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Abstract

The inhibitors present in dilute acid-treated lignocellulosic hydrolysates would show great effect on the growth and product
formation of microorganisms. To understand their inhibitory law and mechanism on oleaginous microorganism could help
improving the efficiency of lignocellulose hydrolysis, detoxification, and lipid fermentation. The effects of four
representative alcohol compounds present in lignocellulosic hydrolysates, including furfuryl alcohol, vanillyl alcohol,
catechol, hydroquinone on the cell growth and lipid accumulation of Trichosporon fermentans were systematically
investigated in this work. The toxicity of selected alcohol compounds was well related to their log P value except furfuryl
alcohol, whose log P value was the minimum but with the highest toxicity to T. fermentans. The inhibition of all the alcohol
compounds on the growth of T. fermentans was more serious than on the lipid synthesis. Also, the growth of T. fermentans
was more sensitive to the variation of inoculum size, temperature, and initial pH than lipid synthesis in the presence of
alcohol compounds. Initial pH had more profound influence on the lipid fermentation than inoculum size and cultural
temperature did. Careful control of fermentation conditions could be helpful for improving lipid yield of T. fermentans in
lignocellulosic hydrolysates. Among the four alcohol compounds tested, most alcohol compounds showed inhibition on
both sugar consumption and malic enzyme activity of T. fermentans. However, vanillyl alcohol had little influence on the
malic enzyme activity. Similarly, all alcohol compounds except vanillyl alcohol exerted damage on the cell membrane of T.
fermentans.
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biomass resources in the world for fermentation is one of practical
strategies to solve this problem.

The possibility of using lignocellulosic materials for SCO
production has been proven by many works [5,6]. However, the
growth and lipid accumulation of oleaginous microorganism might
be influenced by different lignocellulosic hydrolysates due to their
complex composition. Generally, besides sugars, various by-
products so called “inhibitors” are inevitably generated during
the dilute acid hydrolysis or pretreatment process [7] and these
compounds could affect the growth and product formation of
microorganisms during fermentation. The effect of inhibitors in
lignocellulosic hydrolysates on the growth and lipid accumulation
of oleaginous microorganisms has been studied by some
researchers, however, most of these works mainly focused on the
effect of aldehydes and organic acids [8,9]. Also, in our previous
studies on the influence of organic acids [10] and aldehydes [11],

Introduction

Biodiesel is one of potential alternatives to traditional petrodie-
sel oil [1], however, the high cost of its lipid feedstock
unfortunately prevents its industrialization process. On the other
hand, using vegetable oils for biodiesel production might bring the
“food vs. fuel”” debate. Albeit using waste oils could reduce the cost
of lipid feedstock, their limited provision is another problem [2].
Hence, microbial oils, namely single cell oils (SCOs), whose
composition are similar to those of vegetable oils, are believed to
be the promising raw materials for biodiesel production because of
their many advantages such as the fast growth rate of micro-
organisms, and facile production unaffected by the place, climate,
and season [3]. In spite of the favorable impacts SCO might exert,
the economic aspect of current SCO production has been
restricted primarily by the high medium cost [4]. The utilization

of inexpensive substrates, such as agro-industrial residues, espe-
cially lignocellulosic materials, the most abundant and renewable
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we found that these two kinds of compounds showed different
effect on the growth and lipid accumulation of 7. fermentans.
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Figure 1. Effect of selected alcohol compounds on the growth and lipid accumulation of 7. fermentans. (A) Biomass; (B) lipid content; (C)
lipid yield; (D) sugar consumption. The biomass, lipid content, lipid yield, and sugar consumption of T. fermentans were 24.0 g/L, 61.7%, 14.8 g/L, and
84.3 g/L at the 7t day in the medium without inhibitors. Abbreviations: Ca, catechol; Hy, Hydroquinone; Fu, Furfuryl alcohol; Va, Vanillyl alcohol.

doi:10.1371/journal.pone.0046975.g001

Besides organic acids and aldehydes, various alcohol com-
pounds are also generated during the pretreatment or hydrolysis
process of lignocellulosic biomass, and most of them are the
products of the degradation of lignin [12]. It is well known that the
inhibitory mechanism of alcohol compounds on the ethanologenic
yeasts basically includes the inhibition of the sugar metabolism and
the damage to the cell membrane integrity [7,12]. However, to
date, there is no systematical study focused on the effect of alcohol
compounds on the growth and lipid accumulation of oleaginous
microorganisms and the inhibitory mechanism of alcohol
compounds on the oleaginous yeasts as well. Thus, in this work,
we systematically investigated the inhibitory effects of four
representative alcohol compounds (catechol, hydroquinone, fur-
furyl alcohol, and wanillyl alcohol) present in lignocellulosic
hydrolysates on the growth and lipid accumulation of 7. fermentans.
Moreover, the effects of inoculum size, temperature, and initial pH
on the inhibition of alcohol compounds were measured. Finally,
the influence of alcohol compounds on the sugar metabolism,
malic enzyme activity, cell morphology, cell membrane integrity of
1. fermentans was investigated to understand the inhibitory
mechanism of alcohol compounds on the growth and lipid
accumulation of 7. fermentans.
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Results and Discussion

Effect of Alcohol Compound on the Growth and Lipid

Accumulation of T. fermentans

Although the concentration of alcohol compounds is lower than
that of organic acids or aldehydes, there are many of them present
in lignocellulosic hydrolysates and most of them are aromatic
compounds generated by the degradation of lignin in the process
of hydrolysis or pretreatment of lignocellulosic biomass [12].
Among them, catechol, hydroquinone, furfuryl alcohol, and
vanillyl alcohol are four representative ones and chosen to be
studied in this work. In many cases, catechol and hydroquinone,
whose structures were similar, were found in lignocellulosic
hydrolysates. In some lignocellulosic hydrolysates, the concentra-
tion of catechol could be close to 0.5 g/L while the concentration
of hydroquinone was relatively lower (e.g. about 0.02 g/L in
spruce acid hydrolysate) [12]. Furfuryl alcohol and vanillyl
alcohol, whose concentration lower than the former two alcohol
compounds, were usually studied in many works for their similar
structure compared with furfural and furoic acid or vanillin and
vanillic acid [9,13].

