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Abstract

Biochemical conversion of lignocellulosic biomass to liquid fuels requires pretreatment and

enzymatic hydrolysis of the biomass to produce fermentable sugars. Degradation products

produced during thermochemical pretreatment, however, inhibit the microbes with regard to

both ethanol yield and cell growth. In this work, we used synthetic hydrolysates (SynH) to

study the inhibition of yeast fermentation by water-soluble components (WSC) isolated from

lignin streams obtained after extractive ammonia pretreatment (EA). We found that SynH

with 20g/L WSC mimics real hydrolysate in cell growth, sugar consumption and ethanol pro-

duction. However, a long lag phase was observed in the first 48 h of fermentation of SynH,

which is not observed during fermentation with the crude extraction mixture. Ethyl acetate

extraction was conducted to separate phenolic compounds from other water-soluble com-

ponents. These phenolic compounds play a key inhibitory role during ethanol fermentation.

The most abundant compounds were identified by Liquid Chromatography followed by

Mass Spectrometry (LC-MS) and Gas Chromatography followed by Mass Spectrometry

(GC-MS), including coumaroyl amide, feruloyl amide and coumaroyl glycerol. Chemical

genomics profiling was employed to fingerprint the gene deletion response of yeast to differ-

ent groups of inhibitors in WSC and AFEX-Pretreated Corn Stover Hydrolysate (ACSH).

The sensitive/resistant genes cluster patterns for different fermentation media revealed their

similarities and differences with regard to degradation compounds.
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Introduction

In the fossil fuel-based economy, crude oil is the primary feedstock source for producing trans-

portation fuels and industrial chemicals. Dependence on crude oil causes energy security con-

cerns and greenhouse gas emissions drive climate change. These forces have triggered

worldwide research towards the development of alternative, sustainable sources of energy [1].

A renewable alternative to fossil fuel-derived liquid fuels, such as gasoline and diesel, is ligno-

cellulosic biofuels. These are expected to play a major role in satisfying our energy needs [2,3].

Unlike corn grain-based ethanol, where the starch can be readily hydrolyzed to fermentable

sugars using enzymes, the lignocellulosic biomass used in second-generation biofuels has natu-

rally evolved to be highly recalcitrant to enzymatic deconstruction by fungi and bacteria [4].

Therefore, pretreatment of lignocellulosic biomass is necessary for biofuel production by

reducing the recalcitrance of biomass and enabling efficient conversion to monomeric sugars

[5]. Pretreatment processes are commonly performed under high temperature, high pressure,

caustic, or acidic conditions, which generate degradation compounds that inhibit microorgan-

isms [6]. Under acidic conditions, carbohydrates present in the biomass degrade into furfural

or hydroxymethylfurfural, and the lignin degrades into a variety of phenolic compounds [7].

In contrast, the Ammonia Fiber Expansion (AFEXTM) process produces many ammoniated

compounds, which are significantly less inhibitory than their acid counterparts [8,9]. A previ-

ous comparison of AFEX and dilute acid treated corn stover showed that dilute acid pretreat-

ment produces 316% more acidic compounds, 142% more aromatics, and 3555% more furans

than AFEX, but no nitrogenous compounds [8].

Notwithstanding the less toxic degradation products generated, the sugar utilization effi-

ciency of ethanol production using ammonia-pretreated biomass still requires improvement.

One major issue is the low xylose consumption rate during hexose/pentose co-fermentation,

which largely results from pretreatment-derived biomass decomposition products, ethanol,

and other fermentation metabolites [9–12]. Thus, novel pretreatment technologies that further

reduce toxic degradation products content in biomass were needed to minimize xylose utiliza-

tion problems faced during yeast fermentation. Extractive-Ammonia (EA) is a newly devel-

oped pretreatment technology that selectively extracts lignin present in biomass. Compared to

AFEX, EA uses higher ammonia-to-biomass loading and lower water loading, generates a sep-

arate lignin stream to extract up to 45% of the lignin from lignocellulosic, and removes most of

the degradation products [13]. Thus, EA-pretreated corn stover was found to have reduced lig-

nin and degradation product content, enhanced digestibility of cellulose due to formation of

cellulose III, and improved hydrolysate fermentability [13].

To study the inhibitory effects of degradation compounds, the DOE Great Lakes Bioenergy

Research Center (GLBRC) has formulated a chemically-defined SynH to mimic real AFEX

corn stover hydrolysate (ACSH) [9]. Synthesized aromatic compounds were added into the

control media based on ACSH composition analysis to better understand the complex inhibi-

tory effects [9–11, 14, 15]. This artificial media has been proven helpful in testing the inhibitory

effects of degradation compounds on engineered microbial strains. The aromatic compounds

used in those studies, however, cannot fully represent the real ACSH due to the incomplete

analysis of compounds present in ACSH, and different conformational isomers of synthesized

compounds. Therefore, we explored an alternative method of producing SynH using natu-

rally-derived compounds to better represent the inhibitory effects in ACSH. Also, microbial

fermentation is done in aqueous media, so different water-soluble organic compounds and

their relative concentrations will interact with microbes and influence their performance and

viability.
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In this study, water soluble components (WSC) were separated from crude lignin streams

produced during EA pretreatment. These soluble compounds were added to base media to

mimic real inhibitors in ACSH that affect microbial fermentation. Water extraction followed

by ethyl acetate extraction were conducted successively to separate the WSC, especially the

phenolic nitrogenous compounds in crude lignin stream obtained after EA pretreatment. Inhi-

bition effect for WSC on yeast fermentation using SynH were observed. New inhibitors that

were different from those known to be present in ACSH were identified using High Perfor-

mance Liquid Chromatography (HPLC) and Liquid Chromatography-Mass Spectrometry

(LC/GC-MS). Chemical genomics profiling was performed to further understand the gene

response profile and metabolic pathways that are being inhibited by WSC in SynH. Gene dele-

tion studies could help guide genetic engineering of yeasts to overcome inhibitory effects of lig-

nocellulosic hydrolysates.

Materials and methods

Biomass

Corn stover used in this study was produced from corn (Pioneer 36H56) planted and har-

vested during 2010 at the Arlington Agricultural Research Station (Columbia County, WI). No

specific permissions were required for these locations/activities as this belong to university of

Wisconsin agriculture research station. Also, the field studies did not involve endangered or

protected species.

Chemicals

All chemicals and reference standards used for composition analysis were purchased from

Sigma–Aldrich (St. Louis, MO, USA) if not mentioned otherwise.

Biomass and AFEX pretreatment

Corn stover used in this study was produced from corn (Pioneer 36H56) planted and har-

vested during 2010 at the Arlington Agricultural Research Station (Columbia County, WI).

