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Microbial communities that deconstruct plant biomass have broad relevance in biofuel production and global carbon cycling.
Biomass pretreatments reduce plant biomass recalcitrance for increased efficiency of enzymatic hydrolysis. We exploited these
chemical pretreatments to study how thermophilic bacterial consortia adapt to deconstruct switchgrass (SG) biomass of various
compositions. Microbial communities were adapted to untreated, ammonium fiber expansion (AFEX)-pretreated, and ionicliquid (IL)-pretreated SG under aerobic, thermophilic conditions using green waste compost as the inoculum to study biomass
deconstruction by microbial consortia. After microbial cultivation, gravimetric analysis of the residual biomass demonstrated
that both AFEX and IL pretreatment enhanced the deconstruction of the SG biomass approximately 2-fold. Two-dimensional
nuclear magnetic resonance (2D-NMR) experiments and acetyl bromide-reactive-lignin analysis indicated that polysaccharide
hydrolysis was the dominant process occurring during microbial biomass deconstruction, and lignin remaining in the residual
biomass was largely unmodified. Small-subunit (SSU) rRNA gene amplicon libraries revealed that although the dominant taxa
across these chemical pretreatments were consistently represented by members of the Firmicutes, the Bacteroidetes, and Deinococcus-Thermus, the abundance of selected operational taxonomic units (OTUs) varied, suggesting adaptations to the different
substrates. Combining the observations of differences in the community structure and the chemical and physical structure of the
biomass, we hypothesize specific roles for individual community members in biomass deconstruction.

