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ABSTRACT: The effects of five representative aldehydes in lignocellulosic hydrolysates on the growth and the lipid accumulation
of oleaginous yeast Trichosporon fermentans were investigated for the first time. There was no relationship between the
hydrophobicity and the toxicity of aldehyde, and 5-hydroxymethylfurfural was less toxic than aromatic aldehydes and furfural.
Binary combination of aromatic aldehydes caused a synergistic inhibitory effect, but combination of furan and aromatic aldehydes
reduced the inhibition instead. A longer lag phase was found due to the presence of aldehydes and the decrease of sugar consumption
rate, but more xylose was utilized by T. fermentans in the presence of aldehydes, especially at their low concentrations. The variation
of malic enzyme activity was not related to the delay of lipid accumulation. Furthermore, the inhibition of aldehydes on cell growth
was more dependent on inoculum size, temperature, and initial pH than that on lipid content.
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B INTRODUCTION

Nowadays, lignocellulosic biomass is considered to be the
most available, renewable, and green source of sugars that can be
converted into liquid biofuel' or other valuable chemicals.>?
Generally, the utilization of lignocellulosic biomass includes the
process of biomass degradation and the subsequent fermentation
or bioconversion.* Lignocellulosic biomass consists of three main
components, namely, cellulose, hemicellulose, and lignin, whose
relative proportion depends on the material source.” The com-
plete hydrolysis of lignocellulose would produce a variety of
soluble, fermentable sugars. These sugars are mainly pentoses
(e.g, xylose and arabinose) and hexoses (e.g, glucose and
mannose, etc.). The ratio of hexoses to pentoses typically ranges
from 1.5:1 to 3:1. Unfortunately, besides sugars, various byprod-
ucts, such as aldehydes, organic acids, and alcohols, would also
be generated during the dilute acid hydrolysis process. Some
of them are produced due to the decomposition of sugars.
For example, acetic acid and furfural are from pentoses while
S-hydroxymethylfurfural (HMF) is from hexoses. Aromatic alde-
hydes, acids, and alcohols, instead, stem from the degradation of
lignin.6 In most cases, these byproducts, known as inhibitors,
exert negative effects on the growth, metabolism, and product
formation of microbial cells in the fermentation.”

Microbial lipids, namely, single cell oils (SCOs), are similar to
vegetable oils in fatty acid composition and have been believed to
be promising raw materials for biodiesel production.® ' In spite
of the favorable impacts SCOs might exert, the economic aspect
of current SCO production has been restricted primarily by the
high medium cost. The adoption of lignocellulosic biomass as a
carbon source could be a solution to this problem due to its great
availability and low cost. Recently, we reported that the oleagi-
nous yeast Trichosporon fermentans can use xylose as a carbon
source for lipid formation."" Other microorganisms were also
proven to be able to grow in the media containing xylose.'"*
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Table 1. Concentration of Aldehydes Required To Inhibit the
Lipid Yield of T. fermentans

inhibitory conen (mM)

aldehydes IC,s" ICso” log P*
furfural 2.1 4.7 0.41
HMF 15.1 37.7 -0.37
4-hydroxybenzaldehyde 34 6.6 1.35
syringaldehyde 6.6 8.8 0.99
vanillin S.3 6.6 121

“ Concentration of 25% inhibition on lipid yield. * Concentration of
50% inhibition on lipid yield. “ The log P data was cited from Zaldivar
etal'

These results demonstrate the potential of lignocellulosic bio-
mass as raw material for SCO production.

More recently, our ongoing research found that although
T. fermentans gave a poor lipid yield on nondetoxified sulfuric acid
treated rice straw hydrolysate (SARSH), it grew well with
efficient lipid accumulation on the detoxified SARSH,'* indicat-
ing that inhibitors in the lignocellulosic hydrolysate did show
great effects on SCO fermentation. Although studies have been
made for years on the toxic effects of various inhibitors on
ethanologenic bacteria and yeasts,'>'® there have been few
reports about the influence of inhibitors on the lipid accumula-
tion by oleaginous microorganisms.'”~* In this work, we investi-
gated the inhibitory effects of representative aldehydes in
lignocellulosic hydrolysate on the growth and lipid accumulation
of T. fermentans. Also, the influences of inoculum size and
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Figure 1. Effect of selected aldehydes on the growth and lipid accumulation of T. fermentans: (A) biomass; (B) lipid content; (C) lipid yield; (D) sugar
consumption. Abbreviations: HMF, 5-hydroxymethylfurfural; Sy, syringaldehyde; 4-Hy, 4-hydroxybenzaldehyde; Fu, furfural; Va, vanillin.

