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a b s t r a c t

Flowering time, a key transition point from vegetative to reproductive growth, is regulated by an intrinsic
complex of endogenous and exogenous signals including nutrient status. For hundreds of years, nitrogen
has been well known to modulate flowering time, but the molecular genetic basis on how plants adapt to
ever-changing nitrogen availability remains not fully explored. Here we explore how Arabidopsis natural
variation in flowering time responds to nitrate fluctuation. Upon nitrate availability change, we detect
accession- and photoperiod-specific flowering responses, which also feature a accession-specific de-
pendency on growth traits. The flowering time variation correlates well with the expression of floral
integrators, SOC1 and FT, in an accession-specific manner. We find that gene expression variation of key
hub genes in the photoperiod-circadian-clock (GI), aging (SPLs) and autonomous (FLC) pathways asso-
ciates with the expression change of these integrators, hence flowering time variation. Our results thus
shed light on the molecular genetic mechanisms on regulation of accession- and photoperiod-specific
flowering time variation in response to nitrate availability.

Copyright © 2020 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Transitioning at the right time from vegetative to reproductive
growth, i.e. flowering time, is essential for maximizing fitness. It has
been well established that flowering transition is tightly regulated
by an intrinsic and complex gene-regulatory-network (GRN) by
incorporating endogenous and exogenous signals including nutri-
ents like nitrogen (Andres and Coupland, 2012; Marin et al., 2011;
Michaels, 2009; Nee et al., 2017; Stitt, 1999). Nitrate (NO3

- ), a ma-
jor nutrient taken upmainly via lateral roots, has been considered as
one of the signaling molecules for plant development (Bouguyon
et al., 2012; Stitt, 1999). Nitrogen deficiency often induces early
flowering, a pattern identified more than a hundred years ago
(Klebs, 1913). Furthermore, high levels of nitrogen normally delay
flowering time, likely due to the high rates of photosynthetic CO2
fixation, which balance nitrogen assimilation (Bernier et al., 1993;
Noguero and Lacombe, 2016). A U-shaped flowering curve has
been observed in Arabidopsis accession Col-0, in which both low
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and high concentrations of nitrate delay flowering while only plants
growing under optimal nitrate supply conditions flower early (Lin
and Tsay, 2017; Marin et al., 2011; Yuan et al., 2016).

The flowering time GRN involves several genetic pathways,
namely autonomous and vernalization, aging (including sugar-
mediated), gibberellin acid, and circadian clock and photoperiod
pathways, each featuring several key transcription factors (Andres
and Coupland, 2012; Michaels, 2009; Nee et al., 2017; Srikanth and
Schmid, 2011). SOC1 and FT are among the key transcriptional reg-
ulators that integrating signals from almost all the genetic pathways
and from exogenous environmental stress signals like drought or
nutrient status variation (Conti, 2019; Hwang et al., 2019; Kant et al.,
2011; Liu et al., 2013; Olas et al., 2019; Riboni et al., 2013, 2016).
Almost all these genetic pathways have been implicated in the
regulation of nitrate-mediated flowering (see reviews Fredes et al.,
2019; Lin and Tsay, 2017; Weber and Burow, 2018). GI has been
considered as one of the key factors downstream of circadian clock
and photoperiod pathway to tune the expression of FT directly or
indirectly via CO. Depleting simultaneously the photoperiod and
gibberellin acid pathways aswell as autonomous regulators causes a
never-flowering phenotype,which canbe recovered by a low-nitrate
induction or vernalization treatment (Marin et al., 2011; Reeves and
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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Coupland, 2001). Recently, the AP2-domain transcription factor
NGR5 is revealed to recruit polycomb repressive complex 2 in a
nitrogen-dependent manner to modulate the H3K27me3 modifica-
tion level of chromatin, and compete with DELLA proteins, key re-
pressors in gibberellin acid signaling pathway, for regulation of the
activity of downstream genes (Wu et al., 2020).

Nitrate supply significantly affects the expression of aging
pathway genes, for example the miR156-SPLs and their down-
stream miR172-AP2s modules (Fischer et al., 2013; Gras et al.,
2018; Liang et al., 2012; Olas et al., 2019; Pant et al., 2009;
Srikanth and Schmid, 2011; Wang et al., 2009; Wu and Poethig,
2006). Nitrate appears to act upstream of aging pathway, as
SPL3, SPL4 and SPL5 promoters contain many nitrate-responsive
elements (NREs) that can be bound by NLP6 and NLP7 (Konishi
and Yanagisawa, 2013; Olas et al., 2019). However, low-nitrate-
mediated flowering delay under short-day conditions relies on
the accumulation of the carbon signaling molecule, trehalose-6-
phosphate (T6P), indicating that the interactions between ni-
trate and sugar signaling jointly play an important role in setting
flowering time of Arabidopsis (Olas et al., 2019). Interestingly, T6P
signaling also works on the miR156-regulated SPLs to tune flow-
ering time (Wahl et al., 2013).

