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Abstract

The air-borne distributed genus Cladosporium Link is globally one of the most
common fungal genera. By sequencing the barcode marker ITS, here, we
document two taxa belonging to this genus - C. cf. dominicanum Zalar, de Hoog
& Gunde-Cimerman and C. halotolerans Zalar, de Hoog & Gunde-Cimerman

(C. sphaerospermum Penz complex) — which were detected on the inner surface of
the spathe of the titan arum, Amorphophallus titanum (Becc.) Becc. (Araceae).
Titan arum holds the record for the largest unbranched inflorescence in the plant
kingdom, with a height reaching up to 3 meters. The two identified Cladosporium
species are part of a clearly defined fungal layer inside the proximal region of the
spathe, surrounding the flower-containing region of the spadix. To the best of our
knowledge, this is the first record of a macroscopically visible layer of
Cladosporium on a living plant material. Furthermore, this study also discusses
why this layer occurs only in a spatially restricted region of the spathe, and the
possible consequences that the occurrence of these fungi might have on the
development and reproduction of the plant.
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1. Introduction

Plant-associated fungi are ubiquitous and have been studied extensively. They are
members of highly diverse microbial communities (bacteria, archeae, actinomycetes,
protists, and viruses) that play a crucial role in plant growth and fitness (Hardoim

et al., 2015; Stepniewska & Kuzniar, 2013). In several instances, plants benefit from
the associated microbiome, which either colonizes the plant surface (phyllosphere),
the interior tissues (endophytes), or both (Wani et al., 2015). On the other hand,
these fungi might exert negative effects on plant health, and several fungal species
that adversely affect crop production have been identified (Latz et al., 2018).

Globally, the air-borne distributed genus Cladosporium Link, which inhabits diverse
habitats, such as plants, animals, soils, humans, textiles, and environments with high
osmotic stress, is one of the most common fungal genera (EI-Morsy, 2000; Flessa
etal., 2012; Zalar et al., 2007). Several species belonging to this genus are pathogenic
and hyperparasitic, while others are common endophytes as well as phylloplane
fungi. However, a majority of these fungi are saprobic molds, comprising some of the
most common species of this genus, such as Cladosporium herbarum Pers. and

C. sphaerospermum Penz (Bensch et al., 2012).

Titan arum, Amorphophallus titanum (Becc.) Becc. produces the largest unbranched
inflorescence worldwide (Barthlott & Lobin, 1998; Davis et al., 2008), with a length
reaching up to 3 meters. The plant is monoecious and proterogynous, with female
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Figure 1 (A) Inflorescence of Amorphophallus titanum (day one of flowering, total height: 237 cm) picture at the Faculty of Natural
Sciences, Paris Lodron Universitit Salzburg (June 2019); scale bar: 50 cm. (B) Clearly defined fungal layer inside the proximal part
of the spathe (black double-arrow, 15-20 cm); scale bar: 10 cm.

(pistillate) and male (staminate) flowers located at the basal part of the spadix. Half
of the spadix length, including the flower-bearing region, is surrounded by a large
green bract, the spathe. The distal part of the spathe opens during flowering,
unveiling the purple, reddish color on its inner surface. In contrast, the proximal
part is yellowish to brownish on its inner surface and remains closed at all times.
Titan arum attracts its pollinators, such as beetles (Gandawijaja et al., 1983) by
olfactory deceit. During the 2 days of flowering, the spadix releases an intense odor
resembling that of a carcass to lure pollinators (Barthlott & Lobin, 1998).

The aim of this study was to investigate by molecular methods, the unexpected,
spatially well-defined fungal layer detected during anthesis inside the proximal part
of the spathe of the specimen at the Paris Lodron Universitit Salzburg (June 2019).

