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Green roofs play an important role for cities in mediating some problems caused by urbanization. Mosses are
ecologically important plants and capable of tolerating harsh conditions, and thus their use for greening building
surfaces has become more common. There is only a little information concerning moss-associated microbes,
especially those found in green roof environments. Moss-associated microbes might have significant role on the
welfare of green roofs as they might induce both beneficial as well as adverse effects on mosses. In this study, the
occurrence of fungal populations was studied on green roofs in Finland. A total of 94 samples were collected from
nine different green roofs, and 64 fungal isolates and one oomycete were obtained from the brown, necrotic parts
of the collected green roof mosses. The most general isolated fungal genus was Trichoderma, comprising 25
different fungal isolates. The second most common genus was Fusarium, with 15 fungal isolates. The third most
common genus was Mucor, with nine fungal isolates. Most of the Trichoderma isolates were described as
T. harzianum, whereas most of the Fusarium isolates were described as F. acuminatium. In addition, the genera
Phoma and Mortierella were frequently present. Fifty-two of 65 isolates caused symptoms in the model plant
Physcomitrella patens. The most harmful Trichoderma isolates were described as T. atroviride, T. viride, T. konin
giopsis and T. hamatum, all of which caused severe damage to the protonema, stem and leaves. The most harmful
Fusarium isolates were F. acuminatium, F. avenaceum and F. tricinctum. The genera Mucor and Mortierella were
isolated but they did not cause detectable symptoms in P. patens. These results indicate that many fungal isolates
belonging to different genera are able to colonize mosses on green roofs and some of them cause severe damage
to the mosses.
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1. Introduction
Green roofs or vegetated roofs represent important solutions for
urban problems such as pollution and the urban heat island effect, which
affects small and large cities alike (Li et al., 2019). Also, the greater
likelihood of flooding that occurs in response to a decrease in porous
urban land and issues with stormwater management (White, 2002; Muis
et al., 2015; Miller and Hutchins, 2017). In addition, urbanization is
causing fragmentation of natural habitats and reduces biodiversity
(Köhler and Ksiazek-Mikenas, 2018). Green roofs function as
plant-based stormwater management systems and lower the surface
temperatures of buildings, thus decreasing the heat flux to the atmo
sphere (Mentens et al., 2006; Santamouris, 2014). Green roofs also can
provide a habitat for plant and animal species to sustain the biodiversity
within city environments (Köhler and Ksiazek-Mikenas, 2018).
The biodiversity of green roofs varies. Green roofs can harbor a wide

range of species, although this richness can vary from only a few species
to tens of different species (Köhler and Ksiazek-Mikenas, 2018). Green
roofs studied in Finland are typically composed of vascular plants
(Gabrych et al., 2016). However, Gabrych et al. (2016) also revealed
that roof age is highly influential in structuring vegetation: younger
roofs have a variety of sedum species, whereas older roofs transition to
moss-dominated communities.
Mosses have several beneficial physiological properties that favor
their use in green roof applications, in addition to their small size and
weight. Bryophytes are poikilohydric and thus have a water content
equivalent to that of their environment. Bryophytes within mesic or
xeric environments are regarded as drought or desiccation tolerant
(Charron and Quatrano, 2009). Some moss species, such as Antitrichia
californica (Sull), Dicranoweisia cirrata (Hedw.) and Racomitrium can
escens (Hedw.) can survive harsh rooftop environments with limited
irrigation (Anderson et al., 2010). Mosses have high water holding
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is widely used as model organisms for studies on plant pathogen in
teractions (Lawton and Saidasan, 2009).

capacity and some species are capable to store 8–10 times their weight in
water (Anderson et al., 2010). The runoff reduction patterns and the
timing of water retention vary among different moss species, which al
lows for even greater capacity for holding water on green roofs as a
result of combining species with complementary retention patterns
(Anderson et al., 2010). In addition, moss mats can moderate the surface
heating and cooling rates and thus reduce energy costs for air condi
tioning (Anderson et al., 2010; Ondimu and Murase, 2006).
To fill the desired needs of green roofs, green roof plants should be
healthy. Poor plant growth could result in impaired function of green
roofs and the expectations for mitigation the problems caused by ur
banization might not be reached (Williams et al., 2014). Many desired
properties of green roofs, such as carbon sequestration and reduction of
indoor temperatures by evapotranspiration, are affected by the health of
plants on the roof (Jim and Tsang, 2011; Rumble and Gange, 2017).
Several studies have focused on abiotic factors such as drought, heat and
water usage, because they influence plant survival in green roof envi
ronments (Farrell et al., 2013a, b; Rayner et al., 2016; Du et al., 2019).
In addition to abiotic factors, biotic factors such as microbial path
ogens create challenges for plant survival on the roof. Microbes associate
naturally with moss communities in urban green roof environments,
although little is known about these relationships. Akita et al. (2011)
described fungal isolates colonizing a monoculture of Racomitrium
japonicum (Dozy and Molk.) in moss panels used for greening of roofs
and walls. They found that several fungal species are able to colonize
and infect R. japonicum as well as the model moss, Physcomitrella patens
(Hedw.) B.S.G. (family Funariaceae). Although the majority of patho
genic fungi were thought to be opportunistic pathogens that usually
cause only mild symptoms in their host, Tamura et al. (2019) recently
isolated a fungus, Sclerotium delphinii (Welch) from R. japonicum and
found that this fungus can cause browning and whitening in many plant
species.
Our knowledge concerning fungal pathogens that are found in urban
green roof environments is very limited. Fungi produce and liberate
spores which typically are wind-borne (Ingold and Hudson, 1993).
Green roofs might provide a landing surface for wind-borne spores, and
thus sustain diverse fungal populations in urban environments. The aim
of this study was to isolate and characterize fungal populations from the
necrotic spots of mixed moss species from Finnish green roofs and to test
the pathogenicity of the isolated fungi on the model moss, P. patens,
which has become as a model organism for research. Currently, P. patens

