


chromosome partitioning and cell division processes were all significantly upregulated when

lignin was present compared to lignin unamended conditions.

Lignin degradation rates are constrained by the complexity of the substrate, and most bac-

terial strains regulate their metabolic pathways for utilization of carbon sources by carbon

catabolite repression [31]. This process allows mixed sugars to be utilized only sequentially,

and gene regulation attributed to this process was observed in SCF1 growth in the presence of

lignin. Many genes related to transporters were found to be down-regulated when glucose was

available in the medium, but they were switched on after glucose was no longer metabolized

(S3 Table). Genes belonging to the phosphoenolpyruvate phosphotransferase system (PTS)

related to the uptake of mannose (Entcl_3690, Entcl_3691, Entcl_3692, Entcl_3811 and

Entcl_3812), xylose (Entcl_0175 and Entcl_0176) and ribose (Entcl_0174, Entcl_1204,

Entcl_1206, Entcl_4081) were down-regulated in early exponential phase. However, after glu-

cose was made unavailable due to concentrations dipping below its half-saturation constant

for uptake, they were transcribed in higher abundance.

The initial down regulation of genes related to the uptake of other sugars was also

observed in the case of transcripts associated with degradation of cellobiose (Entcl_2546 and

Entcl_3764), chitobiose (Entcl_2547 and Entcl_2548), maltose (Entcl_3261) and mannose

(Entcl_4032, Entcl_4033, Entcl_4034 and Entcl_4036). Furthermore, many genes involved

Fig 3. Clustering of transcripts shows response to lignin in genes of interest in Enterobacter

lignolyticus SCF1 grown in glucose with and without lignin. Fold change indicates change in relative

abundance of transcript in lignin-amended compared to unamended growth. Colors to the left of the heatmap

indicate functional annotations as indicated. Each row represents gene expression of cells grown in lignin and

glucose, compared to cells grown in glucose alone at the same time point.

https://doi.org/10.1371/journal.pone.0186440.g003
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in the uptake of other sugars beside glucose were up-regulated after glucose uptake was

stopped (Fig 2C) (Entcl_0166, Entcl_0167, Entcl_1205, Entcl_1207, Entcl_3382, Entcl_3383,

Entcl_4082, Entcl_4174, and Entcl_4403, S4 Table). This was presumably a response to the

lack of availability of glucose, an effect that has been observed in other fermentative anaer-

obes [32].

Enterobacteriaceae is a family of Gram negative bacteria originally described as part of the

gut microbiota. As being isolated from Puerto Rico tropical forest soils [23], SCF-1 may harbor

metabolic capabilities toward survival in more oligotrophic environments, including environ-

ment-sensing mechanisms coupled to extra- and intra-cellular signal transduction pathways.

For instance, SCF-1 has an overrepresentation of genes related to two-component regulatory

system compared to those members of the Enterobacter genus that resides in the gut or plant

microbiota (Table 2). Among those, transcripts of the three genes encoding the UhpABC sys-

tem (encoded by the Entcl_0034-Entcl_0037 operon), a two-component response regulator

involved in the transport of hexoses as well as the transcripts of hexose phosphate transporter,

UhpT (encoded by Entcl_0038), were more abundant in early exponential growth with lignin

[33]. Other components of the two-component regulatory system were also up-regulated,

including the sensory histidine kinase QseC (encoded by Entcl_0059), the osmolarity sensory

histidine kinase, EnvZ (encoded by Entcl_0331), the sensory histidine kinase, QseC (encoded

by Entcl_0729), the hybrid sensory histidine kinase, EvgA (encoded by Entcl_1061), the sen-

sory histidine kinase, AtoS (encoded by Entcl_1498), and the Osmosensitive K+ channel histi-

dine kinase, KdpD (encoded by Entcl_3122). Most of those genes highlight the challenge that

SCF-1 faces when is surrounded with environments where lignin is present, even at small

concentrations.

