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Cereals contain xylanase inhibitor (XI) proteins which 
inhibit microbial xylanases and are considered part of the 
defense mechanisms to counteract microbial pathogens. 
Nevertheless, in planta evidence for this role has not been 
reported yet. Therefore, we produced a number of trans-
genic plants constitutively overexpressing TAXI-III, a mem-
ber of the TAXI type XI that is induced by pathogen infec-
tion. Results showed that TAXI-III endows the transgenic 
wheat with new inhibition capacities. We also showed that 
TAXI-III is correctly secreted into the apoplast and pos-
sesses the expected inhibition parameters against microbial 
xylanases. The new inhibition properties of the transgenic 
plants correlate with a significant delay of Fusarium head 
blight disease symptoms caused by Fusarium graminearum 
but do not significantly influence leaf spot symptoms caused 
by Bipolaris sorokiniana. We showed that this contrasting 
result can be due to the different capacity of TAXI-III to 
inhibit the xylanase activity of these two fungal patho-
gens. These results provide, for the first time, clear evidence 
in planta that XI are involved in plant defense against 
fungal pathogens and show the potential to manipulate 
TAXI-III accumulation to improve wheat resistance against 
F. graminearum. 

During the infection process, fungal pathogens secrete sev-
eral cell-wall-degrading enzymes (CWDE) to breach the cell 
wall barrier and colonize the host tissue (Cantu et al. 2008). 
Among CWDE, endo-β-1,4-xylanases (xylanases; EC 3.2.1.8) 
are key enzymes in the degradation of xylans, a main compo-
nent of cell walls of commelinoid monocot plants. According 
to the sequence-based glycoside hydrolase (GH) classification 
(CAZy classification), xylanases are mainly grouped into 
families 10 (GH10) and 11 (GH11) but they have been also 
found in GH families 5, 8, and 43. The primary role of these 
enzymes in pathogenesis has been demonstrated for the necro-

trophic fungal pathogen Botrytis cinerea because the Xyn11A 
gene was necessary for complete virulence during the infection 
of tomato leaves and grape berries (Brito et al. 2006). 

The activity of microbial xylanases is controlled in vitro by 
specific protein inhibitors (xylanase inhibitors [XI]) localized 
in the plant cell wall (Dornez et al. 2010b). In wheat, three 
structurally different classes of proteinaceous XI have been 
identified: Triticum aestivum XI (TAXI) (Debyser et al. 1999), 
XI protein (XIP) (McLauchlan et al. 1999), and thaumatin-like 
XI (TLXI) (Fierens et al. 2007). 

Genes encoding each class of XI have been identified. In 
bread wheat, three Xip genes (Xip-I, Xip-II, and Xip-III) (Elliott 
et al. 2002; Igawa et al. 2005; McLauchlan et al. 1999), six Taxi 
genes (Taxi-I, Taxi-II, Taxi-III, Taxi-IV, Taxi-IIA, and Taxi-IIB) 
(Igawa et al. 2004; Raedschelders et al. 2005), and one Tlxi 
(Fierens et al. 2007) have been characterized. In durum wheat, 
only Xip-II has been characterized (Elliott et al. 2009). Although 
there is variation in the expression of these genes, most of them 
are mainly expressed in the endosperm tissue where the corre-
sponding proteins accumulate at a remarkable level (Croes et 
al. 2009; Dornez et al. 2010a). Immunoblot analyses also 
showed the lack of accumulation of XI in leaf, stem, and root 
tissues of wheat plants at the ripening stage (Croes et al. 2009). 

A possible role of XI in plant defense is suggested by the 
observation that these proteins inhibit the activity of microbial 
xylanases in vitro and are ineffective against endogenous 
xylanases (Dornez et al. 2010b). The inhibition of XI against 
microbial xylanases is characterized by high recognition speci-
ficity between the different classes of inhibitors and xylanases. 
Indeed, TAXI-type and TLXI-type inhibitors inhibit GH11 but 
not GH10 xylanases (Fierens et al. 2007; Gebruers et al. 2004). 
Differently, XIP-type inhibitors are able to inhibit the xylanases 
of GH10 and GH11 families, although there is variability in the 
inhibition efficacy against xylanases of GH11 family. For exam-
ple, XIP-I is not able to inhibit the GH11 xylanases (xylA and 
xylB) produced by Fusarium graminearum, the major causal 
agent of Fusarium head blight (FHB) in wheat (Beliën et al. 
2005). This functional diversification of XI probably reflects the 
variability of xylanases secreted by the pathogens during the 
infection process. 

Additional features that indicates XI possibly contributing to 
host defense include the findings that XI share sequence and 
structure homology with some pathogenesis-related (PR) pro-
teins, are localized in the apoplast, and their expression is 
induced during stress conditions. For example, some members 
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of Taxi and Xip gene families are significantly induced by 
wounding and treatment with jasmonic acid and methyl 
jasmonate (Igawa et al. 2005) and following infection with 
Erysiphe graminis and F. graminearum (Igawa et al. 2004, 
2005, Takahashi-Ando et al. 2007). 

Despite all these observations, no evidence in planta on the 
actual contribution of XI in plant defense has been reported 
thus far. Therefore, the aim of the present work was to substan-
tiate in planta the protective role of XI during fungal pathogen 
infection. To this end, we produced wheat transgenic plants 
expressing the Taxi-III gene, an XI member that has been 
shown to be induced by F. graminearum infection (Igawa et al. 
2004), and demonstrated that the transgenic plants constitu-
tively expressing this gene showed a delay of FHB symptoms. 
We also showed that these plants do not show any delay in 
symptom development against the fungal pathogen Bipolaris 
sorokiniana, the causal agent of leaf spot in wheat, whose 
xylanase activity is not inhibited by TAXI-III. 

RESULTS 

Taxi-III isolation and expression  
following F. graminearum infection in durum wheat. 

