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Selection of suitable strains for biotechnological purposes is frequently a random process supported by
high-throughput methods. Using chitinase production by Hypocrea lixii/Trichoderma harzianum as a model, we
tested whether fungal strains with superior enzyme formation may be diagnosed by DNA bar codes. We
analyzed sequences of two phylogenetic marker loci, internal transcribed spacer 1 (ITS1) and ITS2 of the
rRNA-encoding gene cluster and the large intron of the elongation factor 1-alpha gene, tef1, from 50 isolates
of H. lixii/T. harzianum, which were also tested to determine their ability to produce chitinases in solid-state
fermentation (SSF). Statistically supported superior chitinase production was obtained for strains carrying
one of the observed ITS1 and ITS2 and tef1 alleles corresponding to an allele of T. harzianum type strain CBS
226.95. A tef1-based DNA bar code tool, TrichoCHIT, for rapid identification of these strains was developed.
The geographic origin of the strains was irrelevant for chitinase production. The improved chitinase produc-
tion by strains containing this haplotype was not due to better growth on N-acetyl-�-D-glucosamine or
glucosamine. Isoenzyme electrophoresis showed that neither the isoenzyme profile of N-acetyl-�-glucosamini-
dases or the endochitinases nor the intensity of staining of individual chitinase bands correlated with total
chitinase in the culture filtrate. The superior chitinase producers did not exhibit similarly increased cellulase
formation. Biolog Phenotype MicroArray analysis identified lack of N-acetyl-�-D-mannosamine utilization as
a specific trait of strains with the chitinase-overproducing haplotype. This observation was used to develop a
plate screening assay for rapid microbiological identification of the strains. The data illustrate that desired
industrial properties may be an attribute of certain populations within a species, and screening procedures
should thus include a balanced mixture of all genotypes of a given species.

After cellulose, chitin, a polymer composed of �-(1,4)-linked
units of the amino sugar N-acetylglucosamine, is the most
abundant organic source of carbon in nature (4). This com-
pound can be industrially renewed by extraction from shellfish
waste and can then be processed into many derivatives, which
are used for a number of commercial applications, such as
medical products (e.g., surgical thread), cosmetics, dietary sup-
plements, agriculture, and water treatment (12, 45, 46). In
modern biotechnology, chitin processing is based on microbi-
ally secreted chitinases, which account for up to 12% of the
total production cost (8). At present, there is no economically
profitable technology for chitinase production.

For successful biotechnology design, the choice of the mi-
crobial strain is of prime importance. Detection of suitable
producer organisms is still based on screening, which, although
supported by high-throughput methods (5, 58), is largely ran-
dom. On the other hand, nearly all wild strains isolated for
such surveys are now identified on the basis of certain molec-
ular phylogenetic markers. The quickly growing pool of various

core nucleotide gene sequences in public databases and an
increasing number of evolutionary studies in microbiology pro-
vide clear evidence that the phenotypic (metabolic) diversity in
many cases is biased by speciation processes and thus may be
correlated with certain phylogenetic markers (36, 37, 52, 57).
This means that it should be possible to design diagnostic DNA
sequences (DNA bar codes) to identify microorganisms with
unique metabolic properties and thus to direct screening and
further exploration of selected strains. Interestingly, this idea
has not been pursued in biotechnology yet.

Various organisms form chitinolytic enzymes (EC 3.2.1.14),
which hydrolyze the �-1,4-glycosidic linkage (21). Several chiti-
nase genes have recently been cloned and characterized from
mycoparasitic species of the imperfect soil fungal genus
Trichoderma, including Trichoderma harzianum (teleomorph,
Hypocrea lixii), Trichoderma virens (teleomorph, Hypocrea
virens), Trichoderma asperellum, and Trichoderma atroviride
(teleomorph, Hypocrea atroviridis) (7, 14, 22, 24, 31, 47, 54, 56,
59). The most comprehensive biomining of the complete ge-
nome of Hypocrea jecorina for chitinase genes and a subse-
quent survey of detected chitinases of H. atroviridis were per-
formed by Seidl et al. (55). Thus, it has frequently been
suggested that members of the genus Hypocrea/Trichoderma
are good sources for the production of chitinolytic enzymes
(13, 59).
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The initial hypothesis of this study was that of all of the
mycoparasitic Hypocrea/Trichoderma species studied, the large
holomorphic species H. lixii/T. harzianum likely contains supe-
rior chitinase-producing strains. We reached this conclusion
based on the following ecological and physiological properties.
First, under the current environmental conditions this species
is obviously an evolutionary “winner” since it dominates the
majority of Trichoderma soil communities studied and ac-
counts for up to 20% of the total number of isolates of the
genus (I. S. Druzhinina and C. P. Kubicek, unpublished data).
Also, T. harzianum strains have been obtained from all forest
and agricultural soils studied, as well as from such extreme (for
Trichoderma) environments as littoral zones (52) or waste piles
in oil production and other heavily polluted areas (V. A.
Terekhova, personal communication). This provides the pos-
sibility of studying a set of H. lixii/T. harzianum strains from
various geographic areas representing different populations.
Second, H. lixii/T. harzianum (T. harzianum sensu lato) in a
broad taxonomic sense has the highest level of intraspecific
genetic diversity in Hypocrea/Trichoderma (37, 38), which, how-
ever, is difficult to differentiate even on the basis of detailed
multilocus phylogeny (10). Moreover, in an analysis of the
growth profiles on 95 carbon sources (Biolog Phenotype Mi-
croArray) performed for about 100 Trichoderma strains from
Southeast Asia (35), T. harzianum accounted for 40% of the
sample and was the only species with no cumulative species-
specific phenotype. The third advantage arises from facts men-
tioned above and is the large number of phylogenetic marker
sequences accumulated for this complex species, together with
the availability of reliable methods for molecular identification
(15, 18, 32).

