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Abstract: During surveys in the centres of origin of the coffee leaf rust (CLR), Hemileia vastatrix in Africa, as well as
in its exotic range in Brazil, 23 isolates of the genus Cladosporium were obtained from uredinial pustules. Using a
phylogenetic analysis of all isolates involving a combination of partial sequences of the internal transcribed spacer
region of rDNA (ITS) and two gene regions: actin (act) and translation elongation factor-1a (tef1), 12 species were
delimited; including four new species — Cladosporium chlamydosporiformans, C. hemileiicola, C. mucilaginosum
and C. setoides. GCPSR criteria were employed for species recognition, supported by morphological and cultural
characters. The potential of these purported mycoparasites is discussed in the context of biological control of CLR
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INTRODUCTION

Coffee leaf rust (CLR), caused by Hemileia vastatrix, is the
most important disease of coffee worldwide (Zambolim 2016,
Koutouleas et al. 2019) and the historical impacts due to CLR
have been well documented (McCook 2006). More recently,
disastrous outbreaks of CLR have been destroying the livelihoods
of coffee growers in Central and northern South America (Avelino
et al. 2015, Talhinhas et al. 2017); prompting mass migrations to
North America (Ward et al. 2017). This humanitarian crisis led
World Coffee Research (WCR) to initiate a programme — funded
by USAID and targeted at smallholder farmers — to mitigate
the impact of CLR in Central America. The main emphasis is on
developing resistant coffee varieties through plant breeding, but
alternative management strategies are also being considered,
including biological control using mycoparasitic or antagonistic
fungi (Rodriguez et al. 2021). The present paper is part of a
series documenting the fungi recorded, both as mycoparasites
and endophytes, during surveys in the African centres of origin
of Coffea and Hemileia vastatrix, as well as in their exotic range
in South America (Crous et al. 2018, Colman et al. 2021, Guterres
et al. 2021, Rodriguez et al. 2021, Salcedo-Sarmiento et al. 2021,
Kapeua-Ndacnou et al. 20233, b). Here, we name and describe
the isolates of Cladosporium resulting from these surveys in
Africa and Brazil.

MATERIALS AND METHODS
Sampling, isolation and preservation

The Cladosporiumisolatesincluded inthis study were all obtained
from material collected in Brazil, Kenya and Ethiopia. A detailed
description of the procedures adopted during the field studies
is provided in Colman et al. (2021) and Rodriguez et al. (2021).
In the case of purported or cryptic mycoparasites of CLR, rust-
infected leaves were scanned in the field with a x 40 hand lens
to detect evidence of colonies overgrowing H. vastatrix uredinia.
Leaves with evidence of mycoparasitic associations were dried
in a plant press until later examination in the laboratory using
a dissecting microscope (Olympus SZX7). Isolations were made
by transferring spores or other fungal structures from colonized
uredinia onto plates containing potato-dextrose agar (PDA) with
a sterilized fine-point needle.

For long-term storage, a representative pure culture of each
isolate was transferred to flasks containing silica-gel or a 10 %
glycerol solution maintained at 80 2C, as described by Dhingra &
Sinclair (1995) and Gongalves et al. (2016). Fungal cultures were
deposited in the culture collection ‘Cole¢do Octévio de Almeida
Drumond’ (COAD) of the Universidade Federal de Vigcosa (UFV),
Vicosa, Minas Gerais, Brazil. Colonies of each isolate were
metabolically inactivated and dried cultures were deposited in
the UFV herbarium (VIC).

The origin of each isolate, as well as their COAD and VIC
codes are presented in Table 1.
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Morphological characterization

Isolates were cultivated on malt extract agar (MEA), oatmeal
agar (OA), PDA, and synthetic nutrient-poor agar (SNA) media
for 14 d at 25 + 2 °C in the dark. Cultural characteristics were
described following the terminology proposed by Crous et al.
(2019), and colors were rated according to Rayner (1970).

The slide-culture method (Mafia & Alfenas 2016) was used
for microscopic observations and preparation of illustrations.
Cladosporium isolates were transferred to the sides of small PDA
blocks placed in the centre of sterile glass slides and a sterile
coverslip was placed over the block. The material was kept in
an incubator, adjusted to 25 * 2 °C, under a light regime of 12 h,
for 5-7 d. The PDA blocks were then removed and the coverslips
and slides containing fungal structures were carefully mounted
in lactoglycerol or lactofuchsin for examination.

Slides were observed and microphotographs were taken
using a light microscope (Olympus BX-51) equipped with a
digital color camera (Olympus Q-COLOR3). Biometric data were
collected from at least 30 representative structures from each
isolate and conidia were ranked by following the terminology of
Schubert et al. (2007).

DNA extraction, amplification and sequencing

Isolates were transferred to plates containing potato dextrose
(PD) broth and maintained in an incubator, adjusted to 25 *
2 °C, under a light regime of 12 h, for 7 d. The mycelium was
then harvested and placed on sterile filter paper to dry. Dried
mycelium was transferred to sterile 1.5 ml centrifuge microtubes
containing three stainless steel beads and macerated with
a mechanical disruptor of cells (model L Beader 3 — Loccus
Biotecnologia, Cotia, SP, Brazil), set at 4 000 rpm for two cycles
of 10 s each. Genomic DNA was extracted using the Wizard
Genomic DNA Purification Kit (Promega, Madison, WI, USA)
following the manufacturer’s protocol.

Polymerase chain reactions (PCR) were performed for
genomic regions of interest for the genus Cladosporium (Bensch
et al. 2018) for each sample. The internal transcribed spacer
regions and intervening 5.8S rRNA gene (ITS) of the rDNA was
amplified with the primer pair ITS-5/ ITS-4 (White et al. 1990),
and part of the actin (act) and the translation elongation factor
1-alpha (tef1) genes were amplified with the primer pairs ACT-
512F/ ACT-783R (Carbone & Kohn 1999), and EF1-728F and EF1-
986R (Carbone & Kohn 1999), respectively.

The cycling conditions used during each PCR followed the
temperatures and times described for each pair of primers
(Rosado et al. 2019). The PCR products were analyzed on
agarose gels stained with GelRed™ (Biotium Inc., Hayward,
CA, USA) and visualized under UV light to verify the purity and
size of the amplicons. Then, PCR products were purified with
ExoSAP-IT™ (Amersham Biosciences, Arlington Heights, IL, USA)
following the manufacturer’s instructions and sent to Macrogen
Inc. (Seoul, South Korea, http://www.macrogen.com) to be
sequenced.

Sequencing and phylogenetic analysis

To visualize and evaluate electropherograms, correct possible
nucleotides on ambiguous positions and assemble consensus
sequences (contigs), the software SegAssem v. 07/2008
(Hepperle 2021) was used. The sequences generated from the

isolates under study were deposited in GenBank (accession
codes are presented in Table 1) and preliminarily compared with
other published sequences through a BLAST search (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) to verify the taxonomic identity
of each isolate. For the phylogenetic inferences, sequence data
included in this study were obtained from the GenBank database
(https://www.ncbi.nlm.nih.gov/genbank/) (Table 1).