The corn stover was pretreated using the AFEX process as previously described [16] using a

5-gallon reactor, under the condition of 1:1 ammonia to biomass ratio, 60% moisture, 100 ˚C,

and 30 minutes’ reaction time. Composition analysis, following the method of Sluiter et al.,

[17, 18] gave glucan, xylan, acid insoluble lignin, and ash contents of 31.4%, 18.6%, 13.08%,

and 13.39%, respectively. The pretreated corn stover was stored at 4 ˚C.

Obtaining the crude lignin stream from EA pretreatment

A crude lignin stream was separated and collected following EA pretreatment of corn stover.

EA pretreatment was applied to corn stover as previously described in the literature [13] using

6:1 ammonia-to-biomass weight ratio (NH3:BM) for 30 minutes at 120˚C. EA pretreatment

removed 16 percent (wt%) of the biomass or about 44 wt% of the total lignin present in the

biomass. This extracted lignin stream was used as the starting material for subsequent water

extraction and ethyl acetate extraction. The composition of the lignin stream was reported pre-

viously [13].

Water extraction of crude lignin obtained after EA pretreatment of corn

stover

WSC were extracted from the crude lignin stream produced during EA pretreatment process.

Distilled water was added and vortex-mixed with the lignin stream in a 10:1 (volume to mass)
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ratio. Water extraction was conducted in shake flask by incubating the samples in an incubator

maintained at 50 ˚C for 2 h at 250 rpm. After the 2 h washing and extraction, the slurry was

cooled to 4˚C, and was then centrifuged and filtered through glass fiber filter (pore size 10

um). The filtrate was collected as WSC and lyophilized using a freeze dryer (Free Zone plus 6

Liter Cascade Console Freeze Dry System, LABCONCO). The WSC was further used for com-

position analysis, ethyl acetate extraction, and yeast fermentation.

Ethyl acetate extraction of WSC

Ethyl acetate extraction was performed to separate and enrich the phenolic compounds from

WSC. The pH of WSC supernatant (before lyophilizing) was adjusted between pH 2 to pH 3 to

protonate the phenolic acids and other aromatic components of the mixture, and increase

their solubility in ethyl acetate. Ethyl acetate and the supernatant (1:1 volume ratio) were

added into the separation funnel. The liquid was fully mixed in the funnel for 10 minutes and

allowed to sit for 30 minutes for phase separation. The bottom water phase was collected and

centrifuged at 4,400 rpm for 5 minutes. The top ethyl acetate phase, enriched with phenolic

compounds, was collected in a separate bottle. The same volume of ethyl acetate was added

again to the water fraction, and the extraction procedure was repeated twice more. After three

rounds of ethyl acetate extraction, all the ethyl acetate fractions were combined and dried

using a rotary evaporator system (BUCHI Rota vapor R-210 and Heating Bath B-491) to con-

centrate the phenolic compounds. The liquid was concentrated until 5 to 10 mL liquid was left

in the round bottom flask. This ethyl acetate fraction was air-dried in room temperature to

avoid overheating the phenolic compounds. The remaining water fractions in the separation

funnel was dried using the rotary evaporator for mass balance and other microbial inhibition

studies, and were further concentrated using a freeze drier connected to an organic trap

(Fig 1).

Fractionation of WSC using size exclusion chromatography (SEC)

SEC was performed to fractionate WSC based on the molecular weights. A GE Healthcare XK

column (150 mL bed volume, Tube Height: 400 mm, Column internal diameter: 16 mm) was

Fig 1. Methodology and mass balance of water extraction and ethyl acetate extraction of crude lignin.

https://doi.org/10.1371/journal.pone.0194012.g001
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packed with Bio-Rad P6 gel (Polyacrylamide, 1-6kDA). Water was used as the mobile phase

with 1mL/min flow rate. About 0.70 mL of WSC was injected for each run. A total of 96 frac-

tions (A1-H12) were collected in tubes using an automatic sample collector. Fractions with

higher molecular weight would come out first in row A, followed by row B to row H.

Composition analysis of sugars and WSC

Sugars and organic acids in the WSC and hydrolysate were analyzed using an HPLC equipped

with a Bio-Rad (Hercules, CA) Aminex HPX-87P column and de-ashing guard column. Col-

umn temperature was held at 80 ˚C and 5mM H2SO4 in water flowing at 0.6 mL/min was used

as the mobile phase.

LC-MS analyses of WSC were conducted using a Waters LCT Premier mass spectrometer

equipped with Shimadzu LC-20AD ternary pumps and controller with high pressure mixer,

Shimadzu column oven and CTC PAL auto-sampler, and operated using electrospray ioni-

zation. A Supelco Ascentis Express C18 column (2.1 x 50 mm, 2.7 μm particles) was used,

with column temperature held at 55 ˚C. Separations were conducted using gradient based

on solvent A: aqueous formic acid and solvent B: methanol. The gradient as set to vary

between 99% (0.50 min hold) to 0 in 10 minutes, held for 4 minutes, and set back to 99% for

1 minute.

GC-MS was conducted using a 30 meter-long VF5MS column plus a 10 meter-long

EZ-Guard guard column, on a Waters GCT Premier mass spectrometer coupled to an Agilent

6890 GC with auto-sampler. Data acquisition employed 70 eV electron ionization, with data

acquisition performed overm/z 40–600 at 0.2 seconds/spectrum (with dynamic range exten-

sion). The temperature program was set to vary between 40 ˚C (2 minutes hold), 6˚/min to

300˚, and held for 5 minutes. Helium was used as carrier gas with a flow rate of 1.3 mL/min.

Compounds identified using GC-MS used electron ionization spectra in the NIST11 mass

spectrum library.

Free amino acid analysis was outsourced to the Molecular Structure Facility, UC Davis,

using a Hitachi L-8900 Amino Acid Analyzer. Heavy metal analysis was also outsourced and

analyzed by the UW Soil & Plant Analysis Lab using standard protocols. The Standard Opera-

tion Procedures of ICP-OES/MS are available at this website (http://uwlab.soils.wisc.edu/ files/

procedures/ICPMS.pdf).

High solid loading enzymatic hydrolysis

The AFEX-pretreated corn stover samples were hydrolyzed at 6% glucan loading in a fermen-

ter equipped with a pitched blade impeller. Hydrolysis was performed over a period of 3 days

with 20 mg protein/g glucan enzyme loading at 50 ˚C and 1,000 rpm. Enzymatic hydrolysis

was performed using a commercial enzymes mixture including Cellic1 Ctec2 10 mg protein/

g glucan (in pretreated biomass), Htec2 (Novozymes, Franklinton, NC), 5 mg protein/g glucan

and Multifect Pectinase (Genencor Inc, USA), 5 mg protein/g glucan. Samples were taken

every 24 h. The hydrolysate was harvested by centrifugation at 6000 rpm for 30 min and then

14,000 rpm for 30 min to remove unhydrolysed solids. Hydrolysate was then sterile filtered

through a 0.22-um filter cup. The filtered hydrolysate was stored at 4 ˚C in a sterile bottle prior

to charcoal fractionation (described below). Samples obtained from compositional analysis

were subjected to HPLC using Bio-Rad Aminex HPX-87H column to determine sugar concen-

trations as described below. After 3 days of hydrolysis (i.e., 72 h), the overall mass balances for

the pretreated solids were determined using NREL protocol as described previously [14].
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Synthetic hydrolysate (SynH) preparation

The formulation of SynH is based on the composition of ACSH produced in the enzymatic

hydrolysis, with glucose concentration of 60 g/L and xylose concentration of 30 g/L. The devel-

opment of the SynH recipe is described elsewhere [15, 19, 20]. Carbohydrates, nitrogenous

compounds, vitamins, minerals, and other necessary nutrients were added into distilled water

as base media. Detailed composition information of the updated SynH used in this work was

listed in the S2 Table.

