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To quantify Triticum aestivum xylanase inhibitor (TAXI) and xylanase inhibiting protein (XIP) type
proteins in cereals in general and wheat (T. aestivum) in particular, a robust enzyme-linked
immunosorbent assay (ELISA) using an uncommon enzyme-antibody sandwich format was
developed. Bacillus subtilis glycoside hydrolase family (GH) 11 and Aspergillus oryzae GH 10
xylanases were selected for coating ELISA plate wells to capture TAXI and XIP, respectively, prior
to probing with antibodies. The detection threshold of the developed ELISA was much lower than
that of the currently used xylanase inhibitor assay and the recently described Western blot approach.
Because of its broad dynamic range (TAXI, 30-600 ng/mL, and XIP, 3—60 ng/mL), one proper standard
extract dilution can be used for analyzing different wheat varieties, whereas for the currently used
colorimetric assay, often different dilutions need to be analyzed. The TAXI ELISA for wheat was
successfully adapted for barley (Hordeum vulgare) and could also be used for other cereals.
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INTRODUCTION

Endo-(1—4)-3-xylanases (EC 3.2.1.8), further referred to as
xylanases, are key enzymes in the degradation of arabinoxylans,
one of the most important groups of polysaccharides in cereal
cell walls (1), and are frequently used in optimization of cereal-
based food biotechnological processes and products (2, 3) and
feed performance (4). Their technological importance mainly
stems from the effect that these enzymes have on the water-
holding capacity of water unextractable arabinoxylans and/or
on the viscous nature of their water extractable counterparts (2—4).
Xylanases are mainly classified in the glycoside hydrolase (GH)
families 10 and 11 based on amino acid sequences and structural
similarities (5). In addition to structural differences, xylanases
belonging to these two families differ in substrate specificity (6, 7),
substrate selectivity (8, 9), and interaction with cereal proteina-
ceous xylanase inhibitors (10-13). Xylanase inhibitors have a
strong impact on the activity and thus functionality of xylanases,
which are either added (14-17) or already present in cereal raw
materials (18), and are implicated in plant defense (11, 12, 19).
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The quantitatively most important xylanase inhibitors in cereal
grains are TAXI [Triticum aestivum xylanase inhibitor (20)]
and XIP [xylanase inhibiting protein (21)] type inhibitors. TAXI
proteins specifically inhibit microbial GH 11 xylanases and have
a molecular mass (MM) of ca. 40 kDa. After reduction, part of
the TAXI proteins yields two polypeptides of ca. 30 and 10
kDa. They have been identified and characterized in bread wheat
(T. aestivum) (22), durum wheat (Triticum durum), barley
(Hordeum vulgare), and rye (Secale cereale) (23). The structur-
ally different XIP proteins have a MM of ca. 30 kDa and inhibit
microbial GH 10 as well as GH 11 xylanases (24, 25). These
proteins have been studied in the above-cited cereals and also
rice (Oryza sativa) and maize (Zea mays) (10, 26, 27). Very
recently, a third type of xylanase inhibitor belonging to the
thaumatin protein family, i.e., TLXI (thaumatin-like xylanase
inhibitor), was identified and characterized in wheat (13, 28).
TLXI inhibits some microbial GH 11 xylanases (13). All
xylanase inhibitors identified so far are inactive towards plant
xylanases, which exclusively belong to GH 10 (29).

To date, xylanase inhibitor quantification has mainly been
performed by enzyme inhibition assays using standard curves
plotted with purified xylanase inhibitor (30). A recently
developed Western blot analysis using specific polyclonal
antibodies (PAbs) also proved to be a powerful tool in the
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analysis of xylanase inhibitors (28). However, although Western
blot analysis allows detection and quantification of low levels
of the xylanase inhibitors in complex backgrounds, the technique
is rather complex and does not allow high-throughput analysis.
The present report for the first time describes a robust and
sensitive quantitative enzyme-linked immunosorbent assay
(ELISA), based on an uncommon indirect enzyme—-antibody
sandwich format. The reported method allows quantification of
TAXI and XIP in wheat or wheat-derived fractions in particular
and cereals in general. The assay permits full automation and
high-throughput screening of raw materials for specific cereal
applications. In plant science, the availability of this ELISA
and the earlier described Western blot technique may facilitate
the assessment of the physiological function of the xylanase
inhibitors in planta. For plant breeders, ELISA allows rapid
screening of cultivars.

