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HIGHLIGHTS

® Inhibition of by-products existed in lignocellulose hydrolysates was investigated.

® QSAR models were successfully established for evaluating the inhibition effects.

® Strong relationship was found between molecular descriptors and inhibition effects.
® Ferulic acid played a key role for combined inhibitions of binary mixtures.

ARTICLE INFO ABSTRACT

To evaluate the inhibition of by-products that exist in pretreated lignocellulose hydrolysate on bioethanol fer-
mentation, quantitative structure-activity relationship (QSAR) models were established in the present study.
These models have the potential to predict the fermentation inhibition to minimize the experimental effort. They
also provided an innovative methodology for removing fermentation inhibitors purposefully and for optimizing
pretreatment parameters and thus could enhance the bioethanol yield. The results indicated that the fermen-
tation inhibition of phenolic aldehyde were stronger than that of phenolic acid followed by phenolic alcohol in
which the fermentation inhibition was weakened by the existence of the methoxy group in the benzene ring.
Meanwhile, the formation of the intramolecular hydrogen bonds of fermentation inhibitors also played an im-
portant role in weakening their fermentation inhibition. The individual fermentation inhibition of fermentation
inhibitors was found strongly related to their molecular descriptors. Furthermore, ferulic acid was chosen as the
representative inhibitor for the primary investigation on the combined fermentation inhibition of the various
complex binary fermentation inhibitor mixtures, which co-existed in the lignocellulose hydrolysate. As indicated
by the results, antagonism occurred mainly under the higher ferulic acid concentrations in the binary mixtures,
while a simple additive effect was generated.

Keywords:

Inhibitors

Fermentation inhibition
Bioethanol

QSAR

1. Introduction

Owing to the rising concern over the energy crisis and climate
change, the development of alternative clean energy sources is drawing
more attention [1,2]. Bioethanol, which is produced from abundant
non-food lignocellulose biomass, is considered as one of the most pro-
mising renewable energies currently, due to its environmentally
friendly nature, low cost of raw material and abundant reservation
[3,4]. To convert the lignocellulose biomass into bioethanol efficiently,
the pretreatment of feedstocks is crucial, which could facilitate the

decomposition of stable lignocellulose structures into soluble sugars,
thus improving the bioethanol yield [5,6]. However, a large amount of
lignocellulose-derived fermentation by-products will be generated
during this process, thereby inhibiting the subsequent biochemical
processes [7,8]. Therefore, it is of great significance to investigate these
fermentation inhibitors.

The fermentation inhibitors are divided into three main groups,
including phenolic compounds, furan derivatives and weak acids,
which originated from the hydrolysis of lignin, sugar and pretreated
lignocellulose degradation compounds, respectively [9,10]. The
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Nomenclatures

QSAR Quantitative structure-activity relationship
S. cerevisiae Saccharomyces cerevisiae

5-HMF  5-hydroxymethylfurfural

CICC China center of industrial culture collection
YPG Yeast peptone glucose medium

ODgoo Optical density at 600 nm

UV/Vis Ultraviolet-visible spectrophotometry

GC Gas chromatography

VIAL Headspace vial temperature

LOOP Coil temperature

TR. LINE Conveyor belt temperature
VIALEQ.TIME Headspace vial equilibration tim

Q Ethanol productivity with fermentation inhibitors
Qc Ethanol productivity without fermentation inhibitors
DFT Density functional theory method

MLR Multiple linear regression

SPSS Statistical product and service solutions

I calculated inhibition values

Cn regression coefficients
D, molecular descriptors
Ccv Cross-validation

LOO Leave-one-out

Q%00 Leave-one-out determination coefficient
RMSE Root mean square error

R? Correlation coefficients

VIF Variance inflation factor
MATLAB Matrix laboratory

P Significance level

F Variance ratio

SE Standard error of regression
ICso Median lethal concentrations
Al additive index methods

TU; Inhibitory unit of component i
Ci Concentration of component i
M Inhibitory unit of a mixture
RNA Ribonucleic Acid

MAX (R?) Largest correlation coefficients
MAX (QZ) Largest leave-one-out determination coefficient

DM Dipole moment

TH Total charge of hydrogen atom

LogP Hydrophobicity

TO Total charge of oxygen atom

qH” Maximum positive charge of hydrogen atom
qc” Maximum positive charge of carbon atom

constituents and concentrations of these fermentation inhibitors are
influenced by the type of raw materials and the intensity of pretreat-
ment [11]. The individual fermentation inhibition of these fermentation
inhibitors were investigated extensively [10-14]. However, there was a
lack of systematic study on the effects of fermentation inhibitors on
bioethanol production at different concentrations. Moreover, limited
information was available on the combined fermentation inhibition of
the main fermentation inhibitors in pretreated hydrolysate. Therefore,
it is necessary to develop data modeling tools for systematically in-
vestigating the fermentation inhibition of fermentation inhibitors that
exist in pretreated lignocellulose hydrolysate.

The quantitative structure-activity relationship (QSAR) model has
been used extensively for the prediction of fermentation inhibition, in
which, mathematical models are constructed to reduce the experi-
mental cost. It is a useful tool for describing the quantitative relation-
ship between molecular structure properties and biological activity
[15,16]. This is the first time that the QSAR model applied by our re-
search team in the domain of fermentation inhibition evaluation and in
the prediction of by-products that exist in lignocellulose hydrolysate
[3]. In our previous study, the fermentation inhibition of lignocellulose-
derived inhibitors on the growth of Saccharomyces cerevisiae (S. cerevi-
siae) has been evaluated successfully [17]. However, the influence of
fermentation inhibitors on subsequent bioethanol production has not
been investigated further.