C

omplex microbial communities, typically consisting of bacteria, archaea, fungi, and protists, depolymerize plant biomass
across natural environments (1). These communities have important roles in the cycling of carbon in terrestrial ecosystems and as
sources of enzymes to hydrolyze plant polysaccharides to sugars
for conversion to biofuels (2). It has been reported that the microbial community structure corresponds with the complexity of the
cell wall structures in plants (3), making it challenging to understand the structure and dynamics of natural biomass-deconstructing microbial communities. Investigations of simplified communities that deconstruct biomass with predictable plant cell wall
structures are vital, as they can provide insights into how microbes
deconstruct plant biomass that can be translated to more complex
systems (4–8).
Chemical pretreatment of plant biomass provides a well-established method to generate differential biomass substrates that
have predictable physiochemical properties (9). Pretreatment reorients the physical structure of the plant cell wall and reduces the
recalcitrance of the polysaccharides, cellulose, and hemicellulose
(10). Depending on the pretreatment, some plant polymers, primarily hemicellulose and lignin, are depolymerized, and the resulting substrate is enriched in cellulose (11). Two prominent
chemical pretreatments of biomass are ammonia fiber expansion
(AFEX) pretreatment, in which gaseous ammonia disrupts the
plant cell wall while maintaining the composition of the biomass
(10, 12, 13), and ionic-liquid (IL) pretreatment, in which molten
organic salts are used to achieve partial dissolution of biomass,
yielding a cellulose-enriched substrate in which the polysaccharides are much more accessible than in the native biomass. Both
pretreatments substantially increase the rate and extent of enzymatic polysaccharide hydrolysis compared to untreated biomass.
AFEX- and IL-pretreated samples are useful in comparative stud-
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ies because the native biomass structure is extensively disrupted in
IL pretreatment but is less perturbed during AFEX pretreatment.
Here, we describe parallel enrichments of compost-derived
consortia grown under aerobic conditions on untreated and pretreated (AFEX-pretreated and IL-pretreated) switchgrass. These
parallel enrichments demonstrated that community structure was
influenced by the physiochemical properties of the biomass substrate and that polysaccharides in the pretreated substrates were
preferably depolymerized over lignin.
MATERIALS AND METHODS
Sample collection and enrichment of thermophilic consortia. Compost
samples were purchased from a municipal green waste compositing facility, the Newby Island Sanitary Landfill (NIC) in Milpitas, CA, USA
(37°27=15.52⬙N, 121°55=17.35⬙W). The green waste consisted of yard
trimmings and discarded food waste from an end-stage compost pile.
Samples were transported to the lab at room temperature and inoculated
within 24 h. The ionic-liquid (IL)-pretreated switchgrass was prepared by
heating switchgrass with 1-ethyl-3-methylimidazolium acetate as previously described and washed with water to remove the ionic liquid (11).
Ammonium fiber expansion (AFEX)-pretreated switchgrass was prepared as previously described and washed with water after pretreatment to
remove readily solubilized compounds (14). Untreated switchgrass was
extracted with water and ethanol to remove soluble compounds (6). The
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adaptation of thermophilic consortia to purified biomass substrates was
described previously (5). Briefly, biomass substrates (0.5%, wt/vol) were
the sole supplemented carbon and energy source in 50 ml of M9 medium
augmented with vitamins and buffered with 10 mM 2-(N-morpholino)
ethanesulfonic acid (MES) at a final pH of 6.5 (6). Approximately 0.5 g of
the NIC compost material was inoculated into the initial enrichments.
Three biological replicates for each carbon source were incubated in parallel at 60°C under aerobic conditions at 200 rpm. The enrichments were
serially passed through five sets of liquid cultures (10% [vol/vol] inoculum). Total DNA recovered from the cultures after 2 weeks of growth
ranged from ca. 100 to 300 g of DNA per 50 ml culture. DNA was not
recovered from the control samples without substrate after the first passage, as previously reported (5). Additional control experiments were performed in duplicate with each biomass substrate in the absence of inoculation. No microbial growth was evident in these uninoculated controls.
Measurement of glycoside hydrolase activity. At the end of each serial passage, glycoside hydrolase (GH) activity was measured using the
3,5-dinitrosalicyclic acid assay with 50 mM MES at a pH 6.0 as described
previously (5). Standard curves ranging from a 0 to 5 mM concentration
of either xylose (xylanase assay) or glucose (cellulase assay) were run with
every assay to ensure that the insoluble substrates did not interfere with
the accuracy of the assay. The R2 value for the standard curves ranged from
0.955 to 0.997.
Small-subunit (SSU) rRNA amplicon pyrosequencing. Total DNA
was extracted from 0.5-ml aliquots from each replicate across the treatments using a MoBio PowerSoil DNA extraction kit (MoBio, Carlsbad,
CA). SSU rRNA amplicon pyrosequencing of each DNA sample targeting
the 16S rRNA gene using 926F (5=-AAACTYAAAKGAATTGACGG-3=)
and 1392R (5=-ACGGGCGGTGTGTRC-3=) primers from the enrichments were performed at the Department of Energy Joint Genome Institute (Walnut Creek, CA) following a previously established protocol (15).
