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ABSTRACT

ARTICLE HISTORY

Fourteen Trichoderma (Hypocreales) species were identified during a survey of the genus in South
Africa. These include T. afroharzianum, T. asperelloides, T. asperellum, T. atrobrunneum, T. atroviride,
T. camerunense, T. gamsii, T. hamatum, T. koningii, T. koningiopsis, T. saturnisporum, T. spirale, T.
virens, and T. viride. Ten of these species were not known to occur in South Africa prior to this
investigation. Five additional species were novel and are described here as T. beinartii, T. caeruleimontis, T. chetii, T. restrictum, and T. undulatum. These novel Trichoderma species display
morphological traits that are typical of the genus. Based on molecular identification using
calmodulin, endochitinase, nuc rDNA internal transcribed spacers (ITS1-5.8S-ITS2), RNA polymerase II subunit B, and translation elongation factor 1-α gene sequence data, T. beinartii, T.
caeruleimontis, and T. chetii were found to belong to the Longibrachiatum clade, whereas T.
restrictum is a member of the Hamatum clade. Trichoderma undulatum occupies a distinct lineage
distantly related to other Trichoderma species. Strains of T. beinartii and T. chetii were isolated
previously in Hawaii and Israel; however, T. caeruleimontis, T. restrictum, and T. undulatum are so
far known only from South Africa.
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INTRODUCTION
Species of the ascomyceteous genus Trichoderma Pers.
(Hypocreales, Hypocreaceae) display a cosmopolitan
distribution and inhabit diverse ecological niches
(Klein and Everleigh 1998; Migheli et al. 2009;
Atanasova 2014). The genus currently accommodates
more than 260 species (Bissett et al. 2015), the majority
described during the past two decades, based mainly on
phylogenetic analyses of DNA sequence data (Chaverri
and Samuels 2004; Samuels et al. 2006, 2012; Jaklitsch
2009, 2011; Jaklitsch et al. 2013; Chaverri et al. 2015).
Trichoderma species display a limited number of morphological characters that are variable in taxonomically
meaningful ways (Samuels et al. 1998). Chaveri and
Samuels (2003), Samuels (2006), and Jaklitsch (2009)
showed how this affected the classification of
Trichoderma species when they reviewed the history
of the genus and taxonomic changes that have occurred
in the past. More recent changes made to the
International Code of Nomenclature for algae, fungi,
and plants require the use of a single name for a given
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fungus regardless of whether it reproduces sexually or
asexually (Norvell 2011). This allowed Trichoderma to
include sexually reproducing species previously classified in Hypocrea Fr. (Rossman et al. 2013).
In culture, Trichoderma species are typically fast
growing and form sparse aerial mycelia with green or
white pustules (Bissett 1991a). Microscopically,
Trichoderma species usually display highly ramified
conidiophores, which bear single-celled conidia that
are green or hyaline (Rifai 1969). In the past,
Trichoderma species were classified into five different
sections based on their morphological characters
(Bissett 1984, 1991a, 1991b). Contemporary approaches
to Trichoderma classification distribute species into
phylogenetic clades based on analyses of sequence
data (Kubicek et al. 2008; Druzhinina et al. 2012;
Atanasova et al. 2013; Chaverri et al. 2015).
The Hamatum clade includes economically important species such as T. asperellum Samuels, Lieckf. &
Nirenberg and T. asperelloides Samuels, which are
applied in agriculture as biocontrol agents (Tondje
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et al. 2007; Watanabe et al. 2007; Segarra et al. 2010).
Other Trichoderma species from the Longibrachiatum
clade, such as T. reesei E.G. Simmons, are used in the
production of cellulolytic and hemicellulolytic
enzymes for biofuel, food, and textile industries
(Druzhinina and Kubicek 2016). Some species from
the Longibrachiatum clade and other infrageneric
groups are emerging human pathogens that can
cause respiratory illnesses and invasive mycoses in
immunocompromised individuals (Burrell 1991;
Samuels et al. 1998; Kratzer et al. 2006; Druzhinina
et al. 2008, 2011; Sandoval-Denis et al. 2014).
Members of the Longibrachiatum clade generally
have high optimal and maximum growth temperatures and yellow reverse pigmentations (Jaklitsch
2009; Samuels et al. 2012). These pigments were
recently attributed to the sorbicillinoid gene cluster
(Derntl et al. 2016; Druzhinina et al. 2016).
Microscopically, species of this clade typically display
conidiophores with distinct central axes that are
sparingly branched compared with other species
(Samuels et al. 2012). In addition, their conidiophores bear lageniform-shaped phialides, which produce smooth-walled ellipsoidal or oblong conidia
(Samuels et al. 2012). Druzhinina et al. (2012) and
Samuels et al. (2012) reviewed the Longibrachiatum
clade based on phylogenetic analyses using translation elongation factor 1-α (TEF1), calmodulin
(CaM1), and endochitinase (CHI18-5, syn. ECH42)
sequence data. They recognized 26 different phylogenetic lineages within the clade, including eight new
species. Several putative new species represented by
individual strains were also recognized but not formally described. Additionally, a study by Paz et al.
(2010) reported a new Trichoderma species from the
Longibrachiatum clade that was not described.
The diversity of Trichoderma species remains relatively understudied in Africa compared with other
parts of the world (Sadfi-Zouaoui et al. 2009). To
date, a total of 13 different Trichoderma species from
restricted locations across South Africa are reported
(Askew and Laing 1994; Samuels et al. 1998; Chaverri
and Samuels 2004; Jaklitsch et al. 2006; Druzhinina
et al. 2008, 2010; Kubicek et al. 2009; De Respins et al.
2010; Mutawila et al. 2011). The majority of these
studies were not intended as diversity surveys and
only investigated relatively small geographic areas.
To help address this shortcoming, the aim of this
study was to further survey the diversity of
Trichoderma species from soil in South Africa by isolating and identifying strains from sites across the
country.

MATERIALS AND METHODS
Strains.—Soil was collected from 173 sites across South
Africa between Jan and May 2012. Sampling sites
primarily were selected from nonagricultural areas,
and only the first few cm of topsoil were collected.
Trichoderma strains were isolated using a standard
soil dilution plating protocol (Crous et al. 2009).
Additional strains belonging to two of the new species
were isolated during previous studies. Strains OY 14707
and OY 7107 were isolated from a marine sponge in the
Mediterranean sea off the coast of Israel by Paz et al.
(2010), and TUCIM 667 (C.P.K. 667) was isolated from
soil in Hawaii (Druzhinina et al. 2012; Samuels et al.
2012). Unfortunately, TUCIM 667 was reported lost
before detailed observations of its morphology could
be made; therefore, only sequence data from this strain
were investigated by Samuels et al. (2012). Type
material (prefix: PREM) and ex-type strains (prefix:
PPRI) are maintained at the South African National
Collection of Fungi (NCF) located at the Agricultural
Research Council Plant Protection Research Institute in
Pretoria. Additional cultures are maintained at the
Stellenbosch University Department of Microbiology
(prefix: Tri).

