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Abstract Expression of many host genes can be
altered during virus infection. In a previous study of
sugarcane mosaic virus (SCMV) infection in maize
(Zea mays), we observed that expression of ZmTrm2,
a gene encoding thioredoxin m, was up-regulated at
about 10 days post-inoculation (dpi). In this present
study we determined that ZmTrm2 silencing in maize
by virus-induced gene silencing significantly enhanced
systemic SCMV infection. In contrast transient over-
expression of ZmTrm2 in maize protoplasts inhibited

accumulation of SCMV viral RNA. Furthermore, we
found that in inoculated Nicotiana tabacum leaves
transient expression of ZmTrm2 inhibited accumulation
of the RNA of tobacco vein-banding mosaic virus
(TVBMV), a potyvirus infecting dicotyledonous
plants. Interestingly in ZmTrm2 transiently expressed
N. tabacum leaves, we detected by semi-quantitative
RT-PCR a reduced level of the mRNA of class I beta-1,
3-glucanase (GluI), a protein known to have a role in
cell wall callose deposition and viral movement. Our
data indicate that the maize ZmTrm2 plays an
inhibitory role during infection of plants by SCMV
and TVBMV.
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Introduction

To establish infection in plants, viruses require host
factors for their replication, cell-to-cell and long-distance
movement. During various steps of virus infection,
expression profiles of many host genes involved in
metabolism, signal transduction and defence responses
were found to be altered (Collazo et al. 2006; Escalettes
et al. 2006; Alfenas-Zerbini et al. 2009). Since the
molecular mechanisms by which plant viruses affect
their hosts are largely unclear (Maule et al. 2002),
studies on differentially expressed genes after virus
infection can lead to elucidating the relationship
between specific genes and virus infection.
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Sugarcane mosaic virus (SCMV), a member of the
genus Potyvirus, causes considerable losses in different
field crops in many countries including China (Shi et
al. 2006). Previous studies utilizing suppression sub-
tractive hybridization (SSH) and microarrays identified
multiple candidate genes and their potential involve-
ment in SCMV resistance in maize (Zea mays L.)(Shi
et al. 2006; Użarowska et al. 2009). However, the
relationship between individual candidate genes and
SCMV infection in maize has not been determined.

In the present study, we analyzed a maize gene
encoding an m-type thioredoxin and its role in SCMV
infection of maize and TVBMV infection of Nicoti-
ana tabacum. Thioredoxins are a group of small
proteins that contain a dithiol-disulphide active site
with two redox-active cysteine residues (Holmgren
1985). Thioredoxins were known to be involved in
numerous cellular processes including enzyme regu-
lation, oxidative stress response, transcription and
translation (Balmer and Buchanan 2002; Montrichard
et al. 2009). The two cysteine residues in the
conserved motif are critical for stability, conforma-
tion, and regulation of thioredoxin-targeted protein
structure through redox state interchange (Aslund and
Beckwith 1999; Montrichard et al. 2009). Different
types of thioredoxins have been identified in plant
chloroplasts and mitochondria. Twenty-two thiore-
doxin genes have been reported for Arabidopsis
(Ishiwatari et al. 1995; Rivera-Madrid et al. 1995;
Meyer et al. 2002, 2005; Gelhaye et al. 2004; Juárez-
Diaz et al. 2006). Of them thioredoxin f and m were
reported to be two distinct light-dependent chloroplast
proteins showing low sequence identity (Eklund et al.
1991). Thioredoxin f activates enzymes involved in
the Calvin cycle, including fructose 1,6-bisphosphatase
(FBPase), phosphoribulokinase, sedoheptulose bisphos-
phatase, and H+-ATPase (Nishizawa and Buchanan
1981; Schwarz et al. 1997), whereas thioredoxin m
mainly plays roles in activating NADP-dependent
enzyme malate dehydrogenase, which can also be
activated in vitro by thioredoxin f (Geck et al. 1996;
Hodges et al. 1994). It has also been reported that
thioredoxin m was involved in regulating glucose
6-phosphate dehydrogenase and other metabolic pro-
cesses (Wenderoth et al. 1997). Thioredoxin m in
maize is unlike those in other plants because of its
unique heat susceptibility (Lunn et al. 1995).

Virus-induced gene silencing (VIGS) has been
utilized extensively for functional studies of genes in

many plants, and VIGS based on an infectious clone
of Brome mosaic virus (BMV) was established for
monocot plants (Ding et al. 2006). It was used to
identify maize genes that are functionally involved in
the interaction with a pathogen (van der Linde et al.
2011). In a recent study of ours, a maize gene
encoding thioredoxin m (designated as ZmTrm2)
was found to be up-regulated upon virus infection
(unpublished data). This result demonstrated the
impact of ZmTrm2 expression on SCMV replication
and systemic accumulation in maize. We propose
that expression of ZmTrm2 negatively influences
SCMV infection in maize and TVBMV in N. tabacum,
therefore implicating a role in defence responses
against these two and possibly other potyviruses. In
the present research, the BMV-based VIGS was
employed for transient silencing of a target gene in
maize leaves in order to test this hypothesis.

