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Laccase is widely used in several industrial applications and co-culture is a common
method for enhancing laccase production in submerged fermentation. In this study,
the co-culture of four yeasts with Pleurotus eryngii var. ferulae was found to enhance
laccase production. An analysis of sterilization temperatures and extraction conditions
revealed that the stimulatory compound in yeasts was temperature-sensitive, and that
it was fat-soluble. An LC-MS analysis revealed that the possible stimulatory compound
for laccase production in the four yeast extracts was β-carotene. Moreover, the addition
of 4 mg β-carotene to 150 mL of P. eryngii var. ferulae culture broth improved laccase
production by 2.2-fold compared with the control (i.e., a monoculture), and was similar
to laccase production in co-culture. In addition, the enhanced laccase production was
accompanied by an increase of lac gene transcription, which was 6.2-time higher
than the control on the fifth day. Therefore, it was concluded that β-carotene from the
co-cultured yeasts enhanced laccase production in P. eryngii var. ferulae, and strains
that produce β-carotene could be selected to enhance fungal laccase production in a
co-culture. Alternatively, β-carotene or crude extracts of β-carotene could be used to
induce high laccase production in large scale.

Keywords: co-culture, laccase, β-carotene, Pleurotus eryngii var. ferulae, yeast

INTRODUCTION

Laccase (EC 1.10.3.2) is a group of blue multi-copper oxidases that are widely distributed
in microorganisms, plants and insects, and capable of catalyzing the reaction various organic
compounds with the reduction of oxygen. Due to its excellent activity, laccase is widely used in
several applications, including dye treatment in the textile industry (Shraddha et al., 2011), pulp
bleaching in the paper industry (Jeon and Chang, 2013), and in the food industry (Brijwani et al.,
2010). Laccase is mainly produced by fungi, and co-culture is an effective method to optimize
laccase production in submerged fermentation (Wang et al., 2009; Flores et al., 2010; Li et al., 2011).

Due to its wide application, many researchers have focused on increasing laccase
production in submerged fermentation. Yeasts are hosts that are well-known to express various
recombinant proteins. Therefore, some laccase-encoding genes have been isolated from fungi,
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and recombinant laccase production was effectively enhanced
in yeasts (Klonowska et al., 2005; Hong et al., 2007). Besides
genetic engineering technology, enhanced laccase production
has also been achieved by optimizing the culture medium
(Dekker et al., 2007), especially by adding inducers. Some
researchers have focused on screening for effective inducers, and
laccase production in Trametes versicolor has been effectively
improved by farnesol and chitosan (Adekunle et al., 2015; Hu
et al., 2016). Different inducers enhance laccase production by
various mechanisms, including the improvement of silent or
poorly expressed laccase isoforms and the response to oxidative
stress caused by an inducer (Hoegger et al., 2006; Wang
et al., 2014). The elucidation of these mechanisms has been
beneficial to the screening of more inducers that enhance laccase
production.

Currently, laccase production in white rot fungi (WRF)
has been effectively enhanced with other microbial strains,
including yeasts and fungi, in a co-culture fermentation (Dwivedi
et al., 2011; Dong et al., 2012). Some studies have focused
on the determining the mechanism of the enhancement of
laccase production in a co-culture fermentation with different
fungi. Yeast growth led to glucose starvation in a co-culture,
which caused the overexpression of T. versicolor laccase (Wang
et al., 2009). In addition, laccase production by Ganoderma
lucidum may be enhanced by glycerol as a second carbon
source, which was produced from glucose by the yeast in
a co-culture (Li et al., 2011). Moreover, enhanced laccase
production in fungi may be caused by some compounds in
the culture broth of the co-cultured microbial strains (Crowe
and Olsson, 2001). However, these reports did not indicate a
common mechanism, and no specific compound was found to
stimulate laccase production in co-culture. The discovery of
unequivocal stimulatory compounds will be helpful to screen
specific strains for co-culturing with fungi to improve laccase
production.

In our previous study, laccase production of Pleurotus eryngii
var. ferulae (Lanzi) Sacc. was significantly enhanced in a
co-culture fermentation with Rhodotorula mucilaginosa (Wang
et al., 2015). To determine the reason, previously reported
possible mechanisms were all investigated, but none were
responsible for enhanced laccase production by P. eryngii var.
ferulae in a co-culture. In the present study, we found that the
putative stimulatory compound in the co-cultured yeast was
sensitive to the sterilization temperature. We then identified the
stimulatory compound in the co-culture as β-carotene, and the
mechanism of stimulation was also investigated.

