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Abstract

One of the reasons hindering large-scale application of sophorolipids (SLs) is
high production cost. In this study, six recombinant strains of Starmerella
bombicola, sbEG1, sbEG2, sbCBH1, shCBH1-2, sbBGL1, and shCBH2 express-
ing cellulase genes egl, eg2, cbh, cbhl-2, bgll, and cbh2 from Penicillium
oxalicum were respectively constructed. Four strains showed cellulase activities
and were co-cultivated in fermentation media containing 2% glucose, 1% Regen-
erated Amorphous Cellulose (RAC), 2% glucose, and 1% RAC, respectively.
After 7 days’ cultivation, concentration of SLs in medium with 1% RAC (g/L)
reached 1.879 g/L. When 2% glucose and 1% of RAC were both contained, the
titer of SLs increased by 39.5% than that of control strain and increased by
68.8% than that in the medium with only 2% glucose. Results demonstrated that
cellulase genes from filamentous fungi in S. bombicola can function to degrade
lignocellulosic cellulose to produce SLs.
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Introduction

Biosurfactants produced through microbial fermentation have attracted increasing atten-
tions in recent years because of their excellent surface activity, good environment
compatibility, biodegradability, and unique bioactivities [1]. As one of the most impor-
tant biosurfactants, SLs has good biocompatibility and biodegradability and the highest
fermentation production among all of biosurfactants [2]. SLs is an environmental friendly
biosurfactant that can be used in food and daily chemicals, medical care, environment
protection, microbial enhanced oil recovery, pesticides, and many other industrial and
agricultural fields [3]. The obstacle to the large-scale applications of SLs lies in the
higher production cost of SLs over chemically synthesized surfactants. High production
of SLs can be achieved by adding both high concentration of hydrophilic (up to 80 g/L
of glucose) and hydrophobic (such as 60 g/L rapeseed oil) carbon sources; thus, the cost
of the carbon sources accounts for a large proportion of the total cost of SL production
and is a major bottleneck to the development of economically viable large-scale SL
production. In the last decades, researchers have made many attempts to reduce produc-
tion cost of SLs, especially tried to find some cheaper alternatives of glucose and plant
oils. So far, SLs has been reported to be produced by replacing the common hydrophilic
carbon source (glucose) with deproteinized whey concentrate, sugar cane molasses,
soybean molasses, glycerin, etc. [4—6]. In addition, industrial and restaurant waste oils
such as biodiesel by-products, frying waste oils, industrial fatty acid residues, restaurant
waste oils, and soybean black oil can be used to replace common hydrophobic carbon
sources [7—10].

Lignocellulosic biomass is the most abundant renewable resource in the nature.
Agricultural and forestry waste can reach 10 tons per year in China. Eighty percent of
the total amount of lignocellulosic raw materials has not been well used. Lignocel-
lulosic raw materials are mainly degraded by filamentous fungi to produce soluble
sugars and then used for ethanol production; however, up to date, the reports about
the production of SLs directly from lignocellulosic biomass by SL-producing yeast
are still unavailable. More applications of lignocellulosic raw materials need to be
explored. SL-producing yeasts are expected to be genetically engineered to utilize
lignocellulosic biomass and the resulting hexose and pentose can be further used for
SL synthesis.

The degradation of lignocellulosic biomass needs the synergy of the cellulase
system including exoglucanases (CBH1 and CBH2), endoglucanases (EG) and (3-
glucosidases (BG), engineering and optimizing multiple heterologous functionalities
in a single microbial strain have proven inherently challenging [11], in contrast to
incorporate all required functionalities for the degradation of lignocellulosic biomass
into a single strain of S. bombicola, microbial multicellular system in which individ-
ual strains with different cellulase function probably cooperate to survive and thrive
together [12].

