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A negative correlation has consistently been reported between the change in flowering time and the change in leaf
number at flowering in response to environmental stimuli, such as the application of exogenous compounds, cold
temperature, day length and light quality treatments in Arabidopsis thaliana (Arabidopsis). However, we show here that
the application of exogenous nitrogen dioxide (NO2) did not change the number of rosette leaves at flowering, but
actually accelerated flowering in Arabidopsis. Furthermore, NO2 treatment was found to increase the rate of leaf
appearance. Based on these results, reaching the maximum rosette leaf number earlier in response to NO2 treatment
resulted in earlier flowering relative to controls.

Similar to other herbaceous plant species, the time to flower-
ing or timing for transition from the vegetative to reproductive
phase is a critical factor determining vegetative biomass yield in
Arabidopsis thaliana (Arabidopsis). Late flowering contributes to
increased vegetative biomass yield in Arabidopsis and other
species.1-4 Flowering time increases or decreases as a function of
environmental stimuli and Arabidopsis genotype, and the rela-
tionship between flowering time and number of rosette leaves or
combined number of rosette and cauline leaves (i.e., leaf number)
at flowering, which reflects the final vegetative biomass, is not
always proportional.5-7 However, to our knowledge the correla-
tion between change in flowering time and change in leaf number
in response to various environmental stimuli is always negative in
Arabidopsis. For example, application of exogenous nitric oxide
(NO),8 glucos,9 sucrose10 and gibberellic acid (GA)11 increases
leaf number but delays flowering. Vernalization treatment
reduces leaf number but accelerates flowering.12,13 In addition,
short day treatment increases leaf number but delays flowering.14

Quality and intensity of light affects leaf number and negatively
affects flowering time.11,14 Moreover, leaf number is commonly
used as a standard indicator of flowering time; the fewer the
leaves, the faster is flowering.15,16

In contrast to these stimuli, atmospheric nitrogen dioxide
(NO2) increases shoot biomass and organ size, accompanied by
acceleration of flowering, as reported previously.17-19 Further-
more, an increase in shoot biomass following NO2 treatment was
correlated with leaf size rather than leaf number.17 Thus, treat-
ment with exogenous NO2 is unique in terms of the control of

vegetative and reproductive growth compared to other various
environmental stimuli, as described above. Exploring this unique
effect of NO2 is important to increase our understanding of NO2

physiology and of the mechanistic interactions of vegetative
growth with flowering. In this report, we investigated the rela-
tionship between flowering time and leaf number in response to
NO2 treatment. Arabidopsis plants were grown and subjected to
NO2 treatment, as reported previously17 (see supplementary
material). The number of days after sowing when flower bolts
were 1 cm in length was used as a measure of flowering time.20

Table 1 summarizes the effects of NO2 treatment on flower-
ing time and shoot biomass yield in 3 Arabidopsis accessions;
namely, C24, Columbia (Col-0) and Landsberg erecta (Ler)
obtained in our present (flowering time of Ler) and previous
reports.17-18 Ler significantly accelerated flowering by 2.1 days
and increased shoot biomass yield following NO2 treatment, as
has been observed for 2 other accessions. NO2 treatment
increased shoot biomass accompanied by acceleration of flower-
ing time in all 3 accessions (Table 1).

Despite the acceleration of flowering, NO2 treatment did not
change the number of rosette leaves per plant at flowering or the
maximum rosette leaf number (Table 2). Furthermore, NO2

treatment significantly increased, by about 20%, the rate of leaf
appearance (RLA) or the inverse of plastochron (Table 2).

Leaf number is commonly used as a standard indicator of
flowering time in Arabidopsis.15,16　This means that the number
of rosette leaves per plant at flowering, or the maximum rosette
leaf number on plants of an Arabidopsis genotype grown under a
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given set of environmental conditions (excluding NO2 exposure),
is considered a constant. However, our present finding that the
number of rosette leaves per plant at flowering was similar
between CNO2-treated plants and –NO2 control plants
(Table 2) indicated that NO2 treatment did not change rosette
leaf number (Table 2). Thus, rosette leaf number cannot be used
as an indicator of flowering in response to NO2 treatment.

Nonetheless, our finding suggested that the number of rosette
leaves onCNO2-treated and –NO2 control plants triggered flow-
ering, and that the number of leaves that triggered flowering was
identical in both plants. The NO2 treatment did not change
rosette leaf number at flowering but influenced the RLA, with
that of CNO2-treated plants being higher than that of –NO2

control plants (Table 2). Thus, the combination of these 2 exper-
imental observations, identical maximum leaf number and short-
ened plastochron, is a likely cause of the earlier flowering in
response to NO2 treatment.

