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Abstract: Deposited in plant cells and their intercellular space, phytoliths, a special form of silica, could be used to determine informa-
tion on plant structure and physiology especially their size and content. With the hypothesis that phytolith in plant would change under
variable climate and environment, the dominant plant species in Songnen grassland, guinea grass (Leymus chinensis), was treated by an
open-top chamber (OTC) to elevate CO, concentration, infrared heaters, and artificial nitrogen (N) addition for three years from
2006-2008. Phytoliths were extracted by wet-ashing method and analyzed by variance analysis and so on. We found that the responses
to elevated CO, are complicated, and warming is positive while N addition is negative to the deposition of phytoliths in L. chinensis
leaves. Especially, warming could reduce the negative impact of N addition on phytolith in L. chinensis. The short cell's taxonomic in
graminea is significant because of no disappearance with simulated environmental changes. The phytolith originated in the long cell and
plant intercellular space are more sensitive to elevated CO, concentration, warming, and N addition, and could become some new indi-
cators for environmental changes. In conclusion, different phytolith types have various responses to simulated warming, N addition and
elevated CO, concentration.
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1 Introduction

Phytoliths are special form of silica developed in higher
plant cells and intercellular space (Wang and Lv, 1993;
Rudall et al., 2014). They are abundant in the topsoil. At
different climatic conditions, the amounts of different
type phytoliths are under statistical law (Jie ef al.,
2010a). Thus, it is widely used in paleo-climate's recon-
struction (Inoue and Sase, 1996; Carter, 2002; Dawson
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et al., 2004; Trombold and Israde-Alcantara, 2005; Fan
et al., 2006; Li et al., 2011; Li et al., 2013). Silicon not
only reduces the toxicity of salt in crops, but also pro-
motes plant growth and protects them from pests and
diseases (Lewin and Reimann, 1969; Lanning and Eleu-
terius, 1985; McNaughton et al, 1985; Zhu et al,
2004). It is proposed that the content and size of phyto-
liths might play an important role in plant growth. En-
vironmental factors can influence the formation of phy-
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tolith (Prebble et al., 2002; Lu et al., 2006).

The tendency of warming, elevated CO, concentra-
tion and nitrogen (N) addition is ongoing nowadays
(Phoenix et al., 2006; Sabine, 2014). Elevated CO; or
temperatures could thicken leaves and increase biomass
production (Lin and Hu, 1996; Pritchard et al., 1999;
Zeng et al., 2002; Li et al., 2014). Optimal N addition
can enhance the growth of plants (Feng Dalan L et al.,
2009; Reddy and Matcha, 2010), while excessive nitro-
gen can reduce the biological diversity of terrestrial
ecosystems (Dirnbock et al., 2014). However, no infor-
mation is available now regarding the responses of phy-
tolith in plants to climate change.

We hypothesized that content and size of phytolith in
plants would change under climate and environment
changes. Guinea grass (Leymus chinensis) is a major
grass species in Songnen grassland. There were lots of
studies on its physiology previously, therefore, com-
parative analysis between plant physiology and phyto-
lith was convenient for this species. The purpose of this
study was to identify the responses of different types of
phytolith in L. chinensis to simulated warming, elevated

CO; and nitrogen deposition conditions, which could
provide guidelines for paleo-environmental rebuilding
and more understanding of future ecosystems evolution.

2 Materials and Methods

2.1 Study site

The study was conducted at Grassland Ecosystem Ex-
perimental Station of Northeast Normal University,
which is located in the southwestern part of Songnen
grassland region (44°40'-44°44'N, 123°44'-123°47'E)
(Fig. 1). The region is in temperate zone with semi-arid
monsoon climate, hot in the summer and cold in the
winter. The average annual temperature is 4.9°C with the
warmest month of 22°C—25°C and the coldest month of
—22°C—~16"C. The annual precipitation is about 470 mm,
and 70% of the total precipitation occurs from June to
September. The dominant grass in this region is Leymus
chinensis, accompanied by reed (Phragmites australis)
and other forbs. The soil type is mainly Hapli-Ustic Iso-
humosols, and others are salinized or alkalized soils. The
soil organic matter content is around 3040 g/kg.
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2.2 Experimental design