environmental factors (temperature and initial pH) on the inhibi-
tion of aldehydes were examined. In addition, we further studied
the effects of aldehydes on the sugar utilization, malic enzyme
activity and cell morphology of T. fermentans. A mixture of glucose
and xylose at a ratio of 2:1 (w/w), which is about the value of
lignocellulosic hydrolysates, was selected as the carbon source.

B 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. Furfural was purchased
from Sigma-Aldrich (USA). S-Hydroxymethylfurfural (HMF), 4-hydro-
xybenzaldehyde, syringaldehyde, and vanillin 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 (pH 6.0) contained (g/L) glucose and xylose (ratio 2:1) 20,
peptone 10, yeast extract 10. The fermentation medium (pH 6.5)
included (g/L) glucose and xylose (ratio 2:1) 100, yeast extract 0.5,
peptone 1.8, MgSO,-7H,0 0.4, KH,PO, 2.0, MnSO,-H,0 0.003,
CuSO,-5H,0 0.0001. The preculture was performed in a 250 mL
conical flask containing 50 mL of 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 of
fermentation medium and cultivation was carried out in a rotary shaker
at 25 °C and 160 rpm for 7 days. Results are expressed as a percentage of
the control value without adding the tested inhibitor.

Effect of Aldehydes on Growth and Lipid Accumulation.
After precultivation, 2.5 mL of seed culture was inoculated to 47.5 mL of
fermentation medium containing various aldehydes. In the absence of
inhibitors, biomass, lipid content, lipid yield, and residual sugar con-
centration after 7 days fermentation were 24.0 g/L, 61.7%, 14.8 g/L, and
15.7 g/L, respectively. IC,5 and ICs,, defined as concentrations of the
tested aldehydes that caused 25% or 50% inhibition on the lipid yield,
respectively, were measured on the data shown in Table 1. All reported
data are the mean of duplicate experiments.

Effect of Inoculum Size, Temperature, and Initial pH on
the Inhibition of Aldehydes. The effects of inoculum size, tem-
perature or initial pH on the potency of aldehydes were examined using
aldehydes concentrations of ICs,. With regard to inoculum size, 5%, 10%
and 15% seed culture were inoculated to the fermentation media
containing the selected aldehydes. For temperature, the cultures with
5% inoculum size were maintained at 22 °C, 25§ °C, and 28 °C,
respectively. Fermentation media containing the assayed aldehydes were
adjusted to pH 5.5, 6.5, or 7.5 prior to inoculation to test the effect of
initial pH. Biomass, lipid content, and lipid yield were all measured after
7 days fermentation. All the data were subjected to a two-way ANOVA
after arcsin of the square root transformation of percent data.

Binary Combinations of Aldehydes. Two selected aldehydes
were added to the growth medium at concentrations equal to their
respective IC,5. Cultures were inoculated as described above and
incubated for 7 days (5% inoculum size, pH 6.5 and 25 °C). Cultures
grown without aldehydes were included as controls.

Effect of Aldehydes on Utilization of Sugars. The sugar consum-
ption was tested by using aldehyde concentrations of IC,s. The relative
sugar consumption is defined as the ratio of the amount of glucose and
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Figure 2. Effect of inoculum size on the inhibition of aldehydes. Each
aldehyde was tested at its respective ICs,. Cultures were incubated at
initial pH 6.5, 25 °C and 160 rpm for 7 days. Results are expressed
relative to controls without aldehydes. Biomass, lipid content and lipid
yield of cultures in the absence of aldehydes with 5%, 10% and 15%
inoculum size were 24.0 g/L, 61.7% and 14.8 g/L; 22.4 g/L, 58.6% and
13.1 g/L; 21.6 g/L, 54.3% and 11.7 g/L, respectively. Abbreviations:
HMF, S-hydroxymethylfurfural; Sy, syringaldehyde; 4-Hy, 4-hydroxy-
benzaldehyde; Fu, furfural; Va, vanillin.
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Figure 3. Effect of temperature on the inhibition of aldehydes. Each
aldehyde was tested at its respective 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 aldehydes. Biomass, lipid content
and lipid yield of cultures lacking aldehydes 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, 589% and 13.9 g/L, respectively. Abbreviations: HMF,
S-hydroxymethylfurfural; Sy, syringaldehyde; 4-Hy, 4-hydroxybenzalde-
hyde; Fu, furfural; Va, vanillin.
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Figure 4. Effect of initial pH on the inhibition of aldehydes. Each
aldehyde was tested at its respective ICs,. Cultures with 5% inoculum
size were incubated at 25 °C and 160 rpm for 7 days. Results are
expressed relative to controls without aldehydes. Biomass, lipid content
and lipid yield of cultures lacking aldehydes at pH 5.5, pH 6.5 and pH 7.5
were 18.4 g/L, 57.2% and 10.5 g/L; 24.0 g/L, 61.7% and 14.8 g/L;
21.5 g/L, 56.3% and 12.1 g/L, respectively. Abbreviations: HMF,
S-hydroxymethylfurfural; Sy, syringaldehyde; 4-Hy, 4-hydroxybenzalde-
hyde; Fu, furfural; Va, vanillin.

xylose consumed by the yeast cells grown in the culture medium containing
various aldehydes for 7 days to that without inhibitors.

Effect of Aldehydes on Malic Enzyme Activity. Biomass was
harvested by centrifugation (4000g for 1S min at 4 °C), washed three
times with distilled water and then suspended in extraction buffer
(50 mM Tris-HCl 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 (10000g 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 reaction was
initiated by adding 10 mM sodium L-malate into 3 mL of reaction
mixture containing SO mM Tris-HCl (pH 7.5), 10 mM MgCl,, 0.5 mM
NADP", and 0.04 mL of cell extract. The absorbance 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 of NADPH per minute at
30 °C.

Analytical Methods. Biomass was harvested by centrifugation and
weighed in its lyophilized form.*® Extraction of lipid from lyophilized
biomass was performed according to the modified procedure of Bligh
and Dyer.”' 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
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 biomass weight.

The fatty acid profile of the lipid from T. 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.'' p-Xylose and p-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. Furfural was analyzed by HPLC (Waters Corp.,
USA) using a UV detector at 220 nm (Waters 2489) and a Xbridge C18
column (Waters Corp., USA), and the mixture of water and methanol
(75/25, v/v) was used as the mobile phase at 1.0 mL/min.

B RESULTS AND DISCUSSION

Effects of Aldehydes on the Growth and the Lipid Accu-
mulation of T. fermentans. Furan derivatives (furfural and
HMF) and aromatic compounds (vanillin, syringaldehyde, and
4-hydroxybenzaldehyde) are the two main types of aldehydes in
lignocellulosic hydrolysates.® Their effects on the growth and
lipid accumulation of T. fermentans were depicted in Figure 1A—C.
Table 1 reports IC,s and ICsq values relative to the lipid yield.
Among the aldehydes examined, HMF was the least toxic,
followed by aromatic aldehydes and furfural. It is clear that there
was no correlation between the hydrophobicity and the toxicity
of aldehyde, which disagrees with the previous reports by
Zaldivar et al.'® and Hu et al,'® suggesting that the hydropho-
bicity of an aldehyde is not the only determinant for its toxicity.
Interestingly, the inhibitions by both furan and aromatic alde-
hydes were weak at their low concentrations (<2 mM), which
was also confirmed by measuring the sugar consumption after
fermentation for 7 days (Figure 1D). Figure 1D shows that both
xylose and glucose were quantitatively consumed by T. fermen-
tans when the inhibitor concentration was less than 2.5 mM. The
HMEF showed the least influence on sugar utilization, which
agrees with the observation that HMF displayed the lowest

4609 dx.doi.org/10.1021/jf104320b |J. Agric. Food Chem. 2011, 59, 4606-4613



Journal of Agricultural and Food Chemistry

A

100

I predicted value
—Jactual value

100 -
90+
&0+

L& U0 N ® O
O 60 oo o
- et
o 0 o o

w
=)
T

Relative biomass (%)
«
&

N
=)
[N}
a

Relative lipid content (%)
o

o
T

o
o

HMF 8y  4-Hy Va HMF

Il predicted value
[ Jactual value

Sy

100
90 -

I predicted value
[ TJactual value

Relative lipid yield (%)

Binary combination with furfural (IC )

100
90

Il predicted value
actual value

100 -

Relative biomass (%)
Relative lipid content (%)

Fu

HMF 4-Hy 5% Fu

HMF

4-Hy Va HMF Sy 4-Hy Va
-prcdmmd value 100
[ Jactual value 60" I predicted value

80" [ Jactual value
70 -
B0 -
50 -
40-
30-
20 -
10°-

o

Relative lipid vield (%)

sy°

4-Hy Fu  HMF

Sy?

4-Hy

Binary combination with vanillin (IC_)

Figure S. Effect of binary combinations on the growth and lipid accumulation of T. fermentans: (A) furfural (ICys); (B) vanillin (IC,s). Abbreviations:
HMEF, S-hydroxymethylfurfural; Sy, syringaldehyde; 4-Hy, 4-hydroxybenzaldehyde; Fu, furfural; Va, vanillin. Superscript “a” indicates that no growth

was observed.

toxicity to T. fermentans. Interestingly, many yeast species have
the ability to convert aldehydes into less toxic compounds.”>**
For example, furfural can be reduced to furfuryl alcohol or oxidized
to furoic acid. Also, in this work, we could not detect any furfural
after fermentation for 7 days in the medium with furfural at its
respective 1C,5 or ICso concentration, suggesting that furfural
was metabolized by T. fermentans.

The effect of the selected aldehydes on the fatty acid composi-
tion of lipid from T. fermentans was also investigated, and the
results showed that there was no significant change in the fatty
acid composition of lipid with the variation of aldehyde, and oleic
acid, the most abundant one, amounted to about 60% of the total
fatty acids, followed by palmitic acid, stearic acid and linoleic acid
(data not shown). This supports the report that inhibitors in
spruce hydrolysate had little influence on the fatty acid composi-
tion of lipid from R. toruloides Y4."®

Effect of Inoculum Size, Temperature, and Initial pH on
the Inhibition by Aldehydes. It is proved that aldehydes can be
converted to less toxic compounds by yeast cells and increasing
cell density might accelerate the conversion.”>** Therefore, raising
inoculum size has been considered as a strategy to decrease the
effect of inhibitors.'® Our previous study showed that 5% inoculum
size was the optimal for lipid production on medium without
inhibitors by T. fermentans.11 In this work, we increased the
inoculum size up to 10% and 15% to see its effect on the inhi-
bition by aldehydes. As shown in Figure 2, the toxicity of all
aldehydes except furfural was reduced by increasing the inoculum
size and especially in the case of 4-hydroxybenzaldehyde. Furfur-
al displayed the minimum inhibition at 10% inoculum size. The
results of a two-way ANOVA after arcsin of the square root trans-
formation of all the percent data showed that the interactions

4610

between aldehydes and inoculum size were highly significant
(P < 0.01), and the main effects of inoculum size on the biomass,
lipid yield, and lipid content were also highly significant (P < 0.01).

Temperature and initial pH also have significant influence on
the cell growth and lipid accumulation. In the absence of inhibitors,
the optimal temperature and initial pH for lilpid production by
T. fermentans were 25 °C and 6.5, respectively.'' As can be seen in
Figure 3, there is no direct correlation between growth tempera-
ture and the inhibitory effect by aldehydes. For example, a higher
temperature reduced aromatic aldehydes’ inhibition on the lipid
yield while it enhanced the inhibitory effect by furfural. Similarly,
no relationship between initial pH and the inhibition by alde-
hydes was found (Figure 4). Initial pH, however, had greater
impact on the inhibition than temperature. The initial pH exerted
a more significant impact on the inhibition in the presence of
aromatic aldehydes than furan derivatives. The inhibition on the
cell growth by furan aldehydes decreased with the rise of pH,
while lipid synthesis was not affected by the medium’s pH. As
for aromatic aldehydes, lower initial pH could reduce the
inhibitory effect of syringaldehyde and 4-hydroxybenzalde-
hyde. However, in the medium containing vanillin, the opti-
mal initial pH was 6.5, and lower or higher pH would bring
serious inhibition on the cell growth and lipid synthesis. The
ANOVA results showed that the interactions between alde-
hydes and temperature or initial pH were highly significant
(P < 0.01), and all the main effects of temperature or initial
pH on the biomass, lipid content, and lipid yield were highly
significant (P < 0.01) except that the effect of temperature on
the biomass was not significant (P > 0.05).

Obviously, inoculum size and environmental factors (temper-
ature and initial pH) also exerted serious influences on the
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(C) Specific growth rate: (O) control medium; (@) simulated medium.

inhibition of aldehydes, and the inhibition could be partly relieved
by careful control of the culture conditions.

Effect of Combinations of Aldehydes on Cell Growth and
Lipid Accumulation of T. fermentans. The lignocellulosic hydro-
lysates generally contain more than one inhibitor, and the synergistic
effect of different inhibitors was complex.”*® Therefore, binary
combinations of five aldehydes were tested at their respective
IC,s concentrations (Table 1). Furfural and vanillin, the typical
furan and aromatic aldehydes existing in most lignocelluosic hydro-
lysates, were used for a binary combination with another aldehyde.
In the experiments, whenever two aldehydes were combined, the
predicted relative biomass, lipid content and lipid yield represent the
values after deduction of the summed inhibition on biomass, lipid
content and lipid yield by each of the two tested inhibitors at their
IC,s concentrations. If the actual experimental value exceeded the
predicted value, the inhibition was referred to as synergistic. As
can be seen in Figure 5A, the binary combination of furfural and
syringaldehyde showed a synergistic effect. On the contrary, the
binary combination of furfural with the other three aldehydes
(HMF, vanillin and 4-hydroxybenzaldehyde) exerted less inhibition
than individual inhibitor itself. This phenomenon is different from
the previous report on ethanologenic Escherichia coli.'® As depicted
in Figure 5B, the binary combinations of vanillin with furan deriva-
tives also gave less toxic effect on cell growth and lipid accumulation,
while the combination of vanillin with the other two aromatic
aldehydes, especially syringaldehyde, caused a significant synergistic
inhibition, suggesting that the binary combination of aromatic
aldehydes was more toxic. The serious toxicity caused by binary

combination of aromatic aldehydes has also been reported on
oleaginous yeast R. toruloides'® and another yeast Candida
guilliermondii for xylitol production.*® Thus controlling aro-
matic aldehydes’ concentration at low level is very important
for lipid production by T. fermentans.

In addition to binary combinations, the fermentation was
further performed in the medium containing four aldehydes at
their respective concentrations found in concentrated brewer’s
spent grain hemicellulosic hydrolysate.”” As shown in Figure 6,
the cell growth of T. fermentans was clearly inhibited in the early
phases of fermentation in the presence of inhibitors as indicated
by a lower specific growth rate. Interestingly, although sugars
were consumed in the presence of inhibitors, the maximum
biomass was still 6.3% lower than the control (22.5 g/Lvs24.0g/ L).
However, the difference was not significant (P > 0.05). Under
these conditions, albeit slightly postponed, the maximal lipid
content reached a value similar to that in the control medium
(59.5% vs 61.7%) thus suggesting that lipid accumulation was not
negatively affected. A similar phenomenon was also observed in
oleaginous yeast R. toruloides."®

Effects of Aldehyde on Sugar Utilization, Malic Enzyme
Activity, and Cell Morphology of T. fermentans. Lipid accu-
mulation in oleaginous microorganisms includes the sugar
assimilation and utilization by glycolysis and then lipid synthesis
by a series of enzymes.”® Previous studies have showed that furan
aldehydes can affect the glycolysis and Krebs cycle fluxes and
then influence the energy metabolism.*'®*® Aromatic aldehydes
would damage the membrane integrity via their incorporation

4611 dx.doi.org/10.1021/jf104320b |J. Agric. Food Chem. 2011, 59, 4606-4613
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into the membrane thus affecting cell growth.>** Also, aldehydes
in the medium would lead to a longer lag phase for microorgan-
ism growth.**° In order to understand the effects of aldehydes on
the sugar utilization by T. fermentans, the time courses of sugar
consumption were further investigated in the media in the
presence of aldehydes at their respective IC,s concentrations.
As shown in Figure 7, the glucose was utilized more slowly in the
presence of inhibitors and the decreased glucose consumption
rate led to an extension of lag phase. Similarly, xylose utilization
was also slower during the first 7 days. It is interesting to note that

o (]
T 1

S
T

N
T

Specific activity of malic enzyme (U/mg)
- w

o

Con Fu HMF Sy Va 4-Hy

Figure 8. Effects of selected aldehydes on the activity of malic enzyme
of T. fermentans. Abbreviations: Con, control; HMF, 5-hydroxymethyl-
furfural; Sy, syringaldehyde; 4-Hy, 4-hydroxybenzaldehyde; Fu, furfural;
Va, vanillin.

T. fermentans metabolized xylose more quickly than the control
without aldehydes after day 7. Pereira et al.>" also reported the
similar phenomenon that syringaldehyde stimulated the xylose
consumption compared with the control without any inhibitor
on xylitol bioconversion by Candida guilliermondii. And they
found that the medium’s pH exerted great impact on xylose
consumption. Low pH was unfavorable for xylose utilization;
however, the presence of syringaldehyde alleviated its negative
influence. In our work, we also found the medium’s pH
decreased during fermentation and the pH of the control
was about 4.2 on the seventh day (initial pH 6.5). This partly
accounts for the xylose consumption result by T. fermentans
mentioned above.

Malic enzyme, one of the main enzymes providing a supply of
NADPH to microorganisms, is usually considered as the key
enzyme for lipid synthesis in oleaginous microorganism.”**> The
effects of the selected aldehydes at their respective IC,5 concen-
trations on the malic enzyme activity were tested after the second
day of fermentation when the lipid formation rate reached the
maximal in the culture without inhibitors. As can be seen in
Figure 8, the malic enzyme activity was inhibited by syringalde-
hyde, 4-hydroxybenzaldehyde, and furfural, which can well explain
the delay of lipid accumulation in the fermentation. However, for
HMEF and vanillin, there was no significant change in the specific
activity of malic enzyme, and even a higher malic enzyme activity
was detected, suggesting that the delay of lipid accumulation
might be due to other reasons such as the decreased glucose
consumption rate and the adaptation of cells to the environment
with inhibitors.

Morphological changes were also observed microscopically
during cultivation in the presence of inhibitors at their concen-
trations of ICso. The cell morphology in the medium without
inhibitors was typically elliptical. With furfural, vanillin and syringal-
dehyde, cells appeared elongated as rods or short chains during
fermentation. However, little change in cell morphology was
observed in the presence of HMF and 4-hydroxybenzaldehyde,
suggesting that there was no correlation between the toxicity of
aldehydes and the cell morphology.

B AUTHOR INFORMATION

Corresponding Author
*Tel: +86-20-87111452. Fax: +86-20-22236669. E-mail:
btmhzong@scut.edu.cn (M.-h.Z.); bbhwu@scut.edu.cn (H-W.).

4612 dx.doi.org/10.1021/jf104320b |J. Agric. Food Chem. 2011, 59, 4606-4613



Journal of Agricultural and Food Chemistry

Funding Sources

We are grateful to the National Natural Science Foundation of
China (Grant No. 31071559), Guangdong Province Coopera-
tion Project of Industry, Education and Academy (Grant No.
2008A010700006), the Science and Technology Project of
Guangdong Province (Grant No. 2009B080701085), the Open
Project Program of the State Key Laboratory of Pulp and Paper
Engineering, SCUT (Grant No. 200823), and the Fundamental
Research Funds for the Central Universities, SCUT (Grant Nos.
2009zm0199, 2009220026, 2009z20018) for financial support.

