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ABSTRACT: Trichoderma spp. are used as biocontrol agents against phytopathogens such as Rhizoctonia solani, but their biocontrol
mechanisms are poorly understood. A novel L-amino oxidase (Th-LAAO) was identified from the extracellular proteins of
Trichoderma harzianum ETS 323. Here, we show a FAD-binding glycoprotein with the best substrate specificity constant for
L-phenylalanine. Although the amino acid sequence of Th-LAAO revealed limited homology (16—24%) to other LAAO members, a
highly conserved FAD-binding motif was identified in the N-terminus. Th-LAAO was shown to be a homodimeric protein, but the
monomeric form was predominant when grown in the presence of deactivated Rhizoctonia solani. Furthermore, in vitro assays
demonstrated that Th-LAAO had an antagonistic effect against Rhizoctonia solani and a stimulatory one on hyphal density and
sporulation in T. harzianum ETS 323. These findings further our understanding of T. harzianum as a biocontrol agent and provide

insight into the biological function of L-amino acid oxidase.
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B INTRODUCTION

Rhizoctonia solani, a soil-borne plant pathogen with worldwide
distribution causes damping-oft and root rot in a wide range of
crops such as cabbage, cauliflower, potato, cucumber, and tobacco,
resulting in serious agricultural losses.' The management ap-
proaches currently used to control R. solani include chemical
pesticides and cultivation practices. However, these types of
controls are restricted due to economic and ecological reasons.
Alternative techniques, such as biological control, have been
studied over the past few decades. Several Trichoderma spp. have
been used as biocontrol agents against root rot pathogens,
including R. solani." Trichoderma, a filamentous fungus that is
widely distributed in the soil, has been investigated for its
biocontrol mechanisms during the past years. Trichoderma spp.
contact R. solani hyphae via coﬂmg and penetrate the host cell wall
by secreting lytic enzymes.”” Several glucanases and chitinases
have been shown to be directly involved in the mycoparasitic
interaction between Trichoderma species and R. solani **

Our previous study’ identified several cell wall-degrading
enzymes (i.e, Chitinase, cellulase, xylanase, [5-1,3-glucanase,
p-1,6-glucanase, and mannanase) and one putative L-amino acid
oxidase from the extracellular proteins of T. harzianum ETS 323
grown in the presence of deactivated R. solani hyphae. L-amino
acid oxidase (LAAO, E.C.1.4.3.2) is a dimeric flavoprotein that
catalyzes the oxidative deamination of an L-amino acid substrate
intoa correspondlng at-oxoacid with the production of H,O, and
ammonia.® Tt is well-known that these enzymes are widely
distributed in various organisms.”® Since Skarnes” first reported
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antibacterial activity for venom LAAO, LAAOs have become an
attractive enzyme for biochemical studies and medical applica-
tions because of their effect on microbial organisms and diverse
cell types, including cancer cells and platelets,'”'" but its
biological roles remain unclear.

While considerable attention has been focused on the gluca-
nases and chitinases involved in the antagonism of Trichoderma
spp. against R. solani, studies on the possible function of T.
harzianum LAAO in this antagonism have not emerged. There-
fore, the aims of this study were to identify the putative LAAO
from T. harzianum ETS 323 and to ascertain the effect of this
enzyme on the antagonism against R. solani.

Bl MATERIALS AND METHODS

All chemicals were purchased from J.T. Baker (Phillipsburg, NJ) and
Sigma (St. Louis, MO) unless otherwise noted.

Preparation of Fungal Materials. R. solani hyphae were culti-
vated and deactivated as previously described.® T. harzianum ETS 323 was
grown on PDA (Difco Laboratories) plates at 25 °C for 7 days. Following
the addition of 2 mL of sterile water to each plate, the conidia were scraped
off from each one. Cornidia (10°/mL) were inoculated into 250 mL
minimal medium (1.4 g L~ of [NH,],S0,, 02 g L' of KH,PO,, 6.9 g

