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Introduction

Abstract

Stomatal characteristics are used as proxies of paleo-environment. Only a few model
species have been used to study the mechanisms of genetic and environmental effects
on stomatal initiation. Variation among species has not been quantified. In this
paper, results from an in situ reciprocal transplant experiment along an elevation
gradient in the northeast Tibetan Plateau are reported, in which the relative effects
of genetics (original altitude) and environment (transplant altitude) on stomatal
density (SD) and length (SL) were quantified. In Thalictrum alpinum, only the
environment significantly influenced SD, with the variance component (s2.) of the
environment found to be much greater than that of genetics (s3)) (s%/sg = 10.9).
In Kobresia humillis, only genetics significantly influenced SD and SL, with the
genetics variance component found to be greater than that of the environment
(s3./s% = 0.17, for SD). These results suggest that the extent to which genetics and
the environment determine stomatal initiation and development is species-specific.
This needs to be considered when studying genetic or environmental controls of
stomatal initiation, as well as when SD and SL are used as proxies for ancient climate
factors (e.g., CO, concentration).

Generally, stomatal initiation is controlled by both en-
vironmental and genetic factors (Casson and Hetherington

Stomata are the pores on the surface of leaves, flanked by
guard cells, which regulate the gas exchange between inter-
nal plant tissues and the atmosphere, especially water vapor
and CO,. Stomata are very important since they are directly
responsible for the trade-off between water loss and carbon
acquisition (Raven 2002). Gas exchange is controlled not only
by the actual opening, but also the number and size of guard
cells (stomatal density and length). Stomatal density (SD) and
length (SL) are negatively correlated, a relationship that has
seemingly existed for several hundreds of million years (Het-
herington and Woodward 2003; Franks and Beerling 2009).

© 2012 The Authors. Published by Blackwell Publishing Ltd. This is an open access article under the terms of the Creative

2010). It is generally detected that SD and the concentration
of atmospheric CO, are inversely related, and thus the SD of
fossil leaves has been used as a proxy indicator of paleoat-
mospheric CO; levels (Woodward 1987; Royer 2001). On the
other hand, SD, as a quantitative trait, is genetically deter-
mined (Gailing et al. 2008). Meantime, SL has been reported
to correlate not only with genome size, but also with water
conditions (Aasamaa et al. 2001; Beaulieu et al. 2008; Xu and
Zhou 2008).

Some species have been reported as possessing generally
high heritability (i.e., less sensitive to environmental change)
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in their stomatal characteristics (Sharma and Dunn 1969;
Orlovic et al. 1998), while others have been reported as being
more sensitive to environmental factors (Schoch et al. 1980).
However, the relative importance of gene versus environment
in determining SD or SL and its interspecific variation have
not yet been estimated under a unified framework. Current
knowledge regarding stomatal initiation comes from molec-
ular biology, which depends heavily on a few model species,
especially Arabidopsis thaliana. A lack of knowledge about
the sensitivity to environmental factors of a trait within or
between species limits the potential of that trait to be used in
the reconstruction of paleoclimate (Royer et al. 2008, 2009).

In this study, we design in situ reciprocal transplant ex-
periment along an elevation gradient to detect if the effect of
genetic and environmental factors on stomatal density and
length is species-specific.

Materials and Methods
Study site

The study was located at the Haibei Alpine Meadow Ecosys-
tem Research Station (37°37'N, 101°12’E), Northwest Plateau
Institute of Biology, Chinese Academy of Sciences. The station
lies in the northeast of the Tibetan Plateau in a large valley
surrounded by the Qilian Mountains. The climate there is
a typical plateau continental climate, and is dominated by
the southeast monsoon in summer and high pressure from
Siberia in winter. The annual mean air temperature is —1.7°C
and annual mean precipitation is 580 mm (Li et al. 2004).
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Experimental design

Four elevations were chosen for an in situ reciprocal trans-
plant experiment: 3200 m, 3400 m, 3600 m, and 3800 m
(Fig. 1A). The difference in annual mean temperature be-
tween 3200 m and 3800 m was 2.4°C (2006—-2008). The lapse
rate during summer was estimated as —0.7°C per 100 m
(Hirota et al. 2009). The communities at 3200 m and 3400 m
were dominated by Kobresia humilis and Potentilla fruticosa,
respectively. Meantime, Carex moorcropt dominated com-
munities at both 3600 m and 3800 m.

