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SR5AL serves as a key regulatory gene 
in lycopene biosynthesis by Blakeslea trispora
Qiang Wang1,2†, Yulong Chen1†, Qingxiang Yang1,2*   , Jihong Zhao1,2, Lingran Feng1 and Min Wang1 

Abstract 

Background:  Trisporic acids are considered to be key regulators of carotenoid biosynthesis and sexual reproduction 
in zygomycetes, but the mechanisms underlying this regulation have not been fully elucidated.

Results:  In this study, the relationships between trisporic acids and lycopene synthesis were investigated in 
Blakeslea trispora. The lycopene concentration in single fermentation by the (−) strain with the addition of 24 μg/L 
trisporic acids was slightly higher than that observed in mated fermentation. After transcriptomic analysis, a steroid 
5α-reductase-like gene, known as SR5AL in B. trispora, was first reported. 5α-Reductase inhibitors reduced lycopene 
biosynthesis and downregulated the expression of sex determination and carotenoid biosynthesis genes. Overexpres-
sion of the SR5AL gene upregulated these genes, regardless of whether trisporic acids were added.

Conclusion:  These findings indicated that the SR5AL gene is a key gene associated with the response to trisporic 
acids.
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Background
Lycopene naturally exists in some plants and microorgan-
isms and gives them red color, such as tomatoes, Blakes‑
lea trispora, Rhodotorula mucilaginosa, and Dunaliella 
salina [1, 2]. It is a good coloring agent and antioxidant, 
and is widely used in pharmaceutical, food, feed and 
other fields. B. trispora is the main fungus for industrial 
production of carotenoids and β-carotene is its main final 
product under common conditions, while lycopene is 
an intermediate product. To produce lycopene, cyclase 
inhibitor or genetic modification is required to prevent 
lycopene from forming β-carotene [3]. B. trispora is a 
zygomycotal fungus with two mating types, termed ‘(+)’ 
and ‘(−)’. The (−) mating type is the main producer of 
carotenoids, but the (+) mating type is essential partner 

for the overproduction of carotenoids [4]. The lack of 
trisporic acids is considered to be the key reason why 
carotenoids cannot be largely synthesized in single cul-
ture with B. trispora (−) [5, 6]. Trisporic acids are down-
stream products of β-carotene, which also depends on 
the joint cultivation of heterothallic (+) and (−) strains. 
This is because the mating type (−) is unable to convert 
its own precursor into trisporic acids. The precursor 
trisporol B produced by the mating type (−) needs to be 
taken up by the (+) strain and subsequently converted to 
trisporic acids [7].

Trisporic acids, serving as sex hormones, induce the 
first steps of sexual differentiation and maintain the 
development of sexual structures in the members of 
the order Mucorales, namely, B. trispora, Phycomyces 
blakesleeanus, and Mucor mucedo [8–10]. Trisporic acids 
could induce sexual cytodifferentiation of mucoraceous 
fungi, such as development of sexual structures, fusion of 
gametangia, and formation of zygotes. Sexual reproduc-
tion is governed by a sex locus in Mucorales (sexP gene 
in the (+) strain and sexM gene in the (−) strain). Similar 
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to Mucorales fungi, the sex loci in B. trispora contains a 
high-mobility group transcription factor which is flanked 
by a putative triose phosphate transporter gene and an 
RNA helicase gene [11]. Notably, the expression pat-
terns of the sexP and sexM genes are very different. The 
sexM gene is expressed during mated culture or the addi-
tion of exogenous trisporic acids, while the sexP gene is 
expressed during both single and mated culture [12, 13]. 
Exposure to trisporic acids was observed to consider-
ably increase the expression of the sexM gene, but the 
sexP gene showed no significant change [12]. In addi-
tion, the sexM protein but not the sexP protein harbors 
a nuclear localization sequence and is transported to the 
nuclei [12]. These reports suggest that the two sex genes 
may have different functions in sexual reproduction. The 
sexM gene appears to be more closely related to trisporic 
acids than the sexP gene. However, the direct connection 
between the sex determinant gene and trisporic acids has 
not been fully elucidated to date.

