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Abstract: Black liquor that contains various phenolic compounds from lignin solubilization has
been a main byproduct from alkaline pretreatment of lignocellulosic biomass in biorefinery. In
this study, black liquor from alkaline pretreatment of corn stover was used as a sole carbon
source for the cultivation of a marine protist, Thraustochytrium striatum. It was found this strain
can grow on black liquor and accumulate valuable products (e.g., fatty acids and carotenoids)
simultaneously. Under optimal conditions (pH=7 and NH,CI=2 g/L), the cell mass concentration
reached 5.2 g/L with total aromatics decreased from 8.18 to 3.09 g/L within 7-day incubation.
Fed-batch cultivation was adopted to increase the contents of total fatty acids and carotenoids to
13% and 0.24 mg/g dry cell mass, respectively. Although various compounds such as sugars and
organic acids were detected in black liquor and consumed during microbial fermentation as
carbon sources, lignin-derived compounds were identified as the major substrates for 7. striatum
fermentation. Of total aromatics consumed, monomers including p-coumaric acid, ferulic acid,
vanillin, and syringaldehyde were observed to be consumed and converted while polymeric
fragments were also depolymerized and degraded. Under optimal conditions around 50% of total
aromatics was consumed. The dynamic changes of compounds in black liquor indicated that
diverse metabolic processes were involved in black liquor degradation and utilization by 7.
striatum. A strong adaptation of 7. striatum to a wide range of pH (3~9) was also observed
during black liquor fermentation.
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Introduction

Lignin, as one of the major components of lignocellulose, has been an important byproduct from
pulping and biorefinery industries. ! In the treatment of biomass under alkaline conditions (i.e.,
kraft pulping, soda pulping, and alkaline pretreatment biorefinery), lignin could be removed to
the best extent to benefit the downstream processing of biomass, which generates lignin-rich
byproduct, i.e., black liquor. Constituents of biomass are solubilized into black liquor by alkali,
rendering it extremely high chemical oxygen demand, strong alkalinity as well as strong odor
and high chromaticity. Black liquor has primarily been treated by thermochemical process for
fuel production and alkali recovery, such as concentration and incineration,? gasification®* and
hydrothermal liquefaction. ¢ In addition to these thermochemical strategies, detoxification of
black liquor through biological treatment has attracted increasing research interest. White rot
fungi have been successfully applied due to their powerful extracellular ligninolytic enzyme
system’- 8 while bacteria were also studied for their compelling environmental adaptability and
biochemical versatility.% ! The organic matter in black liquor can be a potential carbon source
for the biosynthesis of microbial products. For instance, sugars separated from black liquor has
been used for biobutanol production.!!- 12

In black liquor, lignin components (including aromatic monomers and polyphenolic compounds)
accounts for 40~48% of solid content and contributes to 90~95% of organic contents °. To
maximize the value of black liquor, an effective utilization of lignin compounds must be
considered. Studies on lignin bioconversion have identified several bacteria and fungi with the
ability to grow with lignin-derived substrates while some species such as Rhodococcus opacus'3
and Pseudomonas putida'* can also accumulate valuable microbial products from lignin
metabolism. With the knowledge of microbial metabolism, various strategies at genetic or
metabolic levels have been developed to improve lignin utilization efficiency and construct novel
conversion pathways for target products.'>!” Numerous outcomes have been acquired and
provided promising directions for future development of lignin bioconversion platforms.
However, most studies were conducted under relatively simple conditions with single carbon
source. Complex lignin-rich substrates such as black liquor has been barely studied.

As a kind of marine protist, Thraustochytrium striatum has been investigated as a
biomanufacturer for long chain polyunsaturated fatty acids such as docosahexaenoic acid (DHA)
and eicosapentaenoic acid (EPA)!® which are the major components of fish oil and beneficial to
human health. In addition, 7. striatum can synthesize a series of carotenoids of which astaxanthin
has been known to be the most powerful natural antioxidant with extremely high value and fast-
growing market. Previous studies have also indicated that a high biomass strain (HB) of this
species possesses the ability of lignin degradation.!® The HB strain induced by high nitrogen
stress was able to use both aromatic compounds and technical lignins and showed high
adaptability to diverse environmental conditions. As a new class of lignin degrader, both lignin
degradation mechanisms and lignin metabolic pathways remain unknown for this HB strain. This
knowledge gap resulted in tremendous challenges on the development of 7. striatum HB as a
novel biological platform for lignin conversion and upgrading. In this study, the entire black
liquor was for the first time used in fermentation with 7. striatum HB. The applicability of black
liquor as a single carbon source for microbial growth and product accumulation was studied and
optimized. The dynamic changes of black liquor composition, such as aromatic monomers,
polymeric fragments, carbohydrates, and organic acids, during fermentation were investigated.



By monitoring the consumption and conversion of different substrates, the metabolic processes
as well as the interactions between different processes were also explored and analyzed.

