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Abstract: Environmentally compatible control measures are needed for suppression of Phytophthora capsici on pepper.
Twenty-three isolates of Trichoderma were screened for suppression of a mixture of 4 genetically distinct isolates of this
pathogen on bell pepper (Capsicum anuum) in greenhouse pot assays. Of these 23 isolates, GL12, GL13, and Th23 pro-
vided significant suppression of P. capsici in at least 2 assays. These isolates were then compared with Trichoderma virens
isolates GL3 and GL21 for suppression of this disease in the presence and absence of the harpin-based natural product
Messenger. Isolates GL3 and Th23 provided significant disease suppression (P £ 0.05) in 3 of 4 assays, while GL12,
GL13, and GL21 provided significant suppression in 2 of 4 assays. There was no apparent benefit from the application of
Messenger. Phylogenetic analysis of these 5 isolates (based on the ITS1 region of the nuclear rDNA cluster and tef1), and
an additional 9 isolates that suppressed P. capsici in at least 1 assay, separated isolates into 2 clades, with 1 clade contain-
ing GL3, GL12, GL13, and GL21. There were also 2 more distantly related isolates, one of which was Th23. We report
here the identification of genetically distinct Trichoderma isolates for potential use in disease management strategies em-
ploying isolate combinations directed at suppression of P. capsici on pepper.

Key words: biological control, methyl bromide replacement, pepper, Phytophthora capsici, Trichoderma, Trichoderma vi-
rens.

Résumé : Des mesures de contrôle compatibles avec l’environnement sont requises pour enrayer la contamination du poi-
vron par Phytophthora capsici. Vingt-trois isolats de Trichoderma ont été criblés quant à leur capacité à enrayer un mé-
lange de 4 isolats génétiquement distincts du pathogène sur le poivron (Capsicum anuum), lors de tests en serre. De ces 23
isolats, GL12, GL13 et Th23 enrayaient significativement P. capsici dans au moins 2 tests. Ces isolats ont alors été com-
parés aux isolats GL3 et GL21 de Trichoderma virens quant à leur potentiel de suppression de cette maladie en présence
ou en absence de Messenger, un produit naturel à base d’harpine. Les isolats GL3 et Th23 inhibaient significativement (P
£ 0.05) la maladie dans 3 des 4 analyses alors que GL12, GL13, et GL21 l’inhibaient significativement dans 2 des 4 ana-
lyses. Il n’y avait pas de bénéfice apparent à l’application de Messenger. L’analyse phylogénique de ces 5 isolats (basée
sur la région ITS1 de la grappe d’ADNr nucléaire et de tef1) et de 9 isolats supplémentaires qui supprimaient la croissance
de P. capsici dans au moins 1 analyse, a permis de séparer les isolats en 2 clades, 1 clade contenant GL3, GL12, GL13 et
GL21. Il y avait aussi 2 isolats reliés mais plus distants, un de ceux-ci étant Th23. Nous rapportons ici l’identification
d’isolats génétiquement distincts de Trichoderma potentiellement utilisables dans des stratégies de gestion de la maladie
faisant appel à des combinaisons d’isolats visant à enrayer P. capsici sur le poivron.

Mots-clés : contrôle biologique, remplacement du bromure de méthyle, poivron, Phytophthora capsici, Trichoderma, Tri-
choderma virens.

[Traduit par la Rédaction]

Introduction

Phytophthora blight, caused by the soil-borne oomycete

pathogen Phytophthora capsici Leonian, is an important dis-
ease of pepper worldwide, with the polycyclic nature of the
disease cycle resulting in massive crop losses in some grow-

Received 17 March 2010. Revision received 30 July 2010. Accepted 9 August 2010. Published on the NRC Research Press Web site at
cjm.nrc.ca on 28 September 2010.