DNA extraction, PCR, and identification.—Prior to
final identification, isolates were divided into groups
based on colony morphologies on cornmeal dextrose
agar (CMD) (Sigma-Aldrich, Johannesburg, South
Africa) after growing for 7 d at 26 C under a 12-h day/
night light regime (Jaklitsch 2009). Representatives from
each group were selected for identification. DNA was
extracted from Trichoderma cultures grown on CMD for
7 d using a cetyltrimethylammonium bromide (CTAB)
protocol described by Möller et al. (1992). The nuc
rDNA internal transcribed spacers (ITS1-5.8S-ITS2 =
ITS) and translation elongation factor 1-α (TEF1)
regions were amplified using primer sets ITS4-ITS5
(White et al. 1990) and EF1F-EF2R (Jacobs et al. 2004),
respectively. Thermocycler runs were conducted
according to White et al. (1990) and Jacobs et al.
(2004). The resulting amplicons were sequenced using
a BigDye termination cycle premixed kit (Applied
Biosystems, Foster City, California, USA) on an ABI
Prism 310 Genetic Analyzer.
Phylogenetic analyses based on TEF1 sequence data
were performed to identify group representatives. Data
sets used for phylogenetic analyses included sequence
data from reference ex-type strains and were assembled
from the National Center for Biotechnology
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Information (NCBI) database based on updated data
sets from previous studies (Druzhinina et al. 2012;
Jaklitsch 2009). Data sets were aligned using MAFFT
7 (Katoh and Stanley 2013) and were visually inspected
and trimmed using Geneious 4.8.5 (Kearse et al. 2012).
Ambiguously aligned regions were excluded from phylogenetic analyses using Gblocks 0.91b (Castresana
2000). Maximum likelihood (ML) analyses were performed using PhyML 3 (Guindon et al. 2010), and their
branch confidence were calculated by bootstrap analyses with 100 replications. Trichoderma strains identified based on ITS barcodes and phylogenetic analyses
were subjected to morphological analyses to confirm
species identifications. This was done by characterizing
group representatives and comparing their morphologies with published descriptions of their nearest phylogenetic relatives.
Trichoderma strains flagged by TrichOKEY
(Druzhinina et al. 2005) as unknown species or
Trichoderma strains unidentified by the initial phylogenetic analyses were investigated further through
ML and Bayesian inference (BI) phylogenetic analyses based on ITS, TEF1, calmodulin (CaM1), RNA
polymerase II subunit B (RPB2), and endochitinase
42kDa (CHI18-5) sequence data. The additional
gene loci were amplified using the primer sets
CAL228F–CAL737R (CaM1) (Carbone and Kohn
1999), fRPB2-5f–fRPB2-7cR (RPB2) (Liu et al.
1999), and CHIT42-2a–CHIT42-1a (CHI18-5)
(Kullnig-Gradinger et al. 2002), respectively.
Prior to phylogenetic analyses, the most appropriate
nucleotide substitution models for each locus were
selected using MrModeltest 2 (Nylander 2004), and
the unconstrained GTR+I+G substitution model was
most suitable for the different loci tested. BI analyses
were performed using MrBayes 3.2.2 (Huelsenbeck and
Ronquist 2001). Metropolis-coupled Markov chain
Monte Carlo sampling was performed with two simultaneous runs of four incrementally heated chains.
Analyses were run until the split frequencies reached
0.01. BI posterior probabilities (PPs) were obtained
from the 50% majority-rule consensus of trees sampled
every 100 generations after removing the first 25% of
generated trees. PP values lower than 0.95 were not
considered significant. Phylogenetic trees were edited
to emphasize bootstrap and PP values using Affinity
Photo 1.6.98.

Morphological characterization.—The putative new
species were cultured on CMD supplemented with
2% glucose (Sigma), potato dextrose agar (PDA;
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Merck, Modderfontein, South Africa), and synthetic
nutrient poor agar (SNA) (Crous et al. 2009) in 90mm Petri dishes. Agar plugs taken from the margins
of 3-d-old colonies grown on CMD were used as
inoculum (Jaklitsch 2009). Plugs were transferred to
the various different media with the mycelial side
facing the medium (Jaklitsch 2009). Petri dishes
were incubated at a range of temperatures (15, 26,
30, and 37 C) under 12-h day/night lighting regimes
using cool white fluorescent light (Jaklitsch 2009).
Colonies were measured daily and photographed
after 7 d.

RESULTS
Fungal isolations from soil samples yielded 161
Trichoderma strains. Identifications were made by phylogenetic analyses of TEF1 sequence data (TABLE 1).
Phylogenetic trees and DNA sequence alignment data
are available from TreeBASE (study no. S19505).
Detailed morphological comparisons between the
Trichoderma strains and their closest phylogenetic relatives confirmed identifications based on TEF1 analyses.
Trichoderma species identified during this study
include 14 species: T. afroharzianum P. Chaverri, F.B.
Rocha, Degenkolb & I. Druzhinina (from 5 locations),
T. asperelloides (from 1 location), T. asperellum (from 8
locations), T. atrobrunneum F.B. Rocha, P. Chaverri &
Jakl. (from 1 location), T. atroviride P. Karst. (from 2
locations), T. camerunense P. Chaverri & Samuels
(from 10 locations), T. gamsii Samuels & Druzhin.
(from 6 locations), T. hamatum (Bonord.) Bainier
(from 8 locations), T. koningii Oudem. (from 4 locations), T. koningiopsis Samuels, C. Suárez & H.C. Evans
(from 7 locations), T. saturnisporum Hammill (from 13
locations), T. spirale Bissett (from 2 locations), T. virens
(J.H. Mill., Giddens & A.A. Foster) Arx (from 1 location), and T. viride Pers. (from 3 locations)
(SUPPLEMENTARY FIGS. 1–5).
Strains PPRI 23903 (T. caeruleimontis, sp. nov.),
PPRI 19281 (T. beinartii, sp. nov.), and PPRI 19363
(T. chetii, sp. nov.) had ITS sequences most similar to
members of the Longibrachiatum clade. The phylogenetic placement of these new species within this clade
was determined through analysis of a combined TEF1,
CaM1, and CHI18-5 sequence data set (FIG. 1). Strain
PPRI 19367 (T. restrictum, sp. nov.) had ITS sequences
similar to those of species from the Hamatum clade. Its
phylogenetic placement was investigated based on a
combined ITS and TEF1 data set (FIG. 2). Unlike the
aforementioned species, strain PPRI 19365 (T.
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Table 1. Trichoderma strains used in phylogenetic analyses and representative strains of each species isolated during this study.
NCBI GenBank accession numbers
Taxon

Isolate number

Trichoderma aethiopicum
Trichoderma afroharzianum*
Trichoderma andinense
Trichoderma asperelloides
Trichoderma asperelloides
Trichoderma asperelloides*
Trichoderma asperellum
Trichoderma asperellum
Trichoderma asperellum*
Trichoderma atrobrunneum*
Trichoderma atroviride*
Trichoderma beinertii, sp. nov.
Trichoderma beinertii, sp. nov.
Trichoderma beinertii, sp. nov.*
Trichoderma restrictum, sp. nov.*
Trichoderma camarunense*
Trichoderma caeruleimontis, sp. nov.*
Trichoderma caeruleimontis, sp. nov.
Trichoderma caeruleimontis, sp. nov.
Trichoderma capillare
Trichoderma capillare
Trichoderma ceramicum
Trichoderma ceramicum
Trichoderma chetii, sp. nov.
Trichoderma chetii, sp. nov.*
Trichoderma chlorosporum
Trichoderma chromospermum
Trichoderma citrinoviride
Trichoderma citrinoviride
Trichoderma citrinum
Trichoderma citrinum
Trichoderma deliquescens
Trichoderma deliquescens
Trichoderma effusum
Trichoderma eijii
Trichoderma eijii
Trichoderma evansii
Trichoderma evansii
Trichoderma flagellatum
Trichoderma flagellatum
Trichoderma flaviconidium
Trichoderma gamsii*
Trichoderma gelatinosum
Trichoderma gelatinosum
Trichoderma ghanense
Trichoderma ghanense
Trichoderma gillesii
Trichoderma gracile
Trichoderma hamatum
Trichoderma hamatum
Trichoderma hamatum
Trichoderma hamatum*
Trichoderma harzianum
Trichoderma harzianum
Trichoderma helicum
Trichoderma konilangbra
Trichoderma konilangbra
Trichoderma koningii*
Trichoderma koningiopsis*
Trichoderma lieckfeldtiae
Trichoderma lieckfeldtiae
Trichoderma longibrachiatum
Trichoderma longibrachiatum
Trichoderma longibrachiatum
Trichoderma neorufum
Trichoderma neorufum
Trichoderma novae-zelandiae
Trichoderma novae-zelandiae
Trichoderma orientale
Trichoderma orientale
Trichoderma parareesei
Trichoderma parareesei
Trichoderma paucisporum
Trichoderma paucisporum

