1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Bioresour Technol. Author manuscript; available in PMC 2020 November 30.

-, HHS Public Access
«

Published in final edited form as:
Bioresour Technol. 2014 June ; 161: 162-170. doi:10.1016/j.biortech.2014.02.133.

Cultivation of lipid-producing bacteria with lignocellulosic
biomass: Effects of inhibitory compounds of lignocellulosic
hydrolysates

Baixin Wang?, Yohannes H. RezenomP, Kun-Ching Cho?, Janessa L. Tran?, Do Gyun Lee?,
David H. RussellP, Jason J. Gill¢, Ryland Young®, Kung-Hui Chu2*
azachry Department of Civil Engineering, Texas A&M University, College Station, TX 77843, USA

bDepartment of Chemistry, Texas A&M University, College Station, TX 77843-3136, USA

¢Center for Phage Technology, Department of Biochemistry and Biophysics, Texas A&M
University, College Station, TX 77843-3136, USA

Abstract

Lignocellulosic biomass has been recognized as a promising feedstock for the fermentative
production of biofuel. However, the pretreatment of lignocellulose generates a number of by-
products, such as furfural, 5-hydroxylmethyl furfural (5-HMF), vanillin, vanillic acids and trans-p-
coumaric acid (TPCA), which are known to inhibit microbial growth. This research explores the
ability of Rhodococcus opacus PD630 to use lignocellulosic biomass for production of
triacylglycerols (TAGs), a common lipid raw material for biodiesel production. This study reports
that R. gpacus PD630 can grow well in R2A broth in the presence of these model inhibitory
compounds while accumulating TAGs. Furthermore, strain PD630 can use TPCA, vanillic acid,
and vanillin as carbon sources, but can only use TPCA and vanillic acid for TAG accumulation.
Strain PD630 can also grow rapidly on the hydrolysates of corn stover, sorghum, and grass to
accumulate TAGs, suggesting that strain PD630 is well-suited for bacterial lipid production from
lignocellulosic biomass.
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1. Introduction

Biodiesel is a promising liquid fuel alternative because it is renewable, nontoxic, and
contributes much less greenhouse gas emissions to the environment. Biodiesel is made from
biolipids, such as triacylglycerols (TAGs) with methanol through a transesterification
reaction. Vegetable oils, animal oils/fats, and microbial lipids are available feed-stocks for
TAGs. However, current biodiesel production is not cost-effective due to the high cost of the
feed-stocks, which accounts for 70-75% of the total cost of biodiesel production (Chen et
al., 2009b). Therefore, it is necessary to exploit a cheaper and more sustainable means for
TAG production.

Lignocellulosic biomass, including forest and agricultural residues and commercial energy
crops, represents the most abundant natural resource for the production of advanced
biofuels. Fermentation of lignocellulosic biomass to biogas or ethanol has been well
developed (Chandra et al., 2012; Mabee et al., 2011; Palmgvist and Hahn-Hagerdal, 2000;
Schmitt et al., 2012; Spatari et al., 2010); however, few studies have explored the possibility
of producing TAGs from lignocellulosic biomass for biodiesel production (Chen et al.,
2009b; Kosa and Ragauskas, 2012; Zeng et al., 2013).

Lignocellulose consists of three types of polymers: 35-55% cellulose, 20-40%
hemicellulose, and 10-25% lignin, all of which are strongly intermeshed and chemically
bonded (Limayem and Ricke, 2012). Cellulose (consisting of D-glucose only),
hemicellulose (consisting of pentoses (xylose and arabinose)) and hexoses (containing
mannose, glucose, galactose, etc.) (Galbe and Zacchi, 2012) are bio-convertible.
Pretreatment of lignocellulosic biomass is necessary for effective utilization of these carbon
sources by biofuel-producing microorganisms (Chiaramonti et al., 2012; Galbe and Zacchi,
2012; Hendriks and Zeeman, 2009; Kwon et al., 2011; Park and Kim, 2012). However,
current pretreatment strategies including thermal (hot water, steam) and chemical

Bioresour Technol. Author manuscript; available in PMC 2020 November 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 3

pretreatments (alkalis, acids or organic solvents) produce unwanted by-products (Chen et al.,
2009b; Chiaramonti et al., 2012; Du et al., 2010; Kwon et al., 2011; Nlewem and Thrash Jr.,
2010; Park and Kim, 2012). The profile of the pretreatment by-products may vary,
depending on the pH and temperature used during the pretreatment. Two common groups of
pretreatment by-products are furan and phenol derivatives. The most common furan
derivatives are furfural from xylose and 5-hydroxymethylfurfural (5-HMF) from glucose
(Almeida et al., 2009; Palmgvist and Hahn-Hagerdal, 2000). Phenol derivatives like vanillin,
vanillic acids, and trans-p-coumaric acid (TPCA) are lignin degradation products (Du et al.,
2010; Kosa and Ragauskas, 2012). These pretreatment by-products released to the
downstream process can decrease the efficiency of biofuel production since they are known
inhibitors for the growth of microorganisms (Almeida et al., 2009; Du et al., 2010; Kwon et
al., 2011).