2. Materials and methods
2.1. Identification of mosses
The moss specimens in the 94 samples were identified on species
level, except in cases the moss shoots were either badly damaged, or if
the shoots were very small and lacking structures enabling identifica
tion, e.g., with only juvenile shoots present and sporophytes missing
(Table S1). The bryophyte nomenclature follows Juutinen et al. (2020).
Moss voucher specimens are kept in H.
2.2. Sample collection and isolation of fungi
Three different types of moss roofs were chosen for the study:
spontaneous moss roofs (S), built moss roofs (B) and roofs that were
originally built as green roofs but, over time, underwent a shift in
vegetation toward mosses (G) (Table 1). Green roofs were named ac
cording to their location. All 94 moss samples were collected from nine
different moss roofs (Table 1, Fig. 1) in Espoo, Helsinki, Tampere and
Vantaa in October 2017. South-facing portions of the roofs were
omitted, because of the greater environmental stress caused by sunlight.
Damaged moss tissues were collected from necrotic, brown spots
observed in the moss plants and stored in paper bags at 4 ◦ C until use.
Moss tissues were surface-sterilized by immersion in sodium hypochlo
rite (NaOCl, 0.1% active chlorine) for 1 min, followed by three rinses
with sterile water and air-drying. Dried moss tissues were placed on
potato dextrose agar (PDA, Sigma) and left at room temperature (20 ◦ C)
under ambient light until the growth of fungal hyphae had occurred. As
soon as a fungal hyphae were observed to grow from the moss tissue,
mycelia were transferred to fresh PDA until pure cultures were obtained.
2.3. Molecular identification of fungal isolates
All fungal isolates were tested by direct polymerase chain reaction
(PCR). For template preparation, a small quantity of fungal hyphae was
scraped from a PDA plate and transferred to an Eppendorf tube containing
100 μL of MilliQ water, boiled for 20 min and centrifuged briefly, and su
pernatant was directly used as a template for PCR. PCR was carried out in a

Table 1
Green roof descriptions.
Name of the green roof
and sample

Location

Coordinates

Type of
roofa

Number of
samples

Number of
fungal
isolates

Slope of
the roof
(◦ )

Creation
year of the
green roof

Soil or roof
materials used

Dominant original
plant species

Fabianinkatu
Fk
Ikano
Ik
Kaisaniemi
Ka
Korkeasaari
Ks
Kappelitie
Kt
Meilahti
Mel

Helsinki

60.171625,
24.948270
60.280034,
25,081,259
60.175173,
24.947101
60.175831,
24.991557
60.167619,
24.764928
60.190240,
24.896860

G

7

3

2

2009

Finish field plants

G

11

8

2

2012

B

5

5

2

2014

G

19

15

2

2012

Stonecrop mat,
gravel
Many different
material1
Organic soil,
stone ash
Stonecrop mat

S

11

7

2

not known

Not planted

B

20

12

14

2013

Metsälä
Met

Helsinki

60.223729,
24.941207

B

5

4

15

2015

Onkiniemi
O
Tampereen kaupungin
liikennelaitos (Tkl)

Tampere

61.503177,
23.737634
61.478710,
23.796581

S

7

6

2

not known

S

9

5

2

not known

Gravel
(20 mm)
Mixture of stone
ash and org.
matter
Mixture of stone
ash and org.
matter
Gravel
(3− 10 mm)
Gravel
(20 mm)

a
1

Vantaa
Helsinki
Helsinki
Espoo
Helsinki

Tampere

G, green roof that developed into a moss roof; B, built moss roof; S, spontaneous moss roof.
Stone ash, biochar, stonecrop mat, vegetative mat.
2

Sedum sp.,
meadow vegetation
Finish field plants
Sedum sp.

