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Abstract

Background: In the search for methods to biodegrade recalcitrant compounds, the use of saprotrophic fungi and
white rot fungji, in particular belonging to the phylum Basidiomycota, has gained interest. This group of fungi pos-
sesses a battery of unspecific extracellular enzymes that can be utilized in the biodegradation of preferably phenolic
compounds. In this work, it was investigated under which conditions the white rot fungus Trametes versicolor and
the ericoid mycorrhizal fungus Rhizoscyphus ericae (belonging to the phylum Ascomycota) could be used to biode-
grade the antibiotic aminoglycoside neomycin at co-metabolic conditions in which external nutrients were supplied.
Furthermore, it was also investigated whether a biodegradation could be accomplished using neomycin as the sole
nutrient.

Results: The results show that both species can biodegrade neomycin 70% under co-metabolic conditions during
a one-week time course and that Rhizoscyphus ericae is able to use neomycin as sole nutrient and to approximatively
biodegrade it 60% under chosen non co-metabolic conditions.

At selected conditions, the biodegradation of neomycin using Rhizoscyphus ericae was monitored by oxidation prod-
ucts of D-ribose which is a hydrolysis product of neomycin.

Conclusion: The results are of general interest in the search for fungal species that can biodegrade recalcitrant com-
pounds without the need of external nutrients. The key future application area that will be investigated is purification
of waste from recombinant protein production in which neomycin, nutrients and E. coli with neomycin resistance
genes are present.
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Introduction

Neomycin is an aminoglycoside which is used in human
and in veterinary medicine [1]. In Fig. 1, the chemical
structures of neomycin B and C are shown. Neomycin is a
mixture of neomycin B and neomycin C. The latter com-
ponent is present in approximately 5—15% of the mixture.
Neomycin A, which is an inactive degradation product
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of neomycin B and C, is present at concentrations<1%
[2]. Neomycin A (neamine) is composed of D-neosa-
mine (neosamine C) and 2-deoxystreptamine (2-DOS).
Neomycin B is composed of four parts: D-neosamine,
L-neosamine (neosamine B), 2-DOS and D-ribose. Neo-
mycin C contains the same components, except that two
D-neosamine moieties are present. Neobiosamine B and
C are formed by 2 and 3 in Fig. 1 dependent on the initial
isomers.

Neomycin was discovered 1949 [3] and is active
against both Gram-negative and Gram-positive bacteria.
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Fig. 1 Chemical structures of neomycin B and C. 1: 2-DOS, 2:
D-ribose, 3: neosamine B/C, 4: neosamine C

Neomycin targets functional centers within the bacterial
ribosome. Interestingly, it has been shown that neomycin
cannot only target the bacterial, but also the eukaryotic
ribosome in the common yeast species Saccharomyces
cerevisiae [4]. However, the vast majority of fungi, are not
affected by aminoglycosides [5]. Aminoglycoside antibi-
otics are mostly excreted unmetabolized and are there-
fore present in wastewaters [6, 7]. They are recalcitrant
[8], and can therefore contribute to the build-up of anti-
biotic resistance. The increased concentration levels of
antibiotics like neomycin in wastewater streams leading
to wastewater treatment plants (WWTPs) thus consti-
tutes a breeding ground for antibiotic resistant bacteria
[9]. Examples of bacteria that are resistant to neomycin
include Streptococcus pyogenes [10], Escherichia coli [11]
and Staphylococcus aureus [12].

The presence of residual neomycin in the natural envi-
ronment is scarcely investigated. One reason is that the
neomycin molecule is difficult to analyze since it is posi-
tively charged in rivers, lakes and WWTPs. Furthermore,
it does not contain chromophores. In one study, LC MS/
MS was used to quantify neomycin in raw and WWTP-
treated wastewaters in Tunisia [8]. In another investiga-
tion, the same analysis technique was used to analyze
water supply systems in food-producing animal farms
[13]. In the Tunisian study, the influent neomycin con-
centration was determined to 16.4 ng mL™". In the ani-
mal farm study, the water contained 32 pg neomycin L™,

Since neomycin is recalcitrant, it is to a lesser extent
biodegradable in WWTPs. Abiotic removal processes
except heat treatment can be excluded mainly because
of the compound’s physico-chemical properties [14].
Biodegradation of neomycin by fungi can be an inter-
esting alternative. Fungi are eukaryotes. To this group
belong both single-celled and multi-celled fungi. The
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multi-celled fungi include smuts, mildews, molds and
mushrooms. They have a complex cellular organisation
which provides an overall advantage over unicellular
eukaryotic organisms like yeasts and rusts (fungi) but
also over procaryotic bacteria when it comes to removal
of pollutants [15].

A white rot fungus species, Trametes versicolor (1. ver-
sicolor) belonging to the phylum Basidiomycota (mush-
room), has recently been investigated for its ability to
biodegrade neomycin in vitro and in vivo [14]. In the
cited study, it was concluded that it is possible to remove
neomycin up to 80% in a batchwise process using polyu-
rethane foam (PUF) immobilized fungal mycelia (in vivo)
and by using a co-metabolism strategy in which glucose
and ammonium tartrate are the carbon and nitrogen
sources of choice. The investigation was conducted under
non-sterile conditions at pH 4.0 to suppress bacterial
growth [16].

A specific future application area for fungal processes
is purification of waste from molecular genetic processes
with emphasis on recombinant protein production using
E. coli [17]. In these processes, neomycin concentration
levels up to 50 mg L™" could be expected. In a batchwise
WWTP upstream process, the presence of additionally
added nutrients may be acceptable. However, a process
in which neomycin can act as nutrient (sole carbon and
nitrogen supply) is worth investigating because of cost
and simplicity aspects.

Carbon and nitrogen are needed by fungi for growth.
The carbon to nitrogen ratio (C:N) of a substrate influ-
ences the growth [18]. There are contradictory state-
ments regarding the most suitable composition of a
fungal nutrient for biodegradation purposes. Specifically,
T. versicolor has been optimized to decolorize Kraft pulp
mill using nutrients with C:N ratios up to 405 (w/w) [19].
On the other hand, it has been shown in microcosms that
extra N-addition in the form of ammonium nitrate stim-
ulated the general fungal growth at the expense of bacte-
rial growth [18].

A fungal species which has been proven to be able
to use recalcitrant nitrogen containing compounds as
nutrients is the mushroom Rhizoscyphus ericae (R. eri-
cae) [20]. It is an ericoid mycorrhizal symbiotic species
which belongs to the phylum Ascomycota. This phylum
contains parasitic, symbiotic and saprotrophic species.
Their biodegradation capability is characterized by the
involvement of intracellular cytochrome P450 enzymes
[21]. R. ericae colonizes acidic and nutrient-poor envi-
ronments in the arctic and alpine tundras, and has been
extensively investigated for its ability to use complex sub-
strates as nutrients [22, 23]. In a study from 1990, Leake
and Read investigated how the growth of R. ericae myce-
lia was affected by various nitrogen sources, including
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ammonium, alanine and bovine serum albumin (BSA)
[22]. The pH of the media was adjusted to 4.0. It was con-
cluded that the mycelial growth was not affected by the
choice of nitrogen source. Thus, it is a testimony that this
fungus can assimilate nitrogen despite the great variation
in molar mass of the different sources which ranged from
18 g mol~! (ammonium) to 67,000 g mol ! for BSA. More
recently, the genome of R.ericae was sequenced [24]. The
investigation confirmed the ability of R. ericae to digest
recalcitrant compounds by the presence of genes coding
for carbohydrate-active enzymes (CAZymes), lipases and
proteases.

The general aim in the present study was to investigate
under which nutritional conditions the fungal species T.
versicolor and R. ericae can biodegrade neomycin. The
research topic is novel and to our knowledge, this is the
first time R.ericae is investigated whether it can be used
to biodegrade pharmaceuticals. Furthermore, the biodeg-
radation patterns and kinetics presented are not previ-
ously investigated.

Materials and methods

Chemicals, filters and flasks

Neomycin trisulfate hydrate (>600 pg neomycin mg?,
dry basis) was purchased from Sigma Aldrich (Buchs,
Switzerland). Ammonium tartrate dibasic (>98%) and
D-(+)-glucose (>99.5%) from Sigma Aldrich and sul-
furic acid (95-97%; Merck Millipore (Darmstadt, Ger-
many) were used to prepare a nutrient solution at pH 4.0.
Acetonitrile, Optima ", LC/MS grade from Fisher Scien-
tific (Reinach, Switzerland), water for chromatography
Lichrosolv® LC-MS grade (Merck Millipore) and formic
acid (98-100%) from Merck Millipore were used in the
UHPLC-Q-TOF analyses. Polyurethane foam (PUF) filter
cartridges for aquariums (Pickup 200 EHEIM, Germany)
were used for the immobilization of T. versicolor. The
porosity of this open-cell filter type with a reticular struc-
ture is between 95 and 98%. Water, purified at Cytiva
(Uppsala, Sweden) using a Milli-Q® water system (Milli-
Q Millipore 0.22 pum serial no 1550, Massachusetts,
USA) was used in the UHPLC-Q-TOF mobile phases,
and tap water softened at Cytiva, Uppsala, Sweden was
used in the experimental solutions that contained fungal
cultures, thereby providing trace amounts of minerals.
D-ribose with a purity of >99.0% from Merck, was used
as UHPLC-Q-TOF standard.

