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Abstract

The co-culturing of Pleurotus eryngii vat. ferulae and Rhodotorula mucilaginosa was confirmed in our previous studies to be an
efficient strategy to improve laccase production by submerged fermentation. To determine the possible regulation principles under-
lying this behaviour, comparative transcriptomic analysis was performed on P. eryngii var. ferulae to investigate the differential
expression of genes in co-culture. RNA-seq analysis showed that genes concerning xenobiotic biodegradation and expenditure of
energy were upregulated. However, genes related to oxidative stress were downregulated. In addition, the transcription levels of
laccase isoenzymes were not consistent in the co-culture system: 3 laccase genes (laccl, lacc2, laccl2) were upregulated, and 3
laccase genes (lacc4, lacc6, lacc9) were downregulated. The enhancement in laccase activity can be due to upregulation of a laccase
heterodimer encoded by the genes lacc2 and ssPOXA3a (or ssPOXA3b), whose expression levels were increased by 459% and 769%
(or 585% for ssPOXA3b) compared with those of a control, respectively. (3-Carotene produced by R. mucilaginosa upregulated the
transcription of lacc2 only. Combining these results with an analysis of cis-acting responsive elements indicated that four transcription
factors (TFs) had potential regulatory effects on the transcription of laccase genes. It was supposed that TFa regulated lacc transcrip-
tion by binding with methyl jasmonate and heat shock response elements. The expression of TFb, TFc, and TFd was regulated by [3-
carotene. However, 3-carotene had no effect on TFa expression. These results provide a possible mechanism for the regulation of
laccase gene transcription in the co-culture system and are also beneficial for the future intensification of fungal laccase production.
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Introduction

Laccases (EC 1.10.3.2) are blue multicopper-containing phe-
nol oxidases that are widely distributed in various
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basidiomycetous and ascomycetous fungi (Asina et al. 2016;
Giardina and Sannia 2015; Hoegger et al. 2006). Research
shows that laccases are involved in physiological processes,
such as morphogenesis, sporulation, pigment production, the
formation of fruiting bodies, and plant pathogenesis (Kiies and
Riihl 2011). Laccases are also useful biocatalysts for a wide
range of biotechnological applications, including lignin deg-
radation, dye decolorization, effluent detoxification, and food
or beverage processing (Sharma et al. 2018). However, fungal
laccases do usually not give enough yield in cultivation to
supply industrial production, which increases the industrial
cost. The industry of filamentous fungi for producing laccase
needs to be further expanded and improved (Sharma et al.
2018). This deficiency has led to gradually rising interest in
co-culture, which can effectively enhance the production of
laccase in liquid-state fermentation.

Fungal co-culture can cooperatively utilize the metabolic
pathways and products of two or more species, which offers a
novel, economical, and environmentally friendly strategy for
enhancing enzymatic and decolourising activity (Copete-
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Pertuz et al. 2019). Meanwhile, co-culture processes vary
widely among microorganisms. Gongronella sp. w5 and
Coprinopsis cinerea, Leptosphaerulina sp. and Trichoderma
viride, and Pleurotus ostreatus and Trametes versicolor were
all confirmed to elevate laccase production as co-cultured pair
strains (Copete-Pertuz et al. 2019; Hu et al. 2019; Luo et al.
2017). In these processes, the transcription of laccase genes
was altered, and several silent laccase genes were activated
(Flores et al. 2009; Lv et al. 2014). However, the specific
mechanisms governing laccase overproduction during co-
culture have not been clarified. It was speculated that syner-
gism by lignin-degrading enzymes and responses to nutrition-
al and oxidative stresses were all possible mechanisms (Wang
et al. 2009; Hailei et al. 2009; Qi-He et al. 2011; Zhong et al.
2017). In addition, several secondary metabolites (usually
low-molecular-weight molecules) released by one strain can
stimulate laccase expression by another (Fischer et al. 2017,
Piscitelli et al. 2011). The metabolites involved are p-
hydroxybenzoic acid and glycerol (Ramirez et al. 2018; Hu
etal. 2019; Wei et al. 2010). However, there is still no research
illuminating the intrinsic causes of beneficial co-culture be-
haviour from the perspective of transcriptional regulation. The
transcription levels of laccase isoenzymes and transcription
factors (TFs) have not been explored in Pleurotus eryngii
var. ferulae.

In a previous study of ours, co-culture with Rhodotorula
mucilaginosa was an effective strategy to enhance the laccase
production of P. eryngii vat ferulae (Wang et al. 2015). f3-
Carotene from R. mucilaginosa was confirmed as a key in-
ducing compound (Guo et al. 2017). To obtain a further un-
derstanding of the interactions between the two strains, it is
necessary to determine the molecular mechanism governing
the interactions and the factors affecting transcriptional regu-
lation of laccases. In this work, RNA sequencing (RNA-seq)
experiments were carried out to inspect the changes in gene
expression in co-culture and (3-carotene culture. Cis-element
analysis was performed on the promoter sequences of upreg-
ulated laccase isoenzymes and combined with the TFs of dif-
ferentially expressed genes (DEGs) for comprehensive analy-
sis. These studies lay a foundation for further exploring the
regulation mechanism of laccase in co-culture.

Materials and methods
Strain and culture conditions

The laccase-producing fungal strain P. eryngii var. ferulae
IM301 (CCTCC AF 2019009) and the co-culture yeast strain
R. mucilaginosa IM401 (CCTCC M 2013088) were collected
at the China Center for Type Culture Collection. The liquid
medium for laccase production from P. eryngii vat ferulae
consisted of 20 g/L glucose, 20 g/L corn powder, 20 g/L wheat
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bran, and 0.1742 g/L K,SO,4 (pH 9.0). Fungal mycelia were
inoculated in the culture medium and incubated at 30 °C and
150 rpm. The culture medium for R. mucilaginosa was YPD
(10 g/L yeast extract, 20 g/L peptone, and 20 g/L glucose), and
the yeast was incubated at 30 °C and 200 rpm.