In the present study, a series of recombinant strains of S. bombicola in which several main
cellulase genes from P. oxalicum were heterologously expressed were constructed. The work
aimed to investigate whether different P. oxalicum cellulase genes could be respectively
successfully expressed and co-culture of these recombinant S. bombicola strains with different
heterologous cellulase genes can cooperate to thrive and produce SLs [13—17] from lignocel-
lulosic biomass directly.
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Materials and Methods
Strains, Plasmids, and Primers

Starmerlla bombicola was isolated from oily wastewater by our laboratory and was previously
identified as Wickerhamiella domercqiae var. Sophorolipid by physiological and biochemical
methods. After the genome of the strain was sequenced, the strain was identified as
Starmerella bombicola [18]. The strain is now deposited in China General Microbiological
Culture Collection Center, and the serial number is CGMCC1576.

Penicillium oxalicum 114-2 was screened and deposited by our laboratory.

E.coli DH5 ¢ is used as a plasmid cloning host strain and purchased from TransGenBiotech
Beijing.

The plasmid backbone P15A was deposited in our laboratory.

The plasmid pRLMG containing hygromycin resistance marker was constructed and
deposited in our laboratory.

The plasmid pPICIK containing the signal peptide sequence o«-Factor was constructed and
deposited in our laboratory.

Primers used in this study are listed in Table 1.

Construction and Cultivation of Uracil Auxotroph Strain

Uracil auxotroph strain Aura of S. bombicola was constructed by homologous recom-
bination and used as parent stain in later experiments. The back-up plasmids of uracil
auxotroph strains were constructed using promoter gem-3424 and terminator Trapc. The
c¢DNA of P. oxalicum was used as a template for PCR amplification to obtain the target
gene egl, eg2, cbhl, cbh2, cbh1-2, and bgl. The plasmid vector and the above six
different cellulase genes were respectively linked together and the expression plasmids
carrying different P. oxalicum cellulase genes were obtained, respectively. The above
plasmids carrying different heterologous genes were respectively linearized with the
restriction enzyme Dral and electrotransformed into Aura. The electrotransformation
solution was spread on the FOA screening plate (5-fluoroorotic acid can combine with
uracil to produce a toxic substance that kills the strain), and the uracil auxotroph positive
transformant was obtained after 72 h of cultivation. The amplification was performed by
using the genome of the transformant as template, the ura CDs region primers yzl-for
and yzl-rev. If the ura CDs region fragment could not be amplified, it could be proved
that the gene ura was successfully knocked out. Subsequently, the transcription level of
gene ura was determined by RT-qPCR using actin as a reference gene and that of the
starting strain was used as the control. Unless mentioned otherwise, cells were grown in
YPD medium (20 g/L yeast extract, 10 g/L peptone, 20 g/L glucose) at 30 °C and
200 rpm.

Determination of Transcription Levels of the Heterologous Genes in Recombinant
Strains by RT-qPCR

The transcription levels of the six genes (egl, eg2, cbhl, cbh2, cbh1-2, and bgl) from

P oxalicum in S. bombicola were detected by RT-qPCR (SYBR Premix Ex Taqll,
Takara).
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Table 1 Primers used in the study

Primers Sequences

ura-5flankingfor CTTGGGGGAAGGCTAGCTG
ura-Sflankingrev. . GCTCCTTCAATATCAGTTAACGTCGATTATTTCTCTACAGTAGTGCCCGT

ura AAATTCCGTCACCAGCCCTGGGTTGTTTTCTCAAACAGTTCCTTCAATG
-3flankingfor
ura GGAGGCTGGTTCTCCGGTGA
-3flankingrev.  GCGTAAGGAGAAAATACCGCATCAG
hph-for ACTTTATGCTTCCGGCTCGTATGTT
hph-rev ATGGTAGTAGTGGGCACGCAT
csl-for TGTAAAGTTAGGGGTGCCTCTT
csl-rev ATGAAGCTGAGCTATGAGGAGC
Yzl-for TCATCTTGACTGAACTTTTCTCAGA
Yzl-rev TACTGAGTATCCTGGACCGCATTGG
ura-Ll-for GCACAGGATCTCGTCCCTTGCTATA
ura-Ll-rev AATACGACACAACTGTCAGCGGTTT
ura-1.2-for ACAGTACGATACTGCTGCCCCAATC
ura-L2-rev

Sflankingfor GAAAATGGTGATTGTCTCCGTCT
Sflankingrev GAGACCCAAACTCGTATTCTGAGTACTTCGCCCTGTCTTCAGCAT

3427-for ACTCAGAATACGAGTTTGGGTCTC

3427-rev GCAGTAAAAATTGAAGGAAATCTCATTTCTAATAGATGTTTGTCTGTGCAG
Signal-for ATGAGATTTCCTTCAATTTTTACTGC

Signal-rev TTAATTACTAGTCTCGAGCCCGGGGGATCCGCGGCCGCCCTAGGTACGTA
csl-for AGCTTCAGCCTCTCTTTTCTC

csl-p-rev GAAAATGGTGATTGTCTCCGTCT

csl-w-rev TTAATTACTAGTCTCGAGCCCGGG

Trapc-for TATCCAGATTCGTCAAGCTGTTTGATGATTTCAGTAACGTTAAGTGGATC
Trapc-rev TTAATTACTAGTCTCGAGCCCGGG

3’flankingfor GATCCACTTAACGTTACTGAAATCAT
3’flankingrev AACCCAGGGGCTGGTGAC

P15A-for GTCACCAGCCCCTGGGTTTTTTCTCAAACAGTTCCTTCAATG

P15A-rev GCAGCTTTCTATTAATTTCGTCG

cslI-for CGACGAAATTAATAGAAAGCTGCTTACGCCCCGCCCTGCCA

csll-p-rev GGTAACGAATCAGACAATTGACG

csll-w-rev GATCCACTTAACGTTACTGAAATCA

Po-egl-for GGTAACGAATCAGACAATTGACG

Po-egl-rev CAGAGTCTGTCTCAATCGAGCAAACGCAGACGGAGACAATCACCATTTTC
Po-eg2-for GGTAACGAATCAGACAATTGACG

Po-eg2-rev TATCCTAGGCAGCAGCCGGCGGTTGCGAA

Po-cbhl-for TATCCCGGGTCAtagtagtagtagtagtagCAGGCACTGAGAGTAGTA

Po-cbhi-rev TATCCTAGGGTGCCCCAGGGCATCTCCAA

Po-cbh2-for TATCCCGGGTTAtagtagtagtagtagtag CAGACACTGCGAGTAGTAGT
TATCCTAGGCAGCAGGTTGGAACTCAGAA
TATCCCGGGTTAtagtagtagtagtagtagTGCGGAAAAGGTTGA
TATCCTAGGCAGCAGACCGTCTGGGGA

Po-cbh2-rev ATCCCGGGTTAtagtagtagtagtagtag GAAGCTTGGGTTGGCGT

Po-cbhi-2-for ~ TATCCTAGGCAGGGCGCCGGCACTCTGA

Po-chh1-2-rev. TATCCCGGGTTAtagtagtagtagtagtagCAGGCACTGGGAGTAGTACT

Po-bgll-for TATCCTAGGAAGGATCTTGCCTACTCT

Po-bgll-rew TATCCCGGGTTAtagtagtagtagtagtag CTGCACCTTGGGCAGAT
egl-LI-for CTGCCAACCCGTCCCTGAAGA

egl-Ll-rev CCTCCACACTGGCCCCATTGG

egl-L2-for AGGCGTGGTGCGAGAGCGTG

egl-L2-rev AAGACAACGTGAGTGTCGGGGT

eg2-Ll-for GTGCCCCAGGGCATCTCCAA

eg2-Ll-rev TTACAGACACTGCGAGTAGTAGT

eg2-L.2-for AGATCTTGTCGGCGTACTTCCCA
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Table 1 (continued)

