(data not shown). Therefore, we chose 6 h of imbibition
as the time point for transcriptome studies on imbibed
seeds. To determine the effect of endogenous nitrate,
mRNA profiles were compared between ND (C50 or
nia10) and D (C10) seeds either as dry seeds (C50ds
versus C10ds, niads versus C10ds experiments) or as
water-imbibed seeds (C50w versus C10w, niaw versus
C10w). Exogenous nitrate was studied by comparing
C10 seeds imbibed in 10 mM nitrate (C10NO3, ND) and
C10 seeds imbibed in water (C10w, D; C10NO3 versus
C10w experiment). Altogether, five comparisons were
made corresponding to the different nitrate treatments
on the different seed batches (Table I).

Two independent biological replicates were per-
formed using RNAs extracted from seeds obtained in
two independent cultures. Genes were considered as
differentially expressed when in both replicates they
showed a Bonferroni P value of ,0.05 (see “Materials
and Methods”) with a log2 ratio of either $0.7 or
#20.7. Altogether, 281 genes were found to be differ-
entially expressed at least in one nitrate treatment
comparedwith untreated control seeds. For each of the
five comparisons performed, only a few genes (28–119
genes, depending on the comparisons performed)
were thus identified as differentially expressed in
nitrate-treated versus nontreated seeds (Fig. 2; Sup-
plemental Tables S1–S5). There were no genes com-
mon to the three experiments studying the effect of
endogenous or exogenous nitrate in imbibed seeds
(C50w versus C10w, niaw versus C10w, and C10NO3
versus C10w experiments), and few genes (4–17)
were common to two of these three experiments
(Supplemental Fig. S1). Thus, the profiles of the dif-
ferent nitrate treatments led to distinct seed mRNA
profiles. Quantitative reverse transcription (qRT)-PCR
on a small set of genes (Supplemental Fig. S2) con-
firmed on the whole the expression profiles of these
genes but suggested that the low number of common
genes could be partly due to the stringent statistical
tests used to identify differentially expressed genes in
the microarray experiments. A vast majority of the
genes that were differentially expressed in more than

Figure 1. ABA contents of nitrate-treated seeds. A, ABA contents of
seeds treated with endogenous nitrate. ABA content was determined in
freshly harvested dry seeds from wild-type Col-0 plants grown with 10
mM nitrate (C10 control), with 50 mM nitrate (C50), and in the nia1 nia2
mutant seeds obtained with 10 mM nitrate nutrition (nia10). B, ABA
contents of seeds treated with exogenous nitrate. Freshly harvested
seeds from Col-0 plants cultivated with 10 mM nitrate were imbibed for
20 h in water or 10 mM KNO3, and ABA content was determined by
HPLC followed by immunodetection. Error bars indicate SE (n = 5–7).
Letters indicate the different groups displaying significantly different
ABA levels (P , 0.05) after ANOVA analysis followed by Fisher’s LSD

test. DW, Dry weight.
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one comparison (62 out of 64 genes) presented a
similar profile (either always repressed or always
induced) in all of the comparisons where they were
differentially expressed (Supplemental Fig. S1; Sup-
plemental Tables S6–S8).

The transcriptomes of D and ND imbibed seeds can
be distinguished by the functional categories associ-
ated with their differentially expressed genes (Cadman
et al., 2006). In addition, genes up-regulated in after-
ripened (AR) seeds belong to different functional
categories (as redefined for processes linked with dor-
mancy, germination, and embryo maturation) than
genes up-regulated in freshly harvested seeds (Carrera
et al., 2007, 2008), leading to signatures typical of AR or
freshly harvested seeds. In our case, however, the
small number of differentially expressed genes be-
tween nitrate-treated and nontreated seeds hindered
analysis by functional classification. Therefore, to get a
better image of the genes differentially expressed in
the various seed nitrate treatments, we compared their
profile in our experiments to the one they displayed in
experiments comparing the transcriptome of imbibed
D and ND seeds. The latter experiments analyzed the
effect of nitrate or cold treatment on D seeds in the
Arabidopsis CapeVerde Islands accession (Cvi; Cadman
et al., 2006; Finch-Savage et al., 2007) or the effect of
after-ripening or stratification in Landsberg erecta (Ler;
Yamauchi et al., 2004; Carrera et al., 2007). In addition,
we also included an experiment analyzing genes reg-
ulated by 30 min of nitrate provision to nitrogen-
starved plants (Scheible et al., 2004).

High-nitrate feeding of mother plants led to the
production of seeds with a profile of ND or AR seeds.
Indeed, for C50w versus C10w, the pattern of expres-
sion of the 92 differentially expressed genes that were
also present on the Affymetrix chips was correlated
(P , 0.01 using Spearman’s correlation test) with the
pattern of these genes in the experiments studying
dormancy-releasing treatments (stratification, imbibi-
tion in nitrate, after-ripening; Cadman et al., 2006;
Finch-Savage et al., 2007) and shared little similarity
with the transcriptomes analyzing nitrate provision
(Fig. 2, top; Supplemental Table S1). Thus, most of the

genes down-regulated in C50w seeds versus C10w
seeds corresponded to genes higher expressed in D
Ler seeds than in AR Ler seeds, whereas most of the
up-regulated genes in C50 seedswere also up-regulated
in AR Ler seeds.