PPRC J11
PPRI 20674
G.J.S. 90-140
G.J.S. 99-6
G.J.S. 04-116
PPRI 20679
G.J.S. 01-294
G.J.S. 91-162
PPRI 20669
PPRI 20671
PPRI 20685
OY 7107
OY 14707
PPRI 19281
PPRI 19367
PPRI 20678
PPRI 23903
TRI43
TRI62
C.P.K. 885
G.J.S. 99-3
G.J.S. 88-70
CBS 114576
C.P.K. 667
PPRI 19363
G.J.S. 98-1
G.J.S. 94-67
CTR 79-290
G.J.S. 90-111
G.J.S. 95-183
CBS 894.85
G.J.S. 89-129
CBS 121131
C.P.K. 254
8139
TUFC 100002
DIS 380a
DIS 341HI
C.P.K. 3350
C.P.K. 3522
G.J.S. 99-49
PPRI 20680
G.J.S. 93-10
G.J.S. 88-17
ATCC 28019
G.J.S. 04-313
G.J.S. 00-72
G.J.S. 10-263
DAOM 167057
G.J.S. 04-203
G.J.S. 98-171
PPRI 20673
G.J.S. 06-111
G.J.S. 04-70
DAOM 230016
C.P.K. 132
C.P.K. 133
PPRI 20670
PPRI 20683
G.J.S. 04-196
G.J.S. 05-01
G.J.S. 07-21
CBS 816.68
G.J.S. 04-31
G.J.S. 96-135
G.J.S. 96-132
G.J.S. 81-265
G.J.S. 99-113
TUB F-1023
G.J.S 88-81
TUB F-430
G.J.S. 04-93
G.J.S. 01-13
G.J.S. 03-69

ITS
KX267809
DQ315464
GU198301
KX267816
EU856297
FJ442224
KX267802
KX267806
KX267822
KX267803
KX267815
KX267814
KX267813

TEF1

CaM1

CHI18-5

EU401614
KX267788
AY956321
DQ109550
GU248412
KX267795
EU856323
FJ463285
KX267781
KX267785
KX267801
FJ619252
FJ619256
KX267782
KX267794
KX267793
KX267792
MF355409
MF355408
JN182277
JN175584

EU401482

EU401533

JN175412

JN175472

MF355414
MF355413
KX267774
KX267776

MF355407
MF355406
KX267777
KX267780

MF355410
MF355412
MF355411
JN182289
JN175411

MF355403
MF355405
MF355404
JN182303
JN175470

AY737764
FJ860743
KX267805
AY737762
AY737774

AF545510
FJ860531
JN182275
KX267784

KJ783301
JX238476
EU856295
EU883568
DQ023301
KX267817
AF487667
AY737775

EU280124
EU883567
EU856282
KX267808
FJ442631
FJ442674
DQ083022
KX267804
KX267820
EU856299
EU856301
NR120298
DQ297056
AF487653
AF487654

DQ109526
DQ109527

JN182287
KX267775

JN182306
KX267778
AY391906
AY391912

JN175592
JN175591
DQ835413
DQ835417
AF487662
FJ860771

RPB2

AY937419
KJ634769
JX684011
EU856320
EU883566
FJ763163
JQ513360
DQ020001
KX267796

JN175420
JN175419

JN175480
JN175479

JN182286

JN182295

JQ513356
JQ513350

JN258686
JQ513364

DQ835458
AF545561
AF545517
FJ179609

AY391923
AF545516
JN175606
JN175612
JN175583
JN175598
AF456911
EU883565

JN175435
JN175442
JN175409
JN175427

JN175496
JN175504
JN175468
JN175488

AF545548
FJ150770

KX267787
FJ442715
FJ442711
KJ842200
JN258681
JQ513357
KX267783
KX267799
EU856324
EU856328
JN175569
AY865640
AF487670
AF348115
AY937448
JN175582
EU401585
EU401581
GQ354351
JN175605
DQ109540
DQ109541

JN182285
JQ513346

JN182300
JQ513361

JN175393
EU401459

JN175451
EU401511

JN175406
JN175408
EU401453
EU401448
GQ354285
JN175434

JN175465
JN175467
EU401505
EU401500
HM182993
JN175495

HQ260615
JN175509

(Continued )
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Table 1. (Continued).
NCBI GenBank accession numbers
Taxon
Trichoderma pezizoides
Trichoderma phyllostachydis
Trichoderma phyllostachydis
Trichoderma pinnatum
Trichoderma pinnatum
Trichoderma polysporum
Trichoderma polysporum
Trichoderma pseudokoningii
Trichoderma pseudokoningii
Trichoderma psychrophilum
Trichoderma psychrophilum
Trichoderma pubescens
Trichoderma pubescens
Trichoderma pyramidale*
Trichoderma reesei
Trichoderma reesei
Trichoderma saturnisporopsis
Trichoderma saturnisporopsis
Trichoderma saturnisporum
Trichoderma saturnisporum
Trichoderma saturnisporum*
Trichoderma semiorbis
Trichoderma semiorbis
Trichoderma sinense
Trichoderma sinense
Trichoderma solani
Trichoderma sp.
Trichoderma sp.
Trichoderma sp.*
Trichoderma spirale
Trichoderma spirale
Trichoderma spirale*
Trichoderma strictipile
Trichoderma strictipile
Trichoderma strigosum
Trichoderma stromaticum
Trichoderma stromaticum
Trichoderma sulawesense
Trichoderma theobromicola
Trichoderma theobromicola
Trichoderma undulatum, sp. nov.*
Trichoderma virens
Trichoderma virens
Trichoderma virens*
Trichoderma viride
Trichoderma viride
Trichoderma viride*
Trichoderma voglmayrii
Trichoderma voglmayrii
Trichoderma yunnanense
Protocrea farinosa

Isolate number
G.J.S. 01-257
G.J.S. 92-123
CBS 114071
G.J.S. 02-120
G.J.S. 04-100
C.P.K. 1988
CBS 820.68
G.J.S. 99-149
G.J.S. NS 19
C.P.K. 1602
C.P.K. 2435
DAOM 166162
DAOM 229987
PPRI 20684
G.J.S. 10-189
Qm 6a
S19
TR 175
ATCC 28023
C.P.K 1269
PPRI 20675
DAOM 167636
G.J.S. 99-108
C.P.K. 531
DAOM 230004
G.J.S. 08-81
G.J.S. 01-355
G.J.S. 99-17
PPRI 20682
DAOM 183974
DIS 68C
PPRI 20681
DAOM 167646
HMAS 252545
DAOM 166121
TVC
G.J.S. 07-102
G.J.S. 85-228
DIS 85f
DIS 376f
PPRI 19365
GLI 39
DIS 162
PPRI 20676
G.J.S. 04-369
CBS 119325
PPRI 20672
C.P.K. 948
8196
CBS 121219
CBS 121551

ITS
DQ000632
EU330959
FJ860809

TEF1
AY937438

CaM1

CHI18-5

AF545513
FJ860570
JN175572
JN175571

JN175396
JN175395

JN175454
JN175453

FJ860795
NR 134448

FJ860557
DQ087238
JN175589
JN175588

FJ860818
FJ860819
DQ083016
EU280115
KX267821

KX267811
AY737758
HM466664

KX267819
EU280068
FJ442222
KX267818
DQ087258
KF923301
DQ083027
AF097913
HQ342391
AY737753
DQ109525
EU856296
KX267810
AF099005
FJ442669
KX267812
DQ323430
DQ677655
KX267807
DQ086142
KJ783308
GU198302
NR 119700

RPB2

AY750887
EU279964
KX267800
JN175602
Z23012
JN175580
JN182281
JN388897
JN182280
KX267790

JN175417
JN175416

JN175477
JN175476
FJ860575
FJ860576

JN175431
JN180917
JN175404
JQ349444
JN180915
JN388898

JN175492
HM182994
JN175463
JN182299
JN175462
JN182297
AF545522
JN133567

JN182274
AY750889
JN175597
JN175586
JN175581
KX267798

JQ513348
JN175410
JN175426
JN175413
JN175405

JN182302
JN175469
JN175487
JN175473
JN175464
AF545553
FJ442698

KX267797
AF545544
KF923312
AY937442
HQ342245
HQ342260
AY391954

EU856321
EU856322
KX267789
FJ463367
KX267791

KX267779
FJ442403

HQ342489

KX351319
AF545558
FJ442696
EU252003
EU711362

KX267786
GU198243

DQ086150
KJ634743
EU703935

Note. Ex-type strains are indicated in boldface.
*Trichoderma strains isolated during this study.

undulatum, sp. nov.) was not closely related to any
species from recognized clades within the genus.
Therefore, the phylogenetic analysis of a combined
ITS and RPB2 data set was used to investigate its
generic placement (FIG. 3). ML phylogenetic analyses
based on individual loci are included as supplementary
data (SUPPLEMENTARY FIGS. 1–10).