Racomitrium
lanuginosum, Dicranum
spurium
Racomitrium
lanuginosum, Dicranum
spurium
Not planted
Not planted
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Fig. 1. Examples of the sampling places of green roofs in Finland. Nine green roofs from different locations were included in the study. a) Fabianinkatu, Helsinki (G);
b) Ikano, Vantaa (G); c) Kaisaniemi, Helsinki (B); d) Kappelitie, Espoo (S); e) Korkeasaari, Helsinki (G); f) Meilahti, Helsinki (B); g) Metsälä, Helsinki (B); h)
Onkiniemi, Tampere (S); i) TKL, Tampere (S). B, built moss roof; G, green roof that transitioned into a moss roof; S, spontaneous moss roof (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

reaction mixture (20 μL) containing 0.2 U of Phusion High-Fidelity DNA
Polymerase (Thermo Scientific, Vilnius, Lithuania), 0.2 μM of ITS4
(5′ TCCTCCGCTTATTGATATGC3′ ) and ITS5 (5′ GGAAGTAAAAGTCG
TAACAAGG3′ ) primers (White et al., 1990), 0.2 mM dNTPs, 1× Phusion HF
reaction buffer and 2 μL of template. The PCR cycling conditions were 98 ◦ C
for 30 s, followed by 35 cycles of 98 ◦ C for 10 s, 59 ◦ C for 20 s and 72 ◦ C for 30
s and a final extension at 72 ◦ C for 10 min. Success of PCR was detected with
agarose gel electrophoresis, and PCR products were purified with E.Z.N.A.
Gel Extraction Kit (Omega, Bio-tek inc., Georgia, USA) and sent for
sequencing (Macrogen, Inc. South Korea).
DNA extraction was carried out on the samples showing negative
results in direct PCR. DNA was extracted from fungal hyphae as
described (Heinonsalo et al., 2001). In brief, autoclaved sand, fungal
mycelia and 50–100 μL of 2% CTAB (cetyltrimethyl ammonium

bromide) buffer (100 mM Tris− HCl, pH 8; 1.4 M NaCl; 20 mM EDTA; 2%
CTAB) were mixed, and the mycelia were ground with a sterile pestle.
The resulting suspension was incubated in a water bath at 65 ◦ C for 1 h
and centrifuged at 15,700 × g for 5 min. Chloroform was added to
precipitate proteins. For DNA precipitation, isopropanol was used, and
samples were incubated at − 20 ◦ C for 1 h and then spun at 15,700 × g
for 30 min at 4 ◦ C. Precipitated DNA was washed with 70% ethanol and
dissolved in 50 μL of nuclease-free water. PCR was then performed as
above.
2.4. Identification of fungi, phylogenetic and statistical analyses
Internal transcribed spacer (ITS) sequences were obtained by PCR
using the primers ITS4 and ITS5 and deposited in the NCBI sequence
3
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Table 2
Frequency of species in sampling points.
Species
Barbula convoluta
Brachythecium albicans
Brachythecium cf. salebrosum
Bryum sp.
Ceratodon purpureus
Cirriphyllum piliferum
Climacium dendroides
Dicranella sp.
Dicranum scoparium
Ditrichum cf. heteromallum
Hypnum cf. cupressiforme
Pleurozium schreberi
Pogonatum sp.
Pohlia nutans
Pohlia sp.
Polytrichum juniperinum
Polytrichum piliferum
Racomitrium canescens
Racomitrium lanuginosum
Rhytidiadelphus squarrosus
Sanionia uncinata
Syntrichia ruralis

Sampling point
Fk

Ik

Ka

Ks

Kt

5
3

1

4
1

3

1

4

19

10

7

1
2
10

1

1

2

2

1
2

1

1
1
1
2
1
2
1

Mel

Met

2
18
1

1
5

1

1

O

1

Tkl

8

1
2
3

1
2

1
1

2
2

1

database. A BLAST search with the NCBI database was used to compare
the ITS sequences, including ITS1, 5.8S and ITS2 regions (~500− 600 nt)
with fungal sequences. Fungal strains are described according to their
appearance on PDA plates together with the best hits in the NCBI
database. For phylogenetic analyses, sequences obtained from isolated
fungi were aligned using CLUSTAL-W and the neighbor-joining method
with 1000 bootstrap replicates. Evolutionary distance was computed
using the Kimura 2-parameter method with MEGA7 (Kumar et al.,
2016). For statistical analyses, univariate analysis of variance was used
to test if roof type (B, G and S) has significant influence on the occur
rence of isolated fungal genera (IBM SPSS Statistics 25).