Fig. 1 depicted the effects of alcohol compounds on the cell
growth and lipid accumulation of 7. fermentans. As shown in
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Table 1. Concentration of alcohol compounds required to
inhibit the lipid yield of T. fermentans.

Alcohol compounds Inhibitory concentration (mM) Log P
IC;5 * ICs50

Catechol 8.0 11.8 0.88

Hydroquinone 9.1 25.0 0.59

Furfuryl alcohol 2.0 3.8 0.28

Vanillyl alcohol 20.1 31.8 0.29

?Concentration of 25% inhibition on lipid yield.
PConcentration of 50% inhibition on lipid yield.

‘The log P data was cited from Zaldivar and Ingram (1999).
doi:10.1371/journal.pone.0046975.t001

Fig. 1A, all the alcohol compounds except furfuryl alcohol showed
little inhibition on the biomass at their low concentration
(<5 mM). The relative biomass of 7. fermentans was only about
50% in the medium containing 5 mM furfuryl alcohol. In-
terestingly, the biomass of 7. fermentans was not influenced much by
furfuryl alcohol when its concentration was above 8 mM. In the
medium containing catechol, the relative biomass of 7. fermentans
decreased fast when its concentration was higher than 10 mM and
at its concentration of 20 mM, 7. fermentans cannot grow at all. As
shown in Fig. 1B, the influence of all the tested alcohol compounds
on the lipid accumulation of 7. fermentans was less serious than that
on the biomass. Similarly, in the medium containing furfuryl
alcohol, when the furfuryl alcohol concentration was greater than
8 mM, the variation of biomass and lipid content of 7. fermentans
was not significant (analyzed by ANOVA, P>0.05). Surprisingly,
vanillyl alcohol could even stimulate lipid accumulation of 7.
fermentans when its concentration was less than 25 mM. Similar to
the effect on the lipid accumulation of 7. fermentans, the influence
of alcohol compounds on the sugar consumption of 7. fermentans
was less than that on its growth (Fig. 1D).

The concentration of alcohol compounds required to inhibit the
25% and 50% lipid yield of T. fermentans was measured in Fig. 1C
and summarized in Table 1, also the log P value was given. In the
work focused on the ethanologenic bacteria, the toxicity of
inhibitors usually related to its log P value, namely, more
hydrophobic the inhibitor is, stronger inhibitory effect it has
[13-15]. Also, it has been reported that the toxicity of aldehydes
on the oleaginous yeast Rhodosporidium toruloides was related to their
hydrophobicity [9]. However, in our other works, the toxicity of
aldehydes [11] and organic acids [10] to 7. fermentans was not
related to their log P value. In this work, the toxicity of alcohol
compounds except furfuryl alcohol was well related to the log P
value. For furfuryl alcohol, it has the lowest log P value while
showed the highest toxicity indicated by its ICy5 and ICsy.
However, its inhibitory course was different from other three
alcohol compounds. As shown in Fig. 1, the relative biomass, lipid
content and lipid yield of 7. fermentans decreased quickly when
furfuryl alcohol concentration was less than 10 mM. In contrast, in
the medium containing other alcohol compounds, the relative
biomass, lipid content and lipid yield of 7. fermentans decreased
much slower. The different structure between furan and aromatic
compounds might account for this. Interestingly, the toxicity of
catechol was obviously higher than that of hydroquinone albeit
they have similar structure (Fig. 1), which in accordance with the
conclusion of previous work that substituent position influenced
the toxicity of inhibitors [16].
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The toxicity of furfuryl alcohol was compared with its analogs
furoic acid and furfural. Furoic acid showed less toxicity to the
growth and lipid accumulation of 7. fermentans [10]. Compared
with the toxicity of furfural [11], furfuryl alcohol showed more
serious inhibition on the growth and lipid accumulation of 7.
Jermentans at low concentration (<10 mM). However, 7. fermentans
could suffer higher concentration of furfuryl alcohol than furfural.
Similarly, the toxicity of vanillyl alcohol was compared with the
vanillic acid, and vanillin. In spite of the fact that vanillyl alcohol
showed stimulation on the lipid accumulation of 7. fermentans at
low concentration, the influence of vanillyl alcohol on the growth
and lipid accumulation was greater than vanillic acid [10], but less
than that of vanillin [11].

Besides the effect of individual alcohol compound, it is worth
noting that most binary combination of alcohol compounds didn’t
show synergistic inhibitory effect on the growth and lipid
accumulation of 7. fermentans. However, the binary combination
of catechol and vanillyl alcohol or hydroquinone showed strong
synergistic inhibition that even completely inhibited the growth of
T. fermentans (Fig. S1).

The effect of alcohol compounds on the fatty acid composition
of lipid from 7. fermentans was shown in Table 2. Apparently, oleic
acid was the most abundant one, being about 50-60% of the total
fatty acids, followed by palmitic acid, stearic acid and linoleic acid.
In most cases, alcohol compounds had no obvious influence on the
composition of unsaturated acids, including oleic acid and linoleic
acid. Interestingly, furfuryl alcohol showed certain impact on the
lipid composition of lipid from 7. fermentans that the ratio of oleic
acid in its lipid increased as the concentration of furfuryl alcohol
increased.

