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MicroRNA319 (miR319) is one of the first characterized and conserved microRNA families in plants and has been demonstrated to
target TCP (for TEOSINTE BRANCHED/CYCLOIDEA/PROLIFERATING CELL FACTORS [PCF]) genes encoding plant-specific
transcription factors. MiR319 expression is regulated by environmental stimuli, suggesting its involvement in plant stress
response, although experimental evidence is lacking and the underlying mechanism remains elusive. This study investigates the role
that miR319 plays in the plant response to abiotic stress using transgenic creeping bentgrass (Agrostis stolonifera) overexpressing a
rice (Oryza sativa) miR319 gene, Osa-miR319a. We found that transgenic plants overexpressing Osa-miR319a displayed
morphological changes and exhibited enhanced drought and salt tolerance associated with increased leaf wax content and water
retention but reduced sodium uptake. Gene expression analysis indicated that at least four putative miR319 target genes, AsPCF5,
AsPCF6, AsPCF8, and AsTCP14, and a homolog of the rice NAC domain gene AsNAC60 were down-regulated in transgenic plants.
Our results demonstrate that miR319 controls plant responses to drought and salinity stress. The enhanced abiotic stress tolerance in
transgenic plants is related to significant down-regulation of miR319 target genes, implying their potential for use in the
development of novel molecular strategies to genetically engineer crop species for enhanced resistance to environmental stress.

Plant responses to drought and salt stresses have
been studied extensively in understanding the physi-
ological and molecular mechanisms underlying plant
adaptation to abiotic stress (Munns, 2002; Wang et al.,
2003; Chaves et al., 2009). At the physiological level,
plant responses to salinity stress are generally divided
into two phases: a rapid, osmotic phase inhibiting
shoot growth and a slower, ionic phase accelerating
the senescence of mature leaves (Munns and Tester,
2008). Plant responses to drought and salinity share
many similarities, especially in the first phase. Plants
subjected to drought and salinity experience a physi-
ological water deficit that alters photosynthesis and

cell growth and induces osmotic adjustment to main-
tain current water uptake and cell turgor (Chaves et al.,
2009). However, under salinity stress, plants endure
salt-specific effects, with very high Na+ or Cl2 concen-
trations within cells leading to toxicity. To tolerate salt-
specific effects, plants either minimize the uptake of salt
or compartmentalize salt in the vacuoles (Munns, 2005).
The current advances in plant biotechnologies for en-
hanced plant tolerance to drought (Garg et al., 2002;
Capell et al., 2004; Chandra Babu et al., 2004; Lian et al.,
2004; Oh et al., 2005; Wang et al., 2005; Hu et al., 2006;
Fu et al., 2007) and salinity (Gaxiola et al., 2001; Rus
et al., 2001, 2004; White and Broadley, 2001; Zhang and
Blumwald, 2001; Zhang et al., 2001; Laurie et al., 2002;
Shi et al., 2003; Flowers, 2004; Wu et al., 2004; Møller
et al., 2009; Li et al., 2010) mainly concentrate on
manipulating downstream genes, which function in the
physiological responses discussed above (e.g. osmotic
or ionic adjustment).

In recent years, the upstream regulatory networks
of plant drought and salt stress responses, including
hormones, transcription factors, protein kinases,
protein phosphatases, and other signaling molecules
such as calmodulin-binding proteins, have gradually
been uncovered (Zhang et al., 2004; Shinozaki and
Yamaguchi-Shinozaki, 2007; Nakashima et al., 2009).
However, the fine details of these regulatory networks
are still largely unknown, and questions about how
different regulatory elements function together and are
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coordinated by master regulators posttranscriptionally
or posttranslationally remain to be addressed. The dis-
covery of plant microRNAs (miRNAs) largely involved
in abiotic stress responses (Phillips et al., 2007; Sunkar
et al., 2007; Lu and Huang, 2008; Mazzucotelli et al.,
2008; Shukla et al., 2008; Lewis et al., 2009; Nakashima
et al., 2009) shed light on these questions. It is known
that miRNAs mediate plant abiotic stress responses
through regulating their target genes, the majority of
which are transcription factors constituting a compli-
cated regulatory network, serving as key players in the
gene regulation networks (Jones-Rhoades et al., 2006;
Khraiwesh et al., 2012; Sunkar et al., 2012).

Plant miRNAs are approximately 20- to 24-nucleotide
noncoding RNAs that specifically base pair to and
induce the cleavage of target mRNAs or cause trans-
lational inhibition (Zhang et al., 2006; Shukla et al.,
2008). They have diverse roles in plant development,
such as phase transition, leaf morphogenesis, floral
organ identity, developmental timing, and other as-
pects of plant development (Lu and Huang, 2008;
Rubio-Somoza and Weigel, 2011). Genome-wide high-
throughput sequencing and microarray profiling have
identified stress-responsive miRNAs (Jones-Rhoades
and Bartel, 2004; Sunkar and Zhu, 2004; Zhao et al.,
2007; Ding et al., 2009; Yang et al., 2010; Wang et al.,
2011), of which miR319 was found to respond to
multiple stresses, such as up-regulation by dehydra-
tion, salt, and cold stress in Arabidopsis (Arabidopsis
thaliana; Sunkar and Zhu, 2004; Liu et al., 2008), by
cold stress in sugarcane (Saccharum officinarum) and
rice (Oryza sativa; Lv et al., 2010; Thiebaut et al., 2012),
and by water withholding at the tillering stage in rice
(Zhou et al., 2010). As one of the first experimentally
characterized and most conserved miRNA families
(Axtell and Bowman, 2008), the miR319 targets, TCP (for
TEOSINTE BRANCHED/CYCLOIDEA/PROLIFERATING
CELL FACTORS [PCF]) genes encode plant-specific
transcription factors sharing a conserved TCP domain
with a basic helix-loop-helix structure. The TCP family
is known to be largely involved in plant development
such as the control of cell proliferation in leaf mor-
phogenesis (Palatnik et al., 2003; Ori et al., 2007; Nag
et al., 2009).

Although miR319-mediated changes in plant mor-
phology have been well studied in dicots (Nath et al.,
2003; Palatnik et al., 2003; Ori et al., 2007; Schommer
et al., 2008; Nag et al., 2009), there have been no
published reports studying monocots, especially
perennial grass species. Moreover, although the in-
volvement of miR319 in plant responses to drought
and salinity stress has been suggested based on
microarray data, experimental proof in support of the
possible contribution of the miR319 family and the
underlying molecular mechanisms are still lacking. In
this study, transgenic plants of creeping bentgrass
(Agrostis stolonifera) overexpressing a rice miR319 gene
were generated to investigate the roles that miR319
plays in controlling plant development and plant re-
sponses to environmental stress. Through transgenic

analysis, we seek to answer several questions. What
impact may the miR319 gene family have in plant
development in perennial grasses? Is miR319 involved
in plant abiotic stress responses in perennial grasses?
And what is the molecular mechanism of miR319-
mediated plant tolerance to abiotic stress in perennial
grasses?

