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ABSTRACT. Newly identified maize (Zea mays) mutants with
opposite leaf phyllotaxy are important in the study of the maize crop.
Previous studies have revealed the developmental mechanism of
opposite phyllotaxy on the physiological, cellular, and molecular levels.
However, there have been few reports regarding the effects of changes
in endogenous hormone levels in maize leaf primordia under different
conditions. We conducted field studies to examine the influence of
different environmental factors on leaf primordia differentiation. Our
results indicated that compared with other major environmental factors,
temperature was significantly positively correlated with the ratio of
maize plants with opposite phyllotaxy. We examined endogenous
hormone levels in maize at different temperatures using an enzyme-
linked immunosorbent assay. The results showed that the ratio of maize
plants with opposite phyllotaxy was mainly influenced by the cytokinin/
auxin ratio. In addition, at the same temperature, the ratio of cytokinin/
auxin in maize with opposite phyllotaxy was significantly higher than
that near isogenic lines with alternate phyllotaxy.
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INTRODUCTION

High-yielding maize cultivars are very important crops, particularly cultivars with oppo-
site leaf phyllotaxy, a highly valuable genetic resource causing traits such as a larger number female
spikes and larger leaf areas, among other traits (Tian et al., 1994; Wang and Gu, 1995; Cheng,
2003). However, the mechanism underlying opposite phyllotaxy during leaf development remains
unclear (Huang, 2003). Galinat (1971) identified a double phyllotaxis mutant and subsequently
suggested that the trait is controlled by a single dominant gene (Galinat, 1972). Liu (1982) also
identified a maize mutant with opposite phyllotaxy and suggested that this trait is unstable, with
complex heredity, and that it evolved from the implicit phyllotaxy trait. However, these mutant
lines exhibit several drawbacks such as dwarfism, genetic instability, an increased ratio of abnor-
mal plants. Cheng et al. obtained a maize mutant that developed into a vertically opposite plant in
1990 (see Kan et al., 2003).

The opposite leaf trait is controlled by the transposition of the ZMRR3 gene, a domi-
nant gene encoding a maize cytokinin (CTK) (Giulini et al., 2004), but this result differed
from the results obtained by detecting and analyzing gene expression in different growth tips
and stages using reverse transcription-polymerase chain reaction (Ma et al., 2008). Xie et
al. (2002) identified 2 putative markers that are closely linked to 2 dominant genes for the
opposite phyllotaxy trait in a maize opposite leaf and fruit mutant using random amplified
polymorphic DNA analysis, and these markers were successfully transformed into sequence
characterized amplified region markers. The two dominant genes were localized to specific
simple sequence repeat markers of the second chain group (Tan et al., 2011). These results
are very important for investigating the mechanism underlying the formation of the opposite
phyllotaxy trait, despite the fact that the dominant genes for this train have not been identified.
Previous studies indicated that indole-3-acetic acid (IAA) and CTK are the main hormones
controlling leaf development (Skoog and Miller, 1957; Reinhardt et al., 2000; Ma et al., 2010).
Using tissue culture experiments, Skoog and Miller (1957) found that IAA, CTK, and the bal-
ance between these hormones play key roles in leaf primordium differentiation. Ma (2010)
showed that applying naphthaleneacetic acid to the shoot apical meristem changes the phyllo-
taxy in maize from opposite to alternate, and returns the plants to the original CTK/auxin ratio
through exogenous hormone application of tissue culture-grown immature maize can cause
the leaf primordia to return to the original phyllotaxis patterns.

Maize growth is controlled by several factors, such as endogenous hormone levels,
nutrition, and the environment, among others (Zhao, 2009). To examine the effects of dif-
ferent temperatures on changes in endogenous hormone levels in maize leaf primordia, we
examined the correlation between different endogenous hormone contents at different tem-
peratures and the ratio between plants with the opposite trait in maize using enzyme-linked
immunosorbent assay analysis.

