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and genetic reservoirs for the valorization of lignin
streams†
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Bioconversion of lignin-rich streams requires microbial hosts capable of utilizing and tolerating hetero-

geneous mixtures of monomeric and oligomeric compounds. Promising strains such as

Novosphingobium aromaticivorans F199, N. aromaticivorans JMN2, Pseudomonas putida KT2440,

Rhodococcus opacus PD630, Rhodosporidium toruloides NBRC0880, Sphingobium lignivorans B1D3A,

and S. lignivorans SYK-6 possess inherent catabolic abilities to utilize lignin-related compounds (LRCs). In

this work, we compared the cellular fitness and catabolic capabilities of these six bacteria and one yeast

on a lignin-rich stream, alkaline pretreated liquor (APL) from corn stover, and on representative aromatic

and aliphatic compounds. First, a minimal medium recipe that supported the growth of all seven strains

on LRCs was selected for the comparison. Using this minimal medium, P. putida KT2440 was found to

have the fastest growth and greatest tolerance when grown on guaiacyl-type compounds, p-hydroxyphe-

nyl-type compounds, aliphatic acids, corn stover APL, and a model chemical mixture, whereas the

S. lignivorans strains had the fastest growth on the syringyl-type compound. After 120 h on APL, the

change in total lignin was 10–12% and aromatic and aliphatic compound usage was 85–96% for all the

strains except R. opacus PD630, which had minimal utilization of APL components. Although substantial

conversion of high-molecular-mass lignin was not observed by any strains, the S. lignivorans strains

showed detectable modification β-ether units. Additionally, the N. aromaticivorans strains liberated aro-

matic compounds, potentially from lignin oligomer modification. This work serves as a comparison of

seven promising microbial strains for bioconversion of lignin-enriched streams, providing a foundation for

evaluating suitable microbial platforms for lignin valorization and genetic reservoirs to source unique

metabolic capabilities.

Introduction

Leveraging microbial metabolism for the bioconversion of
complex chemical mixtures to performance-advantaged pro-
ducts is a recognized strategy for valorizing lignin.1–9 Catalytic
lignin depolymerization methods often generate mixtures
comprising residual oligomeric lignin and bio-available aro-
matic and aliphatic compounds.10–12 Selection of microbial
hosts able to effectively convert this diverse, carbon-rich feed-
stock to target products is necessary to realize lignin valoriza-
tion in a process-relevant context. Important characteristics of
microbial hosts for bioconversion of lignin-rich streams
include native metabolic pathways and enzymatic machinery
to uptake and catabolize the broad range of lignin-derived
chemical constituents, mechanisms to tolerate stress from aro-
matic and non-aromatic compounds, genetic tractability to
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engineer improved substrate utilization and product for-
mation, and previous or potential domestication of strains for
use in biorefineries.1,7,13–16 To take advantage of novel cata-
bolic and tolerance pathways, probing diverse genera as poten-
tial platform strains is vital.

Multiple putative microbial hosts have been identified and
evaluated in self-consistent manners.17–20 Among the strains
studied previously, Pseudomonas putida KT2440, Amycolatopsis
sp. 39116, Rhodococcus jostii RHA1, Acinetobacter baylyi ADP1,
and Corynebacterium glutamicum 534 were recognized for their
catabolism of a large fraction of lignin-derived chemical con-
stituents, tolerance to high concentrations of lignin feed-
stocks, and potential modification of high-molecular-mass
(HMM) lignin.17–20 In particular, P. putida KT2440 has been
well-studied as a chassis strain due to its rapid growth, com-
prehensive catabolic potential for varied substrates, native
machinery for stress tolerance, genetic tractability, and ability
to accumulate target products at high titers.21–24

As the field progresses, several other microbial strains have
emerged as potential hosts that merit comparison for biocata-
lytic lignin valorization. Highlighted for metabolism of diverse
aromatic compounds, these microbial host candidates include
Sphingobium lignivorans,25,26 Novosphingobium aromaticivor-
ans,27 Rhodococcus opacus PD630,28 and Rhodosporidium toru-
loides NBRC0880.29 In particular, S. lignivorans SYK-6 and
N. aromaticivorans strains have been well-studied for catabo-
lism of lignin-relevant dimers and their usage of syringyl (S)-
type, guaiacyl (G)-type, and p-hydroxyphenyl (H)-type aromatic
compounds.25,30,31 Additionally, R. opacus and R. toruloides
have gained attention for their utilization of lignin-related
compounds (LRCs) and production of lipid products at high
yields.28,29,32 All of these microbial species can also be engin-
eered to funnel LRCs to valuable products.33–37 In-depth
characterizations of these microbes through systems biology
and transposon insertion sequencing studies have furthered
the understanding of the native enzymes involved in aromatic
compound catabolism and metabolic reactions that support
cellular growth and energy demands.30,31,38–43

In this work, we assessed the capacity of seven promising
microorganisms to catabolize, tolerate, and modify com-
ponents of lignin-enriched streams to evaluate their potential
as hosts or genetic reservoirs for lignin valorization. We first
evaluated different minimal media to establish a single
medium that could support the growth of all seven microbes
on LRCs. Next, we compared the metabolic capabilities of the
strains on both model lignin stream compounds and a repre-
sentative lignin-rich stream, corn-stover-derived alkaline pre-
treated liquor (APL). With several analytical techniques, we
found that, apart from R. opacus PD630, which did not sub-
stantially utilize the APL components, the percent change in
lignin was comparable between strains, but the rate and speci-
ficity of monomeric carbon utilization differed. Additionally,
limited structural changes to the lignin substrate were
measured with two-dimensional nuclear magnetic resonance
(NMR) spectroscopic analysis. Overall, this work provides a
direct comparison of the catabolic capabilities of several

notable microbes for growth and bioconversion of lignin-rich
streams. The findings of this work aim to provide a compara-
tive analysis of the proposed hosts for lignin bioconversion to
performance-advantaged bioproducts and recognize the poten-
tial use of different strains as genetic resources for unique
metabolic capabilities.

Results
Identification of suitable minimal medium for comparing
catabolic capabilities of strains

The first step in evaluating the cellular fitness and catabolic
capacity of various microbial species was to determine a
common growth medium. Seven wild-type strains were com-
pared in this work including six bacteria, N. aromaticivorans
F199, N. aromaticivorans JMN2, P. putida KT2440, R. opacus
PD630, S. lignivorans B1D3A, and S. lignivorans SYK-6, and one
yeast, R. toruloides NBRC0880, hereafter referred to, respect-
ively, as F199, JMN2, KT2440, PD630, B1D3A, SYK-6, and
NBRC0880. Cultivation of microbes requires essential nutri-
ents to support growth, but the optimal composition and
ratios of key nutrients in minimal media can differ between
species. Growth outcomes for the seven strains were therefore
assessed in six different minimal media formulations to ident-
ify a common recipe that supports, on average, the most
optimal growth across all the strains tested (Fig. 1). A shared
growth medium may enable synthetic co-cultures or consortia
in future work.