RESULTS

Production and Molecular Characterization of Transgenic
Creeping Bentgrass Plants Expressing the Rice miR319

Gene, Osa-miR319a

To study the potential of manipulating miR319 ex-
pression in perennial species for enhancing plant re-
sistance to environmental stresses, we prepared a
chimeric DNA construct, p35S-Osa-miR319a/p35S-hyg,
containing one of the rice miR319 genes, Osa-miR319a
(AK064418; Knowledge-based Oryza Molecular biologi-
cal Encyclopedia; http://cdna01.dna.affrc.go.jp/cDNA/),
under the control of the cauliflower mosaic virus
(CaMV) 35S promoter (Fig. 1A). It was introduced into
the creeping bentgrass ‘Penn A-4’ to produce a total of
15 independent transgenic lines ectopically expressing
Osa-miR319a (Fig. 1, B and C). Under the higher strin-
gency PCR conditions (30 cycles with an annealing
temperature of 65°C), the high level of mature tran-
scripts of miR319 could only be detected by stem-loop
reverse transcription (RT)-PCR analysis in the trans-
genics, which accumulated in high quantities, sug-
gesting that rice miR319 was successfully expressed in
turfgrass plants and properly processed into mature
miRNAs (Fig. 1D). However, the detection of mature
miR319 transcripts in wild-type controls under lower
stringency PCR conditions suggested that the transcripts
of the turf endogenous miR319 were also amplified and
shared sequence conservation with rice (Fig. 1D). The 15
transgenic lines were all morphologically indistinguish-
able and performed similarly in growth and response
to various cultivation conditions when evaluated in the
greenhouse. Five representative lines (TG1–TG4 and
TG8) were selected for further analysis.

Overexpression of miR319 Causes Pleiotropic Phenotypes
in Transgenic Creeping Bentgrass Plants

Analysis of transgenic creeping bentgrass plants
constitutively expressing Osa-miR319a showed that
Osa-miR319a plants displayed wider leaves and larger
stems than the controls (Fig. 2, A–C and H). Micro-
scopic analysis of plant leaf samples indicated that,
compared with the controls, Osa-miR319a plants
exhibited significantly greater leaf expansion (blade
width and vein number) and thicker leaves (Fig. 2, C–G),
which might be associated with increased mesophyll
cell layers (Fig. 2F). Overexpression of miR319 also
led to increased stem diameter in transgenic plants
(Fig. 2, H and I).
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Leaf and stem sizes are dependent on both the
number and the size of cells in the organ. To determine
whether the enlargement of Osa-miR319a plant leaves
and stems was associated with increased cell number,
cell size, or a combination of these two parameters, we
compared control and Osa-miR319a plants when they
were fully developed after mowing. The numbers of
cells in both leaves and stems were different between
control and Osa-miR319a plants (Fig. 2, C, F, and H),
with the latter having many more than the former,
suggesting that an increase in cell proliferation may
have contributed to the wide-leaf and large-stem
phenotypes observed in transgenic plants. Moreover,
compared with wild-type controls, an expansion of at
least certain cell types, if not all, also appeared to have
taken place in transgenic plants (Fig. 2, C, F, and H).
Further study with additional quantitative analysis of
various individual cells should provide more infor-
mation about the role that cell expansion might play in
miR319-mediated plant morphology change in turf-
grass.
To elucidate any potential impact of constitutively

expressed miR319 on other aspects of plant devel-
opment, we grew plants starting from a single tiller
and studied plant growth and development by
monitoring changes in plant tiller numbers at dif-
ferent stages and measuring shoot biomass as rep-
resented by dry weight in control and Osa-miR319a
plants. As shown in Figure 3, A and B, Osa-miR319a
transgenics had fewer tillers than control plants.
However, no significant difference in shoot biomass
between control and Osa-miR319a plants was ob-
served (Fig. 3C), suggesting that increased leaf expan-
sion in Osa-miR319a plants might have compensated

for the loss in biomass caused by decreased tillering.
In contrast, the root biomass of Osa-miR319a plants
was significantly lower than that of the controls (Fig. 3,
A and B).

Overexpression of miR319 Improves Salt Tolerance in
Transgenic Plants

The involvement of many miRNAs in plant resis-
tance to abiotic stress, such as drought and salinity,
has been suggested by their up- or down-regulation
in the presence of various environmental stimuli
(Sunkar and Zhu, 2004; Liu et al., 2008; Zhou et al.,
2010; Thiebaut et al., 2012). Using stem-loop RT-PCR
analysis, we found that creeping bentgrass plants
subjected to salinity or drought stress exhibited an
elevated accumulation of mature miR319 transcripts
compared with those grown under normal conditions
(Supplemental Fig. S1). However, direct evidence
about the role that miR319 plays in plant stress re-
sponses is still lacking. To investigate this, we first
examined control and Osa-miR319a transgenic plants
under salinity stress (200 mM NaCl). As shown in
Figure 4A, the growth of control plants without Osa-
miR319a was severely hampered, and serious tissue
damage was observed 16 d after salt treatment,
whereas salt-elicited damage was much less pro-
nounced in Osa-miR319a plants. Upon release from
the stress, the Osa-miR319a transgenics sustained the
treatment, whereas only a few tillers in control plants
survived (Fig. 4B). Similar results were also obtained
with plants subjected to more severe salinity stress
(Supplemental Fig. S2A).

Figure 1. Generation and molecular
analysis of the transgenic lines ex-
pressing Osa-miR319a. A, Schematic
diagram of the Osa-miR319a over-
expression gene construct, p35S-Osa-
miR319a /p35S-hyg, in which the
Osa-miR319a gene is under the con-
trol of the CaMV 35S promoter. The
CaMV 35S promoter-driven hyg gene is
included for hygromycin resistance.
LB, Left border; RB, right border. B,
Example of PCR analysis of the hyg
gene in wild-type (WT) and transgenic
(TG) plants to detect transgene inser-
tion into the host genome. C, Example
of RT-PCR analysis of the primary Osa-
miR319a transcripts in transgenics.
Primary Osa-miR319a transcripts were
detected in transgenic plants. D, Ex-
ample of stem-loop RT-PCR analysis of
the mature Osa-miR319a in wild-type
and transgenic plants.
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Osa-miR319a Transgenics Exhibit Better Water Retention
and Cell Membrane Integrity Than Controls under
Salt Stress

To further elucidate the physiological mechanism of
enhanced salt tolerance in Osa-miR319a plants, we in-
vestigated the water status of transgenic lines in com-
parison with control plants without Osa-miR319a. As
shown in Figure 4C, results from two representative
transgenic lines indicate no significant difference in leaf
relative water content (RWC) between control and Osa-

miR319a plants under normal growth conditions. When
exposed to various concentrations of NaCl, the leaf RWC
in all tested plants declined. However, this decline was
more significant in control plants than in Osa-miR319a
transgenics, especially when high-salinity stress (300 mM

NaCl) was applied, indicating greater water retention
capacity in Osa-miR319a transgenics than in control
plants without the Osa-miR319a gene.

