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Abstract	 Plant growth promotion and inhibition under low- and high-density conditions (referred to as the density effect) 
has been studied extensively. Here, we show that such density effects were unaffected by the position of wild-type (WT) 
and gibberellic acid insensitive (gai) strains of Arabidopsis thaliana (Arabidopsis) within pots. Additionally, petanko 1 (pta1) 
and pta5 were newly discovered alleles of the ROTUNDIFOLIA 3 (ROT3) and DWARF 4 (DWF4) genes that are involved in 
brassinosteroid biosynthesis. Unlike gai, the semi-dwarf mutants of pta1 and pta5 exhibited normal flowering times and a 
shortening of rosette leaves at high densities. Moreover, the pta1 and pta5 variants suppressed flowering stem shortening at 
high densities. pta5, but not pta1 suppressed the reduction in silique number at intermediate densities. SPINDLY (SPY) is a 
negative regulator of GA signaling, while PHYTOCHROME B (PHYB) is a red-light photoreceptor. High-density growth 
did not reduce the flowering time of phyB mutants, but did affect that of spy mutants. Neither spy nor phyB suppressed the 
shortening of rosette leaves at high densities; however, spy suppressed flowering stem shortening. Moreover, spy suppressed 
the reduction of silique number at high densities, while and phyB promoted the decrease. These data suggest that GA, BR, 
and light signaling pathways play important roles in the density effect.
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The law of constant final yield (Kira et al. 1953; Pacala 
and Weiner 1991; Pearl and Parker 1922) states that the 
total biomass production of plants grown at different 
densities is constant following an initial period of 
growth (Weiner and Freckleton 2010). At high densities, 
leaf and stem lengths are shortened and the number 
of flower buds decreases. The flowering time is also 
accelerated under such conditions (Aihara 1968; Jennings 
and de Jesus 1968; Levin and Wilson 1978), and these 
phenomena are known as density effects (Fishman 1997; 
Pacala and Weiner 1991).

We recently established conditions to investigate 
density effects in Arabidopsis thaliana (Arabidopsis), as 
well as three additional Brassicaceae plants (Yamamoto 
et al. 2016). These plants exhibited short stems and 
leaves, and had accelerated flowering when grown at 
high densities. The acceleration of flowering at increased 
densities was suppressed by the gibberellic acid insensitive 
(gai) mutation (Koornneef et al. 1991; Peng et al. 1997) in 
the gibberellic acid (GA) pathway (Mutasa-Göttgens and 
Hedden 2009), but not by other late flowering mutations 
in the photoperiod/long-day pathway, including that 
of gigantea (gi; Koornneef et al. 1991), late elongated 

hypocotyl; circadian clock associated 1 (lhy;cca1; Fujiwara 
et al. 2008; Mizoguchi et al. 2002), or in the flowering 
control locus A gene (fca; Koornneef et al. 1991) of the 
autonomous pathway. Since plant density affects plant 
growth, a detailed understanding of the molecular 
mechanisms surrounding such processes is important for 
plant science.

We hypothesize that the promotion of flowering by 
density effects is dependent upon the GA pathway; 
however, since gai strains are semi-dwarf mutants with 
short hypocotyls, leaf petioles, and blades, plant density 
may be lower than that of the wild-type (WT) when the 
same number of seeds are sown per pot. We previously 
discussed the density effects on growth and development, 
where ethylene, GA signaling, and flowering time genes 
are primary factors. Although several late flowering 
mutants were used, only the early flowering 3 mutant 
strain (elf3; Zagotta et al. 1996) was investigated 
previously (Yamamoto et al. 2016). Since then, many 
questions have been raised.

Density effects could be due to other plant hormones, 
including brassinosteroid (BR) and auxin (Busov et al. 
2008; Hardtke et al. 2007). Additionally, the observed 
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dwarfism in extremely high-density conditions could be 
caused by the reduction of light quantity or changes in 
light quality. Thus, room for growth and development 
may be dependent on pot locations (e.g., the center or 
edge of pots).