Previous studies have shown how nitrogen, both as an essential
macronutrient and a signaling molecule, regulates flowering time
in Arabidopsis and the monocot model rice (Wang et al., 2018).
However, only limited information can be found for nitrate-
mediated flowering time variation in naturally occurring acces-
sions of Arabidopsis (de Jong et al., 2019; Marin et al., 2011). In this
study, we used three Arabidopsis accessions to investigate the ef-
fect of nitrate supply change on flowering time variation in long-
day and day-neutral conditions. We reveal a accession-dependent
flowering time variation upon changing of nitrate availability, and
this associates with the accession-specific expression of key
flowering-time genes. These findings provide new insights on
nitrate-mediated flowering time regulation.
2. Materials and methods

2.1. Plant materials and growth conditions

Arabidopsis thaliana accessions of Col-0, Ler (Landsberg erecta)
and Ws (Wassilewskija) were kindly provided by Prof. Maarten
Koornneef. The single-seed propagated and harvested seeds for all
three accessions in the same batch were used for flowering time
assays. Arabidopsis seeds were sterilized, stratified, and sown on
agar plates according to procedures described in Hu et al. (2014).
Agar plates were prepared according to recipes described by Lin
Table 1
Correlation between flowering time variation and growth traits (Pearson's correlation tes

Accession Parameter LD condition

Primary root length Number of
lateral root

Fresh weight of
aerial part

Col-0 cor �0.36 ¡0.91 �0.64
t �0.85 �5.03 �1.84
df 5 5 5
p 0.43 0.004 0.13

Ws cor ¡0.96 �0.53 �0.55
t �7.4 �1.38 �1.48
df 5 5 5
p 0.001 0.226 0.199

Ler cor ¡0.76 ¡0.76 �0.71
t �2.61 �2.579 �2.2672
df 5 5 5
p 0.048 0.049 0.073
et al. (2017) (Table S1). On each plate (130 � 130 mm square plate),
four seeds of each accession (in total 12 seeds) were sown with
positions randomly distributed. Plants were grown in chambers
(Percival) under long-day (LD: 16-h light and 8-h night at 21 �C) and
day-neutral (MD: 12-h light and 12-h night at 21 �C) conditions. To
minimize positional effects during growth, plates growing verti-
cally were randomized every two days.
2.2. Flowering time scoring and measurement of other traits

Flowering time assays were performed on above-mentioned
agar plates supplied with different levels of KNO3 (0.1, 0.5, 1, 2, 4,
8, 16, 32 mM). A pilot experiment scoring both rosette leaf number
and the days after germination (DAG) upon flowering suggested
DAGwas the more reliable way to monitor flowering time (data not
shown); therefore, we traced in each trial for each line at each ni-
trate concentration at least 15 plants growing on at least four plates
for flowering time.

We also measured the primary root length, total number of
lateral roots longer than 3 mm (that assumed to function normally
in nutrient assimilation), and fresh weight of aerial part for plants
growing on different concentrations of KNO3 with minimum 21
plants examined. Seedlings at DAG14 in both LD and MDwere used
for these measurements.

Statistical analysis of trait variation was carried out with Stu-
dent's t-test in excel and Pearson's correlation test in R.
2.3. RNA extraction and gene expression assays

Total RNA extraction and reverse transcription followed by
quantitative PCRs were carried out according to Hu et al.
(2014). Seedlings at DAG15 grown under both LD and MD
conditions were harvested 30 min prior to dawn and used for
RNA extraction. qRT-PCR was conducted with gene-specific
primers (but could amplify both Col-0 and Ws accessions)
using PP2A as references. See Table S2 for detailed information
on primers used in this study. For each trial and each line at
each nitrate concentration, three biological replicates (each
contained at least 6 seedlings from three plates) were used for
quantification with each having three technical replicates.
Gene expression assays were duplicated and both showed the
same pattern, with only data from one trial shown in
Figs. 3e5. Statistical differences were compared with Student's
t-test.
t). Cor and p values for significant correlations are marked in bold (p < 0.05).