Effects of Inoculum Size, Temperature, and Initial pH on
the Inhibition of Alcohol Compounds

In order to overcome the inhibitory effect of inhibitors in
lignocellulosic  hydrolysates, detoxification including physical,
chemical and biological pretreatment was necessary for the lipid
fermentation. Albeit these methods have been explained in details
[5,17-19], all of them would unfortunately increase the cost of
SCO production. However, it is also proven that merely change
the fermentation condition such as inoculum size, temperature,
and initial pH value could mitigate the inhibitory effect [7,12]. For
example, in the studies on the ethanologenic bacteria F. colz,
raising inoculum size and changing fermentation condition such as
cultural temperature or initial pH have been considered as
a strategy to decrease the inhibitory effect of alcohol compounds,
aldehydes and organic acids [13-15]. In our recent works on
oleaginous yeast 7. fermentans, this strategy is also effective for
overcoming the inhibition of aldehydes and organic acids [10,11].
Thus, the effect of inoculum size, temperature, and initial pH on
the inhibition of alcohol compounds on the growth and lipid
accumulation of 7. fermentans was investigated.

As shown in Fig. 2, greater inoculum size could reduce the
inhibitory effect of all the alcohol compounds on the growth of 7.
Jermentans except furfuryl alcohol. However, greater inoculum size
could merely overcome the inhibition of catechol on the lipid
accumulation of 7 fermentans, and in the medium containing other
alcohol compounds tested, the relative lipid content of 7 fermentans
decreased as the increase of inoculum size. This result was further
compared with its effect on the inhibition of organic acid [10] and
aldehyde [11]. As shown in Table 3, the effect of inoculum size on
the inhibition of alcohol compounds was similar to our previous
work focused on the effect of organic acids on the growth and lipid
accumulation of 7. fermentans [10]. The inhibition of aliphatic acids
could be alleviated by greater inoculum size while the inhibition of
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aromatic or furan acids could not. However, greater inoculum size
could reduce the inhibitory effect of the aldehydes [11]. It has been
reported that aldehydes could be converted into other low toxic
compounds during the fermentation process and higher inoculum
size could boost the efficiency of this i vivo detoxification [12]. It
might be due to no similar bioconversion was existed for most
alcohol compounds, so greater inoculum size was not effective for
overcoming the inhibition of alcohol compounds.

Besides the effect of inoculum size, the effect of initial pH and
temperature on the growth and lipid accumulation of 7. fermentans
was also investigated (Fig. 3 and Fig. 4). As shown in Fig. 3, both
relative biomass and relative lipid content of 7. fermentans increased
as the decrease of temperature, suggesting that lower temperature
could reduce the toxicity of all these four alcohol compounds on
the growth and lipid accumulation of 7. fermentans. Fig. 4 depicted
the effect of initial pH on the inhibition of alcohol compounds.
Lower initial pH could decrease the inhibitory effect of all the
alcohol compounds except furfuryl alcohol on both the growth and
lipid accumulation of 7. fermentans. On the other hand, in the
medium containing furfuryl alcohol, higher initial pH was better
for the growth and lipid accumulation of 7. fermentans. Overall,
initial pH value influenced more dramatically than inoculum size
and cultural temperature on the lipid fermentation of 7. fermentans.
We further examined the pH change during the fermentation and
found that the pH decreased as the fermentation went on in both
the media with or without inhibitor (e.g. the pH value would
decrease from 6.5 to 3.8 after 7 days’ fermentation in the medium
with no inhibitor). Carrying out fermentation at the optimal pH
condition might be beneficial for the growth and lipid accumu-
lation of 7. fermentans. However, the biomass and lipid content of
T. fermentans was not greater in the medium with buffer capacity
(0.1 mol/L citric acid-citric acid sodium buffer, pH 6.5) than that
in the medium without buffering conditions. On the other hand,
the growth and lipid accumulation of 7. fermentans could be
stimulated in the medium containing acetic acid (this medium had
certain buffer capacity) as mentioned in our previous work [10].
Base on the above-mentioned results, controlling pH by suitable
buffer solution or mode, such as feeding sodium hydroxide or
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Table 2. Effect of different alcohol compounds on the lipid composition of T. fermentans.
Alcohol compounds Concentration (g/L) Lipid composition of T. fermentans (%)
Palmitic acid Linoleic acid Oleic acid Stearic acid
(C16:0) (C18:2) (C18:1) (C18:0) Others
Vanillyl alcohol 1.0 20.8 4.6 59.5 133 1.8
2.0 20.1 3.8 61.3 12.2 2.6
4.0 18.2 33 68.4 9.0 1.1
Furfuryl alcohol 1.0 19.1 7.3 51.5 16.2 5.9
20 16.2 6.1 59.8 144 35
4.0 16.9 6.0 64.3 11.3 1.5
Hydroquinone 0.5 19.0 5.6 56.9 14.0 4.5
1.0 19.0 54 58.2 12.8 4.6
20 19.4 4.4 58.2 155 25
Catechol 0.5 21.8 5.5 59.4 12.5 0.8
1.0 21.1 55 60.8 11.9 0.7
15 18.4 6.1 60.2 14.8 0.5
Control 19.9 5.8 58.6 12.8 29
doi:10.1371/journal.pone.0046975.t002

hydrochloric acid into fermenter might help improving lipid yield
of T. fermentans, but it still needs to be further investigated.

In Table 3, the effect of cultural temperature and initial pH was
further compared with their effect on the inhibition of both
aldehydes and organic acids. It is worth noting that initial pH
showed more significant influence on the inhibitory effect of
organic acids [10] than those of aldehydes [11] and alcohol
compounds. It is proven that organic acid might affect intracellular
pH value and thus changing the physiology of microorganisms
[20-22].

