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Abstract. This paper reports on a divergent approach employing isolation methods and high-resolution
mass spectrometry to screen decomposition products that are a result of fungal action on biomass present
in aquatic media. Fungi decompose organic matter in surface water through a process which plays a major
role in nutrient cycling and maintenance of aquatic life. Moreover, the presence of pathogenic or
potentially pathogenic species of fungi in drinking water distribution systems, may cause chronic diseases
to consumers and these pathogenic fungi have the potential to produce a variety of secondary metabolites
which play important roles in protecting the organism against competition for nutrients and survival. In
this paper, the fungus Talaromyces flavus was isolated from Roodeplaat Dam in Gauteng province (South
Africa) and was identified using sequence analysis of the internal transcriber spacer (ITS) region.
Secondary metabolites produced by T. flavus grown in liquid culture were extracted and determined using
Liquid chromatography-mass spectrometry (LC-MS) and comparative analysis of the secondary
metabolite profile was done using Aspergillus fumigatus as a reference (ATCC 36607). The influence of
nutrients, pH and incubation period on the production of secondary metabolites was demonstrated and
validated statistically by principal component analysis (PCA).

Keywords: fungi, mycotoxins, LC-QTOF-MS, molecular techniques, aquatic life, PCA

Abbreviations: ITS: internal transcriber spacer; LC-MS: Liquid chromatography-mass spectrometry;
PCA: principal component analysis

Introduction

Freshwater fungi produce a diversity of antimicrobial metabolites, which help them
compete against other microorganisms (Calvo et al., 2002; El-hasan et al., 2009; Connor
et al., 2016). However, some of them produce compounds which are responsible for
inflammation and chronic diseases (Hernandez-Carlos and Gamboa-Angulo, 2011).
Numerous groups of secondary metabolites and bioactive compounds have been isolated
from fungal strains collected from diverse environments (Zhao et al., 2010; Swathi, 2013;
Imhoff, 2016). A wide range of natural products produced by a variety of fungal species
are used for medication, industrial and agricultural purposes (Khan et al., 2014). Some of
these compounds are deleterious, while others are beneficial to humankind.

The production of secondary metabolites can be affected by the pH and nutrient
levels in the aquatic environment such as carbon and nitrogen sources (Singh et al.,
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2010; Schulthess et al., 2014). The manipulation of growth conditions can lead to the
production of various compounds, since most of the natural products are secreted by
microbes under specific sets of conditions. The physical parameters such as pH,
nutrients, temperature and incubation period can be monitored for the production of
diverse structures of compounds for therapeutic uses (Gaden, 2000).The objectives of
the study is to investigate the influence of nutrients in the dam water and nuclease-free
water by spiking the water sample with isolated fungal Talaromyces flavus and the other
set with the reference strain of Aspergillus fumigatus (ATCC 36607). As well as
screening and profiling of the secondary metabolites produced by aquatic fungi in
water, using liquid chromatography coupled to quadrupole/time-of-flight mass
spectrometry (LC-Q-TOF-MS/MS) and SIMCA software.

Materials and methods
Water sampling

The water samples were collected in November 2015 at Roodeplaat Dam in Gauteng,
South Africa. The wall of the dam is 55 m high and has a length of 351 m. Two main
sampling sites were selected within the dam, and these were 50 m apart; at each site the
samples of water were collected in 1 L clean uninfected bottles at 5 m apart. Two 1 L
water samples were selected from the samples points 40 and 50 as indicated in Figure 1.
These sampling points represent bigger part of the dam. Therefore, water samples were
examined for physical and chemical properties such as pH, electric conductivity,
temperature and nitrates using a multiprobe (YSI professional plus multiparameter
water quality instrument, built in barometer, BOD sensors includes 2-meters cable; 1 or
4 meters on lab pH, ORP and pH/ORP cables, four electrode cells).
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Figure 1. The sampling points in Roodeplaat Dam
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Fungal cultures and DNA extraction

Isolation of fungi was obtained through the pour-plate method; using a pipette, about
200 uL of dam water was spread evenly over the surface of three culture plates of
potato dextrose agar (PDA) (Sigma-Aldrich, product number P2182). The culture plates
were incubated at 25 + 2 °C for 2 weeks. Cultures were visually examined for colony
growth and colour daily. Fungal colonies were examined and then transferred to freshly
prepared PDA supplemented with streptomycin sulphate using the hyphal tipping
method. The new cultures were then incubated at 25 + 2 °C. Sub-culturing of mycelia
cut from the colony edges continued until pure colonies were obtained. One fungal
colony was selected for identification and further study.

