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ABSTRACT
In flooded hypocotyl of soybean (Glycine max), cell division in phellogen and the elongation of 
these cells are enhanced, and thereby a secondary aerenchyma with high porosity is produced. 
Auxin controls cell division and cell elongation in many plants, so we studied its role in secondary 
aerenchyma development. Soybean plants with fully expanded unifoliolate leaves were flooded for 
6 d with solutions (100 μM each) of seven anti-auxins. TIBA, NPA, HFCA, 1-NOA, or CHPAA did not 
restrict the secondary aerenchyma formation, while MH moderately suppressed the aerenchyma 
development, and PCIB strongly inhibited the development of phellogen and secondary 
aerenchyma. However, the endogenous IAA concentrations in the flooded hypocotyls did not 
increase or decrease relative to the controls until 72 h, when a secondary aerenchyma was observed. 
From these results, it is unclear whether auxin plays an important role in the process of secondary 
aerenchyma formation under flooding.
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1.  Introduction

Most wetland species, including rice (Oryza sativa), 
develop aerenchyma in their roots as an efficient oxygen 
transport system (snorkel) for root aeration in flooded 
soils (Justin & Armstrong, 1987; Smirnoff & Crawford, 
1983), so they adapt to the stress and produce high 
biomass and grain yields in marshes and flooded paddy 
fields. Soybean (Glycine max), which is a major upland 
legume crop, is comparatively susceptible to flooding 
stress, but the plants can acclimate to prolonged flooding 
because of aerenchyma formation in shoots, roots, and 
nodules (Hattori et al., 2013; Rhine, Stevens, Shannon, 
Wrather, & Sleper, 2010; Shimamura, Mochizuki, Nada, 
& Fukuyama, 2002; Shimamura, Mochizuki, Nada, & 
Fukuyama, 2003; Shimamura, Yamamoto, Nakamura, 
Shimada, & Komatsu, 2010; Thomas, Guerreiro, & Sodek, 
2005). The aerenchyma is derived from phellogen 
between stele and cortex, and is called secondary aere-
nchyma (Fraser, 1931).

According to the observations of flooded hypoco-
tyl sections in soybean plants (Shimamura et al., 2003, 
2014), secondary aerenchyma formation occurs basi-
cally in three processes: (i) phellogen development 

between stele and cortex, (ii) aerenchyma cell division 
from the phellogen, and (iii) aerenchyma cell elongation 
to develop porous tissues. It is well known that auxin 
is a plant hormone that controls cell division and cell 
elongation. The spindly growth of hypocotyls of intact 
Arabidopsis thaliana seedlings at high temperature 
(29 °C) results from cell elongation promoted by endog-
enous auxin (Gray, Östin, Sandberg, Romano, & Estelle, 
1998) and 1-naphthaleneacetic acid (NAA) stimulates 
cell elongation and cell division in tobacco (Nicotiana 
tabacum) cells cultivated in liquid medium (Campanoni 
& Nick, 2005). In well-developing woody stems of Pinus 
sylvestris (Uggla, Moritz, Sandberg, & Sundberg, 1996) 
and hybrid aspen (Populus tremula  ×  Populus tremuloi-
des) (Tuominen, Puech, Fink, & Sundberg, 1997), high 
indole-3-acetic acid (IAA) concentrations are distributed 
in the vascular cambial zone, where cell division occurs 
actively, whereas the mature phloem and xylem contain 
considerably lower IAA. Because both active cell division 
and elongation are necessary for secondary aerenchyma 
formation in this study, we investigated the mechanisms 
of secondary aerenchyma development in soybean hypo-
cotyls under flooded conditions, focusing on the role of 
auxin.
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Sections of hypocotyls were cut at 1.5 cm above the sand 
surface using a plant microtome (MTH-1, Nippon Medical 
& Chemical Instruments Co. Ltd., Osaka, Japan). Some 
sections were stained with 0.05% (w/v) toluidine blue O 
and then viewed using a light microscope (DM750, Leica 
Microsystems, Wetzlar, Germany). To measure the area of 
each tissue (stele, secondary aerenchyma including phello-
gen, and cortex including epidermis), digital images were 
analyzed with ImageJ 1.48v software (National Institutes 
of Health, Bethesda, MD, USA).