In the present study, S. cerevisiae was selected as the fermentation
strain for bioethanol production. Based on multiple reliable QSAR
models, the individual fermentation inhibition of nineteen re-
presentative fermentation inhibitors at different concentrations on
bioethanol production were investigated. Since ferulic acid was re-
garded as the major fermentation inhibitor in alkali-pretreated lig-
nocellulose hydrolysate in our previous study [3,18], the combined
fermentation inhibition between ferulic acid and other representative
fermentation inhibitors were explored at different concentration ratios
of binary mixtures. This study could provide an innovative metho-
dology for evaluating the inhibition of inhibitors in the field of bioe-
thanol production, thus guiding us to eliminate the strongest inhibitory
by-products that existed in pretreated lignocellulose hydrolysates.

2. Materials and methods
2.1. Materials

2.1.1. Chemicals

Nineteen soluble fermentation inhibitors that appeared in lig-
nocellulose hydrolysate were selected for the fermentation inhibition
test, which included phenolic compounds (ferulic acid, 4-hydro-
xybenzaldehyde, syringic acid, acetovanillone, vanillin, syr-
ingaldehyde, 4-hydroxyacetophenone, vanillyl alcohol, acetosyringone,
sinapic acid, 4-coumaric acid, vanillic acid, 4-hydroxybenzoic acid, and
salicylic acid), furan derivatives (furfural and 5-hydroxymethylfurfural
(5-HMF)), weak acids (formic acid and acetic acid) and ethanol, were
summarized in Tables 1a and 1b. All of the chemicals were purchased
from Sinopharm Chemical Reagent Co., Ltd., China, and were of ana-
lytical purity grade. To study the individual fermentation inhibition
purposefully, all fermentation inhibitors were added separately into the
yeast peptone glucose liquid medium, instead of utilizing the complex
lignocellulose hydrolysate as a research objective.

2.1.2. Microorganism

Saccharomyces cerevisiae, which was obtained from China Center of
Industrial Culture Collection (CICC), was used as the target micro-
organism for the fermentation inhibition test of fermentation inhibitors.
It was cultivated in the yeast peptone glucose liquid medium (YPG,
10g/L yeast extract, 20 g/L peptone, and 20g/L glucose) with a
shaking speed of 150 rpm at 30°C. Then, the S. cerevisiae was harvested
by centrifuging at 4000 rpm for 5 min. The harvested cells were washed
with sterile water, and clean cells in the logarithmic growth phase were
collected for the subsequent fermentation inhibition test.

2.2. Methods

2.2.1. Individual fermentation inhibition evaluation by building QSAR
models

2.2.1.1. Acquisition of fermentation inhibition data (Experimental
study). The batch fermentation experiment for bioethanol production
was carried out in a 100 mL serum bottle containing 50 mL of YPG.
Because the QSAR model of different inhibitors are needed to be
established at the same concentration, the concentrations of
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Table 1a
The main fermentation inhibitors used in the experiment.
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Number Type CAS Number Name of inhibitors Molecular structure of inhibitors
1 Phenols 1135-24-6 Ferulic acid OH
()¢L\. _,/.:i:\, /"\3 /U\_
=~ “OH
2 Phenols 530-57-4 Syringic acid AN 0
| |
Ho
3 Phenols 123-08-0 4-Hydroxybenzaldehyde Oy OH
P
~07 N o
OH
4 Phenols 498-02-2 Acetovanillon _~an_OH
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5 Phenols 121-32-4 Vanillin \
J { _Z
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— ()/ ™~ ’/}\() —
OH
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8 Phenols 498-00-0 Vanillic alcohol /
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z <~l 15 \‘A.
9 Phenols 2478-38-8 Acetosyringone 0
N LOH
O AN
ﬁ/\ 7 0
I
10 Phenols 530-59-6 Sinapic acid o
/&/( H
Qs - \\‘/.\{//\U
OH !
11 Phenols 7400-08-0 4-Hydroxycinnamic acid f;\\[/_()H
\\\T e W Y
HO
12 Phenols 121-34-6 Vanillic acid /
.
% 2
S "'/\ )X
= 4 (o

fermentation inhibitors were set at the same level. However, the
solubility of these fermentation inhibitors were different. To ensure
that all the fermentation inhibitors could be dissolved for exerting their
maximum inhibitory effect, the suitable concentration range was
chosen based on the previous research [19]. Fermentation inhibitors
were added to the medium separately after sterilization at the same
concentration levels of 1, 3, 5, 6, 7, 8, 9, and 11 mM. Notably, to obtain
the median lethal concentration of fermentation inhibitors for the
subsequent combined inhibition test, inhibitors with weak
fermentation inhibition (such as formic acid, furfural and vanillic
acid) were set at different levels.

The pure S. cerevisiae, which was grown in the logarithmic growth
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phase, was prepared for cell suspension. It was cultured in the liquid
medium, which was mentioned above. The concentration of S. cerevisiae
cells was maintained at 0.8 g/L (dry weight) before fermentation, which
was determined according to the ODgoo values by using ultra-
violet-visible spectrophotometry (UV/Vis, UV-2501PC/2550, SHIMA-
DZU, JPN) at 600 nm. The rotation rate of the batch fermentation ex-
periment was maintained at 165rpm with a pH of 5.48. After 8 h
(logarithmic phase) of fermentation by S. cerevisiae at 40°C, 5mL of
fermentation broth was centrifuged at 4000 rpm for 5min for further
bioethanol analysis. The logarithmic phase was selected by the results
of fermentation cycle, which was shown in the supplementary material.