We show below (i) that T. harzianum strains having one
specific haplotype exhibit statistically supported superior chiti-
nase production compared with strains having the other hap-
lotypes and (ii) that this haplotype can be differentiated by
DNA bar codes for at least two phylogenetic markers and/or by
a physiological test that is easy to perform.

MATERIALS AND METHODS

T. harzianum strains. Strains investigated in this study and the GenBank
accession numbers of DNA loci sequenced are listed in Table 1. All strains are
maintained in the culture collections of the Department of Agricultural Chem-
ical Technology, Technical University of Budapest, Budapest, Hungary, and the
Research Area of Gene Technology and Applied Biochemistry, Vienna Univer-
sity of Technology, Vienna, Austria, and can be obtained from either of them
upon request. They were grown and maintained on potato dextrose agar slants.

Determination of fungal growth rates. To determine hyphal growth, plates
containing the carbon sources indicated below for the experiments (at a concen-
tration of 0.05% [wt/vol] in modified synthetic nutrient agar containing 2%
[wt/vol] agar) were each inoculated with a small piece of agar from the growing
front of a stock culture, which was placed 2 cm from the edge of the 11-cm petri
dish. The increase in colony extension towards the other side was measured twice
daily and plotted against time. The linear part of the resulting graph was used to
calculate the growth rate (in mm/h).

SSF. Chitinase formation was studied in solid-state fermentation (SSF) exper-
iments performed in 750-ml Erlenmeyer flasks containing a mixture of wheat
bran (4.5 g; food quality; purchased from a local supermarket) and crude chitin
(0.5 g; practical grade; from crab shells; Sigma) wetted with 10 or 15 ml of the
following salt solutions to obtain 67% (media 1 and 3) and 75% (media 2 and 4)
moisture contents, respectively: 0.5% (wt/vol) NH4NO3, 0.5% (wt/vol) KH2PO4,
0.1% (wt/vol) MgSO4 � 7H2O, 0.1% (wt/vol) NaCl, and 0.1% (vol/vol) trace element
solution (pH 5.0) for media 1 and 2 and 0.5% (wt/vol) (NH4)2HPO4, 0.5% (wt/vol)
KNO3, 0.1% (wt/vol) MgSO4 � 7H2O, 0.1% (wt/vol) NaCl, and 0.1% (vol/vol)
trace element solution (pH 5.0) for media 3 and 4. The trace element solution

consisted of 0.08% MnSO4, 0.17% ZnSO4 � 7H2O, and 0.25% FeSO4 � 7H2O.
Viable spores from 6-day-old fully sporulated stock cultures were harvested by
washing them with sterile water containing Tween 80 (0.1%, wt/vol). Sterile SSF
media were inoculated with 100 spores/g (dry weight) of substrate and incubated
at 30°C without shaking (still cultures). All experiments were performed in
duplicate.

Determination of fungal biomass dry weight. Fungal biomass dry weight in
SSFs was measured by determining the amount of alkali-extractable protein as
described previously (34). To this end, the fermented substrate together with the
mycelium (the whole SSF sample) was washed with tap and distilled water, dried
at room temperature, and then finally ground in a mortar under liquid nitrogen.
The frozen powder (0.25 g) was homogenized in 10 ml of 0.1 N NaOH and
centrifuged. The supernatant was used for determination of the soluble protein
content by the Bradford assay (6).

Enzyme assays. To determine extracellular chitinase activity, the contents of
each Erlenmeyer flask were suspended in 100 ml (final volume) aqueous Tween
80 (0.1%, wt/vol) and incubated for 2 h at room temperature with occasional
shaking. After centrifugation (8,000 rpm, 8 min, 20°C), the supernatant was used
as a source of enzyme. As described by Fenice et al. (20), chitinase activity was
assayed by measuring the release of reducing sugars from colloidal chitin pre-
pared as described by Roberts and Selitrennikoff (50). One unit of chitinase
activity was defined as the amount of enzyme that released 1 �mol N-acetyl-D-
glucosamine equivalents per min under assay conditions (50°C, pH 5.5).

Cellulase (carboxymethyl cellulase [CMCase]) activity was determined as de-
scribed by Mandels et al. (41), using a 2% carboxymethyl cellulose (Sigma)
solution as the substrate. One unit of CMCase activity was defined as the amount
of enzyme that released 1 �mol D-glucose equivalents per min under the assay
conditions (50°C, pH 4.8).

The data obtained were analyzed using factorial analysis of variance
(ANOVA) implemented in the STATISTICA 6.1 (StatSoft, Inc., Tulsa, OK)
software package. Post hoc comparisons were done using Tukey’s honestly sig-
nificant difference test.