Experimental section
Microorganisms and chemicals

Three species of the same genus of Thraustochytrium, including Thraustochytrium sp. ONC-T18
(PTA-6245), T. striatum ATCC24473 and Thraustochytrium aureum 34304, were tested for
comparison on their capabilities of black liquor fermentation. They were all purchased from
ATCC. The seed cultures were prepared with glucose-yeast extract-peptone (GYP) medium in
100% artificial sea water (ASW). The concentrations of glucose, yeast extract and peptone were
30, 6 and 6 g/L, respectively. The ASW contains (per liter): NaCl 30 g, KCI1 0.7 g, MgCl,*6H,0
10.8 g, MgS0O,*7H,0 5.4 g, and CaCl,*2H,0 1.0 g. The cultures were incubated at 25 °C and pH
7.0 in the dark with agitation speed of 150 rpm. The HB strain of 7. striatum ATCC24473
induced by high nitrogen stress in our lab?® was used in this study and also cultured under the
abovementioned conditions. After cultivation, the cells of 7. striatum HB were collected, freeze-
dried and sent to the University of Missouri (Columbia, Missouri, USA) for compositional
analysis (Table S1). The chemicals used in this study were purchased from Fisher Scientific
(PA, USA), while trans-cinnamic acid-dg was bought from Sigma-Aldrich (MO, USA).

Black liquor preparation and fermentation

Black liquor used in this study was prepared from alkaline pretreatment of corn stover. Corn
stover was obtained from the Idaho National Laboratory and milled through 40-mesh sieve.
Alkaline pretreatment was performed with solid loading of 10% and NaOH loading of 20 g/L.
The reaction was kept at 60 °C for 2 h with stirring every 15 min. Upon the completion of
pretreatment process, the liquid phase (i.e., black liquor) was separated from solid residue and
collected by filtration through 150-mesh sieve and was neutralized to pH 7.0 using 12 M HCI,
while corresponding salts of ASW were added to bring the salinity of black liquor to 100% ASW
prior to use. '® The total carbon and total nitrogen contents of black liquor were determined by
the Agriculture Service Laboratory of Clemson University (Clemson, SC, USA).

The suitability of black liquor as a sole carbon source was initially studied in the fermentation of
Thraustochytrium sp. ONC-T18 (PTA-6245), T. striatum ATCC24473 and Thraustochytrium
aureum 34304. NH4Cl was used as a nitrogen source at 12 g/L. In addition to original black
liquor, different dilutions (2x, 5x and 10x) using 100% ASW were also applied to prevent the
potential inhibition caused by black liquor components. During fermentation process, samples
were taken on a daily basis and centrifuged. The cell pellet was washed with 1 M NaOH once
and DDI water twice to determine cell mass concentration. The supernatant was used for
measurement of total aromatics by using Prussian blue reagent.?!

Due to the superior performance of cell growth in black liquor, the HB strain was selected for
subsequent study, and NH4Cl concentration ranging from 0.5 to 16 g/L was tested to find the
optimal C/N ratio. A fed-batch fermentation was also conducted and compared with the batch
fermentation in terms of cell growth, total aromatics consumption and accumulation of products.



The feeding medium was prepared from black liquor with salinity of 100% ASW and no
nitrogen supplementation. For feeding operation, the culture was firstly centrifuged at 4,000 rpm
for 5 min to discard the spent medium. The cells were then harvested, washed with 100% ASW
and resuspended in the fresh feeding medium. For fed-batch fermentation, the feeding operation
was repeated every 4 days until 16 days.

Characterization of dynamic changes of black liquor during fermentation

Soluble compounds profile The dynamic changes of black liquor composition and aromatics
structure were monitored during fermentation. The profile of soluble compounds in black liquor
was analyzed via GC-MS. Samples taken on day 0, 3, 5, and 7 of fermentation were centrifuged
at 4,300 rpm for 5 min and the supernatants were collected for analysis. An internal standard [50
uL of 100 pg/mL frans-cinnamic acid-de in 1:1 methanol/water (v/v)] was then added into the
supernatants 2. Prior to GC-MS analysis, samples were dried on a N-EVAP 112 nitrogen
evaporation system at room temperature and derivatized with methoxyamine hydrochloride (30
mg/mL in pyridine) at 30 °C for 2 h followed by MSTFA (with 1% TMCS) at 37 °C for 1 h. The
analysis was performed on Agilent 5973 GC-MS system using electron impact ionization,
equipped with an Ultra 2 (5%-phenyl)-methylsiloxane column (Agilent part # 19091B-102).
Helium was used as carrier gas at a constant flow rate of 1.0 mL/min. The injection volume was
1 pL in splitless mode. The oven temperature was maintained at 80 °C for 5 min and raised to
300 °C at the rate of 5 °C/min. Mass spectrometer was operated in full scan mode. The contents
of identified compounds were determined with corresponding standards and normalized to the
response of the internal standard.

Aromatic monomers quantification and acetic acid analysis The major compounds identified
on GC-MS was further quantified by HPLC system (Agilent 1100 series) equipped with diode
array detector (G1315B). The supernatant samples were filtered into HPLC vials through 0.2 pm
syringe-filters. For aromatic monomers analysis, a ZORBAX Eclipse Plus C18 column (Agilent
part # 959961-902) was used for separation at 25 °C. The mobile phase was a mixture of
acetonitrile with 0.05% formic acid and water with 0.05% formic acid at flow rate of 0.5
mL/min, and different wavelengths were applied for different compounds (Table S2). Aminex
HPX-87H column was used for acetic acid analysis at 30 °C with 50 mM sulfuric acid as a
mobile phase. The flow rate was 0.6 mL/min and signals were recorded at 210 nm.