Recently, we identified petanko 1 and 5 (pta1 and 
pta5; meaning flat in Japanese; Suzuki et al. 2016) as 
mutations that exaggerate the semi-dwarf phenotype 
of the lhy;cca1 mutant (Fujiwara et al. 2008) under 
continuous light (LL). pta1 and pta5 are new alleles of the 
rotundifolia 3 (rot3; Kim et al. 1998) and dwarf 4 (dwf4; 
Choe et al. 1998) genes, respectively. Both ROT3/PTA1 
and DWF4/PTA5 encode key enzymes involved in BR 
biosynthesis (Choe et al. 1998; Kim et al. 2005). The 
semi-dwarf phenotypes of pta1 and pta5 strains were less 
than that of gai.

GAI (Peng et al. 1997) positively regulates the GA 
signaling pathway, while SPINDLY (SPY, Jacobsen 
et al. 1996) negatively regulates the GA pathway. 
PHYTOCHROME B (PHYB) encodes a red-light 
photoreceptor (Reed et al. 1993) and cross-talk between 
the GA and light signaling pathways has been reported 
(Lor and Olszewski 2015). The gai mutation is dominant-
negative, delays flowering time, and shortens hypocotyls, 
leaf blades and petioles, and flowering stems (Peng et 
al. 1997). By contrast, loss-of-function mutations in 
either the SPY or PHYB genes accelerates flowering and 
lengthens hypocotyls, leaf blades, and petioles (Jacobsen 
et al. 1996; Reed et al. 1993).

We first tested density effects on WT and gai plants 
(Figure 1) grown at either the center or edge of pots 
(Figure 2). WT and gai seeds were sown at densities of 5, 
10, 20, 40, and 60 per pot and grown under continuous 
light (LL). The number of cauline and rosette leaves 
(flowering time; Figure 2A–E), as well as the length of 
rosette leaves (Figure 2F–J) and flowering stems (Figure 
2K–O), and the number of siliques (Figure 2P–T) from 
plants grown at the edge of pots were compared to those 
at the center of pots. As the density of WT plants per pot 
increased, the number of leaves and siliques decreased, 
while the length of rosette leaves and flowering stems 
shortened (Figures 1, 2A, 2B, 2E–G, 2J–L, 2O–Q, 2T).

As recently reported (Yamamoto et al. 2016), gai 
mutants exhibited lengthened flowering times at densities 
of 10 to 60 seeds per pot (Figures 1, 2C–E). Using a 
detailed statistical analysis, we found that gai mutants 
also had shortened leaf/stem lengths and a decreased 
number of siliques (Figures 1, 2H–J, 2O–Q, 2T). The 
percentages of the average length of WT rosette and 
cauline leaves grown at the edge and center of pots 
at a density of 60 were 65.3 and 63.2%, respectively, 
compared to those at a density of 5 seeds per pot (Figure 
2E). By contrast, the percentages of the average length 
of rosette and cauline leaves in the gai strain at the edge 
and center of pots were 82.1 and 82.4%, respectively, 

at a density of 60 seeds per pot, compared to those at a 
density of 5 seeds per pot (Figure 2E). The percentages 
of the average length of WT rosette leaves grown at the 
edge and center of pots were 42.6 and 42.3%, respectively, 
at a density of 60 seeds per pot, compared to those 
at a density of 5 seeds per pot (Figure 2J). In contrast, 
the percentages of the average length of rosette leaves 
of the gai strain grown at the edge and center of pots 
at a density of 60 seeds per pot were 60.8 and 62.6%, 
respectively, compared to those at a density of 5 seeds 
per pot (Figure 2J). Notably, there was no statistical 
difference in flowering times and leaf lengths between 
WT and gai strains grown at the edge and center of pots 
(Student’s t-test, p>0.05; Figure 2E, J).

The shortening of flowering stems was suppressed 
in the gai strain at densities of 10–40 seeds per pot 
(Figure 2K–O), while the decrease in silique number 
was moderately suppressed in the gai strain at densities 
of 20 and 40 seeds per pot (Figure 2P–T). No significant 
difference in stem lengths or silique numbers was 
observed between WT and gai strains grown at the edge 
and center of pots (Student’s t-test, p>0.05; Figure 2O, 
T). Thus, the data suggested that the positions of plants 
in pots did not influence such density effects in WT and 
gai strains. Therefore, 10 plants were chosen randomly 
from the surface of pots and their leaf and stem lengths, 
as well as their silique counts were also assessed 
(Yamamoto et al. 2016).