Biolog Phenotype MicroArray technique. Carbon assimilation profiles were
evaluated using a Biolog FF MicroPlate (Biolog Inc., Hayward, CA) as described
by Druzhinina et al. (16).

Development of the selective medium for T. harzianum sensu stricto. In order
to develop a visual test for screening T. harzianum sensu stricto, petri plates
containing a carbon source (1.5% [wt/vol] glucose, 1.5% [wt/vol] N-acetylglu-
cosamine, or 1.5% [wt/vol] N-acetylmannosamine), 0.1% (wt/vol) KH2PO4, 0.3%
(wt/vol) (NH4)2SO4, 0.05% (wt/vol) MgSO4 � 7 H2O, 0.05% (wt/vol) KCl, 0.03%
(wt/vol) CaCl2, and 1% (wt/vol) Phytagel in morpholineethanesulfonic acid
(MES) buffer (50 mM, pH 6.1) were used. After autoclaving, iodonitrotetrazo-
lium chloride (150 �M) and menadione bisulfate (20 �M) were added to the
sterile medium. Plates were inoculated by point inoculation in the center of the
plate and incubated at 30°C.

Electrophoretic analyses. Extracellular proteins were obtained as described
above. For electrophoresis, they were centrifuged again (15,000 � g, 15 min,
4°C), and the supernatant was used. Standard protocols (3) were used for sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and native
PAGE. Briefly, protein samples (20 �l) were mixed with 5 �l of SDS-PAGE
sample buffer (without 2-mercaptoethanol) and without boiling were subjected
to electrophoresis on 12% polyacrylamide gels. In the case of native PAGE, SDS
was omitted from the sample buffer, the gels, and the running buffer. After
electrophoresis, proteins were stained with colloidal Coomassie blue (42). En-
zymatic activities in gels were identified as described by Haran et al. (23); using
SDS removal from the gels by washing with a solution containing casein and
EDTA, the gels were then equilibrated in sodium acetate (pH 4.8), and the
enzymatic activities were subsequently detected by overlaying the gels with a
solution containing 300 �g/ml of 4-methylumbelliferyl-N-acetyl-�-D-glucosaminide
and with a solution containing 300 �g/ml of 4-methylumbelliferyl-�-D-N,N�,N�-tri-
acetylchitotriose for detection of N-acetylglucosaminidases and chitinases, respec-
tively, in agarose. The hydrolyzed substrates gave a fluorescent signal which was
visualized with a UV transilluminator.

Western blotting was performed as described by Ausubel et al. (3), and
CBHI/Cel7A was detected by using monoclonal antibodies (44).

PCR amplification of the ITS1-ITS2 locus and of tef1, sequencing, and allele
identification. Mycelium for DNA extraction was grown on potato dextrose agar
covered by sterile cellophane. Genomic DNA was extracted with a plant DNeasy
mini kit (QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s
instructions, using approximately 150 � 50 mg fresh mycelium. Amplification of
the nuclear rRNA gene cluster containing internal transcribed spacer 1 (ITS1),
ITS2, and the 5.8S rRNA gene was performed using primer combinations SR6R
and LR1 (58, 61) and the protocol of Kullnig-Gradinger et al. (38). A 1.3-kb
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fragment of the tef1 gene encoding translation elongation factor 1-alpha was
amplified using primers EF1728F (9) and TEF1LLErev (5�-AAC TTG CAG
GCA ATG TGG-3�). This fragment included the fourth and fifth introns and a
significant portion of the last large exon (9, 17). Template DNA (100 �l) was
directly prepared from PCR products by purification with a QIAquick PCR
purification kit (QIAGEN) and was sequenced with a capillary sequencer (ABI
3730 XL; Applied Biosystems, Foster City, CA).

To identify alleles, DNA sequences were visually aligned using Genedoc 2.6.
ITS1, ITS2, and tef1 sequences were used to develop the T. harzianum sensu
stricto specific DNA bar code as described by Druzhinina et al. (18). Integration

of this bar code into the oligonucleotide bar code program led to release of the
TrichoCHIT tool for identification of potential superior chitinase producers
among H. lixii/T. harzianum strains (http://www.isth.info/tools/trichochit). The
library of oligonucleotide hallmarks is stored in the MySQL database. The
TrichoCHIT program was written in PHP scripting language (PHP5) and em-
bedded into HTML (16, 19).

To determine the intraspecific structure, parsimony phylogenetic analyses of
tef1 sequences were performed in PAUP* 4.0b10 using a heuristic search, with
the starting tree obtained via stepwise addition, with random addition of se-
quences with 1,000 replicates, and with tree bisection-reconnection as the

TABLE 1. Strains used in this study

Species Strain Origina

GenBank accession no.b

ITS1 and
ITS2 tef1

T. harzianum sensu
stricto

CBS 226.95 (ex-type strain) England AY605713 AY605833
TUB F-684 Russia, Siberia EF113574 AY605828
TUB F-688 Russia, Siberia EF113575 AY605831
TUB F-690 Russia, central region EF113576 AY605829
TUB F-691 Russia, Siberia EF593402 EF593401
TUB F-699 Russia, Siberia AF149855 AY605826
TUB F-700 Russia, central region EF113577 EF113553
TUB F-743 Russia, Siberia AF149859 AY605827
TUB F-750 Russia, central region EF113554
TUB F-762 Russia, central region AF149866 EF113555
TUB F-444 Turkey EF113588 EF113566
TUB F-464 Turkey EF113584 EF121551
TUB F-477 Russia, central region AF149852 AY605830
IMI 359823 England EF113587 AY605832
TUB F-1020 Hungary, river sediment (mud),