Composition and structure analysis of black liquor lignin Aliquots of the black liquor
fermentation broth were taken at day 0, 3 and 7, centrifuged and freeze-dried. Nuclear magnetic
resonance (NMR) was used to analyze structure and inter-unit linkages of lignin compounds in
black liquor. About 50 mg of the freeze-dried residue was dissolved in 0.5 mL DMSO-4 in
NMR tubes. The 2D '3C-'H heteronuclear single quantum coherence (HSQC) experiments were
carried out on a Bruker Avance III 500-MHz spectrometer using Bruker pulse sequence
(hsqcetgpsisp2.2) on a N-cryo-platform Prodigy probe (BBO 'H&'°F-5mm) with the following
acquisition parameters: spectra width of 12 ppm in F2 ('H) dimension with 1024 data points
(acquisition time 85.2 ms), 200 ppm in F1 (13C) dimension with 256 increments (acquisition time
5.1 ms), 1.0-s delay, 'Jc y of 145 Hz, and 256 scans. The acquired spectra were processed using
a Bruker Topspin 3.5 (Mac) software. The central DMSO solvent peak (8¢/0y at 39.5/2.49) was



used for chemical shifts calibration. Assignments of compositional subunits and interunit
linkages were based on the reported contours in HSQC spectra.?>-?5 A semi-quantitative analysis
of the HSQC cross-signal intensities was performed for the measurement of subunits and side
chain linkages. For volume integration of aromatic components including syringyl (S), guaiacyl
(G), p-hydroxyphenyl (H), p-coumarate (pCA), and ferulate (FA), the cross peaks of Sy, G,
Hy6, pPCAys6, and FA; contours were used with G, and FA; integrals doubled. The C, signals
were used for volume integration for inter-unit linkages estimation. The abundances of aromatics
and side-chain linkages were presented as percentage of total aromatic units. The proton spin-
spin relaxation time (denoted as T2) for black liquor lignin samples at DO and D3 was measured
using a standard Carr-Purcell-Meiboom-Gill (CPMG) sequence, with the echo time of 0.5 ms
and 32 repetitions.

Quantitative 3'P NMR was performed by following the previously published method.?* 26
Briefly, samples were phosphitylated with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP) in a solvent of pyridine/CDCl; (1.6/1.0 v/v), and endo N-hydroxy-5-norbene-2,3-
dicarboxylic acid imide was used as an internal standard. The acquisition of 3'P NMR spectra
was conducted immediately (<10 min) after the addition of TMDP 26, The spectra were acquired
on a Bruker Avance 400 MHz spectrometer equipped with a BBO probe using an inverse-gated
decoupling pulse sequence (Waltz-16), 90° pulse, 25 s pulse delay with 64 scans. The product of
TMDP with water at 132.2 ppm was used as reference to report all chemical shifts. The contents
of hydroxyl groups were quantitated based on the amount of the added internal standard.

Molecular weight measurement of black liquor lignin Gel permeation chromatographic
(GPC) analysis was performed to measure the weight-average molecular weight (M,,) and
number-average molecular weight (M,,) of black liquor lignin. Samples were derivatized using
acetylation on a basis of ~3 mg freeze-dried sample in 1 mL of pyridine/acetic anhydride (1:1
v/v) in dark at room temperature for 24 h at 200 rpm as previously described.?* The
solvent/reagents were removed by co-evaporation at 45 °C with ethanol in a rotatory evaporator
until dry. The resultant acetylated samples were dissolved in tetrahydrofuran and the solution
was filtered through 0.45-pm filters before GPC analysis. Size-exclusion separation was
performed on an Agilent 1200 HPLC system (Agilent Technologies, Inc, Santa Clara, CA, US)
equipped with Waters Styragel columns (HR1, HR2, and HR6; Waters Corporation, Milford,
MA, US). An UV detector was set at 270 nm. Tetrahydrofuran was used as the mobile phase at a
flow rate of 1.0 mL/min. Polystyrene narrow standards were used for establishing the calibration
curve.

Investigation on the effect of initial pH on the black liquor fermentation with 7. striatum
HB

The previous studies in our lab have already exhibited the preference of 7. striatum HB to acidic
pH and the good adaptation ability under low pH condition. Therefore, we wanted to examine
the effect of alkaline pH on the fermentation of black liquor varying in different neutralization
degree with T. striatum HB in this study. The initial pH was adjusted with 12 M HCl to 7, 8, 9,
10, 11, 12, and 13, and black liquor with different initial pHs were used as a sole carbon source
for T. striatum HB fermentation. Fermentation with glucose as a carbon source with initial pH
value of 3, 4, 5, 6, and 7 was conducted simultaneously to study the effects of acidic pH (alkali



pH was not tested for glucose given the alkaline degradation of glucose). The glucose
concentration was set at 20 g/L, and NH4Cl was used as a nitrogen source at 2 g/L for both black
liquor and glucose fermentation. Cell growth was monitored on a daily basis as well as total
aromatics consumption. Scanning electron microscopy (SEM) was used to characterize HB cells
from fermentation with different initial pH values. Cells were mounted on a specimen stub with
adhesive tape for sputter-coating with platinum in a coating machine (Hummer 6.2 Sputter
System, Anatech USA, Union City, CA) under an Argon atmosphere before observation. Hitachi
S-4800 analytical FE-SEM (Hitachi High-Technologies in America, CA) was operated at 5 kV to
image the cell surface in response to different pH values.