In order to select the Taxi-III gene to be used in the genetic 
transformation of durum wheat ‘Svevo’, we cloned Taxi-III 
from this cultivar and from ‘Chinese Spring’ and ‘Bobwhite’ 
bread wheat by using the primer pair 101sp(For)/101sp(Rev) 
developed from Taxi-IIII of T. aestivum ‘Norin61’ (accession 
number AB114627) (Igawa et al. 2004). The coding region of 
all three genes is 1,206 bp and the deduced proteins contain a 
signal peptide of 21 residues (predicted by the SignalP program) 
for targeting to the apoplast. Each mature protein is composed 
of 380 amino acids with a molecular mass of approximately 
39,000. Sequence comparison between these genes (Supple-
mentary Fig. S1) showed that Taxi-III from Svevo is identical 
to that of Norin61 and differs by two synonymous substitu-
tions from those of Bobwhite and Chinese Spring. Based on 
these results, we used this latter gene to prepare the construct 
for particle bombardment of durum wheat Svevo in order to 
facilitate the distinction between the transgenic and the endog-
enous Taxi-III. 

Because Taxi-III has been reported to be induced in bread 
wheat following F. graminearum infection, we verified whether 
this induction also occurs in Svevo durum wheat. Quantitative 
reverse-transcriptase polymerase chain reaction (qRT-PCR) 
analysis with primers Taxi-III170F⁄Taxi-III5R showed that 
Taxi-III underwent a significant increase at 24 h postinfection 
(hpi), with approximately 40-fold increase (42.28 ± 10.96) 
compared with the corresponding mock-inoculated sample. 
Similarly, qRT-PCR with a primer pair specific for the homol-
ogous genes TaPr-1-1, TaPr-1-2, and TaPr-1-3 (hereafter named 
TaPr-1-1/2/3) (Lu et al. 2011) used as control of gene induc-
tion underwent approximately 10-fold (10.51 ± 2.72) increase 
compared with the mock-inoculated control sample. 

Production of wheat transgenic plants  
expressing TAXI-IIICS. 

In total, 1,932 T. durum Svevo immature embryos were co-
transformed using pUbi::Taxi-IIICS and pUbi::bar in a single 
bombardment experiment. Taxi-IIICS was prepared under con-
trol of the constitutive maize ubiquitin (Ubi-1) promoter in 
order to accumulate the corresponding protein also in tissues 
that normally do not accumulate TAXI-III or other XI, as 
leaves and flowering spikes. This strategy was used to facili-
tate the identification of TAXI-IIICS activity and the possible 
correlation between TAXI-IIICS accumulation and disease 
symptom development. 

In all, 71 independent regenerated plants were obtained and 
analyzed for the presence of the transgene by PCR using the 
specific primers Ubi-49F/TaxiIII2R. Twenty-two T0 independ-
ent transgenic plants resistant to the bialaphos herbicide and 
containing Taxi-IIICS were obtained, for a transformation effi-
ciency of 1.3% that is within the typical efficiency obtained in 
stable wheat transformation. 

Inhibition activity of transgenic plants containing Taxi-
IIICS, hereafter called TAXI-III plants, was analyzed on an 
agarose diffusion assay using total leaf protein extract against 
the Aspergillus niger M4 xylanase (AnM4Xyl). The inhibition 
assays showed that total protein extract (20 g) of 9 of 22 T1 
TAXI-III plants inhibited to a varying extent (30-100%) the 
activity of AnM4Xyl (Table 1). In contrast, total protein extract 
from the control plants did not affect the AnM4Xyl activity 
(Table 1). Moreover, when protein extract of TAXI-III plants 
was boiled no inhibition activity was observed, excluding the 
possibility of a non proteinaceous inhibition. 

Three TAXI-III lines, MJ30-6, MJ30-10 and MJ30-23 show-
ing a high inhibition activity against AnM4Xyl were selected 
for subsequent analyses. T1 plants of these lines did not show 
any significant difference in morphology and growth com-
pared with untransformed plants (T. durum Svevo). T2 and T3 
progenies from all three primary transformants maintained the 
inhibition activity against AnM4Xyl, although random trans-
gene silencing occurred. This phenomenon has been observed 
since the T1 generation and increased in the subsequent T2 and 
T3 generations. Because transgene silencing occurred randomly 
in the progenies and also during plant growth and develop-
ment, all the transgenic plants were monitored during growth 
and only those showing inhibition activity against AnM4Xyl 
until flowering were used in subsequent experiments. 

Molecular characterization, inhibition activity, and 
apoplastic accumulation of TAXI-IIICS  
in selected transgenic durum wheat lines. 

Genomic DNA blots of the selected lines (MJ30-6, MJ30-
10, and MJ30-23) were performed using the entire coding 
region of Taxi-IIICS as probe. Digestion with BamHI restric-
tion enzyme, which causes the excision of the Taxi-IIICS cod-
ing region from the pUbi::Taxi-IIICS (Fig. 1A), revealed the 
expected hybridization signal of approximately 1,200 bp in all 
transgenic lines (Fig. 1B). Digestion with SphI restriction en-
zyme, which cuts once within the pUbi::Taxi-IIICS, produced 
in all the transgenic lines a main hybridizing fragment of 

Table 1. Inhibition activity of total protein extract of T1 TAXI-III plants 
and wild-type (WT) plants against Aspergillus niger xylanase AnM4Xyl as 
determined by radial gel diffusion assaya 

Lines Relative inhibition activity (%) 

WT 0 
MJ30-1 27 ± 4.04 
MJ30-6 100 ± 6.15 
MJ30-10 100 ± 7.23 
MJ30-10b 100 ± 8.66 
MJ30-12a 33 ± 6.33 
MJ30-23 100 ± 7.13 
MJ30-36 100 ± 6.21 
MJ30-52 40 ± 3.09 
MJ30-68 36 ± 7.89 
a Inhibition activity of total protein extract of each transgenic line is ex-

pressed as relative percentage, considering 0% of inhibition as the halo 
produced by AnM4Xyl in the presence of the protein extract of the WT 
plants and 100% of inhibition as the absence of halo. Data represent the 
average ± standard errors of three replicates by using 20 g of total pro-
tein extract and 0.005 U of A. niger M4 xylanase. Boiled protein extract 
samples did not exhibit any inhibitory activity against 0.005 U of A. niger
M4 xylanase. 
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approximately 5.9 kb, corresponding to the size of the entire 
construct (Fig. 1C). This result suggests the integration of mul-
tiple copies of the construct in head-to-tail array into the ge-
nome of the transgenic lines. Additional hybridizing fragments 
were also present in all three transgenic lines. Some of these 
hybridization fragments were also present in the control plants 
and probably correspond to endogenous Taxi genes, whereas 
others were specific to each transgenic line and most likely 
represent different insertion sites or rearranged copies of 
pUbi::Taxi-IIICS as well as the terminal fragment of the 
transgene array (Fig. 1C). 