In the nia10w versus C10w experiment, the profile of
the differentially expressed genes matched that of Ler
AR seeds (P , 0.05) as what had been observed in the
C50w versus C10w experiment (Fig. 2, middle; Supple-
mental Table S2). Interestingly, there was a high rep-
resentation of stress-related genes (encoding heat
shock proteins) that were all but one down-regulated
in the nia10w seeds compared with C10w seeds (Sup-
plemental Table S2).

Exogenous nitrate led to the overexpression of 27
genes and underexpression of one gene in nitrate-
imbibed compared with water-imbibed C10 seeds
(Fig. 2, bottom; Supplemental Table S3). Many over-
expressed genes were involved in nitrogen and carbon
metabolism as well as energy production. The pattern
of the differentially expressed genes (27 genes out of
the 28 were present on the Affymetrix chip) matched
significantly (P , 0.05) the profile found in experi-
ments involving 30 min of nitrate supplementation to
nitrogen-starved plants (Fig. 2) but not significantly
that of the transcriptomes linked with dormancy-
releasing treatments, in contrast to what had been
observed for the experiments studying the effect of
endogenous nitrate.

Thus exogenous nitrate led to a distinct profile from
that of endogenous nitrate. In addition, although both
the nia1 nia2 mutant and high-nitrate feeding of
mother plants yielded nitrate-rich seeds with a ND
profile, the subsets of genes differentially expressed in
both types of seeds were quite distinct.

Imbibition of Wild-Type Seeds in Nitrate Increased

CYP707A2 Gene Expression

Since nitrate treatment was correlated with lower
ABA levels in seeds, microarray data were inspected
for the differential expression of genes involved in
ABA synthesis or degradation in nitrate-treated seeds.

Table I. Comparisons performed for transcriptome experiments

RNAs extracted from control and test samples were used for hybridizations with the CATMA arrays. C10
and C50, Col-0 wild-type freshly harvested seeds obtained, respectively, with 10 or 50 mM mother plant
nitrate nutrition; nia10, freshly harvested nia1 nia2 seeds obtained with 10 mM mother plant nitrate
nutrition; w, seeds imbibed for 6 h in water; NO3, seeds imbibed for 6 h in 10 mM KNO3; ds, dry seeds.

Studied Process Experiment

Compared Samples

Test Sample

(ND Seeds)

Control Sample

(D Seeds)

Effect of exogenous nitrate on
seed dormancy

C10NO3 versus C10w C10NO3 C10w

Effect of endogenous nitrate on
seed dormancy

C50w versus C10w C50w C10w
C50ds versus C10ds C50ds C10ds
nia10w versus C10w nia10w C10w
nia10ds versus C10ds nia10ds C10ds
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Only the ABA biosynthesis SDR1 (ABA2) and the ABA
catabolism CYP707A2 mRNAs were detected with the
CATMA arrays in our samples. Of these two genes,
only the CYP707A2 gene involved in ABA catabolism
was overexpressed in C10 seeds imbibed for 6 h in
nitrate compared with the same seeds imbibed for 6 h
in water.

qRT-PCR was carried out on RNAs isolated from
C10 seeds imbibed for 6 h in water or in 10 mM nitrate.
CYP707A2 expression was induced about 5-fold in
6-h-imbibed C10 seeds in the presence of 10 mM

exogenous nitrate compared with imbibition in water
(Fig. 3A), and this induction was correlated with lower
ABA levels at this time point in nitrate-imbibed seeds
as assessed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS; see below). In addition, the
CYP707A2 genewas induced also at the vegetative stage
by nitrate provision to nitrogen-starved or ammonium-
grown plants (Supplemental Table S3; Scheible et al.,
2004), highlighting the fact that it was a nitrate-
responsive gene. Therefore, we speculated that the
CYP707A2 gene could be a good candidate gene that
upon exogenous nitrate treatment of seeds would be
induced and lead to lower dormancy of seeds due to
higher ABA degradation. Both the CYP707A1 and
CYP707A2 genes were reported to be important in
controlling seed dormancy (Okamoto et al., 2006). The
CYP707A1 gene was not detected in our microarray
experiments due to its low levels of expression in
mature and 6-h-imbibed seeds (Kushiro et al., 2004).
To assess whether nitrate controlled the expression of
the CYP707A1 gene, we analyzed its expression by
qRT-PCR, a more sensitive method. CYP707A1 gene
expression was indeed low in imbibed seeds and, in
contrast to the CYP707A2 gene, it was repressed upon
imbibition of seeds in nitrate (Fig. 3B) and was not
up-regulated by nitrate provision to starved plants
(Scheible et al., 2004).