D.P. Roberts,1 J.E. Maul, L.F. McKenna, and S.E. Emche. USDA Agricultural Research Service, Sustainable Agricultural Systems
Laboratory, Henry A. Wallace Beltsville Agricultural Research Center, 10300 Baltimore Avenue, Beltsville, MD 20705-2350, USA.
S.L.F. Meyer. USDA Agricultural Research Service, Nematology Laboratory, Henry A. Wallace Beltsville Agricultural Research Center,
10300 Baltimore Avenue, Beltsville, MD 20705-2350, USA.
R.T. Collins. USDA Agricultural Research Service, Sustainable Perennial Crops Laboratory, Henry A. Wallace Beltsville Agricultural
Research Center, 10300 Baltimore Avenue, Beltsville, MD 20705-2350, USA.
J.H. Bowers. USDA Animal and Plant Health Inspection Service, Plant Protection and Quarantine, 4700 River Road, Unit 26, Riverdale,
MD 20737, USA.

1Corresponding author (e-mail: dan.roberts@ars.usda.gov).

864

Can. J. Microbiol. 56: 864–873 (2010) doi:10.1139/W10-071 Published by NRC Research Press



ing seasons (Ristaino and Johnston 1999; Rosskopf et al.
2005). For the past 4 decades, management of soil-borne
pathogens of vegetable crops, including P. capsici on pep-
per, has relied heavily on preplant injection of soil with the
fumigant methyl bromide (Martin 2003; Rosskopf et al.
2005; Ruzo 2006; Lodovica Gullino et al. 2007). However,
methyl bromide usage in vegetable production in the United
States has been largely phased out in accordance with the
Montreal Protocol. Currently registered chemicals have
been reevaluated as replacements for methyl bromide for
preplant soil fumigation, but none are considered equivalent
substitutes (Martin 2003; Rosskopf et al. 2005; Ruzo 2006).
There is no guarantee that currently registered chemicals
will remain available for commercial growers or that nonre-
gistered chemical compounds currently in development will
be registered for commercial use (Duniway 2002; Noling
2002). This is due to an increased awareness regarding haz-
ards associated with the use of chemical fumigants, which
has resulted in a more stringent regulatory environment
(Ruzo 2006). Additionally, oomycete pathogens such as P.
capsici are genetically and biochemically distinct from fungi
and are not susceptible to most broad-spectrum fungicides.
For these reasons growers are heavily reliant on a limited
number of chemical controls, such as the phenylamide fun-
gicide metalaxyl, for P. capsici (Lamour and Hausbeck
2000). Insensitivity to metalaxyl has been reported in field
populations of P. capsici on bell pepper (Lamour and Haus-
beck 2000). Further complicating the development of control
measures for P. capsici is the genetic complexity of this spe-
cies (Oudemans and Coffey 1991; Mchau and Coffey 1995;
Bowers et al. 2007). Considerable potential exists for sexual
recombination and additional genetic variation among and
within P. capsici populations in the United States, as both
compatibility types (A1, A2) have been detected in the
same field (Ristaino 1990; Lamour and Hausbeck 2000,
2001).

‘Paladin’, a cultivar of pepper with resistance to Phytoph-
thora blight, is available, but plants are only resistant to the
soil-borne phase of this disease (Chellemi 2002; Hausbeck
and Lamour 2004). Continued research has identified several
quantitative trait loci in pepper that confer resistance to the
root-rot and foliar blight diseases of pepper (Ogundiwin et
al. 2005). However, no pepper accessions showing complete
resistance to P. capsici have been found (Bonnet et al.
2007). Other strategies to control Phytophthora blight are
ecologically based and rely on the prevention of a build-up
of inoculum through crop rotation and on controlling water
movement in production fields, as P. capsici is dispersed by
rain splash and surface water (Bowers et al. 1990; Ristaino
et al. 1992; Ristaino and Johnston 1999). Safe, environmen-
tally compatible, and economically feasible replacements for
methyl bromide are clearly needed for controlling soil-borne
plant pathogens of pepper such as P. capsici (Rosskopf et al.
2005).