RT-PCR analysis showed that Taxi-III was clearly expressed 
in the leaves of all three transgenic lines (MJ30-6, MJ30-10, 
and MJ30-23). Conversely, a weak expression of endogenous 
Taxi-III was observed in the control plants of Svevo. qRT-PCR 
showed that the level of expression of Taxi-III in spikelets was 
similar in all three transgenic lines and more than 500-fold 
higher than in control plants (Fig. 2A). 

In agreement with the results at the RNA level, total protein 
extract from T1 plants of all three lines inhibited AnM4Xyl at a 
similar extent. In particular, less than 5 g of total leaf protein 
extract each of MJ30-6, MJ30-23, and MJ30-10 was sufficient 
to inhibit the AnM4Xyl activity by 50% (Fig. 2B), and 10 g 
inhibited this enzyme to completion (Fig. 2C). Similarly, total 
protein extract from flowering spikes of transgenic plants 

inhibited AnM4Xyl to completion (Fig. 2C). In contrast, no 
inhibition activity was observed with total protein extract (up 
to 30 g) from leaves or flowering spikes of control plants 
(Fig. 2C). In the experiments involving flowering spikes, the 
ovary was removed before extraction to avoid the interference 

Fig. 1. Schematic representation of the pUbi::Taxi-IIICS construct and
Southern blots of regenerated transgenic lines. A, The pUbi::Taxi IIICS
construct was prepared by cloning the Taxi IIICS gene into the BamHI site 
of pAHC17 under control of the constitutive maize Ubiquitin1 promoter 
and NOS terminator. Genomic DNA (10 g) of T2 transgenic lines was
digested with B, BamHI and C, SphI probed with a digoxigenin-labeled 
coding region of Taxi IIICS. Lane 1, Triticum durum ‘Svevo’ (untrans-
formed control); lane 2, MJ30-6; lane 3, MJ30-10, lane 4, MJ30-23. 

Fig. 2. Expression and xylanase inhibitor (XI) activity of selected wheat 
lines overexpressing Taxi IIICS. A, Quantitative reverse-transcriptase poly-
merase chain reaction on RNA extracted from spikelets of control plants 
(wild type [WT]) and three transgenic lines (MJ30-23, MJ30-10, and 
MJ20-6) using primers specific for Taxi-III. Quantification of gene expres-
sion was performed using the comparative 2–ΔΔCT method. Relative 
expression of Taxi III is reported as fold increase of transcript level in 
spikelets at anthesis (Zadoks stage 68), deprived of the ovary, relative to 
values determined in control plants. Actin was used as housekeeping gene. 
Bars represent average values ± standard errors of two biological repli-
cates and six technical replicates. B, Agarose diffusion assays for XI activ-
ity of total leaf protein extract of transgenic line MJ30-23 (white), MJ30-
10 (gray), and MJ30-6 (black). Assays were performed using different 
amounts of total protein extract against AnM4Xyl. Bars represent the aver-
age ± standard error of at least three replicates. C, Agarose diffusion assay 
for XI activity of total protein extract (10 g) from leaf (Zadoks stage 12) 
and spikelets (Zadoks stage 68), and of extracellular fluids (3 g) of trans-
genic line MJ30-23 and WT plants (Triticum durum ‘Svevo’, WT) against 
AnM4Xyl; the absence of the halo indicates the presence of XI activity. L, 
leaf; S, spikelets; EF, extracellular fluids. 
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with possible endogenous XI activity accumulated in the early 
stage of embryo development. 

Because TAXI-IIICS contains a predicted signal peptide for 
the apoplastic targeting, we extracted and assayed the extracellu-
lar leaf fluids (EFs) of line MJ30-23 and control plants against 
AnM4Xyl. An agarose diffusion assay showed a clear inhibition 
activity in the EF of MJ30-23 and a lack of this activity in the 
EF of control plants (Fig. 2C), indicating that TAXI-III is tar-
geted into the apoplastic compartment. EFs from both samples 
had negligible glucose-6-phosphate dehydrogenase activity, rul-
ing out cytoplasmic contamination (data not shown). 

TAXI-III purification and inhibition properties  
against the xylanase activity of the fungal pathogens  
F. graminearum and B. sorokiniana. 

TAXI-IIICS was purified from total leaf protein extract of 
line MJ30-23 by affinity chromatography on a Sepharose-
AnM4Xyl column. Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) showed a single band of the 
expected size of approximately 40 kDa (Supplementary Fig. 
S2A) on those fractions containing inhibition activity against 
AnM4xyl. Mass spectrometry (MS) (Supplementary Fig. S3) 
and N-terminal sequence (Supplementary Fig. S4) confirmed 
the correspondence of the protein. This latter analysis also 
showed that the mature TAXI-IIICS starts with Lys at position 
19 (KGLPVLAPVT) of the complete deduced protein from 
the Taxi-IIICS gene. This result is slightly different from that 
predicted by SignalP that indicated the putative cleavage sites 
between residues 21 and 22. 

Purified TAXI-IIICS was used to determine the kinetics 
parameters of the inhibitor against AnM4Xyl. Dinitrosalicylic 
acid (DNS) assays showed that this enzyme exhibits Km of 
0.018 mM and kcat of 5855.60 s–1 on soluble wheat low-viscos-

ity arabinoxylan. In the presence of purified TAXI-IIICS, the 
Vmax did not change but the Km increased with increasing 
concentrations of the purified inhibitor (Fig. 3). Line conver-
gence at the Y-axis on the double reciprocal plot indicated that 
the inhibition is competitive (Fig. 3). A secondary plot of slopes 
against TAXI-IIICS concentration gave an inhibition constant, 
Ki, of 18.8 nM at pH 5 (Fig. 3). 

Purified TAXI-IIICS was also assayed against the xylanase 
activity of the fungal pathogens B. sorokiniana and F. gramin-
earum grown on wheat bran as sole carbon source. TAXI-
IIICS only partially inhibited the total xylanase activity of F. 
graminearum. Conversely, no inhibition activity was observed 
against the total xylanase activity of B. sorokiniana (Fig. 4A). 