Primers Sequences

eg2-L.2-rev CTGCGCCCAGTGTCCGGCTGTC
cbhl-Ll-for CACTCGGTCGATGGTTACAAGAAC
cbhl-Ll-rev AGACTCGGATTCAACAGTAGAGGG

cbhl-L2-for GCGGCATTACTGGCAACTCGA
cbhl-L2-rev CCTTGGAAGCAGCAGCATCGGT
chh2-LI-for CAATGTCTCCCAGGCAGTGGAA
cbh2-Ll-rev GCTTGAGGGCATCGCTGTATCC
chh2-1.2-for ACTACAACGCCTGGTCCATCTCC
cbh2-1L.2-rev CCAGTCACCCCAGGCTTGTTG
cbhl-2-Ll-for =~ CGGTACTGGATACTGTGACTCTCAG
cbhl-2-Ll-rev. CACTGGGAGTAGTACTCGTTCTGCT
cbhl-2-1.2-for ~ TCCACCTTCAACAGCGGCTCCAC
cbhl-2-1.2-rev. AGTGAGCAGCACCGCCGCCGT

bgll-L1-for ATTGGTGTTCGTCAACGCTGAT
bgll-Ll-rev ATGATCCAGTTCTGTGATGGGACAT
bgll-1.2-for CTACTGTCACCAACACCGGCTCA
bgll-1.2-rev TCCCAGTTGGACAGATCACGAC
actin-for GTCATCTGCTCAACGAAGTGTAT
actin-rev ATGTCCTTCTGAGCGGTCTG

Enzyme Activity Assay of the Recombinant Strains with P. oxalicum Cellulase Genes

After 3 days’ cultivation in YPD medium (50 mL in 300 flask), the fermentation broths of the
six recombinant strains were applied for cellulase activity assay, respectively. The activities of
endocellulase, exocellulase, and (-glucosidase of wild-type and recombinant strains were
determined using carboxymethylcellulose sodium (CMC-Na), p-Nitrophenyl-cellobiose
(pNPC), and p-Nitrophenyl-3-D-Glucopyranoside (pNPG) as the substrate, respectively.
One unit of endocellulase, exocellulase, and (3-glucosidase was respectively defined as the
enzyme amount required for the release of 1 umol of glucose by hydrolyzing 1.5 mL. CMC-
Na, 50 uL pNPC, and 50 puL pNPG, respectively.

Saccharification Experiments of Different Cellulose Substrates by Recombinant
Strains

The recombinant strains shEG1, shEG2, sbCBH2, and shBGL1 which showed higher enzyme
activities were cultivated in YPD medium (50 mL in 300-mL flask) for 7 days and the enzyme
activities of each day were detected. The fermentation broth of each recombinant strain was
collected when reached the maximum enzyme activity and centrifuged at 10,000g for 10 min,
and then the supernatant was taken for saccharification experiment. Saccharification system
contained 25 mL substrate solution in 100-mL shake flasks, 0.5% Delignified Corncob
Residue (DCCR), 1% DCCR, 0.5% RAC, and 1% RAC was used as substrate, respectively.
The supernatant of the fermentation broth of the recombinant strains with different heterolo-
gous cellulase genes was mixed together in equal volume and applied to saccharification; the
supernatant of the fermentation broth of the wild-type strain was served as the control. The
saccharification was performed at 50 °C, 150 rpm for 7 days, and then the supernatant of the
saccharification system was applied to determine the amount of reducing sugar to determine
the optimal substrate.
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Co-culture of Recombinant S. bombicola Strains with Different Cellulase Genes
from P. oxalicum

Six recombinant strains with single cellulase gene from P. oxalicum were cultivated together
and expected to synergistically degrade lignocellulosic biomass. The six recombinant strains
with different cellulase genes were co-cultured at 30 °C, 200 rpm for 7 days in three
fermentation media containing 2% glucose, 1% RAC, 2% glucose, and 1% RAC, respectively,
and the wild-type strain of S. bombicola CGMCCI1576 was used as the control and cultured
under the same conditions as that of the recombinant strains.

Results and Discussion
Construction of Uracil Auxotrophic Strain Aura of S. bombicola

According to the principal of double-joint PCR, the hph expression box was fused with the
upstream and downstream segments of ura gene to obtain the knockout box. The construction
of knockout box is shown in Fig. S1.

The ura knockout box of 6000 bp was obtained by nested PCR and then was
electrotransfered into S. bombicola. The colonies growing on FOA screening plate were
picked up and the positive transformants without ura gene were verified by colony PCR by
using the recombinant plasmid as the template and the primer pairs yzl-for and yzl-rev
designed according to the CDs region sequence of ura (Fig. S2).