MD condition

Primary root length Number of lateral root Fresh weight of aerial part

0.32 ¡0.9 �0.38
0.76 �4.54 �0.901
5 5 5
0.48 0.006 0.407
0.18 �0.72 �0.49
0.407 �2.32 �1.24
5 5 5
0.701 0.068 0.269
�0.17 �0.85 �0.58
�0.39 �3.64 �1.63
5 5 5
0.71 0.15 0.164
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3. Results and discussion

3.1. Flowering time responses to nitrate fluctuation differ in
Arabidopsis accessions

To explore whether flowering time of different genotypes can
respond to nitrate availability, three frequently used accessions of
Arabidopsis thaliana, Col-0, Ler, and Ws, were used to test their
flowering time behaviors upon growing on agar plates (see Table S1
for chemical components) supplied with various concentrations of
KNO3 (0.1, 0.5, 1, 2, 4, 8, 16, and 32 mM). We used days after
germination (DAG) upon flowering to monitor flowering time
because rosette leaf production could be significantly modified by
nitrate supply (Lin and Tsay, 2017; Marin et al., 2011; Olas et al.,
2019; Tschoep et al., 2009), a similar pattern also observed in our
pilot experiments (data not shown).

Plants of all three accessions growing in 0.1 mM KNO3 medium
displayed a strong stress symptom (e.g., chlorotic leaves or
yellowish/brownish small seedlings; Fig. 1A and Fig. S1), though
Ws plants were able finally to bolt under long-day (LD; 16 h/8 h,
light/night) conditions (both Col-0 and Ler did not flower). To
avoid masking by N-dependent responses (Tschoep et al., 2009),
we did not score flowering phenotypes for any accession grown in
0.1 mM KNO3. Under LD conditions, Col-0 showed a fluctuation
with its flowering time from 17 DAG (1 mM) to 18.8 DAG (0.5 mM;
about 1.1-fold in comparison to 1 mM concentration) or 20.5
(32 mM; 1.2-fold) DAG (Fig. 1B and Fig. S1). Nitrate concentration
at 1 mM seemed being the optimal conditions for Col-0 to flower
with both lower and higher nitrate delaying floral transitions. Ler
also showed a dynamic flowering behavior, though to less extent
of variation comparing to Col-0, from 17.9 DAG at 1 mM to 18.9
DAG (0.5 mM) or 20.2 (32 mM; ~1.1 fold) DAG. However, Ws
featured a much earlier but less variable flowering on average
(16.6e17.5 DAG). This indicates that these accessions do respond
differentially in their flowering time to fluctuation of nitrate
availability with Ws the less and Col-0 the most variable,
corroborating with a previous notion that Arabidopsis accessions
have different plasticity of flowering in responding to nitrate
concentrations (de Jong et al., 2019).
Fig. 1. Natural variation in flowering time responds to nitrate fluctuation (KNO3 in
mM) under both long-day (LD; 16 h/8 h day/night) and day-neutral (MD; 12 h/12 h
day/night) conditions. A. Photograph of representative plants growing under LD con-
ditions for 20 days after germination (DAG). The upper, middle, and lower panels show
the morphology for Col-0, Ler, and Ws plants, respectively. Note that plants grown at
0.1 mM concentration of KNO3 display a strong stress phenotype. B. Flowering time in
DAG for plants growing under LD conditions. For all three accessions, numbers in
corresponding colors indicate the fold change taking the flowering time at 1 mM as 1
(the same for C). C. Flowering time in DAG for plants growing under MD conditions. For
B and C, * and + indicate the significances between Col-0 and Ws at each nitrate
concentration under LD (*) and MD (+) conditions, respectively. ***/+++, P < 0.001,
and **/++, P < 0.01. See Fig. S 1 for other comparisons.
3.2. Photoperiod affects accession-specific flowering time variation
in responding to nitrate supply