Next, we examined cell membrane integrity in both
control and Osa-miR319a transgenic plants. To do this,

Figure 2. Morphology change in
transgenic plants overexpressing Osa-
miR319a. A, The transgenic plants (TG)
exhibited wider leaves than wild-type
controls (WT). B, A closer look at the
wild-type control and Osa-miR319a
transgenic plants. The representative
transgenic plant leaf is wider. C, Leaf
sectioning images of wild-type and
transgenic plants. D, Statistical analysis
of leaf blade width in wild-type and
transgenic plants (n = at least 20). E,
Statistical analysis of total vein number
in wild-type and transgenic plants (n =
at least 8). F, Examples of representa-
tive sectioning images of wild-type and
transgenic plant leaves. G, Statistical
analysis of leaf thickness in wild-type
and transgenic plants (n = 10). H,
Representative sectioning images of
wild-type and transgenic plant stems. I,
Statistical analysis of stem diameter in
wild-type and transgenic plants (n = at
least 6). Statistical analysis of leaf
blade width, total vein number, leaf
thickness, and stem diameter was
conducted on wild-type control plants
and various transgenic lines. Data are
presented as means6 SE, and error bars
represent SE. Asterisks indicate signifi-
cant differences between transgenic
and control plants at P , 0.05 by Stu-
dent’s t test.
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we measured leaf cell electrolyte leakage (EL) in plants
grown under normal and salinity conditions. Both con-
trol and Osa-miR319a plants exhibited low levels of cell
EL, which were not significantly different from each
other under normal growth conditions (Fig. 4D). In
contrast, the leaf EL significantly increased in both con-
trol and Osa-miR319a plants upon exposure to various
concentrations of NaCl. Increasing concentrations of the
salt used for plant treatment resulted in higher levels of
leaf cell EL (Fig. 4D). However, the increase of leaf cell EL
was significantly more pronounced in control plants
than in Osa-miR319a transgenics (Fig. 4D), indicating
that the control plants without Osa-miR319a are more
prone to salt-elicited cell membrane damage than plants
overexpressing Osa-miR319a.

Osa-miR319a Transgenics Accumulate Less Na+ Than
Control Plants under Salinity Conditions

To investigate how Osa-miR319a transgenics perform
in Na+ uptake compared with control plants without
Osa-miR319a, we measured shoot Na+ content in plants
grown under normal and salt stress conditions. As
shown in Figure 5A, no significant difference in shoot
Na+ content was observed between Osa-miR319a

transgenics and control plants under normal growth
conditions. Both Osa-miR319a transgenic and control
plants accumulated low levels of Na+ (Fig. 5A).
Sodium accumulations increased drastically in both
control and Osa-miR319a plants when treated with
200 mM NaCl. However, the increase in Na+ accumula-
tion was significantly more pronounced in controls than
in Osa-miR319a transgenics (P = 0.01; Fig. 5, A and
C), suggesting that the enhanced salt tolerance in Osa-
miR319a plants might be the result of less Na+ accu-
mulation in the cytoplasm of the cell and, consequently,
reduced toxicity. Interestingly, Osa-miR319a plants
appeared to accumulate more K+ than wild-type con-
trols in both normal and salinity conditions, especially
when plants were grown in soil (presented as K+:Na+

ratio in Fig. 5, B and D). The discrepancy in signifi-
cance level for K+ uptake in plants grown in sand and
soil might be attributed to the characteristics of the
potting mixture soil used for plant maintenance.
The soil itself might be rich in nutrients, facilitating
the plant uptake of ions. Overexpression of the Osa-
miR319a might have led to modified ion transport in
transgenic plants, resulting in reduced uptake of
sodium but enhanced uptake of potassium. This is not
surprising considering that miR319 controls the
expression of multiple targets (transcriptional factors)

Figure 3. Tillering and plant development under normal growth conditions. Both wild-type (WT) and transgenic (TG) plants
initiated from a single tiller. A, Tillering and shoot and root development in wild-type and transgenic plants 90 d after initiation
from a single tiller of the same size. The transgenic plants have fewer tillers and less root growth than wild-type controls. B,
Comparison of tiller numbers in wild-type and transgenic plants 30, 60, and 90 d after initiation from a single tiller of the same
size (n = at least 3). C, Biomass of wild-type and transgenic shoots 90 d after initiation from a single tiller of the same size (n = at
least 4). D, Biomass of wild-type and transgenic roots 90 d after initiation from a single tiller of the same size (n = 5). Statistical
analysis of tiller number and shoot and root biomass was conducted on wild-type control plants and various transgenic lines.
Data are presented as means 6 SE, and error bars represent SE. Asterisks indicate significant differences between transgenic and
control plants at P , 0.05 by Student’s t test.
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that could be involved in regulating various downstream
biological pathways, including ion channels. These
channels implicated in the uptake of various ions
could be differentially regulated, thereby positively
or negatively impacting the transport efficiency of
different ions. Further studies analyzing the activities
of various ion channels in Osa-miR319a plants would
provide information for a better understanding of the
molecular mechanisms underlying miR319-mediated
plant ion uptake. It should be noted that the accu-
mulation of phosphate, calcium, and magnesium was
also higher in Osa-miR319a plants than in the controls
when plants were propagated in soil and treated with
200 mM NaCl (data not shown). The enhanced K+:Na+

discrimination has been reported to be strongly associ-
ated with greater salt tolerance (Asch et al., 2000; Munns
et al., 2000; Colmer et al., 2006; Møller et al., 2009). The
higher K+:Na+ ratio observed in Osa-miR319a plants
(Fig. 5D) provides additional evidence supporting their
improved salt tolerance.

Overexpression of miR319 Improves Drought Tolerance in
Transgenic Plants That Is Associated with Enhanced Water
Retention and Cell Membrane Integrity and
Well-Maintained Photosynthesis

To study whether the overexpression of miR319
impacts plant responses to water stress, we examined