The sequences were aligned with the MUSCLE algorithm
implemented in the software MEGA X v. 10.2.2 (Kumar et
al. 2018). Initially, act, ITS, and tef1 alignments were combined
using the software SequenceMatrix v. 1.8 (Vaidya et al. 2011),
and an analysis was performed with all described Cladosporium
species, using Cercospora beticola CBS 116456 as an outgroup
taxon (data not shown). After determining to which species
complex each isolate under study belongs, a new alignment was
made for each locus using sequences of the C. cladosporioides
and C. sphaerospermum species complex, and with C. herbarum
cultures CBS 121621 and CBS 300.49 as the outgroup taxon.

To define the phylogenetic relationship between the
Cladosporium isolates under study and other species, two
phylogenetic methods were used: the Maximum Likelihood
analysis (ML) and the Bayesian Inference (BI). The ML analysis
was performed using the program RAxML-HPC v. 8.2.12,
implemented in the CIPRES portal (Miller et al. 2010). Maximum
likelihood was performed with 1 000 bootstrap replicates and
bootstrap support (BS) values were determined.

Prior to the Bl analyses, the best nucleotide substitution
model for each locus was determined. For this, the jModelTest2
v. 2.1.6 (Darriba et al. 2012), implemented in the CIPRES Science
Gateway portal (Miller et al. 2010), was utilized. For the act
and tef1 loci, the best substitution models were HKY+|+G and
GTR+I+G, respectively. The model SYM+I+G was applied to the
ITS region.

For the Bl analysis, MrBayes v. 3.2.7a (Ronquist &
Huelsenbeck 2003), also present in the CIPRES portal (Miller et
al. 2010), was used. In order to search for the best tree topology,
the Markov chain Monte Carlo (MCMC) method was applied.
Two simultaneous and independent analyses were started,
each with four chains. In each analysis, trees were randomly
generated up to 5 M generations, with sampling every 500
generations, resulting in 10 000 trees sampled. The first 2 500
trees (25 %) were discarded in the burning phase before setting
the consensus tree. Through the 7 500 remaining trees from
each analysis, the consensus tree was obtained and posterior
probability (PP) values were determined. These methods were
carried out for each locus individually (data not shown), for a
combined dataset of act and tefl loci (data not shown), and
for a combination of act, ITS, and tefl loci. The resulting trees
of concatenated analysis, combining act, ITS, and tefl loci,
were visualized in TreeGraph 2 v. 2.15.0-887 (Stover & Miiller
2010), their topologies were compared, and the Bl topology
was adopted. The tree was edited in Inkscape v. 1.3 (https://
inkscape.org/), and BS and PP values higher than 70 % or 0.95,
respectively, were maintained.

RESULTS
Sequencing and phylogenetic analysis

For act, ITS, and tefl, amplicons ranging between 153-242,
472-545 and 205-371 bp, respectively, were generated. An
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Fig. 1. Phylogenetic tree based on a Bayesian Inference (Bl) analysis from the combined ITS, act, and tefl sequence alignment dataset of the
Cladosporium sphaerospermum and C. cladosporioides species complexes. Numbers above the nodes indicate Maximum Likelihood bootstrap
support values (BS) (left, BS > 70 %) and Posterior Probabilities (PP) from BI (right, PP > 0.9), lower values are indicated as “-”. Fully supported nodes
with 100 % BS and with 1.00 PP are shown as thick lines. The tree is rooted to Cladosporium herbarum isolates (CBS 121621 and CBS 300.49). Extype
strains are highlighted in bold. Isolates from the present study are presented in red.
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initial inference with isolates from the three Cladosporium
species complexes (C. cladosporioides, C. herbarum, and C.
sphaerospermum) revealed that all Cladosporium isolates
evaluated here belong either to the C. cladosporioides or C.
sphaerospermum species complexes. A new analysis was made
considering just species belonging to these two complexes.

The final alighment consisted of 197 taxa, including the
23 Cladosporium isolates resulting from the present study
and two C. herbarum isolates used as an outgroup taxon. The
combination of act, ITS, and tef1 regions was represented by
1 232 characters, including gaps (act: 267; ITS: 513; tefl: 452
sites), from which 511 were conserved sites (act: 74; ITS: 390;
tefl: 47 sites), and 489 sites were potentially informative for
parsimony (act: 140; ITS: 61; tef1: 288 sites).

The phylogenetic tree (Fig. 1) revealed that of the 23
Cladosporium isolates obtained from uredinia of H. vastatrix, 18
belong to the C. cladosporioides species complex, and the other
five to the C. sphaerospermum species complex.

Within the C. cladosporioides species complex, four isolates
clustered with C. bambusicola (COAD 2562, 2565, 2573, and
3516), whilst isolate COAD 2550 formed a distinct group defined
as C. ribis. One isolate (COAD 3471) formed a clade with two
isolates of C. guizhouense, and another isolate (COAD 2558)
grouped with three isolates of C. pseudotenuissimum. lsolate
COAD 2559 corresponded to C. xanthochromaticum, forming a
clade with isolates of this species. Two isolates, COAD 2566 and
COAD 2572, formed a clade with one isolate of C. puris.

The other eight isolates clustered in clades different from
known species of this complex, indicating that they represent
new species. Cladosporium chlamydosporiformans sp. nov.
(COAD 2561, 2568, 2570, and 2571) formed a monophyletic
group closely related to C. eucommiae. Cladosporium hemileicola
sp. nov. (COAD 2567 and 3350) formed a new clade with high
support value within this species complex. Finally, Cladosporium
setoides sp. nov. (COAD 2576 and 3470) formed a well-supported
clade closely related to a group containing C. anthropophilum,
C. compactisporum and C. devikae.

Within the C. sphaerospermum species complex,
two isolates (COAD 3351 and 3487) grouped in the C
austrohemisphaericum clade and another isolate (COAD 2578)
clustered in the C. sphaerospermum monophyletic group.
Cladosporium mucilaginosum sp. nov. is represented by two
isolates (COAD 2580 and 2581), which are closely related to the
C. psychrotolerans and C. langeronii clade, but form a distinct
and well-supported group.

Taxonomy

Cladosporium austrohemisphaericum Bensch et al., Stud.
Mycol. 82: 42. 2015. MycoBank MB 814626.

Materials examined: Ethiopia, Oromia Region, Jimma, University farm,
on uredinia of Hemileia vastatrix on leaves of Coffea arabica, 30 May
2017, H.C. Evans & K.B. Bekele (culture COAD 3487); Agaro, Center,
Jimma University, on uredinia of Hemileia vastatrix from leaves of
Coffea arabica, 3 May 2017, H.C. Evans & K.B. Bekele (culture COAD
3351).