TAXONOMY
Trichoderma beinartii I.L. du Plessis, I.S. Druzhinina,
L. Atanasova, O. Yarden & K. Jacobs, sp. nov.

FIGS. 4–6
MycoBank MB820119
Typification: SOUTH AFRICA. WESTERN CAPE
PROVINCE:
Clanwilliam
(32°9ʹ23.85ʹʹS,
18°
52ʹ56.10ʹʹE), a dried biologically inert culture isolated
from soil, Jul 2012, I.L. du Plessis (holotype PREM
61288). Ex-type culture: PPRI 19281. GenBank: ITS =
KX267803; TEF1 = KX267782; CaM1 = KX267774;
CHI18-5 = KX267777.
Etymology: Named in honor of Yossi Beinart in
recognition of his long lasting friendship and support
of fungal research, with emphasis on fungi from marine
environments.
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Figure 1. Maximum likelihood phylogenetic tree of Trichoderma spp. from the Longibrachiatum clade. The tree was based on a
concatenated TEF1, CaM1, and CHI18-5 sequence data set. Bootstrap values and posterior probability scores from a Bayesian analysis
of the same data set are indicated at well-supported nodes together with thickened branches.
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Figure 2. Maximum likelihood phylogenetic tree of Trichoderma spp. from the Hamatum clade. The tree was based on a
concatenated TEF1 and ITS sequence data set. Bootstrap values and posterior probability scores from a Bayesian analysis of the
same data set are indicated at well-supported nodes together with thickened branches.

Growth on CMD: Optimum growth at 25 C. Colony
radius after 72 h at 25 C = 53 mm, colonies cover the Petri
dish on day 4. At 15 C, colonies 17 mm radius after 72 h
and 46 mm on day 7. At 30 C, colonies 39 mm radius after
72 h and cover the Petri dish on day 5. At 37 C, colonies
8 mm radius on day 7. At 25 C, colony hyaline in sterile
zones, prominent concentric zones noted, thin. Aerial
hyphae scant with no coilings, autolytic excretions,
odors, or diffusible pigments noted. Colorless exudates
secreted in small droplets in zones with heavy sporulation.
Conidiation on day 3, pustules mostly 2–3 mm diam.
Smaller fertile structures, <0.5 mm diam, also present,

giving the colony a grainy texture. Conidiophores
Verticillium-like; however, phialides not borne in regular
levels around the axis but in unpaired arrangements.
Conidiophores branching asymmetrically from the basal
hyphae with irregular thickenings throughout the length,
up to 10 µm wide at some parts before tapering off
towards the terminus. Conidiophores straight or curved.
Branches from the stipe unpaired and at irregular intervals at right angles to the conidiophore axis or slightly
oriented towards the conidiophore terminus.
Conidiophore elongations smooth and often ±200 µm
long, the terminus bearing phialides. Phialides borne

8
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Figure 3. Maximum likelihood phylogenetic tree of representative Trichoderma spp. from different clades within the genus. The tree
was reconstructed based on a concatenated ITS and RPB2 sequence data set and illustrates the phylogenetic placement T.
undulatum within the genus. Bootstrap values and posterior probability scores from a Bayesian analysis of the same data set are
indicated at well-supported nodes together with thickened branches.
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Figure 4. Morphological features characteristic of Trichoderma beinartii (ex-holotype strain). a, b, c, d, e. Stereo microscope images
from PDA. f, g. Stereo microscope images from CMD. h, i, k, m. Conidiophores formed on CMD. j. Smooth oblong conidia. l.
Chlamydospore. Bars = 10 µm.

directly from the stipe or on primary branches, not on
secondary branches. Phialides solitary or in whorls of 2–3
(–5), mostly divergent, or inclining towards the conidiophore terminus, (4.5–)6 ± 8.5(–10.5) × (3–)3.5 ± 4.5(–5)
µm (n = 50), length/width (l/w) ratio: 1.5–2.5(–3),(1.5–)
2–2.5(–3.5) µm wide at base, ampuliform with symmetrical or slightly bent necks, widest most around the middle. Conidia 4–5(–6) × (2–)2.5–3 µm, l/w ratio: 1.5–2(–
2.5), borne in wet heads, smooth, oval, green, guttules
present. Round, smooth-walled chlamydospores on CMD
in mature colonies.
Colonies on CMD at 15 C: Colony hyaline, regular
margin. No hyphal coiling or autolytic excretions. At 30
C, similar to those at 26 C, but pustules loosely
arranged within fluffy tufts and not as compact as

those at 26 C. At 35 C, appearing strikingly different
from those at 25 C, growth rate slower, not zonate,
pustules smaller, forming grainy textures. No exudates,
yellow soluble pigments noted.
Colonies on PDA: Optimum growth at 30 C, colony
radius after 72 h at 30 C = 71 mm, colonies cover the
Petri dish on day 4. At 15 C, colonies 18 mm radius
after 72 h and 54 mm at day 7. At 26 C, colonies 59 mm
radius after 72 h and cover the Petri dish on day 4. At
37 C, colonies 18 mm radius after day 7. PDA at 25 C:
Zonation less conspicuous than on CMD, conidia initially develop on pustules, pale shades of green, later
becoming darker, mature colonies sporulate effusely.
No visible exudates or odors noted. Inconspicuous
pale orange soluble pigment on reverse. Conidiation

10
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Figure 5. Trichoderma beinartii. Line drawings from ex-holotype strain cultured on CMD. Bar = 10 µm.

on day 4. At 30 C, colonies resemble those formed at 26
C, but pustules more loosely arranged, forming on top
of downy regions of the colony, not touching the medium surface.
Colonies on SNA: Optimum growth 30 C. Colony
radius after 72 h at 30 C = 15 mm, colonies reach
35 mm on day 7, at 15 C, colonies reach 3 mm radius
after 72 h and 18 mm at day 7. At 25 C, colonies reach
5 mm radius after 72 h and 19 mm on day 7. At 37 C,
colonies reach 12 mm radius on day 7. SNA at 25 C:
Colony hyaline, no sporulation, no aerial hyphae,

mycelia forming subsurface, no soluble pigments or
distinct odors. At 30 C, small, 2 mm fertile dark green
pustules formed.
Additional cultures examined: ISRAEL. 200 m offshore at Sedot-Yam (32°29′0″N, 34°53′0ʹʹE), isolated
from marine sea sponges (Ircinia variabilis), Jan 2007,
Z. Paz et al. (strains OY 14707 and OY 7107).
Notes: Phylogenetic analyses placed T. beinartii in a
clade that includes T. gracile Samuels & G. Szakacs, T.
parareesei Jaklitsch & Atanasova, and T. reesei (FIG. 1).
The new species can be distinguished from its close
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Figure 6. Photographs of colonies of the new Trichoderma species on CMD (left), PDA (middle), and SNA (right). All colonies
incubated at 26 C under a 12-h day/night lighting regime and photographed on day 7, except the SNA image of T. caeruleimontis,
taken on day 21.
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relatives by several different morphological characters.
Trichoderma gracile and T. beinartii differ most notably
based on their different environmental requirements
for sporulation. Trichoderma gracile displays sparse
sporulation and only does so when incubated at temperatures above 35 C (Samuels et al. 2012); T. beinartii,
however, sporulates abundantly at 25 C and has
restricted growth above 35 C. Trichoderma reesei and
T. parareesei grow well on SNA and colonies reach a
radius of 32–43 mm after 2 d of incubation at 25 C
(Atanasova et al. 2010). In contrast, T. beinartii only
forms colonies that are 19 mm radius after 7 d of
incubation under the same conditions. Trichoderma
parareesei can be distinguished from T. beinartii based
on slight morphological differences. Trichoderma beinartii forms conspicuously zonate colonies on CMD,
whereas T. parareesei lacks zonate colonies (Atanasova
et al. 2010). In addition, T. parareesei produces phialides 2.5–3.5 µm wide, thinner than those of T. beinartii
at 3.5–4.5 µm.
Trichoderma caeruleimontis I.L. du Plessis & K.
Jacobs, sp. nov.
FIGS. 6–8
MycoBank MB821925
Typification: SOUTH AFRICA. WESTERN CAPE
PROVINCE: Bracken (33°52ʹ44.9ʹʹS, 18°42ʹ59.3ʹʹE), a
dried biologically inert culture isolated from soil, Jul
2012, A. Wood (holotype PREM 62136). Ex-type culture: PPRI 23903. GenBank: ITS = KX267813; TEF1 =
KX267792; CHI18-5 = MF355403; CaM1 = MF355410
Etymology: caeruleus (Latin) meaning blue + mons
(Latin) meaning mountain, Trichoderma of the blue
mountain. Named in reference to the Blouberg region
north of Cape Town, where this species was discovered.
Colonies on CMD: Optimum growth at 30 C,
colony radius on CMD at 30 C = 58 mm after 48
h, covering the Petri dish on day 3. At 15 C, colonies
30 mm radius after 72 h incubation and covering the
Petri dish on day 7. At 25 C, colonies 53 mm radius
after 72 h and covering the Petri dish on day 5. At 37
C, colonies 36 mm radius on day 7. At 25 C, zonation conspicuous. Mycelia white, no hyphal coilings,
soluble pigments, or distinctive odors noted. Small
pustules (<2 mm) bearing masses of conidia.
Sporulation on day 2. Conidiophores Verticilliumlike, consisting of sparsely branched structures bearing phialides directly on the stipe or primary
branches. Phialides dispersed at irregular intervals,
not originating in distinctly regular levels. No secondary branches bearing phialides. Branches perpendicular relative to the stipe axis. Phialides solitary, or
in small whorls of 2–3 and diverge from one another,
(6–)6.5–9(–10.5) × 2–3 µm (n = 50), l/w ratio: (2–)
2.5–4, 1.5–2 µm wide at base, ampuliform often with

