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charification. Here we show a microbial extraction of biotin from biotin-rich corn leaves hydrolysate. Corynebacterium
glutamicum was found to have the highest biotin uptake capacity among different biotin auxotrophic microorganisms,
and it was further significantly increased by overexpressing the bioYMN gene cluster encoding biotin transporter.
Finally 250 folds greater biotin was extracted by recombinant C. glutamicum (303.8 mg/kg dry cell) from virgin corn

leaves (1.2 mg/kg), which was far higher than that in commonly used fermentation additives including yeast extract
(~2mg/kg), molasses (~1mg/kg) and corn steep liquor (~0.75 mg/kg). The biotin extracted from corn leaves was
successfully applied to glutamic acid fermentation. This is the first report on microbial extraction of biotin from
lignocellulose biomass and fermentation promotion application.

1. Introduction

Biotin (vitamin B;) is an essential coenzyme in carboxylation reactions.
Proper biotin addition significantly promotes the production performance of
various microbial fermentations for glutamic acid (Cao et al., 2014;
Eggeling et al., 2001; Wen et al., 2018), lysine (Coello et al., 2002; Chen
et al., 2019), arginine (Zhan et al., 2019), succinic acid (Chen et al., 2000),
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ethanol (Alfenore et al., 2002; Nikolic et al., 2009), and lactic acid (Kwon
et al., 2000). Chemical production of biotin generally takes multiple steps
with toxic reagents use and generates chiral isomers of d-biotin (Seki et al.,
2004; Seki, 2006; Zhong et al., 2012). Microbial production of biotin by
fermentation (Saito et al., 2000; Seki, 2006; Survase et al., 2006) or direct
extraction from eggs, yeast, liver etc. (Alban et al., 2000) is very costly.
When biotin is used for fermentation enhancement, the biotin-rich additives
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are usually used instead of pure biotin such as molasses, corn steep liquor
and yeast extract (Chen et al., 2019; Wen et al., 2018).

Recently we identified that agricultural lignocellulose biomass such as
corn stover contains surprisingly high biotin and the biotin maintains stable
in biorefinery processing chain including acid pretreatment, biodetoxifica-
tion and enzymatic hydrolysis (Wen et al., 2018). Biotin in plant cells is
either bound to organelles as cofactors of carboxylases for fatty acid
synthesis, amino acid catabolism, and carbohydrate gluconeogenesis (Alban
et al., 2000; Baldet et al., 1992), or present in cytosol as free biotin reserve
(Baldet et al., 1993). Biotin content of plant leaves is generally higher than
that of stems because of the active de novo fatty acid synthesis in plastids of
leaves (Rawsthorne, 2002; Wen et al., 2018).

This study showed a microbial extraction of biotin from corn leaves
after dry acid pretreatment, biodetoxification, and enzymatic hydro-
lysis and its application for glutamic acid production enhancement. The
biotin uptake capacity of several biotin auxotrophic microbes was as-
sayed including Saccharomyces cerevisiae, Corynebacterium glutamicum,
and Trichosporon cutaneum. C. glutamicum was found to behave a strong
ability to accumulate intracellular biotin, and its biotin uptake capacity
was further enhanced by genetic modification. The biotin-rich cell ex-
tract of C. glutamicum was used as biotin additive in glutamic acid
production and the production performance was significantly pro-
moted. This is the first report on microbial extraction of biotin from
lignocellulose biomass and fermentation promotion application.

2. Materials and methods
2.1. Materials and reagents

Corn stover was harvested in September of 2016 from Weifang,
Shandong Province of China. After collection, it was air-dried, anato-
mical fractionated into stems and leaves, and then milled by a hammer
crusher (10mm diameter apertures) respectively. The corn leaves
contained 26.9% cellulose, 20.0% xylan, 17.9% lignin, 12.4% ash on a
dry weight basis assayed using NREL protocols (Sluiter et al., 2005,
2012). The details of cellulase (Han et al., 2018), pure biotin, corn steep
liquor, biotin assay medium, Lactobacilli broth, and other reagents were
shown in Supplemental Materials.