In addition to the gai strain, we also assessed strains 
with semi-dwarf mutations in ROT3/PTA1 (Kim et 
al. 1998; Suzuki et al. 2016) and DWF4/PTA5 (Choe et 
al. 1998; Suzuki et al. 2016) (Figure 3). Compared to 
gai (Figure 3A–B, 3E), pta1 and pta5 strains had WT 
flowering times at high densities (Figure 3C–E). pta1 
and pta5 did not suppress rosette leaf shortening at 
high densities (Figure 3H–J), while pta5 mutants had 
elevated rosette leaf shortening at densities of 20 and 40 
seeds per pot (Figure 3I–J). pta1 and pta5 mutants had 
reduced flowering stem shortening at high densities 
(Figure 3M–O). Moreover, the significant differences 
between the stem lengths of WT and pta1 or pta5 were 
observed at densities of 10–60 seeds per pot (Student’s t-
test, p<0.05). pta5, but not pta1, suppressed the decrease 
in silique number that was observed in WT at densities 
of 10 and 20 seeds per pot (Figure 3P–T). These data 
suggested that the BR and GA signaling pathways are 
involved in density effects. Although the density effect 
was partially suppressed in pta1 and pta5, the phenotype 
was weaker than gai (Figure 3). The results suggest that 
GA has more important role in the density effect than 
BR.

We also investigated the density effects of mutations 
that cause early flowering and sensitivity to GA and 
light (i.e., spy and phyB) using the elf3 strain (Zagotta et 
al. 1996) as the control (Figure 4). Higher seed densities 
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did not accelerate flowering times in the phyB strain, but 
did in the spy strain (Figure 4A–E). The differences in 
the number of rosette and cauline leaves between WT 
and spy, phyB, or elf3 were also significantly different 
at densities of 10–60 seeds per pot (Student’s t-test, 
p<0.05). spy and phyB did not suppress the shortening 

of the rosette leaves at high densities (Figure 4F–J); 
however, spy suppressed the shortening of flowering 
stems at high densities (Figure 4K–O). The difference 
between the stem length of WT and those of spy and 
elf3 mutants at densities of 10–40 seeds per plot was 
statistically significant (Student’s t-test, p<0.05). The 

Figure  1.  Density effects in Arabidopsis thaliana. Photograph of (A) WT (Ler), (B) pta1, (C) pta5, (D) gai, (E) spy-5, (F) elf3-101, and (G) phyB-2511. 
Seeds of Arabidopsis thaliana were sown at 5, 10, 20, 40, and 60 per pot, and grown at 24°C under continuous light (LL). Plants were photographed 
after bolting. Scale bars, 5 cm.
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decreases in stem length in the phyB mutant were 
enhanced at densities of 40 and 60 seeds per pot (Figure 
4O). The phyB mutant also decreased silique numbers at 

higher densities, while spy mutants did not (Figure 4P–
T). Thus, GA and light signaling likely play key roles in 
density effects.

Figure  2.  The effects of plant position in pots on density effects. Shown are measurements for WT plants grown at the edge (blue; A, F, K, P) and 
center (yellow; B, G, L, Q), and gai plants grown at the edge (red; C, H, M, R) and center (green; D, I, N, S) of pots. Decreases in rosette and cauline 
leaf number (E), rosette leaf length (J), flowering stem length (O), and silique number (T) relative to those at a density of 5 seeds per pot were 
measured. (A–E) Density effects of flowering times in WT (Ler) and gai strains. Rosette and cauline leaf numbers were determined after bolting. (F–J) 
Density effects on rosette leaf length in WT and gai strains. Rosette leaf lengths of the 3rd leaves were measured 3 weeks after sowing. (K–O) Density 
effects on flowering stem length in WT and gai strains. Flowering stem lengths were measured following bolting (∼6 weeks after sowing). (P–T) 
Density effects on silique number in WT and gai strains. Silique numbers were determined following bolting (∼6 weeks after sowing). Seeds (5, 10, 
20, 40, and 60 per pot) were grown at 24°C under LL. Data are presented as the means±SE (n=5). No statistical difference was observed between the 
leaf numbers of WT and gai plants grown at the edge vs. the center of pots (Student’s t-test, p>0.05).
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Statistical analysis of gai and elf3 strains allowed us to 
identify their roles in flowering time, stem/leaf lengths, 
and silique number as a result of density effects. Cross-