Preparation of transcriptome samples

Four kinds of samples were prepared (all containing three
biological replicates): monoculture, co-culture, (3-carotene
culture, and oil culture (as a negative control for (3-carotene
culture). Since [3-carotene is a fat-soluble substance, it cannot
dissolve directly in the liquid medium. Peanut oil was selected
as a solvent for 3-carotene. After monoculture of P. eryngii
var ferulae for 2 days, 5.0 x 10° yeast cells, 10 mg of p-
carotene (dissolved in 1 mL of plant oil), and 1 mL of peanut
oil were added into 150 mL of the fermentation broth respec-
tively and incubated for another 5 days. The samples on the
Sth day of cultivation were immediately collected by centri-
fugation and transferred to liquid nitrogen for preservation
before RNA extraction.

RNA extraction, cDNA library construction,
and sequencing

Total RNA was isolated from prepared samples using the
MiniBEST Universal RNA Extraction Kit (TaKaRa, Dalian,
China) following the manufacturer’s instructions. The RNA
concentration was measured using a Quawell UV-Vis
Spectrophotometer Q5000. RNA integrity was assessed using
the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA, USA).
A total amount of 1.5 pg of RNA per sample was used as
input material for RNA sample preparations. Sequencing li-
braries were generated using the NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA),
and index codes were added to attribute sequences to each
sample. The raw transcriptome sequencing data have been
deposited in NCBI Sequence Read Archive (SRA) database
(SRA study: SRP212144, bioproject ID: PRINAS551351).
The libraries were then size selected for the cDNA target
fragments, and the selected cDNA was amplified via polymer-
ase chain reaction (PCR) using adaptor-specific primers. The
cDNA library was quantified using the KAPA library quanti-
fication kit (Roche, Basel, Switzerland) according to the man-
ufacturer’s recommendations. The clustering of the index-
coded samples was performed on a cBot Cluster Generation
System using the TruSeq PE Cluster Kit v3-cBot-HS
(Illumina, San Diego, CA, USA) according to the manufac-
turer’s instructions. After cluster generation, the library prep-
arations were sequenced on an Illumina HiSeq platform
(Grabherr et al. 2011). At the same time, the Phred quality
score Q20, GC content, and sequence duplication level of
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the clean data were calculated. All downstream analyses were
based on clean data of high quality.

Transcriptome assembly and functional annotation

Transcriptome assembly was accomplished based on the
clean reads using Trinity (Grabherr et al. 2011) with
min_kmer cov set to 2 by default and all other parameters
set to their default values. To obtain comprehensive gene
information, the functional annotations of all assembled
transcripts were based on six databases, including non-
redundant protein sequences (Nr), nucleotide sequences
(Nt), Protein family (Pfam), euKaryotic Orthologous
Groups (KOG), Swiss-Prot, and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) (e value < le '°).

Differential expression analysis

RNA-seq by expectation maximization (RSEM) was used
to quantify gene and isoform abundances for each sample
(Li and Dewey 2011). The read count for each gene was
performed using the R statistical package software EdgeR
(Empirical analysis of Digital Gene Expression in R)
(Robinson et al. 2010). The expression level of each tran-
script was calculated according to the fragments per kilo-
base of exon per million mapped reads (FPKM). The in-
dex of the P value was optimized to adjust the P value
(padj) to control the false discovery rate. Restrictive
thresholds (padj < 0.05 and |logy(foldchange)| > 1) were
used to screen the genes for DEGs.

Gene expression analysis by RT-qPCR

Reverse transcription was performed using the
PrimeScript1 RT reagent Kit with gDNA Eraser (TaKaRa,
Dalian, China). To examine the transcription level of tar-
get genes and internal controls, real-time quantitative po-
lymerase chain reactions (RT-qPCR) were carried out
using an Analytik Jena qTOWER2.0 thermal cycler
(Analytik Jena, Jena, Germany). Each RT-qPCR contained
30 ng of first-strand cDNA and 0.2 uM each of forward
and reverse primer in a total reaction volume of 20 pL.
The product can be detected at 497 nm owing to SYBR
Green fluorescent dye (Genscript, Nanjing, China). The
primers were designed using NCBI Primer Blast and re-
ferred to previous research (Supplemental Table S1)
(Castanera et al. 2012). Sarl was used as internal refer-
ence genes for normalization (Castanera et al. 2015). The
relative abundances of target genes were calculated using
the 2724 method (Livak and Schmittgen 2001). For
each sample, at least three independent technical and bi-
ological repeats were carried out.

Mycelium ROS level

The reactive oxygen species (ROS) levels of P eryngii var
ferulae mycelia were examined under four culture conditions
for 2—7 days by a tissue ROS detection kit according to the
instruction manual (BestBio Biotechnology, Shanghai,
China). Briefly, fresh testicular tissues were ground with a
glass homogenizer, and an O11 probe was added to the super-
natant of the homogenate. After incubation in the dark for
30 min at 37 °C, fluorescence intensity was detected at Ex/
Em wavelengths of 488/530 nm with a multimode plate reader
(PerkinElmer, Waltham, MA, USA). In contrast, the protein
concentration of the homogenate supernatant was measured
with a BCA Protein Assay Kit (Thermo Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. The
mycelium ROS intensity was represented as the fluorescence
intensity divided by milligrams of protein.