2.2. Strains, media and seed culture

All the strains used were shown in Table 1. Escherichia coli DH5a was
used as the host for plasmid construction. Amorphotheca resinae ZN1 was
used for biodetoxification of the acid pretreated corn leaves (Zhang et al.,
2010). Corynebacterium glutamicum S9114 (Wen et al., 2018), Saccharomyces
cerevisiae DQ1 (Zhang et al., 2011), Saccharomyces cerevisiae XH7 (Li et al.,
2016; Liu et al., 2018), and Trichosporon cutaneum ACCC 20271 (Wang
et al., 2016) were biotin auxotrophic microorganisms and used for biotin
extraction from corn leaves hydrolysate. The origin, media and seed culture
of the strains were shown in Supplemental Materials.

2.3. Overexpression of bioYMN gene cluster in C. Glutamicum

Plasmids, primers and strains used were listed in Table 1. The gene
cluster bioYMN encoding biotin biosynthesis protein (bioY), cobalt ABC
transporter ATP-binding cassette protein (bioM) and ABC transporter
permease (bioN) were amplified from the genome of C. glutamicum
S9114 by PCR. The plasmid pH36mob was constructed using the syn-
thesized strong promoter H36 (Yim et al., 2013) into pTRCmob by
Generay Biotech Co., Shanghai, China. The expression plasmid
pH36mob-bioYMN was constructed by inserting the bioYMN gene
cluster into the plasmid pH36mob at EcoRI and Xbal, and it was con-
sequently transformed into C. glutamicum S9114 according to Ruan
et al. (2015) and Schaefer et al. (1994) by electroporation (Gene Pulser
Xcell, Biorad, Hercules, CA, USA) to obtain the recombinant strain C.
glutamicum pH36mob-bioYMN.
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The cassette H36-bioYMN was integrated into the genome by de-
leting the CGS9114 RS02700 gene. A 1,000-bp fragment at the up-
stream and the other 1,000-bp fragment at the downstream of
CGS9114 RS02700 were amplified. The two fragments were overlapped
with the H36-bioYMN fragment and inserted into the suicide plasmid
pK18mobsacB to construct the integration plasmid pK18mobsacB-
ACGS9114 RS02700::(H36-bioYMN) using the HB-infusion Seamless
Cloning Kit (HanBio, Shanghai, China). The plasmid was introduced
into C. glutamicum S9114 by electroporation and the substitution of
CGS9114 RS02700 with H36-bioYMN was conducted by homologous
recombination (Wang et al., 2018). The final recombinant C. gluta-
micum ACGS9114 RS02700::(H36-bioYMN) was obtained and verified
by sequencing. The recombinant C. glutamicum ACGS9114_RS02700::
(H36-bioYMN) was cultured by adaptive evolution in corn leaves hy-
drolysate every 12 h at 10% (v/v) inoculum size, 30 °C, pH 7.0, 200 rpm
until the cell growth and glucose consumption were stable.

2.4. Pretreatment, biodetoxification and hydrolysate preparation

Corn leaves was dry acid pretreated (Han and Bao, 2018; Zhang
et al., 2011), biodetoxified (Zhang et al., 2010; He et al., 2016) and
enzymatically hydrolyzed at 15% (w/w) solids loading, cellulase do-
sage of 10mg/g cellulose, pH 5.5, 50°C for 48h. The hydrolyzed
slurries were centrifuged at 10,000 X g for 15 min, and the supernatant
was autoclaved at 115 °C for 20 min and sterile filtrated. The prepared
corn leaves hydrolysate contained 38.1 g/L glucose with no furfural and
HMEF. No free liquid was generated in dry acid pretreatment and bio-
detoxification processes, and therefore biotin was effectively preserved
in the prepared corn leaves hydrolysate.