MATERIALS AND METHODS

Strains and Culture Conditions
The laccase-producing fungus used in this study, Pleurotus
eryngii var. ferulae (Lanzi) Sacc. JM301, was maintained
in our laboratory on potato dextrose agar (PDA) slants at
4◦C. Four yeast strains, R. mucilaginosa, Phaffia rhodozyma,
Sporidiobolus pararoseus and R. glutinis, were also maintained

in our laboratory, and used in co-culture with the laccase-
producing fungi. The culture medium for P. eryngii var. ferulae
was composed of: 20 g/L glucose, 20 g/L corn powder, 20 g/L
wheat bran and 0.1742 g/L K2SO4 (pH 9.0). Fungal mycelia were
inoculated in the culture medium and incubated at 30◦C and
150 rpm. The culture medium for the yeast was YPD (10 g/L
yeast extract, 20 g/L peptone and 20 g/L glucose) and cells were
incubated at 30◦C and 200 rpm.

Co-culture of Laccase-Producing Fungi
with Yeasts
Inoculations were done as in our previous study, with slight
modifications (Wang et al., 2015). The yeasts used in this study
were cultured under the conditions described above for 48 h,
and then inoculated into a fungal culture that had been cultured
for 2-days. The inoculum size of the yeast was 3% (v/v) and
the culture time was 5 days after inoculation. To investigate
the effect of the sterilization temperature, R. mucilaginosa cells
cultured for 48 h were exposed to different temperatures (70,
80, 90, 100, 115, and 121◦C) for 1 h, and then 3% (v/v) was
inoculated into the monoculture of P. eryngii var. ferulae as above
condition.

Protease Treatment of R. mucilaginosa
In this study, four proteases were used to treat sterilized
R. mucilaginosa cells at 70◦C. Four milligram of centrifuged
cells were dissolved in 4 mL of distilled water and treated with
four different commercial proteases, including 1 mg/mL snailase
(Sangon Co., Shanghai, China) and 0.2 mg/mL pepsin (Sigma
Co.), trypsase (Sangon Co.) and proteinase K (Thermal Fisher
Scientific Co.). The protease treatment was carried out at 37◦C
for 5 h. The treated cells were washed with sterilized water
and collected by centrifugation twice. The centrifuged protease-
treated cells or 4 g of untreated cells were dissolved in 4 mL of
sterilized water and inoculated into the fungal culture broth on
day 2.

Extraction of Yeast Cells
Rhodotorula mucilaginosa and other yeast cells were collected
by centrifugation and 4 g of cells were dissolved in 4 mL of
distilled water. The cells were treated eight times repetitively
with freezing and thawing, then extracted with 70◦C distilled
water for 1 h and centrifuged at 7104 × g for 10 min. The
supernatant was designated as the W-extract of the yeast cells.
Precipitates were extracted with 5 mL of trichloromethane at
room temperature for 1 h, and the solutions were concentrated by
rotary evaporation. The extracts were dissolved in 1 mL of plant
oil and the supernatant was designated as the O-extract of the
yeast cells. The W- and O-extracts of the yeast cells were added to
P. eryngii var. ferulae under the co-culture conditions described
above and the laccase activity was determined. The solvents used
for the extraction were aseptically filtered.

Addition of β-Carotene
To identify the putative stimulatory compound, 1–4 mg of
β-carotene of purity ≥96.0% (Klamar, Shanghai, China) was
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dissolved in plant oil and the solution was sterilized by aseptic
filtration. Different amounts of β-carotene were added to 150-mL
of P. eryngii var. ferulae culture medium after 48 h of culture. The
mycelia of P. eryngii var. ferulae were cultured for 5 days after the
β-carotene was added, and the laccase activity in the culture broth
was determined each day.

LC-MS
The four yeasts, R. mucilaginosa, Phaffia rhodozyma,
S. pararoseus and R. glutinis, were co-cultured with P. eryngii
var. ferulae. The yeast cells were collected by centrifugation
and then ground in liquid nitrogen. The ground yeast cells
were extracted with water and trichloromethane as mentioned
above. The similar compounds in the different yeast co-cultures
were separated and identified with an Ultra Performance LC
system, which was connected to a Waters MALDI Q-TOF
mass spectrometer (MS). Extracts of different yeasts were
separated in a reverse-phase C18 column (Waters, Milford, MA,
United States), and eluted with mobile phases of acetonitrile–
isopropanol (10:90, v/v) (A) and acetonitrile (B) at flow rate of
0.3 mL/min in a gradient program (Supplementary Table 1).
The separated compounds were then detected with a MS
(Waters, Milford, MA, United States). Five carotenoid standards,
zeaxanthin, lycopene, astaxanthin, xanthin and β-carotene, were
also assayed by the same method.

Quantitative Real-Time PCR (qRT-PCR)
Pleurotus eryngii var. ferulae mycelia cultured with β-carotene
were collected by centrifugation and ground after freezing in
liquid nitrogen. The mycelia were suspended in phosphate
buffer (pH 7.0), and the total RNA was extracted with a Trizol
Total RNA Purification Kit (Sangon; Shanghai, China). Reverse
transcription was carried out using a RevertAid First Strand
cDNA Synthesis Kit (Fermentas; Burlington, ON, Canada) to
obtain cDNA. The transcription level of lac was determined by
qRT-PCR using SYBR green (TaKaRa, Japan). The primers used
in this study are listed in Supplementary Table 2. The gene
expression levels were normalized against the level of rns, as
reported previously (Li et al., 2013).

Biochemical Analysis
The laccase activity was determined according to a method
reported previously (Hou et al., 2004). The 1-mL reaction
mixture contained 880 µL of 100 mM sodium acetate buffer
(pH 4.5), ABTS solution at a final concentration of 1 mM and
20 µL of diluted enzyme solution. The laccase activity was
calculated using the molar extinction coefficient of oxidized
ABTS (ε420 = 3.6 × 104 M−1 cm−1). A unit of laccase was
defined as the amount of enzyme required to oxidize 1 µmol of
ABTS per minute.

Statistical Analysis
All experiments were performed in triplicate and the data
were expressed as the mean ± SD. Significant differences
(p < 0.05) between means were analyzed using GraphPad Prism
5.0 software.

RESULTS

Laccase Production of P. eryngii var.
ferulae Co-cultured with Yeast
Our previous study indicated that the yeast R. mucilaginosa
improved the laccase production of P. eryngii var. ferulae JM301
in co-culture (Wang et al., 2015). In the present study, several
yeasts were co-cultured with P. eryngii var. ferulae JM301 and the
laccase production was determined. The results showed that three
of the yeasts, Phaffia rhodozyma, S. pararoseus and R. glutinis,
significantly enhanced laccase production in co-culture, and the
highest laccase production (9911 U/L) by P. eryngii var. ferulae
was obtained from a co-culture with S. pararoseus inoculated
at 3% (Figure 1). The three yeasts all had a stimulatory effect
on the laccase production, which was similar to that seen with

FIGURE 1 | Laccase production in co-cultures of P. eryngii var. ferulae and
four yeasts.

FIGURE 2 | Laccase production by P. eryngii var. ferulae after adding
R. mucilaginosa cells exposed to various temperatures.
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FIGURE 3 | The effect of different extractants of R. mucilaginosa on laccase
production by P. eryngii var. ferulae.

R. mucilaginosa. As the inoculum size was increased from 1.5
to 6%, the laccase production in co-culture peaked at 3%, and
was reduced at 6%. Differently than for the other three yeasts,
laccase production in a co-culture of P. eryngii var. ferulae
and R. glutinis decreased as the inoculum size varied from
1.5 to 6%.

Effects of Extraction Conditions of
Yeasts on Laccase Production in
Co-culture
Our previous study indicated that laccase production by
P. eryngii var. ferulae was enhanced in a co-culture with
R. mucilaginosa (Wang et al., 2015). The results of that
study showed that yeast cells sterilized at 121◦C did not
improve laccase production. In the present study, we
investigated the effect of various sterilization temperatures
on the survival percentage of the cells. The results showed
that the lowest temperature necessary for the complete
sterilization of R. mucilaginosa was 70◦C (Supplementary
Figure 1). Moreover, the reduction of laccase production
of P. eryngii var. ferulae was determined after adding
R. mucilaginosa cells sterilized at temperatures that varied
from 70 to 121◦C (Figure 2). R. mucilaginosa cells sterilized at
121◦C showed almost no enhancement of laccase production
compared to a P. eryngii var. ferulae monoculture. These
results indicated that the stimulatory compound existed in
R. mucilaginosa and other yeast cells, and that this compound
was temperature-sensitive.

To identify the stimulatory compounds, R. mucilaginosa cells
sterilized at 70◦C were treated with various proteases. The results
showed that laccase production was not affected by any of the four
protease treatments (Supplementary Figure 2). In addition, the
sterilized cells were extracted with water and trichloromethane
to yield different extracts of R. mucilaginosa cells, which were
added to a culture containing P. eryngii var. ferulae. The
trichloromethane extracts from R. mucilaginosa were dissolved

FIGURE 4 | HPLC elution profiles of (A) different carotenoid standards and (B)
the tested yeasts at 450 nm.

in plant oil (O-extract), and added to the P. eryngii var. ferulae
culture broth. The results showed that the O-extract effectively
enhanced laccase production to 5139 U/L by S. pararoseus
(Figure 3). Therefore, the putative compound in the yeast cells
was fat-soluble.

LC-MS Analysis of the Stimulatory
Compound in Different Yeasts
The four yeasts used in this study all enhanced laccase production
in P. eryngii var. ferulae in co-culture. The results from the
extracts of the R. mucilaginosa cells led us to hypothesize
that all of the yeasts used in this study contained the same
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compounds that enhanced laccase production. To investigate this
compound, four yeast cells were treated with liquid nitrogen,
and extracted with trichloromethane. The resultant O-extracts
from the different yeasts were analyzed by LC-MS. The results
showed that all of the different yeast extracts contained the same
compound, which had a retention time of 8.8 min (Figure 4B).
Comparison with standards indicated that this compound had
the same retention time as β-carotene (Figure 4A). This
compound was also identified as β-carotene by its MS spectrum
(Figure 5).

Effect of β-Carotene Addition on Laccase
Production by P. eryngii var. ferulae
To demonstrate that β-carotene was the stimulatory compound
in yeast, 1–4 mg of β-carotene dissolved in plant oil was added
to 150 mL of P. eryngii var. ferulae culture broth on day 2. After
adding the β-carotene, the laccase production by P. eryngii var.
ferulae at the end of fermentation was increased from 4351 U/L
(1 mg β-carotene) to 7656 U/L (4 mg β-carotene), which was
higher than the laccase production in a co-culture (Figure 6).
The highest laccase production after 4 mg β-carotene was added
was 2.2-times higher than the control (i.e., a monoculture of
P. eryngii var. ferulae). The laccase production was significantly
enhanced by β-carotene, and this result indicated that the
stimulatory compound in the four co-cultured yeasts was
β-carotene.

Transcription Level of lac in Co-culture
The transcription level of the lac gene during submerged
fermentation with or without β-carotene was determined and is
shown in Figure 7. In this experiment, β-carotene was added
to the culture broth on day 2, and the laccase activity and
the lac transcription level were determined on day 3. The
results showed that transcription level of lac gene peaked on
day 3, and then decreased until the end of fermentation. In a
monoculture of P. eryngii var. ferulae, the transcription of lac
gene decreased sharply and remained at a low level between
day 4 and day 7 (Figure 7A). In contrast, the lac transcription
level after β-carotene was added was higher than the control
(i.e., a monoculture) from day 3 to 6, and was 6.2-times higher
than the control on day 5. Interestingly, the laccase activity of
P. eryngii var. ferulae after β-carotene was added was higher than
the control without β-carotene on day 4 (Figure 7B), and was
2.1-times higher than the control at the end of culture.

DISCUSSION

Co-culture has been an effective method to enhance laccase
production in several laccase-producing fungi. In Co-culture,
laccase-producing strains are always fungi, and other co-cultured
strains contained yeasts and other fungi (Wang et al., 2009; Flores
et al., 2010; Li et al., 2011). Possible reasons for the enhanced
laccase production in a co-culture were investigated, and no clear

FIGURE 5 | Mass spectra of β-carotene and extracts of four yeasts.
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FIGURE 6 | Laccase production by P. eryngii var. ferulae after adding different
concentrations of β-carotene.

mechanism for the enhancement was indicated. In our previous
study, laccase production by P. eryngii var. ferulae was enhanced
in a co-culture with the yeast R. mucilaginosa (Wang et al., 2015).
Possible reasons reported in previous studies of other fungi did
not provide a convincing explanation for the enhancement of
laccase production in a co-culture of P. eryngii var. ferulae and
R. mucilaginosa. Therefore, we proposed that the enhancement
of laccase production might have been caused by one or several
stimulatory compounds that existed in R. mucilaginosa cells.