Materials and methods

Plant growth and virus sources

Maize (Zea mays-inbred line Zong 31 and cv. Va35)
plants were grown in a controlled growth chamber set
at 23/21°C (day and night) and with 16 h light and 8 h
dark. SCMV-BJ (accession number AY042184) was
isolated from diseased maize leaves in the northern
suburbs of Beijing (Fan et al. 2003) and maintained in
maize inbred line Zong 31. TVBMV was kindly
provided by Prof. Xiangdong Li from Shandong
Agricultural University.

Construction of plasmids

The full-length coding sequence of Z. mays thiore-
doxin m-type (ZmTrm2) was amplified from total
RNA of maize cv. Zong 31 by RT-PCR using primers
P1 and P2 (Table 1) and inserted into the T-cloning
vector pMD18-T (TaKaRa Bio Inc., Otsu, Shiga,
Japan) to produce pZmTrm2. Primers P1 and P2 were
designed according to the ZmTrm2 sequence deposited

The ZmTrm2 full-length coding sequence was then
amplified again from pZmTrm2 by PCR using
primers P3 and P4 (Table 1), digested with restriction
enzymes SalI and SacI, and was cloned into the pGFP
vector (a derivative of pUC19, TaKaRa Bio Inc.) to
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generate pGFPZmTrm2. The BMV-based vector pC-
BMVA/G was used in this study to silence the ZmTrm2
gene in maize (cv. Va35). This pC-BMVA/G vector
consists of pF1-11 for RNA1, pF2-2 for RNA2 and
pF3-5/13’A/G for RNA3. A 139-bp PCR fragment of
ZmTrm2 was amplified using primers P5 and P6
(Table 1). The PCR fragment was digested with
HindIII restriction enzyme and cloned into the pF3-
5/13’A/G to produce pF3-5/13’A/G-ZmTrm2. The
combination of pF3-5/13’A/G-ZmTrm2 and two other
plasmids (pF1-11 and pF2-2) of pC-BMVA/G was
named pBMVZmTrm2.

A vector constructed from Potato virus X (PVX)
(van Wezel et al. 2002) was used to express ZmTrm2
transiently in N. tabacum leaves. The full-length
coding sequence of ZmTrm2 was amplified using
primers P7 and P8 (Table 1) and the fragment was
cloned into the ClaI and SalI sites to produce
PVXTrm2.

Maize protoplast preparation and transfection

Maize protoplasts were prepared and transfected
according to Sheen’s protocol (Sheen 1991) with
minor modifications. A total of 2×105 maize proto-
plasts were transfected with 20 μg of individual

plasmids or co-transfected with one plasmid and
10 μg of purified SCMV viral RNA via electro-
poration using the Gene Pulser Xcell as instructed
(Bio-Rad, Hercules, CA, USA), and the electropo-
rated protoplasts were incubated at 25°C in the dark
for 12 h before RNA analysis. SCMV viral RNA used
for transfection was extracted from viral particles
according to a previously described protocol (Dijkstra
and de Jager 1998).

In vitro transcription and inoculation

RNA transcripts were produced individually from
pBMVZmTrm2 and pC-BMVA/G through in vitro
transcription using T3 RNA polymerase (Promega).
The RNA transcripts were then mixed and mechan-
ically inoculated onto the leaves of 10-day-old Va35
seedlings as previously described (Ding et al. 2006).
The first systemic leaf showing chlorotic streaks at
about 10 days post inoculation (dpi) was re-
inoculated with crude sap from SCMV-infected
maize leaves. The first and second systemic leaves
above the SCMV-inoculated leaf were collected at
5 dpi by SCMV and used for analyzing ZmTrm2 and
virus accumulation. In later experiments using PVX,
RNA transcripts were produced from plasmids PVX
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Table 1 Primers used for polymerase chain reaction (PCR) amplification

Primer
name

Sequence* Restriction
Site

Usage

P1 5'-ATGGCCTCCCGCCTCGCCGT-3' Full-length coding sequence
P2 5'-TCACCTCCCACCAACGTACTTGTC-3'

P3 5'- TAGTCGACGGATGGCCTCCCGCCTCGCCG-3' Sal I pGFPZmTrm2 construction
P4 5'-CGCGAGCTCTCACCTCCCACCAACGTACTTG-3' Sac I

P5 5'- ACTAAGCTTTCGTGTGCCAGGCCCAG-3' Hind III Silencing vector construction
P6 5'- GTGAAGCTTTACACGGTCCACACCATG-3' Hind III

P7 5'- ATAATCGATATGGCCTCCCGCCTCGCCG-3' Cla I PVXTrm2 construction

P8 5'- AGCGTCGACTCACCTCCCACCAACGTACTTG-3' Sal I

P9 5'- GGAAAAACCATAACCCTGGA-3' Ubiquitin gene analysis
P10 5'- ATATGGAGAGAGGGCACCAG-3'

P11 5'- GCTAAACACCGACGAGAACC-3' qRT-PCR analysis of ZmTrm2
P12 5'-GCCCATCCTTGAATCCCT-3'

