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Growing evidence indicates that actin cytoskeleton is involved in plant innate immune responses, but the functional mechanism
remains largely unknown. Here, we investigated the behavior of a cotton profilin gene (GhPFN2) in response to Verticillium
dahliae invasion, and evaluated its contribution to plant defense against this soil-borne fungal pathogen. GhPFN2 expression
was up-regulated when cotton root was inoculated with V. dahliae, and the actin architecture was reorganized in the infected
root cells, with a clear increase in the density of filamentous actin and the extent of actin bundling. Compared to the wild
type, GhPFN2-overexpressing cotton plants showed enhanced protection against V. dahliae infection and the actin cytoskeleton
organization in root epidermal cells was clearly altered, which phenocopied that of the wild-type (WT) root cells challenged with
V. dahliae. These results provide a solid line of evidence showing that actin cytoskeleton reorganization involving GhPFN2 is
important for defense against V. dahliae infection.
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INTRODUCTION
The actin cytoskeleton plays crucial roles in diverse cellular
processes during plant growth and development (Staiger and
Blanchoin, 2006; Zhao et al., 2015). Accumulating evidence
demonstrates that dynamic reorganization of actin structure
is also an important cellular process in plant innate immunity
(Lipka and Panstruga, 2005; Day et al., 2011). Tobacco
BY-2 cells with disrupted actin architecture could be in-
fected by the non-pathogenic Erysiphe pisi, and disruption
of actin organization reduced the tolerance of barley plants
to Magnaporthe grisea (Kobayashi and Hakuno, 2003;
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Jarosch et al., 2005). The actin cytoskeleton responds to
pathogen invasion by increasing the density of filamentous
actin (F-actin) arrays around the infection sites (Takemoto
and Hardham, 2004; Hardham et al., 2007; Underwood and
Somerville, 2008), and rapid increases in the F-actin density
and actin bundling are associated with various processes in
pathogen-associated molecular pattern (PAMP)-triggered
immunity (PTI). The actin cytoskeleton along with a rapid
increase in F-actin abundance is therefore considered to be a
new but conserved component of PTI (Henty-Ridilla et al.,
2013).
The dynamic rearrangement of actin cytoskeleton depends

on the participation of actin-binding proteins (ABPs). These
proteins can be classified into several subgroups, including
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polymerization/elongation proteins, bundling/branching pro-
teins, severing/depolymerization proteins, and capping pro-
teins (Porter and Day, 2016). The function of several ABPs
was found to be related to plant defense. For example, a cap-
ping protein in Arabidopsis was shown to modulate actin dy-
namics in plant innate immune response (Li et al., 2015), and
alterations in the expression levels of the actin depolymeriz-
ing factor (ADF) could change the disease tolerance in vari-
ous host plants (Miklis et al., 2007; Tian et al., 2009; Fu et al.,
2014; Inada et al., 2016). Profilin, a key regulator of dynamic
actin organization, was also involved in plant-pathogen inter-
action (Schütz et al., 2006; Liao et al., 2009). Profilin pro-
teins have been detected at the Phytophthora infestans infec-
tion site of cultured cells of Petroselinum crispum (Schütz et
al., 2006); accumulation of profilin proteins was increased
after the plants were treated with the glycoprotein elicitor
CSB I of the rice blast pathogenMagnaporthe grisea or with
the methyl jasmonate (Liao et al., 2009; Gharechahi et al.,
2013), and the expression levels of profilin genes were re-
sponsive to the fungi in wheat and pepper (Song et al., 2012;
Wang et al., 2015).
The vascular disease Verticillium wilt is caused by the soil-

borne filamentous fungusVerticillium dahliae, and is themost
devastating disease in upland cotton (Fradin and Thomma,
2006). To date, very few germplasms that are resistant to
Verticillium wilt are available in cotton breeding (Cai et al.,
2009). To generate cotton cultivars with resistance to Ver-
ticillium wilt by molecular breeding, many studies aimed to
identify genes involved in cotton’s response to V. dahliae in-
vasion. A number of V. dahliae-responsive genes have been
reported to play roles in defense against V. dahliae invasion
in cotton (Gaspar et al., 2014; Li et al., 2014; Cheng et al.,
2016; Li et al., 2016), yet no cytoskeletal gene is included in
this set of genes.
In this study, we studied the defense-related function of the

GhPFN2 gene in upland cotton and found that overexpression
of the gene enhanced the abundance of F-actin and actin bun-
dles, and this was associated with increased disease tolerance
of cotton plants. Our results indicate that the actin cytoskele-
ton architecture changes and F-actin abundance increases in
response to V. dahliae invasion. The functional mechanism
associated with changes in F-actin organization in innate im-
mune responses is discussed.