The minimal media recipes examined included MM457,
M9, RM, SD, and Wx that, respectively, have been used to grow
JMN2,31 KT2440,17 PD630,44 NBRC0880,29 and SYK-6 45

(Table S1†). Additionally, K3 medium was included as it was
previously utilized for co-cultures of Saccharomyces cerevisiae
and Escherichia coli.46 To identify a medium that supports
growth on lignin streams, a “mock APL” chemical mixture was
utilized as the carbon and energy source, as described pre-
viously.47 This mock-APL mixture was intended to contain the
most abundant aromatic and aliphatic compounds present in
corn stover APL generated at 130 °C with 250 mg NaOH per g
dry biomass.18,47,48 The composition of 100% mock-APL
mixture was 30 mM p-coumarate, 20 mM ferulate, 6 mM vanil-
late, 44 mM acetate, 63 mM lactate, and 60 mM glycolate. To
account for potential toxicity from high concentrations of aro-
matic or aliphatic acids, the 100% mock-APL mixture was
diluted in each minimal medium (v/v) to create 10% and 25%
mock APL. B1D3A did not grow on 25% mock APL in any
media type after 75 h, indicating that higher concentrations of
mock APL would likely be toxic to the growth of this strain
(Fig. 1).

Only KT2440 was able to grow on all media containing 10%
or 25% mock APL, indicating a robust fitness for varied nutri-
tional conditions (Fig. 1). NBRC0880 and PD630 grew under
all conditions except for, respectively, 25% mock APL in Wx
minimal medium and 25% mock APL in SD minimal medium.
However, S. lignivorans and N. aromaticivorans strains were
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more sensitive to media type and either did not grow or grew
poorly in SD or K3 media at both mixture concentrations, with
1.5- to 4-fold increases in lag time and up to 4.5-fold decreases
in maximum absolute growth rate (hereafter referred to simply
as ‘growth rate’), compared to that on their typical growth
medium (Fig. 1). Both N. aromaticivorans strains (F199 and
JMN2) also did not grow within 75 h on 25% mock APL in
M9 medium (Fig. 1). Interestingly, SD, K3, and M9 have the
highest concentration of salt ions, suggesting that these media
might interfere with the osmotic balance of SYK-6, B1D3A,
JMN2, and F199 (Table S2; Fig. S2†).

Although MM457 and RM minimal media formulations
could be used to support growth of all seven strains,
KT2440 had up to a 3-fold reduction in growth rate on
MM457 relative to M9 minimal medium, potentially due to
the low iron and ammonium concentrations in this medium
relative to the others (Fig. 1; Fig. S2; Table S2†). RM minimal
medium, however, supported all the strains at comparable or,
in some cases, better lag times and growth rates than their
typical growth medium (Fig. 1). Further, a medium perform-
ance score was calculated for each media type, in which a
higher score represents better growth performance, assessed

Fig. 1 Compatibility of minimal media to support growth on mock lignin stream. Strains were grown in several base media compositions that con-
tained either 10% or 25% mock APL as a carbon and energy source, in which APL comprises a mixture of aliphatic acids (lactate, acetate, and glyco-
late) and aromatic acids (p-coumarate, ferulate, and vanillate). Maximum absolute growth rates and lag times were calculated using Gompertz fits of
the growth dynamics illustrated in Fig. S1 and provided in ESI Excel File 1.† If no detection of growth occurred after 75 h, the strains were considered
to not grow in that medium and mock-APL concentration. The data are the means of the maximum absolute growth rate or lag time measurements
determined from three biological replicates and error bars denote the standard deviation of the mean values. Minimal media typically reported for
growth of each strain are denoted with triangle symbols. Calculations for the averaged performance score are depicted in ESI Excel File 1.†
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as higher growth rates and shorter lag times across all strains
tested, and in which higher relative growth rate and lower
relative lag time values were weighted equally during analysis.
Details regarding these calculations can be found in the
Materials and Methods section and all calculations are
available in ESI Excel File 1.† The medium performance
scores confirmed that RM minimal medium supported the
best growth outcomes for all strains, whether using a 10%
mock APL mixture or a 25% mock APL solution (Fig. 1).
Accordingly, RM minimal medium was chosen for all sub-
sequent experiments.

Growth on and tolerance to chemical constituents of lignin
streams

To evaluate the innate cellular tolerance and the catabolic
capability of the candidate hosts to utilize lignin streams, each
strain was grown on a mock-APL mixture and individually on
nine key aromatic and aliphatic compounds as sole carbon
and energy sources at increasing concentrations. All strains
were grown first in a nutrient rich medium [Luria–Bertani (LB)
medium] to late exponential phase before pelleting, washing,

and transferring to RM minimal medium containing the repre-
sentative substrate. Growth rate and lag time calculated after
transfer to the experimental media were used as criteria for
evaluating the ability of each microbial strain to convert
carbon sources to biomass and energy and to tolerate common
components of lignin streams (Fig. 2).

To solubilize and neutralize the model acidic compounds,
media was titrated with NaOH, and as such, higher concen-
trations of the tested compounds correlate with a higher Na+

concentration in the growth medium. To delineate the impact
of Na+ on the growth phenotypes, each strain was grown on a
favorable carbon source without or with the addition of NaCl
ranging from 75 mM to 500 mM (Fig. S3 and S4†). RM
minimal medium does not initially contain Na+ in its recipe
(Fig. S2b†)—an advantage of utilizing RM minimal medium
when neutralizing with NaOH. When the media was sup-
plemented with 500 mM NaCl, all seven strains grew with
varying degrees of inhibition to growth rates and lags (Fig. S3
and S4†). Relative to no addition of NaCl, KT2440, PD630, and
NBRC0880 had the highest inhibition to growth rate (50%
decreased) whereas F199 and JMN2 had the largest increase in

Fig. 2 Growth capacity and tolerance of microbial strains to chemical constituents of lignin streams. Maximum absolute growth rates and lag times
were calculated using Gompertz fits of the measured change in optical density over time, which are provided in ESI Excel File 1.† The change in lag
(Δlag) was calculated relative to growth on the lowest concentration of each substrate that each strain grew on. Bacterial growth in 96-well plates
containing 200 µL of growth medium was monitored on a BioscreenC Pro instrument. For NBRC0880, which did not grow consistently in the
BioscreenC Pro, growth in 48-well plates containing 1 mL of growth medium was monitored using a BioLector® automated growth curve analysis
system. Strains were grown in RM minimal media supplemented with increasing concentrations of mock APL, aromatic acids, aldehydes, or aliphatic
acids as sole carbon sources ranging from 5 mM to 100 mM. The starting concentration for acetate and lactate was 10 mM to provide enough
carbon to support cellular growth. If no measurement of growth occurred after 120 h, the strains were considered to not grow on that substrate
concentration. To support growth on p-coumarate, 4-hydroxybenzoate (4HB), 4-hydroxybenzaldehyde (4HBald), acetate, and lactate for both
Sphingobium sp. strains, 130 µM methionine was supplemented in the media, due to a previously reported methionine auxotrophy when grown on a
substrate lacking a methoxy groups.49 The data represent the mean of the calculated growth rates and Δlag times determined from three replicates.
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lag (up to 30 h) due to the addition of 500 mM NaCl (Fig. S3
and S4†). Nevertheless, although high concentrations of Na+

impacted growth, Na+ did not prevent growth for any of the
strains at the concentrations relevant to the solubilization of
acidic compounds.

