Endogenous hormonal equilibrium linked to
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ABSTRACT. Moso bamboo (Phyllostachys heterocycla) is the most
important bamboo species in China and is famous for its fast-growing culms.
To investigate the possible relationship between internode development
and endogenous hormones, the concentrations of indole-3-acetic acid
(IAA), zeatin riboside (ZR), gibberellins (GA,), and abscisic acid (ABA) were
analyzed in culm samples from plants at different developmental stages
during a single growing season and, at the same time, anatomical structure
was closely monitored. Cell division was the dominant process in internode
development during early development, while cell elongation predominated
at later stages. There was a negative correlation between the rates of cell
division and cell elongation. The four endogenous hormones (IAA, ZR, GA,,
and ABA) displayed fluctuations in their levels at different developmental
stages but their peak activities were not synchronous. Cell division rate had
a significant positive correlation with ZR concentration. Cell elongation had
a significant positive correlation with the ratio of promoting hormones (IAA,
GA,, and ZR) to inhibitory hormone (ABA) concentrations. We conclude
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that hormonal equilibrium might regulate the division and elongation of
bamboo culms.

Key words: Phyllostachys heterocycla; Internode elongation;
Plant hormones; Cell length; Cell division

INTRODUCTION

Bamboo species are among the fastest-growing lignocellulose-abundant plants on
Earth; over 1500 species of bamboo are distributed worldwide (Chen et al., 2010). The growth
rate of bamboo is very unusual in which developing bamboo culms can reach their final height
of several meters (5-20 m) within the relatively short period of two to four months (Magel et al.,
2006). Some of the bigger bamboos, such as Guaduaan gustifolia, can produce about 500 cm? of
cell wall substance per day, amounting to nearly 0.1 m® biomass for the entire culm (Magel et al.,
2006). To our knowledge, there is no other group of plants with such a rapid growth rate. Although
considerable research has been carried out into bamboo growth (Cui et al., 2012; Peng et al.,
2013), the mechanism of this fast growth rate remains unknown.

The nature of the mechanisms that control the size and shape of organs is an important
but still unanswered question of developmental biology. Two factors determine the size of mature
organs: cell number and cell size (Bundy et al., 2012). Plant hormones are natural compounds
with the ability to affect physiological processes, particularly in the area of growth (Nemhauser et
al., 2006), at concentrations far below those where either nutrients or vitamins can affect these
processes (Davies, 2010). Plant hormones have an important role in the regulation and coordination
of cell proliferation and cell elongation. For example, cytokinins are implicated in the regulation of
cell proliferation (Higuchi et al., 2004; Nishimura et al., 2004), while gibberellins, brassinosteroids,
and auxins control both cell proliferation and cell elongation (Achard et al., 2009; Jurado et al.,
2010). Bartrina et al. (2011) found that cytokinins play a key role in reproductive development
(i.e. stem cell niche, cellular differentiation, and flower organ size) in Arabidopsis thaliana. Pérez-
Jiménez et al. (2014) reported that endogenous hormonal content affects somatic organogenesis
capacity in peach. The concentration of endogenous IAA and the ratio among hormones influences
cambial activity in some woody trees (Uggla et al., 1998, 2001; Mwange et al., 2005).

Moso bamboo (Phyllostachys heterocycla) is the most important bamboo species in
China. It is the most widely distributed with the largest planting area (over two-thirds of the total
planted bamboo area) and has the highest economic value in China (Peng et al., 2010). In this
study, we used both microscopic analysis of anatomy and enzyme-linked immunoassay (ELISA)
to investigate dynamic changes during internode elongation and the influence of four endogenous
hormones on Moso bamboo growth over a single growth season. The relationship between
internode elongation and endogenous hormone concentrations was examined.