Inhibition assays using total protein extracts from leaves or 
spike showed the same results; that is, an incomplete inhibition 
and no inhibition against total xylanase activity of F. gramin-
earum and B. sorokiniana, respectively (Fig. 4B). 

In order to verify the origin of the partial inhibition of TAXI-
IIICS against the total activity of F. graminearum, we expressed 
in Pichia pastoris four endoxylanase genes—FGSG_11487, 
FGSG_10999, FGSG_11304, and FGSG_03624—whose corre-
sponding transcripts accumulated during infection of wheat 
spikes (Lysøe et al. 2011; Paper et al. 2007; Sella et al. 2013). 
Culture filtrates of P. pastoris expressing these xylanases were 
used to perform DNS assays with purified TAXI-IIICS or total 
protein extracts from the transgenic line MJ30-23. The xylanase 
FGSG_03624 was completely inhibited by 250 ng of TAXI-
IIICS, whereas the same amount of inhibitor reduced by 75% 

Fig. 3. Kinetic analyses of TAXI-IIICS. Double-reciprocal plots of the
inhibition of AnM4Xyl by TAXI-IIICS using low-viscosity wheat arabi-
noxylan as substrate. Xylanase activity with no inhibitor () and in the 
presence of 8.0 nM (), 14.0 nM (*), and 20.0 nM () inhibitor. The
insert shows the secondary plot of slopes from the double-reciprocal plot 
against inhibitor concentration to give Ki. 

Fig. 4. Inhibition activity of purified TAXI-IIICS or crude protein extract 
of transgenic line MJ30-23 against Fusarium graminearum and Bipolaris 
sorokiniana xylanase activities. A, Xylanase activities determined in the
presence of increasing amounts of purified TAXI-IIICS. B, Xylanase 
activities determined in the presence of increasing amounts of leaf crude 
protein extract of transgenic line MJ30-23 overexpressing TAXI IIICS. 
Inhibition assays performed against the same xylanases in the same condi-
tions with leaf crude protein extract of control plants (Triticum durum
‘Svevo’) did not show any inhibition activity. Pichia pastoris culture fil-
trates FGSG_11487 (*), FGSG_10999 (), FGSG_11304 (), and 
FGSG_03624 (x); culture filtrates of F graminearum () and B. sorokin-
iana () were grown on wheat bran. 
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the activity of xylanase FGSG_10999. Increased amount of the 
inhibitor did not modify the inhibition capacity against these 
two xylanases (Fig. 4A). Conversely, the activity of FGSG_ 
11487 and FGSG_11304 was unaffected by TAXI-IIICS (Fig. 
4A). Similar results were obtained by performing the inhibi-
tion assays using total protein extract of the transgenic line 
MJ30-23 (Fig. 4B). 

Transgenic wheat TAXI-III lines show increased resistance 
against F. graminearum infection but  
not against B. sorokiniana. 

Infection experiments with B. sorokiniana were performed 
on the first emerged leaf of TAXI-III lines MJ30-6, MJ30-10, 
and MJ30-23 and wild-type plants (T. durum Svevo). Disease 
symptoms were visible 48 hpi and appeared as reddish-brown 
spots of variable size on the leaf surface. In order to facilitate 
the analysis of single lesions, data were collected 72 hpi. Dis-
ease symptoms were evaluated as the ratio between leaf area 
showing symptoms and the total leaf area, expressed as per-
centage (Fig. 5). Statistical analysis of data indicated that none 
of the transgenic lines showed a significant reduction of dis-
ease symptoms compared with control plants (Fig. 5). 

Flowering spikes of transgenic lines MJ30-6, MJ30-10, and 
MJ30-23 and wild-type plants (T. durum Svevo) were also sub-
jected to infection with the fungal pathogen F. graminearum. 
Infection experiments were performed by point inoculation of 
the opposite central spikelets in primary spikes (Zadoks stage 
68) of transgenic and control plants. FHB disease symptoms, 
manifested as spikelet bleaching, usually appeared 3 days 
postinfection (dpi) and the spread of the disease was visually 
examined for a period of 20 days (Fig. 6). All three transgenic 
lines showed a significant reduction of symptoms from 3 to 11 
dpi compared with control plants. Line MJ30-6 continued to 
show a significant symptom reduction until 14 dpi, whereas 
line MJ30-23 showed symptom reduction until the end of the 
analysis (20 dpi). However, the maximum symptom reduction 
was observed between 8 and 10 dpi, when the reduction of 
FHB symptoms was higher than 25% for all three transgenic 
lines compared with control plants. 

The reduced FHB symptoms were associated with a reduced 
accumulation of fungal biomass in the caryopses of transgenic 
plants. qPCR analyses with primers specific for the fungal 
TRI-6 gene, Tri6_10F and Tri6_4R (Horevaj et al. 2011), on 
total DNA extracted from whole flour of the transgenic lines 
and control plants showed approximately twofold reduced bio-
mass in the transgenic samples (0.47 ± 0.036 and 0.56 ± 0.21 
for MJ30-23 and MJ30-6, respectively) compared with the 
control sample (T. durum Svevo). Probably, this reflects a 
slightly reduced growth of the pathogen in the early and ad-
vanced phases of the infection of the transgenic plants compared 
with the control. 

DISCUSSION 

Transgenic expression of Taxi-IIICS under control of the 
constitutive maize Ubi-1 promoter endowed the transgenic du-
rum wheat plants with the capacity to accumulate the trans-
gene-encoded TAXI-IIICS in all tissues. This accumulation did 
not cause any major phenotypic change, although transgene 
silencing occurred at quite a high frequency in the progeny and 
during plant growth. The accumulation of TAXI-IIICS was 
easily identified by the presence of inhibition activity against 
microbial xylanases in total protein extracts of transgenic tis-
sues, including those that, in the untransformed plants, do not 
show any XI activity. 

TAXI-IIICS purified from transgenic tissue showed a com-
petitive inhibition against AnM4Xyl, with a Ki of 18.8 nM at 
pH 5. This Ki value is similar to that found for TAXI-I (20 nM) 
(Gebruers et al. 2004), one of the best studied and most repre-
sented XI in wheat endosperm. Differently from TAXI-I, TAXI-
III has not been detected in wheat endosperm, also following 
infection with a F. graminearum strain exhibiting a reduced 
pathogenicity (Dornez et al. 2010a). Nevertheless, our tran-
script analyses showed that Taxi-IIISV is induced in the spike-
lets by F. graminearum infection, confirming previous results 
obtained on bread wheat (Igawa et al. 2005). 