Microorganism and seed culture preparation

Saccharomyces cerevisiaeGLBRC-Y128 was used for this study, having previously been geneti-

cally modified and adapted for xylose utilization [21,22]. Xylose isomerase and xylulokinase

genes were introduced to facilitate xylose utilization. Seed cultures were prepared from glyc-

erol stocks stored at -80 ˚C. Seed culture media contained 100 g/L dextrose, 25 g/L xylose, 20

g/L tryptone, and 10 g/L yeast extract. Erlenmeyer flasks (250 mL) containing 100 mL of seed

culture media were inoculated with 0.1 OD600. The cultures were incubated at 30 ˚C and 150

RPM in shaker incubators under micro-aerobic conditions for 22 h before inoculation in

SynH. Measurements of cell population was conducted by measuring the optical density at 600

nm to measure the cell concentration of the fermentation broths. The fermentation broth was

diluted and re-suspended to the detection range of 0.1–1 OD600, and calibrated for original cell

concentration.

Chemical genomic profiling of ACSH and WSC

Chemical genomic analysis of hydrolysate and WSC was performed as described previously

using a collection of ~4000 yeast deletion mutants [14,23]. About 200 μL cultures with the

pooled collection of S. cerevisiae deletion mutants were grown in the different SynH or yeast

extract (10 g/L), peptone (20 g/L), and dextrose (20 g/L) (YPD) medium in triplicate for 48 h

at 30 ˚C under aerobic conditions. Genomic DNA was extracted from the cells and mutant-

specific molecular barcodes were amplified using specially designed multiplex primers as

described previously [24,25]. The barcodes were sequenced using an Illumina HiSeq2500 in

rapid run mode (Illumina, Inc., San Diego, CA). The average barcode counts for each yeast

deletion mutant in the replicate hydrolysates were normalized against the YPD control to

define sensitivity or resistance of individual strains (chemical genetic interaction score).

Strains with low read counts were omitted from analysis. A resistant mutant has a positive

interaction score, whereas a negative score indicates a sensitive mutant. The pattern of genetic

interaction scores for all mutant strains represents the chemical genomic profile or ‘‘biological

fingerprint” of a sample [23–25]. Correlations of the chemical genomic profiles across cycles

were calculated using Spot-fire 5.5.0 (Tibco, Boston, MA, USA). The cluster-gram of the chem-

ical genomic profiles were created in Cluster 3.0 [26], and visualized in Tree-view (v1.1.6r4)

[27]. A Bonferroni-corrected hypergeometric distribution test was used to search for signifi-

cant enrichment of GO terms among the top 10 sensitive deletion mutants [28].

Results and discussion

Mass balance of water extraction and ethyl acetate extraction of lignin

streams

As mentioned previously, EA pretreated corn stover yielded more fermentable sugars com-

pared to the AFEX process with a 60% lower enzyme loading [13]. Removing water-soluble,

lignin-derived inhibitors is expected to greatly relieve their inhibitory effects on microbial
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fermentation [15,20]. To isolate the key inhibitors that affect ethanol productivity, we per-

formed water extraction to separate the WSC from the EA-derived crude lignin stream. We

also subjected the soluble components to liquid-liquid partitioning between ethyl acetate and

water to selectively enrich water-soluble aromatic compounds (Fig 1). A mass balance for

water extraction and ethyl acetate extraction is shown in Fig 1. About 40 wt% of crude lignin

stream was water-soluble. The WSC were subjected to ethyl acetate extraction to enrich phe-

nolic compounds, and this fraction was used in microbial fermentation and composition anal-

ysis. A mass balance with 80 wt% total recovery was achieved following ethyl acetate-water

partitioning. About 26% of WSC were extracted in the ethyl acetate phase, mostly phenolic

compounds. Some of the phenolic compounds could not be recovered during vacuum drying

of ethyl acetate fractions due to their volatile nature. About 55 wt% of WSC remained in the

water phase after ethyl acetate-water partitioning. To identify major components in WSC and

the ethyl acetate fractions, composition analyses including SEC, HPLC, LC-MS and GC-MS,

were conducted.

Fractionation and composition analysis of WSC

To obtain an estimation of the molecular-weight range of WSC components, we first fraction-

ated the WSC through SEC column, which was packed with P6 gel (separation range 1–6

KDa). As shown in Fig 2A, five major UV-absorbing peaks were eluted. It was anticipated that

higher molecular mass components would elute earliest. In Fig 2B, fractions collected in SEC

were subjected to LC-MS screening in the same order as they were collected (from A1 to H12).

At least one major compound was assigned to each of the five SEC peaks. Deca-hexose was

Fig 2. Size exclusion chromatography (SEC) fractionation and liquid chromatography-mass spectrometry (LC-MS) screening of WSC. Here, (A) SEC of WSC

using P6 gel (Polyacrylamide, 1–6 kDa, water as mobile phase) with UV-Vis detector at 280nm. 96 SEC fractions from A1-H12 were collected in a 96-well microtiter

plate and (B) LC-MS screening of the fractions collected in SEC were performed in the same order as they were collected (A1-H12). Peak 1 to peak 5: Measured signals

from LC-MS extracted ion chromatograms for abundant components profiled by LC-MS and assigned based on SEC retention times, aligned from peak No. 1 to peak

No. 5 in the SEC chromatogram.

https://doi.org/10.1371/journal.pone.0194012.g002
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detected in peak 1, followed by tri-hexose being detected in peak 2, showing that oligosaccha-

rides were soluble components following EA processing [8, 29, 30]. Additional xylo-oligomers

were detected in the first two peaks (data not shown). p-Coumaric acid and p-coumaroylgly-

cerol were detected in SEC peaks 3 and 4 respectively. Both were major lignin degradation

products in corn stover pretreatment. In peak 5, p-coumaroylamide and feruloylamide were

detected. They are major ammoniated lignin degradation products produced by ammonia pre-

treatment ammonolysis of polyphenolic esters. It is worth noting that p-coumaroylamide cor-

responded to more than 80 wt% of total mass being detected by LC-MS, indicating that

nitrogenous phenolic compounds were the most abundant and one of the most inhibitory

components in WSC. The LC-MS screening also revealed that more than 98% of LC-MS peak

area was explained by compounds smaller than 3 KDa, which was consistent with our assump-

tion that most water-soluble inhibitors were small molecules.