MATERIAL AND METHODS
Plant material

Culm tissue was sampled in spring of 2013 from a natural population of P. heterocycla
growing in the Dagang-Mountain Nature Reserve in Jiangxi Province of China (27°30'-27°50'N,
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114°30'-114°45'E). Dagang-Mountain Nature Reserve was established in 2005. The Fenyi County
government issued permission for the establishment of the Dagang-Mountain Nature Reserve and
is responsible for its maintenance. The reserve is mainly a protected forest ecosystem (i.e., natural
Chinese fir plantation and masson pine plantation). Field sampling in the reserve was approved
by the Fenyi County government. All samples were collected in the same growing season. Nine
developmental stages were defined based on the heights above ground of individual plants: 0.05,
0.20, 0.50, 1.00, 2.00, 3.00, 6.00, 8.50, and 12.00 m, and named as G1, G2, G3, G4, G5, G6, G7,
G8, and G9, respectively. Each culm was divided by an equal division method into three portions,
namely basal, middle, and top regions, according to height (Figure 1A). Then, three internodes
were collected separately including the first internode in the basal region, the longest internode
of the middle region, and the uppermost internode of the top region. Three biological replicates
were cut from culm tissue located in the basal part of each collected internode of plants of different
stages. Part of each sample was immediately frozen in liquid nitrogen and stored at -80°C until
analysis, while the remainder was placed in a buffer and processed for microscopic analysis as
described below.
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Figure 1. Histological sections of culm development in Phyllostachys heterocycla. The protocol for partitioning each
culm into three regions is illustrated in (A): at each developmental stage, the culm was divided into three segments of
equal height. During culm development, variations in parenchyma cells are representative and are comparable across
stages. Thus, to compare cell division and elongation at different developmental stages and in different culm regions,
the number of parenchyma cell nuclei in transverse section (B) and parenchymal cell lengths in longitudinal section (C)
were measured microscopically. At each developmental stage, measurements were made from over 50 microscopy
fields. CN = cell nuclei; F = fiber cells; MX = metaxylem; P = parenchyma cells; PP = protophloem; PX = protoxylem.
Scale bars: 100 um. The areas within the square boxes are shown enlarged in the right panel.

Sectioning and light microscopy

Tissue samples of approximately 0.5 cm?® volume were fixed in FAA (a mixture of 50%
ethanol, acetic acid and formaldehyde, 18:1:1 v/v/v) and degassed using an aspirator pump. The
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tissues were dehydrated through a graded ethanol series (50, 70, 85, 95, and 100% ethanol for
2 h, respectively) and embedded in paraffin. Eight um thick transverse and longitudinal sections
were cut from the fixed cubes using a sliding microtome (LEICA DM 2135, Germany). After
dewaxing and rehydration, the sections were stained first with a 1% safranin and then with 0.1%
Fast Green. The sections were viewed using a Zeiss Axiolmager light microscope (Zeiss, Jena,
Germany) and digital images were captured and analyzed using the Zeiss Axio Vision 4.6 w digital
image analysis system.

ELISA

The methods for extraction and purification of endogenous hormones (IAA, GA,, ZR, and
ABA) were modified from those described by Yang et al. (2001) and Wang et al. (2000). The ELISA
kits used for estimation of hormone levels were purchased from the China Agricultural University
(Beijing, China). Culm tissue samples of approximately 0.5 g were ground in an ice-cooled mortar
in 5 mL 80% (v/v) methanol extraction medium containing 1 mM butylated hydroxytoluene and
100 mg polyvinylpyrrolidone (PVP) per gram fresh material. The extract was incubated at 4°C for
4 h and centrifuged at 1000 g for 15 min at the same temperature. The supernatant was passed
through a Chromosep C18 column (C18 Sep-Park Cartridge, Waters Corp., Millford, MA, USA)
that had been prewashed with 1 mL 80% methanol. Hormone fractions were eluted with 5 mL
100% methanol, 5 mL ether, and 5 mL 100% methanol and dried under N,; the samples were
then dissolved in 2 mL PBS, pH 7.5, containing 0.1% Tween 20 and 0.1% gelatin prior to ELISA.
Mouse monoclonal antibodies against IAA, GA,, ZR, and ABA, and IgG horseradish peroxidase
were produced at the Phytohormones Research Institute (China Agricultural University, Beijing,
China). ELISA was performed on a 96-well microtitration plate. Each well on the microtitration plate
was coated with 100 L coating buffer (1.5 g/L Na,CO,, 2.93 g/L NaHCO,, and 0.2 g/L NaN,, pH
9.6) containing 0.25 pug/mL antigens. The coated plates were incubated for 3 h at 37°C in a moist
environment in the dark. After washing three times with 0.1% Tween 20 in PBS, pH 7.4, each well
was filled with 50 L antibody (20 pug/mL) against IAA, GA,, ZR, or ABA. Then, 50 uL of tissue
extracts, or IAA, GA,, ZR, and ABA standards (0-2000 ng/mL dilution range) were filled.