1

1

2

2
5

1

1

1
1
1

Sp freq in samples

Freq% of the samples

10
8
1
5
82
1
1
1
4
2
1
2
1
4
5
6
5
11
3
1
2
4

10.8
8.0
1.1
5.4
88.2
1.1
1.1
1.1
4.3
2.2
1.1
2.2
1.1
4.3
5.4
6.5
5.4
11.8
3.2
1.1
2.2
4.3

in wide range of habitats. Ceratodon purpureus was the most frequent
moss species occurring in all sites and in 88% of the samples (Table 2).
Additionally, it was the only moss or the dominant species in 76% of the
samples. Racomitrium canescens (12% of the samples), Barbula convoluta
(11%) and Brachythecium albicans (8%) were the other more frequent
mosses, while the frequency of the rest of the species was rather low,
even though some of the rare species were dominant in the samples e.g.
Bryum caespiticium, Racomitrium lanuginosum (Table S1).
3.2. Trichoderma isolates are most prevalent on green roofs
Nine green roofs were included in the study (Fig. 1, Table 1). In total,
94 samples were collected, and 64 fungal isolates and one oomycete
were obtained from the necrotic tissue of the moss samples (Table 3,
Fig. 2). Bacteria that grew from the samples were excluded from the
study. The most general isolated fungal genera were Trichoderma (25
isolates), Fusarium (15 isolates), Mucor (9 isolates) and Phoma (8 iso
lates) (Table 3).
Trichoderma isolates were obtained from all nine green roofs and
were most dominant on the Metsälä green roof (Figs. S1− S9), where
they corresponded to all isolated fungal specimens (Fig. S7). Based on
the BLAST search and colony appearance Trichoderma harzianum (Rifai)
was the most general Trichoderma isolates (Table 4). A total of 14
T. harzianum isolates were obtained. The second most common Tricho
derma isolates were described as Trichoderma atroviride (Karst) (three
fungal isolates) and Trichoderma viride (Pers.) (three fungal isolates).
Other Trichoderma isolates were described as Trichoderma hamatum
(Bonord.), T. koningii (Oudem.), T. koningiopsis (Samuels, Suarez and

2.5. Inoculation of fungi
For inoculation experiments, 1-week-old protonemal tissue of
P. patens ecotype Gransden Wood (Ashton and Cove, 1977) was ho
mogenized in 0.25% agar in water. The moss-agar suspension was
pipetted into BCD medium (1 mM MgSO4, 1.85 mM KH2PO4 [pH 6.5
adjusted with KOH], 10 mM KNO3, 45 μM FeSO4, 0.22 μM CuSO4, 0.19
μM ZnSO4, 10 μM H3BO4, 0.10 μM Na2MoO4, 2 μM MnCl2, 0.23 μM
CoCl2, 0.17 μM KI) (Ashton and Cove, 1977) supplemented with 1 mM
CaCl2, 45 μM Na2EDTA and 5 mM ammonium tartrate [(NH4)2C4H4O6)]
and was solidified with 0.8% agar (Lehtonen et al., 2009). For each
isolate, five moss colonies were grown, each from 50 μL of moss-agar
suspension, in a Petri dish. The photoperiod consisted of 8 h of light
and 16 h of dark. Four-week-old moss was used for inoculation experi
ments. Ten-day-old fungal mycelia grown on PDA plates were placed
next to a moss plant and cultivated at 23 ◦ C for 14 days. The inoculum
size of fungal mycelia was approximately 0.5 cm. The experiment was
conducted twice with two replica plates. Symptoms were classified as
severe symptoms indicating browning and death of moss, moderate
symptoms indicating browning of protonema and stem occasionally and
mild symptoms indicating browning of protonema only.

Table 3
The number of isolates belonging to different genera.

3. Results
3.1. Ceratodon purpureus was the most frequent moss species occurring in
all sites
The 23 mosses (Table S1) in the samples affected by the fungi
represent generalist and ruderal species of the southern Finland common
4

Genus

Number of isolates

Botrytis
Ceratobasidium
Fusarium
Mortierella
Mucor
Phoma
Pythium
Rhizopus
Trichoderma

1
1
15
4
9
8
1
1
25
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Fig. 2. Samples collected from necrotic areas observed in mosses. The fungi isolated from these samples included (a) Trichoderma harzianum, Fabianinkatu, sample 3;
(b) Phoma herbarum, Ikano, sample 10; (c) Mortierella elongata, Kaisaniemi, sample 2; (d) Fusarium avenaceum, Kappelitie, sample 6; (e) Fusarium acuminatium,
Korkeasaari, sample 5; (f) T. harzianum, Meilahti, sample 18; (g) T. harzianum and Trichoderma hamatum, Metsälä, sample 2; (h) M. elongate, Onkiniemi, sample 5; (i)
Trichoderma koningiopsis and T. harzianum, TKL, sample 7.