Many genes encoding proteins involved in resistance to environmental stresses were

up-regulated in the presence of lignin, including the starvation sensing protein RspA

(Entcl_1608), the starvation lipoprotein Slp paralog (Entcl_1986) and the universal stress pro-

tein family 3 (Entcl_2311). Carbon starvation protein A paralog (Entcl_3779) was also up-reg-

ulated in lignin-amended cultures after 7 hours, in agreement with former studies which

found cstA to be upregulated at the protein and mRNA levels [20]. CstA, is a protein involved

in escaping from starvation during nutrient scavenging and transition to stationary-phase

growth [34] and has been shown to be regulated by the cyclic AMP (cAMP)-cAMP receptor

protein complex, a global regulator involved in sugar metabolism [35]. Although the specific

role of CstA in the metabolism of aromatic compounds remains to be elucidated, it has been

Table 2. Summary of genome attributes of Enterobacter lignolyticus SCF1 and three close relatives, E. aerogenes, E. cloacae ATCC13047, and

Enterobacter sp. 638.

Enterobacter aerogenes Enterobacter cloacae

ATCC13047

Enterobacter sp

638

Enterobacter lignolyticus SCF1

Class Gamma-proteobacteria Gamma-proteobacteria Gamma-

proteobacteria

Gamma-proteobacteria

Mode of life gut microbiota

/opportunistic bacteria

gut microbiota

/opportunistic bacteria

Endophytic

bacteria

Tropical soil bacterium

Type of metabolism facultative anaerobic facultative anaerobic aerobic facultative aerobe; grows well under

completely oxic and anoxic conditions

Size of the genome (Mb) 5.27 5.59 4.67 4.81

Genes related to two-

component regulatory system

21 20 27 33

Genes related to secretion

systems

27 58 13 26

References [71] [71] [72] [23]

https://doi.org/10.1371/journal.pone.0186440.t002
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demonstrated that carbon starvation proteins are induced by different aromatic pollutants

[36], suggesting its involvement as a mechanism of adaptive response to the presence of a

more recalcitrant carbon source [37]. Similar to cstA, the gene encoding the competence pro-

tein F (Entcl_0322) was found to be upregulated in lignin-amended cultures after 7 hours.

This protein has also been shown to be part of the physiological response towards nutrient

depravation, conferring cells the ability of uptake exogenous DNA and use it as a source of car-

bon and energy, providing an advantage during competition in nutrient limiting environ-

ments [38].

Within their wide set of tools to survive to dynamic environments, bacteria have evolved a

way to respond to chemical or physical changes by modulating their behavior through gene

expression. In one of those mechanisms, coined as "quorum sensing", bacteria respond to the

concentration of a chemical molecule that reflects the bacterial population density allowing

multicellular communication within a population [39]. One autoinducer, called AI-2, has

been shown to be produced and recognized by several species allowing both intra and inter-

cellular coordination [40]. We found that many genes related to the lsr operon (Entcl_0612,

Entcl_0614, Entcl_0618 and Entcl_0619), the operon responsible for the uptake and processing

of AI-2, were up-regulated in the presence of lignin.

Mid-exponential samples capture switch towards degradation of lignin

The degradation of lignin is a dynamic process, which was evident during mid-exponential

phase of growth where lignin amended culture transcripts reflected a decrease in growth rate

likely caused by a switch in metabolic growth from only consuming glucose to depolymeriza-

tion of lignin (Fig 1). During this period, many genes encoding for the large subunits of ribo-

somal RNAs were in lower abundance compared to the high abundance detected in early

exponential phase (S5 Table), likely due to the switch towards lignin degradation.

Lignin degrading bacteria must overcome three main challenges towards efficient utiliza-

tion of lignin as substrate. First, the mechanism of degradation should be oxidative [41] Sec-

ondly, since lignin is mainly composed by large highly insoluble molecules, lignin

depolymerization enzymatic machinery has to be extracellular, or having an extracellular

mediator. Third, the systems must provide a pool of enzymes with low level of specificity since

lignin stereochemistry is highly variable [41]. For the sake of simplification, bacterial lignin

degradation could be divided in two stages. Initially, depolymerization releases lignin mono-

mers from the complex lignin structure mainly by the cleavage of ether linkages [9, 35]. After

monomers are released, enzymes in peripheral pathways proceed with the breakdown of these

monomers into common intermediates that are further processed by the central metabolism

[42].

The genome of SCF1 contains several genes encoding for enzymes that have been previ-

ously implicated in the degradation of lignin [20, 23]. Glycoside hydrolases are common car-

bohydrate-active enzymes involved in plant biomass degradation, capable of hydrolyzing the

glycosidic bonds between carbohydrates or between carbohydrates and lignin [43]. The

genome of SCF-1 has four homologs encoding glycoside hydrolase family 1 β-glucosidases.