Ateach elevation (original elevation), 12 soil columns mea-
suring 1 x 1 x 0.3 m? were excavated, and then transplanted
to the four elevations (transplanting elevations). The proce-
dure was executed with caution in order that the soil texture
and vegetation in the columns remained intact. At each trans-
planting elevation, the 12 columns (three from the same ele-
vation, nine from the other three elevations) were randomly
assigned. When a column was transferred within the same el-
evation, its position was changed (Fig. 1B). The experiment
began in May 2006.

Stomatal density and stomatal length
measurement

K. humilis (Fig. 2) and T alpinum were chosen because
they were two among three common species present at
all four elevations. But K. humilis did not appear at soil
columns originated from 3400 m. Moreover, they were both
hypostomatous (stomata on the abaxial surface). The two
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Figure 1. Location of the four altitudinal plots (A) and sketch-map of soil columns arranged at 3400 m (B). e represents the location. D D |:|
repsrepresent the soil columns originated from 3200 m, 3400 m, 3600 m and 3800 m.
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Figure 2. Plant of K. humilis. The photo is photographed by Xu Guang-
ping.

species are perennials with asexual propagation as the main
way of annual regeneration (Deng et al. 2001). Therefore, it’s
easy to recognize the transplanted plants.

The plant material used for the SD and SL measurements
was collected in August 2008. In each soil column, three plants
were selected randomly and one fully mature leaf from each
plant was selected and fixed immediately in FAA (the ratio of
70% ethanol, to ethanoic acid, to formalin was, by volume,
18:1:1). Finger polish imprints were taken from the whole
of the abaxial surface of the basal leaflets for T. alpinum
and mounted on a glass slide after the FAA solution had
been removed. For K. humilis, the abaxial epidermis of the
middle portion (Poole et al. 1996) of each leaf was scraped
and mounted after the leaves had been softened in a 10%
chromic acid solution. Five randomly selected fields of view
(3-5 mm?) were selected to take images under a Motic mi-
croscope (Motic BA200, China). Using an image analysis sys-
tem (Motic Images Advanced 3.2), SD was recorded at x 100
magnification. SL was taken as the length between the junc-
tions of the guard cells at each end of the stoma. More than 30
stomata were randomly selected for SL measurement at x 100
magnification for T. alpinum, and at x400 magnification for
K. humilis.

Statistical analysis

In order to compare the “background” variances between
the two species in the spectrum of habitats they coexisted, a
homogeneity test was conducted. Only the columns trans-
ferred within the same elevation were relevant to this test.
The data were transferred by Box—Cox transformation.
Two-way analysis of variance (ANOVA) was used to ana-
lyze the effects of the environment (transplanting elevation),
genetics (original elevation), and the interaction. Both the
environment and genetic factors were set as random factors.

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Variance decomposition in two-way ANOVA is given as
s? = s34+ s+ 52+ s2, in which s? was the total vari-
ance, s% was the variance that originated from transplanting
elevation, sé was the variance from the original elevation,
s%.. o was the variance from the interaction between trans-
planting elevation and original elevation, and s2 was the error
variance. The variance of original elevation represented the
effect of gene while the variance of transplanting elevation
denoted the environmental effect (Strand and Weisner 2004).

In Minitab 15.0, the statistical package used, the variance
components s3 and s could be retrieved in the process of
two-way ANOVA. The ratio s2./s4 was calculated and sub-
mitted to F-test, as an extra estimate of the relative impor-
tance of environment to gene.

In two-way ANOVA, a soil column was taken as an exper-
iment unit, i.e., all samples (three leaves per species) from
one soil column were averaged into one data point. In homo-
geneity test, a plant was treated as an experimental unit; i.e.,
the five fields of view of a plant were averaged to form one
estimator of the plant.

Results

Variations of SD and SL along the elevation gradient are
shown in Figure 3. The tendency of SD along the elevation
gradient is distinct between the two species (Fig. 3). SD of
T. alpinum at 3200 m is the largest and the one at 3600 m is
the smallest, while SD of K. humilis at 3800 m and 3200 m
is the highest and the lowest (Fig. 3). On the contrary, SL of
T. alpinum and K. humilis changes similarly (Fig. 3).

There is no significant difference between the two species
in the “background” variance in both SD and SL (Table 1).
The standard deviations and range (difference between the
maximum and the minimum) of SD are quite close between
the two species. The standard deviations and range of SL is
higher in K. humilis than in T. alpinum (Table 1).

