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Abstract: The contribution of fungi to the degradation of plant litter and transformation of dissolved
organic matter (humic substances, in particular) in freshwater ecosystems has received increasing
attention recently. However, the role of Saprolegniales as one of the most common eukaryotic
organisms is rarely studied. In this study, we isolated and phylogenetically placed 51 fungal and
62 Saprolegniales strains from 12 German lakes. We studied the cellulo-, lignino-, and chitinolytic
activity of the strains using plate assays. Furthermore, we determined the capacity of 10 selected
strains to utilize 95 different labile compounds, using Biolog FF MicroPlates™. Finally, the ability
of three selected strains to utilize maltose and degrade/produce humic substances was measured.
Cladosporium and Penicillium were amongst the most prevalent fungal strains, while Saprolegnia,
Achlya, and Leptolegnia were the most frequent Saprolegniales strains. Although the isolated strains
assigned to genera were phylogenetically similar, their enzymatic activity and physiological profiling
were quite diverse. Our results indicate that Saprolegniales, in contrast to fungi, lack ligninolytic
activity and are not involved in the production/transformation of humic substances. We hypothesize
that Saprolegniales and fungi might have complementary roles in interacting with dissolved organic
matter, which has ecological implications for carbon cycling in freshwater ecosystems.

Keywords: freshwater ecosystems; aquatic carbon cycling; plant litter degradation; humic substances
production; Saprolegnia; Achlya; Leptolegnia; Cladosporium; Penicillium

1. Introduction

Dissolved organic matter (DOM) mainly constitutes a heterogeneous mixture of
aliphatic and aromatic polymers, and thus plays a pivotal role in shaping aquatic ecosys-
tems [1]. It consists of labile autochthonous DOM (DOMa,uto), generally produced by
phytoplankton, and more refractory allochthonous DOM (DOM_j,), which mainly orig-
inates from plant litter degradation [2]. The most significant fraction of DOM_, (up to
80%) consists of humic substances (HS), which have been defined as a category of het-
erogeneous organic and high-molecular-weight matter [3]. Although HS are extremely
resistant to biodegradation by heterotrophic bacteria, they are believed to be degraded
by fungi with important consequences for aquatic carbon cycling [4]. The production
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of polymer-degrading enzymes [5] and reactive oxygen species (ROS) [6] facilitates the
interaction between fungi and recalcitrant organic matter which eventually contributes to
the aquatic microbial loop and transform or mineralize organic carbon [7].

However, while most studies have focused on the ability of terrestrial fungi to de-
grade/transform DOM (HS, in particular), it has not yet been established whether fresh-
water fungi contribute the same. In 1998, Claus and Filip [8] isolated a phenoloxidase-
producing fungus named Cladosporium cladosporioides from a bog lake and showed that it
had the ability to degrade about 60% of the riverine or groundwater humic substances. The
same ability was also observed in Polyporus versicolor. More interestingly, Rojas-Jimenez
et al. [9] showed the ability of Cladosporium sp. to simultaneously degrade and synthesize
HS. They, similar to Claus and Filip [8], concluded that there is a correlation between the
ability of fungi to exhibit lignocellulolytic activity and the degree of their contribution
to the degradation/transformation of DOM. However, more studies are needed to over-
come limitations of the current results. For example, although some fungi isolated from
freshwater ecosystems have shown high enzymatic activity, we still do not know whether
these cosmopolitan fungal strains could be considered as representative of endemic fungal
communities. Also, in extensive work, Collado et al. [10] listed various recently used
measurement methods to assess the degradation of HS by fungi, the variety of which
makes comparison problematic to some extent.

Although oomycetes are among the most common freshwater eukaryotic organisms
and found in the same habitats as fungi are, there is a categorical gap of knowledge re-
garding their underlying ecological contributions. This is mainly due to the fact that they
are primarily recognized as very dangerous pathogens to fish, crustaceans, and amphib-
ians [11,12]. However, although a few rare studies have pointed to their implications
for the stability of food webs through their interaction with various trophic levels [13],
it is not clear whether, enzymatically speaking, they have been equipped with the same
properties as fungi. For example, although it has been established that members of the
order Saprolegniales are associated with the plant litter in the littoral zone of freshwater
ecosystems [14], their precise enzymatic capacity and role in aquatic carbon turnover
(degradation of plant litter and HS, in particular) remain to a large extent unknown. In
two early studies, however, Saprolegniales taxa exhibited different levels of cellulolytic
and chitinolytic activities [15,16]. Solely, in a single study, two strains of the genera Dic-
tyuchus and Aspergillus (as Saprolegniales and fungal representatives, respectively) were
compared for their enzymatic abilities and their contributions to HS degradation and
transformation [17]. The genus Dictyuchus lacked ligninolytic activity and exhibited a
much lower degree of HS degradation and transformation (compared to Aspergillus). Yet,
for better generalization of the observed metabolic patterns and mechanisms, more strains
of Saprolegniales and fungi need to be studied in detail.

Therefore, in this study, we isolated Saprolegniales and fungal strains from plant litter
at the water surface of the littoral zone of 12 temperate lakes in Northeast Germany and
determined their taxonomic positions using a set of different marker genes. The cellulo-,
lignino-, and chitinolytic activities of all strains were tested to better understand their
interactions with plant and animal litter. We further studied the 10 fungal strains with the
highest isolation frequency to compare their contributions to the labile carbon pool. Finally,
the three strains with the highest enzymatic activity were selected to determine whether
they produce and transform HS. This study has important implications for diversity and
the ecological role of Saprolegniales and fungi in carbon cycling in the littoral zone of lakes.

2. Materials and Methods
2.1. Isolation of Oomycetes and Fungal Strains

Saprotrophic Saprolegniales and fungal strains were isolated from wood and leaves
that were collected over several months in 2018 along the shoreline of 12 lakes of North-
east Germany: Breiter Luzin (location A: 53.353333, 13.464913; B: 53.359681, 13.489465),
Dagowsee (53.150730, 13.053070), Gerlinsee (53.133643, 12.994251), SW basin of Grofle Fuch-
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skuhle (53.105700, 12.984735), GrofSer Stechlinsee (53.152609, 13.022283), Grofier Wummsee
(53.187389, 12.800203), Kochsee (53.131860, 13.107672), Melzer See (53.526695, 12.701967),
Peetschsee (53.167243, 13.075034), Roofensee (53.111463, 13.035540), Tiefwarensee (53.527318,
12.691670), and Wittwesee (53.123667, 12.938442) (Table 1). Isolation of oomycete strains
was performed using the baiting method as previously described [18]. For fungal strains,
the same plant materials were moist-incubated in Petri dishes and then examined every
three days under a binocular (OMAX) to detect their fruiting bodies for several weeks [19].

Table 1. Fungal and oomycete strains isolated from 12 temperate lakes in Northeast Germany.