Although growth on acidic compounds could be examined
at 100 mM, the maximum concentration for vanillin and
4-hydroxybenzaldehyde (4HBald) solubilized in dimethyl-
sulfoxide (DMSO) was 50 mM due to solubility constraints. For
both aldehydes, DMSO was maintained at 1% (v/v) in the
media, which was at a concentration that did not impact
growth for any of the strains (Fig. S3 and S4†). Generally, vanil-
lin was less toxic than 4HBald as was demonstrated by six out
of seven strains growing on 15 mM vanillin whereas 10 mM
was the maximum concentration any of the strains grew on
4HBald (Fig. 2). However, NBRC0880 did not grow on vanillin
at any concentration, indicating vanillin is not a favorable sole
carbon source for this strain (Fig. 2). Overall, only KT2440 and
B1D3A grew on 25 mM vanillin and only KT2440, B1D3A, and
SYK-6 grew on 10 mM 4HBald (Fig. 2), highlighting the
general toxicity of aldehydes to microbial growth.

The growth trends for strains from the same genus and
species, S. lignivorans SYK-6 and B1D3A and N. aromaticivorans
JMN2 and F199, were similar across the tested substrates with
a few key differences: SYK-6 tolerated a higher concentration of
mock APL than B1D3A, but B1D3A grew on higher concen-
trations of 4-hydroxybenzoate (4HB), vanillin, and acetate than
SYK-6. JMN2 had a higher growth rate than F199 on lactate,
but F199 grew on 100 mM acetate whereas JMN2 did not
(Fig. 2). Larger differences in growth phenotype were observed
when comparing across genera.

For all the microbial strains fed mock APL, only KT2440
and NBRC0880 grew on 100% of the mock APL whereas the
rest of the strains only tolerated 50% mock APL or less (Fig. 2).
Further, there was only about a 5 h increase in lag time
between the 10% and 100% mock APL concentrations for
KT2440 and NBRC0880, indicating high inherent tolerance to
the aliphatic and aromatic compound mixture (Fig. 2). During
growth on the individual substrates, KT2440 exhibited the
highest tolerance (growth maintained up to 100 mM of all the
acidic compounds tested, excluding syringate), shortest
change in lag time (averaging Δ14 h between 5 mM and
100 mM), and fastest growth rates (on average around 0.5 h−1)
in both 200 µL and 1 mL growth conditions as compared to
the other strains (Fig. 2; Fig. S5†). Although the lag in growth
remained consistent between growth in 1 mL and 200 μL for
KT2440, the growth rates differed, likely due to aeration differ-
ences between culture conditions (Fig. S5†). Regardless of
culture volume, KT2440 grew on all the acidic compounds up
to 100 mM, excluding syringate (Fig. S5†).

Broad substrate catabolism and tolerance was also observed
for PD630, which grew on up to 100 mM of the aliphatic acids,
4HB, and ferulate and up to 25 mM of vanillate and p-couma-
rate (Fig. 2). As substrate concentrations increased, PD630
exhibited up to 50 h increases in lag times, indicating a sensi-
tivity to high concentrations of aromatic and aliphatic acids

solubilized with NaOH (Fig. 2). In contrast, as the substrate
concentration increased, NBRC0880 maintained consistent
growth rates (with a max standard deviation of 0.01 h−1

between 5 and 100 mM) and lag times (typically ranging
between 1–30 h) on mock APL, H-type aromatic compounds,
and acetate (Fig. 2; ESI Excel File 1†). However, NBRC0880 had
40–90 h lag times on G-type aromatic compounds, grew only
on 25 mM vanillate and 25 to 75 mM ferulate, and did not
grow on vanillin (Fig. 2). Notably, vanillate was especially toxic
for all the strains, as only KT2440 grew at and above 50 mM
and at 25 mM the other bacterial strains had about an 80 h
increase in lag time compared to at 5 mM (Fig. 2).

Syringate did not support the growth of KT2440, PD630, or
NBRC0880 as a sole carbon and energy source, but
S. lignivorans and N. aromaticivorans strains were able to grow
without an additional substrate (Fig. 2). The two S. lignivorans
strains (B1D3A and SYK-6) performed better than the
N. aromaticivorans strains (F199 and JMN2) on syringate,
growing at 25 mM and exhibiting 2-fold faster growth rates at
5 mM than JMN2 or F199 (Fig. 2). In contrast, both the
S. lignivorans and N. aromaticivorans strains did not grow at or
above 25 mM on p-coumarate or ferulate, indicating that they
have a low native tolerance to the hydroxycinnamic acids, solu-
bilized with NaOH, that are the most prominent monomeric
aromatic components in corn stover APL.17,18 Overall, KT2440,
followed by PD630 and NBRC0880, showed the broadest sub-
strate tolerance and catabolic capacity demonstrated by growth
on the chemical mixture, G-type compounds, H-type com-
pounds, and aliphatic acids tested, but the two S. lignivorans
strains (B1D3A and SYK-6), followed by the two
N. aromaticivorans strains (F199 and JMN2), performed the
best on the S-type compound.

Strain performance on a lignin-rich stream

Alkaline pretreatment of lignocellulosic plant material pro-
duces a soluble lignin-rich liquor, or APL, as well as a solid
fraction consisting of polysaccharides and residual insoluble
lignin that can undergo additional processing.48,50 Here, corn
stover was treated with 70 mg NaOH per g of dry biomass at
130 °C, as previously described,17 to produce APL that contains
HMM lignin, monomeric LRCs, and aliphatic acids. Although
a lower NaOH loading than the harsher conditions used as a
basis for the mock-APL mixture will generate fewer free aro-
matic and aliphatic acids, this lower NaOH concentration was
chosen to mitigate the toxicity contributed by high Na+ con-
centrations (Fig. S3 and S4†). Before inoculation of the
microbial strains, the APL was neutralized, filter sterilized, and
diluted to 25% (v/v) in RM minimal medium. The main com-
ponents of the 25% APL feedstock were categorized by Klason
lignin analysis to be lignin-derived species (19.7%), xylan
(6.2%), arabinan (2.9%), galactan (1.9%), glucan (1.6%), and
acetate (1.4%) (Table S3†). A large portion of the media was
characterized as ash (55.3%) due to the salts added during pre-
treatment, neutralization, and dilution with RM minimal
media. The quantified free carbon in the 25% APL medium
consisted of the LRCs p-coumarate (1.33 mM), ferulate
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(0.15 mM), 4-hydroxybenzaldehyde (0.13 mM), vanillin
(0.06 mM), and acetosyringone (0.04 mM), and the primarily
carbohydrate-derived species acetate (11.60 mM), formate
(2.03 mM), lactate (0.54 mM), and oxalate (0.37 mM). The pres-
ence of aromatic compounds with methoxy groups, such as
ferulate, can act as methyl sources for S. lignivorans strains,
and accordingly, supplementation with methionine was not
required for SYK-6 and B1D3A to grow on APL and utilize
H-type aromatic compounds.49,51

All seven strains grew, as measured by an increase in
optical density, on 25% APL in RM minimal medium as a sole
carbon source (Fig. 3). Similar to growth trends on mock APL,
KT2440 grew the fastest of the microbial strains on 25% APL,
reaching stationary phase within 6 h. The next three fastest
were SYK-6, PD630, and NBRC0880, which entered stationary
phase within 12 h. For B1D3A and JMN2, stationary phase was
reached by 24 h, whereas the slowest growth was found for
F199, which required 48 h to reach a maximum OD600 value
(Fig. 3). After reaching stationary phase, the microbial biomass
generally remained constant without a decline in OD600,
except for KT2440, which lost about 50% of its max OD600 at
24 h before mostly recovering by 96 h. The highest maximum
OD600 values were observed for NBRC0880 and the two
N. aromaticivorans strains (F199 and JMN2). After 120 h of
inoculation, the cells were pelleted, and the cell-free super-
natant was harvested for analysis of the APL.