Figure 4. Responses of wild-type (WT) and transgenic (TG) plants to salt stress. A, The fully developed wild-type and transgenic
plants clonally propagated from individual tillers were grown in sand and subjected to 200 mM NaCl treatment. The images
show differences in damage elicited by salinity in wild-type and transgenic plants 16 d after treatment. B, Performance of wild-
type and transgenic plants 12 d after recovery from a 16-d salt treatment. C, RWC of wild-type and transgenic plants under salt
stress (n = 3). Fully developed wild-type and transgenic plants were watered daily with 200 mg mL21 20:10:20 fertilizer
supplemented with 0, 200, and 300 mM NaCl, as indicated. Leaf tissues were carefully excised 12 d after NaCl treatment and
used for measuring RWC. D, EL of leaf cells of wild-type and transgenic plants under normal and various salinity conditions (n =
3). Leaf tissues from wild-type and transgenic plants were carefully excised 12 d after NaCl treatment and used for measuring
EL. Data are presented as means 6 SE, and error bars represent SE. Asterisks indicate significant differences between transgenic
and control plants at P , 0.05 by Student’s t test.
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both control and Osa-miR319a transgenic plants sub-
jected to drought stress. Fifteen days after water with-
holding, control plants without Osa-miR319a started to
display dehydration symptoms, such as loss of turgor
and wilting, whereas Osa-miR319a transgenics remained
healthy without obvious damage (data not shown).
Twenty days after water withholding, control plants
showed serious tissue damage while Osa-miR319a
transgenics remained largely turgid and green (Fig.
6A). Osa-miR319a transgenics also outperformed
control plants in recovery from desiccation damage
(Supplemental Fig. S2B). Further investigation of plant
water status and cell membrane integrity revealed that
both control and Osa-miR319a plants had similar RWC
under normal growth conditions, whereas under de-
hydration stress, water loss and drought-elicited cell
membrane damage in Osa-miR319a plants were sig-
nificantly less than in controls (Fig. 6, B and C), sug-
gesting an enhanced water retention capacity and cell
membrane integrity in Osa-miR319a plants.
Osa-miR319a and control plants were also examined

when subjected to limited water supply treatment. As
exemplified in Figure 7A, while the growth of control

plants was completely arrested and plants displayed
severely disturbed morphology with shortened and de-
formed leaves and stems, Osa-miR319a plants were im-
pacted less and continued their growth (Fig. 7, A and C;
Supplemental Fig. S3). Although the tiller number of
control plants was still higher than that of Osa-miR319a
transgenics (Fig. 7B), the shoot biomass of control plants
was significantly reduced (Fig. 7D). In addition, no sig-
nificant difference in root biomass was observed be-
tween them under water deficit conditions, indicating
that root development in Osa-miR319a plants was im-
pacted less by the stress than in control plants (Fig. 7,
A and E).

Photosynthesis is one of the primary processes af-
fected when plants are subjected to environmental stress
(Munns et al., 2006; Chaves et al., 2009). An increase in
stomatal conductance and maintenance of photosyn-
thesis has been demonstrated to be positively correlated
to plant performance under stress (Nelson et al., 2007).
Our study on Osa-miR319a transgenic and control
plants revealed that under normal growth conditions,
they were not significantly different in photosynthesis
rate and stomatal conductance. However, when subjected

Figure 5. Mineral contents in wild-type (WT) and transgenic (TG) plants under normal and salinity conditions. Shoot tissues
from wild-type and transgenic plants were carefully excised 12 d after NaCl treatment and used for measuring mineral contents.
A, Shoot sodium contents in wild-type and transgenic plants propagated and grown in sand under normal conditions and 200
mM NaCl treatment (n = at least 3). B, Shoot K+/Na+ ratio in wild-type and Osa-miR319a transgenic plants propagated and
grown in sand under normal conditions and 200 mM NaCl treatment (n = at least 3). C, Shoot sodium contents in wild-type and
transgenic plants propagated and grown in soil under normal conditions and 200 mM NaCl treatment (n = at least 3). D, Shoot
K+/Na+ ratio in wild-type and Osa-miR319 transgenic plants propagated and grown in soil under normal conditions and 200
mM NaCl treatment (n = at least 3). Statistical analysis of shoot sodium content and shoot K+/Na+ ratio was conducted on wild-
type control plants and various transgenic lines. Data are presented as means6 SE, and error bars represent SE. Asterisks indicate
significant differences between transgenic and control plants at P , 0.05 by Student’s t test.
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to drought stress, Osa-miR319a transgenics exhibited
significantly higher stomatal conductance (104.66 6

24.41 mmol m22 s21) than controls without Osa-
miR319a (50.08 6 12.65 mmol m22 s21) and higher
photosynthesis rate (2.93 6 0.58 mmol m22 s21) than
controls (0.75 6 0.80 mmol m22 s21).

Overexpression of miR319 Results in Increased Leaf
Weight-Area Ratio and Total Wax Coverage in
Transgenic Plants

Plants adapted to dry and saline soil possess a com-
mon feature (i.e. their leaves have a higher weight-area

ratio), which means that their transpiration efficiency is
higher (more carbon fixed per water lost; Munns, 2005).
Although Osa-miR319a plants were not significantly
different from controls in shoot biomass (Fig. 3, A and C),
they exhibited drastically reduced tillering (Fig. 3, A
and B), increased leaf expansion (Fig. 2, A–D), and in-
creased leaf thickness (Fig. 2, F and G). This may lead to
a change in plant weight-to-surface area ratio. Indeed,
Osa-miR319a transgenic plants displayed a significantly
higher weight-area ratio (13.7 6 0.24 mg cm22) than the
controls (10.17 6 1.30 mg cm22).

Wax coverage on the leaf cuticle is positively cor-
related with plant performance under dehydration
conditions. When subjected to drought stress, plants
may be triggered for increased wax production as one
of the avoidance mechanisms to reduce water loss
(Kosma et al., 2009). To investigate whether miR319
overexpression impacts leaf epicuticle wax content in
transgenic plants, we conducted gas chromatography
analysis of leaf cuticles from both control and trans-
genic plants grown under normal conditions. Although
wax accumulation per unit weight in Osa-miR319a
transgenics was not significantly different from that in
controls, the total leaf wax coverage per unit surface
area in Osa-miR319a plants (28.61 6 1.99 mg cm22) was
significantly higher than that in control plants (19.52 6

2.52 mg cm22). It should be noted that wax composition
is highly species specific. There has been no report on
the composition of wax in creeping bentgrass so far. The
identity of a couple of components detected remains to
be determined.

The changes in physical parameters, such as weight-
area ratio and leaf wax content, resulting from the
overexpression of miR319 in transgenic plants might
contribute to better plant adaptation to physiological
water deficit elicited by drought or salinity (Kosma
et al., 2009; Zhou et al., 2009).

Osa-miR319a Regulates the Expression of Putative Target
Genes in Transgenic Creeping Bentgrass Plants

To investigate the molecular mechanism of miR319-
mediated alterations in plant development and plant
responses to environmental stress, we searched for
putative miR319 target genes in plants for further
characterization. Bioinformatics analysis of rice ge-
nome sequences allowed the identification of five pu-
tative miR319 target genes, OsPCF5, OsPCF6, OsPCF7,
OsPCF8, and OsTCP14 (C. Yang, D. Li , D. Mao, X. Liu,
C. Ji, X. Li, X. Zhao, C. Chen, and L. Zhu, unpublished
data), all belonging to the TCP gene family of plant-
specific transcription factors (Palatnik et al., 2003;
Schommer et al., 2008). Based on sequence information
for these putative miR319 targets in rice, we designed
PCR primers to partially amplify and clone the corre-
sponding creeping bentgrass homologs, AsPCF5
(JX570754), AsPCF6 (JX570757), AsPCF7 (JX570759),
AsPCF8 (JX570755), and AsTCP14 (JX570758), and
identified the highly complementary putative miR319