MATERIALS AND METHODS

Materials. The cereals used in this study were from Aveve (Landen,
Belgium), and the corresponding whole meals were obtained on a
Cyclotec 1093 sample mill (Tecator, Hogénas, Sweden). All reagents
were purchased from Sigma-Aldrich (Bornem, Belgium) and were of
analytical grade, unless specified otherwise. Chromatographic and
electrophoresis media and markers were purchased from GE Healthcare
(Uppsala, Sweden). Trichoderma viride GH 11 xylanase (NCBI
accession number AJ012718), Trichoderma longibrachiatum GH 11
xylanase (pl 5.5) (CAA49294), Aspergillus niger GH 11 xylanase
(DQ147775), and a xylanase from rumen microorganisms (no accession
number available) were from Megazyme (Bray, Ireland). Bacillus
subtilis GH 11 xylanase (ABH92520) was purified from Grindamyl
H640 bakery enzyme preparation (Danisco, Brabrand, Denmark) as
described by Gebruers et al. (31). Aspergillus oryzae GH 10 xylanase
(BAAT75475) was a kind gift from Prof. M. Tenkanen (University of
Helsinki, Finland) and was purified on a Sephacryl S-100 gel permeation
column (26 mm x 670 mm) with sodium acetate buffer (250 mM
NaOAc, pH 5.0) as the eluent.

Sample Prepar ation. Whole meals (100 g) from wheat (cv. Ordéal),
barley (cv. Majestic), rye (cv. Halor), oats (Avena sativa cv. Evita),
and maize were extracted on a horizontal shaker (150 strokes/min) for
30 min at room temperature in sodium acetate buffer (25 mM, pH 5.0,
500 mL). The resulting extract was subsequently centrifuged (100009,
10 min, 7 °C), and the supernatant was used for further analysis.

Purification of Xylanase Inhibitors. Wheat (cv. Soissons) TAXI
and XIP and barley (cv. Majestic) H. vulgare xylanase inhibitor (HVXI)
were purified from whole meal using cation exchange chromatography
and A. niger and B. subtilis xylanase affinity chromatography as
described earlier (23, 31). Affinity chromatography run-through material
was sampled and stored at —20 °C for use as a negative control. In the
purified xylanase inhibitor samples, protein concentrations were
determined (cfr. infra) after buffer exchange on PD-10 columns in
sodium acetate buffer (25 mM, pH 5.0). The solutions were then
aliquoted and stored at —20 °C prior to the ELISA and Western blot
experiments.

Protein Quantification. Protein quantification was performed colo-
rimetrically in triplicate with the microscale Bradford (32) reagent from
Sigma-Aldrich according to the manufacturer’s instructions. Bovine
serum albumin was used as a standard. Pure xylanase inhibitor protein
concentrations were determined by measuring UV absorbance at 280
nm (UV cell path length of 1.0 cm) and using calculated specific
absorbance values of 0.775 and 2.471 for 1.0 mg/mL TAXI and XIP,
respectively.

Xylanase Inhibitor Polyclonal Antibody Production and Puri-
fication. Antixylanase inhibitor sera were produced in New Zealand
white rabbits using the immunization protocol described by Beaugrand
et al. (28). The specificity and titer of the final bleed antisera were
analyzed by Western blotting and indirect ELISA, respectively. After
polishing on a set of antigen affinity columns, PAbs with improved
specificity towards TAXI and XIP were obtained (28). The polished
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PAbs were concentrated up to ca. 1.0 mg/mL with 5 kDa cutoff
Vivaspin concentrators (Vivascience, Hannover, Germany). Aliquots
thereof were stored at —20 °C.