To quantify the decrease in lignin content after microbial
treatment, Klason lignin analysis of both acid-soluble and
acid-insoluble fractions was conducted on the cell-free lyophi-
lized APL and the percent change in lignin content, including
both HMM and monomeric aromatic compounds, was calcu-
lated as described previously.17,52 Before microbial treatment,
the majority of the lignin content (about 91%) was HMM or
uncharacterized lignin components, whereas the quantified
free H-type, G-type, and S-type aromatic compounds consisted

of only 9.08 ± 0.22 g/g % of the total lignin content (Fig. 4a).
After 120 h of microbial treatment, the maximum decrease in
lignin content was 12.9 ± 1.3% in B1D3A (Fig. 4b; Fig. S6†).
However, all the other strains, except PD630, reached compar-
able decreases in lignin content within the biological and
instrumental error (Fig. 4b). Notably, PD630 did not signifi-
cantly alter the total lignin content, the measured aliphatic
and aromatic compounds, or the pH of the media, as com-
pared to the abiotic control (Fig. 4b and c; Fig. S6–S8†). In con-
trast, the other six strains depleted the measured compounds
by 85 to 96 mol C/mol C % and the pH of the media increased
from 7.1 to ∼8.0 after 120 h (Fig. 4c; Fig. S7 and S8†). The
highest significant percent decrease (mol C/mol C) in quanti-
fied aromatic and aliphatic acids was found for the two
N. aromaticivorans strains, KT2440, and B1D3A (Fig. 4c and d).
Although the overall depletion of free compounds, in mol C,
was close to 100% after 120 h, there were key differences in the
rate of substrate depletion and types of substrates used.

As expected from the rapid growth on APL, KT2440 utilized
all the measured compounds in APL, except oxalate and aceto-
syringone, within 6 h, which was, compared to the other
strains, the most amount of carbon at the fastest rate (Fig. 4d;
Fig. S9; ESI Excel File 1†). None of the strains utilized oxalate
and the concentration increased over time (Fig. 4d). Both
S. lignivorans strains depleted acetosyringone within 12 h
(Fig. 4d), indicating it was, as expected, a viable carbon source
for S. lignivorans.53 Although JMN2 and F199 did not comple-
tely deplete acetosyringone from the extracellular medium, the
concentration after 120 h was 50% lower than in the abiotic
control, indicating that these strains can convert this carbon
source to some extent.

Comparable to the growth trends when acetate or lactate
were sole carbon and energy source (Fig. 2), B1D3A depleted
acetate 96 h before SYK-6 and neither S. lignivorans strain con-
sumed lactate in the APL mixture (Fig. 4d). In fact, only
KT2440 completely depleted lactate after 120 h. Reflecting the
slower time to stationary phase, F199 depleted APL com-
ponents 24–48 h slower than the other strains but, similarly to
JMN2 and the S. lignivorans strains, the aromatic compounds
were depleted before the aliphatic compounds (Fig. 4d;
Fig. S9†). Of the tested microbial strains, NBRC0880 was the
most discriminating in its substrate usage. After 12 h,
NBRC0880 completely depleted five carbon sources but, even
after 120 h, the strain did not utilize lactate, formate, oxalate,
or acetosyringone (Fig. 4d). Some compounds, including aceto-
vanillone, vanillate, and 4HB, appeared at 12 or 24 h in the
inoculations with the two Novosphingobium strains (F199 and
JMN2) but not in the abiotic control, implying potential modi-
fication of unmeasured aromatic-containing substrates in the
APL, and/or secretion of these metabolites during the catabo-
lism of upstream aromatic compounds (Fig. 4d).

Although the strains significantly utilized the free aromatic
and aliphatic acids, the majority of APL consists of HMM com-
ponents (Fig. 5). After 120 h of treatment, gel-permeation
chromatography further illustrated a substantial decrease in
low-molecular-mass (LMM) compounds, but also indicated

Fig. 3 Growth dynamics on 25% APL. OD600 measurements over 120 h
of microbial growth on 25% APL and RM minimal media. Data represents
the mean ± the standard deviation of three biological replicates. Abiotic
controls, in triplicate, without microbial inoculation are illustrated in
grey.
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changes in HMM peaks compared to the abiotic control for all
the strains except PD630 and NBRC0880 (Fig. 5). The LMM
peak closely matched the spectra of p-coumarate (Fig. S10†),

which was also the aromatic compound found at the highest
concentration in the APL (Fig. 4d). Unique from the other
strains, both N. aromaticivorans strains also had a new LMM

Fig. 4 Microbial strain performance with 25% APL. (A) The composition of measured aromatic compounds in the lignin fraction of the APL for the
abiotic controls after 120 h of incubation. (B) Percent decrease in lignin content representing both microbial lignin depolymerization and catabolism
after 120 h of incubation with the seven strains or no inoculum (abiotic control). The dotted line indicates the percentage of measured aromatic
compounds in the total lignin fraction of APL for the abiotic control. The measured lignin content in g L−1 from Klason analysis is depicted in
Fig. S6.† (C) The percent decrease in the sum of all measurable residual carbon, both aromatic and aliphatic compounds, after 120 h of microbial
treatment. The total mM of carbon remaining for each condition is illustrated in Fig. S7.† For A, B, and C, the bar graphs show the mean ± the stan-
dard deviation of three replicates. For B and C, statistically significant differences (p < 0.05) are denoted by a change in letter; significance was deter-
mined by one-way ANOVA followed by Tukey HSD post hoc tests. Exact p-values can be found in ESI Excel File 1.† (D) The conversion of the individ-
ual lignin-derived and carbohydrate-derived components of APL at different timepoints of growth relative to the initial content in the media (%
remaining). The data represent the mean of three biological replicates. The measured concentrations, in mM, of all compounds for each strain and
timepoint (6 h, 12 h, 24 h, 48 h, 72 h, and 120 h) are provided in ESI Excel File 1.† Compound names for 4-hydroxybenzoate and 4-hydroxybenzalde-
hyde were abbreviated as 4HB and 4HBald respectively. The compounds 4HB, vanillate, syringate, and acetovanillone were present in the initial
media but were below the limit of quantification (LOQ). Due to evaporation over time, some compounds were able to be measured in the abiotic
control and in some of the microbial treatments after 120 h. For 4HB, vanillate, syringate, and acetovanillone, if the difference between the detection
of a compound in a microbial treatment versus the abiotic control at a specific timepoint was less than 0.01, the condition was left grey.
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peak appear in the spectra (Fig. 5). However, only B1D3A sig-
nificantly depleted the lignin content (p = 0.012) compared to
the total quantified free aromatic compounds (ESI Excel File
1†), suggesting that only the monomer fraction of APL was
appreciably depleted by most strains. To assess if the strains
acted on the functional linkages in HMM lignin, NMR analysis
was applied to the APL after 120 h of microbial treatment.