GenBank Accession Number

Strain Taxonomy Sampling Site
SSuU ITS LSU coxI
Oomycetes
DSL2 Saprolegnia ferax Grofser Stechlinsee - MN401033 - -
FB8 Saprolegnia australis GroBler Stechlinsee - MN401034 - -
FB4 Saprolegnia ferax Grofier Stechlinsee - MN401077 - -
FBLD1 Saprolegnia ferax Grofser Stechlinsee - MN401076 - -
FB5 Saprolegnia australis Grofler Stechlinsee - MN401078 - -
FBSD1 Saprolegnia ferax Grofier Stechlinsee - MN401079 - -
JSW8-1 Unknown Saprolegniales  Grofier Stechlinsee - - - -
MDL14-2 Saprolegnia anisospora Dagowsee - MS401076 - MN398165
MDL5-2 Saprolegnia anisospora Dagowsee - MN401035 - MN398166

AF2-2 Leptolegnia sp. Grofe Fuchskuhle - MN401036 - MN398167
AFW2-2 Achlya sp. Grofe Fuchskuhle - MN401037 - MN398168

AF3 Achlya sp. Grofe Fuchskuhle - MN401038 - -

AFL4-3 Achlya colorata Grofe Fuchskuhle - MN401039 - -
AFL3 Achlya sp. Grofe Fuchskuhle - MN401040 - -
AFL10 Phytophthora undulata Grofse Fuchskuhle - MN401041 - MN398169
AFW1-1 Pythium sp. Grofe Fuchskuhle - MN401042 - MN398170
AFL5-1 Pythium sp. Grofe Fuchskuhle - MN401043 - MN398171
MSK2-6 Achlya ambisexualis Breiter Luzin A - MN401044 - -
MSK1-2 Saprolegnia ferax Breiter Luzin A - MN401045 - -
MSK2-8 Achlya ambisexualis Breiter Luzin A - MN401046 - MN398172
MSK3-5 Achlya ambisexualis Breiter Luzin B - MN401047 - -
MSK3-3 Saprolegnia ferax Breiter Luzin B - MN401048 - MN398173
MSK3-6 Saprolegnia ferax Breiter Luzin B - MN401049 - -
MSK3-2 Achlya ambisexualis Breiter Luzin B - MN401050 - -
MSK3-7 Saprolegnia australis Breiter Luzin B - MN401051 - -
MPLL1-1 Leptolegnia sp. Peetschsee - MN401052 - -
MPLL1-2 Leptolegnia sp. Peetschsee - MN401053 - -
MPLW4 Achlya ambisexualis Peetschsee - MN401054 - -
MPLW2-1 Achlya ambisexualis Peetschsee - MN401055 - -
MPLL3-2 Achlya ambisexualis Peetschsee - MN401056 - -
MKASS8 Leptolegnia sp. Kochsee - MN401057 - -
MKAS19-2 Leptolegnia sp. Kochsee - MN401058 - -
MKAS19-1 Saprolegnia ferax Kochsee - MN401059 - -
MKAS6 Leptolegnia sp. Kochsee - MN401060 - MN398174
MKAS16 Leptolegnia sp. Kochsee - MN401061 - -
MKAS13 Leptolegnia sp. Kochsee - MN401062 - -
MKAS20 Saprolegnia ferax Kochsee - MN401063 - MN398175
MKAS5 Leptolegnia sp. Kochsee - MN401064 - -
JTIW3-2 Unknown Saprolegniales Tiefwarensee - - - -
JTIWS Unknown Saprolegniales Tiefwarensee - - - -
JT1L4 Saprolegnia ferax Tiefwarensee - MN401065 - -
JT1IW12 Unknown Saprolegniales Tiefwarensee - - - MN398163
JTIW4 Unknown Saprolegniales Tiefwarensee - - - MN398164
JT2L8 Unknown Saprolegniales Melzer See - - - -
JT2W9-2 Unknown Saprolegniales Melzer See - - - -
JT2W5-1 Saprolegnia ferax Melzer See - MN401066 - -
JT2W5-2 Saprolegnia ferax Melzer See - MN401067 - -
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Table 1. Cont.

GenBank Accession Number

Strain Taxonomy Sampling Site
SSuU ITS LSU coxI
JT2W6-2 Saprolegnia australis Melzer See - MN401068 - -
JT2L6-2 Saprolegnia ferax Melzer See - MN401069 - MN398176
JGWL2 Unknown Saprolegniales Gerlinsee - - - -
JGWL1 Unknown Saprolegniales Gerlinsee - - - -
JGWW2 Saprolegnia ferax Gerlinsee - MN401070 ~ MN401080 -
JRL2 Achlya ambisexualis Roofensee - MN401071 MN401081 -
JR5 Unknown Saprolegniales Roofensee - - - -
JR3 Unknown Saprolegniales Roofensee - - - -
JRL1 Achlya sp. Roofensee - MN401072 - -
JWTW3 Leptolegnia sp. Wittwesee - MN401073 ~ MN401082 -
JWTL2 Saprolegnia ferax Wittwesee - MN401074  MN401083 -
JWTW4 Leptolegnia sp. Wittwesee - MN401075 MN401084 -
JWTW2 Unknown Saprolegniales Wittwesee - - - -
JWMW1 Unknown Saprolegniales ~ Grofier Wummsee - - - -
JWML1 Unknown Saprolegniales Grofier Wummsee - - - -
Fungi
ASW11-2 Unknown fungus GrofSer Stechlinsee - - - -
ASW3-23 Cordycipitaceae GroBler Stechlinsee =~ MN396371 - MN396192 -
ASW5-1 Unknown fungus Grofier Stechlinsee - - - -
ASW11-1 Neonectria sp. Grofser Stechlinsee - - MN396194 -
ASW5-2 Unknown fungus GroBer Stechlinsee - - - -
MSH1 Cordycipitaceae Grofser Stechlinsee ~ MN396372 - MN396193 -
ASW9 Unknown fungus Grofser Stechlinsee - - -
MSH2 Cladosp O”C‘;Tn;lfjjsi"’”md“ Grofer Stechlinsee ~ MN396373 ~ MN401001  MN396195 -
MSH3 Cladosp ”’Z‘)”;;ffi‘(’s”"”‘”d“ Grofer Stechlinsee ~ MN396374 ~ MN401002  MN396196 -
ASWS Cl"d"s”c";x;ﬁ :ﬁrb AU GroRer Stechlinsee  MN396375 ~ MN401003 ~ MN396197 -
ASW3-22 Unknown fungus GroBler Stechlinsee - - - -
ASW1 Unknown fungus Grof3er Stechlinsee - - - -
ASW4 Phlebia radiata Grofser Stechlinsee =~ MN396376 MN401004  MN396198 -
FBP1 Penicillium brevicompactum  Grof3er Stechlinsee =~ MN396377  MN401005  MN396199 -
FBL1 Cladosporium herbarum &, gor Stechlinsee - MN401006  MN396200 -
complex
FBP3 Penicillium brevicompactum  Grof3er Stechlinsee =~ MN396378 ~ MN401007  MN396201 -
FBP22 Penicillium sp. Grofser Stechlinsee =~ MN396379 - MN396202 -
FBS1 Didymosphaeriaceae Grofser Stechlinsee - MN401008  MN396203 -
FBL3 Heterobasidion sp. Grofler Stechlinsee - MN401009  MN396204 -
FBP21 Penicillium brevicompactum  Grofer Stechlinsee =~ MN396380 MN401010 MN396205 -
FBL6 Unknown fungus Grofer Stechlinsee - - - -
FBPD1 Fusarium sp. Grofler Stechlinsee ~ MN396381 MN401011 MN396206 -
FB10 Nectriaceae Grofier Stechlinsee - - MN396207 -
FB11 Cladosporium herbarumt &, ger Stechlinsee - MN401012  MN396208 -
complex
FBLD2 Cladosporium sp. Grofser Stechlinsee - - MN396209 -
FB3 Penicillium levitum Grofser Stechlinsee - - MN396210 -
FB1 Unknown fungus GroBer Stechlinsee - - - -
FB2 Unknown fungus Grof3er Stechlinsee - - - -
FB6 Unknown fungus Grofser Stechlinsee - - - -
FB7 Cladosporium herbarum &, gor Stechlinsee - MN401013  MN396211 -
complex
FBP1x Nectria sp. Grofser Stechlinsee - MN401014  MN396212 -
FBS4 Unknown fungus Grofler Stechlinsee - - - -
FBP41 Penicillium brevicompactum  Grofer Stechlinsee =~ MN396382 MN401015 MN396213 -
FBP42 Penicillium brevicompactum  GrofSer Stechlinsee - MN401016 ~ MN396214 -
FBP5 Penicillium brevicompactum  GrofSer Stechlinsee - - MN396215 -
FBL5 Phoma sp. Grof3er Stechlinsee - - MN396216.1 -
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Table 1. Cont.