Evans) and Trichoderma paraviridescens (Jaklitsch, Samuels and
Voglmayr).
The genus Fusarium was the second most common genus. Fusarium
isolates were common especially on Korkeasaari samples, where they
comprised more than half of the isolated fungi. Most of the Fusarium
isolates (eight of them) were described as Fusarium acuminatium (Ell. and
Ev.). According to BLAST search and colony appearance other Fusarium
isolates were Fusarium avenaceum (Sacc.) Fusarium graminearum
(Schwein.) Fusaium lateritium (Nees), Fusarium poae (Peck) and Fusarium
tricinctum (Corda).
The genus Mucor represented the third most common genus among
the isolates. A total nine Mucor isolates were obtained from seven
different green roofs (Figs. S1− S5, S8 and S9). Mucor hiemalis (Wehmer)
was the most common Mucor isolates. Other Mucor isolates included

Mucor circinelloides (Tieghem), Mucor fragilis (Tode) and Mucor plumbeus
(Bonord.).
Eight Phoma isolates were obtained. Most of the isolated Phoma
isolates (five isolates) were isolated from the Ikano green roof. They all
were described as Phoma herbarium (Westend.) Three additional Phoma
isolates, P. herbarium, Peyronellaea glomerata (Corda) and Phoma tropica
(Schneid. and Boerema) were also obtained.
Four Mortierella isolates were obtained from three different green roofs
(Fig. S3, S8 and S9), and all of them were described as Mortierella elongata
(Linnem.) Other fungal isolates were Botrytis cinerea (Pers.) and Ceratoba
sidium sp., and Rhizopus microsporus (Tiegh.) (Fig. S2, S5 and S6). One genus
of the fungal-like pathogen in the Oomycota (Pythium) was also isolated
(Fig. S6). Univariate analysis of variance showed that there was no statis
tical difference between isolated fungal genera and roof type (Fig. S10).
5
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caused browning of the protonema, stem and leaves of P. patens.
In addition, Botrytis cinerea isolate caused severe symptoms in
P. patens, including discoloration of the protonema, stem and gameto
phores (Fig. 3a). Pythium sp. and Ceratobasidium sp. caused only mild
symptoms, i.e., necrosis of the protonema, of P. patens (Fig. 3b). Mucor
isolates including M. circinelloides, M. fragilis, M. hiemalis and
M. plumbeus, as well as M. elongata and R. microsporus, did not cause any
apparent symptoms in P. patens, indicating that they are able to colonize
bryophytes but are not pathogenic for the model moss P. patens under
controlled conditions (Fig. 3c ).

Table 4
Symptom severity on P. patens caused by different fungal strains.
Fungal description a

Number of
isolates

Source of isolate

Symptom
severity b

Botrytis cinerea
Ceratobasidium sp.
Fusarium
acuminatium
Fusarium avenaceum
Fusarium
graminearum
Fusarium lateritium
Fusarium poae
Fusarium tricinctum
Mortierella elongata

1
1
8

Korkeasaari
Korkeasaari
Korkeasaari (5), Kappelitie
(3)
Korkeasaari, Meilahti
Meilahti

+++
+
+++

+
+
+++
ns

Mucor circinelloides
Mucor fragilis
Mucor hiemalis

1
1
6

Mucor plumbeus
Phoma herbarum
Phoma tropica
Peyronellaea
glomerata (Phoma
sp.)
Pythium sp.
Rhizopus
microsporus
Trichoderma
atroviride
Trichoderma
hamatum
Trichoderma
harzianum

1
6
1
1

Korkeasaari
Meilahti
Fabianinkatu, Korkeasaari
Kaisaniemi, Onkiniemi, TKL
(2)
Kaisaniemi
Kappelitie
Fabianinkatu, Kaisaniemi,
Korkeasaari, Kappelitie,
Onkiniemi, TKL
Ikano
Ikano (5), Meilahti (1)
Meilahti
Meilahti

1
1

Meilahti
Ikano

+
ns

3

Kaisaniemi, Korkeasaari,
Kappelitie
Metsälä

+++

+/++

Trichoderma
koningii
Trichoderma
koningiopsis
Trichoderma
paraviridescens
Trichoderma viride

1

Fabianinkatu, Ikano,
Kaisaniemi, Korkeasaari,
Meilahti, Metsälä, Onkiniemi
Kappelitie

1

Onkiniemi

+++

2

Onkiniemi, TKL

+

3

Korkeasaari, Metsälä, TKL

+++

2
1
1
1
2
4

1
14

+++
+

3.4. Phylogenetic analyses for obtained fungal isolates
Based on the neighbor-joining phylogenetic tree, obtained fungal
isolates divided into two main groups. First group contained the genera
of Trichoderma, Fusarium, Botrytis and Phoma and the second group
contained the genera of Ceratobasidium, Mucor, Rhizopus and Mortierella
(Fig. S11). First group contained fungal isolates, several of which caused
severe symptoms on P. patens, whereas the second group contained
isolates which were non-pathogenic on P. patens or caused only mild
symptoms.