Although the induction of the endogenous Taxi-III following 
fungal infection can contribute to an increase of xylanase inhi-
bition activity, the level reached is probably not sufficient to 
contrast effectively against the activity of the xylanases secreted 
by pathogens. Differently, the TAXI-III plants possess a high 
level of xylanase inhibition activity and this is related to a 

Fig. 6. Time-course analysis of Fusarium head blight symptom develop-
ment following Fusarium graminearum infection of transgenic lines 
MJ30-6, MJ30-10, and MJ30-23 and wild-type (WT) plants (Triticum du-
rum ‘Svevo’). Disease symptoms are expressed as percentage of spikelets 
showing symptoms on the total number of spikelets per spike. Data repre-
sent the average ± standard errors of three experiments for line MJ30-23 
and WT plants, two experiments for line MJ30-6 and line MJ30-10, per-
formed with at least 12 plants per genotype. Average values of lines MJ30-
23, MJ30-10, and MJ30-6 are significantly different from the WT plants 
according to Student’s t test (P ≤ 0.01 or 0.05) until 20, 14, and 11 days
postinfection (dpi), respectively. 

Fig. 5. Quantification of symptomatic leaf area of transgenic lines MJ30-6, 
MJ30-10, and MJ30-23 and wild-type (WT) plants (Triticum durum
‘Svevo’) inoculated with conidia of Bipolaris sorokiniana. Symptom se-
verity (lesion expansion area [pixel]/total leaf area [pixel]) × 100 at 72 h
postinfection. Data represent the average ± standard errors of four experi-
ments for control plants, three experiments for lines MJ30-10 and MJ30-
23, and two experiments for MJ30-6, all performed with at least 13 repli-
cates. The average values were not significantly different according to Stu-
dent’s t test.  
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delay of disease symptom development. Indeed, the TAXI-III 
plants are characterized by the development of symptoms from 
the inoculated spikelets but showed reduced spread of symp-
toms to the surrounding spikelets compared with control 
plants. The reduction of FHB symptoms is particularly evident 
in the early phase of fungal infection (8 to 10 dpi), when the 
infection level is reduced by approximately 25%. Probably, 
this outcome is due to the reduced ability of F. graminearum to 
degrade the cell wall xylans of transgenic plants. These poly-
saccharides are major components of the wheat cell wall and, 
for their degradation, F. graminearum secretes a number of xy-
lanases. Among them, six different endoxylanase genes are 
clearly expressed during wheat infection (Lysøe et al. 2011; 
Paper et al. 2007; Sella et al. 2013). These genes code for xy-
lanases with different catalytic properties. For example, those 
xylanases belonging to family GH11 are active on unsubsti-
tuted regions of xylan, whereas those of family GH10 can also 
hydrolyze decorated forms of arabinoxylans (Biely et al. 
1997). The contemporary secretion of xylanases with different 
catalytic properties probably reflects the heterogeneity of cell 
wall xylans and the complexity of the cell wall. 

To contrast this variability of xylanases, plants have evolved 
different types of XI with different inhibition properties (Dornez 
et al. 2010b). Here, we demonstrated that TAXI-III inhibits the 
F. graminearum xylanases FGSG_10999 and FGSG_03624 of 
the GH11 family, whereas it is ineffective against the two xy-
lanases belonging to family GH10, FGSG_11487 and FGSG_ 
11304. These results are in agreement with the notion that 
TAXI-type XI are typically effective against xylanases of the 
GH11 family and ineffective against xylanases of family GH10 
(Dornez et al. 2010b). In particular, TAXI-I has been tested 
against the previously mentioned xylanases of F. graminearum 
and the same results have been obtained (Pollet et al. 2009). We 
also showed a variation in the extent of the inhibition capacity of 
TAXI-III toward the two inhibited xylanases, FGSG_10999 and 
FGSG_03624, being more effective against the latter. Worthy of 
noting is that the genes encoding these two xylanases are the 
most expressed genes during wheat spike infection by F. gra-
minearum (Sella et al. 2013). Consequently, the capacity of 
TAXI-IIICS to inhibit these two xylanases should play a primary 
role in counteracting the degradative potential of the pathogen 
on the cell wall xylan during the infection process. Nonetheless, 
the inability of TAXI-III to inhibit all four xylanases tested is 
reflected on its capacity to inhibit only partially the total xyla-
nase activity of F. graminearum. Other XI probably could com-
plement the inhibition activity of TAXI-III. Indeed, the two 
xylanases FGSG_11487 and FGSG_11304, also expressed dur-
ing F. graminearum infection and not inhibited by TAXI-III, are 
inhibited in vitro by XIP-I (Pollet et al. 2009). 

Although TAXI-III is not able to inhibit to completion the 
total xylanase activity of F. graminearum, its overexpression in 
the transgenic plants correlates with a delayed FHB symptom. 
In contrast, the inability of TAXI-III to inhibit the xylanase 
activity secreted by B. sorokiniana results in the lack of any 
reduction of spot blotch symptoms in the TAXI-III plants. 
These results provide clear evidences of the active contribution 
of xylanases during the infection of wheat spike tissue by F. 
graminearum and suggest that TAXI-III can control the activ-
ity of these enzymes during the infection process. Moreover, 
although the reduced FHB symptoms in the TAXI-III plants 
are especially evident in the initial phase of infection, their im-
pact is durable because whole flour from caryopses of TAXI-
III plants infected with F. graminearum showed a reduced 
accumulation of fungal biomass. 

These results with the TAXI-III plants parallel those previ-
ously obtained with transgenic plants expressing a polygalac-
turonase (PG)-inhibiting protein (PGIP) or a pectin methyl 

esterase inhibitor (PMEI). Both inhibitors limit the activity of 
fungal PGs, one of the first CWDE secreted by pathogens dur-
ing the infection process; and, in both cases, their effectiveness 
in limiting microbial pathogen colonization of host tissue has 
been demonstrated in different species. In particular, trans-
genic wheat expressing PGIP or PMEI showed a reduction of 
FHB disease symptom development similar to that observed 
for the TAXI-III plants, with the disease symptoms mostly re-
duced in the initial-middle stage of infection (Ferrari et al. 
2012; Volpi et al. 2011). 