2. Material and Methods

The examined A. titanum individual flowered for 2 days in June 2019, at the Faculty
of Natural Sciences (Paris Lodron Universitit Salzburg). On day one of flowering,

a small portion of the fungal layer was scraped off from the inner surface of the
proximal part of the spathe, using a sterilized scalpel (Figure 1B and Figure 2).
Altogether, four samples were collected. The DNA obtained from these samples was
purified with the ZymoBIOMICs DNA Miniprep Kit (USA) as per the
manufacturer’s instructions. To amplify the internal transcribed spacer region of the
nuclear ribosomal DNA (ITS), the standard fungal primers ITS1 and ITS4 (White
et al,, 1990) were used, in accordance with the protocol described by Ruprecht et al.
(2020). Unpurified PCR products were dispatched to Eurofins Genomics (Germany)
for sequencing from both ends.

The newly obtained sequences of the marker ITS were aligned with closely related
sequences from GenBank to check for sequence homology and identification,
according to the species concept of Bensch et al. (2012) and Zalar et al. (2007), which
is capable of providing sequences based on morphological results. The phylogenetic
analyses were performed according to the methodology outlined by Ruprecht et al.
(2020). For the maximum likelihood analysis using the best-fit evolutionary model
according to BIC, “K2P+I” was selected with the implemented model finder
(Kalyaanamoorthy et al., 2017) on the IQ-TREE program (Trifinopoulos et al.,
2016). Additionally, the Bayesian phylogeny (Ronquist & Huelsenbeck, 2003)
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Figure 2 Fungus infested surface of the inside, proximal area on the spathe of
Amorphophallus titanum. (A,B) Overview of the complete fungal community at different
magnifications. (C) The enlarged area shows a darkly pigmented mycelium in the center.
(D) A lighter, clouded fungal mycelium. Scale bars: (A) 10 mm; (B-D) 1 mm.

was calculated based on the 1-mio generations and the “burn in” of the 25% of the
trees, resulting in a total of 750 trees. The phylogenies were midpoint rooted and
visualized using the FigTree v1.4.3 software (Rambaut, 2014).

3. Results and Discussion

Altogether, four assembled sequences of Cladosporium spp. (ITS, GenBank acc.
numbers: MT149222-MT149225; Table 1) were obtained from the inner surface of
the spathe of the examined A. titanum. The sequences indicated the presence of two
distinct species of the cosmopolitan and very common hyphomycete genus
Cladosporium (Bensch et al., 2012). Two accessions (TW2 and TW4) were closely
related to the well-supported species C. dominicanum Zalar, de Hoog &
Gunde-Cimerman. Moreover, the other two accessions (TW1 and TW3) were
identical to those of C. halotolerans Zalar, de Hoog & Gunde-Cimerman. These
species are closely related to each other and, along with several other species, form
the C. sphaerospermum complex (Figure 3) (Bensch et al., 2012; Zalar et al., 2007).
Both C. dominicanum as well as C. halotolerans have similar habitat preferences,
frequently occurring in hypersaline environments and on plant materials. Owing to

Table 1 Newly generated accessions of Cladosporium species and additional sequences
from Genbank.

Species Uncultured strains/culture acc. GenBank acc. numbers,
numbers ITS
C. halotolerans TW1 MT149222
C. cf. dominicanum TW2 MT149223
C. halotolerans TW3 MT149224
C. cf. dominicanum TW4 MT149225
C. dominicanum CBS 119415; EXF-732; dH 16386 DQ780353
C. fusiforme CBS 119414; EXF-449; dH 16387 DQ780388
C. halotolerans CBS 119416; EXF-572 DQ780364
C. langeronii CBS 189.54 DQ780379
C. psychrotolerans CBS 119412; EXF-391; dH 16390 DQ780386
C. salinae CBS 119413; EXF-335; dH 16389 DQ780374
C. sphaerospermum CBS 193.54; ATCC 11289; IMI 49637 DQ780343
C. velox CBS 119417; CPC 11224; dH 16388 DQ780361
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Figure 3 Phylogeny of the Cladosporium sphaerospermum complex using the accessions
from this study, integrated with the species concept of Bensch et al. (2012) and Zalar et al.
(2007). The bootstrap values with >75 support of the maximum likelihood (ML) analyses
and the posterior probability values of the Bayesian analyses with >0.95 support (branches
in bold) were mapped on the ML tree.