Among the 4 or 5 major pathways for Arabidopsis flower-
ing,21,22 NO2-induced early flowering is likely associated with
the autonomous and aging endogenous pathways, both of which
function independently of environmental factors and are related
to the developmental stage of the plant. However, quantitative
real-time PCR analysis of mRNA levels in Col-0 revealed that
the expression of genes such as FLC and MIR156, which are
reported to be involved in these endogenous pathways,21,22 did
not change in response to NO2 treatment (Takahashi et al.,
unpublished results). Identification of floral genes involved in
NO2-induced flowering control requires further investigation.

It has been reported recently that disruption of a gene encod-
ing the protein GIGANTUS1, a member of the transducin/
WD40 protein superfamily, results in lower leaf number and ear-
lier flowering, and higher shoot biomass accumulation)

compared to wild-type Arabidopsis controls.23 The involvement
of the GIGANTUS1 gene in NO2-induced vegetative growth
and early flowering requires further study.

We reported previously that NO2-induced increases in shoot
biomass and organ size are attributable to NO2-induced increases
in cell proliferation and enlargement.17 The genes involved in
increased organ size and biomass upon ectopic overexpression
(for positive regulators) or down-regulation (for negative regula-
tors) have been referred to recently as intrinsic yield genes
(IYGs); these genes have been investigated using Arabidopsis as a
model plant (reviewed by Gonzalez et al.24). Investigations using
overexpressors of positive regulators or transgenic plants in which
negative regulators were suppressed have shown that multiple
pathways independently converge to control organ size in Arabi-
dopsis.24 A total of 23 IYGs—including 9, 11 and 3 genes that
stimulate cell proliferation, enlargement, and both cell prolifera-
tion and enlargement, respectively—were chosen and analyzed
using quantitative real-time PCR for their average transcript
expression levels in young (leaves 21–25), middle (leaves 12–20),
and old (leaves 1–11) leaves of 5-week-old CNO2-treated plants
and –NO2 control plants. No single gene was consistently signifi-
cantly up- or down-regulated. However, NO2-induced expres-
sion of different sets of these genes was dependent on the leaf
developmental stage.17

Besides IYGs, a group of genes that strongly affected the rate
of leaf production and plastochron identified in Arabidopsis,
rice, and maize such as PHYB, gibberellin biosynthesis and sensi-
tivity genes, PGM, PLASTOCHRON1, CYP78A5, CYP78A7,
AMP1, PLA3, TE1, PLA2, and SE (see M�endez-Vigo25) are likely
involved in NO2-induced stimulation of vegetative growth and
flowering. Interestingly, involvement of some of these genes in
flowering-related traits, including flowering time, has been

Table 1. Application of exogenous nitrogen dioxide (NO2) accelerated flowering and increased shoot biomass in Arabidopsis thaliana accessions C24,
Columbia (Col) and Landsberg erecta (Ler)

Accession NO2 concentration (ppb) Average flowering time (days)§ SD (n) Average dry wt. of shoots (mg per plant)§ SD (n)

C24 0 42 § 3 (20) 25.2 § 6.8 (4)
50 40 § 3 (20) * 68.5 § 9.3 (10) ***

Col 0 40 § 3 (17) 14.3 § 2.5 (5)
50 34 § 1 (26) *** 24.2 § 5.5 (5) *

Ler 0 29.6 § 1.5 (19) 11.3 § 2.6 (5)
50 27.5 § 2.1 (22)*** 28.2 § 2.3 (5) ***

All data, excluding average flowering time of Ler, were obtained from our previous studies.17,18 Plants were harvested at 5, 4, and 4 weeks after sowing for
C24, Col, and Ler, respectively (see supplementary material). The number of days after sowing when flower bolts were 1 cm in length was used as a measure
of flowering time.20 Statistical significance was assessed using Dunnett’s t-test for dry wt. and Student’s t-test for flowering time: *, P < 0.05; ***, P < 0.001.
Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA).

Table 2. Number of rosette leaves per plant at flowering, and average rate of leaf appearance of Arabidopsis (Col-0) plants treated with 0 or 50 ppb NO2

NO2 (ppb) Number of rosette leaves per planta Average rate of leaf appearanceb (leaves / day)

0 21.2 § 2.7 (19) 0.53 § 0.07 (19)
50 21.5 § 3.1 (20) 0.63 § 0.09 (20) ***

Data represent means § SD (n). Plants were grown and subjected to NO2 treatment as described in the supplementary material. The number of days after
sowing when flower bolts were 1 cm in length was used as a measure of flowering time.20 a Number of rosette leaves per plants were counted at flowering.
b Number of rosette leaves at flowering was divided by the number of days after sowing at flowering (40 and 34 days for plants treated with 0 and 50 ppb
NO2, respectively

17, see Table 1). ***, P < 0.001. Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA).
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suggested.25 More recently, epistatic interactions of the genes
involved in circadian rhythm and starch metabolism, leading to
growth vigor and increased biomass accumulation, have been
reported.1,26-28 The role of these genes, including their interac-
tions in NO2-induced acceleration of both shoot biomass accu-
mulation and flowering, remains unknown.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Funding

This work was supported by a Grant-in-Aid for Scientific
Research (C) from the Japan Society for the Promotion of Sci-
ence (24580477, 21580403 to MT).