In conclusion, we provide, for the first time, clear evidence 
in planta that XI are involved in plant defense against fungal 
pathogens. These results and those previously reported with 
different proteinaceous inhibitors of CWDE, such as PGIP and 
PMEI, also strengthen the notion that the integrity of host cell 
wall polysaccharides, regardless of their amount and type, play 
a key role in keeping the cell wall as a functional barrier 
against pathogens. 

MATERIALS AND METHODS 

Taxi-III isolation and production and characterization  
of durum wheat transgenic plants. 

Taxi-IIICS, Taxi-IIIBW, and Taxi-IIISV were isolated by 
PCR from genomic DNA of T. aestivum Chinese Spring, T. 
aestivum Bobwhite, and T. durum Svevo, respectively, by using 
the specific primer pair 101sp(For)/101sp(Rev), developed from 
the Taxi-IIII sequence of T. aestivum Norin61 (accession number 
AB114627) (Igawa et al. 2004). 

The pUbi::Taxi-IIICS construct was prepared by inserting 
the complete coding region of Taxi-IIICS into the BamHI site 
of pAHC17 (Christensen and Quail 1996) under control of the 
maize Ubiquitin1 promoter and NOS terminator. The BamHI 
sites flanking the complete coding region of Taxi-IIICS were 
generated by PCR amplification using the forward and reverse 
primers (Taxi3_BamHI1F) 5′-AATAGGATCCATGGCACGG 
GTCCTCCTCCTC and (Taxi3_BamHI2R) 5′-AATAGGATCC 
CTAGCTGCCGCAACCCGTAAAG, respectively. PCR reac-
tions were performed in a reaction volume of 50 l with 10 ng 
of plasmid DNA (pTaxi-IIICS), 2.5 U of FastStart High Fidelity 
PCR system (Roche Diagnostics, Monza, Italy), 1× Taq PCR 
buffer, 50 ng of each of the two primers, and 100 M each de-
oxyribonucleotide. Amplification conditions were 1 cycle at 
95°C for 2 min; 30 cycles at 95°C for 30 s, 60°C for 1 min, 
and 72°C for 1 min; and a final step at 72°C for 5 min. After 
BamHI digestion, the amplicon was ligated into the BamHI 
site of pAHC17, generating the pUbi::Taxi-IIICS construct 
(5,923 bp). The correct sequence of pUbi::Taxi-IIICS and the 
insertion sites were confirmed by nucleic acid sequencing. 

For wheat transformation experiments, the plasmid pAHC20 
(Christensen and Quail 1996), carrying the bar gene that con-
fers resistance to the bialaphos herbicide, was co-bombarded 
with pUbi::Taxi-IIICS in a 1:3 molar ratio. Constructs were 
delivered into immature embryo-derived calli of T. durum 
Svevo by particle bombardment as described by Volpi and asso-
ciates (2011). 

The presence of pUbi::Taxi-IIICS in bialaphos-resistant T0 
plants and their progeny was verified by PCR using total DNA 
obtained from leaf sections of mature plants (Tai and Tanksley 
1991). DNA amplification was carried out according to the 
procedures specified for GoTaqGreen MasterMix (Promega, 
Milano, Italy) at an annealing temperature of 60°C by using 
the specific primers pair UBI-A2 (5′-CCTGCCTTCATACGCT 
ATTTATTTGC) and TaxiIII_2R (5′-TGGAAGGGGATGGTG 
TAGAG) that produces an amplicon of 198 bp. 

Genomic DNA extraction and Southern blot analysis were 
performed as reported by Janni and associates (2008). 
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Total RNA was extracted from adult plants using the RNasy 
plant mini kit (Qiagen, Milano, Italy) according to the manu-
facturer’s instructions. qRT-PCR experiments were performed 
using the iCycler (Bio-Rad Laboratories, Monza, Italy) and the 
master mix iQTMSYBER Green supermix (Bio-Rad Labora-
tories) containing the flurogenic SYBER Green I DNA bind-
ing dye. Oligonucleotide primer pairs used were Taxi III 170F 
(5′-GTCCACGTGCGAGGGTAGT) and Taxi III 5R (5′-CG 
GGTGTTCTCCACTTTGAT) for Taxi-III and Taact77F (5′-T 
CCTGTGTTGCTGACTGAGG) and Taact312R (5′-GGTC 
CAAACGAAGGATAGCA) for Actin (accession number 
AB181991). The homolog genes TaPr-1-1/2/3, located on the 
short arm of wheat homologous group 5 (Lu et al. 2011), were 
simultaneously amplified by using previously developed prim-
ers for PR1.1 (Lu et al. 2006). The specificity of the primers 
was verified by nucleotide sequence of the specific amplicon. 
The Actin gene was used as housekeeping gene. Total reaction 
volume was 15 l and included 7.5 l of (2×) MasterMix, 100 
ng of cDNA, 0.5 l of 10 M each forward and reverse prim-
ers, and volume adjusted with water. Each reaction was made 
in triplicate. Reaction conditions were as follows: one cycle at 
50°C for 2 min and 95°C for 5 min; then, 40 cycles at 95°C for 
40 s, 61°C for 40 s, and 72°C for 40 s; and, finally, 90 cycles at 
55°C for 10 s, increasing the set point temperature after cycle 2 
by 0.5°C. 

The relative expression analysis was determined by using 
the 2-ΔΔCT method (Livak and Schmittgen 2001) (User Bulle-
tin Number 2-P/N 4303859; Applied Biosystems, Foster City, 
CA, U.S.A.). Calculation and statistical analyses were per-
formed by Gene Expression Macro Version 1.1 (Bio-Rad Lab-
oratories). The qRT-PCR experiments were performed on RNA 
samples from two different biological replicas. 

Fungal growth, heterologous expression, and  
protein analyses. 

F. graminearum Schwabe strains PH1 and 3824 and Bipolaris 
sorokiniana (Sacc.) Shoemaker DSMZ 62608 were cultured 
at 25°C on potato dextrose agar (PDA) (Difco Laboratories, 
Detroit). 