All in all, the cell growth of 7. fermentans was more sensitive to
the variation of inoculum size, temperature, and initial pH than
lipid synthesis in the presence of alcohol compounds.

Inhibitory Mechanisms of Alcohol Compounds on the

Growth and Lipid Accumulation of T. fermentans

The mechanisms of inhibitory effect of inhibitors present in
lignocellulosic hydrolysates on the growth and metabolism of
ethanologenic yeasts have been systematically summarized in
previous reviews [7,12]. However, little has been known about the
inhibitory mechanism on the oleaginous microorganisms. In many
cases, the sugar utilization could be inhibited by the inhibitors. For
example, furan aldehydes would influence the activity of the key
enzyme in the glycolysis and tricarboxylic acid cycle (TCA), and
thus elongating the lag phase of microorganisms [23]. On the
other hand, in our previous works, it is shown that the key enzyme
(malic enzyme) activity of lipid accumulation might be inhibited by
aldehydes and organic acids [10,11]. Moreover, some inhibitors
such as aromatic compounds would attack the hydrophobic sites
on the cell membrane and thus destroy its integrity [24]. Also, it is
reported that these inhibitors could also influence the cell
morphology [25]. For the inhibition of alcohol compounds on
the ethanologenic E. coli, the inhibitory mechanisms mainly
include the inhibition on the sugar metabolism and the damage on
the cell membrane [7]. Base on the discussion above, the effect of
selected alcohol compounds on the sugar utilization, malic enzyme
activity, cell membrane integrity, and cell morphology was
measured in order to preliminarily elucidate the inhibitory
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mechanisms of alcohol compounds on the growth and lipid
accumulation of 7. fermentans.

The effect of alcohol compounds on the sugar utilization of 7.
Jermentans was tested at their ICy5 concentration. As shown in Fig. 5,
the utilization of both glucose and xylose were inhibited by these
four alcohol compounds and the inhibition by catechol was more
serious than other three ones. The inhibition of alcohol
compounds on both glucose and xylose metabolism partly
accounted for the inhibition of alcohol compounds on the growth
and lipid accumulation of 7. fermentans. Interestingly, after 7 days’
fermentation, vanillyl alcohol showed some stimulation on xylose
utilization of T. fermentans.

Besides the unblocked sugar metabolism, lipid accumulation of
oleaginous microorganisms required a great amount of reduced
force (NAPDH) for the synthesis of fatty acids. Thus, malic
enzyme was considered as one of the most important enzyme in
the pathway of lipid synthesis [26]. The effect of the selected
alcohol compounds on the malic enzyme activity of 7. fermentans at
their respective ICy5 concentrations were tested after the ond day
of fermentation when the lipid formation rate reached the
maximal in the control culture without inhibitors. As can be seen
in Fig. 6, all the four alcohol compounds except vanillyl alcohol
showed inhibitory effect on the malic enzyme activity, which partly
explained the inhibitory effect of alcohol compounds on the lipid
accumulation of 7. fermentans. Interestingly, the malic enzyme
activity of 7. fermentans was affected little by vanillyl alcohol, which
partly explain the phenomenon that it could stimulate the lipid
accumulation of 7T. fermentans at its low concentration (<25 mM,
Fig. 1).

In our previous works focused on the effect of organic acids and
aldehydes on the growth and lipid accumulation of 7. fermentans,
many inhibitory compounds showed stimulation on the xylose
metabolism of 7. fermentans. These results were further summarized
and compared in Table 4. As it depicted, most compounds such as
vanillin, vanillic acid, vanillyl alcohol and etc. which could
stimulate the xylose utilization of 7. fermentans were aromatic ones,
indicating that phenyl structure might stimulate the enzyme
activity of xylose consumption. Similar phenomenon was also
observed by other researchers [27]. It is worth noting that in most
cases, the increase in xylose utilization did not result in higher lipid
production by T. fermentans. The effect of alcohol compounds on
the malic enzyme activity was also further compared with the
effect of organic acids [10] and aldehydes [11]. As shown in
Table 4, all the inhibitors expect furoic acid, vanillin, and HMF
showed inhibitory effect on the malic enzyme activity of 7.
Jermentans. In our previous study [10], furoic acids showed similar
stimulation on the lipid accumulation of 7. fermentans as vanillyl
alcohol did. Its enhancement in malic activity of 7. fermentans might
also account for this. However, in the medium containing vanillin
or HMF, no stimulation on lipid accumulation of 7. fermentans was
observed [11].

The morphological changes of 7. fermentans were observed
microscopically during cultivation in the presence of alcohol
compounds at their concentrations of 1C5y (Fig. S2). The cell
morphology of 7. fermentans on the medium without inhibitors was
typically elliptical. In the presence of most alcohol compounds
involving catechol, hydroquinone, and furfuryl alcohol, cells
appeared elongated as rods or short chains during fermentation.
However, the cell morphology of 7. fermentans was round-like in
the medium containing vanillyl alcohol. The effect of alcohol
compounds on the cell morphology was further compared with the
effect of organic acids and aldehydes (T'able 4). The data in Table 4
further proved that many inhibitors could change the cell
morphology of T. fermentans. It is well known that the inhibitors
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Table 3. Influence of fermentation factors on the inhibition of different inhibitors.

Inhibitors

Influence

Inoculum size Temperature Initial pH

Organic acids ° Formic acid

Acetic acid

Levulinic acid
4-Hydroxybenzoic acid
Vanillic acid

Syringic acid

Furoic acid

Gallic acid

Ferulic acid

Caproic acid
Aldehydes ° Furfural

HMF
4-Hydroxybenzaldehyde
Syringaldehyde

Vanillin

Alcohol compounds Catechol
Hydroquinone
Furfuryl alcohol

Vanillyl alcohol

+¢ _e _h

+ -f -

+ o+ o+ o+ o+ o+ o+
+ I
I +

“Base on the results of our previous work [10].