Analytical methods

To characterize the production of fatty acids, fatty acid methyl esters (FAMEs) were obtained by
using the direct transesterification method '® and analyzed by using a GC (Shimadzu GC-2010)
equipped with a flame ionization detector (FID) and Rt-2560 column (100 mx0.25 mmx0.2 pm).
Helium was used as carrier gas with liner rate of 20 cm/s, and 10 pL sample was injected with
split ratio of 100:1. The oven temperature started at 100 °C for 5 min and then ramped to 240 °C
at 4 °C/min. The Supelco 37 component FAME mix purchased from Sigma Aldrich (St. Louis,
MO, USA) was used as the FAMEs standard. Pentadecane (100 pg/mL) was used as an internal
standard, and C13:0 (200 pg/mL) was used for recovery calculation. The fatty acid contents were
expressed based on dry cell mass (DCM) unless specified, otherwise.

Dimethyl sulfoxide (DMSO) was used for extraction of carotenoids. The freeze-dried cell sample
was mixed with 2 mL DMSO and vortexed for 30 s in the presence of glass beads for cell
disruption. The mixture was heated at 50 °C for 20 min and then centrifuged at 4,300 rpm for 5
min to collect the supernatant. This cycle was repeated until cell biomass became colorless. The
analysis of carotenoids was conducted by using the same HPLC system and column as aromatic
monomers analysis mentioned above. The mixture of acetonitrile, methanol, dichloromethane,
and 1% formic acid was the mobile phase with flow rate of 1.5 mL/min (Table S3). The signals
were recorded at A=480 nm.

For glucose fermentation, the consumption of glucose was determined with HPLC (Dionex
UltiMate 3000, Thermo Scientific, CA, USA) equipped with a refractive index (RI) detector
(Shodex RI-101, Showa Denko America, NY, USA) and a Shodex carbohydrate analytical
column (Sugar SP0810, Showa Denko America, NY, USA). Sugars were separated at 85 °C with
HPLC grade water as a mobile phase at a flow rate of 0.6 mL/min. A deashing guard column
(Shodex Sugar SP-G 6B, Showa Denko America, NY, USA) was installed prior to the analytical
column for preventing column from contamination.

Results and Discussion
Fermentation of black liquor with three Thraustochytrium species

As a byproduct of alkaline pretreatment and pulping industry, black liquor typically has a high
energy content and contains various kinds of components such as lignin, organic acids,
aromatics, and carbohydrates.?’ In this study, marine protists were investigated as a novel class



of microorganisms on biodegradation of black liquor after pH adjustment and supplementation of
salinity. Three species, Thraustochytrium sp. ONC T18, T. aureum and T. striatum (both original
and HB strains) were used and compared. Given the potential inhibition by black liquor, different
dilution factors were applied. The best performance on black liquor fermentation was acquired
by T. striatum HB (Figure S1). Without dilution of black liquor at pH=7, the cell mass
concentration significantly increased from initial 0.6 to 2.5 g/L and a 33% reduction of total
aromatics from 8.2 to 5.5 g/L was observed. When black liquor was diluted, the final cell mass
concentration of 7. striatum HB decreased as dilution factor increased due to the reduced carbon
source. The other two strains were able to grow in diluted black liquor while not in original black
liquor, indicating that some components in black liquor had inhibitory effects on them. The
ability of T striatum HB to utilize black liquor was further studied, seeking the possibility that
black liquor can be used as an inexpensive alternative carbon source for 7. striatum HB
fermentation while this strain could provide a promising biological method for black liquor
treatment.

Effect of C/N ratio on black liquor fermentation with 7. striatum HB

To further investigate and improve the fermentation process using black liquor as a carbon
source, the effect of C/N ratio was investigated (Figure S2). When the concentration of NH,Cl
was elevated from 0.5 to 2.0 g/L, the final concentration of cell mass also increased
correspondingly, and more cell growth led to higher conversion of total aromatics in black
liquor. The maximum cell mass concentration (5.2 g/L) and maximum total aromatics conversion
(62%) occurred at 2 g/L. NH4Cl (Figure 1). When NH4Cl concentration was further increased,
some inhibition effects on cell growth was observed and the final cell mass concentration
decreased gradually. After 7-day incubation, the total fatty acid (TFA) content was around 7% at
NH,CI of 0.5~2 g/L, which was significantly higher than that achieved with NH4CI
concentration above 8 g/L. The carotenoid content was similar to each other in the studied range
of NH4Cl concentration. The optimal NH4Cl concentration was determined to be 2 g/L. and
adopted in the following experiments.
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Figure 1. Cell growth and total aromatics consumption during black liquor fermentation with 7. striatum HB (pH=7
and NH,CI=2 g/L)