The transcriptional level of ura gene in uracil auxotrophic strain was further verified. The
transcription of ura was significantly downregulated compared with that of the control strain,
indicating the successful knockout of ura. And the selected uracil auxotrophic strain could not
grow on SD plate without uracil but could grow on SD plate with uracil (Data not shown).

Construction of S. bombicola Recombinant Strains with Different Cellulase Genes
from P. oxalicum

The six target genes, egl, eg2, cbhl, cbh2, cbhi-2, and bgll, were respectively amplified by
PCR using high fidelity Pfu DNA polymerase, the cDNA of P. oxalicum 114-2 as the
template. Plasmid P15A with chloramphenicol resistance gene was used as the expression
vector for the expression of the heterologous cellulase genes from P. oxalicum plasmid (Fig.
S3a).

The correct plasmid vector and the target genes were purified and digested by restriction
enzymes Smal and AvRII, and then the vector and the above six target cellulase genes were
linked to obtain the P. oxalicum cellulase gene expression plasmid, respectively. The expres-
sion plasmids were verified by colony PCR and digested by single enzyme Dral and single
enzyme by Xbal at three sites. The electrophoresis results of colony PCR are shown in Fig. S4,
and size of each DNA fragment was consistent with its theoretical value.

The above recombinant plasmids were linearized by the restriction enzyme Dral and
electrotransformed into Aura, respectively. The positive transformants were picked out and
verified by colony PCR (Fig. S3b). Using the genome of the transformants as the template and
the validation primers of each cellulase gene, six fragments were amplified and their sizes were
consistent with their corresponding theoretical values as shown in Fig. S5, proving the

@ Springer



Applied Biochemistry and Biotechnology (2021) 193:377-388 383

successful insertion of each cellulase gene from P. oxalicum into S. bombicola genome. The
six recombinant strains with egl, eg2, cbhl, cbh2, cbh 1-2, and bgl, from P. oxalicum, were
named as shbEGI, shbEG2, sbCBH1, sbCBH2, sbCBH1-2, and shBGLI1.

To know whether the transformed cellulase genes were expressed, the transcription level of
each cellulase gene was detected. As shown in Fig. 1, the transcriptions of all P. oxalicum
cellulase genes in the recombinant S. bombicola strain were all significantly upregulated
compared with the control strain, which indicated the successful transcriptions of the six
cellulase genes in S. bombicola recombinant strains.
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Enzyme Activity Assay of Heterologous Cellulases in the S. bombicola Recombinant
Strains

Enzyme activities of heterologously expressed cellulases in recombinant S. hombicola strains
were assayed and the results are shown in Fig. 2. The recombinant strains with shEG1 and
sbEG2 showed endocellulase activities of EG1 and EG2, the recombinant strain sbCBH2
showed exocellulase activity of CBH2, the recombinant strains with bg/ genes exhibited [3-
glucosidase activity of BGL1, but, the activities of CBH1 and CBH1-2 in recombinant strains
could not be detected. Noticeably, the wild-type strain S. bombicola exhibited weak
endocellulase and [3-glucosidase activities.

Saccharification Experiments by Cellulases in Recombinant Strains Using Different
Cellulose Substrates

The recombinant strains shbEG1, shEG2, sbCBH2, and sbBGL1 with the corresponding detectable
cellulase activities were cultivated for 7 days and applied to enzyme activities assay (shown in
Fig. 3). After 7 days’ cultivation, the crude enzyme solution of the above recombinant strains was
used for saccharification experiment. Several cellulose materials, 0.5% DCCR, 1% DCCR, 0.5%
RAC, and 1% RAC, were used as the substrates of saccharification. Since CBH1 activity in the
recombinant strain shCBH1 could not be detected, the RAC with damaged crystalized region was
used as an alternative substrate. The culture broth of the wild strain was as the control, and the
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culture broth of the four recombinant strains sbEG1, shbEG2, sbCBH2, and shbBGL1 which
exhibited their corresponding cellulase activities of EG1, EG2, CBH2, and BGL1 was added in
equal volume to saccharification system. The saccharification solution after saccharification of
168 h was centrifuged at 10,000 rpm for 10 min and the supernatant was collected. The amount of
reducing sugar in the supernatant was determined to find the optimal substrate. As shown in
Fig. 4, DCCR could not be saccharified to produce reducing sugar by the crude enzyme solution
of the four recombinant cellulases, while RAC could be used as the substrate of the four
heterologously expressed cellulases and a certain amount of reducing sugar was released, and
the produced reducing sugar from 1% RAC was higher than that from 0.5% RAC.