Three of them (Entcl_0991, Entcl_1274 and Entcl_3004) were expressed in higher abundance

during mid-exponential growth of lignin-amended cultures (Table 3). The 6-phospho-beta-

glucosidase (Entcl_0991) is located in the same operon as the cellobiose-specific form of the

phosphotransferase system component (Entcl_0992), suggesting the existence of an operon

devoted to the degradation of components of plant material. Previous studies have shown gly-

coside hydrolases were abundant in a soil-derived consortia adapted to recalcitrant carbon
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sources, such as complex plant polysaccharides and lignin, and also highly expressed in degra-

dation of cellulose and hemicellulose by hindgut microbiota associated to termites [44, 45].

During the degradation of lignin, many phenolic compounds are release into the medium.

Those metabolites including acids (ferulic acid, vanillic acids and 4-hydroxybenzoic acid),

alcohols (guaiacol and catechol, etc) and aldehydes (vanillin, 4-hydroxylbenzaldehyde, etc)

have been reported to alter the permeability of cellular membranes at even small concentra-

tions [46]. One of the strategies of microbes towards to cope with those stressful conditions is

through the breakdown of phenols to nontoxic compounds. For instance, laccases (phenoloxi-

dases, EC 1.10.3.2) are multicopper-containing enzymes capable of breaking phenols, aromatic

and aliphatic C–C bonds by oxidation of phenolic units using molecular oxygen as the final

electron acceptor [47, 48]. Although fungal laccases have been shown to play a key role during

lignin degradation in the white-rot fungi [49–51], little is known about their function in their

bacterial counterparts. Recent research has focused on the involvement of laccases during

decomposition of lignin by strains of the soil-inhabiting microorganisms Streptomyces, where

the deletion of the gene encoding a laccase partially impaired lignin degradation [52]. Previous

evidence has suggested that the genome of SCF1 contains two putative laccases homolgs [20].

One of those genes, encoding a multicopper oxidase type 3 (Entcl _0735), was found to be up-

regulated in the presence of lignin. Its adjacent gene (Entcl_0736) that seems to be co-tran-

scribed with, correspond to an uncharacterized enzyme that contains Radical SAM domain

protein using cobalamine (Vitamine B-12) as a cofactor. Several genes involved in the synthe-

sis of cobalamine (Entcl_1738, Entcl_1762, Entcl_1763, Entcl_1764, Entcl_1765, Entcl_1766,

Entcl_1767, Entcl_1768, and Entcl_1771) were found to be up-regulated in cultures were lig-

nin was added. Furthermore, both laccases are predicted to be extracellular and periplasmic,

respectively by PSORT [53] suggesting that they may be secreted. Under anaerobic growth

Table 3. Genes differentially regulated during growth related to lignin degradation. Differential expression was defined as transcripts with adjusted p-

values <0.05 and absolute value of log2 fold change >1 for these comparisons.

Gene ID Annotation Gene name Fold change in

transcripts

EE ME ES

Entcl_1274 6-phospho-beta-glucosidase (EC 3.2.1.86) 0.041 0.991 -1.131

Entcl_3004 6-phospho-beta-glucosidase (EC 3.2.1.86) 0.437 2.680 -0.150

Entcl_0991 6-phospho-beta-glucosidase (EC 3.2.1.86) ascB -0.915 1.496 -0.362

Entcl_0992 PTS system, arbutin-, cellobiose-, and salicin-specific IIBC component (EC 2.7.1.69) -0.653 2.291 0.463

Entcl_0735 putative laccase (EC 1.10.3.2) 0.523 -0.921 1.354

Entcl_0736 Probable Fe-S oxidoreductase family 2 1.516 1.037 1.106

Entcl_0748 Predicted oxidoreductases (related to aryl-alcohol dehydrogenases) -0.626 1.684 0.883

Entcl_4301 Catalase (EC 1.11.1.6) / Peroxidase (EC 1.11.1.7) 0.560 3.932 0.146

Entcl_2769 Flavoprotein wrbA -1.502 3.638 0.700

Entcl_3180 Alkyl hydroperoxide reductase protein F (EC 1.6.4.-) 0.186 3.513 1.719