Gene-walking approach for acquiring promoters

Based on the partial sequence of lacc2, lacc6, ssPOXA3a,
and ssPOXA3b (GenBank numbers of MNO017367,
MNO017366, MN058987, and MN058986, respectively),
which were all obtained by RNA-seq, specific primers
with similar annealing temperatures were designed
(Supplemental Table S1), and the target laccase complete
fragments and promoter sequences were obtained by the
Genome Walking Kit (TaKaRa, Dalian, China).

Enzymatic activity assay

Extracellular culture supernatant was collected for enzymatic
activity assay under four culture conditions for 2—7 days.
Laccase activity was measured in accordance with a previous
study (Hou et al. 2004). The resulting 1-mL reaction mixtures
contained 880 uL of 100 mM sodium acetate buffer (pH 4.5),
100 pL of 10 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) at 420 nm (g429 = 36,000 M ' cm ™ ).
One unit of activity was defined as the amount of enzyme
required to oxidize 1 mmol of ABTS per minute.

Determination the content of B-carotene

The R. mucilaginosa was separated by centrifugation and then
ground in liquid nitrogen under condition of co-culture for 3-7
days. Then, 3-carotene was extracted with methenyl
trichloride. An ultra-performance liquid chromatography
(UPLC) system (Thermo Scientific, Waltham, MA, USA)
was applied to separate and determine the [3-carotene with a
reverse-phase C18 column (Waters, Milford, MA, USA).
Mobile phases of acetonitrile—isopropanol (10:90, v/v) (a)
and acetonitrile (b) were eluted at a flow rate of 0.3 mL/min
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in a gradient program (Supplemental Table S2). A standard of
[3-carotene was also assayed by the same method.

Native polyacrylamide gel electrophoresis
and identification by mass spectrometry

To further analyse the relative composition and activity of
laccase isoenzymes, SurePAGE (4-12%) from GenScript
Company (Nanjing, China) was employed. Sample buffer
consisted of 5 mL glycerol, 25 mg of bromophenol blue,
150 mg of Tris base, and ddH,O (pH 6.8, constant volume
to 10 mL). Extracellular culture supernatant (10 uL.) was taken
from samples of four treatments at 5 days and analysed ac-
cording to the manufacturer’s instructions. Separated laccase
bands were visualized by a reaction with 1.0 mM ABTS in
0.1 M sodium acetate buffer (pH 4.5) at room temperature.
Matrix-assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF-MS) was applied to identify the
protein hydrolysate for each of native polyacrylamide gel
electrophoresis (Native-PAGE) bands. Mascot 2.2 software
(Matrix Science, London, UK) was employed to analyse the
original file of mass spectrometry by retrieving the corre-
sponding database. The specific method of MALDI-TOF-
MS analysis was introduced at full length in the previous
study (Kang et al. 2013).

Statistical analysis

All experiments were performed in triplicate. The data
were analysed with SPSS 11.5 software and were
expressed as the mean + standard deviation. Trends were
considered significant when the mean values of the com-
pared sets were different at *P < 0.05.

Results
RNA-seq analysis

Sequencing results, de novo assembled transcriptome
and annotation

Transcriptome analysis was performed according to the
workflow shown (Supplemental Fig. S1). High-quality
RNA Samples (OD260/280 = 18~21, OD260/230 > 20,
28S:18S > 1.0, > 10 pg) were reserved and applied for
high-throughput sequencing by Illumina paired-end se-
quencing technology. The sequencing data were largely el-
igible for further use (Supplemental Table S3). The se-
quencing error rate of a single base was less than 0.03%,
and low-quality reads had been removed cleanly (Q20 >
95%). Since R. mucilaginosa JM401 and I1IPL32 (INSDC:
NHTJ00000000.1) genome homology reached as high as
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92.21% (> 90%), the yeast reads of co-culture samples were
cleaned up by referring to the known genome. Considering
the effect of sequencing depth and gene length on the count
of fragments, the read count was converted to FPKM, which
is the most common method for estimating the expression
level of genes (Trapnell et al. 2010). A total of 103,637
unigenes were obtained from Trinity de novo assembly.
For this transcriptome analysis without a reference genome,
assembly first (de novo), which uses reads to assemble tran-
scripts directly, is a common and valid method. This method
always leads to a number of unigenes that far exceeds those
from the reference transcriptome approach (Grabherr et al.
2011). Different transcripts of the same gene are obtained
simultaneously, which causes multiple unigenes to map to
the same gene. After the unigenes were compared and an-
notated by Nr database (Supplemental Fig. S2), 73.9% of
them were found to be annotated to P. ostreatus PC15 (ac-
cession number: PRINAS521560), which indicates that the
transcriptomes of P. ostreatus and P. eryngii var. ferulae
were very similar. In addition, 14.6% of unigenes were an-
notated to yeast, whose data were removed again. For cor-
relation analyses among samples (Supplemental Fig. S3),
the correlation coefficient for three biological replicates
was relatively close. The correlation coefficient of gene ex-
pression levels among the samples other than co-cultured
samples was higher than 0.60 in all cases, which indicates
similar expression patterns among samples. The raw data
quality control ensured that all samples exhibited superior
sequencing quality and that the data can fulfil the require-
ments of subsequent analysis.

Analysis of DEGs

Compared with that of monoculture, the RNA-seq analysis of
co-culture revealed 5799 DEGs in the transcriptome of
P, eryngii var. ferulae, including 2867 upregulated genes and
2932 downregulated genes. The RNA-seq analysis of the (3-
carotene culture revealed 1717 genes whose transcription lev-
el changed significantly, including 674 upregulated genes and
1043 downregulated genes.