Co-culture of Four Recombinant S. bombicola Strains with Different Cellulase Genes
from P, oxalicum

According to the results of saccharification, 1% RAC was the optimum substrate for the
heterologously expressed cellulase system. Four recombinant S. bombicola strains shbEGI,
shEG2, shCBH2, and shBGL1 were co-cultured in three different fermentation media containing
2% glucose, 1% RAC, 2% glucose, and 1% RAC, respectively. The wild-type S. bombicola strain
without heterologous genes was used as the control. The anthrone method was used to determine
the content of SLs. The experimental procedure was as described by Shen [19]. The results are
shown in Fig. 5. When only 2% glucose was used as the substrate, the titer of SLs produced by co-
culture of the four recombinant strains was low and showed no differences with that by the control
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Fig. 3 a Enzyme activity curve of recombinant strain shbEG1. b Enzyme activity curve of recombinant strain
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with sbBGL1. The culture for the four recombinant strains lasted for 7 days
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Fig. 4 a—d Saccharification of different cellulose substrates by heterologously expressed cellulases in
S. bombicola

strain. The residual glucose in fermentation broth after 3 days’ cultivation was measured and
glucose was found to be exhausted, which indicated that 2% glucose was mainly used for growth
of these recombinant strains, and the titer of SLs by co-culture of 4 recombinant strains was almost
the same as that by the control strain. When only 1% RAC was used as substrate, the concen-
tration of SLs reached 1.878 g/L, which was 2.6 times higher than that of the control strain. When
2% glucose and 1% of RAC were both contained in fermentation medium, the titer of SLs was
increased by 39.5% compared with that of the control strain and increased by 68.8% than that in
the fermentation medium with only 2% glucose. The concentration of SLs by the co-culture of
four recombinant strains sbEG1, sbEG2, sbCBH2, and sbBGL1 in medium with 1% RAC was
higher than that in the medium with 2% glucose, this was probably attributed to reducing sugar
release by the continuous degradation of RAC, while only 2% glucose was used as substrate,
glucose was exhausted on the third day of fermentation.

Conclusions

In the study, uracil auxotroph strain was successfully obtained, and S. bombicola recombinant
strains expressing heterologous cellulase single enzyme genes egl, eg2, cbh2, and bgll were
constructed respectively. Through saccharification test of different cellulose substrates, the
optimum substrate was determined to be 1% RAC. And by co-culturing recombinant strains,
the idea of directly using lignocellulosic biomass to produce SLs was successfully achieved.
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Fig. 5 SL production by co-culture of four different recombinant strains with different cellulase genes from
P, oxalicum using RAC, glucose, and glucose+RAC as substrates. Cells were grown in medium at 30 °C and
200 rpm

Ma demonstrated for the first time the feasibility of producing SLs from the hydrolysate of
DCCR [20]. Samad et al. used sweet sorghum residue hydrolysate and soybean oil as
substrates to obtain 84.6 g/L of SLs [21]. Konishi et al. improved the process of synthesizing
sophorolipids from hydrolysate of corncobs, reduced the amount of acid, and obtained 43.8 g/
L SLs [22]. Researches above were all use enzyme-treated cellulose saccharification solution
as the substrates to produce SLs. In this study, the main cellulase genes were expressed in
S. bombicola and enable the recombinant strain to direct use lignocellulosic cellulose to
produce SLs, which is a useful exploration to expand the substrate spectrum of SL production.
The exoglucanases CBH1 could be further expressed as active enzyme in S. bombicola; it will
be very likely to utilize natural lignocellulose resources to produce SLs. Moreover, by co-
cultivation, more genetically modified strains can be cultivated together to increase SL
production, promoting further commercialization of SLs in biosurfactant market.
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