~! of NaH,PO,-H,0, 03 g L' of MgSO,-7H,0, 1.0 g L™ " of
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Figure 1. Purification of Th-LAAO by gel filtration chromatography (A).
Elution volumes of the molecular mass standards and Th-LAAO (B).
MALDI-TOF-MS of Th-LAAO and analysis of Th-LAAO deglycosylation
by 10% SDS-PAGE (C). Th-LAAO-containing fractions obtained by a
ConA-Sepharose column chromatography were applied to a gel filtration
column. Arrows I and II indicate the Th-LAAO-containing fractions from
medium I and II, respectively. The active fraction of LAAO is denoted by a
dotted line. mU = milliunit. Panel b in Figure 1 (C) shows native and
deglycosylated Th-LAAO. Th-LAAO: LAAO from T. harzianum ETS 323.

peptone,and 0.3 gL' of urea). Each minimal medium was supplemented
with either 10 g L' of glucose (medium I) or 10 g L' of glucose and
10 g L' of deactivated R. solani hyphae (medium II) and further
cultivated at 22 °C with shaking for 5 days.

Assay for Antagonism Between T. harzianum ETS 323 and
R. solani. A thin layer of PDA was spread on a clean and sterile glass
microscope coverslip placed in the middle of a sterile culture plate. The
opposite sides of the medium-treated coverslip were seeded with two
4 mm diameter plugs of T. harzianum ETS 323 and R. solani hyphae cut
from the growing edges of S-day-old culture plates and then further
incubated for a period of 6 days at 25 °C. The glass coverslip was stained
with lactophenol cotton blue (Fluka Chemie, Buchs, Switzerland) to aid
in the visualization of the hyphae under a light microscope (IX70;
Olympus, Tokyo, Japan) equipped with an attached camera (SC3S;
Olympus, Tokyo, Japan). The hyphal interactions between the opposing
colonies were photographed every 24 h.

Purification of the Putative LAAO. The resulting solution of
extracellular protein extracts from medium I and II were concentrated using
the Amicon Ultra Centrifugal Filter device with a 5-kDa molecular weight
cutoff membrane (Ultra-4; Millipore, Billerica, MA). The Th-LAAO
purification was carried out by AKTAprime plus 100 fast protein liquid
chromatography (FPLC; Amersham Pharmacia Biotech, Piscataway, NJ)
equipped with the columns mentioned hereafter in the paragraph. Protein-
containing extracts were loaded onto a S mL ConA-Sepharose column (GE
Healthcare Bio-Science, Piscataway, NJ). Afterward, the column was washed
with a buffer (pH 7.4) containing 1 mM CaCl,, 1 mM MnCl,, 0.5 M NaCl,
and 0.02 M Tris-HCl and then eluted with a linear gradient of methyl-a-p-
manno-pyranoside (0—0.5 M) in 0.02 M Tris-HCl buffer (pH 74),
containing 0.5 M NaCl at a flow rate of 1 mL min . Glycoprotein fractions
were pooled and concentrated with ultrafiltration and then subjected to
FPLC with a Superdex HR 75 10/30 column (Amersham Pharmacia
Biotech, Piscataway, NJ). The column was eluted with 20 mM sodium
phosphate buffer (pH 7.4), at a flow rate of 0.2 mL min ™. Protein molecular
weight markers were used for calibration: myoglobin (17 kDa), bovine
serum albumin (67 kDa), and human Ig (150 kDa). All chromatographic
steps were monitored at 280 nm and performed at 25 °C. The purified Th-
LAAO was lyophilized and identified with matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF-MS).

Protein Glycosylation Analysis. For glycosylation analysis, 2 tg of
purified Th-LAAO was deglycosylated by incubation with 20 x 107> U
glycolpeptidase F (Sigma-Aldrich St. Louis, MO) in S0 uL of 0.02 M
sodium phosphate buffer (pH 7.6) at 37 °C for 17 h and subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

SDS-PAGE. The prepared extracellular proteins from media I and II
were loaded onto 10% SDS/PAGE'? at 25 mA for 2.5 h.