Xylanase activity was induced as proposed by Dong and asso-
ciates (2012), with some modification. Five agar plugs (5 mm 
in diameter), taken from the edge of actively growing colonies, 
were used to inoculate 250-ml flasks containing 50 ml of syn-
thetic medium supplemented with glucose at 20 g/liter. These 
cultures were incubated on an orbital shaker at 25°C and 100 
rpm. After 3 days of growth, 200 l of each culture containing 
the fungal propagules were used to inoculate 4 g of wheat bran 
hydrated with 4 ml of modified synthetic medium in petri 
dishes. The plates were grown for 14 days at 25°C. Bran-fungal 
mat (8 g) was sliced and ground with 40 ml of extraction 
buffer (50 mM sodium acetate, 10% glycerol, 2.5 M EDTA, 
0.5 M NaCl, and 2.5 M dithiothreitol) containing 0.4 g of 
polyvinylpolypyrrolidone. The mixture was filtered through a 
cheesecloth and the crude extract was collected in a flask, 
while the solid fraction was used for a second extraction with 
20 ml of extraction buffer. The collected filtrates were centri-
fuged at 8,000 rpm for 15 min at 4°C and supernatants were 
used to determine the xylanase activity. 

The FGSG_03624 endoxylanase gene was cloned and ex-
pressed in P. pastoris as reported by Sella and associates (2013). 
The entire coding sequences of FGSG_10999, FGSG_11487, 
and FGSG_11304 endoxylanase genes were amplified by using 
the cDNA obtained from total RNA extracted from infected 
wheat spikelets at 3 dpi. Reverse transcription was performed 
by using an Oligo(dT) primer and the ImPromII reverse tran-
scriptase (Promega, Milano, Italy), following the manufac-
turer’s instructions. Amplification from cDNA was carried out 

by using the REDTaq ReadyMix PCR reaction mix (Sigma-
Aldrich, Milano, Italy) with the specific primers pairs reported 
in Supplementary Table S1. The PCR was performed by repeat-
ing for 35 times the following cycle: 1 min at 94°C, 30 s at the 
proper annealing temperature, and 1 to 1.5 min at 72°C. The 
amplification products of the expected size were purified using 
the “Wizard SV Gel and PCR Clean-Up System” kit (Promega, 
Milano, Italy) and were then cloned individually into the 
pGEM-T Easy vector (Promega, Milano, Italy), following the 
manufacturer’s instructions. The cloned cDNAs were sequenced 
in order to check the correctness of the nucleotide sequences 
and then amplified with the Pfu DNA polymerase (Promega, 
Milano, Italy) by using specific primers containing adaptors for 
EcoRI and XbaI recognition sequences. The amplification was 
performed by repeating for 35 times the following cycle: 1 min 
at 94°C, 30 s at the proper annealing temperature, and 1 to 1.5 
min at 72°C. The PCR amplicons were purified and individu-
ally ligated into the pPICZαA expression vector and each plas-
mid was used to transform P. pastoris by electroporation as 
reported in Sella and associates (2013). 

Some positive colonies were tested by PCR using specific 
primers and the REDTaq ReadyMix PCR reaction mix (Sigma-
Aldrich). Colonies showing the expected insert were grown and 
induced with methanol according to the manufacturer’s instruc-
tions (Invitrogen Life Technologies, Milano, Italy). After 96 h, 
liquid cultures were centrifuged at 10,000 × g for 10 min and 
supernatants were assayed for xylanase activity and subjected 
to SDS-PAGE. Supernatants from recombinant colonies showed 
xylanase activity, whereas the supernatant from control colonies 
(not containing the xylanse genes) did not show any xylanase 
activity. 

SDS-PAGE analysis (12%) was performed according to 
Laemmli and associates (1970) by using 25 l of the P. pas-
toris culture medium. Gels were stained with Coomassie Bril-
liant Blue R250 (Sigma-Aldrich). 

Crude protein extracts were obtained by homogenizing 
wheat tissues in the presence of McIlvaine’s buffer at pH 5.0 
(0.2 M disodium hydrogen phosphate and 0.1 M citric acid). 
The homogenate was shaken for 1 h at 4°C and centrifuged 20 
min at 10.000 × g, and the supernatant recovered. 

TAXI-III was purified from crude protein extract by affinity 
chromatography on a xylanase-sepharose conjugate column. 
Homogeneous A. niger endo-1,4-β-xylanase M4 (Megazyme, 
Bray, Ireland) was covalently bound to NHS-activated Se-
pharose 4 Fast Flow (GE Healthcare, Little Chalfont, United 
Kingdom) according to the manufacturer’s instructions. The 
XylM4-Sepharose conjugate was suspended in McIlvaine 
buffer (pH 5.0) and packed in a column (Poly-Prep Chroma-
tography Column, 9 cm high, 2-ml bed volume, 0.8 by 4 cm) 
that was used for TAXI-III purification. 

N-terminal sequencing and MS analyses of TAXI-III were 
performed by the Molecular Structure Facility at University of 
California (Davis). N-terminal amino acid sequencing was per-
formed by means of an Applied Biosystems Procise 494 se-
quencer. Purified TAXI-III was fractionated on SDS-PAGE 
and electroblotted with the Mini Trans-Blot Electrophoretic 
Transfer Cell (Bio-Rad Laboratories), by using 10 mM cleaved 
amplified polymorphic sequence buffer, pH 11, at 4°C for 1 h 
at 70 V. Staining was performed with 50% Methanol and 0.1% 
Coomassie blue R-250. 

MS analyses were performed on purified TAXI-III previ-
ously fractionated by SDS-PAGE, stained with colloidal Coo-
massie CBBG-250 (Neuhoff et al. 1988), and subjected to 
tryptic digest procedures according to the In-Gel Digest proto-
col used by the UC Davis Proteomics Core Facility, where the 
analyses were performed. Tandem MS (MS/MS) was per-
formed by using Sequest (version SRF v. 3; Thermo Fisher 
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Scientific, San Jose, CA, U.S.A.) that was set up to search 
against the specific TAXI-IIICS protein sequence, assuming 
the digestion enzyme trypsin. Sequest was searched with a 
fragment ion mass tolerance of 1 Da and a parent ion tolerance 
of 2 Da. Oxidation of methionine and iodoacetamide deriva-
tive of cysteine were specified in Sequest as variable modifica-
tions. Scaffold (version Scaffold_3_00_06; Proteome Software 
Inc., Portland, OR, U.S.A.) was used to validate MS/MS based 
peptide and protein identifications. Peptide identifications 
were accepted if they exceeded specific database search engine 
thresholds. Sequest identifications required at least ΔCn scores 
of greater than 0.10 and XCorr scores of greater than 1.2, 2.0, 
2.5, and 3.0 for singly, doubly, triply, and quadruply charged 
peptides, respectively. Protein identifications were accepted if 
they contained at least two identified peptides. 