Accumulating evidence shows that trisporic acids are 
the key regulators of lycopene and other carotenoids [6, 
8, 14]. Carotenoids are the precursors of trisporic acids, 
and trisporic acids, in turn, are the key regulating fac-
tors for carotenoid synthesis. The carotenoid concen-
tration fermented by a single culture of B. trispora (−) 
in the presence of trisporic acids is almost equivalent to 
that of mixed fermentation [15]. The contributions of 
the mating type (+) to lycopene biosynthesis in mated 
fermentation can largely be replaced by trisporic acids 
[6, 15]. The steady-state transcription levels of the lyco-
pene and β-carotene synthesis genes carB and carRA 
were observed to increase in the presence of trisporic 
acids [16]. In addition, the transcription of the tsp3 gene 
encoding β-carotene oxygenase was also induced by 
trisporic acids in B. trispora [17]. Metabolic level changes 
of B. trispora in response to trisporic acids showed that 
trisporic acids are global regulators, and their regulation 
involves multiple metabolic pathways, such as the metab-
olism of fatty acids, carbohydrates, and amino acids [14].

To date, it has only been suggested that trisporic acids 
can increase the expression of the sexM gene and carot-
enoid synthesis genes and the production of carotenoids. 
However, the regulatory mechanisms underlying the 
effects of trisporic acids on these genes have not been 
fully elucidated. In addition, the product of sexM gene 
is a transcription factor and located in the nucleus. The 
regulatory effect of the sexM protein on the expression 
of the genes involved in the biosynthesis of carotenoids 
and trisporic acids has not been fully elucidated. The 
regulation mode and key genes for controlling carotenoid 
biosynthesis in mated culture or responding to trisporic 
acids have not been determined to date. In this study, the 
changes at the transcriptional level in B. trispora (−) with 

and without trisporic acids were characterized by RNA-
seq and validated by reverse transcription qPCR. Next, 
one of the candidate genes, the steroid 5α-reductase-like 
gene (SR5AL), was further analyzed to study its function 
in lycopene biosynthesis. Finally, a hypothesis regard-
ing how trisporic acids regulate lycopene synthesis was 
proposed. The aims of this study were to identify some 
key regulatory genes in response to trisporic acids and 
to suggest a mechanism by which trisporic acids regulate 
the synthesis of lycopene.

Methods
Microorganisms and culture conditions
Blakeslea. trispora NRRL 2895 (+) mating type and the 
N6 (−) mating type were used in this study. The medium 
compositions and culture conditions are the same as our 
previous paper [18]. Briefly, the spores of the (+) and (−) 
strains were collected on their respective solid medium; 
then, the spores were inoculated in liquid seed medium 
and cultured separately; finally, they were inoculated into 
the fermentation medium for mixed fermentation. To 
obtain lycopene instead of β-carotene, the cyclase inhibi-
tor 2-methylimidazole at a concentration of 0.3 g/L was 
added after 48 h of fermentation.

Extraction of trisporic acids
The procedures for the extraction of trisporic acids were 
according to Schachtschabel et al. and Schimek et al. [8, 
19]. Briefly, the filtrate separated from the mated culture 
of B. trispora was adjusted to pH 8.0 and subsequently 
extracted with organic phase (trichloromethane: 2-pro-
panol = 20:1, v/v). The water phase was separated and 
then adjusted to pH 2.0 and later extracted once again 
with the same organic phase. Finally, the extracts in 
organic phase with trisporic acids were dried in a rotary 
vacuum concentrator and then redissolved in 75% (v/v) 
ethanol. Trisporic acid was quantified by measuring 
the absorbance at 325  nm in ethanol. Concentration of 
trisporic acid were calculated using specific extinction 
coefficients ( E1%,1cm

325nm
= 572 ) [14, 20].