Biological control of soil-borne plant pathogens has at-
tracted significant recent attention as an alternative disease
management strategy because of its ability to provide envi-
ronmentally friendly disease control, particularly when
included in an integrated pest management strategy. Un-
fortunately, inconsistent performance has hampered the
commercial development and application of these microbes

(Meyer and Roberts 2002; Alabouvette et al. 2006). Incon-
sistent performance has been attributed to genetic diversity
of the target pathogen, varying initial population levels of
the target pathogen, interactions with nontarget organisms,
varying rhizosphere or soil colonization by the biological
control agent, host plant species and cultivar effects, and
varying physical and chemical composition of the soil or
rhizosphere (Stirling 1991; Ownley et al. 1992; Boeger et
al. 1993; Sikora and Hoffman-Hergarten 1993; Pierson and
Weller 1994; Kerry and Bourne 1996; Raupach and Kloep-
per 1998; Schisler et al. 2000; Bowers et al. 2007). An ap-
proach to overcome inconsistent performance is to combine
2 or more genetically distinct microbes in a biological con-
trol preparation (Pierson and Weller 1994; Raupach and
Kloepper 1998). A combination of biological control agents
is more likely to have a greater variety of traits responsible
for suppression of a genetically diverse population of a sin-
gle pathogen or multiple pathogens. Combinations of biolog-
ical control agents are also more likely to have these traits
expressed over a wide range of soil environmental condi-
tions (Lemanceau and Alabouvette 1991; Lemanceau et al.
1993; Pierson and Weller 1994; Compant et al. 2005). The
objective of this study was to identify genetically diverse
isolates of Trichoderma with disease suppressive capabilities
against a collection of isolates of P. capsici on bell pepper.
These Trichoderma isolates will be used in future studies
where combinations of isolates are analyzed for suppression
of Phytophthora blight on pepper in a number of different
soil environments.

Materials and methods

Microbial isolates
See Table 1 for Trichoderma isolates used in this study

and Table 2 for P. capsici isolates used in this study. All
Trichoderma and P. capsici isolates were maintained on po-
tato dextrose agar at room temperature and are from the cul-
ture collection at the Sustainable Agricultural Systems
Laboratory, Beltsville, Maryland.

Preparation of P. capsici inoculum and biological control
agents

Petri dishes containing corn meal agar (Becton Dickinson,
Sparks, Md.) were inoculated with P. capsici isolates
R1198, RA4, 223, and R899 (2 plates per isolate) and the
plates incubated at room temperature for 5 days under light.
Four 1 cm2 pieces of clarified V8 Juice (CV8) agar contain-
ing hyphae of an individual P. capsici isolate were added to
a separate mycobag (Unicorm Imp. and Mfg. Corp., Com-
merce, Tex.) for each isolate and incubated at room temper-
ature for 2–4 weeks prior to use in disease suppression
assays. Mycobags were filled with 100 g Biodac (20/50;
Kadant Gran Tek, Inc., Green Bay, Wis.); amended with
CV8 (5.25 g CaCO3 was added to 340 mL CV8 Juice, the
volume brought to 350 mL with sterile distilled water, the
mixture centrifuged at 8000g for 20 min, and agar added to
the supernatant to a 1.5% final concentration; Bowers and
Mitchell 1990) at a ratio of 100 g Biodac to 100 mL CV8;
and autoclaved for 60 min on 2 consecutive days prior to in-
oculation. Mycobags containing Biodac, prepared as above,
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were inoculated with individual biological control agents
and incubated at room temperature 2–4 weeks prior to use.

Disease suppression assay
Pepper seed (Capsicum anuum L., Enterprise hybrid)

treated with Thiram was sown in starter cells (2 � 2 � 2.25
in. (1 in. = 25.4 mm); T.O. Plastics, Inc., Clearwater, Minn.)
containing potting mix (PGX ProMix, Premier Horticulture,
Inc., Quakertown, Pa.) amended with nothing, Biodac alone
(0.1%, v/v), or with Biodac colonized with biological control
agents (0.1%, v/v) and grown in the greenhouse for 8 weeks
prior to transplant. Water-soluble 20–20–20 (N2–P2O5–K)

fertilizer was applied weekly. Natural soil (compost:sand
mixture, 1:7) was moistened with tap water (1 L per 10 L
soil) and equilibrated for 1 week prior to transplant. Phy-
tophthora capsici in Biodac was added to moistened soil
2 days prior to transplant at a rate of 0.15 g/L soil. Individ-
ual pepper plants, 8–10 weeks old, in potting mix (nona-
mended or amended with Biodac or with Biodac plus
biological control agents) formed by starter cells were trans-
planted into empty 3 in. pots, and the remaining volume of
the pot was filled with soil infested with P. capsici or non-
infested soil as a control. Biological control agents were also
applied to the appropriate treatment as a 10 mL drench

Table 1. Trichoderma isolates used in this study.