Danube River
EF113589 EF113569

DAOM 222343 Canada, mushroom farm AY605735 AY605778
C.P.K. 1426 Russia, Central Russian National Park EF113591 EF116552
C.P.K. 1818 Ethiopia EF116553 EF116558
C.P.K. 2111 Hungary, mushroom farm EF116557 EF116562
C.P.K. 2218 Russia, Tatarstan EF116555 EF116560
C.P.K. 2220 Russia, Tatarstan EF116556 EF116561

H. lixii/T. harzianum
sensu lato

TUB F-773 Nepal AF149865 AY605850
TUB F-898 Malaysia AF486027 EF113559
TUB F-453 Sri Lanka EF113583 EF113567
TUB F-839 Mexico AY857231 AY857283
TUB F-1005 Brazil AY857234 AY857285
TUB F-1006 Brazil AY857235 AY857286
PPRI 3912 South Africa EF113573 EF113552
PPRI 3909 South Africa EF113572 EF113551
C.P.K. 838 Egypt EF113570
C.P.K. 841 Egypt EF113590 EF113571
TUB F-873 Cambodia EF113579 EF113557
TUB F-885 Cambodia EF113580 EF113558
PPRI 3772 South Africa EF113585 AY605845
TUB F-768 Nepal AF149862 AY605847
TUB F-776 Nepal AF149868 AY605848
TUB F-777 Nepal EF113578 EF113556
TUB F-947 Nepal EF593404 EF593403
TUB F-732 Brazil AY857214 EF113568
TUB F-767 Nepal EF113586 AY605835
TUB F-771 Nepal AF149864 AY605834
TUB F-900 Singapore AF486024 EF113560
TUB F-964 Burma AF486023 EF113561
TUB F-966 Taiwan EF113581 EF113562
TUB F-968 Taiwan AF486025 EF113563
TUB F-972 Burma EF113582 EF113564
TUB F-1000 Indonesia AF486029 EF113565
TUB F-832 Mexico AY857226
TUB F-834 Mexico AY857228
C.P.K. 2163 Ivory Coast EF116554 EF116559

a Unless indicated otherwise, strains were isolated from soil.
b GenBank accession numbers in bold type were obtained for this paper; underlined GenBank accession numbers are accession numbers for the ITS1 sequence.
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branch-swapping algorithm. The stability of clades was assessed with 500 boot-
strap replications. Bootstrap values less than 60 were not considered. The Bayes-
ian approach to phylogenetic reconstruction (49, 63) was implemented using
MrBayes 3.0B4 (25). The interleaved NEXUS file was formatted using
PAUP*4.0b10 and was manually formatted for the MrBayes v3.0B4 program.
The model of evolution and prior settings for individual loci were used as
estimated by Druzhinina and Kopchinskiy (17) for different taxa of Hypocrea/
Trichoderma. Metropolis-coupled Markov chain Monte Carlo sampling was per-
formed with four incrementally heated chains that were simultaneously run for
1 � 106 and 3 � 106 generations. Bayesian posterior probabilities (PP) were
obtained from the 50% majority rule consensus for trees sampled every 100
generations after removal of the 300 first trees using the “burn-in” command.
Based on the protocol of Leache and Reeder (40), PP values less than then 0.95
were not considered significant.

RESULTS

Phylogenetic relationships between strains of H. lixii/T. har-
zianum sensu lato. Previous investigations showed that strains
of H. lixii/T. harzianum display a complex intraspecific struc-
ture and high degree of sequence variability, which neverthe-
less was not considered to be sufficient to recognize cryptic
species (10). Studies by our research group and other research
groups (10, 35, 37) showed that there is significant ITS1-ITS2
polymorphism of H. lixii/T. harzianum. Druzhinina et al. (18)
reported 24 alleles of this locus and nine sets of diagnostic
oligonucleotide hallmarks for a species identification bar code.
Therefore, to obtain a representative sample, strains were se-
lected based on their content of different ITS1-ITS2 alleles at
appropriate ratios and to obtain a balanced biogeography. To
this end, 50 strains were chosen. Fourteen of these strains were
obtained from Europe and the Middle East; ten strains were
obtained from Southeast Asia; five strains were obtained from
Siberia; six strains were obtained from the Himalayas; seven
strains were obtained from Africa; three, three, and one strains
were obtained from South, Central, and North America, re-
spectively; and one strain was obtained from Sri Lanka
(Table 1).