2.5. Biotin extraction and biotin-rich cell extract preparation

The seeds of S. cerevisiae DQ1, S. cerevisiae XH7 and T. cutaneum
ACCC 20271, C. glutamicum S9114 and recombinants C. glutamicum
were respectively inoculated at 10% (v/v) inoculum size into 250 mL
flasks containing 30 mL corn leaves hydrolysate with supplement of
5g/L (NH4)»SO,4 at 30°C, 200 rpm for biotin extraction. For C. gluta-
micum S9114 and its recombinants, the pH was adjusted to 7.0 using
5M NaOH solution before inoculation and maintained by supplement
of 20% (w/w) urea solution. Samples were taken and centrifuged at
15,000 X g for 5min, in which the supernatant was used for extra-
cellular biotin and glucose assay, and the cells were used for in-
tracellular biotin assay. Biotin uptake capacity was calculated by mul-
tiplying the intracellular biotin content (ug/g dry cell weight, DCW)
and dry cell concentration (g/L). Cell growth was assayed according to
optical density at 600 nm (ODgg), and the dry cell concentration (g/L)
was calculated by multiplying ODgoo and 0.45 g/L. The yield of biotin
extraction was obtained using biotin uptake capacity divided by the
initial biotin content in the corn leaves hydrolysate.

The biotin extraction using C. glutamicum was scaled up in a 3 L
fermentor (Biotech-3BG-4, Baoxing Co., China) at 30 °C, 600 rpm, and
aeration rate of 1.4 vvm. One liter of corn leaves hydrolysate was used
with supplement of 5 g/L (NH,4),SO, at the inoculum size of 10% (v/v)
and pH of 7.0 by automatic feeding of 20% (w/v) ammonium hydroxide
solution. Biotin uptake capacity and biotin extraction yield were ob-
tained as above mentioned. The harvested cells were hydrolyzed using
3% (w/w) HySO,4 at 10% (w/w) cells content, 121 °C for 30 min. The
slurries after acid hydrolysis were centrifuged at 15,000 X g for 5 min
and the supernatant was used as biotin-rich extract.

2.6. Glutamic acid production

Glutamic acid production was performed in a 3 L fermentor with a
working volume of 1 L. The seed of C. glutamicum S9114 was prepared
and inoculated at 10% (v/v) inoculum size, 30 °C, and the aeration rate
of 1.4 vvm. The pH was maintained at 7.0 by automatic feeding of 20%
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Table 1
Strains, plasmids and primers used.
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Strains

Characteristics

Sources

Escherichia coli DH5a

Amorphotheca resinae ZN1
Saccharomyces cerevisiae DQ1
Saccharomyces cerevisiae XH7
Trichosporon cutaneum ACCC 20,271
Corynebacterium glutamicum S9114

Host for plasmid construction
Biodetoxification fungus isolated in our lab
Biotin-deficient

Biotin-deficient

Biotin-deficient

Biotin-deficient

Lab stock

Zhang et al. (2010)
Zhang et al. (2011)
Liu et al. (2018)
Wang et al. (2016)
Purchased from SIIM

C. glutamicum pH36mob-bioYMN C. glutamicum S9114 harboring bioYMN expression plasmid pH36mob-bioYMN This study

C. glutamicum ACGS9114 RS02700::(H36-bioYMN) Integration of H36-bioYMN into CGS9114 RS02700 locus of C. glutamicum S9114 genome This study
Plasmids Characteristics Sources

pTRCmob Shuttle expression vector, Ptrc promoter, Km® Yim et al. (2013)
pH36mob Expression vector, Pz promoter This study
pH36mob-bioYMN Expression vector containing bioYMN gene cluster This study
pK18mobsacB Mobilizable vector for integration, KmR, sacB Wang et al. (2018)
pK18mobsacB-ACGS9114 RS02700::(H36-bioYMN) Plasmid for integration of the expression cassette H36-bioYMN This study

Primers Sequences (5-3")

bioYMN-F GAATTCTTGTTGAACACTGTTCAGGTGTAT
bioYMN-R TCTAGATTAATCGCCGGCACCA

H36-bioYMN-F ATTTTTTCTCCCCGTCAACCACCATCAAACAGGA

H36-bioYMN-R

CGS9114 RS02700-up-F
CGS9114 RS02700-up-R
CGS9114_RS02700-down-F
CGS9114 RS02700-down-R

CAACAACTGAAAGGGCTACCGCTTCTGCGTTCTGATTTAATCTGTAT
ACAGCTATGACATGATTACGCGCCGAAAACCTGCTGTCTAT
GGTGGTTGACGGGGAGAAAAAATG
GCAGAAGCGGTAGCCCTTTCAGTTGT
TTGCATGCCTGCAGGTGGCGAAGCCGAGGAAGACA

Note: The underline indicates the digestion site, and the double underline indicates the homologous sequence of over-lap PCR. Km®, kanamycin resistance.