Isolate Prior designationa Sourceb Featuresc DNA accession No.d

T. hamatum Tri-4 China
Trichoderma sp. Th1
T. harzianum Th23 ATCC MYA-647 HM991711
Trichoderma sp. Th24
T. harzianum Th32
Trichoderma sp. Th38
T. virens Th66 T. harzianum Th66 GU046488/HM991714
T. virens Th89 T. harzianum Th89 GU046486/HM991713
T. virens Th91 T. harzianum Th91 GU046489/HM991712
T. harzianum 104 GU046490/HM991710
T. virens GL1 G1, GVR J-1 C. Howell, College Station, Tex. GU046497/HM991721
T. virens GL2 G2 Soil from Beltsville, Md. GU046496/HM991723
T. virens GL3 G3 Isolated from Sclerotium rolfsii

in Beltsville, Md. soil
Viridin, glioviren AF099006/HM991718

T. virens GL4 G4, GL4A2 GU046493
T. virens GL5 G5, MTD356-14 Soil from Beltsville, Md.
T. virens GL7 G7, MTD29-7 Soil from Beltsville, Md.
T. virens GL8 G8, GV8 Isolated from Sclerotinia minor

in soil from Beltsville, Md.
GU046495

T. virens GL9 G9, GVP C. Howell, isolated from
Rhizoctonia solani in College
Station, TX soil

Viridin, glioviren GU046494/HM991715

T. virens GL10 G10, GVMT
T. virens GL12 G12, MTD356-11 Soil from Beltsville, Md. GU046492/HM991716
T. virens GL13 G13, MTD290-18 Soil from Beltsville, Md. GU046491/HM991722
T. virens GL14 G14, MTD138-10 Soil from Beltsville, Md. HM991720
T. virens GL15 G15, MTD189-10 Soil from Beltsville, Md.
T. virens GL16 G16, MTD31-10 Soil from Beltsville, Md.
T. virens GL21 G20 Viridin, gliotoxin AF099008/HM991717

aPrior isolate names occurring in the literature or at the American Type Culture Collection.
bAll isolates are from the culture collection at the Sustainable Agricultural Systems Laboratory. Additional information regarding the source for each

isolate is provided as known.
cAntibiotics produced. Information is from Lumsden et al. (1992).
dDNA accessions used in strain identification and phylogenetic analysis.

Table 2. Isolates of Phytophthora capsici used in this study.

Isolate Host Origin AFLP cladea ITS subcladea

R899 Bell pepper New Jersey A nd
R1198 Bell pepper New Jersey A A3
223b Bell pepper New Jersey A nd
RA4 Bell pepper New Jersey A A1

Note: nd, not determined.
aAFLP and sequence analysis of the internal transcribed spacer (ITS) region of rDNA

(Bowers et al. 2007).
bEvidence existed to place isolate 223 in a separate clade (Bowers et al. 2007).
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(~106 colony-forming units/mL in sterile distilled water) to
the soil 1 week prior to transplant and at transplant. The
number of colony-forming units of biological control agents
in the drench was determined by dilution-plating onto TME
(Papavizas and Lumsden 1982). The natural product Mes-
senger (Eden Bioscience, Woodenville, Wash.) was applied
individually or in combination with Trichoderma isolates.
When used, Messenger was applied according to the manu-
facturer’s instructions as a seed treatment and as a foliar ap-
plication 1 week prior to transplant. Messenger was included
to determine whether the use of an additional control tactic
would improve disease suppression. Each experiment con-
sisted of 20 replicate pots per treatment, with one plant per
pot, arranged in a completely randomized design. Days to
symptom expression was determined for each plant for the
14 day period after transplant. Kaplan and Meier (1958) lo-
gistic disease progression curves were fitted to the data
using SAS version 9.2 LIFETEST (SAS Institute Inc.
2007), which also provided estimates and 95% confidence
intervals for median disease progression (i.e., days to 50%
symptomatic plants) using the product-limit method (Kalb-
fleish and Prentice 1980). Treatments were compared by
comparing days to 50% symptomatic plants and considered
significant at P < 0.05. Experiments were analyzed inde-
pendently.