Entcl_3181 Alkyl hydroperoxide reductase protein C (EC 1.6.4.-) -0.010 1.468 1.126

Entcl_3797 4-hydroxyphenylacetate degradation bifunctional isomerase/decarboxylase, HpaG2 subunit 0.111 0.525 1.889

Entcl_3800 5-carboxymethyl-2-hydroxymuconate delta-isomerase (EC 5.3.3.10) 0.384 3.639 1.939

Entcl_3804 Transcriptional activator of 4-hydroxyphenylacetate 3-monooxygenase operon, XylS/AraC family 1.314 2.640 -0.058

Entcl_3805 4-hydroxyphenylacetate 3-monooxygenase (EC 1.14.13.3) 0.000 1.706 -1.529

Entcl_2233 Succinate-semialdehyde dehydrogenase [NADP+] 0.340 1.543 -0.248

Entcl_0876 Succinate-semialdehyde dehydrogenase [NADP+] (EC 1.2.1.16) -1.962 0.231 0.408

Entcl_2810 Gamma-glutamyl-aminobutyraldehyde dehydrogenase (EC 1.2.1.-) -1.292 0.011 0.519

Entcl_2233 Succinate-semialdehyde dehydrogenase [NADP+] 0.340 1.543 -0.248

https://doi.org/10.1371/journal.pone.0186440.t003
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conditions, the role laccases during lignin degradation remains questionable, due to the fact

that those enzymes employ dioxygen as electron acceptor to carry out single electron oxida-

tions of organic compounds. To this date, it is unclear how laccases could perform oxidation

with an alternative electron acceptor. Recent evidence carried out with soil bacterium Stenotro-
phomonas maltophilia AAP56 found that laccase activity was highly dependent on the environ-

ment and it was greatly induced by anoxic conditions. More importantly, laccase activity is

often induced by addition of CuSO4 [54]. In this example, laccase activity was greatly induced

by the addition of 100 μM of CuSO4 in the γ-Proteobacterium JB, an alkali-tolerant soil isolate

[55]. Therefore, as the trace element solution utilized in the growth medium has some Cu, and

our lignin contains some sulfur impurities, we cannot rule out the possibility that laccases

were induced by CuSO4, and not by lignin.

Aryl-alcohol dehydrogenases are enzymes capable of cleaving the β-aryl ether bonds, and

have been shown to play a key role during depolymerization of lignin by white-rot fungi [56,

57]. As a part of this potential mechanism in SCF-1, we found that the transcripts of an aryl-

alcohol dehydrogenases (Entcl_0748) were expressed in higher abundance in lignin-amended

cultures (Table 3). Aryl-hydrogenases provide the hydrogen peroxide needed by ligninolytic

high redox-potential peroxidases during fungal degradation of lignin [57]. Peroxidases aid in

lignin degradation by removing one electron from the non-phenolic units of lignin [58].

Indeed, lignin peroxidases (EC 1.11.1.14) utilize hydrogen peroxide (H2O2) as the co-substrate

in addition to a mediator, veratryl alcohol, to degrade lignin and other phenolic compounds.

H2O2 is reduced to H2O by gaining an electron from the then oxidized LiP and then LiP

release this electron to vetraryl alcohol that becomes aldehyde and gets reduced to its alcohol

by gaining electrons from lignin [35]. The utilization of peroxidases in lignin degradation

was previously hypothesized because SCF1 was isolated from the Luquillo LTER soils, where

peroxidase activities were detected across a large area [20]. One peroxidase (encoded by

Entcl_4301) and a flavoprotein disulfide reductase (encoded by Entcl_2769), an enzyme capa-

ble of sensing the local concentrations of hydrogen peroxide, were found to be up-regulated in

the presence of lignin during mid-exponential phase, the period in which 60% of the lignin

amended in the medium was utilized. Also, the genes encoding alkyl hydroperoxide reductases

(encoded by Entcl_3180 and Entcl_3181), one of the main scavenger of H2O2 inside the cells,

were found to be expressed in higher abundance in the presence of lignin, during the same

sampling time. Although lignin peroxidases may be important enzymes for lignin degradation

in SCF-1, the way in which hydrogen peroxide is provided at a constant rate under anaerobic

conditions and its role during the anaerobic degradation of lignin remains unknown.