B REFERENCES

(1) Himmel, M; Ding, S.; Johnson, D.; Adney, W.; Nimlos, M,;
Brady, J; Foust, T. Biomass recalcitrance: engineering plants and
enzymes for biofuels production. Science 2007, 315, 804-807.

(2) Carvalho, W.; Santos, J. C.; Canilha, L.; Silva, J. B. A. E.; Felipe,
M. G. A;; Mancilha, I. M; Silva, S. S. A study on xylitol production from
sugarcane bagasse hemicellulosic hydrolysate by Ca-alginate entrapped
cells in a stirred tank reactor. Process Biochem. 2004, 39, 2135-2141.

(3) Qureshi, N; Sahaa, B. C.; Hector, R. E;; Hughes, S. R; Cotta,
M. A. Butanol production from wheat straw by simultaneous sacchar-
ification and fermentation using Clostridium beijerinckii: Part I - Batch
fermentation. Biomass Bioenergy 2008, 32, 168-175.

(4) Rubin, E. Genomics of cellulosic biofuels. Nature 2008, 454
(7206), 841-845.

(5) Reddy, N.; Yang, Y. Biofibers from agricultural byproducts for
industrial applications. Trends Biotechnol. 2008, 23, 22-27.

(6) Palmgqvist, E; Hahn-Hagerdal, B. Fermentation of lignocellulosic
hydrolysates. II: inhibitors and mechanisms of inhibition. Bioresour. Technol.
2000, 74, 25-33.

(7) Oliva, J.; Negro, M.; Sdez, F.; Ballesteros, 1; Manzanares, P.;
Gonzalez, A.; Ballesteros, M. Effects of acetic acid, furfural and catechol
combinations on ethanol fermentation of Kluyveromyces marxianus.
Process Biochem. 2006, 41, 1223-1228.

(8) Li, Q; Du, W,; Liu, D. H. Perspectives of microbial oils for
biodiesel production. Appl. Microbiol. Biotechnol. 2008, 80, 749-756.

(9) Liu, B.; Zhao, Z. Biodiesel production by direct methanolysis of
oleaginous microbial biomass. J. Chem. Technol. Biotechnol. 2007, 82,
775-780.

(10) Yousuf, A,; Sannino, F.; Addorisio, V.; Pirozzi, D. Microbial
conversion of olive oil mill wastewaters into lipids suitable for biodiesel
production. J. Agric. Food Chem. 2010, 58, 8630-8635.

(11) Zhu, L.Y.; Zong, M. H.; Wu, H. Efficient lipid production with
Trichosporon fermentans and its use for biodiesel preparation. Bioresour.
Technol. 2008, 99, 7881-7885.

(12) Fakas, S.; Papanikolaou, S.; Batsos, A.; Galiotou-Panayotou, M.;
Mallouchos, A.; Aggelis, G. Evaluating renewable carbon sources as
substrates for single cell oil production by Cunninghamella echinulata
and Mortierella isabellina. Biomass Bioenergy 2009, 33, 573-580.

(13) Zhao, X.; Kong, X. L.; Hua, Y. Y.; Feng, B.; Zhao, Z. B. Medium
optimization for lipid production through co-fermentation of glucose
and xylose by the oleaginous yeast Lipomyces starkeyi. Eur. ]. Lipid Sci.
Technol. 2008, 110, 405-412.

(14) Huang, C; Zong, M. H; Wu, H; Liu, Q. P. Microbial oil
production from rice straw hydrolysate by Trichosporon fermentans.
Bioresour. Technol. 2009, 100, 4535-4538.

(15) Klinke, H. B.; Thomsen, A. B.; Ahring, B. K. Inhibition of
ethanol-producing yeast and bacteria by degradation products produced
during pre-treatment of biomass. Appl. Microbiol. Biotechnol. 2004,
66, 10-26.

(16) Zaldivar, J.; Martinez, A,; Ingram, L. O. Effect of selected
aldehydes on the growth and fermentation of ethanologenic Escherichia
coli. Biotechnol. Bioeng. 1999, 65, 24-33.

(17) Chen,X; Li, Z.; Zhang, X.; Hy, F.; Ryu, D.; Bao, J. Screening of
oleaginous yeast strains tolerant to lignocellulose degradation com-
pounds. Appl. Biochem. Biotechnol. 2009, 159, 1-14.