MATERIAL AND METHODS
Materials
Seedling materials included the maize inbred lines 8701D, H4D, Dan3D, LiuD,

ChangD, and WuMD. Among these, the opposite phyllotaxy traits of 8701D and H4D are
stable, but those of the others are unstable. Liuh and LiuDh are the parents of the alternate
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phyllotaxy near isogenic lines of LiuD.
Study location

Field studies were conducted from 2000 to 2007 in areas of Hefei and Sanya, China,
which are located at latitude 31°30" and 32°37' North and longitude 116°41' and 117°52' East,
and 18°09' and 18°37' North and longitude 108°56' and 109°48' East, respectively.

Site preparation

Farmland with medium fertility was manually cleared. Using a randomized complete
block design with 3 replicates, the land was divided into 3 blocks, each containing 8 plots that
were 5.0 x 5.0 m. The distance between plants and lines was 0.4 x 0.5 m. The ratio of plants
with opposite phyllotaxy was assessed at the 4-leaf seedling stage, and the results were con-
firmed again in 20- and 25-day-old seedlings.

Treatments and experimental design

Indoor experiments in maize were performed in artificial climate boxes. The condi-
tions were controlled, with a relative humidity of 75%, illumination of 10,000 1X, and tem-
perature gradients of 17°, 21°, and 25°C, which were the mean temperatures in the 3 different
fields, respectively. The temperature was 2°C lower at night than in the daytime. Shoot apical
meristems were separated from the stem apexes of young seedlings that were 3, 6, 9, 12, and
15 days old, with several seedlings examined at each time point.

The reaction kits for measuring endogenous hormone contents were purchased from
the Plant Hormones Research Laboratory of the Agricultural University of China (Beijing,
China) and the standard samples of plant hormones were purchased from Sigma (St. Louis,
MO, USA). The scanning electron microscope and anatomical lenses S-3400N and SZ61 were
purchased from Olympus Co. and Hitachi High-Tech. Co., respectively (Tokyo, Japan).

Methods
Morphologic observation of leaf primordia

Fifty plants were chosen randomly from 3 different groups from the 8701D, LiuD,
and WuMD lines. The shoot apical meristems were observed and identified by SEM; the stem
apex was obtained, fixed overnight under a vacuum in fluorescein diacetate, and dehydrated
stepwise in 50, 70, 80, 90, and 100% alcohol. The ratios of samples with opposite phyllotaxy
were analyzed statistically, and the contents of TAA and CTK were detected.

Extraction of endogenous maize hormones

To perform the enzyme-linked immunosorbent assay (Li and Zhou, 1996), the en-
dogenous maize hormones were first extracted. First, 2 mL extraction solution (80% alcohol
containing 1-butylated hydroxytoluene) was combined with 0.5 g material derived from the
growing tips of plants, which were ground into slurry in an ice bath under low light conditions.
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The mixture was incubated for 4 h at 4°C and centrifuged at 1000 g for 15 min at 4°C. The
precipitate was combined with 1 mL extraction solution. The liquid supernatant was filtered
through a C18 column, dried under nitrogen in a water bath at 45°C, and maintained at a con-
stant volume by diluting 0.75 mL sample, which was prepared by weighing 8.0 g NaCl, 0.2 g
NaH,PO,, and 0.96 g Na,HPO,-12 H,O and maintained at a constant volume by adding 100
puL Tween-20 to a final volume of 1000 mL with double-distilled water at pH 7.5. Each experi-
ment was repeated 3 times to determine IAA content and endogenous cytokines, including
zeatin riboside group, dehydro-zeatin riboside group, and isopentenyladenosine group, which
together comprise total CTK content.

Sample detection

Using a previously described method (Li and Meng, 1997), detection steps in-
cluded coating, washing, competing, adding 2 antibodies, and adding substrate to reveal
the color. Colorimetric assays were performed at 490 nm, and the results were fitted to a
logistic curve.