EFs were extracted from wheat seedlings (Zadoks stage 61) 
by vacuum-infiltration with McIlvane buffer (discussed above) 
as described by Salvi and associates (1990). Cytoplasmic con-
tamination was verified by determining the glucose-6-phosphate 
dehydrogenase activity of the extracts. 

Protein concentrations were determined with the Bio-Rad 
Protein assay kit (Bio-Rad Laboratories). 

Xylanase activity of P. pastoris cultures expressing F. gra-
minearum xylanases (FGSG_11487, FGSG_10999, FGSG_ 
11304, and FGSG_03624) was determined by measuring the 
reducing sugars released from 0.5% (wt/vol) beech-wood 
xylan (Carl Roth GmbH, Karlsruhe, Germany) dissolved in 50 
mM sodium citrate buffer at pH 5 according to the DNS 
method described by Miller (1959) and modified by Bailey 
and associates (1992). The assay was performed by incubating 
50 to 200 l of culture filtrates in a reaction volume of 500 l. 
Absorbance of samples was measured at 545 nm using mono-
meric D-xylose as standard. One unit of xylanase activity was 
defined as the amount of enzyme required to release 1 mol of 
xylose in 1 min under the assay conditions. 

Xylanase inhibition activity of crude plant extract or puri-
fied TAXI-III was measured by radial gel diffusion assay or 
by using the DNS assay. Radial gel diffusion assay was per-
formed using a modification of the procedure reported in 
Emami and Hack (2000). Total protein extract and 0.005 U of 
endo-1,4-β-xylanase M4 of A. niger (AnM4xyl; Megazyme) 
were added to 0.5-cm wells on plates containing McIlvane 
buffer (pH 5.0), 1% (wt/vol) xylan from beech wood (Sigma-
Aldrich), and 1% agarose. Plates were incubated for 16 h at 
30°C and the halo caused by enzyme activity was visualized 
after 30 min of treatment with ethanol 95% that revealed clear 
halo of degradation against an opaque background (Royer and 
Nakas 1990). 

DNS assay was performed with 1% (wt/vol) low-viscosity 
wheat arabinoxylan (Megazyme) in a reaction volume of 500 
l. Reactions (in triplicate) containing xylanase (0.015 U of 
heterologously expressed F. graminearum xylanase or 0.050 U 
of crude filtrate of F. graminearum or B. sorokiniana), alone or 
preincubated (4 min at 30°C) with protein extract or purified 
TAXI-III, were assayed for xylanase activity at 40°C and ter-
minated after 4 min by adding DNS. 

Kinetic parameters were determined using the DNS assay by 
incubating 0.041 U of AnM4xyl with different concentrations of 
soluble low-viscosity arabinoxylan (0.0050 to 0.0250 mg/ml) 
in a reaction volume of 250 l. Km and kcat values were calcu-
lated using nonlinear regression Michaelis-Menten equation. 

Plant growth, infection assays, and  
fungal biomass quantification. 

Wheat seeds (T. durum Svevo) were surface sterilized with 
sodium hypochlorite (0.5%, vol/vol) for 20 min and then 
rinsed thoroughly in sterile water. Plants were vernalized at 

4°C for 2 weeks and grown in a climatic chamber at 18 to 
23°C with a 14-h photoperiod (300 E m–2 s–1). 

For plant inoculation with B. sorokiniana 62608 DSMZ, co-
nidia were recovered from fungal cultures grown on petri 
dishes containing PDA medium (BD, Sparks, MD, U.S.A.). 
The infection experiment was carried out following the proce-
dure reported by Janni and associates (2008). 

Lesion sizes were determined 72 hpi by scanning the leaf 
surface and calculating the pixels of the infected area and of 
the total area by using the Adobe Photoshop program (Micro-
soft, Segrate, Italy). The average area per lesion was calculated 
as weighted arithmetic mean. 

T1 or T2 progenies were used in the different experiments. 
At least 13 plants for each genotype were used. 

For plant inoculation with F. graminearum strain 3824, co-
nidia were recovered from fungal cultures grown on synthetic 
nutrient agar plates (Urban et al. 2002). Infection experiments 
of wheat plants were performed by single-spikelet inoculation. 
A conidia suspension (20 l, 2.5 × 104 conidia ml–1) supple-
mented with 0.1% Tween-20 was pipetted directly through the 
glumes of two opposite central florets of a wheat head during 
anthesis. Infected spikes were covered with plastic bags for 2 
days in order to maintain high humidity. Disease symptoms 
were assessed by counting the number of visually diseased 
spikelets at different days postinoculation and by relating them 
to the total number of spikelets of the respective head, resulting 
in a percentage of symptomatic spikelets. For each experiments, 
at least 13 plants of T2 progeny for each genotype were used. 

Data from both B. sorokiniana or F. graminearum infection 
experiments were analyzed statistically applying the Student’s 
t test. 

Quantification of fungal biomass was performed by qPCR 
assay for the Tri6 gene with the primers Tri6_10F and Tri6_4R 
(Horevaj et al. 2011). Briefly, at the end of the infection ex-
periments, all dry caryopses of each transgenic and control 
genotype obtained from each experiment were pooled to make 
whole wheat flour. Total DNA from whole flour was extracted 
with DNeasy plant mini kit (Qiagen) according to manufac-
turer’s instructions. qPCR experiments were performed using 
the iCycler (Bio-Rad Laboratories) and the master mix iQ 
SYBR Green Supermix (Bio-Rad Laboratories) containing the 
flurogenic SYBER Green I DNA binding dye. The Actin gene 
(discussed above) was used as housekeeping gene. The speci-
ficity of the primers was verified by nucleotide sequence of the 
amplicon. 
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