The plate was incubated for 0.5 h at 37°C and then washed as above. One hundred
microliters of 1.25 pg/mL IgG-horseradish peroxidase substrate were added to each well and
incubated for 0.5 h at 37°C. The plate was rinsed five times with the 0.1% Tween 20 in PBS
and 100 pL color-developing solution containing 1.5 mg/mL o-phenylenediamine and 0.008%
H,O, was added to each well. The reaction was stopped by addition of 50 yL 2M H,SO, per well
when the 2000 ng/mL standard was pale in color, and the 0 ng/mL standard was deeply colored.
Color development on each well was recorded using an ELISA Reader (model EL310, Bio-TEK,
Winooski, VT) at an optical density of 490 nm. Hormone contents were calculated from the mean
of three biological replicates.

Data analysis

Percentage data was arcsine square root transformed. One-way analyses of variance
(ANOVA) were used to test for significant differences among developmental stages. Variance was
analyzed using the least significant difference (LSD) test. Pearson correlation and curve estimation
analyses were performed. P < 0.05 was considered to be statistically significant.
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RESULTS
Cell length variation during development

The meristematic nature of cell division in plants imposes a unique set of constraints on
cell elongation and plant growth during development (Jacobs, 1997). Here, we sought to elucidate
the relationship between cell division and cell elongation in bamboo by analysis of cell lengths at
different developmental stages in three regions of a growing culm (Figure 1B and C). Cell lengths in
the middle internode increased continuously from G1 to G9 stages (Figure 2B); this effect was not
present in the basal and top internodes (Figure 2A and C). In the top internode, cell length changes
from the G1 to G8 stages were small, although cell lengths at G9 were larger than those of earlier
stages. The cell lengths in the middle internode at different developmental stages were analyzed
by a normal distribution test, which demonstrated that cell lengths showed a normal distribution
when the bamboo shoot had just emerged (G1 and G2). As cell elongation accelerated, cell lengths
deviated from a normal distribution (G3-G5). Although a return to a normal distribution occurred
at G6, it then deviated from this at G7 and G8. In the terminal stage (G9), which had slow cell
elongation, cell lengths again followed a normal distribution.
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Figure 2. Distribution of cell lengths at different developmental stages and from different regions of the culm. A. B.
and C. represent basal, middle, and top internodes, respectively. D. Indicates the combined data from basal, middle,
and top internodes. N = 1000.
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Variations in cell length and cell division rates during development