RESULTS

Actin cytoskeleton reorganization in response to V.
dahliae attack

Rearrangement of actin filaments in response to microbial
infection has been observed in many plants (Kobayashi and
Hakuno, 2003; Jarosch et al., 2005; Henty-Ridilla et al.,
2013). To determine whether this occurs during the interac-
tion of cotton plants and V. dahliae, actin filaments in cotton

roots were stained with Alexa Fluor 488-phalloidin and
imaged using a confocal microscope after dip-inoculation of
cotton roots with V. dahliae. At 24 hours post inoculation
(hpi), we observed a clear increase in both the abundance
of actin filaments and the amount of actin bundles in the
epidermal cells as compared with that of the un-inoculated
control (Figure 1A). Statistical analysis was performed to
quantify this change based on two validated parameters, the
percent occupancy to measure the actin filament density and
the skewness to measure the extent of actin bundling (Higaki
et al., 2010). As shown in Figure 1B and C, the values for
percent occupancy and skewness were higher in the infected
root cells than in the control cells.

GhPFN2 expression was induced by V. dahliae invasion

It has been shown that profilin, one of the key modulators
of the actin organization, is involved in plant-pathogen
interaction (Schütz et al., 2006). This attracted our interest
to see if cotton profilins contribute to the defense-respon-
sive actin reorganization. To this end, genome sequence
of Gossypium hirsutum was searched and 16 profilin genes
were identified. We analyzed the expression patterns of these
profilin genes in cotton root, which is the invasion site of V.
dahliae. Quantitative real-time PCR (qRT-PCR) showed that
CotAD_22966/CotAD_50882, designated GhPFN2 previ-
ously (Wang et al., 2010), had much higher expression level
than other genes (Figure 2A). As shown in Figure 2B, the
expression ofGhPFN2 increased gradually in  roots  after  V.

Figure 1         Actin filament restructuring response to V. dahliae infection in
cotton root cells. A, Confocal microscopic visualization of actin structure.
Representative images of root epidermal cells are displayed for each sample.
Scar bar=10 μm. B, Quantitative analysis of actin density by calculation of
percent occupancy in (A). C, Determination of actin filament bundling ten-
dency (skewness) in (A). Values present means±SD. The asterisks denote sta-
tistically significant differences as determined by Student’s t-test. *, P<0.05.
Similar tendency was obtained from three biological replicates. About 100
root epidermal cells per line were measured for statistical analysis.
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Figure 2         Expression patterns of cotton PFNs by qRT-PCR. A, Transcrip-
tional expression levels of GhPFNs in cotton root. B, Accumulation of Gh-
PFN2 transcripts after inoculation of cotton plants with V. dahliae. Values
represent means±SD. *, P<0.05, as determined by Student’s t-test. Three bi-
ological repeats were performed.

dahliae infection and reached the peak around 48–72 h post
inoculation, indicating that GhPFN2 expression is associated
with defense response against the pathogen.

GhPFN2-overexpressing cotton plants weremore tolerant
to V. dahliae infection

GhPFN2-overexpressing transgenic cotton plants generated
in our previous study (Wang et al., 2010) were used to in-
vestigate the defense-related function of the gene. As shown
in Figure 3B, the GhPFN2 mRNA level increased approx-
imately two folds in the root of GhPFN2-overexpressing
seedlings (L156 and L176) compared with that in the control.
The transgenic and control cotton plants were subjected to
V. dahliae inoculation, and the disease-related phenotypes
were examined. Approximately two weeks post inoculation,
the leaves of control plants became severely withered, but
the symptoms of GhPFN2-overexpressing plants appeared
much weaker (Figure 3A). The disease index for the Gh-
PFN2-overexpressing plants was significantly lower than
that for the control (Figure 3C). We performed qRT-PCR to
analyze the expression levels of two defense-related genes
in wild-type (WT) and GhPFN2-overexpressing plants. The
results showed that expression of GhPR1, an important gene
in the salicylic acid (SA) signaling pathway, was activated
significantly in the transgenic plants, whereas no significant
change was detected with GhPDF1.2 gene (Figure 3D). This
result indicates that up-regulation of GhPFN2 had a positive
effect on the disease tolerance of cotton plants, which may
be associated with SA-mediated defense response.

Overexpression of GhPFN2 increased the percent occu-
pancy and skewness of actin filaments in cotton root epi-
dermal cells

To determine if there is a relationship between increased dis-
ease tolerance and actin organization, the actin filament ar-
rays in root epidermal cells of GhPFN2-overexpressing cot-
ton were imaged and compared with those in control cells.
The results showed that both the actin density and the extent
of actin bundling in the GhPFN2-overexpressing plants in-
creased significantly (Figure 4A) as compared to that in the
control. Measurements of the percent occupancy and skew-
ness of actin filaments showed that both values were elevated
in GhPFN2-overexpressing plants (Figure 4B and C). These
changes in actin filament reorganization in GhPFN2-overex-
pressing plants phenocopied the changes in the root cells of
wild-type plants challenged with V. dahliae (Figure 1B and
C).