Cloning and sequencing the ITS1 region and tef1 from
Trichoderma spp.

Genomic DNA isolation from Trichoderma isolates GL1,
GL2, GL3, GL4, GL8, GL9, GL12, GL13, GL21, Th23,
Th66, Th89, Th91, and Th104 was by standard protocols
(Sambrook and Russell 2001). The ITS1 region of the nuclear
rDNA cluster was amplified from these genomic preparations
using primers ITS1F (5’-CTTGGTCATTTAGAGGAAGTA-
A-3’) and ITS4R (5’-TCCTCCGCTTATTGATATGC-3’)
(White et al. 1990; Gardes and Bruns 1993). A 258 bp frag-
ment of tef1 was amplified using primers EF1-728F (5’-
CATCGAGAAGTTCGAGAAGG-3’) and EF1-986R (5’-
TACTTGAAGGAACCCTTACC-3’) (Druzhinina et al.
2005; Jaklitsch et al. 2006). Two microlitres of genomic
DNA (0.384 to 1.319 mg DNA/mL) was added to 23 mL
PCR mixture containing 0.4 mmol/L of each primer and 1�
AmpliTaq Gold PCR Master Mix (6.25 U AmpliTaq Gold
DNA polymerase, 2.5 mmol/L MgCl2, and 200 mmol/L of
each dNTP). PCR amplification was performed in an Eppen-
dorf Mastercycler Gradient Thermal Cycler (Eppendorf,
Westbury, N.Y.). The amplification program consisted of an
initial 5 min denaturation step at 94 8C; 35 cycles at 94 8C
for 30 s, 44 8C (for the ITS1 region) or 48 8C (for the tef1
fragment) for 30 s, and 72 8C for 1 min; and a final exten-
sion step at 72 8C for 10 min. Following amplification, PCR
products were electrophoresed in 1% agarose gels buffered
with 1� TAE containing 0.01 mg/mL ethidium bromide.
ITS1 and tef1 amplicons were purified from agarose gels us-
ing the UltraClean15 DNA purification kit (MoBio Labora-
tories Inc., Solana Beach, Calif.) and cloned using the
pGEM-T Easy Vector System (Promega Corporation, Madi-
son, Wis.). Escherichia coli DH5a transformants containing
the cloned amplicons were selected on Luria–Bertani agar
plates with 100 mg/mL ampicillin, 0.5 mmol/L IPTG (iso-
propyl b-D-1-thiogalactopyranoside), and 80 mg/mL X-gal

(5-bromo-4-chloro-3-indolyl-b-galactopyranoside). Recombi-
nant plasmid DNA was isolated from overnight cultures us-
ing the UltraClean 6 Minute Mini Plasmid Prep Kit (MoBio
Laboratories Inc.). DNA from these plasmid inserts was am-
plified using M13 forward and reverse primers (Integrated
DNA Technologies, Coralville, Iowa) and sequenced using
BigDye Terminator v1.1 or v 3.1 Cycle Sequencing Kits
(Applied Biosystems Inc., Foster City, Calif.). Sequencing
reactions were run for the respective forward and reverse
primers for the ITS1 region and tef1. Sequencing reactions
were purified using the Performa DTR Ultra 96-Well Plate
Kit (EdgeBio, Gaithersburg, Md.) and analyzed on an ABI
Prism 3730 Genetic Analyzer (Applied Biosystems Inc.,
Foster City, Calif.). Sequences were trimmed of vector se-
quence, quality checked, and aligned using the DNAStar
suite of software (DNAStar, Madison, Wis.). Contigs were
created using paired forward and reverse sequencing reads,
and the consensus sequence was used for phylogenetic anal-
ysis.