(w/v) ammonium hydroxide and the dissolved oxygen (DO) was
maintained in the range of 10%-40% by changing the agitation rate.
The fermentation medium contained 120 g/L of glucose, 2.5g/L of
urea, 0.6 g/L of MgSO,, 1.5g/L of KH,PO,, 2.0mg/L of MnSO,,
2.0mg/L of FeSO,. Proper biotin-rich extract was added into the fer-
mentation medium. Corn steep liquor and pure biotin were also added
into the medium respectively as the control of the biotin-rich extract.

2.7. Analytical methods

The biotin content was determined by a microbiological method
using Lactobacillus plantarum ATCC 8014 (Wen et al., 2018). Glutamic
acid and glucose were measured using the SBA-40D biosensor (Shan-
dong Academy of Sciences, China). Acetic acid, furfural, HMF and
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Fig. 1. Biotin distribution in different parts of corn stover and its stability in
biorefinery processing chain. CL, corn leaves. The biotin content was assayed in
duplicate. The data shown here was taken from the average of the two ex-
periments, and the error bars represented the standard deviation of the two
experiments.

xylose were analyzed using a HPLC system (Shimadzu, Kyoto, Japan)
equipped with a LC-20AD pump, a RID-10A refractive index detector,
and a Aminex HPX-87H column (Bio-Rad, CA, USA) at 65°C and
0.6 mL/min 5mM H,SO,.

3. Results and discussion
3.1. Microbial uptake capacity of biotin from corn leaves hydrolysate
We manually separated corn stover into stems and leaves, then

measured the biotin content of each part and also the corn leaves at
different biorefining processing stages (Fig. 1). Corn leaves contained

Biotin uptake  ODygy,

C. glutamicum S9114 = -
S. cerevisiae DQ1 = -
S. cerevisiae XH7 = o
100 7 T. cutaneum ACCC 20271 = o 40

80 1 { F 32
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Fig. 2. Microbial extraction of biotin from corn leaves hydrolysate by biotin
auxotrophic strains. Biotin uptake capacity was calculated by multiplying the
intracellular biotin content (ug/g dry cell weight) and dry cell concentration (g/
L). The experiments were carried out in flasks in duplicate. The data shown here
was taken from the average of the two experiments, and the error bars re-
presented the standard deviation of the two experiments.
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Fig. 3. Biotin extraction from corn leaves hydrolysate by the parental C. glutamicum S9114 and two recombinants. (a) Biotin extraction; (b) Biotin concentration in

C. glutamicum

bioYMN; Recombinant (Integrated),

:(H36-bioYMN). The experiments were carried out in 3L fermentors in duplicate. The data shown here was taken from the average of the two

C. glutamicum pH36mob-
experiments, and the error bars represented the standard deviation of the two experiments.

Recombinant (Plasmid),

(c) Intracellular biotin content.

ACGS9114.RS02700:

hydrolysate;

greater than corn grain (29 ug/kg DM). The biotin content of corn

1217.4 ug biotin per kilogram of dry matter (DM), approximately 8.5
folds greater than corn stems (143.9 ug/kg DM), three folds greater
than the unclassified corn stover (371.6ug/kg DM), and 42 folds

leaves maintained stable during biorefinery processing: 1149.5 ug/kg
DM after pretreatment, 1132.0 ug/kg DM after biodetoxification vs.
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1217.4 ug/kg DM of the virgin corn leaves (Fig. 1). The pretreated and
biodetoxified corn leaves were enzymatically hydrolyzed at 15% (w/w)
solids loading and the obtained corn leaves hydrolysate contained
179.2 ug/L biotin, equivalent to 1015.5ug/kg biotin from the pre-
treated and biodetoxified corn leaves (dry base) with approximately
10% loss. The result indicates that most of the free and bound biotin in
corn leaves was liberated into the hydrolysate after biorefinery pro-
cessing.