Changes to aromatic components after microbial treatment

NMR spectroscopy was used to examine the impact of
microbial treatment on the lignin and hydroxycinnamate com-
ponents of the APL. For each sample, the cell-free APL material
after 120 h of biological treatment or the no inoculation
control was freeze-dried and then dissolved in 4 : 1 DMSO-d6/
pyridine-d5 and 2D 1H–13C (HSQC, heteronuclear single-
quantum coherence) spectra acquired (Fig. 6a–c). As is typical
for lignin spectra, the syringyl/guaiacyl nature of the lignin
was apparent, as was the array of typical lignin dimeric moi-
eties, denoted by their characteristic interunit linkages, β-aryl
ether (β-O-4) units A, phenylcoumaran (β-5) units B, and
resinol (β-β) units C. As has been noted previously, but is strik-
ing in corn stover, much of the early lignification dimerization
is via the sinapyl p-coumarate (S-pCA) conjugate from which its
prominent β-β-coupled quinone methide intermediate cannot

form the usual resinol C because the γ-OH is acylated by pCA;
the main product diagnostic of such monolignol acylation is
the tetrahydrofuran C′. Also, apparent from comparison with
isolated or whole-cell-wall lignins in corn stover is that the
p-coumarate and ferulate are present in the APL as their free
acids, i.e., the esters have efficiently cleaved under the alkaline
conditions. Tetrahydrofuran units C′ had also been efficiently
hydrolyzed as the moiety was found as the di-γ-OH variant
shown rather than the ester that is present in the native lignin;
saponification of such units has been documented pre-
viously.54 The flavone tricin (T) is also well-established as
(starting) end-units on the lignin polymer in monocots, includ-
ing corn stover.55–57 The T2′/6′ correlation appears to be intact
but the T8 and perhaps T6 correlation peaks have changed/
moved. The fate of tricin units under these APL conditions is
currently under investigation.

Although it is difficult to match correlation intensities
across spectra, both KT2440 (Fig. 6a) and SYK-6 (Fig. 6b)
depleted the p-coumarate compared to the abiotic control
(Fig. 6c). The changes to the APL fraction after treatment with
the microbes is most readily seen via the difference spectra
between microbial treatment and the abiotic control (Fig. 6d–
j). Volume-integration of the contours further delineated the
major changes, showing the remaining p-coumarate at 13%

Fig. 5 Molecular mass distribution of 25% APL after microbial treatment. The abiotic control replicate used as reference is illustrated by the dashed
line. The additional two replicates for the abiotic control are shown in shades of grey. Replicates (rep.) for microbial treatment are depicted in the
different shades of blue. Spectra are normalized to the maximum response per spectra and shifted to align with the abiotic control reference peak at
a molecular mass 575.
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Fig. 6 Structural changes in hydroxycinnamates and lignin units from 2D-HSQC-NMR spectroscopic analysis. (A, B, and C) APL spectra with main
correlation peaks color-coded to match the structures shown. Note that the lighter (40%) contours are from a 4-fold intensity expansion to make it
easier to see minor peaks. (D–J) The difference spectra are from 2D spectral subtraction with nulling of the methoxy signal; red peaks are negative,
meaning that they have been depleted relative to the abiotic control shown in C; cyan peaks are positive meaning that they are relatively elevated (or
new) compared to the abiotic control. Note that if a peak has equal red and cyan components because of small shifts in the peaks [as in the p-cou-
marate (pCA) peaks] in difference spectrum I, for example it signifies that the component essentially remains un-metabolized following treatment.
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and 20% of the original level, respectively, with all microbes
except PD630 showing similar reductions (Fig. 6d–j). The only
other notable difference between microbial treatment and the
abiotic control was that SYK-6 and B1D3A exhibited mild
depletions of β-ether units (Fig. 6e and f), presumably from
metabolism of small β-ether-containing oligomers in the APL.
The other strains did not appear to display a similar metab-
olism of such units despite the potential for β-etherase activity
(Fig. 6d–j).25,58,59 Furthermore, there was no measurable differ-
ence in any of the other lignin units. However, additional non-
lignin-related peaks in the APL medium showed a decrease in
signal intensity especially for the S. lignivorans strains, the
N. aromaticivorans strains, and NBRC0880 (Fig. 6d–j), indicat-
ing that non-lignin components were modified and potentially
catabolized by these strains.

Discussion and conclusions

The efficiency of microbial catabolism of the components
present in lignin streams directly impacts the economic feasi-
bility of lignin bioconversion to target bioproducts.9,60 A vital
component to efficient bioconversion is selection of an
effective microbial host capable of tolerating and catabolizing
components of lignin streams. Here, we evaluated seven
strains (N. aromaticivorans F199, N. aromaticivorans JMN2,
P. putida KT2440, R. opacus PD630, R. toruloides NBRC0880,
S. lignivorans B1D3A, and S. lignivorans SYK-6) that have been
reported previously as potential platform strains due to their
ability to grow on lignin streams, catabolize diverse LRCs, be
genetically manipulated, and produce valuable products from
aromatic compounds.21–23,25,25,27–31,33–36,61

The broadest tolerance, as measured by growth perform-
ance metrics in batch culture using solubilized aromatic and
aliphatic compounds, was observed for KT2440, PD630, and
NBRC0880 (Fig. 1 and 2). Both P. putida and R. toruloides
strains have been highlighted previously for their toxicity toler-
ance to a broad range of compounds.47,62–65 Here, this native
tolerance was also illustrated, in general, by small changes in
lag time (around a 15 h increase) between 5 mM and 100 mM
of individual aromatic and aliphatic acids (Fig. 2). Aldehydes,
important components of diverse lignin streams,17,66–68 were
found to be especially toxic to microbial growth and only
KT2440 and B1D3A grew on 10 mM 4HBald and 25 mM vanil-
lin (Fig. 2). It is possible that different preculture strategies,
such as an initial growth in minimal media instead of rich
media, could improve growth outcomes and tolerance for all
the microbial strains. Additionally, although the strains grew
when exposed to 500 mM NaCl (Fig. S3 and S4†), the growth
performance was inhibited on a favorable carbon source at
high Na+ concentrations and thus there could be a combina-
torial toxicity effect from Na+ and acidic compounds that pre-
vented growth for some strains. Production strains could also
have reduced tolerance compared to native strains, such as
engineered N. aromaticivorans grown in standard mineral base
medium that had a greater inhibition to Na+ supplementation

than observed here.37 For all strains examined, additional
strain-based optimization could be employed to improve host
strain performance such as altering the neutralization reagents
(e.g., NH4OH instead of NaOH),37 optimizing the growth
medium, increasing the aeration through growth in bio-
reactors, as well as feeding strategies to slowly introduce aro-
matic or aliphatic compounds.

To accommodate all the strains in this work, a moderate
concentration of corn stover APL (25% v/v) was chosen because
growth of microbial strains was commonly impeded on NaOH-
solubilized aromatic acid concentrations at or above 25 mM
(Fig. 2). All strains, except PD630, grew in the corn stover APL
medium (Fig. 3), indicating the presence of a sufficient
amount of available carbon sources to support growth. Despite
catabolism and tolerance to 50% mock APL (Fig. 2), PD630 did
not significantly utilize components of the corn stover APL
(Fig. 4d). This growth limitation could be due to an unmea-
sured inhibitory component in the corn stover APL. Since
PD630 has been grown on other lignin streams with success,
including kraft lignin and an alkali/alkali-peroxide-pretreated
corn stover waste streams,32,44 the inhibitory components of
this corn stover APL may not be present in other lignin
streams. Supplementation of lignin streams with alternative
carbon sources such as glucose can also be used to mitigate
growth limitations of host strains.17,32,69,70 Efficient product
formation will ultimately rely on feeding high concentrations
of LRCs, which will subsequently increase inhibitory com-
ponents, further emphasizing the need for broad detoxifica-
tion and/or tolerance mechanisms in the host strain.