Phylogenetic analysis
For species identification a batch of FASTA files contain-

ing an ITS sequence from the 14 isolates (listed above) were
submitted to GenBank using trichOKEY (http://www.isth.
info/tools/molkey). These sequences were automatically
scanned against the 104 vouchered Hypocrea/Trichoderma
sequences. For phylogenetic analysis consensus sequences
for the ITS1 region and tef1 for each Trichoderma strain
were individually queried against the NCBI nonredundant
database using BLAST. The 15 accessions with the highest
bit scores were cataloged, and the FASTA output from each
was used to create a local database. This database was later
used to populate an input file for subsequent multiple se-
quence alignments and phylogenetic tree building using the
DNAStar suite of software and MEGA4 (Tamura et al.
2004). The evolutionary history was inferred using the
neighbor-joining method (Saitou and Nei 1987; Tamura et
al. 2004). The evolutionary distances were computed using
the maximum composite likelihood method and are meas-
ured as the number of base substitutions per site. All posi-
tions containing gaps and missing data were eliminated
from the data set (complete deletion option). Phylogenetic
analyses were conducted in MEGA4. There were a total of
400 positions in the final data set shown in Fig. 1. The
ITS1 region and tef1 sequences from each organism were
concatamerized into a single test sequence, as shown in
Fig. 2. There were a total of 681 positions in the final data
set.

Results

Screening of Trichoderma isolates for suppression of P.
capsici on pepper

Twenty-three isolates from 3 species of Trichoderma (Tri-
choderma hamatum, Trichoderma harzianum, Trichoderma
virens) and a variety of host – geographic location combina-
tions were screened for suppression of P. capsici on bell
pepper. Certain biochemically characterized isolates were in-
cluded that also varied in antibiotic production, some iso-
lates producing gliotoxin and others producing glioviren
(Table 1). These fungi were applied in the planting medium
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as a drench 1 week prior to transplant and as a drench at
transplant in greenhouse pot assays. With the exception of
Run 1, isolates whose lower 95% confidence interval was
equal to or greater than the upper 95% confidence interval
of the pathogen check for days to 50% symptomatic plants
were considered to have provided significant disease sup-
pression. Approximately half of the isolates tested provided
significant disease suppression in their first screen run:

Th66, Th89, Th91, Th104, GL1, GL2, GL4, GL8, GL9,
GL12, and GL13. All these isolates were screened in a sec-
ond run for suppression of P. capsici on pepper (Table 3). In
Run 1, the estimated upper 95% confidence interval for 50%
symptomatic plants was greater than the duration of the ex-
periment. Isolate Th23, which performed the best in this run,
was chosen for further screening. Only isolates Th23, GL12,
and GL13 provided significant disease suppression in their

Fig. 1. Evolutionary relationships of 112 taxa related to the tested biocontrol isolates based on ITS1 sequence data. The evolutionary history
was inferred using the neighbor-joining method. The optimal tree with a sum of branch length of 0.094 is shown. Large dots identify the
biological control isolates tested. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree.
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respective second screen runs and were selected for further
testing. Isolate Th89 was not run in a second screen despite
providing significant disease suppression in the first screen
run. There was no evidence of phytotoxicity with any of the
23 isolates tested.

Isolates Th23, GL12, and GL13 were compared with T.
virens isolates GL3 and GL21 for suppression of P. capsici
on bell pepper in four greenhouse pot assays (Table 4).
These isolates were applied in the planting medium as a
drench 1 week prior to transplant and as a drench at trans-
plant in these experiments. GL3 was shown to suppress P.
capsici on bell pepper in previous work (Mao et al. 1998),
while GL21 is the strain in the commercial biological con-
trol product SoilGard. Isolates GL3 and Th23 provided sig-
nificant suppression of P. capsici in 3 of 4 runs (Runs 10,
11, and 13), while isolates GL12, GL13, and GL21 provided
significant suppression in 2 of 4 runs (Runs 10 and 11). Ap-
plication of the harpin-based product Messenger, alone or in
combination with these isolates, failed to improve disease
suppression (Table 4). Messenger was included to determine
whether the use of an additional control tactic would im-
prove disease suppression. There was no evidence of phyto-
toxicity with any of the treatments in any experiment.