There were five treatments in the experiment: elevated
CO,, warming, N addition, warming combined with N,
and control. Elevated CO, experiment was achieved by
a 5 m”open top chamber (OTC). The OTC was con-
tinuously supplied CO, in four directions by liguid CO,
cylinder, and a flow meter was used to maintain the CO,
concentration to 750 pmol/mol. For simulated warming
and N addition treatments, 12 rectangular plots were
established with each of 4 m x 3 m. Six randomly se-
lected plots were heated by infrared heaters 2.25 m high
above the ground throughout the year, while the other
six plots were treated as control. Ammonium nitrate (10
g/m?) was applied to 1/2 of each plot on May 30th of
each year (Fig. 2). In all, there formed an OTC for ele-
vated CO, treatment, six subplots for simulated warm-
ing, six subplots for N addition, six subplots for warm-
ing combined N addition, and six subplots for control
treatment. The community structure was simple in the
plot. L. Chinensis was the main plants with a contagious
distribution. Besides, only a few P. australis, Indian
kalimeris herb (Kalimeris integrtifolia), and sedge
(Carex duriuscula) grew in the plot. The experiments
were repeated for three years from 2006 to 2008. At
harvest season in 2008, one 1 m x 1 m quadrat from
each subplot was chosen, totally 25 quadrats. In each
quadrat, leaves of L. Chinensis were sampled using five
point sampling mode. Samples were then taken back to

laboratory and dried.
4m 3m
P .
w
g
- { N w N
E {
o
w W
W N | w N
N N
N MES w
N
w
N | w w
N N

Fig. 2 Experimental design of simulated warming and nitrogen
deposition treatments

2.3 Extraction method

Wet-ashing method was used to isolate phytolith (Jie et
al., 2010b). For each sample, we randomly selected 5 g
dry leaves, cleaned them by microwave, and then put
them into numbered tubes. The tubes were added with
20 mL concentrated nitric acid, heated by water bath.
After complete oxidization of leaves, the concentrated
nitric acid was removed, and distilled water was added.
Centrifugation was done at rotation speed of 2000 r/min
for 10 min, which was repeated three times. The ex-
tracted phytoliths were dried, weighed, and then made
into permanent slide. Phytoliths were observed and the
size of phytolith was measured under a biological mi-
croscope (BA210 Digital, MOTIC, USA), magnified
900 times. For each phytolith slide, the number of every
phytolith type was counted, and relative content of each
type was calculated.

2.4 Analysis method

One-way ANOVA was used to determine the size dif-
ferences of phytolith between the five treatments. The
significant level was at P < 0.05.

3 Results

3.1 Phytolith type

According to the International Code for Phytolith No-
menclature 1.0 (ICPN1.0), the phytoliths observed in L.
chinensis mainly included rondel, elongate, hair cell,
laminate, favose, and others (Table 1). Among them,
rondel, a primary phytolith, accounted for 70% of total
phytolith amount. The sum of rondel, elongate and hair
cell accounted for more than 90% of total phytolith
amount. Based on the subtle differences in morphology,
a more detailed classification for rondels, elongates, and
hair cells was set. Rondels were divided into three sub-
types: ridged rondel, flat rondel, and echinate rondel.
Elongates were divided into four subtypes: smooth elon-
gate, echinate elongate, horn-ends elongate, and hollow
elongate. Hair cells were divided into two subtypes: un-
ciform haircell and lanceolate. Hollow elongate was only
observed in elevated CO, and N fertilization treatments,
while it was not observed in other treatments.

3.2 Relative content of phytolith between treat-
ments

For elevated CO, treatment, the relative content of ron-
del increased compared to the control. Specific to the
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Table 1 Relative contents of all types of phytolith in Leymus chinensis leaves

Percentage (%)

Phytolith type
CK CO, w N WN
Total rondel 64.0 70.0 69.0 73.0 76.0
Ridged rondel 27.0 46.0 31.0 33.0 50.0
Rondel

Flat rondel 29.0 28.0 31.0 36.0 34.0
Echinate rondel 44.0 26.0 38.0 31.0 16.0
Total elongate 7.0 13.0 5.0 7.0 9.0
Smooth elongate 29.0 15.0 14.0 21.0 41.0
Elongate Echinate elongate 59.0 56.0 76.0 29.0 45.0
Horn-ends elongate 12.0 23.0 10.0 4.0 14.0

Hollow elongate - 6.0 - 46.0 -
Total hair cell 25.0 12.0 24.0 10.0 12.0
Hair cell Unciform haircell 2.0 10.0 2.0 23.0 21.0
Lanceolate 98.0 90.0 98.0 77.0 79.0
Total other types 4.0 5.0 2.0 10.0 3.0
Laminate 13.0 20.0 40.0 29.0 29.0
Other types Favose 33.0 7.0 30.0 56.0 28.0
Homo-dentate 37.0 13.0 10.0 3.0 29.0
Rare type 17.0 60.0 20.0 12.0 14.0

Notes: CK, control group; CO,, elevated CO, group; W, warming group; N, excessive N group; WN, warming combined excessive N group. —' represents no phy-

tolith of such type was observed

three kinds of rondels, the relative content of ridged
rondel increased, while the content of flat rondel and
echinate rondel descended. There were more elongates
in the treatment than the control group, and the relative
content of hair cells decreased.