Another proposed mechanism for the degradation of lignin is via 4-hydroxyphenylacetate

catabolic pathway. This pathway is composed by nine enzymes encoded by genes within a sin-

gle genomic region (HpaRGEDFHIXABC) previously described as an aromatic degrading

gene cluster. This cluster has been shown to be involved in the transformation of 4-hydroxy-

phenylacetate, mainly coming from the degradation of aromatic compounds, to intermediates

of the central metabolism [23]. We found the gene encoding for the first gene of this pathway

(Entcl_3797) to be up-regulated in the presence of lignin, suggesting that the pathway was

turn on. Furthermore, three genes associated to this cluster (Entcl_3800, Entcl_3804 and

Entcl_3805) were expressed in higher abundance when lignin was present. This pathway takes

4-hydroxyphenylacetate, a resulting compound from the fermentation of short-chain peptides

and amino acids, and degrades it to pyruvate and succinate-semialdehyde [59, 60]. Because of

its toxicity, succinate-semialdehyde has to be quickly converted to succinate via NADP+-

dependent succinate semialdehyde dehydrogenase previous entering into the tricarboxylic

acid cycle [61]. The genome of SCF-1 contains four homologs encoding for this enzyme
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(Entcl_2233, Entcl_2291, Entcl_0876 and Entcl_2810) and one of them (Entcl_2233) was

expressed in higher abundance in lignin-amended cultures.

Other genes with a potential role during aromatic metabolism that support lignin degrada-

tion were found to be differentially expressed during lignin-amended growth. For instance,

genes encoding for two anthranilate synthases (Entcl_2523 and Entcl_2524), a peripheral path-

way that play an important role during anaerobic degradation of heterocyclic aromatic com-

pounds, were found to be among top-5 upregulated genes in lignin amended cultures [42].

Also, genes encoding enzymes that belong to xanthine/uracil family permeases, such as

Entcl_0083, Entcl_1586, Entcl_4435, Entcl_3516, Entcl_3019 and genes encoding for enzymes

that catalyzes the further metabolization of xanthine, such as Entcl_4100, Entcl_3480,

Entcl_2780, Entcl_2781, Entcl_2782, and Entcl_2795, were found to be up-regulated during

lignin-amended mid-exponential growth. This set of enzymes belong to a mechanism of recy-

cling of uric acid, xanthine and other nitrogenous products that has been previously reported

to be relevant in the gut microbiome of wood-feeding beetles [62].

Lignin amendment was also associated with higher abundance of transcripts for genes asso-

ciated with the uptake and metabolism of sugars. For example, the gene encoding for glucoki-

nase (Entcl_1357), an enzyme that catalyzes the first step in glycolysis (reaction #1, S1 Fig),

was found to be upregulated during mid-exponential growth, The expression of genes encod-

ing for glucose-6-phosphate isomerase (Entcl_3693 and Entcl_3694) (reaction #2, S1 Fig),

6-phosphofructokinase class II (Entcl_2086 and Entcl_4346) (reaction #3, S1 Fig) and fruc-

tose-1,6-bisphosphatase, GlpX type (Entcl_0096) (reaction #4, S1 Fig) were also found to be

expressed in higher abundance in early stationary phase. Similar behavior was observed in the

genes encoding for the steps downstream in glycolysis, such as fructose-bisphosphate aldolase,

class II (encoded by Entcl_4084) (reaction #5, S1 Fig), and the NAD-dependent glyceralde-

hyde-3-phosphate dehydrogenase (encoded by Entcl_2022).

Lignin-amended cultures produce very different metabolites by early-

exponential phase

E. lignolyticus SCF1, as other enterobacteria, primarily carry out heteroenzymatic fermentation

using pentose and hexose sugars as carbon and energy sources, and producing acetate, ethanol,

formate and lactate, as main fermentation products [23]. A high concentration level of glucose

remained in the medium after SCF-1 stopped growing, 45 mM in the presence of lignin and

40 mM in the control. The inability to keep metabolizing the substrates can be explained by

the increased formation of acidic metabolites, such as acetate, formate, lactate, and succinate,

which destroys the cell’s ability to maintain internal pH [63].