DNA extraction

The selected fungal colony was ground with liquid nitrogen using a mortar and pestle
and DNA was extracted from 1gram mycelium powder of five-day-old pure fungal
cultures using the QlAamp® DNA mini kit (Qiagen). The total quantity of genomic
DNA extracted was quantified using the Quantus™ Fluorometer (Promega, USA).

Polymerase chain reaction

Polymerase chain reaction (PCR) was used to amplify the ITS region using the
universal primer pair, ITSIF (5’CTTGGTCATTTAGAGGAAGTAA3’) and I1TS4
(S’TCCTCCGCTTATTGATATGC3), obtained from Ingaba Biotechnologies, Pretoria,
South Africa. The total reaction volume of 25 pL consisted of 1.0 pL of ITS1 forward
primer, 1.0 pL of ITS4 reverse primer, 12.5 pL of DreamTaq Green PCR Master Mix
(GoTaq®, Green Master Mix, Promega, USA), 3 uL of DNA (template more than
50 ng), and 7.5 pL of nuclease-free water. The PCR setting were as follows,
denaturation step of 94 °C for 5 min, proceeded by 35 cycles which were made up of
denaturation at 94 °C for 1 min, annealing at 57 °C for 30 s, extension at 72 °C for 30 s,
lastly was elongation stage of 72 °C for 10 min. The reaction was finally terminated at
-4 °C. Upon completion of the PCR run, a product of 5 uL was loaded on a 1% agarose
gel for electrophoresis to confirm the amplification of the target £500 base-pair
fragment in the ITS region. The remainder of the PCR sample was submitted for
sequencing at Ingaba Biotechnologies (RSA, Gauteng, Pretoria). The sequence analysis
chromatograms were edited with the Chromas software and database similarity
matching to identify the fungal strain was done using NCBI BLAST.

Determination of secondary metabolites

One plug (about 3 mm diameter) each of the Talaromyces flavus and that of the
reference strain Aspergillus fumigatus (ATCC 3667) were individually inoculated into
15 mL of potato dextrose broth (PDA) prepared with dam water and nuclease-free
water. The supplement of 25% PDA concentration was used to balance nutrients and
liquidity of the broth. To determine the secondary metabolites produced by fungi in
water, the media were incubated at 28 °C in a shaking incubator maintained at
150 r/min. The samples were collected from the incubator in triplicate after 0 h, 72 h
and 7 days (Table 1). The pH and conductivity were measured during the collection
time. Solid phase extraction (SPE) procedure was used for the extraction of both polar
and non-polar compounds. The Oasis® HLB (3 mL) cartridges (Hydrophilic Lipophilic
Balance (HLB), Waters Oasis® sample extraction products) were used for the SPE
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procedure. Secondary metabolites were extracted from 10 mL of the broth media. The
first step was to condition the solid phase adsorbed with 3 mL of 50% MeOH-H-O, at
the flow rate of approximately less than 3 mL/min. The samples were then introduced
into the cartridge at the flow rate of about 8 mL/min. After sample loading the sample
was washed with 3 mL of 5% methanol-water. Cartridges were then dried for more than
30 min under vacuum. The analyte was then eluted with 2 x 3 mL of 50% MeOH-H-0.
The extracts were dried using nitrogen gas to near dryness at 30 °C under reduced
pressure, and then re-dissolved in 2 mL of methanol and transferred to amber vials. It
was then further evaporated to near dryness at 35 °C to concentrate the sample, and
subsequently re-dissolved in 500 uL of methanol-water (1:1).