P13 5'- GGCGAGACTCAGGAGAATACA-3' SCMV RNA analysis
P14 5'-ACACGCTACACCAGAAGACACT-3'

P15 5'-GTGTTGGATTCTGGTGATGGTG-3' Tobacco actin RNA analysis
P16 5'-TGTCAAGCTCCTGCTCGTAGT-3'

P17 5' -CACTGCCACAGATGTCAATCG-3' TVBMV RNA analysis
P18 5' -CCAAGCGTCACCTACAAGAATAG-3'

*The restriction sites are indicated in italic type



and PVXTrm2 through in vitro transcription using
T7 RNA polymerase (Promega). The RNA tran-
scripts were mechanically inoculated onto leaves of
N. tabacum plants. At 5 dpi, the inoculated leaves
were then re-inoculated with crude sap from
TVBMV-infected N. tabacum plants. The inoculated
leaves were collected for analysis of TVBMV RNA
accumulation at 3 dpi by TVBMV.

Semi-quantitative and quantitative RT-PCR
(qRT-PCR) analysis

Total RNA was extracted from maize or N. tabacum
leaves using TRIzol (Invitrogen, Carlsbad, CA, USA)
and treated with 5 U of RNase-free DNase (TaKaRa) at
37°C for 30 min. The DNase-treated total RNAs were
recovered by ethanol precipitation. First-strand cDNAs
were synthesized from total RNA (0.5 μg total RNA
per 20 μl reaction) using M-MLV reverse transcriptase
(Promega) and random 6-mer primers (TaKaRa). The
RT products were individually diluted 10-fold in the
Easy Dilution buffer (TaKaRa) to be used as templates
for the subsequent quantitative RT-PCR (qRT-PCR)
analysis. The maize ubiquitin gene was amplified with
primers P9 and P10 and used as an internal control for
both semi-quantitative and qRT-PCR analyses. Primers
P11 and P12 were used for qRT-PCR analysis of
ZmTrm2 with P12 being specific for the non-translated
region of the ZmTrm2 gene (NM_001157280.1).
Primers P13 and P14 were used for both semi-
quantitative and qRT-PCR detection of SCMV infec-
tion. For SCMV detection, PCR amplification was
conducted with 1 μl of RT product in a 25-μl reaction
at the following conditions: 94°C for 2 min followed
by 30 cycles at 94°C for 30 s, 58°C for 30 s, 72°C for
20 s, and then 72°C for 10 min. The PCR products
were visualized in a 1.5% agarose gel after staining
with ethidium bromide and analyzed by an AlphaIm-
ager 2200 (Alpha Innotech.). For TVBMV accumula-
tion analysis, primer pairs P15 and P16, and P17 and
P18 were used to detect accumulation of tobacco (N.
tabacum) actin mRNA (served as an internal control)
and TVBMV genomic RNA, respectively. PCR am-
plification conditions were 94°C for 2 min followed by
25 cycles at 94°C for 30 s, 58°C for 30 s and 72°C for
30 s, and a final 72°C for 10 min.

qPCR analysis was conducted using an ABI 7500
thermocycler (Applied Biosystems, Foster City, U.S.
A.). The qPCR reaction consisted of 10 μl of 2× SYBR

Premix Ex Taq DNA polymerase, 200 nM each of the
two gene-specific primers (P11/P12) (Table 1), 1 μl of
diluted reverse-transcribed cDNA, 0.4 μl ROX Dye II,
in a total volume of 20 μl reaction as instructed by the
manufacturers (TaKaRa). The qPCR amplification
conditions were as follows: 95°C for 30 s, 40 cycles
at 95°C 5 s, 58°C 20 s and 72°C 35 s.

qRT-PCR quantification was based on the relative
abundance, as determined by ZmTrm2 Ct values
compared with the ubiquitin Ct values according to
the formula ΔCt ¼2�ðCtZmTrm2�CtUbiquitinÞ.

Northern blot analysis

Total RNAs were extracted from N. tabacum leaves
using TRIzol as described above, and loaded (35 μg
per sample) onto a 1% agarose–formaldehyde gel,
blotted to Hybond N-membrane, UV cross-linked,
and then detected by hybridization with DIG-labeled
TVBMV-specific probe which was synthesized by
using PCR DIG Probe Synthesis Kit (Roche) with
TVBMV specific primers P17/P18 (Table 1).

Western blotting

Total proteins were extracted from maize leaves using a
protein extraction buffer (20 mM MES, pH6.1, 0.25 M
sucrose, 0.1M EGTA, 1mMDTT, 0.2 mg/ml BSA) and
protein concentration was determined via a Coomassie
blue assay (Bradford 1976). The total protein (40 μg)
of each sample was separated on a 10% sodium
dodecyl-sulphate-polyacrylamide gel by electrophore-
sis and then transferred onto a nitrocellulose mem-
brane. The viral protein was detected by an antiserum
against a SCMV coat protein which was prepared and
kept in our laboratory, followed by the alkaline
phosphatase-conjugated protein A (Sigma-Aldrich)
and visualized after staining with NBT/BCIP (nitroblue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate)
(Thompson and Larson 1992).