Figure 2. Profiles of genes differentially expressed (P , 0.05) in
imbibed nitrate-treated seeds versus control seeds and their profiles
in nitrate and seed transcriptomes. The different transcriptome exper-

iments with imbibed nitrate-treated seeds versus control imbibed C10
seeds are indicated on the left as well as the log2 ratios of gene
expression in tested versus control conditions (first column). Red
shading indicates overexpression, green shading indicates underex-
pression in tested versus control samples, and black shading indicates
no differential expression. Profiles are compared with those in pub-
lished array data (second to sixth columns): nitrate provision to starved
plants (Scheible et al., 2004; NO3 versus starv); comparison of Ler
seeds imbibed at 4�C and 22�C imbibed seeds (Yamauchi et al., 2004;
stratif versus 22�C); nitrate-treated primary dormant Cvi seeds after-
ripened for 91 d and then imbibed for 24 h in the light compared with
the same seeds imbibed in the light without nitrate (Finch-Savage et al.,
2007; PDLN versus PDL); cold-treated primary dormant Cvi seeds after-
ripened for 117 d compared with 20�C imbibed primary dormant Cvi
seeds in the dark (Finch-Savage et al., 2007; PDC versus PD24h); and
after-ripened Ler seeds imbibed for 24 h compared with freshly
harvested Ler seeds imbibed for 24 h (Carrera et al., 2007; Ler AR
versus Ler D). In all cases, log2 ratios of expression are indicated. Gray
shading indicates genes absent on the Affymetrix chips. Gene identi-
fiers and functions as well as the values of the log2 ratios in the different
experiments are provided in Supplemental Tables S1 to S3.
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The cyp707a2 But Not the cyp707a1 Mutants Displayed
Altered Dormancy Response to Exogenous Nitrate

To test the role of the CYP707A1 and CYP707A2
genes in seed dormancy response to nitrate, we ana-
lyzed the response to nitrate of seeds from mutants
(cyp707a1-1, cyp707a1-2, cyp707a2-1, and cyp707a2-2)
harboring a T-DNA insertion in the CYP707A1 or
CYP707A2 genes. In a first experiment, mother plants
were cultivated in a growth chamber with 3, 10, or 50
mM nitrate nutrition (leading, respectively, to the pro-
duction of N3, N10, or N50 seeds). For all genotypes,
dormancy was higher (P , 0.05) in N3 seeds than in
N10 seeds as assessed by germination percentage in
water 10 d after harvest (Fig. 4A). Thus, wild-type and
mutant seeds all responded to endogenous nitrate.

To analyze the response to exogenous nitrate, we
performed a second culture in which mother plants
were cultivated with 10 mM nitrate nutrition and
sowed seeds in water or in 1 mM nitrate instead of 10
mM nitrate. We reasoned that a lower concentration of
nitrate would help us detect more readily small dif-
ferences in responses to exogenous nitrate, as shown

previously when analyzing the response to exogenous
nitrate of mutants affected in the nitrate transporter
genes NRT1.1 and NRT2.1 (Alboresi et al., 2005). In
addition, to better assess seed dormancy, instead of
analyzing seed germination right at or 1 to 2 weeks
after harvest, we determined the number of days of
seed dry storage necessary to obtain 50% germination
(DSDS50; Alonso-Blanco et al., 2003) in water
(DSDS50w) or 1 mM nitrate (DSDS50NO3). Indeed, during
seed storage, dormancy is lost and the longer it takes
for seeds to lose dormancy, the more D they are (the
higher the DSDS50). This parameter is valuable, for
example, to distinguish D seeds from very D seeds,
although both types of seeds show very low percent-
ages of germination at harvest. In addition, seeds were
stored dry at 4�C to slow the after-ripening process to
allow a better determination of the DSDS50 in seeds

Figure 3. CYP707A1 and CYP707A2 mRNA levels in C10 seeds
imbibed in water or nitrate. CYP707A2 (A) and CYP707A1 (B) mRNA
levels were determined in C10 seeds imbibed for 6 h in water (6hW) or
in 10 mM KNO3 (6hKNO3) by qRT-PCR and normalized with the
expression level of the EF1a standard. Error bars indicate SE (n = 3–6).
For both genes, expression levels were significantly different in nitrate-
imbibed (*) versus water-imbibed seeds (P , 0.05) as determined by
Student’s t test.