Bacteria with the ability to overcome the inhibition of these by-products and also use the
downstream carbohydrates for producing TAGs would be candidates for bioconverting
lignocellulosic biomass into valuable biodiesel. In recent years, several Rhodococcus species
were demonstrated to have the ability to accumulate TAGs (Alvarez et al., 2000; Kosa and
Ragauskas, 2012; Waltermann et al., 2000; Xiong et al., 2012). Rhodococcus strains,
residing in soil and water environments, are known for their ability to degrade a wide range
of compounds (Kosa and Ragauskas, 2012). Several studies have demonstrated that ~.
gpacus strain PD630 is capable of accumulating TAGs up to 76% of cell dry weight under
nitrogen-deficient conditions (Alvarez et al., 1996, 2000; Waltermann et al., 2000).
Accordingly, R. gpacus PD630 has become one of the most extensively studied TAG-
producing microorganism among oleaginous bacterial strains (Alvarez et al., 1996, 2000;
Hernandez and Alvarez, 2010; Kosa and Ragauskas, 2012; Waltermann et al., 2000),
microalgae (Chen et al., 2009a), yeast (Chen et al., 2009b) and fungi (Zeng et al., 2013)
species.

Lignin is known as the most recalcitrant component of lignocellulosic biomass, except
through fungal biopulping (Kosa and Ragauskas, 2012). Recent studies have reported that
several Rhodococcus strains are potential lignin degraders. For example, R. jostiiRHAL can
breakdown lignocellulose to phenolic products (Ahmad et al., 2010) and R. gpacus DSM
1069 and PD630 can convert lignin model compounds such as 4-hydroxybenzoic and
vanillic acid to produce TAGs (Kosa and Ragauskas, 2012). Furthermore, the successful
engineering of xylose (Xiong et al., 2012) and cellobiose (Hetzler and Steinbuchei, 2013;
Schmitt et al., 2012) catabolic pathway in Rhodococcus strains indicates the possibility that
lignocellulosic biomass can be completely utilized by RhAodococcus strains to produce
TAGs.

In this study, R. gpacus PD630 was examined for its ability to grow in the presence of model
inhibitory compounds of lignocellulosic hydrolysates and to use the model compounds as
carbon sources and accumulate TAGs. To better understand the effects of these model
inhibitory compounds on cell growth and TAG accumulation, the degradation mechanisms
of each model inhibitory compound were studied. Furthermore, the chemical compositions
of three hydrolysates from lignocellulosic biomass-corn stover, sorghum, and grass-were
determined. The hydrolysates were produced by pretreating the lignocellulosic biomass with
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sodium hydroxide at low temperature and followed by enzymatic hydrolysis. Alkali
pretreatment at low temperature was used in this study because the process has the
advantages of effective delignification and retains the hemicellulose in the solids to increase
yield (Park and Kim, 2012; Sills and Gossett, 2011). The results of growth tests
incorporating these variables were discussed in terms of the suitability of strain PD630 for
lipid production from lignocellulosic biomass.

2. Methods

2.1.

2.2.

Materials

Furfural, amido black, and acetic acid were purchased from Fisher Scientific (Pittsburgh,
PA). 5-Hydroxymethylfurfural (5-HMF), vanillin, ethyl acetate and hexane were purchased
from Acros Organics (Morris Plains, NJ). Vanillic acid, frans-p-coumaric acid (TPCA) and
cellulase were purchased from Tokyo Chemical Industry Co., LTD (Japan). Glyceryl
trioleate (TL), N, O-Bis (trimethylsilyl) trifluoro-acetamide (BSTFA) with
trimethylchlorosilane (TMCS), pridine, xylose, glucose, arabinose, o-methoxylamine HCI,
acetic anhydride were obtained from Sigma-Aldrich (St. Louis, MO). Glucosidase was
purchased from MP Biomedicals (Solon, OH). [1,2- 13C,] p-glucose was purchased from
Cambridge Isotope Laboratories, Inc. (MA, USA). Rhodococcus opacus PD630 (DSM
44193, hereafter referred as strain PD630) was purchased from DSMZ, Germany. The strain
was streaked on Reasoner’s 2A (R2A) agar plates for short-term (2-3 weeks) preservation.