Results

Up-regulation of ZmTrm2 in SCMV systemically
infected maize leaves

To dissect the response of maize to SCMV
infection, a suppression subtractive hybridization
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(SSH) library was constructed and screened
for maize genes whose expression altered after
SCMV infection (unpublished data). A gene encod-
ing a maize m-type thioredoxin was found to be
highly up-regulated after SCMV infection (unpub-
lished data) and was selected for further analysis.
This gene is designated as ZmTrm2 (HM582205)
due to its sequence identity to other m-type thio-
redoxins. GenBank searching revealed two more
m-type isoforms and are designated as ZmTrm1
(NM_001111860.1) and ZmTrm3 (NM_001159098),
respectively. Alignment and homological analysis
showed that sequence identity among the three
isoforms was low. Our data shows that the ZmTrm2
shares 59% nucleotide (nt) sequence identity and
45% amino acid (aa) identity with the ZmTrm1, and
51% nt identity and 45% aa identity with the
ZmTrm3, respectively.

To determine ZmTrm2 mRNA transcription alter-
ations after SCMV infection, total RNA was isolated
from the first systemic leaves of either mock or
SCMV-inoculated plants at 2, 6, 10 and 14 dpi,
respectively. Relative expression levels of ZmTrm2
mRNA in different leaf samples were determined
through qRT-PCR, using the expression levels of the
ubiquitin gene as the internal control. Our results
showed that at 10 dpi the expression levels of
ZmTrm2 mRNA were approximately 2.5-fold higher
than that observed in the tissues from the mock-
inoculated plants (Fig. 1). The expression levels of
ZmTrm2 mRNA in SCMV-infected leaf tissues was,
however, similar to that in tissues from the mock-
inoculated plants at 2, 6 and 14 dpi. This indicates
that the up-regulation of ZmTrm2 mRNA in SCMV-
infected tissues was transient.

Silencing of ZmTrm2 in maize leaves enhanced
SCMV accumulation

To investigate the potential role of ZmTrm2 on
SCMV infection in maize, a ZmTrm2 silencing
vector, pBMVZmTrm2, was constructed using the
C-BMVA/G-based silencing vector (Ding et al. 2006).
Our data showed that the mRNA levels of ZmTrm2
in the first systemic leaves above the SCMV
inoculated leaves were about 40% of that in leaves
from the mock - or only C-BMVA/G-inoculated
control plants (Fig. 2a). At the same time, SCMV
RNA accumulated to a much higher level in

ZmTrm2-silenced leaves than that in control leaves
by semi-quantitative RT-PCR (Fig. 2b). Western blot
analysis of SCMV CP accumulation further con-
firmed the results (Fig. 2c). Similar results were
obtained when the second systemic leaves above the
SCMV-inoculated leaves were analyzed (data not
shown). Hence, SCMV accumulation was signifi-
cantly increased in the ZmTrm2 silenced leaves.

Transient over-expression of ZmTrm2 in maize
protoplasts impaired virus replication

Since ZmTrm2 showed a negative impact on
SCMV accumulation in maize leaves, we decided
to test whether this negative impact is correlated
with SCMV replication. The pGFPZmTrm2 and
pGFP vectors were inoculated individually into
maize protoplasts and the ZmTrm2 mRNA over-
expression was determined by qRT-PCR using
specific primers. Results of experiments indicated
that ZmTrm2 mRNA level was about 1000-fold
higher in protoplasts transfected with pGFPZmTrm2
than that in protoplasts transfected with the pGFP
vector (Fig. 3a). We also determined that SCMV

Fig. 1 Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR) analysis of ZmTrm2 mRNA transcripts in
the first systemic leaf of mock-inoculated (Mock) and SCMV-
inoculated (SCMV) maize at different periods. The qRT-PCR
quantification of ZmTm2 was based on the calculation of
amplification efficiency against that of the ubiquitin gene used
as an internal control. Three individual plants were pooled for
each sample and the resulting mean values of three independent
experiments were presented as relative ZmTrm2 mRNA level.
All data are the mean value ± standard deviation (SD)
normalized to that of 2 dpi mock (negative control)
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RNA accumulation in protoplasts co-transfected
with pGFPZmTrm2 and SCMV RNA was signifi-
cantly reduced compared with that in protoplasts
co- transfected with pGFP and SCMV RNA
(Fig. 3b). These results support the finding described
above and suggest that ZmTrm2 plays an inhibitory
role in SCMV replication.

Overexpression of ZmTrm2 also reduced
accumulation of a different potyvirus in tobacco
leaves

To reveal further the role of ZmTrm2 in potyvirus
accumulation, a PVX-based expression vector was
used to transiently express ZmTrm2 in N. tabacum

Fig. 2 Transient silencing of ZmTrm2 facilitated SCMV
infection in systemic leaves above SCMV inoculated maize
seedling leaves. a Real time reverse transcription-polymerase
chain reaction (RT-PCR) analysis of ZmTrm2 transient silenc-
ing in first systemic leaf upper SCMV inoculated leaves at
5 dpi, which were challenge-inoculated with SCMV ten days
after BMV and BMVZmTrm2 inoculation. The amplification
efficiency of ubiquitin gene was calculated as an internal
control. The resulting mean values of three independent
experiments were presented as relative ZmTrm2 mRNA level.