Identification of proteins interacting with GhPFN2 by
yeast-two hybrid assay

In order to understand the molecular mechanism by which
GhPFN2 acts in the defense response, yeast two hybrid assay
was conducted to identify proteins that interact with GhPFN2.
A cDNA library of cotton roots infected with V. dahliae was
constructed in AD vector pGADT7 and used as prey, and
the open reading frame (ORF) of GhPFN2 was inserted into
BD vector pGBKT7 and used as bait. A total of nine pro-
teins that interacted with GhPFN2 were identified, includ-
ing four mitochondrial outer membrane proteins, two pro-
line-rich proteins, one DEAD-box ATP-dependent RNA heli-
case, one BEL1-like homeodomain protein and one polyphe-
nol oxidase (Table 1). Among these proteins, the proline-rich
protein has been reported to interact with profilin, which is
important for the regulation of dynamic actin reorganization
(Gibbon et al., 1998; Aparicio-Fabre et al., 2006; Boukhelifa
et al., 2006). Interestingly, about one half of the identified
proteins are the mitochondrial outer membrane proteins. It
was shown that yeast mitochondrial outer membrane proteins
possess ATP-sensitive actin binding activity, and function in
mitochondria-actin interactions (Boldogh et al., 1998). It is
intriguing for us to undergo further studies for the functional
relations of these proteins with profilin.

DISCUSSION

During development and in response to environmental stim-
uli, the actin cytoskeleton undergoes active dynamic changes
in plant cells. Many studies show that such dynamic changes
of actin organization occur during interactions between
pathogens and plant hosts. The actin cytoskeleton appears to
be one of the cellular targets of the invading microbes. For
instance, effectors released  by  the  pathogen  Pseudomonas

Wang, W., et al.   Sci China Life Sci   August (2017)  Vol. 60  No. 8 863



Figure 3         Increased tolerance of GhPFN2-overexpressing cotton plants to V. dahliae infection. A, Disease symptoms of control and GhPFN2-overexpressing
(L156 and L176) plants infected by V. dahliae. Pictures were taken before inoculation (upper panel) and two weeks after V. dahliae infection (lower panel). B,
Expression levels of GhPFN2 in WT and transgenic plants (L156 and L176). Values represent means±SD. *, P<0.05. Three biological repeats were performed.
C, Disease index of the WT and GhPFN2-overexpressing (L156 and L176) plants. Values present means±SE (n=20, from n=3 biological repeats). *, P<0.05.
D, Expression profile of GhPR1 and GhPDF1.2 genes in WT and GhPFN2-overexpressing (L156 and L176) plants. Values represent means±SD. *, P<0.05.
Similar result was obtained from three biological replicates.

syringae can interact with the host actin cytoskeleton and re-
duce the content of actin filaments, thereby inhibiting endo-
cytosis (Kang et al., 2014); and the VD toxin released from
V. dahliae caused dose-dependent destruction of the actin cy-
toskeleton inArabidopsis suspension cells (Yuan et al., 2006).
It has been shown that plant actin cytoskeleton undergoes
rapid remodeling of the architecture in response to pathogen
attack, such as increasing the density and bundling of actin
filaments (Takemoto and Hardham, 2004; Henty-Ridilla et
al., 2013). In the present study, we observed that the actin
cytoskeleton in cotton root cells was reorganized after chal-
lenging with the filamentous fungus V. dahliae, and the den-
sity of F-actin and the extent of actin bundling were increased
in the infected cells. Our results add a new line of evidence
showing that reorganization of the F-actin structure and in-
crease of F-actin abundance is an important event during the
defense process in higher plants.

The actin cytoskeleton plays crucial roles in intracellular
trafficking by providing tracks for material transportation
(Takemoto and Hardham, 2004; Hardham et al., 2007;
Underwood and Somerville, 2008). A possible mechanism
for the reorganization of the actin cytoskeleton in response
to pathogen invasion may be attributed to its function in
cellular trafficking. Indeed, a number of studies revealed
the association between actin cytoskeleton-mediated cellular
transportation and pathogen invasion. It was shown that
antimicrobial compounds delivery to the site of infection
and callose deposition at the plant cell wall require actin
cytoskeleton (Day et al., 2011). The specific targeting
of defense-related proteins to the plasma membrane is
also dependent on the actin cytoskeleton (Underwood and
Somerville, 2008). The accumulation of resistance protein
RPW8.2 requires the actin cytoskeleton to reach the pathogen
penetration sites (Wang et al., 2009). Based on the literature
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Figure 4         Reorganization of actin filament arrays in GhPFN2-overexpress-
ing cotton root cells. A, Confocal microscopy visualization of actin filament
arrays in root cells. Representative images of root epidermal cells are dis-
played for each sample. Scar bar=10 μm. B and C, Determination of actin fil-
ament percent occupancy (density) and bundling (skewness). Values present
means±SD. The asterisks denote statistically significant differences as deter-
mined by Student’s t-test. *, P<0.05. Similar tendency was obtained from
three biological replicates. About 100 root epidermal cells per line weremea-
sured for statistical analysis.