Supplemental Material

Supplemental data for this article can be accessed on the
publisher’s website.

References

1. Chen ZJ. Molecular mechanisms of polyploidy and
hybrid vigor. Trends Plant Sci 2010; 15:57-71;
PMID:20080432; http://dx.doi.org/10.1016/j.
tplants.2009.12.003

2. Schwartz CJ, Doyle MR, Manzaneda AJ, Rey PJ,
Mitchell-Olds T, Amasino RM. Natural variation of
flowering time and vernalization responsiveness in Bra-
chypodium distachyon. Bioenerg. Res 2010; 3:38-46;
http://dx.doi.org/10.1007/s12155-009-9069-3

3. Tholen D, Voesenek LACJ, Poorter H. Ethylene insen-
sitivity does not increase leaf area or relative growth
rate in Arabidopsis, Nicotiana tabacum, and Petunia x
hybrida. Plant Physiol 2004; 134:1803-1812; PMID:
15064382; http://dx.doi.org/10.1104/pp.103.034389

4. Morel P, Tr�ehin C, Breuil-Broyer S, Negrutiu I. Alter-
ing FVE/MSI4 results in a substantial increase of bio-
mass in Arabidopsis—the functional analysis of an
ontogenesis accelerator. Mol Breeding 2009; 23:239-
257; http://dx.doi.org/10.1007/s11032-008-9229-8

5. Koornneef M, Hanhart CJ, van der Veen JH. A genetic
and physiological analysis of late flowering mutants in
Arabidopsis thaliana. Mol Gen Genet 1991; 229:57-
66; PMID:1896021; http://dx.doi.org/10.1007/
BF00264213

6. Debieu M, Tang C, Stich B, Sikosek T, Effgen S,
Josephs E, Schmitt J, Nordborg M, Koornneef M, de
Meaux J. Co-Variation between seed dormancy, growth
rate and flowering time changes with latitude in Arabi-
dopsis thaliana. PLoS ONE 2013; 8:1-12 ; http://dx.
doi.org/10.1371/journal.pone.0061075

7. Pouteau S, Ferret V, Gaudin V, Lefebvre D, Sabar M,
Zhao G, Prunus F. Extensive phenotypic variation in
early flowering mutants of Arabidopsis. Plant Physiol
2004; 135:201-211; PMID:15122022; http://dx.doi.
org/10.1104/pp.104.039453

8. He Y, Tang RH, Hao Y, Stevens RD, Cook CW, Ahn
SM, Jing L, Yang Z, Chen L, Guo F. Nitric oxide
represses the Arabidopsis floral transition. Science
2004; 305:1968-1971; PMID:15448272; http://dx.
doi.org/10.1126/science.1098837

9. Zhou L, Jang J-C, Jones TL, Sheen J. Glucose and eth-
ylene signal transduction crosstalk revealed by an Arabi-
dopsis glucose-insensitive mutant. Proc Natl Acad Sci
U S A 1998; 95:10294-10299; PMID:9707641;
http://dx.doi.org/10.1073/pnas.95.17.10294

10. Ohto M, Onai K, Furukawa Y, Aoki E, Araki T, Naka-
mura K. Effects of sugar on vegetative development
and floral transition in Arabidopsis. Plant Physiol
2001; 127:252-61; PMID:11553753; http://dx.doi.
org/10.1104/pp.127.1.252

11. Bagnall DJ. Control of flowering in Arabidopsis thali-
ana by light, vernalisation and gibberellins. Aust J Plant
Physiol 1992; 19:401-409; http://dx.doi.org/10.1071/
PP9920401

12. Martinez-Zapater JM, Somerville RC. Effect of light
Quality and vernalization on late-flowering mutants of
Arabidopsis thaliana. Plant Physiol 1990; 92:770-776;
PMID:16667348; http://dx.doi.org/10.1104/pp.92.3.
770

13. M�endez-Vigo B, Gomaa NH, Carlos Alonso-Blanco C,
Pic�o FX. Among- and within-population variation in
flowering time of Iberian Arabidopsis thaliana esti-
mated in field and glasshouse conditions. New Phytol
2013; 197:1332-1343; http://dx.doi.org/10.1111/nph.
12082