We assayed the biotin uptake capacity of several biotin auxotrophic
strains (Fig. 2). C. glutamicum S9114 extracted more biotin even at the
low cell density within one hour (biotin uptake capacity of 31.0 ug/L),
compared with the limited uptake of S. cerevisiae DQ1 (6.1 pg/L), S.
cerevisiae XH7 (7.2 ug/L), and T. cutaneum ACCC 20271 (6.9 pg/L). The
biotin extraction by C. glutamicum S9114 reached 88.1 pg/L with the
extraction yield of 49.2% after 24 h’ culture, significantly higher than S.
cerevisiae DQ1 (21.4 pg/L, 11.9%), S. cerevisiae XH7 (14.6 pug/L, 8.1%)
and T. cutaneum ACCC 20,271 (16.1 pg/L, 9.0%). The result indicates
that C. glutamicum was the proper microorganism for biotin uptake from
corn leaves hydrolysate.

3.2. Increasing biotin uptake by overexpressing biotin transporter gene in C.
Glutamicum

We overexpressed the bioYMN gene cluster encoding biotin transporter
proteins in C. glutamicum S9114 to strengthen the biotin transport and

(a) Glutamic acid production
Biotin concentration from addition of CE (ug/L)

—*-5
—*-5

Glucose -6-0
GA -0

-4-0.625 5125 —-25
A-0.625 125 —<-25
140

120

100

80

60

40

Glucose concentration (g/L)
Glutamic acid concentration (g/L)

20

(b) Cell growth
Biotin concentration from addition of CE (ug/L)
-©-0 A-0625 B5-125 %-25 %5

ODGOO

Fig. 4. Application of biotin-rich cell extract (CE) in glutamic acid (GA) pro-
duction. (a) Glutamic acid production; (b) Cell growth. Biotin-rich cells were
acid hydrolyzed as the cell extract and added at the biotin concentration of 0,
0.625, 1.25, 2.5 and 5pg/L as the sole biotin source (except 0.6 pg/L biotin
from the seed culture).
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uptake capacity (Brune et al., 2012; Schneider et al., 2012). The plasmid
harboring the expression cassette H36-bioYMN was introduced into C. glu-
tamicum S9114 to construct the recombinant C. glutamicum pH36mob-
bioYMN with overexpression in plasmid, then the cassette was integrated
into the genome of C. glutamicum S9114 to construct the integrated re-
combinant C. glutamicum ACGS9114 RS02700::(H36-bioYMN) by homo-
logous recombination.

Biotin uptake capacity of the two recombinants was then assayed in the
fermenter (Fig. 3). The biotin uptake capacity of the recombinant C. gluta-
micum pH36mob-bioYMN (in plasmid form) reached 150.2 pg/L with the
extraction yield of 83.8% within just six minutes (0.1 h), and maintained
stable for 2h (Fig. 3a). Afterwards the intracellular biotin released from
cytosol and led to the increased biotin content in the hydrolysate (Fig. 3b).
The recombinant C. glutamicum ACGS9114 RS02700::(H36-bioYMN) (in
integrated form) also showed the improved biotin uptake ability compared
to the parental strain, but not as high as the recombinant in plasmid form
due to the less copy number of the bioYMN gene in the integrated form. In a
conclusion, the highest biotin extraction yield (83.8%) and intracellular
biotin content (303.8 mg biotin per kg of dry cell weight) were obtained at a
short time (0.1h) by using C. glutamicum pH36mob-bioYMN (in plasmid
form) (Fig. 3c), which concentrated 250 folds of biotin from virgin corn
leaves (1.2 mg biotin per kg of dry corn leaves). According to the previous
reports about the biotin distribution in the biotin auxotrophic microbes

(a) Glutamic acid production

Glucose -©-Biotin -A-CSL
140 GA -o-Biotin —-A-CSL

-8-CE
-8-CE

——Blank
—-Blank _ 5q

120 @
40
100

80 30

60 20

40

Glucose concentration (g/L)
Glutamic acid concentration (g/L)

20

Time (h)

(b) Cell growth

25 - -©-Biotin -A-CSL -8-CE —¢-Blank

Time (h)