The production of bioethanol was determined by using gas
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Table 1b
The main fermentation inhibitors in the experiment.
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Number Type CAS Number Name of inhibitors Molecular structure of inhibitors
13 Phenols 99-96-7 4-Hydroxybenzoic acid =\ £

E N\ "
14 Phenols 69-72-7 Salicylic acid —\ j=

& <

7 o
15 — 64-17-5 Ethanol ’

~_-OH
16 Furans 98-01-1 Furfural O

\ 0

17 Furans 67-47-0 5-Hydroxymethylfurfural o O,

HO \ e
18 Fatty Acids 64-18-6 Formic acid HO. O

N7

19 Fatty Acids 64-19-7 Acetic acid

chromatography (GC, Agilent 7890 A, USA) with the flame ionization
detector. GC was performed with an HP-INNOWax capillary column
(60m x 320 um X 0.5pm) equipped with an automatic headspace
sampler (HS® A, China). Helium was used as a carrier gas, and the flow
rate was 2 mL/min (180°C). The operation conditions of the automatic
headspace sampler were as follows: VIAL (headspace vial tempera-
ture) = 70°C; LOOP (coil temperature) = 80°C; TR. LINE (conveyor belt
temperature) = 90°C; vial pressurization time = 0.2min; loop fill
time = 1 min; and VIAL EQ.TIME (headspace vial equilibration
time) = 10 min. The volume of the sample loop was 1 mL. Triplicate
experiments were performed in the study.

It is worth noting that the fermentation inhibition values were ex-
pressed by the reduction rate of ethanol productivity, which could be
calculated as follows:

M X 100%

Qc (€)]
where Q and Qc are the ethanol productivity (g/L at 8 h) that was in-
fluenced by inhibitors and was not influenced by inhibitors, respec-
tively.

Inhibition (%)

2.2.1.2. Calculation of molecular descriptors. To convert the molecular
structure properties of fermentation inhibitors into quantified variables,
the molecular descriptors were calculated by using GAUSSIAN 2009
and CHEMBIOOFFICE 2012 software. The 24 frequently used molecular
descriptors, which were selected by referring to the previous studies,
were calculated by using the density functional theory method (DFT)
that based on the optimized molecular structures of all of the
fermentation inhibitors [20]. The molecular descriptors included
electrostatic properties, orbit properties, polarity/dipole/volume/
space properties and thermodynamic properties [3] in which the
electrophilic index could be calculated by Eq. (2). It is worth noting
that the physicochemical properties (hydrophobic constant (logP) and
ionization constant (pKa)) were ascertained based on CHEMBIOOFFICE
2012 software. The energy of the whole molecular structure was
minimized to the B3LYP/6-31G** level by using GAUSSIAN 2009
software [21]. Meanwhile, no imaginary frequencies were discovered
in the optimal structure. All the molecular descriptors that used in the
study were summarized in the supplementary materials.

_ Efomo + 2EnomoErumo + Efumo

(2)

4(ELumo — Eromo)

where Eyomo and Epymo represent the highest occupied molecular
orbital and the lowest unoccupied molecular orbital, respectively.

2.2.1.3. Establishment and validation of QSAR models (Model
establishment). The multiple linear regression (MLR) method was
introduced to establish QSAR models. The MLR equations are
presented by Eq. (3). The most appropriate variables were selected
from the 24 frequently used molecular descriptors by the stepwise
elimination of independent variables by using statistical product and
service solutions (SPSS) software [22,23]. The inhibition values and
calculated molecular descriptors were used as dependent variables and
independent variables, respectively.

I= Co + chl + CzDz + C3D3 + ~"+an}1 (3)
where ¢y, ¢, €2 €3, ..., and ¢, are used to describe the regression
coefficients; D;, Ds, D3, ..., and D, are used to describe the molecular
descriptors; and I represents the calculated inhibition values.

The established QSAR models were validated by using cross-vali-
dation (CV) through the leave-one-out (LOO) procedure to confirm
their preferable prediction performance and practicability. The LOO
determination coefficient (Q?oo) and the root mean square error
(RMSE) were obtained as statistical parameters [22]. Y-scrambling
validation was applied to check the predictability and stability of QSAR
models further. The correlation coefficients (R?) and LOO determina-
tion coefficients (Q00>) were obtained from 100 randomly generated
QSAR models, which should be lower than that of the original models
[21]. Besides, to avoid the over-fitting phenomena, the ratios of the
modelling variables to the sample size should be greater than 1:5.
Meanwhile, the collinearity among the modelling variables needed to
be reduced by evaluating the variance inflation factor (VIF) [24]. All
validations were executed by using MATLAB software. Moreover, the
regression equations needed to meet the requirements, which were
assessed by the fitting parameters, including the significance level (P),
correlation coefficient (%), variance ratio (F), standard error of re-
gression (SE) [3]. It should be pointed out that all of the established
QSAR models for individual inhibition evaluation were developed
based on the inhibition data at the different concentrations of in-
hibitors.

2.2.2. Combined fermentation inhibition evaluation by building QSAR
models

2.2.2.1. Acquisition of the fermentation inhibition data (ICsp)
(Experimental study). Concentration-response curves were established
by using the data from individual fermentation inhibition tests. The
median lethal concentrations (ICsq, the concentration of 50% inhibition
on bioethanol yield) and the corresponding 95% confidence interval
were obtained from concentration-response curves by using OriginPro
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9.1 software [25]. The unit of the ICso values was denoted as mM for
investigative lignocellulose-derived inhibitors.

According to our previous study, ferulic acid possessed a stronger
inhibition value and a higher concentration in alkali-pretreated lig-
nocellulose hydrolysate [3,18]. Therefore, it was selected as the ob-
jective for the evaluation of the combined fermentation inhibition of
the main lignocellulose-derived inhibitors on bioethanol production.
Then, it was mixed in pairs with the other representative soluble fer-
mentation inhibitors according to previous inhibition experiments
[3,26], which included phenolic compounds (vanillin, syringaldehyde,
vanillic acid, and 4-hydroxybenzaldehyde), furan derivatives (furfural)
and weak acids (formic acid). To observe the effect of different mixed
concentrations on the combined fermentation inhibition, different
ferulic acid concentrations were set in the experiment, including low,
medium and high levels (20%, 50%, and 80% X ICso) [27]. The
combined fermentation inhibition of each mixture were determined by
following the procedure of the single fermentation inhibition evalua-
tion.

2.2.2.2. Evaluation methods for combined fermentation inhibition (Model

establishment). The types of combined fermentation inhibition on the

binary mixtures were evaluated by the additive index (AI) methods. The

inhibitory unit (TU) was calculated by the following equation [28].
Ci

LCs,

TU, =
@
where TU; is the inhibitory unit of component i in the binary mixtures;
c; is the concentration of component i when the mixtures produced 50%
inhibition on bioethanol yield; and LCsp; is the median lethal
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concentration of the component i action alone.

The inhibitory unit of a mixture (M) corresponds to the sum of TU;.
Then, Al could be calculated by following Egs. (5) and (6). The types of
combined fermentation inhibition of binary mixtures were determined
as follows: M = 1 or Al = 0 (simple additive effect); M < 1 or Al > 0
(synergistic effect); M > 1 or AI < 0 (antagonistic effect) [27].

Al =1/M - 10M < 1) 5)

AI=10- MM > 1) (6)

It should be noted that a simple additive effect was considered to be
M =1 or Al = 0 in an ideal situation [29]. However, the simple ad-
ditive effect in the actual situation was re-defined as M (from 0.870 to
1.230) and Al (from -0.233 to 0.149), following the report by Broderius
et al. (1995) [30].

3. Results and discussion
3.1. Effect of lignocellulose-derived inhibitors on bioethanol production

Nineteen fermentation inhibitors, which existed in the pretreated
lignocellulose hydrolysate, were preliminarily investigated for their
fermentation inhibition on bioethanol production by concentration-re-
sponse curves at different concentrations (shown in Fig. 1). The bioe-
thanol yield decreased significantly after adding most of the above
fermentation inhibitors, which showed that the presence of fermenta-
tion inhibitors in lignocellulose hydrolysate did have a negative effect
on the fermentation process at a specific concentration range. However,
part of the fermentation inhibitors (such as vanillic alcohol and

12 12 12
il i
10 10 AIOE; ;
= = =
-~ = =2
= 8 < 8 < 8
2 . o o
> )
= =
= < < . .
s 4 < 4 S 4r m Aceticacid
= Vanillin 2 = Syringic acid 2 e Salicylic acid
21 o Syringaldehyde 2r e Sinapic acid 2 A 4-Hydroxybenzoic acid
oLt Ethamol = 0 A 4-Hydroxybenzaldehyde oY 5-hydroxymethylfurfural
2 4 6 8 10 I2 2 4 6 8 10 12 2 4 6 8 10 12
Concentration of inhibitors (mM) Concentration of inhibitors (mM) Concentration of inhibitors (mM)
12 12 12
10 1o _10
S = =
=8 =B o8
2 © ©
>6 >4 =
e S S
s = s
= 4 = 4 3z 4
.Q.°: . 3 " 3
@, = Acetovanillon = »  Ferulic acid = @ ®  Formic aci
®  4-Hydroxyacetophenone 2/ o 4-Coumaric acid 2 o Vanillic acid
A Acetosyringone . 0 A Vanillic alcohol . A Furfural | . .
2 4 6 8 10 12 2 4 6 8 10 12 0 5 10 15 20 25 30

Concentration of inhibitors (mM)

Concentration of inhibitors (mM)

Concentration of inhibitors (mM)

Fig. 1. The influence of the representative fermentation inhibitors on bioethanol production at different concentrations. Error bars are used to reflect the

standard deviations, which might be covered with symbols in some cases.

a) vanillin, syringaldehyde and ethanol; b) syringic acid, sinapic acid and 4-hydroxybenzaldehyde; c) acetic acid, salicylic acid, 4-hydroxybenzoic acid and 5-
hydroxymethylfurfural; d) acetovanillone, 4-hydroxyacetophenone and acetosyringone; e) ferulic acid, 4-coumaric acid and vanillic alcohol; f) formic acid, vanillic

acid and furfural.
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ethanol) could increase bioethanol production at certain concentra- 2LIPQ E 'E .é 'EE
tions, which was attributed to the hormesis effect [31]. Hormesis effect 21353338 |8 < E %
was defined as different roles which were played by inhibitors on mi- E E» E = i
croorganisms at different concentrations. The inhibitors contributed 2lnegoy g" B E =3
stimulatory effect on microorganisms at lower inhibitory concentration 212222z | 3 E g e é .
because of the micro-interference towards cell homeostasis, while they = & 8 % ° E
might play an inhibitory effect at higher inhibitory concentrations. N N g e 8 % 8%
It was found that phenolic compounds exhibited stronger fermen- "og § 5 E g § E= E 'az & g §
tation inhibition on bioethanol production than that of furan deriva- % g3 .E‘J °>‘3 %
tives and weak acids. As an important phenolic compound, ferulic acid . g %0 § _q;j E g
exhibited the strongest fermentation inhibition of the fermentation in- ol . 2 E = g3 %
hibitors at the same concentration. Meanwhile, the fermentation in- g § < § § § ZEa = E &
hibition of furfural were stronger than that of 5-HMF, and the result ; § % '% = %
was consistent with our previous studies [3,18]. _ g %E’ § g 5
It was reported that phenolic inhibitors had fermentation inhibition ‘& Nbooo | 8B = K -k
on the fermentation process by producing intracellular reactive oxygen g § 5 § § § ;E E % § .é g
species, which could hinder the synthesis of RNA and protein [32,33]. E o B Rl
Furan inhibitors (including mainly furfural and 5-HMF) could inhibit P E %f g SNO“ 8
the activities of alcohol dehydrogenase, pyruvate dehydrogenase and . 353488 _‘é S '[5 2 QE f:
aldehyde dehydrogenase in microorganisms, thus decelerating the g goddag | & g %’@ E &
growth rate of S. cerevisiae [12,34]. It also was reported that weak acids E EEEEES kS 2 % & E 9
could inhibit the growth of S. cerevisiae by acidizing the intracellular g g g g g g < § s E =
environment [34]. However, none of the above studies revealed the 5 N I S =t E g8 <8
relationship between the fermentation inhibition and the molecular § B ) S 2 % 5 E
structure of lignocellulose-derived inhibitors. 5| E ; ; ; ; g i g < 5= §
In our present research, we found that the fermentation inhibition = E _§ o .%0 g
had a strong correlation with the molecular structure of fermentation coooo g % 5 ) % §
inhibitors. For instance, ferulic acid showed a stronger fermentation N § § § § § 'g ;@‘ b N:O % E
inhibition on bioethanol production, which might have originated from o2 g ;5 < §
the positive interactions between unsaturated bonds and carboxyl - 0o o 85 —:S 3 é o
groups. It was worth noting that electron activity differences were % 85833 % ?0 g £
showed among different atoms of double bonds. Therefore, the greater § | 8SREA = ;g g é é 8
nucleophilic reaction between fermentation inhibitors and the protein & = 2 CE’ S 5
of S. cerevisiae could be easily occurred due to the presence of perma- @ g % g § g § :} E é & g’ g
nent polarization [35]. Furfural exhibited a stronger fermentation in- g|El%|cScccs |88 8E ¢
hibition than that of 5-HMF, which might have been due to the higher = N 5 £ T E
number of electronegative oxygen atoms in its molecule that can easily i 5 Zg 'E £ E’ % S
generate a hydrogen bond, thus increasing the interaction between ) e e T3 e é + 5 g .5
fermentation inhibitors and intracellular bio macromolecules. Ad- g géé %g -% 5 %E’ 2 §
ditionally, the hydrogen production was intensely inhibited by furfural é g g é SS9 | £ E E E E §
compared to 5-HMF, which could give rise to less reducing power for f & % iy E" § § - § é
the conversion from R-CHO to RCH,OH [36]. The above results would - é ; g8 X § = L350
provide a theoretical basis for establishing the following QSAR models. g § E é % § § a; g,o % E S
= ss3dc |Efcv gl
3.2. Individual fermentation inhibition evaluation by QSAR models g ; ; z z ; § % } _g § <
g CEECx|2gs ey
3.2.1. Establishment and validation of QSAR models g 8B 3IR § % o % 2
To evaluate the fermentation inhibition precisely and to analyze the g SS9 |E85 328 z
inhibition mechanisms of individual fermentation inhibitors system- 8 E E E E E E a 2 5 g E
atically, QSAR models were established at different fermentation in- 7; % g g g g '% % '§ E g E;
hibitor concentrations. Due to the inhibition rates of lignocellulose- b = SSsSsS 2 g S 2‘ = <5
derived fermentation, the inhibitors were not significant at low con- E 'é’ § ; g g § E T;; 2 ;‘"% §°
centrations (1, 3, and 5 mM), and the QSAR models were established at 5| 22923 i < g EE >
different concentrations of 6, 7, 8, 9, and 11 mM. The inhibition rates of ; é ﬂ l i ﬂ l § E E j S £
various fermentation inhibitors on the bioethanol yield and their dif- & S :é: é %E
ferent molecular descriptors were used to build QSAR models by the g " GE+ T3 o
MLR method. The established QSAR models were validated by the i 5 g ;QS) %: g ii
statistical parameters, which included model validation coefficients and s B % f E ) j:: 8 =
fitting parameters. All of the parameters were obtained from LOO cross g E § s 5] ‘§ % £ ’g 9
validation, Y-scrambling validation and regression equations (shown in gl & EE|lonmar z g g‘ic g5 5
Table 2). e TE%E5¢:3
It was found that the predictability, stability and fitting ability of all ‘_: g E & % S8y
the established QSAR models were satisfied with demands. The differ- S| E 8¢ 5 cE g
ences between r? and Qoo were less than 0.3, and all of them were ~ g ; 8 § _fE‘ ER: E
larger than 0.5. P values, which were obtained from the significance % g é 8 B % E Ag E
test, were smaller than 0.05. The result indicated that the error caused cd “moAa= 2 :?:: e5 85 E
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by accidental factors was minimal. The SE and RMSE of all of the es-
tablished QSAR models were relatively small. Meanwhile, the F values
were relatively greater in certain degrees of freedom. The values of
MAX (R? and MAX (Q?), which were acquired from the randomly
generated 100 models by Y-scrambling validation, were smaller than
the % and Qo values of the original models. It was indicated that the
established QSAR models were stable and had less relevant con-
tingency. Moreover, the VIF values were smaller than 10, which re-
presented weak collinearities among the independent variables, while
the established models were stable and acceptable.

To validate the predicted performance of established QSAR models,
the predicted values were compared with the experimental values at
different concentrations (shown in Fig. 2). The predicted values were
calculated by LOO cross validation and MLR equations, which are ex-
pressed as the black points and red points, respectively. The black di-
agonal lines are used to evaluate the perfect unity between the pre-
dicted values and the experimental values. The predicted toxicity values
were evenly distributed near the black diagonal lines, which indicates
that the predictability of the established QSAR models was perfect
[21,22].

3.2.2. Fermentation inhibition evaluation by QSAR models and mechanism
study

Based on the established QSAR models, the inhibition values of
various kinds of fermentation inhibitors were calculated to predict their
fermentation inhibition on bioethanol production to minimize the
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experimental cost (shown in Fig. 3). It was found that the fermentation
inhibition of phenolic aldehyde was stronger than that of phenolic acid
followed by phenolic alcohol, which was influenced by the position of
the functional group on the benzene ring. Phenolic aldehyde was more
prone to occur the nucleophilic addition reaction with carbonyl group
in the presence of ammonia, which could also be transformed into a
reactive nucleophile which could work on the intracellular bio macro-
molecules, thus expressing its strongest fermentation inhibition [37].
Meanwhile, the fermentation inhibition of aromatic acids were stronger
than that of fatty acids. Among them, the inhibition values of vanillin
(53.014%, 56.913%, 68.815%, 77.906%, and 72.288%) were less than
that of cinnamaldehyde (69.2878%, 75.6812%, 83.4572%, and
76.8556%). The result might be due to the presence of the electron-
donating methoxy group, which weakened the fermentation inhibition
by passivating the benzene ring in inhibitor molecules. It was found
that the electron-donating methoxy group could cause relative lower
electron deficiency, thus reducing the probability of fermentation in-
hibitors that was reacted with bio nucleophiles [35]. Furthermore, the
low molecular weight of the cinnamic acid facilitated its entry into S.
cerevisiae cells to react with internal substances *!. The same result
could be obtained from the inhibition values comparison between va-
nillic acid (7.182%, 11.31%, 13.791%, 9.401%, and 17.305%) and
syringic acid (7.962%, 11.484%, 16.523%, 2.374%, and 4.416%). It
was found that the inhibition values of 4-coumaric acid (2.688%,
4.095%, 14.263%, 18.135%, and 7.785%) were less than that of cin-
namic acid (25.6213%, 29.8865%, 35.998%, 68.1463%, and 41.947%),
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Fig. 2. Experimental values versus predicted values of fermentation inhibitors at different concentrations.
QSAR models at different concentrations (6, 7, 8, 9, and 11 mM) are expressed as A, B, C, D, and E, respectively. Precay, is used to describe the predicted inhibition
values of fermentation inhibitors, which was calculated by QSAR models. Pre; oo is used to describe the predicted inhibition values of fermentation inhibitors, which

was calculated by LOO cross validation.
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Fig. 3. Individual fermentation inhibition prediction of lignocellulose-derived inhibitors by using QSAR models.
A, B, C, D and E are used to express different individual fermentation inhibition predictions at 6, 7, 8, 9, and 11 mM, respectively.

which might be due to the presence of intramolecular hydrogen bonds
of fermentation inhibitors could reduce the interaction of hydrogen
bonds on bio macromolecule. These above results were consistent with
the studies of Klinke et al. (2004) and Gu et al. (2014) [38,39].