14. Mockler TC, Guo H, Yang H, Duong H, Lin C.
Antagonistic actions of Arabidopsis cryptochromes and
phytochrome B in the regulation of floral induction.
Development 1999; 126:2073-2082; PMID:
10207133

15. Castro Mar�ın I, Loef I, Bartetzko L, Searle I, Coupland
G, Stitt M, Osuna D. Nitrate regulates floral induction
in Arabidopsis, acting independently of light, gibberel-
lin and autonomous pathways. Planta 2011; 233:539-
552; http://dx.doi.org/10.1007/s00425-010-1316-5

16. Schmid M, Uhlenhaut NH, Godard F, Demar M,
Bressan R, Weigel D, Lohmann JU. Dissection of floral
induction pathways using global expression analysis.
Development 2003; 130:6001-6012; PMID:
14573523; http://dx.doi.org/10.1242/dev.00842

17. Takahashi M, Furuhashi T, Ishikawa N, Horiguchi G,
Sakamoto A, Tsukaya H, Morikawa H. Nitrogen diox-
ide regulates organ growth by controlling cell prolifera-
tion and enlargement in Arabidopsis. New Phytol
2014; 201:1304-1315; PMID:24354517; http://dx.
doi.org/10.1111/nph.12609

18. Takahashi M, Morikawa H. Differential responses of
Arabidopsis thaliana accessions to atmospheric nitrogen
dioxide at ambient concentrations. Plant Sig Behav
2014; 9(3):e28563; http://dx.doi.org/10.4161/
psb.28563

19. M. Takahashi, H. Morikawa. Nitrogen dioxide is a posi-
tive regulator of plant growth. Plant Sig Behav 2014; 9(1):
e28033; http://dx.doi.org/10.4161/psb.28033

20. Kotchoni SO, Larrimore KE, Mukherjee M, Kempin-
ski CF, Barth C. Alterations in the endogenous ascorbic
acid content affect flowering time in Arabidopsis. Plant
Physiol 2009; 149:803-815; PMID:19028878; http://
dx.doi.org/10.1104/pp.108.132324

21. Amasino RM, Michaels SD. The timing of flowering.
Plant Physiol 2010; 154:516-20; PMID:20921176;
http://dx.doi.org/10.1104/pp.110.161653

22. Khan MRG, Ai X-Y, Zhang J-Z. Genetic regulation of
flowering time in annual and perennial plants. WIREs
RNA 2014; 5:347-359; PMID:24357620; http://dx.
doi.org/10.1002/wrna.1215

23. Gachomo EW, Jimenez-Lopez JC, Baptiste LJ, Kotch-
oni SO. GIGANTUS1 (GTS1), a member of Transdu-
cin/WD40 protein superfamily, controls seed
germination, growth and biomass accumulation
through ribosome-biogenesis protein interactions in
Arabidopsis thaliana. BMC Plant Biology 2014; 14:37;
PMID:24467952; http://dx.doi.org/10.1186/1471-
2229-14-37

24. Gonzalez N, Vanhaeren H, Inz�e D. Leaf size control:
complex coordination of cell division and expansion.
Trends Plant Sci 2012; 17:332-340; PMID:22401845;
http://dx.doi.org/10.1016/j.tplants.2012.02.003

25. M�endez-Vigo B, de Andr�es MT, Ramiro M, Mart�ınez-
Zapater JM, Alonso-Blanco C. Temporal analysis of
natural variation for the rate of leaf production and its
relationship with flowering initiation in Arabidopsis
thaliana. J Exp Bot 2010; 61:1611-1623; http://dx.doi.
org/10.1093/jxb/erq032

26. Ni Z, Kim ED, Ha M, Lackey E, Liu J, Zhang Y, Sun
Q, Chen ZJ. Altered circadian rhythms regulate growth
vigour in hybrids and allopolyploids. Nature 2009;
457:327-331; PMID:19029881; http://dx.doi.org/
10.1038/nature07523

27. Chen ZJ. Genomic and epigenetic insights into the
molecular bases of heterosis. Nat Rev Genet 2013;
14:471-482; PMID:23752794; http://dx.doi.org/
10.1038/nrg3503

28. M€uller LM, von Korff M, Davis SJ. Connections
between circadian clocks and carbon metabolism reveal
species-specific effects on growth control. J Exp Bot
2014; 65(11):2915–23; http://dx.doi.org/10.1093/jxb/
eru117

www.landesbioscience.com e970433-3Plant Signaling & Behavior

http://www.tandfonline.com/kpsb
http://www.tandfonline.com/kpsb