Table 1. The sample treatments with reference strain and isolated fungi in nuclease-free
water (CW) and Dam water (DW)

Fungi Water Tr((a;grx)nts Incubation time Samples
i - ~-A-09- ~-A-00)-
e e | on [ 7 [ 7ams [ R [TA0 o ngcn
Aspergillus | Nuclease- 0 Oh-A-25%- 72h-A- 7D-A-25%-
Fumigatus |Freewater| 2270 | Oh | 72h | 7days cW 2596CW cW
Aspergillus 0 0h-A-0%- | 72h-A-0%- | 7D-A-0%-
Fumigatus Dam water 0% Oh | 72h | 7days DW DW DW
Aspergillus 0 Oh-A-25%- 72h-A- 7D-A-25%-
Fumigatus Dam water|  25% Oh | 72h | 7days DW 2506DW DW
- -T-0%- -T-0%-
Telaromyceq Nuclease | o6 | o | 72h | 7days | " LD% bnTosecw TPL0%
Talaromyces| Nuclease- 0 0h-T-25%- | 72h-T-25%- | 7D-T-25%-
Flavus | Freewater 25% Oh | 72h | 7days Cw Cw Cw
Talaromyces| 0 0h-T-0%- | 72h-T-0%- | 7D-T-0%-
Flavus Dam water 0% Oh | 72h | 7days DW DW DW
Talaromyces| 0 Oh-T-25%- | 72h-T-25%- | 7D-T-25%-
Flavus Dam water|  25% Oh | 72h | 7days DW DW DW
Without | Nuclease- 0 0h-C-0%- | 72h-C-0%- | 7D-C-0%-
Fungi Freewater 0% Oh | 72h | 7days Ccw Ccw Ccw
Without | Nuclease- 0 0h-C-25%- | 72h-C-25%- | 7D-C-25%-
Fungi Freewater 25% Oh | 72h | 7days Cw Cw Cw
Without 0 0h-C-0%- | 72h-C-0%- | 7D-C-0%-
Fungi Dam water, 0% Oh | 72h | 7days DW DW DW
Without 0 0h-C-25%- |72h-C-25%- | 7D-C-25%-
Fungi Dam water|  25% Oh | 72h | 7days DW DW DW

Instrumental analysis using LC-QTOF-MS (Bruker, Bremen, Germany)

The secondary metabolites excreted by fungi were separated in a reversed-phase
chromatography (RPC) procedure, using a Waters Acquity UPLC BEH CI18 1.7 um
2.1 X 100 mm column. After separation, secondary metabolites were analysed using
LC-QTOF-MS (Impact Il system). The analysis was done under positive mode.
Secondary metabolites were Analytes of interest eluted with mobile phase A (water
acidified with 0.1% formic acid) and B (LC-MS grade methanol acidified with 0.1%
formic acid). The sample aliquot of 10 pL. was injected into the C18 column and eluted
using the gradient method at the speed of 0.2 mL/min.
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Statistical analysis

The influence of nutrients, water type and fungal species on the biosythesis of
secondary metabolites was evaluated using principal component analysis from Soft
Independent Modelling of Class Analogy (SIMCA) software. The samples were
presented in triplicate for each treatment in dam water and the other set in nuclease free
water. Related secondary metabolites produced by Talaromyces flavus and Aspergillus
fumigatus (ATCC 36607) during incubation process were assessed in PCA plots.

Results
Identification of fungal species

The pure fungal species of Talaromyces flavus was isolated from dam water. This
fungus is known as an endophyte however in this study was isolated and identified from
a water sample. The PCR results (Figure 2) shows a DNA amplification of a PCR band
which corresponds to an approximately 500 bp. The PCR bands indicated the presence
of fungal DNA in water samples (Figure 2). The fungal diagnostic primer pair ITS1F
and ITS4 was used in the PCR to confirm the presence of fungal DNA. The PCR
product was sent for Sanger sequencing and the obtained sequence was compared with
the available sequences on the NCBI database by basic local alignment search tool
(BLAST). In addition to the identification done by sequence analysis of the ITS region,
the fungal species was also identified morphologically.

p DNA Mass
(ng/5p)

Talaremyces

Figure 2. The pure fungal cultures grown in PDA. Talaromyces flavus Fungal DNA bands in
1% agarose gel. (M) Ladder, (1) water sample 1