As phenolic compounds were enriched in the organic phase after ethyl acetate-water parti-

tioning, ultra-high performance liquid chromatography-mass spectrometry (UHPLC-MS) and

GC-MS were employed to identify major components. In Fig 3A, phenolic acid, phenolic

amides including diferulate amides, and lignin derivatives based on tricin and its conjugates

with monolignols were identified. In addition, aromatic aldehydes/ketones, and furanones

were identified from GC-MS analysis (Fig 3B), some of which were produced from Maillard

reaction and of reducing sugars and ammonolysis of lignin during ammonia pretreatment [8,

31–34]. Maillard reaction products not only accounted for the brown color of ammonia-

treated biomass and WSC, they also acted as inhibitors for microbial fermentation [8,32].

Identified phenolic and nitrogenous compounds also explained the reason why EA pretreated

biomass had a much better performance in xylose fermentation and ethanol production by

removing lignin streams.

The components remaining in the water phase after ethyl acetate-water partitioning were

also analyzed. LC-MS analysis of water phase fraction showed no signal attributed to phenolic

compounds, consistent with their greater solubility in ethyl acetate. Instead, monomeric sugars

were identified, which was consistent with the result of LC-MS screening of WSC. On top of

LC-MS, HPLC analysis of sugar and organic acids in both WSC and water phase after ethyl

acetate extraction showed small amount of free monomeric sugars (Table A in S1 Table). Glyc-

erol and acetate were also detected (Table B in S2 Table). Free amino acid analysis and heavy

metal analysis are summarized in Table C and D in S1 Table. High nitrogen levels were identi-

fied compared with all other elements levels (Table D in S1 Table), which was consistent with

the degradation product profiles after ammonia pretreatment of corn stover [8]. Due to the

distinct composition profiles of components in the phenolic phase and the water phase after

ethyl acetate-water partitioning, we tested their inhibitory effects on microbial fermentation

performance, respectively.

Using SynH to characterize the inhibitory effect of WSC on yeast

fermentation

To investigate the inhibitory effect of WSC on microbial fermentation, a chemically-defined

hydrolysate media with monomeric sugars and necessary nutrients was needed. Researchers at

the GLBRC formulated a SynH media based on the composition analysis of 6% solids loading

ACSH [8, 9], which was designed to mimic the composition and behavior of common biomass

hydrolysate [5]. Table 1 show the SynH recipe which consists of six groups of components.

Detailed concentration for each component can be found in S2 Table. Carbohydrates, nitroge-

nous compounds, vitamins and minerals provided carbon sources, nitrogen sources and other

necessary nutrients as base media. Degradation products produced from pretreatment process,
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Fig 3. Water soluble aromatic compounds isolated from EA crude lignin stream using ethyl acetate. Here, (A)

Ultra-high performance liquid chromatography-mass spectrometry (UHPLC-MS) and (B) gas chromatography-mass

spectrometry (GC-MS) chromatograms were used to identify phenolic compounds.

https://doi.org/10.1371/journal.pone.0194012.g003

Table 1. The major compositions in SynH. Detailed recipe with concentrations can be found in S2 Table.

Carbohydrates Monomeric sugars (glucose, xylose, arabinose, mannose,

galactose, fucose)

Nitrogenous compounds Ammonium chloride, 20 amino acids, nucleobases

Vitamins Panthothenic acid, thiamine pyridoxine, etc.

Mineral salts Zinc chloride, Manganese (II) chloride, etc.

Carbohydrate degradation products/ plant

metabolites

Aliphatic acids, Furans, Acetamide, Pyrazines, Imidazoles

Lignin degradation products Aromatic acids and amides

https://doi.org/10.1371/journal.pone.0194012.t001
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on the other hand, acted as inhibitory compounds. Two major groups of degradation products

were carbohydrate derivatives (e.g. aliphatic acids, furans, acetamide, pyrazines, imidazoles)

and lignin derivatives (aromatic acids and amides). The inhibitory degradation components

could be replaced with other types of compounds to test their effect on microbes. In this work,

we used WSC and constituents in its ethyl acetate extracts to investigate their inhibitory effects

on yeast fermentation.

A haploid Y128 yeast strain was developed by GLRBC with the ability to rapidly co-ferment

glucose and xylose anaerobically even in the presence of ACSH inhibitors [22]. The freeze-

dried WSC was re-dissolved into SynH control media at varying concentrations. As shown in

Fig 4, the concentration of WSC increased from 10 up to 40 g/L for SynH-1WSC to SynH-

4WSC, respectively. Here, 1WSC represents 10 g/L WSC which were re-dissolved in SynH-

base media. Fermentation was carried out in Erlenmeyer flasks (50 mL) at pH 4.8, 30 ˚C and

150 RPM with inoculum at 2 (OD600). Trends in glucose consumption and the first 48 h of

xylose consumption as well as ethanol production demonstrated that the inhibitory effects of

Fig 4. Fermentation performance of Y128 under varying concentrations of WSC. (A) Glucose consumption; (B), Xylose consumption; (C), Ethanol production and

(D), Cell growth OD600. Syn-4WSC: SynH with 40 g/L WSC added; SynH-3WSC: SynH with 30 g/L WSC added; SynH 2WSC: SynH with 20 g/L WSC added; SynH-

1WSC: SynH with 10 g/L WSC added; SynH-Control: SynH-base media with no inhibitors added. Fermentation was conducted in Erlenmeyer flasks (50 mL) at pH 4.8,

30 ˚C and 150 RPM with inoculum at 2 (OD600).

https://doi.org/10.1371/journal.pone.0194012.g004
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WSC increased as their concentration increased. Adding WSC resulted in a lag phase for glu-

cose and xylose consumption during the first 24 h, especially at higher concentrations.

However, once the initial concentration of WSC reached 40 g/L, xylose consumption, etha-

nol yield and cell growth were no longer reduced after 48 h of fermentation. For example, the

xylose concentration at 120 h for SynH-4WSC very close to SynH-2WSC (20.3 g/L versus 19.8

g/L) and much lower than SynH-3WSC (20.3 g/L versus 27.0 g/L). The ethanol concentration at

120 h for SynH-4WSC was higher than SynH-3WSC (35.8 g/L versus 33.5 g/L), and measure-

ments of cell growth of SynH-4WSC in Fig 4 even showed a reversed effect. The OD600 reached

9.0 at 120 h, which is the highest level achieved in all the fermentation media tested here.