GenBank Accession Number

Strain Taxonomy Sampling Site
SSU ITS LSU coxI
FB12 Cladosporium sp. Grofier Stechlinsee - - MN396217 -
FB9 Massarina sp. GrofSer Stechlinsee - - MN396218 -
FBLS81 Cladosporium cladosporivides &, ger Stechlinsee - - MN396219 -
complex
FBPD2 Cladosporium herbarumt &, ger Stechlinsee - - MN396220 -
complex
FBP9 Penicillium brevicompactum  Grofler Stechlinsee - - MN396221 -
FBS9 Unknown fungus Grofier Stechlinsee - - - -
FBP7 Penicillium brevicompactum  GrofSer Stechlinsee - - MN396222 -
FBSL1 Penicillium crustosum Grofier Stechlinsee ~ MN396383 - - -
FBP8 Cladosporium cladosporioides . ger Srechlinsee - MN401026 - -
complex
FBP81 Penicillium brevicompactum  Grofler Stechlinsee - - MN396223 -
FBP71 Cladosporium herbarumt &, ger Stechlinsee - - MN396224 -
complex
FBS71 Penicillium brevicompactum  Grofser Stechlinsee - - MN396225 -
FBSS1 Fusarium sp. Grofier Stechlinsee - - MN396226 -
FBLD2X Unknown fungus GroBler Stechlinsee - - - -
AFL4-2 Mortierella sp. Grofe Fuchskuhle - MN401032.1 - -

2.2. Molecular Characterization of the Strains

DNA extraction followed the protocol of Montero-Pau et al. [20] with minor modi-
fications. Briefly, 100 uL of alkaline lysis buffer (NaOH 25 mmol L™}, disodium ETDA
0.2 mmol L1, pH 8.0) was aliquoted into 1.5 mL tubes. A clot of mycelia of fungi and
oomycete zoospores growing in the malt extract broth were added to the alkaline lysis
buffer and centrifuged for 30 min at 9000 rpm. Samples were incubated at 95 °C for
30 min and then cooled on ice for 5 min. Finally, 100 uL of neutralizing solution (Tris-HCl
40 mmol L=, pH 5.0) was added to the tubes. The samples were vortexed and stored at
—20 °C. The small subunit (SSU), ribosomal internal transcribed spacer (ITS), and large
subunit (LSU) regions were amplified for Saprolegniales and fungal strains in a Flexible
PCR Thermocycler (Analytik Jena, Jena, Thuringia, Germany) using the SSU817/55U1536,
ITS1/1TS4, and LROR/LR5 primer pairs and the respective PCR conditions [21-23]. Only
for oomycetes, the coxI region was amplified using OomCoxI-Levup/Fm85mod primers
following the proposed PCR conditions [24]. All amplification products were kept at
—20 °C and sent to a sequencing company (Macrogen, Geumcheon-gu, Seoul, South
Korea) for Sanger sequencing. The resulting sequences were edited using BioEdit soft-
ware [25] and submitted to GenBank (National Center for Biotechnology Information;
http:/ /www.ncbinlm.nih.gov, accessed on 20 October 2021) (for accession numbers, see
Table 1). Molecular classification was performed by comparing strain sequences with those
stored in GenBank sequence databases.

2.3. Phylogenetic Analysis

The amplified sequences of the strains, together with sequences of the related represen-
tative genera, retrieved from GenBank, were used to perform phylogenetic analysis. The
sequences were aligned using MAFFT [26] and analyzed with MEGA?7 using the maximum
likelihood method [27].

2.4. Screening for Lignino-, Cellulo-, and Chitinolytic Activity
2.4.1. Ligninolytic Activity

Mycelia from the edge of 7-15-day-old cultures were transferred to six-well culture
plates containing the cultivation medium proposed by Rojas-Jimenez et al. [9]. In essence,
mPmTG agar medium amended with one of the following substrates was used: 2,20-
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Azino-bis 3-ethylbenzothiazoline-6-sulfonic acid diammonium salt (ABTS) (0.1% wt/vol)
and Bromocresol Green (BG), Congo Red (CR), Malachite Green (MG), Phenol Red (PhR),
PolyR-478 (PR), Remazol Brilliant Blue (RBBR), and Toluidine Blue (TB) (0.02 and 0.005%
wt/vol for each substrate) [17,28]. The capacity of each strain for ligninolytic activity
was determined by decolorization (i.e., a halo) of the mentioned substrates in the area
around the mycelia or as a color change of the media after three weeks of incubation. A
decolorization of the medium by 0-33, 33-66, and 66-100% in all screening treatments
was considered as low, medium, and strong, respectively. The area of decolorization
was observed and determined by eye. Decolorization of ABTS and other substrates (BG,
CR, MG, PhR, PR, and RBBR) are indicators of laccases’ and peroxidases” production,
respectively.

2.4.2. Cellulolytic Activity

The same media used in the evaluation of ligninolytic activity were amended sep-
arately with the following carbon sources: 7.5 g carboxymethylcellulose (CMC), 7.5 g
Avicel (AVL), and 5 g D-cellobiose (DCB) [28]. After three weeks of incubation, Congo
Red (1 mg mL~!) was amended to the medium and the plates were incubated at room
temperature for 15 min. Subsequently, the medium was rinsed with distilled water and
30 mL of 1 M NaCl added. Degradation of CMC, AVL, and DCB was confirmed by a
transparent appearance of the medium (and myecelia) [26] and scored as explained for the
ligninolytic activity (see above).

2.4.3. Chitinolytic Activity

Chitinolytic properties of the strains were qualitatively determined using the method
proposed by Agrawal and Kotasthane [29]. The final product of crab shell flakes (prepared
according to the protocol) was then added to the chitinase detection medium, which
consisted of a basal medium comprising (per liter) 0.3 g of MgSO4-7H,0, 3 g of (NH4)250y,
2 g of KHPOy, 1 g of citric acid monohydrate, 15 g of agar, 200 uL of Tween—80, 4.5 g of
colloidal chitin (CC), and 0.15 g of Bromocresol Purple; the pH was adjusted to 4.7 and the
neutralized medium was autoclaved. Degradation of chitin was conducted by measuring
the radius of the purple to black area around the myecelia in the center of Petri dishes and
scored as explained for the ligninolytic activity (see above).

