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1 | INTRODUCTION

Rene A. Lara-Diaz? | Valérie Pihen! |

Jose Luis Sanchez-Sala*

Abstract

Five yeast fungi strains (i.e., two Cryptococcus albidus, one Candida guillermondii, and
two Candida tropicalis) were isolated from sugarcane and tested for their use of lignin
as sole carbon source and their potential to grow in the presence of phenol and
phenol derivatives (i.e., pentachlorophenol and p-nitrophenol). The full set of
isolated yeasts showed ligninolytic activity, achieving at least 36% lignin degradation
after 25 days. The C. albidus JS-B1 strain had the highest ligninolytic activity,
achieving 27% lignin degradation within 4 days. This increased activity was
associated with the production of ligninolytic laccase enzymes. All the tested yeast
fungi strains showed growth in the presence of high concentrations of phenolic
compounds (i.e., 900 mg/L phenol, 200 mg/L p-nitrophenol, 50 mg/L penta-
chlorophenol) and showed significant potential for lignin and lignin by-product
degradation. Each of these five strains has the potential to be used in biological
treatment processes for contaminated effluents from paper pulping and bleaching or
phenol and phenol-derivative biodegradation processes for other industrial waste-

water effluents.
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require less energy and are environmentally friendly (Zdarta
et al, 2021). Because of the toxicity of phenol and phenolic
compounds, different microorganisms (i.e., bacteria, algae, and fungi)

Lignin degradation during pulp washing releases a variety of
pollutants (Singh & Chandra, 2019; Zainith et al., 2019), including
highly toxic, refractory phenol-related compounds commonly associ-
ated with wastewater effluents from the petrochemical, coal mining,
and coke manufacturing industries (Priyadarshini et al., 2021; Rai
et al., 2021; Singh et al, 2021). Different conventional and
nonconventional technologies have been tested for treating phenolic
pollutants present in wastewater (Barik et al., 2021; Wei et al., 2020).

Of these, biological processes are an attractive option because they

have been tested for their capability to degrade these compounds.
Other studies have also reported the degradation of phenolic
compounds in wastewater using bacteria (Bai et al., 2020; Sachan
et al., 2019; Saleem et al., 2018), algae (Lindner & Pleissner, 2019;
Radziff et al., 2021) and white-rot fungi (Hou et al., 2020; L. Yang
et al, 2020). Because of the amount of wastewater produced
containing phenolic compounds (i.e., the pulp and paper industry

consumes 200-350m? of water per ton of paper produced, and
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nearly 75% is discharged as wastewater), the search for new strains
of microorganisms capable of degrading phenol and phenolic
compounds is a significant scientific and technological task (Kumar
et al., 2020).

Laccase and manganese peroxidase are well-known lignin-
modifying enzymes generally involved in the oxidation of phenolic
compounds by wood-decomposing fungi (Fujii et al, 2020; Xia
et al., 2021). The production of lignin-modifying enzymes in certain
symbiotic yeasts that can degrade phenolic compounds has also been
reported (Chaijak et al., 2018). Compared to other microorganisms,
only a few studies on using yeasts for phenol and phenolic compound
degradation are available. Strains of the Aureobasidium, Candida,
Rhodotorula, Trichosporon, Geotrichum, and Rhodosporidium genera
have been reported to metabolize phenolic compounds as a sole
carbon and energy source (Basak et al., 2014; Elena & Bozena, 2001;
Gupta et al., 1990; Patel et al., 2017). Yeasts also have other
characteristics that provide advantages for their use in biological
wastewater treatment processes, such as their rapid growth,
resistance to unfavorable conditions, and ability to degrade high
concentrations of phenolic compounds (up to 2000 mg/L) in a
relatively short time (Fernandez et al., 2017).

The goal of this study is to identify new yeast strains capable of
using lignin as a sole carbon source and evaluate their growth
potential in the presence of phenolic compounds. To achieve this
objective, different yeast species were isolated from sugarcane, and
their capabilities to produce lignin-degrading enzymes and degrade
lignin were evaluated along with their potential to use phenol and

phenolic compounds as a sole carbon source.

2 | MATERIALS AND METHODS

2.1 | Reagents
All reagents used were reactive grade without further purification
and supplied by Sigma Aldrich, USA, except where mentioned.

2.1.1 | Isolation of yeast from sugarcane bagasse

A 100 g batch of sugarcane (Saccharum officinarum L), obtained locally
at the supermarket, was chopped into small pieces (about 5 x 2 cm)
and air-dried at room temperature for 3 weeks. The dried sugarcane
was ground in a blender (it was previously autoclaved to eliminate
potential contaminants) to obtain a fine powder (for higher substrate
availability), moistened with distilled water, and kept at room
temperature (25°C) in an airtight polystyrene container to reduce
evaporation. Humidity was maintained for 25 days to facilitate the
growth of lignin-cellulose microorganisms. Then, 1g of the powder
was mixed with 10 mL of sterile isotonic saline solution (SISS; 0.85%
NaCl) and vortexed for 5min. From this suspension, 0.1 mL was
spread on minimal medium (M9) (Kim et al., 2003) containing 2% of
bacteriological agar (Bioxon®), 0.1% of alkaline lignin (Trade TCI,

China) as the sole carbon source, and kanamycin (10 pg/mL) to inhibit
bacterial growth. These conditions were used to favor ligninolytic

microorganism growth and eliminate bacterial contamination.

2.1.2 | Yeast purification and identification

The different isolates from the lignin-containing minimal medium
were re-streaked in different Petri dishes with the same medium to
isolate one colony morphology. These new cultures were incubated
for 5 days until medium clarification around the colonies was
observed. Each colony was initially observed under a light microscope
at 100x magnification (Nikon compound microscope) to confirm
yeast morphology (i.e., oval/circular apiculate, elongated with a
diameter of about 10 um; see Figure A1 in Appendix A). Once the
morphology of the different strains was confirmed, they were
reintroduced into sterilized medium, either M9 or Sabouraud
dextrose agar (SDA, Bioxon®) plus kanamycin (10 ug/mL), to obtain
pure cultures. All yeast strains were grown overnight in liquid lignin
degradation medium (LDM) at 35°C in a shaker bath (Lab-Line)
(150 rpm), and then mixed with 20% glycerol and stored at -80°C
(Panasonic VIP PLUS ultralow-freezer).

2.1.3 | Biochemical tests

For identification, each yeast isolate was subjected to the API ID 32C
biochemical gallery test (Biomerieux, Ref. 32200) following the
manufacturer's instructions. Briefly, five colonies were collected
from a pure SDA plate culture (Bioxon®) with a bacteriological loop
and suspended in SISS until tube 2 of the McFarland nephelometer
reached turbidity (corresponding to about 6 x 10® cells/mL according
to the manufacturer's instructions). From the cell suspension, a
100 pL subsample was placed in each gallery well and incubated at
35°C for 48 h. After incubation, the gallery was read with a mini-API
reader to identify the genus and species of the different yeasts.

2.1.4 | Ligninolytic activity

The ligninolytic activity of the different isolated strains was measured
in liquid conditions using LDM (Kim et al., 2003): M9 media plus 0.1%
lignin, 5mM MnSQy,, 0.2% linoleic acid (LA), 2 g/L yeast extract (YE),
and 0.1% carboxy-methyl-cellulose (CMC) at pH 7. All these
components have been described to improve lignin degradation in
white-rot fungi (Cunha et al., 2010). All lignin assays were performed
using the same initial culture pH and shaking (250 rpm) at 35°C. Each
strain was cultured first in 10 mL of LDM for 5 days (preadaptation
time). After that, cells were centrifuged (3000 rpm at 4°C) and the
pellet was rinsed twice with SISS. Each strain was adjusted to
McFarland nephelometer tube 2 (6x 10%cells/mL) as reported
previously (Cuahtecontzi-Delint et al., 2013). Then, after adjusting
the turbidity, 1 mL was used to inoculate 125 mL of medium in
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250 mL flasks with the same culture incubation conditions. Different
samples (5 mL) were collected every 48 h for 18 days. Each sample
was centrifuged (3000 rpm at 4°C) for 10 min. The supernatant was
stored in refrigeration for lignin and ligninolytic enzyme detection,
and the pellet was discharged. A flask with medium and no cells was
incubated and used as a blank.

2.1.5 | Lignin degradation assay

Lignin concentration was measured using the diazotized sulfanilic
acid reaction described in a previous report (Rajan &
Srinivasan, 1992). Briefly, 10 mL of 0.5M HCI| was added to a
mixture containing 0.5 g of sulfanilic acid and 0.5 g of sodium nitrite
in 10 mL of 0.25N NaOH and stirred for 30 min. Next, 10 mL of
ammonium sulfamate (H¢N,O3S) (10% w/v in water) was added to
the mixture and blended for 5min. Then, 0.6 mL of the blended
mixture was placed in test tubes and 1 mL of the sample or standard
solution was added to each tube. The lignin concentration was
calculated according to a calibration curve with five concentrations
(0.0-100 g/mL). The tubes were kept at room temperature for 30 min
and then placed in a boiling water bath for 5 min. After that, the tubes
were cooled to room temperature and the absorbance was read at
525nm. All assays were performed in triplicate and the average
values are reported herein. Note, ANOVA was used for the statistical
analysis of all lignin degradation studies (Supporting Information:
Table S1: https://doi.org/10.5281/zenodo.7023388).

2.1.6 | Ligninolytic enzyme activity

Ligninolytic laccase enzyme activity was measured as described in
previous reports (Espina et al., 2021; Moiseenko et al., 2018; Perna
et al., 2018). Briefly, the sodium tartrate buffer (100 mM) at pH 4.5
and syringaldazine solutions (0.5 mM) were prepared separately.
Then, 04mL of the sodium tartrate solution plus 0.1 mL of
syringaldazine and 0.5 mL of the supernatant of each sample were
mixed directly in a quartz spectrophotometric cell (total volume
1 mL). After gentle mixing by inversion, the absorbance at 530 nm
was read on a UV-Vis spectrophotometer (SHIMADZU UV-1800). All
the tests were carried out in triplicate and the mean values are
reported herein.

2.1.7 | Phenol and phenolic compound sensitivity

Each yeast strain was grown separately in SDA with and without
different concentrations of phenol and phenolic compounds
(300 mg/L phenol [P] [Sigma Aldrich], 25 mg/L pentachlorophenol
[PCP] [Sigma Aldrich], and 100 mg/L p-nitrophenol [PNP] [Sigma
Aldrich]). To assess the minimal inhibition concentration (MIC),
several colonies of each strain previously grown in SDA were
adjusted to ca. 6 x 108 cells/mL in 10 mL of SISS (0.85% NaCl) using
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tube 2 (6 x 108 cells/mL) of the McFarland nephelometer. The yeast
suspension was used to inoculate 0.1mL into different tubes
containing 10 mL of Mueller-Hinton broth (rich medium) with
different concentrations of phenol or its derivates (300-900 mg/L
of P, 10-50 mg/L of PCP [maximum water solubility 50 mg/L], and
100-500 mg/L of PNP). Tests were performed on 2 different days,
each time in duplicate. Growth was recorded using an arbitrary scale
of + (very low growth, few colonies visible after 96h), ++ (low
growth, colonies visible at 72h), +++ (medium growth, colonies
visible at 48 h), and ++++ (high growth, colonies visible at 24 h).

2.1.8 | Assessing the use of phenolic compounds as
a sole carbon source

Isolated colonies from SDA containing phenol and phenolic com-
pounds were collected from the minimal medium and re-streaked in
Petri dishes containing M9 agar medium as well as either 100 mg/L of
P, 25mg/L of PCP, or 100 mg/L of PNP. All Petri dishes were
incubated at 35°C in a humidified closed box for 5 days or until
growth was evident. Growth was considered positive when colony

formation was observed and confirmed by microscopic observation.

3 | RESULTS AND DISCUSSION

3.1 | Yeast identification

The five isolated yeast strains growing on minimal medium containing
0.1% of lignin as the only carbon source were identified as
Cryptococcus albidus (two strains JS-B1 and JS-B3), Candida guiller-
mondii (JS-B2), and Candida tropicalis (two strains JS-B4 and JS-B5)

(The biochemical test results are shown in Table A1 in Appendix A).

3.2 | Lignin degradation

Lignin degradation was assessed for 18 days in the LDM. Individual
strains showed different lignin degradation activity, as shown in
Figure 1. For all the experiments, the initial pH of the liquid culture
medium did not show any significant change and stayed close to
neutral (pH =7.0+0.2). Most of the strains showed lignin degrada-
tion activity within the same degradation percentage range
(20%-25%) at the end of the incubation time (18 days). However,
the highest lignin biodegradation was observed during the first 8
days, with C. albidus JS-B1 showing the highest lignin degradation
(27%, p < 0.05) during the first 4 days. The lowest lignin degradation
activity (15.5%) was observed for C. tropicalis JS-B5.

The lignin degradation capacity observed for all tested yeast
strains agreed with other studies (Gupta et al., 1990) in which
Rhodotorula glutinis grown in basal medium generated fast lignin
degradation during the first few days followed by almost complete
arrest after 4-8 days depending on the strain. One study has
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FIGURE 1 Lignin degradation by each yeast strain. Cryptococcus
albidus, JS-B1 (e); Candida guillermondii JS-B2 (0); C. albidus JS-B3 (a);
Candida tropicalis J5-B4 (o) and C. tropicalis JS-B5 (0). All results show
ap<0.05.

hypothesized that lignin concentration has an inhibitory effect on
enzyme production because laccase activity decreases as lignin
degradation increases (Gupte et al., 2007). The behavior observed in
this study is different from typical lignin degradation using white-rot
fungi, which is usually slow but steady throughout the experiment
(Knezevi¢ et al., 2013). Another possible explanation for the observed
behavior is related to the bacterial batch cultures, in which rapid
nutrient usage and/or metabolite production affect lignin degrada-
tion (Madigan et al., 2007). Different strains are expected to produce
different release different by-products (Sitepu
et al., 2017). In our study, C. albidus (JS-B1 and JS-B3) showed
different lignin degradation rates, with JS-B1 being faster than JS-B3.
The two C. tropicalis strains tested, JS-B4 and JS-B5, achieved similar

enzymes or

lignin degradation. These results are consistent with another study
that observed different phenotypic behavior among strains from the
same species (Valderrama et al., 2003), which related the trend to
enzyme expression and synthesis rate or enzyme activity associated
with amino acid sequence disparities. Among all the studied strains,
C. albidus JS-B1 showed the highest lignin degradation (36%)
followed by C. guillermondii JS-B2 (~24%).

3.3 | Laccase enzyme production

Laccase enzyme production was evaluated for C. albidus JS-B1 because
that strain showed the highest lignin degradation and laccase produc-
tion. Laccase activity (Figure 2) was detected starting on Day 1 for C.
albidus JS-B1, achieved maximum value on the second day (maintained
for 4 days), and reached zero after the fifth day. Laccase activity was
observed again after the sixth day and increased until reaching
approximately 50% of the production achieved on the second day.
Although no studies are available on ligninolytic enzyme production by
yeasts, the observed trend (shown in Figure 2) is comparable to that
reported for Phanerochaete chrysosporium (a white-rot fungus) for which

<L~ )
N B O ®© ©

o

Laccase activity (U/mL (10-5)

o N b O ©®

0 2 4 6 8 10
Times (days)

FIGURE 2 Production of laccase (Lac) by Cryptococcus albidus,
JS-B1.

ligninolytic enzyme production, including laccase, was studied under
different culture conditions (Gonzalez-Ramirez et al., 2014).

Figure 2 shows that laccase enzyme activity in the supernatant
was significantly low (15.2 x 107> U/mL) compared to typical values
reported for white-rot fungi (20 U/mL) (Wang et al., 2010). This trend
suggests that the laccase enzyme remains bound to the yeast
membrane, as suggested in a previous study of laccase 2 (OpS5),
which found that Beauveria bassiana generated a low supernatant
concentration (Yang et al., 2017). However, no analysis was
performed to evaluate a membrane-bound laccase enzyme, so this
theory deserves further exploration for demonstration.

The trend in laccase activity shown in Figure 2 agrees with the
fast lignin degradation observed during the first 4 days of the
experimental trials. Nevertheless, lignin degradation stopped after 8
days (Figure 1). Although more laccase was produced on Day 6, no
changes in lignin degradation were observed. Other studies on
ligninolytic enzymes produced by yeasts found similar results using R.
glutinis and Geotrichum klebahnii (Elena & BoZena, 2001; Gupta
et al., 1990), in which lignin degradation occurred quickly during the
first day of the experimental trial and then suddenly stopped.

3.4 | Sensitivity to phenol and phenolic compounds
All the yeasts studied were tested individually and were able to grow
in the presence of phenol (P) and phenolic compounds (Table 1) at
concentrations as high as 900 mg/L for P, 50 mg/L for PCP, and
200 mg/L for PNP. No MIC value was determined for the test
conditions used in this study within these concentration ranges of P
and PCP, although strains JS-B3, JS-B4, and JS-B5 showed lower
growth performance after 72 h in the presence of PCP, as shown in
Table 1 (Figure A2 in Appendix A). All strains were able to grow using
phenol and phenol derivates as the sole carbon source. The overall
growth rate followed the trend P > PNP > PCP.

Different yeasts with the potential to degrade phenols have been
reported, and C. tropicalis in particular has been found capable of
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TABLE 1 Growth of the different
Ilgnlnolytlc yeas.t on. mycological media Strains
with phenol derivatives
Cryptococcus

albidus (JS-B1)

C. guilliermondii
(JS-B2)

C. albidus (JS-B3)

Candida tropicalis
(JS-B4)

C. tropicalis (JS-B5)
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S2+P S+PCP S+PNP
(300 mg/L) (25 mg/L) (100 mg/L)
RV o R

++++ +++ +++

RTINS ++ o

NEFRFS ++ o

E— ++ o

2Sabouraud dextrose agar; ++++ (high growth); +++ (intermedium growth); ++ (low growth); + (very low

growth).

degrading >1500 mg/L of P (Basak et al., 2014). Fewer studies
mention other species or genera (i.e., C. guillermondii, C. albidus)
capable of degrading phenolic derivatives with higher toxicity. These
findings suggest the ability of yeasts to grow in the presence of the
toxic compounds normally present in industrial wastewater effluents
or other sources (Aregbesola et al., 2020; Shankar et al., 2020;
Yakamercan & Aygtin, 2020).

4 | CONCLUSIONS

This study successfully isolated yeast with ligninolytic activity and
found they were able to grow in the presence of phenol and phenolic
compounds and use these toxic compounds as a sole carbon source.
The main findings are presented below:

e Yeasts of the Cryptococcus and Candida genera were isolated from
sugarcane and although they were not previously reported with
ligninolytic activity, here they were characterized for their
capability to use lignin as the sole carbon source compared to
other previously reported yeasts, such as R. glutinis and G.
klebahnii.

e C. albidus strain JS-B1 showed the best lignin degradation (27%)
after 4 days, whereas C. tropicalis JS-B5 showed the lowest activity
(14%). The difference between these two species was found to be
related to the laccase enzyme produced by the different strains.

e Laccase enzyme production was discontinuous throughout the
first 8 days and then halted suddenly, which agrees with the
results of previous studies of other strains (i.e., R. glutinis).

e The C. guilliermondii strains (i.e., JS-B1 and JS-B2) showed the
greatest ability to grow in the presence of phenols and phenolic
compounds and to use them as the sole carbon source. All the
strains studied showed a significantly high MIC value (i.e.,
200 mg/L).

AUTHOR CONTRIBUTIONS

Anaid Bautista-Guerrero: Conceptualization (equal); Writing, original
draft; formal analysis (equal); writing, review and editing (equal). Rene
A. Lara-Diaz: Conceptualization (supporting); Writing, original draft
(supporting); Writing, review and editing (supporting). Valérie Pihen:
Conceptualization (supporting); formal analysis (equal); Writing,
original draft (supporting); Writing, review and editing (equal). Erick
R. Bandala: Conceptualization (supporting); Writing, original draft
(supporting); Writing, review and editing (equal). Jose Luis Sanchez-
Salas: Conceptualization (lead); Writing, original draft; formal analysis

(lead); writing, review and editing (equal).

ACKNOWLEDGMENTS

This study was partially supported by the “Fundacion Universidad de
las Americas Puebla” through a student grant and a complementary
scholarship from the National Science and Technology Council
(CONACYT) in Mexico CVU record 777424, and Puebla State
Science and Technology Council (CONCYTEP). The authors are also

grateful to Ms. Nicole Damon (DRI) for her editorial review.

CONFLICT OF INTERESTS
None declared.

DATA AVAILABILITY STATEMENT
All data are provided in full in this paper, except for Supporting
Information: Table S1: ANOVA analysis of lignin degradation by the
different ligninolytic yeasts, available in the Zenodo repository at
https://doi.org/10.5281/zenodo.7023388.

ETHICS STATEMENT

None required.

ORCID

Anaid Bautista-Guerrero http://orcid.org/0000-0001-7246-550X


https://doi.org/10.5281/zenodo.7023388
http://orcid.org/0000-0001-7246-550X

BAUTISTA-GUERRERO ET AL

ﬂ‘—Wl LE Y-MicrobiologyOpen

Open Access,

REFERENCES

Aregbesola, O. A., Mokoena, M. P, & Olaniran, A. O. (2020).
Biotransformation of pentachlorophenol by an indigenous Bacillus
cereus AOA-CPS1 isolated from wastewater effluent in durban
South Africa. Biodegradation, 31, 369-383. https://doi.org/10.1007/
s10532-020-09915-w

Bai, X., Nie, M., Diwu, Z., Nie, H., & Wang, Y. (2021). Enhanced
degradation and mineralization of phenol by combining two highly
efficient strains with divergent ring-cleavage pathways. Journal of
Water Process Engineering, 39, 101743. https://doi.org/10.1016/j.
jwpe.2020.101743

Barik, M., Das, C. P., Kumar Verma, A., Sahoo, S., & Sahoo, N. K. (2021).
Metabolic profiling of phenol biodegradation by an indigenous
Rhodococcus pyridinivorans strain PDB9T N-1 isolated from paper
pulp wastewater. International Biodeterioration & Biodegradation,
158, 105168. https://doi.org/10.1016/j.ibiod.2020.105168

Basak, B., Bhunia, B., Dutta, S., Chakraborty, S., & Dey, A. (2014). Kinetics
of phenol biodegradation at high concentration by a metabolically
versatile isolated yeast Candida tropicalis PHB5. Environmental
Science and Pollution Research, 21(2), 1444-1454. https://doi.org/
10.1007/511356-013-2040-z

Chaijak, P., Lertworapreecha, M., & Sukkasem, C. (2018). Phenol removal
from palm oil mill effluent using Galactomyces reessii termite-
associated yeast. Polish Journal of Environmental Studies, 27(1),
39-44. https://doi.org/10.15244/pjoes/75205

Cuahtecontzi-Delint, R., Mendez-Rojas, M. A, Bandala, E. R,
Quiroz, M. A,, Recillas, S., & Sanchez-Salas, J. L. (2013). Enhanced
antibacterial activity of CeO2 nanoparticles by surfactants.
International Journal of Chemical Reactor Engineering, 11(2),
781-785. https://doi.org/10.1515/ijcre-2012-0055

Cunha, G. G. S., Masarin, F., Norambuena, M., Freer, J., & Ferraz, A. (2010).
Linoleic acid peroxidation and lignin degradation by enzymes
produced by Ceriporiopsis subvermispora grown on wood or in
submerged liquid cultures. Enzyme and Microbial Technology, 46,
262-267. https://doi.org/10.1016/j.enzmictec.2009.11.006

Elena, S., & BozZena, K. (2001). Modification of lignin by Geotrichum
klebahnii. World Journal of Microbiology and Biotechnology, 17(1), 1-3.
https://doi.org/10.1023/A:1016634322489

Espina, G., Caceres-Moreno, P., Mejias-Navarrete, G., Ji, M., Sun, J., &
Blamey, J. M. (2021). A novel and highly active recombinant spore-
coat bacterial laccase able to rapidly biodecolorize azo, triaryl-
methane and anthraquinonic dyestuffs. International Journal of
Biological Macromolecules, 170, 298-306. https://doi.org/10.1016/
j.ijbiomac.2020.12.123

Fernandez, P. M., Martorell, M. M., Blaser, M. G., Ruberto, L. A. M,,
de Figueroa, L. I. C., & Mac Cormack, W. P. (2017). Phenol
degradation and heavy metal tolerance of antarctic yeasts.
Extremophiles, 21(3), 445-457. https://doi.org/10.1007/s00792-
017-0915-5

Fujii, K., Nakada, Y., Umezawa, K., Yoshida, M., Shibata, M., Hayakawa, C.,
Inagaki, Y., Kosaki, T., & Hangs, R. (2020). A comparison of lignin-
degrading enzyme activities in forest floor layers across a global
climatic gradient. Soil Ecology Letters, 2(4), 281-294. https://doi.org/
10.1007/s42832-020-0042-6

Gonzalez-Ramirez, D. F., Muro-Urista, C. R., Arana-Cuenca, A., Téllez-
Jurado, A., & Gonzalez-Becerra, A. E. (2014). Enzyme production by
immobilized Phanerochaete chrysosporium using airlift reactor.
Biologia, 69(11), 1464-1471. https://doi.org/10.2478/s11756-014-
0453-x

Gupta, J. K., Sharma, P., Kern, H. W., & Sahm, H. (1990). Degradation of
synthetic lignins and some lignin monomers by the yeast Rhodotorula
glutinis. World Journal of Microbiology and Biotechnology, 6, 53-58.

Gupte, A., Gupte, S., & Patel, H. (2007). Ligninolytic enzyme production
under solid-state fermentation by White rot fungi. Journal of
Scientific and Industrial Research, 66, 611-614.

Hou, L., Ji, D., Dong, W.,, Yuan, L., Zhang, F., Li, Y., & Zang, L. (2020). The
synergistic action of electro-fenton and White-rot fungi in the
degradation of lignin. Frontiers in Bioengineering and Biotechnology, 8,
1-11. https://doi.org/10.3389/fbioe.2020.00099

Kim, Y. S., Seo, J. H., & Cha, H. J. (2003). Enhancement of heterologous
protein expression in Escherichia coli by co-expression of nonspecific
DNA-binding stress protein, dps. Enzyme and Microbial Technology,
33, 460-465. https://doi.org/10.1016/50141-0229(03)00148-0

KnezZevi¢, A., Milovanovié, |., Staji¢, M., Loncar, N., Brceski, 1., Vukojevic, J.,
& Cilerdzi¢, J. (2013). Lignin degradation by selected fungal species.
Bioresource Technology, 138, 117-123. https://doi.org/10.1016/j.
biortech.2013.03.182

Kumar, V., Shekhar, 1., & Shah, M. P. (2020). Bioremediation approaches for
treatment of pulp and paper industry wastewater: Recent advances and
challenges: Microbial bioremediation & biodegradation. Springer.
https://doi.org/10.1007/978-981-15-1812-6

Lindner, A. V., & Pleissner, D. (2019). Utilization of phenolic compounds
by microalgae. Algal Research, 42, 101602. https://doi.org/10.1016/
j.algal.2019.101602

Madigan, M. T., Martinko, J. M., Dunlap, P. V., & Clark, D. P. (2007). Brock
biology of microorganisms (14th ed.). Person Higher Education.

Moiseenko, K. V., Savinova, O. S., Vasina, D. V., Kononikhin, A. S,
Tyazhelova, T. V., & Fedorova, T. V. (2018). Laccase isoenzymes of
trametes hirsuta LE-BINO72: degradation of industrial dyes and
secretion under the different induction conditions. Applied
Biochemistry and Microbiology, 54(9), 834-841. https://doi.org/10.
1134/50003683818090090

Patel, A. Sartaj, K., Arora, N., Pruthi, V., & Pruthi, P. A. (2017).
Biodegradation of phenol via meta cleavage pathway triggers de
novo TAG biosynthesis pathway in oleaginous yeast. Journal of
Hazardous Materials, 340, 47-56. https://doi.org/10.1016/j.jhazmat.
2017.07.013

Perna, V., Agger, J. W., Holck, J., & Meyer, A. S. (2018). Multiple reaction
monitoring for quantitative laccase kinetics by LC-MS. Scientific
Reports, 8, 8114. https://doi.org/10.1038/s41598-018-26523-0

Priyadarshini, M., Ahmad, A., Das, S., & Ghangrekar, M. M. (2021).
Application of microbial electrochemical technologies for the
treatment of petrochemical wastewater with concomitant valuable
recovery: A review. Environmental Science and Pollution Research, 29,
61783-61802. https://doi.org/10.1007/s11356-021-14944-w

Radziff, S. B. M., Ahmad, S. A., Shaharuddin, N. A., Merican, F., Kok, Y. Y.,
Zulkharnain, A., Gomez-fuentes, C., & Wong, C. Y. (2021). Potential
application of algae in biodegradation of phenol: A review and
bibliometric study. Plants, 10(12), 2677.

Rai, A., Chakrabarty, J., & Dutta, S. (2021). Phycoremediation of pollutants
from coke-oven wastewater using tetraspora sp. NITD 18 and
estimation of macromolecules from spent biomass. Journal of Water
Process Engineering, 39, 101746. https://doi.org/10.1016/j.jwpe.
2020.101746

Rajan, J. S., & Srinivasan, V. R. (1992). A colorimetric assay for lignin based
on its reaction with diazotized sulfanilic acid and its use in studies on
lignin biodegradation by bacteria. Biotechnology Techniques, 6(3),
219-222.

Sachan, P., Madan, S., & Hussain, A. (2019). Isolation and screening of
phenol-degrading bacteria from pulp and paper mill effluent. Applied
Water Science, 9(4), 100. https://doi.org/10.1007/s13201-019-
0994-9

Saleem, H., Rehman, K., Arslan, M., & Afzal, M. (2018). Enhanced
degradation of phenol in floating treatment wetlands by plant-
bacterial synergism. International Journal of Phytoremediation, 20(7),
692-698. https://doi.org/10.1080/15226514.2017.1413334

Shankar, A., Kongot, M., Saini, V. K., & Kumar, A. (2020). Removal of
pentachlorophenol pesticide from aqueous solutions using modified
chitosan. Arabian Journal of Chemistry, 13(1), 1821-1830. https://
doi.org/10.1016/j.arabjc.2018.01.016


https://doi.org/10.1007/s10532-020-09915-w
https://doi.org/10.1007/s10532-020-09915-w
https://doi.org/10.1016/j.jwpe.2020.101743
https://doi.org/10.1016/j.jwpe.2020.101743
https://doi.org/10.1016/j.ibiod.2020.105168
https://doi.org/10.1007/s11356-013-2040-z
https://doi.org/10.1007/s11356-013-2040-z
https://doi.org/10.15244/pjoes/75205
https://doi.org/10.1515/ijcre-2012-0055
https://doi.org/10.1016/j.enzmictec.2009.11.006
https://doi.org/10.1023/A:1016634322489
https://doi.org/10.1016/j.ijbiomac.2020.12.123
https://doi.org/10.1016/j.ijbiomac.2020.12.123
https://doi.org/10.1007/s00792-017-0915-5
https://doi.org/10.1007/s00792-017-0915-5
https://doi.org/10.1007/s42832-020-0042-6
https://doi.org/10.1007/s42832-020-0042-6
https://doi.org/10.2478/s11756-014-0453-x
https://doi.org/10.2478/s11756-014-0453-x
https://doi.org/10.3389/fbioe.2020.00099
https://doi.org/10.1016/S0141-0229(03)00148-0
https://doi.org/10.1016/j.biortech.2013.03.182
https://doi.org/10.1016/j.biortech.2013.03.182
https://doi.org/10.1007/978-981-15-1812-6
https://doi.org/10.1016/j.algal.2019.101602
https://doi.org/10.1016/j.algal.2019.101602
https://doi.org/10.1134/S0003683818090090
https://doi.org/10.1134/S0003683818090090
https://doi.org/10.1016/j.jhazmat.2017.07.013
https://doi.org/10.1016/j.jhazmat.2017.07.013
https://doi.org/10.1038/s41598-018-26523-0
https://doi.org/10.1007/s11356-021-14944-w
https://doi.org/10.1016/j.jwpe.2020.101746
https://doi.org/10.1016/j.jwpe.2020.101746
https://doi.org/10.1007/s13201-019-0994-9
https://doi.org/10.1007/s13201-019-0994-9
https://doi.org/10.1080/15226514.2017.1413334
https://doi.org/10.1016/j.arabjc.2018.01.016
https://doi.org/10.1016/j.arabjc.2018.01.016

BAUTISTA-GUERRERO ET AL.

Singh, A. K., Bilal, M., Igbal, H. M. N., Meyer, A. S., & Raj, A. (2021).
Bioremediation of lignin derivatives and phenolics in wastewater
with lignin modifying enzymes: status, opportunities and challenges.
Science of the Total Environment, 777, 145988. https://doi.org/10.
1016/j.scitotenv.2021.145988

Singh, A. K., & Chandra, R. (2019). Pollutants released from the pulp paper
industry: aquatic toxicity and their health hazards. Aquatic Toxicology,
211, 202-216. https://doi.org/10.1016/j.aquatox.2019.04.007

Sitepu, I. R, Garay, L. A,, Enriquez, L., Fry, R., Butler, J. H., Lopez, J. M.,
Kanti, A., Faulina, S. A., Nugroho, A. J., Simmons, B. A., Singer, S. W.,
Simmons, C. W. & Boundy-Mills, K. (2017). 1-Ethyl-3-
methylimidazolium tolerance and intracellular lipid accumulation of
38 oleaginous yeast species. Applied Microbiology and Biotechnology,
101, 8621-8631. https://doi.org/10.1007/s00253-017-8506-z

Valderrama, B., Oliver, P., Medrano-Soto, A., & Vazquez-Duhalt, R.
(2003). Evolutionary and structural diversity of fungal laccases.
Antonie Van Leeuwenhoek, 84(4), 289-299. https://doi.org/10.1023/
A:1026070122451

Wang, Z. X., Cai, Y. J,, Liao, X. R, Tao, G. J,, Li, Y. Y., Zhang, F., &
Zhang, D. B. (2010). Purification and characterization of two
thermostable laccases with high cold adapted characteristics from
Pycnoporus sp. SYBC-L1. Process Biochemistry, 45(10), 1720-1729.
https://doi.org/10.1016/j.procbio.2010.07.011

Wei, X., Shao, S., Ding, X., Jiao, W., & Liu, Y. (2020). Degradation of phenol
with heterogeneous catalytic ozonation enhanced by high gravity
technology. Journal of Cleaner Production, 248, 119179. https://doi.
org/10.1016/j.jclepro.2019.119179

Xia, T. T., Feng, M., Liu, C. L., Liu, C. Z., & Guo, C. (2021). Efficient phenol
degradation by laccase immobilized on functional magnetic nano-
particles in fixed bed reactor under high-gradient magnetic field.
Engineering in Life Sciences, 21, 374-381. https://doi.org/10.1002/
elsc.202100009

Yakamercan, E., & Aygiin, A. (2020). Anaerobic/aerobic cycle effect on di
(2-ethylhexyl) phthalate and pentachlorophenol removal from real
textile wastewater in sequencing batch biofilm reactor. Journal of
Cleaner Production, 273, 122975. https://doi.org/10.1016/j.jclepro.
2020.122975

Yang, L., Yuan, H., Yang, Y., Wang, R., Wang, C., Wei, X, Chen, S., Yu, J., &
Ma, X. (2020). Enhanced lignin degradation in tobacco stalk
composting with inoculation of White-rot fungi Trametes hirsuta
and Pleurotus ostreatus. Waste and Biomass Valorization, 11(7),
3525-3535. https://doi.org/10.1007/s12649-019-00692-z

Yang, Z., Jiang, H., Zhao, X, Lu, Z., Luo, Z., Li, X,, Zhao, J., & Zhang, Y.
(2017). Correlation of cell surface proteins of distinct Beauveria
bassiana cell types and adaption to varied environment and
interaction with the host insect. Fungal Genetics and Biology, 99,
13-25. https://doi.org/10.1016/j.fgh.2016.12.009

Zainith, S., Purchase, D., Saratale, G. D., Ferreira, L. F. R., Bilal,
M., & Bharagava, R. N. (2019). Isolation and characterization of

. . 7 of 9
MicrobiologyOpen “WILEY

Open Access,

lignin-degrading bacterium Bacillus aryabhattai from pulp and paper
mill wastewater and evaluation of its lignin-degrading potential. 3

Biotech, 9(92), 92. https://doi.org/10.1007/s13205-019-1631-x

Zdarta, J., Jankowska, K., Bachosz, K., Degoérska, O., Kazmierczak, K.,
Nguyen, L. N., Nghiem, L. D., & Jesionowski, T. (2021). Enhanced
wastewater treatment by immobilized enzymes. Current Pollution
Reports, 7(2), 167-179. https://doi.org/10.1007/s40726-021-
00183-7

How to cite this article: Bautista-Guerrero, A., Lara-Diaz, R.
A., Pihen, V., Bandala, E. R., & Sanchez-Sala, J. L. (2022).
Isolation and test of novel yeast strains with lignin usage
capability and phenolic compound resistance.
MicrobiologyOpen, 11, e1326.
https://doi.org/10.1002/mbo3.1326

APPENDIX A

FIGURE A1l
microscope.

100x magnification image of yeasts under the Nikon
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FIGURE A2 Ligninolytic yeast strains growing in Sabouraud agar media plus Phenol (P) Pentachlorophenol (PCP) and P-Nitrophenol (PNP).
Cryptococcus albidus (JS-B1) (a-c); Candida guillermondii (JS-B2) (d-f); C. albidus (JS-B3) (g-i); Candida tropicalis (J5-B4) (j-1); Candida tropicalis (JS-
B5) (m-o).
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TABLE A1 Standard biochemical tests result for different strains isolated from sugar cane

Strain JS-B1 Strain JS-B2 Candida Strain JS-B3 Strain JS-B4 Strain JS-B5
Test® Cryptococcus albidus guillermondii C. albidus Candida tropicalis C. tropicalis
0 - - - - -
GLU + + + + +
GLY + + + - -
2KG + + + + +
ARA + + + - -
XYL + + + + +
ADO + + + + +
XLT = + = = =
GAL + + + + +
INO = = = = =
SOR + + + + +
MDG + + + = =
NAG + + + + +
CEL + + + + +
LAC - - - - -
MAL + + + + +
SAC + + + + +
TRE + + + - +
MLZ + + + + +
RAF + + + = =

2Substrates from API gallery ID 32C:0 (none), GLU (p-glucose), GLY (glycerol), 2KG (2-calcium keto-gluconate), ARA (L-arabinose), XYL (p-xylosa), ADO
(adonitol), XLT (xylitol), GAL (p-galactose), INO (inositol), SOR (p-sorbitol), MDG (Methyl-aD-glucopyranoside), NAG (N-acetyl-glucosamine), CEL
(p-cellobiose), LAC (p-lactose (bovine origin), MAL (p-maltose), SAC (p-saccharose), TRE (p-trehalose), MLZ (p-melezitose), and (p-raffinose).