Effects of inhibitory compounds on cell growth and TAG production

To determine the maximum concentrations of inhibitory compounds that strain PD630 can
tolerate, inhibition screening tests were conducted on R2A agar plates containing each of the
model inhibitory compounds at different concentrations. For furfural and 5-HMF, the
concentrations ranging from 0.05 to 5 g/L were used. For vanillin, vanillic acid and TPCA,
the concentrations ranging from 0.05 to 2 g/L were used. The selection of concentration
range for each inhibitory compound was based on reported values in different lignocellulosic
hydrolysates (Almeida et al., 2009; Chen et al., 2009b). All plates were incubated at 30 °C
for 5 days and checked daily for colony formation.

Results of the inhibitory screening tests were used to guide the experimental design of liquid
growth tests to determine the inhibitory effects on bacterial cell growth and TAG
accumulation. The experiments were conducted in 250-ml flasks containing 100 ml R2A
broth amended with 0.2 g/L of one of the inhibitory compounds. The growth media were
shaken for 1 h at 37 °C at 200 rpm to ensure complete dissolution of the inhibitory
compounds and then filter-sterilized using a 0.22 pm Millex-GP syringe filter unit. A cell
suspension pregrown from a single colony in 5 ml of R2A broth for 24-36 h at 150 rpm at
30 °C was used to inoculate the flasks. If not specified, a dilution ratio of 1:30 was applied
to reach an initial optical density at 600 nm (ODgqg) of 0.1 in each flask. The flasks were
then incubated at 30 °C at 150 rpm and monitored for cell growth (as ODgqg) over time.
After 3 days of incubation, liquid samples were collected for TAG analysis.
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2.3. Growth tests using inhibitory compounds as sole carbon sources

New sets of experiments were conducted to determine if any of these model inhibitory
compounds can be used as a growth substrate for strain PD630. The growth tests were
conducted as described above, except that a single or combination of inhibitory compounds
in ammonium mineral salts (AMS) medium (Chu and Alvarez-Cohen, 1996): 18.57 mM
NH4Cl, 0.98 mM K5SOy4, 0.15 mM MgSO, - 7H,0, 0.07 mM CaSOy, - 2H,0, 0.08 mM
FeSOy4 - 7TH,0, 3.9 mM KHyPOy, 6.1 mM NayHPO4, 0.001 mM KiI, 0.002 mM ZnSO, -
7H,0, 0.002 MM MnSQOy4 - H,0, 0.002 mM H3BO3, 0.004 mM CoMoO, - Hy0. Time-
course liquid samples were collected and used to monitor cell growth (as ODggg) to track
inhibitory compounds and possible metabolites. When the cells reached the stationary
growth phase, a second dose of the same inhibitory compound(s) (0.2 g/L) was added into
the respective flasks to create a nitrogen-deficient condition — as a means to promote TAG
accumulation. After receiving the second dose, the flasks were then incubated at 30 °C
without shaking for 3 days before sampling for TAG analysis. For chemical analysis, liquid
samples were filtered through 0.22 um filter disks immediately after collection. The filtered
samples were stored at —20 °C for later chemical analysis.

2.4. Growth tests using lignocellulosic hydrolysates

Experiments were also conducted to examine if strain PD630 could grow on different
lignocellulosic biomass: grass, sorghum and corn stover. Grass was collected from local
lawn, sorghum was provided by Dr. William Rooney, Texas A&M University (College
Station, TX) and corn stover was provided by Dewberry Farm (Brookshire, TX). After
drying at room temperature for at least 3 days, the biomass was pretreated with alkali and
enzymatic hydrolysis to produce hydrolysate for the growth tests. Briefly, biomass (5 g) was
pretreated in 1% (wt/vol) sodium hydroxide solution (100 ml) at 30 °C for 24 h (Sills and
Gossett, 2011). The pretreated biomass was washed with deionized water at least three times
to remove residual alkali and then dried at 50 °C for 3 h. Enzymatic hydrolysis was then
conducted in 0.1 M sodium acetate buffer (100 ml, pH = 5.0) containing cellulase (35 mg/g
biomass) (Hu et al., 2011) and glucosidase (64 U/g biomass) (Nlewem and Thrash Jr., 2010),
and the mixture was incubated at 50 °C for 48 h. After centrifugation at 10,000 g for 10 min,
supernatant was collected as the hydrolysate product, neutralized with sulfuric acid, and
filter-sterilized for bacterial growth tests, as described above, and Gas Chromatography/
Mass Spectrometry (GC/MS) analysis.