In warming treatment, rondels, elongates and hair
cells took up more percentage from total phytolith
amount, reaching up to 98%. It was hardly to find lami-
nates, favoses, tooth shapes, and other minority phyto-
lith types. The relative content of rondels increased from
64% (the control group) to 69%, while that of elongates
and hair cells changed slightly.

The three type of rondel responded differently to N
addition. In all, the relative content of rondels increased
from 64% (control group) to 73%. For the three types of
rondel, the relative content in ridge rondel and echinate
rondel increased but flat rondel declined. As for hair
cells, the relative content decreased, and the scale be-
tween unciform hair cell and lanceolate also changed.
The content of unciform hair cells increased obviously,
which was almost 10 times than the warming treatment.
As for elongates and hair cells, their contents decreased.
Besides, the content of laminates, favoses, tooth shapes,

and broken-shape increased sharply, reaching to 10%.
Specially, we observed some hollow elongates which
were not fully silicified.

In warming combined with N addition treatment, the
content of laminates, favoses and tooth-shapes fell
down, although they were higher in single N treatment.
The relative content of rondels and elongates increased
compared to the other treatments except elevated CO,.
The hair cells descended compared to the control and
single warming, although the percentage increased
comparing with the single N addition.

3.3 Length and width of phytoltih between treat-
ments

For elevated CO, treatment, the size of rondels tended to
become smaller, although some sub-types did not
change significantly (Table 2, Table 3). Specific to the
three kinds of rondels, the length of ridged rondel in-
creased whereas its width decreased. As for flat rondel
and echinate rondel, both length and width became
smaller (Fig. 3). Elongates tended to stretch and in-
creased in length (Fig. 4a). The size of hair cells became
larger (Fig. 4b).
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Table 2 Significant coefficients of phytolith length in experimental treatments in Leymus chinensis

Phytolith type Experimental treatment CK CO, \ N WN
CK - 0.120 0.007 0.007 0.059
CO, 0.120 - 0.252 0.252 0.738
Ridged rondel w 0.007 0.252 - 0.857 0.416
N 0.012 0.333 0.857 - 0.526
WN 0.059 0.738 0.416 0.526 -
CK - 0.186 0.826 0.826 0.000
CO, 0.186 - 0.124 0.124 0.000
Rondel Flat rondel w 0.826 0.124 - 0.609 0.000
N 0.770 0.302 0.609 - 0.000
WN 0.000 0.000 0.000 0.000 -
CK - 0.190 0.221 0.604 0.041
CO, 0.190 - 0.012 0.068 0.001
Echinate rondel w 0.221 0.012 - 0.479 0.408
N 0.604 0.068 0.479 - 0.126
WM 0.041 0.001 0.408 0.126 -
CK - 0.342 0.010 0.556 0.043
CO, 0.342 - 0.102 0.125 0.279
Elongate Echinate elongate w 0.010 0.102 - 0.002 0.578
N 0.556 0.125 0.002 - 0.009
WN 0.043 0.279 0.578 0.009 -
CK - 0.113 0.604 0.946 0.043
CO, 0.113 - 0.036 0.129 0.000
Hair cell Lanceolate W 0.604 0.036 - 0.557 0.131
N 0.946 0.129 0.557 - 0.037
WN 0.043 0.000 0.131 0.037 -

Notes: Results were from one-way ANOVA. CK, control group; CO,, elevated CO, group; W, warming group; N, excessive N group; WN, warming combined
excessive N group
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Fig. 3 Length and width of three types of rondels. a, ridged rondel; b, flat rondel; ¢, echinate rondel. CK, control group; CO,, elevated
CO, group; W, warming group; N, excessive N group; WN, warming combined excessive N group. Error bars represent the standard
error of the mean
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Table 3 Significant coefficients of phytolith width in experimental treatments in Leymus chinensis