Figure 4. Dormancy assessment of wild-type (WT), cyp707a1, and
cyp707a2mutant seeds. A, Percentage of germination in water of wild-
type, cyp707a1-1, cyp707a1-2, cyp707a2-1, cyp707a2-2 N3 (gray
bars), N10 (black bars), or N50 (white bars) seeds 10 d after harvest. SE is
indicated (n = 4). For all genotypes, there was a significant difference
(P , 0.05) between the germination percentage of N3 (*) and N10
seeds as determined by ANOVA followed by Fisher’s LSD test. B, DSDS50
of wild-type, cyp707a1-1, and cyp707a2-1 N10 seeds assessed in
water (white bars) or in 1 mM nitrate (black bars). SE is indicated (n = 6).
For all genotypes except cyp707a2-1, DSDS50NO3 was significantly
lower (*) than DSDS50w (P , 0.05), as determined from statistical
analysis using the Wilcoxon test on paired samples.
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coming from N10 plants. For both wild-type and
cyp707a1-1 mutant seeds, DSDS50NO3 was significantly
lower than DSDS50w (P, 0.05; Fig. 4B). This confirmed
their responsiveness to exogenous nitrate. For the
cyp707a2-1 mutant, however, there was no significant
difference (P = 0.26) between the two parameters (Fig.
4B). Thus, the cyp707a2-1mutant but not the cyp707a1-1
mutantwas affected in its response to exogenous nitrate.

ABA Levels Did Not Respond to Exogenous or

Endogenous Nitrate in the cyp707a2-1 Mutant

Since ABA levels in wild-type seeds were decreased
by both exogenous and endogenous nitrate treatments
(Fig. 1), we analyzed ABA levels by LC-MS/MS in
nitrate-treated and nontreated cyp707a1-1 and
cyp707a2-1 mutant seeds. For both cyp707a1-1 and
cyp707a2-1 mutants, ABA levels were higher than
those in wild-type seeds either in dry or imbibed
seeds as expected, since these mutants were impaired
in ABA catabolism (Okamoto et al., 2006). Interest-
ingly, imbibition of N10 seeds for 6 h in nitrate led to a
significant decrease in ABA levels in both wild-type
and cyp707a1-1 seeds but not for the cyp707a2-1mutant
seeds (Fig. 5A). In dry seeds, ABA levels were signif-
icantly higher in N3 than in N10 seeds for the wild
type (Fig. 5B), extending our data presented in Figure
1 to N3 seeds and thus confirming that endogenous
nitrate indeed affected wild-type seed ABA levels.
This increase in ABA levels in N3 versus N10 seeds
was also observed in the cyp707a1-1mutant but not for
the cyp707a2-1 mutant (Fig. 5B), although seed nitrate
content did not differ between wild-type seeds and the
two mutant seeds (data not shown). Thus, the
cyp707a2-1 but not the cyp707a1-1 mutant was affected
in the response of seed ABA levels to exogenous and
endogenous nitrate.

The CYP707A2 Gene Responded to Mother Plant
Nutrition during Seed Development

Although the seed dormancy of the cyp707a2-1 mu-
tant responded to the mother plant nitrate regime (Fig.
4A), ABA levels in themutant seeds did not respond to
endogenous nitrate (Fig. 5B). Therefore, we wondered
whether the CYP707A2 gene could be involved in the
control of mature seed ABA levels by mother plant
nitrate nutrition. Transcriptome analyses showed that
in dry seeds no changes in CYP707A2 gene expression
could be detected between C10 and C50 seeds. This
was also confirmed by qRT-PCR in C3 and C10 dry
seeds (data not shown), which displayed similar levels
of CYP707A2 mRNAs.
Seed primary dormancy sets up during seed matu-

ration on mother plants. Previous studies had shown
that the CYP707A1 and CYP707A2 genes were ex-
pressed during seed development at mid maturation
phase for the former gene and at the late maturation
phase for the latter gene (Okamoto et al., 2006). Since

ABA levels in dry mature seeds depended on mother
plant nutrition (Figs. 1A and 5B), we analyzed how the
nitrate regime of mother plants affected CYP707A1
and CYP707A2 gene expression in developing siliques
at the later stages of seed maturation. CYP707A1
mRNA levels decreased at the later stages of seed
maturation and were higher in N3 than in N10 plants
(Fig. 6A). In contrast, CYP707A2 expression increased
at 19 and 22 d after flowering and was higher in N10
than in N3 plants (Fig. 6B). Thus, the lower levels of
ABA found in mature N10 seeds versus N3 seeds were
correlated with a higher expression of the CYP707A2
gene during the late maturation stage of siliques. Thus,
although cyp707a2-1 seed dormancy responded to
endogenous nitrate, our data indicated a possible
role for CYP707A2 in controlling seed ABA levels in
response to endogenous nitrate.

DISCUSSION

Nitrate Treatment of Seeds Was Correlated with Lower
Levels of ABA in Seeds

In this study, we analyzed the effect of exogenous
and endogenous nitrate on seed dormancy by assess-
ing ABA levels in nitrate-treated and nontreated seeds.
Both exogenous and endogenous nitrate treatments
led to lower ABA levels in seeds. Thus, altogether, our

Figure 5. ABA levels in wild-type (WT) and mutant seeds treated with
nitrate. A, ABA levels in N10 seeds imbibed 6 h in water (w) or in 10mM

KNO3. B, ABA levels in dry N3 and N10 freshly harvested seeds from
the wild type, cyp707a1-1, and cyp707a2-1 mutants. Error bars
indicate SE (n = 3–4). The ABA levels for all genotypes except the
cyp707a2-1mutant were significantly lower (*) in nitrate-treated seeds
than in nontreated seeds (P, 0.05), as determined by theWilcoxon test
on paired samples (A) or the Mann-Whitney test (B). DW, Dry weight.
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data point out that there is a good correlation between
the lower dormancy resulting from nitrate treatments
and seed ABA levels, which is consistent with results
from previous studies analyzing the effect of exoge-
nous nitrate in Cvi seeds (Ali-Rachedi et al., 2004).