The data in Table 2 reverified the strong relationship between the
structural properties of molecules (expressed by molecular descriptors)
and the fermentation inhibition of fermentation inhibitors. Fermenta-
tion inhibitors played a role in inhibiting bioethanol production by
influencing the following two processes, which were the diffusion of
inhibitors into the microbial cells and the reaction with other sub-
stances in S. cerevisiae [3]. DM, TH, and log P could be used to describe
the diffusion process, while TO, qH™, and qC™ are used to express the
reaction step in which DM is the total dipole moment of the fermen-
tation inhibitors molecule, which has a positive correlation with the
inhibition values because of the existence of C=0. Due to the dissim-
ilarity of the electronegativity between different atoms in the C=0
functional group, permanent polarization was presented. The polarized
C atom plays an important role in dominating the fermentation in-
hibition of fermentation inhibitors by forming a bond with the target
site (such as protein) in the microbial cells [35]. LogP describes the
possibility of fermentation inhibitors entering the microbial cells. It has
an impact on the fermentation inhibition of fermentation inhibitors,
which would be influenced by the diffusion of fermentation inhibitors
from the fermentation broth to microbial cells before inhibition oc-
curred, thus controlling the number of fermentation inhibitors which
were interacted with microbial cells [40]. TH is the total charge of the
H atom in the fermentation inhibitor molecule, which represents the
charge distribution of investigative inhibitors. It was assigned to elec-
trostatic properties that defined the electrophilic reactivity with in-
tracellular substances [3,35]. Furthermore, TO describes the total net
charge of the O atom in the fermentation inhibitor molecule, which is
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necessary to reflect the electronic reactivity by charge distribution that
dominated the interaction between fermentation inhibitors and mi-
crobial cells [35]. qC* and gH™ were the maximum positive charge of
the carbon atom and the hydrogen atom, respectively, which indicated
the molecular stability and hydrogen bond-forming ability. qC* had a
positive correlation with fermentation inhibition, which might be be-
cause the stable fermentation inhibitors increased the probability of
effective fermentation inhibitors reacting with intracellular bio mac-
romolecule. Additionally, gH* also played a positive role in dominating
the fermentation inhibition due to the increased hydrogen bond-
forming ability between fermentation inhibitors and intracellular bio
macromolecule.

It is noting worth that DM, TH, and logP were all included in the five
established QSAR models, which indicated that diffusion of inhibitors
from the solution to yeast cells (expressed by logP) and their affinity
(expressed by DM and TH) to yeast cells were the primary and neces-
sary process for generating fermentation inhibition by fermentation
inhibitors. However, TO, qH", and qC* appeared dispersed in the five
QSAR models. Furthermore, it was found that the fermentation in-
hibition of the fermentation inhibitors were highly related to TO at low
concentrations (models A, B, and C), whereas they were highly relative
with qC* and qH™ at high concentrations (models D and E). The ap-
pearance of TO in models A, B, and C illustrates that the electric charge
distribution of the O atom dominated the reaction step of fermentation
inhibitors at low concentrations, whereas the appearance of qC* and
gH™ in models D and E manifests the importance of molecular stability
and the hydrogen bond-forming ability in the reaction step of fermen-
tation inhibitors at high concentrations.
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3.3. Combined fermentation inhibition evaluation of representative
fermentation inhibitors on bioethanol production

Fermentation inhibitors, which were co-existed in lignocellulose
hydrolysates, usually exhibited a combined fermentation inhibition by
the interactions among them. Many previous studies investigated the
combined fermentation inhibition of binary mixtures in lignocellulose
hydrolysate at different concentrations. The results showed that furan
derivatives, which were obtained from the pentose degradation, ex-
hibited synergistic effect when acting with weak acids (formic acid,
acetic acid, and levulinic acid). However, the combined fermentation
inhibition when acting with the other binary mixtures were roughly
simple additive effect [12,13]. Considering the complexity of lig-
nocellulose hydrolysate in terms of the type and amount of fermenta-
tion inhibitors, and less studies were focused on the combined fer-
mentation inhibition effect of actual alkali pretreated hydrolysates, the
representative fermentation inhibitors of ferulic acid and the other
phenols, furans and weak acids were selected to investigate their
combined fermentation inhibition based on the previous study [3,27].

The combined fermentation inhibition between ferulic acid and the
other representative fermentation inhibitors are shown in Table 3. The
mixture ratio of ferulic acid at 50% X ICsy between all fermentation
inhibitors, antagonism and the simple additive effect existed simulta-
neously by evaluating the M values and Al values, the values of which
ranged from 1.023 to 1.789 and -0.789 to -0.023, respectively. Three
kinds of binary mixtures, which included ferulic acid and syr-
ingaldehyde, ferulic acid and furfural, and ferulic acid and formic acid,
were the simple additive effect accompanied by M values from 1.023 to
1.282 and Al values from -0.282 to -0.023. It is worth noting that the
combined fermentation inhibition for the binary mixture of ferulic acid
and syringaldehyde belonged to the weak simple additive effect due to
the close proximity of the obtained M values (1.282) and the Al values
(-0.282) to the given ranges. With the mixture ratio of ferulic acid at
20% X ICsog between fermentation inhibitors, most of the combined
fermentation inhibition exhibited a simple additive effect, which was
determined by the M values (ranging from 0.892 to 1.726) and the Al
values (ranging from —0.726 to 0.121). However, the binary mixture
between ferulic acid and vanillic acid was antagonism. With the mix-
ture ratio of ferulic acid at 80% X ICsy, between fermentation in-
hibitors, the combined fermentation inhibition for most binary mixtures
belonged to antagonism based on the evaluation of the M values
(varying from 1.175 to 2.343) and the Al values (varying from -1.343 to
-0.175). It was indicated that the simple additive effect was found
mainly in the binary mixture when the concentration of ferulic acid was

Table 3
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low. However, antagonism occurred when the concentration of ferulic
acid was high. This phenomenon verified the important role of the
combined inhibition of ferulic acid in the binary mixtures. These above
results confirmed that the combined fermentation inhibition of binary
mixtures except furan derivatives was roughly simple additive effect,
which were consistent with the previous studies [12,13]. However,
synergistic effect was not appeared when furfural and ferulic acid were
mixed together, which was different with the previous research. This
might because the relatively low inoculation of S. cerevisiae was used in
this study [12].