MALDI-TOF-MS Analysis. The molecular weights of Th-LAAO
and the tryptic peptide mixture were analyzed using a 4800 plus MALDI-
TOF/TOF analyzer (Applied Biosystems, Foster City, CA) equipped
with a nitrogen laser, a delay extraction, and a reflector. The sample was
prepared using a dried droplet method, with alpha-cyano-4-hyroxycin-
namic acid as the matrix. The instrument was calibrated with des—Argl—
bradykinin (MH™ 905.05), angiotensin (MH" 1296.6853), and neuro-
tensin (MH" 1672.9175). The full-scan spectrum of typtic peptides in
the MS mode was in an m/z range of 1000—4000. All experiments were
performed at least three times.

Flavoprotein Analysis. For verifying the presence of FAD in the
purified Th-LAAO, a 200-ug aliquot of Th-LAAO was boiled in 1 mL for
20 min and filtered with an Amicon Ultra Centrifugal Filter device with a
molecular mass cut off of 3 kDa (Ultra-4; Millipore, Billerica, MA).
Afterward, the filtrate containing the chromophore (yellow color) was
collected and subjected to electrospray ionization mass spectrometry
(ESI-MS) analysis. The MS measurements of the chromophore and
FAD-Na, standard (Sigma-Aldrich St. Louis, MO) were performed
using a Thermo Finnigan LCQ Duo LC/MS/MS (Vernon Hills,
Ilinois) in the positive-ion mode under the following conditions:
Samples were introduced by flow injection with a mobile phase of
25% methanol and 0.1% trifluoroacetic acid in water (v/v) (spray
voltage: 4 kV; capillary temperature: 200 °C).

4520 dx.doi.org/10.1021/jf104603w |J. Agric. Food Chem. 2011, 59, 4519-4526



Journal of Agricultural and Food Chemistry

Table 1. Protein Identification of the LAAO from T. harzianum ETS 323 by MALDI-TOF-MS

MALDI-TOF-derived amino acid sequence

1MVGAGVSGLYIAMILDDLKIPNLTYDIFESSSRTGGRLYTHHFTDAK “,,
+s HDYYDIGAMR &
<s YPDIPSMKR
& TENL FKRTGMPLIKg,
« YYLDGENTPQLYNNHFFAK 00
101 GVSDPYMVSVA NGTVPDDVVDSVGEK 55
126 LQQAFGYYK 134
135 EKLAED EDK 3
143 GEDELMLVDDIATREYLKR 4,
1ss EYLKRGGPKGEAPK ,,
17»YDYFAIQWMETQNTGTNLEDQAFSESVID SEDFDNPTK 56
»»s ETLVHKVQNNKR 50
»40 VDAISIDLDAP DDGNMSVR ,5¢
256 GLNLHPTQADAIRCLHYDNSTKVALK 51,
108 VALKFSYPWWIK 3,0
150 DCGITCGGAASTDLPLR 534
337 TCVY PSYNLDDGDG EAVLLASYTW SQDATR 344
+67 IGSLVKEAPPQPPK 4,
551 EDELIELILQNL 1,
105 ARLHAEHI TYEKIK 406
+s» FHIVGEASSVHHAWIIGSL -0
“The conserved dinucleotide-binding motif and GG motif are shaded.

MH" matched

S

5175.8916
1240.3527
1106.3019
1666.0526
2334.5232
2636.8601
1117.2665
1094.1835
2284.6057
1529.7549
4486.7881
1465.6713
2003.1631
2879.2783
1537.8632
1649.8500
3311.5291
1460.7323
1328.4783
1708.9762
2060.3369
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Measurement of LAAO Activity. LAAO activity was assayed in a
96-well microplate using an enzyme-coupled assay.'> The 200 uL
reaction mixture contained 20 mM sodium phosphate buffer (pH
7.5), 50 mM v-phenylalanine as substrate, 0.5 mg mL ™" o-dianisidine
(Sigma-Aldrich, St. Louis, MO), 4.7 U of horseradish peroxidase (Sigma-
Aldrich St. Louis, MO), and predetermined amounts of the eluted
fraction (purified Th-LAAO) or crude extract. One unit of Th-LAAO
was defined as the production of 1 #mol of H,O, per minute. After 17 h
at 37 °C, the A, was recorded using a microplate reader (model 680;
Bio-Rad, Hercules, CA). The substrate specificity of Th-LAAO was
examined using other L-amino acids (L-amino acid kit; Sigma-Aldrich St.
Louis, MO) under identical assay conditions. The concentration of Th-
LAAO in the reaction mixture was 0.3 #M and the concentration of the
substrate was 1.0—50 mM. All experiments were performed at least three
times. The kinetic parameters K, and k., for the substrates were
calculated using the nonlinear least-squares fit of the experimental data
to the Michaelis—Menten equation, using Micro-Origin v7.0 (Microcal
Software, Northampton, MA).