According to Venn diagrams (Fig. 1a, b), 262 genes were
upregulated and 548 genes were downregulated under condi-
tions of monoculture and co-culture. The specific transcription
level of DEGs was drawn as a volcano based on the indexes of
-log;o(padj) and log,(foldchange) (Fig. 1¢, d). The distribution
of laccase and its isoenzymes in DEGs is also shown in the
Figures. Among these isoenzymes, the transcription levels of
lacc2 and lacc6 had similar variation tendencies under both
conditions. However, co-culture, which contained additional
complex biological processes, caused changes in the other six
laccase isoenzymes. This result implied that 3-carotene may
be one of the key factors promoting high expression of laccase
in co-culture, though it is not the only factor.



Appl Microbiol Biotechnol (2020) 104:241-255

245

Fig. 1 Venn diagrams and a
volcano plot of DEGs in two
culture conditions. a Genes
upregulated. b Genes
downregulated. ¢ Co-culture vs.
monoculture. d 3-Carotene
culture vs. monoculture. C, co-
culture; B, 3-carotene culture; M,
monoculture. Cluster-
1041.48984: lacc2; Cluster-
1041.29201: lacc6; Cluster-
1041.58782: ssPOXA3a; Cluster-
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Cluster analysis of DEGs
Gene function groups

To analyse the function of DEGs in co-culture and f3-
carotene culture compared to the control, we acquired 11
and 10 main functional groups annotated against Nr data-
base, respectively (Fig. 2a, b). Each functional group
contained at least two DEGs. The most notable finding
was that the genes concerning xenobiotic biodegradation
and energy expenditure were upregulated as a whole, and
the genes concerning oxidative stress were downregulated
in both cultivation modes.

In co-culture, xenobiotic biodegradation and metabolism
terms, which included polysaccharide lyase, glutathione trans-
porter, laccase, and peroxidase, involved the degradation of
polysaccharide, polypeptide, and lignin. There were six up-
regulated genes of polysaccharide lyases belonging to family
1 protein, which contains pectate lyase (EC 4.2.2.2), exo-
pectate lyase (EC 4.2.2.9), and pectin lyase (EC 4.2.2.10).
The glutathione transporter group, which functioned as a
detoxifier, contained 4 upregulated genes and 2 downregulat-
ed genes (Zhong et al. 2019). The laccase group had 5 upreg-
ulated genes and 3 downregulated genes. The expression

60

®
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-log padj

=1041.48984
,,,,,,,,,,,,, +log«(0.05)

Cluster-10:

55 10 30 25 -20 -15 10 15 20
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levels of 2 DyP-type peroxidase genes and one manganese
peroxidase gene were enhanced in the peroxidase group. In
[3-carotene culture, the group of xenobiotic biodegradation
and metabolism except for the group of glutathione trans-
porters was still notably upregulated.

NADH dehydrogenase was essential for ATP synthesis,
and ATPase was used as a pivotal enzyme for catalysing
the hydrolysis of ATP. The upregulation of the
carbohydrate-binding module family in the co-culture sys-
tem showed that the co-culture process had a distinct im-
pact on the carbon metabolic flux of P. eryngii var.
ferulae, which may be related to competition for environ-
mental nutrients (Zhong et al. 2019). The upregulation of
its transcriptional level indicated that under these two cul-
tivation modes, the demand for and consumption of ATP
in P. eryngii var. ferulae cells had increased.

Oxidative stress and elimination of free radicals may en-
hance expression of laccase in co-culture (Du et al. 2017).
However, in this study, the expression of genes responding
to oxidative stress, which included catalase, oxidase, reduc-
tase, oxidoreductase, and cytochrome P450, showed different
degrees of downregulation under both cultural conditions.
Among these proteins, the transcriptional levels of glucose
oxidase and quinone oxidoreductase were almost
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Fig. 2 Enzymatic function a )
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[3-carotene culture. a Co-culture 3 [Ibown-regulated
vs. monoculture. b 3-Carotene 16~
culture vs. monoculture. The 14 N Xenobiotic Energy Oxidative
groups of xenobiotic 8 i biodegradation expenditure stress
biodegradation, energy o2
expenditure, and oxidative stress 5 r
are marked with boxes in the B 10
figure E gL
=z L
6 —
4 —
2
0 o @ @ @ @ @ A\
N @ 2 2 & S X & 2 N
& Ff F & L F S FEFF R
E N Vg © v ol 3 S o S &
& § Q% S S J L
N (%] Q O O X
@ RS Q <& S &
& O & ) R\
) N NS N @)
X @ o &
N \af N
O ™ X
X
c}* @
4 *b
N
S
b f&"
WL ¢ [Jup-regulated
[__IDown-regulated
121 Xenobiotic Energy Oxidative
i biodegradation expenditure stress
& 10F
| L
a
5 8
5 L
Q
E 6
=
=z L
4 -
2 -
0 Q ) 2 2 N 2 2 2
N o ® e Q ° d d 3 *
& & i & @ R @ & & &
@ % L P W YR o S S
@ & & S
; & O 9
& NS &
$ P
S N
i < %
N &
o
J
O
I

downregulated. R. mucilaginosa did not induce oxidative
stress in P. eryngii var. ferulae and even inhibited the expres-
sion of the abovementioned functional groups. In addition to
cytochrome P450, other groups of proteins upregulated by
oxidative stress caused by the addition of 3-carotene exhibited
activities consistent with the trend of the co-culture system.
The mycelium ROS level is shown in Supplemental Fig. S4.
The ROS level in monoculture was higher than that in co-
culture throughout the cultivation process, and the gap be-
tween the two rapidly increased in 57 days.