2.5. GC/MS

The model inhibitory compounds and degradation metabolites of these compounds were
detected as trimethylsilyl (TMS) derivatives using GC/MS analysis (Raj et al., 2007).
Briefly, filtered samples were extracted with ethyl acetate by 1:1 (vol/vol) ratio. The
extracted samples (500 pl) were then evaporated to dryness under a stream of nitrogen gas,
and reconstituted in 20 ul pyridine. To each solution, 40 pl of BSTFA with
trimethylchlorosilane (TMCS) was added and the mixture was heated at 60 °C for 30 min.
The derivatized mixture, as TMS derivatives, was then analyzed by GC/MS.

The concentration of sugar (xylose, glucose and arabinose) in the hydrolysates of corn
stover, sorghum, and grass was determined as methoxime per-acetate derivatives using
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GC/MS (Wahjudi et al., 2010). Aliquot of 1 pl of corn stover and sorghum hydrolystate and
10 ul of grass were evaporated to dryness and derivatized through a two-step derivatization
prior to GC/MS analysis. The air-dried sample was first derivatized using 20 mg/mL &
methoxylamine HCI in 50 pl pyridine at 30 °C for 90 min. This was followed by adding 100
ul of acetic anhydride and the mixture was then heated at 45 °C for 60 min. To each sample,
1 ul of 0.4 pg/pl of [1,2 — 13C5] p-glucose was added as an internal standard prior to
derivatization. Derivatized samples were air-dried and reconstituted in 50 pl of ethyl acetate
before GC/MS analysis.

GC/MS analysis was performed on Ultra GC/DSQ (Thermo Electron, Waltham, MA) using
electron impact ionization (El). Rxi-5 ms was used as a gas chromatographic column with
dimensions of 60 m length, 0.25 mm i.d., and 0.25 um film thickness (Restek; Bellefonte,
PA). Helium was used as a carrier gas at a constant flow of 1.5 ml/min. The injection volume
was 1 pl and in splitless mode. The oven temperature was maintained at 50 °C for 5 min and
raised to 320 °C at 20 °C/min. Mass spectrometer was operated in full scan mode.

For quantification, standard calibration curves were prepared by plotting peak area ratios of
extracted ion chromatograms at m/z 131 for standards to the internal standard at m/z 133 vs.
concentration (ug). Linear response 0.5-8.0 pg with linear regression of 0.9944 for glucose

and 0.9968 were observed for both xylose and arabinose.

Lipid extraction and thin layer chromatography (TLC)

Forty-five milliliter of bacterial culture was pelleted at 5000 g for 15 min. The pellet was
washed with deionized water once, and then resuspended in 1 ml of deionized water before
transferring to a 20 ml glass vial containing 10 ml of chloroform/methanol mixture (2:1,
vol:vol). After incubating at 37 °C, 200 rpm overnight, the extract mixture was centrifuged
at 2500 g for 20 min to achieve a good phase separation. Then, 5 ml of the chloroform layer
(the bottom layer) was transferred to a new glass vial. A gentle stream of air was used to
evaporate the solvent in the vial to dryness and the dried lipids were reconstituted in 2 ml of
hexane before TLC analysis. For samples collected from growth tests with inhibitory
compounds, 200 ml of liquid culture was pelleted and 100 pl of hexane was used to dissolve
the dried lipids. This allowed for a better resolution to be developed on the TLC plate.

Ten microliter (ul) of lipid samples (in hexane) and glyceryl trioleate (TL) standards
(ranging from 0.4 to 200 pg) were applied to silica gel TLC plates (Product No. 4850-820,
Whatman, Piscataway, NJ) and separated in a solvent system of hexane: diethyl ether: acetic
acid (80:20:1, vol:vol) (Alvarez et al., 1996). After separation, the TLC plate was dried at
105 °C for 5 min, rinsed with 1 M sodium chloride solution for 15-20 min, and then stained
in a 0.2% (wt/vol in 1 M sodium chloride) amido black solution for 15-20 min. After color
was developed, the TLC plate was immersed in 1 M sodium chloride solution again to
remove background dye before drying at 105 °C for 10 min.

The TAG content of each sample was determined by analyzing the image of the TLC plate
using ImageJ software (National Institutes of Health, Bethesda, MD). A TAG standard curve
was developed by correlating the loaded amount (ug) of TAG standards to “(area)/(mean
gray value)” of the relevant spots developed on the TLC plate. The standard curve was then
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used to determine the TAG content of the each sample based on the corresponding spot on
the TLC plate.