To improve the accumulation of products, the fed-batch cultivation was used and compared with
the batch mode under optimum conditions (i.e., NH4,CI=2 g/L without dilution of black liquor)
(Figure 2). The first feed was conducted by replacing 75% of spent medium with fresh black
liquor on the 4" day, and then repeated every 4 days. The inclusion of fresh black liquor brought
the total aromatics concentration back to a higher level so that 7. striatum HB consumed the
added substrates. As a result, the total aromatics concentration exhibited a cyclic pattern (Figure
2A). In batch mode, the highest cell mass concentration (4.3 g/L) was achieved on the 5 day.
After that the cells entered decay phase, as the cell mass concentration started to decrease
gradually and leveled off at 2.8 g/L after the 9™ day. For fed-batch mode, due to the addition of
extra carbon, the cell mass kept growing and reached the final concentration of 5.2 g/L., which
was significantly higher than that of batch mode. The total aromatics concentration decreased
gradually as 7. striatum HB consumed them as carbon sources, and the residual 45% was
believed to be compounds that cannot be utilized by T striatum HB in batch cultivation. In fed-
batch mode, the total aromatics concentration exhibited a cyclic pattern. The addition of fresh
black liquor replenished the consumed substrates, while 7. striatum HB kept consuming the
added substrates and reduced the aromatics to around 3.4 g/L, similar to that in batch mode.
After 16-day of incubation, the TFA content of cells obtained in fed-batch mode doubled
compared to that on the 8™ day, and the carotenoid content slightly increased to 0.24 mg/g DCM.
However, the contents of both TFA and carotenoids in batch mode decreased gradually due to
cell decay and degradation of cellular components.
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Figure 2. Black liquor fermentation with batch mode (BA) and fed-batch mode (FB). (A) Cell mass growth and
total aromatics consumption and (B) accumulation of TFA and carotenoids

Characterization of dynamic changes of black liquor during fermentation

Soluble compound profile To acquire the profile of the black liquor compositions, a
comprehensive analysis on its soluble compounds was conducted on GC-MS. The consumption
of those compounds and generation of new compounds were also tracked at different
fermentation stages (Table 1).



Table 1. Variation of soluble compounds of black liquor during fermentation ¢

Compound Day 0 (g/L) Day 1 (%) Day 3 (%) Day 7 (%)
Alcohol
Xylitol 0.32 41.1 -- --
Erythritol 0.08 59.3 34.3 --
D-Mannitol 0.06 62.6 31.7 --
Dulcitol 0.02 -- -- --
Tyrosol 0.01 -- -- --
4-Hydroxybenzyl alcohol 0.01 -- -- --
Vanillyl alcohol 0.01 -- -- --
Sinapyl alcohol 0.01 324 -- --
Sugar
Sucrose 1.01 7.2 0.1 --
Lactose 0.41 20.9 -- --
Benzyl mannose 0.39 17.9 -- --
Glucopyranose 0.37 21.5 -- --
Fructofuranose 0.04 23.8 -- --
Arabinofuranose 0.04 22.7 -- --
Arabinopyranose 0.03 19.1 -- --
Galactopyranose 0.01 20.1 -- --
Ribofuranose 0.01 14.6 -- --
Acid
Acetic acid ¢ 3.25 19.2 - -
p-Coumaric acid 1.25 17.2 7.4 33
Ferulic acid 0.56 334 7.8 --
Quinic acid 0.21 25.6 7.3 16.7
Glyceric acid 0.11 23.9 -- --
D-Gluconic acid 0.10 10.8 9.5 --
Glycolic acid 0.06 16.4 14.3 --
2-keto-L-gulonic acid 0.05 71.9 42.7 20.9
Mannonic acid, 1,4-lactone 0.03 15.2 14.3 -
Malic acid 0.03 79.5 69.6 --
Hydracrylic acid 0.03 -- -- --
Threonic acid 0.0 -- -- --
3-Deoxytetronic acid 0.02 -- -- --
Succinic acid 0.01 45.5 19.6 2.9
Syringic acid* 0.01 207.4 414.7 --
Vanillic acid* 0.01 1556.5 4329.2 3303.5
4-Hydroxybenzoic acid* 0.03 1187.7 2312.7 --
Aldehyde
Vanillin 0.02 -- -- --
4-Hydroxybenzaldehyde 0.01 -- -- --
Syringaldehyde 0.01 50.7 - -
Coniferyl aldehyde 0.01 -- -- --
Sinapaldehyde 0.01 -- -- --
Others
Acetoisovanillone 0.01 -- -- --
2,6-Dimethoxyhydroquinone 0.01 -- -- --
Note: ¢ All compounds are listed in the order of concentration on Day 0; “--” indicated “not detected”; ® The content

of each compound at Day 1, Day 3 and Day 7 is expressed as the percentage of peak area on Day 0, and ¢ acetic acid
was measured by HPLC. * indicates that compounds were generated during fermentation leading to an increase of

peak area in GC-MS analysis.

