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Abstract

The co-utilization pentose and hexose in lignocellulosic biomass hydrolysate is the core for economically fermentative
production of the second-generation bioethanol as sustainable biofuel candidate. In this study, S. cerevisiae was co-cultured
with S. stipitis for highly effective bioethanol production from pentose and hexose enriched lignocellulose hydrolysate.
Results indicated that the co-culturing process could be divided into two phases (a twin-consortium phase and a second
phase with xylose conversion by S. stipitis). Under the optimized condition (S. cerevisiae/S. stipitis inoculum ratio of 20/80
(v/v), overall inoculation size of 10% (v/v), and ventilation volume of 0.01 vvm), the highest ethanol yield of 0.39 g/g (of
monomer sugars) can be achieved. Dynamics of the S. stipitis and S. cerevisiae abundance were further investigated, which
revealed that the flora of S. cerevisiae contains a large part in the twin-consortium phase, while the S. stipitis flora gradually
increased with the lengthen of fermentation period, and finally became the predominated strain after used up the glucose
consumption in corn stover hydrolysate.
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A Statement of Novelty

Twin-consortium of S. cerevisiae and S. stipitis was applied
to produce bioethanol from glucose and xylose containing
hydrolysate. For the first time, the interspecies relationship
of the consortium was revealed by the dynamic abundance
of the flora. Mass balance shows that 130.7 g ethanol can be
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obtained from 1 kg of corn stover based on the co-culturing
process.

Introduction

Due to environmental protection issues and the unstable fos-
sil fuel supplementation, the production of bioethanol from
lignocellulosic biomass has received widespread attention
[1]. Unfortunately, the production of lignocellulosic ethanol
has long been criticized by the low economic feasibility,
owing to the obstacles such as the resistance of lignocellu-
lose matrix and the difficulties in utilizing pentose, the sec-
ond-largest monomer sugar in hydrolysate that is degraded
from hemicellulose fraction in raw biomass materials [2, 3].

To solve the technical barriers of biomass resistance, a
pretreatment step for effective delignification of biomass
material is required before the saccharification and fermen-
tation carried out [4]. Among different types of pretreatment
strategies, organic alkaline fractionation is a promising way
because valuable technical lignin can be co-generated as by-
product. Besides, residual organics in the pulping liquor can
be recycled, which causing little negative influences to the
environment [4, 5]. More importantly, hemicellulose can be
recycled under high efficiency in pulp when adopting the
organic alkaline fractionation, thereby improving the overall
cellulosic sugars yield [6, 7].

As for the selection of suitable microorganisms for etha-
nol fermentation, S. cerevisiae is commonly used in industry,
owing to its superiorities of high robustness, high ethanol
tolerance, high ethanol yield, and high hexose conversion
rate [8]. However, a fatal problem is that the wild S. cerevi-
siae cells cannot metabolize xylose [9, 10]. Although vari-
ous genetic methods have been applied to construct the pen-
tose pathways for xylose catabolism in S. cerevisiae [11, 12],
difficulties such as carbon catabolite repression, inhibition
of lignocellulose-derived inhibitors, and redox imbalance,
are still needs to be overcome [13].

Except for S. cerevisiae, there are also other types of
microorganisms that could directly utilize xylose as carbon
source for bioethanol fermentation. Nonetheless, the fermen-
tation performances are generally behind the S. cerevisiae-
based processes [14]. In recent researches, several species,
such as E. coli, S. stipitis, P. tannophilus and C. shehatae
[15-17], are potentially used for ethanol fermentation.
Among them, S. stipitis has the highest capacity of trans-
forming xylose into ethanol [18]. However, the theoretical
ethanol yield by S. stipitis is far lower than that of S. cerevi-
siae (0.35-0.44 g/g vs. 0.51 g/g) [19].