All data are the mean value ± standard deviation (SD)
normalized to that of mock-inoculated. b Semi-quantitative
RT-PCR analysis of SCMV accumulation in first systemic leaf
at 5 dpi. Ubiquitin gene was amplified as internal control. RT-
PCR products of SCMV mRNA were separated by agarose gel
as indicated. c Western blot detection of SCMVaccumulation in
the first systemic leaf at 5 dpi using antiserum against SCMV
CP. The Coomassie brilliant blue-stained 12% sodium
dodecylsulphate-polyacrylamide gel (bottom) for different
samples was used as loading control
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leaves. At 5 dpi with either PVX or PVXTrm2 RNA, the
inoculated leaves were challenge-inoculated with a
different potyvirus Tobacco vein banding mosaic virus
(TVBMV). The re-inoculated leaves were harvested at
3 dpi and analyzed for TVBMV RNA accumulation by
both semi-quantitative RT-PCR and northern blotting.
As shown in Fig. 4, ZmTrm2 transient expression in
tobacco leaves clearly inhibited TVBMV RNA accu-
mulation in the inoculated leaves. Interestingly, the
mRNA level of class I beta-1, 3-glucanase (GluI),
which is known to be associated with callose deposition
and plant virus movement (Iglesias and Meins 2000),

was also decreased in ZmTrm2-expressing and
TVBMV-inoculated tobacco leaves (Fig. 4a) suggesting
that ZmTrm2 may also involve in regulating potyvirus
intercellular movement, in addition to virus replication.

Discussion

Here we provide evidence that the expression of
ZmTrm2 can be up-regulated upon SCMV infection in
maize. We also show in this paper that ZmTrm2 has
an inhibitory role in SCMV infection in maize and

Fig. 3 ZmTrm2 expression in maize chloroplasts inhibited
SCMV replication. a Real time reverse transcription-
polymerase chain reaction (RT-PCR) analysis of the expression
of ZmTrm2 mRNA in maize protoplasts 12 h after transforma-
tion. The amplification efficiency of ubiquitin gene was
calculated as an internal control. The resulting mean values of
three independent experiments were presented as relative ZmTrm2

mRNA level. All data are the mean value ± standard deviation
(SD) normalized to that of pGFP-transformed protoplasts. b
Real-time RT-PCR analysis of the expression of SCMV mRNA
in maize protoplasts 12 h after transformation. The amplification
efficiency of ubiquitin gene was calculated as an internal control.
All data are the mean value ± standard deviation (SD) normalized
to that of pGFP-transformed protoplasts

Fig. 4 ZmTrm2 expression in N. tabacum via a PVX infectious
clone reduced TVBMV accumulation in inoculated leaves as
well as GluI mRNA transcripts. a Semi-quantitative RT-PCR
analysis of TVBMV accumulation and class I ß-1,3-glucanase
(Glu I) level in inoculated leaves at 3 dpi, which were challenge-
inoculated with TVBMV five days post inoculation with PVX

and PVXTrm2. PCR reaction was conducted for 25 cycles for
each sample. Maize actin gene was used as an internal control.
RT-PCR products were separated by agarose gels as indicated. b
Northern blot detection of TVBMV accumulation in PVX,
PVXTrm2 and mock-inoculated leaves at 3 dpi. Total RNA
blots were hybridized with a ZmTrm2-specific probe
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TVBMV infection in tobacco. Because this negative
role was observed in both monocotyledonous and
dicotyledonous hosts and with two different potyvi-
ruses, it is possible that this gene can affect multiple
potyviruses in many different hosts.

Previous studies on chloroplast thioredoxins pro-
vided insights into the diverse cellular reactions that
may involve thioredoxin. For example, thioredoxin
was reported to have roles in vitamin biosynthesis,
protein assembly/folding, protein degradation, protein
transport, starch degradation, etc. (Balmer et al. 2003;
Bartsch et al. 2008; Motohashi et al. 2001). Results
presented in this paper showed the first evidence that
a maize m-type thioredoxin can also function in
potyvirus infection in both monocotyledonous and
dicotyledonous hosts. To our knowledge, no study has
been reported on m-type maize thioredoxins for their
functions in virus infection.