For a detailed description and illustrations, see Bensch et al.
(2015, 2018).

Notes: The two isolates evaluated here form a subclade
within a well-supported superior monophyletic group of
C. austrohemisphaericum. The cultural characteristics of these
two isolates are similar to those described by Bensch et al.
(2015, 2018) but presented some biometric discrepancies to the
original description, but these are interpreted here as resulting
from the effect of their growth in different media from that used
in the original description (SNA). For instance, conidiophores
were wider, 2.5-5.5 um vs. 2.5-3.5 um than those in the
original description and the conidiogenous cells were somewhat
shorter, 8.5-34.5 um long vs. (6—)13-45(—60) um. In addition,
the ramoconidia, both primary and secondary, were also shorter
(primary ramoconidia 6-22 um long vs. 12-36 um; secondary
ramoconidia 2.5-8.5 um long vs. (8-)10-27(-30) um). This
species has a wide distribution and host range in the Southern
Hemisphere and has been isolated from air samples, plant
material and fruits of different hosts in Australia, New Zealand
and South Africa (Bensch et al. 2015, 2018). Nevertheless, this
appears to be the first record from Ethiopia (and, therefore,
from the Northern Hemisphere), as well as the first report as a
mycoparasite and of its occurrence on uredinia of H. vastatrix.

Cladosporium bambusicola P.P. Costa et al., Phytotaxa 560: 15.
2022. MycoBank MB 824725.

Materials examined: Brazil, Minas Gerais, Araponga, on uredinia
of Hemileia vastatrix on leaves of Coffea arabica, 3 May 2015, R.W.
Barreto (culture COAD 2562); Minas Gerais, Trés Pontas, on uredinia
of Hemileia vastatrix on leaves of Coffea arabica, Sep. 2015, A.A.
Colmdn (culture COAD 2565); Espirito Santo, Conceigdo da Barra, on
uredinia of Hemileia vastatrix on leaves of Coffea arabica, Sep. 2015,
A.A. Colmdn (culture COAD 2573); Minas Gerais, Monte Carmelo, on
uredinia of Hemileia vastatrix on leaves of Coffea arabica, 12 Jul. 2022,
R.W. Barreto (culture COAD 3516).

For a detailed description and illustrations, see Costa et al.
(2022).

Notes: The four isolates formed a large and well-supported clade
withtwoisolates of C. bambusicola and have a similar morphology
to that described for this species in Costa et al. (2022); although
some differences were noted. The conidiophores of the CLR
isolates were longer (up to 427 um long on the CLR samples
vs. up to 179 um in the original description) and conidial sizes
differed: ramoconidia and intercalary conidia being smaller than
those reported (ramoconidia: 7-28 x 1.5—4.5 um vs. 33.9-39.9
x 4.3-5.8 um; intercalary conidia: 3.5-7 x 2—3.5 um vs. 4.1-10.8
x 2.6-5.2 um), and terminal conidia being slightly thinner (2—
3.5 um wide vs. 3.3-5.7 um). Originally, C. bambusicola was
obtained from decayed leaves of Aulonemia amplissima in the
coffee-growing region of Minas Gerais (Costa et al. 2022). More
recently, this species was isolated from uredinia of another rust
fungus (Austropuccinia psidii) on leaves of Corymbia sp. and on
fruits of Psidium guajava (Silva et al. 2023). This is the first record
of C. bambusicola on H. vastatrix and seems to indicate that this
species is well adapted to grow on uredinia of the Pucciniales.
Thus far, C. bambusicola has only been reported from Minas
Gerais, Brazil.
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Cladosporium species from uredinia of Hemileia vastatrix
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Cladosporium chlamydosporiformans C.M. Pereira & R.W.
Barreto, sp. nov. MycoBank MB 850456. Fig. 2.

Etymology: In reference to the abundant chlamydospores
produced by this species in pure culture.

Typus: Kenya, Eastern Province, on uredinia of Hemileia vastatrix on
leaves of Coffea arabica, 28 Jan. 2015, H.C. Evans (holotype VIC 47529,
a dried metabolically inactive culture, culture ex-type COAD 2571).

GenBank: ITS = OP535374; act = OP598126; tef1 = OP676085.

Mycelium moderately abundant, hyphae sparingly branched,
3-6.5 um wide, septate, without swelling, but with some
constrictions at septa; light brown to pale brown, smooth
to slightly verruculose, with somewhat thickened walls and
sometimes covered by a mucilaginous layer. Conidiophores
macronematous, solitary, 34.5-160 x 2.5-7 um, arising
terminal or laterally from hyphae, erect, occasionally sinuous,
subcylindrical attenuated towards the apex, with a swollen
bulbous base, dark brown at the base becoming progressively
and distinctly lighter towards the light greyish-brown apex,
unbranched but occasionally forming branches near the base,
2—7-septate, smooth, thick-walled, micronematous, lateral,
10.5-45 x 2.5-6 um, cylindrical, subhyaline to pale brown, 1-2
apical loci, 1-3-septate. Conidiogenous cells integrated, terminal,
subcylindrical, 1-5 sympodial proliferations, 11.5-56.5 x 2.5-6.5
um, with 1-5 loci at the apex, conidiogenous loci protuberant,
truncated, 0.5-2 um diam, thickened and darkened-refractive.
Ramoconidia cylindrical, 9-50.5 x 2-5.5 um, 0-1-septate,
with truncate base, brown, smooth, thin-walled. Secondary
ramoconidia ellipsoid to oblong, 2—3 coronate hila, 4-10.5 x
2.5-5 um, aseptate, brown, truncate base, smooth, thin-walled.
Conidia abundant, in acropetal and branched chains, aseptate,
light brown to brown, smooth, thin-walled; intercalary conidia
limoniform, oval to ellipsoid, 5.5-12.5 x 2.5-5 um, with hila
sometimes protuberant and coronate; terminal conidia globose
to ellipsoid or apiculate, 3-6 x 2—-3.5 um, hila not evident.
Chlamydospores abundantly produced in hyphae, intercalary or
terminally, forming clusters, occasionally solitary, brown to dark
brown, thick-walled, globose to sub-globose, 6.5-9.5 um diam.

Culture characteristics: Colonies on MEA up to 50 mm diam,
flat and radially furrowed, margins undulate, aerial mycelium
velvety, olivaceous black and grey olivaceous towards margins,
reverse similar to surface. Colonies on OA up to 29 mm diam,
flat and radially furrowed, with small central tufts, margins
fimbriate, aerial mycelium somewhat felty, olivaceous black to
grey olivaceous, reverse olivaceous black. Colonies on PDA up to
35 mm diam, flat, grainy at margin and centre, margins narrow,
undulate, aerial mycelium granular to floccose, grey olivaceous
to dull green towards the white edge, reverse olivaceous
black. Colonies on SNA up to 40 mm diam, flat and radially
furrowed, centrally tufted, margins wide, discretely undulate,
aerial mycelium powdery, greenish olivaceous changing to dark
herbage green to yellow-green towards the wide white margin,
reverse olivaceous to greenish olivaceous. Sporulation moderate
on MEA, and abundant on OA, PDA, and SNA.

Additional material examined: Brazil, Minas Gerais, Itutinga, on
uredinia of Hemileia vastatrix on leaves of Coffea arabica, Sep. 2015,
A.A. Colman (culture COAD 2561); Minas Gerais, Lambari, on uredinia

of Hemileia vastatrix from leaves of Coffea arabica, 19 Jun. 2015,
A.A. Colmdn (culture COAD 2570). Ethiopia, Oromia Region, Jimma,
University of Jimma farm, on uredinia of Hemileia vastatrix on leaves of
Coffea arabica, 30 May 2017, K.B. Bekele (culture COAD 2568).

Notes: Cladosporium chlamydosporiformans belongs to the
C. cladosporioides species complex and clusters as a sister
clade to C. eucommiae, a species isolated from leaves of
Eucommia ulmoides in China. Some morphological differences
between the two species are striking, such as the presence of
constrictions at septa, the occurrence of primary ramoconidia
and chlamydospores in C. chlamydosporiformans — seemingly
absent from C. eucommiae (Wang et al. 2022). Other differences
between the two species include wider conidiophores in C.
chlamydosporiformans (up to 7 um vs. up to 4.5 um in C
eucommiae) and C. chlamydosporiformans having shorter
secondary ramoconidia (4-10.5 um) compared to C. eucommiae
(5-25 um). Whether or not C. chlamydosporiformans can be
considered as a specialized mycoparasite of CLR is unknown, at
present, but it is possible that it arrived in Brazil as a contaminant
from its African centre of origin.

Cladosporium guizhouense S.Y. Wang et al., MycoKeys 91: 160.
2022. MycoBank MB 842407.

Material examined: Ethiopia, Oromia Region, lllubabor Gore, on
uredinia of Hemileia vastatrix on leaves of Coffea arabica, 30 Dec.
2017, K.B. Bekele (culture COAD 3471).

For a detailed description and illustrations, see Wang et al.
(2022).

Notes: Only one, among all the Cladosporium isolates found on
CLR during this study, clustered within the C. guizhouense clade
and it has a similar morphology to that described by Wang et
al. (2022). However, isolate COAD 3471 has significantly larger
conidiophores (81.5-277 x 3.5-5.5 um vs. 13-100 x 3-4.5
um) and smaller secondary ramoconidia (5-13.5 x 2.5-4.5 um
vs. 6.5-23 x 3-5.5 um). Like C. eucommiae, this species was
originally described and isolated from leaves of Eucommia
ulmoides in China (Wang et al. 2022). Subsequently, it was also
isolated from leaves of Prunus pseudocerasus (Rosaceae) and
Ribes burejense (Grossulariaceae) (Yang et al. 2023), in China.
Recently, two isolates of C. guizhouense were obtained from
uredinia of A. psidii on leaves of P. guajava and Syzygium jambos
in Brazil (Silva et al. 2023). Cladosporium guizhouense would
seem, therefore, to have a pantropical geographical distribution
with a broad host range. This is the first report of C. guizhouense
from Africa and from uredinia of H. vastatrix. It is possible that
this species is a generalist mycoparasite of rust fungi, based on
the records from Brazil and Ethiopia, and may be a contaminant
on fruit trees in China.

Cladosporium hemileiicola C.M. Pereira & R.W. Barreto, sp. nov.
MycoBank MB 850457. Fig. 3.

Etymology: Based on its host substrate, uredinia of Hemileia
vastatrix.

Typus: Brazil, Minas Gerais, Sdo Sebastido da Vitéria, on uredinia of
Hemileia vastatrix on leaves of Coffea arabica, Sep. 2015, A.A. Colmdn
(holotype VIC 47526, dried metabolically inactive culture, ex-type
culture COAD 2567).

22 © 2024 Westerdijk Fungal Biodiversity Institute



Cladosporium species from uredinia of Hemileia vastatrix

Fig. 2. Cladosporium chlamydosporiformans sp. nov. (COAD 2571). A. Colony on MEA. B. Colony on OA. C. Colony on PDA. D.
Colony on SNA. E, G. Conidiophores. F, H. Conidiogenous cells with conidia. I. Micronematous conidiophore. J. Chlamydospores,
note chlamydospores germinating and originating from conidiophores. K, L. Conidiophores with bulbous base arising from
chlamydospores. M. Chlamydospores and conidia. Scale bars: E, G, I, J = 20 um; F, H, K-M = 10 pm.
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Fig. 3. Cladosporium hemileiicola sp. nov. (COAD 2567). A. Colony on MEA. B. Colony on OA. C. Colony on PDA. D. Colony on SNA. E,
F, I. Conidiophores. G. Conidiogenous cells with conidia. H. Primary ramoconidium, micronematous conidiophore and conidia. J-L.
Conidia. Scale bars: E =20 um; F-L =10 um.
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Fig. 4. Cladosporium mucilaginosum sp. nov. (COAD 2581). Arrows indicate the mucilaginous layer covering fungal structures. A.
Colony on MEA. B. Colony on OA. C. Colony on PDA. D. Colony on SNA. E, F. Conidiophores. G, I. Conidiogenous cells with conidia.
H, J. Conidiophores arising laterally from hyphae and covered by mucilaginous layer. K. Intercalary conidium attached to a primary
ramoconidium. L. Conidia produced in chains. Scale bars: E = 20 um; F-L = 10 um.
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GenBank: ITS = OP535376; act = OP598128; tef1 = OP676087.

Mycelium sparse, branched, 2-4.5 um wide, septate, without
swellings or constrictions, subhyaline to light brown, smooth,
thin-walled. Conidiophores macronematous, solitary, 24.5-258
x 3—6 um, arising terminal or laterally from hyphae, erect,
sometimes sinuous, cylindrical attenuated towards the apex,
subhyaline, pale brown to brown olivaceous, unbranched,
1-9-septate, smooth, thick-walled, micronematous, sparse,
almost distinguishable from hyphae, lateral, 6.5-88.5 x 2-5
um, subcylindrical, sometimes reduced to conidiogenous cell,
subhyaline to light brown, one apical locus, up to 5-septate,
smooth, thick-walled. Conidiogenous cells integrated, terminal,
in micronematous conidiophores, cylindrical, 8.5-68.5 x 2-5
um, with 1-5 loci at the apex, conidiogenous loci protuberant,
convex to slightly truncated, 1.5-2.5 um diam, sometimes
thickened and darkened-refractive. Ramoconidia cylindrical,
straight to slightly curved or distorted, 7-25.5 x 2.5-5.5 um,
aseptate to occasionally 1-septate, pale brown, truncate base,
smooth, thin-walled. Secondary ramoconidia ellipsoid to oblong,
truncate at base, 2—3 prominent distal coronate hila, 4.5-13.5 x
2.5-5 um, aseptate, pale brown, smooth, thin-walled. Conidia
numerous, catenulate, in acropetal and branched chains,
aseptate or rarely 1-septate, pale brown, smooth, thin-walled;
intercalary conidia limoniform to ellipsoid, 2.5-4.5 x 0.5-2 um,
with hila protuberant coronate and dark-refractive; terminal
conidia globose to apiculate, 3.5-7 x 2.5-4.5 um, aseptate, hila
sometimes evident, coronate and darkened-refractive.