(18) Hu, C; Zhao, X; Zhao, J.; Wy, S.; Zhao, Z. Effects of biomass
hydrolysis by-products on oleaginous yeast Rhodosporidium toruloides.
Bioresour. Technol. 2009, 100, 4843-4837.

(19) Kimura, K; Yamaoka, M,; Kamisaka, Y. Inhibition of lipid
accumulation and lipid body formation in oleaginous yeast by effective
components in spices, carvacrol, eugenol, thymol, and piperine. J. Agric.
Food Chem. 2006, 54, 3528-3534.

(20) Kavadia, A.; Komaitis, M.; Chevalot, I; Blanchard, F.; Marc, L;
Aggelis, G. Lipid and gamma-linolenic acid accumulation in strains
of Zygomycetes growing on glucose. J. Am. Oil Chem. Soc. 2001, 78
341-346.

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

(22) Liu,Z.L; Slininger, P. J.; Dien, B. S.; Berhow, M. A.; Kurtzman,
C. P; Gorsich, S. W. Adaptive response of yeasts to furfural and
S-hydroxymethylfurfural and new chemical evidence for HMF conver-
sion to 2,5-bis-hydroxymethlfuran. J. Ind. Microbiol. Biotechnol. 2004,
31, 345-352.

(23) Almeida, J,; Modig, T.; Petersson, A.; Hahn-Hagerdal, B
Liden, G.; Gorwa-Grauslund, M. Increased tolerance and conversion
of inhibitors in lignocellulosic hydrolysates by Saccharomyces cerevisiae
J. Chem. Technol. Biotechnol. 2007, 82, 340-349.

(24) Palmgqpvist, E.; Hahn-Hagerdal, B. Fermentation of lignocellulosic
hydrolysates. I: inhibition and detoxification. Bioresour. Technol. 2000, 74
17-24.

(29) Sampaio, F. C.; Torre, P.; Passos, F. M. L.; De Moraes, C. A.;
Perego, P.; Converti, A. Influence of inhibitory compounds and minor
sugars on xylitol production by Debaryomyces hansenii. Appl. Biochem.
Biotechnol. 2007, 136, 165-181.

(26) Cortez, D.V.; Roberto, I. C. Individual and interaction effects of
vanillin and syringaldehyde on the xylitol formation by Candida
guilliermondii. Bioresour. Ttechnol. 2010, 101, 1858-1865.

(27) Mussatto, S.; Dragone, G.; Roberto, I. Influence of the toxic
compounds present in brewer’s spent grain hemicellulosic hydrolysate
on xylose-to-xylitol bioconversion by Candida guilliermondii. Process
Biochem. 2005, 40, 3801-3806.

(28) Ratledge, C. Fatty acid biosynthesis in microorganisms being
used for Single Cell Oil production. Biochimie 2004, 86, 807-815.

(29) Sarvari Horvath, I; Franzen, C.]J.; Taherzadeh, M. J.; Niklasson,
C,; Liden, G. Effects of furfural on the respiratory metabolism of
Saccharomyces cerevisiae in glucose-limited chemostats. Appl. Environ.
Microbiol. 2003, 69, 4076-86.

(30) Palmgqyvist, E.; Almeida, J. S.; Hahn-Hagerdal, B. Influence of
furfural on anaerobic glycolytic kinetics of Saccharomyces cerevisiae in
batch culture. Biotechnol. Bioeng. 1999, 62, 447-454.

(31) Pereira, R. S.; Mussatto, S. L; Roberto, I. C. Inhibitory action of
toxic compounds present in lignocellulosic hydrolysates on xylose to
xylitol bioconversion by Candida guilliermondii. J. Ind. Microbiol. Biotechnol.
2011, 38, 71-78.

(32) Wynn, J. P.; Ratledge, C. Malic enzyme is a major source of
NADPH for lipid accumulation by Aspergillus nidulans. Microbiology
1997, 143, 253-257.

4613 dx.doi.org/10.1021/jf104320b |J. Agric. Food Chem. 2011, 59, 4606-4613