Table 1        Putative GhPFN2-interacting proteins

Clone No. Protein description Accession No.

5
Gossypium arboreum mitochondrial
outer membrane protein porin

of 34 kD-like
XP_017606824

29 Gossypium arboreum mitochondrial
outer membrane protein porin of 34 kD XP_017607996

9
Gossypium arboreum mitochondrial
outer membrane protein porin

of 36 kD-like
XP_017602978

13
Gossypium arboreum mitochondrial
outer membrane protein porin

of 36 kD-like
XP_017602978

14 Gossypium hirsutum 36.4 kD
proline-rich protein-like XP_016696423

28 Gossypium hirsutum 36.4 kD
proline-rich protein-like XP_016725665

7 Gossypium raimondii DEAD-box
ATP-dependent RNA helicase 56-like XP_012477379

22 Gossypium arboreum BEL1-like
homeodomain protein 4 XP_017634650

35 Gossypium raimondii polyphenol
oxidase, chloroplastic-like XP_012484697

information, we assume that the increased F-actin density
and actin bundles in GhPFN2-overexpressing plants may fa-
vor the trafficking of defense-related components in the cells,
which consequently leads to enhanced tolerance to V. dahliae
infection.
The dynamic reorganization of actin arrays depends on the

activities of various ABPs. Some of these act to promote actin
polymerization or bundling of actin filaments, such as profilin

or fimbrin, whereas others function to induce depolymeriza-
tion of actin filaments, such as ADF (Porter and Day, 2016).
As a keymodulator of actin organization, profilin could accel-
erate both polymerization and depolymerization at the barbed
end of actin filaments (Yarmola and Bubb, 2006). In addition,
it has been shown that profilin is also required for formation of
actin cables/bundles, possibly through interacting with other
ABPs such as formin (Evangelista et al., 2002; Wang and
Riechmann, 2008; Pujol et al., 2009). In a previous study,
we found that GhPFN2 could enhance the actin bundling ac-
tivity of formin in vitro (Wang et al., 2010). Hence, we spec-
ulate that the presence of more abundant actin bundles inGh-
PFN2-overexpressing root cells could be a result of interac-
tion between cellular formin and overproduced GhPFN2 pro-
teins, and GhPFN2-formin interaction may also contribute to
the actin bundle formation in wild-type root cells challenged
with V. dahliae.
Finally, it was reported that suppression of all members of

subclass I ADFs (ADF1-4 RNAi) led to accumulation of PR1
mRNA in uninfected leaf cells in Arabidopsis (Inada et al.,
2016). Likewise, we detected induced expression of PR1
genes in GhPFN2-overexpressing cotton plants. We spec-
ulate that the defense-related actin reorganization involving
up-regulation of GhPFN2 may be linked to SA-mediated de-
fense signaling. Further study is required to verify this as-
sumption.

MATERIALS AND METHODS

Plant materials

Seedlings of upland cotton varietiesMY (from the Institute of
Cotton Research, Shanxi Academy of Agricultural Sciences)
of greencolored cotton (Gossypium hirsutum L.) were either
grown in soil in a greenhouse or under hydroponic conditions
in an artificial climate simulator under 16 h light/8 h dark
conditions at 28°C, and irrigated with Murashige and Skoog
(MS) nutrient solution weekly.

Pathogen cultivation and inoculation

The V. dahliae strain V991, a highly aggressive defoliating
isolate, was used in this study. Fungal colonies were grown
on potato dextrose agar (PDA) plates for 1 week at 28°C.
Spores were inoculated into Czapek medium (1 g KH2PO4,
2 g NaNO3, 1 g MgSO4·7H2O, 1 g KCl, 2 mg FeSO4·7H2O,
and 30 g Sucrose per L) and harvested at the 5th day.
The spores were adjusted to a concentration of 1×106
colony-forming units (CFU) mL−1 with sterile distilled water
for infection. The roots of cotton seedlings grown under
hydroponic conditions for seven days were dipped into the
spore suspension for 30 min, then harvested at 0, 12, 24, 48,
and 72 hpi for RNA extraction. To infect soil-grown plants,
5 μL of spore suspension was injected into the hypocotyl,
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1 cm under the cotyledons. Disease index was calculated
according to the method described by Wang et al. (Wang et
al., 2004).