ANOVA results from the reciprocal transplant experiment
are given in Table 2. The results demonstrate that only the
original elevation (genetic factors) had significant effects on
the SD and SL of K. humilis, while only the transplant eleva-
tion (environmental factors) had significant effects on the SD
of T. alpinum. The ratios of variance components (i.e.,s3./s5)
were calculated and tested by the F-test (Table 2). The two
ratios for T. alpinum were less than 1 and the p-value for SD in
F-test was 0.040, while those for K. humilis were greater than
or equal to one and the p-value for SD was 0.091 (Table 2).

Discussion

T. alpinum and K. humilis are species with wide distribution
area and high genetic diversity. T. alpinum distributes from
Asia-temperate to Asia-tropical and from Europe to North-
ern America (GRIN Taxonomy for Plants). Four varieties of
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Figure 3. Stomatal density (a) and stomatal length (b) of T alpinum (circles) and K. humilis (triangles) along elevation gradient.

Table 1. Homogeneity test of K. humilis and T. alpinum along elevation gradient.

SD SL
Species Mean (£STD) N Range p-value Mean (£STD) N Range p-value
K. humilis 256 (£65) 27 295 29.30 (£3.27) 27 13.22
0.437 0.272
T. alpinum 297 (£62) 21 208 26.11 (£1.68) 21 5.97

Notes: Only the soil columns transplanted within the same elevation are used in the test. A single leaf is the basic unit of the test. SD is stomatal
density, unit: number/mm?. SL is stomatal length, unit: um. STD is standard deviation. N is the number of plants. Range is the maximum minus the
minimum. p-value represents the probability of type | error based on Bartlett test with same variance as the null hypothesis.

Table 2. Relative importance of original (genetic) and transplant (environmental) effects as represented by variance components in two-way ANOVA.

T. alpinum K. humilis
df F p-value s2/s2 df F p-value s2/st
SD T 3 5.75" 0.013 3 1.70 0.266
0 3 1.45 0.285 10.9° 2 6.51" 0.031 0.17°
Tx0O 9 0.71 0.693 6 0.45 0.840
SL T 3 1.76 0.214 3 2.70 0.139
0 3 1.79 0.213 1.0 2 5.18" 0.049 0.52
Tx 0O 9 0.77 0.646 6 0.82 0.563

w_on

Notes: The superscript “e” denotes statistical significance at the & = 0.10 level, and “*" denotes significance at the « = 0.05 level. SD is stomatal
density, unit: number/mm?. SL is stomatal length, unit: um. “T" represents environmental factors (transplant altitude) and “O" represents genetic
factors (original altitude). “T x O" represents the interaction between the two factors, transplanted and original altitude. “df” stands for degrees
of freedom. F is the ratio of treatment MS to error MS. “p-value” corresponds to F value. s2/s? is the ratio of the two variance components, the
transplant factor (environmental effect, numerator) and the original factor (genetic effect, denominator). The variance components were obtained as
linear solutions of EMSs (expected mean squares) in ANOVA.

T. alpinum have been recognized, two in China and two in
America (Mooney and Johnson 1965). K. humilis is one of
keystone species in meadow communities in Qinghai-Tibet
Plateau. Zhao et al. (2006) investigated genetic diversity of
K. humilis in eight populations in eastern Qinghai-Tibet
Plateau using RAPD and discovered it had high diversity
but most of the genetic variability (83.04%) resides among
individuals within populations.
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Genetic diversity or other biological factors constrain the
spectrum of potential response. Before the effects of environ-
ment or genetics will be analyzed, the range of variation that is
permitted by a species’ biology should be compared between
the two species. For, if one species is permitted a higher de-
gree of variation than another, the variances that could be in-
duced by a same environmental stimulus would be different.
Homogeneity test indicates that the two coexisting species

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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along the altitudes possess similar degree of variation. Higher
range and standard deviation of SL is found in K. humilis
(Table 1). If this represented a higher degree of background
variation that biology permitted, larger environmental effects
on SL would be expected in K. humilis than in T. alpinum.
This is, however, not the case. The environmental effects on
SL is far from significant in K. humilis, while it is significant
in T. alpinum (Table 2).

The relative importance of the environment (transplant
elevation) and genetics (original elevation) in determining
stomatal characteristics and variance between species has
been estimated quantitatively under a unified framework.
In terms of SD, an approximate 64-fold difference in ratio
between the two species (Table 2) was found, while in terms
of SL the difference was approximately twofold (Table 2).
It seems that SD and SL in T. alpinum are more sensitive
to environmental factors and K. humilis is influenced more
by genetic factors when they originate from similar altitude
backgrounds.