The 25 upregulated genes with the greatest fold change in
monoculture and co-culture are presented in Supplemental
Table S4, where genes of unknown function were not in-
cluded. Most highly upregulated genes were noted in
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functional groups. Of these genes, many significantly up-
regulated genes were involved in xenobiotic biodegradation
and the expenditure of energy, including laccase, mitochon-
drial external NADH dehydrogenase, phosphodiesterase,
and NAD-aldehyde dehydrogenase. Upregulation of ribo-
somal proteins indicated a demand for an increased tran-
scription frequency. In addition, GH16 (endoglucanase)
and GH47 (x-mannosidase) were involved in hydrolysis
of the cell wall and glycosylation in the endoplasmic retic-
ulum, respectively (Alfaro et al. 2016; Xiang et al. 2016). In
[3-carotene culture, energy storage and consumption were
additionally manifested in endoplasmic reticulum calcium
ATPase, acetyl-CoA synthetase-like protein, and
carbohydrate-binding module family 50 protein.
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KEGG analysis

KEGG pathway enrichment of DEGs upregulated in co-
culture and 3-carotene culture compared with the control is
shown in Fig. 3. The pathway enrichment of energy consump-
tion was also observably upregulated in both cultivation
modes. One energy metabolism pathway of “glycolysis/glu-
coneogenesis,” one chromosome repair group of “non-homol-
ogous end joining,” and two amino acid metabolism pathways
of “tryptophan metabolism” and “tyrosine metabolism” were
significantly enriched pathways of DEGs (padj < 0.05) in co-
culture. In addition, the “endocytosis” metabolism pathway
contained 25 genes, which indicated that there was a large
amount of xenobiotics that was consumed by P. eryngii var.
ferulae cells. In (3-carotene culture, in addition to “glycolysis/
gluconeogenesis,” “citrate cycle” and “pyruvate metabolism”
were also part of the group of energy storage and consumption
groups. There were 11 and 9 basal TFs in co-culture and f3-
carotene culture, respectively. Moreover, the upregulation of
the ribosome metabolic pathway further indicated that the
transcription and expression levels of some enzymes were
enhanced in P. eryngii var. ferulae.

Enzyme activity and transcription level of laccase
isoenzymes

When P. eryngii var. ferulae was co-cultured with
R. mucilaginosa, the laccase activity was markedly increased
in the supernatant of the fermentation solution, reaching 3.27
U/mL on the 6th day (Fig. 4a), which was as much as 218%
greater than the control activity. Adding 3-carotene also
caused a distinct increase in the laccase activity, which

a

Various types of N—glycan biosynthesis

Valine, leucine and isoleucine biosynthesis
Tyrosine metabolism
Tryptophan metabolism

Steroid biosynthesis

22,
Sesquiterpenoid and triterpenoid biosynthesis | B
0.75
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Pentose and glucuronate interconversions 025
Pantothenate and CoA biosynthesis ’
antothenate and CoA biosynthesis |
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Lysine degradation ® 10
Homologous recombination @15
Histidine metabolism :20
25

Glycolysis / Gluconeogenesis
Endocytosis

Cyanoamino acid metabolism
Biosynthesis of unsaturated fatty acids
Basal transcription factors

Ascorbate and aldarate metabolism

0.050 0.075 0.100
Rich factor
Fig. 3 KEGG analysis of upregulated genes in P. eryngii var. ferulae
transcriptome in co-culture and (3-carotene culture. a Co-culture vs.
monoculture. b (3-Carotene culture vs. monoculture. The size of circles

Amino sugar and nucleotide sugar metabolism | ®

reached 2.15 U/mL on the 6th day. Interestingly, in the whole
culture process, the trend of laccase activity remained
completely consistent in co-culture and 3-carotene culture.
The (-carotene produced by R. mucilaginosa was increased
in co-culture during the cultivation process (Supplemental
Fig. S5). On the 5th day, the content of (3-carotene reached
40.54 pg/L. In addition, oil did not induce over-expression of
laccase throughout the fermentation process.

Based on the RNA-seq analysis, there were 3 upregulated
and 3 downregulated laccase isoenzyme genes and 2 upregulat-
ed small subunits of laccase (ssPOXA3a and ssPOXA3b) in co-
culture (Fig. 5b). Among these genes, the upregulated genes
were laccl (Cluster-1041.14150), lacc2 (Cluster-1041.48984),
lacc12 (Cluster-1041.55007), ssPOXA3a (Cluster-1041.58782),
and ssPOXA3b (Cluster-1041.22317). The downregulated
genes were lacc4 (Cluster-1041.23876), lacc6 (Cluster-
1041.29201), and lacc9 (Cluster-1041.62755). The tendencies
of changes in the transcription level of laccase isoenzymes were
similar in 3-carotene culture and co-culture, but the degree of
change was generally lower in the former. In general, the com-
position of laccase isoenzymes in co-culture and [(3-carotene
culture differed from that observed in monoculture.

The RT-qPCR analysis verified and supplemented the tran-
scription data. The relative expression values of 8 laccase
genes in three cultural conditions were compared to those in
the control sample (Fig. 4c). Under co-culture conditions,
lacc2 was upregulated by 459.19% and lacc6 was downregu-
lated by 37.87%. In addition, the small subunits of POXA3a
and POXA3b were upregulated by 769.39% and 585.27%,
respectively. In 3-carotene culture, lacc2 was upregulated by
340.76% and lacc6 was downregulated by 20.63%.
Meanwhile, ssPOXA3a and ssPOXA3b were upregulated by
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70.53% and 70.13%, respectively. The upregulation extent of
ssPOXA3b measured by RNA-seq differed from that mea-
sured by qPCR. As mentioned above, the de novo tran-
scriptome approach caused multiple unigene map to the same
gene. It would result in numerical differences between tran-
scriptome analysis and qPCR, but the variation trend of genes
was basically consistent. The other results measured by RT-
qPCR were mainly in accordance with the RNA-seq data,
which indicated that the laccase analysis and RNA-seq data
in all cultivation modes were reliable. The transcription level
of laccase isoenzymes in oil culture changed slightly. This
finding indicated that oil was a good negative control for the
addition of (-carotene samples. The Native-PAGE showed
that the production of Lacc2 was enhanced significantly and
Lacc6 was decreased in co-culture and [3-carotene culture
compared with the monoculture, which was consistent with
the concerned results of RT-qPCR (Supplemental Fig. S6).