2.3.  Measurement of endogenous IAA 
concentrations in the hypocotyls

The plants were flooded using water or grown without 
flooding. Flooding treatment was started at 1 h after the 
initiation of lighting in the growth cabinet. Hypocotyl sec-
tions (5 mm, center 1.5 cm above the sand surface, 4–10 
independent plants) were excised at 0, 24, 48, 72, and 96 h 
after treatment.

To extract free IAA from the tissues, the hypocotyl sec-
tions were placed in 2-ml microtubes containing 300 μl 
of cold 80% methanol with 0.1 mg ml−1 of 2,6-ditert-bu-
tyl-4-methylphenol and 1.0  ng of 13C6-IAA (Cambridge 
Isotope Laboratories, Andover, MA, USA), in addition to 
6 stainless beads (3 mm diameter) and 10 zirconia beads 
(2 mm diameter). The tubes were tightly sealed and vig-
orously shaken using a bead cell disruptor (Micro Smash, 
TOMY, Tokyo, Japan) at 4,000 rpm four times for 1 min at 
4 °C. After centrifugation (15,000 rpm), the supernatants 
were collected in 2-ml tubes and then evaporated under 
a N2 gas flow stream. One milliliter of diethyl ether and 
500 μl of 2% NaHCO3 were added to the samples, and the 
mixtures were shaken for 1 min. The diethyl ether phase 
was removed after centrifugation at 15,000 rpm for 3 min. 
The aqueous phase was acidified with 1 N HCl to pH 2–3, 
suspended with diethyl ether, and shaken for 1 min. After 
centrifugation (15,000 rpm), the diethyl ether phase was 
evaporated, and then the samples were dried under a N2 
gas stream. After the dried solutes were dissolved in 0.8 ml 
of 50% methanol, IAA was purified using HPLC. IAA frac-
tions were derivatized using N-methyl-N-(trimethylsilyl) 
trifluoroacetamide and quantified using gas chroma-
tography-selected ion monitoring-mass spectrometry 
(GC-SIM-MS) (QP5050A, Shimadzu, Kyoto, Japan).

3.  Results and discussion

3.1.  Effects of anti-auxins on secondary 
aerenchyma formation

In the controls, neither hypertrophy lenticels on the hypo-
cotyls nor well-developed phellogen between stele and 

2.  Materials and methods

2.1.  Plant material and growth conditions

The experimental procedures were carried out following 
the method described by Shimamura et al. (2014). Soybean 
(Glycine max cv. Asoaogari) seeds were sown in 200 ml of 
18–26 mesh silica sand in 400 ml plastic pots (8.5 cm top 
and 6.5 cm bottom diam. and 10 cm height) with a hole 
(1 cm diameter) in the bottom (one seed per pot). Chemical 
fertilizer was not added. The plants were grown in a growth 
cabinet under artificial light (25  °C, 14  h  day/10  h night 
cycle, 430–590 μmol m−2 s−1 photosynthetically active radi-
ation). After the primary leaves (unifoliolate leaves) had 
fully expanded (10–11 d after sowing), each treatment was 
applied. Non-flooded plants (controls) were watered daily, 
and excess water was dripped from the drainage hole. For 
the flooding treatment, the planted pot was put on a new 
one without a hole in the bottom and, prior to flooding with 
chemical solutions, the sand in the pots was washed with 
those solutions (approximately 150 ml) to prevent dilution 
by water in the sand. The plants were maintained under con-
tinuously flooded conditions, in which the levels of water or 
anti-auxin solutions were maintained at 3 cm above the sand 
surface. Because of evaporation from the pots, the pots were 
watered daily to maintain the levels of water or anti-auxin 
solutions. The anti-auxin solutions were renewed after 3 d.