RNA extraction and qRT-PCR

Total RNA from roots was extracted using the Plant Total
RNA Purification Kit (GM biolab, Taichung City). 1 µg of
total RNA was used to synthesize cDNA by reverse tran-
scription according to the protocol of TransScript One-Step
gDNA Removal and cDNA Synthesis SuperMix (Transgen,
Beijing). For the qRT-PCR assays, SYBR Green Realtime
PCR Master mix (Toyobo, Japan) and a real-time PCR de-
tection system (CFX96 Touch, BIO-RAD, USA) were used.
The cotton Histone3 gene was used as the internal control.
The expression levels of genes were calculated by using the
2–ΔΔCt or 2–ΔCtmethod. All reactions were repeated three times.
The primers used in qRT-PCR are listed in Table S1 in Sup-
porting Information.

yeast two-hybrid (Y2H) assay

For the yeast two-hybrid screening, the ORF of GhPFN2
was cloned into the BD vector pGBKT7 to construct BD-Gh-
PFN2 as bait. The cDNA library of cotton roots infected by
V. dahliae was inserted into the AD vector pGADT7-DEST
to produce the prey library. According to the instructions of
the manufacturer of the Matchmaker Gold Yeast Two-Hybrid
System (Clontech, USA), the bait culture and the prey library
were combined and incubated for 24 h, then plated onto SD/-
Leu/-TrpDO (DDO)medium supplementedwithX-α-gal and
Aureobasidin A and grown at 30°C for 72 h. The blue clones
were confirmed by transferring to the SD/-Leu/-Trp/-Ade/-
His DO (QDO) medium supplemented with X-α-gal and Au-
reobasidin A. The blue clones were considered as positive in-
teractors, and inserts in the colonies were analyzed by colony
PCR and sequenced.

Labeling of actin filaments in cotton root epidermal cells

Cotton roots grown under hydroponic conditions were
harvested, washed with PBS buffer, and then subjected
to Alexa Fluor 488-phalloidin staining in PBS buffer
(0.1 mol L−1 PIPES, pH 6.9, 0.05% (V/V) Triton X-100,
1 mmol L−1 MgCl2, 3 mmol L−1 DTT, 0.3 mmol L−1 PMSF,
5 mmol L−1 EGTA, and 0.25% glutaraldehyde) to image the
actin filament arrays as described previously (Van Gestel et
al., 2001). The Z-series stacked images were collected by
confocal microscopy (Leica TCS SP8; Leica Microsystems,
Germany). The excitation wavelengths/emission filters were
488 nm/500−550 nm.

Evaluation of actin filament arrays

Analysis of actin filament arrays was conducted primarily
based on the method described previously by Higaki et al.
(Higaki et al., 2010). For the skewness value, the background

noise in the Z-series stacks of all optical sections was elim-
inated by subtracting background (set to 50 pixels) and fil-
tering with Gaussian blur (set to 1.0), and the skeletoniza-
tion was then assessed using the ThinLine procedure (a JAVA
plug-in procedure; Higaki et al., 2010). The actin filament
pixels were collected into a single image using maximum
intensity projections, and the skewness values were calcu-
lated. For the percent occupancy, pixels of actin filaments
were measured after subtracting the background noise by set-
ting a minimal threshold (set to 50 pixels).

Compliance and ethics               The author(s) declare that they have no conflict
of interest.

Acknowledgements          This work was supported by the Strategic Priority
Research Program of the Chinese Academy of Sciences (XDB11040600), the
National Natural Science Foundation of China (31671278), and the State
Key Laboratory of Plant Genomics of China (2015B0129-02).

Aparicio-Fabre, R., Guillén, G., Estrada, G., Olivares-Grajales, J., Gurrola,
G., and Sánchez, F. (2006). Profilin tyrosine phosphorylation in poly-l-
proline-binding regions inhibits binding to phosphoinositide 3-kinase in
Phaseolus vulgaris. Plant J 47, 491–500.

Boldogh, I., Vojtov, N., Karmon, S., and Pon, L.A. (1998). Interaction
between mitochondria and the actin cytoskeleton in budding yeast re-
quires two integral mitochondrial outer membrane proteins, Mmm1p and
Mdm10p. J Cell Biol 141, 1371–1381.

Boukhelifa, M., Moza, M., Johansson, T., Rachlin, A., Parast, M.,
Huttelmaier, S., Roy, P., Jockusch, B.M., Carpen, O., Karlsson, R., and
Otey, C.A. (2006). The proline-rich protein palladin is a binding partner
for profilin. FEBS J 273, 26–33.