2.5. Physiological Profiling Based on 95 Labile Carbon Sources

Six Cladosporium (Cladosporium sp. strain FB12, C. cladosporioides strains FBPS, FBL81,
and FB7, C. herbarum strains FB11 and FBPD2) and four Penicillium strains (P. crustosum
strain FBSL1, P. brevicompactum strains FBP7, FBP81, and FBP5) were selected for physi-
ological profiling due to their different lignocellulolytic affinities and higher abundance
compared to other taxa, using Biolog FF MicroPlates™ (two plates per strain), which
contain 95 labile carbon sources (Biolog, Hayward, CA, USA). However, we could not test
Saprolegniales as the selected strains failed to produce enough viable zoospores. Further-
more, the mycelia of Saprolegniales are much bigger than that of fungal strains, which
could have blocked the wells and thus interrupted the measurements. Twenty mL of the
special suspension provided by the manufacturer was poured onto each cultivation plate
to ease the detachment of spores. The spore suspension was transferred to a 50 mL Falcon
tube using a sterile pipette. To measure the concentration of the spore suspension, spores
were counted by a hematocytometer, and a relatively equal concentration for all strains
was obtained. A 100 uL suspension of each strain was added to each well of the EcoPlates,
which were incubated at 24 °C for 108 h. The activity was measured using a Synergy™
2 Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA) set for absorbance at 590 nm
every 12 h.

Two parameters are used to describe the utilization of carbon sources by strains:
average metabolic response (AMR) and strain metabolic diversity (SMD). AMR is the
average respiration of the C-sources and is calculated as the average of the mean difference
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between the O.D. of the C-source-containing wells and the control well. SMD is analogous
to the functional richness of strains and is calculated by summing the number of positive
responses (purple-colored wells) observed following incubation. In fact, AMR and SMD
show how fast and diverse any given strain utilizes the 95 different C-sources.

2.6. DOM Utilization and HS Degradation and Production

The experimental setup was adopted from Rojas-Jimenez et al. [9] and Masigol
et al. [17] and further improved. In particular, the number of treatments was increased
to test the main and interactive effects of maltose and humic acid as labile and refractory
carbon sources, respectively. Three strains were selected for the experiment for two main
reasons. Firstly, Phlebia sp. ASW4, Mortierella sp. AFL4-2, and Saprolegnia sp. MSK3-3
showed the highest levels of enzymatic activity. Also, the ASW4, AFL4-2, and MSK3-3
strains are representative of different taxa: Basidiomycota, Mucoromycota, and Oomycota
(Saprolegniales), respectively.

The following combinations were used to carry out the experiment: Treatment (T)
1 (MA (stands for maltose)): Test medium [10] and 1 g maltose as sole carbon source; T2
(MA + Fe (maltose and iron)): Test medium, 1 g maltose, and 10 mg FeSO,, where briefly,
FeSO,4 was added to test whether Fenton reaction is involved in carbon utilization; T3
(HS (humic substances)): Test medium and 50 mg humic substances from Lake Grofie
Fuchskuhle; T4 (HS + Fe): Test medium, 50 mg humic substances from Lake Grofse Fuch-
skuhle, and 10 mg FeSOy; T5 (Ma + HS (maltose and humic substances)): Test medium,
1 g maltose, and 50 mg humic substances from Lake Grofie Fuchskuhle; T6 (MA + HS
+ Fe (maltose, humic substances, and iron)): Test medium, 1 g maltose, 50 mg humic
substances from Lake Grofie Fuchskuhle, and 10 mg FeSO,4. The three strains with the
highest enzymatic activity were chosen for the experiment. The Phlebia sp. strain ASW4
(Basidiomycota) and Mortierella sp. strain AFL4-2 (Mucoromycota), as representatives of
fungi, and the Saprolegnia sp. strain MSK3-3, as a representative of Saprolegniales, were
separately inoculated in the abovementioned media and incubated for 21 days at room
temperature with constant shaking (100 rpm). Four replicates with respective controls were
considered for each treatment.

After the incubation period, a total organic carbon analyzer (TOC-VCPH, Shimadzu)
was used to measure the dissolved organic carbon (DOC) content of a 1:100 dilution of each
treatment, and the method of so-called liquid chromatography-organic carbon detection-
organic nitrogen detection (LC-OCD-OND) [30] was deployed to separate and quantify
major classes of natural organic matter (NOM) [31]. In addition to the total DOC, three
DOC-related parameters were considered, i.e., low molecular weight substances (LMWS),
HS production, and the spectral absorption coefficient (SAC 254 nm). LMWS confirms that
the utilized DOC stems from the carbon source amended in the treatments. HS production
indicates whether any of the tested strains could have degraded the provided carbon
source(s) and subsequently transformed it to HS. Also, SAC 254 nm is an integrative
parameter measuring the DOM that absorbs UV light at a wavelength of 254 nm. A
reduction or an increase in SAC 254 nm causes an alteration in the aromaticity of humic
substances, which suggests microbial transformation of HS.

2.7. Statistical Analysis

In regard to the Biolog assays, a threshold optical density (OD) was established at
ODsgp > 0.25 according to the manufacturer’s instructions. For each substrate replicate, we
subtracted the average blank measurement and then estimated the substrate utilization,
which we calculated by integrating the area under the curve (AUC), where the ODsg
exceeded 0.25 [32]. For each substrate, we averaged the AUC across the three replicates.
The average metabolic response (AMR) and the strain metabolic diversity (SMD) of each
strain were calculated by averaging the AUC for all positive substrates and summing the
number of positive responses (ODsgg > 0.25) (purple-colored wells) observed following
incubation, respectively. We tested for significant differences in the metabolic capabilities
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between strains across all substrates using a permutational multivariate analysis of variance
(PERMANOVA). Substrate-specific metabolic differences between strains were assessed
using a two-way ANOVA, with subsequent pairwise assessments, accounting for multiple
comparisons, as assessed using Tukey’s test.

3. Results
3.1. Isolation and Identification

In total, we isolated 62 oomycetes (Saprolegniales and Peronosporales) and 51 fungal
strains from 12 lakes of Northeast Germany using culture-dependent methods. The SSU
and CoxI primers used in this study were not efficient as only 23 and 25% of isolated
oomycete and fungal strains were amplified, respectively. According to the blast results
of the obtained ITS sequences, we predominantly isolated strains from Saprolegniales (59
out of 62) that belonged to Saprolegnia, Achlya, and Leptolegnia (34, 21, and 18%, respec-
tively), but also isolated two Pythium strains and one Phytophthora strain from the order
Peronosporales. Additionally, 14 strains (22%) were named unsequenced Saprolegniales
as we failed to amplify the ITS region (Table 1, Figure 1A). Regarding fungal strains, the
Cladosporium and Penicillium strains were the most frequently isolated (24 and 25% each).
We assigned most of strains (26%) to the genus and higher levels as the blasting results
from the sequenced regions were ambiguous (Figure 1B).

The number of oomycete strains The number of fungal strains
0 5 10 15 ] 15 10 5 0
Saprolegnia ferax pu—— O Other taxa

Unsequenced strains s
Leptolegnia sp. sm————

Unsequenced strains

Achlya ambisexualis —— S Penicillium brevicompactum

Achlya spp. s
Saprolegnia australis e——

Saprolegnia anisospora M.
Pythium sp. mmmm
Achlya colorata ™™
Phytophthora undulata ™

@ Cladosporium herbarum complex
@ C. cladosporioides complex

@ Penicillium sp.

@ @ Ciadosporium sp.

Figure 1. Composition of oomycete (Saprolegniales and Peronosporales) (A) and fungal (B) taxa isolated from 12 lakes of

Northeast Germany in 2018.