Other studies reported that exogenous nitrate led
likely to changes in the synthesis of GAs (Hilhorst and
Karssen, 1988). Our transcriptome analyses on seeds
imbibed in nitrate failed to uncover a significant
change in GA biosynthesis or inactivation genes, pos-
sibly because many GA-related genes were too lowly
expressed to be detected at our early time point of
imbibition. In 6-h-imbibed nia10 seeds, the biosyn-
thetic GA20ox3 gene was overexpressed (Supplemen-
tal Table S2) compared with imbibed C10 seeds. Thus,
for nia10 seeds, some part of the effect of endogenous
nitrate may be linked to changes in GA synthesis.
More generally, it is possible that the lower ABA levels
in nitrate-treated seeds combined with the cross talk
between GA and ABA metabolism could lead to
altered levels of GAs in nitrate-treated seeds, as shown
in the light and high-temperature regulations of seed
ABA levels (Seo et al., 2006; Toh et al., 2008).

Transcriptome Analyses Revealed Distinct Profiles for

Nitrate-Treated Seeds

Transcriptome analyses showed that exogenous ni-
trate led to a distinct profile from the profiles gener-
ated by endogenous nitrate: differentially expressed
genes were essentially nitrate-regulated genes in-
volved in metabolism. It may seem surprising that in
our studies the profile of C10NO3 versus C10w seeds
was more similar to that of nitrogen-starved plants
providedwith nitrate than that of Cvi seeds imbibed in
the light in the presence of nitrate. Possibly, differences
in imbibition time (6 h for our analyses versus 24 h for
Cvi seeds) or in the genetic background (Col-0 versus
Cvi) or in the degree of dormancy could explain these
discrepancies. Endogenous nitrate resulted in a profile
at 6 h of imbibition similar to that of ND seeds (cold
treated or AR or imbibed in the presence of nitrate),
but the profile associated with C50w versus C10w was
distinct from that obtained in nia10w versus C10w, with
few common differentially expressed genes. Thus,
with respect to transcriptome analyses, the ND
C10NO3, C50w, and nia10w seeds seem to represent
quite distinct physiological states. The differences in
the mRNA profiles of nitrate-treated seeds may arise
from the experimental design of the nitrate treatments,
since the effect of endogenous nitrate is exerted
throughout seed development, maturation, and imbi-
bition, in contrast to the effect of exogenous nitrate,
which operates only during the 6 h of seed imbibition.
Likewise, although the nia10 seeds accumulate nitrate
like C50 seeds (Alboresi et al., 2005), the nia1 nia2
mutant is partially impaired in nitrate assimilation,
which may explain its distinct transcriptome profile.
The numerous heat shock protein-encoding genes that
were down-regulated in the nia10 seeds were almost
all down-regulated during a germination time course
at 24 h of imbibition (Nakabayashi et al., 2005). Thus,
the ND nia10 seeds appear to have accelerated the
decrease in heat shock gene expression during imbi-
bition.

A Central Role for the CYP707A2 Gene in Nitrate Control
of ABA-Regulated Seed Dormancy

Our work furthermore stresses the central role of the
CYP707A2 gene in controlling seed dormancy in re-
sponse to nitrate. Indeed, transcriptome analyses and
qRT-PCR experiments showed that exogenous nitrate
led to an increase in the mRNA levels of the ABA
catabolic gene CYP707A2 in imbibed seeds. Physio-
logical analyses showed that a mutation in the
CYP707A2 gene alone was sufficient to abolish or
greatly reduce seed response to exogenous nitrate.
This indicated that the CYP707A2 gene played a major
role in mediating control by exogenous nitrate of seed
ABA levels and dormancy. Thus, our work high-
lighted the importance of the regulation of ABA deg-
radation more than ABA synthesis in controlling seed
dormancy response to exogenous nitrate. Work by