ns
ns
ns
ns
+++
+++
+++

4. Discussion
This study revealed that many fungal isolates are capable to colonize
mosses on green roofs, some of which can cause severe or moderate
damage to the model moss P. patens. Trichoderma isolates, which are
known to associate with bryophytes (Varga et al., 2002; Akita et al.,
2011), were the most abundant obtained fungal isolates from Finnish
green roofs. Akita et al. (2011) isolated T. koningiopsis and T. viride from
R. japonicum moss panels. Pathogenicity tests showed that T. koningiopsis
causes only mild symptoms, such as necrosis at shoot tips, in P. patens,
and no symptoms were observed in R. japonicum. The results obtained
from the current study showed different kinds of virulence behavior of
Trichoderma isolates, many of which were highly pathogenic for
P. patens. The most severe symptoms were caused by T. atroviride,
T. viride, T. koningiopsis and T. hamatum, which all caused bleaching of
the moss and eventually killed the moss plants within 2 weeks.
T. harzianum, T. koningii and T. paraviridescens isolates obtained from
Finnish green roofs caused only browning of the protonema.
Trichoderma spp. are typically described as avirulent plant symbionts
or parasites of other fungi (Harman et al., 2004). However, there are few
reports of plant pathogenic Trichoderma species. Li Destri Nicosia et al.
(2015) reported that T. viride strains isolated from 6-year-old Pinus nigra
trees are pathogenic for P. nigra, where they lead to 30− 80% mortality
in artificially inoculated 2-year-old seedlings. They are also pathogenic
for 10-year-old P. nigra trees as well as for fruits from the lemon tree
Citrus limon cv Femminello. Akita et al. (2011) proposed that Tricho
derma species are present during the late phase of decay and are mainly
decomposers of organic matter. Our finding that many of the Tricho
derma isolates were highly virulent on P. patens suggests that they might
occur also as a primary pathogen of bryophytes.
Many of the Fusarium isolates that we identified here have been pre
viously isolated from bryophytes, and their pathogenicity has been well
described for both vascular and non-vascular plants (Askun, 2018; Akita
et al., 2011). Akita et al. (2011) isolated six Fusarium strains from green
roof moss panels and showed that all of the tested Fusarium species were
highly pathogenic for moss. F. avenaceum (isolate SSO.1–2) and Fusarium
oxysporum (Schlecht.) (isolates C-1 and SSC-1) caused discoloration and
death of the P. patens tissue within 6–10 days post-inoculation. Similar
symptoms were observed in our study when P. patens was inoculated with
isolates of F. acuminatium, F. avenaceum and F. tricinctum. Our results,
together with the findings from Akita et al. (2011), indicate that Fusarium
spp. are highly pathogenic for moss and thus might cause severe damage
to bryophytes in green roof environments.
We also obtained three other Fusarium isolates, F. graminearum, F.

+++

+

Parenthetical numbers given in fourth column indicates the number of isolates
obtained from the roof.
a
Descriptions is based on BLAST search of the sequence (identity > 99%)
obtained with ITS4 and ITS5 primers at NCBI database.
b
Severity of symptoms: +++ indicates severe symptoms, browning and death
of moss; ++ indicates moderate symptoms, browning of protonema and stem
occasionally; + indicates mild symptoms, browninf of protonema; ns indicates
no symptoms.

3.3. Trichoderma, Fusarium and Phoma spp. cause severe symptoms in
P. patens
Among the 65 isolates, 52 caused symptoms in P. patens. The most
harmful Trichoderma isolates were T. atroviride, T. viride, T. koningiopsis
and T. hamatum. They caused severe damage on the protonema, stem
and leaves. Two weeks after inoculation, all moss colonies were white or
brown and appeared to be completely macerated by these fungi (Fig. 3a ,
Table 4). T. harzianum and T. paraviridescens isolates caused milder
symptoms, such as browning of the protonema and necrotic spots on the
stem of P. patens (Fig. 3b ).
F. acuminatium, F. avenaceum and F. tricinctum were the most path
ogenic Fusarium isolates on P. patens (Fig. 3a). These fungi grew vigor
ously on the top of the moss and caused browning of the protonema,
stem and leaves of P. patens. F. graminearum, F. lateritium and F. poae
caused only mild symptoms, such as browning of the protonema
(Fig. 3b). Phoma spp. were the third most common damage-causing
fungal genus, and all isolated Phoma isolates caused severe symptoms
in P. patens (Fig. 3a). Phoma spp. grew vigorously on top of P. patens and
thus resembled the infection caused by Fusarium spp. All Phoma isolates
6
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Fig. 3a. Fungal pathogens that cause severe damage in P. patens. Pictures were taken two weeks after inoculation in vitro. The most severe damage on P. patens was
caused by isolates of a) Botrytis cinerea Ks3.2, b) Fusarium acuminatium Ks 6.1, c) Fusarium avenaceum Ks15.1a, d) Fusarium tricinctum Fk2, e) Phoma herbarum Ik4, f)
Phoma tropica Ks20.1, g) Trichoderma atroviride Kt15.1, h) Trichoderma hamatum Met2.2, i) Trichoderma koningiopsis O7.1 and j) Trichoderma viride. B. cinerea and
Trichoderma isolates caused discoloration of the leaves and killed the P. patens plants within 2 weeks. Fusarium and Phoma spp. grew vigorously on the top of moss
colonies and typically caused browning of the protonema and/or gametophores.