Fig. 5. Comparison of biotin-rich cell extract (CE), corn steep liquor (CSL) and
pure biotin in glutamic acid (GA) production. (a) Glutamic acid production; (b)
Cell growth. CE, CSL and pure biotin were supplemented into glutamic acid
production respectively at the biotin concentration of 1.25ug/L as the sole
biotin source (except 0.6 pg/L biotin from the seed culture). Blank, no biotin
was added except 0.6 pg/L biotin from the seed culture. The experiments were
carried out in duplicate. The data shown here was taken from the average of the
two experiments, and the error bars represented the standard deviation of the
two experiments.
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Saccharomyces cerevisiae (Rogers and Lichstein, 1969) and Lactobacillus
plantarum (Waller and Lichstein, 1965), we predicted that only a little part
of the biotin in C. glutamicum was bound to the enzyme, and most of the
biotin was present in free form.

Overall, the biotin content in the C. glutamicum cells was two orders
of magnitude greater than that of the commonly used fermentation
additives including yeast extract (~ 2 mg/kg), molasses (~1 mg/kg),
and corn steep liquor (CSL) (~0.75 mg/kg). Furthermore, the glucose
(36.0 g/L) in corn leaves hydrolysate was well preserved and could be
used for various fermentations after the cells were recovered for biotin
extraction.

3.3. Promotion of biotin-rich cell extract on glutamic acid production

The harvested C. glutamicum cells with high biotin content
(303.8 mg/kg) were acid hydrolyzed to release intracellular biotin as
biotin-rich additive for fermentation applications. Glutamic acid pro-
duction by the industrial strain C. glutamicum S9114 was used to test the
function of biotin-rich extract. Fig. 4 shows that the biotin level of the
medium reached 5.6 ug/L when the cell extract (CE) was added at
biotin concentration of 5 pg/L (0.6 ug/L biotin from the seed culture),
leading to the fast glucose consumption and cell growth but the sup-
pressed glutamic acid generation (only 6.9 g/L). When the biotin-rich
extract was added at 2.5 pg/L of biotin, the glucose consumption and
the cell growth were slowed, and the glutamic acid generation reached
35.8 g/L. When the biotin from cell extract was adjusted to 1.25 pug/L,
the maximum glutamic acid titer of 44.1 g/L was obtained. When the
biotin from cell extract was further reduced to 0.0625 pg/L, glutamic
acid generation declined to 31.8 g/L with 27.6 g/L of the residual glu-
cose. If no biotin-rich extract was added with the only biotin from the
seed culture (0.6 ug/L), a reduced glutamic acid titer of 11.8 g/L was
obtained. The phenomenon was consistent with the general glutamic
acid production in which the absence of biotin restricted the cell growth
and the excessive biotin inhibited glutamic acid secretion, while only
the “suboptimal” biotin level (1-5ug/L) was appropriate for glutamic
acid production (Eggeling et al., 2001).

We further compared the addition of biotin rich extract with the
commercial additives corn steep liquor (CSL) and pure biotin at the
same biotin level of 1.25ug/L (equivalent to 4.11 mg/L of biotin-rich
cell extract, 1.67 g/L of CSL, and 1.25 pg/L pure biotin, respectively) in
glutamic acid production. Fig. 5 shows that the three scenarios with the
same biotin level were essentially the same in cell growth and glutamic
acid production: 44.1g/L, 46.3g/L, and 42.1 g/L, respectively. The
results clearly suggest that the biotin extracted from corn leaves could
be used as effective biotin nutrient additives in glutamic acid produc-
tion process. The biotin-rich extract also has industrial potentials for
promotion of other biotin-required fermentations.

4. Conclusion

Dry acid pretreatment and biodetoxification well preserved the
biotin of corn leaves. C. glutamicum cells efficiently extracted biotin
from corn leaves hydrolysate, and overexpression of the biotin trans-
porter gene bioYMN significantly increased biotin uptake rate and yield.
The biotin extracted from corn leaves by C. glutamicum was successfully
applied to glutamic acid production. This is the first report on microbial
extraction of biotin from lignocellulose biomass and fermentation
promotion application.
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