Figure 6. CYP707A1 and CYP707A2 gene expression levels in devel-
oping siliques from N3 and N10 plants. A, CYP707A1 expression in
developing siliques from N3 and N10 plants. B, CYP707A2 gene
expression in developing siliques from N3 and N10 plants. CYP707A1
and CYP707A2 mRNA levels were determined by qRT-PCR and
expressed as percentages of the control EF1a gene. Error bars indicate
SE (n = 3). Siliques (13–22 d after flowering) were harvested from N3
(white bars) and N10 (black bars) plants. Expression levels for both
genes were significantly different (*, P , 0.05) in N3 and N10 siliques
(at 15–22 d after flowering for CYP707A1 and at 19 and 22 d after
flowering for CYP707A2), as determined by ANOVA followed by
Fisher’s LSD test.
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Bethke et al. (2006a) showed that nitrate, nitrite, and
cyanide broke seed dormancy via the production of
NO and changes in ABA sensitivity but not ABA
synthesis. Our data here could explain the changes in
ABA sensitivity upon imbibition in nitrate, since the
induction of an ABA-degrading enzyme by nitrate
would lower a seed’s sensitivity to exogenous ABA.
Indeed, we did observe that seeds imbibed in nitrate
were slightly more resistant to exogenous ABA than
water-imbibed seeds (data not shown).
Our data furthermore highlighted the possible in-

volvement of the CYP707A2 gene in the control by
endogenous nitrate of mature seed ABA content. In-
deed, the expression profile of the CYP707A2 gene was
consistent with its involvement in determining mature
seed ABA levels in response to mother plant nitrate
nutrition. Mature seed ABA levels in the cyp707a2-1
mutant remained unchanged when mother plant
nutrition was altered, in contrast to wild-type seeds.
Dormancy of the mutant, however, responded to en-
dogenous nitrate and was higher for lower mother
plant nitrate nutrition. This indicated that the control
by endogenous nitrate of seed dormancy also involved
other processes than just the regulation of dry seed
ABA levels. The importance of regulating seed ABA
levels during imbibition for seed dormancy was
stressed by our studies as well as previous ones (Ali-
Rachedi et al., 2004). It is possible that other genes than
the CYP707A2 gene are involved in the control by
endogenous nitrate of seed dormancy. Indeed, the
ABA synthesis NCED9 gene appears to be higher
expressed in C3 than in C10 seeds during seed imbi-
bition in water (T. Matakiadis, unpublished data). The
dual control of ABA levels by an ABA synthesis gene
and an ABA catabolism gene during seed imbibition
could explain why the dormancy of the cyp707a2-1
mutant still responded to endogenous nitrate.
Our work underlines also the nonredundant roles of

the CYP707A1 and CYP707A2 genes. Indeed, the
cyp707a1-1 mutant remained responsive to exogenous
nitrate, in contrast to the cyp707a2-1 mutant, stressing
the specific roles of the different members of the small
multigenic family encoding ABA 8#-hydroxylases in
Arabidopsis (Okamoto et al., 2006; Umezawa et al.,
2006). The CYP707A2 gene was proposed to be impor-
tant for a seed’s response to light (Seo et al., 2006).
This, altogether with our data, stresses the important
role of the CYP707A2 gene in regulating seed ABA
levels and dormancy in response to environmental
cues such as nitrate, light, and storage time. Compar-
ison of our transcriptome data with published data on
nitrate provision to nitrogen-starved seedlings (Scheible
et al., 2004) highlighted the fact that the CYP707A2
gene was nitrate inducible even in processes not
linked with dormancy. Data from Wang et al. (2004)
studying nitrate-regulated genes uncovered a set of
about 600 genes that responded to nitrate in both the
wild type and a nitrate reductase null mutant. This set
of genes, which included the CYP707A2 gene, was
classified as responsive to nitrate per se, since the

response to nitrate was independent of nitrate reduc-
tase activity. The CYP707A2 gene can thus be classified
as a bona fide nitrate-inducible gene. The CYP707A1
gene, in contrast, was not induced by exogenous
nitrate in seeds: on the contrary, it was repressed
upon imbibition of seeds in nitrate and repressed in
developing siliques by higher mother plant nutrition.
Thus, its contribution to modulating ABA levels in
these conditions would be limited, in contrast to that
of the CYP707A2 gene. Summarizing our data, a
simplified model would thus be that nitrate (provided
either exogenously or endogenously) would accumu-
late in seeds through the action of nitrate transporters
(possibly NRT1.1 for nitrate transport into seed/
embryo; Alboresi et al., 2005), then accumulate in the
storage vacuoles by the action of the nitrate trans-
porter NRT2.7 (Chopin et al., 2007). Nitrate then
would induce the expression of the CYP707A2 gene,
leading to changes in ABA levels through ABA deg-
radation and lowered ABA synthesis and thus lower
seed dormancy. Interestingly, the nitrate inducibility of
the CYP707A2 gene in leaves and that of the CYP707A3
gene in roots (Wang et al., 2004) raises the question of
what links exist between nitrate and ABA during plant
development at the vegetative stage. Nitrate and ABA
were already reported to interact in regulating root
architecture (Signora et al., 2001; De Smet et al., 2003).
It is possible that more generally these two pathways
interact to adapt plants to nutritional cues.