The rate of cell proliferation was estimated by counting the number of cell nuclei in each
transverse section. Cell lengths and frequencies of nuclei were compared at different stages and
in different parts of the culm to provide a temporal and spatial profiling of culm elongation. At all
developmental stages except G1, cell lengths in the basal and middle internodes were greater than
in the top internodes; cell lengths in basal internodes were larger than in middle internodes before
G8. Mean cell length in the basal internodes at G1 was 30.51um; it then peaked at G2 and G5 with
mean lengths of 35.69 and 100.73 ym, respectively; mean cell length decreased to 76.14 ym at
G7 but increased again at G8 and G9. Mean cell length in the top internodes at G1 was 29.84 um,
decreased to 18.12 ym at G2, and then rose to its highest value at G9 (Figure 3A).
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Figure 3. Changes in cell length and frequencies of cell nuclei during culm development. Basal, middle, and top
represent basal, middle, and top internodes, respectively. Bars indicate SE. A. Cell lengths at different developmental
stages and in different regions of the culm. N = 1000. B. Frequency of cell nuclei at different developmental stages
and in different regions of the culm. N = 1000. C. In order to produce a temporal profile of culm elongation, the data for
the different regions of the culm were combined and the values at different developmental stages were analyzed. N =
3000. D. Data fitting of cell lengths and frequency of cell nuclei. N = 1000. Different letters on a column with the same
shading indicate significant differences at P < 0.05 according to the LSD test.

The frequency of cell nuclei in sections from the top internodes was higher than in the
middle and basal internodes during all stages. All three regions of the culm showed changes in cell
nucleus frequencies during development with three peaks. In the middle and top internodes, the
peaks appeared at G3, G6, and G8, but in the basal internode the peaks occurred at G2, G6, and
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G8 (Figure 3B). In order to further analyze temporal changes during culm elongation, we combined
the values from each region at the different developmental stages. As shown in Figure 3C, cell
length increased in an essentially linear manner from G1 to G9 stages, whereas, the frequency
of cell nuclei fell during development. The relationship between cell length and frequency of cell
nuclei fitted a cubic curve equation (Figure 3D).

Our results indicated that cell division and cell elongation simultaneously influenced
internode elongation; the former was predominant in initial stages while the latter was predominant
in late stages. Cell elongation initiated earlier in basal internodes compared to middle and top
internodes; and at late stages, cell lengths in middle internodes exceeded those of basal internodes.
As the majority of cells in the top internodes were mitotically active, the increment in cell lengths of
the top internodes was not obvious before G9.

Hormonal change during different developmental stages and portions

The ZR concentration in the three culm regions showed a bimodal variation pattern during
development (Figure 4A). In all three regions, a peak occurred at G3, and a second peak occurred at
G7, G8, and G6 in the basal, middle, and top internodes, respectively. ZR concentrations in the basal
and middle internodes varied significantly during development (P <0.05). At each developmental
stage, the ZR concentration of the basal internode was always lower than that of the top internode.
ZR concentration increased to similar extents in basal, middle, and top internodes at G1 to G3;
thereafter, the magnitude of increases at G4 to G9 varied among the culm regions (Figure 4A).
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Figure 4. Changes in endogenous hormone concentrations during culm development. Basal, middle, and top represent
basal, middle, and top internodes, respectively. Bars indicate SE (N = 9).
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There was evidence of bimodal variation in GA, concentrations during development in the
three culm regions. In all three regions, an initial peak appeared at G5, G4, and G3 (50.32, 41.68,
and 61.25 ng/g, respectively), and a second peak appeared at G7 (194.43, 110.75, and 87.45 ng/g,
respectively). The GA, concentration in the basal internodes varied significantly among different
developmental stages; the concentration at G7 was higher than at any other stage (P<0.05). At
G1 to G3, the highest GA, concentration was found in the top internodes. Subsequently, at G4 to
G7, the highest GA, concentration appeared at basal internodes, and the highest GA, concentration
appeared at top internodes again in the late stages at G8 and G9 (Figure 4B). IAA concentrations
were considerably higher than those of the other three hormones. During development, the IAA
concentrations in the three culm regions showed bimodal variation. Two peaks were present in
all three internodes at G2 and G7. The IAA concentrations in all three regions varied significantly
during development (P<0.05) (Figure 4C).

ABA concentrations in the three culm regions were high at G1 and G2 stages, then
decreased to a low level. In the middle and top internodes, ABA concentrations varied significantly
during development (P<0.05) (Figure 4D).