Glass fibre prefilters, cat. no. AP 2,504,700 from Merck
Millipore (Burlington, USA) were used to determine ini-
tial biomass weights of T. versicolor mycelia. Munktell,
1003, 9 cm-filters (Munktell Filter AB, Sweden) were
used to determine the biomasses of R. ericae in experi-
mental cultures. Furthermore, 300 uL fixed insert amber
vials (Agilent Technologies, Santa Clara, USA) were used
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both for calibration standards and samples. For the bio-
degradation experiments, 500 mL Duran® Erlenmeyer
flasks with bottom-baffles and air permeable lids from
Sigma Aldrich were used.

Fungi

Tversicolor (strain AG 1383) was donated from Cul-
ture Collection of Basidiomycetes (CCBAS, Institute
of Microbiology, Academy of Sciences of the Czech
Republic, Prague). R. ericae (Hymenoscyphus ericae) was
donated by Dr. Martin Vohnik from Institute of Botany
(Academy of Science of the Czech Republic, Prague).
This strain is derived directly from the type culture
(Acc. Number UAMHG6735) in the collection at the Uni-
versity of Alberta, GenBank number AJ319078, origi-
nally isolated from a Calluna Vulgaris hair root in the
UK. Mycelia of both strains were grown on malt agar
and transported to Sweden at refrigerated conditions
(2-8°C).

Instrumentation
An Edmund Biithler KS10 shaking table from Tiibin-
gen, Germany was used to stir the Erlenmeyer flasks
(E-flasks). A Termaks, TS 9053 drying oven from Bergen,
Norway was used to dry mycelia containing agar plugs.
An Agilent Technologies 6550 iFunnel Q-TOF LC/MS
system (Agilent Technologies, Santa Clara, CA, USA),
including an Agilent Technologies 1290 Infinity UHPLC
system consisting of a 1260 iso pump (G1310B), 1290
binary pump (G4220A), thermostat (G1330B), 1290 sam-
pler (G4226A), 1290 thermostated column compartment
(G1316C), and electrospray ionization (ESI) system, was
used for qualitative and quantitative analysis. Agilent
MassHunter software (V. 06.00) was used for instrument
control, data acquisition and processing. For separation
purposes, a zwitterionic UHPLC column (SeQuant®
ZIC®-cHILIC, 100x2.1 mm, 100 A, 30 pm, Merck,
Darmstadt, Germany) was used. Solid Phase Extraction
(SPE) was performed with Isolute® C18 (EC) 100 mg
1 mL SPE columns, Biotage (Uppsala, Sweden). A pH
meter, Mettler Toledo Steven Compact ID 12-137 (Greif-
ensee, Switzerland) was used to adjust and measure the
pH in all fungal experiment solutions.

Experimental procedures

Preparation and composition of nutrient solutions

In the nutrient solution that was used for inoculation
purposes, sulfuric acid was added to a 1000 mL meas-
uring flask containing 6.0 g D-glucose, 3.3 g ammonium
tartrate, and 900 mL softened tap water to obtain pH 4.0.
The pH was selected with the aim of suppressing bacte-
rial growth. The carbon-to-nitrogen ratio (C:N ratio)
was 6.5. The carbon and nitrogen contents in a 300 mL
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volume of nutrient solution (experimental volume) were
971 and 150 mg respectively. The procedure was similar
for nutrient solutions that contained alternative compo-
sitions of glucose and ammonium tartrate that were used
in the biodegradation experiments (see section “Experi-
mental design”).

Cultivation of T. versicolor and R. ericae

T. versicolor and R. ericae were grown on petri dishes
with extracted malt agar from the Swedish National Vet-
erinary Institute (Uppsala, Sweden). Growth was con-
ducted in an aseptic environment where a malt agar plug
was removed with a 10 mm (internal diameter) punch,
previously sprayed with 70% EtOH and allowed to dry,
from a prior culture of mycelia to a new dish. The petri
dishes were kept under dark conditions by wrapping
with aluminum foil for one week (T, versicolor) and two
weeks (R. ericae) and then storing in a refrigerator at a
temperature of +4 °C. This sub-culturing procedure was
performed every second month.

Inoculation and PUF immobilization of T. versicolor

PUF pieces, cut in centimeter sized cubes, with a total
weight of approximately 2.7 g were added to nineteen
baffled E-flasks each. These flasks were filled with 300 mL
nutrient solution each and then autoclaved at 125 °C for
30 min using a Certoclav CV-EL 12 L autoclave (Leond-
ing, Austria). The flasks were then cooled to ambient
temperature. In an aseptic environment, fifteen malt agar
plugs containing cultivated Tversicolor were added to
each flask. For twelve days prior to the experiments, the
flasks were kept in the dark, covered with aluminum foil,
and mounted on a shaking table operating at a low shak-
ing speed (50 min~') at room temperature. After 12 days
of inoculation/immobilization, two of the flasks (heat
killed controls (HKCs)), were autoclaved once more. The
HKCs were aimed for monitoring biosorption to dead
Tversicolor. Immobililization is motivated by increased
suppression of bacterial growth, increased secretion of
extracellular enzymes and less residual mycelia in the liq-
uid broth [25-27].

Inoculation of R. ericae

Previously non-published experiments, performed by
the authors have shown that it is difficult to immobi-
lize R. ericae on PUE. The mycelia did not colonize the
PUF-pores, like the mycelia of T. versicolor. There-
fore, the inoculation was performed in the absence of
PUF. Twelve 300 mL baffled E-flasks were filled with
300 mL nutrient solution each, autoclaved and cooled
according to the T. versicolor procedure. Twenty agar
plugs containing cultivated R. ericae mycelia, were
added to each flask. The same inoculation conditions
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(time, darkness and shake speed) as for Tversicolor
were maintained. Two of the flasks (HKCs) were after
12 days autoclaved once more.

Biomass calculations

Punched pieces of the cultivated biomasses of
Tversicolor and R. ericae were weighed after storage in
a refrigerator for two weeks (see section “Cultivation of
T. versicolor and R. ericae”). The weights of the initial
biomasses (BM) were later used in the calculation of
initial carbon biomass (C:BM) ratios. These ratios thus
give information on the relation between carbon con-
tent in nutrients and neomycin, and BM at the start of
the inoculation step.

The used methodology by which agar plugs containing
fungal mycelia are dried for 20 min at 105 °C to determine
initial biomasses is previously described [14]. In the pre-
sent study, 15 agar plugs containing fungal mycelia from
T. versicolor and 20 agar plugs containing R. ericae, were
used for this purpose. The mean weight of the biomass
in each Tversicolor and R.ericae plug was 2.6 mg=+4.8%
(n=10) and 4.5 mg+ 6.7% (n=10) respectively. Thus, the
total biomass weight in 15 T.versicolor and 20 R.ericae
agar plugs was 39 and 90 mg respectively.

In a separate study, BM of R. ericae was determined
after (i) The 12:th day of the inoculation step (BMRe),
and (ii) After 168 h biodegradation in six experimental
cultures which did not contain any neomycin but only
nutrient solution (NSORe), 34 mg neomycin L' in the
presence of nutrient solution (NS4Re), 34 mg neomycin
L' (NeolRe), 1.0 g neomycin L™ (Neo2Re), 6.0 g neo-
mycin L™' (Neo3Re) and 15 g neomycin L™! (Neo4Re).
The four last experiments contained solely neomy-
cin solutions. The elevated neomycin concentrations
(>34 mg L) were motivated by the desire to measure
the biomass growth at the same conditions that were
used in the biodegradation experiments. See Table 1 for
experimental culture compositions of neomycin con-
taining samples. Neomycin sulfate was easily dissolved
at room temperature in water, even at a neomycin sul-
fate concentration of 22 g L™ (15 g neomycin L™!). The
experiments were performed in duplicate. The proce-
dure was as follows: The filter that was going to be used
to filtrate BM was initially dried in an oven for 20 min at
105 °C and allowed to cool to room temperature. There-
after, BM was filtrated by gravity using the dried filter.
BM was washed excessively with Milli-Q water to get rid
of neomycin residues. Washed BM was dried for 20 min
on the filter paper at 105 °C and allowed to cool to room
temperature. Then the weight of the filterpaper and BM
was determined, and finally, the previously determined
weight of the filter paper was subtracted.
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Table 1 Neomycin containing compositions that were used in the biodegradation experiments. Tv and Re are denotations of T.
versicolor and R. ericae. HKC is heat control. NS and Neo are abbreviations of nutrient solution and neomycin