Cis-acting responsive element analysis
Under different biotic and abiotic stress conditions, laccase

isoenzymes exhibited varying regulation efficiency, which
was related to the cis-acting responsive elements in their
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promoters. By using gene-walking technology, we obtain-
ed the promoters of lacc2, lacc6, ssPOXA3a, and
ssPOXA3b. Among them, verified by sequence alignment,
the promoter sequences of ssPOXA3b and ssPOXA3a were
completely identical. Thus, only one of them was studied
in the following experiments.

It was meaningful to perform cis-acting responsive element
analysis on a laccase gene promoter with high expression and
significant variation in different culture conditions. Online
analysis was performed by the Berkeley Drosophila Genome
Project (http://www.fruitfly.org/seq_tools/promoter.html) and
PlantCARE (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/). Three promoters (upstream 1000 bp of
genes) of laccases (lacc2, ssPOXA3b, and lacc6) were
determined to contain TATA box, CAAT box, xenobiotic
response element (XRE), heat shock element (HSE), methyl
jasmonate (MeJA) response element, stress response element
(STRE), light response element (LRE), and many other func-
tional elements (Table 1). These results indicated that all three
promoters possessed inducible promoter characteristics. The
transcription level of the promoter can be sensitively regulated
by TFs under the influence of external stress or environmental
changes (Piscitelli et al. 2011). Three promoters contained at
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least one TATA box and six CAAT boxes, which was a basic
guarantee that the promoters were strong and efficient.
Therefore, in monoculture, both lacc2 and lacc6 had high
transcription levels.

The numbers of XRE (T/GCG/AT/CGC/G), MeJA re-
sponse element (CGTCA-motif and TGACG-motif),
MYBHv1 binding site (CCAAT-box), and circadian control
element (CAAAGATATC) motifs in the promoters of lacc2
and ssPOXA3b were clearly greater than those in the lacc6
promoter. Among these elements, the most obvious difference
focused on the XRE and the MeJA response elements. There
were 6 XREs in the promoter of lacc2. Moreover, two pro-
moters of upregulated laccases shared significant homology

with TCGTGC/G, which provided a valuable binding motif
for future research. The ssPOXA3b promoter was rich in
MeJA response elements, having 400% as many as the lacc6
promoter. In addition, the Unnamed 4 response elements
were also abundantly present in the promoters of two upreg-
ulated genes compared to the lacc6 promoter. However, the
function of these elements remains unclear. Not all of the
exogenous substance response elements in the promoters of
two upregulated genes were abundant; these elements include
a metal response element (MRE, TGCRCNC) and a gibberel-
lin response element (GARE motif and TATC box). The
amounts of these two elements did not have obvious differ-
ences in the three promoters.
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Among the three promoters, the cis-acting response ele-
ments related to environmental factors, such as STRE
(CCCCT) and LRE (Spl1, chs-Unit 1 ml, G-box, and Box 4),
were not notably different quantitatively. Regarding these re-
sponse elements, both /acc2 and lacc6 contained two STREs
and contained no or only one LRE. This result indicated that
lacc2 and lacc6 were relatively sensitive to environmental
stress and that ssPOXA3b was relatively insensitive. In addi-
tion, the promoters of lacc2 and ssPOXA3b had few antioxi-
dant response elements (ARE, TGACNNNGC). These results
indicated that these two laccases did not have the ability to
respond to oxidative stress. All three promoters contained at
least eleven HSEs (TCNNGAAN), which meant that the
laccase isoenzymes were sensitive to temperature changes
with slight differences. With regard to competition between
carbon and nitrogen sources, three promoters all had a certain
number of Cre-A (SYGGRG) and NIT2 (TATCDH).

In summary, a relatively large number of XREs were found in
the promoter of lacc2, which may be related to the metabolism
and degradation of (3-carotene, and MeJA response elements in
the promoter of ssPOXA3b may be able to recruit TFs induced
by co-culture. The other cis-acting responsive elements present-
ed slight dissimilarity in quantity among the three promoters.

Transcription factors of DEGs

Some useful data for the P. ostreatus PC15 genomic informa-
tion were obtained by bioinformatics analysis using Fungal
Transcription Factor Database (http://ftfd.snu.ac.kr/intro.
php). There are 379 TFs classified into 33 TF families in the
genome of P. ostreatus PC15. The nucleic acid sequences
encoding these 379 TFs were blasted with DEGs record by
record, and finally, four TFs with significantly different
expressions were obtained, namely, estExt Genemarkl. C_
110352 (Cluster-1041.76581), estExt Genemarkl. C
020710 (Cluster-1041.20044), estExt Genemarkl. C
040625 (Cluster-1041.40661), and estExt Genemarkl. C
070839 (Cluster-1041.39592), abbreviated TFa, TFb, TFc,
and TFd. Regarding the transcription levels of these four
TFs (Fig. 5a), TFa and TFb were upregulated genes, and
TFc and TFd were downregulated genes in co-culture.

Two kinds of domains (a) DNA binding domain and a
transcriptional activation domain) of TFs were analysed by
using GenomeNet Database Resources (https://www.
genome.jp/) and JASPAR (http://jaspar.genereg.net/) (Fig.
Sb—f). There are three zinc finger proteins (TFa, TFb, and
TFd) and one basic region-leucine zipper protein (TFc).
Among these proteins, TFa and TFd were C2H2-type, and
TFb was CCHC-type.

TFa contained three C2H2-type zinc finger domains, one
C3HC4-type zinc finger domain, and one double-stranded
RNA-binding domain. TFb contained structural features of a
CCHC-type zinc knuckle, a retrotransposon gag protein, and

an aspartyl protease. TFc was a basic region-leucine zipper
(bZIP). TFd contained two C2H2-type zinc finger domains.
The discovery of these TFs enabled the regulation mechanism
underlying the enhanced laccase transcription level in co-
culture to be analysed.

Discussion

Fungal co-culture has gradually become an effective
method for producing enzymes and metabolites. To fa-
vour laccase expression, many fungi were tentatively
composed in pairs, and the laccase output showed notable
improvement (Copete-Pertuz et al. 2019; Hu et al. 2019).
However, determining the mechanism-inducing fungi in-
teraction was exceedingly difficult. In this study, compar-
ative transcriptomic analysis was performed to reveal the
mechanisms for the enhancement of laccase production in
co-culture of P. eryngii var. ferulae and R. mucilaginosa
from the perspective of transcriptional regulation.

According to the transcriptomic analysis, the upregulated
DEGs were mainly distributed in xenobiotic biodegradation
and expenditure of energy groups in both co-culture and (3-
carotene culture. Similarly, the laccase activity and transcrip-
tion levels were completely consistent in both cultivation
modes. This result indicated that (3-carotene was indeed a
crucial xenobiotic produced by R. mucilaginosa. Clearly, the
effect of co-culture cannot be fully achieved by simply adding
[3-carotene to the medium. There was more than one inducing
factor, and there may be other compounds, such as amino
acids and vitamins (Zengler and Zaramela 2018). The
KEGG analysis indicated that the metabolic pathways of
two aromatic amino acids (tyrosine and tryptophan) were both
enhanced. Tryptophan was confirmed to be a significant in-
ducer for promoting laccase expression in different fungi spe-
cies (Zhong et al. 2019). Moreover, some mycotoxins, chem-
ical signals, and other secondary metabolites have also been
confirmed. For example, Aspergillus nidulans induces
Streptomyces hygroscopicus to produce toxic aromatic
polyketides during interspecific fungal interactions
(Schroeckh et al. 2009). This finding also indicated that en-
hanced laccase activity may play an essential role in determin-
ing the detoxification of compounds transferred from another
strain. Hence, co-culture of two fungi was a complex, interac-
tive process, and [3-carotene was one of the key factors that
induced laccase production in P. eryngii var. ferulae.

Clearly, xenobiotic stimulation, nutrient competition, and
oxidative stress were commonly recognized as the main rea-
sons for promoting laccase expression in co-culture. However,
in this co-culture system, the genes related to oxidative stress
were generally downregulated. (3-Carotene may play a crucial
role in this downregulation. 3-Carotene, which was metabo-
lized by R. mucilaginosa, is an intracellular singlet oxygen
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quencher and has a strong antioxidation effect. It can effec-
tively scavenge oxygen free radicals, reduce lipid peroxide
damage, and maintain cell membrane structure and membra-
nous fluidity (Darwish et al. 2018; Wang et al. 2014; Zhou
et al. 2018). These functions are not available in other co-
cultured paired strains. Therefore, 3-carotene was observed
to notably reduce the oxidative stress in P. eryngii var. ferulae
cells. Meanwhile, the relatively loose structure of hyphal en-
tanglement was another essential reason for the high laccase
expression observed with this co-culture. The competition for
nutrients and space was more intense for the co-culture of
P, ostreatus and Trametes versicolor than for the co-culture
in this study, as the hyphae of the former were closely
intertwined and in contact, which increased the number of
intracellular oxidation reactions (Zhong et al. 2017).
However, for P. eryngii var. ferulae and R. mucilaginosa, the
yeast did not send forth hyphae, and hyphal entanglement was
improved, which probably resulted in downregulation of most
genes related to oxidative stress. Moreover, the decrease of the
mycelium ROS level in co-culture directly verified that oxi-
dative stress was not responsible for enhancing laccase pro-
duction in this co-culture system.

Most white rot fungi contain different kinds of laccase iso-
enzymes that have multiple functions to cope with a wide va-
riety of environmental changes throughout the life cycle of
fungi (Giardina and Sannia 2015). Thus, in response to the
influence of yeast or xenobiotics, different laccase isoenzymes
could exhibit varying regulation efficiency. Using the enzymat-
ic activity and transcriptome data, it was not difficult to find that
in the co-culture, the expression level of laccase was markedly
improved. However, the changes in the transcription levels of
these isoenzymes were not consistent. Lacc2 and two small
subunits of laccase were upregulated synchronously, and lacc6
was downregulated, which substantially changed the main
laccase isoenzyme. In [3-carotene culture, the upregulation of
transcription of two small subunits of laccase was not as sig-
nificant as that of lacc2. This result indicated that (3-carotene
may regulate the transcription of only /acc2 and not ssPOXA3a
and ssPOXA3b, which can explain why the addition of f3-
carotene to the medium did not achieve the increased level of
laccase activity during co-culture.