In the present study, three yeasts, Phaffia rhodozyma,
S. pararoseus and R. glutinis, were found to effectively enhance
the laccase production by P. eryngii var. ferulae in a co-
culture. An analysis of sterilization temperatures indicated that
the stimulatory compound in yeast was temperature-sensitive,
which explained why cell extracts from R. mucilaginosa sterilized
at 121◦C had no effect on laccase production (Wang et al.,
2015). In addition, R. mucilaginosa cells were extracted with
water and trichloromethane. The compounds extracted by
trichloromethane dissolved in plant oil had a positive effect on
laccase production, indicating the stimulatory compound was fat-
soluble. All of the yeasts tested in this study similarly improved
laccase production, which led us to hypothesize that a common
compound that improved laccase production was produced in
co-culture. An LC-MS analysis indicated that all four yeasts
contained β-carotene, which was identified by comparison with
a standard. Moreover, the addition of β-carotene to a P. eryngii
var. ferulae monoculture also improved laccase production,
indicating that β-carotene in yeast was the stimulatory compound
in the P. eryngii var. ferulae co-cultures.

β-Carotene is a carotenoid and is commonly used as a coloring
agent in the food industry. Some photosynthetic organisms and
microorganisms have been reported to be a primary source of
carotenoids (Han et al., 2012, 2016; Srinivasan et al., 2015). Some
yeasts have excellent carotenoid-producing ability, and efforts
have been made to enhance carotenoid production (Shi et al.,
2014; Chi et al., 2015). β-Carotene was found as an intermediate

FIGURE 7 | Transcription level of the lac gene (A) and laccase production (B)
in a monoculture with or without added β-carotene.

in the carotenoid synthesis pathway, and was produced from
lycopene (Rodriguez-Saiz et al., 2010; Chi et al., 2015). Yeasts
accumulated β-carotene and other carotenoids, allowing the
yeasts to be directly used as a food additive. In the present study,
β-carotene was contained in the cell extracts of all four yeasts
that enhanced laccase production in co-culture, and no other
carotenoids were found. The four yeasts were R. mucilaginosa
(Moline et al., 2012), Phaffia rhodozyma (Shi et al., 2014; Chi et al.,
2015), S. pararoseus (Han et al., 2012, 2016) and R. glutinis (Wang
et al., 2008; Roadjanakamolson and Suntornsuk, 2010), and
have been previously reported as β-carotene-producing strains.
Therefore, microbial strains that accumulate β-carotene could be
the primary agent that enhances laccase production by fungi in a
co-culture.

Laccase is normally found in plants and fungi, and is usually
produced by various fungi in submerged fermentation, taking
advantage of the ease of manipulation. Various isozymes of
laccase have been reported in different fungi in previous studies
(Nakatani et al., 2010; Yuan et al., 2016). Hoegger et al. (2006)
analyzed the genome of several fungi, and found that some
fungi contained different numbers of laccase-encoding genes.
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These laccase genes were silent or poorly expressed under
various culture conditions. The laccase-encoding genes contained
a set of promoter regions with various recognition sites for
different inducers, including metal ions and aromatic compounds
(Piscitelli et al., 2011). β-Carotene is a nutrient and is also
used as an antioxidant in food processing. Some oxidants
have been used as inducers to enhance laccase production
by fungi in submerged fermentation. Such inducers include
guaiacol, ferulic acid, butylated hydroxytoluene and phenolic
compounds (Kanwal and Reddy, 2011; Wang et al., 2014; Azadfar
et al., 2015). Enhancement of fungal laccase production after
adding an antioxidant represented a response to oxidative stress,
which was caused by oxygen radicals generated by inducers
(Thurston, 1994; Wang et al., 2014). A higher concentration of
intracellular reactive oxygen species (ROS), including superoxide
anion (O2

−), hydrogen peroxide (H2O2) and hydroxyl radical
(OH-), has been reported to enhance both laccase production and
transcription, depending on the activation of signal transduction
and the oxidative stress (Adekunle et al., 2015; Hu et al., 2016).
H2O2 participated in the activation of the mitogen-activated
protein kinase (MAPK) and cyclic adenosine monophosphate
(cAMP) pathways (Calvo et al., 2002; Cap et al., 2012). Moreover,
the excessive oxidative stress caused by an inducer may lead to the
overexpression of laccase, which is a fungal protective response
that mitigates oxidative stress (Jaszek et al., 2006). Therefore, the

β-carotene in the co-cultured yeasts in this study may enhance
laccase production by changing intracellular ROS concentration.
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