Cai, Y., He, X., Mo, J.C., Sun, Q., Yang, J., and Liu, J. (2009). Molecular
research and genetic engineering of resistance to Verticillium wilt in cot-
ton: a review. Afr J Biotechnol 8, 7363–7372.

Cheng, H.Q., Han, L.B., Yang, C.L., Wu, X.M., Zhong, N.Q., Wu, J.H.,
Wang, F.X., Wang, H.Y., and Xia, G.X. (2016). The cotton MYB108
forms a positive feedback regulation loop with CML11 and participates
in the defense response against Verticillium dahliae infection. J Exp Bot
67, 1935–1950.

Day, B., Henty, J.L., Porter, K.J., and Staiger, C.J. (2011). The pathogen-
actin connection: a platform for defense signaling in plants. Annu Rev
Phytopathol 49, 483–506.

Evangelista, M., Pruyne, D., Amberg, D.C., Boone, C., and Bretscher, A.
(2002). Formins direct Arp2/3-independent actin filament assembly to
polarize cell growth in yeast. Nat Cell Biol 4, 32–41.

Fradin, E.F., and Thomma, B.P.H.J. (2006). Physiology and molecular as-
pects of Verticilliumwilt diseases caused by V. dahliae and V. albo-atrum.
Mol Plant Pathol 7, 71–86.

Fu, Y., Duan, X., Tang, C., Li, X., Voegele, R.T., Wang, X., Wei, G., and
Kang, Z. (2014). TaADF7, an actin-depolymerizing factor, contributes
to wheat resistance against Puccinia striiformis f. sp. tritici. Plant J 78,
16–30.

Gaspar, Y.M., McKenna, J.A., McGinness, B.S., Hinch, J., Poon, S.,
Connelly, A.A., Anderson, M.A., and Heath, R.L. (2014). Field resis-
tance to Fusarium oxysporum and Verticillium dahliae in transgenic
cotton expressing the plant defensin NaD1. J Exp Bot 65, 1541–1550.

Van Gestel, K., Le, J., and Verbelen, J.P. (2001). A comparison of F-actin
labeling methods for light microscopy in different plant specimens: mul-
tiple techniques supplement each other. Micron 32, 571–578.

Gharechahi, J., Khalili, M., Hasanloo, T., and Salekdeh, G.H. (2013). An
integrated proteomic approach to decipher the effect of methyl jasmonate

866 Wang, W., et al.   Sci China Life Sci   August (2017)  Vol. 60  No. 8

https://doi.org/10.1111/j.1365-313X.2006.02787.x
https://doi.org/10.1083/jcb.141.6.1371
https://doi.org/10.1111/j.1742-4658.2005.05036.x
https://doi.org/10.1093/jxb/erw016
https://doi.org/10.1146/annurev-phyto-072910-095426
https://doi.org/10.1146/annurev-phyto-072910-095426
https://doi.org/10.1038/ncb718
https://doi.org/10.1111/j.1364-3703.2006.00323.x
https://doi.org/10.1111/tpj.12457
https://doi.org/10.1093/jxb/eru021
https://doi.org/10.1016/S0968-4328(00)00054-8


elicitation on the proteome of Silybum marianum L. hairy roots. Plant
Physiol Biochem 70, 115–122.

Gibbon, B.C., Zonia, L.E., Kovar, D.R., Hussey, P.J., and Staiger, C.J.
(1998). Pollen profilin function depends on interaction with proline-rich
motifs. Plant Cell 10, 981–994.

Hardham, A.R., Jones, D.A., and Takemoto, D. (2007). Cytoskeleton and
cell wall function in penetration resistance. Curr Opin Plant Biol 10,
342–348.

Henty-Ridilla, J.L., Shimono, M., Li, J., Chang, J.H., Day, B., and Staiger,
C.J. (2013). The plant actin cytoskeleton responds to signals from mi-
crobe-associated molecular patterns. PLoS Pathog 9, e1003290.

Higaki, T., Kutsuna, N., Sano, T., Kondo, N., and Hasezawa, S. (2010).
Quantification and cluster analysis of actin cytoskeletal structures in plant
cells: role of actin bundling in stomatal movement during diurnal cycles
in Arabidopsis guard cells. Plant J 61, 156–165.

Inada, N., Higaki, T., and Hasezawa, S. (2016). Nuclear function of subclass
I actin depolymerizing factor contributes to susceptibility in Arabidopsis
to an adapted powdery mildew fungus. Plant Physiol 170, 1420–1434.

Jarosch, B., Collins, N.C., Zellerhoff, N., and Schaffrath, U. (2005). RAR1,
ROR1, and the actin cytoskeleton contribute to basal resistance to Mag-
naporthe grisea in barley. Mol Plant Microbe Interact 18, 397–404.