2.2.  Treatment with anti-auxins and measurement 
of secondary aerenchyma formation

Seven anti-auxins were selected: 2,3,5-triiodobenzoic acid 
(TIBA), N-1-naphthylphthalamic acid (NPA), 9-hydroxy-flu-
orene-9-carboxylic acid (HFCA), 1-naphthoxyacetic acid 
(1-NOA), 3-chloro-4-hydroxyphenylacetic acid (CHPAA), 
maleic hydrazide (MH), and α-(p-chlorophenoxy) isobu-
tyric acid (PCIB). These chemicals have been most widely 
used as anti-auxins (Jodinskienė & Anisimovienė, 2007; 
Katekar & Geissler, 1980; Laňková et al., 2010; Leopold and 
Klein, 1951; Mattsson, Sung, & Berleth, 1999; Ni, Wang, Xu, 
& Xia, 1999; Oono et al., 2003; Ottenschläger et al., 2003; 
Parry et al., 2001; Samantarai & Nanda, 1979; Zhao & 
Hasenstein, 2010). Although concentrations from low (a 
few μM) to high (≧100 μM) of these chemicals are applied 
in many plants, there is little information about these appli-
cations to soybean. In order to clear the role of auxin in 
secondary aerenchyma development, high concentration 
(100  μM) was adopted as a treatment for anti-auxins in 
this experiment. Soybean plants were flooded with 100 μM 
of each anti-auxin solution. After 6  d of treatment, the 
hypocotyl surfaces and fresh cross sections (100–300 μm 
in thickness) from five independent plants in each treat-
ment were observed under a stereoscopic microscope 
(SZX-ILLB100, Olympus Optical Co., Ltd, Tokyo, Japan). 



156    S. Shimamura et al.

cortex was observed; thus, a secondary aerenchyma was 
not absolutely formed (Figure 1A, F and K, and Table 1). On 
the other hand, a secondary aerenchyma (white spongy 
tissues) was observed through the hypertrophy lenticels 
under flooded conditions, and phellogen and porous sec-
ondary aerenchyma were fully developed out of stele in 
the cross sections (Figure 1B, G and L, and Table 1).

The plants flooded with 100  μM of each anti-auxin 
solution had different morphological responses than 
the plants flooded with water. In the plants flooded with 
TIBA (Figure 1C, H and M), NPA (Figure 1D, I and N), HFCA 
(Figure 1E, J and O), 1-NOA (Figure 1P, T and X), or CHPAA 
(Figure 1Q, U and Y) solutions, the secondary aerenchyma 
was exposed to the atmosphere through the hypertrophy 

Figure 1.  Surfaces and transverse sections of soybean hypocotyls after 6  d of flooding. The surfaces were photographed under a 
stereoscopic microscope (A–E and P–S). The sections were excised from hypocotyls at 1.5  cm above the sand surface, and then 
photographed under a stereoscopic microscope (F–J and T–W) and a light microscope (K–O and X–α). Five plants were used in each 
treatment. The photographs are surfaces and typical sections from soybean plants grown without flooding (control; A, F, and K) or under 
flooding with water (B, G, and L), TIBA (C, H, and M), NPA (D, I, and N), HFCA (E, J, and O), 1-NOA (P, T, and X), CHPAA (Q, U, and Y), MH (R, 
V, and Z) or PCIB (S, W, and α). ae: aerenchyma, co: cortex, pf: phloem fiber, ph: phellogen, xy: xylem. Scale bar = 2 mm (A–E and P–S), 
1 mm (F–J and T–W), or 0.2 mm (K–O and X–α).
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in the plants flooded with MH (Figure 1R, V, and Z), aere-
nchyma formation was considerably inhibited, and both 
the aerenchyma area and the Ae/St ratio were significantly 
(approximately 40%) smaller than in the plants flooded 
with water (Table 1). PCIB treatment, however, strongly 
restricted both lenticels and secondary aerenchyma for-
mation, and the aerenchyma cells differentiated from 
phellogen were compact or slightly elongated (Figure 1S, 
W, and α). In one of the five plants, phellogen developed 
slightly and secondary aerenchyma cells did not develop 
at all. Compared to plants flooded with water, the degree 
of aerenchyma development decreased significantly to 
15% in aerenchyma area and 20% in Ae/St ratio, and the 
growth of stele was also restricted (Table 1). During the 
experiment, no plant died from the water flooding or anti-
auxin treatments.