Effect of physical parameters

Upon the introduction of the fungal plugs of T. flavus and A. fumigatus, the growth
media conditions were found to change during the incubation period of 7 days. The
changes in the media, pH, conductivity, and incubation conditions have a major role on
the production of secondary metabolites. The incubation conditions depend on ecology
and physiology of various filamentous fungi. In this study the PDA broth media were
incubated at 28 °C, which is the recommended temperature for Talaromyces,
Aspergillus and Penicillium species (Zhu et al., 2014). The influence of PDA nutrient
was found to be proportional with the pH of the broth samples. In the absence of
nutrients, the pH decreases gradually, while a sharp decrease in pH was observed with
an excess amount of nutrients (Figure 3). This finding indicates the role played by
aquatic fungi in that they utilise the nutrients available in the aquatic environment. The
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nutrients promote high fungal growth which leads to the production of various
secondary metabolites.
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Figure 3. The relationship between the nutrient level and pH over the incubation period of 7
days. (A) absence of nutrients, (B) excess amount of nutrients

The decomposition of organic material by fungi has an impact on the nutrient levels
in water bodies (Leigh et al., 2009). The trend of the change in pH and conductivity
over an incubation period of 7 days is similar for water samples with the fungal plug
(Figure 4A-D). The growth media without the fungal plug showed a different trend
(Figure 4E,F); however, the pH of dam water after an incubation period of 7 days was
found to be more acidic compared to nuclease-free water, because of the other
compounds present in the dam water. The amount of dissolved material is proportional
to the electrical conductivity of water. The conductivity was found to be lower in
nuclease-free water without the fungal plug because of the lower concentration of ions
in the nuclease-free water. The pH was found to decrease between 0 h and 72 h because
the fungi consumed many of the nutrients, but the trend changed after 72 h; the pH
increases are due to the depletion of nutrients (Figure 4A). During the culture period,
the pH trend was found to be negatively correlated to that of conductivity of water. The
starting pH for dam water was more acidic compared to that of the nuclease-free water
with the plug of fungi.

The studies recorded maximum extracts after the incubation period of 7 days. Some
changes in the profiling of secondary metabolites were observed after incubating for
72 h and 7 days. There was an increase in the number of compounds released by the
isolated fungi (T. flavus) and reference strain (A. fumigatus) in the media with a higher
nutrient level of PDA broth. The SIMCA PCA plots demonstrated the change in the
orientation of secondary metabolites during the incubation process. At 0 h there was no
significant difference in the natural products produced in dam water and nuclease-free
water at various nutrient levels (Figure 5). However, the variable with similar properties
are coming together.

After an incubation period of 72 h, the groupings of similar compounds were
observed in three clusters (Figure 6). The samples without fungi are grouped together
and the other two clusters are grouped related to nutrient level. Cluster 1 representing
the samples treated with 25% PDA nutrients in the presence of Talaromyces flavus and
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Aspergillus fumigatus (ATCC 36607). The samples treated with PDA are
distinguishable with the sample without treatment, that indicates the difference in
compounds produced by fungi. Second group (2) showed the samples without treatment
forming a cluster because of similar chemical properties and the minimal secondary
metabolites produced under this condition. The control samples with and without PDA
treated grouped together to form the third cluster 3.
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Figure 4. The effect of fungi on the pH and conductivity of the growth media: (A) T. flavus in
nuclease-free water; (B) T. flavus in dam water; (C) A. fumigatus in nuclease-free water; (D) A.
fumigatus in dam water; (E) without fungi in nuclease-free water; and (F) without fungi in dam

water
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Figure 5. The principal component analysis (PCA) scatter plots of secondary metabolites
produced by fungi after 0 h: (1) without fungi at 25 % PDA in nuclease-free water; (2) without
fungi at 25 % PDA in dam wateOr; (3) A. fumigatus at 0 % PDA in nuclease-free water; (4) A.
fumigatus at 0 % PDA in dam water; (5) A. fumigatus at 25 % PDA in nuclease-free water; (6)
A. fumigatus at 25 % PDA in dam water; (7) without fungi at 0 % PDA in nuclease-free water;

(8) without fungi at 0 % PDA in dam water; (9) T. flavus at 0 % PDA in nuclease-free water;
(10) T. flavus at 0 % PDA in dam water; (11) T. flavus at 25 % PDA in nuclease-free water;
and (12) T. flavus at 25 % PDA in dam water
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Figure 6. The principal component analysis (PCA) scatter plots of secondary metabolites
produced by fungi after 72 h: (1) without fungi at 0 % PDA in nuclease-free water; (2) without
fungi at 25 % PDA in nuclease-free water; (3) without fungi at 0 % PDA dam water. (4) without
fungi at 25 % PDA in dam water. (5) A. fumigatus at 0 % PDA in nuclease-free water; (6) A.
fumigatus at 25 % PDA in dam water (7) A. fumigatus at 25 % PDA in nuclease-free water; (8)
A. fumigatus at 25 % PDA in dam water (9) T. flavus at 0 % PDA in nuclease-free water; (10)
T. flavus at 0 % PDA in dam water; (11) T. flavus at 25 % PDA in nuclease-free water; and
(12) T. flavus at 25 % PDA in dam water
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The distribution of secondary metabolites after 7 days showed a significant
difference within the groups of samples; however, the stress conditions start to increase
when the nutrient levels are no longer high enough to be used by fungi to produce new
secondary metabolites (Figure 7). Longer incubation showed more interesting results;
cluster 1 remained the same after 7 days for samples with fungal plug and 25% PDA
treatment. The reorientation observed for cluster 2 and 3 there is an exchange of
quadrants. In addition, group 2 showed all the samples without treatment such as control
and the samples with fungal plug of Talaromyces flavus and Aspergillus fumigatus
(ATCC 36607). The third cluster is the grouping of samples without fungal plug in the
present of PDA treatment.
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Figure 7. The principal component analysis (PCA) scatter plots of secondary metabolites
produced by fungi after 7 days: (1) without fungi at 0 % PDA in dam water; (2) without fungi at
0 % PDA in nuclease-free water; (3) without fungi at 25 % PDA in nuclease-free water; (4)
without fungi at 25 % PDA dam water; (5) A. fumigatus at 0 % PDA in nuclease-free water;
(6) A. fumigatus at 0 % PDA in dam water; (7) A. fumigatus at 25 % PDA in nuclease-free
water; (6) A. fumigatus at 25 % PDA in dam water; (8) A. fumigatus at 25 % PDA dam water;
(9) T. flavus at 0 % PDA in nuclease-free water; (10) T. flavus at 0 % PDA in dam water; (11)
T. flavus at 25 % PDA in nuclease-free water; and (12) T. flavus at 25 % PDA in dam water

Figures 8(1) and (3) show the LC/MS chromatograms only for the secondary
metabolites produced by T. flavus and A. fumigatus in nuclease-free water. The different
chemical profile of secondary metabolites shows that the nutrients influenced the
qualitative production of secondary fungal metabolites. As seen on the LC/MS
chromatogram of the sample with high nutrients (Figures 8(2) and (4)), there are new
peaks between retention times of 4 to 8 h with higher intensity. In addition, the
incubation period seems to also play a major role in the number of natural products
produced by fungi. Comparisons of the profiling chromatogram at 72 h with 7 days’
reveal that the fingerprint pattern is the same; however, the intensity is higher after
7 days. New peaks appeared in the chromatogram of the sample with a high nutrient
level; this illustrates the important role played by nutrients in the biosynthesis of
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secondary metabolites. It should be noted that the new peaks from dam water could be
secondary metabolites, degraded compounds or bio-transformed products due to fungal
activities.
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Figure 8. The LC-MS chromatograms of extracellular secondary metabolites produced by fungi
in nuclease-free water: (A) T. flavus; and (B) A. fumigatus

Discussion

The ITS primers used in this study have been found to have higher sensitivity and
produce PCR bands which showed clear amplification of approximately 500 nucleotides
fragments (Ferrer et al., 2001). Both the morphological identification and the sequence
analysis of the ITS region pointed to Talaromyces flavus as the isolated fungus from
Roodeplaat Dam.

Talaromyces flavus is commonly found in the soil, plants and major crops such as
cotton and potato. It is known as an antagonist that has been used in biological control
of some soil-borne and plant pathogens (Ayer et al., 1990; Zhong, 2009; Naraghi et al.,
2012). Talaromyces flavus has been studied extensively as a biological control of
agricultural pathogens by various processes, including parasitism, competition for
nutrients and antibiosis (Cordell and Cordell, 2016; Fravel and Roberts, 2016). This
fungus is unique and important compared to others due to its extreme tolerance to heat.
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In this study T. flavus was isolated from the dam water, while most of the other studies
have been identifying this fungus from soil, plants and agricultural commodities.