Effects of Th-LAAO on R. solani and T. harzianum ETS 323
Hyphal Growth. Two-millimeter-diameter discs of the fungal hyphae
of either T. harzianum ETS 323 or R. solani were obtained from the
edges of a 5-day-old PDA fungal culture. Afterward, two discs of the
fungus under investigation were placed at the opposite sides of a 9 cm
PDA plate. A sterile filter paper disk (6 mm) impregnated with one of
several concentrations (3, 6, or 12 ug per disk) of Th-LAAO was placed
on the advancing fungal hyphae (T. harzianum ETS 323 and R. solani),
while a disk saturated with sterile distilled water was positioned on the
other to serve as a negative control. The plates were further incubated
at 28 °C for a period of 6 days. The growth of the hyphae was
photographed daily, with the growth diameters also recorded on a daily
basis. The percentage of hyphal growth reduction was calculated using
the following equation:

D —D
hyphal growth reduction(%) = % x 100

(c)

where D) and D) are the diameter of the R. solani growth on the
control plate and the Th-LAAO-containing plate, respectively. All
experiments were performed at least three times.

Effects of Th-LAAO on the Sporulation of T. harzianum ETS
323. For determining the effect of Th-LAAO on the sporulation of
T. harzianum ETS 323, the fungus was cultivated (with or without Th-
LAAO) as above for 7 days. The conidia were harvested from the culture
plate by adding 2 mL of sterile distilled water, spun down, and
resuspended in 10 mL of distilled water. The number of conidia was
determined by a Neubauer hemacytometer slide (Neubauer, West
Germany).

Microscopic Observation. For light microscopic observations, a
thin layer of PDA was spread on a sterile microscope coverslip and placed
in the middle of a sterile Petri dish. One disk (2 mm in diameter) of the
fungal hyphae (T. harzianum ETS 323 or R. solani) was cut from the
growing edges of S-day-old fungal culture and transferred to the center of
the coverslip. One sterile filter paper disk impregnated with 6 ug of
Th-LAAO was placed on the fungal hyphae. The glass coverslips were
stained with cotton blue and observed daily under a light microscope for a
period of S days. All experiments were performed at least three times.

B RESULTS

Antagonism between T. harzianum ETS 323 and R. solani.
For examining the effects of T. harzianum ETS 323 antagonism
on R. solani, events such as mycoparasitism, coiling, antibiosis,
and hyphae lysis were observed. While growing near the R. solani
hyphae, T. harzianum ETS 323 produced branches oriented
toward the R solani hyphae. After 2—3 days of coculturing,
T. harzianum ETS 323 hyphae had made contact with those of
R. solani and were observed coiling around them (Supporting
Information (SI) Figure S1 A). After 4—5 days, more extensive
coiling was observed and had lead to growth inhibition of
R. solani (SI Figure S1 B). After 6 days, T. harzianum ETS 323
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Figure 2. Partial amino acid sequence alignment of Th-LAAO with other LAAOs. LAAO amino acid sequences from Rhodococcus opacus (GenBank:
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Figure 3. Mass spectrum of the chromophore from Th-LAAO. The
scheme illustrates the structure of FAD-Na,.

hyphae had lysed those of R. solani, resulting in the death of the
fungus (SI Figure S1 C).

Table 2. Kinetic Parameters for Th-LAAO with Substrates

L-amino acid® Vo (nmol min™") K, (mM)  key/Kp (min~' mM ")

L-phe 454.97 11.82 0.127
L-lys 204.95 9.95 0.068
L-glu 189.26 19.66 0.032
L-ala 134.65 6.01 0.044

“Th-LAAO was inactive against L-gly, L-leu, L-his, L-val, L-arg, L-pro,
L-met, L-thr, L-iso, L-gln, L-trp, L-ser, and L-asn substrates.

Purification of a Putative LAAO from Extracellular Pro-
teins of T. harzianum ETS-323. The putative LAAO from
extracellular protein extracts of T. harzianum ETS 323 grown
in medium I (in the absence of deactivated R. solani hyphae) and
medium II (in the presence of deactivated R. solani hyphae) were
purified to homogeneity with a ConA-Sepharose column and gel
filtration column chromatography. The purification process was
monitored by SDS-PAGE (SI Figure S2 A, B and Figure 1C).
Purified Th-LAAO generated two peaks at a retention volume of
6.7 mL (15 mAU) and 8.5 mL (27 mAU) for medium I and
medium II, respectively, in gel filtration (Figure 1A.). Rechro-
matography of the active fraction from medium II via the gel
filtration column is shown in SI Figure S2C, which showed that
the Th-LAAO afforded 1 major peak at 8.5 mL (25 mAU) of the
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Figure 4. Determination of the kinetic parameters of the substrate for
Th-LAAO. LAAO activity was measured using an H,O,-generation
assay. Reaction rate is defined as the generation of H,O, per minute.

retention volume. Purified Th-LAAO presented 1 band on the
SDS-PAGE from both media conditions (data not shown for
medium I) (Figure 1C, b, lane 1). The mass spectrum from Th-
LAAO MALDI-TOF in the positive mode gave a main peak at
m/z 67912.3773. These results demonstrated homogeneity of
the purified Th-LAAO. In this 2-step purification, 6.5 mg of
LAAO (77% yield) was obtained from 2500 mL of crude extract
from medium II containing 240 mg protein. These values were
calculated in relation to the LAAO activity in the crude extract,
which had a specific activity of up to 0.014 U mg . The specific
activity of the homogeneous Th-LAAO was 0.402 U mg '
against the substrate L-phenylalanine.

Molecular Mass and Glycosylation. Based on the results of gel
filtration chromatography, the molecular masses of Th-LAAO were
estimated to be approximately 130 kDa and 67 kDa in the absence
and presence of deactivated R. solani hyphae (Figure 1B), respec-
tively, despite the fact that 130 kDa is higher than the expected
resolution of the Superdex 75 column. On the other hand, SDS-
PAGE analysis revealed a molecular mass of 67 kDa (Figure 1C,
lane 1) for both medium conditions. These data suggested that Th-
LAAO was a homodimeric protein but that the monomeric form of
Th-LAAO was predominant when T. harzianum ETS 323 was
grown in the presence of R. solani hyphae. In addition, the results
showed that the amount of Th-LAAO increased in the culture
medium, whereas T. harzianum ETS 323 grew in the presence of
deactivated R. solani hyphae (Figure 1A and SI Figure S2B).
Moreover, a sugar moiety was effectively liberated by the digestion
of Th-LAAO with glycopeptidase F (Figure 1C, lane 2), indicating
the presence of an N-linked carbohydrate side chain. The molecular
weight of deglycosylated Th-LAAO was estimated to be 60 kDa.

Amino Acid Sequence Analysis. Th-LAAO was digested with
sequencing-grade trypsin, and the peptide mass fingerprint was
analyzed by MALDI-TOF-MS. Tryptic peptides were identified
(Table 1) when aligned with the deduced amino acid sequence of
Hypocrea lixii (T. harzianum ETS 323) L-amino acid oxidase
mRNA as derived from partial cDNAs (GenBank: GU902953,
which was submitted by us previously), with an estimated molec-
ular weight of 52 kDa. The MS-derived amino acid sequence of the
Th-LAAO fragments covered 80% of the H. lixii LAAO sequence.

Therefore, this indicated that the deduced amino acid sequence of
the H. lixii LAAO mRNA was a partial sequence of Th-LAAO.

A partial amino acid sequence alignment analysis using Clus-
talW2 revealed that Th-LAAO showed limited homology to other
LAAOs (e.g, those from microorganisms and animals), such as
that from Rhodococcus opacus (16%), Bothrops jararacussu (19%),
Emericella nidulans (16%), Crotalus adamanteus (19%), and Pla-
tichthys stellatus (24%). In addition, a highly conserved dinucleo-
tide-binding motif (G-X-G-X-X-G-X-X-X-G/A, Gly3-Alall) and
GG motif (R-X-G-G-R-X-X-S/T, Arg33-Thr40) were identified in
the N-terminus of Th-LAAO (Figure 2). These two motifs are
present in many families of flavoproteins, including FAD-binding
LAAOs."*" These results supported the conclusion that Th-LAAO
was a novel L-amino acid oxidase from T. harzianum ETS 323.

Flavoprotein Analysis. A conserved FAD-binding motif was
identified in the N-terminal region of Th-LAAO. For verifying that
Th-LAAO was a FAD-containing protein, a yellow chromophore
was isolated from the protein and submitted to mass spectrum
analysis, which supported the involvement of flavin in Th-LAAO. As
supported by the ESI-MS result, Figure 3 shows the mass spectrum
of the chromophore that dissociated from Th-LAAO by heating,
The ESI-MS in the positive mode gave the ion peak at m/z 241.34,
342.27, and 481.39, consistent with those of the FAD-Na, standard
(SI Figure S3). The former corresponded to the ion peaks at m/z
481.39, 342.27, and 241.34, which were assignable to fragment a
(carrying two sodium ions), fragment b, and fragment c, respec-
tively. These results provided evidence that FAD is the chromo-
phore associated with Th-LAAO.

Substrate Specificity. The substrate specificity of Th-LAAO
was determined among the 17 tested L-amino acids (Table 2). The
specificity constant, k.,/K, of L-phe, L-lys, L-glu, and L-ala were
0.127, 0.068, 0.032, and 0.044 min-' mM ', respectively, but the
other amino acids had no detectable activity. Therefore, the LAAO
from T. harzianum ETS 323 was dubbed an Lr-phenylalanine
oxidase because L-phe demonstrated the best substrate specificity
constant (Figure 4).

Antagonistic Effect of Th-LAAO on R. solani. A 6-ug disk "
of purified monomeric Th-LAAO from medium II was tested for its
antagonistic effect on the hyphal growth of R. solani (Figure S A). On
the fourth day of incubation, hyphal lysis of R. solani was observed in
the presence of Th-LAAO (Figure SA, a). After 6 days, the fungal
hyphae along the edge of the colony facing the paper disk appeared
to be thinning and revealed an inhibition zone with a diameter of
20 mm (Figure SA, c). However, the fungal hyphae showed regular
growth along the edge of the control disk. These results indicated a
Iytic effect on R. solani hyphae in the presence of Th-LAAO.

The hyphal growth of R solani with respect to the different
concentrations of Th-LAAO showed effectiveness at suppressing
the growth of R. solani (Figure SB). In comparison with the
control treatment, the percentage of hyphal growth reduction
was 62.5% and 87.5% on the third day of incubation in the
presence of a 3-ug disk ' and 6-ug disk " of Th-LAAO, res-
pectively. The minimum concentration of Th-LAAO for inhibi-
tion of hyphal extension was 3-ug disk ', demonstrating a 50%
hyphae growth reduction on the fifth day of incubation. Overall, a
6-ug disk " of Th-LAAO was the most efficient at inhibiting
hyphal growth of R. solani, demonstrating a 75% hyphae growth
reduction. The antagonistic activity of Th-LAAO at 6 ug was the
same as that at 12 ug, with both concentrations completely
inhibiting hyphae extension after S days of incubation. These
results indicated the positive correlation of R. solani hyphal
growth inhibition to the concentration of Th-LAAO.
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Figure S. Effect of Th-LAAO on the hyphal growth of R. solani. (A) Paper disk method: growth of R. solani on PDA media with (left) or without (right)
Th-LAAO (6 ug disk ") on PDA plates were photographed on the 4th (a), Sth (b), and 6th (c) days. The arrow in panel (a) indicates a large amount of
hyphal lysis. In panel ¢, the arrow indicates the antifungal zone of Th-LAAQ against R. solani. The asterisk in plot B indicates hyphal lysis. (C) Microscopy
observations: all panels are presented in the same magnification. Panel (a) and its inset indicate the control treatment after the Sth day of incubation. The
arrows in panel (b) and its inset indicate the malformed and vacuolated hyphae of R. solani after the Sth day of incubation with Th-LAAO. The arrows in
panel (c) indicate the lysis of malformed hyphae after vacuolation. In panel (d) and its inset, the arrow indicates large amounts of hyphal lysis. Scale bar
for inset panels = 0.5 mm, and all inset panels are presented in the same magnification.