With GC-MS analysis, various types of compounds were detected including aromatic
compounds from lignin, sugars and sugar alcohols from cellulose and/or hemicellulose, and
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carboxylic acids. Under alkaline conditions, the degradation of cellulose and hemicellulose
would also produce various organic acids, such as acetic acid, glycolic acid and mannonic acid.?
Several large peaks were observed and assigned to different major compounds including xylitol,
quininic acid, benzyl-D-mannose, B-D-glucopyranose, p-coumaric acid, ferulic acid, sucrose, and
lactose (Figure S3). During fermentation those compounds were typically degraded and
converted. Sugars and sugar alcohols were easily biodegradable and quickly consumed in the
first 3 days, while the degradation of most organic acids was completed in later phase of
fermentation. Diverse aromatic monomers were detected including alcohol, aldehyde, acid, and
etc. Both phenolic alcohols and aldehydes were identified at low levels and completely
consumed within 3 days, while sinapyl alcohol and syringaldehyde were found to relatively
remain stable due to the difficult conversion and degradation of S-type aromatic compounds.
Notably, the content of 4-hydroxybenzoic acid, vanillic acid and syringic acid increased after 3-
day incubation reflected by larger peaks, which could indicate the generation of these
compounds from degradation of other components.

Consumption and conversion of aromatic monomers As important monomers of natural
lignin, the degradation of cinnamic acid and its derivatives have been extensively studied, and
several metabolic pathways have been found to be shared by various microorganisms. The
identified overall profile of soluble compounds in black liquor showed two hydroxycinnamic
acids as major compounds such as p-coumaric acid and ferulic acid. Their difference is the
methoxyl group on the benzene ring of ferulic acid, which classified them into H- and G-type
structures, respectively. These two compounds were quantitatively analyzed by HPLC on a daily
basis, to monitor their degradation and conversion processes. The initial concentrations of p-
coumaric acid and ferulic acid were 1.25 and 0.56 g/L, respectively, and then dropped to nearly 0
after 3 days. Their consumption was accompanied by the production of 4-hydroxybenzoic acid
and vanillic acid, whose concentrations increased from initially 0.03 and 0.01 g/L to 0.25 and
0.38 g/L. on Day 3, respectively. Further utilization of 4-hydroxybenzoic acid and vanillic acid
supported the subsequent cell growth as well as synthesis of products. Complete consumption of
4-hydroxybenzoic acid was achieved within one day while the concentration of vanillic acid kept
decreasing to a very low level on the 7! day (Figure 3A). According to our previous study, p-
coumaric acid was converted into 4-hydroxybenzoic acid, and ferulic acid was converted into
vanillic acid. In those reactions, the propenyl group on the side chain of both p-coumaric acid
and ferulic acid was degraded and turned into carboxylic group, which was also observed in most
species with the synergism of multiple enzymes.? Different metabolic pathways such as CoA-
dependent B-oxidation pathway, CoA-dependent non B-oxidation pathway and CoA-independent
pathway can be employed to achieve this process.>* The accumulation of 4-hydroxybenzoic acid
and vanillic acid as degradation intermediates suggested that one or more following steps would
be rate-limiting, which could be across-membrane transport, further conversion and/or ring
cleavage.

Modifications on the structures of black liquor lignin In addition to simple aromatic
monomers, black liquor also contained polyphenolic fragments whose degradation required the
depolymerization to break down complex inter-unit linkages 3!. To confirm the presence of
depolymerization process and investigate the modification of black liquor lignin structure by
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microbial fermentation, GPC and NMR analysis were performed to characterize aromatic
components of black liquor.

During fermentation, 'H-'3C HSQC analysis results showed that H-type structure was
significantly consumed in the first 3 days, dropping from 28.7 to 4.4% (Figures 3C, D). The
slight increase of S/G ratio indicated that G-type structure was preferentially degraded than S-
type, which is consistent with the fact that S-type aromatic compounds are more difficult to
degrade due to its two methoxyl groups. 3° The results also revealed that the p-O-4’ linkage has
largely increased while no appreciable change of the B-f’ and B-5’ linkages from day 0 to 3. This
is likely due to the consumption of small aromatic compounds (i.e., guaicyl, syringyl, and p-
hydroxyphenyl monomers and dimers) in the black liquor, which boosted up the level of side
chain linkages on day 3. On the other hand, a decrease of M,, from 3,736 to 2,048 Da was
observed, which suggested the possible polyphenolic fragment decomposition into smaller pieces
(Figure S4). The proton spin-spin relaxation time (T2) for black liquor lignin sample at D3 (176
ms) was slightly longer than the sample at DO (164 ms), in support of a lower molecular weight
of black liquor lignin at D3. From day 3 to 7, the contents of linkages over total aromatics were
barely changed (Table S4), indicating that 7. striatum HB has no profoundly preference toward
various linkages. Fragments with low molecular weight were significantly consumed while the
fractions with larger size and more recalcitrant structure were left, resulting in the increase of
overall My, to 4,673 Da on day 7 (Figures S4, S5).