3. Results and discussion

3.1. Effects of inhibitory compounds on cell growth and TAG production

In this study, strain PD630 was used as a model oleaginous bacterium to examine its ability
to grow in complex growth medium (R2A broth) in the presence of model inhibitory
compounds: TPCA, vanillic acid, vanillin, furfural and 5-HMF. These five model inhibitory
compounds were selected for this study as they are common pretreatment by-products of
lignocellulosic biomass and they are known to inhibit microbial growth (Almeida et al.,
2009; Du et al., 2010; Kosa and Ragauskas, 2012; Kwon et al., 2011; Nlewem and Thrash,
2010; Park and Kim, 2012).

Table 1 shows the results of the inhibition screening tests on R2A agar plates containing
individual inhibitory compound over a range of concentrations. In the absence of inhibitory
compounds, colonies appeared after two days of incubation. Tolerance to an inhibitory
compound was judged if colonies appeared within 5 days of incubation. When high levels of
some inhibitory compounds were present (5 g/L furfural, 2 g/L 5-HMF, and 1 g/L vanillin),
colony formation was delayed from day 2 to day 3. Note that 5 g/L of furfural is the highest
concentration reported in the lignocellulosic hydrolysates (Almeida et al., 2009; Chen et al.,
2009b). Strain PD630 had a lower tolerance to phenol derived weak acids, especially vanillic
acid (0.2 g/L). This concentration was used as the maximum concentration for each
inhibitory compound in liquid-phase growth tests as described below.

An unexpected result was obtained in the 3-day aerobic growth experiments using R2A
broth medium with 0.2 g/L of individual inhibitory compound. The total dry cell mass of
strain PD630 was higher when grown on R2A broth with each inhibitory compound than
that on R2A broth alone (34.7 mg) (Fig. 1a). The highest biomass (56 mg) was observed
when strain PD630 was grown in R2A with vanillic acid. These results suggested that strain
PD630 might be able to use some of the inhibitory compounds as additional carbon source
for biomass production. This hypothesis was later tested and confirmed by our follow-up
growth tests with inhibitory compounds as sole carbon source (see results in Section 3.2).

Different inhibitory compounds showed different effects on TAG production by strain
PD630. When an additional dose of inhibitory compound was added during the stationary
growth phase, the presence of vanillin (0.2 g/L) inhibited TAG accumulation in strain PD630
(TAG content was below detection limit as determined by TLC, see Fig. 1b). To our surprise,
compared to the TAG content in strain PD630 when grown with R2A broth only, higher
quantity of TAGs was accumulated in strain PD630 when grown with R2A broth in the
presence of the other four inhibitory compounds: vanillic acid, TPCA, furfural, and 5-HMF
(Fig. 1b). One explanation for these observations is that the addition of these inhibitory
compounds may interfere with the cell growth and thus indirectly forced the bacteria to
switch gene regulation to the TAG accumulation pathway (Alvarez et al., 2000; Hernandez
and Alvarez, 2010; Hernandez et al., 2012). Alternatively, strain PD630 may use these
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inhibitory compounds as carbon sources. The later hypothesis is supported by our results of
growth tests using these inhibitory compounds as sole carbon sources.

Model inhibitory compounds as carbon sources for strain PD630

The ability of strain PD630 to grow on model inhibitory compounds was examined in AMS
medium containing individual model inhibitory compound (0.2 g/L) or their combinations
(Table 2). No significant cell growth was observed for 14 days when furfural or 5-HMF was
provided as the only carbon source, suggesting that strain PD630 could not use furfural or 5-
HMF for growth. On the other hand, strain PD630 was able to grow on vanillin, vanillic acid
and TPCA at different rates, reaching maximum ODggg = 0.3-0.5, from an initial ODgpg =
0.1. As shown in Table 2, it took 5 days for strain PD630 to grow with vanillin, but only 1
day or 2 days when grown with TPCA and vanillic acid, respectively.

The ability of strain PD630 to grow with mixtures of these inhibitory compounds was also
investigated (Table 2). When a mixture of vanillin, vanillic acid, and TPCA (hereafter
referred as Mix3) was used, strain PD630 started to grow in the first day, and reached a
maximum ODggp = 0.9 on day 2. The results were consistent with the observation that strain
PD630 could grow on these three compounds with a different order of preference (TPCA >
vanillic acid > vanillin) (Table 2), when individual compound was used as carbon source. A
delayed growth pattern was observed when all five model inhibitory compounds (hereafter
referred as Mix5) were present, starting to grow and then reaching to a maximum ODggg =
0.6 on day 2.