Experiment Glucose (gL™") Ammonium tartrate (g L") Neomycin (gL™") Initial
biomass
(9)
NS1Tv 0.060 0.045 0.034 0.039
NS2Tv 0.24 0.20 0.034 0.039
NS3Tv 1.2 0.90 0.034 0.039
NS4Tv 6.0 33 0.034 0.039
NSHKCTv 6.0 33 0.034 0.039
NS4Re 6.0 33 0.034 0.090
NSHKCRe 6.0 33 0.034 0.090
NeolTv 0.0 0.0 0.034 0.039
NeolRe 0.0 0.0 0.034 0.090
Neo2Tv 0.0 0.0 1.0 0.039
Neo2Re 0.0 0.0 1.0 0.090
Neo3Tv 0.0 0.0 6.0 0.039
Neo3Re 0.0 0.0 6.0 0.090
Neo4Tv 0.0 0.0 15 0.039
NeoHKCTv 0.0 0.0 15 0.039
Neo4Re 0.0 0.0 15 0.090
NeoHKCRe 0.0 0.0 15 0.090
Experimental design at—20 °C. Prior to UHPLC-Q-TOF MS analyses, the

After the 12-day inoculation period, the broths were
separated from mycelia immobilized PUF-pieces (T.
versicolor) and the free mycelia (R. ericae) in most
of the flasks, leaving solely the solids in the flasks. In
the experiments with titles beginning with NS4, no
decanting took place (see Table 1). In these experi-
ments, neomycin was added to the inoculation solu-
tions by gentle stirring. To the other flasks, differently
composed solutions (300 mL each) were added to the
flasks. The main purpose of the design was to evaluate
to what extent neomycin could be biodegraded with
and without the presence of other nutrients. The neo-
mycin solutions that were added to the fungal cultures
included softened tap water which was adjusted to pH
4.0 using 0.1 M sulfuric acid. These solutions were not
autoclaved. In Table 1, the compositions are shown.
Some of the experiments which were performed with
T. versicolor and contained nutrient solution (NS) at
different concentrations, were excluded for R. ericae.
This was done mainly because this species had previ-
ously shown excellent capabilities to grow and sur-
vive on toxic nitrogen containing substances [20]. The
flasks were then subjected to biodegradation experi-
ments that lasted for 168 h. The flasks were covered
with aluminum foil and agitated (50 rpm). Samples
(300 pL) were pipetted at 0, 1, 2, 4, 6, 8, 24, 30, 48, 72,
96, 120, 144 and 168 h. They were immediately frozen

samples were thawed and worked-up with SPE. See sec-
tion “Solid Phase Extraction”.

In Table 1, the experimental titles and conditions are
shown. Each experiment was performed in duplicate
except for NS4Tv that was done in triplicate and HKCs
that were not replicated. The reason for the choice of
the four HKC experimental conditions was that neomy-
cin adsorption to dead mycelia may be affected (i) by
the choice of species and (ii) by the neomycin and NS
concentrations. The experiments that included neo-
mycin concentrations >34 mg neomycin L™ excluding
NS were motivated by the wish to understand whether
NS can be used as sole nutrient. The NS composition
in NS4TV and NS4Re approximately resembles the car-
bon and nitrogen concentration in the NS that is used
in the recombinant protein production application.

The compositions in Table 1 were used to build a
model matrix X aimed for Principle Component Analy-
sis (PCA). In this matrix (see Additional file 1: Appen-
dix 1), a number of independent variables were used.
These were:

Cys (amount of carbon in NS), Nyg (amount of nitro-
gen in NS), C,., (amount of carbon in neomycin), N, .,
(amount of nitrogen in neomycin), C,, (total amount
of carbon), N,,, (total amount of nitrogen), C, N,
C.eo:BM (initial biomass), C,,:BM (initial biomass).
Two dependent variables were included in the PCA
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matrix: These were “Removal degree” and “Removal
amount”.

Solid phase extraction

Thawed collected fractions from the biodegradation
experiments were purified from lipids originating from
the immobilized mycelia [28].

The SPE columns were first activated with 1.0 mL of
acetonitrile and then equilibrated with 1.0 mL NS con-
taining 6.0 and 3.3 glucose and ammonium tartrate L™
respectively. The pH in NS was adjusted to 4.0 using sul-
furic acid. Then, 300 pL collected samples were loaded
onto the SPE-columns twice and the non-retarded neo-
mycin was eluted with an applied pressure using a Pas-
teur pipette rubber bulb. The reason for the choice of
NS as equilibration solution was that even if many of the
experiments did not contain NS, it was considered to be
important to have a consistency in the SPE procedure.
The SPE recovery was investigated by preparing two QC
samples, containing neomycin at concentrations of 10.0
and 34.0 mg L™ (dissolved in N'S (SPE equilibration solu-
tion)) followed by SPE and analyzing them by triplicate
injections. The mean recovery was calculated to 94 and
92% respectively. See Eq. (1). The concentration was
determined using external standards according to section
“Quantitative analysis of neomycin”.

Conc. determined in SPE eluates x 100
Initial QC sample conc.

SPE recovery(%) =
1)

Quantitative analysis of neomycin

The analyses were performed using external standards.
The sample recovery for the SPE procedure was>90%
(see section “Solid Phase Extraction”). No matrix effects
in SPE worked up samples that affected the neomy-
cin quantification could be seen according to the initial
neomycin concentration levels in the undiluted samples.
They were all between 30 and 34 mg L™ (see Figs. 4 and
6). The external standards consisted of neomycin dis-
solved in solely NS to 3.0, 6.0, 14.0, 20.0, 27.0 and 34.0 mg
L%, The NS concentration was similar with the inocula-
tion and SPE equilibration solution, that is 6.0 and 3.3 g
glucose and ammonium tartrate L™ respectively at pH
4.0. Using the selected zwitterionic SeQuant ZIC-cHILIC
column and the chosen instrumental settings, it was
noticed that the composition of the neomycin solvent
(different concentration levels of NS) and also pure Mil-
1liQ water did not alter the neomycin ionization degree or
the linearity of the calibration curves. For experiments in
which exceeded concentration levels of neomycin were
used, dilutions of the collected fractions with MilliQ
water were made in such a manner that the results would
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fit to the used external standards. For these samples, the
SPE procedure (see section “Solid Phase Extraction”) was
performed before the dilution step.

The zwitterionic SeQuant ZIC-cHILIC column was
thermostated at 60 °C to decrease peak width and asym-
metry. The choice of this temperature was based on ini-
tial experiments that were performed at 30, 45 and 60 °C.
It was observed that by increasing the temperature, the
neomycin retention times were shortened and the peak
widths and asymmetries were decreased. The mobile
phases consisted of A; acetonitrile: water (5:95 (v/v)) with
0.1% formic acid and B; acetonitrile:water (95:5 (v/v))
with 0.1% formic acid. Initially, 100% B was maintained
isocratically for one minute. Thereafter, mobile phase B
decreased linearly to 5% while mobile phase A increased
to 95% during a time period of 1.5 min. This composition
was held for 4.5 min. Thereafter, the column was equili-
brated to 100% B during a time period of 0.5 min. This
composition was held to the end of the run (18 min). The
flow rate was 0.3 mL min~' and the injection volume was
15 pL. The MS settings were: capillary voltage 3.5 kV,
gas temperature 200 °C, sheath gas temperature 350 °C,
sheath gas flow 11 L min~"! and a nozzle voltage of 1.0 kV.
MS data were acquired in the m/z range of 100-1700.
The ESI ionization was performed in positive mode and
the instrument was tuned and calibrated every day prior
to use. The external calibration standards containing neo-
mycin in the 3.0 to 34 mg L™! concentration range were
co-analyzed together with SPE-worked up samples and
pure nutrition solution (blanks) in each sample sequence.
The proton neomycin adduct at m/z 615.3201 (exact
mass) was used in the quantification. The integrated
peaks include both abundant neomycin isomeric forms
(B and C) since they are not separable using the chosen
SeQuant® ZIC®-cHILIC column and gradient elution
The reference mass ions which were used for internal
mass calibration (lock masses) were m/z 121.0509 and
922.0098. Three QC samples with the concentrations
10.0, 25.0 and 30.0 mg L~! were used for determining the
accuracy. It was 86.2, 99.3 and 99.7% (n=3), respectively.
The linearity (r, i.e., the Pearson product-moment corre-
lation coefficient) of 0.9975 was determined using tripli-
cate injections of the calibration standards.