talk between the signaling pathways for GA and BR (Li 
and He 2013), BR and light (Lau and Deng 2010; Wang 
et al. 2012), and light and GA (Lor and Olszewski 2015) 

Figure  3.  Density effects on flowering time, rosette leaf and flowering stem length, and silique number in gai, pta1, and pta5 mutants. 
Measurements are shown for WT (Ler, blue; A, F, K, P), gai (yellow; B, G, L, Q), pta1 (red; C, H, M, R), and pta5 (green; D, I, N, S) plants. Shown 
are the decreases in rosette and cauline leaf number (E), rosette leaf length (J), flowering stem length (O), and silique number (T) relative to those at 
densities of 5 seeds per pot. (A–E) Density effects on flowering time. Rosette and cauline leaf numbers were determined after bolting. (F–J) Density 
effects on rosette leaf length of the 3rd leaves, measured 3 weeks after sowing. (K–O) Density effects on flowering stem length, measured after bolting 
(∼6 weeks after sowing). (P–T) Density effects on silique number, determined after bolting (∼6 weeks after sowing). Seeds (5, 10, 20, 40, and 60 per 
pot) were sown and grown at 24°C under LL. Data are presented as the means±SE (n=10). Asterisks indicate significant differences, compared with 
the WT (Student’s t-test, p<0.05).



338	 Density effects on semi-dwarf and early-flowering mutants

have been reported. Common factors of the GA, BR, 
and light signaling pathways, including phytochrome-
interacting factors (PIFs; de Lukas and Prat 2014), may 
play key roles in the control of flowering time, stem/leaf 

length, and silique number at high densities. How gai 
and spy mutations had similar effects at high densities, 
despite their opposite effects on GA signaling, remains 
unknown. Thus, investigation into the roles of other 

Figure  4.  Density effects on flowering time, rosette leaf and flowering stem length, and silique number in spy, elf3, and phyB mutants. Measurements 
are shown for WT (Ler, blue; A, F, K, P), spy-5 (yellow; B, G, L, Q), elf3-101 (red; C, H, M, R), and phyB-2511 (green; D, I, N, S) plants. Shown are the 
decreases in rosette and cauline leaf number (E), rosette leaf length (J), flowering stem length (O), and silique number (T) relative to those at densities 
of 5 seeds per pot. (A–E) Density effects on flowering time. Rosette and cauline leaves numbers were determined after bolting. (F–J) Density effects on 
rosette leaf length of the 3rd leaves, measured 3 weeks after sowing. (K–O) Density effects on flowering stem length, measured after bolting (∼6 weeks 
after sowing). (P–T) Density effects on silique number, determined after bolting (∼6 weeks after sowing). Seeds (5, 10, 20, 40, and 60 per pot) were 
sown and grown at 24°C under LL. Data are presented as the means±SE (n=10). Asterisks indicate significant differences, compared with the WT 
(Student’s t-test, p<0.05).
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photoreceptors, including PHYA, PHYC, PHYD, PHYE, 
CRY1, and CRY2, on density effects is also warranted.

Flowering time of the early flowering mutants, elf3 
and phyB, was not accelerated at high densities; however, 
this may be due to an increased florigen activity in those 
mutants. Therefore, flowering times should also be tested 
in ELF3- or PHYB-overexpressing strains. The dwarf 
phenotype under extremely high-densities could be due 
to the lack of specific nutrients (Harper 1977; Willey and 
Heath 1961). Understanding such factors is necessary 
to detail the molecular mechanisms underlying density 
effects.
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