Screening of T.flavus secondary metabolites produced in the artificial media was
investigated using dam water and nuclease-free water. As the incubation time increased
the growth media were found to be more acidic during the incubation period of 7 days;
that was because of the change of nutrients in water. The spike of T. flavus and
reference strain A. fumigatus (ATCC 36607) caused the pH to drop, which means that
the fungi utilise dissolved oxygen to break down organic matter, leading to an increase
in the amount of dissolved material, hence higher electrical conductivity. However, the
conductivity of the broth media prepared with nuclease-free water without the fungal
plug showed lower conductivity compared to all other samples. That was expected since
nuclease-free water does not contain many compounds compared to the dam water
which has a more complex composition.

The availability of aquatic fungal species in surface water mostly depends on the
chemical and physical properties of water, since they survive under various favourable
conditions (Thakur, 2009). In this study it has been proven that fungal growth
influences the quality of the water by changing physical parameters. The pH was found
to decrease gradually during the incubation period and the lower pH levels increase the
risk of mobilised toxic metals that can be absorbed by aquatic organisms; the change in
pH affects many sensitive species in water ecosystems (Barnes et al., 1998). The higher
the pH, the higher the solubility effect of some other compounds and elements, which
results in the formation of toxic compounds or chemicals that can be easily absorbed by
aquatic life (Barrie and Georgii, 1976). Casellato and Said (2006) reported a large
number of conidia after 7 days compared to 10 days; this observation is in line with the
results reported in this study. The prolonged incubation period increases the stressful
environment for microorganisms especially when there are not enough nutrients for
survival. The results of this study corroborate the results obtained by Ayer and Racok
(1990), who stated that during the incubation period of 5 days the pH of the broth with
T. flavus decreases.

Cultivation conditions strongly influence the production of bioactive fungal
compounds. Parameters such as nutrients, incubation period, pH and temperature are
important in the production of secondary metabolites. The study conducted by Schulz et
al. on the influence of culture conditions on the production of secondary metabolites by
fungi reported observations which are similar to those reported in this present study
(Schulz et al., 2008). Both studies found 28 °C as a recommended incubation
temperature for conidia production.

The known secondary metabolites produced by A. fumigatus were successfully
extracted from both media prepared with dam water and nuclease-free water, indicating
that the method for the extraction of secondary metabolites worked well. There is a
possibility that some other compounds which are not secondary metabolites may be
observed in the dam water; due to biotransformation or biodegradation of substrates in
the dam water. In the case of nuclease-free water, the significant difference observed in
the PCA plot was without any doubt because of the secondary metabolites produced by
the fungi. Significant differences in metabolites were observed in the samples of dam
water with varying nutrient levels; the results clearly showed the role of nutrients in the
biosynthesis of natural products. The presence of nutrients triggers numerous activities
and processes in the complex matrix of dam water because of the many compounds
involved.
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Recommendations

¢ Identification of the secondary fungal metabolites is required for the discovery of
novel drugs and useful compounds in pharmaceutical industries. In addition, the
proposed biosynthesis mechanism for production of secondary metabolites needs
to be explored as it may offer new opportunities for extraction.

e To date, only a few studies are focused on the biological role of aquatic fungi as
well as their secondary metabolites in freshwater aquatic ecosystems. That might
contribute to the lack of some useful drugs for treatment of various infections or
else the toxins that can be harmful to humans and animals. Further research is
required for the discovery of novel metabolites from fungi, as well as focusing on
removal of toxigenic fungal species from water sources.

Conclusions

This study investigated the conditions that favour the biosynthesis of various classes
of secondary metabolites by T. flavus and A. fumigatus. Every fungal species has its
own gene responsible for the synthesis of secondary metabolites; however, the optimum
conditions for mycelium growth do not determine the biosynthesis of secondary
metabolites. No direct relationship could be established between the rate of fungal
growth and secondary metabolite production; it occurs as a specific response to several
environmental stress factors, including biotic and abiotic elicitors (the chemical
compounds from abiotic and biotic sources that can stimulate stress responses in plants).
The regulator gene can be up-regulated or down-regulated under conditions conducive
to growth, such as carbon source, nitrogen source, oxidative stress, temperature, and
lower pH. The extraction methods was successfully since the known group of secondary
metabolites was identified from reference strain (A.fumigatus ATCC 36607) culture.
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