The longer time to initiate the growth and the lower maximum optical density might be due
to potential inhibition effects of the two compounds, furfural and 5-HMF. The degradation
mechanism of the inhibitory compounds in the mixture is more complex since it may involve
cross-inhibition. It was also possible that furfural and 5-HMF are cometabolic substrates that
consume reducing energy in strain PD630, leading to less biomass production (see Section
3.3 for details).

Experiments were also designed to examine whether vanillin, vanillic acid or TPCA can be
used for TAG accumulation. During the inhibition study, higher TAG contents were
observed when strain PD630 grown with R2A broth containing TPCA or vanillic acid (Fig.
la and b), suggesting that vanillic acid and TPCA served as an additional carbon source for
TAG accumulation. To further examine this possibility, a second dose of inhibitory
compound was added after the cells reach the stationary growth phase to create a nitrogen
deficient condition to maximize the TAG accumulation (Alvarez et al., 1996, 2000). It was
expected that the addition of the carbon source would suddenly change the carbon to
nitrogen ratio to a high level.

The TLC results showed that TPCA and vanillic acid, but not vanillin, can promote TAG
accumulation in strain PD630 (Fig. 2). Both TPCA-grown and vanillic acid-grown cells
produced higher TAG contents (1.4 mg/L of TAGS) than that of vanillin-grown cells (0.05
mg/L). The results are consistent with the findings from the growth tests using R2A broth
with inhibitory compounds under aerobic conditions; the presence of 0.2 g/L vanillin
inhibited TAG accumulation (Fig. 1b). The possible reason for the low TAG accumulation in
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vanillin-grown PD630 is discussed in Section 3.3. Nevertheless, TPCA and vanillic acid are
found to be alternative carbon sources for TAG accumulation in strain PD630.

3.3.  Analysis of the degradation of model inhibitory compounds

To better understand the effects of model inhibitory compounds on the growth of strain
PD630 and TAG accumulation, samples taken from cell growth study were used for analysis
of the degradation of model inhibitory compounds and their metabolites. Samples were
extracted with ethyl acetate and subjected to GC/MS analysis as described. The substrates
and their metabolites were detected as trimethylsilyl (TMS) derivatives. The results obtained
from GC/MS data along with growth experiments are summarized in Table 2.

3.3.1. Degradation of individual model inhibitory compounds—TPCA and
vanillic acid are phenol derivatives, carboxylic acid model compounds tested for the
degradation study. As seen in Table 2, TPCA is the most rapidly degraded inhibitory
compound tested; it was metabolized within a day. Trace amount of 4-hydroxybenzoic acid
and 3,4-dihydroxybenzoic acid were detected as TPCA metabolites. The degradation
pathway of TPCA is similar to the degradation pathway of ferulic acid in strain Nocardia sp.
DSM 1069 (Eggeling and Sahm, 1980), where the side chain (propenoic acid) was shortened
to yield 3,4 dihydroxybenzoic acid and followed by demethylation and successive
hydroxylation to form 4-hydroxybenzoic acid (Scheme 1 in supplementary material).
Vanillic acid, on the other hand, was degraded relatively slower than TPCA. Similar to
TPCA, vanillic acid seems to go through demethylation followed by hydroxylation to yield
3,4 dihydroxybenzoic acid. In addition to this metabolite, decarboxylated form of vanillic
acid, 2-methoxyhydroquinone, was also detected. This oxidative process of vanillic acid is
commonly observed in fungi (Krings et al., 2001; Shimizu et al., 2005). Metabolites of
vanillic acid and TPCA are very short-lived, subjected to aromatic ring cleavage and further
degradation thereafter.

As discussed in Section 3.2, TPCA-grown PD630 yielded the highest content of TAGs (1.4
mg/l) of all model compounds tested. The high yield of TAGs coincides with the fast
metabolism of TPCA. Even though the TAG accumulation in strain PD630 using vanillic
acid is comparable to TPCA, the cell yield was not as high (Fig. 1b). Recently, Kosa et al.
observed slower degradation of vanillic acid in comparison to 4-hydroxycarboxyic acid
(Kosa and Ragauskas, 2012). In addition, lower yield of TAGs and lower cell numbers were
also noted for vanillin. Although no additional test was performed, compounds with longer
side chains (propionic acid) such as TPCA might be of preference for strain PD630 to use as
a sole source of carbon, in comparison to shorter side chain compounds like vanillic acid.