Fig. 3b. Inoculation of P. patens with fungal pathogens that cause mild symptoms. Pictures were taken two weeks after inoculation. Mild symptoms in P. patens were
caused by a) Ceratobasidium sp. Ks19.1, b) F. graminearum Mel14.1, c) F. lateritium Ks18.1b, d) F. poae Mel7.1, e) Pythium sp. Mel 5.1, f) T. harzianum Met 3.1, g)
T. koningii Kt5.1 and h) T. paraviridescens O2.1. Very mild symptoms such as browning of protonema were observed in plants infected by Ceratobasidium sp., Fsusarium
sp. and Pythium sp. Browning of the protonema and stem was observed in plants inoculated with T. harzianum, T. koningii and T. paraviridescens.

lateritium and F. poae, that caused only mild symptoms in P. patens. These
Fusarium species are all known to infect vascular plants and cause diseases
such as Fusarium ear blight and Fusarium head blight in wheat and nut grey
necrosis (Brown et al., 2010; Vitale et al., 2011; Dinolfo et al., 2014). In
contrast, a recent study indicates that Fusarium species might be endo
phytes of some plant species. Lofgren et al. (2018) assayed 25 species of
asymptomatic native grasses for the presence of mycotoxin-producing
Fusarium species and found that artificially inoculated grasses with Fusa
rium spp. accumulated mycotoxin trichothecenes to a much lesser extent
than did wheat. They proposed that these plant-fungal interactions may be
useful in future crop development and breeding efforts, as native plants
might possess detoxification mechanisms for mycotoxins. As a
non-vascular plant model, P. patens could be one possible host for eluci
dating the molecular mechanisms for disease resistance against some
pathogenic isolates.

In our study, Phoma represented the third most common damagecausing genus, and all obtained Phoma isolates caused severe symp
toms in P. patens. Phoma has been previously described as a pathogen of
mosses (Davey et al., 2009; Akita et al., 2011). Akita et al. (2011) iso
lated three Phoma epicoccina strains (synamorph of Epicoccum nigrum)
from infected R. japonicum moss panels and found that all of the tested
strains caused only mild symptoms including modest browning on
R. japonicum and P. patens. Davey et al. (2009) found that Atradidymella
muscivora (anamorph of Phoma muscivora) infects Funaria hygrometrica,
causing chlorosis and killing the host. In our study, all of the isolated
Phoma isolates were highly pathogenic for P. patens and killed the host
within 2 weeks after inoculation, indicating that the genus Phoma con
tains pathogens of bryophytes that cause moderate to very severe
symptoms.
In addition to pathogenic fungi, we obtained several fungal isolates
7
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Fig. 3c. Inoculation of P. patens with non-pathogenic fungal strains. Pictures were taken 2 weeks after inoculation. Non-pathogenic fungal isolates a) M. elongata
Ka2.1, b) M. circinelloides Ka3.1b, c) M. fragilis Kt10.1, d) M. hiemalis Fk5.2, e) M. plumbeus Ik7 and f) Rhizopus microporus Ik11did not cause any apparent symptoms
in P. patens.