slightly bent necks and widest around the middle.
Sometimes elongate and appearing almost lageniform. Conidia (3–)4–4.5(–5) × (2–)2.5–3µm, l/w
ratio:1–2,
slightly
roughened
and
oval.
Chlamydospores round or oval and smooth-walled,
noted in mature colonies. At 15 C, colonies hyaline
and sterile. No hyphal coiling or autolytic excretions.
Dark yellow soluble pigments along the colony margins. At 30 C, colonies similar to those at 25 C with
the exception of faster growth rate at 30 C. Dark
yellow reverse pigmentation absent at 30 C. At 35
C, colonies with downy textures, forming sterile,
white areal mycelium.
Colonies on PDA: Optimum growth at 30 C. At 30
C, colony 58 mm radius after 48 h and covering the
Petri dish on day 3. At 15 C, colonies 28 mm radius
after 72 h and covering the Petri dish on day 7. At 25 C,
colonies 65 mm radius after 96 h and cover the Petri
dish on day 5. At 37 C, colonies 34 mm radius on day 7.
PDA on day 7: Colony dense, mycelia white, sporulation effuse, forming a continuous green lawn, zonation
inconspicuous. Autolytic excretions and hyphal coilings
absent. No distinct odors or exudates noted. Reverse
pale. Conidiation on day 2, dense, heavily sporulating
regions at the zonation rings. At 15 C, colonies hyaline
and sterile, mycelium white, no soluble pigments. At 30
C, colonies similar to those that form at 25 C but
yellowish reverse pigmentation less conspicuous. At
37 C, colonies differ from those at 25 C by appearing
raised, white downy areal mycelium also dominate the
colony.
Colonies on SNA: Optimum growth at 25 C.
Colony radius on day 7 at 25 C = 51 mm; at 15 C,
colonies 41 mm radius on day 7. At 30 C, colonies
46 mm radius on day 7. At 37 C, colonies 6 mm
radius on day 7. At 25 C on day 7, colony hyaline,
mycelial growth occurs mostly below the surface of
the medium. Autolytic excretions and coilings inconspicuous. No diffusible pigments or distinguishing
odors. Small pustules develop abundantly, <2 mm
diam, bearing dark green conidia, forming sterile
white mycelia at margins. At 15 C, colonies translucent and sterile, mycelial subsurface. At 30 C, colonies similar to those at 25 C. Pustules slightly larger
at 30 C as opposed to the granular pustules at 25 C.
At 37 C, colonies similar to those at 25 C but sporulating less.
Additional cultures examined: SOUTH AFRICA.
WESTERN CAPE PROVINCE: Bloubergsvlei (33°45′
15.25″S, 18°29′41.74″E), isolated from soil, Jul 2012, I.
L. du Plessis (Tri 43); Sanddrif (32°29′175″S, 19°16′
15.24″E), isolated from soil, Jul 2012, I.L. du Plessis
(Tri 62).
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Figure 7. Trichoderma caeruleimontis. Morphological characters of ex-holotype strain. a. Stereo microscope image from CMD. b.
Stereomicroscope image from PDA. c. Stereomicroscope image from SNA. d, e. Stereo microscope images from PDA. f, g.
Conidiophores from CMA. h, i, j. Conidiophores. k. Chlamydospores. l, m. Conidia. Bars = 10 µm.

Notes: Trichoderma caeruleimontis is phylogenetically related to T. orientale (Samuels & Petrini)
Jaklitsch & Samuels, and these species are morphologically similar. The most prominent differences are that
T. caeruleimontis has slightly roughened conidia and a
slow growth rate on SNA, whereas T. orientale displays
smooth-walled conidia and grows well on SNA.
Trichoderma caeruleimontis is also related to T. aethiopicum, T. longibrachiatum Rifai, and T. pinnatum and
also shares several morphological similarities with these
species. Trichoderma aethiopicum can be distinguished
from T. caeruleimontis by its slower growth rate on
SNA; T. aethiopicum covers the Petri dish after 4 d at
25 C, whereas colonies of T. caeruleimontis are 51 mm

radius after 7 d (Samuels et al. 2012). Similarly, T.
caeruleimontis can be distinguished from T. pinnatum
based on growth rates on SNA; T. pinnatum covers
Petri dishes after 4 d at 25 C, and colonies of T.
caeruleimontis are only 51 mm radius after 7 d.
Trichoderma longibrachiatum can be distinguished
from T. caeruleimontis by the formation of yellow aerial
hyphae on top of conidial masses, a character that is
absent in T. caeruleimontis. Micromorphologically, T.
longibrachiatum typically produces cylindrical phialides, whereas T. caeruleimontis has ampuliform
phialides.
Trichoderma chetii I.L. du Plessis, I.S. Druzhinina,
L. Atanasova, O. Yarden & K. Jacobs, sp. nov.
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Figure 8. Trichoderma caeruleimontis. Line drawings from ex-holotype strain cultured on CMD. Bar = 10 µm.

FIGS. 6, 9, 10
MycoBank MB820120
Typification: SOUTH AFRICA. WESTERN CAPE
PROVINCE: Klawer (31°46ʹ10.20ʹʹS, 18°38ʹ15.39ʹʹE), a
dried biologically inert culture isolated from soil, Jul
2012, I.L. du Plessis (holotype PREM 61287). Ex-type
culture: PPRI 19363. GenBank: ITS = KX267805; TEF1
= KX267784; CaM1 = KX267775; CHI18-5 =
KX267778.
Etymology: Named in honor of Prof. Ilan Chet in
recognition of his many contributions to our understanding of how Trichoderma species interact with
other organisms and how they may be applied as biocontrol agents.
Colonies on CMD: Optimum growth at 30 C, colony
radius at 30 C = 54 mm after 48 h and covering the

Petri dish on day 3. At 25 C, colonies 69 mm radius
after 72 h and covering the Petri dish on day 4; at 15 C,
colonies 19 mm radius after 72 h and 55 mm on day 7.
At 30 C, colonies 54 mm radius after 72 h. At 37 C,
colonies reach 32 mm radius on day 7.
CMD at 25 C: Zonation conspicuous, aerial hyphae
scant. No hyphal coiling, exudates, autolytic excretions,
diffusing pigments, or distinct odors noted. Conidiation
on day 3. Dark green conidia develop on pustules (1–
2 mm diam) later fusing to form extended fertile regions,
colony sporulating effusely at distal regions or forming
small fertile granules. Conidiophores Verticillium-like;
however, phialides not formed at regular levels around
the axis but rather solitary, consisting of a straight or bent
stipe wherefrom multiple branches arise unpaired at irregular intervals along the central axis. Stage 2 branches