Vanillin is a non-carboxylic acid aromatic model compound tested for degradation study. A
reduced form of vanillin, vanillyl alcohol, was detected as a major metabolite; vanillyl
alcohol can be demethylated to form 3,4-dihydroxybenzyl alcohol which was also detected
in trace amounts. Similarly, conversion of vanillin to vanillyl alcohol and vanillic acid using
other strains was previously reported (Krings et al., 2001; Shimizu et al., 2005). This process
was also reported to be a reversible process (Krings et al., 2001). However, no formation of
vanillic acid as a metabolite of vanillin was observed in strain PD630. Despite the complete
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metabolism of vanillin, inhibition of TAG formation was observed (Fig. 2) and cell growth
was not maximized until day 5 (Table 2). To further understand the degradation kinetics of
vanillin and its TAG inhibition nature, three different mixes of model compounds namely,

Mix2-1 (vanillin and vanillic acid), Mix2-2 (vanillic acid and TPCA), and Mix3 (vanillic

acid, vanillin and TPCA) were used as carbon sources.

3.3.2. Degradation of mixed model inhibitory compounds—When Mix2-1 was
used as the source of carbon for strain PD630, the degradation of vanillic acid was delayed
until day 7. Vanillin degradation was not detected even though vanillyl alcohol formation
was observed gradually to day 7. It is also true that cells did not grow for over 7 days. When
Mix2-2 was used, vanillic acid and TPCA were degraded and cells grew to their maximum
density within a day. As seen in Table 2, the degradation rates of these model inhibitors
compounds (vanillin, vanillic acid, Mix2-1 and Mix2-2) were consistent with the cell
growth rates of strain PD630. The delay in degradation of vanillic acid in Mix2-1 could be
due to the conversion of vanillin to vanillic acid in similar manner to the previous report
(Krings et al., 2001; Shimizu et al., 2005). In addition, the presence of vanillyl alcohol in
equilibration with vanillin could cause the delay of growth and the inhibition of TAG
accumulation when vanillin was present in the mixture.

In Mix3, no additional metabolite was detected other than the metabolites of individual
model compounds. Unlike Mix2-1, degradation of vanillic acid and growth rate of strain
PD630 were not deterred by the presence of vanillin in Mix3. This result is consistent with
Mix2-2. The presence of the readily degradable TPCA is responsible for the fast cell
growth. In addition, the degradation of vanillyl alcohol was observed on day 2 unlike those
observed in the two other mixes (Mix2—1 and Mix2-2) (Fig. 3a). This clearly indicates the
presence of vanillyl alcohol to be a contributing factor for delayed cell growth and inhibition
of TAG accumulation. This is also true for Mix5 despite the presence of additional inhibitors
(furfural and 5-HMF).

In Mix5, the degradation of TPCA was delayed by only one day in comparison to that in
Mix3. Despite the presence of two additional model compounds and their metabolites, for
simplicity and as a direct comparison to Mix3, only degradation of vanillin, vanillyl alcohol,
vanillic acid and TPCA was observed (Fig. 3b). As seen from Fig. 3b, vanillin was degraded
to about 80% of its original concentration. However, vanillic acid was degraded to about
10% of its original concentration and started to increase again to its 90% concentration in 7
days. Since vanillin was not degraded after 36 h, it is impossible for vanillin to be converted
to vanillic acid during the first 36 h. The upsurge of vanillic acid coincided with the
metabolism of vanillyl alcohol, suggesting that oxidation of vanillyl alcohol to vanillic acid
could be possible. However, this could not be confirmed from Mix2-1, as both vanillin and
vanillic acid were not degraded in 7 days. Again as noticed above, the degradation of
vanillyl alcohol coincides with cell growth.

Furfural and 5-HMF were observed to be completely degraded in the presence of the other
three model compounds, even though no growth was observed when they were used
individually. Furfural was degraded to furan-2-carboxylic acid as proposed by previously
(Koopman et al., 2010), while 5-HMF was metabolized to 5-(hydroxymethyl)furan-2-
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carboxylic acid and an unidentified compound. 5-HMF might have been partially converted
into furan-2-carboxylic acid after subsequent oxidation and decarboxylation (Scheme 1 in
supplementary material). The complete degradation of furfural and 5-HMF in the mixture
rather than individually indicates cometabolism may exist in the degradation of Mix5. As the
number of model compounds increase, the degradation mechanisms become further
complicated. However, the ultimate target of these metabolic analyses was to determine if
PD630 could grow on the real lignocellulosic hydrolysates, which is shown in Section 3.4.