Since two different trends are observed here, an early stage lag phase versus late stage cell

growth enhancement, at least two groups of components with distinct inhibitory effects must

exist in WSC. In addition to fermentation with high initial inoculum (OD 2 (Fig 4)), we also

tested the fermentation with low initial inoculum at OD 0.1. The yeast fermentation at differ-

ent initial inoculums had similar trends in sugar utilization, ethanol production and cell

growth. However, WSC had an amplified effect (both on early stage inhibition and late stage

improvement) at low inoculum levels of OD 0.1 compared to high inoculum levels (OD 2),

proving that a high inoculum at the beginning of fermentation could help with the microbial

resistance to inhibitors in hydrolysate.

Using SynH to characterize the binary inhibitory effects of different ethyl

acetate fractions on yeast fermentation

To further investigate the complex dual effect of WSC on the yeast fermentation, we performed

additional Y128 fermentations for 72 h using organic and aqueous phase extracts of WSC after

ethyl acetate-water partitioning (Fig 5). As we found that SynH with 20 g/L WSC mimicked real

ACSH in cell growth, sugar consumption and ethanol production, both SynH-2WSC and ACSH

were used as positive controls in this group of experiments. SynH-control media was kept as the

negative control. SynH-W represented the water phase extract after ethyl acetate extraction,

which contains soluble sugars, liquids and other nutrients. SynH-P represented the organic phase

extract after the ethyl acetate-water partitioning, in which phenolic compounds were enriched.

Both SynH-P compounds and SynH-W components were re-dissolved in SynH control

media at 20 g/L. After separating ethyl acetate WSC extractives from the aqueous fraction, the

binary behaviour observed in previous experiments (Fig 4) disappeared. The ethyl acetate frac-

tion, enriched in phenolic compounds, exerted the strongest inhibitory effects on Y128 fer-

mentation among all the media tested. Less than 50% of the glucose was consumed, and xylose

was barely utilized. The ethanol yield after 72 h was 16 g/L, compared with ~38 g/L for all

other media, and cell growth after 72 h was inhibited to OD 2.1, much lower than all other fer-

mentation media tested.

In contrast, even though a short lag phase was observed for the first 24 h, SynH-W boosted

the cell growth to OD 13 at 72 h, much higher than SynH-control media (OD 8.4) (Fig 5). The

concentration of monomeric sugars alone in the nutrient fraction is too low to account for cell

growth enhancement. Thus, we suggested that lipids, oligomeric sugars and potential cell pro-

tectants were major contributors to enhanced fermentation performance. Phenolic com-

pounds and water-soluble nutrients together account for the dual inhibitory effect of WSC on

ethanol fermentation.

Chemical genomics fingerprints of WSC on yeast growth

To further investigate the inhibitory mechanism of WSC on yeast fermentation, we used the

genome-wide, non-essential gene deletion mutant collection of S. cerevisiae to identify the
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chemical genomic profile of SynH + WSC versus ACSH. Sensitive and resistant gene mutants

reveal the metabolic pathways that were affected by WSC, provide information for microbe

genetic engineering [35], and confirm the observed variations between different hydrolysates

and fermentation media (e.g. ACSH, SynH control media) [10,14]. Fig 6A shows the chemical

genetic profile of WSC. In the chemical genetic profiling, a resistant mutant has a positive

interaction score on the Y-axis, whereas a negative score indicates a sensitive mutant. For

example, a deletion of EEB1 (encoding Acyl-coenzymeA: ethanol O-acyltransferase involved

in fatty acid biosynthesis) conferred resistance to WSC. Other resistant mutants included gene

deletions of SSH4 and VAM6 (both involved in vesicle trafficking, which is the movement of

important biochemical signal molecules from synthesis-and-packaging locations in the Golgi

body to specific ’release’ locations on the inside of the plasma membrane of the secretory cell).

These gene deletions could be points for genetic engineering to help the yeast strain overcome

inhibitory effects of degradation compounds present in lignocellulosic hydrolysates.

Fig 5. Fermentation performance of Y128 using different WSC fractions. Here, (A) Glucose consumption; (B) Xylose consumption; (C) Ethanol production and (D)

Cell growth OD600. ACSH: AFEX corn stover hydrolysate; SynH-W: SynH with 20 g/L water phase extract after ethyl acetate-water partitioning; SynH-P: SynH with 20

g/L ethyl acetate phase extract after ethyl acetate-water partitioning; SynH-WSC: SynH with 20 g/L WSC; SynH-Control: SynH-base media with no inhibitors added.

Both phenolic compounds and nutrient components were re-dissolved in SynH-base media at 20 g/L. Fermentations were conducted in Erlenmeyer flasks (50 mL at pH

4.8, 30 ˚C and 150 RPM with inoculum at 0.8 OD600.

https://doi.org/10.1371/journal.pone.0194012.g005
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Fig 6. Chemical genomic profiling of WSC on using a yeast deletion strain library. (A). Chemical genomic profile

of SynH+WSC, with the top sensitive deletion mutants (red) and top resistant mutants (green) highlighted (mean

profile n = 3); (B). Gene clusters correlation between SynH, ACSH and SynH+WSC (n = 3). Mutants in ERJ1 (involved

in ER protein folding), PDX1 (a subunit of the mitochondrial dehydrogenase complex), and GOS1 (involved Golgi

transport) were especially sensitive to WSC. The sensitive genes gave insight into the mechanism of toxicity,

confirming that cell membranes were the likely target of WSC toxicity; and overexpression of the sensitive genes could

be used to confer resistance. Comparing the chemical genetic profiles between different hydrolysates and fermentation

media, we found that the profile of SynH + WSC exhibited a high correlation with that of ACSH (Fig 6B, R = 0.69),

and showed greater similarity to ACSH compared to SynH (Fig 7). The strong correlation suggests that the

degradation compounds in WSC can represent the real inhibitors in ACSH to a large extent.

https://doi.org/10.1371/journal.pone.0194012.g006
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Conclusions

Lignocellulose-derived degradation products produced during thermochemical pretreatments

are known to inhibit microbes during fermentation, and have been a major constraint in pro-

ducing cost-effective lignocellulosic biofuels. In order to optimize the pretreatment processes

for obtaining biomass and hydrolysates with higher digestibility and fermentability, respec-

tively, and to engineer microbial strains for improved performance, it is critical to identify the

major inhibitory compounds and better understand the mechanisms of inhibition that affect

fermentative organisms. In this work, we used a synthetic hydrolysate (SynH) to study the

inhibitory effects of water soluble compounds (WSC) isolated from the EA pretreatment crude

lignin stream on yeast fermentation.

The natural lignin-derived compounds in WSC represent real inhibitory compounds that

are present in ACSH. We found that the inhibitory effects of WSC increased at higher dosage

levels, and SynH with 20 g/L WSC well mimicked real hydrolysates during yeast fermentation.