Quantitative 3'P NMR was performed to analyze the contents of different OH groups in black
liquor and their changes during fermentation process. The results showed that the major OH
groups were identified as aliphatic OH and carboxyl OH, while guaiacyl-OH and other phenolic
OH also existed with less amount (Figure 3B). Comparison between different samples indicated
that the degradation of OH groups mainly occurred in the first 3 days, as the content bearing
aliphatic OH and carboxyl OH decreased by 84 and 96%, respectively. The significantly reduced
aliphatic and carboxylic OHs on day 3 and 7 were likely due to the consumption of alcohols,
sugars, and acids (Table 1). From the GC-MS results, for example, the major sugars and
alcohols were dramatically consumed from day 0 to 3 (more than 80% and 50%, respectively),
paralleling the huge decrease of aliphatic OH observed in 3'P NMR. The acetic acid was
completely consumed on day 3, and p-coumaric acid and ferulic acid were consumed by more
than 90%. These were consistent with the significant reduction of carboxyl OH. Meanwhile, the
contents of guaiacyl-OH and other phenolic OH were observed to decrease significantly in 3
days. After day 3, further decrease of OH content was barely observed.
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Figure 3. Dynamic changes of black liquor compositions during fermentation. (A) Concentrations of major aromatic
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linkages were presented as percentages of total measured S+G+H.

Hypothetical metabolic network for black liquor fermentation

When used as a sole carbon source for microbial fermentation, black liquor was significantly
degraded, and diverse metabolic pathways were involved due to its complex compositions. A
hypothetical metabolic network (Figure 4) can be constructed for black liquor fermentation by
searching the detected compounds against metabolic pathway databases (MetaCyc and KEGG).
Sugars and sugar alcohols were primarily metabolized through glycolysis and pentose phosphate
pathway, in which many organic acids were identified as important intermediates. Aromatic
compounds were funneled to several compounds and further degraded via aromatic ring cleavage
pathway. Different metabolic processes would converge at critical joints, developing a complex,
interactional metabolic network. During alkaline pretreatment, solubilization of cellulose and
hemicellulose is the major source of sugars and sugar-derived components (e.g., sugar alcohols,
sugar acids) in black liquor.?® Among all detected compounds, they were the most biodegradable
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substrates which were consumed the most quickly. Oligosaccharides such as sucrose and lactose
need to be hydrolyzed first with corresponding hydrolase such as sucrose invertase and lactase.
Glucose, fructose and galactose would be generated from hydrolysis process and subsequently
enter glycolysis process after a series of isomerization and phosphorylation. Meanwhile, pentose
coming from hemicellulose (e.g., arabinose, ribose and xylose) would be directed into pentose
phosphate pathway. The degradation of sugar alcohols and sugar acids released products which
served as intermediates and were funneled into sugar metabolism. The final sugar metabolism
product was pyruvate which then entered the citric acid cycle.

Alkaline pretreatment also caused solubilization of lignin components of biomass, and in black
liquor they are present as simple aromatic monomers and polyphenolic fragments. In this study,
the herbaceous corn stover which contains S, G and H-type lignin subunits was used and alkaline
treatment led to the release of all three types of monomers such as p-coumaric acid, ferulic acid
and syringaldehyde. Polyphenolic components were also depolymerized by extracellular
enzymes secreted by 7. striatum HB. Through breakdown of inter-unit linkages, more monomers
were released. Those compounds were further converted following some general patterns.
Alcohols were oxidized into aldehydes and then acids. The synergy of multiple reactions such as
dehydrogenation and decarboxylation reduced the side chain of benzene ring and generally
converted methoxyl group into hydroxyl group. With the above-mentioned “funneling process”,
G- and H-type compounds were converted to protocatechuate, and S-type compounds were
converted into 3-O-methylgallate through ring cleavage. Ortho-cleavage followed by B-
ketoadipate pathway was adopted as a mainstream pathway to open the ring structure of
protocatechuate with various oxidoreductase.?? For other hydroxybenzoic acids and derivatives,
special cleavage pathways also possibly exist. For example, when 4-hydroxybenzoic acid was
present at high concentration, it was possibly cleaved directly rather than further funneling. After
cleavage, the ring structure was converted into 6-carbon linear structure which can be divided
into succinyl-CoA (C4) and acetyl-CoA (C2) or 2 pyruvates (C3) prior to entering the citric acid
cycle. As the critical connection between microbial catabolism and anabolism, the citric acid
cycle generates energy and reducing power as well as building blocks for synthesis of cellular
components such as carbohydrates, amino acids, nucleotides, and accumulation of microbial
products.
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Figure 4. Hypothetical metabolic pathway of compounds in black liquor. Red nodes represent detected compounds
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Effects of initial pH on fermentation of black liquor and glucose

In our previous study, 7. striatum HB was observed to secret extracellular acids which would
decrease pH of fermentation broth from initial neutral value to around 3. It also suggested a
strong adaptation of 7. striatum HB to extreme conditions, especially acidic environment. To
comprehensively investigate the effects of medium pH on 7. striatum HB fermentation, black
liquor and glucose were used as carbon sources in alkaline (pH=7-13) and acidic pH (pH=3-7)
ranges, respectively (Figure 5). In black liquor fermentation, high initial pH caused inhibition on
cell growth indicated by the decreased cell mass concentration with the increase of initial pH
(Figure 5A). However, significant cell growth and total aromatics consumption were always
observed with the initial pH of black liquor being increased to 11, suggesting that 7 striatum HB
was able to tolerate pH as high as 11 and keep normal functions. Upon the completion of
fermentation, the final medium pH values were found to decrease by around 1.0 except initial
pH=7. For fermentation products, TFAs were accumulated to above 15% of DCM with the initial
pH 7~9, while higher initial pH disrupted the biosynthesis of fatty acids and caused low TFA
contents (Figure 5B). In glucose fermentation, variations on initial pH from 3-7 resulted in
limited effects on cell growth and glucose consumption. With low initial pH as 3, a slightly
higher glucose utilization percentage was acquired which was reflected by the higher TFA
content (Figures 5C, D). As the fermentation process completed, the final pH values of all
treatment decreased to around 3, which was consistent with our previous results.