The ratio between growth promoting hormones (IAA, GA,, and ZR) and the growth
inhibitory hormone (ABA) was analyzed. The data from all three culm regions were combined for
the analysis, which indicated that the ratio showed two peaks at G4 and G7 (Figure 5). The G4
stage corresponds to the initial phase of significant cell elongation in the basal internode, and the
G7 stage corresponds to a phase of significant cell elongation in the middle internode (Figure 3A).
In addition, we observed that lignification of fiber cells occurred after the G7 stage. This indicates
that the hormonal equilibrium might regulate the elongation and maturation of culms.
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Figure 5. Ratio of the four hormones at different developmental stages. Bars with the same shading represent the
mean of the three regions (basal, middle, and top internodes) at the same developmental stage.
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Relationship of endogenous hormones and internode development

The relationships among the four endogenous hormones, cell length and frequency of cell
nuclei were analyzed. GA, concentration was positively correlated with IAA and ZR concentration
(P<0.05). The frequency of cell nuclei was positively correlated with ZR and ABA concentration,
and negatively correlated with GA, and IAA; by contrast, cell length showed a positive correlation.
The frequency of cell nuclei was negatively correlated with IAA/ABA, whereas cell length showed
a positive correlation (P < 0.05) (Table 1). In addition, the relationships between frequency of cell
nuclei and ZR content, and between cell length and IAA/ABA fitted quadratic equations (Figure 6).

Table 1. Correlations of concentration of endogenous hormones, cell length, and frequency of cell nuclei.

ZR ABA GA, IAA IAA/ABA (IAA+ ZR+ GA,)/ABA
ORCN 0.420* 0.378 -0.030 -0.204 -0.393* -0.379
CL -0.239 -0.399* 0.157 0.281 0.518* 0.512*
IAA 0.375 -0.177 0.712*
GA, 0.393* -0.148
ABA -0.021

Pearson correlation was used: * and ** indicate significant correlations at the 0.05 and 0.01 level, respectively (2-tailed).
N =9. CL, cell length. ORCN,frequency of cell nuclei.
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Figure 6. Data fitting of the variations in endogenous hormones and internode development.
DISCUSSION

Growth rate is regulated by the combined activity of two linked processes, expansion and
cell production. According to the study of Beemster and Baskin (1998), the acceleration of root
elongation in Arabidopsis thaliana is caused by an increasingly longer growth zone accompanied
by a nearly proportional increase in the rate of cell production. In maize leaves, cell division is
accompanied by cell expansion, with both processes partly overlapping in time and space. Cells are
continuously produced in the meristematic region near the leaf base and expand without division
in distal regions of the elongating zone, while they are pushed forward by younger cells. Faster
cell division rates are compensated by faster cell elongation and displacement rates, resulting in
invariant profiles of cell lengths and proportions of dividing cells (Ben-Haj-Salah and Tardieu, 1995).
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However, in this study, cell length and cell division during bamboo culm development showed a
significant negative correlation (P < 0.05). The relationship between cell length and cell division
during bamboo culm development fitted a cubic curve equation. A current model for metazoan
growth proposes that cell number and cell size are controlled by distinct proliferation and growth
signals that negatively affect each other (Potter and Xu, 2001); when cell size increases, cell count
is reduced and vice versa. This regulation ensures that induced alterations in cell proliferation
are compensated by changes in cell size, resulting in little net change in final organ size. The
compensation phenomenon has also been observed in plants (De Veylder et al., 2001). The results
of the present study are consistent with this model.

In a growth curve analysis (total length vs time) of pedicels in A. thaliana, Bundy et al. (2012)
reported that growth is exponential for the first 16 days after which it becomes linear. However, the
present study in bamboo found that cell lengths in culms increased in an essentially linear manner
from initial to terminal stages (Figure 3C). This difference is possibly caused by sampling strategy.
Further analyses will clarify if this explanation is correct. A wide range of cell types has been shown
to have a normal distribution for cell division rates during balanced growth (Kubitschek, 1966). Cell
length distribution can reflect the status of cell proliferation. In this study, cell lengths deviated from
a normal distribution in the intermediate stages of development, but followed normal distribution
at later stages. This change might be due to a homeostatic coordination of cell elongation and
division.