Sequence tags were trimmed and analyzed using the pyroclust method at
a sequence similarity of 97% (OTU97) in the PyroTagger Program (http:
//pyrotagger.jgi-psf.org) with a 200-bp sequence length and accuracy of
10% for low-quality bases (7). Singletons and low-quality reads along with
putative chimeras were removed from the final data set. Taxonomic identification of the PyroTagger-defined OTUs was determined with the RDP
classifier (http://rdp.cme.msu.edu/), and the closest validated isolate to
each sequence was determined by a BLAST search against the collection of
16S rRNA genes for bacteria and archaea found in GenBank.
Diversity statistics were generated using the mothur software package,
normalized to the smallest pyrosequencing library (n ⫽ 1,934) (16). The
PyroTagger cluster classification output file was modified to a shared file,
which was used as the input for mothur. Bacterial richness, which is a
measure of the number of different species, was estimated using Chao and
the abundance coverage estimator (ACE) at the operational taxonomic
unit (OTU) of 0.03, which correlates to a sequence similarity of 97% (here
referred to as OTU97). Bacterial diversity, which is a combined measure of
the number of different species along with the relative abundance of those
species, was estimated using the Shannon and Simpson indices of diversity
(transformed using the equation ⫺lnD) at OTU97. Beta diversity (as measured using the Bray-Curtis dissimilarity index), analysis of variance, and
indicator species analysis were performed with the R program (http:
//www.r-project.org/).
Biomass analysis. The biomass content of each switchgrass substrate
before cultivation was determined using a modification of a published
protocol (12) (see Table 4). Approximately 200 mg of pretreated (IL and
AFEX) and unpretreated switchgrass samples were treated with 2 ml of
72% H2SO4 in duplicate (with stir bars) and incubated at 30°C (120 to 200
rpm) for 60 min. Following the incubation, 56 ml of distilled water was
added to each sample after incubation and autoclaved at 121°C for 60 min.
Subsequent filtration through porcelain crucibles yielded filtrates for
quantitative analysis. Each filtrate was analyzed for glucose, xylose, and
cellobiose using the Agilent high-performance liquid chromatography
(HPLC) (1100 series) system equipped with a 1200 series refractive index
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(RI) detector as previously described (17). The retained acid-insoluble
fractions were dried at 105°C and burnt to ash in a muffled furnace at
575°C for 6 h to determine the acid-insoluble lignin content. The ash
content was determined by burning approximately 50 mg of each biomass
in duplicate in a muffled furnace at 575°C for 6 h.
Residual biomass after microbial cultivation was insufficient to perform complete compositional analysis, so the samples were compared
using gravimetric acetyl bromide-reactive lignin (ABL) and acid-precipitable polymeric lignin (APPL) analyses. Residual biomass analysis was
performed on duplicates in passage 4 (replicate 1 and replicate 3) and
reported as the average for two biological replicates. The residual biomass
was collected by centrifugation at 10,000 ⫻ g for 10 min and filtered
through Miracloth (EMD Millipore, Billerica, MA, USA). The retained
biomass samples were washed several times with distilled water to remove
microbial cells, then lyophilized, and weighed. The amount of APPL released into the medium during enrichment was determined by sequentially filtering 22 ml of each culture supernatant through 0.45- and
0.22-m filters (18). The filtered supernatants were acidified to pH 1.0 to
2.0 with ca. 150 l of 10 N HCl and kept at 4°C to precipitate APPL. The
APPL samples were precipitated, washed, lyophilized, and weighed. Gravimetric analysis and APPL release were also measured in the uninoculated control experiments. The ABL content of each residual biomass was
determined as previously described and is reported as a relative increase in
the residual biomass compared to the substrate before cultivation (19).
Two-dimensional (2D) 13C-1H heteronuclear single quantum coherence (HSQC) nuclear magnetic resonance (NMR) spectroscopy.
Plant cell wall samples from passage 4 replicates were extracted with water-ethanol and ball milled as previously described (20, 21). Gels were
formed using dimethyl sulfoxide d6 (DMSO-d6) and 1-ethyl-3-methylimidazolium acetate as a cosolvent (22, 23) and homogenized by sonication in a Branson 2510 tabletop cleaner (Branson Ultrasonic Corporation,
Danbury, CT). The temperature of the bath was closely monitored and
maintained below 55°C. The homogeneous solutions were transferred to
NMR tubes. HSQC spectra were acquired at 25°C using a Bruker Avance600 MHz instrument equipped with a 5-mm inverse-gradient 1H/13C
cryoprobe using a q_hsqcetgp pulse program (ns ⫽ 200, ds ⫽ 16, number
of increments ⫽ 256, d1 ⫽ 1.0 s) (24). Chemical shifts were referenced
normalized to the central DMSO peak (␦C/␦H, 39.5/2.5 ppm). Assignment
of the HSQC spectra has been described elsewhere (20, 25). A semiquantitative analysis of the volume integrals of the HSQC correlation peaks
was performed using Bruker’s Topspin 3.1 (Windows) processing software. A Gaussian apodization in F2 (LB ⫽ ⫺0.50; GB ⫽ 0.001) and
squared cosine bell in F1 (line broadening [LB] ⫽ ⫺0.10; Gaussian line
broadening [GB] ⫽ 0.001) were applied prior to 2D Fourier transformation.
Data access. Amplicon pyrosequencing data are available on MGRAST under the project Newby Island Enrichments (http://metagenomics
.anl.gov/linkin.cgi?project⫽7437).