MYCOLOGIA

present; however, no stage 3 branches noted. Branching at
right angles relative to the stipe axis, some orientating
slightly towards the conidiophore terminus. Conidia
appear in small wet heads, phialides solitary or in whorls
of 2–4, divergent. Phialides: (4–)4.5–6.5(–9.5) × 2.5–3.5
µm (n = 50), l/w ratio: 1.5–2(–3), (1–)1.5–2(–2.5) µm
wide at base (n = 50), ampuliform with symmetrical or
slightly bent necks, widest around the middle. Conidia
(3–)3.5–4.5(–5) × (2–)2–3(–3.5) µm, l/w ratio: (1–)1.5–2
(–9.5) smooth, oval, less commonly subspheroidal, guttules present. Round, smooth-walled chlamydospores in
mature colonies. At 15 C, colonies show poor growth and
sporulation. Hyphal coilings observed on short branches
extending from the medium surface. At 30 C, sterile
pustules (2–3 mm diam) form near the colony center,
continuous fertile layers nearer the periphery. At 37 C,
colony appearance changes drastically compared with
that at 25 C, sporulation less abundant and pustules
remain small, forming a grainy texture.
Colonies on PDA: Optimum growth at 30 C. Colony
58 mm radius after 48 h at 30 C and covering the Petri
dish on day 3. At 15 C, colonies 20 mm radius after 72
h and 45 mm radius on day 7. At 25 C, colonies 73 mm
radius after 72 h and cover the Petri dish on day 4. At
37 C, colonies reach 31 mm radius on day 7. On PDA
on day 7, dense, prominent zonation observed, broad
green fertile regions alternating with white zones consisting of lightly sporulating mycelia that bear conidiophores effusely. Autolytic excretions scant, hyphal
coilings absent. No distinct odors or exudates noted,
reverse coloration pale orange. Conidiation on day 3,
effuse, dense, heavily sporulating regions near the point
of inoculation bearing green conidia. At 15 C, colony
shows restricted growth, no sporulation, hyphal coils
abundant on aerial stalks. At 30 C, mycelia appearing
yellowish compared with colonies at 25 C. At 37 C,
aerial mycelia abundant, developing into small, fertile,
loosely arranged pustules, conidia colors lighter shades
of green compared with those at 25 C.
Colonies on SNA: Optimum growth at 30 C. Colony
radius after 72 h at 30 C = 32 mm, colonies cover the
Petri dish on day 5. At 15 C, colonies 7 mm radius after
72 h and 25 mm radius on day 7. At 26 C, colonies
24 mm radius after 72 h and cover the Petri dish day 7.
At 37 C, colonies 57 mm radius on day 7. At 25 C,
hyaline, mycelial growth mostly below the medium
surface. Autolytic excretions and coilings inconspicuous. No diffusible pigments or distinguishing odors
noted. Pustules 2–4 mm diam, bearing dark green
conidia and forming sterile white mycelia at the margins. At 30 C, colonies similar to 26 C. At 37 C, colony
grows slower than at 30 C, small, granular, fertile pustules develop abundantly.
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Notes: Trichoderma chetii is phylogenetically closely related to T. andinense (Samuels & Petrini)
Samuels, Jaklitsch & Voglmayr (FIG. 1). The two
species can be readily distinguished based on their
growth rates. Contrary to T. chetii, T. andinense
typically does not cover a 90-mm Petri dish of PDA
in 72 h at 25 C (Samuels et al. 2012). On SNA, T.
andinense typically covers a 90-mm Petri dish after
72 h at 25 C (Samuels et al. 2012), whereas colonies
of T. chetii are only 24 mm radius after day 7. These
two species differ in colony appearance: T. andinense
is nearly sterile when grown on PDA at 25 C
(Samuels et al. 1998), whereas T. chetii sporulates
abundantly at this temperature.
Trichoderma restrictum I.L. du Plessis & K. Jacobs,
sp. nov.
FIGS. 6, 11, 12
MycoBank MB820122
Typification: SOUTH AFRICA. MPUMALANGA
PROVINCE: Nelspruit (25°29ʹ12.30ʹʹS, 30°58ʹ58.20ʹʹE),
a dried biologically inert culture isolated from bulk
soils, Apr 2012, I.L. du Plessis (holotype PREM
61285). Ex-type culture: PPRI 19367. GenBank: ITS =
KX267815; TEF1 = KX267794; CaM1 = KX267776;
CHI18-5 = KX267780.
Etymology: Named in reference to the slow growth
rate of this species on SNA.
Colonies on CMD: Optimum growth at 25 C. Colony
radius after 72 h when grown at 25 C = 32 mm, colony
covering the Petri dish on day 7. At 15 C, colonies 5 mm
radius after 72 h and 18 mm on day 7. At 30 C, colonies
reach 15 mm radius after 72 h and 35 mm on day 7. At 35
C, no growth occurs. At 25 C, colony hyaline at nonsporulating zones, soft velvety textures at the growing margins
and zones adjacent to fertile regions as a result of hair-like
hyphae projecting from the medium surface. Zonation
inconspicuous. Fertile radial bands composed of fused
pustules. Hyphal coilings along the colony periphery,
less prominent in mature regions. No autolytic excretions,
distinct odors, diffusible pigments, or exudates noted.
Pustules covered with numerous hyaline, straight, sterile
hyphae, giving them a hairy texture. Sporulation starts on
day 3. Small, light green pustules (0.5–1.5 mm diam), later
becoming larger (2–3 mm diam) and darker as the pustules mature. Conidiophores Pachybasium-like, branching regularly in pairs along the stipe axis, either straight or
curved. Sterile hyphal elongations extending from certain
conidiophores. First- and second-level branching produced, no third-level branching. Branches perpendicular
relative to the stipe axis or incline slightly towards the
conidiophores terminus. Phialides borne directly from
the stipe axis or on branches, solitary, or in whorls of
2–5, diverging from one another, (4–)5–7(–9.5) × (2.5–)
3–3.5(–4) µm (n = 50), l/w ratio: (1–)1.5–2(–3.5), 2–2.5(3)
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Figure 9. Trichoderma chetii. Morphological characters from ex-holotype strain. a, b, c, d. Conidiophores on CMD. e, f. Stereo
microscope images from SNA. g, h. Stereo microscope images from CMD. i. Stereo microscope images from PDA. j, k, l, m, n.
Conidiophores on CMD. o. Conidia. p. Chlamydospore. Bars = 10 µm.

µm wide at base, ampuliform with symmetrical or slightly
bent necks, widest around the middle. Conidia (3–)3.5–4
(–4.5) × 1.5–2 µm, l/w ratio: (1–)1.5–2(–3.5) borne in wet
heads, smooth, oval, small guttules noted.
Chlamydospores noted in mature colonies on CMD,
round- or oval-shaped, smooth-walled, forming mostly
on hyphal termini. At 15 C, Colonies display restricted
growth, sterile when incubated in darkness. Hyphae at the
colony margins display signs of autolytic excretions. No
hyphal coilings noted. At 30 C, colonies resemble those at
25 C with the exception of slower growth rates and the
absence of autolytic excretions
Colonies on PDA: Optimum growth at 25 C. Colony
radius after 72 h when grown at 25 C = 24 mm and 63 mm

on day 7. At 15 C, colonies reach 4 mm radius after 72 h
and 13 mm on day 7. At 30 C, colonies reach 11 mm
radius after 72 h and 31 mm on day 7. At 35 C, no growth
occurs. At 25 C, zonation less conspicuous than can be
seen on CMD. Fertile zones bear small, downy pustules
and hyaline zones in between sporulating zones show
small, granular pustules. Fertile regions light green in
color, becoming darker in mature colonies. No exudates,
soluble pigments, or hyphal coilings noted. Autolytic
excretions inconspicuous along the colony margin.
Conidiation on day 4. At 30 C, colonies grow slower
than at 25 C. No sporulation when grown in darkness.
No autolytic excretions or hyphal coiling noted. At 15 C,
colonies grow slowly, no sporulation occurs.
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Figure 10. Trichoderma chetii. Line drawings from ex-holotype strain on CMD. Bar = 10 µm.