In order to effectively utilize xylose in lignocellulosic
hydrolysate and maximize the overall bioethanol yield, in
previous works, several co-culturing processes based on S.
cerevisiae and another microorganism that can be effectively
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metabolism xylose were constructed [20, 21]. For instance,
Wang et al. [22] constructed co-culturing process that based
on ethanologenic E. coli and S. cerevisiae, the ethanol yield
reached 0.45 g/g of total monomer sugars in lignocellulosic
hydrolysate. Hickert et al. [23] co-cultured C. shehatae with S.
cerevisiae in rice hull hydrolysate, an ethanol yield of 0.48 g/g
was realized. Qian et al. [24] came up with the co-culturing
process of S. cerevisiae and P. tannophilus using softwood
hydrolysate as substrates, which also outputted bioethanol
effectively with relatively high yield.

As for co-culturing process of S. cerevisiae and S. stipitis,
simultaneous saccharification and co-fermentation (SSF) was
carried out, and 15.2 g/L of ethanol can be obtained [25]. Del-
genes et al. [26] co-cultured S. stipitis and respiratory deficient
mutant of S. cerevisiae in continuous fermentation process. An
ethanol yield of 0.43 g/g was realized. Kordowska-wiater and
Targonski [27] constructed the co-culturing process using the
restricted catabolite repressed mutant S. stipitis and respiratory
deficient mutant S. cerevisiae. 0.45 g/g of ethanol yield was
achieved after 120 h of fermentation. Besides, co-immobiliza-
tion of S. cerevisiae and catabolite repressed S. stipitis mutant
was also suggested in ever reports [28, 29].

Nonetheless, despite the wildly application of the co-
culturing processes to improve the ethanol production from
the sugar mixture and realistic lignocellulose hydrolysate,
studies focused on the relationships between S. cerevisiae
and S. stipitis, are still limited [30, 31]. Whether synergetic
and competition effect between the two microorganisms in
the co-culturing process should be clarified. Hence, further
analysis is required to comprehensively understanding the
microflora mechanism of the co-culturing system based on
the ethanologenic strains.

In the current work, in order to boosting ethanol produc-
tion from the enzymatic hydrolysis of the organic alkaline
fractionated corn stover pulp, co-culturing process was per-
formed using S. cerevisiae and S. stipitis. In the first part of
the manuscript, the co-culturing process was constructed
and the key parameters including the inoculum size, inocu-
lum rate, and aeration rate were optimized. In the second
part, the symbiotic relationship between the strains was fur-
ther revealed by presenting the dynamics of the abundance.
Results obtained in current work are attractive, which helps
to clarify the synergetic effect of the S. cerevisiae and S.
stipitis in co-culturing system for second-generation ethanol
production.

Materials and Methods
Raw Material

Corn stover was purchased from a local farm in Qinhuang-
dao, Hebei province, China. Cellulase (Ctec 2) with 145 +5
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FPU/mL activity was obtained from Novozymes. Other
chemicals were purchased from Beijing Chemical Work. The
contents of glucan, xylan, and lignin in the raw corn stover
were 34.65 wt%, 21.37 wt%, and 20.51 wt%, respectively.

Pretreatment and Enzymatic Hydrolysis

Corn stover was squeezed by grinding disc extrusion. Then,
the dried biomass was crushed, and the straw with ~40
meshes were selected. Organic alkaline fractionation was
conducted using ethylenediamine (EDA)/water binary
solution according to similar method described in previous
research [7]. Generally, 10% (w/v) of corn stover bagasse
was mixed with the pulping liquor that contains 2% (v/v)
of ethylenediamine and 98% (v/v) of water. The reaction
was carried out in a 2 L of reactor with 1 L of working vol-
ume at 120 “C for 1 h. The rotation rate was 500 rpm. After
solid—liquid separation and washing by deionized water, the
solid fraction was dried out at 105 °C.

As for the enzymatic hydrolysis, 10% (w/v) of solid to lig-
uid ratio was adapted. In this process, the dried corn stover
pulp was mixed with 0.05 M citrate buffer (pH 4.7). Then,
the slurry was maintained at 50 °C and 180 rpm for 72 h,
with cellulase dosage of 15 FPU/g. pH of the liquid frac-
tion after hydrolysis was adjusted to 5.5 by 30% ammonium
hydroxide before inoculation.