Phylogenetic analysis of promising Trichoderma isolates
All isolates that performed well in their first screen as

well as GL3 and GL21 were identified with high reliability
as being from the genus Hypocrea/Trichoderma. Each indi-
vidual analysis identified a minimum of the first 4 of 5 barc-
odes used for species discrimination (http://www.isth.info/
tools/molkey). Two isolates, Th104 and Th23, were identi-
fied as Hypocrea lixii/Trichoderma harzianum, while the re-
maining isolates (Th66, Th89, Th91, GL1, GL2, GL3, GL4,

GL8, GL9, GL12, GL13, GL21) were identified as Hypo-
crea virens/Trichoderma virens. These results were verified
by the phylogenetic relationship trees reported in Fig. 1, in
which isolates Th66, Th89, Th91, GL1, GL2, GL3, GL4,
GL8, GL9, GL12, GL13, and GL21 clustered with other
previously reported Hypocrea virens/Trichoderma virens
species. Isolates Th23 and Th104 clustered with isolates pre-
viously reported to be Hypocrea lixii/Trichoderma harzia-
num species.

Phylogenetic analysis was conducted with these isolates
using sequence from the ITS1 region of the nuclear rDNA
cluster (Fig. 1). Trichoderma virens isolates separated into 2
major clades of closely related isolates consisting of GL1,
GL3, GL9, GL12, GL13, GL21, Th66, and Th91 and of
GL2, GL4, GL8, and Th89. The T. harzianum isolates,
Th23 and Th104, were more distantly related. The concata-
merization of phylogenetically informative genes (the ITS1
region and tef1) yielded higher resolution discrimination be-
tween the closely related Trichoderma isolates. The inferred
tree (Fig. 2) was generally consistent with the groupings
identified in Fig. 1, with the exception of Th91. The shift in
positioning of Th91 with the inclusion of the tef1 sequence
suggests that there may be additional genetic diversity con-
tained within the genome of this strain, which makes it a po-
tentially promising Trichoderma isolate.

Discussion
The long-term goal of this project is to develop technically

and economically feasible disease management strategies for
use as alternatives to methyl bromide for the high-value
pepper crop. Microbial biological control shows promise for
use in integrated disease management strategies, where these
microbes are combined with other microbial biological con-

Fig. 2. Evolutionary relationships of 14 of the Trichoderma isolates tested using concatamerized ITS1 and tef1 sequence data. The evolu-
tionary history was inferred using the neighbor-joining method. The bootstrap consensus tree, inferred from 500 replicates, was taken to
represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in less than 50% of bootstrap re-
plicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates)
is shown next to each branch. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to
infer the phylogenetic tree.
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Table 3. Days to 50% symptomatic plants in a greenhouse pot assay of Trichoderma spp. isolates for suppression of Phytophthora capsici on bell pepper.

Isolate Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9
HCK —, —, — —, —, — —, —, — —, —, — —, —, — —, —, — —, —, — —, —, — —, —, —
PathCK 8.0, 8.0, 15.0 3.0, 3.0, 6.0 0.0, 0.0, 6.0 0.0, 6.5, 7.0 5.0, 11.0, 12.0 0.0, 5.0, 6.0 4.0, 5.0, 6.0 4.0, 6.0, 7.0 4.0, 4.0, 7.0
Tri-4 8.0, 13.0, 15.0
Th1 8.0, 15.0, 15.0
Th23 11.0, 15.0, 15.0 12.0, 17.0, 17.0* 5.0, 6.0, 7.0
Th24 8.0, 9.5, 14.0
Th32 8.0, 9.5, 15.0
Th38 8.0, 12.5, 15.0
Th66 6.0, 7.0, 7.0* 10.0, 12.5, 14.0 4.0, 4.0, 7.0
Th89 6.0, 7.0, 7.0*
Th91 6.0, 7.0, 7.0* 10.0, 11.0, 13.0
Th104 6.0, 7.0, 7.0* 10.0, 11.0, 13.0
GL1 6.0, 8.0, 9.0* 6.0, 7.0, 8.0
GL2 6.0, 8.0, 9.0* 5.0, 7.0, 8.0
GL4 6.0, 6.0, 8.0* 4.0, 7.0, 8.0
GL5 5.0, 6.0, 6.0
GL7 5.0, 6.0, 7.0
GL8 6.0, 8.0, 13.0* 4.0, 4.0, 6.0
GL9 6.0, 7.0, 8.0* 4.0, 5.0, 7.0
GL10 5.0, 12.0, 15.0 5.0, 6.0, 7.0
GL12 — , 18.0, —* 6.0, 6.0, 7.0*
GL13 8.0, 18.0, 18.0* 7.0, 7.0, 8.0*
GL14 5.0, 8.0, 8.0
GL15 6.0, 9.5, 10.0
GL16 0.0, 9.0, 10.0