Another key factor in host selection is innate catabolic capa-
bilities to rapidly utilize the heterogeneous compounds found
in lignin streams, and thus minimize downstream needs to
genetically insert novel metabolic pathways. In this study, all
strains except PD630 consumed the two most abundant aro-
matic species, p-coumarate and ferulate, and the most abun-
dant primarily carbohydrate-derived species, acetate, in the
APL (Fig. 4d). The broadest free compound usage was found
for the two N. aromaticivorans strains (F199 and JMN2),
KT2440, and B1D3A, which all utilized between 93 and 96 mol
C/mol C % of the quantified aromatic and aliphatic carbon in
the APL (Fig. 4c and d). Exhibiting specialist capabilities, only
the S. lignivorans strains completely depleted acetosyringone
(Fig. 4d), which represented a small fraction of this corn stover
APL at 0.04 mM but is an important compound common in
other lignin streams.11,67,71,72 Catabolic pathways for acetosyr-
ingone have been identified in SYK-6 53 and could represent
important genetic sources for the expansion of substrate usage
in other hosts. In addition, pathways for degradation of
other S-type aromatic compounds, such as syringate examined
here, have been described for both S. lignivorans and
N. aromaticivorans.33,51,69,73–75 While KT2440, PD630, and
NBRC0880 did not utilize syringate as a sole carbon source,
there is the potential for co-metabolism of S-type compounds
by these strains as was demonstrated for KT2440 which uti-
lized syringate when an additional carbon source such as
vanillate or glucose was present.50,51 Although an ideal host
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strain for bioconversion of complex feedstocks should natively
utilize the highest percentage of carbon, advances in synthetic
biology and adaptive laboratory evolution have simplified
approaches for substrate expansion and inhibitor tolerance.
Future expansion of metabolic pathways in these strains could
alter their capabilities.

Metabolism of lignin stream constituents can result in the
appearance of compounds either through the accumulation of
an intermediate in a metabolic pathway or from modification
of oligomeric substrates. Accumulation of aromatic com-
pounds occurred in the media at 12 and 24 h during the inocu-
lations with both N. aromaticivorans strains. For both strains,
4HB and vanillate, known intermediates in the catabolism of
p-coumarate and ferulate,39 appeared in the supernatant,
potentially due to secretion of these compounds during the
metabolism of the hydroxycinnamates. JMN2 was the only
strain to have acetovanillone appear in the supernatant, which
increased up to 0.08 mM after 120 h, suggesting that it was a
product from modification of an uncharacterized lignin-
derived species. Concurrently, the concentration of acetosyrin-
gone decreased by 50% in the JMN2 inoculation compared to
the abiotic control (Fig. 4d). In SYK-6, the acetosyringone cata-
bolism pathway can also act on acetovanillone.53 Previously,
N. aromaticivorans PDC (derived from F199) was found to not
utilize acetosyringone or acetovanillone in the presence of
glucose,69 but supplementation with an aromatic compound
may initiate metabolism, as demonstrated when vanillate sup-
plementation enabled syringate metabolism in KT2440.76,77

Additional examination of the acetovanillone/acetosyringone
metabolism in JMN2 is warranted to assess its catabolic
capacity.

Lignin is a complex aromatic polymer containing structural
inter-unit linkages, characterized by the bonds formed during
the radical coupling steps in lignification, such as β-O-4, β-5,
β-β, β-1, and 5-5. Enzymatic cleavage of representative dimeric
compounds containing these linkages has been well-character-
ized in S. lignivorans SYK-6 and N. aromaticivorans
strains.25,30,31,78,79 However, this work commonly uses model
dimeric compounds instead of more complex oligomers like
those in the HMM lignin fraction of APL. NMR indicated sig-
nificant metabolism of p-coumarate but little to no changes in
the structural units of the lignin backbone of the oligomers
present in the APL, except for a decrease in the β-ether level
observed after treatment with both S. lignivorans strains.
Previously, etherases from SYK-6 recombinantly expressed in
E. coli were shown to cleave β-ether linkages in a synthetically
constructed lignin.80 Here, we found that both SYK-6 and
B1D3A could also moderately deplete these linkages in corn-
stover APL. The minimal conversion of HMM species in the
APL stream could therefore represent a disconnect between
the enzymes capable of cleaving dimers and activity on larger
oligomers, whether due to spatial separation (i.e., intracellular
enzyme and extracellular substrate), steric hindrance from
more complex oligomers, lack of enzyme upregulation in the
presence of APL, alterations to the lignin bioavailability due to
high salt content, or inhibitors of enzyme activity in complex

media. Of note, extracellular enzymatic lignin deconstruction
through the action of oxidases, such as laccases and peroxi-
dases, has shown potential to deconstruct lignin.81–83

Supplementation with exogenous laccases was found to act
synergistically with bacterial catabolism by deconstructing
lignin and improving the growth of PD630 on kraft lignin.44

Similarly, the growth of KT2440 on corn stover lignin solids
was increased when a fungal secretome was added to act on
HMM lignin.84 Improvements in enzymatic deconstruction of
lignin remain an area of interest, but currently many chal-
lenges remain for it to become applicable at a commercial
scale.81,85 For bioconversion to occur under process-relevant
conditions, systematic improvements in obtaining a higher
percentage of monomeric content from lignin is crucial.1,9,86

The chemical composition of lignin streams for bioconver-
sion is dependent on both the plant species and the chemical
deconstruction method. In this work, we utilized corn stover
APL as a representative lignin stream due to its precedent in
previous work.17,19,20 However, alkaline pretreatment rep-
resents only one of many approaches to extract lignin from
biomass, and is effective only for grasses or for the few hard-
wood species (polar, willow, palms) that have p-hydroxybenzoy-
lated lignins.11,85,87,88 In particular, catalytic oxidation offers a
promising strategy for improving the yield of bioavailable,
water-soluble aromatic compounds from lignin.1,66,68,89 The
cleavage of C–O bonds in the oxidation processes is well
known and can occur at near-theoretical yields, providing
20–30 wt% monomers based on the lignin content of intact
biomass.66,68,89 Beyond the monomers available from aryl-
ether bond cleavage in lignin, several oxidation studies have
demonstrated C–C bond cleavage in lignin that could poten-
tially increase the yields of aromatic monomers for
bioconversion.90–92 Recently, the combination of C–O and C–C
bond cleavage in an oxidative process enabled a yield of 28%
lignin monomers from pine that could be funneled to
muconic acid by P. putida.92 In another example, optimizing
the catalyst and process conditions in reductive catalytic frac-
tionation to produce aryl-propanols instead of aryl-propanes
improved production of 2-pyrone-4,6-dicarboxylic acid by
N. aromaticivorans.69 As catalytic deconstruction strategies
further improve the bioavailable content of lignin streams,
metabolic pathways to catabolize S-type lignin and dimers will
become increasingly important. Host strain tolerance to high
aromatic content and to the lignin stream matrix will also
become essential traits for bioconversion.