After fractionized by dilute organic alkaline, the recov-
ery rate of the corn stover pulp was 60.6 +0.5 wt%. For
10% (w/v) of solid loading, the concentration of glucose
and xylose in corn stover hydrolysate were 40.2 +0.5 g/L
and 15.1+0.3 g/L, respectively.

Co-culturing Process

S. cerevisiae M3013 and S. stipitis CBS6054 were labora-
tory stored. The stock culture was preserved in 30% (v/v)
glycerol at — 80 “C. The strains were growing on YPD agar
plates that contain (in w/v): 2% of glucose, 2% of peptone,
1% of yeast extract, and 2% of agar. Temperatures for mono-
culturing of S. cerevisiae and S. stipitis were 30 °C and 28 °C,
respectively.

The corn stover hydrolysate and the synthetic medium
were adopted in the co-culturing processes. Except for
monomer sugars, the nutrients were as followed (g/L):
(NH,),SO, 5 g/L, KH,PO, 3 g/L, MgSO,-7H,0 4 g/L,
CaSO,-2H,0 0.5 g/L, and K,SO, 4 g/L. The mediums were
autoclaved at 116 °C for 25 min before inoculation. After
cooling down to the room temperature, 1% (v/v) microele-
ments solution (EDTA-2Na-2H,0 3.321 g/L, ZnSO,-7H,0
0.9 g/L, MnCl,-4H,0 0.241 g/L, CoCl,-6H,0 0.06 g/L,
CuS0O,-5H,0 0.06 g/L, Na,MoO,-H,0O 0.08 g/L, CaCl,
0.6796 g/L, FeSO,-7H,0 0.6 g/L, H;BO; 0.2 g/L, KI
0.02 g/L) were additionally supplemented to the medium.

Both the co-culturing and the mono-culturing processes
were carried out in 100 mL anaerobic non-baffled Erlen-
meyer flasks with 50 mL of working volume. The inoculation
size for mono-culturing was 10% (v/v). For the co-culturing
of S. cerevisiae and S. stipitis, different S. cerevisiae/S. stipi-
tis ratios (0/100, 5/95, 20/80, 40/60, 60/40, 80/20, and 100/0,
in v/v) were adapted, with overall inoculation sizes of 5%
(v/v) or 10% (v/v). During the fermentation process, the tem-
perature was kept at 28 °C. In order to evaluate the impact of
aeration rate on co-culturing process, fermentation was also
carried out in a 5 L bioreactor with 2.5 L of working volume
[32]. The agitation rate was maintained at 250 rpm, and the
effect of aeration rate (0 vvm, 0.1 vvm and 0.03 vvm) on
fermentation performances were investigated.

Analytical Method

The cells concentration was determined by a spectropho-
tometer detector (TU-1901) at 600 nm. Glucose, xylose, and
ethanol concentration in broth were quantitatively detected by
Aminex HPX-87H column (7.8 X 300 mm) that was equipped
in a high-performance liquid chromatography (HPLC, Agi-
lent Technologies 1200 Series, USA). A refractive index
detector was used [11, 33]. All experiments were performed
in triplicate and standard deviation test was adopted.

High-Throughput Sequencing

After centrifugation at 5000 rpm for 5 min, the strains in
samples of fermentation were washed by buffer and deion-
ized water. Then, the precipitated strains from co-cultur-
ing process were quickly frozen by liquid nitrogen for
high-throughput sequencing (Majorbio, Shanghai, China).
Samples were extracted by Yeast Genome Extraction Kit
(Biomed, Beijing, China) to obtain the whole genome DNA
of the strains in the co-culturing process. Then, the desig-
nated ITS2 sequencing region was selected, and the ITS3F
forward primer 5'-GCATCGATGAAGAACGCAGC-3' and
the ITS4R reverse primer 5'-TCCTCCGCTTATTGATAT
GC-3' with barcode were synthesized [34]. Using TransGen
AP221-02: TransStart Fastpfu DNA Polymerase for PCR
amplification by following stpes: 3 min at 95 °C, number
of cycles X34 (30 s at 95 °C, 30 s at annealing temperature,
45 s at 72 °C), 10 min at 72 °C, and 10 °C until halted by
user. S. cerevisiae was amplified to a 420 bp fragment, and
S. stipitis was amplified to a 381 bp fragment. PCR prod-
ucts were detected and quantified by QuantiFluor™ -ST
blue fluorescence quantification system (Promega, Wiscon-
sin, America), and were mixed according to the sequencing
volume requirements.