Note: Treatments consisted of 20 replicate pots each containing a single bell pepper plant. Time to symptom expression was determined for each plant. Symptom expression on 50% of plants was used to
determine differences among treatments. HCK, healthy check, no P. capsici or biological control agent; PathCK, P. capsici was added but no biological control agent. 95% confidence limits: lower 95%
limit, median, upper 95% limit. ‘‘—’’ for upper and lower 95% limits indicates that there was no variability; all plants within this treatment behaved the same. ‘‘—’’ for the median indicates that the
percentage of disease-free plants never dropped below 50% during the experiment. *, significant disease suppression (P £ 0.05) by this treatment in this run relative to the pathogen check (PathCK).
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trol agents, cover crops, resistant pepper varieties, or re-
duced levels of chemical pesticides (Chellemi 2002; Jacob-
sen et al. 2004; Rosskopf et al. 2005). Key to development
of this multitactic disease control strategy is the establish-
ment of a collection of genetically distinct microbial biolog-
ical control agents that show promise for suppression of the
target disease. We report here the identification of several
Trichoderma isolates with capacity for suppression of a ge-
netically diverse population of P. capsici on bell pepper.
Isolates GL3 and Th23 provided the most consistent experi-
ment to experiment disease suppression, while isolates
GL12, GL13, and GL21 showed some promise (Tables 3
and 4). Isolate GL3 was previously reported to provide sup-
pression of P. capsici on bell pepper (Mao et al. 1998) and
has the additional benefit of suppression of Meloidogyne in-
cognita on bell pepper (Meyer et al. 2001). Isolates GL3,
GL12, GL13, and GL21 are genetically distinct but sepa-
rated into a single clade, with GL13 showing the greatest
difference within the clade. Additionally, isolates GL3 and
GL21 differ in production of antibiotic compounds
(Lumsden et al. 1992). Isolate GL3 produced viridin, glio-
virin, and viridiol, while GL21 produced viridin, gliotoxin,
dimethylgliotoxin, and viridiol in a soilless planting medium.
Th23 was more distantly related to these other 4 isolates
based on ITS1 and tef1 sequence analysis (Figs. 1 and 2).

Future work will involve PCR, targeting genes for pro-
duction of antibiotic compounds, and biochemically based
experiments to determine potential mechanisms (Chung et
al. 2008) used by these 5 isolates for suppression of P. cap-
sici. Experiments to determine persistence and disease sup-
pression in soils with differing edaphic properties will also
be conducted. Isolates GL1, GL2, GL4, GL8, GL9, Th66,
Th89, Th91, and Th104 will be included to increase germ-
plasm diversity, making it more likely to detect isolates

with differing disease suppression mechanisms and capabil-
ities in broadly different soils. This new information will be
used to make strategic combinations of these isolates for
more consistent biological control over broad soil physical–
chemical conditions. These isolates will also be used in
combination with resistant pepper varieties in future studies.
Integration of microbial biological control agents into strat-
egies utilizing resistant varieties has resulted in enhanced
disease suppression in previous studies when the resistant
varieties did not provide high levels of disease resistance
(Jacobsen et al. 2004). Other potential uses for these isolates
are their integration into disease management strategies em-
ploying cover crops with disease suppression capabilities or
reduced levels of chemical pesticides. Cover crops with ac-
tivity against P. capsici have been reported (Kim et al.
1997; Ristaino et al. 1997).
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