ELISA Procedure. For the quantification of TAXI and XIP in cereal
extracts, an indirect enzyme-antibody sandwich ELISA format was
used. To specifically capture TAXI or XIP in the microtitre plate wells,
the surface of multiwell Polystyrene Maxisorp Microtiter Plates (Nunc,
Roskilde, Denmark) was coated with appropriate xylanases, which are
specifically inhibited by one of the inhibitors, or with uninhibited
xylanases (cfr. infra) by pipetting xylanase solutions (15 xg/mL in 30
mM sodium bicarbonate buffer of pH 9.6, 100 uL) in the wells and
incubating the plates overnight at 4 °C. The plates were then washed
three times with sodium phosphate buffer (10 mM, pH 7.4) containing
0.05% Tween 20, 100 mM sodium chloride, and 2 mM potassium
chloride [further referred to as phosphate buffer saline (PBS)-Tween
buffer] using a SkanWasher 300 (Skatron/Instrument AS, Norway).
The remaining protein-binding sites in the wells were blocked with
casein solution (1.0% in PBS, 300 uL) for 120 min at room temperature.
The unbound proteins were washed away with PBS—Tween (cfr. supra).
Cereal extracts were appropriately diluted in PBS-Tween (final volume
of 100 uL) and then incubated in the wells for 60 min at room
temperature allowing TAXI or XIP to bind on the xylanase coated on
the well surface. The proteins not caught by the xylanase were washed
away with PBS—-Tween (cfr. supra). Rabbit anti-TAXI or -XIP PAbs
(100 uL) were added and incubated for 60 min at 37 °C. After three
washings with PBS-Tween, a solution of horseradish peroxidase (HRP)-
conjugated goat antirabbit 1gG antibodies (100 xL of 1/2000 diluted
in PBS-Tween, Dako, Glostrup, Denmark) was added and incubated
for 60 min at 37 °C. After the plates were washed again, ABTS [2,2"-
azino-di-(3-ethylbenzthiazoline-6-sulfonate)] peroxidase substrate solu-
tion (100 uL, Kirkegaard-Perry, Gaithersburg, MD) was added. After
40 min of development time, the optical density (O.D.) at 405 nm was
measured with a Multiscan ELISA Plate Reader (Titertek, Huntsville,
AL). Standard curves were constructed by using pure inhibitor solutions
instead of extract.

To assess the effectiveness of the TAXI and XIP capture step in the
above-described ELISA, diluted wheat (cv. Ordéal) extracts were
incubated in xylanase-coated wells (one complete ELISA plate for each
xylanase inhibitor) and control wells (reference wells, completely
blocked with casein, one complete plate) as described above. To check
the binding of TAXI, the extract was diluted 50 times, while for XIP
an 800-fold dilution was used. After incubation, the solutions were
recovered from the wells, pooled, and concentrated with 5 kDa cutoff
Vivaspin concentrators to ca. 0.5 mL and 50 L, respectively. The
concentrates were analysed by Western blot (cfr. infra).

Western Blot Analysis. For Western blot analysis, samples were
handled as described earlier (28). Briefly, they were first separated by
electrophoresis in 12% sodium dodecyl sulfate—polyacrylamide gels
together with GE Healthcare MM standards. The separated proteins
were electrotransferred onto activated nitrocellulose membranes (Protran
Schleicher & Schuell, Dassel, Germany) using a Trans-Blot semidry
electrophoretic transfer cell (Bio-Rad, Nazareth, Belgium). After an
overnight blocking step of unoccupied binding sites on the blot with
1.0% casein solution in PBS, the membranes were incubated for 60
min with anti-TAXI PAbs (0.36 ug/cm?) or anti-XIP PAbs (0.16 ug/
cm?) in PBS-Tween. After the membranes were washed in PBS-Tween,
they were incubated with HRP-conjugated goat antirabbit IgG antibodies
(Sigma-Aldrich). The membranes were washed in PBS-Tween, devel-
oped in TMB (3,3',5,5'-tetramethylbenzidine, Sigma-Aldrich) substrate
solution for the peroxidase, washed again, dried, and scanned.

RESULTS

Specificity of TAXI and XIP Antibodies towards Wheat
Protein Samples. The specificity of the anti-TAXI and -XIP
PAbs was evaluated by Western blot analysis. If the PAbs have
absolute specificity towards their antigen, they can be used in
a direct ELISA format or an indirect double antibody sandwich
ELISA format for quantification of TAXI and XIP, respectively.
However, when some cross-reacting proteins are observed,
ELISA has to be performed with an alternative antigen-capture
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Figure 1. Western blot analysis of proteins extracted from wheat whole
meal (cv. Ordéal) and the run-through fraction obtained after the xylanase
affinity purification of TAXI and XIP. Lanes 1 and 2, wheat extract (5 and
35 ug of protein loaded, respectively) probed with anti-TAXI PAbs; lane
3, the run-through fraction (35 g loaded) probed with anti-TAXI PAbs;
lanes 4 and 5, wheat extract (5 and 35 g loaded, respectively) probed
with anti-XIP PAbs; and lane 6, the run-through fraction (35 g loaded)
probed with anti-XIP PAbs. The MM values based on the migration of
GE Healthcare low molecular weight markers are indicated on the left
side.

step, which, in the case of xylanase inhibitors, is possible
through the use of specific xylanases.