The Illumina official adapter sequence was added to the
outer end of the target area by PCR, and the PCR product
was cut and recovered using AxyPrepDNA Gel Recovery Kit
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Table 1 Comparison of

f ; f Strains Glucose consump- Xylose consump-  Total sugar con- Ethanol concen- Ethanol
ermentation periormances tion rate (g/L h) tion rate (g/L h) sumption (%) tration (g/L) yield®
of mono-culturing and (e/g)
co-culturing of S. stipitis and S.
cerevisiae using lignocellulosic S. stipitis 1.17 0.07 89.80 14.64+052 032
hydrolysates S. cerevisiae 2.99 0 70.91 13.66+0.33 030
S. stipitis/S. cer-  2.61 0.06 88.04 15.36+0.72 0.34
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Fig. 1 The relationships between xylose concentration and a ethanol concentration, b xylose conversion, ¢ ethanol yield, d ethanol productivity

in mono-culturing process of S. stipitis

(AXYGEN, America), eluted with Tris—HCI buffer, detected
by 2% agarose electrophoresis, and denatured by sodium
hydroxide to produce single-stranded DNA fragments to
construct the Miseq library and Miseq sequence [35]. The
PE reads obtained by MiSeq sequencing were divided,
spliced by controlling quality, and sequence denoised
(DADAZ2/Deblur) was also conducted. Amplicon Sequence
Variant (ASV) represented sequence and abundance infor-
mation was adopted for a statistical or visual analysis.
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Results and Discussion

Proven of the Synergetic Effect of the Co-culturing
Process

Firstly, the synergetic effect of the co-culturing process
was investigated. To clarify the beneficial effect of the co-
culturing system, the mono-culturing of S. cerevisiae and
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Fig.2 Co-culturing of S. stipitis and S. cerevisiae using the synthetic
medium contain 40 g/L and 15 g/L of glucose and xylose. Impact
of differences inoculation size and inoculation ratio on ethanol fer-
mentation performances were analyzed. a Glucose consumption and
b xylose consumption under overall 5% (v/v) of inoculum size. ¢

S. stipitis were carried out, and these systems were treated
as the control groups. The inoculation size was 10% (v/v).
Generally, compared with the relatively lower ethanol
yield of the mono-culturing of S. stipitis and S. cerevisiae,
the co-culturing process exhibited higher ethanol yield (Fig.
S1 and Table 1). Ethanol concentration in the end of co-
culturing process reached 15.36 g/L, which was 1.05 and
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1.24 times of the mono-culturing of S. stipitis and S. cer-
evisiae, respectively. As expected, xylose concentration
almost did not change in the S. cerevisiae mono-culturing
process, because the wild yeast strain cannot utilize xylose
as carbon source. In addition, xylose consumption rate of the
co-culturing process was similar to the mono-culturing of S.
stipitis. Therefore, the metabolism of xylose by S. stipitis in
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Table 2 Key parameters of the co-culturing process of S. stipitis and S. cerevisiae under different conditions

Medium Inoculum size Inoculum rate (S. cer- Glucose consump- Xylose consump-  Total sugars Ethanol concen- Ethanol
VIv) (%) evisiae /S. stipitis) tion rate (g/L h) tion rate (g/L h) conversion (%) tration (g/L) yield (g/g)
Medium I* 5 20/80 1.81 / 77.25 26.1+0.8 0.33
40/60 2.04 / 74.82 25.1+1.0 0.34
60/40 1.92 / 75.65 27.1+1.2 0.36
80/20 2.45 / 74.40 25.7+0.2 0.35
10 20/80 1.73 / 76.65 17.5+0.5 0.25
40/60 2.20 / 76.37 233+1.3 0.33
60/40 2.47 / 77.65 245+0.3 0.35
80/20 2.17 / 76.73 22.5+1.0 0.33
Medium II° 5 5/95 1.56 0.09 97.07 21.7+0.5 0.44
20/80 1.98 0.11 99.31 21.4+0.2 0.43
40/60 2.35 0.06 9291 204+1.2 0.41
60/40 2.66 0.08 89.40 19.6+0.1 0.40
80/20 3.26 0.07 89.86 19.4+0.8 0.39
10 5/95 1.54 0.12 100 19.8+0.3 0.43
20/80 2.56 0.11 100 20.7+0.1 0.43
40/60 3.55 0.07 98.66 19.3+0.2 0.42
60/40 3.99 0.08 96.81 19.0+0.2 0.41
80/20 4.95 0.07 94.35 19.8+0.3 0.41
262 g/L glucose and 22 g/L xylose in synthetic medium
540 g/L glucose and 15 g/L xylose in synthetic medium
Twin-consortium phase Xylose consumption phase —_
a Vcnlilz{fim-(l:'?; wm) Ventilation (0.01 \'\m)‘ \\vmnlnu ventilation b 32 Elhanol production (/L) % e i [ O'SE
e | e e B o los | [ 2
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Fig. 3 Influence of ventilation volume on co-culturing of S. stipitis and S. cerevisiae. a Time courses of glucose utilization, xylose utilization
and ethanol accumulation. b Fermentation performers of co-culturing S. stipitis and S. cerevisiae

the co-culturing process was not inhibited by S. cerevisiae.
However, because of the relatively high sugars concentra-
tion and the presence of inhibitors in initial substrate, only
64.84% and 58.89% of xylose was consumed in the mono-
culturing of S. stipitis and the co-culturing processes. The
above results indicated the co-culturing of S. stipitis and S.
cerevisiae outperformed the mono-culturing processes when
using the corn stover hydrolysate that containing xylose and
glucose.
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Optimization of the Co-culturing Process

To further improve the ethanol fermentation performances
by co-culturing process, parameters including the sugar
concentration in substrate, the inoculation size, and the
inoculate ratio of the two strains were optimized. Firstly, a
medium with relatively high monosaccharide concentration
was considered, because higher sugars content in substrate
would increase the final bioethanol production in broth, and
consequently save more energy in downstream process [36,
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37]. However, since S. stipitis exhibited poor sugar and etha-
nol resistances, the high concentration of sugar and etha-
nol in medium might negatively influenced on the xylose
consumption rate of S. stipitis in the co-culturing process
[38, 39]. In contrast to the results obtained from the synthe-
sized medium containing 20 g/L of xylose, ethanol produc-
tivity of S. stipitis mono-culturing process was reduced by
8.33% when using the synthetic medium containing 30 g/L
of xylose (Fig. 1). As expected, the higher xylose contain-
ing substrate (> 60 g/L of xylose) exhibited poorer ethanol
fermentation performance because of the inhibition of S.
stipitis in co-culturing process, though S. cerevisiae exhib-
ited higher sugar and ethanol tolerances.

The influence of inoculation size and ratio on co-cultur-
ing was further investigated. Similar to the phenomenon in
literature, S. cerevisiae and S. stipitis were competing for
glucose in hydrolysate as sole carbon source at the begin-
ning of fermentation [40]. The highest glucose consumption
rate of 2.47 g/L h can be realized with inoculation size of
10% (v/v) and S. cerevisiaelS. stipitis ratio of 60/40 (Fig.
S2). Besides, although xylose can be utilized by S. stipitis,
glucose was preferer as the carbon source when both glucose
and xylose were abundantly provided in substrate (Table 1).
For instance, xylose cannot be completely utilized by S.
stipitis when up to 84 g/L of monomer sugars containing
in substrate. Only 0.36 g/g of ethanol yield can be obtained
when the total inoculation size was 5% (v/v) and S. cerevi-
siael S. stipitis ratio of 60/40. Therefore, xylose conversion
was far behind the glucose conversion when inoculating the
two strains together. This phenomenon might be attributed to
the low S. stipitis concentration in the co-culturing process,

owing to the inhibition of S. stipitis growth by excessive
ethanol production [41].