Culture characteristics: Colonies on MEA up to 21 mm diam,
umbonate, with few furrows, margins undulate, aerial mycelium
felty to silky, centre olivaceous grey becoming greenish
olivaceous with a small dull green area and white margin, reverse
olivaceous black. Colonies on OA up to 19 mm diam, umbonate
and radially furrowed, bearing mycelial tufts centrally, margins
entire, aerial mycelium scarce, felty, olivaceous black to grey
olivaceous, reverse similar to surface. Colonies on PDA up to
22 mm diam, slightly umbonate, radially furrowed and folded,
margins narrow, undulate, aerial mycelium velvety, with a central
tuft, grey olivaceous to dull green towards the edge with white
margins, reverse olivaceous black. Colonies on SNA up to 21
mm diam, flat and radially furrowed, margins thin, entire, aerial
mycelium sparse, powdery, tufted centrally, grey olivaceous to
greenish olivaceous centrally, white periphery, reverse similar to
surface. Sporulation abundant on MEA, OA and SNA, moderate
on PDA.

Additional material examined: Ethiopia, SNNPR Sheka Zone Gamadiro
Coffee Farm, on uredinia of Hemileia vastatrix on leaves of Coffea
arabica, 3 Jan. 2018, K.B. Belachew (culture COAD 3350).

Notes: Although only two isolates of C. hemileiicola were
obtained during this study, these records are from Brazil and
Ethiopia and suggest that this is a widespread species that
may have been overlooked during the surveys. Cladosporium
hemileiicola belongs to the C. cladosporioides species complex
and forms a basal branch within this complex, between C.
myrtacearum and C. scabrellum. Those two species were isolated
originally from symptomatic leaves: C. myrtacearum from leaf
spots on Corymbia polycarpa (Myrtaceae) (Braun et al. 2005)
and C. scabrellum from wilted leaves of Ruscus hypoglossum
(Asparagaceae) (Bensch et al. 2010). Cladosporium hemileiicola

has significantly longer conidiophores (24.5-258 um) and
conidiogenous cells (8.5-68.5 um) than those described for C.
myrtacearum (conidiophores 9-85(-120) um, conidiogenous
cells 12-45 pum) (Braun et al. 2005) and for C. scabrellum
(conidiophores 40-115(-185) um, conidiogenous cells 25-53
um) (Bensch et al. 2010).

Cladosporium mucilaginosum C.M. Pereira & R.W. Barreto, sp.
Nov. MycoBank MB 850458. Fig. 4.

Etymology: In reference to the thin mucilaginous layer covering
the mycelium in culture.

Typus: Ethiopia, SNNPR Kafa Zone Bita-Chaga kebele, on uredinia
of Hemileia vastatrix on leaves of Coffea arabica, 5 Jan. 2018, K.B.
Belachew (holotype VIC 47531, a dried metabolically inactive culture,
culture ex-type COAD 2581).

GenBank: ITS = OP535386; act = OP598138; tef1 = OP676097.

Mycelium diffuse, sparingly branched, 4-6.5 um wide,
septate, often thickened and pigmented (black) at septa, with
swellings and constrictions at septa, thick-walled, covered by
a mucilaginous layer, light brown to brown olivaceous, slightly
verruculose when young, becoming rough or smooth-walled.
Conidiophores macronematous, solitary, 14.5-67.5 x 2.5-5 um,
arising terminally or laterally from hyphae, erect, occasionally
sinuous, cylindrical, light brown to brown, occasionally
branched, 2-6-septate, often thickened and pigmented
(black) at septa, sometimes with swellings and constriction at
the base, smooth, thick-walled; micronematous uncommon
and almost indistinguishable from hyphae, lateral, 5-33.5 x
3-5.5 um, conical to slightly cylindrical, subhyaline to light
brown, with a single locus, 1-3-septate. Conidiogenous cells
integrated, terminal, subcylindrical, occasionally with sympodial
proliferations, 1024 x 2.5-4 um, with 1-3 loci at the apex,
conidiogenous loci truncated, 0.5-1.5 um diam, thickened and
darkened-refractive. Ramoconidia cylindrical to clavate, 5.5—
27.5 x 2.5-4 um, 0-2-septate, often thickened and pigmented
(black) at septa, light brown to pale brown, apex slightly convex,
truncate base, smooth, thick-walled. Secondary ramoconidia
cylindrical, ellipsoid to oblong, truncate at base, 2—3 discrete
coronate hila, 4.5-13 x 2.5-5 um, 0—1-septate, light brown to
brown, apex obtuse, smooth, thin-walled. Conidia numerous,
catenulate, in acropetal and branched chains, aseptate,
occasionally 1-septate, light brown to pale brown, smooth, thin-
walled; intercalary conidia globose to ellipsoid or fusiform, 4-10
x 2.5-4 um, with hila coronate and dark refractive; terminal
conidia subglobose, globose to apiculate, 3-6.5 x 2.5-4.5 um,
aseptate, hila coronate and darkened-refractive.

Culture characteristics: Colonies on MEA, OA, PDA, and SNA
with limited growth, reaching only 19, 14, 12 and 12 mm diam,
respectively after 14 d. On MEA, raised, corrugated, margins
narrow, undulate, aerial mycelium felty, grey olivaceous to dark
herbage green, white narrow periphery, reverse olivaceous
black. On OA, umbonate, bearing central mycelium tufts, margin
entire to slightly undulate, aerial mycelium felty, grey olivaceous
centrally, becoming olivaceous black, margins narrow, white,
reverse olivaceous black. On PDA, umbonate, elevated centrally
and corrugated, radially furrowed, rugose, margins lobate, aerial
mycelium velvety to felty, grey olivaceous with dark herbage
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green periphery, narrow white margins, reverse olivaceous
black. On SNA, flat, with mycelium aggregates at the centre,
margins slightly undulate to entire, aerial mycelium powdery,
grey olivaceous with an area in dull green and white margins,
reverse olivaceous black. Sporulation abundant on MEA, OA and
PDA, moderate on SNA.