Lignin amendment resulted in a significant difference in the production of fermentation

subproducts, which may be attributed to the higher quantity of C atoms that have to be fun-

neled into common intermediates of the central metabolism (pyruvate and Acetyl-CoA). For

instance, the pyruvate formate-lyase, an enzyme in charge of supplying the citric acid cycle

with acetyl-CoA during anaerobic glycolysis (encoded by Entcl_0584, Entcl_2993, Entcl_4043,

Entcl_4296, Entcl_4297) and also its activating enzyme (encoded by Entcl_2992, Entcl_4042,

and Entcl_4288; S6 Table) were expressed in higher abundance when lignin degradation rate

was at its maximum. There was about 5 mM of more formate that was released by the cells in

lignin-amended cultures (Fig 1C), though most of this accumulated in the first 15 hours of

growth.

Many genes belonging to metabolic pathways devoted to degrade other components of

plant material were also regulated under lignin amendments. For instance, several genes

encoding enzymes involved in the degradation of pectin, a structural polysaccharide that is key
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for the stability of plant cell walls, were found to be upregulated (S7 Table). A considerable

high number of genes (48) remained upregulated across the three growth phases underlying

the idea that some of those genes may represent a set of metabolic functions that have to be

constitutively expressed in the presence of lignin, rather than a part of a progressive metabolic

or biological mechanism towards degradation of lignin (S8 Table).

Because of the increased formate production and transcription of formate hydrogenlyase

(FHL) complex transcripts with lignin, we hypothesized that SCF-1 would produce hydrogen

as an alternative to regulate pH in the lignin-amended treatments. Many members of Entero-
bacteriaceae, such as E.coli and Salmonella enterica, contain a membrane-associated FHL com-

plex capable to utilize formic acid as electron donor and protons as electron acceptors during

the production of H2 and CO2 [64, 65]. This complex allows the accumulation of the excess of

reducing equivalents produced by fermentation into hydrogen, preventing further acidifica-

tion of the medium and promoting interspecies H2 transfer. The FHL complex is composed of

two main parts that catalyze hydrogen production from formate in two steps. The molybde-

num-dependent formate dehydrogenase (FDHH) encoded by fdhF gene (Entcl_4087) cata-

lyzes the reversible oxidation of formate to CO2 with the release of protons and two electrons.

A second step is catalyzed by the NiFe hydrogenase, Hyd3, encoded by Entcl_0986, that utilize

these electrons to further reduce protons to H2 [66]. Hyd3, belongs to the Group 4 [NiFe]

hydrogenases, a phylogenetically distinct family of membrane-bound, cytoplasmically oriented

hydrogenases that so far has been rarely characterized, and are predominantly involved in H2

production rather than H2 oxidation [67, 68]. Hyd3 differs from other hydrogenases because it

allows accumulation of significant concentrations H2, without inhibition, making SCF-1 espe-

cially well-suited to biotechnological H2 production.

Cell suspensions were capable of anaerobically producing H2 in the presence of formate

(150 mM) and lignin (0.05% w/w) (S4 Fig), which is evidence suggesting that the FHL complex

is functional in E. lignolyticus SCF-1. However, during hydrogen production in cell suspen-

sions, ~30% less H2 was produced in those incubations where lignin was added compared to

formate added alone. In the RNA-seq results, the two components of formate hydrogenlyase

complex, the formate dehydrogenase H (Entcl_4087), the seven subunits of the formate hydro-

genlyase complex (Entcl_0982-Entcl_0988), its transcriptional activator (Entcl_0976) and the

neighbor NiFe hydrogenase assembly enzymes (Entcl_0977-Entcl_0982) were down-regulated

during the late stages of growth. On the other hand, genes belonging to the formate dehydro-

genase type N (Entcl_2347–2349), an enzyme that generally oxidizes formate taking electrons

towards dissimilatory nitrate reduction, were expressed in higher abundance when lignin was

present after mid-exponential growth. We also observed a higher concentration of acetate in

those amended cultures (Fig 1C). This overproduction could be attributed to the higher

expression of Phosphate acetyltransferase (Entcl_1432) (reaction number 21, S1 Fig) and ace-

tate kinase (Entcl_0583 and Entcl_1433) (reaction number 22, S1 Fig) in the earlier stages of

growth.