Transcriptome sequencing and data analysis
cDNA library preparation and sequencing
Total RNA of B. trispora (−) with and without trisporic 
acids treatment were extracted using a Spin Column 
Fungal Total RNA Purification Kit (Sangon, Shang-
hai, China), according to the manufacturer’s proce-
dures. After standard processing procedures, cDNA 
library were prepared, and the average insert size for the 
paired-end libraries was 300 bp (± 50 bp). Then, paired-
end sequencing was performed on the Illumina HiSeq 
4000 platform. Raw RNA-seq datasets of B. trispora are 
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deposited in the sequence read archive (SRA) database 
(Accession Number PRJNA728833).

Sequence assembly and unigene annotation
Raw reads were filtered to remove adaptors, reads with 
more than 5% unknown nucleotides, and other low-
quality reads. After QC filtering, de novo assembly of 
the transcriptome was performed with Trinity 2.4.0. All 
assembled unigenes were aligned against the nonredun-
dant protein, Gene Ontology, SwissProt, Kyoto Encyclo-
pedia of Genes and Genomes and eggNOG databases 
using DIAMOND with a threshold E-value < 0.00001.

Identification and analysis of differentially expressed genes
The expression levels of the unigenes were calculated by 
using the TPM method. Fold changes (FCs) were cal-
culated by comparing the TPM values of unigenes. The 
p-value and false discovery rate (FDR) were applied to 
determine the differential expression of unigenes. Uni-
genes with |log2FC|≥ 1, p < 0.05, and FDR ≤ 0.001 were 
designated differentially expressed genes (DEGs). Then, 
the DEGs were subjected to GO and KEGG pathway 
enrichment analysis by using DAVID [21]. FDR < 0.05 
was set as the cut-off criterion for the two analyses.

SR5AL gene cloning
According to the sequence of Unigene4532, a BLAST 
procedure was performed to find the homologous DNA 
region in the genomes of B. trispora F921, F986, and 
NRRL 2456 (https://​genome.​jgi.​doe.​gov/​portal/). Then, 
the primers SR5AL-F (5′-CAG​GAT​GAT​GAA​GAC​TCA​
AGG​ATA​G-3′) and SR5AL-R (5′-AGA​AAG​GAA​AGG​
ATG​AGA​ACCG-3′) were designed to amplify the SR5AL 
gene. PCR products were purified by agarose gel electro-
phoresis and subsequently sequenced (Sangon, China).

Construction of SR5AL‑gene overexpression strain
Construction of  overexpression vector  The plasmid 
pBARGPE1-Hygro, a filamentous fungus-E. coli shut-
tle expression vector, was used as the vector backbone 
(obtained from Miaoling Biotechnology Company, 
Wuhan, China). It replicates in E. coli and carries ampicil-
lin resistance. In filamentous fungi, gpdA promoter can 
initiate the expression of foreign genes and positive clones 
can be selected with hygromycin. Total RNA of B. trispora 
(−) was extracted by using a Fungal RNA Kit (Omega 
Bio-Tek, USA) and subsequently reverse-transcribed to 
cDNA with a FastKing RT Kit (Tiangen, China). The DNA 
fragment containing the cDNA of the SR5AL gene was 
amplified by PCR using primers SR5ALC-F (5′-CCG​GAA​
TTC​CAA​TTA​TTG​CTT​TTC​TGC​TCG​-3′) and SR5ALC-
R (5′-GGG​GTA​CCG​TAT​GTT​GAA​AGA​CAG​GGCTC-
3′). The fragment was double-digested with BamHI and 

EcoRV and inserted into the plasmid pBARGPE1-Hygro. 
The recombinant plasmid was named pBARGPE1-Hygro-
SR5AL (As shown in Additional file 1: Fig. S1). Expression 
of the SR5AL gene was under the control of the gpdA pro-
moter and trpC terminator. The constructed plasmid was 
transformed into Escherichia coli DH5α and confirmed by 
sequencing.

Preparation of  protoplasts, transformation and  regen‑
eration  The B. trispora (−) protoplasts were pre-
pared as described by Wang Yanlong et al. [22]. Mycelia 
were collected after 24  h of culture and subsequently 
treated with enzymatic solution (1.5% lysozyme, 3% 
lyticase, 1.5% snail enzyme, and 1% cellulose dissolved 
in 0.6 mol/L sucrose). After 2 h of incubation, the mix-
ture was filtered through 200 and 500 mesh screens 
and centrifuged. The precipitate was resuspended and 
diluted to 107 cells/mL by using 0.6 mol/L sucrose. The 
pBARGPE1-Hygro-SR5AL and pBARGPE1-Hygro vec-
tors (10  μg) were mixed with 200  μL protoplasts, and 
50 μL polyethylene glycol was added. The mixture was 
placed in an ice bath for 30 min and subsequently held 
at room temperature for 20  min after adding 1  mL 
polyethylene glycol again. The protoplasts were then 
transferred into 1  mL regeneration medium for 2  h 
(25  °C, 100  r/min). Protoplasts (100  μL) were spread 
on regeneration medium supplemented with hygromy-
cin to select transformants. The transformants carrying 
pBARGPE1-Hygro-SR5AL and pBARGPE1-Hygro were 
named btpHY and btpH, respectively.

Reverse transcription Quantitative PCR (RT‑qPCR)  RT-
qPCR experiments were performed to determine the 
expression of the hmgR, carRA, carB, SR5AL and sexM 
genes. Total RNA of B. trispora (−) was extracted by 
using a Fungal RNA Kit (Omega Bio-Tek, USA) and 
subsequently reverse-transcribed to cDNA with a Fast-
King RT Kit (Tiangen, China). Real-time PCRs were 
conducted with AceQ qPCR SYBR Green Master Mix 
(Vazyme Biotech, Nanjing, China) in a LightCycler 
instrument (Roche). The PCR reaction contained 10 µL 
2 × SYBR Green Mix, 1 µL cDNA, 0.4 µL forward primer 
and 0.4 µL reverse primer, and nuclease-free water in a 
final volume of 20 µL. The primers used for qPCR are 
listed in Table 1. All results obtained by real-time PCR 
were normalized to the tef1 gene and compared with the 
corresponding control (value = 1) and the relative fold 
changes were calculated using the 2−ΔΔCt method.

Extraction and analysis of lycopene  The extraction and 
concentration determination of lycopene are the same 
as our previous paper [18].

https://genome.jgi.doe.gov/portal/
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Statistical analysis  Statistical analyses were performed 
using R (v4.0.1). Comparisons between groups were based 
on the two-sided Wilcoxon rank-sum test. All P values were 
calculated using two-sided tests, and P < 0.05 was consid-
ered to be statistically significant.

Results
Effects of trisporic acids on lycopene production 
and the expression of carotenogenic genes
As shown in Fig.  1A, the lycopene yield in the (−) mat-
ing type was only 1.12  mg/g dry biomass in the absence 
of the (+) partner, which was considerably less than the 
production obtained from mixed fermentation. The addi-
tion of trisporic acids has a significant effect on the syn-
thesis of lycopene. The maximum lycopene concentration 
(15.12  mg/g dry biomass) of the (−) mating type was 
obtained when 24 μg/L trisporic acids were added, which 
was even slightly higher than that observed with mated 
fermentation (13.95 mg/g dry biomass). To determine the 
extraction time of transcriptome RNA, the expression lev-
els of three carotenogenic genes (hmgR, carRA, and carB) 
were measured at different times after adding trisporic 
acids. As shown in Fig.  1B, the expression of caroteno-
genic genes was clearly increased under stimulation with 
trisporic acids, especially the carRA and carB genes. The 
highest relative abundances for the three genes were 
observed when trisporic acids were added for 6 h. There-
fore, to facilitate transcriptome analysis, the extraction 
time of total RNA of the (−) mating type was chosen to be 
6 h after adding trisporic acids at 24 h of fermentation.