Colonies on SNA: Optimum growth at 30 C.
Colony radius after 7 d at 30 C = 6 mm. At 15 C,
colonies 3 mm radius on day 7. At 25 C, colonies
6 mm radius on day 7. At 35 C, no growth occurs. At
30 C, colonies grow poorly. Mycelium hyaline, growing subsurface. Sporulation limited to the area surrounding the inoculation plug. No distinct odors,
soluble pigments, hyphal coilings, or autolytic excretions noted. At 26 C, colonies identical to those at 30
C. At 15 C, colonies resemble those forming at 25 C
with slower growth.
Notes: Trichoderma restrictum is represented by a
single strain (PPRI 19367) isolated from garden soil in
Nelspruit. It has ITS and TEF1 sequences that are
similar to those of Trichoderma species from the
Hamatum clade. However, phylogenetic analyses
showed that the T. restrictum was clearly distinct from
other members of this clade and not closely related to
any particular species (FIG. 2). The clear phylogenetic
distinction between strain PPRI 19367 and its relatives
justifies the establishment of a new species, and we
doubt that T. restrictum represents a variant of any
previously described Trichoderma species.
Trichoderma undulatum I.L. du Plessis & K. Jacobs,
sp. nov.
FIGS. 6, 13, 14
MycoBank MB820123
Typification: SOUTH AFRICA. WESTERN CAPE
PROVINCE:
Swellendam
(34°02ʹ35.61ʹʹS,
20°

25ʹ52.23ʹʹE), a dried biologically inert culture isolated
from bulk soils, Jul 2012, I.L. du Plessis (holotype
PREM 61286). Ex-type culture: PPRI 19365. GenBank:
ITS = KX267810; TEF1 = KX267789; CHI18-5 =
KX267779; RPB2 = KX351319.
Etymology: unda (Latin) meaning wave, in reference
to the serpentine hyphae that this fungus forms on the
surface of PDA.
Colonies on CMD: Optimum growth temperature at
25 C. Colony radius after 72 h when grown at 25 C =
10 mm. Colonies reach 44 mm radius on day 7. At 15 C,
colonies reach 6 mm radius after 72 h and 21 mm on
day 7. At 30 C, colonies reach 10 mm radius after 62 h
and 47 mm on day 7. At 35 C no growth occurs. At 25
C, mycelium mostly subsurface, white aerial mycelium
gives the colony a downy texture. Zonation inconspicuous, no hyphal coilings, soluble pigments, or distinctive
odors noted. Conidiation starts on day 5, sparse, effuse
in mature regions, fertile pustules fuse to form continuous fertile regions. Autolytic excretions noted along
colony margin. Two different conidiophore types produced: Conidiophores from pustules Trichoderma-like,
forming complex branching patterns that split from the
conidiophore axis at unpaired, irregular levels. Branches
orientated towards the conidiophore terminus and bear
short, ampuliform, unpaired phialides at irregular levels,
diverging from one another. Phialides do not develop
directly on the stipe except at the conidiophore
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Figure 11. Trichoderma restrictum. Morphological characters from ex-holotype strain. a, b. Stereo microscope images from CMD (left)
and PDA (right). c, d. Stereo microscope image from CMD. e, f. Conidiophores on CMD. g, h, i. Conidiophores formed on CMD. j.
Chlamydospores. k. Conidia. Bars = 10 µm.

terminus. Conidiophores from effusely sporulating
regions of the colony Gliocladium-like with relatively
simple structures. Such conidiophores sparingly
branched, bearing ampuliform to lanceolate phialides
orientated towards the conidiophore terminus.
Phialides (from conidiophores in pustules) (4.5–)5.5–
6.5(–7.5) × 2–2.5(–3) µm (n = 50), l/w ratio: (2–)2–3(–
4), 1.5–2(–2.5) µm wide at base, phialides ampuliform
with symmetrical or slightly bent necks, widest most
around the middle. Conidia (2–)2.5–3 × 1.5–2 µm, l/w
ratio: 1.2–1.5(–2) smooth, oval, less commonly subspheroidal, guttules noted. Round, smooth-walled chlamydospores noted in mature colonies on CMD, mostly
at the hyphal termini.

Colonies on PDA: Optimum growth at 30 C. Colony
radius after 72 h when grown at 30 C = 14 mm and
reach 40 mm on day 7. At 15 C, colonies reach 5 mm
radius after 72 h and 18 mm on day 7. At 25 C, colonies
reach 18 mm radius after 72 h and 38 mm on day 7. At
35 C, no growth occurs. At 25 C, colony hyaline,
mycelium mostly subsurface. Zonation conspicuous,
colony forms dense bundles of subsurface hyphae during the dark phases of incubation. This zone appears
flat and transparent, whereas hyphae formed during the
light phases densely packed, opaque, and raised. Colony
mostly sterile, mycelia white. No autolytic excretions,
hyphal coiling, soluble pigments, or distinctive odors
noted. Hyphae forming on the growing margin of the
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Figure 12. Trichoderma restrictum. Line drawings from ex-holotype strain on CMD. Bar = 10 µm.

colony undulated, forming a serpentine pattern. At 15
C, colonies hyaline, restricted growth. Colony sterile,
no autolytic excretions, hyphal coils, or odors noted. At
30 C, colonies resemble those formed at 25 C.
Colonies on SNA: Optimum growth at 30 C.
Colony radius after 72 h = 10 mm and 30 mm on
day 7. At 15 C, colonies 7 mm radius on day 7. At 25
C, colonies 9 mm radius after 72 h and 29 mm on day
7. At 35 C, no growth occurs. At 30 C, colony thin,
hyaline, zonation inconspicuous. Colony only sparsely
sporulating, bearing conidia in wet heads. Mycelia
mostly subsurface, small fertile, grayish-green pustules
formed. No autolytic excretions or hyphal coiling
noted. At 15 C, poor growth. Mycelial subsurface, no
sporulation. No autolytic excretions or hyphal coiling
noted. At 25 C, colony hyaline, mycelia forming subsurface. Hyphal tips break the surface of the agar
forming large, wet, fertile heads; the stipes of such
structures appear roughened or warted under a dissecting microscope.

Notes: Trichoderma undulatum is represented by a
single strain (PPRI 19365) isolated from soil collected
at the town of Swellendam. The ITS sequence of T.
undulatum was divergent from all other species of the
genus based on initial BLAST queries. However, morphologically, T. undulatum displays characters that are
typical of Trichoderma sensu Rifai (1969) and Bissett
(1991a). The micromorphological traits of T. undulatum suggested an affinity to the T. pachybasium clade
based on conidiophore structure. Trichoderma undulatum forms intricately branched conidiophores with
branches that bear numerous short, wide, ampuliform
phialides with smooth, oval-shaped conidia, consistent
with Bissett’s descriptions of Pachybasium-like conidiophores (Bissett 1991a) (FIGS. 13 and 14). In culture, T. undulatum has relatively fast growing colonies
that form white pustules that later turn green at the
onset of conidiation (FIG. 13). The phylogenetic placement of T. undulatum within Trichoderma was difficult because its sequence data placed it separate from
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other clades in the genus. The TEF1 sequences from
existing Trichoderma species and T. undulatum (PPRI
19365) were too divergent to align. For this reason, a
phylogenetic analysis was performed based on the ITS
and RPB2 regions. Sequence data from these loci
aligned well without introducing a large number of
ambiguous regions. ML and BI analyses confirmed
that T. undulatum did not show a strong affinity
towards any of the currently recognized clades within
Trichoderma (FIG. 3). Therefore, this species is
believed to constitute a distinct lineage within the
genus and cannot represent a variant of any
Trichoderma species previously described.