Phylogenetic trees inferred from ITS sequences were used to assign the Saprolegniales
and Peronosporales strains in this study to their corresponding taxa. According to the
ITS tree, Saprolegnia strains were closely affiliated to Saprolegnia ferax, S. australis, and
S. anisospora (15, 4, and 2 strains, respectively). Achlya strains were related to Achlya
ambisexualis and A. colorata (8 strains and 1 strain, respectively), while four remained
unassigned to a species, i.e., Achlya spp. Also, none of the Leptolegnia and Pythium strains
(11 and 2, respectively) could be assigned to any species. Finally, one Phytophthora strain
was assigned to Phytophthora undulata (Figure 2).
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KF718043.1 5. Morslis KF386674 S. australis MN401036 Leptolegnia sp. AF2-2
59 KR872845.1 S. racemosa MN401034 S. australis FB8 MN401061 Leptolegnia sp. MKAS16
99 II' MN401051 S. australis MSK3-7 || MN401052 Lepfolegnia sp. MPLL1-1
81 r 99 MN401068 S. australis JT2ZW6-2|| MN401053 Lepfolegnia sp. MPLL1-2
KX084706.1 S. subterranea MN401078 S. australis FB5 MN401058 Lepfolegnia sp. MKAS19-2]

MN401060 Lepfolegnia sp. MKAS6

KF718138.1 & terrestiis MN401062 Leptolegnia sp. MKAS13

g7L__[ AB219377.1 8. monilifera MN401064 Leptolegnia sp. MKAS5
79 KF718128.1 S. torulosa MN401073 Leptolegnia sp. INTW3
65 MS401076 S. anisospora MDL14-2 [L][mna01075 Loptoregnia sp. JWTWa
MN401035 S. anisospora MDL5-2 HQB43083 Achlya ambisexualis
MK911010.1 S. anisospora MN401047 A. amb{sexmll_s MSK3-5
. MN401054 A. ambisexualis MPLW4
MKS11009.1 &. anisospora MN401044 A. ambisexualis MSK2-6
KP006461.1 Achlya hypogyna MN401046 A. ambisexualis MSK2-8
MN401039 A. colorata AFL4-3 MN401050 A. ambisexualis MSK3-2

HQB43090.1 A. colorata ::ﬂ:g: 2 mﬁﬂﬁ ::ﬁ'_"sz_;
%9 [MN401037 Achlya sp. AFW2-2 - MN401071 A. ambisexualis JRL2

99 MN401038 Achlya sp. AF3
MN401040 Achlya sp. AFL3
l— KP006457.1 A. crenulata

MN401072 Achlya sp. JRL1

KP006460.1 A. klebsiana
L41389.1 A. bisexualis
57|og| KP006458.1 A. caroliniana

99

B|4—MN401042 Pythium sp. AFW1-1

99—MN401043 Pythium sp. AFL5-1

% MN401041 Phytophthora undulata AFL10 outgroup
MF115501.1 Phytophthora undulata

99| MF115240.1 Ph. undulata

MF115224.1 Ph. undulata

—
0.05

Figure 2. Phylogenetic tree of obtained Saprolegniales and Peronosporales isolates inferred from the analysis of the aligned
ITS1-5.85-1TS2 sequences (666 bp) using the maximum likelihood method from strains in this study and validated sequences
from GenBank. The numbers next to the branches show bootstraps values > 50%. Ph. undulata (MF115501, MF115240, and
MF115224) was considered an outgroup.

Phylogenetic ITS and LSU trees were considered for Cladosporium and Penicillium
due to their prominent occurrence in the fungal strains. Cladosporium strains FBP8, FBL81,
MSH2, and MSH3 were grouped in the C. cladosporioides complex, and strains ASWS,
FBL1, FB11, FB7, FBPD2, and FBP71 in the C. herbarum complex according to ITS sequences
(Figure 3). The results from the LSU sequences were not clear enough as strains were placed
in a clade including several Cladosporium species (the tree is not shown). Additionally, all
Penicillium strains clustered with P. brevicompactum, except for FBSL1 and FB3, based on
both ITS and LSU sequences (LSU tree is not shown) (Figure 4).



J. Fungi 2021, 7, 968 10 of 22

JF499837.1 C. phaenocomae  HM148097.1 Cladosporium hillianum
HM148115.1 C. lycoperdinum HM148120.1 C. paracladosporioides
HM147998.1 C. asperulatum HM148110.1 C. iranicum

|:_| C. cladosporioides complex
HM148197.1 C. tenuissimum HM148224.1 C. varians

. Co IErDar anIEymplex = HM148003.1 C. cladosporioides HM148101.1 C. inversicolor
[ ¢ Sphaerospermum complex MN401026 Cladosporium sp. FBPS

MN401021 Cl/adosporium sp. FBL81

MN401001 Cladosporium sp. MSH2

MN401002 Cl/adosporium sp. MSH3

— JN906979.1 (
— EF679384.1 C. ram
MN401003 C/adospc
MN401006 C/adospc
77 MN401012 C/ados,
MN401013 Cl/adosp.
MN401022 C/adosp
MN401028 C/adosp
77 | IN906977.1 C. allii
EF679375.1 C. mac

EF679334.1 C. antarc
EF679388.1 C. spinulos
EF679401.1 C. tenellum
_| DQ780379.1 C. /angeronii
97 1DQ780386.1 C. psychrotolerans
|, DQ780388.1 C. fusiforme

-

— DQ780361.1 C. velox

DQ780353.1 C. dominicanum
H—

DQ780343.1 C. sphaerospermum

DQ780364.1 C. halofolerans
AY840527.1 Cercospora beticola _]outgroup

—
0.02

Figure 3. ITS phylogenetic trees of the genus Cladosporium and related genera. The analyses were performed based on the
alignments of ITS1-5.85-1TS2 (453 bp) using the maximum likelihood method from isolates in this study (bold) and validly
published sequences from GenBank. The numbers next to the branches show bootstraps values > 50%. Cercospora beticola
was considered an outgroup.
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AJ005486 Penicilliurm verrucosum AJ004818 Penicilliurm hirsutum
AJ005482 FPenicillium viridicatum AJ005489 Penicillium fricolor
AJ005492 Penicillium polonicurm AJ005490 Fenicillium aurantiovirens
AJ005481 Penicillium necechinulaturm  AJ005491 Penicillium cyclopium
AJ005483 Penicilliurm melanoconidium AJ005485 Penicillium venetum
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AJ005484 FPenicilliurm allii AJ004813 Penicillium commune
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N396383 Penicillium crustosum FBSLA
VMKT761054 Penicillium crustosum
MGTT75227 Penicilium crustosum

a2

MH270547 Penicillium crustosum

X82381 Penicillium crustosum

AJ004896 Fenicillium dipodomyis

% 'AJ004894 Penicilium nalgiovense

AJ004812 FPenicillium chrysogenum

N401024 Penicillium brevii

N401027 P. brevicompactum FB
N401005 P. brevicompactum FB
N401007 P. brevicompactum FB

= MN401010 P. brevicompactum FBP:
N401015 P. brevicompactum FBP4
N401016 P. brevicompactum FBP
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K781051 Penicilium brevicompadium
K781051 Penicilium brevicompadium
UN27E180 Penicillium brevicompadtum

AJ010484 Fenicillium coralligerum

MN401032 Penicillium levitumFB3
4“‘:GU981 607 Peniciium levitum

KC790400 Peniciliurm alexiae
AF484398 Penicillium brocae

JNT 14937 Penicilium bilaiae
KCT773836 Penicillium jugosiavicum
JNT714929 Fenicilium adametzii
KF803355 Fenicillium restingae