As shown in Figure 1 and Table 1, TIBA, NPA, HFCA, 
1-NOA, and CHPAA did not significantly restrict aeren-
chyma development as compared with water flooding. 
This suggests that these anti-auxins are non-negative reg-
ulators of the process of secondary aerenchyma formation. 
The typical morphological effects of TIBA on 31-day-old 
vegetative soybean plants were reported, such as the 
shortening of internodes, loss of apical dominance, epi-
nasty of young leaves, and premature abscission of apical 
leaves and buds (Galston, 1947). We also observed the 

lenticels on hypocotyls, and the area of secondary aeren-
chyma was 6.79 mm2 (TIBA)–10.53 mm2 (NPA) in the cross 
sections (Table 1), similar to the morphological responses 
of plants flooded with water. No significant difference in 
the area of the secondary aerenchyma or Ae/St ratio was 
observed between water and these chemicals. In addition, 
these chemicals did not restrict stele growth. Although 
lenticels and secondary aerenchyma were also observed 

Table 1. Areas of stele, secondary aerenchyma, cortex, and total, as well as the Ae/St ratio in cross sections of soybean hypocotyls.

Notes. The areas were measured using cross sections of hypocotyls at 1.5 cm above the sand surface.
The aerenchyma area is the area not of gas spaces but of aerenchymatous tissues in cross sections.
The Ae/St ratio indicates the aerenchyma area/stele area in the cross sections.
The aerenchyma area and cortex area include phellogen and epidermis, respectively.
Values are the means (±SE, n = 5).
Means followed by the same letter within each column do not differ significantly (p < 0.05, Tukey’s test).

Stele area (mm2) Aerenchyma area (mm2) Cortex area (mm2) Total area (mm2) Ae/St ratio
Control 2.59 ± 0.11 a – 1.50 ± 0.14 4.09 ± 0.23 –
Flooding 2.51 ± 0.07 a 8.71 ± 0.74 a 2.72 ± 0.34 13.94 ± 0.89 3.50 ± 0.37 a
TIBA 2.50 ± 0.21 a 6.79 ± 0.56 ab 2.53 ± 0.16 11.82 ± 0.84 2.74 ± 0.14 ab
NPA 2.52 ± 0.09 a 10.53 ± 0.52 a 2.52 ± 0.16 15.57 ± 0.40 4.21 ± 0.26 a
HFCA 2.45 ± 0.17 a 8.82 ± 1.66 a 2.31 ± 0.10 13.58 ± 1.52 3.80 ± 0.83 a
1-NOA 2.68 ± 0.15 a 8.77 ± 0.84 a 2.72 ± 0.11 14.16 ± 0.93 3.33 ± 0.38 a
CHPAA 2.69 ± 0.07 a 7.18 ± 1.09 ab 2.46 ± 0.12 12.32 ± 1.14 2.70 ± 0.45 ab
MH 2.38 ± 0.07 ab 3.32 ± 0.35 b 1.89 ± 0.22 7.59 ± 0.59 1.40 ± 0.14 bc
PCIB 1.81 ± 0.09 b 1.29 ± 0.37 c 2.35 ± 0.28 5.46 ± 0.69 0.68 ± 0.19 c

Figure 2. Primary leaf epinasty induced by TIBA, HFCA, and NPA under flooding. The plants were photographed after 3 d of treatment. 
Three to five plants were used in each treatment.
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Figure 3. Endogenous IAA concentrations in soybean hypocotyls 
after flooding. The hypocotyl sections were excised at 0, 24, 48, 
72, and 96  h after flooding. Values are shown as means (±SE, 
n = 4–10). There is no statistical difference in IAA concentration 
between control and flooded plants at any sampling time as 
determined by Student’s t-test (p < 0.05).
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27–34 ng g−1 fresh wt. under flooding during the experi-
ment, and we could not detect any significant difference 
between the control and flooding samples throughout the 
experiment.

According to Vidoz, Loreti, Mensuali, Alpi, and Perata 
(2010), ethylene entrapped in flooded tissues stimulates 
auxin transport and leads to auxin accumulation at the 
flooded hypocotyls of the tomato (Solanum lycopersicum); 
this induces the initiation of adventitious root primordia, 
after which adventitious roots develop. Similarly, in sun-
flower (Helianthus annuus) plants, adventitious root for-
mation is stimulated by an accumulation of auxin, which 
might be induced by increase in ethylene, in hypocotyls 
under flooding (Wample & Reid, 1979). In soybean plants, 
exogenous auxins promote adventitious rooting from 
hypocotyls in cuttings from 7-d-old plants without root 
systems (Chen, Cheng, Chen, Yiu, & Liu, 2002; Chou, Huang, 
& Liu, 2010), and flooded stems and hypocotyls develop 
new adventitious roots easily (Bacanamwo & Purcell, 1999; 
Henshaw, Gilbert, Scholberg, & Sinclair, 2007; Shimamura 
et al., 2003; Thomas et al., 2005). However, no adventitious 
rooting was observed at the hypocotyl segments at 1 to 
2 cm above the sand surface (see Figure 1B), suggesting 
no auxin accumulation for adventitious rooting in our 
experiments. Actually, the level of endogenous IAA in 
the hypocotyls of flooded soybean plants was not signif-
icantly different from that in control hypocotyls for 96 h 
after flooding (Figure 3). In a similar time course, phellogen 
and secondary aerenchyma developed in flooded hypo-
cotyls within 48 and 72  h after treatment, respectively 
(Shimamura et al., 2003, 2014). These results might indi-
cate that the accumulation of auxin is not necessary to 
develop phellogen or secondary aerenchyma in flooded 
hypocotyls of soybean, though locoregional endogenous 
IAA should be considered.

