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Abstract

Erythritol is a four-carbon sugar alcohol produced by microorganisms and is used as a natural sweetener in food industry.
The present study aimed to examine the impact of various surfactants, including betaine, Tween 20, Tween 80, Span 20, and
Triton X-100, on the production of erythritol by Trichosporonoides oedocephalis ATCC 16958. Finally, after 120 h culture
via agitation, the supplementation with 0.5 g/L betaine increased the erythritol production by 50.38%, which was best among
the five surfactants. Therefore, betaine was chosen for further research. Subsequently, the activity of erythrose reductase
(ER) with the addition of 0.5 g/L betaine (0.211 U/mg protein) was slightly higher than that of the culture without betaine
(0.192 U/mg protein) at 48 h of culture. However, no significant changes were observed in the ER activity with betaine addi-
tion during the fermentation stages. Interestingly, further observation with scanning electron microscope indicated that the
disruption of cell was found in the culture without betaine, while that of the culture with 0.5 g/L betaine addition remained
intact at 120 h post-cultivation. The enhanced erythritol production with betaine addition affected the cellular morphology
that could be regulated effectively by zwitterionic surfactant betaine. Finally, the scale-up fermentation in 5-L bioreactor,
erythritol production with initial 0.5 g/L betaine and 30 mg/L CuSO,-5H,0 addition was up to 59.34 g/L, which was 19.59%
higher than the control with only 30 mg/L CuSO,-5H,0 supplementation (49.62 g/L). Thus, the present study demonstrated
the mechanisms underlying the betaine-affected erythritol production and provided a feasible approach for improving the
erythritol production by T. oedocephalis.
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Introduction

Erythritol is a natural four-carbon sugar alcohol with the
smallest molecular weight among all sugar alcohols in nature
(Guo et al. 2016). The sweetness of erythritol, about 70-80%
arises from sucrose (Liu et al. 2017; Mironiczuk et al. 2017);
however, the caloric value is only 0.2 cal/g (Jovanovi¢ et al.
2014; Hashino et al. 2013). Therefore, erythritol plays a
pivotal role as a functional sugar substitute in special diets
for diabetics. In addition, because the erythritol is unfer-
mentable for bacteria, it can be used to prevent dental car-
ies effectively (Runnel et al. 2013). Currently, erythritol has
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been widely used as a food additive in the food industry in
many countries (Rzechonek et al. 2018).

Owing to the properties of low-calorie and high sweet-
ness, the demand of erythritol is gradually increasing. Pres-
ently, erythritol was commercially produced from glucose
(Savergave et al. 2011), which primarily uses Moniliella pol-
linis (Sarkar et al. 1986), Trichosporonoides megachiliensis
(Sawada et al. 2009), and Yarrowia lipolytica (Nicaud. 2012)
as the production strains. Moreover, technologies, such as
metal ion supplement, genetic engineering, or addition of
surfactant, are being explored to stimulate the erythritol
production during microbial fermentation (Lee et al. 2000;
Janek et al. 2017; Rakicka et al. 2016). For example, when
cultured with Torula spp., the yield of erythritol was 48.9%
higher than that of the control after addition of 10 mg/L
MnSO,-4H,0 and 2 mg/L CuSO,-5H,0 to the fermentation
medium (Lee et al. 2000). Additional studies also revealed
that Mn?* alters the cell permeability, such that erythritol
can be transported to the cell membrane; whereas Cu®*
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increases the activity of ER and promotes erythritol biosyn-
thesis. On the other hand, a recent study demonstrated the
overexpression of the ER gene by sequence analysis, plas-
mid construction, cloning, and transformation in Yarrowia
lipolytica. Consequently, the overexpression ER increased
the production of erythritol by 20% as compared to the
original strain (Janek et al. 2017). Especially, the addition
of different surfactants in microbial fermentation demon-
strated significant differences regarding the increasing prod-
uct yield (Elisashvili et al. 2017). Usually, the surfactants
introduced to culture media may increase the permeability
of cellular membranes, thereby affecting the abundance of
metabolites excreted by cells. Moreover, the influence of
the surfactants on enzyme and protein profiles has also been
reported (Kozirdg et al. 2018). Another study indicated that
non-ionic surfactant sorbitan monododecanoate (Span 20)
might be applied as an effective stimulating agent for the
erythritol production by Y. lipolytica yeast (Rakicka et al.
2016). Although several studies have investigated the effects
of microbial fermentation by various surfactants, only a few
have focused on the effects of zwitterionic surfactant on
erythritol production.