JNB86433 Peniciliurm adametzioides
AF125937 Penicillium angularum

2 JX091443 Penicillium amaliae

—p

AY 157489 Fenicillium citreonigrum

00100

KCT73833 Penicilliurm arnaneae

KX885063 Penicillium choerosponadiatis KCB95696 Penicilliurm vanoranjer
KX885070 Penicilium sanshaense JNB8B437 Penicillium jacksoni
JNG626101 Peniciliurn herquel JNG626098 Penicillium guanacastense
KX885069 Penicilium verrucisporum JN626132 Penicillium sclerotiorurn
KC773838 Penicillium malachiteum KX885061 Penicilium austrosinicum
JN626095 Penicilium hirayamae EU427298 Fenicilliurm maximae
KX885062 Fenicilium exsudans JNB86435 Penicilium caini
JNE26104 Peniciliurm mallochi ABG06414 FPenicilium viticola

JN68B44T Penicilium johnkrugii

NR111348 Aspergillus niger Jeiz=s

Figure 4. ITS phylogenetic trees of the genus Penicillium and related genera. The analyses were performed based on the
alignments of ITS1-5.85-ITS2 (502 bp) using the maximum likelihood method from isolates in this study (bold) and validly
published sequences from GenBank. The numbers next to the branches show bootstraps values > 50%. Aspergillus niger was

considered an outgroup.

3.2. Ligninolytic, Cellulolytic, and Chitinolytic Activity

The cellulolytic activity of strains was assessed using CMC (carboxymethylcellulose),

AVL (Avicel), and DCB (D-cellobiose), which showed the presence of endo-1,4-3-glucanase,
cellobiohydrolase, and 3-glucosidase enzymes, respectively. In general, fungal strains
revealed a higher level of cellulolytic activity compared to oomycete strains (Figure 5A).
Mortierella sp. AFL-2 and Achlya sp. MSK3-2 showed the highest levels of cellulolytic
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activity among fungal and oomyecete strains, respectively. In total, 39% of all oomycetes-
trains exhibited no cellulolytic activity, while this number was only 20% in fungal strains
(Figure 6).

High activity | @

Medium activity -
Low activity —

No activity 4 |

No growth —

CMC AVL DCB
Endo-1,4-B-glucanase  Cellobiohydrolase B-glucosidase Dlfungi

[ saprolegniales

High activity
Medium activity
Low activity | |

No activity |

No growth _|

ABTS RBBR BG N PR 1B N PhR

Laccases &—

v

Peroxidases

Figure 5. The levels of cellulolytic (A) and ligninolytic (B) activity of oomycete and fungal strains
isolated in this study. CMC (carboxymethylcellulose), AVL (Avicel), and DCB (D-cellobiose) are
substrates amended in cultures to detect the presence of enzymes involved in cellulolytic activity.
ABTS, RBBR, BG, PR, TB, and PhR are substrates amended in cultures to assess the presence of
enzymes involved in ligninolytic activity. White circles show the medians; box limits indicate the
25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile
range from the 25th and 75th percentiles; polygons represent density estimates of data and extend to
extreme values.

Penicillium and Achlya, which were the most frequently isolated genera, were more
likely to exhibit cellulolytic activity, with 71 and 77% of their strains positive for at least two
of the tested enzymes. We detected activity of at least two enzymes for 42% of Leptolegnia
and 33% of Cladosporium strains (Figure 6). Oomycete and fungal strains differed in their
capacity to degrade lignin, as evaluated through the detection of laccase and peroxidase
activity (Figure 5B). Laccase activity was observed in 37% of our fungal but in none of
the oomyecete strains. Additionally, a higher capacity was observed in fungal strains for
the production of peroxidases. Nearly 47 and 41% of fungal strains could decolorize
Bromocresol Green (BG) and Phenol Red (PhR), compared to 27 and 0% of oomycete
strains. When considering both cellulo- and ligninolytic activity, only 9% of isolated fungi
and 24% of oomycete strains exhibited no observable enzymatic activity. Phlebia sp. ASW4
was the most enzymatically active strain as it produced the full array of both tested cellulo-
and ligninolytic enzymes.

Nearly 66 and 76% of oomycete and fungal strains exhibited chitinolytic activity. In
oomycete, 73% of Leptolegnia sp. strains showed moderate to high chitinolytic activity
followed by Achlya (71%) and Saprolegnia (41%). Among fungi, chitinolytic activity was
detected in 92 and 83% of Penicillium and Cladosporium strains. Therefore, chitinolytic
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activity was higher than cellulolytic and ligninolytic activity in both fungi and oomycete
strains.
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Figure 6. Heatmap showing cellulolytic activity of oomycete (upper) and fungal (lower) strains isolated in this study.

3.3. Physiological Profiling of Strains Based on Utilization of 95 Labile Carbon Sources

Six Cladosporium and four Penicillium strains were selected for their different lignocel-
lulolytic affinities and higher abundance compared to other genera. The final measured
AMR (average metabolic response) and SMD (strain metabolic diversity) parameters were
not analogous in Cladosporium strains, ranging from 0.66 to 1.3 and 65 to 84, respectively,
(Figure 7A,B) with FBP8 and FB11 as the most and least active strains. Penicillium strains
exhibited a similar trend; the AMR and SMD parameters’ ranges of change were 1.35-1.54
and 87-90, respectively (Figure 7C,D). The only outlier was FBSL1, which showed a higher
AMR and SMD during the experiment, but ended up in a position similar to other Peni-
cillium strains. In general, the average respiration of the C-sources (calculated by AMR)
and the number of substrates utilized (calculated by AMR) by Cladosporium strains were
higher than for Penicillium strains. The heatmap in Figure 8 shows how each strain utilized
95 C-sources. According to the diversity and quality of substrates’ utilization, strains were
classified in two groups: Cladosporium sp. strains FBPD2, FB12, FB11, and Penicillium sp.
strain FBP7 in one group with a lower utilization rate, and the rest (Penicillium strains FBP81,
FBSL1, FBP5, FBP81, and Cladosporium strains FBP8, FBL81, and FB7) in the other group
with a higher utilization rate. None of the strains could utilize N-acetyl-D-galactosamine
and glucuronamide. Also, sedoheptulosan and uridine were only utilized by one strain.
In contrast, sucrose, D-melezitose, D-melibiose, maltose, and maltotriose were among the
most favorable C-sources.
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Figure 7. Physiological profiles of six Cladosporium and four Penicillium strains isolated in this study, with the AMR (average
metabolic response) (A,C) and SMD (strain metabolic diversity) (B,D).

3.4. DOM Utilization and HS Degradation/Production

Two parameters—DOC and LMWS—were used to investigate whether fungal and
Saprolegniales isolates show specific utilization of carbon compounds. All three selected
strains (Phlebia sp. ASW4, Mortierella sp. AFL4-2, and Saprolegnia sp. MSK3-3) slightly
utilized maltose as the sole carbon source in treatments MA and MA + Fe (Figure 9A).
However, when both maltose and HS were present (in treatment MA + HS + Fe), utilization
of maltose by Saprolegnia sp. MSK3-3 was completely inhibited. The rate of maltose utiliza-
tion remained unchanged for Phlebia sp. ASW4 and Mortierella sp. AFL4-2 (methodological
consideration (MC): a small loss of DOC was observed in treatments MA, MA + Fe, and MA
+ HS + Fe controls, which was possibly the result of maltose binding to the agar inoculum).
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Figure 8. Comparative heatmap of Cladosporium and Penicillium strains grown on Biolog FF MicroPlates™ after 108
consecutive hours based on the utilization of 95 different carbon sources with two replicates each. The white to black color
gradient indicates poor to high growth on the respective substrates (color scale = specific AUC value).
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Figure 9. Concentration of dissolved organic carbon (DOC) (A-C), low molecule weight substances
(LMWS) (D-F), and the levels of HS (including building blocks) (G-I) and SAC 254 nm (J-L) in six
treatments (see material and methods section for more detail) inoculated separately by two fungal
strains (Phlebia sp. ASW4 and Mortierella sp. AFL4-2) and one Saprolegniales strain (Saprolegnia sp.
MSK3-3), along with Mortierella sp. AFL4-2 + fungal sp., after 21 days.

In treatment MA + HS (Figure 9B), the utilization rate was intensified so that the
combination of Mortierella sp. AFL4-2 + fungal sp. showed the lowest MA value followed
by Mortierella sp. ALF4-2 and Phlebia sp. ASW4, respectively. Similar to treatment MA +
HS + Fe, Saprolegnia sp. MSK3-3 showed no maltose utilization (Figure 9B). In accordance
with the DOC concentration, LMWS was found to be decreased in treatments MA, MA +
Fe, and MA + HS + Fe inoculated with Phlebia sp. ASW4 and Mortierella sp. AFL4-2. Also,
the LMWS concentrations decreased only in treatment MA + Fe inoculated with Saprolegnia
MSK3-3 (Figure 9D). The intensification of DOC utilization was confirmed by a very sharp
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decrease in treatment MA + HS inoculated with Mortierella sp. + fungal sp. (Figure 9E)
(MC: the performance of strains was generally inconsistent in treatments HS and HS + Fe.
In particular, controls had higher DOC concentrations in the treatments HS and HS + Fe
(Figure 9C,F), a possible result of the agar plugs leaching DOC into the medium).

HS production and SAC 254 nm were also used to assess possible production/transfor-
mation of HS. An increase in the level of HS was observed in treatment MA inoculated only
by Saprolegnia sp. MSK3-3 (Figure 9G), while the SAC 254 nm value did not substantially
change (Figure 9]). In treatments MA + Fe and MA + HS + Fe, neither the level of HS nor
SAC 254 nm consistently changed. However, a very clear increase and decrease in the levels
of HS and SAC 254 nm, respectively, were recorded in treatment MA + HS inoculated with
Mortierella sp. AFL4-2 + fungal sp. (Figure 9H,K). Also, Phlebia sp. ASW4 could decrease
HS (Figure 9H), but SAC 254 nm remained nearly unchanged (Figure 9K) (MC: an increase
was observed in the value of HS in all initials and controls of the MA + HS + Fe treatments,
which might be the result of an interaction between maltose and HS (Figure 9G)).

4. Discussion

In this study, we isolated 62 and 51 oomycete and fungal strains isolated from
12 temperate lakes in Northeast Germany and studied their phylogeny, cellulo-, chitin-,
and ligninolytic activities, ability to utilize different labile carbon sources, and involvement
in humic substances’ production and transformation. Most fungal strains belonged to the
Cladosporium and Penicillium genera, while Saprolegnia, Achlya, and Leptolegnia were the
most frequently isolated Saprolegniales. Whilst most fungal and oomycete strains exhib-
ited cellulolytic activity, only Cladosporium and Penicillium strains exhibited ligninolytic
activities that would account for HS turnover in aquatic ecosystems. Cladosporium and
Penicillium broadly exhibited a high capacity to utilize a variety of labile and recalcitrant
carbon sources. Finally, a combination of Mortierella sp. + fungal sp. in treatment MA +
HS resulted in the highest maltose utilization, above that of any other strains, and also
contributed most to the production of HS. The important ecological role of both fungi and
Saprolegniales in freshwater carbon cycling was confirmed and discussed in this study.
Although cosmopolitan genera (Cladosporium and Penicillium strains isolated in our case)
have been previously isolated from different freshwater ecosystems [9,33,34], they cannot
be inherently called aquatic fungi for two main reasons. Firstly, the origin of such strains
is hard to track as they may randomly enter the littoral zone of freshwater ecosystems
when associated with plant litter input. Secondly, their dissemination agents—spores, in
particular—are not adapted to life in the water [35]. Therefore, even though they showed
high cellulo- and to a lesser extent ligninolytic activities in our study, the degree and
magnitude of their contribution to plant litter degradation remain to a large extent un-
known. Therefore, it is suggested that we should conduct extensive environmental DNA
sampling in different environmental niches and seasons, to determine whether cosmopoli-
tan genera substantially contribute to fungal communities associated with plant litter in
the littoral zone of inland waters. In contrast to the tested fungal strains, our isolated
Achlya, Saprolegnia, and Leptolegnia strains are exclusively aquatic and very rarely found
in terrestrial habitats. The presence of these three Saprolegniales genera in a variety of
freshwater ecosystems across the globe has been known for many years [36,37]. However,
the accurate taxonomic positioning and species diversity of these strains are often biased.
In our study, we thus tried to simultaneously amplify ITS, LSU, and cox1 regions using
the ITS1/1TS4, LROR/LR5, and OomCoxI-Levup/Fm85mod primer pairs, respectively, to
uncover yet hidden diversity via a multi-gene phylogenetic approach. Unfortunately, with
the exception of the ITS region, amplification of the other two marker regions was not
successful. We believe this might be the case because most primers have been primarily
designed and optimized for Peronosporales and Pythiales. According to the ITS phylogenetic
tree, some Achlya and Saprolegnia sp. and all Leptolegnia strains could not be assigned to any
known species and thus might be candidates for new species. Nevertheless, it cannot be
tested reliably with the ITS marker sequence alone or when sequenced full genomes are not
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available. Therefore, we propose that a more Saprolegniales-friendly approach is required
to resolve species boundaries efficiently. In addition, approaches such as environmental
DNA sampling are of great importance to better understanding Saprolegniales” diversity
and occurrence in defined environmental niches. Currently, colonization and interaction
of saprophytic and pathogenic strains on plant litter in the littoral zone of lakes have
been poorly studied, but this can be resolved by improved environmental DNA sampling
approaches.

In most cases, our fungal strains could produce at least one enzyme involved in
the degradation of cellulose-containing fractions of plant litter. However, fingerprints of
cellulolytic activities of phylogenetically identical strains (Cladosporium and Penicillium,
in particular) varied with the degree of litter degradation. Interestingly, although higher
lignin and cellulose degradation has mainly been affiliated with brown rot fungi (Basid-
iomycota) [38], our Mortierella sp. AFL4-2 strain—with the highest cellulolytic activity of
all of our tested strains—belongs to Mucormycota. Although Mortierella has been reported
a few times as a potential cellulose degrader [39,40], it is often ignored in culture-based
studies where strains belonging to Asco- and Basidiomycota have been isolated much
more frequently. Nevertheless, it seems that communal efforts of entire fungal commu-
nities (including strains from different phyla) associated with plant litter substantially
accelerate the decomposition of cellulose-based materials [41]. As mentioned earlier, an
improved metabarcoding approach is needed to estimate the contribution of each taxon to
the degradation of cellulose-containing plant litter in freshwater ecosystems.