PBase on the results of our previous work [11].
“Inhibition could be relieved by higher inoculum size.
9Inhibition could not be relieved by higher inoculum size.
€Inhibition was more serious at higher temperature.
fInhibition varied with different temperature.
9Inhibition was more serious at lower temperature.
NInhibition was more serious at higher initial pH value.
iInhibition was more serious at lower initial pH value.
JInhibition varied with different initial pH value.
doi:10.1371/journal.pone.0046975.t003

present in the lignocellulosic hydrolysates would change the cell
morphology of microorganisms [13-15]. However, it has also been
reported that there is no obvious relationship between the
difference of cell morphology and the inhibition on the growth
of microorganisms [25], as indicated in this work.

It has been reported that aromatic compounds could damage
the cell membrane integrity and influence the physiology of
microorganisms [12]. Hence, the effect of alcohol compounds at
their IC5q concentration on the cell membrane integrity of 7.
fermentans was investigated after two days’ fermentation. As shown
in Fig. 7 and Fig. 8, all the alcohol compounds except vanillyl
alcohol showed certain damage on the cell membrane integrity
and more serious damage on the cell membrane integrity it did,
greater PI uptake rate it had. Among the four alcohol compounds
tested, catechol showed the most serious damage on the cell
membrane integrity of 7. fermentans, following by furfuryl alcohol
and hydroquinone. Interestingly, vanillyl alcohol had little in-
fluence on the cell membrane integrity of 7. fermentans, which was
in good accordance with previous work on ethanologenic bacteria
E. coli [13]. It is worth noting that the hydrophobicity of vanillyl
alcohol and furfuryl alcohol was similar (as indicated by log P
value), but furfuryl alcohol showed much greater damage on the
cell membrane integrity of 7. fermentans than vanillyl alcohol, partly
explained the phenomenon mentioned above that the toxicity of

PLOS ONE | www.plosone.org

alcohol compounds to 7. fermentans was not related to their
hydrophobicity.

Conclusions

The toxicity of alcohol compounds to 7. fermentans varied with
their structures and concentrations. The toxicity of alcohol
compounds except furfuryl alcohol was well related to the log P
value. Inoculum size and environmental factors (temperature and
mitial pH of medium) also had influences on the inhibition of
alcohol compounds, and the inhibition could be partly relieved by
careful control of the culture conditions. Thus, optimization of
fermentation conditions, such as maintaining pH at the optimal
status by feeding sodium hydroxide or hydrochloric acid into
fermenter could be helpful for improving lipid yield of 7. fermentans
in lignocellulosic hydrolysates. Most alcohol compounds showed
inhibition on sugar consumption and malic enzyme activity of 7.
Jermentans. Similarly, all alcohol compounds except vanillyl alcohol
exerted damage on the cell membrane of 7. fermentans. The results
achieved here show that the inhibitory mechanisms of inhibitors
on 1. fermentans are related with their effects on sugar consumption,
key enzyme activity and cell membrane integrity. Adoption of
domestication and/or biotechnological approaches, such as
genetic engineering to enhance the inhibitor-resistant ability of
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Figure 3. Effect of temperature on the inhibition of alcohol
compounds. All alcohol compounds were tested at their respective
concentration of ICso. Cultures with 5% inoculum size were incubated at
initial pH 6.5 and 160 rpm for 7 days. Results are expressed relative to
controls without organic acids. Biomass, lipid content and lipid yield of
cultures lacking organic acids at 22°C, 25°C and 28°C were 19.9 g/L,
55.8% and 11.1 g/L; 24.0 g/L, 61.7% and 14.8 g/L; 23.6 g/L, 58.9% and
13.9 g/L, respectively. Abbreviations: Ca, catechol; Hy, Hydroquinone;
Fu, Furfuryl alcohol; Va, Vanillyl alcohol.

doi:10.1371/journal.pone.0046975.9g003
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Figure 4. Effect of initial pH on the inhibition of alcohol
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doi:10.1371/journal.pone.0046975.g004

October 2012 | Volume 7 | Issue 10 | e46975



Residual glucose (g/L)
s 8 &§ &8 8 3

-
o o
— T

1 1 1 1 1 1 1 1 1 1 1

o1 2 3 4 5 6 7 8 9 10

w
a
1

(]
=}
T

N
w

N
o
T

—_O— Cﬂ
—&—Hy

Residual xylose (g/L)
P

—<— Fu

—<—Va
5 1 1 1 1 1 1 1 1 1 1 1

—_
o
T

0 1 2 3 4 5 6 7 8 9 10
Fermentation time (d)

Y
b @ o] o
o o o o

Residual total sugars (g/L) )
N
o

0 1 2 3 4 5 6 7 8 9 10
Fermentation time (d)

Figure 5. Effect of the selected alcohol compounds on the
sugar metabolism of 7. fermentans. (A) Glucose consumption; (B)
Xylose consumption; (C) Total sugars consumption. The residual
glucose, xylose, and total sugars in the control medium at the ond
4™, 7% and 10" day were (g/L) 31.7, 23.7, 55.4; 8.8, 21.3, 30.1; 0, 15.7,
15.7; and 0, 9.9, 9.9, respectively. Abbreviations: Ca, catechol; Hy,
Hydroquinone; Fu, Furfuryl alcohol; Va, Vanillyl alcohol; Con, Control.
doi:10.1371/journal.pone.0046975.9g005

PLOS ONE | www.plosone.org

Effects of Alcohol Compounds on Lipid Fermentation

@D
1

(8]
T

B
_|

N
T

-
T

o

Specific activity of malic enzyme (U/mg)
w
T
.__{

Con Ca Hy Fu Va
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T. fermentans is potential to improve the efficiency of lipid
production in lignocellulosic hydrolysates.

Materials and Methods

Microorganism and Chemicals

Oleaginous yeast Trichosporon fermentans CICC 1368 was
obtained from the China Center of Industrial Culture Collection
and kept on wort agar at 4°C.

Catechol, hydroquinone, furfuryl alcohol, and vanillyl alcohol
were obtained from Alfa Aesar (UK). All other chemicals were
from commercial sources and were of the highest purity available.

Medium, Precultivation and Cultivation

The precultivation medium contained (g/L): glucose and xylose
(ratio 2:1) 20, peptone 10, yeast extract 10, pH 6.0. And the
fermentation medium included (g/L): glucose and xylose (ratio 2:1)
100, yeast extract 0.5, peptone 1.8, MgSO,-7H,0O 0.4, KH,PO,
2.0, MnSO,-HyO 0.003, CuSO4-5H,O 0.0001, pH 6.5. The
preculture was performed in a 250 mL conical flask containing
50 mL precultivation medium in a rotary shaker at 28°C and
160 rpm for 24 h. Then, 5% seed culture (2.5 mL) was inoculated
to a 250 mL conical flask containing 47.5 mL fermentation
medium and cultivation was carried out in a rotary shaker at 25°C
and 160 rpm for 7 days.

To facilitate averaging, results are expressed as a percentage of
the control value without adding the tested inhibitor.

Effect of Alcohol Compounds on Growth and Lipid
Accumulation

After precultivation, 2.5 mL seed culture was inoculated to
47.5 mL fermentation medium containing various alcohol com-
pounds. In the absence of an inhibitor, biomass, lipid content, lipid
yield, and residual sugar concentration after 7 days’ fermentation
were 24.0 g/L, 61.7%, 14.8 g/L, and 15.7 g/L, respectively. ICys
and ICs5, defined as concentrations of the test alcohol compounds
that caused 25% or 50% inhibition on the lipid yield, respectively,
were measured on the data shown in Fig. 1. All reported data were
averages of experiments performed at least in duplicate.

October 2012 | Volume 7 | Issue 10 | e46975
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Table 4. Influence of different kinds of inhibitors on the xylose utilization, malic enzyme activity, and cell morphology of T.

Inhibitors

Different effect

Xylose utilization Malic enzyme activity Cell morphology

Organic acids * Formic acid
Acetic acid
Levulinic acid
4-Hydroxybenzoic acid
Vanillic acid
Syringic acid
Furoic acid
Gallic acid
Ferulic acid
Caproic acid
Furfural

HMF

Aldehydes °

4-Hydroxybenzaldehyde

Syringaldehyde

Vanillin
Alcohol compounds Catechol
Hydroquinone
Furfuryl alcohol

Vanillyl alcohol

¢ _e 49
h
+9 - -
+ - +
+ +f -
- - +
+ - +
+ - +
+ + -
+ _ -
+ - +
+ + +
- - +
- - +
- - +
+ = +

“No stimulation on xylose utilization of T. fermentans.
dStimulation on xylose utilization of T. fermentans.

®No influence on malic enzyme activity of T. fermentans.
fStimulation on malic enzyme activity of T. fermentans.
9Influence on cell morphology of T. fermentans.

"No influence on cell morphology of T. fermentans.

iLittle influence on malic enzyme activity of T. fermentans.
doi:10.1371/journal.pone.0046975.t004

Effect of Inoculum Size, Temperature and Initial pH on
the Inhibition of Alcohol Compounds

The effect of inoculum size on the potency of alcohol
compounds was examined using alcohol compound concentra-
tions of IC5g. 5%, 10% and 15% seed culture were inoculated to
the fermentation media containing various alcohol compounds
respectively.

The effect of temperature on the potency of alcohol compounds
was studied using alcohol compound concentrations of ICs,. The
cultures with 5% inoculum size were maintained at 22°C, 25°C,
and 28°C respectively.

The effect of initial pH on the potency of alcohol compounds
was investigated using alcohol compound concentrations of ICsp.
Fermentation media containing alcohol compounds were adjusted
to either pH 5.5, 6.5, or 7.5 prior to inoculation. The variation of
pH was measured periodically throughout the fermentation
process. Moreover, the lipid fermentation was carried out in the
medium with buffer capacity (0.1 mol/L citric acid-citric acid
sodium buffer, pH 6.5) and compared with that in the medium
without buffer capacity as described above.

Biomass, lipid content, and lipid yield were all measured after 7
days’ fermentation.

PLOS ONE | www.plosone.org

?Data about xylose utilization and malic enzyme activity were base on our previous work [10].
PData about xylose utilization, malic enzyme activity, and cell morphology base on our previous work [11].

Binary Combinations of Alcohol Compounds

Two selected alcohol compounds with each concentration being
1Cy5 were added to the fermentation medium. Cultures were
moculated as described above and incubated for 7 days (5%
inoculum size, pH 6.5 and 25°C). Cultures grown without alcohol
compounds were included as controls.

Effect of Alcohol Compounds on Sugars Utilization

The sugar consumption was tested by using alcohol compound
concentrations of ICy5. The relative sugar consumption is defined
as the ratio of the amount of glucose and xylose consumed by the
yeast cells grown in the culture medium containing various alcohol
compounds for 7 days to that without inhibitors.