Trichosporonoide oedocephalis is a potential erythritol-
producing strain, and our previous studies found that the
production of erythritol could be increased by optimizing
the culture conditions or deleting the HOG1 gene (Li et al.
2016, 2018). To the best of our knowledge, the zwitterionic
surfactant, betaine can combine with erythritol and induce
the dissolution of Streptococcus mutans exopolysaccha-
ride and reduce the adhesion of biofilms (Lim et al. 2017).
Moreover, in the fed-batch fermentation, addition of betaine
was validated to be a feasible and efficacious approach to
improve L-threonine production by Escherichia coli (Su
et al. 2018). Thus, in this study, we explored the effects of
addition of different surfactants, including zwitterionic sur-
factant betaine, on polyol production and the key enzyme
activities of the metabolic pathways during the fermentation
process of T. oedocephalis. Simultaneously, the morphologi-
cal change in the cells was observed by scanning electron
microscopy (SEM), which revealed the influence of zwitteri-
onic surfactant betaine on the cultivation of T. oedocephalis.
Finally, the erythritol production by 7. oedocephalis in the
presence of optimal betaine supplement was verified in a
5-L fermenter.

Experimental
Microorganisms and media
Trichosporonoide oedocephalis ATCC 16958 was obtained

from the American Type Culture Collection (USA). The
fermentation medium for shake-flask culture consisted of
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10 g/L yeast extract, 300 g/L glucose, 0.5 g/L KH,PO,,
0.5 g/L MgSO,, and 0.5 g/L. NaCl. Moreover, the effects of
surfactants on polyols production by T. oedocephalis were
examined in shake-flask cultures, consisting of betaine,
Tween 20, Tween 80, Span 20, and Triton X-100 with dif-
ferent addition concentrations (i.e., 0.25, 0.5, 1.0, 1.5, 2.0,
and 2.5 g/L).

The scaled-up cultivation in 5-L fermenter contained
10 g/L yeast extract, 300 g/L glucose, 0.5 g/L. KH,PO,,
0.5 g/L MgSO,, 0.5 g/L NaCl, 30 mg/L CuSO,-5H,0, and
0.5 g/L betaine.

Culture conditions

The seed medium was incubated for 48 h at 30 °C and
200 rpm on a shaker. Then, 10% (v/v) of the seed liquor was
transferred into the fermentation medium and incubated at
30 °C and 200 rpm for 120 h.

Then, batch-fermentation was performed in a 5-L biore-
actor consisting of a volume of 2-L incubated at 30 °C for
5 days. The aeration rate was 0.3 vvm, and the stirrer speed
was adjusted to 350 rpm, while the pH was maintained at
4.5. During the whole fermentation process, samples were
collected at 12-h intervals. All cultures were conducted in
triplicate, and the results were presented as average values.

Statistical analysis

Results from independent replicate experiments are
expressed as mean + SE. The results were evaluated using
One-sample ¢ test (Originpro 8.0, USA), the level of sig-
nificance was set at P <0.05. Significant differences relative
to corresponding controls are denoted by asterisks in the
figures.

Analytical methods

The method used for detecting erythritol, glycerol, residual
glucose, total protein concentration, and ER activities were
the same as described previously (Li et al. 2018). Specifi-
cally, ER activities were measured by the reaction mixture
(1 mL) containing 12 mM p-erythrose, 0.2 mM NADPH,
50 mM PB buffer (pH 6.5) and 0.1 mL cell extract. One
unit of enzyme activity was defined as 1 pmol NADPH con-
sumed per minute at 37 °C; enzyme activity was expressed
as U per milligram of protein (U/mg protein). In this study,
triplicate measurements were performed.

SEM

The cell morphology of T. oedocephalis was visualized by
SEM (Qunata400F, FEI, USA). The sample processing was
similar to that described previously with slight modifications
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(Deng et al. 2012; Signoretti et al. 2011). Briefly, at 96 h and
120 h, 2 mL of fermentation broth was withdrawn from the
bioreactor, centrifuged, and the supernatant discarded. Sub-
sequently, the cells were washed two times with phosphate
buffer saline (PBS, pH 7.0) and fixed with 2.5% glutaral-
dehyde solution for 3 h. Then, the cell pellets were washed
three times (pH 7.0) and dehydrated with ethanol (30%, 50%,
70%, 90%), followed by freeze-drying and treatment with
ion-sputtering gold before the acquisition of SEM images.