Hence, wheat whole meal extract proteins (cv. Ordéal) were
separated by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto activated nitrocel-
lulose for immunodetection using the anti-TAXI (Figure 1, lanes
1 and 2) and -XIP PAbs (Figure 1, lanes 4 and 5). With the
anti-TAXI PAbs, only the three TAXI polypeptides of ca. 40,
30, and 10 kDa were detected, even when as much as 35 ug of
protein was loaded on gel (Figure 1, lanes 1 and 2, respectively).
No signal could be detected at all when 35 ug of wheat protein
from the run-through fraction obtained after the xylanase affinity
purification of TAXI and XIP (cfr. supra) was analyzed (Figure
1, lane 3). The anti-XIP PAbs only revealed their target (band
at ca. 30 kDa) with a 5 ug load of wheat whole meal extract
protein (Figure 1, lane 4). When 35 ug was applied, three
different XIP isoforms could easily be distinguished, probably
due to different degrees of glycosylation. In addition to these
XIP bands, bands appeared at ca. 60 kDa (Figure 1, lane 5).
The XIP bands were absent in the affinity chromatography run-
through fraction, whereas a high level of the cross-reacting
proteins was present (Figure 1, lane 6). Higher quantities of
wheat extract proteins were similarly analyzed on Western blot
and probed with PAbs against TAXI or XIP. Similar results
were obtained (data not shown).

In the case of XIP, the cross-reacting proteins did not allow the
use of the direct ELISA approach or the indirect double antibody
sandwich ELISA format, as these methods would overestimate the
XIP levels. To overcome this problem, an indirect enzyme-anti-
body sandwich ELISA format was optimized. In this format, the
xylanase inhibitors are selectively captured by xylanases coated
on the surface of ELISA plate wells. In spite of the good specificity
of the TAXI antibodies, this approach was also used for TAXI,
because the enzyme—antibody format increases the robustness of
the assay. After all, from earlier studies (22, 31), one can derive
that only active xylanase inhibitor proteins are captured by the
enzymes and, hence, will be quantified by the optimized ELISA.
Inactive homologues that might interfere in the direct ELISA
approach or the indirect double antibody sandwich ELISA format
may be present in cereals. Indeed, a number of genes coding for
TAXI or XIP type proteins for which no inhibition activity has
yet been demonstrated [unpublished data and (29)] have already
been identified.
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Figure 2. (A) TAXI and (B) XIP ELISA signals (O.D.) in the function of
xylanase inhibitor concentration using xylanase-antibody sandwich formats.
Different xylanases were coated on the ELISA plate well surface to capture
the xylanase inhibitors: B. subtilis GH 11 xylanase (A); T. longibrachiatum
GH 11 xylanase (O); A. oryzae GH 10 xylanase (¢); T. viride GH 11
xylanase (O); A. niger GH 11 xylanase (x); and xylanase from rumen
microorganisms (-+).

Optimization of the ELISA for Wheat TAXI and XIP
Type Xylanase Inhibitors. Screening of Different Xylanases.
On the basis of the available knowledge on TAXI and XIP
enzyme specificity (10-13, 24), several xylanases were
screened for their ability to efficiently capture TAXI and XIP
proteins. For TAXI ELISA, GH 11 xylanases of B. substilis
and A. niger were tested. For XIP ELISA, a GH 10 xylanase
from A. oryzae, GH 11 xylanases of A. niger, T. viride, and
T. longibrachiatum, and a xylanase from rumen microorgan-
isms were evaluated for their ability to bind the xylanase
inhibitors. The GH 10 xylanase from A. oryzae and the GH
11 B. subtilis xylanase were screened as negative controls
for TAXI and XIP capture, respectively. Figure 2 shows
TAXI and XIP ELISA signals using these enzymes and
increasing dosages of the purified xylanase inhibitors. For
TAXI, as expected, no significant signal was observed with
the A. oryzae GH 10 xylanase, while the A. niger xylanase
gave slowly increasing O.D. readings. With the B. subtilis
xylanase, under the experimental conditions, a plateau was
already reached at 800 ng/mL, at which the signal was ca.
3.5 times higher than that with the A. niger xylanase at 5000
ng/mL.