DISCUSSION
Several studies have reported Trichoderma species from
South Africa, identifying 13 different species, namely, T.
asperellum, T. atroviride, T. aureoviride Rifai, T. catoptron
P. Chaverri & Samuels, T. gamsii, T. hamatum, T. harzianum Rifai, T. longibrachiatum, T. orientale, T. polysporum
(Link) Rifai, T. reesei, T. stromaticum Samuels & PardoSchulth., and T. viride (Askew and Laing 1994; Samuels
et al. 1998; Chaverri and Samuels 2004; Jaklitsch et al.
2006; Druzhinina et al. 2008, 2010; Kubicek et al. 2008; De
Respins et al. 2010; Mutawila et al. 2011). Many of these
species were reisolated during this study along with 15
additional species, including T. afroharzianum, T. asperelloides, T. atrobrunneum, T. beinardii, sp. nov., T. caeruleimontis, sp. nov., T. camerunense, T. chetii, sp. nov., T.
koningii, T. koningiopsis, T. pyramidale, T. restrictum, sp.
nov., T. saturnisporum, T. spirale, T. undulatum, sp. nov.,
and T. virens. This brings the total number of species
known from South Africa to 28. However, this will probably increase because fungal soil communities from many
parts of the country have not yet been investigated (cf.
SUPPLEMENTARY FIG. 11). In addition, only a few
studies isolated Trichoderma strains outside the soil environment. It was long believed that Trichoderma species
were an essential part of soil microbial communities, but
it is now recognized that the major pool of generic diversity is linked to aboveground habitats and only a small
portion of cosmopolitan species develop in soil (Jaklitsch
2009, 2011; Migheli et al. 2009; Friedl and Druzhinina
2012; López-Quintero et al. 2013). Based on comprehensive taxonomic and ecological surveys of Trichoderma in
central and southern Europe by Jaklitsch (2009, 2011), the
major ecological niches of this initially mycotrophic fungus genus are related to sporocarps of other fungi and
predegraded dead wood (Druzhinina et al. 2011).
The two new species, T. beinartii and T. chetii, are
described here as members of the Longibrachiatum
clade, despite their morphological dissimilarity to

other species in that clade as revised by Samuels et al.
(2012). Members of this clade generally display fast
growth rates at 37 C, as well as yellowish colony
reverses. In contrast, T. chetii has restricted growth at
37 C and lacks yellow colony reverses on any of the
medium types tested. Similarly, T. beinartii also has
restricted growth at 37 C, although it does have yellow
colony reverses on PDA. In addition, both new species
produce ampuliform phialides, whereas members of the
Longibrachiatum clade generally display lageniform
phialides (Samuels et al. 2012) (FIGS. 5 and 9).
Despite the morphological differences between T. beinartii, T. chetii, and the members of Longibrachiatum
clade, both grouped with members of the
Longibrachiatum clade based on our three-gene phylogenetic analysis (FIG. 1). Both species also displayed
well-supported phylogenetic lineages distinct from the
other species within their respective clades (FIG. 1).
Trichoderma chetii was found to be phylogenetically
related to an undescribed Trichoderma taxon isolated
from Saudi Arabia, represented by strain G.J.S. 01-355.
Druzhinina et al. (2012) found that this strain was
distinct from other Trichoderma species based on
TEF1, CaM1, and CHI18-5 sequence data, but this
species remains undescribed in the absence of additional isolates. Gal-Hemed et al. (2011) previously
showed that strains OY 14707 and OY 7107 (T. beinartii) were phylogenetically distinct from other members
of the Longibrachiatum clade through the application of
genealogical concordance phylogenetic species recognition, based on CHI18-5, RPB2, and CaM1 sequence
data.
Trichoderma caeruleimontis also belongs to the
Longibrachiatum clade. This species grows well at 37
C and displays yellowish reverse colorations similar to
other members of the clade. However, T. caeruleimontis
displays ampuliform phialides that are atypical of species from the Longibrachiatum clade defined by
Samuels et al. (2012). This species grouped together
with species from the Longibrachiatum clade based on
our three-gene phylogenetic analyses but formed a
well-supported branch that separated it from its relatives (FIG. 1).
Two Trichoderma strains from this survey could not
be identified to species level. These belong to the
Harzianum clade, which was recently reviewed by
Chaverri et al. (2015). PPRI 20682 was isolated near
the small town of Chrissiesmeer in Mpumalanga
Province. Phylogenetic analyses based on TEF1
sequences suggest that it does not belong to any of
the currently recognized species of the Harzianum
clade but is closely related to T. inhamatum
Veerkamp & W. Gams (SUPPLEMENTARY FIG. 2).
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Figure 13. Trichoderma undulatum. Morphological characters of ex-holotype strain. a, b, c. Stereo microscope images from CMD (left),
PDA (middle), and SNA (right). d, e. Stereo microscope images from SNA. f. Stereo microscope image from PDA. g. Conidiophore on
CMD. h, i. Conidiophores on CMD. j. Chlamydospore. k. Conidia. Bars = 10 µm.

Similarly, PPRI 20684 did not seem to match any
currently recognized species but grouped with T. pyramidale
W.
Jaklitsch
&
P.
Chaverri
(SUPPLEMENTARY FIG. 2). These two strains might
represent new species, but the clear phylogenetic distinctions between them and the other members of the
Harzianum clade are difficult to interpret with only a
single strain so far isolated. In addition, members of the
Harzianum clade exhibit a complex speciation history
and morphological characters can be misleading when
trying to delineate species in this group (Druzhinina
et al. 2010). Therefore, we decide that strains PPRI
20682 and PPRI 20684 cannot be confidently described
as new taxa until additional strains can be examined.

In the last decade, extensive molecular studies
allowed taxonomists to expand the known
Trichoderma diversity profile, now consisting of >250
phylogenetically defined species (Atanasova et al. 2013;
Bissett et al. 2015). Despite being mainly mycotrophic
and/or secondary colonizers of wood, Trichoderma species are widely considered to be plant-beneficial microorganisms because several species have a high
environmental opportunism and express profound rhizosphere competence (Druzhinina et al. 2011). Only
about two dozen species (ca. 10–12% of the total diversity) are cosmopolitan, highly mycoparasitic, and competitive (Druzhinina et al. 2011; Friedl and Druzhinina
2012). They can be easily isolated from numerous
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Figure 14. Trichoderma undulatum. Line drawing from ex-holotype strain on CMD. Conidiophore morphology as can be seen forming
in fertile pustules (left) and effusely sporulating regions of the colony (right). Bar = 10 µm.

natural and artificial habitats, including living or dead
fungi, wood, soil, phyllo- and rhizospheres, aquatic
ecosystems, indoor environments, and, less frequently,
biological tissues (as endophytes and/or pathogens of
animals). Our results perfectly align with this concept
because the majority of strains from soil in South Africa
belong to the core groups of cosmopolitan species: T.
afroharzianum, T. asperelloides, T. asperellum, T. atrobrunneum, T. atroviride, T. camerunense, T. gamsi, T.
hamatum, T. koningii, T. koningiopsis, T. pyramidale, T.
saturnisporum, T. spirale, and T. virens. For example,
López-Quintero et al. (2013) investigated the diversity
of Trichoderma in soil and leaf litter in Colombian rain
forests and isolated almost the same species as we did
in this study. All of them, with the exception of T.
viride, are known from many isolates worldwide and
some are developed as active bioeffectors in various
biocontrol products.
Information on the ecology of the new Trichoderma
species and their function in nature is limited because
only a handful of strains have been isolated.
Trichoderma beinartii is represented by three strains
from strikingly different environments around the
world. The ex-holotype strain PPRI 19281 was isolated

from a terrestrial site in the Fynbos biome of South
Africa, whereas the remaining two strains (OY 14707,
OY 7107) were isolated by Paz et al. (2010) from
marine sponges in the Mediterranean Sea. This shows
that T. beinartii is not confined to the soil environment
and suggests an interesting capacity to inhabit diverse
ecological niches. Trichoderma caeruleimontis is represented by three strains and was only isolated along the
western coast of South Africa, from regions known to
be hot and arid. Trichoderma chetii is represented by
two strains isolated from regions with dissimilar climates. The ex-holotype, strain PPRI 19363, was isolated
from soil in the Mediterranean Fynbos biome of South
Africa, whereas the second strain, TUCIM 667, was
isolated from soil in tropical Hawaii.
This study furthers our understanding of Trichoderma
diversity in South Africa by identifying several species not
previously known to occur within the country. In addition, five new Trichoderma species were discovered and
described from soil. Other niches remain unexplored in
South Africa. This study does not present a comprehensive list of Trichoderma species in South Africa but serves
as a basis from which future studies may further investigate the diversity of this important genus.
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