RESULTS

Community structure of thermophilic switchgrass-deconstructing consortia. Triplicate thermophilic consortia adapted to grow
on untreated, AFEX-pretreated, and IL-pretreated switchgrass
were enriched in parallel through multiple passages at 60°C using
green-waste compost. Small subunit rRNA gene amplicon pyrosequencing was used to characterize the bacterial diversity, richness, composition, and development of these consortia (Table 1;
Fig. 1). The starting microbial community in the Newby Island
Compost (NIC) was a diverse microbial community (Shannon ⫽
3.69; Simpson ⫽ 2.95), composed primarily of Firmicutes and
Actinobacteria with a fungal component (Fig. 1) (5). Microbial
communities distinct from the starting inoculum were reproducibly (n ⫽ 3) enriched on AFEX-treated, IL-treated, and untreated
switchgrass that were dominated by bacteria. The relative propor-
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TABLE 1 Summary of species richness and diversity estimatesa
Diversity index

Richness index

Switchgrass

Time of sampling

Shannon

Simpson

ACE

Chao

None (NIC)

T0

3.69

2.95

411

315

Untreated

Initial enrichment
Passage 1
Passage 2
Passage 3
Passage 4
P

2.39 ⫾ 0.13
2.08 ⫾ 0.18
1.94 ⫾ 0.22
2.20 ⫾ 0.15
1.91 ⫾ 0.06
⬍0.022

1.76 ⫾ 0.02
1.68 ⫾ 0.21
1.43 ⫾ 0.14
1.77 ⫾ 0.21
1.49 ⫾ 0.03
⬎0.05

261 ⫾ 87
104 ⫾ 22
189 ⫾ 60
143 ⫾ 37
109 ⫾ 52
⬍0.0324

161 ⫾ 43
87 ⫾ 15
125 ⫾ 32
99 ⫾ 11
68 ⫾ 9
⬍0.0105

AFEX pretreated

Initial enrichment
Passage 1
Passage 2
Passage 3
Passage 4
P

2.44 ⫾ 0.23
2.21 ⫾ 0.17
2.34 ⫾ 0.25
2.27 ⫾ 0.16
2.30 ⫾ 0.17
⬎0.679

1.84 ⫾ 0.2
1.63 ⫾ 0.12
1.80 ⫾ 0.38
1.75 ⫾ 0.19
1.85 ⫾ 0.25
⬎0.812

217 ⫾ 113
167 ⫾ 28
132 ⫾ 27
186 ⫾ 127
147 ⫾ 30
⬎0.715

156 ⫾ 73
87 ⫾ 15
125 ⫾ 32
99 ⫾ 11
68 ⫾ 9
⬎0.387

IL pretreated

Initial enrichment
Passage 1
Passage 2
Passage 3
Passage 4
P

1.99 ⫾ 0.06
1.48 ⫾ 0.22
1.77 ⫾ 0.09
1.77 ⫾ 0.13
1.49 ⫾ 0.25
⬍0.0194

1.41 ⫾ 0.09
0.81 ⫾ 0.25
0.98 ⫾ 0.08
0.98 ⫾ 0.08
0.95 ⫾ 0.35
⬎0.13

216 ⫾ 95
102 ⫾ 5
179 ⫾ 87
123 ⫾ 65
82 ⫾ 16
⬎0.142

111 ⫾ 23
91 ⫾ 19
117 ⫾ 47
100 ⫾ 42
64 ⫾ 9
⬎0.34

a

The P values from an analysis of variance are listed.