Figure 6. Responses of wild-type (WT) and transgenic (TG) plants to
drought stress. A, Fully developed wild-type and transgenic plants
clonally propagated from individual tillers were grown in big pots
(33 3 44.7 cm) and subjected to water withholding. The performance
of wild-type and two independent transgenic lines before water
withholding and 20 d after water stress is shown. B, Leaf RWC of wild-
type and transgenic plants 20 d after water withholding (n = 3). C, Leaf
EL of wild-type and transgenic plants 20 d after water withholding (n =
at least 3). Statistical analysis of RWC and EL was conducted on wild-
type control plants and the two transgenic lines. Data are presented as
means 6 SE, and error bars represent SE. Asterisks indicate significant
differences between transgenic and control plants at P , 0.05 by
Student’s t test.
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target sites (Fig. 8). Semiquantitative and real-time RT-
PCR analyses demonstrated that the putative miR319
target genes were all down-regulated in both leaves
and roots of the Osa-miR319a transgenic creeping
bentgrass plants (Fig. 9, A–C). It should be noted that
although results from semiquantitative PCR suggested
down-regulated expression of the AsPCF7 gene (Fig.
9A), our attempt to amplify AsPCF7 by real-time
RT-PCR was unsuccessful, probably due to specifically
required experimental conditions that need to be fur-
ther optimized.
Taken together, our data indicate a negative regu-

lation of target genes by miR319 and suggest the po-
tential direct involvement of individual miR319 targets
in modulating plant development and plant responses
to environmental stresses.

The Impact of miR319 on the Expression of Other
Stress-Related Genes

To examine how other stress-related genes are af-
fected in Osa-miR319a transgenic plants, we studied a
transcription factor gene, AsNAC60, a homolog of the
rice NAC-like gene ONAC60 (Os12g41680) whose ex-
pression has been shown to be dramatically impacted
by the overexpression of Osa-miR319 (C. Yang, D. Li,

and L. Zhu, unpublished data). ONAC60 has been
shown to be the target gene of miR164 in rice (Wu et al.,
2009), and in Arabidopsis, TCP genes regulate miR164
expression (Koyama et al., 2010). It would be interesting
to test whether the overexpression of miR319 can impact
ONAC60 in turfgrass through a TCP-mediated miR164
regulation pathway. Partial sequence of the AsNAC60
complementary DNA (cDNA; JX570756) was cloned
from creeping bentgrass and found to be highly ho-
mologous to ONAC60. Real-time RT-PCR analyses
demonstrated that AsNAC60 expression was down-
regulated in Osa-miR319a transgenic creeping bent-
grass plants in both leaves and roots (Fig. 9D), indicating
that miR319 indeed indirectly regulates AsNAC60
expression.

Expression of miR319 Target Genes Alters in Response to
Salt and Drought Stresses in Creeping Bentgrass Plants

To investigate whether the five putative miR319
target genes are directly involved in miR319-mediated
plant responses to abiotic stress, we first examined the
expression levels of these genes in wild-type creeping
bentgrass plants treated with 200 mM NaCl. Real-time
RT-PCR analyses showed an increase in AsPCF5
transcript 0.5 h after salinity stress and then a decline

Figure 7. Tillering and plant development of wild-type (WT) and transgenic (TG) plants under drought stress for 60 d after 30 d
of normal development starting from a single tiller. A, Tillering and plant growth in wild-type and transgenic plants developed
from a single tiller of the same size for 30 d and then subjected to 60 d of water stress (limited water supply). B, Statistical
analysis of tiller numbers in wild-type and transgenic plants counted 60 d after water stress (n = at least 13). C, Length of the
longest stem of wild-type and transgenic plants (n = at least 13). D, Biomass of wild-type and transgenic shoots weighed 60 d
after initiation of drought stress (n = at least 12). E, Biomass of wild-type and transgenic roots weighed 60 d after initiation of
drought stress (n = at least 7). Statistical analysis of tiller number and shoot and root biomass was conducted on wild-type
control plants and various transgenic lines. Data are presented as means 6 SE, and error bars represent SE. Asterisks indicate
significant differences between transgenic and control plants at P , 0.001 by Student’s t test.
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at 6 h (Fig. 10A). Real-time RT-PCR analysis also sug-
gested a trend of up-regulation of the other three putative
target genes AsPCF6 (1.16-fold), AsPCF8 (1.56-fold), and
AsTCP14 (3.79-fold) at 6 h after exposure to salt stress, but
this was not statistically significant (Fig. 10, B–D).

We also analyzed AsNAC60 expression in plants
exposed to 200 mM NaCl. Real-time RT-PCR analyses
revealed a significant increase in AsNAC60 expression
level at time point 0.5 h (2.5-fold) and also a significant
decrease at time point 6 h (1.67-fold; Fig. 10E).

We then studied miR319 target TCP gene activities
in response to dehydration stress. Wild-type plants
collected from pots were placed on filter paper for
desiccation treatment. RNA was extracted 2.5 and 6 h
after treatment. Real-time RT-PCR results suggested
that AsPCF6, AsPCF8, and AsTCP14 but not AsPCF5
were up-regulated 2.5 h after exposure to desiccation
stress (Fig. 11), but the expression level change is
statistically insignificant. However, at 6 h upon des-
iccation, the expression of all three of these genes was
significantly up-regulated (Fig. 11, B–D).

DISCUSSION

Leaf Morphology and Plant Abiotic Stress Tolerance

Leaves are very important plant organs responsible
for trapping solar energy through photosynthesis for

plant growth and development (Tsukaya, 2005). Trans-
genic turfgrass plants overexpressing Osa-miR319a ex-
hibit wider and thicker leaves, bigger stems, less tillering,
increased weight-area ratio, and increased total leaf cu-
ticle wax coverage, of which thicker leaves, increased
weight-area ratio, and increased total wax coverage are
thought to be positively correlated with plant abiotic
stress tolerance (Bondada et al., 1996; Zhang et al., 2005;
Zhou et al., 2009), whereas leaf width is thought to be
negatively correlated with plant abiotic stress tolerance
(Deák et al., 2011) due to the increased transpiration area.
Despite the observation that leaf width frequently cor-
relates with plant abiotic stress responses, the underlying
physiological mechanisms remain largely unknown.

A recent study in rice showed that a mutant with a
defective zinc finger transcription factor, dst (for drought
and salt tolerance), had remarkably wider leaves than
controls (Huang et al., 2009). However, the dst mutant
plants exhibited significantly enhanced tolerance to
drought and salinity stress compared with wild-type
controls, which was associated with lower stomata
density and less stomata aperture, resulting in reduced
water loss and increased water content in the dst mu-
tant. Moreover, sodium uptake of the dst mutants was
significantly less than that of control plants when sub-
jected to 100 mM NaCl treatment. The introduction of a
wild-type genomic DNA fragment of DST into the dst
mutant restores the wild-type phenotype (i.e. narrow
leaves and sensitivity to drought and salt stress; Huang
et al., 2009).