The responses of SD and SL to elevation gradient are di-
verse (Hovenden and Brodribb 2000; Hultine and Marshall
2000; Kouwenberg et al. 2007; Valladares et al. 2007; Holland
and Richardson 2009). Likewise, contradictory results have
been found regarding the responses of SD and SL to CO,
and water conditions and temperature (Aasamaa et al. 2001;
Pearce et al. 2005; Zuo et al. 2005; Xu and Zhou 2008). For
example, Ferris and Taylor (Ferris and Taylor 1994) reported
that there were contrasting effects of elevated CO, on SD
among four grassland herbs. Consistent with these results,
our study has quantified the relative importance of genetics
and the environment. The controversy among these studies
could be explained by the fact that the responses of stomatal
characteristics to environmental changes were in fact species-
specific. Therefore, this should be considered in cases where
stomatal characteristics are being used as proxies for paleo-
climatic factors as SD in some plants is not sensitive to envi-
ronment change and the change along the altitude may not
indicate fluctuation of CO, concentration but background
of gene especially in short-time terms (Royer 2001).

Advances have recently been made in our understanding
of the regulation of stomatal development (Casson and Het-
herington 2010). However, these studies have almost always
been based on one model species, Arabidopsis thaliana. It
seems that A. thaliana is a species with plasticity both in
stomatal characteristics (Casson and Hetherington 2010) and
other traits (Pigliucci 1998). A wider diversity of models for
the genetic and environmental control of stoma should be
considered.

Acknowledgments

This research was funded by the National Basic Research
Program in China (2010CB833502), the Special Program

© 2012 The Authors. Published by Blackwell Publishing Ltd.

Species-Specific Control of SD and SL

of Carbon Sequestration of the Chinese Academy of Sci-
ences (XDA05070205), grants from the “100-Talents Pro-
gram” of the Chinese Academy of Sciences, and Special
Supports by the Bureau of Science and Technology for Re-
source and Environment of Chinese Academy of Sciences
(KZCX2-EW-QN604).

References

Aasamaa, K., A. Sober, and M. Rahi. 2001. Leaf anatomical
characteristics associated with shoot hydraulic conductance,
stomatal conductance and stomatal sensitivity to changes of
leaf water status in temperate deciduous trees. Aus. J. Plant
Physiol. 28:765-774.

Beaulieu, J. M., L. J. Leitch, S. Patel, C. A. Knight, and A.
Pendharkar. 2008. Genome size is a strong predictor of cell size
and stomatal density in angiosperms. New Phytol.
179:975-986.

Casson, S. A., and A. M. Hetherington. 2010. Environmental
regulation of stomatal development. Curr. Opin. Plant Biol.
13:90-95.

Deng, Z. F, X. L. Xie, and X. M. Zhou. 2001. Primary study on
reproductive strategies of Kobresia humilis population in
alpine meadow. Chinese J. Ecol. 20:68-70.

Ferris, R., and G. Taylor. 1994. Stomatal characteristics of four
native herbs following exposure to elevated, CO,. Ann. Bot.
73:447-453.

Franks, P. J., and D. J. Beerling. 2009. Maximum leaf conductance
driven by CO, effects on stomatal size and density over
geologic time. Proc. Natl. Acad. Sci. U.S.A. 106:10343—

10347.

Gailing, O,, R. Langenfeld-Heyser, A. Polle, and R. Finkeldey.
2008. Quantitative trait loci affecting stomatal density and
growth in a Quercus robur progeny: implications for the
adaptation to changing environments. Glob. Change Biol.
14:1934-1946.

Hetherington, A. M., and E. I. Woodward. 2003. The role of
stomata in sensing and driving environmental change. Nature
424:901-908.

Hirota, M., P. C. Zhang, S. Gu, M. Y. Du, A. Shimono, H. H.
Shen, Y. N. Li, and Y. H. Tang. 2009. Altitudinal variation of
ecosystem CO, fluxes in an alpine grassland from 3600 to
4200 m. J. Plant Ecol.-U.K. 2:197-205.

Holland, N., and A. D. Richardson. 2009. Stomatal length
correlates with elevation of growth in four temperate species.
J. Sustain. Forest. 28:63—73.

Hovenden, M. J., and T. Brodribb. 2000. Altitude of origin
influences stomatal conductance and therefore maximum
assimilation rate in Southern Beech, Nothofagus cunninghamii.
Aust. J. Plant Physiol. 27:451-456.