Although our data point to a major role of the
CYP707A2 gene in mediating nitrate control of seed
dormancy, not all of the effect of nitrate was mediated
through this gene. Indeed, in some experiments, the
cyp707a2 mutant seeds still responded partially to
nitrate (1 mM) in the medium and responded normally
to 10 mM exogenous nitrate. The partial phenotype of
this mutant could be due to overlapping roles of
CYP707A2 and other genes such as NCED9, which
could also be involved in dormancy control by nitrate.
Alternatively, nitrate could affect seed dormancy
through changes other than transcriptional changes.
The importance of posttranscriptional and transla-
tional control of seed germination was indeed under-
lined in other studies (Rajjou et al., 2004; Chibani et al.,
2006). In addition, metabolic changes in seed compo-
sition or during seed imbibition after nitrate treatment
could contribute to these changes in seed germination.
Our transcriptome analyses indicated that exogenous
nitrate did indeed lead to an increase in the expression
of genes involved in nitrogen and carbon metabolism
as well as in energy production. Since ABA was
reported to inhibit seed germination by restricting
the availability of metabolites and energy (Garciarrubio
et al., 1997), it is possible that nitrate treatment led to
metabolic changes enabling the seed to overcome
this inhibition. Metabolomic analyses of nitrate-
treated seeds are under way to better understand the
impact of mother plant nutrition and seed metabolism
during imbibition on seed composition and germina-
tive quality.
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MATERIALS AND METHODS

Plant Material and Seed Production

Arabidopsis plants (Arabidopsis thaliana Col-0 and the double mutant G’4-3

[nia1nia2]; Wilkinson and Crawford, 1993) in the Col-0 background were used

in this study, as well as the cyp707a1-1, cyp707a1-2, cyp707a2-1, cyp707a2-2,

cyp707a3-1, and cyp707a3-2 (Kushiro et al., 2004, Okamoto et al., 2006) mutants.

For seeds produced under controlled conditions, seeds were stratified for 48 h

at 4�C in the dark in a 1% agar solution. Approximately five seeds were sown

in a small pot filled with homogenous nonenriched compost. One week after

sowing, only one seedling per pot was retained. Plants were grown in a

growth chamber at 22�C/18�C under a 16-h photoperiod of artificial light (100

mEm22 s21) and 80% relative humidity. The pots were watered three times per

week by immersion of the base of the pots in a solution containing either 3 or

10 mM nitrate. One week after bolting, the nitrate regime of a few plants

watered with 10 mM nitrate was changed to 50 mM nitrate, as described

initially by Alboresi et al. (2005).

Siliques of different developmental stages were obtained by tagging newly

opened flowers every 3 d.

Seed Dormancy and Germination Assays

For each experiment, all genotypes grown with the various nitrate regimes

(3, 10, and 50 mM nitrate) were harvested when siliques turned dry on the

plants. For dormancy analysis, freshly harvested seeds from at least four

independent seed lots (each obtained by pooling seeds produced by three to

four mother plants) were sown on 0.5% agarose plates (Litex agarose;

Vallensbaek Strand) with or without 1 mM KNO3. The plates were incubated

in a growth chamber (Cu-36L6; Percival) at 25�C with 16 h of light (100 mE

m22s21) and 8 h of dark.

For DSDS50 determinations (Alonso-Blanco et al., 2003), seeds were stored

dry at 4�C in screw-cap tubes and sown to determine the percentage of

germinating seeds of each genotype after different storage times. DSDS50
(Alonso-Blanco et al., 2003) was then determined when possible by probit

regression on a logarithm time scale applying the XLSTAT dose module of the

XLSTAT software (Addinsoft France).

qRT-PCR

Total RNAwas isolated using an RNAqueous column with the Plant RNA

isolation aid (Ambion) followed by a two-step LiCl precipitation. The isolated

RNA was mixed with one-quarter volume of 10 M LiCl and stored at 280�C
overnight. The sample was then allowed to warm to room temperature and

centrifuged at 5,000g at 4�C for 15 min. The pellet was washed with 50 mL of

2 M LiCl, incubated on ice for 10min, and centrifuged at 5,000g at 4�C for 10min.

A final wash step was performed with 70% (v/v) ethanol, and then samples

were centrifuged at 5,000g at 4�C for 5 min. After removal of the supernatant,

the pellet was resuspended in 12 mL of diethyl pyrocarbonate-treated double-

distilled water and stored at 280�C.
First-strand cDNA was synthesized with random hexamers using a

SuperScript first-strand synthesis system as described by Daniel-Vedele and

Caboche (1993) using Moloney murine leukemia virus reverse transcriptase

and random primers (Promega) or using the SuperScript first-strand synthesis

system according to the manufacturer’s instruction (Invitrogen). qRT-PCR

was carried out using the first-strand cDNA as a template using the Master-

cycle instrument (Mastercycle ep realplex; Eppendorf) with the RealMaster-

Mix kit (Eppendorf) according to the manufacturer’s protocol. Primers used

for qRT-PCR for the CYP707A1, CYP707A2, and EF1a genes were those

described previously (Orsel et al., 2004; Seo et al., 2004; Millar et al., 2006).