Conclusions

Several omic techniques (genomics, transcriptomics, proteomics and metabolomics) are suit-

able to improve our understanding of microbial communities, enzyme interactions, and how

lignocellulose breakdown occurs, in both isolated cultures or microbial communities [69, 70].

Although, there is current limited understanding of how aromatic metabolism is capable to

support anaerobic lignin degradation, the set of up-regulated enzymes during lignin-amended

growth could conceivably suggest their role during this process. By examining the degradation

of lignin in batch culture over time, we were able to capture the transcripts involved in the
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initial accelerated growth and transport of glucose in the presence of lignin during early expo-

nential phase, the diverse complement of lignin-degrading enzymes expressed during mid-

exponential growth, and transporters and metabolic machinery responsible for the increased

formate production observed concurrent with 60% of lignin reduced. This work will contrib-

ute to our understanding of anaerobic lignin degradation as well as the cellular machinery nec-

essary to balance metabolism and manage toxic products formed as a result of growth in lignin

amended media.

Supporting information

S1 Data. Fold change in ratios of transcripts of genes significantly differentially expressed

in lignin compared to unamended growth in glucose. Positive numbers indicate upregula-

tion and negative numbers indicate downregulation. T1 means beginning of exponential

phase, T2 means mid-exponential phase, and T3 means beginning of stationary phase.

(XLSX)

S1 Fig. Reconstruction of main metabolic pathways of glucose and xylose metabolism.

Red and blue boxes indicate the consumption and production of the compound, respec-

tively. Numbers in parenthesis indicate the name of the reaction as following: (1)ATP:D-glu-

cose 6-phosphotransferase, EC 2.7.1.2, encoded by Entcl_1357; (2) Glucose-6-phosphate

isomerase, EC 5.3.1.9, encoded by Entcl_3693, Entcl_4141; (3) ATP:D-fructose-6-phos-

phate-1-phosphotransferase, EC2.7.1.11, encoded by Entcl_2086 and Entcl_4346; (4)

D-Fructose 1,6 biphosphate-1-phosphohydrolase, EC 3.1.3.11, encoded by Entcl_3933; (5)

D-fructose 1,6 biphosphate D-glyceraldehyde 3-phosphate lyase, EC 4.1.2.13, encoded by

Entcl_0829; (6) D-glyceraldehide-3-phosphate ketol-isomerase, EC 5.3.1.1, encoded by

Entcl_0092; (7) glyceraldehyde-3-phosphate dehydrogenase, EC 1.2.1.12, encoded by

Entcl_2214, Entcl_2615, and Entcl_2022; (8) phosphoglycerate kinase, EC 2.7.2.3, encoded

by Entcl_0828; (9) phosphoglyceratemutase, EC 5.4.2.11, encoded by Entcl_3728,

Entcl_0131, and Entcl_3075; (10) 2-phospho-D-glycerate hydro-lyase, EC 4.2.1.11, encoded

by Entcl_0935; (11) phosphoenolpyruvatecarboxykinase (ATP), EC 4.1.1.49 encoded by

Entcl_0332; (12) malate dehydrogenase, EC 1.1.1.37 encoded by Entcl_0474; (13) fumarate-

hydratase, EC 4.2.1.2, encoded by Entcl_1727, Entcl_1688, Entcl_2213, Entcl_2234; (14) suc-

cinate dehydrogenase, EC 1.3.5.1, encoded by Entcl_3102, Entcl_3103, Entcl_3104, and

Entcl_3105; (15) phosphoenolpyruvate kinase, EC 2.7.1.40, encoded by Entcl_1936 and

Entcl_2127; (16) Pyruvate-formatelyase, EC 2.3.1.54, encoded by Entcl_2993, Entcl_4043,

Entcl_4289, Entcl_4296; Formatehydrogenlyase complex, encoded by Entcl_0982,

Entcl_0983, Entcl_0985, Entcl_0986, Entcl_0987, and Entcl_0989; (18) pyruvate ferredoxin/

flavodoxinoxidoreductase, EC 1.2.7.1, encoded by Entcl_2436; (19) L-lactate dehydrogenase,