Kang, Y., Jelenska, J., Cecchini, N.M., Li, Y., Lee, M.W., Kovar, D.R., and
Greenberg, J.T. (2014). HopW1 fromPseudomonas syringae disrupts the
actin cytoskeleton to promote virulence in Arabidopsis. PLoS Pathog 10,
e1004232.

Kobayashi, I., and Hakuno, H. (2003). Actin-related defense mechanism to
reject penetration attempt by a non-pathogen is maintained in tobacco
BY-2 cells. Planta 217, 340–345.

Li, C., He, X., Luo, X., Xu, L., Liu, L., Min, L., Jin, L., Zhu, L., and
Zhang, X. (2014). Cotton WRKY1 mediates the plant defense-to-de-
velopment transition during infection of cotton by Verticillium dahliae
by activating JASMONATE ZIM-DOMAIN1 expression. Plant Physiol
166, 2179–2194.

Li, J., Henty-Ridilla, J.L., Staiger, B.H., Day, B., and Staiger, C.J. (2015).
Capping protein integrates multiple MAMP signalling pathways to mod-
ulate actin dynamics during plant innate immunity. Nat Commun 6,
7206.

Li, Y.B., Han, L.B., Wang, H.Y., Zhang, J., Sun, S.T., Feng, D.Q., Yang,
C.L., Sun, Y.D., Zhong, N.Q., and Xia, G.X. (2016). The thioredoxin
GbNRX1 plays a crucial role in homeostasis of apoplastic reactive oxy-
gen species in response to Verticillium dahliae infection in cotton. Plant
Physiol 170, 2392–2406.

Liao, M., Li, Y., and Wang, Z. (2009). Identification of elicitor-respon-
sive proteins in rice leaves by a proteomic approach. Proteomics 9,
2809–2819.

Lipka, V., and Panstruga, R. (2005). Dynamic cellular responses in plant-
microbe interactions. Curr Opin Plant Biol 8, 625–631.

Miklis, M., Consonni, C., Bhat, R.A., Lipka, V., Schulze-Lefert, P., and
Panstruga, R. (2007). BarleyMLOmodulates actin-dependent and actin-
independent antifungal defense pathways at the cell periphery. Plant
Physiol 144, 1132–1143.

Porter, K., and Day, B. (2016). From filaments to function: the role of the
plant actin cytoskeleton in pathogen perception, signaling and immunity.
J Integr Plant Biol 58, 299–311.

Pujol, N., Bonet, C., Vilella, F., Petkova, M.I., Mozo-VillarÃ-as, A., and
de la Torre-Ruiz, M.A. (2009). Two proteins from Saccharomyces cere-
visiae: Pfy1 and Pkc1, play a dual role in activating actin polymeriza-
tion and in increasing cell viability in the adaptive response to oxidative
stress. FEMS Yeast Res 9, 1196–1207.

Schütz, I., Gus-Mayer, S., and Schmelzer, E. (2006). Profilin and Rop GT-
Pases are localized at infection sites of plant cells. Protoplasma 227,
229–235.

Song, X., Ma, Q., Hao, X., and Li, H. (2012). Roles of the actin cytoskeleton
and an actin-binding protein in wheat resistance against Puccinia stri-
iformis f. sp. tritici. Protoplasma 249, 99–106.

Staiger, C.J., and Blanchoin, L. (2006). Actin dynamics: old friends with
new stories. Curr Opin Plant Biol 9, 554–562.

Takemoto, D., and Hardham, A.R. (2004). The cytoskeleton as a regulator
and target of biotic interactions in plants. Plant Physiol 136, 3864–3876.

Tian, M., Chaudhry, F., Ruzicka, D.R., Meagher, R.B., Staiger, C.J., andDay,
B. (2009). Arabidopsis actin-depolymerizing factor AtADF4 mediates
defense signal transduction triggered by the Pseudomonas syringae ef-
fector AvrPphB. Plant Physiol 150, 815–824.

Underwood, W., and Somerville, S.C. (2008). Focal accumulation of de-
fences at sites of fungal pathogen attack. J Exp Bot 59, 3501–3508.

Wang, J., Wang, H.Y., Zhao, P.M., Han, L.B., Jiao, G.L., Zheng, Y.Y., Huang,
S.J., and Xia, G.X. (2010). Overexpression of a Profilin (GhPFN2) pro-
motes the progression of developmental phases in cotton fibers. Plant
Cell Physiol 51, 1276–1290.

Wang, J., Zuo, H., Huo, Y., Feng, C., Wang, Y., and Ma, Q. (2015). Evalu-
ation of actin cytoskeleton in non-host resistance of pepper to Puccinia
striiformis f. sp. tritici stress. Physiol Mol Plant Pathol 92, 112–118.