In this study, although transgenic turfgrass plants
overexpressing Osa-miR319a exhibited wider leaves
than wild-type controls, no significant differences in
stomata opening, stomata conductance, and stomata
density were observed between transgenics and wild-
type controls (data not shown). However, the Osa-
miR319a transgenic plants had thicker leaves, increased
weight-area ratio, and increased wax contents, which
most likely helped reduce water loss, thus contributing
to the enhanced plant resistance to drought stress. Al-
though wider leaves are more likely to be beneficial for
plant photosynthesis and thinner leaves would be more
efficient in gas exchange (oxygen, carbon dioxide, and
water), and thus also desirable for photosynthesis
(Tsukaya, 2005), these two features are less desirable for
plant responses to water stress. However, other char-
acteristics of leaves, such as stomatal density, stomatal
aperture, increased weight-area ratio, and increased
wax content, may override the cost of increased leaf
width. Thus, like the dst mutant plants, a better adap-
tation of Osa-miR319a transgenic plants to abiotic stress
conditions might be the result of a good balance of the
costs, benefits, and associated tradeoffs for each indi-
vidual morphological/physiological trait.

As reported in the dst mutant (Huang et al., 2009),
sodium uptake of the Osa-miR319a transgenic plants
was also significantly less than that in the wild-type
controls when subjected to salinity stress, indicating
the important role that the salt-exclusion mechanism
may play in plant salinity resistance. Although our data

Figure 8. Comparison of target sites in the five putative miR319 target
genes in rice and creeping bentgrass with the mature sequence of Osa-
miR319. The complementary sequence of the mature Osa-miR319 was
used to facilitate the comparison. Asterisks indicate identical sequences.
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suggest the possible involvement of some of the putative
miR319 target genes in plant responses to both drought
and salt stress (see below), further study investigating
the molecular mechanisms underlying miR319-mediated
plant resistance to abiotic stress will shed light on how
plants cope with adverse environmental conditions
through the coordinated functions of various regu-
latory networks.

Root Architecture and Plant Abiotic Stress Tolerance

As one of the very first plant organs that sense many
environmental changes, the plant root system plays an

important role in plant response to abiotic stress. In
many circumstances, a more robust root system with
increased root length or root biomass has been consid-
ered a positive feature under drought conditions (de
Dorlodot et al., 2007; Tardieu, 2012). For example, in
fields with deep soil, increased root biomass and length
would enable plants to reach deeper soil layers and ex-
plore a wider soil area, thus leading to more water and
nutrient uptake (Javaux et al., 2008; Schroder et al., 2008;
Tardieu, 2012). However, new plant cultivars with en-
hanced drought tolerance generated in several breeding
programs exhibited decreased root biomass (Bolaños
and Edmeades, 1993; Bruce et al., 2002; Campos et al.,
2004; Tardieu, 2012). When grown in relatively poor

Figure 9. Expression levels of the five putative miR319 target genes (AsPCF5, AsPCF6, AsPCF7, AsPCF8, and AsTCP14) and
AsNAC60 in wild-type (WT) and Osa-miR319a transgenic (TG) plants by semiquantitative and real-time RT-PCR. A, Semi-
quantitative RT-PCR analysis of the expression levels of the five putative miR319 target genes in wild-type and transgenic plants.
B, Real-time RT-PCR analysis of the expression levels of the four putative miR319 target genes in wild-type leaves and trans-
genic leaves. C, Real-time RT-PCR analysis of the expression levels of the four putative miR319 target genes in wild-type and
transgenic roots. D, Real-time RT-PCR analysis of AsNAC60 expression in wild-type and transgenic leaves and roots. The DDCt
method was used for real-time RT-PCR analysis. Three biological replicates and three technical replicates for each biological
replicate were used for data analysis followed by Student’s t test. ACTINwas used as the endogenous control. Error bars indicate
SE (n = 9).
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conditions with limited soil depth, it makes more sense
for plants to invest photosynthetic products in sinks
other than roots. Under such circumstances, enhanced
root biomass or length may not be the key factor
impacting plant water uptake. Data from our research
show that Osa-miR319a transgenic plants display a less
robust root system but normal shoot growth compared
with controls under normal conditions (Fig. 3). However,
when subjected to water stress, transgenic plants main-
tain their growth in both shoot and root, displaying less
stress-elicited impact (Fig. 7). This suggests that under
normal conditions, Osa-miR319a transgenic plants mainly
invest photosynthetic products to the aboveground parts
for shoot development, whereas under stressed condi-
tions, more photosynthates are distributed to the under-
ground parts for root development, while there is still an
ample reservation of carbohydrates in the leaves, ensuring
aboveground plant growth (Fig. 7).

It also has been argued that plant root capacity in
water uptake, one of the key factors contributing to the
plant response to water stress, is determined by root
spatial distribution rather than root biomass or length,
even when plants are grown in better field conditions
with deep soil layers (Tardieu et al., 1992; Manschadi
et al., 2006, 2008; Tardieu, 2012). Thus, it is not surpris-
ing to observe that with a less robust root system than
wild-type controls, Osa-miR319a transgenic creeping
bentgrass plants still perform better under drought

stress. Further field study analyzing root spatial distri-
bution in both control and Osa-miR319a plants grown
under normal and stress conditions would provide in-
formation for a better understanding of the physiolog-
ical mechanisms of miR319-mediated morphological
changes in roots and their impact on plant responses to
environmental stress.

Leaf Senescence and Abiotic Stress Tolerance

In some cases, early leaf senescence is thought to serve
as one of the stress-avoidance mechanisms induced to
avoid cellular stresses by decreasing water demand
(Tardieu, 1996, 2012). Younger leaves are conserved
under stress by sacrificing older leaves (Munné-Bosch
and Alegre, 2004; Munns, 2005). On the other hand,
senescence is also assumed to serve as a type of cell
death program that could be induced during drought
and salinity that imposes negative effects on plants.
Suppression of this kind of induced leaf senescence
would make plants maintain higher water contents and
better photosynthetic activity during the stress (Lutts
et al., 1996; Rivero et al., 2007).