The strains tested here utilize either the ortho-cleavage
pathway (KT2440, PD630, NBRC0880) or the 4,5-meta-cleavage
pathway (SYK-6, B1D3A, JMN2, F199) from the central
aromatic pathway intermediate, protocatechuate.23,38–40,42,51

Performance-advantaged products have been obtained from
these cleavage pathways through the deletion of enzymes
downstream of the metabolite intermediate of interest com-
bined with supplementation of an alternative carbon source to
support biomass demands.1,23,23,34,37,60 For additional pro-
ducts that cycle through central carbon metabolism, the 4,5-
meta-cleavage pathway has the advantage over the ortho-clea-
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vage pathway due to both the formation of NADPH as well as
total carbon conversion to central carbon metabolites (i.e., no
carbon loss to CO2). When selecting a microbial host for bio-
conversion, it is important to consider the feedstock, decon-
struction method, product of interest, catabolic and synthesis
pathways, cofactor balance, and additional traits such as the
ability to natively generate desirable products in large quan-
tities. Going forward, the comparisons presented in this study
can be employed as guiding information to select and improve
microbial hosts for the bioconversion of lignin.

Materials and methods
Microbial strains

The strains used in this study were Pseudomonas putida
KT2440 (ATCC 47054), Sphingobium lignivorans SYK-6 (also
Sphingobium sp. SYK-6), Sphingobium lignivorans B1D3A,
Novosphingobium aromaticivorans JMN2, Novosphingobium aro-
maticivorans F199, Rhodococcus opacus PD630, and
Rhodosporidium toruloides NBRC0880 (also R. toruloides IFO
0880). All strains were maintained in 25% glycerol at −80 °C.
To revive strains, they were either streaked first on a Luria–
Bertani (LB) medium (Lennox) and 1.5% agar plate or directly
inoculated into LB liquid medium at 30 °C. Seed cultures for
all experiments were grown until late exponential phase, pel-
leted at 5000g for 5 min, resuspended in minimal media (no
carbon source), pelleted again, and resuspended in minimal
media. The OD600 of the washed seed cultures was measured
and used to inoculate experimental cultures to a starting
OD600 of 0.1.

Media preparation and chemicals

Each minimal medium recipe (M9, Wx, MM457, RM, SD, and
K3) was prepared, as described before.17,29,31,44–46 The exact
composition of the different minimal media types can be
found in Table S1.† Indicated carbon source(s) were sup-
plemented into minimal media to support growth as follows.
Individual stocks of each chemical for mock APL were pre-
pared in ultrapure water and titrated to a pH of 7.0–7.5. They
were combined to prepare a 200% mock-APL stock (60 mM
p-coumarate, 40 mM ferulate, 12 mM vanillate, 88 mM acetate,
126 mM lactate, and 120 mM glycolate) that was subsequently
diluted to create 2× concentrations of each percentage of mock
APL tested. The 2× mock-APL stocks in ultrapure water were
combined with 2× minimal media stocks to produce final con-
centrations of 100%, 75%, 50%, 25%, or 10% mock APL. For
growth assays on the individual acidic compounds used in this
work (lactate, acetate, 4HB, p-coumarate, vanillate, ferulate,
and syringate), stock solutions were prepared at 120 mM in a
1× RM minimal media solution titrated with 5 M NaOH to pH
of 7.0 prior to dilution in 1× RM minimal media to the tested
concentrations. For acetic acid, an initial working acetic acid
stock was prepared from reagent grade (>99%) glacial acetic
acid in ultrapure water titrated to pH of 5 before addition to
RM minimal media to create 120 mM stock solution adjusted

to pH of 7.0. The sodium salt concentration in the 100 mM
aromatic and acetate conditions was between 200–350 mM.
For vanillin and 4HBald, a 5 M stock solution was prepared in
DMSO and diluted to the reported concentrations in RM
medium. Additional DMSO was supplemented to maintain a
1% (v/v) concentration in all conditions. For NaCl tolerance
experiments, a 5 M NaCl stock was made in RM media con-
taining the favorable carbon source and diluted to the reported
concentrations. The favorable carbon source was 20 mM
glucose for all the strains except SYK-6 and B1D3A. For the two
S. lignivorans strains, RM medium was supplemented with
SEMP (10 mM sucrose, 10 mM glutamate, 10 mM proline, and
0.13 mM methionine) to support growth. All media was uti-
lized for experimentation within 18 h of preparation. All
chemicals were purchased from Sigma Aldrich, except for
vanillic acid (4-hydroxy-3-methoxybenzoic acid), which was
purchased from Acros Organics.

Preparation of APL media

As previously described,17,50 APL was produced from corn
stover at 130 °C with 70 mg NaOH per g dry biomass.
Immediately before use, the APL was processed by centrifu-
gation at 10 000g and 10 °C for 30 min to remove the bulk of
the solids. The pH of APL was next adjusted to 7.0 using 5 M
H2SO4 and additional precipitates were removed through cen-
trifugation at 10 000g and 10 °C for 30 min. The resulting
supernatant was filter-sterilized through 0.20 µm pore-size
nylon filters. The filter-sterilized APL was combined with 1.33×
concentrated RM minimal media to a resultant concentration
of 25% (v/v) APL in 1× concentrated RM minimal media. No
additional carbon sources were provided to support growth.

Measurement of microbial growth on APL and representative
components of lignin streams

All microbial growth experiments were conducted in triplicate
and included non-inoculated control samples treated under
the same conditions as those to support microbial growth. All
microbial strains were grown at 30 °C with shaking to main-
tain high aeration. Except for growth on 25% APL which was
conducted in shake-flasks, growth experiments were con-
ducted using plate readers with automated optical density
measurements every 15 to 30 min. All bacterial strains were
inoculated into 1 mL of each medium at OD600 of 0.1 and then
200 µL of the mixture was dispensed into three separate wells
in a microtiter plate. Plates were incubated for 120 h in
BioscreenC Pro instrument (Growth Curves Ltd) with
maximum shaking speed and optical density measurements
(OD600) taken every 15 min. However, R. toruloides NBRC0880
did not grow consistently in the BioscreenC Pro plate reader.
Thus, NBRC0880 was compared to KT2440 in 48-well
FlowerPlate (Beckman-Coulter) with larger culture volumes.
The washed LB seed cultures were inoculated into wells con-
taining 1.2 mL of growth medium and shaken at 1200 rpm to
test different minimal media types or inoculated into wells
containing 1 mL of growth medium and shaken at 975 rpm to
assess tolerance and catabolic capacities. Measurements were
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conducted on BioLector® automated growth curve analysis
system (m2p-labs GmbH) maintained at 85% humidity.
Changes in biomass were measured in arbitrary units [a.u] of
back-scattered 620 nm light with gain set to 2 or 3. Maximum
absolute growth rates (µA) and lag times (λ) were calculated
using single Gompertz model fit where maximum absolute
growth rates represent the slope of the tangent at the inflection
point and the lag time is the x-intercept of the tangent
line.93,94 All growth from BioscreenC Pro and BioLector® were
plotted using GraphPad Prism. Biomass measurements for all
growth data are available in ESI Excel File 1.†