Visual analysis of aligned ITS1-ITS2 sequences revealed
the existence of a large set (22) of identical entries, includ-
ing the ex-type culture of T. harzianum, CBS 226.95, while
for the remaining group there were several polymorphic
positions in both the ITS1 and ITS2 loci which correspond
to “ITS haplotypes” described previously by Kullnig et al.
(37). This variability was appropriate for designing a poten-
tial bar code, but it was not sufficient for phylogenetic re-
construction. Since development and verification of the bar
code require an established phylogeny, another marker lo-
cus was needed. The large intron of the tef1 gene coding for
the translation elongation 1-alpha protein is usually more
variable than ITS1-ITS2. Recently, this intron has been used
as a reliable phylogenetic marker for Hypocrea/Trichoderma
(26–28, 53). Therefore, we amplified and sequenced the
large intron of tef1 for all strains under investigation. Visual
analysis of the alignment showed that the strains which have
the same ITS1-ITS2 alleles also have identical tef1 se-
quences. Both parsimony and Bayesian phylogenetic analy-
ses clearly showed the existence of a highly supported ho-
mogeneous clade composed of the T. harzianum ex-type
strain and 19 other isolates but did not provide clear reso-
lution of the phylogenetic structure for the remaining strains
(Fig. 1). Since this so-called “harzianum type” clade was

formed by strains from independent isolations from differ-
ent locations in Russia, Hungary, the United Kingdom,
Ethiopia, and Canada, we assumed that it represented a
single, cosmopolitan clonal population. The only incongru-
ence between the ITS1-ITS2 alleles and the tef1 clades was
noticed for Malaysian strain TUB F-898, which has an allele
identical to the ITS1-ITS2 type allele but does not belong to
“harzianum type” clade based on tef1.

Chitinase formation by a worldwide collection of H. lixii/T.
harzianum strains. To examine chitinase production by the
strains, they were grown on chitin-wheat bran as a carbon
source. SSF was used because Trichoderma has been shown to
produce only a little chitinase in submerged cultures. Also, SSF
may to some extent resemble the lifestyle of a filamentous
fungus in nature.

The chitinase activities are shown in Fig. 1. The majority of
efficient chitinase producers were found among the strains in
the “harzianum type” clade, all of which had the same allele of
the tef1 large intron, which was identical to that of T. harzia-
num ex-type culture CBS 226.95. Statistical analyses confirmed
that these strains were significantly more efficient chitinase
producers on all media tested [as determined by ANOVA, for
medium 1, F(1,47) � 18.23 and P � 0.0001; for medium 2,
F(1,47) � 24.055 and P � 0.0000; for medium 3, F(1,47) �
12.695 and P � 0.0009; and for medium 4, F(1,47) � 31.463
and P � 0.0000]. This was most apparent during the linear
phase of growth after 3 days of incubation, but it was still
evident after 5 days. A representative time course of growth
and chitinase formation for two strains belonging to the “har-
zianum type” clade is shown in Fig. 2. Maximal extracellular
chitinase production occurred in 4-, 5-, and 6-day SSFs, and the
peak activities were 5.5 and 4.8 IU/g (dry weight) with isolates
TUB F-684 and C.P.K. 2111, respectively. The mycelia devel-
oping in SSF exhibited maximal growth after 2 to 3 days of
incubation at 30°C. A comparison of chitinase production in
the four media did not reveal any significant difference [as
determined by ANOVA, F(3,192) � 2.0456 and P � 0.109].
Therefore, the data show that improved chitinase production
correlates with a unique haplotype of T. harzianum sensu
stricto.

Physiological properties of the superior chitinase produc-
ers. Having identified a genetically distinct clade of T. harzia-
num with increased chitinase production, we were interested in
identifying some physiological properties which may explain
this trait. One of the reasons for the improved chitinase pro-
duction by strains in the “harzianum type” clade could be that
they have a different rate of assimilation of the chitin mono-
mers N-acetyl-�-D-glucosamine and glucosamine, which (as-
suming that all the chitinases could be induced by chitin deg-
radation products) could give rise improved intracellular pools
of chitinase inducers. To test this hypothesis, we compared the
utilization of these two chitin monomers with that of glucose by
strains with different ITS and tef1 alleles. As shown in Table 2,
there was no allele-specific variation in the rate of growth on
any of the carbon sources. However, when individual growth
rates on either glucosamine or N-acetyl-�-D-glucosamine were
plotted against the chitinase activities shown in Fig. 1, no
correlation was obtained (data not shown). We therefore con-
cluded that the superior chitinase-producing strains do not
have a different rate of assimilation of chitin monomers.
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FIG. 1. Correlation between the haplotype of T. harzianum sensu stricto and superior production of chitinases. The phylogram on the left
corresponds to 1 of 100 saved equally parsimonious trees obtained after 1,000 replicates of a heuristic search applied to the tef1 last large intron
locus were examined. Bold branches lead to nodes which were significantly supported in Bayesian analysis (1,000,000 generations; PP 	 0.95). The
values above branches indicate bootstrap coefficients after 500 replicates. Bold type indicates strains which share the same allele for ITS1-ITS2
sequences with T. harzianum ex-type culture CBS 226.95. The numbers on the right are the levels of extracellular chitinase production after 3 days
of SSF (expressed in IU/g [dry weight]) on medium 1.
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The total chitinase activity of Trichoderma is the result of the
activity of several isoenzymes (54). Overproduction of selected
components of this chitinase system could therefore also result
in increased chitinase activity. In order to find out whether the
superiority of the strains bearing the allele of the “harzianum
type” clade is due to increased formation of one or more of the
chitinases, we performed electrophoresis with three and six
representative isolates of the “harzianum type” clade and
other H. lixii/T. harzianum strains, respectively, and stained the
gels for N-acetylglucosaminidase and endochitinase. Both
SDS-PAGE (without 2-mercaptoethanol and without the boil-
ing step but with subsequent renaturation) and nondenaturing
PAGE were used. The results are shown in Fig. 3. Native
PAGE revealed a diffuse band of activity which migrated only
poorly and which sometimes split into two bands representing
the two N-acetylglucosaminidases, Nag1 and Nag2 (56). In
contrast, SDS-PAGE and renaturation revealed only a single
band. This was due to the fact that Nag2 is not renaturable (V.
Seidl, unpublished data) and thus only Nag1 was measured.
However, the different staining intensities were comparable for
the two gels. The intensity of staining of Nag1 and Nag2 did
not correlate with the total chitinase activities measured.