4.  Conclusion

The endogenous IAA concentration in the flooded hypoco-
tyls of soybean plants did not increase or decrease until the 
secondary aerenchyma was observed. Several anti-auxins 
have no apparent effect on cell division in phellogen or 
cell elongation in aerenchymatous tissues, whereas MH 
and PCIB restricted aerenchyma development, suggest-
ing that morphological responses are not common among 
anti-auxins. From the present results, it is difficult to con-
clude that auxin plays an important role in the process 
of secondary aerenchyma formation. Therefore, a demon-
stration of locoregional endogenous IAA in active phello-
gen and the IAA level in the hypocotyls under anti-auxins 
would clearly solve the problem.

epinasty of primary leaves when soybean plants were 
flooded with TIBA, HFCA, and NPA solutions (Figure 2), 
indicating the uptake of these chemicals by flooded soy-
bean. The leaf epinasty is closely related to auxin (Kawano, 
Kawano, & Lapeyrie, 2003), so these chemicals probably 
had an effect on auxin transport in our experiment. In con-
trast, MH moderately suppressed the degree of secondary 
aerenchyma development, whereas PCIB strongly inhib-
ited the development of not only phellogen and second-
ary aerenchyma but also stele (Figure 1 and Table 1). A high 
concentration of endogenous IAA is locoregional in the 
vascular cambial zone in the stems of woody plants, sug-
gesting that auxin plays important roles in xylem devel-
opment, such as cell division and xylem fiber expansion 
(Tuominen et al., 1997; Uggla et al., 1996). These results 
support the possibility that PCIB affects the stele develop-
ment as an anti-auxin in soybean hypocotyls. In addition, 
root gravitropism was inhibited by auxin polar transport 
inhibitors (TIBA, NPA, and CHPAA) and an auxin antago-
nist (PCIB), while root hydrotropism is inhibited only by 
PCIB in A. thaliana seedlings, suggesting that the auxin 
response, apart from its polar transport, plays a definite 
role in the hydrotropic response (Kaneyasu et al., 2007). 
The results of that experiment on hydrotropic response 
for anti-auxins were similar to ours because auxin polar 
transport inhibitors (TIBA, NPA, HFCA, 1-NOA, and CHPAA) 
are supposed to be non-negative regulators of the process 
of secondary aerenchyma formation. However, the root 
hydrotropism in cucumber (Cucumis sativus) is restricted 
not only by PCIB but also by polar transport inhibitors 
(TIBA and HFCA) (as noted by Takahashi, Miyazawa, & Fujii, 
2009), so the mode of anti-auxin responses depends on 
the plant species. Although MH and PCIB might be neg-
ative regulators of the process of secondary aerenchyma 
formation as anti-auxins, it is important to demonstrate 
the locoregional endogenous IAA in active phellogen as 
well as the IAA level in the hypocotyls under anti-auxins 
in order to clarify auxin’s involvement in secondary aere-
nchyma formation in soybean plants.

3.2.  Endogenous IAA concentrations in the flooded 
hypocotyls

The endogenous IAA levels in the hypocotyls were quan-
tified at several time points during 96 h after the onset 
of flooding (Figure 3). There were no clear changes in 
endogenous IAA concentrations after flooding. At 24 and 
48  h after the onset of flooding, the IAA concentration 
of the hypocotyls was slightly, not significantly, higher 
than that in the controls. The range of IAA concentrations 
was 26–34 ng g−1 fresh wt. in the controls, whereas it was 
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