Viruses rely on various host factors to establish
infection in the plant. To counterattack virus infection,
the plant has evolved different defence mechanisms
including up-regulating and down-regulating specific
genes with different functions (Chen et al. 2008;
Huang et al. 2010). Dynamic changes in the ZmTrm2
mRNA level at various days post SCMV inoculation
were determined via qRT-PCR. The qRT-PCR was
performed using samples from three independent
experiments and the results indicated that ZmTrm2
expression level was significantly increased at 10 dpi.
In the same 10 dpi samples, however, the ZmTrm1
and ZmTrm3 showed no significant differences when
compared with the controls (data not shown). Thus,
ZmTrm2 is an m-type thioredoxin in maize which
responds actively to potyviral infection. Transient
silencing of ZmTrm2 in maize (cv. Va35) was found
to promote SCMV infection in upper systemic leaves.
This result suggests that ZmTrm2 functions as a host
defence factor during potyviral infection. In order to
silence ZmTrm2 specifically but not the other two
isoforms, the ZmTrm2 PCR fragment to be amplified
was chosen carefully. A fragment of 306 bp including
both the ORF and non-translated sequence was
amplified with primers P11/P12 (Table 1) and inserted
into the C-BMV silencing vector. Sequence analysis
showed that the PCR fragment did not have any
continuous identical 21 nucleotides with the other two
isoforms. Our western blot data showed that SCMV
coat protein can be detected in ZmTrm2-silenced maize
leaves by 5 dpi but not in non-silenced (e.g. mock or

C-BMVA/G-inoculated) leaves after SCMV inoculation.
The absence of SCMV CP in non-silenced maize
leaves may be due to the sensitivity of detection
method or low accumulation of virus at this time point.

Because ZmTrm2 negatively influenced SCMV
replication in maize protoplasts, we utilized a yeast
two-hybrid assay to test whether SCMV proteins
could interact with ZmTrm2 directly. Our assays with
yeast two-hybrid were unable to detect the interaction
between ZmTrm2 and any of the ten SCMV proteins
including P1, HC-Pro, P3, 6K1, CI, 6K2, VPg,
NIa-Pro, NIb, and CP (excluding PIPO, Chung et
al. 2008) (data not shown), although we cannot
exclude the possibility that ZmTrm2 might interact
with one or more of the viral proteins in maize cells.
This might imply that ZmTrm2 may influence
SCMV replication and/or intercellular movement by
regulating other host responses.

A different potyvirus, TVBMV, was also tested in
this study for its infection in N. tabacum to test the
putative antiviral function of ZmTrm2 in dicots. Our
data show clearly that TVBMV accumulation was
inhibited in ZmTrm2 over-expressed leaves, implying
the negative impact of ZmTrm2 can also happen on
dicot-infecting potyviruses. TRX-m3 from Arabidop-
sis shares 45.6% full-length coding sequence and
28.8% amino acid sequence identity with ZmTrm2
and was reported to regulate intercellular transport
(Benitez-Alfonso et al. 2009). Considering the role of
thioredoxin m in enzyme regulation, we investigated
the possible effects of a thioredoxin on class I beta-1,
3-glucanase (GluI) mRNA expression. Class I beta-1,
3-glucanase was previously reported to have roles in
callose deposition in cell walls and viral movement
(Beffa et al. 1996; Iglesias and Meins 2000). In our
study, the GluI expression level was found to be
inhibited in ZmTrm2-expressing tobacco leaves.
Therefore, we propose that ZmTrm2 may also
function in potyvirus intercellular movement by
regulating GluI expression in cells, in addition to its
role in virus replication or accumulation, although this
needs to be confirmed by other approaches.

In conclusion, our findings suggest that ZmTrm2 is
involved in plant defence against potyviral infection.
Regulation of GluI expression and SCMV replication
by ZmTrm2 shed light on the mechanisms by which
ZmTrm2 influences potyviral infection. Further studies
are needed to confirm this broad-range antiviral
activity.

324 Eur J Plant Pathol (2011) 131:317–326



Acknowledgements This work was supported by grants from
the National Natural Science Foundation of China (30771404)
and the Ministry of Agriculture of China (2008ZX08003-001;
2009ZX08003-011B). We thank Professor Richard Nelson (S. R.
Noble Foundation) for providing us the infectious C-BMVA/G

vector and Professors Jingrui Dai and Mingliang Xu (National
Maize Improvement Center, CAU, Beijing) for providing us with
maize seeds of inbred line Zong 31 and cv. Va35; and Dr
Zhaoling Yan from our laboratory for technical assistance. We
also thank Dr. Xin-Shun Ding (S. R. Noble Foundation) for
helpful discussions and suggestions during preparation of the
manuscript.

References

Alfenas-Zerbini, P., Maria, I. G., Fávaro, R. D., Cascardo, J. C.
M., Brommonschenkel, S. F., & Zerbini, F. M. (2009).
Genome-wide analysis of differentially expressed genes
during the early stages of tomato infection by a potyvirus.
Molecular Plant-Microbe Interactions, 22, 352–361.

Aslund, F., & Beckwith, J. (1999). Bridge over troubled waters:
sensing stress by disulfide bond formation. Cell, 96, 751–
753.

Balmer, Y., & Buchanan, B. B. (2002). Yet another plant
thioredoxin. Trends in Plant Sciences, 7, 191–193.

Balmer, Y., Koller, A., del Val, G., Manieri, W., Schūrmann, P.,
& Buchanan, B. B. (2003). Proteomics gives insight into
the regulatory function of chloroplast thioredoxins. Pro-
ceedings of the National Academy of Sciences. USA, 100,
370–375.