‘When observed under a light microscope, results from the PDA-
coverslip showed some additional hyphal growth of R. solani after
treatment with Th-LAAO. These mycelia demonstrated hyphal
distortion (Figure SC), including swelling, malformed hyphae, and
vacuolation; however, these were not observed in the control
group (Figure SC, a). After vacuolation, hyphae lyses occurred in
the malformed hyphae (Figure SC, b and c), whereas control
hyphal walls were smooth and showed no vacuolation.

Effect of Th-LAAO on T. harzianum ETS 323. The profound
hyphal damage observed in R. solani in the presence of Th-LAAO
raised the possibility that this protein might have an effect on
T. harzianum ETS 323 itself. However, the effect of Th-LAAO on
the hyphal growth of T. harzianum ETS 323 was opposite to that of
R. solani. Both hyphal density and sporulation of T. harzianum ETS
323 increased in the presence of Th-LAAO relative to those of the
control (Figure 6A). Production of conidia by both H,O- and
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Figure 6. Effect of Th-LAAO on the hyphal growth and subsequent
sporulation of T. harzianum ETS 323. (A) Paper disk method: growth of
T. harzianum ETS 323 on PDA media with (left) or without (right) Th-
LAAO (6 ug disk™") was photographed on the 3rd (a), 4th (b), and Sth
(c) days. The arrows in panels (a) and (b) indicate that the addition of
Th-LAAO enhanced the hyphal density and sporulation of T. harzianum
ETS 323. (B) Light microscopy: the photomicrographs reveal that there
was no significant difference in the morphology of hyphae and spores
with no treatment (left) and treatment (right) of Th-LAAO. H: hyphae,
S: spore.

Th-LAAO-treated colonies was quantified after 5 and 7 days of
incubation (Table 3). The number of conidia produced at the fifth
day differed significantly between the two groups, with sporulation
higher in Th-LAAO-treated T. harzianum ETS 323. By the seventh
day, the difference was even greater, with a 3-fold increase in the
conidia of Th-LAAO-treated T. harzianum ETS 323 when com-
pared with the control treatment. Moreover, the hyphal morphol-
ogy at the fifth day indicated normal and extensive hyphal growth
on both control and Th-LAAO-treated colonies (Figure 6B).

H DISCUSSION

A novel L-amino acid oxidase from the extracellular proteins of
T. harzianum ETS 323 was first reported here. Th-LAAO is a
homodimeric glycoprotein like other LAAO family members,'*'¢
with a monomeric molecular weight of 67 kDa. Based on previous
reports, LAAO family members possess flavin as a coenzyme and
two highly conserved motifs, including a dinucleotide-binding
motif and a GG motif.">** In this study, Th-LAAO possessed the
two conserved motifs in its N-terminal portion, and a FAD
cofactor was identified, indicating high homology between Th-
LAAO and other LAAOs in the N-terminus; however, the amino
acid sequence alignment of Th-LAAO showed limited homology
to other LAAOs outside this region.