Microbial growth experiments on 25% APL in RM minimal
medium were performed in 250 mL baffled shake-flasks con-
taining 50 mL of culture medium and shaken at 225 rpm for
120 h. An initial aliquot of medium prior to the inoculation
was collected and frozen at −20 °C until additional processing
was conducted. Growth and extracellular samples were
acquired after 6 h, 12 h, and then daily for 120 h. When
strains were grown on APL, which is dark brown in color, cell
suspensions were measured spectrophotometrically at OD600

with a NanoDrop™ 2000 spectrophotometer (Thermo Fisher
Scientific) before aliquots were centrifuged at 5000g for 10 min
and the cell-free supernatant for each aliquot was measured
again at OD600, which was used to correct the original biomass
measurement for the APL background coloration. The cell-free
supernatant was further filtered through 0.22 µm nylon
Costar® Spin-X® centrifuge tube filters (Corning) to ensure
bacterial removal before analysis of the aliphatic and aromatic
acid composition. After cultivation ended at 120 h, 35 mL of
each culture were centrifuged at 4500g and 4 °C for 20 min to
remove the cells, the supernatant was lyophilized, and the
resulting freeze-dried APL was weighed and aliquoted for
Klason lignin, GPC, and 2D NMR analyses.

Quantification of aromatic and aliphatic compounds

To measure the aromatic compounds in the APL, a
UHPLC-MS/MS method using an Agilent 1290 UHPLC paired
with an Agilent 6470A Triple Quadrupole Mass Spectrometer
was employed as described previously.95 In brief, reverse-phase
chromatography was utilized at a flow rate of 0.5 mL min−1

with a Phenomenex Kinetex Phenyl-Hexyl (2.1 mm × 100 mm;
1.7 µm pore size) column maintained at 40 °C. Multiple reac-
tion monitoring and dual Agilent jet stream electrospray
ionization in negative-ion mode was used for analyte detection.
An internal standard, 4-hydroxybenzoic-2,3,5,6-d4 acid, was
spiked into each sample to improve data processing and quan-
titation. For aliphatic acid measurements, an Agilent 1260
Infinity II UHPLC equipped with a refractive index system was
employed as described previously.96 In brief, all samples were
first acidified with 72% sulfuric acid and then filtered through
a 0.22 µm filter to remove HMM lignin before UHPLC analysis.
The ion exclusion chromatography used a Phenomenex Rezex
ROA-Organic Acids H+, 8% (7.8 mm × 50 mm) column main-
tained at 70 °C. The flow rate of the mobile phase (0.02 N sul-
furic acid in water) was kept at 0.5 mL min−1 for 30 min. All
linear calibration standard curves had a correlation coefficient

(r2) of 0.995 or higher for quantification of compounds present
in the APL.

Characterization of lignin content

Klason lignin and GPC were used to determine, respectively,
the amount of insoluble and soluble lignin remaining after
120 h of microbial treatment and the molecular mass distri-
bution of the degraded lignin in APL. For Klason lignin, acid
hydrolysis of 300 mg of freeze-dried APL was conducted
according to NREL Laboratory Analytical Procedures.52 Both
the acid-insoluble and acid-soluble fractions were combined
to calculate a total percentage of lignin in the samples.
Klason lignin content was corrected for evaporation that
occurred at the end of 120 h by accounting for the final
volume of the cultures after 120 h versus the theoretical
amount without evaporation. A percent change in total lignin
between the samples after bacterial treatment and the abiotic
control was calculated as described before.17 For GPC ana-
lysis, 20 mg of the freeze-dried samples were derivatized via
acetylation and analyzed using HPLC attached to a diode-
array detector measuring absorbance at 260 nm, as described
previously.17,50 In brief, an Agilent HPLC with three PLgel
GPC columns (7.5 × 300 mm) were used in series: 10 µm ×
50 Å, 10 µm × 103 Å, 10 µm × 104 Å. Isocratic elution was
maintained with tetrahydrofuran at a flow rate of 1.0 mL
min−1. The injection volume was 25 µL. A calibration curve
using polystyrene standards was used to convert retention
time to molecular mass.

2D-HSQC-NMR spectroscopy

For determination of the lignin composition by 2D HSQC
NMR, 50 mg of APL was suspended in 600 µL of DMSO-d6/pyri-
dine-d5 (4 : 1, v/v), as previously described.97–99 The samples
were sonicated with occasional vortexing until a uniform gel
was formed. The gel suspension was analyzed with a Bruker
Biospin (Billerica, Massachusetts) NEO 700 MHz spectrometer
equipped with a 5 mm QCI 1H/31P/13C/15N cryoprobe with
inverse geometry (proton coils closest to the sample). Two-
dimensional 1H–13C HSQC NMR spectra were collected on a
NEO 700 MHz spectrometer (Bruker Corp., Billerica, MA, U.S.
A.) with an adiabatic-pulse program (hsqcetgpsisp2.2).100

HSQC experiments were carried out using the following para-
meters: acquired from 11.65 to −0.66 ppm in F2 (1H) with
1724 data points (acquisition time, 100 ms) and 215 to
−5 ppm in F1 (13C) with 618 increments (F1 acquisition time,
8 ms) of 48 scans with a 0.5 s interscan delay; the d24 delay
was set to 0.89 ms (18J, J = 140 Hz). The total acquisition time
for each sample was 5 h 8 min. Processing used typical
matched Gaussian apodization (GB = 0.001, LB = −0.5) in F2
and squared cosine-bell in F1 (without using linear predic-
tion). The spectra were referenced using the central DMSO
solvent peak (δC 39.5, δH 2.49 ppm). Volume integration of con-
tours in HSQC data used TopSpin 4.4 (Mac) software, and no
correction factors were applied. Peak identifications were
based on previous reports.97–99
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Media performance calculations

For each medium, m, a lag time performance score, P(m)λ and
a maximum absolute growth rate performance score, P(m)µ
was determined using eqn (1) and (2), respectively.

PðmÞλ ¼
O1λMin
O1λm

þ O2λMin
O2λm

þ . . .þ OnλMin
Onλm

n
ð1Þ

PðmÞμ ¼
O1μm
O1μMax

þ O2μm
O2μMax

þ . . .þ Onμm
OnμMax

n
ð2Þ

where OiλMin represents the lowest non-zero lag time for
organism Oi across all media tested, Oiλm is the lag time
for organism Oi grown in medium m, OiµMax is the highest
maximum absolute growth rate for organism Oi across all
media tested, Oiµm is the maximum absolute growth rate
for organism Oi grown in medium m, and n is the total
number of organisms tested. In instances where an organ-
ism failed to grow in a particular medium, the corres-
ponding OiλMin/Oiλm and Oiµm/OiµMax values were set to
zero. An overall medium performance score P(m)Tot was
then calculated according to eqn (3). Using this method,
the medium performance scores, ranging 0–1, can be com-
pared to each other, where a higher score represents
improved relative growth performance across all organisms
tested.

PðmÞTot ¼
PðmÞλ þ PðmÞμ

2
ð3Þ

Statistical analysis

Differences in lignin content and aromatic and aliphatic
compound utilization between strains and abiotic controls
were analyzed for statistically significant differences (p ≤
0.05) using one-way analysis of variance (ANOVA) combined
with Tukey honestly significant difference (HSD) post hoc
tests. All analysis was conducted using GraphPad Prism
10.2.2.
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