We next tested whether photoperiod had any influence on
flowering time variation upon nitrate fluctuation for different ge-
notypes, as it has been established that photoperiod can modulate
the flowering time of Col-0 upon nitrate supply changes (Olas et al.,
2019; Weber and Burow, 2018). All plants of each accession flow-
ered significantly later when grown under day neutral (MD) con-
ditions than LD conditions (Fig. 1C and Fig. S1). Both Ws and Ler
displayed very little variation (~1.0- to 1.3- fold in comparison to
the flowering time at 1mM) in their flowering timewhen grown on
different concentrations of KNO3. In contrast, Col-0 plants varied
considerably, from 31 DAG at 0.5 mM (~1.0-fold in comparison to
the flowering time at 1 mM) to 63 DAG at 32 mM (~2.1-fold). These
data clearly suggest a significant influence of photoperiod on
accession-specific flowering time variation upon nitrate change in
Arabidopsis. Col-0 is more sensitive to nitrate supply levels than Ler
and Ws, consistent with a previous finding that most flowering
time variation caused by nitrate supply change is due to genetic
differences among lines (de Jong et al., 2019; Pigliucci and
Schlichting, 1995).
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3.3. Genotype-specific flowering time variation partially anti-
correlates with growth traits

We continued to investigate whether the flowering variation in
these accessions correlates with growth patterns. We measured
the primary root length, total number of lateral roots longer than
3 mm, and fresh weight for plants growing under both LD and MD
for 15 DAG (Fig. 2). All three accessions showed a relatively stable
and identical pattern of primary root length for plants grown
under both LD and MD conditions, except at 0.1 mM KNO3, where
an obvious reduction was observed (Fig. 2A, B and E). Lateral root
number and fresh weight of aerial parts for all three accessions
Fig. 2. Effects of nitrate fluctuation on flowering time variation anti-associates partially with
panel) or MD (lower panel) conditions for 14 DAG. For each plate, seeds of the three access
growth of plants at 0.1 mM concentration shows a strong stress phenotype. B-G. The primary
of seedlings (D and G) for the three accessions grown under different nitrate concentration
deviation of means for at least 15 plants of each accession. For C and F, only lateral roots long
change taking the trait mean value at 1 mM as 1. This experiment was duplicated and both
displayed an “inverted U type”, with strong variation especially at
concentrations of 0.1 and 32 mM under both photoperiod
rhythms. LD growing Ws plants had more lateral roots and fresh
weight of aerial parts than Col-0 and Ler (Fig. 2C, D, F and G).
These data indicate that nitrate supply affects growth traits in an
accession-dependent manner with the best growth occurring
around 1 mM KNO3. Furthermore, photoperiod seems to affect
only the absolute levels of primary root length, but does not
impact the number of lateral roots or fresh weight of aerial part of
these accessions.

Interestingly, only Col-0 plants showed an anti-correlation
pattern between flowering time and lateral root number when
growth phenotypes. A. Photograph of representative plants growing under LD (upper
ions (Ws, Col-0, and Ler) were randomly sown to minimize positional effect. Note the
root length (B and E), number of lateral roots (C and F), and fresh weight of aerial part

s (X-axis) at LD (B, C, and D) and MD (E, F, and G) conditions. Bars show the standard
er than 3 mm are counted. For B to G, numbers in corresponding colors indicate the fold
gave similar results.
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grown in both LD (Pearson's correlation test, cor ¼ �0.91,
p ¼ 0.004) and MD (Pearson's correlation test, cor ¼ �0.9,
p¼ 0.006) conditions (Table 1). Ler displayed a negative association
between flowering time and number of lateral roots only in LD
conditions (cor ¼ �0.76, p ¼ 0.049). We observed a negative cor-
relation between flowering time and primary root length for both
Ws (cor ¼�0.96, p ¼ 0.001) and Ler (cor ¼�0.76, p¼ 0.048) plants
grown under LD but not MD conditions. These data clearly indicate
that accession-specific flowering time variation responds to nitrate
supply change only under certain photoperiod conditions.

We next examined whether these genotype-specific flowering
time behaviors are associated with variation in gene expression in
key flowering integrators.
Fig. 4. Relative expression of aging pathway genes SPL3 (A), SPL4 (B), and SPL5 (C) in
Col-0 (red) and Ws (blue) seedlings grown on different nitrate concentrations under
LD (broken lines) and MD (solid lines) conditions. Mean values with standard deviation
of three biological replicates are shown. * marks significance levels under LD condition
between genotypes: ***, P < 0.001, **, P < 0.01, and *, P < 0.05; + shows significant
difference under MD condition, +++, P < 0.001, ++, P < 0.01, and +, P < 0.05.
3.4. Genotype-specific expression of SOC1 and FT underlies
flowering time variation

SOC1, but not FT, has been considered as one of the key factors
regulating flowering time in shoot apical meristem under low or
optimal nitrate conditions (Olas et al., 2019). Interestingly,
corroborating with the earlier flowering phenotype under both
LD and MD conditions, SOC1 displayed a constant higher
expression at all four nitrate concentrations in Ws plants than
Col-0 plants (Fig. 3A). Nitrate only mildly modulated the SOC1
expression levels in both lines under both photoperiod
conditions.

FT, transcribed in leaf phloem, is a mobile signal moved to shoot
apical meristem to activate downstream flowering promoters like
SOC1, AP1 and several other transcription factors (Bratzel and Turck,
2015; Turck et al., 2008). Because photoperiod significantly
modulated flowering time in our experiments (Fig. 1), we next
examined FT expression levels in Col-0 and Ws plants following
variation in both nitrate supply and photoperiod conditions
(Fig. 3B). In general, FT expression showed a highly similar pattern
to that of SOC1 for both genetic materials under both photoperiod
conditions, indicating that both FT in leaf and SOC1 in shoot apical
meristem are underlying the line-specific flowering time variation
responding to nitrate variation. Interestingly, we did not detect any
nitrate-regulatory-element (NRE) change in the promoter regions
for both FT and SOC1 of both Col-0 and Ws (data not shown),
therefore, we next looked for potential upstream regulators asso-
ciating with expression variation.
Fig. 3. Natural variation in relative expression of SOC1 (A) and FT (B) in response to nitrate concentration fluctuation (X-axis) is associated with flowering behaviors of Col-0 (red)
and Ws (blue) under LD (broken lines) and MD (solid lines) conditions. Quantitative RT-PCR was used to quantify the relative expression in three biological replicates for 15 DAG
seedlings with standard deviation of means shown. Note that, in comparison to Col-0, Ws features a relatively higher basal expression for both genes and for both growth con-
ditions. In both A and B, * marks significance levels under LD condition between genotypes: ***, P < 0.001, **, P < 0.01, and *, P < 0.05; + shows significant difference under MD
condition, +++, P < 0.001, ++, P < 0.01, and +, P < 0.05).
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3.5. Diversified relationships between expression of SPLs and
flowering time variation

We first examined the miR156-SPLs expression in the aging
pathway of flowering time regulation (Srikanth and Schmid,
2011; Wang et al., 2009; Wu and Poethig, 2006). miR156-SPLs
expression can be modified significantly by low nitrate supply,
thus has the potential to influence floral transition timing
under altered nutrient conditions (Fischer et al., 2013; Liang et
al., 2012; Olas et al., 2019; Pant et al., 2009). When grown
under LD conditions, both Col-0 and Ws featured a relatively
repressed expression of SPL3 with higher nitrate supplies (16
and 32 mM in contrast to 0.5 and 1 mM) (Fig. 4A). SPL5
expression did not change in response to different nitrate
levels in either accession under LD or MD conditions. However,
SPL3 and SPL5 expression was relatively higher in Ws plants
than in Col-0 plants (Fig. 4C), which is consistent with their
flowering time variation (Fig. 1). In our analysis under both LD
and MD conditions, Ws exhibited a relatively higher expression
of both SPL3 and SPL5 but a relatively lower expression of SPL4
(Fig. 4B). Furthermore, SPL4 expression of Col-0 increased
about 2.5-fold at 32 mM (compared to 1 mM) KNO3 concen-
tration, which is contradicting to the flowering time dynamics
between these two accessions (Fig. 1). Consistent with previous
report using Col-0 (Olas et al., 2019), SPL4 expression did not
change in response to fluctuation of nitrate concentrations
Fig. 5. Relative expression of GAI (A), FLC (B), CO (C) and GI (D) in Col-0 (red) and Ws (blue
(solid lines) conditions. Mean values with standard deviation of three biological replicates
P < 0.001, **, P < 0.01, and *, P < 0.05; + shows significant difference under MD condition
under LD conditions. Our data therefore indicate that these
three SPLs may differ between Ws and Col-0 in specifying the
flowering time variation upon fluctuation of nitrate supply.

3.6. Expression of FLC associates with genotype-specific flowering
time variation upon alteration of nitrate supplying

Endogenous GA levels can be significantly modulated upon
growing on low or high nitrate medium, and nitrate levels can also
regulate the expression of genes in GA-mediated flowering
pathway (Liu et al., 2013), though the loss-of-function mutants gai
or ga1-3 in Ler background only showed a mild change in nitrate-
mediated flowering time variation (Marin et al., 2011). We found
that, in Col-0 and Ws, GAI expression decreased slightly when ni-
trate concentration increased under MD conditions (Fig. 5A), indi-
cating that nitrate fluctuation has little impact on variation of GAI
expression. However, we cannot exclude the possibility that other
components in the GA-mediated flowering time network may
participate in the regulation of the accession-specific flowering
time variation upon nitrate change.

However, FLC seems to underlie the flowering time variation in
that its expression increased for about 2.1 (16 mM) to 2.4 (32 mM)
fold in Col-0 under MD conditions, while its expression did not
change for Ws (both LD and MD conditions) or Col-0 under LD
conditions (Fig. 5B). Not surprisingly, nitrate-mediated flowering
time variation correlates well with FLC expression change in Col-
) seedlings grown on different nitrate concentrations under LD (broken lines) and MD
are shown. * marks significance levels under LD condition between genotypes: ***,
, +++, P < 0.001, ++, P < 0.01, and +, P < 0.05.
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0 (Kant et al., 2011). Because all three accessions do not feature a
functional FRI, a strong promoter of FLC expression (Johanson et
al., 2000; Korves et al., 2007; Stinchcombe et al., 2004), it will
be therefore very interesting to compare the flowering time
variation upon nitrate supply change in natural accessions with
functional FRI.

3.7. Dynamic expression of GI, not CO, is linked to FT expression

Our results indicate that photoperiod may play an essential role
in the variation of nitrate-mediated genotype-specific flowering
time. Nitrate availability can significantly alters the expression of
major photoperiod pathway genes like CO, CRY1 and genes in
circadian clock oscillators, and while loss-of-function or over-
expression of part of these genes leads to obvious flowering time
change (Marin et al., 2011; Weber and Burow, 2018; Yuan et al.,
2016). Furthermore, photoperiod pathway seems to interact with
the gibberellin acid and autonomous pathways to modulate
nitrate-regulated floral transition (Marin et al., 2011). Indeed, the
expression of CO in both Col-0 andWs plants responded to increase
of nitrate concentration in the medium, though no difference could
be observed between accessions (Fig. 5C), indicating that CO
expression was unlikely associated with line-specific flowering
time regulation. However, we found the expression of another
important player, GI, one key player in photoperiod and circadian
clock pathway, displayed a correlation with floral transition dif-
ference between Col-0 and Ws, especially under MD conditions
(Fig. 5D). GI can regulate the FT expression either directly by
binding to the FT promoter, or indirectly by modifying CO tran-
scription, bymodulating the activity ofmiR172/AP2-likemodules, or
by CDFs-mediated transcriptional regulation (Mishra and
Panigrahi, 2015). However, GI can also modulate CO protein sta-
bility via physical interactionwith FKF1 and ZTL, and thus indirectly
repress FT expression (Song et al., 2014). Interestingly, we detected
a relatively lower expression of GI in Ws plants than Col-0 under
MD conditions (Fig. 5D). These data suggest that the accession-
specific expression of FT can be modified by GI, independent of
CO transcription, or other players in the photoperiod and circadian
clock pathway, to time the floral transition upon nitrate fluctuation.

4. Conclusion

In this study, we show that the flowering time variation in
responding to nitrate supply fluctuation is genotype-specific in
A. thaliana, a pattern also observed previously (de Jong et al., 2019;
Marin et al., 2011). Differences in flowering time responses seem
depending on the light rhythm that the accessions are growing.
However, accession-specific effects of flowering time variation
anti-correlates with some growth traits, for example lateral roots
number. We demonstrate that the flowering time variation in
Arabidopsis accessions can attribute to the expression dynamics of
integrators (e.g., FT and SOC1) upon change of nitrate supplies.
Although the potential molecular mechanisms still await further
investigation, we illustrate that expression change of specific
transcription factors in the photoperiod (GI), autonomous (FLC),
and aging (SPLs) pathways and/or their interactions correlate well
with expression variation of floral integrators, thus might
contribute to the genotype- and photoperiod-specific flowering
time responses to nitrate supply change. Nitrate serves as both
nutrients and signaling molecules regulating many aspects of plant
developmental and environmental adaptation processes. There-
fore, our efforts shed light on the dissection of molecular genetic
basis on how flowering time and nitrate assimilation are coordi-
nately regulated during plant life-cycle. Furthermore, this study
provide novel insights into the breeding for crops requiring optimal
but relatively lower nitrate supply in agriculture, one of the most
desirable goals in agricultural efforts (Li et al., 2017).
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