Bartsch, S., Monnet, J., Selbach, K., Quigley, F., Gray, J., von
Wettstein, D., et al. (2008). Three thioredoxin targets in
the inner envelope membrane of chloroplasts function in
protein import and chlorophyll metabolism. Proceedings
of the National Academy of Sciences. USA, 105, 4933–
4938.

Beffa, R. S., Hofer, R. M., Thomas, M., & Meins, F. (1996).
Decreased susceptibility to virus disease of β-1,3-glucanase
deficient plants generated by antisense transformation. Plant
Cell, 8, 1001–1011.

Benitez-Alfonso, Y., Cilis, M., Roman, A. S., Thomas, C.,
Maule, A., Hearn, S., et al. (2009). Control of Arabidopsis
meristem development by thioredoxin-dependent regula-
tion of intercellular transport. Proceedings of the National
Academy of Sciences. USA, 106, 3615–3620.

Bradford, M. M. (1976). A rapid and sensitive method for the
quantitation of miceogram quantities of protein utilizing
the principle of protein-dye binding. Analytical Biochemistry,
72, 248–254.

Chen, Z. R., Zhou, T., Wu, X. H., Hong, Y. G., Fan, Z. F., & Li,
H. F. (2008). Influence of cytoplasmic heat shock protein
70 on viral infection of Nicotiana benthamiana. Molecular
Plant Pathology, 9, 809–817.

Chung, B. Y., Miller, W. A., Atkins, J. F., & Firth, A. E. (2008).
An overlapping essential gene in the Potyviridae. Proceed-
ings of the National Academy of Sciences, USA, 105,
5897–5902.

Collazo, C., Ramos, P. L., Chacón, O., Borroto, C. J., López,
Y., Pujol, M., et al. (2006). Phenotypical and molecular

characterization of the Tomato mottle Taino virus–Nicotiana
megalosiphon interaction. Physiological and Molecular
Plant Pathology, 67, 231–236.

Dijkstra, J., & de Jager, C. P. (1998). Practical plant virology:
protocols and exercises. Springer press (Springer lab
manual) Berlin; Heidelberg; New York.

Ding, X. S., Schneider, W. L., Chaluvadi, S. R., Mian, M. A.
R., & Nelson, R. S. (2006). Characterization of a Brome
mosaic virus strain and its use as a vector for gene
silencing in monocotyledonous hosts. Molecular Plant-
Microbe Interactions, 19, 1229–1239.

Eklund, H., Gleason, F. K., & Holmgren, A. (1991). Structural
and functional relations among thioredoxins of different
species. Proteins: Structure, Function, Genetics, 11, 13–
28.

Escalettes, S. V., Hullot, C., Wawrzy'nczak, D., Mathieu, E.,
Eyquard, J., Le Gall, O., et al. (2006). Plum pox virus
induces differential gene expression in the partially
resistant stone fruit tree Prunus armeniaca cv. Goldrich.
Gene, 374, 96–103.

Fan, Z., Chen, H., Liang, X., & Li, H. (2003). Complete
sequence of the genomic RNA of the prevalent strain of a
potyvirus infecting maize in China. Archives of Virology,
148, 773–782.

Geck, M. K., Larimer, F. W., & Hartman, F. C. (1996).
Identification of residues of spinach thioredoxin f that
influence interactions with target enzymes. The Journal of
Biological Chemistry, 271, 24736–40.

Gelhaye, E., Rouhier, N., Gérard, J., Jolivet, Y., Gualberto, J.,
Navrot, N., et al. (2004). A specific form of thioredoxin
h occurs in plant mitochondria and regulates the alterna-
tive oxidase. Proceedings of the National Academy of
Sciences, USA, 101, 14545–14550.

Hodges, M., Miginiac-Maslow, M., Decottignies, P., Jacquot, J.
P., Stein, M., Lepiniec, L., et al. (1994). Purification and
characterization of pea thioredoxin f expressed in Escher-
ichia coli. Plant Molecular Biology, 26, 225–234.

Holmgren, A. (1985). Thioredoxins. Annual Review of Bio-
chemistry, 54, 237–271.

Huang, T., Wei, T., Laliberté, J., & Wang, A. (2010). A host
RNA helicase-like protein, AtRH8, interacts with the
potyviral genome-linked protein, VPg, associates with
the virus accumulation complex, and is essential for
infection. Plant Physiology, 152, 255–266.

Iglesias, V. A., & Meins, F., Jr. (2000). Movement of plant
viruses is delayed in a ß-1,3-glucanase-deficient mutant
showing a reduced plasmodesmatal size exclusion limit
and enhanced callose deposition. The Plant Journal, 21,
157–166.

Ishiwatari, Y., Honda, C., Kawashima, I., Nakamura, S.,
Hirano, H., Mori, S. M., et al. (1995). Thioredoxin h is
one of the major proteins in rice phloem sap. Planta, 195,
456–463.