Most of the endochitinase isoenzymes were not renaturable,
and therefore only the results of native PAGE are shown;
different strains produced only one or two bands upon zymo-
staining with 4-methylumbelliferyl-N-acetyl-�-D-glucosaminide.

FIG. 2. Time course of chitinase production by two strains belonging to the “harzianum type” clade. The solid line indicates the results for T.
harzianum ex-type strain CBS 226.95, and the dashed line indicates the results for strain TUB F-750. Standard deviations for three independent
cultivations are indicated by the error bars. DM, dry weight.

TABLE 2. Growth of H. lixii/T. harzianum on glucose, glucosamine,
and N-acetylglucosamine

Taxon No. of
strains

Growth (mm/24 h) on:

Glc GlcN GlcNAc

“harzianum type” clade 11 18.1 � 1.9 17.3 � 1.67 18.1 � 1.56
Other H. lixii/T. harzianum 18 19.6 � 2.0 18.7 � 2.0 18.5 � 1.96

FIG. 3. Chitinase isoenzyme pattern. (a) SDS-PAGE with staining
for N-acetyl-�-D-glucosaminidase; (b) PAGE with staining for
N-acetyl-�-D-glucosaminidase; (c) PAGE with staining for chitinase.
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Interestingly, despite the different isoenzyme patterns which were
observed, these patterns were similar for the “harzianum type”
strains. However, a comparison with Fig. 1 shows that none of the
patterns correlated with chitinase activity.

The increased production of chitinases may also be due to an
improved secretion capability of strains of the clade identified.
If this was the case, there should also be superior production of
other extracellular enzymes. We examined the concomitant
production of cellulases by selected strains used in this study. A
comparison showed that for 10 strains of the “harzianum type”
clade there was decreased activity of the cellulases; the
CMCase activity of these strains was 4.82 � 1.92 IU/g (dry
weight), compared with 6.99 � 2.09 IU/g (dry weight) for 18
other H. lixii/T. harzianum strains [as determined by ANOVA,
F(1,12) � 5.0580 and P � 0.0441]. Similarly, SDS-PAGE and
Western blotting of the major cellulase isoenzyme Cel7A
showed that strains of the “harzianum type” clade sometimes
had a significantly lower concentration of this enzyme in the
culture fluid than strains with other haplotypes (data not
shown). We concluded that strains of the “harzianum type”
clade are probably not characterized by higher protein secre-
tion.

Mycoparasitic activity of T. harzianum sensu stricto strains.
Since chitinases have been shown to be involved in mycopara-
sitism and consequently biological control of plant-pathogenic
fungi by Trichoderma spp., we reasoned that the isolates of the
“harzianum type” clade would also display enhanced myco-
parasitic abilities. To test this hypothesis, we used plate con-
frontation assays with Rhizoctonia solani, Botrytis cinerea, and
Sclerotinia sclerotiorum as plant-pathogenic hosts. The data
(Table 3) demonstrated that there was quite some variability
between individual isolates and also with respect to individual
hosts. However, on average, strains producing more chitinase
in SSF were neither better nor worse than strains producing
less chitinase.

Development of a screening method for T. harzianum sensu
stricto strains. The correlation of two unlinked gene markers
with improved chitinase production suggested that there are
also phenotypic traits which could be used for rapid screening
of strains of the “harzianum type” clade. To identify such a
trait, we used Biolog Phenotype MicroArrays to find specific
carbon utilization properties which could be used for diagnos-
tic purposes. The results of this analysis (data not shown)
revealed only 1 of 95 carbon sources which is utilized qualita-
tively differently by “harzianum type” strains and all other
strains of the species: strains of T. harzianum sensu stricto are
unable to grow on N-acetyl-�-D-mannosamine [as determined

by ANOVA, F(1,47) � 9.011 and P � 0.0000]. Consequently,
this finding was used to establish a plate test for identification
of strains of the “harzianum type” clade. This test consists of
parallel plating on 
-D-glucose and N-acetyl-�-D-man-
nosamine. We tested 15 strains, including five strains of the
“harzianum type” clade. The data showed that a lack of growth
on N-acetyl-�-D-mannosamine correlated with the “harzianum
type” clade and therefore with superior chitinase production
(Fig. 4). The only exception was strain TUB F-898, which has
the above-mentioned incongruence between the ITS1-ITS2 al-
lele and the tef1 allele and low levels of extracellular chitinases.
Similar to the “harzianum type” clade, this strain did not grow
on N-acetyl-�-D-mannosamine. Thus, the proposed selective
conditions may be used to prescreen for superior chitinase
producers of H. lixii/T. harzianum.