Almost all laccase isoenzymes were monomeric or homo-
dimeric proteins. However, a large subunit (lacc2, also named
POXA3) and a small subunit (ssPOXA3a or ssPOXA3b) can
constitute a heterodimer protein (Giardina et al. 2007). The
amino acid sequence of /acc2 shared high homology with
other reported laccase sequences, and the protein product
formed disulfide bridges with four putative copper-binding
residues and four Cys residues (Goudopoulou et al. 2010).
Two small subunits were produced by the allelic gene as a
result of the dikaryotic state of P. eryngii var. ferulae
(Rivera-Hoyos et al. 2015). According to qPCR results, the
transcription level of the two genes was distinctly upregulated
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under the condition of co-culture. In fact, the large subunit
would lose its native structure quickly in the absence of the
small subunit, which decreased laccase activity and stability
(Faraco et al. 2008). In general, a significant enhancement in
the secretion of ssPOXA3a and ssPOXA3b played a crucial
role in the increase in laccase activity in fermentation broth.

From the perspective of transcriptional regulation, in co-cul-
ture, the different transcriptional levels of lacc2, ssPOXA3a,
and lacc6 were related to cis-acting responsive elements
contained in their promoters. There are 6 XREs in the promoter
of lacc2 and 4 MelA response elements in the promoter of
ssPOXA3a. XREs are responsible for recognition of exogenous
environmental pollutants in eukaryotic cells (Fan et al. 2011;
Janusz et al. 2013; Kuramoto et al. 2002). In Trametes sp., 7
XREs and 2 XREs were identified in the promoter of acA and
lacB, respectively, and can respond to different aromatic com-
pounds (Xiao et al. 2006). MeJA acts as a signal molecule to
activate plant defence mechanisms for resistance to plant dis-
ease (Rivas-San Vicente and Plasencia 2011). These elements
often require a combination of TFs to regulate the transcription-
al level of laccase.

Referring to the P. ostreatus PC15 genomic information, 4
TFs were obtained by blasting all DEGs with 379 TFs. In
addition to TFs in Saccharomyces cerevisiae, few TFs in fungi
have been verified experimentally. MYB genes were deter-
mined to be indispensable in spore formation and develop-
ment in P. ostreatus (Wang et al. 2018). The transcription
levels of TFb, TFc, and TFd showed the same trend in co-
culture and {3-carotene culture compared with the control.
These results indicated that these three TFs may be related
to the induction by (3-carotene, although TFb and TFc had
no homologous proteins in JASPAR database.

According to JASPAR database, TFa is homologous to the
blmp-1 protein from Caenorhabditis elegans. Blmp-1 acts as a
transcriptional activator and directly and positively regulates the
bed-3 gene (Yang et al. 2015). Blmp-1 also cooperates with lin-
40 to regulate stress-specific developmental adaptations (Hyun
et al. 2016). The expected conserved binding site for TFa is
A(G)A(G)A(G)A(G)G(A/T)T(A/G/
O)GAA(G/T)A(G/T)A(G/C/T) (Niu et al. 2011). The promoter
of lacc2 had two potential binding motifs, AAGGCTGATGA (—
850, — 840) and AGAACGGATGC (— 754, — 744), containing a
part of the MeJA response element (— 842, — 838) and a HSE (—
754, — 750), respectively. These results indicated that TFa may
bind with these two specific elements, leading to the enhance-
ment of lacc2 transcription levels. Clearly, TFa was significantly
upregulated in only co-culture, which revealed that some induc-
ing factors other than (3-carotene can elevate laccase production.

TFd is homologous with the MIGI protein from
Saccharomyces cerevisiae. The expected conserved binding site
is C(A/T/G)CCCCG(A/C/T)C(A/TG) (Badis et al. 2008). The
transcription factor MIG1 in yeast is related to the strength of
biofilms. The deletion of MIGI weakened biofilms during
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immobilized fermentation, resulting in a decline in cell-to-cell
adhesion (flocculation ability) and a slight enhancement of cell-
substrate adhesion (invasive growth ability) (Yang et al. 2018).
For filamentous fungi in submerged fermentation, loose hyphae
are beneficial to the expression of laccase in P. eryngii var.
ferulae (Morin et al. 2012; Pollegioni et al. 2015). Meanwhile,
MIG] in yeast can improve tolerance towards weak monocar-
boxylic acids from lignocellulosic hydrolysates and formation of
weakened biofilms during immobilized fermentation (Balderas-
Hernandez et al. 2018).

In this study, by comparing the transcriptome data of mono-
culture, co-culture, and [3-carotene culture, 3-carotene was con-
firmed to be an essential substance for promoting laccase ex-
pression, possibly functioning through stimulating TFb, TFc,
and TFd to regulate the transcription level of laccase in
P eryngii var. ferulae. Clearly, there is not only one inducing
factor, and there may be other substances related to TFa, such as
amino acids, vitamins, and MeJA (Zengler and Zaramela
2018). In addition, the regulatory mechanism of TFd revealed
a loose adhesion of fungus to fungus, which was also one of the
important methods for enhancing the yield of laccase.

Complicated interactions are almost universal among mi-
croorganisms in nature. This co-culture system of P. eryngii
var. ferulae and R. mucilaginosa used two mechanisms for
enhancing the expression of laccase, mainly about xenobiotics
and energy expenditure, rather than oxidation stress.
Meanwhile, the transcription levels of laccase isoenzymes
were all determined by RT-qPCR. Two small subunits of
laccase (ssPOXA3a and ssPOXA3b), which enhanced laccase
activity and stability, were markedly upregulated. As the study
of TFs in white rot fungi is still in its infancy, an in vitro
electrophoretic mobility shift assay (EMSA) experiment will
need to be applied to further reveal the regulatory mechanism.
These studies have great significance for elucidating the reg-
ulation mechanism of laccase, optimizing the co-culture sys-
tem, expanding laccase production, and improving lignin
biorefinery efficiency.
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