their air-borne distribution, they are also present on several other substrates, such as
soils, textiles, and humans. Cladosporium dominicanum shows restricted
proliferation in saline waters in (sub)tropical climates but has also been described as
saprobic on fruit surfaces (Bensch et al., 2012). Sequences from the NCBI database
identical to those of the investigated fungal strains (TW2 and TW4) have been
isolated from different host plants primarily inhabiting warmer habitats worldwide.
Cladosporium halotolerans is globally distributed and even occurs in Arctic habitats.
The latter is distinguishable by a velvety gray olivaceous mycelium, in contrast to the
brighter color of the remaining fungal layer (Figure 3) (Bensch et al., 2012; Zalar
etal., 2007).

The well-developed fungal layer on the inner surface of the spathe on day one of
flowering of A. titanum suggests that the hyphomycete layer originated during the
development of the inflorescence. Moreover, a visible fungal layer (without any
specific information on species identity) was spotted on the spathe to varying
degrees (sporadic to completely covered) on other flowering individuals under
cultivation (personal communication: Marianne Lauerer, Botanical Garden
Bayreuth; Boris Schlumpberger, Herrenhéduser Garten Hannover; Wolfgang Stuppy,
Botanical Garden Bochum; Patrick Knopf, Botanical Garden Dortmund). To the
best of our knowledge, none of the earlier studies have identified this fungus growing
in the natural habitat of the plant, the rain forests of Sumatra.

A previous study conducted by Sayyad and Mulani (2016) on the closely related
species Amorphophallus sylvaticus (Roxb.) Kunth indicated that Cladosporium is one
of the several endophytic fungal genera that colonize the corm. Thus, Cladosporium
is not only associated with A. titanum, but is also more widespread in the genus
Amorphophallus Blume ex Decne. It is possible that the Cladosporium taxa recorded
in the present work grow as endophytes in the form of A. titanum, and colonize the
spathe during its development.

At this stage, it is not clear if the identified fungi are commensalistic, parasitic,
mutualistic, or pathogenic interaction partners of A. titanum. However, based on all
known collections of these species, they are unlikely to be parasitic and pathogenic.
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All previous strains referred to the isolation of saprobic samples (Bensch et al., 2012).
In addition, although there seemed to be no effect on the flowering process, a
negative influence on the success of pollination could exist. A slippery surface is one
of the characteristics of the area where the fungal layer occurs, as is well known from
trapping devices in Araceae (Broderbauer et al., 2012). The cells in this area, but not
in other areas of the spathe, are papillate and covered with epicuticular wax
crystalloids (Broderbauer et al., 2012; Napp-Zinn & Scheferhoff, 1998). When
overgrown by fungi, these cells may lose their ability to create a surface that is
slippery for insects. Once inside the inflorescence and close to the flowers, potential
pollinators may leave the inflorescence by crawling along the spathe, thereby
spending lesser time in the inflorescence pollinating female flowers and collecting
pollen from male flowers. Whether the fungi use epicuticular waxes or other
potential secretions of the papillate cells as nutrients requires further investigation.

In contrast to this negative effect of the fungal layer on plant reproduction, the fungi
may also exert some positive effects on plants. Volatile organic compounds released
by Cladosporium sphaerospermum act as successful enhancers of plant growth
(Lietal, 2019). As C. sphaerospermum is closely related to both fungal species
recorded in this study (C. cf. dominicanum, C. halotolerans), and even part of the
same phylogenetically defined group (C. sphaerospermum complex; Figure 3), it can
be inferred that the investigated fungal species possess similar characteristics. This
could consequently have an overarching effect on this particularly large and
fast-growing plant.
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