Bar code for identification of superior T. harzianum sensu
stricto chitinase producers. The unique ITS1-ITS2 sequences
and particularly the tef1 sequences of strains of the “harzianum
type” clade were used to develop the first online screening
system based on the oligonucleotide bar code. Since the cor-
relation between tef1 alleles and superior levels of extracellular
chitinases was absolute, while the results for the ITS1-ITS2
alleles were incongruent in one case, we recommend that the
large fourth intron of tef1 should be used as the first locus for
molecular screening of H. lixii/T. harzianum strains. However,
when a sample is composed of various species, including T.
harzianum, we recommend that ITS1-ITS2 and TrichOKEY 2
(18) should be used since besides superior chitinase producers
of the “harzianum type” clade the majority of other sequences
are identified on the species level. We developed the Tricho-
CHIT web tool (www.isth.info/tools/trichochit), which recog-
nizes the multiple sets of either ITS1-ITS2 sequences or tef1
sequences and selects the records which may indicate superior
chitinase production. In the case of the ITS1-ITS2 locus, each
positive record can be directly checked with the TrichOKEY
program (18; www.isth.info/molkey), while both ITS1-ITS2 se-
quences and tef1 sequences may be analyzed by the similarity
search integrated in TrichoBLAST (32; www.isth.info). Similar
options are suggested for negative results as well.

DISCUSSION

In this study, we used chitinase production to test whether
the principle that the DNA bar code could be employed for
screening for improved product formation by environmental
isolates of industrially important fungal species. Our data
proved the hypothesis that physiological traits are not ran-

TABLE 3. Mycoparasitism of H. lixii/T. harzianum strains used in this studya

Overgrowth

No. of strains with different hosts

“harzianum type” clade Other H. lixii/T. harzianum

R. solani B. cinerea S. sclerotiorum R. solani B. cinerea S. sclerotiorum

Strong 6 8 6 7 8 8
Moderate 9 6 7 7 4 6
None 6 7 8 5 7 5

a The data are the results of plate confrontation assays. Strong overgrowth indicates overgrowth and sporulation within 4 days; moderate overgrowth indicates
overgrowth within 7 days and occasional sporulation; no overgrowth indicates that growth stopped before or at contact with the host. Experiments were repeated at
least twice, and only consistent data were recorded.
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domly distributed within a given species; a single subpopula-
tion of H. lixii/T. harzianum indeed exhibits statistically sup-
ported enhanced chitinase formation. This subpopulation also
contains the ex-type strain of T. harzianum, and therefore we
call it “T. harzianum sensu stricto.” The global distribution and
the highly similar or identical nucleotide sequences of the two
molecular markers used (and also other molecular markers
[I. S. Druzhinina and C. P. Kubicek, unpublished data]) indi-
cate that this subpopulation is essentially clonal. Data to be
presented elsewhere show that populations composed of
strains outside this clade (which include the ex-type strain of
the teleomorph and therefore should be called H. lixii) have a
strongly sexually recombining structure (I. S. Druzhinina and
C. P. Kubicek, unpublished data). This finding may also explain
why T. harzianum sensu stricto shows enhanced chitinase pro-
duction, because specific traits, once obtained, become rapidly

fixed in clonal populations. It is therefore likely that similar
gradients for the production of enzymes and metabolites may
be found in other filamentous fungi which are known to consist
of cryptic species with varying degrees of sexual recombination
(11, 33, 43, 48).

The above explanation, if correct, implies that chitinase pro-
duction must be (or least has been) an important trait for
evolution of T. harzianum sensu stricto. One could speculate
that this is due to the fact that an essential part of the life cycle
of this fungus is spent in mycoparasitism, which would be
favored by increased chitinase formation. However, our data
did not prove the assumption that T. harzianum sensu stricto
strains are superior antagonists (see below) in vitro, and there-
fore, they may also not be superior antagonists in their natural
habitat. In order to understand the evolution of this trait, the
biogeographic distribution of T. harzianum sensu stricto and

FIG. 4. Nine selected examples of plate assays for screening T. harzianum strains for superior chitinase producers based on nonutilization of
N-acetyl-�-D-mannosamine. Strains in the first column belong to the “harzianum type” clade, while the two other columns contained other strains
of the species. The left side of each plate shows the colony morphology on 
-D-glucose, while the right side shows the growth on N-acetyl-�-D-
mannosamine. The red color was formed due to enzymatic reduction of the iodonitrotetrazolium chloride indicator of microbial metabolic activity
(in a reaction catalyzed by succinate dehydrogenase from the citric acid cycle) to the insoluble dye formazan red. Note that the negative reaction
for isolate TUB F-898 may be explained by the fact that this strain has the type allele of the ITS1-ITS2 sequences but does not share identity to
the “harzianum type” clade based on tef1.
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the biochronology of its emergence need to be considered. For
the first of these characterisitics, global screening of more than
300 isolates of T. harzianum revealed that T. harzianum sensu
stricto is abundant in Canada, Europe, and Siberia and that
only a few isolates were obtained from other areas. For the
second, T. harzianum sensu stricto differs in only one to three
nucleotides from the most closely related isolates of H. lixii
sensu lato in ITS1-ITS2. Using the estimates of Kasuga et al.
(29, 30) as a basis, the divergence time of the “harzianum type”
clade from the rest of the strains must therefore have taken
place some 0.6 to 4 million years ago (100% estimation error
included). Consequently, the speciation of T. harzianum sensu
stricto was a late Pleistocene event and correlated with the
occurrence of up to 10 glaciation periods in its habitat, the
earliest one starting 2.4 million years ago with the emergence
of the isthmus of Panama. In fact, such severe cold periods
have been shown to cause restriction of various organisms to
biotic refuges, loss of genetic variability, and fixation of specific
traits (62), which fits well with the present data. We speculate
that during this time T. harzianum sensu stricto specialized in
habitats enriched in chitinous debris, which favored natural
selection towards the enhanced chitinase formation observed
in this study.

Various physiological tests applied to strains of the “harzia-
num type” clade did not reveal other properties that could
explain the enhanced chitinase formation. Our results indicate
that the metabolism of the monomers, the rough overall com-
positions of the chitinase mixture, and the general secreting
capacities of T. harzianum sensu stricto and H. lixii sensu lato
are similar or at least not different enough to explain the
enhanced chitinase production. A characteristic not investi-
gated here is the induction mechanism, which is a topic for
further studies.

A remarkable finding was the fact that, despite its increased
chitinase activities, T. harzianum sensu stricto was not a better
antagonist of several plant pathogens than other strains of the
species. This agrees well with recent data that the total amount
of chitinases, although undoubtedly important for digestion of
the host cell wall during mycoparasitism, is less critical for the
process (55). In fact, the major band of chitinase seen in the
electropherograms is likely due to chi18-5 (previously ech42 or
chit42), because it accounts for the major extracellular chiti-
nase activity in Hypocrea/Trichoderma (22, 24). According to
phylogenetic analysis, the chi18-5 gene is a housekeeping gene
rather than a tool developed for mycoparasitism (55). It is
likely that some of the other chitinase isoenzymes, which are
expressed only poorly (such as that encoded by chi18-10 [55]),
have more subtle relevance to this process.

To the best of our knowledge, this study is the first study to
apply the bar code concept for strain screening in biotechnol-
ogy. However, some previous work pointed to potential success
in this direction; for example, Kubicek et al. (36) selected
strains of Trichoderma section Longibrachiatum species for
their ability to produce cellulases and found clearly enhanced
production by isolates of H. jecorina and Trichoderma longibra-
chiatum. Similarly, Arisan-Atac et al. (2) showed that the abil-
ity to biocontrol Cryphonectria parasitica causing cancer of
chestnut trees is restricted to only a few molecular species of
Trichoderma. Also, some evidence is available for other fungi.
In Rhizopus oryzae, rRNA sequence differences specify higher

lactic acid producers and the type of lactate dehydrogenase
allele (1, 51). In general, our data also support the concept that
there is a correlation between secondary metabolites and tax-
onomy (39), and we suggest that bar codes may also aid in
screening for new secondary metabolites. We describe here the
possibility to screen using two molecular phylogenetic markers
for superior chitinase-producing strains of the “harzianum
type” clade. Sequencing of ITS1-ITS2 should be chosen when
the sample contains mixed and unidentified strains of Hypo-
crea/Trichoderma. In this case we recommend submitting the
entire file with multiple ITS1-ITS2 sequences in FASTA for-
mat to the TrichOKEY 2 program (18, 19; www.isth.info
/molkey) and obtaining identification of all sequences at the
species level. Potential superior chitinase producers should be
identified as “Trichoderma harzianum sensu stricto” and should
not be confused with a general result for “H. lixii/T. harzia-
num.” For cases of more specific screening of already identi-
fied strains of H. lixii/T. harzianum, we recommend sequencing
the large intron of the tef1 gene and submitting it to Tricho-
CHIT (www.isth.info/tools/trichochit), the first version of the
tef1-based bar code for superior chitinase producers. The pro-
gram undoubtedly selects such strains from the pool of sub-
mitted sequences. Since a negative result may be due to various
reasons, including poor sequence quality in the diagnostic bar
code areas, we recommend testing all results by the similarity
search tool implemented in TrichoBLAST. This should also
reveal whether the sequence belongs to the correct species and
includes the diagnostic locus. All known strains of the “harzia-
num type” clade contain one allele of tef1 sequences. There-
fore, positive identification should be concluded either based
on an identical sequence match or based on a high-similarity
result with no more than two mismatches.

The morphology of T. harzianum has been shown to be
polyphyletic (compare, for example, the morphologically indis-
tinguishable species T. aggressivum), and therefore identifica-
tion of this taxon at the species level based on morphological
characteristics is uncertain by definition. Here we provide a set
of reliable molecular and physiological methods which either
individually or in a combination should lead to successful
screening for superior chitinase producers among the widely
distributed soil saprotrophs in the genus T. harzianum.
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