Plants, being sessile organisms, have evolved unique signaling mechanisms that allow
rapid communication between different tissues and organs. These mechanisms include long-
range effectors, such as phytohormones (Sparks et al., 2013). In most cases, the control of the
cell cycle and cell proliferation and differentiation during development depends on the concerted
action of plant hormones (Santner and Estelle, 2009; Peleg and Blumwald, 2011). In this study, we
described the spatiotemporal variation in four endogenous hormones (IAA, GA,, ZR, and ABA) in
the culms of P. heterocycla during a single growing season. IAA has been widely reported to be
involved in stem growth in many plant species. Sundberg et al. (1991) indicated that the level of
endogenous IAA was related to seasonal changes in cambial activity in Pinus sylvestris. Uggla et
al. (1998) suggested that the gradient in radial width IAA concentration was strongly correlated with
cambial growth rate in the Scots pine, and that IAA had a role in defining the altered developmental
pattern associated with latewood formation. In addition, cambial activity is associated with changes
in IAA/ABA, and ABA might play a key role in vascular cambium dormancy in Eucommi aulmoides
(Mwange et al., 2005). Branching of annual shoots in the common walnut (Juglans regia) is affected
by IAA concentration (Solar et al., 2011). In the present study, we did not find a strong relationship
between IAA concentration and cell length (P > 0.05), but cell length was positively correlated with
IAA/ABA (R = 0.518, P < 0.01).

Gibberellin is involved in stem elongation in graminaceous plants (Zhu et al., 2006). For
example, in rice, EUI1 encodes a putative cytochrome P450 monooxygenase, which is implicated in
both gibberellin-mediated SLR1 destruction and a feedback regulation of gibberellin biosynthesis.
Thus, EUI1 plays an important role in gibberellin-mediated regulation of cell elongation in the
uppermost internode (Luo et al., 2006). Cosgrove (2000) indicated that treatment with gibberellin
can increase the accumulation of expansin, which accelerates the growth rate of rice internodes.
Kong et al. (2008) reported that endogenous IAA concentrations increase in the cambial region
after gibberellins are exogenous applied. In the present study, GA, concentration was found to be
positively correlated with IAA concentration (R = 0.712, P < 0.05). However, GA, concentration
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was not significantly correlated with either the frequency of cell nucleior cell length (P > 0.05). This
suggests that the changes in GA, concentration are not sufficient to explain cell elongation during
the internode development in bamboo.

Hormones do not act alone but in conjunction, or in opposition, to each other such that the
final condition of growth or development represents the net effect of hormonal balance (Wilkinson
et al., 2012). Auxins regulate cell division, while cytokinins act at the transition zone to control cell
differentiation rate (Dello loio et al., 2007). Antagonistic interactions between auxins and cytokinins
are a key determinant in the control of meristem activity (Chapman and Estelle, 2009). Furthermore,
the interaction of auxins and cytokinins indirectly affects GA behavior (Moubayidin et al., 2010). In
the present study, ZR concentration was shown to be positively correlated with the frequency of cell
nuclei. We did not find a significant correlation between cell length and the concentrations of IAA,
GA,, or ZR. Nevertheless, cell length was positively correlated with the ratio of (IAA + GA,+ ZR)
concentration to ABA concentration. Aarrouf et al. (1999) reported that elongation of the primary
roots of rapeseed seedlings coincided with an increase in both IAA and ABA concentrations.
Conversely, in this study, ABA concentration had a negative correlation with cell length. These
results indicate that hormonal equilibrium might regulate cell division and elongation during bamboo
culm development. Similarly, Kucera et al. (2005) concluded that hormonal interactions regulate
the dormancy release and germination of eudicot seeds.
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