Transcriptome analysis of B. trispora in response 
to trisporic acids
To explore the transcriptional changes of B. trispora (−) 
in response to trisporic acids, RNA sequencing of the (−) 

mating type with and without the addition of trisporic 
acids was performed. After a series of bioinformatic 
treatments and analyses (as described in the Methods), 
a total of 28,399 unigenes were generated, among which 
59.32% of the unigenes presented a length > 1000  bp 
(N50 = 2080). The fragments per kilobase per million 
mapped fragments method (FPKM) was used to calculate 
the expression values of the genes. A total of 1026 differ-
entially expressed genes (DEGs, with fold changes ≥|2|, 
p < 0.05, FDR ≤ 0.001) were obtained. Among these 
DEGs, 487 genes were upregulated, and 539 genes were 
downregulated, in B. trispora (−) in response to trisporic 
acids compared with the control group. In addition, to 
validate the RNA-seq results, the expression levels of four 
DEGs, carB, carRA, SR5AL (steroid 5α-reductase like 
gene), and sexM (sex determining gene), were quanti-
fied by RT-qPCR (Additional file 1: Fig. S2). The results 
showed that the gene expression patterns of these DEGs 
were consistent with those obtained by RNA-seq, sup-
porting the reliability and accuracy of the RNA-seq anal-
ysis results.

To explore the functions of DEGs, KEGG analysis was 
performed. The results showed that 290 upregulated 

Table 1  Oligonucleotide primers used for qPCR

Primer Sequence (5′ → 3′) Amplicon 
length (bp)

hmgR-for AAA​CGA​TGG​ATT​GAA​CAA​GAGGG​ 113

hmgR-rev TAG​ACT​AGA​CGA​CCG​GCA​AGAGC​

carRA-for CCG​TTT​CAC​TCA​CAG​CAA​GA 135

carRA-rev GAC​AGC​CAC​AAC​ACA​AGT​AGGA​

carB-for AGA​CCT​AGT​ACC​AAG​GAT​TCC​ACA​A 92

carB-rev AGA​ACG​ATA​GGA​ACA​CCA​GTA​CCT​G

SR5AL-for TCC​CTT​TTT​TTT​ACA​TTT​CGT​TTT​GG 180

SR5AL-rev ATA​CCT​TGG​TTG​TTT​TGA​GAG​CCC​T

sexM-for AAC​TCT​CTG​CTC​TCA​TTG​GTG​ 136

sexM-rev GCT​TTG​TTT​TTT​TCT​TCG​CT

tef1-for AAC​TCG​GTA​AGG​GTT​CCT​TCAAG​ 138

tef1-rev CGG​GAG​CAT​CAA​TAA​CGG​TAAC​
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Fig. 1  Effects of trisporic acids on lycopene biosynthesis in B. trispora. 
A: lycopene concentration; B: carotenogenic gene expression with 
24 μg/L trisporic acids. MF: mated fermentation. Single fermentation 
by the (−) strain in all tests except MF. hmgR gene transcripts at 0 h 
was used as the calibrator (value = 1) for relative quantification
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genes and 324 downregulated genes were grouped into 
110 known metabolic or signaling pathway classes. As 
shown in Fig. 2, the pathways relevant to valine, leucine 
and isoleucine degradation, phosphonate and phosphi-
nate metabolism, and carotenoid biosynthesis included 
more upregulated DEGs in B. trispora (−) treated with 
trisporic acids. Downregulated DEGs prevailed in the 
pathways associated with steroid biosynthesis, butanoate 
metabolism, and arginine biosynthesis.

The top 10 of up- and downregulated DEGs were 
shown in Additional file  1: Fig. S3. Among these 
upregulated DEGs, Unigene1762_All (encoding caro-
tene oxygenase), CL1473.Contig2_All (encoding carot-
enoid cleavage dioxygenase 1), and Unigene6321_All 
(sex determining gene) are related to sexual reproduc-
tion. Genes coding for transcription factors (HMG-
box and GATA) also showed high fold changes. 
Notably, although there is no report that Unigene4532_
All (encoding steroid 5α-reductase like gene) is related 
to the synthesis of lycopene, it shows the highest fold 

changes, and steroid 5α-reductase is related to the 
biosynthesis of hormones. Among the top 10 down-
regulated DEGs, some genes are related to protein 
post-translational modifications, such as CL464.Con-
tig12_All (encoding serine/threonine protein kinase), 
CL435.Contig20_All (encoding protein phosphatase).