In this study, when wild-type plants started
displaying damage caused by sodium toxicity 5 d after
200 mM NaCl treatment, transgenic plants did not show
any typical salinity stress-elicited symptoms (wilting

Figure 10. Expression pattern of putative miR319
target genes in wild-type plants under 200 mM

NaCl treatment demonstrated by real-time RT-
PCR analysis. A, Real-time RT-PCR analysis of
AsPCF5 gene expression 0, 0.5, and 6 h after
exposure to salt stress. B, Real-time RT-PCR
analysis of AsPCF6 gene expression 0, 0.5, and
6 h after exposure to salt stress. C, Real-time RT-
PCR analysis of AsPCF8 gene expression 0, 0.5,
and 6 h after exposure to salt stress. D, Real-time
RT-PCR analysis of AsTCP14 gene expression 0,
0.5, and 6 h after exposure to salt stress. E, Real-
time RT-PCR analysis of AsNAC60 gene expres-
sion 0, 0.5, and 6 h after exposure to salt stress.
The DDCt method was used for real-time RT-PCR
analysis. ACTIN was used as the endogenous
control. Error bars indicate SE (n = 3).
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and loss of cell turgor), as observed in wild-type controls,
but appeared to show slight senescence symptoms earlier
than wild-type controls (Supplemental Fig. S4). However,
the progression of leaf senescence in transgenic plants
was much slower than that in wild-type plants (Fig. 4).
Considering that miR319 has been reported to posi-
tively regulate plant leaf senescence through the
jasmonic acid (JA) biosynthesis pathway (Schommer
et al., 2008), it is hypothesized that overexpression of
miR319 in transgenic creeping bentgrass plants im-
paired the function of the miR319 target, TCP, result-
ing in less accumulation of JA and, consequently, delay
in leaf senescence in general. However, this hypothesis
cannot explain the earlier leaf senescence that appeared
to take place in the transgenic plants. As JA is not the
only pathway that regulates senescence (Schommer
et al., 2008), it is likely that other factors triggered by
miR319 overexpression may be involved, contributing
to this particular response in transgenic plants. Another
possibility would be that better sodium exclusion in
Osa-miR319a plants (Fig. 5) may contribute to their
overall delayed leaf senescence and slower ionic phase,
minimizing sodium toxicity.

Molecular Basis of Salt-Exclusion Mechanisms in
Osa-miR319a Transgenic Plants

A strong correlation between salt exclusion and salt
tolerance has been reported in many plant species,
including rice, durum wheat (Triticum durum), bread
wheat (Triticum aestivum), barley (Hordeum vulgare),
pearl millet (Pennisetum americanum), Hordeum spp.,
tall wheatgrass, and Triticum tauschii (Yeo and Flowers,
1983; Läuchli, 1984; Tardieu et al., 1992; Bolaños and
Edmeades, 1993; Bruce et al., 2002; Munns and James,
2003; Munns et al., 2003; Tester and Davenport, 2003;

Campos et al., 2004; Manschadi et al., 2006, 2008;
Tardieu, 2012). Salt-sensitive cultivars tend to have
higher accumulations of Na+. Therefore, lower accu-
mulation of Na+ in plants as a positive trait has been
used to select superior genotypes in different breeding
programs (Munns and James, 2003; Munns et al.,
2003). Our results demonstrated that Osa-miR319a
transgenics accumulated less Na+ than control plants
(Fig. 5). The low Na+ accumulation in transgenic plants
should lead to less cell damage and might contribute to
the enhanced salt tolerance observed in Osa-miR319a
plants. What is the mechanism of miR319-mediated
salt exclusion? In wheat, it has been demonstrated
that low and high Na+ accumulation is controlled by
two major genes, Nax1 and Nax2. Nax1 was located on
chromosome 2A (Lindsay et al., 2004) and was iden-
tified as an Na+ transporter of the HKT family (HKT7
and ortholog HKT1;4 in Triticum monococcum; Huang
et al., 2006). Nax2 was located on chromosome 5A and
was identified as HKT8 (with ortholog HKT1;5 in rice;
Byrt et al., 2007). It is deduced that Nax1 correlates
with the loading of Na+ in root xylem, while Nax2
correlates with the relocation of Na+ in the upper parts
of plants (Munns and James, 2003; Munns, 2005).
Genetic engineering of a salt-exclusion mechanism by
tissue-specific overexpression of the Na+ transporter
HKT1;1 in Arabidopsis reduced 37% to 64% Na+ ac-
cumulation in the shoots (Møller et al., 2009). How-
ever, the detailed mechanism of how HKT transporters
mediate sodium management is still unknown. In
transgenic rice plants overexpressing miR319, the Na+

transporter gene OsHKT2 was also found to be highly
up-regulated (C. Yang, D. Li, and L. Zhu, unpublished
data). In this study, we observed that some of the
putative miR319 target genes were up-regulated upon
salt stress (Fig. 10). It is likely that these target genes
are involved in the plant response to salt stress via

Figure 11. Expression pattern of putative miR319
targets in creeping bentgrass plants under dehy-
dration stress. A, Real-time RT-PCR analysis of
AsPCF5 gene expression in plants 0, 2.5, and 6 h
after exposure to dehydration stress. B, Real-time
RT-PCR analysis of AsPCF6 gene expression level
in plants 0, 2.5, and 6 h after exposure to dehy-
dration stress. C, Real-time RT-PCR analysis of
AsPCF8 gene expression level in plants 0, 2.5,
and 6 h after exposure to dehydration stress. D,
Real-time RT-PCR analysis of AsTCP14 gene
expression level in plants 0, 2.5, and 6 h after
exposure to dehydration stress. The DDCt method
was used for real-time RT-PCR analysis. ACTIN
was used as the endogenous control. Error bars
indicate SE (n = 3).
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participation in controlling various downstream bio-
logical pathways, including Na+ transporter production
and activity. This is further supported by salt-induced
up-regulation of the creeping bentgrass AsNAC60, a
stress-responsive rice homolog gene that is not a miR319
target (Fig. 9D). Modification of miR319 expression in-
terferes with this regulatory network, leading to an en-
hanced salt-resistance phenotype in transgenic plants.
Further characterization of the miR319 target genes will
provide information for a better understanding of the
molecular mechanisms underlying miR319-mediated
plant resistance to salt stress. Additionally, our data also
demonstrate the possible involvement of the putative
miR319 target genes in plant responses to drought stress
(Fig. 11). Therefore, studies of stress-responsive miR319
targets would help elucidate key molecular pathways
governing plant responses to abiotic stresses.

It should be noted that the behavior of miR319 in
response to stress can be complicated. For example,
miR319 was first up-regulated after a 24-h exposure to
cold stress and then down-regulated 48 h after the
treatment (Thiebaut et al., 2012). The expression level
change of miR319 target genes in response to stress
could also be impacted by other signals, such as hor-
mones. The ultimate expression level of target genes
would be a balance of various influences. We speculate
that, in our study, the strong and constitutive expres-
sion of miR319 in transgenic plants may have over-
ridden the effects of other regulators, causing the
down-regulation of potential target genes contributing
to the enhanced drought and salt tolerance.

In summary, overexpression of miR319 impacts plant
development and enhances plant drought and salt tol-
erance. The miR319-mediated down-regulation of target
genes in transgenic plants may have caused changes in
various biological processes, including those associated
with water retention capacity, leaf wax synthesis, and
salt uptake beneficial to plants responding to salinity
and water deficiency. The manipulation of miR319 tar-
get genes provides novel molecular strategies to genet-
ically engineer crop species for enhanced resistance to
environmental stress.

MATERIALS AND METHODS

Cloning of the Osa-miR319a Gene and Construction of the
Plant Expression Vectors

The full-length rice (Oryza sativa) Osa-miR319a cDNA (AK064418; Knowledge-

based Oryza Molecular biological Encyclopedia; http://cdna01.dna.affrc.go.jp/

cDNA/) containing a stem-loop structure was cloned to the binary vector pZH01

(Xiao et al., 2003), producing p35S-Osa-miR319a/p35S-hyg. The construct contains

the CaMV 35S promoter driving Osa-miR319a and the CaMV 35S promoter

driving the hyg gene for hygromycin resistance as a selectable marker. The

construct was transferred into Agrobacterium tumefaciens strain LBA4404 for

plant transformation.