RESULTS

Comparison of the ratios of maize inbred lines with opposite phyllotaxy grown in
different areas and years

Using various maize inbred lines with opposite phyllotaxy such as H4D, 8701D, Dan3D,
LiuD, ChangD, and WuMD, we investigated seedlings grown in different areas and years. The
results showed that the ratio of plants in the inbred lines with opposite phyllotaxy increased with
increasing breeding age. The ratios for H4D and §701D were maintained at high, stable levels
in different areas, while for others, the ratios varied. Additionally, ratios between plants with op-
posite phyllotaxy were stable in Sanya and unstable in Hefei, as shown in Figure 1.
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Figure 1. Differences in opposite phyllotaxy ratios in maize inbred lines in different areas and years.
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Crop growth is affected by several factors, particularly genotype and environmental
conditions, which represent key internal and external factors, respectively. The results indicate
that the inbred lines H4D and 8701D were mainly controlled by genotype, while the others were
influenced by both factors. To clarify the effect of major climate conditions on the ratio of maize
plants with opposite phyllotaxy, we performed correlation analysis, as shown in Table 1.

Compared with other environmental factors, temperature showed a significant positive
correlation with the ratio of maize plants with opposite phyllotaxy, as shown in Table 1. For the
inbred lines Dan3D, LiuD, ChangD, and WuMD, the ratios of plants with opposite phyllotaxy
were higher and more stable in Sanya than in Hefei, possibly because the temperature was higher
in Sanya at the seedling stage. In years in which temperatures were higher, including 2002, 2004,
and 2006, the ratios of plants with opposite phyllotaxy were higher in Hefei (Figure 1).

Table 1. Correlation analysis between the major climate conditions and the opposite phyllotaxy ratios of
different maize inbred lines.

Inbred lines
H4D 8701D Dan3D liuD ChangD wuMD
Environment factors
Day mean temperature (°C) 0.363 0.623%* 0.836%* 0.658** 0.900%* 0.577*
Light time (h/day) -0.025 0.570* 0.312 0.065 0.441 -0.065
Rainfall (mm/day) 0.066 -0.077 -0.373 -0.092 -0.244 0.027

* **Significant difference at the 0.05 and 0.01 levels, respectively.

Statistics of opposite phyllotaxy ratios

By investigating the morphology of maize shoot apical meristems using scanning electron
microscopy, we determined that the shoot apical meristems of maize with opposite phyllotaxy were
larger than those of plants with alternate phyllotaxy, and the arrangement of shoot apical meristems
differed between plants with opposite and alternate phyllotaxy. The ratios of plants with opposite
phyllotaxy differed among inbred lines; the order of lines (from high to low opposite phyllotaxy
ratios) was 8701D, LiuD, and WuMD, as shown in Figure 2. The opposite phyllotaxy ratios for
LiuD and WuMD, but not 8701D, were greatly influenced by temperature and were positively cor-
related with temperature. The order of lines, arranged by standard deviation (from high to low), was
8701D, LiuD, and WuMD, with values of 3.28, 10.35, and 14.22%, respectively.
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Figure 2. Opposite phyllotaxy ratios of different maize inbred lines at different temperatures.
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Changes in the CTK/IAA ratios of maize inbred lines at different temperatures
and growth stages

The CTK/IAA ratios differed among inbred lines, and the changes generally corresponded
to changes in temperature. While the CTK/IAA ratios in 8701D were similar at different tempera-
tures, the other lines exhibited positive correlations with temperature. However, in some inbred
lines, such as WuMD, the CTK/IAA ratio was higher at 17°C than at other temperatures (Figure 3).
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Figure 3. Differences in CTK/IAA ratios of maize inbred lines at different temperatures and developmental stages.
A. LiuD, B. 8701D, C. WuMD.

To examine the relationship between the CTK/IA A ratio and the opposite phyllotaxy ra-
tio, we performed correlation analysis using the SPSS software (SPSS, Inc., Chicago, IL, USA).
We observed a positive correlation between the CTK/IAA ratio and the ratio of plants with op-
posite phyllotaxy (except for the inbred line WuMD at 17°C), with correlation coefficients of
0.6801 and 0.7178 for inbred lines 8701D and WuMD, respectively (Figure 4). In addition, for
WuMD, the CTK/IAA ratios at both 21° and 25°C exhibited positive correlations with the oppo-
site phyllotaxy ratio, with correlation coefficients of 0.6930 and 0.8174, respectively (Figure 5).
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Figure 4. Analysis of the linear correlation between the ratios of opposite phyllotaxy maize and temperature. A.
8701D, B. LiuD, C. WuMD.