Some experiments contained neomycin at elevated
concentrations (1.0, 6.0 and 15 g neomycin L™'). The
highest external calibration concentration was 34 mg
neomycin L1, To be able to quantify neomycin in these
experiments, dilutions of SPE-cleaned collected fractions
(200 uL) with MilliQ water were made. These dilutions
were made in such a manner that the maximum end con-
centration would be 34 mg L. The initial concentration:
theoretical final volume relations were as follows; 1.0 g
L1 5882 L, 6.0 g L™ 35,294 uL, 15 g L™ 88,235 yL.
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The SPE recoveries for the elevated neomycin concentra-
tions were proven to be close to 100% by dividing the ini-
tial concentrations in Figs. 4f, g, h and 6¢, d, e with the
final volumes (5882, 35,294 and 88,235 pL) and then mul-
tiplying with 200 pL. The majority of the back calculated
concentrations were 33 mg neomycin L™,

Qualitative analysis of biodegradation products

Molecular formulas of possible oxidation products of
neosamine, 2-DOS, D-ribose, neobiosamine and nea-
mine (see Fig. 1) including ketones, aldehydes and acids
were added to a PCDL-database which was integrated in
the MassHunter software. Also, a number of compounds,
previously identified as fungal metabolites and second-
ary metabolites (small organic molecules that are not
directly involved in primary metabolism processes) were
added to the database. These were glucuronic acid, fuma-
ric acid, gluconic acid and citric acid (metabolites) and
itaconic acid and ribitol (secondary metabolites). After a
finalized run, the database was searched and compounds
were preliminarily identified, based on mass errors, iso-
topic abundances, and spacings. Ions with mass errors
and scores of <2.5 ppm and >80% respectively, were con-
sidered. An alternative approach was to search in the
TIC-chromatograms for ions that were missing from the
blanks. The “Generate Formula From Peak Spectra” algo-
rithm was used and the ions with mass errors and scores
of <2.5 ppm and >80%, respectively, were further evalu-
ated using the software ChemSpider [29].

Statistical analysis

In Table 2, the calculations of the accurate and exact
masses in MS were facilitated by the use of Agilent
MassHunter software (v. 06.00). Furthermore, using this
software, elemental compositions were suggested for
detected ions. Excel, Microsoft Office Version 2110, was
used for regression analysis purposes to construct least
square fitted (i) Calibration curves and (ii) Kinetic mod-
els. The Pearson product-moment correlation coefficient
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(r) was used to determine linearity. Excel was also used
to calculate confidence intervals to confirm whether any
biodegradation occurred or not.

Kinetics

Free radical processes which are present in the extracel-
lular degradation of chemicals using white rot fungi can
at co-metabolic conditions follow pseudo-first order
kinetics [30, 31]. See Eq. (2).

InC; = —kK't+1InCy (2)

where C, is the concentration at time ¢ k is the degrada-
tion rate constant and C,, is the initial concentration.

When the target substance is present at a high concen-
tration level, the reaction can obey zero order kinetics
[32]. See Eq. (3). The reaction rate is thus independent
of the target compound concentration level. Zero-order
reactions are only applicable for a narrow region of time.
After this time period, other kinetic models are better
applicable.

Cr = —kt + Cy (3)

Evaluation of neomycin biodegradation curves
The neomycin biodegradation curves (excluding the four
HKCs) were plotted and compared with each other. The
results from the last collected fractions at 168 h, were
used to determine the final removal degrees (%). Further-
more, these results were also used to calculate the total
amount of neomycin that was biodegraded in each exper-
iment. See the general Egs. (4) and (5).

Ct X 100)

Removal degree(R%) = 100 — (
Co1

where C, is the neomycin concentration at time ¢ and
Cy; is the initial neomycin concentration in the analyzed
sample.

Table 2 Summary of the accurate mass measurements of hydrolysis and oxidation products of neomycin, as determined for their

abundant adduct ions using UHPLC-Q-TOF MS

Compound Elemental lon species Accurate Exact Mass error tz(min)
composition mass (m/z) mass (m/z) mDa ppm

Neomycin Cy3H6N6O15 IM4-HI* 615.3206 615.3201 —05 - 08 4.1

A (D-ribose) CsHyo0s [M+H-H,01* 133.0498 133.0501 03 22 4]

B CsHgOs [M+NH,-H O] 148.0608 148.0610 0.2 14 33

C CsHgOs M-+H-H,01* 129.0185 129.0188 0.3 23 33

D CsHgOg [M+4H-H O] 147.0291 147.0293 0.2 14 33

The elemental compositions are shown in their uncharged state. Data for detected ions correspond to acquisitions obtained in full-scan mode. Most abundant peak t;
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R(%) x 0.3 x Cpa
100

Removal amount = (5)
where 0.3 is the liquid volume (L) in the E-flask. Cy, is the
initial neomycin concentration (mg L") in the biodegra-
dation experiments (four different concentrations).

A matrix which consisted of these two measures of
the biodegradation and the carbon and nitrogen con-
tents in the experiments were analyzed using Principal
Component Analysis (PCA) to (i) determine whether the
biodegradation could be classified as co-metabolism or
nutrition mediated and (ii) possibly determine the most
favourable conditions for the biodegradation. The raw
data that were used in PCA were centered and univari-
ately scaled [33].

Results and discussion

Co-metabolism

The term co-metabolism is in the present paper defined
as “the transformation of a substrate in the obligate pres-
ence of known growth substrates” It differs slightly from
a previous definition of co-metabolism which excludes
that the substrate is used as nutrient “the transformation
of a non-growth substrate in the obligate presence of a
growth substrate or another transformable compound”
[34]. The suggested modified definition includes two
alternative approaches; the transformed (biodegraded)
compound is (i) used or (ii) not used by the fungus in
its metabolism including the biosynthesis of secondary
metabolites. The concept co-metabolism is included in a
reaction scheme in which different fungal reaction paths
are described including extracellular and intracellular
enzymes (see Fig. 2). In the scheme, a hypothetical co-
metabolism of recalcitrant compounds like neomycin is
shown. Reactive oxygen species (ROS) are oxidants that
participate in the cleavage of ether groups. ROS contain
H,0,, +OH, ROO« and «OOH radicals. Their presence in
fungal species belonging to the phylum Basidiomycota is
well documented [35].

One reason why an extracellular enzymatically cata-
lyzed compound is not metabolized by the fungus can
be that the substance is not soluble [36]. Furthermore, it
cannot be excluded that the chemical structure or size of
the compound does not allow the fungus to metabolize
it [37].

HKC-results

No neomycin adsorption could be observed in the HKC
results for experiments NSHKCTv and NSHKCRe which
contained neomycin at a concentration level of 34 mg L™*
in the presence of NS. The HKC results for the highest
neomycin concentration levels (see Table 1) excluding
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Fig. 2 Co-metabolism in which the fungal cell is supplied
with nutrients (1) and recalcitrant compounds which either are
transported through the fungal cell walls and plasma membranes
and used in the metabolism of the fungus (2) or in their extracellularly
catalyzed biodegraded forms (3). Biodegraded substances not used
in the fungal metabolism are denoted by (4)

other nutrients (NeoHKCTv and NeoHKCRe) did not
either indicate any neomycin adsorption (See Fig. 3).

The lack of neomycin adsorption in the HKC experi-
ments might be explained by the positive charges of neo-
mycin and chitin which is one of the components in the
fungal cell wall. At pH 4.0, we can expect that the amino
groups in chitin, which is a biopolymer of N-acetylglu-
cosamine are mainly protonated [38]. This will lead to a
repulsive electrostatic force between neomycin and chi-
tin. Furthermore, at this pH, a protonation of glycopro-
teins which also are present in the fungal cell walls can
occur.

T.versicolor neomycin biodegradation

Measurements of the fungal biomass (BM) during a bio-
degradation study is of interest since it can give informa-
tion of to what extent, the nutrients and other chemicals
are used by the fungus for its growth. A low C:BM ratio
indicates a high utilization degree. In the present study, it
was realized that it is difficult to measure BM of immo-
bilized fungal mycelia (7. versicolor). Therefore, it was
decided to use the concept “initial biomass” The biodeg-
radation curves are shown in Fig. 4.

The results show that the highest removal degree
(approximately 74%) was achieved in experiment NS3Tv
(Fig. 4c and Additional file 2: Appendix 2). In this experi-
ment, the glucose and ammonium tartrate concentrations
in N'S were 1.20 and 0.90 g L™}, respectively (see Table 1).



Stenholm et al. BMC Biotechnology (2022) 22:29

Page 9 of 18

40
35
30
25
20
15
10
5
0

0 20 40 60 80 100 120 140 160 180

hours

mg neomycin L-!

a

16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0

0.0
0 20 40 60 80 100120 140 160 180

g neomycin L!

hours

Fig. 3 HKC-experiments NSHKCTv and NSHKCRe (a) and NeoHKCTv and NeoHKCRe (b). T. versicolor (), R ericae (1)

At the lowest NS-concentrations (NS1Tv), the neomycin
removal degree was only approximately 4%. The C, :BM
ratio for NS1Tv was 1.0 while the corresponding ratio for
NS3Tv was 18.6 (see Additional file 1: Appendix 1). The
removal degree was thus affected by the concentration of
NS. Excluding NS at a neomycin concentration of 34 mg
L' (NeolTv), the removal degree was approximately
25%, and this concentration level was achieved already
after 50 h. It was observed that the colour of the immo-
bilized mycelia that was still in contact with agar plug
residues originating from the inoculation step, turned
red after two days. This is shown in two photographs that
were taken on uncoloured T versicolor mycelia in NS4Tv
(Fig. 5a) and NeolTv (Fig. 5b). The colour change indi-
cates an incapability of T. versicolor to continuously use
neomycin as nutrient. This was confirmed in the Neo2Tv,
Neo3Tv and Neo4Tv experiments. In those experiments,
the colour change was also present. Generally, a colour
change of mycelia does not necessarily indicate that the
growth is inhibited. The reason can be that other biodeg-
radation mechanisms occur [39]. However, in the present
study, it was shown that the colour change only occurred
in those experiments in which NS was excluded.