Plant Materials and Transformation

A commercial creeping bentgrass (Agrostis stolonifera ‘Penn A-4’; supplied

by HybriGene) was used for transformation. Transgenic plants overexpressing

Osa-miR319a were produced and maintained as described previously (Luo

et al., 2004a, 2004b).

Plant Propagation, Maintenance, and Abiotic
Stress Treatments

The Osa-miR319a transgenic plants and controls (untransformed plants

either geminated from seeds or regenerated from tissue culture and transgenic

lines harboring backbone vector) initially maintained in the greenhouse were

transferred to a growth room with a 14-h photoperiod for propagation. Both

transgenic and control plants were clonally propagated from tillers and grown

in small cone-tainers (4.0 3 20.3 cm; Dillen Products), middle pots (15 3 10.5

cm; Dillen Products), or big pots (33 3 44.7 cm; Dillen Products) using only

silica sand. Shoots were clipped weekly to achieve uniform plant growth. Il-

lumination in the growth room was 350 to 450 mmol m22 s21 provided by

AgroSun Gold 1,000-W sodium/halide lamps (Maryland Hydroponics).

Temperatures and humidity were maintained at 25°C and 30% during the

day and 17°C and 60% at night. Plants were watered every other day with

200 mg mL21 of water-soluble fertilizer (20:10:20 nitrogen:phosphorus:

potassium; Peat-Lite Special; Scotts).

For plants grown in cone-tainers, salinity treatments were conducted by

injecting 10 mL of 200 mM NaCl supplemented with 200 mg mL21 fertilizer

twice every day. For plants grown in the middle pots, salinity treatments were

conducted by immersing the whole pots in 1 L of 200 mM NaCl supplemented

with 200 mg mL21 fertilizer and changing the solution every day. Shoots were

harvested 12 d later and used for measuring mineral contents and other

analyses. Plant recovery from salt stress by watering with 200 mg mL21 fer-

tilizer was documented by photography.

Water withholding or limited water supply (10 mL for each plant every

2 weeks) was applied for drought treatment.

For measuring leaf net photosynthesis rate and stomatal conductance,

plants were propagated and maintained in nutrient-rich soil (3-B Mix; Fafard)

without trimming to achieve maximum leaf growth to facilitate measurements.

Isolation of Plant DNA, RNA, and cDNA Synthesis

Plant genomic DNA was extracted as described previously (Luo et al.,

2005). Plant total RNA was isolated with Trizol reagent and reverse tran-

scribed using SuperScript III Reverse Transcriptase (Invitrogen) following the

manufacturer’s instructions.

Stem-Loop RT and Real-Time RT-PCR Analysis

Stem-loop RT was preformed after a previous protocol (Varkonyi-Gasic

et al., 2007). The Osa-miR319a stem-loop RT primer and forward primer

were 59-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACG-

ACGGGAGC-39 and 59-CGGCGGTTGGACTGAAGGGT-39. Based on DNA

sequences of the PCR products, real-time RT-PCR primers were designed.

Each PCR contained 12.5 mL of iQ SYBR Green Supermix. The reaction was

performed using the Bio-Rad iQ5 real-time detection system, and the fluo-

rescence data were collected using the iQ5 Optical System Software version 2.0

(Bio-Rad Laboratories). One reference gene, AsACT1 (JX644005), was used as

an endogenous control. The DDCt method was used for real-time PCR anal-

ysis. DCt values were calculated by first normalizing threshold cycle (Ct)

values of targets to the endogenous control (DCt = Cttarget 2 Ctreference) and

subsequently calculating DDCt values using the DCt value of 0 h as a reference

(DDCt = DCttest 2 DCt0h). Relative expression level was calculated using the

formula 22DDCt = normalized expression ratio.

Measurement of Mineral Contents, Leaf RWC, and EL

Upon salt treatment, plant leaves were collected and dried for 48 h at 80°C

for dry weights. Sodium contents were determined following previous pro-

tocols (Haynes, 1980; Plank, 1992; Li et al., 2010). Leaf RWC and EL were

measured as described previously (Li et al., 2010).

Leaf Sections and Microscopic Analysis

Fully expanded leaves from the top one-third of the plants were collected

and fixed in formalin-acetic-alcohol, followed by dehydration through graded

ethanol and infiltration in catalyzed resin (1.25 g of benzoyl peroxide per
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100mL of immunobedmonomer A). Sampleswere then embedded, polymerized

at room temperature, and put in a desiccator under vacuum until ready to block.

Photographswere taken using aMEIJI EM-5microscope connectedwith a 35-mm

SLR camera body (Canon).

Measurement of Photosynthesis Parameters

Single-leaf net photosynthesis rate wasmeasured on at least two leaves from

plants selected from three pots using a PLC-6 narrow leaf chamber connected to

a CIRAS-2 (PP Systems). Leaf chamber carbon dioxide concentration was

maintained constantly at 375 mmol mol21. Light intensity was controlled at

400 mmol m22 s21 with the light-emitting diode light sources installed in the

leaf chamber of the CIRAS-2 system. Leaf chamber temperature was maintained

at equilibrium to the ambient temperature.

Cuticular Wax Analysis

Leaf wax compositionwasmeasured after leaves were submerged in hexane for

45 s (Kosma et al., 2009; F. Bethea and H. Liu, unpublished data). Wax extracts

were evaporated under nitrogen gas and derivatized by heating at 100°C for

15 min inN,O-bis(trimethylsily)trifluoroacetamide (Supelco). Silylated samples were

analyzed by gas chromatography with a Hewlett-Packard 5890 series II gas

chromatograph equipped with a flame ionization detector and a 12-m, 0.2-mm

HP-1 capillary column with helium as the carrier gas. Quantification was based on

flame ionization detector peak areas relative to the internal standard tetrococine.

The total amount of cuticular wax was expressed as unit weight per unit of

leaf surface area (mg cm22). Leaf areas were determined by ImageJ software

(http://rsb.info.nih.gov/ij/) using digital images of flattened leaves.

Statistical Analysis

Student’s t test was used for data analysis. P , 0.05 was considered to be

statistically significant.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers JX570754, JX570755, JX570756, JX570757,

JX570758, JX570759, and JX644005.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Creeping bentgrass miR319 expression analysis

in wild-type plants under drought and salinity stresses.

Supplemental Figure S2. Performance of wild-type and transgenic plants

under extreme salinity and drought stress.

Supplemental Figure S3. A close look at the leaves and stems of wild-type

and transgenic plants subjected to 60-d limited water supply.

Supplemental Figure S4. Performance of wild-type and transgenic plants

5 d after 200 mM NaCl treatment.
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