In order to facilitate the comparison of black liquor fermentation to glucose fermentation, the
glucose concentration was set at 20 g/L. Significantly higher cell mass concentration was
obtained from black liquor fermentation even with some inhibition caused by its high initial pH
values, compared to around 2 g/L from all glucose fermentation. Black liquor and glucose were

16



completely different types of carbon sources with different biodegradability. When used for

microbial metabolism, the efficiency of energy production was different and would generate

distinct profiles of metabolites. The diverse small molecule compounds existing in black liquor
can be further degraded or directly used for biosynthesis of cellular components (e.g.,

nucleotides, amino acids and carbohydrates). Consequently, the carbon flux to bioproduct

accumulation would decrease, leading to relatively lower contents.

SEM was used for cell imaging to show the effects of initial pH on cell morphology (Figure 6).

A lot of folds and protrusion were observed on cell surface which may be responsible for mass
transfer, signaling and other functions connecting extracellular and intracellular environments.

Compared with neutral condition, cell morphology was barely affected by low pH and exhibited
little difference on surface structure and cell size (Figures 6C, D). On the contrary, extremely

high pH, such as 13, caused a significant size reduction of cells and the observed texture

(Figures 6A, B). In response to strong alkalinity, cells tended to shrink and developed a smooth
surface to reduce the contact with external environment and resist the adverse conditions. Based
on the results, the mechanisms employed by 7. striatum HB in response to extreme pH values
could be proposed. Enzymes involved in metabolic processes are present with high stability

indicated by unaffected cell growth and product accumulation in the pH range of 3~9. An
extremely robust cell wall structure could also be responsible for pH tolerance, such as diverse

cell surface protein with strong resistance to harsh environment pH. When pH keeps increasing,

strong cell wall may be developed to protect intracellular components from damage under

alkaline condition. As a consequence, material transport and exchange would be restricted which
limited substrate adsorption and therefore cellular activities. In addition to adaptation, 7. striatum
HB also showed the ability to modify surrounding environment. The secretion of extracellular

acids and presence of abundant extracellular polymeric substance (EPS)* could serve as

buffering systems for self-protection as well as adjustment of the vicinal environment to desired
conditions. For example, the EPS of cyanobacterium Microcystis aeruginosa has been proven to
buffer against the biocidal effect of H,O, by effectively scavenging radicals.>? EPS can also

protect cells by adsorption hazardous materials such as heavy metals 33 and antibiotics .

Considering the strong adaptation of 7. striatum HB to a wide range of pH, it is a promising
candidate for wider applications such as bioremediation of sites with pollutants such as acids and

aromatics.
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Figure 6. SEM images of cells under different pHs. (A) Black liquor fermentation with pH=7; (B) black liquor
fermentation with pH=13; (C) glucose fermentation with pH=7; and (D) glucose fermentation with pH=3

Conclusions
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In this study, marine protist Thraustochytrium was studied as a novel class of lignin degrader for
bioconversion of black liquor obtained from alkaline pretreatment of corn stover. Among three
species tested, the HB strain of 7. striatum was found to be the best which was able to utilize
black liquor for cell growth and products accumulation. A general composition profile showed
that various sugars, sugar alcohols and organic acids were contained in black liquor, all of which
have been consumed during fermentation process. Lignin-derived aromatic compounds were
identified as main substrates for 7. striatum HB fermentation. The 7. striatum HB was able to
consume simple monomers and also possibly depolymerize polyphenolic fragments of black
liquor lignin. The metabolic versatility of 7. striatum HB was observed in black liquor
fermentation, as diverse metabolic processes were involved in the degradation of various black
liquor components as well as biosynthesis. A strong adaptation to a wide range of pH was found
for T. striatum HB. It was able to grow with no inhibition under acidic conditions and alter
alkaline environment by secreting extracellular acids. Such robust adaptive ability of 7. striatum
HB may result from highly stable enzymes to pH stress and EPSs as a buffering system, which
makes it a promising candidate for more applications under extreme conditions.

Supporting Information. Dry cell mass composition analysis of 7. striatum HB; HPLC analysis
methods for aromatic compounds and carotenoids; black liquor fermentation with three species
of marine protist Thraustochytrium; effects of C/N ratio, major compounds identified with GC-
MS and change of weight-average molecular weight of black liquor during 7. striatum HB
fermentation.
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Synopsis: A novel pathway for biotransformation of black liquor lignin into value-added

bioproducts with marine protist, Thraustochytrium striatum.
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