The reason for the neomycin decline in NeolTv (which
actually was considerably higher than in NS1) during the
first 50 h can be that Tversicolor in NeolTv initially uses
neomycin as nutrient or alternatively bioaccumulates it.
Then, at approximately 50 h, the metabolism of the fun-
gus is negatively affected by the aminoglycoside.

In all performed experiments, some amounts of NS are
most certainly left in the PUF pores after the decanting
procedure (see section “Experimental design”). The 54
PUF pieces (each weighing approximately 50 mg) con-
tains a volume of 53 mL (max 98% porosity). However,
the reason why the neomycin removal was higher in
NeolTv compared with NS1Tv cannot be explained by
NS residues from the inoculation period since they were
present in both experiments.

Kinetics

Previously, the kinetics of the biodegradation of neo-
mycin using Tversicolor has been investigated under
co-metabolic conditions [14], in which the initial neo-
mycin concentration was approximately 1/3 of the con-
centration in the present study. In the previous study,
the biodegradation obeyed zero order kinetics at start
followed by pseudo-first order kinetics after a concen-
tration decline. The biodegradation of neomycin in
NeolTv obeyed pseudo-first order kinetics during the
first 8 h with correlation coefficients (Pearson product
movement, r) of 0.9791 and 0.9826, respectively for the
duplicate biodegradation experiments. A Pearson corre-
lation coefficient>0.9 is defined as a strong correlation
and indicate that the reaction order is relevant [40]. The
biodegradation of neomycin in NS2Tv and NS4Tv were
also explained by pseudo-first order kinetics with r-val-
ues ranging from 0.9593 to 0.9759. However, in NS3Tyv,
only the biodegradation results from the first 8 h could be
similarly explained with less accurate r-values of 0.9467
and 0.9473. See Additional file 3: Appendix 3. Pseudo-
first order kinetics can be explained by Michaelis Menten
kinetics in which the substrate (neomycin) concentration
[S]<K,,. In our case, K,, is not known. The mechanism
behind the biodegradation is not investigated although
degradation products previously [14] and in the present
study are tentatively identified.

In the Neo2-4Tv experiments, no neomycin decline was
visible by eye (see Fig. 4 f,g,h). The confidence intervals
of the mean (p<0.05) for each single curve covering the
time courses were calculated and compared with the end
neomycin concentrations at 168 h. Diluted concentra-
tions were used in the calculations (see section “Quanti-
tative analysis of neomycin”). For Neo2Tv, the confidence
intervals and end concentrations for the duplicate experi-
ments were; 32 4+0.5, 32 and 32 +0.7, 33 respectively. For
Neo3Tyv, the corresponding values were; 32+0.8, 32 and
32£0.7, 32 respectively. Finally, the values for Neo4Tv
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were 33+0.6, 33 and 33+0.7, 33 respectively. Only one
of the end concentrations (Neo2Tv) was slightly outside
the confidence interval of the mean. Thus, no biodegra-
dation could be verified for Neo2-4Tv.

Conclusion: The highest removal degree and removal
amount was achieved in the NS3 experiment in which

the glucose and ammonium tartrate concentrations
were 1.2 and 0.9 g L™! respectively. The C,,:BM ratio
was 18.6. At lower C,,:BM ratios (experiments NS1Tv
and NS2Tv), the biodegradation decreased (see Addi-
tional file 1: Appendix 1). In NS1Ty, in particular, with
a C,,¢BM ratio of 1.0, the nutrient concentration level
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Fig. 5 Immobilized mycelia of T. versicolor in NS4Tv (a) and Neo1Tv
(b) experiments

was not sufficient for the fungus to keep up the neo-
mycin reduction. The reason why the removal degree
did not increase in NS4Tv with a higher nutrient con-
centration than in NS3Tv may be the slightly elevated
Cior:Nyo ratio in NS4Tv (6.4) compared with NS3Tv
where the corresponding ratio was 5.1 (see Additional
file 1: Appendix 1). It is previously reported that the
metabolism of T. versicolor is positively influenced by
an increased nitrogen addition (lower nutrient C:N
ratio) [18].

The Neo 1 experiment results also indicated that the
fungus was not able to use neomycin as nutrient dur-
ing the whole experimental time course. Initially in
this experiment (excluding NS) with a C,:BM ratio of
approximately 0.1 (see Additional file 1: Appendix 1), a
neomycin removal occurred. After approximately 50 h,
a colour change of mycelia was observed and after that,
no further neomycin removal occurred. These results
show that neomycin acts as a fungicide when NS is
excluded. It was confirmed by the results from the
Neo2Tv, Neo3Tv and Neo4Tv experiments in which
no neomycin biodegradation could be observed, which
leads to the conclusion that the higher concentration
levels in these experiments are toxic to the fungus.

R. ericae neomycin biodegradation

As for T. versicolor, the initial biomass concept was used
in the calculation of C,,:BM and C_:BM ratios. The bio-
degradation curves are shown in Fig. 6.

The results show that the highest removal degree
(approximately 71%) was achieved in experiment NS4Re
(Fig. 6a and Additional file 2: Appendix 2). In this experi-
ment, NS was present with glucose and ammonium tar-
trate concentrations of 6.0 and 3.3 g L™' respectively
and a neomycin concentration of 34 mg L' (C,:BM
and C_:BM of 10.7 and 0.06 respectively). See Addi-
tional file 1: Appendix 1. Interestingly, it was shown
that it was possible for R. ericae to biodegrade neomy-
cin also in the absence of NS at four different neomycin
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concentrations. In NeolRe, the same C_.:BM ratio as in
NS4Re was present. Despite the absence of NS, this par-
ticular experiment showed that the limited amount of
neomycin was sufficient for the survival of the fungus.
The neomycin decline in Fig. 6b (NeolRe), can at least
partly be explained by co-metabolism using residual NS
from the inoculation procedure in the PUF pores. All of
the R.ericae experiments showed that this species can use
neomycin as nutrient. The removal degree was higher in
the experiments in which neomycin was present at 34 mg
and 1.0 g L™! (NS4Re, NeolRe and Neo2Re). See Addi-
tional file 2: Appendix 2. At the two higher neomycin
concentrations, Neo3Re and Neo4Re (6.0 and 15 g L ™),
it was shown that considerable amounts of neomycin
were removed although the removal degrees were declin-
ing. It can be explained by a limited ability of the fungus
to metabolize these high concentrations of neomycin.
Even if the NeoHKCRe experiment in which 15 g neomy-
cin was added to heat treated fungi, did not indicate any
neomycin adsorption to the dead biomass, it cannot be
excluded that neomycin to some extent can be adsorbed
to living fungal cells. In a study performed on the fungal
species Funalia trogii, in which the adsorption of phenols
was investigated, it was concluded that heat treatment
not only removed functional groups on the fungal cell
walls, but also decreased their surface area [41].

Kinetics
The biodegradation curves for the NS4Re and NeolRe
experiments showed a sharp initial decline (see Fig. 6 a
and b). The declines in the two duplicates of NS4Re were
not well explained, neither by zero or first order kinet-
ics. However, by applying zero order kinetics on the first
8 h period, correlation coefficients of 0.9120 and 0.9637
were obtained. Similarly for the NeolRe experiments in
which solely neomycin was present, it was only possi-
ble to explain the first 8 h time course. For these experi-
ments, pseudo-first order kinetics was the better choice
with r-values of 0.9793 and 0.9885. As mentioned in a
previous study [14], in which the biodegradation of neo-
mycin using Tversicolor was investigated, biodegradation
can be facilitated by extracellular, intracellular or reac-
tive oxygen species which renders the interpretation of
declining concentrations difficult. The biodegradation
curves for Neo2Re obeyed pseudo-first order kinetics
during the whole time course with r-values of 0.9742 and
0.9863. For Neo3Re, with an initial neomycin concentra-
tion of 6 g L™, zero order kinetics was the better choice
with r-values of 0.9574 and 0.9855. See Additional file 3:
Appendix 3.

Conclusion: The highest removal degree was achieved
in the NS4Re experiment which included NS. The
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C,o:BM ratio was 10.7. In the experiment NeolRe which
did not contain NS, the removal degree was high, even
if the C,:BM ratio (C,.,;BM ratio) was considerably
lower (0.06). The conclusion is that the fungus can sur-
vive and remove neomycin in the absence of NS. In the
Neo2Re, Neo3Re and Neo4Re experiments, with increas-
ing C,.,:BM ratios (see Additional file 1: Appendix 1), the
removal degrees declined, thereby showing that neomy-
cin was less efficiently metabolized at these elevated con-
centrations of neomycin.

PCA evaluation of biodegradation curves

In Fig. 7, a PCA-biplot is shown which includes all per-
formed experiments (orange) including T. versicolor
and R. ericae. The model matrix X variables (see section
“Experimental design”) are shown in green. In Additional
file 1: Appendix 1, the complete experimental matrix is
shown. The biplot shows the PC scores (orange) of exper-
iments (data) and loadings (green) of variables (vectors).

The loadings in Fig. 7 include both the Tversicolor and
the R.ericae experiments. This type of plot facilitates the
understanding how the variables influence the experi-
ments. In Fig. 7, principal components (PC) 1 and 2 were
used. The cumulative explanation (R2) and predictability
(Q2) of the model was 0.85 and 0.78 respectively.

Some general conclusions can be drawn from the plot.

+ A high neomycin removal degree is negatively corre-
lated to the concentrations of neomycin (7. versicolor
and R. ericae).

+ The neomycin removal degree is dependent on Cyyg
and Ny (Tversicolor)

+ The removal degree is negatively correlated to the
removal amount (R.ericae)

Separate PCA-models for T.versicolor and the R. ericae
were also performed. See Additional file 4: Appendix 4.
In the T versicolor model, the variables “removal degree”
and “removal amount” perfectly coincided. The neomycin
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degradation was dependent on the NS concentration at
34 mg neomycin L' using co-metabolic conditions. In
the R. ericae model, these variables were opposed to each
other. R.ericae could biodegrade large initial amounts of
neomycin (>1.0 g L), but the fungus was not able to
metabolize the supplied neomycin as efficiently as when
the compound was added at lower concentrations.

C,.eo:BM ratio for R. ericae

In the section “PCA evaluation of biodegradation curves’,
the initial BM values for T. versicolor and R. ericae were
used in the PCA-model. They were calculated from the
weights of the mycelia that were cultivated during a time
period of two weeks and then used for inoculation pur-
poses. Since R. ericae was not immobilized on PUF, it
was feasible to measure the growth of its biomass using
the previously described experimental conditions (see
Table 1). In addition, this investigation also included
weight measurements on BM in experiments in which
no neomycin but solely NS was present. In Additional
file 5: Appendix 5, the raw data is presented including
the growth of R.ericae at different neomycin concentra-
tions. It was shown that in those experiments in which
no NS was present, the lowest C_,:BM ratio (approxi-
mately 0.03) was present at a neomycin concentration
of 34 mg L™!. At higher neomycin concentrations, the
C,eo:BM ratio increased. At a concentration of 15 g L™,
the ratio was > 5. The conclusion is that neomycin is most
efficiently metabolized at a concentration of 34 mg L™,

These experiments proved that this fungal species can
use both NS and neomycin as nutrients (see Additional
file 5: Appendix 5).

Biodegradation mechanisms

In a recently published paper [14], in which T. versicolor
was the solely investigated fungal species, it was discov-
ered that under co-metabolic biodegradation conditions,
and at an initial neomycin concentration of 10 mg L7,
the tentatively identified biodegradation products were
oxidation products of neosamine (see Fig. 1). In the pre-
sent investigation, in which not only higher initial neomy-
cin concentrations (34 mg L) but also non co-metabolic
conditions were applied (absence of NS), the biodegrada-
tion patterns were investigated. In the experiments that
included T versicolor, only one biodegradation product
of neomycin was found in NS4Tv (highest concentration
of NS) (see Table 1). This compound with an elemental
neutral composition of C;H,,N,O, was tentatively identi-
fied by its [M +H-H,O]" ion at m/z 157.0613. The exact
mass for this ion is 157.0610. The calculated mass error
was -1.9 ppm. The retention time (¢;) was 3.1 min which
can be compared with neomycin at #; 4.1 min. The bio-
degradation product has previously been determined
as an oxidation product of neosamine [14]. The shorter
retention time (compared with neomycin) is most proba-
bly due to the two keto-groups. In Fig. 8, the time-course
of this compound in the NS4Tv experiment is shown. The
steep increase of the oxidation product during the first
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8 h can be correlated with the fast neomycin decrease
during the same time period (see Fig. 4). The neomycin
decline during the whole time course was best explained
by pseudo-first order kinetics. However, the response
variations of the oxidation product in Fig. 8, could not be
explained by neither zero, nor pseudo-first order kinetics.
The reason for this may be its role as an intermediate in
the biodegradation of neomycin.

The extracted ion chromatogram (EIC) showed the
presence of two peaks which can be explained by the six
isomeric forms of this compound (neosamine B and C
and three possible keto-group positions in each neosa-
mine form). These two peaks were co-integrated.

The reason why no oxidation products were found in
the other experiments which included T. versicolor may
be that the particular experimental conditions in those
experiments in which the NS-concentrations were
lower, did not favour the formation of these compounds,
but other substances that not were easily detected. It is
known that biodegradation experiments that are per-
formed under co-metabolic conditions are affected by
variations in substrate:NS ratios [42].

Interestingly, in the R.ericae experiments, no neosa-
mine derived biodegradation products were found.
Neither were oxidation products of 2-DOS observed.
However, oxidation products of D-ribose were tentatively
identified in all experiments. See Fig. 9. The oxidation
products are denoted (B-D). The elemental composi-
tions are expressed in their neutral forms. Both aldehydes
and ketones can be present, but aldehydes are typically
less stable. The initial hydrolysis of neomycin in NS4Re
may be originated by the oxidoreductase glucose oxidase
which is known to be secreted by R.ericae under co-met-
abolic conditions using glucose as carbon source. Glu-
cose oxidase oxidizes carbohydrates to lactones under
the production of H,O, which can lead to the formation
of hydroxyl radicals that can hydrolyze ether bonds [43].
However, since NeolRe, Neo2Re, Neo3Re and Neo4Re
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were performed in the absence of glucose (non-metabolic
conditions), the hypothesized pathway is not plausible for
those experiments if we exclude the possible formation of
glucose via gluconeogenesis.

D-ribose (A) with the composition C;H;,05 was ten-
tatively identified by the ion species [M+H-H,O]" at
m/z 133.0498 The exact mass is 133.0501 and the mass
error is 2.2 ppm. A solution of D-ribose dissolved in Mil-
liQ water at a concentration of 10 mg L™ was injected,
using the default instrumental conditions including an
injection volume of 15 pL. The substance was identified
at a ¢y of 4.1 min at m/z 133.0500, thus proving the pres-
ence of D-ribose in NS4Tv. Oxidation products (B), with
the composition C;HgO; were identified by the ion spe-
cies [M+NH,-H,O]" at m/z 148.0608. The exact mass
is 148.0610 and the mass error is 1.4 ppm. Oxidation
products (C) with the composition C;H,O5 were identi-
fied by the ion species [M+H-H,0]" at m/z 129.0185.
The exact mass is 129.0188 and the mass error is 2.3 ppm.
Oxidation products (D) with the composition C;HgO,
were identified by the ion species [M+ H-H,O]"at m/z
147.0291. The exact mass and mass error is 147.0293 and
1.4 ppm respectively. In Table 2, a summary of the accu-
rate mass measurements and retention times on hydroly-
sis products and oxidation products that were detected in
full scan mode is shown.

The retention time of D-ribose coincides perfectly with
the retention time of neomycin (4.1 min.). By performing
analyses of neomycin calibration standards, it was con-
firmed that m/z 133.0498 was not an ion-source fragment
ion or impurity in neomycin, since this ion was only pre-
sent in the experiments in which R. ericae was included.

The time course of biodegradation products A — D in
NS4Re and NeolRe are shown in Fig. 10 and in Fig. 11
respectively. The responses of D-ribose (A) were more or
less stable in the two experiments. The intensity levels at
the start of the experiments are explained by the immedi-
ate start of the biodegradation processes. It must also be
mentioned that the first fractionating occurred approxi-
mately 0.2 h after the addition of neomycin.

The time courses in these two experiments, are simi-
lar with respect to the decline of oxidation products
B and increase of oxidation products C. However, the
intensities of the ions in the NeolRe experiment are
approximately 5 times higher than in the NS4Re experi-
ment in which NS was present. It can be explained
by the co-metabolic (NS4Re) and non co-metabolic
(NeolRe) conditions under which the experiments
were conducted. This increase is not correlated with the
removal degree (See Fig. 6 and Additional file 2: Appen-
dix 2). In the three R. ericae experiments in which the
initial neomycin concentration were higher (1.0, 6.0
and 15 g L™!), the same biodegradation products which
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are shown in Fig. 9 could be tentatively identified. The
MS responses were approximately at the same levels as
in the NS4Re experiments. However, no time course
related concentration changes could be seen. It may
be so that this difference regarding formation of oxida-
tion products between the R.ericae experiments can be

correlated with the rapidness of the neomycin decline
in the performed experiments. In NS4Re and NeolRe,
the biodegradation curves showed a more steep
decline. See Fig. 6. The reason for this decline varia-
tion can be found in the different conditions by which
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the experiments were performed (see Additional file 1:
Appendix 1).