Hultine, K. R., and J. D. Marshall. 2000. Altitude trends in conifer
leaf morphology and stable carbon isotope composition.
Oecologia 123:32—40.

1069



Species-Specific Control of SD and SL

Kouwenberg, L. L. R., W. M. Kurschner, and J. C. McElwain.
2007. Stomatal frequency change over altitudinal gradients:
prospects for paleoaltimetry. Paleoaltim. Geochem.
Thermodyn. Approaches 66:215-241.

Li, Y. N., X. Q. Zhao, G. M. Cao, L. Zhao, and Q. X. Wang. 2004.
Analyses on climates and vegetation productivity background
at Haibei alpine meadow ecosystem research station. Plateau
Meteorol. 4:558-567.

Mooney, H. A., and A. W. Johnson. 1965. Comparative
physiological ecology of an arctic and alpine population of
Thalictrum alpinum L. Ecology 46:721-727.

Orlovig, S., V. Guzina, B. Krstic, and L. Merkulov. 1998. Genetic
variability in anatomical, physiological and growth
characteristics of hybrid poplar (Populus x euramericana Dode
(Guinier)) and eastern cottonwood (Populus deltoides Bartr.)
clones. Silvae Gen. 47:183-190

Pearce, D. W, S. Millard, D. E. Bray, and S. B. Rood. 2005.
Stomatal characteristics of riparian poplar species in a
semi-arid environment. Tree Physiol. 26:211—

218.

Pigliucci, M. 1998. Ecological and evolutionary genetics of
Arabidopsis. Trends Plant Sci. 3:485-489.

Poole, L., J. D. B. Weyers, T. Lawson, and J. A. Raven. 1996.
Variations in stomatal density and index: implications for
palaeoclimatic reconstructions. Plant, Cell Environ.
19:705-712.

Raven, J. A. 2002. Selection pressures on stomatal evolution. New
Phytol. 153:371-386.

Royer, D. L. 2001. Stomatal density and stomatal index as
indicators of paleoatmospheric CO, concentration. Rev.
Palaeobot. Palynol. 114:1-28.

1070

L. Zhang et al.

Royer, D. L., J. C. McElwain, J. M. Adams, and P. Wilf. 2008.
Sensitivity of leaf size and shape to climate within Acer rubrum
and Quercus kelloggii. New Phytol. 179:808-817.

Royer, D. L., L. A. Meyerson, K. M. Robertson, and J. M. Adams.
2009. Phenotypic plasticity of leaf shape along a temperature
gradient in Acer rubrum. PloS One 4:1-7.

Schoch, P. G., C. Zinsou, and M. Sibi. 1980. Dependence of the
stomatal index on environmental-factors during stomatal
differentiation in leaves of Vigna sinensis L. 1. Effect of
Light-Intensity. J. Exp. Bot. 31:1211-1216.

Sharma, G. K., and D. B. Dunn. 1969. Environmental
modifications of leaf surface traits in Datura stramonium.

Can. J. Bot. 47:1211-1216.

Strand, J. A., and S. E. B. Weisner. 2004. Phenotypic plasticity —
contrasting species-specific traits induced by identical
environmental constraints. New Phytol. 163:449-451.

Valladares, F, E. Gianoli, and J. M. Gomez. 2007. Ecological
limits to plant phenotypic plasticity. New Phytol. 176:749-763.

Woodward, F. 1. 1987. Stomatal numbers are sensitive to increases
in CO; from pre-industrial levels. Nature 327:617-618.

Xu, Z. Z., and G. S. Zhou. 2008. Responses of leaf stomatal
density to water status and its relationship with photosynthesis
in a grass. J. Exp. Bot. 59:3317-3325.

Zhao, Q. E, Q. X. Li, S. R. Ma, Y. Cui, and G. Wang. 2006. RAPD
analysis of genetic diversity of Kobresia humilis along the
eastern of Qinghai-Tibet Plateau of China. Acta Ecol. Sin.
26:2494-2500.

Zuo, W.Y.,, ]. S. He, M. Han, C. J. Ji, D. E. B. Flynn, and J. Y. Fang.
2005. Responses of plant stomata to elevated CO, and
temperature: observations from 10 plant species grown in
temperature and CO, gradients. Acta Ecol. Sin. 25:565-574.

© 2012 The Authors. Published by Blackwell Publishing Ltd.