The xylanases used for capturing XIP proteins could be
classified in three distinct categories based on the signals
obtained in ELISA. A first category, comprised of the B. subtilis
and rumen microorganism xylanases, gave no signal at all. A
second one, comprised of the T. longibrachiatum, A. niger, and
T. viride xylanases, gave a moderate signal. The curves were
superimposable and gradually increased with increasing amounts
of XIP protein. The A. oryzae xylanase representing the third
category yielded very high signals and already reached a plateau
at 250 ng/mL. The above results are in agreement with the
xylanase specificities of both xylanase inhibitors (cfr. supra).
These results demonstrate the feasibility of an enzyme-antibody
sandwich ELISA setup and show that the B. subtilis and A.
oryzae xylanases are the best enzymes to specifically capture
TAXI and XIP, respectively.

Optimization of the Assay Conditions. After optimization of
the enzyme-antibody sandwich ELISA with the B. subtilis
and A. oryzae xylanases as xylanase inhibitor catchers, the
best results were obtained when (i) the coating of the
xylanases to the well surface was performed overnight in
30 mM sodium bicarbonate buffer, pH 9.6, at 4 °C, (ii) the
concentration of the xylanase solution used for coating was
ca. 15 ug/mL and 100 uL of this solution was applied per
well, (iii) an equal volume of the xylanase inhibitors/extracts
was incubated for 60 min at room temperature in the
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Figure 3. ELISA standard curves for (A) TAXI and (B) XIP. The presented
regions correspond to the linear parts of the response curves obtained
with B. subtilis GH 11 xylanase and A. oryzae GH 10 xylanase,
respectively, which are presented in Figure 2.
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Table 1. Performance Characteristics of the TAXI and XIP ELISA

TAXI XIP
typical linear range (ng/mL) ~30-600 ~3-60
detection threshold (O.D.)? 0.096 0.131
maximal O.D. after 40 min of development 0.7-1.4 0.6-1.2
average correlation coefficient (%) of 10 0.99 0.99

standard curves
intra-assay CV (%, n = 33) 6.6 7.2
interassay CV (%, n = 142, 5 different days) 11.8 12.6

linear dilution range of wheat whole meal extract 10-100 200-2000

“The detection threshold is calculated as the average O.D. measured with the
run-through fraction (obtained after the xylanase affinity purification of TAXI and
XIP) plus three standard deviations when essayed 43 times in three independent
tests.

xylanase-coated wells, and (iv) the incubation of the xylanase
inhibitors/extracts was done in PBS-Tween buffer. The
washing steps, the blocking step with casein, the binding of
primary and secondary antibodies, and the incubation with
peroxidase substrate were performed under standard condi-
tions. In contrast to what could be expected based on the
optimal inhibition conditions of TAXI and XIP (20, 24), the
use of 25 mM acetate buffer, pH 5.0, instead of PBS-Tween
buffer, pH 7.4, for incubation of the xylanase inhibitors/
extracts in the wells did not yield significantly higher signals
in the ELISA (data not shown).

Under the above-described experimental conditions, the
ELISA responses to pure TAXI and XIP proteins increased
linearly in a range of 30-600 ng/mL and 3-60 ng/mL,
respectively (Figure 3 and Table 1). The lower limits of these
ranges correspond to the minimum xylanase inhibitor concentra-
tions needed to exceed the detection threshold. This threshold
is equal to the average O.D. reading obtained when ELISA is
performed on “wheat extracts”, which do not contain TAXI and
XIP [run-through fraction material obtained after xylanase
affinity purification of xylanase inhibitors (cfr. supra): 800 ug/
mL for TAXI ELISA and 100 ug/mL for XIP ELISA] plus three
times the standard deviation that was obtained when the assay
was done 43 times divided over three independent runs. The
upper limits of the above linear ranges correspond to the
xylanase inhibitor concentrations at the end of the linear part
of the curve, thus before the plateau O.D. (Table 1). The TAXI
and XIP standard curves obtained in the ELISA are of good
quality as demonstrated by the high average correlation coef-
ficients (Table 1).