Our oomycete strains showed some cellulolytic activity, but less pronounced when
compared to fungal strains. Since both oomycete and fungal strains frequently colonize
plant litter, one could argue that both compete for cellulose-based materials. Previously,
Unestam [15] and Thompson and Dix [42] pointed to a lack of or moderate cellulolytic
activity in some Saprolegniales taxa. More recently, Masigol et al. [17,43] showed a wide
range of cellulolytic activity occurs in taxa belonging to the Saprolegniales genera such
as Achlya, Dictyuchus, and Saprolegnia. Similar to our fungal strains, a large variation
regarding cellulolytic capabilities was observed even in phylogenetically identical strains.
Thus, profiling the cellulolytic activity of Saprolegniales taxa might help to better define
the taxonomy of strains when morphometric and molecular data fail to do so.

Our oomycete and fungal strains greatly differed in terms of lignin degradation. The
production of laccases and peroxidases (involved in depolymerizing lignin) was observed
in several fungal strains, but less frequently than with cellulolytic enzymes. It should be
noted that two of the most active lignin degraders among our fungal strains (Heterobasidion
sp. FBL3 and Phlebia sp. ASW4 (Basidiomycota)) are among common representatives of
terrestrial and freshwater white rot fungi [44,45]. For example, Phlebia tremellosa has been
reported as an effective degrader of the water reed Phragmites communis, CNP herbicide,
industrial dyes, the organochlorine pesticide dieldrin, and DDT from several anthropogeni-
cally contaminated freshwater ecosystems [46].

In contrast, the lack of any laccase and very low production of peroxidases by our
tested Saprolegniales strains confirms previous results from freshwater and brackish sys-
tems [17,43]. Laccases significantly contribute to the pathogenicity and defense mechanisms
of phytopathogenic fungi [47]. Also, laccase genes have been identified in four terrestrial
phytopathogenic oomycetes species [48-51], confirming the importance of laccases for their
pathogenicity. This enzyme, for example, is responsible for the pathogenicity of Plasmopara
viticola in grapevine [52]. This notion also confirms recent in-depth phylogenetic studies
indicating that laccases and many other polymer-degrading enzymes have been acquired
by oomycetes pathogens via horizontal or endosymbiotic gene transfer [53]. The absence
of these enzymes in aquatic Saprolegniales suggests their reduced potential to degrade
lignin-based materials in their natural habitats. The retrieved ligninolytic inefficacy of
aquatic Saprolegniales points to important ecological implications and the ecological and
evolutionary diversification of oomycetes in the aquatic vs. terrestrial realms [54].
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Finally, although extensive sampling of different types of plant litter from different
lakes was conducted, Saprolegniales strains were not highly diverse. Thus, it is not
reasonable to make generalizations from a handful of genera. In addition to Saprolegnia and
Achlya, other genera such as Dictyuchus, Brevilegnia, etc., should be isolated and studied in
detail to determine whether there are general trends in metabolic capabilities among all
members of Saprolegniales [55].

The high physiological variability among Cladosporium and Penicillium strains em-
phasizes the interaction of fungal strains in utilizing labile organic matter. Hypothetically,
degradation of plant litter by different fungi gradually leads to a substantial release of labile
organic matter, which is subsequently taken up by additional fungal strains. These easy-to-
digest carbon sources will thus boost various fungal strains to also degrade recalcitrant
organic matter until the amount of extracellular HS increases. When providing maltose
as a sole carbon source, it was used by the Saprolegniales strain Saprolegnia MSK3-3 more
efficiently than the two tested fungal strains (Figure 9A). This is in accordance with the
study of Masigol et al. [17], which shows that Dictyuchus strains (Saprolegniales) take up
labile organic matter more efficiently than several fungal strains. Consequently, we believe
that both fungal and Saprolegniales strains compete over labile organic matter as they do
for the more hard-to-degrade cellulose-containing organic matter.

Fungi are believed to play a key role in the process of humification in soil, and
more recently, freshwater ecosystems. Rojas-Jimenez et al. [8] and Masigol et al. [16]
proved this notion for Cladosporium and Aspergillus sp. strains isolated from two different
freshwater ecosystems. Interestingly, one of the major findings of this study was obtained
accidentally, i.e., we detected a source of fungal contamination (Aspergillus based on colony
morphology) in two replicates of treatment MA + HS inoculated with Mortierella sp. AFL4-
2. We kept these contaminated replicates, named them Mortierella sp. AFL4-2 + fungal
sp. (Figure 9B,E,H,K), and measured the HS dynamics in comparison to those solely of
Mortierella sp. AFL4-2. It turned out that Mortierella sp. AFL4-2 + fungal sp. represents
the most active treatment for organic matter turnover and transformation (as indicated
by lower levels of DOC, LMWS, and SAC 254 nm and high levels of HS compared to
Mortierella sp. AFL4-2 alone and the other individually tested strains). Consequently, the
combination of two fungal strains resulted in efficient utilization of maltose and HS, and HS
transformation, as indicated by the increased HS concentration and sharp decrease in SAC
254 nm, i.e., changes in HS aromaticity. However, it is not clear whether the contaminant
(the fungal sp.) just supported Mortierella AFL4-2 to utilize maltose and produce HS
more efficiently or acted as another utilizer and /or producer. This needs to be tested as,
unfortunately, we did not have any controls for the contaminant. Such an interaction
between different fungi might suggest that the capacity of fungal and Saprolegniales
strains—for the utilization and transformation of DOM, particularly HS, in freshwater
ecosystems—increases in more complex microbial communities. Together with the high
cellulolytic activity of Mortierella sp. AFL4-2 (Figure 6), the presence of an additional fungus
may thus compensate for the lack of ligninolytic activity of the Mortierella strain, favoring a
high accumulation of humic substances in parallel with high maltose utilization. Such a
synergistic behavior has been previously shown for fungal and bacterial strains [56]. These
results indicate that single-strain experiments cannot be 1:1 translated to more complex
microbial communities in situ. To evaluate the “true” ecological role of fungal and oomycete
communities, microbial interactions and metabolic linkages need to be taken into account
in future studies.

5. Conclusions

In this study, we contributed to the knowledge of fungal and oomycete communities
associated with floating plant litter in the littoral zone of freshwater ecosystems. Our
results suggest that although they occupy the same habitat, Saprolegniales contrasts with
fungi by showing no ligninolytic activity. The lack of ability in genera such as Saprolegnia,
Achlya, and Leptolegnia to degrade lignin might be explained by their habitat and lifestyle.
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Regarding the habitat, it can be argued that fungi initiate the lignin degradation process
and make less recalcitrant polymers (cellulose, hemicellulose, etc.) more accessible for
saprophytic Saprolegniales. Genera such as Achlya, with a saprophytic lifestyle and high
cellulolytic activity, can be candidates to continue plant litter degradation alongside fungi.
Saprolegniales with more flexibility toward parasitism/saprophytism, such as Saprolegnia,
might be involved in the degradation to a lesser extent. Additionally, we found that
Saprolegniales might not interact with humic substances such as recalcitrant organic matter
as fungi do. The importance of such interactions lies in the fact that humic substances are
involved in many biogeographical processes involved in aquatic carbon sequestration. One
reason might be the toxicity of humic substances against Saprolegniales. In our study, a
combination of two fungal strains not only produced humic substances, but also changed
their aromaticity nature. Such synergistic efforts between different genera of fungi and
Saprolegniales must be studied to determine their accurate involvement in the degradation
process as well as humic substances” degradation/production/transformation.
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