3.4. Growth of strain PD630 with lignocellulosic hydrolysates

Altogether, strain PD630 can tolerate model lignocellulosic inhibitory compounds at low
levels, and use some of the compounds as carbon sources to accumulate TAGs. Experiments
were conducted to further investigate its ability to grow on three different lignocellulosic
hydrolysates produced from sorghum, corn stover, and grass. In this study, alkali
pretreatment (sodium hydroxide solution) at low temperature was used to reduce the
production of inhibitory compounds (Chiaramonti et al., 2012; Nlewem and Thrash, 2010;
Park and Kim, 2012). A number of acids and aldehydes were detected in the three different
hydrolysates (Table 3). Among these chemicals, 4-hydroxy benzaldehyde and 4-hydroxy
benzoic acid have been reported as lignocellulose pretreatment by-products in hydrolysates
of corn stover, hybrid poplar and pine (Du et al., 2010). Possibly due to detection limits and
different pretreatment methods, 4-hydroxybenzoic acid was not detected in the corn stover
hydrolysate. Also among the five model inhibitory compounds, only TPCA was detected in
all the three hydrolysates, and vanillic acid was detected in corn stover and grass
hydrolysates (Table 3). Five different types of sugars were identified in these hydrolysates;
these include glucose, xylose, galactose, mannose and arabinose (Fig. 4a). Compared to the
other two sugars, glucose, xylose and arabinose are the dominant sugars in all three
hydrolysates. Corn stover hydrolysate contains much higher glucose content than those of
grass and sorghum. As shown in Fig. 4b and c, strain PD630 can grow well on all three
hydrolysates, with a lower biomass and TAG production when cultured with sorghum
hydrolysate. Despite grass hydrolysate having the least glucose content among the three
hydrolysates, the highest biomass and TAG production was achieved when grass hydrolysate
was used. The different biomass and TAG production with these three hydrolysates might be
explained by the complex composition in the hydrolysates. Excluding the detected sugars,
about 20 different compounds were identified in the grass hydrolysates, indicating a more
complex composition of grass hydrolysate than the other two (11 for corn stover and 9 for
sorghum) (Table 3). The complex composition in the grass hydrolysate may provide
additional carbon sources for strain PD630 to use. Overall, based on the growth tests with
lignocellulosic hydrolysates, missing or negligible amount of vanillin, furfural or 5-HMF did
not affect the growth or TAG accumulation of strain PD630.

4. Conclusions

This study demonstrated that strain PD630 can tolerate low concentration of five model
inhibitory compounds. Furthermore, strain PD630 can use vanillic acid and TPCA for cell
growth and TAG accumulation. Though vanillin can be used as carbon source, TAGs are
unable to be accumulated. While strain PD630 cannot use furfural and 5-HMF as carbon
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sources, the strain can degrade them cometabolically. Importantly, strain PD630 is able to
grow rapidly on the hydrolysates of grass, corn stover and sorghum while accumulating
TAGs. These results indicate that it is possible to culture the oleaginous strain PD630 on
lignocellulosic biomass for biodiesel production.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

. Strain PD630 can tolerate low concentration of five model inhibitory
compounds.

. Strain PD630 can use vanillic acid and TPCA for cell growth and TAG
accumulation.

. Vanillin can be used as a carbon source, but TAGs are not accumulated.
. Strain PD630 can grow on three lignocellulosic hydrolysates and accumulate
TAGS.
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Fig. 1.
Strain PD630 grown with R2A broth containing inhibitory compounds. Cells were grown

under aerobic condition with R2A broth and 0.2 g/L of each inhibitory compound. (a) Total
cell dry mass produced in 100 ml culture; (b) TLC results showing TAG contents of strain
PD630 grown in R2A containing inhibitory compounds (left), as calculated using a glycerol
trioleate TAG standard (TL, right).
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Fig. 2.

TLC results showing TAG contents of strain PD630 following growth on ammonium
mineral salts medium (AMS) using 0.2 g/L of TPCA, vanillic acid or vanillin as the sole
carbon source (left), as calculated using a TL standard (right).
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the PD630 as optical density (ODgqg). For simplicity of this figure, intensities of each peak
were normalized relative to the most abundant peak of each compound.
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Fig. 4.
Strain PD630 can grow on lignocellulosic hydrolysates while accumulating TAGs. (a)

Distribution of three dominant sugars (glucose, xylose and arabinose in g/L and %). (b)
Strain PD630 can grow on three different lignocellulosic hydrolysates produced from corn
stover, grass, and sorghum. (c) TLC results showing TAG contents of strain PD630 grown
with three different hydrolysates (left), as calculated using a TL standard (right).
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