To assess the right dilution factor for quantifying TAXI and
XIP proteins in crude wheat extracts, the ELISA was performed
on various extract dilutions. The sigmoidal curves obtained for
the wheat cultivar Ordéal each contained a linear part, that is,
between 10- and 100-fold dilutions for TAXI and between 200-
and 2000-fold dilutions for XIP (Figure 4 and Table 1). For
proper quantification, the extract dilution factors should be
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Figure 5. Western blot analysis of diluted wheat whole meal extracts (25
ug of protein) after incubation in xylanase-coated and -noncoated ELISA
plate wells. Lane 1, extract incubated in noncoated wells and probed
with anti-TAXI PAbs; lane 2, extract incubated in B. subtilis xylanase-
coated wells and probed with anti-TAXI PAbs; lane 3, extract incubated
in noncoated wells and probed with anti-XIP PAbs; and lane 4, extract
incubated in A. oryzae xylanase-coated wells and probed with anti-XIP
PAbs. The MM values based on the migration of GE Healthcare low
molecular weight markers are indicated on the left side.

within these ranges as the calculated amounts of TAXI and XIP
are then independent of the dilution used.

To determine whether all of the xylanase inhibitors present
in the diluted samples are captured by the xylanases coated on
the well surface, samples were recovered from the wells after
incubation, concentrated, and analyzed by Western blot (30 ug
of protein loaded) (Figure 5, lanes 2 and 4), which was
previously shown to have a detection limit of ca. 20 ng of
xylanase inhibitor (28). As a control, the same samples were
incubated in wells without xylanases (surface completely casein
blocked), recovered, concentrated, and analyzed (Figure5, lanes
1 and 3). The results clearly showed that TAXI and XIP are
quantitatively captured by the B. substilis and A. oryzae
xylanases, respectively, as no xylanase inhibitors could be
detected in the recovered samples. The control samples still
contained the TAXI and XIP proteins. The cross-reacting
proteins detected with the anti-XIP PAbs were present in
comparable levels in the control and xylanase-incubated samples.
This demonstrates that the XIP cross-reacting protein does not
interfere in the present ELISA format.

Using the above-described optimized ELISA, the concentra-
tions of TAXI and XIP were determined in wheat whole meal
sample (cv. Ordéal). The measurements were performed on two
different days and each time in triplicate and yielded 110 + 13
(2.75 £ 0.33 nmol/g) and 224 + 26 ppm (7.47 £ 0.87 nmol/g)
for TAXI and XIP, respectively.

Satistical Evaluation of the Optimized Assay. The intra-assay
coefficient of variation (CV) of the ELISA was ca. 7% for
TAXI as well as XIP, based on 33 replicates. The inter-
assay CV, calculated from five independent ELISA plates,
was ca. 12% (Table 1). Both CVs are very acceptable (33)
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Figure 6. Western blot of whole meal extracts from barley (90 ug of
protein loaded), rye (90 ug of protein), oat (40 ug of protein), maize (65
ug of protein), and wheat (30 ug of protein) after probing with anti-TAXI
and -XIP PABS. The identities and MM of the bands are presented on
the left side. The histogram presents the TAXI and XIP ELISA signals
(O.D.) using B. subtilis and A. oryzae xylanases, respectively, as xylanase
inhibitor catchers. Wheat extract was diluted 20 times, and all other cereal
extracts were diluted 10 times for TAXI measurements (dark bars). For
XIP measurements (light bars), a dilution factor of 800 was used for barley,
rye, and wheat extracts; one of 150 was used for oat, and one of 50
times was used for maize. The error bars represent the standard deviation
from three replicates.

and comparable to those of some commercialized ELISA
kits (e.g., the IkBow ELISA kit, Sigma-Aldrich, St. Louis,
MO) and other quantification techniques (cfr. infra).