Conclusions

It was investigated under which nutritional conditions
the fungal species Tversicolor and R. ericae can bio-
degrade the aminoglycoside neomycin. The biodeg-
radation experiments showed that T. versicolor needs

external nutrients. It cannot survive on sole neomycin.
Furthermore, the neomycin removal degree is depend-
ent on the concentration of the external nutrient solu-
tion (NS). The Tversicolor mediated biodegradation can
at high NS concentrations be traced to the neomycin
hydrolysis product neosamine. Contradictory to T. ver-
sicolor, it was shown that R.ericae can survive on sole
neomycin. At selected conditions, it was found that the
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neomycin biodegradation pattern using R.ericae can be
traced to the oxidation of the neomycin hydrolysis prod-
uct D-ribose. The results in this study are of importance
in future biodegradation experiments with emphasis not
only on recombinant protein production using E.coli, but
also on other applications where a removal of more con-
centrated recalcitrant compounds is desirable.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512896-022-00759-1.

Additional file 1. Appendix 1.
Additional file 2. Appendix 2.
Additional file 3. Appendix 3.
Additional file 4. Appendix 4.
Additional file 5. Appendix 5.

Acknowledgements

The authors would like to thank Natalie Fakih MSc and Katrin Berezniak MSc at
Cytiva, Uppsala, Sweden, for their skillful technical assistance.

The authors are also grateful to Ivana Eichlerova PhD at the Institute of Micro-
biology, Academy of Sciences of the Czech Republic in Prague for supplying
T. versicolor. The authors are also grateful to Martin Vohnik PhD at the Institute
of Botany, Academy of Sciences of the Czech Republic in Prague for supplying
R. ericae. This research was performed without a specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Author contributions

AS, MH and CEP contributed to the study conception and design. Material
preparation, data collection and analysis were performed by AS. The first
draft of the manuscript was written by AS, and MH and CEP commented on
previous versions of the manuscript. All authors read and approved the final
manuscript.

Funding

Open access funding provided by Uppsala University. This research received
no specific grant from any funding agency in the public, commercial or not-
for-profit sectors.

Availability of data and materials
The datasets use and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participants
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 7 August 2022 Accepted: 30 September 2022
Published online: 11 October 2022

References
1. Loffler D, Ternes TA. Analytical method for the determination of
the aminoglycoside gentamicin in hospital wastewater via liquid

Page 17 of 18

chromatography- electrospray-andem mass spectrometry. J Chroma-
togr A. 2003;1000(1-2):583-8. https://doi.org/10.1016/50021-9673(03)
00059-1.

Zawilla NH, Diana J, Hoogmartens J, Adams E. Analysis of neomycin using
an improved liquid chromatographic method combined with pulsed
electrochemical detection. J Chromatogr B. 2006;833(2):191-8. https://
doi.org/10.1016/}jchromb.2006.01.034.

Waksman SA, Lechevalier HA, Harris DA. Neomycin-production and
antibiotic properties. J Clin Investig. 1949;28(5 pt 1):1934-9. https.//doi.
org/10.1172/JC1102182.

Prokhorova I, Altman RB, Djumagulov M, Shrestha JP, Urzhumtsev A,
Ferguson A, Chang CWT, Yusupov M, Blanchard SC, Yusupova G. Amino-
glycoside interactions and impacts on the eukaryotic ribosome. Proc Nat
Acad Sci. 2017;114(51):E10899-908. https://doi.org/10.1073/pnas.17155
01114,

Chang CWT, Takemoto JY. Antifungal amphiphilic aminoglycosides.
Medchemcomm. 2014;5:1048-57. https://doi.org/10.1039/C4MD00078A.
Junker T, Radka A, Knackerv T, Kimmerer K. Biodegradability of '#C-
labelled antibiotics in a modified laboratory scale sewage treatment
plant at environmentally relevant concentrations. Env Sci and Technol.
2006;40(1):318-24. https://doi.org/10.1021/es051321j.

Mitani K, Kataoka H. Determination of fluorogquinolones in environ-
mental waters by in-tube solid-phase microextraction coupled with
liquid chromatography-tandem mass spectrometry. Anal Chim Acta.
2006;562(1):16-22. https://doi.org/10.1016/j.aca.2006.01.053.

Tahrani L, van Locco J, Mansour HB, Reyns T. Occurence of antibiotics in
pharmaceutical industrial wastewater, wastewater treatment plant and
sea waters in Tunisia. J Water Health. 2016;14(2):208-13. https://doi.org/
10.2166/wh.2015.224.

Jury KL, Vancov T, Stuetz RM, Khan SJ. Antibiotic resistance dissemina-
tion and sewage treatment plants. In: Mendez- Vilas A, editor. Current
research, technology and education topics in applied microbiology and
microbial biotechnology. Spain: Formatex Research Center Badajoz; 2010.
p.509-19.

Wesgate R, Evangelista C, Atkinson R, Shepard A, Adegoke O, Maillard

JY. Understanding the risk of emerging bacterial resistance to over the
counter antibiotics in topical sore throat medicines. J Appl Microbiol.
2020;129(4):916-25. https://doi.org/10.1111/jam.14682.

. Kappell AD, DeNies MS, Ahuja NH, Ledeboer NA, Newton RJ, Hristova KR.

Detection of multi drug resistant Escherichia coli in the urban waterways
of Milwaukee. WI Front Microbiol. 2015;6:1-11. https://doi.org/10.3389/
fmicb.2015.00336.

Hauschild T, Sacha P, Wieczorek P, Zalewska M, Kaczyniska K, Tryniszewska
E. Aminoglycosides resistance in clinical isolates of Staphylococcus
aureus from a university hospital in Bialystok Poland. Folia Histochem
Cytobiol. 2008;46(2):225-8. https://doi.org/10.2478/v10042-008-0034-3.
Gbylik-Sikorska M, Posyniak A, Sniegocki T, Zmudzki J. Liquid Chromatog-
raphy-tandem mass spectrometry multiclass method for the determina-
tion of antibiotics residues in water samples from water supply systems
in food-producing animal farms. Chemosphere. 2015;119:8-15. https://
doi.org/10.1016/j.chemosphere.2014.04.105.

Stenholm A, Hedeland M, Pettersson CE. Neomycin removal using

the white rot fungus Trametes versicolor. J Env Sci Health Part A.
2022;59(6):436-47. https://doi.org/10.1080/10934529.2022.2072644.
Ferreira JA, Varjani S, Taherzadeh J. A critical review on the ubiquitous role
of filamentous fungi in pollution mitigation. Curr Pollut Rep. 2020;6:295-
309. https://doi.org/10.1007/540726-020-00156-2.

Gao D, Zeng Y, Wen X, Qian Y. Competition strategies for the incuba-
tion of white rot fungi under non-sterile conditions. Proc Biochem.
2008;43(9):937-44. https://doi.org/10.1016/j.procbio.2008.04.026.
Snyder L, Champness W. Macromolecular Synthesis in Gene Expression in
Molecular genetics of bacteria, 2nd ed. chapter 2, Washington D.C, USA:
ASM Press; 2003

Rousk J, Bdath E. Fungal and bacterial growth in soil with plant materials
of different C/N ratios. FEMS Microbiol Ecol. 2007,62(3):258-67. https://
doi.org/10.1111/j.1574-6941.2007.00398 x.

Pedroza-Rodriguez M, Rodriguez-Vézquez R. Optimization of C/N ratio
and inducers for wastewater paper industry treatment using Trametes
versicolor immobilized in bubble column reactor. J Mycol. 2013;2013:1-
11. https://doi.org/10.1155/2013/536721.


https://doi.org/10.1186/s12896-022-00759-1
https://doi.org/10.1186/s12896-022-00759-1
https://doi.org/10.1016/S0021-9673(03)00059-1
https://doi.org/10.1016/S0021-9673(03)00059-1
https://doi.org/10.1016/j.jchromb.2006.01.034
https://doi.org/10.1016/j.jchromb.2006.01.034
https://doi.org/10.1172/JCI102182
https://doi.org/10.1172/JCI102182
https://doi.org/10.1073/pnas.1715501114
https://doi.org/10.1073/pnas.1715501114
https://doi.org/10.1039/C4MD00078A
https://doi.org/10.1021/es051321j
https://doi.org/10.1016/j.aca.2006.01.053
https://doi.org/10.2166/wh.2015.224
https://doi.org/10.2166/wh.2015.224
https://doi.org/10.1111/jam.14682
https://doi.org/10.3389/fmicb.2015.00336
https://doi.org/10.3389/fmicb.2015.00336
https://doi.org/10.2478/v10042-008-0034-3
https://doi.org/10.1016/j.chemosphere.2014.04.105
https://doi.org/10.1016/j.chemosphere.2014.04.105
https://doi.org/10.1080/10934529.2022.2072644
https://doi.org/10.1007/s40726-020-00156-2
https://doi.org/10.1016/j.procbio.2008.04.026
https://doi.org/10.1111/j.1574-6941.2007.00398.x
https://doi.org/10.1111/j.1574-6941.2007.00398.x
https://doi.org/10.1155/2013/536721

Stenholm et al. BMC Biotechnology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

(2022) 22:29

Stenholm A, Backlund A, Holmstrém S, Backlund M, Hedeland M, Frans-
son P. Survival and growth of saprotrophic and mycorrhizal fungi in
recalcitrant amine, amide and ammonium containing media. PLoS ONE.
2021;16:1-21. https://doi.org/10.1371/journal.pone.0244910.
Olicén-Hernandez DR, Gonzélez-Lopez J, Aranda A. Overview of the
biochemical potential of filamentous fungi to degrade pharmaceutical
compounds. Front Microbiol. 2017;8:1-17. https://doi.org/10.3389/fmicb.
2017.01792.