EC:1.1.1.28, encoded by Entcl_1569 and Entcl_3787; (20) Acetolactate synthase, EC 2.2.1.6,

encoded by Entcl_0028, Entcl_3647, Entcl_3648, Entcl_4268, and Entcl_4269; (21) Phos-

phate acetyltransferase, EC 2.3.1.8, encoded by Entcl_1309, and Entcl_1432; (22) Acetate

kinase, EC 2.7.2.1, encoded by Entcl_0583, Entcl_1740, and Entcl_1433; (23) Acetaldehyde

dehydrogenase, EC 1.2.1.10, encoded by Entcl_2072, and Entcl_1745; (24) Alcohol

dehydrogenase, EC 1.1.1.1, encoded by Entcl_2072, Entcl_0739, Entcl_1314, Entcl_1745,

Entcl_3458, and Entcl_4294; (25) Xylose Isomerase, EC 5.3.1.5, encoded by Entcl_0177; (26)

Xylulose kinase, EC 2.7.1.17, encoded by Entcl_0178; (27) L-ribulose-5-phosphate 4-epimer-

ase, EC 5.1.3.4, encoded by Entcl_0156, Entcl_3664, Entcl_3966; (28) Phosphogluconate

dehydrogenase, EC 1.1.1.44, encoded by Entcl_1664; (29) Gluconokinase, EC 2.7.1.12,

encoded by Entcl_0304, and Entcl_3682; (30) Gluconolactonase, EC 3.1.1.17, encoded by
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Entcl_0174; and (31) 2-dehydro-3-deoxy-phosphogluconate aldolase, EC 4.1.2.14, encoded

by Entcl_1940.

(DOCX)

S2 Fig. Optical density measured at 600 nm (OD600) as a metric of changing cell biomass

over time under lignin-amended (filled circles) versus unamended (open circles) growth

conditions of Enterobacter lignolyticus SCF1. We systematically found that the optical density

of lignin-amended treatments were higher that unamended controls.

(DOCX)

S3 Fig. Colony forming units (CFUs) as a metric of changing cell biomass over time under

lignin-amended (filled circles) versus unamended (open circles) growth conditions of

Enterobacter lignolyticus SCF1.

(DOCX)

S4 Fig. Cell suspensions of SCF1 were introduced to minimal media amended with no car-

bon source (control, open circles), 150 mM formate (formate, closed squares), or 150 mM

formate and 0.05% lignin (formate+lignin, open diamonds). Cell suspensions were moni-

tored over time for headspace accumulation of hydrogen gas (H2), which should have been

produced as a result of formatehydrogenlyase activity.

(DOCX)

S1 Table. Summary of statistics of cell density as measured by optical density (OD600) and

colony forming units (CFUs) for time points showing significant effect of lignin addition.

(DOCX)

S2 Table. Genes differentially expressed in early exponential (EE) phase during growth of

SCF1 on lignin-amended versus unamended growth. Differential expression was defined as

transcripts with adjusted p-values <0.05 and absolute value of log2 fold change >1 for these

comparisons.

(DOCX)

S3 Table. Genes differentially regulated during growth related to the catabolism of sugars.

Differential expression was defined as transcripts with adjusted p-values <0.05 and absolute

value of log2 fold change>1 for these comparisons.

(DOCX)

S4 Table. Genes differential expressed during growth of SCF1 on lignin-amended versus

unamended growth involved in the uptake of other sugars beside glucose. Differential

expression was defined as transcripts with adjusted p-values <0.05 and absolute value of log2

fold change >1 for these comparisons.

(DOCX)

S5 Table. Genes differentially expressed during growth of SCF1 on lignin-amended versus

unamended growth. Differential expression was defined as transcripts with adjusted p-values

<0.05 and absolute value of log2 fold change >1 for these comparisons.

(DOCX)

S6 Table. Genes differentially regulated during growth related to energy generation. Dif-

ferential expression was defined as transcripts with adjusted p-values <0.05 and absolute value

of log2 fold change >1 for these comparisons.

(DOCX)
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S7 Table. Genes differentially regulated during growth related to other metabolic path-

ways. Differential expression was defined as transcripts with adjusted p-values <0.05 and

absolute value of log2 fold change >1 for these comparisons.

(DOCX)

S8 Table. Genes differentially regulated along three measured growth phases. Differential

expression was defined as transcripts with adjusted p-values <0.05 and absolute value of log2

fold change >1 for these comparisons.

(DOCX)
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