The co-culturing performances were further evaluated
using the synergetic substrate with lower sugars concentra-
tion in substrate (40 g/L glucose and 15 g/L xylose). As
shown in Fig. 2, glucose was completely consumed within
24 h in all the tested groups, while xylose (Table 2) concen-
tration in broth was slowly decreased after 24 h of cultiva-
tion. This can be explained by the slowly metabolism of
xylose by S. stipitis until the glucose used up [42]. With the
increasement of S. cerevisiae ratio in the inoculum, the aver-
age glucose consumption rate was increased. The increase-
ment of S. stipitis ratio in inoculum promoted the conversion
of xylose in substrate. However, xylose cannot be used up
after 168 h of inoculation with a size of 5% (v/v), no matter
the change of S. cerevisiaelS. stipitis ratio.

Xylose was completely utilized by S. stipitis when the
inoculation size was 10% (v/v) and S. cerevisiaelS. stipitis
ratio of 20/80 and 5/95. However, the initial inoculation size
of S. stipitis was too low to fully utilized xylose in other con-
ditions. On conditions of 20/80 and 10% (v/v) of the inocula-
tion ratio and size, 20.7 g/L of ethanol can be obtained, with
yield of 0.43 g/g (of total monomer sugar). The effective
utilization of xylose in higher total inoculation size might
be attributed to the higher initial base number, which facili-
tated the growth of S. stipitis in the exponential growth stage
[43]. Nevertheless, xylose consumption by S. stipitis under
higher inoculation size was still far behind the consumption
of glucose. In fact, xylose-specific transporter, and the cor-
responding enzymes in S. stipitis were oxygen-dependent
and highly competitive for oxygen in the co-culture flora
[44, 45]. Hence, we hypothesize that a microaerophilic con-
dition was required for the biotransformation of xylose by
S. stipitis.

The impact of ventilation volume on ethanol fermenta-
tion was investigated. As expected, the ventilation volume
was one of the pivotal factors which affected the co-cultur-
ing process (Fig. 3). Ethanol yield and xylose consumption
were much sensitive than other parameters to the fluctuant
of aeration rate. Under 0.03 vvm, the glucose and xylose
consumption rates were significantly increased to 2.79 g/L
h and 0.23 g/L h. Nevertheless, ethanol yield was only
0.37 g/g under 0.03 vvm, owing to the synergistic effect
of evaporating the product and promoting the TCA cycle
for cell growth [46, 47]. Comparatively, 0.01 vvm was a
suitable aeration rate for the co-culturing process. 98.52%
of initial monomer sugars can be assumed within 100 h.
At the same time, ethanol concentration and yield reached
22.97+0.48 g/L and 0.44 g/g, respectively (Table S1).
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Fig.5 Dynamics of relative abundance for S. stipitis and S. cerevisiae
during the co-culturing process

Co-culturing Using Lignocellulose Hydrolysate
as Substrate

Co-culturing of S. cerevisiaelS. stipitis using lignocellulose
hydrolysate as substrate. Figure 4 described the time course
of the co-culturing process. Similar to the kinetics using the
synthetic medium, a clear bi-phasic fermentation process
has emerged. For the first phase, glucose can be utilized by

Fig.6 Mass balance of the
bioethanol production based
on co-culturing of S. cerevisiae
and S. stipitis using the corn
stover pulp pretreated by dilute
ethylenediamine

Pretreatment with
2% ethylenediamine

Glucan 345.6 g

twin-consortium with relatively high conversion rate, while
in the second phase, the residual xylose was slowly con-
verted into ethanol. In this process, glucose in corn stover
hydrolysate was completely consumed within 24 h, while
xylose was almost used up after 96 h of fermentation. Etha-
nol production and yield of 20.97 g/L and 0.39 g/g were
obtained, which were lower than the results using synthetic
medium. This can be explained by the inhibitions from
organic acids, furans and phenolic compounds that were
remained in hydrolysate [48]. However, the consumption
rate of sugars in lignocellulosic hydrolysate was similar to
the result using synthetic medium.