Application of the ELISA for Other Cerealsthan Wheat.
The Western blot results presented in Figure 6 show that the
anti-TAXI and anti-XIP PAbs recognize their target homologues
in other cereals. In line with earlier studies, TAXI homologues
were detected in barley (referred to as HVXI) and rye [referred
to as S cereale xylanase inhibitor (SCXI)] but not in oat and
maize (10, 23). XIP homologues appeared on blot for all four
cereals as three bands at ca. 30 kDa, but for oat and maize, the
overall intensities were low, in line with their very low XIP
contents mentioned elsewhere (10, 26). Because the specificities
of the TAXI and XIP homologues from the nonwheat cereals
towards different xylanases are very similar to the specificities
of the wheat xylanase inhibitors (10), also for these cereals, the
above-used enzyme-antibody ELISA setup should give a good
signal over noise ratio.

As for TAXI in wheat (20-fold diluted whole meal extract),
the ELISA on barley and rye (10-fold diluted whole meal
extracts) gave very clear HVXI and SCXI signals, respectively,
whereas the signals for oat and maize (10-fold diluted whole
meal extracts) did not exceed the threshold O.D. of the method
(Figure 6). Much as for wheat, pronounced XIP ELISA signals
were observed for barley and rye with 800-fold diluted extracts.
Also significant but very low signals were measured for oat
(150-fold diluted extract) and maize (50-fold diluted extract)
(Figure 6). The latter signal was very close to the ELISA
threshold O.D. (Table 1). These ELISA results are in line with
the observations on Western blot (cfr. supra).

The standard curve determined for barley with purified HVXI
was linear between 5 and 80 ng/mL (Figure 7) and was
unexpectedly much steeper than the TAXI curve from wheat
(Figure 3). This indicated that to use the ELISA for the
determination of xylanase inhibitor levels in a nonwheat cereal,
standard curves have to be constructed using the xylanase
inhibitor homologues of the cereal under consideration. After
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Figure 7. ELISA standard curve for HVXI from barley. The frame inside
the chart zooms in on the linear part of the curve.

all, the affinity of these homologues towards the xylanase coated
on the surface of the ELISA plate wells and the affinity of the
PAbs towards these homologues can be different. ELISA HVXI
quantification performed with four replicates on 50-fold diluted
barley whole meal extract (cv. Majestic) gave 21 + 2 ppm.

DISCUSSION

This report for the first time describes the use of an indirect
enzyme-antibody sandwich format for the ELISA quantification
of TAXI and XIP type xylanase inhibitors in cereals. Because
of the cross-reactivity of the anti-XIP PAbs, this format was
chosen over the classical and frequently used direct and indirect
double antibody sandwich approaches to avoid overestimation
of XIP levels. To ensure robustness of the assay, a similar setup
was used in the TAXI ELISA, although, based on the specificity
of anti-TAXI PAbs in Western blot, here the classical direct
and indirect approaches could be used. In this context, it is
important to note that, for TAXI and XIP, several homologues
have been identified in cereals at the genetic level, for which to
date no inhibition activity has been demonstrated (unpublished
data and 29). For both TAXI and XIP ELISA, a xylanase with
very high specificity towards the xylanase inhibitors was coated
on the ELISA plate well surface to capture the inhibitors.
Analysis of the uncaptured proteins by Western blot validated
the effectiveness of this step under optimized conditions, in line
with the tight binding properties of the inhibitors in the presence
of the enzymes used (24, 34, 35). In the case of XIP, the high
MM cross-reacting noninhibitor proteins were recovered in the
unbound fraction, demonstrating the specificity of the ELISA.
Because of the high molecular mass of these proteins, they
cannot be precursors or degradation products of XIP. After all,
XIP is expressed as a 30.2 kDa protein with a 30 amino acid
signal sequence (ca. 3 kDa). Because the cross-reacting proteins
are present in the final run-through fraction obtained during the
affinity purification of XIP and the anti-XIP PAbs were purified
by XIP-affinity chromatography, the cross-reaction cannot be
explained by impurity of the sample used for immunization.
Therefore, these proteins must have at least one epitope similar
to one in XIP.

The ELISA method described here is more sensitive than the
currently used Xylazyme-AX colorimetric xylanase inhibitor
assay based on the measurement of residual xylanase activity
in the presence of xylanase inhibitor (18, 30). Standard curves
constructed for the latter assay with B. subtilis xylanase and
TAXI and with Penicillium purpurogenum xylanase and XIP
show that ca. 540 ng/mL TAXI and ca. 200 ng/mL XIP,
respectively, are needed to yield 20% inhibition, which is the
lower limit of degree of inhibition to ascertain accurate
quantification. Below this percentage of inhibition, relatively
high experimental errors are observed. Because the standard
curves are typically linear up to 80%, the upper limit of the
dynamic range is reached at 2160 and 800 ng/mL, respectively.
Keeping in mind the 12- and 2.7-fold variation in TAXI and
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XIP levels, respectively, observed in wheat grains (30, 36), this
range is relatively narrow and sometimes necessitates the
analysis of a number of extract dilutions when a batch of wheat
samples is analyzed. In contrast, for the present ELISA, there
is a 20-fold difference between the lower and the upper limit
of the TAXI and XIP dynamic ranges, allowing one to use one
standard dilution. In the case of wheat whole meal extracts,
respectively, 100- and 2000-fold dilutions could be used. Much
as the colorimetric assay (18, 30), the new ELISA vyields
apparent xylanase inhibitor levels, because, during extraction
of wheat flour or whole meal, part of the xylanase inhibitors
may be lost by complexation with xylanases synthesized by the
microbial flora on the grain surface. However, recent studies
demonstrated that the total xylanase activity in wheat grains is
negligible when compared to the total xylanase inhibitor activity,
and thereby, the xylanases do not have a significant impact on
the level of xylanase inhibitor that can be measured (18). In
line with this, no xylanase inhibitors were detected in the
unbound protein fraction after incubation in the xylanase-coated
ELISA plate wells. In contrast, for xylanases in wheat grains,
large differences have been observed between apparent and real
activities due to inhibition.

The inter- and intra-assay variation of the TAXI and XIP
ELISA is in the range of magnitude of results of the cited
colorimetric assay (18, 30), some quantitative sandwich ELISAs
of plant antigens (37—39), and commercialized ELISA Kits. For
the colorimetric assay, an intra-assay CV of ca. 6% has been
described by Dornez et al. (18). The inter-assay CV is ca. 12%
(unpublished data). The TAXI and XIP contents measured in
the Ordéal whole meal sample using ELISA, that is, 110 and
224 ppm, respectively (cfr. supra), are in the range of values
obtained colorimetrically by others (30, 36), reporting TAXI
and XIP levels of 17-200 and 210-560 ppm, respectively.

The ELISA method was much more sensitive than the
quantification method based on Western blot. With the Western
blot technique, dynamique ranges of 375-3125 and of 775-6250
ng/mL for TAXI and XIP, respectively, were determined, each
with ca. 10-fold difference between the extremes. This difference
is less than with ELISA but still more than with the colorimetric
assay. Calculated from data described by Beaugrand et al. (28),
the intra-assay CV of the immunoblot method is ca. 8%, which
again is in the same order of magnitude as for the ELISA.

The ELISA can be applied for the quantification of TAXI
and XIP homologues in other cereals than wheat, provided that
standard curves are constructed with the corresponding xylanase
inhibitor homologues from those cereals. For these xylanase
inhibitors, affinity-based purification methods are available (23, 26).
The ELISA-based HVXI level in a barley whole meal sample
(cv. Majestic) was 21 ppm, which is 5.2 times lower than the
TAXI level in the Ordéal whole meal. This is in line with earlier
reports on HVXI levels in barley, in which a factor 10 difference
is described between one wheat and one barley variety (10, 23).

As described elsewhere (22, 40, 41), wheat contains TAXI-I
type and TAXI-1I type proteins based on their specificity towards
xylanases. The B. subtilis GH 11 xylanase is inhibited by both
types and in ELISA will yield the sum of the TAXI-I and TAXI-
Il protein levels. The A. niger GH 11 xylanase is inhibited by
TAXI-I type and XIP proteins and could be used in combination
with anti-TAXI PAbs to specifically quantify TAXI-I proteins.
However, the ELISA signal obtained with the A. niger enzyme
was rather low.

ABBREVIATIONS USED

ELISA, enzyme-linked immunosorbent assay; GH, glycoside
hydrolase family; HVXI, Hordeum vulgare xylanase inhibitor;
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O.D., optical density; PAbs, polyclonal antibodies; PBS,
phosphate buffer saline; SCXI, Secale cereale xylanase inhibitor;
TAXI, Triticum aestivum xylanase inhibitor; TLXI, thaumatin-
like xylanase inhibitor; XIP, xylanase inhibiting protein; xyla-
nase, endo-(1—4)-3-xylanase.
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