Wang, W., Wen, Y., Berkey, R., and Xiao, S. (2009). Specific targeting of the
Arabidopsis resistance protein RPW8.2 to the interfacial membrane en-
casing the fungal haustorium renders broad-spectrum resistance to pow-
dery mildew. Plant Cell 21, 2898–2913.

Wang, Y.Q., Chen, D.J., Wang, D.M., Huang, Q.S., Yao, Z.P., Liu, F.J., Wei,
X.W., Li, R.J., Zhang, Z.N., and Sun, Y.R. (2004). Over-expression
of Gastrodia anti-fungal protein enhances Verticillium wilt resistance in
coloured cotton. Plant Breed 123, 454–459.

Wang, Y., and Riechmann, V. (2008). Microtubule anchoring by cortical
actin bundles prevents streaming of the oocyte cytoplasm. Mech Dev
125, 142–152.

Yarmola, E.G., and Bubb, M.R. (2006). Profilin: emerging concepts and
lingering misconceptions. Trends Biochem Sci 31, 197–205.

Yuan, H.Y., Yao, L.L., Jia, Z.Q., Li, Y., and Li, Y.Z. (2006). Verticillium
dahliae toxin induced alterations of cytoskeletons and nucleoli in Ara-
bidopsis thaliana suspension cells. Protoplasma 229, 75–82.

Zhao, S.S., Zhao, Y.X., and Guo, Y. (2015). 14-3-3 λ protein interacts with
ADF1 to regulate actin cytoskeleton dynamics in Arabidopsis. Sci China
Life Sci 58, 1142–1150.

SUPPORTING INFORMATION

Table S1 Primers used in this study

The supporting information is available online at http://life.scichina.com and https://link.springer.com. The supporting
materials are published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content
remains entirely with the authors.

Wang, W., et al.   Sci China Life Sci   August (2017)  Vol. 60  No. 8 867

https://doi.org/10.1016/j.plaphy.2013.05.031
https://doi.org/10.1016/j.plaphy.2013.05.031
https://doi.org/10.1105/tpc.10.6.981
https://doi.org/10.1016/j.pbi.2007.05.001
https://doi.org/10.1371/journal.ppat.1003290
https://doi.org/10.1111/j.1365-313X.2009.04032.x
https://doi.org/10.1104/pp.15.01265
https://doi.org/10.1094/MPMI-18-0397
https://doi.org/10.1371/journal.ppat.1004232
https://doi.org/10.1104/pp.114.246694
https://doi.org/10.1038/ncomms8206
https://doi.org/10.1104/pp.15.01930
https://doi.org/10.1104/pp.15.01930
https://doi.org/10.1002/pmic.200800192
https://doi.org/10.1016/j.pbi.2005.09.006
https://doi.org/10.1104/pp.107.098897
https://doi.org/10.1104/pp.107.098897
https://doi.org/10.1111/jipb.12445
https://doi.org/10.1111/j.1567-1364.2009.00565.x
https://doi.org/10.1007/s00709-005-0151-1
https://doi.org/10.1007/s00709-011-0265-6
https://doi.org/10.1016/j.pbi.2006.09.013
https://doi.org/10.1104/pp.104.052159
https://doi.org/10.1104/pp.109.137604
https://doi.org/10.1093/jxb/ern205
https://doi.org/10.1093/pcp/pcq086
https://doi.org/10.1093/pcp/pcq086
https://doi.org/10.1016/j.pmpp.2015.09.003
https://doi.org/10.1105/tpc.109.067587
https://doi.org/10.1111/j.1439-0523.2004.01005.x
https://doi.org/10.1016/j.mod.2007.09.008
https://doi.org/10.1016/j.tibs.2006.02.006
https://doi.org/10.1007/s00709-006-0154-6
https://doi.org/10.1007/s11427-015-4897-1
https://doi.org/10.1007/s11427-015-4897-1
http://life.scichina.com
http://springerlink.bibliotecabuap.elogim.com

	Overexpression of GhPFN2 enhances protection against Verticillium dahliae invasion in cotton
	Abstract
	INTRODUCTION
	RESULTS
	Actin cytoskeleton reorganization in response to V. dahliae attack
	GhPFN2 expression was induced by V. dahliae invasion
	GhPFN2-overexpressing cotton plants were more tolerant to V. dahliae infection
	Overexpression of GhPFN2 increased the percent occupancy and skewness of actin filaments in cotton root epidermal cells
	Identification of proteins interacting with GhPFN2 by yeast-two hybrid assay

	DISCUSSION
	MATERIALS AND METHODS
	Plant materials
	Pathogen cultivation and inoculation
	RNA extraction and qRT-PCR
	yeast two-hybrid (Y2H) assay
	Labeling of actin filaments in cotton root epidermal cells
	Evaluation of actin filament arrays

	Acknowledgements
	References