Juárez-Diaz, J. A., McClure, B., Vázquez-Santana, S., Guevara-
Garciá, A., León-Mejia, P., Márquez-Guzmán, J., et al.
(2006). A novel thioredoxin h is secreted in Nicotiana
alata and reduces S-RNase in vitro. The Journal of
Biological Chemistry, 281, 3418–3424.

Lunn, J. E., Agostino, A., & Hatch, M. D. (1995). Regulation
of NADP-malate dehydrogenase in C4 plants: activity and
properties of maize thioredoxin m and the significance of

Eur J Plant Pathol (2011) 131:317–326 325



non-active site thiol groups. Australian Journal of Plant
Physiology, 22, 577–584.

Maule, A., Leh, V., & Lederer, C. (2002). The dialogue
between viruses and hosts in compatible interactions.
Current Opinion in Plant Biology, 5, 1–6.

Meyer, Y., Vignols, F., & Reichheld, J. P. (2002). Classification
of plant thioredoxins by sequence similarity and intron
position. Methods in Enzymology, 347, 394–402.

Meyer, Y., Reichheld, J. P., & Vignols, F. (2005). Thioredoxins
in Arabidopsis and other plants. Photosynthesis Research,
86, 419–433.

Montrichard, F., Alkhalfioui, F., Yano, H., Vensel, W. H.,
Hurkman, W. J., & Buchanan, B. B. (2009). Thioredoxin
targets in plants: The first 30 years. Journal of Proteomics,
72, 452–474.

Motohashi, K., Kondoh, A., Stumpp, M. T., & Hisabori, T.
(2001). Comprehensive survey of proteins targeted by
chloroplast thioredoxin. Proceedings of the National
Academy of Sciences. USA, 98, 11224–11229.

Nishizawa, A. N., & Buchanan, B. B. (1981). Enzyme
regulation in C4 photosynthesis. Purification and prop-
erties of thioredoxin-linked fructose bisphosphatase and
sedoheptulose bisphosphatase from corn leaves. The
Journal of Biological Chemistry, 256, 6119–6126.

Rivera-Madrid, R., Mestres, D., Marinho, P., Jacquot, J. P.,
Decottignies, P., Miginian-Maslow, M., et al. (1995).
Evidence for five divergent thioredoxin h sequences in
Arabidopsis thaliana. Proceedings of the National Academy
of Sciences, USA, 92, 5620–5624.

Schwarz, O., SchuÈrmann, P., & Strotmann, H. (1997).
Kinetics and thioredoxin specificity of thiol modulationof

the chloroplast H+-ATPase. The Journal of Biological
Chemistry, 272, 16924–16927.

Sheen, J. (1991). Molecular mechanisms underlying the
differential expression of maize pyruvate, orthophosphate
dikinase genes. Plant Cell, 3, 225–245.

Shi, C., Thümmer, F., Melchinger, A. E., Wenzel, G., &
Lübberstedt, T. (2006). Comparison of transcript profiles
between near-isogenic maize lines in association with SCMV
resistance based on unigene-microarrays. Plant Science,
170, 159–169.

Thompson, D., & Larson, G. (1992). Western blots using
stained protein gels. Biotechniques, 12, 656–658.

Użarowska, A., Dionisio, G., Sarholz, B., Piepho, H., Xu, M.,
Ingvardsen, C. R., et al. (2009). Validation of candidate
genes putatively associated with resistance to SCMV and
MDMV in maize (Zea mays L.) by expression profiling.
BMC Plant Biology, 9, 15.

van der Linde, K., Kastner, C., Kumlehn, J., Kahmann, R., &
Doehlemann, G. (2011). Systemic virus-induced gene
silencing allows functional characterization of maize genes
during biotrophic interaction with Ustilago maydis. New
Phytologist, 189, 471–483.

van Wezel, R., Dong, X. L., Blake, P., Stanley, J., & Hong, Y.
G. (2002). Differential roles of geminivirus Rep and AC4
(C4) in the induction of necrosis in Nicotiana benthamiana.
Molecular Plant-Microbe Interactions, 3, 461–471.

Wenderoth, I., Scheibe, R., & von Schaewen, A. (1997).
Identification of the cysteine residues involved in redox
modification of plant plastidic glucose-6-phosphate dehy-
drogenase. The Journal of Biological Chemistry, 272,
26985–26990.

326 Eur J Plant Pathol (2011) 131:317–326


	Influence of an m-type thioredoxin in maize on potyviral infection
	Abstract
	Introduction
	Materials and methods
	Plant growth and virus sources
	Construction of plasmids
	Maize protoplast preparation and transfection
	In vitro transcription and inoculation
	Semi-quantitative and quantitative RT-PCR (qRT-PCR) analysis
	Northern blot analysis
	Western blotting

	Results
	Up-regulation of ZmTrm2 in SCMV systemically infected maize leaves
	Silencing of ZmTrm2 in maize leaves enhanced SCMV accumulation
	Transient over-expression of ZmTrm2 in maize protoplasts impaired virus replication
	Overexpression of ZmTrm2 also reduced accumulation of a different potyvirus in tobacco leaves

	Discussion
	References