that did not cause any apparent symptoms in P. patens, although they
were able to colonize this bryophyte. Those isolates belonged to the
genera Mucor, Mortierella and Rhizopus, all of which are members of the
subphylum mucoromycotina. Carella and Schornack (2018) have shown
that bryophytes have beneficial endophytic interactions with members
of the mucoromycotina, ascomycota and basidiomycota groups. Field
et al. (2015) demonstrated that liverwort–Mucoromycotina symbiosis is
mutualistic and mycorrhiza-like. This relationship includes the recip
rocal exchange of carbon for nutrients between partners, demonstrating
a very early mutualistic symbiosis between Mucoromycotina and land
plants. These results, together with our findings, indicate that members
of mucoromycotina associate with bryophytes in nature. As these fungi
were asymptomatic with respect to a model moss, they might also
function as natural symbionts for mosses in green roof environments.
There is not much information about the plant-microbe -interactions
that occur naturally in green roof environments. Our results showed that
Ceratodon purpureus was the most frequent moss species occurring in all
sites and in 88% of the samples. C. purpureus is a cosmopolitan moss
species with extremely broad ecological and geographical range, and it’s
one of the pioneer species in urban environments (Ash, 1991). Although
C. purpureus is common, pathogens of C. purpureus are poorly described.
Our results showed that C. purpureus can be colonized by many different
fungal isolates in urban environments with adverse interactions
demonstrating that C. purpureus can be host for these fungi. Other moss
species were not as severely infected by fungi, but they where also too
rare for more focused conclusions.
Microbiological inoculants do improve plant survival on green roofs
(Fulthorpe et al., 2018). Fulthorpe et al. (2018) proposed that microbes
could improve the drought and salt tolerance of plants, protect plants
from pathogens, provide access to limiting nutrients and increase the
productivity and stabilization of the green roof substrate.

Microbiological applications used for green roofs typically contain mi
crobes regarded as beneficial for plant health and growth, such as
mycorrhizae, Trichoderma spp. and Bacillus spp. (Molineux et al., 2014;
Rumble and Gange, 2017; Xie et al., 2018). Several Trichoderma species
have been developed as biocontrol agents against fungal diseases of
plants by competing nutrients and space, modifying environmental
conditions, or promoting plant growth (Benítez et al., 2014). Rumble
and Gange (2017) studied whether the addition of microbial inoculants
including mycorrhizae, Trichoderma spp. and soil bacteria could
improve the abundance and biodiversity of higher trophic species and
whether their addition affected plant growth on mature green roofs.
They found that Trichoderma in particular contributed to higher pop
ulations of some microarthropod groups.
As only a few studies in addition to ours have shown that some Tri
choderma isolates might cause diseases in plants (Aly et al., 2014; Li
Destri Nicosia et al., 2015) this finding underscores the need to test the
new environments for microbes before inoculations of industrial scale
are applied. Corkidi et al. (2004) showed that infectivity of commercial
mycorrhizal inoculants varied from 0 to 50% and concluded that nurs
eries should conduct preliminary test to determine which inoculants
performs the best fit on particular conditions. In light of our results, we
agree with Corkidi et al. (2004) and conclude that the biocontrol agents
and plant growth promoting microbial products should be carefully
tested before use. Our results showed that many fungal strains that are
considered to be non-pathogenic might cause diseases in bryophytes
increasing the risk of moss infection in green roof environment.
There are only few studies describing pathogen occurrence in green
roof environments or on moss panels used for greening (Akita et al.,
2011; Tamura et al., 2019). Both studies observed pathogens in moss
panels with single clones. To our knowledge this is the first study
observing pathogens in green roof environments with polycultures. Our
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results showed that green roofs made of moss are colonized by many
different fungal genera, and some of the fungal isolates are highly
pathogenic on moss. This challenge is similar to cultivation of vascular
plants. Further research on the impact of biotic factors on green roofs
welfare are needed to assess which microbial inoculum can be used for
green roof to reduce pathogen outbreaks.
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Gabrych, M., Kotzeb, J., Lehvävirta, S., 2016. Substrate depth and roof age strongly
affect plant abundanceson sedum-moss and meadow green roofs in Helsinki,
Finland. Ecol. Eng. 86, 95–104.
Harman, G.E., Howell, C.R., Viterbo, A., Chet, I., Lorito, M., 2004. Trichoderma species –
opportunistic, avirulent plant symbionts. Nat. Rev. Microbiol. 2, 43–56.
Heinonsalo, J., Jørgensen, K.S., Sen, R., 2001. Microcosm-based analyses of Scots pine
seedling growth, ectomycorrhizal fungal community structure and bacterial carbon
utilization profiles in boreal forest humus and underlying illuvial mineral horizons.
FEMS Microbiol. Ecol. 36, 73–84.
Ingold, C.T., Hudson, H.J., 1993. Dispersal in fungi. The Biology of Fungi. Springer,
Dordrecht.
Jim, C.Y., Tsang, S.W., 2011. Biophysical properties and thermal performance of an
intensive green roof. Build. Environ. 46, 1263–1274.
Juutinen, R., Huttunen, S., Pihlaja, K., Ulvinen, T., He, X., 2020. Bryophytes anthocerophyta, bryophyta, marchantiophyta. The FinBIF Checklist of Finnish
Species 2019. – Finnish Biodiversity Information Facility, Finnish Museum of
Natural History. University of Helsinki, Helsinki. URN. http://urn.fi/URN:ISSN:
2490-0907.
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