Phytolith type Experimental treatment CK CO, w N WN
CK - 0.000 0.000 0.704 0.796
CO, 0.000 - 0.005 0.000 0.000
Ridged rondel w 0.000 0.005 - 0.000 0.000
N 0.704 0.000 0.000 - 0.903
WN 0.796 0.000 0.000 0.903 -
CK - 0.985 0.010 0.181 0.159
CO, 0.985 - 0.011 0.187 0.165
Rondel Flat rondel w 0.010 0.011 - 0.208 0.234
N 0.181 0.187 0.208 - 0.944
WN 0.159 0.165 0.234 0.944 -
CK - 0.113 0.604 0.946 0.043
CO, 0.113 - 0.036 0.129 0.000
Echinate rondel w 0.604 0.036 - 0.557 0.131
N 0.946 0.129 0.557 - 0.037
WM 0.043 0.000 0.131 0.037 -
CK - 0.000 0.022 0.000 0.000
CO, 0.000 - 0.066 0.578 0.717
Elongate Echinate elongate w 0.022 0.066 - 0.196 0.138
N 0.000 0.578 0.196 - 0.846
WN 0.000 0.717 0.138 0.846 -
CK - 0.015 0.106 0.106 0.012
CO, 0.015 - 0.409 0.409 0.927
Hair cell Lanceolate \ 0.106 0.409 - 0.154 0.359
N 0.106 0.409 0.154 - 0.020
WN 0.012 0.927 0.359 0.020 -

Notes: Results were from one-way ANOVA. CK, control group; CO,, elevated CO, group; W, warming group; N, excessive N group; WN, warming combined
excessive N group
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Fig. 4 Parameters of elongate (a) and hair cell (b) in different treatments. CK, control group; CO,, elevated CO, group; W, warming
group; N, excessive N group; WN, warming combined excessive N group. Error bars represent the standard error of the mean

In warming treatment, rondels and elongates, as well ~ ridged rondel, echinate elongate, and lanceolate in-
as hair cells became larger. Among them, the length of  creased significantly, while the width of flat rondel,
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echinate rondel, echinate elongate changed significantly.

The three type of rondel responded differently to N
addition. The length of ridged rondel and echinate ron-
del increased by 8.6%, 0.6%, respectively, while the
width decreased by 3.7% and 3.3%. Length in flat ron-
del decreased by 0.6% while width increased by 0.9%.
Except for length of ridged rondel, no variations in co-
efficients of size were observed among them. The mean
length and width of elongates and hair cells were both
decreased, along with their decreasing content.

When warming combined with N addition, both
length and width of 3 types of the rondels increased sig-
nificantly compared to the control group, and sizes of
echinate rondels became even larger than the single
warming group. As for elongates, length and width were
larger than single N addition treatment, but smaller than
single warming treatment.

3.4 Difference response between phytoltih deposit
in short cell and long cell

Rondel was the dominant phytolith in L. chinensis
leaves. For the four treatments, the relative content of
rondels all increased. As for sizes, rondels were larger in
warming treatments. However, sizes of three types of
rondels did not change consistently for elevated CO, or
N fertilization treatment, and flat rondels and echinate
rondels in warming combined with N addition treatment
tended to become bigger compared to single treatment.

The relative content of elongates increased under
elevated CO, treatment, and did not change significantly
in warming, N addition, and warming combined with N
addition treatment. Length increased while width de-
creased in all treatments except N addition, which may
indicate the elongation of long cells. Excessive nitrogen
shortened the length of elongates, what's more, there
were a large number of hollow elongates not completely
silicified.

For hair cells, the relative content declined in both
elevated CO,, N addition, and N combined with N addi-
tion treatment. In warming treatment, the content almost
had no change. Microscopic measurements showed that
under elevated CO, or warming treatment, length and
width of hair cells increased significantly, and the hair
cells became smaller under N addition treatment,. For
warming combined with N addition, the length was
longer than single warming or single N addition treat-
ment, while width was smaller than single warming or N

addition treatment.
4 Discussion

The content and size of phytolith are associated with
plant physiological state and cell morphology (Rudall et
al., 2014), while silicon content affects the cell struc-
ture, the content of chlorophyll, the absorption of nitro-
gen, as well as cell transpiration in return (Ahmad ef al.,
1992; Epstein, 1994; Liang, 1997; Liang, 1999; Liang et
al., 2003; Ma, 2004; Romero-Aranda et al., 2006). For
gramineae species, phytolith is assembled in leaf epi-
dermal cells. Many researchers proposed that silicon
accumulation started from the cell edge (Wang and Lv,
1993), thus, phytoliths in gramineae might record the
shape and status of plant cells, and their responses to
different conditions could reflect the responses of cells.