Effect of Alcohol Compounds on Malic Enzyme Activity

Biomass was harvested by centrifugation (4,000 g for 15 min at
4°C), washed three times with distilled water and then suspended
in extraction buffer (50 mM Tris-HCI containing 1 mM MgCl,
and 1 mM DTT, pH 7.5). After being disrupted by a sonic cell
disrupter at 300 W for 10 min on ice, the mixture was centrifuged
(10,000 g for 10 min at 4°C) and the supernatant was used
immediately for enzyme activity assay.

Malic enzyme activity was detected at 340 nm and 30°C with
a SHIMADZU UV-2550 spectrophotometer (Japan). The re-
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Figure 7. Effects of alcohol compounds on the cell membrane integrity of 7. fermentans. X-axe: signal intensity; Y-axe: number of cells/mL
(x1000). Cells of T. fermentans in the medium with and without inhibitor were stained at the same condition and then stained cells were analyzed by
flow cytometry. Abbreviations: Ca, catechol; Hy, Hydroquinone; Fu, Furfuryl alcohol; Va, Vanillyl alcohol; Con, Control.

doi:10.1371/journal.pone.0046975.9007

action was initiated by adding 10 mM sodium L-malate into 3 mL
reaction mixture containing 50 mM Tris-HCI (pH 7.5), 10 mM
MgCly, 0.5 mM NADP*, and 0.04 mL cell extract. The absor-
bance of the formed NADPH was recorded after reaction at 30°C
for 3 min. A control experiment, which was performed by
following the above procedure except that no sodium L-malate
was added, demonstrated that no NADP*-NADPH conversion
was detectable. One unit corresponds to the amount of enzyme
producing 1 nmol NADPH per minute at 30°C.

Flow Cytometry (FCM)

Cell samples were diluted to approximately 10° cells/mL and
processed for sorting at a rate of about 500 events per second. In
total, 10,000 events were detected each run. Flow cytometry
coupled with propidium iodide (PI) (KeyGEN, China) was used in
this study in order to monitor 7. fermentans cytoplasmic membrane
integrity. PI binds to DNA and cannot cross an intact cytoplasmic
membrane. Samples taken from the culture were immediately
diluted with phosphate buffer solution (PBS, pH 7.0) and stained
with PL

Flow cytometry was carried out using a Cell Lab Quanta™ SC
instrument (Beckman Coulter, USA) fitted with a 22 mW ion laser
for excitation (488 nm) while monitoring with a single emission
channel (575-nm band-pass filter). Cell Lab Quanta SC software
(Beckman Coulter, USA) was used for instrument control, data
acquisition and data analysis.

Analytical Methods

Biomass was harvested by centrifugation and weighed in its
lyophilized form [28]. Extraction of lipid from lyophilized biomass
was performed according to the modified procedure of [29]. Lipid
was extracted with a mixture of chloroform: methanol (2:1, v/v)
for 1 h. The extracted lipid was centrifuged to obtain a clear

T
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Figure 8. Pl uptake of T. fermentans's cells in the medium
containing different alcohol compounds. Cells of T. fermentans in
the medium with and without inhibitor were stained at the same
condition and then stained cells were analyzed by flow cytometry. The
Pl uptake was calculated by Cell Lab Quanta SC software. Abbreviations:
Ca, catechol; Hy, Hydroquinone; Fu, Furfuryl alcohol; Va, Vanillyl alcohol;
Con, Control.

doi:10.1371/journal.pone.0046975.g008
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supernatant and the solvent was removed by evaporation under
vacuum at 55°C and 100 rpm (NE-Series rotary evaporator
EYELA, Japan). Lipid content was defined as the ratio of lipid
weight to that of biomass.

The fatty acid profile of the lipid from 7. fermentans was
determined by gas chromatography (GC-2010) with an ionization
detector and a DB-1 capillary column (0.25 cm X 30 m, Agilent
Technologies Inc., USA) according to the published procedure
(Zhu et al. 2008). D-Xylose and D-glucose were measured by
HPLC (Waters Corp., USA) with a RI detector (Waters 2410) and
an Aminex HPX-87P column (300 mm x 7.8 mm, Bio Rad
Corp., USA) at 85°C. Deionized water was used as the mobile
phase at 0.5 mL/min.

Supporting Information

Figure S1 Effect of binary combinations of alcohol compounds
on the growth and lipid accumulation of 7. fermentans. Abbrevia-
tions: Ca, catechol; Hy, Hydroquinone; Fu, Furfuryl alcohol; Va,
Vanillyl alcohol. * The cell biomass was hardly detected after
fermentation

(TIF)

Figure 82 Effect of alcohol compounds on the cell morphology
of T. fermentans. Abbreviations: Ca, catechol; Hy, Hydroquinone;
Fu, Furfuryl alcohol; Va, Vanillyl alcohol; Con, Control.

(TIF)

Author Contributions

Conceived and designed the experiments: CH HW MHZ. Performed the
experiments: CH LPL. Analyzed the data: CH HW. Contributed
reagents/materials/analysis tools: WYL. Wrote the paper: CH HW MHZ.

References

1. Demirbas A (2009) Progress and recent trends in biodiesel fuels. Energy Convers
Manage 50: 14-34.

2. Adamczak M, Bornscheuer UT, Bednarski W (2009) The application of
biotechnological methods for the synthesis of biodiesel. Eur J Lipid Sci Technol
111: 800-813.

3. Meng X, Yang JM, Xu X, Zhang L, Nie QJ, et al. (2009) Biodiesel production
from oleaginous microorganisms. Renew Energ 34: 1-5.

4. Li Q, Du W, Liu DH (2008) Perspectives of microbial oils for biodiesel
production. Appl Microbiol Biotechnol 80: 749-756.

5. Huang C, Zong MH, Wu H, Liu QP (2009) Microbial oil production from rice
straw hydrolysate by Trichosporon fermentans. Bioresour Technol 100: 4535-4538.