LAAOs have been reported to be present in the secretions of
many organisms, such as the venom of snake,'” the body surface
mucus of the giant African snail,*® the skin mucus of rockfish,'® and
the ink of the sea hare.® However, their biological purposes and
mode(s) of action have not been fully clarified. In this study, in the
presence of R. solani hyphae, there was an increase in the
concentration of Th-LAAO in the culture medium of T. harzianum
ETS 323. Moreover, coculture with deactivated R. solani hyphae
increased the levels of the monomeric form of Th-LAAO relative
to the homodimeric one. However, interestingly, the homodimeric
form of Th-LAAO from medium I had lower effect of inducing
R. solani hyphal lysis (data not shown) but no discernible effect on

Table 3. Effect of Th-LAAO on the Amount of Conidia
Produced by T. Harzianum ETS 323 after S and 7 Days
of Incubation

conidia yield (spore mL~")*

treatment S days 7 days

H,0 1.9 x 107 £0.13 23 %107 +0.12
Th-LAAO 5.1 % 10"+ 021 7.1 %107 +0.11

“Values shown are mean £ SEM of three replicates. Treatment with
highest growth was compared to other treatments using the Student’s
t-test, where *P < 0.0S.

the hyphal growth of T. harzianum ETS 323 (data not shown). A
possible explanation is that large amounts of monomeric Th-LAAO
increase the contact area between Th-LAAO and R. solani hyphae
and subsequently improve the hyphal lysis of the fungus. Th-LAAO
may play an important defense role in the biocontrol mechanism in
that R. solani may alter the secretion amount and dimerization state
of Th-LAAO and ultimately affect the ability of Th-LAAO to defend
itself while enhancing the growth of T. harzianum ETS 323.
Furthermore, in vitro assays revealed a possible role for Th-LAAO
in the antagonism between T. harzianum ETS 323 and R. solani.
This is the first evidence that an LAAO from T. harzianum ETS 323
might be associated with the mycoparasitic mechanism against
R solani. However, it is not clear if other LAAOs from different
organisms share similar biological purpose and modes of action.
It has been reported that venom LAAQs ***' can associate
with cell surfaces such as those of human vein endothelial cells
and mouse lymphocytic leukemia cells, inducing H,O,-mediated
damage that initiates apoptosis. Nonetheless, cell viability was
not fully recovered with catalase. This result indicated that the
LAAO-induced apoptosis is not fully explained by the effect of
H,0, production at the cell membrane. Therefore, it will be
intriguing to discover whether Th-LAAO associates with the cell
wall of R solani. For addressing this question, a fluorescent
isothiocyanate-labeled Th-LAAO was prepared. The preliminary
results showed that Th-LAAO did attach to the cell wall of
R. solani. In light of this, 10 uM H,O, was applied directly to
R solani, but no expected growth inhibition was observed. Again,
exogenous application of H,O, cannot fully explain the effect of
Th-LAAO on the hyphal lysis of R. solani. Therefore, based on
previous reports,”>*" we propose that Th-LAAO may bind to
apoptosis (hyphal lysis)-related cell wall proteins of R. solani and
that Th-LAAO may alter the structures of these proteins and
thereby cause their dysfunction. Later, Th-LAAO may also
induce the oxidation of the target proteins and produce a local
H,O, concentration increase that induces the apoptosis (hyphae
lysis) of R. solani. Further study is now under progress to search
for cell wall components that correlate with the Th-LAAO-
induced hyphal lysis and the apoptotic features of R. solani.
LAAOs have been widely found in snake venoms and are among
the most abundant proteins in venoms, particularly hemorrhagic
venoms.'** In previous reports, venom LAAOs have been shown
to affect platelet aggregation,”** induce apoptosis,"> have anti-
microbial effects,** and effect hemolysis™ in addition to catalyzing
the oxidation of amino acids. However, the venom of snakes is
usually employed for both prey capture and defense. Even though
T. harzianum ETS 323 has limited sequence homology to other
LAAO family members and is in a different kingdom of classifica-
tion from the snake, considering that Th-LAAO has a similar
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defensive role for T. harzianum ETS 323 itself, this may suggest the
importance of conservation and genetic diversification of LAAOs
contributing to the survival of diverse organisms.

Further investigations will be needed to determine whether
Th-LAAO has antagonistic activity toward other plant pathogens
besides R. solani. We anticipate that further research into the
function of Th-LAAO and other LAAOs will establish important
paradigms in the field of biocontrol and provide insight into the
biological function of these enzymes.
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