Surprisingly, however, when the concentration of WSC reached 40 g/L, the inhibitory effects

were reversed after 48 h, indicating that additional nutrients existed in WSC that manifested

their effects at higher concentrations. To separate these effects and better understand this

bimodal behaviour, ethyl acetate extraction was conducted to separate phenolic compounds

from WSC. Major compounds identified in the organic phase of WSC included p-coumaroyl

amide, feruloyl amide and coumaroyl glycerol. These and other nitrogenous phenolic com-

pounds act as key inhibitors in microbial fermentation of ACSH.

On the other hand, oligosaccharides and lipids were also identified in the water phase com-

ponents following ethyl acetate extraction. These compounds improved cell growth and etha-

nol production after 48 h, thereby explaining the bimodal effects of WSC. Finally, chemical

genomic profiling of WSC was conducted on a yeast deletion library to identify responsive

genes. This work proved that EA pretreatment improved hydrolysate fermentability in part by

removing highly toxic lignin-derived nitrogenous and phenolic compounds.

The fundamental knowledge gained in this study can be applied to characterize a variety of

inhibitory compounds, optimize fermentation process, and design pretreatment process con-

ditions. This improved basic understanding will also help develop yeast strains that can better

tolerate degradation compounds present in pretreated biomass hydrolysate.

Supporting information

S1 Table. Composition analysis of different fractions of WSC. (A). HPLC analysis of sugar

and salts concentrations in WSC (g/L); (B). HPLC analysis of sugar and salts concentrations in

water phase after ethyl acetate extraction (g/L); (C). Free amino acids analysis of WSC (μg/μL);

(D). Mineral salts (heavy metal) analysis of WSC (ppm).

(PDF)

S2 Table. Recipe of SynH being used for fermentation study. (A). Phosphate buffer,

(NH4)2SO4 and salts (K/Na/Ca/Mg), amino acids, nucleic base, Vitamin; (B). Micro nutrients,

FNSG salts, osmoprotectants, acetic and lactic degradation products, carbohydrates (carbon

Fig 7. Correlation between chemical genomic profiles of SynH control media, ACSH and SynH+WSC. Chemical

genomics is the study of chemical compound interactions with specific genes within an organism. This approach

determined whether hydrolysate variability existed using a biological ‘‘sensor” (individual gene mutants) to create a

genome-wide, biological ‘‘fingerprint” [14]. In this study, we combined chemical genomics profiling with SynH,

therefore determined both hydrolysate variability and gene fingerprints. This is a high-throughput method to test

different compounds for their inhibitory effects, which can be widely applied in fermentation study and media

development.

https://doi.org/10.1371/journal.pone.0194012.g007
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sources), Pyridines.

(PDF)

S1 Fig. Methodology and mass balance of water extraction of lignin streams and ethyl ace-

tate extraction of WSC.

(PDF)

S2 Fig. Fermentation media of SynH with different concentrations of WSC (unfiltered).

SynH-1WSC represents 10 g/L WSC that were re-dissolved in the SynH fermentation media.

From SynH-1WSC to SynH-4WSC, the concentrations of WSC increased from 10–40 g/L.

(TIFF)

Acknowledgments

We thank Dr. Yaoping Zhang (University of Wisconsin-Madison) for the updated version of

SynH, Dr. Rebecca Garlock Ong, Charles Donald, Jr, and Brandon Guthrie for the associated

pretreatment work, Christa Gunawan for analyzing the samples on HPLC and MBI Interna-

tional for providing the AFEXTM treated biomass. We also thank Novozymes and Genencor

for supplying the commercial enzymes used in this work. AFEX (TM) is a trademark of MBI

International where AFEX process scale-up activities are currently underway. We also thank

Trey Sato (University of Wisconsin-Madison) for providing the Y128 yeast strain used in this

work.

Author Contributions

Conceptualization: Leonardo Sousa, Jeff Piotrowski, Venkatesh Balan.

Formal analysis: Saisi Xue, A. Daniel Jones, Jeff Piotrowski, Venkatesh Balan.

Funding acquisition: Bruce E. Dale.

Investigation: Saisi Xue, Jeff Piotrowski.

Methodology: Mingjie Jin, Cory Sarks, Venkatesh Balan.

Project administration: Venkatesh Balan.

Resources: Mingjie Jin.

Supervision: A. Daniel Jones, Leonardo Sousa, Venkatesh Balan.

Validation: A. Daniel Jones.

Visualization: Saisi Xue, Venkatesh Balan.

Writing – original draft: Saisi Xue, Venkatesh Balan.

Writing – review & editing: Saisi Xue, Leonardo Sousa, Jeff Piotrowski, Bruce E. Dale, Venka-

tesh Balan.

References
1. Huber BGW, Dale BE. GRASSOLINE at the Pump. Sci Am. 2009;(July):52–9.

2. Dale BE, Ong RG. Energy, wealth, and human development: Why and how biomass pretreatment

research must improve. Biotechnol Prog [Internet]. 2012; 28(4):893–8. Available from: https://doi.org/

10.1002/btpr.1575 PMID: 22718309

3. Chundawat SPS, Beckham GT, Himmel ME, Dale BE. Deconstruction of Lignocellulosic Biomass to

Fuels and Chemicals. Annu Rev Chem Biomol Eng [Internet]. 2011; 2(1):121–45. Available from: http://

www.annualreviews.org/doi/abs/10.1146/annurev-chembioeng-061010-114205

Water-soluble phenolic compounds inhibitory effects on yeast

PLOS ONE | https://doi.org/10.1371/journal.pone.0194012 March 15, 2018 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194012.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194012.s004
https://doi.org/10.1002/btpr.1575
https://doi.org/10.1002/btpr.1575
http://www.ncbi.nlm.nih.gov/pubmed/22718309
http://www.annualreviews.org/doi/abs/10.1146/annurev-chembioeng-061010-114205
http://www.annualreviews.org/doi/abs/10.1146/annurev-chembioeng-061010-114205
https://doi.org/10.1371/journal.pone.0194012


4. Weber C, Farwick A, Benisch F, Brat D, Dietz H, Subtil T, et al. Trends and challenges in the microbial

production of lignocellulosic bioalcohol fuels. Appl Microbiol Biotechnol. 2010; 87(4):1303–15. https://

doi.org/10.1007/s00253-010-2707-z PMID: 20535464

5. Balan V. Current Challenges in Commercially Producing Biofuels from Lignocellulosic Biomass. ISRN

Biotechnol. 2014; 2014:1–31.

6. Du B, Sharma LN, Becker C, Chen SF, Mowery RA, van Walsum GP, et al. Effect of varying feedstock-

pretreatment chemistry combinations on the formation and accumulation of potentially inhibitory degra-

dation products in biomass hydrolysates. Biotechnol Bioeng. 2010; 107(3):430–40. https://doi.org/10.