Leake JR, Read DJ. Proteinase activity in mycorrhizal fungi, Il. The effects
of mineral and organic nitrogen sources on induction of extracellular
proteinase in Hymenoscyphus ericae (Read) Korf & Kernan. New Phytol.
1990;116:123-8. https://doi.org/10.1111/j.1469-8137.1990.tb00517 x.
Bending GD, Read DJ. Nitrogen mobilization from protein polyphe-

nol complex by ericoid and ectomycorrhizal fungi. Soil Biol Biochem.
1997,28(12):1603-12.

Martino E, Morin E, Grelet G, Kuo A, Kohler A, Daghino S, Barry KW,
Cichocki N, Clum A, Dockter RB, Hainaut M, Kuo RC, LaButti K, Lindahl BD,
Lindquist EA, Lipzen A, Khouja HR, Magnuson J, Murat C, Ohm RA, Singer
SW, Spatafora JW, Wang M, Veneault-Fourrey C, Henrissat B, Grigoriev IV,
Martin FM, Perotto S. Comparative genomics and transcriptomics depict
ericoid mycorrhizal fungi as versatile saprotrophs and plant mutualists.
New Phytol. 2018;217:1213-29. https://doi.org/10.1111/nph.14974.

Libra JA, Borchert M, Banit S. Competition strategies for the decoloriza-
tion of a textile-reactive dye with the white-rot fungi Trametes versicolor
under non-sterile conditions. Biotech Bioeng. 2003;82(6):736-44. https://
doi.org/10.1002/bit.10623.

LuY,Yan L, Wang Y. Biodegradation of phenolic compounds from coking
wastewater by immobilized white rot fungus Phanerochaete chrys-
osporium. J Hazard Mat. 2009;165(1-3):1091-7.

Ullah MA, Kadhim H, Rastall RA, Evans CS. Evaluation of solid substrates
for enzyme production by Coriolus versicolor, for use in bioremedia-
tion of chlorophenols in aqueous effluents. Appl Microbiol Biotech.
2000;54(6):832-7. https://doi.org/10.1007/5002530000466.

Stenholm A, Hedeland M, Arvidsson T, Pettersson CE. Identification of
leachables from Trametes versicolor in biodegradation experiments.
Trends Green Chem. 2018;4(1):1-9. https://doi.org/10.21767/2471-9889.
100024.

ChemSpider. Chemical structure database, Royal Society of Chemistry;
2020 http://www.chemspider.com Accessed 18 May 2020.

Barr DP, Aust SD. Pollutant degradation by white rot fungi. Rev

Environ Contamin Toxicol. 1994;138:49-72. https://doi.org/10.1007/
978-1-4612-2672-7_3.

Dhiman N, Chaudhary S, Singh A, Chauhan A, Kumar R. Sustainable
degradation of pharmaceutical waste using different fungal strains:
enzyme induction, kinetics and isotherm studies. Environ Technol Innov.
2022;25:1-16. https://doi.org/10.1016/j.eti.2021.102156.

Huang C, Ren D, Kang C, Deng Z, Guo H, Zhang S, Zhang X. Treatment of
nitrogen heteocyclic compounds (NHCs) in coking wastewater by white-
rot fungi. Tecnologia Cienc Agua. 2019;10(4):195-218. https://doi.org/10.
24850/j-tyca-2019-04-10.

SIMCA® software. version 16.0.0.7738. Sartorius Stedim Biotech Gmbh,
Germany; 2021.

Dalton H, Stirling DI. Co-metabolism. Philosophical transactions of the
royal society of London. Ser B Biol Sci. 1982;297:481-96.

Hammel KE, Kapich AN, Jensen KA Jr, Ryan ZC. Reactive oxygen spe-
cies as agents of wood decay by fungi. Enzyme Microbiol Technol.
2002;30(4):445-53. https://doi.org/10.1016/50141-0229(02)00011-X.
Gianfreda L, Rao MA. Potential of extra cellular enzymes in remediation
of polluted soils: a review. Enzyme Microbial Technol. 2004;35(4):339-54.
https://doi.org/10.1016/j.enzmictec.2004.05.006.

Casadevall A, Nosanchuk JD, Williamson P, Rodrigues ML. Vesicular
transport across the fungal cell wall. Trends Microbiol. 2009;17(4):158-62.
https://doi.org/10.1016/j.tim.2008.12.005.

Rahman MM, Zakaria AM, Dey SC, Ashaduzzaman M, Shamsuddin SM. pH
controlled reversible interaction of Remazol orange with chitin. Int Lett
Chem Phys Astron. 2017;75:25-36.

Marco-Urrea E, Pérez-Trujillo M, Cruz-Moraté C. Degradation of the drug
sodium diclofenac by Trametes versicolor pellets and identification

of some intermediates by NMR. J Hazard Mat. 2010;176(1-3):836-42.
https://doi.org/10.1016/jjhazmat.2009.11.112.

40.

41.

42.

43.

Page 18 of 18

Akoglu H. User’s guide to correlation coefficients. Turk J Emerg Med.
2018;18(3):91-3. https://doi.org/10.1016/j.tjiem.2018.08.001.

Bayramoglu G, Gursel |, TunaliY, Arica MY. Biosorption of phenol

and 2-chlorophenol by Funalia trogii pellets. Bioresource Technol.
2009;100(10):2685-91. https://doi.org/10.1016/j.biortech.2008.12.042.
Abdullah N, Khan AD, Ejaz N. Influence of nutrients carbon and nitrogen
supplementation on biodegradation of wheat straw by Trametes versi-
color. Micol Appl Int. 2004;16:7-12.

Burke RM, Cairney JWG. Carbohydrate oxidases in ericoid and ectomycor-
rhizal fungi: a possible source of Fenton radicals during the degradation
of lignocellulose. New Phytol. 1998;139:637-45. https://doi.org/10.1046/].
1469-8137.1998.00235x.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1371/journal.pone.0244910
https://doi.org/10.3389/fmicb.2017.01792
https://doi.org/10.3389/fmicb.2017.01792
https://doi.org/10.1111/j.1469-8137.1990.tb00517.x
https://doi.org/10.1111/nph.14974
https://doi.org/10.1002/bit.10623
https://doi.org/10.1002/bit.10623
https://doi.org/10.1007/s002530000466
https://doi.org/10.21767/2471-9889.100024
https://doi.org/10.21767/2471-9889.100024
http://www.chemspider.com
https://doi.org/10.1007/978-1-4612-2672-7_3
https://doi.org/10.1007/978-1-4612-2672-7_3
https://doi.org/10.1016/j.eti.2021.102156
https://doi.org/10.24850/j-tyca-2019-04-10
https://doi.org/10.24850/j-tyca-2019-04-10
https://doi.org/10.1016/S0141-0229(02)00011-X
https://doi.org/10.1016/j.enzmictec.2004.05.006
https://doi.org/10.1016/j.tim.2008.12.005
https://doi.org/10.1016/j.jhazmat.2009.11.112
https://doi.org/10.1016/j.tjem.2018.08.001
https://doi.org/10.1016/j.biortech.2008.12.042
https://doi.org/10.1046/j.1469-8137.1998.00235.x
https://doi.org/10.1046/j.1469-8137.1998.00235.x

	Investigation of neomycin biodegradation conditions using ericoid mycorrhizal and white rot fungal species
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Chemicals, filters and flasks
	Fungi
	Instrumentation
	Experimental procedures
	Preparation and composition of nutrient solutions
	Cultivation of T. versicolor and R. ericae
	Inoculation and PUF immobilization of T. versicolor
	Inoculation of R. ericae
	Biomass calculations
	Experimental design
	Solid phase extraction
	Quantitative analysis of neomycin
	Qualitative analysis of biodegradation products
	Statistical analysis
	Kinetics
	Evaluation of neomycin biodegradation curves


	Results and discussion
	Co-metabolism
	HKC-results
	T.versicolor neomycin biodegradation
	Kinetics

	R. ericae neomycin biodegradation
	Kinetics
	PCA evaluation of biodegradation curves
	Cneo:BM ratio for R. ericae
	Biodegradation mechanisms

	Conclusions
	Acknowledgements
	References