Previous studies indicated that the typical phytolith in
pooideae were mainly reniform, rondel, conical, stellate,
and trapeziform-sinuate, and elongates and hair cells
were frequently found while square-shape was hard to
find (Wang and Lv, 1993). Huang et al. (2004) observed
that phytoliths of L. chinensis grown in Inner Mongolia
were orbicular in shape (we named rondel in this paper),
accounting for 69.1% of total phytolith amount, which
was consistent with our observation. We not only ob-
served rondels, elongates, hair cells and favoses, but
also found new phytolith types including hollow elon-
gates, horn-ends elongates and laminate. We also ob-
served a few broken-shapes and inregular shapes.

4.1 Effect of elevated CO, concentration and
warming on phytolith

Under the present atmospheric CO, level, C; plants are
CO,-limited (Zou, 2005). Previous studies showed
short-term excessive CO, concentration had positive
effect on the growth of plants, while long-term exces-
sive CO, concentration had more complicated effects
(Sage et al, 1989; Gunderson et al., 1993; Poorter,
1993; Makino and Mae, 1999). Masle (2000) discovered
that higher CO, level enhanced the cell elongation and
cell division in wheat (C3), however, the epidermal cells
did not elongate obviously. Other studies also proposed
that increasing CO, concentration significantly pro-
moted cell division (Lin and Hu, 1996). The increased
sum content of rondels and elongates as well as larger
but fewer hair cells under elevated CO, level in our ob-
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servation fully agreed with the findings that high CO,
concentration promoted cell division.

Positive or negative plant growth in response to
warming largely depends on the optimum temperature
of plant. If temperature is above the optimum tempera-
ture, higher temperature levels will not enhance the
plant growth anymore (Berry and Bjorkman, 1980;
Yamori ef al., 2014). For the 3 types of rondels observed
in present study, the content of ridged rondels and flat
rondels increased while echinate rondels decreased,
which indicated warming had different effect on the
three rondels, and the three types may have different
formation mechanisms. As for hair cells, the content
declined from 25% (control group) to 24%, and the
scale between unciform hair cell and lanceolate did not
change, which demonstrated that warming had little in-
fluence on hair cells. However, larger rondels and hair
cells in warming treatment inferred that warming en-
hanced the phytolith growth. Li et al. (2014) also found
summer nighttime warming increased the aboveground
production of L. chinensis significantly.

4.2 Effect of N addition and warming combined
with N addition on phytolith
Nitrogen addition could increase foliar nitrogen signifi-
cantly (Talhelm ef al., 2011). Optimal nitrogen addition
enhanced the plant growth (Yao and Liu, 2007; Feng L
et al., 2009; Reddy and Matcha, 2010), however, high N
level had negative effects on plant (Li ez al., 2003; Qi et
al., 2011). In our experiment, the relative content of
rondel increased while the size did not change regularly,
similar to warming treatment, which indicated that the
three types rondel have different formation mechanism.
Besides, both length and width of echinate rondels in-
creased in N addition treatment. As for elongates and
hair cells, both content and size decreased sharply, and
almost half of elongates in this treatment were hollow,
that is, they were not silicified completely. Therefore,
excessive N may affect the absorption of silicon, and
suppress the formation of elongate. It can be inferred
that high N level had a negative impact on phytolith in
L. chinensis. Because silicification could improve the
mechanical strength of cells, enhance the plant ability to
resist pets and salt, the suppressed phytolith deposition
caused by excessive nitrogen is not beneficial to growth
of L. chinensis and its saline-alkali tolerance.

The increased relative content in rondels in warming

combined with N addition treatment differed from single
warming or single N addition treatment, indicated that
warming and N fertilization played cooperative effect on
content of rondels in L. chinensis. The relative content
in rondels and scale of two sub-types in hair cells was
similar to single N addition, which further demonstrated
that hair cells were more sensitive to N concentration
than temperature level. Disappeared hollow elongates in
this treatment means warming could reduce the negative
effect of excessive N for elongates.

5 Conclusions

(1) Warming is positive while excessive nitrogen is
negative to the deposition of phytoliths in L. chinensis
leaves. Warming could reduce the negative impact of
excessive nitrogen on phytolith in L. chinensis. The re-
sponses to elevated CO, were complicated, which needs
further investigation.

(2) L. chinensis is a high quality pasture in Songnen
grassland, as the negative effect of excessive N on phy-
tolith could reduce the mechanical strength as well as
the insect-resistance capacity of L. chinensis, more at-
tention should be paid to the growth of L. chinensis in
the future.

(3) The taxonomic of the short cell in graminea is
significant because of no disappearance with simulated
environmental changes. The phytolith originated in the
long cell and plant intercellular space are more sensitive
to elevated CO, concentration, warming, and excessive
nitrogen, and could become some new indicators for
environmental changes.
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