To examine the influence of temperature on the CTK/IAA ratios of 3 inbred lines, the
data were analyzed using the SigmaPlot software (SYSTAT, San Jose, CA, USA). The results
indicated that the CTK/IAA ratios of different inbred lines with opposite phyllotaxy differed;
the order of lines, with ratios arranged from high to low, was 8701D, LiuD, and WuMD, with
standard deviations of 0.03, 0.04, and 0.06, respectively (Figure 6). The results also show that
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the changes in CTK/IAA ratios of different inbred lines were consistent with those of opposite
phyllotaxy at different temperatures (Figure 2).
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Figure 5. Linear correlation analysis on WuMD between the ratio of opposite phyllotaxy and temperature. A. 21°C
and 25°C, B. 17°C.
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Figure 6. Dissociation of CTK/IAA of maize inbred lines at different temperatures.

Changes in CTK/IAA ratios of different maize inbred lines at the same temperature

We also analyzed LiuD, LiuDh, and Liuh, as shown in Figure 7. At the same tempera-
ture, the CTK/IAA ratio of LiuD was higher than that of LiuDh and Liuh. Among the alternate
phyllotaxy maize inbred lines, the CTK/TAA ratio of LiuDh was always higher than that of
Liuh and even higher than that of the opposite phyllotaxy maize inbred line LiuD grown at the
lower temperature, indicating that the gene(s) controlling the opposite phyllotaxy character
retain(s) a high expression index in alternate phyllotaxy maize inbred lines.
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Figure 7. Change in the CTK/IAA content of different maize lines at the same temperature. A.25°C,B.21°C, C. 17°C.

The experiments confirmed that the formation of the opposite phyllotaxy character
was correlated with the CTK/IAA ratio at the growing point of maize stem tips, which played
an important role in phyllotaxy differentiation. The balance of CTK to IAA is a key factor
controlling the types of leaf primordia formed. Among the main environmental factors affect-
ing the CTK/IAA ratio, including light exposure time, temperature, and rainfall, temperature
showed the strongest effect on opposite phyllotaxy ratios of maize inbred lines.

DISCUSSION

Plant growth is controlled by multiple hormones, and particularly by the hormonal
balance, as reported previously (Wang et al., 2008). Our results revealed negative correlations
between the contents of gibberellin (GA), abscisic acid (ABA), and IAA and opposite phyllo-
taxy ratios in maize, but a positive correlation was observed for CTK. The results in our study
also showed that the opposite phyllotaxy ratios in maize were mainly influenced by the ratio
of CTK/IAA, but not by (GA +TAA + CTK)/ABA, CTK/ABA, or CTK/GA (data not shown).

Changes in temperature changed the CTK/IAA ratio and caused the opposite phyllotaxy
ratio to fluctuate. However, in different maize inbred lines, the effects of temperature differed.
The CTK/IAA ratios for LiuD and WuMD, but not 8701D, were strongly influenced by tem-
perature. The CTK/IAA ratio may have a threshold value that is different for various inbred
lines, leading to a positive correlation with the opposite phyllotaxy ratio within a certain range.
Moreover, the current study indicated that the 9th day represented a turning point, after which
the hormonal content in different maize lines was maintained within a relatively stable range.

At the same temperature, the CTK/IAA ratio in maize with opposite phyllotaxy was
significantly higher than those of its near isogenic lines of alternate phyllotaxy maize, as was
previously reported (Ma et al., 2008). The CTK/IAA ratio of the alternate phyllotaxy near
isogenic lines of opposite phyllotaxy maize was always higher than that of the alternate phyl-
lotaxy parent line, and both trends were consistent. These results indicate that the gene con-
trolling the opposite phyllotaxy trait maintained a higher expression index in the near isogenic
lines of opposite phyllotaxy maize, and the opposite phyllotaxy trait did not appear to be latent
(Tian et al., 1994; Wang and Gu, 1995; Liu et al., 1998).
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