According to the results of the established QSAR models of the in-
dividual fermentation inhibition, the combined fermentation inhibition
were speculated to be hydrophobic effects, hydrogen bonds and elec-
trostatic interactions among inhibitors. For instance, some hydrophobic
inhibitors might generate the hydrophobic interactions among different
fermentation inhibitors. Some fermentation inhibitors, which contained
a specific functional group (such as —COOH, —OH groups), would form
hydrogen bonds among different inhibitors. Furthermore, electrostatic
attraction between phenolic and carboxylic groups of fermentation in-
hibitors could be formed when the binary fermentation inhibitor mix-
tures possessed opposite electrical charges [41]. The above inhibition
mechanisms would lead to a decrease in the number of effective fer-
mentation inhibitors that act on S. cerevisiae cells at high ferulic acid
concentrations; therefore, the total fermentation inhibition of the in-
hibitors were weakened (expressed as the antagonism effect). It should
be pointed out that although S. cerevisiae was chosen as the re-
presentative yeast for bioethanol production in this work, the metho-
dology that was used in the present study could provide us with an
innovative way to investigate the individual and combined fermenta-
tion inhibition of inhibitors on bioethanol production by other types of
yeasts.

Considering the strong fermentation inhibition of ferulic acid, it
should be removed in priority. Actually, we have already built a new
powerful detoxification system successfully which could alleviate
ferulic acid in situ according to the result of this research [18]. Mean-
while, the inhibition effects of the other representative fermentation
inhibitors (such as furfural and vanillin) should be also removed based
on the obtained inhibition mechanisms. The mechanism study showed
that the formation of hydrogen bonding among fermentation inhibitors
could reduce the number of fermentation inhibitors which were inter-
acted with biological macromolecules. Thus, new absorbent could be
applied to alleviate the inhibition effects of fermentation inhibitors,
which will be studied in our near future work. In addition, the reduc-
tion of fermentation inhibitors and favorable fermentation process

Joint fermentation inhibition evaluation of the main fermentation inhibitors in lignocellulose hydrolysate.

Mixture Dose effect R? Mixture ratios of ferulic acid ICso and 95% confidence interval M Al Types of joint toxicity
curve (x1Cs0) effects

Ferulic acid + vanillin Hilll 0.920 20% 6.831[3.899, 11.846] 1.246 —0.246 Weak simple addition
Logistic 0.992 50% 6.534[5.745, 7.417] 1.335 —0.335 Antagonism
DoseResp 0.962 80% 6.569[4.880, 9.223] 1.526 —0.526 Antagonism

Ferulic acid + syringaldehyde Hilll 0.995 20% 5.603[4.915, 6.306] 0.907 0.102 Simple addition
Slogisticl 0.987 50% 6.828[6.325, 7.575] 1.282 —0.282 Weak simple addition
Hilll 0.982 80% 5.263[4.237, 6.443] 1.175 —0.175 Simple addition

Ferulic acid + vanillic acid DoseResp 0.998 20% 24.815[18.731, 30.877] 1.726 —0.726 Antagonism
DoseResp 0.997 50% 13.708[13.002, 14.729] 1.311 -0.311 Antagonism
DoseResp 0.999 80% 9.911[9.578, 10.375] 1.518 —0.518 Antagonism

Ferulic acid + 4-hydroxybenzaldehyde Logistic 0.987 20% 6.403[4.565, 9.446] 0.892 0.121 Simple addition
DoseResp 0.975 50% 10.648[9.457, 11.356] 1.789 —0.789 Antagonism
DoseResp 0.999 80% 11.076[10.840, 11.306] 2.342 —1.342 Antagonism

Ferulic acid + formic acid Logistic 0.997 20% 25.342[24.887, 25.585] 1.193 —0.193 Simple addition
DoseResp 0.970 50% 15.091[14.438, 16.044] 1.023 —0.023 Simple addition
DoseResp 0.999 80% 12.272[11.865,12.832] 1.480 —0.480 Antagonism

Ferulic acid + furfural Hilll 0.997 20% 11.224[10.274, 12.275] 1.105 —0.105 Simple addition
Logistic 0.996 50% 8.764[8.105, 9.543] 1.121 —0.121 Simple addition
Logistic 0.996 80% 7.334[6.796, 7.977] 1.340 —0.340 Antagonism
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could be realized by optimizing pretreatment conditions, regulating
fermentation conditions and screening the resistant fermentation
strains, etc.

4. Conclusion

QSAR models were successfully established to quantitatively eval-
uate the individual fermentation inhibition of representative fermen-
tation inhibitors on bioethanol production in the pretreated lig-
nocellulose hydrolysate. A strong relationship between the molecular
descriptors and the fermentation inhibition of inhibitors was found.
DM, TH, logP, and TO exhibited their importance at low concentrations
of inhibitors, while qC* and qH* played an important role at high
concentrations of inhibitors. The established QSAR models would be
beneficial not only in predicting the individual fermentation inhibition
to minimize the experimental cost but also in providing a theoretical
direction for the mechanism study to reduce the fermentation inhibition
by changing the physicochemical properties of fermentation inhibitors.
Meanwhile, ferulic acid, which possessed a greater fermentation in-
hibition and a higher concentration as confirmed in our previous study
in alkali-pretreated lignocellulose hydrolysate, was in charge of the
types of combined fermentation inhibition for the binary mixtures in
the lignocellulose hydrolysates in the present study.
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