6. Economou CN, Aggelis G, Pavlou S, Vayenas D (2011) Single cell oil production
from rice hulls hydrolysate. Bioresour Technol 102: 9737-9742.

7. Palmqvist E, Hahn-Hagerdal B (2000) Fermentation of lignocellulosic hydro-
lysates. 1I: inhibitors and mechanisms of inhibition. Bioresour Technol 74: 25—

8. Chen X, Li Z, Zhang X, Hu F, Ryu D, et al. (2009) Screening of oleaginous
yeast strains tolerant to lignocellulose degradation compounds. Appl Biochem
Biotechnol 159: 1-14.

9. Hu C, Zhao X, Zhao J, Wu S, Zhao Z (2009) Effects of biomass hydrolysis by-
products on oleaginous yeast Rhodosporidium toruloides. Bioresour Technol 100:
4843-4847.

10. Huang C, Wu H, Liu Z]J, Cai J, Lou WY, et al. (2012) Effect of organic acids on
the growth and lipid accumulation of oleaginous yeast Trichosporon fermentans.
Biotechnol Biofuels 5:4.

11. Huang C, Wu H, Liu QP, Li YY, Zong MH (2011) Effects of aldehydes on the
growth and lipid accumulation of oleaginous yeast Trichosporon fermentans.
J Agricultural Food Chem 59: 4606-4613.

October 2012 | Volume 7 | Issue 10 | e46975



. Almeida J, Modig T, Petersson A, Hahn-Hagerdal B, Liden G, et al. (2007)

Increased tolerance and conversion of inhibitors in lignocellulosic hydrolysates
by Saccharomyces cerevisiae. ] Chem Technol Biotechnol 82: 340-349.

. Zaldivar J, Martinez A, Ingram LO (2000) Effect of alcohol compounds found in

hemicellulose hydrolysate on the growth and fermentation of ethanologenic
Escherichia coli. Biotechnol Bioeng 68: 524-530.

. Zaldivar J, Ingram LO (1999) Effect of organic acids on the growth and

fermentation of ethanologenic Escherichia coli LYO1. Biotechnol Bioeng 66: 203
210.

. Zaldivar J, Martinez A, Ingram LO (1999) Effect of selected aldehydes on the

growth and fermentation of ethanologenic Escherichia coli. Biotechnol Bioeng 65:
24-33.

. Larsson S, Quintana-Sainz A, Reimann A, Nilvebrant N, Jénsson L (2000)

Influence of lignocellulose-derived aromatic compounds on oxygen-limited
growth and ethanolic fermentation by Saccharomyces cerevisiae. Appl Biochem
Biotechnol 84: 617-632.

. Huang C, Wu H, Li R, Zong M (2012) Improving lipid production from bagasse

hydrolysate with Trichosporon fermentans by response surface methodology. New
Biotechnol 29: 372-378.

. Tsigie YA, Wang CY, Truong CT, Ju YH (2011) Lipid Production from Yarrowia

Iipolytica Polg grown in sugarcane bagasse hydrolysate. Bioresour Technol 102:
9216-9222.

. Yu X, Zheng Y, Dorgan KM, Chen S (2011) Oil production by oleaginous

yeasts using the hydrolysate from pretreatment of wheat straw with dilute
sulfuric acid. Bioresour Technol 102: 6134-6140.

PLOS ONE | www.plosone.org

12

20.

21.

26.

27.

28.

29.

Effects of Alcohol Compounds on Lipid Fermentation

Graves T, Narendranath NV, Dawson K, Power R (2006) Effect of pH and
lactic or acetic acid on ethanol productivity by Saccharomyces cerevisiae in corn
mash. J Ind Microbiol Biotechnol 33: 469-474.

Casey L, Sedlak M, Ho NWY, Mosier NS (2010) Effect of acetic acid and pH on
the cofermentation of glucose and xylose to ethanol by a genetically engineered
strain of Saccharomyces cerevisiae. FEMS yeast research 10: 385-393.

. Lopez R, Enriquez E, Pena A (1999) Effects of weak acids on cation

accumulation, Delta pH and Delta Psi in yeast. Yeast 15: 553-562.

. Banerjee N, Bhatnagar R, Viswanathan L (1981) Inhibition of glycolysis by

furfural in Saccharomyces cerevisiae. Appl Microbiol Biotechnol 11: 226-228.

. Fitzgerald D, Stratford M, Gasson M, Ueckert J, Bos A, et al. (2004) Mode of

antimicrobial action of vanillin against Escherichia colt, Lactobacillus plantarum and
Listeria innocua. J Appl Microbiol 97: 104-113.

. Lennartsson PR, Karimi K, Edebo L, Taherzadeh MJ (2009) Effects of different

growth forms of Mucor indicus on cultivation on dilute-acid lignocellulosic
hydrolyzate, inhibitor tolerance, and cell wall composition. J Biotechnol 143:
255-261.

Ratledge C (2004) Fatty acid biosynthesis in microorganisms being used for
single cell oil production. Biochimie 86: 807-815.

Pereira RS, Mussatto SI, Roberto IC (2011) Inhibitory action of toxic
compounds present in lignocellulosic hydrolysates on xylose to xylitol bio-
conversion by Candida guilliermondii. J Ind Microbiol Biotechnol 38: 71-78.
Kavadia A, Komaitis M, Chevalot I, Blanchard F, Marc I, et al. (2001) Lipid
and gamma-linolenic acid accumulation in strains of zygomycetes growing on
glucose. J Am Oil Chem Soc 78: 341-346.

Bligh E, Dyer W (1959) A rapid method of total lipid extraction and purification.
Biochem Cell Biol 37: 911-917.

October 2012 | Volume 7 | Issue 10 | e46975