Results and discussion
Effect of surfactants on polyol production

A previous study has shown that the surfactant Span 20
improves the production of polyols (Rakicka et al. 2016).
However, the role of surfactants in erythritol synthesis by
T. oedocephalis is not yet understand, and simultaneously,
only a few zwitterionic surfactants have been applied in
the microbial fermentation. To explore the effects of sev-
eral surfactants on polyols accumulation and cell growth, a
series of shake-flask cultures with glucose as the sole carbon
source were investigated in this study. As shown in Fig. 1,
after 120 h of culture, the yield of erythritol and glycerol
was 24.71 and 11.76 g/L in the control group, respectively.
The addition of surfactants visibly altered the production
of polyols.

Effect of betaine on polyol production

First, when the concentration of betaine increased from
0.5 to 2.5 g/L, the level of erythritol decreased from 37.16
to 16.25 g/L after 120 h of fermentation (P < 0.05). Inter-
estingly, the addition of 0.5 g/L betaine into fermentation
medium yielded 37.16 g/L erythritol (P <0.05), which was
50.38% higher than that of the control. The dry weight of
the cell reached 35.1 g/ when betaine concentration was
0.5 g/L; this yield was maximal in the experimental group
and much higher than the control group (26.5 g/L). This

result indicated that 0.5 g/L of betaine promotes cell growth
and facilitates erythritol accumulation. Previous reports
indicated that betaine combined with erythritol forms a com-
plex mixture and alters the cell membrane surface properties
(Lim et al. 2017). Thus, the change of cellular morphology
might be attributed to 0.5 g/L betaine addition in the fermen-
tation culture. Furthermore, the large amount of glycerol
generated as the main byproduct during the production of
erythritol by 7. oedocephalis (Li et al. 2016). Therefore,
we also measured the production of glycerol. In this study,
with increasing concentration of betaine, the production of
glycerol increased initially and then decreased. At 2 g/L
betaine concentration, the yield of glycerol was maximal at
16.21 g/L. Notably, the yields of byproduct glycerol were
higher in the experimental group than the control group
after the addition of zwitterionic surfactant betaine during
the process of fermentation. Consequently, betaine not only
improved the production of erythritol but also contributed
to the synthesis of glycerol in T. oedocephalis. The results
in Fig. 1 showed that 0.5 g/L betaine is beneficial to cell
growth and erythritol accumulation. Strikingly, compared
to the control, the yield of glycerol did not increase dramati-
cally upon betaine addition. Thus, an appropriate addition of
betaine was beneficial to erythritol biosynthesis.

Effect of Tween 20 on polyol production

On the other hand, Fig. 1 also showed that erythritol pro-
duction was increased with the increasing concentration
of Tween 20 from 0.5 to 1.5 g/L; as a result, the yield of
erythritol increased from 19.28 to 27.89 g/L (P <0.05).
Furthermore, the erythritol production was significantly
decreased when the Tween 20 concentration elevated
from 1.5 g/L to 2.5 g/L. Moreover, the yield of eryth-
ritol was 27.89 g/L with the addition of 1.5 g/L Tween
20 (P <0.05), which was 12.87% higher than that of the
control. Nonetheless, a significant increase was observed
in the cell dry weight in the presence of 1.5 g/L Tween 20.
In addition, the glycerol production increased significantly
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with the addition of Tween 20, and that in the control
group was high at each experimental concentration.

Effect of Tween 80 on polyol production

Third, at 0.5, 1.0, and 1.5 g/L Tween 80, the yield of
erythritol was 29.91, 31.81, and 29.17 g/L (P <0.05),
respectively, which was higher than the control group.
Conversely, the production levels of erythritol in the pres-
ence of 2.0 and 2.5 g/L Tween 80 were lower than the
control. Interestingly, at all the five tested concentrations,
except for 1.5 g/L Tween 80, when glycerol production
was higher than the control, the others produced less glyc-
erol than the control. Therefore, a suitable concentration of
Tween 80 will reduce the production of byproduct glycerol
and facilitates its downstream purification and separation.

Effect of Span 20 on polyol production

Although the addition of Span 20 to the fermentation
medium inhibited the production of erythritol, the yield
of glycerol was improved. Specifically, of the increase in
Span 20 concentration from 0.5 to 2.5 g/L, decreased the
erythritol production from 24.22 to 18.05 g/L (P <0.05),
and the level of glycerol increased from 12.13 to 15.17 g/LL
(P <0.05). A previous study showed that Span 20 signifi-
cantly increased the production of beta-carotene from 0.15
to 2.16 g/L in Blakeslea trispora that might be attributed
to altered cell permeability, which increased the uptake of
the substrate (Kim et al. 1997). Notably, the addition of
0.75 g/L Span 20 to a medium containing 30 g/L of fatty
acid increased the production of oxalic acid in Aspergillus
niger (Musial et al. 2006). However, the concentration of
surfactants must be selected carefully as some are toxic
to microorganisms and inhibit the product formation (Liu
et al. 1995). Therefore, different microorganisms have dif-
ferent tolerance to the same substance.

Effect of Triton X-100 on polyol production

Finally, in all our experiments the addition of Triton X-100
provided a consistent yield of erythritol between 16.12 and
17.73 g/L that was relatively lower among the five tested
surfactants. The other four surfactants at the same concen-
tration, in the presence of Triton X-100, produced exces-
sive glycerol in the fermentation system. Furthermore, at
a concentration of 0.5% (v/w), Triton X-100 has a negative
impact on the phytase activity and phytic acid production
of Aspergillus niger A-98 (Elbatal and Karem, 2001).
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The summary

Thus, neither Span 20 nor Triton X-100 was advantageous to
the production of erythritol by 7. oedocephalis. Nonetheless,
some studies reported the effect of surfactants on the growth
and metabolism of other yeasts. Surfactants, such as Tween
80 and Span 20, increased the yield of some fermentation
products by destroying the plasma membrane of microorgan-
isms. In addition, Triton X-100 not only detected the activ-
ity of enzymes in cells but also determined the amount of
protein and metabolites released by cells (Sheng et al. 2013).

In general, in T. oedocephalis, the appropriate concen-
trations of betaine, Tween 20, or Tween 80 increased the
production of erythritol, while Span 20 and Triton X-100
severely inhibited the production of erythritol. The results
showed that 0.5 g/L betaine promoted the erythritol produc-
tion obviously. Hence, 0.5 g/L betaine was selected as the
relatively better concentration for downstream experiments
to elucidate the underlying mechanism.

Comparative study with and without 0.5 g/L betaine

To evaluate the effect and the mechanism of zwitterionic
surfactant on erythritol production by 7. oedocephalis at
different stages of fermentation, 0.5 g/L betaine was added
to the fermentation medium, and the related fermentation
parameters of the substance sampled at 24 h intervals were
measured (Fig. 2). Figure 2 provides detailed fermentation
process parameters. After 120 h of culture, the yields of
erythritol and glycerol without 0.5 g/L betaine were 25.31
and 11.12 g/L (Fig. 2a), respectively. During fermentation,
the yields of erythritol with and without 0.5 g/L betaine
addition have a similar predisposition. Similarly, the cell
dry weight increased rapidly in the first 24 h of culture, fol-
lowed by a gradual increase. Moreover, the cell dry weight
in the presence of 0.5 g/L betaine was significantly higher
than that of the control after 48 h of culture. Interestingly,
after 120 h of culture, the final cell dry weight with 0.5 g/L
betaine reached 35.30 g/L that was a 43.22% increase com-
pared with control (26.30 g/L).

In particular, the distinct difference in erythritol produc-
tion with and without 0.5 g/L betaine increased with pro-
longed fermentation after 72 h (Fig. 2b). After 120 h, the
addition of 0.5 g/L betaine resulted in 37.03 g/L erythritol,
indicating an increase of 46.36% as compared to the con-
trol group. Moreover, glycerol yield with 0.5 g/L betaine in
the fermentation medium was 12.36 g/L, which was only
11.15% higher than that of the control culture (Fig. 2b).

Erythritol biosynthesis in yeast strain is a complicated
process involved multi-steps metabolic pathway, which pro-
ceeds mainly via the pentose phosphate pathway and ER
catalyzes the final reaction for converting erythrose to eryth-
ritol with the utilization of one molecule of NADPH (Lee
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et al. 2010). Therefore, ER is hypothesized as a rate-limiting
enzyme in erythritol production. At present, reports on the
production of erythritol by 7. oedocephalis in the medium
containing zwitterionic surfactant were lacking. ER plays a
critical role in the erythritol biosynthesis; thus, we carefully
determined the ER activity and also explored the potential
reason underlying the raised erythritol productivity induced
by 0.5 g/L betaine in T. oedocephalis (Fig. 3). Consequently,

the activity of ER with 0.5 g/L betaine was slightly higher
than the control since 48 h. The ER activities of both groups
were maximum at 48 h of culture: 0.192 U/mg proteins in
the control group and 0.211 U/mg proteins in the betaine-
containing group, respectively. Therefore, the addition
of betaine could alter the ER activity slightly, although it
might not be the main reason for a large increase in erythritol
production. Another previous study showed that the enzy-
matic activity could be affected by surfactant supplement.
For example, the activity of curdlan synthetase was greatly
improved by the addition of Tween-80 (Liang et al. 2018).