Additional material examined: Ethiopia, SNNPR Kafa Zone Gimbo-
Yeyebito kebele, on uredinia of Hemileia vastatrix on leaves of Coffea
arabica, 5Jan. 2018, K.B. Belachew (culture COAD 2580).

Notes: Cladosporium mucilaginosum belongs to the C.
sphaerospermum species complexandis phylogenetically related
to C. langeronii and C. psychrotolerans but forms a separate and
well-supported clade (Fig. 1). In C. mucilaginosum, its mycelium
is coated by a mucilaginous layer, similar to C. langeronii and C.
psychrotolerans (Zalar et al. 2007, Bensch et al. 2018). This may
be a common feature for Cladosporium species in this clade.
However, some morphological features of C. mucilaginosum are
clearly distinct from its closer relatives, namely: the presence
of swellings and constrictions at the septa — absent in C.
langeronii and C. psychrotolerans (Zalar et al. 2007, Bensch et
al. 2018). Also, the biometric differences are significant, such
as C. mucilaginosum having shorter conidiophores (14.5-67.5
um) than those described for C. langeronii ((20-)50-235(—470)
um) (Bensch et al. 2018) and for C. psychrotolerans (20-220 pum)
(zalar et al. 2007). This species is known only from Ethiopia and
was not recorded during the surveys in Cameroon and Brazil.

Cladosporium pseudotenuissimum P.P. Costa et al., Phytotaxa
560: 21. 2022. MycoBank MB 840952.

Material examined: Brazil, Minas Gerais, Varginha, on uredinia of
Hemileia vastatrix on leaves of Coffea arabica, 8 Jul. 2015, A.A. Colmdn
(culture COAD 2558).

For a detailed description and illustrations, see Costa et al.
(2022).

Notes: This isolate grouped within the C. pseudotenuissimum
clade (Fig. 1) and is morphologically similar to C.
pseudotenuissimum as described by Costa et al. (2022). Some
morphological differences were noted, however: COAD 2558
has longer conidiophores, conidiogenous cells and conidia than
those in the original description (conidiophores 109.5-453 um
vs. 43.3-299.4 um; conidiogenous cells up to 70 um long vs. up
to 51 um; conidia up to 15 um vs. up to 6.9 um). Conversely,
ramoconidia of COAD 2558 are significantly smaller (8-17 x 2—4
um) than those described by Costa et al. (2022) (33.3-53.2 x
4.5-5.1 um). Cladosporium pseudotenuissimum was proposed
as a new species close to but distinct from C. tenuissimum (Costa
et al. 2022). It was originally isolated from decayed leaves of
Chusquea anelytroides (Poaceae) and C. urelytra in the coffee-
growing area of Araponga, (Minas Gerais, Brazil). Although still
restricted in its known distribution to Minas Gerais, it appears
to have — as for other species of Cladosporium — considerable
plasticity in terms of niche and habitats.

Cladosporium puris M.L.R. Freitas & O.L. Pereira, Phytotaxa 482:
232.2021. MycoBank MB 826908.

Materials examined: Brazil, Minas Gerais, Florestal, campus of the
Universidade Federal de Vigosa, on uredinia of Hemileia vastatrix on
leaves of Coffea arabica, 19 Jun. 2015, A.A. Colmdn (cultures COAD
2566 and COAD 2572).

For a detailed description and illustrations, see Freitas et al.
(2021).

Notes: Both isolates (COAD 2566 and COAD 2572) were obtained
in Minas Gerais and as for C. pseudotenuissimum, C. puris was
also isolated from the same region on submerged litter in a
stream showing a similar habitat and substrate plasticity to C.
pseudotenuissimum. In general, the morphological features of
COAD 2566 and COAD 2572 match those described for C. puris
(Freitas et al. 2021).

Cladosporium ribis Y.Q. Yang & Yong Wang bis (as ‘ribus’), J.
Fungi 9(no. 250): 13. 2023. MycoBank MB 662567.

Material examined: Brazil, Minas Gerais, Trés Coragdes, on uredinia of
Hemileia vastatrix on leaves of Coffea arabica, 4 Jul. 2015, A.A. Colmdn
(COAD 2550).

For a detailed description and illustrations, see Yang et al. (2023).

Notes: Cladosporium ribis was isolated originally from leaves
of Ribes burejense and Prunus pseudocerasus in China (Yang et
al. 2023) and, therefore, as for C. pseudotenuissimum and C.
puris, C. ribis appears to have significant ecological plasticity and
adapts to a diverse range of ecological niches and habitats with
a wide geographical range. Morphologically, COAD 2550 fits the
description of Yang et al. (2023), although the conidiophores
and secondary ramoconidia are longer (up to 209 um and 13.5
um respectively) than in the type (up to 103.5 um and 8.5 um,
respectively).

Cladosporium setoides C.M. Pereira & R.W. Barreto, sp. nov.
MycoBank MB 850459. Fig. 5.

Etymology: Based on the shape of the young macronematous
conidiophores, which are long and setae-like.

Typus: Ethiopia, Oromia Region, Jimma Zone Gera Agri Center, on
uredinia of Hemileia vastatrix on leaves of Coffea arabica, 25 Dec. 2017,
K.B. Belachew (holotype VIC 49376, a dried metabolically inactive
culture, culture ex-type COAD 3470).

GenBank: ITS = OP535379; act = OP598131; tefl = OP676090.

Mycelium dense, branched, 3—6 um wide, septate, without
swellings, with some constrictions at septa, subhyaline to
greyish, smooth to slightly rough, thin-walled. Conidiophores
macronematous, solitary, 22.5-326 x 2.5-5.5 um, arising
terminal or laterally from hyphae, erect, rarely sinuous,
cylindrical attenuating towards the apex, greyish, unbranched,
2-12 septate, smooth, rough-walled especially towards the
base; micronematous almost distinguishable from hyphae,
often reduced to conidiogenous cells, lateral, 10-19 x 4-6
um, cylindrical to subcylindrical, subhyaline to greyish, with an
apical locus, 0—-1-septate, smooth, thick-walled. Conidiogenous
cells integrated, terminal, cylindrical, obtuse to subtruncate,
proliferation sympodial, 12-81.5 x 2—5 um, with 1-5 coronate
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Fig. 5. Cladosporium setoides sp. nov. (COAD 3470). A. Colony on MEA. B. Colony on OA. C. Colony on PDA. D. Colony on SNA. E.
Long and seta-like macronematous young conidiophores. F, G. Conidiogenous cells with conidia. H. Conidia abundantly produced.
I. Micronematous conidiophore and conidia attached to conidiogenous loci. J, K. Ramoconidia and conidia. Scale bars: E, F, H, | =
20 um; G, J, K =10 pm.
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and protuberant loci at the apex, 1.5-3 um diam, thickened
and darkened. Ramoconidia cylindrical, 12-30 x 2.5-4 um,
0-1-septate (mostly aseptate), greyish, subtruncate base and
apex, smooth, thin-walled. Secondary ramoconidia ellipsoid-
ovoid to oblong, obconic to subtruncate ending in 2—-3 prominent
distal coronate hila, 5.5-14.5 x 2.5-4 um, aseptate, greyish,
smooth, thin-walled. Conidia numerous, catenulate, in acropetal
and branched chains, aseptate, greyish, smooth, thin-walled;
intercalary conidia cylindrical to ellipsoid, 4.5-16 x 2—3.5 um,
hila coronate, protuberant and darkened-refractive; terminal
conidia globose to apiculate, 2.5-6.5 x 2—4 um, hila, coronate,
somewhat protuberant and darkened-refractive.