tion of the bacterial phyla differed across these carbon sources
based on the SSU amplicon libraries. For example, Bacteroidetes
OTUs were typically more prevalent in IL-pretreated switchgrass
(ca. 40 to 75%), than untreated switchgrass and AFEX-pretreated
switchgrass (typically less than 40%). AFEX-treated and untreated
switchgrass had a higher proportion of Firmicutes (Fig. 1).
Compared to those in the starting community, the richness
and diversity decreased in the initial enrichment (IE) and subsequent passages (P1 to P4) for untreated SG, AFEX-pretreated
switchgrass, and IL-pretreated switchgrass (Table 1). Statistically
significant differences were noted primarily in untreated SG,
based on the Shannon diversity index (IE ⫽ P4, P ⬍ 0.02; IE ⫽ P2,
P ⬍ 0.04), the abundance coverage estimator (ACE) (IE ⫽ P1,
P ⬍ 0.04; IE ⫽ P4, P ⬍ 0.03), and the Chao richness estimate
(IE ⫽ P1, P ⬍ 0.03; IE ⫽ P4, P ⬍ 0.009). The Shannon diversity
was also different for IL-pretreated switchgrass (IE ⫽ P1, P ⬍ 0.03;
IE ⫽ P4, P ⬍ 0.03) (Table 1).
The similarity of the SSU amplicon libraries generated across
the passages for the adapted thermophilic consortia was assessed using the Bray-Curtis dissimilarity index and visualized
using agglomerative hierarchical clustering (Fig. 2) (26). All
adapted thermophilic consortia were distinct from the starting
community (Fig. 2). Even though the triplicates did not always
cluster together, the IL-pretreated switchgrass-adapted communities across the passages (IE and P1 to P4) tended to cluster
together and were distinct from the AFEX-treated- and untreated-switchgrass communities, whereas the AFEX-treatedand untreated-switchgrass-adapted communities tended to
cluster across two groups. IL-pretreated-switchgrass-adapted
consortia appear to be more evenly distributed than untreatedswitchgrass- and AFEX-pretreated-switchgrass-adapted consortia.
OTU analysis. OTUs associated with the phyla Bacteroidetes,
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Firmicutes, and Deinococcus-Thermus primarily populated the
SSU amplicon libraries (Table 2). Indicator species analysis identified OTUs that were significantly associated with
AFEX-pretreated switchgrass (12 species)- and untreated switchgrass (2 species)-adapted consortia, respectively, at passage 4. The
indicator species of the AFEX-pretreated switchgrass treatment
were members of the phyla Firmicutes (OTU97_24, OTU97_25,
and OTU97_33, OTU97_47 and OTU97_84), Actinobacteria
(OTU97_49), Gemmatimonadetes (OTU97_15 and OTU97_30),
Bacteroidetes (OTU97_194), Chloroflexi (OTU97_74), and Gammaproteobacteria (OTU97_43 and OTU97_16). The indicator species of the untreated switchgrass treatment were members of the
phyla Chloroflexi (OTU97_78) and Bacteroidetes (OTU97_854).
There were also shifts in the relative abundances of more prevalent OTUs across these treatments. OTU97_1, representing a
novel Bacteroidetes strain previously isolated from this compost
material by enrichment on microcrystalline cellulose (strain
NYFB), primarily dominated the untreated switchgrass and ILpretreated switchgrass thermophilic consortia but not the AFEXpretreated switchgrass thermophilic consortia. The other abundant Bacteriodetes OTU was 100% identical to Rhodothermus
marinus, a population previously observed in switchgrass enrichments (6). OTU97_3, a member of the Firmicutes most closely
related to clone JP2339, a sequence from previous compost enrichments on switchgrass, was prevalent across all treatments (6).
OTU97_2, a novel phylotype that was affiliated with the Trueperaceae, a family in the Deinococcus-Thermus phylum, was primarily
prevalent in the AFEX-pretreated switchgrass thermophilic consortia, whereas another phylotype affiliated with the DeinococcusThermus phylum, OTU97_7, was primarily present in untreated
switchgrass and was 100% identical to Thermus thermophilus.
Glycoside hydrolase activities of the AFEX-treated-, IL-treated-, and untreated-switchgrass-adapted consortia. The adapted
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FIG 1 Plot of the relative abundance of dominant phyla (ⱖ3%) based on SSU rRNA amplicon pyrosequencing for the untreated (A)-, AFEX-pretreated (B)-, and
IL-pretreated (C)-switchgrass-adapted consortia for the initial enrichment and passages 1 through 4. Biological replicates are depicted for each passage. Newby
Island compost time zero (T0) is also depicted. A cutoff of 3% or more abundance was chosen to highlight the most abundant organisms present in the
community.

consortia were assayed for cellulase and xylanase activities. Across
all the AFEX-treated-, IL-treated-, and untreated-switchgrassadapted passages, cellulase activity was low (0.003 to 0.03 U/min/
ml). In contrast, the AFEX-treated-, IL-treated-, and untreatedswitchgrass-adapted passages had high levels of xylanase activity
(0.32 to 5.11 U/ml) (Table 3). Statistically significant differences
were noted in passages 1, 2, and 4 for endoglucanase (P1, SG ⫽
AFEX, P ⬍ 0.03; P1 SG ⫽ IL, P ⬍ 0.01; P2 SG ⫽ AFEX, P ