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Chitin is the second most abundant polysaccharide, present, e.g., in insect and arthropod exoskeletons and fungal cell walls. In
some species or under specific conditions, chitin appears to be enzymatically de-N-acetylated to chitosan— e.g., when patho-
genic fungi invade their host tissues. Here, the deacetylation of chitin is assumed to represent a pathogenicity mechanism pro-
tecting the fungus from the host’s chitin-driven immune response. While highly specific chitin binding lectins are well known
and easily available, this is not the case for chitosan-specific probes. This is partly due to the poor antigenicity of chitosan so that
producing high-affinity, specific antibodies is difficult. Also, lectins with specificity to chitosan have been described but are not
commercially available, and our attempts to reproduce the findings were not successful. We have, therefore, generated a fusion
protein between a chitosanase inactivated by site-directed mutagenesis, the green fluorescent protein (GFP), and StrepII, as well
as His6 tags for purification and detection. The recombinant chitosan affinity protein (CAP) expressed in Escherichia coli was
shown to specifically bind to chitosan, but not to chitin, and the affinity increased with decreasing degree of acetylation. In vitro,
CAP detection was possible either based on GFP fluorescence or using Strep-Tactin conjugates or anti-His5 antibodies. CAP flu-
orescence microscopy revealed binding to the chitosan exposing endophytic infection structures of the wheat stem rust fungus,
but not the chitin exposing ectophytic infection structures, verifying its suitability for in situ chitosan staining.

Biotrophic pathogens need to prevent triggering of active de-
fense reactions of their host tissues as they depend on living

host cells for growth and development. Typically, fungal cell walls
contain chitin as a fibrillar element, but many fungi are known to
produce chitin deacetylases during specific developmental stages
(15). Some plant-pathogenic fungi are known to produce chitin
deacetylase to convert the chitin on the surface of their infection
structures into chitosan to evade the chitin-driven immune re-
sponse of their hosts (12). On the one hand, chitinases and �-1,3-
glucanases act as antifungal enzymes in most plants (14). By con-
verting chitin into chitosan when invading the plant tissue, the
fungus avoids the degradation of its cell walls by host enzymes. On
the other hand, the non-self-surveillance machinery of plants is
geared toward recognizing chitin (41). Conversion of chitin into
chitosan prevents the generation of elicitor active chitin oligomers
which would reveal the presence of the pathogen to the plant,
triggering active defense responses. Hence, the deacetylation of
surface-exposed chitin into chitosan acts as a molecular disguise
strategy, and, consequently, chitin deacetylases may constitute
crucial pathogenicity factors. Pathogenicity factors are perfect tar-
gets for broad-spectrum antifungal agents as they can be expected
to be important for different types of pathogens but may not be
present in nonpathogenic endophytic or mutualistic fungi.

A similar disguise strategy likely acts as a pathogenicity mech-
anism in fungal pathogens of human tissues too. Chitin deacety-
lase was shown to be present at the plasma membrane of the early
stages of the life cycle in the human-pathogenic fungus Encepha-
litozoon cuniculi (9). Cryptococcus neoformans, the causal agent of
cryptococcosis in humans, was shown to possess four putative
chitin deacetylase genes, and two of its chitin deacetylases have
been reported to induce immune responses in the host, indicating
that they are expressed during host tissue colonization (3, 7, 24).
Deletion mutants of the chitin deacetylases in this opportunistic

fungal pathogen showed that chitosan is important during vege-
tative growth; it appears to help in maintaining cell integrity and
to aid in bud separation (3). Paracoccidioidomycosis, a disease
affecting 10 million people in Latin America, is caused by the
fungus Paracoccidioides brasiliensis, and transcriptional analysis
showed that a chitin deacetylase gene is upregulated in the patho-
genic yeast form of the fungus (13). Similarly, the cyst wall of
Entamoeba invadens, a reptile-pathogenic relative of the human
pathogen Entamoeba histolytica, was shown to contain chitosan,
consistent with the presence of a functional chitin deacetylase
(11).

Hence, conversion of the more typical structural polysaccha-
ride chitin present in the exoskeletons and in the cell walls or
extracellular matrices of many pathogenic organisms into the less
crystalline and, thus, structurally less resilient but also less tale-
telling chitosan emerges as a widespread pathogenicity strategy
not only of fungal pathogens. However, the evidence so far relies
mostly on molecular genetic detection of the expression of a chitin
deacetylase gene, while the presence of the product of the enzyme
chitin deacetylase, namely, chitosan, has only been achieved in
very few instances (8, 12, 22). On the one hand, this is due to the
fact that neither lectins (10, 25) nor antibodies with specificity to
chitosan (3, 20) are commercially available. On the other hand,
widely used tools like calcofluor white or eosin Y are lacking in
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specificity, so that prior biochemical knowledge of the cell wall
composition of the studied organism is required to obtain reliable
results. In fact, chitosan is a rather poor antigen, and attempts to
generate antisera with reasonable specificity and affinity have
failed more often than not. Hence, alternative chitosan-specific
probes are needed to test for chitosan on the surfaces of, e.g.,
pathogenic fungal hyphae (18). One possibility for the specific
detection of polysaccharides are polysaccharide hydrolases or
other polysaccharide-modifying enzymes with an affinity to the
targeted molecule, or specific polysaccharide binding proteins or
modules (16, 19, 28, 32, 35), an approach already successfully
employed for the detection of chitosan (17). Such proteins can
either be detected by using specific antibodies directed against
them (12, 33, 38) or by tagging the proteins chemically, e.g., using
fluorescence tags such as fluorescein isothiocyanate (FITC) or us-
ing gold particles (4–6, 17, 26), or genetically, by generating fusion
proteins, e.g., with the green fluorescent protein (GFP) (19) or
with a peptide tag against which commercial antibodies are avail-
able. We here describe an extension of the latter method, generat-
ing by genetic engineering a chitosan affinity protein (CAP) based
on a bacterial chitosanase (CSN) that we inactivated using site-
directed mutagenesis and to which we fused three different tags,
namely, enhanced GFP (eGFP) and the affinity tags StrepII and
His6, for purification and detection. This is a versatile, generic
technique that can easily be transferred to other substrates and
which allows multiple staining of different substrates if GFP vari-
ants that absorb and emit light at different wavelengths are used.

MATERIALS AND METHODS
Chemicals. Wheat germ agglutinin (WGA) lectin coupled to Texas Red or
to fluorescein isothiocyanate (FITC) was purchased from Molecular
Probes (Eugene, OR). Restriction enzymes, the Rapid DNA ligation kit,
and Phusion DNA polymerase were purchased from Fermentas (St. Leon-
Rot, Germany).

Bacterial strains, plasmids, and culture conditions. Escherichia coli
DH5� was used as a host for recombinant plasmids. E. coli Rosetta
2(DE3)(pLysSRARE2) was used for recombinant protein expression
(purchased from Merck, Darmstadt, Germany). The pET-22b(�) vector
was purchased from Merck, Germany. Plasmids were prepared for se-
quencing and sequenced at MWG-Biotech AG (Ebersberg, Germany). E.
coli DH5� and E. coli Rosetta 2(DE3)(pLysSRARE2) with pET-22b(�)
constructs were grown in LB at 37°C with 100 �g/ml ampicillin and 100
�g/ml ampicillin plus 34 �g/ml chloramphenicol, respectively, for the
selection of transformants. Autoinduction solutions M (50� stock: 1.25
M Na2HPO4, 1.25 M KH2PO4, 2.5 M NH4Cl, 0.25 M Na2SO4) and 5052
(50� stock: 25% [vol/vol] glycerol, 2.5% [wt/vol] D-glucose, 10% [wt/
vol] �-lactose monohydrate) (34) were added to induce the cells for ex-
pression of the target protein, and cultures were grown at 28°C. For long-
term storage, liquid cultures were supplemented with 30% (vol/vol)
glycerol and stored at �70°C.

Cloning of the Bacillus CSN. Details of the primers used in the present
study are given in the supplemental material. From soil, a Bacillus sp.
strain was isolated that served as the template for CSN gene amplification
using CSN_pET_for and CSN_pET_rev. This gene (GenBank accession
no. JQ425408) is similar to the known chitosanase (CSN) genes (e.g.,
Bacillus cereus 95; EEL16702.1) and was cloned into pET-22b(�) via
EcoRI and HindIII without the native signal peptide-encoding sequence
(nucleotides [nt] 1 to 141), generating pET-22b-CSN. Using this plasmid
as a template, the CSN gene was amplified using primer pairs CSN_
StrepII_for and CSN_StrepII_rev. In doing so, an amplificate containing
an upstream-located StrepII coding sequence was generated and subse-
quently cloned in pET-22b(�) via NdeI and HindIII sites, resulting in
pET-22b-StrepII-CSN.

In the following step, the gene encoding eGFP was amplified from the
pEGFP vector (U76561.1; Clontech, Saint-Germain-en-Laye, France) us-
ing the eGFP_for and eGFP_rev primers. The amplified eGFP gene was
cloned in pET-22b-StrepII-CSN via HindIII and XhoI restriction sites,
generating the expression plasmid pET-22b-StrepII-CSN-eGFP-His6.

Site-directed mutagenesis of CSN. In order to obtain a mutein of
CSN which binds to chitosan with high affinity and specificity but is de-
void of hydrolytic activity, a bioinformatics approach was chosen to iden-
tify an amino acid which is essential for CSN catalytic activity. At position
122 of the polypeptide chain, an amino acid was identified that represents
a catalytically active glutamate (E) of the CSN that was then replaced by
the structurally related but chemically distinct glutamine (Q) (1). There-
fore, the plasmid pET-22b-StrepII-CSN-eGFP-His6 was subjected to
site-directed mutagenesis using the 5=-phosphorylated primers CSN_
E122Q_for and CSN_E122Q_rev to obtain pET-22b-StrepII-CSN-eGFP-
His6 E122Q (encoding CAP).

Expression and purification of CAP. Both CAP and its active form
were synthesized in E. coli Rosetta 2(DE3)(pLysSRARE2). Cell suspen-
sions in 20 mM triethanolamine (pH 8) containing 400 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, 1 mM MgCl2, and 10 U/ml benzonase
were incubated for 30 min at room temperature and then sonicated
briefly. Crude extracts (50 ml from 15 g net biomass) were obtained by
centrifugation and applied to a Strep-Tactin column (Strep-Tactin super-
flow Plus, 1-ml bed volume; Qiagen, Hilden, Germany), which was then
washed with 20 mM triethanolamine (pH 8) containing 400 mM NaCl,
and finally eluted in the same buffer additionally containing 2.5 mM D-
desthiobiotin. The eluted fractions were concentrated in ultrafiltration
devices (Sartorius Stedim Biotech, Göttingen, Germany) with a molecular
mass cutoff at 10 kDa, supplemented with 10% (vol/vol) glycerol, and
stored at 4°C.

Preparation of chitosans. Chitosan (originating from shrimp shell
chitin, with an average degree of acetylation [DA] of 3% and average
degree of polymerization [DP] of 2,124) was generously provided by Do-
minique Gillet, Mahtani Chitosan, Veraval, India. This raw chitosan was
dissolved in an aqueous acetic acid solution and purified by successive
filtration and extensive washing steps involving repeated precipitation
and centrifugation, before chitosans with different DAs were prepared by
partial re-N-acetylation using acetic anhydride in 1,2-propanediol, as de-
scribed previously (39). The DA of the resulting chitosans was determined
using 1H-nuclear magnetic resonance (NMR) spectroscopy (21).

Analyzing CAP enzyme activity. In a dot activity assay, the hydrolytic
activity of CAP toward chitosan was assessed. The crude extracts of E. coli
Rosetta 2(DE3)(pLysSRARE2) bearing pET-22b(�), pET-22b-StrepII-
CSN-eGFP-HIS6, or pET-22b-StrepII-CSN-eGFP-HIS6 E122Q were ap-
plied to a polyacrylamide gel containing chitosan with a DA of 35% (0.1
mg/ml) as a substrate. The gel was incubated at 37°C overnight. Later, the
gel was stained with 0.01% (wt/vol) calcofluor white (Sigma, Steinheim,
Germany) in 0.5 M Tris (pH 8.9) for 5 min; the gel was washed in deion-
ized water for 1 h, and dark spots indicating enzyme activity were visual-
ized on a UV transilluminator (29).

Binding specificity of CAP. Fusions to eGFP and two affinity tags
allow the usage of CAP for several detection strategies, namely, by chemi-
luminescence under UV light and by transilluminator (MoBiTech Dark
Reader) and fluorescence microscopy. The excitation wavelength for
eGFP is 488 nm, and the emission wavelength is 510 nm. In order to
analyze the affinity of CAP, different chitosans with DA ranging from 10%
to 56% as well as glycol-chitin were spotted in dilution series (from 1,000
ng to 2 ng) onto a nitrocellulose membrane (GE Healthcare, Munich,
Germany). Membranes were then incubated at 70°C for 30 min to allow
the different chitosans and glycol-chitin to stick firmly to the membrane.
The membrane was blocked using 5% (wt/vol) bovine serum albumin
(BSA) in 1� Tris-buffered saline (TBS) buffer for 1 h at room tempera-
ture; later, the membrane was washed with 1� TBS buffer for 15 min.
After washing, the membrane was incubated with either CAP or WGA-
FITC as a positive control for the detection of glycol chitin (0.1 mg/ml in
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TBS containing 5% [wt/vol] BSA) for 1 h at room temperature. Washing
steps were continued with 1� TBS plus 0.05% (vol/vol) of both Tween 20
and Triton X-100 twice for 15 min each, and then the membrane was
incubated with Strep-Tactin– horseradish peroxidase (HRP) conjugate
(IBA, Göttingen, Germany). In an independent experiment, the same
procedure was followed as explained above, but anti-His5 antibody
(Qiagen, Hilden, Germany) was used for detection. In both cases, the
signal was detected by chemiluminescence. Later, membranes were used
to observe fluorescence on a transilluminator (Dark Reader; MoBiTech,
Goettingen, Germany) or under a UV lamp to check for fluorescence.
Although the excitation wavelength of a UV transilluminator is not opti-
mal to excite eGFP, the fluorescence was also observed when using such a
device instead of the Dark Reader.

In situ staining of chitosan using CAP. In a further experiment, CAP
was employed for specific staining of chitosan in the cell walls of a plant-
pathogenic fungus, in analogy to the chitosan-specific antibody used by El
Gueddari et al. (12). Urediniospores of the wheat stem rust fungus Puc-
cinia graminis (Pers.) f. sp. tritici (Eriks. & E. Henn) (race 32) were used for
the experiment. Differentiation of infection structures was induced by a
mild shock (2 h, 30°C) starting 2 h after sowing urediniospores into poly-
styrene petri dishes (diameter, 5 cm) and adding distilled water (5 ml), as
previously described (12). Then, incubation was continued at 23°C over-
night for the development of infection structures.

After allowing the spores to produce different infection structures,
fungal germlings were incubated with 2% (wt/vol) BSA in 1� phosphate-
buffered saline buffer for 2 h at room temperature. Incubation was fol-
lowed by three washing steps with 1� PBS plus 0.05% (vol/vol) Tween 20
for 15 min each. Spores were further incubated with the chitin-specific
lectin WGA coupled to Texas Red (Life Technologies GmbH, Darmstadt,
Germany) and CAP (both at 0.1 mg/ml in TBS containing 5% [wt/vol]
BSA) for 1 h at room temperature. After incubation, washing was done
with 1� PBS–Tween 20 three times for 15 min each. GFP and Texas Red

were monitored with a confocal laser scanning microscope (Leica TCS
SP5 X; Leica, Wetzlar, Germany) with excitation/emission wavelengths of
488/595 nm and 500 to 545/608 to 700 nm, respectively.

RESULTS
Cloning, site-directed mutagenesis, heterologous expression,
and purification of CAP. An enzymatically inactive construct of a
bacterial chitosanase was engineered (Fig. 1) using site-directed
mutagenesis as described above. The wild-type chitosanase gene
was amplified from genomic DNA of a Bacillus sp. strain isolated
from soil, using primers derived from conserved regions of Bacil-
lus chitosanases. The chitosanase gene was amplified with an up-
stream StrepII coding sequence. An eGFP-encoding sequence was
cloned downstream from the chitosanase gene before the His6-
encoding sequence in the expression vector. This construct was
termed the wild-type chitosanase fusion protein. After creating
the whole construct, site-directed mutagenesis was done to ex-
change the catalytically active glutamic acid residue for glutamine
at position 122 (1). This second construct was termed chitosan
affinity protein (CAP).

Both the wild-type chitosanase fusion protein and CAP were
synthesized in E. coli Rosetta 2(DE3)(pLysSRARE2). Cultures
were incubated at 37°C for 48 h. Recombinant proteins were pu-
rified by affinity chromatography. SDS-PAGE analysis (Fig. 2A)
showed both proteins at the expected size of 75 kDa. This was
confirmed by Western blot analysis (Fig. 2B). A minor band was
observed at a lower size in both the SDS-PAGE and Western blot,
potentially indicating partial degradation of the fusion protein.

Both the wild-type chitosanase fusion protein and CAP were
checked for enzymatic activity in a dot activity assay using a poly-
acrylamide gel containing chitosan with a DA of 35% as a sub-
strate. Activity, revealed as a dark spot in the calcofluor white-
stained gel due to the degradation of the chitosan embedded in the
gel, was seen with the wild-type chitosanase fusion protein, but
not with CAP (Fig. 3).

Binding specificity of CAP. To assess the binding specificity of
CAP, different chitosans with DAs ranging from 10% to 56% as
well as glycol-chitin (DA, 100%) were spotted in a dilution series
(1,000 ng to 2 ng) onto a nitrocellulose membrane. CAP binding
to the chitosans can be detected using eGFP fluorescence or by any

FIG 2 SDS-PAGE of the crude extract from E. coli Rosetta 2(DE3)(pET-22b-
StrepII-CSN-eGFP-HIS6 E122Q, pLysSRARE2); (60 �g, lane 1) and CAP pu-
rified using affinity chromatography (6 �g; lane 2), either stained using Coo-
massie brilliant blue G-250 (A) or Western blotted and detected by
chemiluminescence using HRP-coupled StrepII affinity protein (B). The band
at ca. 75 kDa represents CAP. M, molecular mass markers.

FIG 1 Schematic representation of the CAP gene. The scale above indicates the nucleotide position.

FIG 3 Dot activity assay to check the enzymatic activity of wild-type chi-
tosanase and CAP. Lane 1, crude extract from E. coli Rosetta 2(DE3)(pET-
22b(�), pLysSRARE2); lane 2, purified wild-type chitosanase; lane 3, pu-
rified CAP. Chitosanase activity is revealed as a dark spot in the calcofluor
white-stained gel.
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of the tags attached to it (Fig. 4). eGFP fluorescence was visualized
using a transilluminator or under a UV lamp, with StrepII and
His6 tags, for example, using the appropriate antibodies coupled
to horseradish peroxidase and a chemiluminescence assay. All
three detection methods clearly showed that the affinity of CAP
decreases with increasing DA and that CAP has no affinity to fully
acetylated glycol-chitin; the presence of glycol-chitin on the mem-
brane was verified using WGA-FITC (Fig. 4E).

In situ staining of chitosan using CAP. Uredospores of the
wheat stem rust fungus were germinated in a petri dish, and differen-
tiation of infection structures was induced using a mild heat shock. It
has been shown previously that the ectophytic infection structures,
namely, germ tube and appressorium, expose mainly chitin, while the

endophytic infection structures, namely, substomatal vesicle and in-
fection hyphae, expose mainly chitosan on the surface of their cell
walls; growing tips of the infection hyphae are known to expose chitin
rather than chitosan (12). Germlings were double stained using the
chitin-specific lectin WGA coupled to Texas Red (4, 36) and the chi-
tosan-specific CAP, and fluorescence was observed by confocal laser
scanning fluorescence microscopy (Fig. 5). eGFP and Texas Red flu-
orescence was monitored using excitation/emission wavelengths of
488/595 nm and 500 to 545/608 to 700 nm, respectively. WGA bound
to the germ tubes and appressoria as well as to the tip of the infection
hyphae (red fluorescence), while CAP strongly stained the substoma-
tal vesicle and weakly stained the infected hyphae (green fluores-
cence).

FIG 4 Binding specificity of CAP. Different chitosans (DAs from 10% to 56%) and glycol-chitin (DA of 100%) were spotted in dilution series (starting with 1,000
ng) onto nitrocellulose membrane, and the membrane was blocked with BSA, washed, and incubated with CAP (0.1 mg ml�1 in TBS containing 5% [wt/vol]
BSA) for 1 h at room temperature before excess CAP was washed off. Bound CAP was detected using StrepII affinity protein (A) or anti-His5 antibody (B) or by
the fluorescence of eGFP on a transilluminator (Dark Reader, excitation wavelength of 420 to 500 nm; MoBiTech, Germany) (C) or under a UV lamp
(AlphaImager, set to 365 nm; Alpha Innotech Corp., United States) (D). Glycol-chitin (DA of 100%) was detected by fluorescence (Dark Reader) after binding
to WGA-FITC conjugate to show that it was not lost during fixation (E).

FIG 5 Double staining of in vitro-induced infection structures of the wheat stem rust fungus Puccinia graminis f. sp. tritici. 1, spore; 2, germ tube; 3, appressorium;
4, substomatal vesicle; 5, infection hypha. Germ tube, appressorium, and the tip of the infection hypha were labeled by WGA conjugated to Texas Red (red
fluorescence), indicating the presence of chitin, while CAP staining revealed the presence of chitosan in the substomatal vesicle and, less marked, infection hypha
(green fluorescence).
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DISCUSSION

Conversion of surface-exposed cell wall chitin into chitosan dur-
ing penetration and colonization of the host tissue appears to be a
widespread pathogenicity mechanism in biotrophic fungi, for
both plant and human pathogens (3, 12). This conversion was
often deduced from a concomitant induction of a chitin deacety-
lase rather than by direct histochemical proof of the presence of
chitosan due to lack of a commercially available specific stain for
chitosan (15). Polyclonal chitosan-specific antisera have been
produced repeatedly, and recently, the generation of a monoclo-
nal antibody specifically directed against chitosan has been de-
scribed (12, 18, 20, 23, 30, 31, 40), but they have rarely been used
in histochemical staining due to their typically low affinity toward
the antigen (12, 38). Lectins with specificity to chitosan have been
described (10, 25) but are not commercially available, and our
attempts at reproducing the findings were not successful. The an-
ionic dye eosin Y was used to stain chitosan in the human patho-
gen Cryptococcus neoformans (3) and in the maize pathogen Usti-
lago maydis (37). However, this anionic dye, which is typically
used as a counterstain to hematoxylin, binds to cationic chitosan
presumably through electrostatic interactions only, limiting its
specificity. Clearly, alternative chitosan-specific probes are needed
to test for chitosan on the surfaces of pathogenic fungi.

Even though lectins with high affinity and good specificity for
chitin such as WGA are easily available, a number of alternative
chitin-specific probes have been described. A wild-type chitinase
was successfully used to stain chitin in pathogenic fungi and fun-
gus-infected body fluids (6). A chitin binding domain fused to
GFP has been used for staining chitin in Saccharomyces cerevisiae
and in human tissue with various fungal infections (19). In spite of
one report of using a gold-complexed chitosanase for the cyto-
chemical detection of chitosan (17), this approach does not seem
to have been followed up. In the present work, we have extended
this enzyme-based strategy by engineering a chitosan-specific
probe from a site-directed mutagenesis-inactivated chitosanase
fused to eGFP and two affinity tags for purification and detection.
The specificity of the chitosanase chosen for the degradation of
highly deacetylated chitosans (unpublished) confers the same
binding specificity to the mutein, and exchanging a catalytically
active residue prevents hydrolysis of the bound substrate. Active
site residues have been investigated in detail in three bacterial
hydrolases belonging to the CAZY glycoside hydrolase family 8,
namely, in a chitosanase from Bacillus sp. strain 17, in endogluca-
nase CelA from Clostridium thermocellum, and in endoglucanase
K from Bacillus sp. strain KSM-330 (1, 2, 27). In all three enzymes,
a glutamic acid residue acts as a proton donor and an aspartic acid
residue acts as a nucleophile in catalysis. These amino acids are
conserved in all GH-8 family members. Previously, both the glu-
tamic acid and the aspartic acid residues in the Bacillus sp. strain
17 chitosanase have been substituted for with glutamine and as-
paragine, respectively, to show that both are important in catalysis
and that the aspartic acid residue is involved in substrate binding
too (1). In the present work, we therefore substituted only the
glutamic acid residue for glutamine, leaving the aspartic acid res-
idue unchanged. This abolished the hydrolytic activity completely
but retained the substrate affinity.

The site-directed-mutagenesis-inactivated chitosanase was
fused to eGFP as well as to two affinity tags, allowing easy one-step
purification via affinity chromatography and providing alterna-

tive methods of detection. eGFP can be visualized directly due to
its fluorescence, and all three tags can be detected using commer-
cially available antibodies coupled to a large variety of markers. As
an example, we have used the very sensitive detection method
based on horseradish peroxidase-coupled antibodies and chemi-
luminescence of its enzymatic product. This method is clearly
more sensitive than fluorescence detection of eGFP, but the latter
is the easiest way of in situ detection of chitosan, e.g., in the cell
walls of pathogenic fungi, using fluorescence microscopy.

It is interesting to note that CAP gave a binding pattern that
slightly differed from the one seen previously using a polyclonal
antichitosan antiserum (12). In both cases, chitin was seen to be
exposed in the epiphytic infection structures of the wheat stem
rust fungus, namely, germ tubes and appressoria, and chitosan
was detected on the surface of endophytic infection structures,
namely, substomatal vesicles and infection hyphae. However,
while both chitosan-specific probes stained the substomatal vesi-
cle strongly, the antibody bound more strongly to the infection
hyphae than CAP. We assume that this differential staining pat-
tern is due to subtle differences in the specificities of the two
probes. While we have shown in this work that the affinity of the
chitosanase-based CAP is highest for chitosans with very low de-
grees of acetylation, the antiserum appears to bind best to chi-
tosans with intermediate degrees of acetylation (unpublished).
We may, thus, conclude that the chitosan in the substomatal ves-
icle is more strongly deacetylated than the one exposed on the
surface of the infection hyphae. To date, no methods exist for the
in situ analysis of the degree of acetylation of chitosans in a cell
wall, and the degree of acetylation of chitosans present in fungal
cell walls has not been determined accurately. The differential
binding of the two chitosan-specific probes may guide the way to
the development of a histochemical assay for the determination
of DA.
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