Culture characteristics: Colonies on MEA up to 32 mm diam,
convex, margins wide, slightly undulate, aerial mycelium
cottony-fluffy, smoke grey to olivaceous grey becoming dark
herbage green towards the white margin, reverse olivaceous
black with white edges. Colonies on OA up to 43 mm, flat and
radially furrowed, bearing mycelial tufts dispersed throughout
the colony, margins entire, aerial mycelium felty, olivaceous
black to greenish glaucous, with white edges, reverse grey
olivaceous. Colonies on PDA up to 28 mm diam, convex, radially
furrowed, periphery slightly crenate, aerial mycelium woolly-
fluffy to felty, olivaceous grey centrally, becoming smoke grey to
glaucous grey towards the edge, narrow white margins, reverse
olivaceous black. Colonies on SNA up to 40 mm diam, flat with
a convex centre, margins entire to slightly undulate, aerial
mycelium sparse, powdery, with a small central tuft, yellow
layer subadjacent to a layer of white mycelium at the centre,
becoming olivaceous buff, reverse greenish glaucous to yellow
towards the edge. Sporulation moderate on MEA, PDA and SNA,
rare on OA.

Additional material examined: Ethiopia, Oromia Region, Illubabor
Metu Agri Research Center, on uredinia of Hemileia vastatrix on leaves
of Coffea arabica, 28 Dec. 2017, K.B. Belachew (culture COAD 2576).

Notes: Cladosporium setoides belongs to the C. cladosporioides
species complex and forms a sister clade to a larger group
containing C. anthropophilum, C. compactisporum, and C.
devikae. This clade contains species obtained from an eclectic
range of hosts / substrates and localities: C. anthropophilum
is a human opportunistic pathogen isolated from human
bronchoalveolar lavage fluid in the USA (Sandoval-Denis et
al. 2016); C. compactisporum was isolated from air samples
in Egypt (Moharram et al. 2022), and C. devikae is implicated
as a plant pathogen since it was isolated from flower blight of
Macadamia integrifolia in Australia (Prasannath et al. 2021).
Compared to the aforementioned species, C. setoides has
shorter conidiophores (22.5-326 um) than C. anthropophilum
and C. devikae (up to 550 um and 200-700 um, respectively)
(Sandoval-Denis et al. 2016, Prasannath et al. 2021), but is
similar in size to C. compactisporum (Moharram et al. 2022). In
addition, the conidia are larger in C. setoides (4.5-16 um long)
compared to those of the other three species (4.5-11 um long in
C. anthropophilum, 4—6 um long in C. compactisporum, and 3.5—
7 um long in C. devikae) (Sandoval-Denis et al. 2016, Prasannath
et al. 2021, Moharram et al. 2022).

Cladosporium sphaerospermum Penzig, Michelia 2: 473. 1882.
MycoBank MB 119529.

Material examined: Ethiopia, Oromia Region, lllubabor Gore, on
uredinia of Hemileia vastatrix on leaves of Coffea arabica, 30 Dec. 2017,
K.B. Bekele (culture COAD 2578).

For a detailed description and illustrations, see Zalar et al. (2007)
and Bensch et al. (2018).

Notes: The Ethiopianisolate (COAD 2578) matchesthe description
in Bensch et al. (2018) for C. sphaerospermum, although both
the conidiogenous cells are longer in COAD 2578 (8.5-27 um vs.
6—18 um) and the secondary ramoconidia are shorter (6.5-11.5
pum vs. 8—24(—-38) um). Originally, this species was isolated from
Citrus in Jakarta (as Batavia) Indonesia (Penzig, 1882), and has
a cosmopolitan distribution on a broad diversity of substrates
(Bensch et al. 2018). In an assay with detached leaves, Srivastava
et al. (1985) documented that an isolate of C. sphaerospermum
could penetrate and parasitize teliospores of four microcyclic
rusts, namely: P. horiana, P. dianthi, P. malvacearum and P.
glomerata. There are no previous reports of its association with
CLR.

Cladosporium xanthochromaticum Sandoval-Denis et al. (as
‘xantochromaticum’), Persoonia 36: 295. 2016. MycoBank MB
817340.

Material examined: Brazil, Minas Gerais, Sdo Sebastido da Vitéria, on
uredinia of Hemileia vastatrix on leaves of Coffea arabica, Sep. 2015,
A.A. Colman (culture COAD 2559).

For a detailed description and illustrations, see Sandoval-Denis
et al. (2016).

Notes: The Brazilian isolate (COAD 2559), grouped within
the C. xanthochromaticum clade and its morphology is very
similar to that described by Sandoval-Denis et al. (2016);
including the production of a yellow diffusible pigment on
PDA. Cladosporium xanthochromaticum was originally isolated
from human bronchoalveolar lavage fluid (Sandoval-Denis et
al. 2016). Subsequently, the fungus was isolated from air and
soil samples, as well as from plants; including Eucalyptus and
Musa in India, and Strelitzia and Triticum aestivum in South
Africa (Bensch et al. 2018). This appears to be a new record for
Brazil and for South America, in general, and the first report of C.
xanthochromaticum as a mycoparasite of rust fungi.

DISCUSSION

The genus Cladosporium, originally established by Link (1816)
and recently classified in the family Cladosporiaceae, order
Cladosporiales in the Dothideomycetes (Abdollahzadeh et al.
2020), is one of the largest and most heterogeneous genera of
hyphomycetes (Crous et al. 2007, 2019). The genus is divided in
three species complexes, namely: Cladosporium cladosporioides,
C. herbarum, and C. sphaerospermum (Bensch et al. 2018). The
largest is the C. cladosporioides complex which includes more
than half of the known species (Costa et al. 2022).

The genus encompasses over 230 species (lturrieta-Gonzélez
et al. 2021) that are widespread and able to colonize a broad
diversity of substrates. Cladosporium has been commonly
isolated from the air and from soil samples, but the majority
of species are considered to be saprobes (Bensch et al. 2018,
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Pereira et al. 2022). Nevertheless, some species have also
been reported as human and animal pathogens, endophytes
and phytopathogens, as well as occupying fungicolous niches
(Heuchert et al. 2005, Sandoval-Denis et al. 2015, Prasannath et
al. 2021, Chen et al. 2022).