It worthy to be noted here that the co-culturing of S.
cerevisiae/S. stipitis was as comparable as other co-cultur-
ing systems for cellulosic bioethanol production reported in
previous literatures. As it is illustrated in Table 3, the co-
culturing process had competitiveness in terms of pretreat-
ment methods, fermentation scale, economic feasibility, and
technical indicators. Moreover, the monomer sugars in the
hydrolysate without detoxification and exogenous nutrients
can be directly converted into bioethanol by the co-culturing
process under high efficiency.

Dynamic of the Abundance of S. stipitis and S.
cerevisiae

In order to ascertain the competition or symbiotic relation-
ships between S. stipitis and S. cerevisiae in the co-culturing
process, it is necessary to further clarify the growth status of

Enzymatic hydrolysis = Co-culture fermentation
Glucan 89.2 g

Residual xyl 13.
Xylan 303 g esidual xylose 13.5 ¢

Residue
Insoluble lignin 132.7 g

Glucan 332.8 g

Others 17.9 g
Ethylenediamine
treated slag
Xylan 121.8 g
Lignin 133.3 g
' Growth and metabolism
‘ 190.9
Others 18.1 g g
1000 g
Xylose 91.5 ¢
i Glusoss.13-1g Lignocellulose
g s
Xylose 91.9 ¢ hydrolysate
Glucose 243.6 g
Lignin 71.8 g
Black
liquor

Others 234.7 g

Soluble lignin 0.6 g
Others 0.2 g

Ethanol 130.7 g
Others 216.6 g
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each strain. For the first time, high-throughput sequencing,
and bioinformatics ASV analysis were adopted to investigate
the relative dynamic abundance of S. cerevisiae and S. stipi-
tis in co-culturing system using lignocellulose hydrolysate as
substrate (20/80 of S. cerevisiaelS. stipitis ratio was adopted)
(Fig. 5).

In the co-culturing phase (within 24 h of calculation),
compared with S. stipitis, S. cerevisiae showed stronger pref-
erence for glucose, and soon became the predominated strain
in co-culturing system. The growth rate of S. cerevisiae was
much higher than that of S. stipitis. The relative abundance
of S. cerevisiae reached the maximum value of 82.91% at
24 h. In contrast, S. stipitis had poor robustness and com-
petitiveness for glucose catabolism in the twin-consortium
phase. It took longer period for S. stipitis to adapted stress of
the environment. In the early stage of competition, S. stipitis
did not make good use of glucose and was not growing as
strong as the mono-culturing process, which affected xylose
utilization.

In the second phase, with the lengthen of fermentation,
carbon source competition was gradually disappearing
because S. cerevisiae could not utilize xylose. S. stipitis
was gradually adapted to environment and rapidly grew in
this phase. Consequently, the abundance of S. stipitis was
gradually increased, while residual xylose in broth started
converted into ethanol. Finally, at 96 h, the cells concentra-
tion of S. stipitis was almost equal to that of S. cerevisiae.

Mass Balance

Mass balance of the co-culturing of S. cerevisiaelS. stipitis
for conversion organic alkaline fractionated corn stover was
evaluated. As can be seen from Fig. 6, 606 g of corn stover
pulp can be recovered from 1 kg of dried raw material. After
enzymatic hydrolysis, the lignocellulose hydrolysate with
243.6 g of glucose and 91.5 g of xylose was co-cultured with
S. cerevisiae and S. stipitis, which eventually output 130.7 g
of bioethanol.

Future works would be down to reveal the flora rela-
tionships between the two strains by transcriptomics and
metabolomics analysis. In order to improve the overall yield
of ethanol from monomer sugar in hydrolysate, metabolic
engineering would be also adopted to modify the microor-
ganisms by weakening the competition and strengthen the
symbiotic relationship.

Conclusions
S. cerevisiaelS. stipitis co-culturing process can be applied

for bioethanol fermentation using the lignocellulose
hydrolysate as substrate, with advantages of high sugars

@ Springer

conversion (95.97%) and ethanol yield (0.39 g/g total mon-
omer sugars). The ethanol fermentation performance was
greatly influenced by initial sugar concentration in substrate,
the inoculation size, and the aeration rate. Moreover, high-
throughput sequencing and dynamic abundance revealed the
competition of the strains during the co-culturing process.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12649-022-01861-3.
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