1002/bit.22829 PMID: 20552667

7. Klinke HB, Thomsen AB, Ahring BK. Inhibition of ethanol-producing yeast and bacteria by degradation

products produced during pre-treatment of biomass. Appl Microbiol Biotechnol [Internet]. 2004; 66

(1):10–26. Available from: https://doi.org/10.1007/s00253-004-1642-2 PMID: 15300416

8. Chundawat SPS, Vismeh R, Sharma LN, Humpula JF, da Costa Sousa L, Chambliss CK, et al. Multifac-

eted characterization of cell wall decomposition products formed during ammonia fiber expansion

(AFEX) and dilute acid based pretreatments. Bioresour Technol [Internet]. Elsevier Ltd; 2010; 101

(21):8429–38. Available from: https://doi.org/10.1016/j.biortech.2010.06.027 PMID: 20598525

9. Tang X, Da L, Sousa C, Jin M, Chundawat SP, Chambliss CK, et al. Designer synthetic media for study-

ing microbial- catalyzed biofuel production. Biotechnol Biofuels. 2015; 8(1).

10. Sarks C, Higbee A, Piotrowski J, Xue S, Coon JJ, Sato TK, et al. Quantifying pretreatment degradation

compounds in solution and accumulated by cells during solids and yeast recycling in the Rapid Biocon-

version with Integrated recycling Technology process using AFEXTM corn stover. Bioresour Technol

[Internet]. Elsevier Ltd; 2016; 205:24–33. Available from: http://www.sciencedirect.com/science/article/

pii/S0960852416000110 https://doi.org/10.1016/j.biortech.2016.01.008 PMID: 26802184

11. Schwalbach MS, Keating DH, Tremaine M, Marner WD, Zhang Y, Bothfeld W, et al. Complex Physiol-

ogy and Compound Stress Responses during Fermentation of Alkali-Pretreated Corn Stover Hydroly-

sate by an Escherichia coli Ethanologen. Appl Environ Microbiol [Internet]. 2012; 78(9):3442–57.

Available from: https://doi.org/10.1128/AEM.07329-11 PMID: 22389370

12. de Carvalho Lima KG, Takahashi CM, Alterthum F. Ethanol production from corn cob hydrolysates by

Escherichia coli KO11. J Ind Microbiol Biotechnol [Internet]. Springer-Verlag; 2002; 29(3):124–8. Avail-

able from: http://link.springer.com/10.1038/sj.jim.7000287 https://doi.org/10.1038/sj.jim.7000287

PMID: 12242633

13. Sousa LC, Jin M, Chundawat SPS, Bokade V, Tang X, Azarpira A, et al. Next-generation ammonia pre-

treatment enhances cellulosic biofuel production. Energy Environ Sci [Internet]. Royal Society of Chem-

istry; 2016; Available from: http://dx.doi.org/10.1039/C5EE03051J

14. Serate J, Xie D, Pohlmann E, Donald C, Shabani M, Hinchman L, et al. Controlling microbial contamina-

tion during hydrolysis of AFEX-pretreated corn stover and switchgrass: effects on hydrolysate composi-

tion, microbial response and fermentation. Biotechnol Biofuels [Internet]. BioMed Central; 2015; 8

(1):180. Available from: http://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/s13068-

015-0356-2

15. Keating DH, Zhang Y, Ong IM, McIlwain S, Morales EH, Grass JA, et al. Aromatic inhibitors derived

from ammonia-pretreated lignocellulose hinder bacterial ethanologenesis by activating regulatory cir-

cuits controlling inhibitor efflux and detoxification. Front Microbiol. 2014; 5(AUG):1–17.

16. Balan V, Bals B, Chundawat SPS, Marshall D, Dale BE. Lignocellulosic Biomass Pretreatment Using

AFEX. In: Mielenz JR, editor. Biofuels: Methods and protocols, Methods in Molecular Biology [Internet].

Totowa, NJ: Humana Press; 2009. p. 61–77. Available from: http://www.springerlink.com/index/10.

1007/978-1-60761-214-8_5

17. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, et al. Determination of Structural Carbo-

hydrates and Lignin in Biomass Determination of Structural Carbohydrates and Lignin in Biomass.

NREL Lab Anal Proced (LAP), Tech report, NREL/TP-510-42618. 2011;(July).

18. Hames B, Ruiz R, Scarlata C, Sluiter A, Sluiter J, Templeton D. Preparation of Samples for Composi-

tional Analysis Laboratory Analytical Procedure LAP) Issue Date: 8 / 06 / 2008. Natl Renew Energy

Lab. 2008;(August):1–9.

19. Tang X, da Costa Sousa L, Jin M, Chundawat SPS, Lau MW, Chambliss CK, et al. Effect of AFEX pre-

treatment degradation products on xylose fermentation by Saccharomyces cerevisiae 424A(LNH-ST)

using synthetic medium. 32nd Symp Biotechnol Fuels Chem (April 19–22, 2010) [Internet]. 1–10. Avail-

able from: http://hub.glbrc.org/docs/DOC-7315

20. Piotrowski JS, Zhang Y, Bates DM, Keating DH, Sato TK, Ong IM, et al. Death by a thousand cuts: The

challenges and diverse landscape of lignocellulosic hydrolysate inhibitors. Front Microbiol. 2014; 5

(MAR):1–8.

Water-soluble phenolic compounds inhibitory effects on yeast

PLOS ONE | https://doi.org/10.1371/journal.pone.0194012 March 15, 2018 17 / 18

https://doi.org/10.1007/s00253-010-2707-z
https://doi.org/10.1007/s00253-010-2707-z
http://www.ncbi.nlm.nih.gov/pubmed/20535464
https://doi.org/10.1002/bit.22829
https://doi.org/10.1002/bit.22829
http://www.ncbi.nlm.nih.gov/pubmed/20552667
https://doi.org/10.1007/s00253-004-1642-2
http://www.ncbi.nlm.nih.gov/pubmed/15300416
https://doi.org/10.1016/j.biortech.2010.06.027
http://www.ncbi.nlm.nih.gov/pubmed/20598525
http://www.sciencedirect.com/science/article/pii/S0960852416000110
http://www.sciencedirect.com/science/article/pii/S0960852416000110
https://doi.org/10.1016/j.biortech.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26802184
https://doi.org/10.1128/AEM.07329-11
http://www.ncbi.nlm.nih.gov/pubmed/22389370
http://link.springer.com/10.1038/sj.jim.7000287
https://doi.org/10.1038/sj.jim.7000287
http://www.ncbi.nlm.nih.gov/pubmed/12242633
http://dx.doi.org/10.1039/C5EE03051J
http://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/s13068-015-0356-2
http://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/s13068-015-0356-2
http://www.springerlink.com/index/10.1007/978-1-60761-214-8_5
http://www.springerlink.com/index/10.1007/978-1-60761-214-8_5
http://hub.glbrc.org/docs/DOC-7315
https://doi.org/10.1371/journal.pone.0194012


21. Sato TK, Tremaine M, Parreiras LS, Hebert AS, Myers KS, Higbee AJ, et al. Directed Evolution Reveals

Unexpected Epistatic Interactions That Alter Metabolic Regulation and Enable Anaerobic Xylose Use

by Saccharomyces cerevisiae. PLoS Genet. 2016; 12(10):1–31.