There are various reports of fungi, and even of Oomycetes,
serving as substrates for Cladosporium species: such as, the
oomycetes Peronospora arborescens and P. gaeumannii — hosts
of C. uredinicola (Heuchert et al. 2005); the gall-causing fungus,
Taphrina pruni — colonized by C. delicatulum (Baharvandi &
Zafari 2005) and C. phyllophilum (Heuchert et al. 2005); and, the
powdery mildew Phyllactinia guttata — host of C. phyllactiniicola
and C. uredinicola (Dugan & Glawe 2006, Bensch et al. 2010).

The rust fungi (Pucciniales) are parasitized by several
species of Cladosporium, including: C. cladosporioides,
C. pseudocladosporioides, C. sphaerospermum and C.
uredinicola which have all been reported on Puccinia horiana
(Srivastava et al. 1985, Torres et al. 2017); C. tenuissimum on
Cronartium flaccidum, C. pini, Melampsora laricis-populina, and
Uromyces appendiculatus (Sharma & Heather 1988, Moricca
et al. 2001, Assante et al. 2004); C. cladosporioides on Puccinia
striiformis f. sp. tritici (Zhang et al. 2022); and, C. angulosum, C.
anthropophilum, C. bambusicola, C. benschiae, C. guizhouense
and C. macadamiae on Austropuccinia psidii (Silva et al. 2023).
Nevertheless, Cladosporium and mycoparasites of rusts, in
general, have largely been neglected — particularly, in the
context of their potential for management of plant diseases,
even for those of major economic importance, such as Hemileia
vastatrix. Here, and in the related series of papers (Crous et al.
2018, Colman et al. 2021, Guterres et al. 2021, Rodriguez et al.
2021, Salcedo-Sarmiento et al. 2021, Kapeua-Ndacnou et al.
2023a, b), we have attempted to redress the situation.

The present study has revealed a wealth of Cladosporium
species associated with uredinia of H. vastatrix in both Africa
and Brazil, and amongst the 12 species identified, four are
new to science: C. chlamydosporiformans, C. hemileiicola, C.
setoides and C. mucilaginosum. In Silva et al. (2023), a limited
survey in Brazil yielded six species of Cladosporium on pustules
of Austropuccinia psidii. None of these had previously been
reported from this rust. Two of these species — C. bambusicola
and C. ghuizouense — were also found on H. vastatrix during the
present surveys.

In the genus Cladosporium, species identification and
delimitation based solely on morphological features is an
arduous task since many species have overlapping characteristics
(Marin-Felix et al. 2017). Thus, a polyphasic approach has
become a critical and mandatory requirement for identification.
Although the ITS region has been recognized as a universal DNA
fungal barcode marker (Schoch et al. 2012), for Cladosporium
this region has limited resolution for differentiating species,
especially within the same complex. Therefore, complementary
regions are necessary and the protein-encoding genes ACT
and TEF1 are needed for species delimitation (Marin-Felix
et al. 2017). Particularly for our dataset, the partial ACT gene
proved to be a very useful region for obtaining trees with higher
resolutions.

In the earlier literature, a report was made of a cladosporioid
fungus, initially named C. hemileiicola, occurring as a parasite
of H. vastatrix in central Africa (Steyaert et al. 1930). Later, in
an extensive monograph on Cladosporium, using light and
scanning electron microscopy, Heuchert et al. (2005) re-
examined all those species considered to be mycoparasitic or

fungicolous. Cladosporium hemileiicola was recognized as having
morphological differences from true Cladosporium species and
the new genus Digitopodium was proposed to accommodate
this fungus. Later, Colman et al. (2021) also found D. tectonae
on uredinia of H. vastatrix on C. arabica in Ethiopia. Although
morphologically similar to Cladosporium, Digitopodium is
phylogenetically distinct. Colman et al. (2021) concluded, based
on circumstantial evidence, that Digitopodium is a specialist
genus adapted to a mycoparasitic lifestyle on rust fungi. In a
recent paper, however, a new species Digitopodium citri has
been reported as an endophyte in healthy citrus fruit in China,
with no indication that it is associated with a rust host (Jie-Rong
et al. 2023). During our surveys, in addition to isolating directly
from the uredinia of CLR, samples of healthy Coffea tissues
(stem, leaf, fruit) were collected for endophyte isolation — as
described in Rodriguez et al. (2021) — but no endophytic isolates
of Cladosporium were obtained. lsolates of Cladosporium,
however, have been reported to be endophytic, as for example
C. tenuissimum (Chen et al. 2022) and C. cladosporioides (Wang
et al. 2013) in China; both producing secondary metabolites of
potential use in biological control.

Preliminary in vitro assays (Pereira 2021) have demonstrated
that some of the isolates — notably, COAD 2558 (C
pseudotenuissimum) and COAD 2565 (C. bambusicola) — are
capable of inhibiting the germination of urediniospores of H.
vastatrix. However, these results need to be expanded upon and
replicated in greenhouse and field trials before the mycoparasitic
status of all the Cladosporium isolates can be confirmed and the
mechanisms involved can be elucidated. Such studies have been
published for other Cladosporium/rust associations, namely:
C. gallicola on western gall rust (Endocronartium harknessii)
(Tsuneda & Hiratsuka 1979); C. tenuissimum on rust fungi
on a range of host plants, including pine and willow (Morrica
et al. 2001, Assante et al. 2004, Morrica et al. 2005); and, C.
oxysporum on poplar rust, Melampsora medusae f. sp. deltoidae
(Tyagi et al. 2023), with hyperparasitism and antibiosis amongst
the mechanisms involved.

Silva et al. (2023) has speculated that pustules of the
Pucciniales may provide an especially favorable micro-habitat
for the establishment of Cladosporium spp. The large diversity
of species of Cladosporium found inhabiting the pustules of
H. vastatrix, described herein, combined with the results of
the study of Cladosporium spp. on Austropuccinia psidii, have
expanded the list of known purported rust mycoparasites of
Cladosporium spp. from only six, in the earlier literature, to a
total of 22. Thisis a clear indication that a wealth of mycoparasitic
Cladosporium spp. still await discovery and description from
rust pustules.

The present paper, as well as others in the series involving
different genera (Crous et al. 2018, Colman et al. 2021, Guterres
et al. 2021, Rodriguez et al. 2021, Salcedo-Sarmiento et al. 2021,
Kapeua-Ndacnou et al. 2023a, b), provide only a snapshot of the
fungi associated with the uredinia of CLR. Indeed, an additional
paper in the series which will cover “the white colony-forming
mycoparasites” describes several new genera and a host of
new species (Colman et al., in prep.) further demonstrating the
mega-diversity in this micro-habitat whilst offering a rich source
of isolates with the potential to be exploited for the biological
control of this socio-economically devastating disease of the
world’s most popular beverage crop.
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