Roles of steroid 5α‑reductase‑like gene (SR5AL) 
in lycopene biosynthesis and sexual reproduction
Based on the fold changes and the metabolic path-
ways involved, some unigenes were selected as can-
didate genes, such as Unigene4532_All (SR5AL, 
steroid 5α-reductase like gene, fold change = 8.79), 
Unigene1762_All (tsp3, putative carotene oxygenase, 
fold change = 8.71), and Unigene6321_All (sexM, 
sex determining gene, fold change = 7.14). Later, the 
results showed that SR5AL is likely to be one of the key 
genes associated with the response to trisporic acid 
stimulation.
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Characterization of steroid 5α‑reductase like gene
According to the cDNA sequences of Unigene4532, 
homologous DNA regions were searched from the 
genomes of B. trispora F921, F986, and NRRL 2456 
(https://​genome.​jgi.​doe.​gov/​portal/). Next, a 2154-
bp DNA region containing Unigene4532 was ampli-
fied by PCR using B. trispora N6 (used in this study) 
genomic DNA as a template. A 994-bp open reading 
frame (starting with ATG at 799  bp and ending with 
TGA at 1792 bp) was found, which contained five exons 
and four introns. Intron splicing was confirmed by 
cDNA sequence. The translated amino acid sequence is 
highly similar to the sequence of steroid 5α-reductase 
from Absidia repens, A. glauca, Mucor circinelloides, 
and Rhizopus stolonifer (Fig.  3). This gene was named 
the SR5AL gene (steroid 5α-reductase-like gene). The 
TATA box was detected at the 5′-flanking region (TAT​
ATC​T at 376  bp), and a polyadenylation signal was 
found at the 3’-flanking region (AAT​AAA​ at 1867 bp).

Effects of steroid 5α‑reductase inhibitor on the expression 
of carotenoid synthesis genes and the sexM gene
Dutasteride belongs to a class of medications called 
5α-reductase inhibitors, which can effectively 
inhibit both the type 1 and type 2 isoforms of steroid 
5α-reductase. To determine the roles of the SR5AL gene 
in lycopene biosynthesis, dutasteride was added at 48 h 
of fermentation (final concentration: 20  ng/mL). In the 
presence of trisporic acids, lycopene production in the 
treatment group with dutasteride was significantly lower 
than that of the control group. However, the growth of 
B. trispora (−) was not affected because their biomass 
was not significantly different. To explore the effect of 
dutasteride at the transcriptional level, the expression of 
three carotenogenic genes (hmgR, carRA, and carB) and 
the SR5AL gene were measured by RT-qPCR. As shown 
in Fig.  4, the fold changes of carotenogenic genes were 
significantly decreased in the presence of dutasteride. 
Unexpectedly, the addition of dutasteride also resulted 

Fig. 3  Characterization of the steroid 5α-reductase-like gene

https://genome.jgi.doe.gov/portal/
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in a significant decrease in the fold change of the SR5AL 
gene. Dutasteride is a selective and competitive inhibi-
tor of 5-alpha reductase has been widely reported, but its 
roles in gene expression are unclear.

Effects of overexpression of the SR5AL gene 
on the expression of carotenoid synthesis genes 
and the sexM gene
To reveal the effects of overexpression of the SR5AL gene 
on lycopene biosynthesis, the cDNA of the SR5AL gene 
was ligated to an expression plasmid and then trans-
ferred into B. trispora (−). Transformant B. trispora (−) 
btpHY carrying the expression plasmid containing the 
SR5AL gene and btpH carrying the empty plasmid were 
obtained, and their carotenogenic genes and SR5AL gene 
were measured by RT-qPCR. Compared with transfor-
mant btpH, the expression levels of the carRA, carB, 
and SR5AL genes were increased 3.95-, 2.27- and 7.86-
fold in transformant btpHY in the presence of trisporic 
acids, respectively (Fig.  5). Without trisporic acids, the 
fold changes were significantly decreased, although the 
expression of genes in transformant btpHY was enhanced 
compared with that in transformant btpH (Fig.  5). The 
addition of trisporic acids and overexpression of the 
SR5AL gene had no significant effects on the hmgR gene.

Discussion
Trisporic acids, as sexual recognition and communica-
tion signals, cannot be formed in a single culture of the 
mating type (−) [7]. The absence of trisporic acids is con-
sidered the main reason that lycopene cannot be largely 
formed in nonmated fermentation [5, 14]. This study 
observed that lycopene production in single fermentation 
with the addition of a certain amount of trisporic acids by 
the mating type (−) is almost equal to that in mated fer-
mentation. B. trispora (−) is the main lycopene producer, 

and the role of mating type (+) in lycopene synthesis can 
be replaced by trisporic acids. In addition, the growth 
and lycopene biosynthesis of B. trispora (−) may be 
advantageous in single fermentation due to the absence 
of B. trispora (+) to compete for nutrients.

In our previous report, a lycopene-overproducing 
mutant (WY-239) was obtained by atmospheric and 
room temperature plasma mutation, and its transcrip-
tome changes from the parent strain were revealed by 
RNA-seq [18]. Results showed that the carbon metabo-
lism flowed more intensively to acetyl-CoA and then to 
lycopene in the WY-239 mutant compared with the par-
ent strain. To compare transcriptome changes caused by 
mutation with that by trisporic acid, the DEGs obtained 
in this study with those in our previous report were ana-
lyzed together. Results showed that very different tran-
scriptional patterns were observed (Additional file 1: Fig. 
S4). Only a small number of genes were up- or downreg-
ulated simultaneously in the two studies, and most of the 
DEGs were observed in only one study. Some metabolic 
pathways contained a large number of DEGs in response 
to the stimulation of trisporic acids, but very few when 
compared mutant with the parent strain, such as valine, 
leucine and isoleucine degradation, phosphonate and 
phosphinate metabolism, and steroid biosynthesis. Sun 
et  al. [14] revealed intracellular biochemical changes in 
B. trispora in response to trisporic acids based on gas 
chromatography-mass spectrometry. The results showed 
that the regulation of trisporic acids involved multiple 
metabolic pathways, such as fatty acids, carbohydrates, 
and amino acids. Similarly, many primary metabolic 
pathways were sensitive to the addition of trisporic acids 
at the transcriptional level observed in this study (Addi-
tional file 1: Fig. S5). For example, 13 up-regulated DEGs 
and 3 down-regulated DEGs were found in the pathways 
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relevant to valine, leucine and isoleucine degradation. 
The enhancement of this pathway promotes the synthesis 
of acetyl-CoA and HMG-CoA, which are important pre-
cursors for lycopene synthesis. Similar phenomena were 
found in fatty acid degradation and butanoate metabo-
lism. In secondary metabolic pathways, terpenoid back-
bone and carotenoid biosynthesis were strengthened, 
while metabolic branches derived from terpenoid back-
bone biosynthesis pathways are generally weakened, such 
as steroid biosynthesis, sesquiterpenoids and triterpe-
noid biosynthesis, and ubiquinone and other terpenoid-
quinone biosynthesis pathways. For example, steroid 
biosynthesis pathway contains 1 up- and 7 down-regu-
lated DEGs. Since steroids and lycopene share the same 
precursor–farnesyl pyrophosphate, weakening of steroids 
biosynthesis helps more farnesyl pyrophosphate to lyco-
pene biosynthesis. From the gene expression changes of 
these metabolic pathways, trisporic acids facilitated the 
metabolic flux towards carotenoid biosynthesis.

Of the top 10 up- and downregulated DEGs, Uni-
gene1762_All (encoding carotene oxygenase) and 
CL1473.Contig2_All (encoding carotenoid cleavage 
dioxygenase 1) are involved in carotenoid cleavage and 
trisporic acids biosynthesis [17, 23]. Unigene6321_All 
(sex determining gene) controls mating and other sexual 
development [11]. In addition to these DEGs that have 
been reported to be associated with carotenoid biosyn-
thesis or sexual reproduction, Unigene4532_All (encod-
ing steroid 5α-reductase like gene) is also noteworthy. 
Steroid-5α-reductase, also known as 3-oxo-5α-steroid 
4-dehydrogenases, is an enzyme involved in androgen 
biosynthesis in mammals (named the SRD5A gene) and 
brassinosteroid biosynthesis in plants (named the DET2 
gene). 5α-Reductase from microbial sources has been 
reported in only a small number of fungi, such as Peni‑
cillium decumbens, P. chrysogenum, and Ustilago may‑
dis (reviewed by Kristan and Rizner) [24]. The function 
of this enzyme and the metabolic pathways in which 
it is involved have not been fully elucidated in micro-
organisms. 5α-Reductase from Penicillium spp. can 
reduce double bonds in testosterone to form 5-DHT 
and is also inhibited by finasteride and PM-9, competi-
tive inhibitors of the human enzyme [25, 26]. Dutas-
teride, a 5α-reductase inhibitor used in mammals, clearly 
inhibited lycopene formation and had no effect on the 
growth of B. trispora (Additional file 1: Fig. S6). We sur-
mise that dutasteride inhibits the activity of the enzyme 
encoded by the SR5AL gene, making it almost impos-
sible to synthesize lycopene, regardless of the presence 
of trisporic acids. On the other hand, the overexpres-
sion of the SR5AL gene in transformant btpHY signifi-
cantly increased the expression of lycopene biosynthesis 
genes. The color of the mycelium of btpHY (carrying the 

expression plasmid) on solid medium was more intense 
than that of btpH (carrying the empty plasmid), which 
indicated that lycopene formation was enhanced because 
of the overexpression of the SR5AL gene. Therefore, the 
SR5AL gene is one of the key genes in B. trispora (−) 
responding to trisporic acids based on the following three 
phenomena: (1) the expression of the SR5AL gene was 
significantly increased in the presence of trisporic acids, 
as revealed by both RNA-seq and qPCR; (2) lycopene 
biosynthesis was blocked when a 5α-reductase inhibitor 
was added; and (3) lycopene biosynthesis was enhanced 
due to the overexpression of the SR5AL gene.

The pathway of carotenoid biosynthesis in B. tris‑
pora is clear, and the SR5AL gene was not observed to 
be involved. The stimulation of lycopene formation by 
trisporic acids was sharply reduced in the presence of 
dutasteride. In addition, the overexpression of the SR5AL 
gene can at least partially replace the role of trisporic 
acids. These facts indicated that trisporic acids may not 
directly act on carotenoid biosynthesis genes, and there 
are some intermediate substances at work. Sex determi-
nation in B. trispora is controlled by a small, specialized 
region of the genome, named sexP and sexM in the mat-
ing type (+) and (−), respectively. The sexM gene is also a 
notable gene in response to trisporic acids. Its expression 
was significantly increased in the presence of trisporic 
acids, but the increment was lower under the condition 
of adding both trisporic acids and dutasteride than when 
only trisporic acids were added. This phenomenon is 
consistent with the SR5AL gene. In addition, the overex-
pression of the SR5AL gene resulted in the upregulation 
of the sexM gene in transformant btpHY, regardless of 
whether trisporic acids were added. The sexP and sexM 
proteins of Mucorales are sex-specific transcription fac-
tors, since they contain a sequence similar to the high 
mobility group domain found in genes responsible for sex 
determination in many organisms [13, 27]. The expres-
sion of the sexM gene in Mucor mucedo also increased in 
the presence of trisporic acids or in mated culture [12]. 
Sexual development results in changes in the transcrip-
tional level of several hundred genes [28].

Conclusions
In summary, changes in transcriptional levels in B. tris‑
pora upon exposure to trisporic acids were demonstrated 
by RNA-seq, and some key regulatory genes were found. 
Trisporic acids facilitated the metabolic flux towards 
carotenoid biosynthesis, but their roles may be indirect. 
The SR5AL gene is one of the key genes for regulating 
lycopene biosynthesis in B. trispora (−) in response to 
trisporic acids.
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