22. Parreiras LS, Breuer RJ, Narasimhan RA, Higbee AJ, La Reau A, Tremaine M, et al. Engineering and

two-stage evolution of a lignocellulosic hydrolysate-tolerant Saccharomyces cerevisiae strain for anaer-

obic fermentation of xylose from AFEX pretreated corn stover. PLoS One. 2014; 9(9).

23. Piotrowski JS, Okada H, Lu F, Li SC, Hinchman L, Ranjan A, et al. Plant-derived antifungal agent poacic

acid targets beta-1,3-glucan. Proc Natl Acad Sci U S A [Internet]. 2015; 112(12):E1490–7. Available

from: http://www.ncbi.nlm.nih.gov/pubmed/25775513 https://doi.org/10.1073/pnas.1410400112 PMID:

25775513

24. Piotrowski JS, Simpkins SW, Li SC, Deshpande R, McIlwain SJ, Ong IM, et al. Chemical Genomic Profi

ling via Barcode Sequencing to Predict Compound Mode of Action. In: Chemical Biology: Methods and

Protocols, Methods in Molecular Biology. 2015. p. 299–318.

25. Pai MY, Lomenick B, Hwang H, Schiestl R, McBride W, Loo JA, et al. Chemical Biology Methods and

Protocols. Vol. 1263, Methods in Molecular Biology. 2015. 287–298 p.

26. de Hoon MJL, Imoto S, Nolan J, Miyano S. Open source clustering software. Bioinformatics. 2004; 20

(9):1453–4. https://doi.org/10.1093/bioinformatics/bth078 PMID: 14871861

27. Page RD. TreeView: an application to display phylogenetic trees on personal computers. Comput Appl

Biosci. 1996; 12(4):357–8. PMID: 8902363

28. Boyle EI, Weng S, Gollub J, Jin H, Botstein D, Cherry JM, et al. GO::TermFinder—Open source soft-

ware for accessing Gene Ontology information and finding significantly enriched Gene Ontology terms

associated with a list of genes. Bioinformatics. 2004; 20(18):3710–5. https://doi.org/10.1093/

bioinformatics/bth456 PMID: 15297299

29. Garlock RJ, Balan V, Dale BE, Pallapolu VR, Lee YY, Kim Y, et al. Comparative material balances

around pretreatment technologies for the conversion of switchgrass to soluble sugars. Bioresour Tech-

nol [Internet]. Elsevier Ltd; 2011 Dec [cited 2014 May 26]; 102(24):11063–71. Available from: http://

www.ncbi.nlm.nih.gov/pubmed/21524908 https://doi.org/10.1016/j.biortech.2011.04.002 PMID:

21524908

30. Xue S, Uppugundla N, Bowman MJ, Cavalier D, Costa Sousa L, E Dale B, et al. Sugar loss and enzyme

inhibition due to oligosaccharide accumulation during high solids-loading enzymatic hydrolysis. Biotech-

nol Biofuels [Internet]. 2015; 8(1):1–14.

31. Vismeh R, Lu F, Chundawat SPS, Humpula JF, Azarpira A, Balan V, et al. Profiling of diferulates (plant

cell wall cross-linkers) using ultrahigh-performance liquid chromatography-tandem mass spectrometry.

Analyst [Internet]. 2013 Nov 7 [cited 2014 Mar 13]; 138(21):6683–92. Available from: http://www.ncbi.

nlm.nih.gov/pubmed/24040649 https://doi.org/10.1039/c3an36709f PMID: 24040649

32. Humpula JF, Uppugundla N, Vismeh R, Sousa L, Chundawat SPS, Jones AD, et al. Probing the nature

of AFEX-pretreated corn stover derived decomposition products that inhibit cellulase activity. Bioresour

Technol [Internet]. 2014 Jan [cited 2014 Mar 14]; 152:38–45. Available from: http://www.sciencedirect.

com/science/article/pii/S0960852413016696 https://doi.org/10.1016/j.biortech.2013.10.082 PMID:

24275024

33. Hodge JE. Origin of flavor in foods. Nonenzymatic browning reactions. Avi Publishing: Westport, CT;

1967.

34. Knox JP, Linstead PJ, King J, Cooper C, Roberts K. Pectin esterification is spatially regulated both

within cell walls and between developing tissues of root apices. Planta. 1990; 181(4):512–21. https://

doi.org/10.1007/BF00193004 PMID: 24196931

35. Dickinson Q, Bottoms S, Hinchman L, McIlwain S, Li S, Myers CL, et al. Mechanism of imidazolium

ionic liquids toxicity in Saccharomyces cerevisiae and rational engineering of a tolerant, xylose-ferment-

ing strain. Microb Cell Fact [Internet]. BioMed Central; 2016; 15(1):17. Available from: http://www.

pubmedcentral.nih.gov/articlerender.fcgi?artid=4721058&tool=pmcentrez&rendertype=abstract

Water-soluble phenolic compounds inhibitory effects on yeast

PLOS ONE | https://doi.org/10.1371/journal.pone.0194012 March 15, 2018 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/25775513
https://doi.org/10.1073/pnas.1410400112
http://www.ncbi.nlm.nih.gov/pubmed/25775513
https://doi.org/10.1093/bioinformatics/bth078
http://www.ncbi.nlm.nih.gov/pubmed/14871861
http://www.ncbi.nlm.nih.gov/pubmed/8902363
https://doi.org/10.1093/bioinformatics/bth456
https://doi.org/10.1093/bioinformatics/bth456
http://www.ncbi.nlm.nih.gov/pubmed/15297299
http://www.ncbi.nlm.nih.gov/pubmed/21524908
http://www.ncbi.nlm.nih.gov/pubmed/21524908
https://doi.org/10.1016/j.biortech.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21524908
http://www.ncbi.nlm.nih.gov/pubmed/24040649
http://www.ncbi.nlm.nih.gov/pubmed/24040649
https://doi.org/10.1039/c3an36709f
http://www.ncbi.nlm.nih.gov/pubmed/24040649
http://www.sciencedirect.com/science/article/pii/S0960852413016696
http://www.sciencedirect.com/science/article/pii/S0960852413016696
https://doi.org/10.1016/j.biortech.2013.10.082
http://www.ncbi.nlm.nih.gov/pubmed/24275024
https://doi.org/10.1007/BF00193004
https://doi.org/10.1007/BF00193004
http://www.ncbi.nlm.nih.gov/pubmed/24196931
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4721058&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4721058&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1371/journal.pone.0194012