To explain the possible reasons for the betaine-enhanced
production of erythritol produced by T. oedocephalis, the
effects of betaine on the cellular morphology of T. oedo-
cephalis were evaluated. The samples were selected at 96 h
and 120 h of culture, respectively. Figure 4a—d showed a dif-
ferent cellular morphology of T. oedocephalis with betaine
addition as compared to that of 7. oedocephalis without
betaine addition. At 96 h of culture, the surface of most cells
was rough and partially damaged in the control group, while
the cells in the 0.5 g/L betaine-containing group were intact
with a smooth surface. Subsequently, we selected yeast cells
that fermented for 120 h (Fig. 4c, d). Consecutively, the cells
in the control group were partially lysed and the cell surface
severely damaged, while the cells with betaine addition were
intact. From 96 to 120 h, the cell morphology of the control
varied greatly and was damaged, and some lost the ability
of polyol biosynthesis. However, in the presence of betaine,
no significant changes were observed in the cell morphol-
ogy at the above-mentioned time points, and the growth
and metabolism might be stable. The results indicated that
betaine might affect the cell growth and erythritol produc-
tion by altering the surface structure of the cells. In 2017,
Lim et al. demonstrated that the combination of erythritol
and betaine altered the structure of the cell membrane (Lim
et al. 2017). Furthermore, the addition of surfactants has
been reported to change the composition of the cell mem-
brane (Wei et al. 2016).

Scaled-up fermentation in a bioreactor with 0.5 g/L
betaine addition

According to the above results, the addition of betaine
(0.5 g/L) effectively stimulated the production of erythritol.
Furthermore, our previous study found that the Cu?* addi-
tion could also greatly increase the yield of erythritol in T.
oedocephalis (Li et al. 2018). Fermentations were carried
out in a 5-L bioreactor in the presence of 0.5 g/L betaine
and the supplementation of 30 mg/L CuSO,-5H, O. As
shown in Fig. 5b, after 120 h of culture, the yield of glyc-
erol and erythritol in the 5-L fermenter reached 30.87 g/L
and 59.34 g/L, respectively. Moreover, the concentration of
residual glucose presented in Fig. 5b was only 5 g/L after
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Fig.4 Cell morphology at dif-
ferent stages of fermentation by
T. oedocephalis ATCC 16958 a
96 h, no betaine; b 96 h, 0.5 g/L
betaine; ¢ 120 h, no betaine; d
120 h, 0.5 g/L betaine. These
red arrow represent damaged
cells

120 h of fermentation. Importantly, the initial addition of
0.5 g/L betaine and CuSO,-5H,0 in the fermenter increased
the biosynthesis of erythritol, and after 120 h of fermenta-
tion, the yield was up to 59.34 g/L (Fig. 5b), which was
better than that obtained by adding CuSO,-5H,0 (49.62 g/L,
Fig. 5a) alone (Li et al. 2018). After 120 h, according to
previous research (Li et al. 2012), not only the glucose was
exhausted but also the polyol was consumed, which leads
to a decrease in the yield of erythritol. And that is why we
measured the culture before 120 h. Therefore, the synergis-
tic effect of Cu?* and betaine could increase the yield of
erythritol. Taken together, the changes in the production of
polyols with betaine addition by strain 7. oedocephalis sug-
gested a simple but effective method to improve erythritol
production.

@ Springer

Conclusions

In summary, this study investigated the effects of different
surfactants on the production of erythritol by T. oedocepha-
lis. In the few surfactants studied (betaine, Tween 20, Tween
80, Span 20 and Triton X-100), erythritol production was
relatively high in the presence of 0.5 g/L betaine and reached
37.16 g/L, which was 50.38% higher than that of the con-
trol group. The further analysis of the fermentation process
revealed that betaine affected the surface structure of the
cells, but did not have a significant effect on the activity of
erythrose reductase. Finally, with a combination of 30 mg/L
CuS0O,-5H,0 and 0.5 g/L betaine, the erythritol concentra-
tion reached 59.34 g/L, which was relatively the largest in
this study. This paper revealed the changes in the production
of polyols with betaine added by T. oedocephalis, and sug-
gesting a simple but effective method to improve erythritol
production.
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