Determination of ABA Levels

Preliminary measurements of seed ABA contents (Fig. 1) were done by

HPLC followed by ELISA as described by Lefebvre et al. (2006). For the other

series of ABA determinations, seed samples were extracted as described

previously (Priest et al., 2006). Purified ABA was quantified by LC-MS/MS

(Q-Tof premier; Micromass) using the following mass-to-charge ratio peaks,

159 for labeled ABA and 153 for endogenous ABA. The amount of each

compound was generated by spectrometer software (MassLynx version 4.1;

Micromass).

Transcriptome Studies

Microarray analysis was carried out at the Unité de Recherche en

Génomique Végétale using the CATMA array (Crowe et al., 2003; Hilson

et al., 2004), containing 24,576 gene-specific tags from Arabidopsis. RNA

samples from two independent biological replicates were used. For each

biological repetition, RNA samples for a condition were obtained by extract-

ing RNAs from seeds of four to eight plants and pooling them. For each

comparison, one technical replication with fluorochrome reversal was per-

formed for each biological replicate (i.e. four hybridizations per comparison).

The RT of RNA in the presence of Cy3-dUTP or Cy5-dUTP (Perkin-Elmer-

NEN Life Science Products), the hybridization of labeled samples to the slides,

and the scanning of the slides were performed as described (Lurin et al., 2004).

Data from published experiments using Affymetrix arrays were obtained

as supplemental data of published papers (Scheible et al., 2004; Carrera et al.,

2007) or downloaded through The Arabidopsis Information ResourceWeb site

(Yamauchi et al., 2004) or through the NASC Affywatch service (Finch-Savage

et al., 2007) and focusing on the PDLN versus PDL and PDC versus PD24h

comparisons. For data from Carrera et al. (2007; Supplemental Table I),

differentially expressed genes between AR and D Ler seeds were obtained by

adding to the list of up-regulated genes in LerAR seeds (LerARupvsLerD) the

list of the genes up-regulated in Ler D seeds (LerDupvsLerAR), which

represent the down-regulated genes in AR Ler seeds versus D Ler seeds. For

the other published microarray data comparing a test sample versus a control

sample, genes were considered induced if their call values were P in all

replicates of the test samples and their expression displayed at least a 2-fold

change with respect to control. Genes were considered repressed compared

with controls if their call value was P in all replicates of control samples and if

they were expressed at least 2-fold less in test samples compared with control

samples.

Statistical Analysis of Data

Experiments based on the CATMA arrays were designed with the statistics

group of the Unité de Recherche en Génomique Végétale. Statistical analysis

was based on two dye swaps (i.e. four arrays, each containing 24,576 gene

sequence tags and 384 controls) as described (Gagnot et al., 2008). Controls

were used for assessing the quality of the hybridizations but were not

included in the statistical tests or the graphic representation of the results.

Data normalization and determination of differentially expressed genes by

paired t test on the log ratios using a Bonferroni P value of ,5% were as

described by Merigout et al. (2008).

The profile of genes differentially expressed in nitrate-treated seeds versus

nontreated seeds was compared with the profile in published experiments

using Affymetrix chips by performing a Spearman correlation exact test with

the Monte Carlo approximation (10,000 samples) and Bonferroni’s correction

in the case of multiple comparisons.

For statistical analysis of ABA levels, germination percentages, DSDS50,

and qRT-PCR data parametric tests (Student’s t test, ANOVA followed by

Fisher’s LSD test) were performed when the different samples displayed equal

variances (which was in some cases obtained after log transformation of data).

Otherwise, nonparametric tests (Mann-Whitney or Wilcoxon tests) were used

to test the significance of the results.

Microarray data from this article were deposited in the Array Express

(http://www.ebi.ac.uk/arrayexpress/; accession no. E-MEXP-447) and the

CATdb (http://urgv.evry.inra.fr/CATdb/; Project RA04-05_Dormancy-NO3)

databases according to Minimum Information about a Microarray Experiment

standards.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Genes differentially expressed in nitrate-treated

imbibed seeds.

Supplemental Figure S2. qRT-PCR analysis of a set of genes differentially

expressed in nitrate-treated imbibed seeds.

Supplemental Table S1. Genes differentially expressed in C50w versus

C10w seeds and their profiles in nitrate and seed transcriptomes.
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Supplemental Table S2. Genes differentially expressed in nia10w versus

C10w seeds and their profiles in nitrate and seed transcriptomes.

Supplemental Table S3. Genes differentially expressed in C10NO3 versus

C10w seeds and their profiles in nitrate and seed transcriptomes.

Supplemental Table S4. Genes differentially expressed in C50ds versus

C10ds seeds.

Supplemental Table S5. Genes differentially expressed in nia10ds versus

C10ds seeds.

Supplemental Table S6. Differentially expressed genes common to C50ds
versus C10ds and niads versus C10ds experiments.

Supplemental Table S7. Differentially expressed genes common to C50w
versus C10w and C50ds versus C10ds experiments.

Supplemental Table S8. Differentially expressed genes common to niaw
versus C10w and niads versus C10ds experiments.
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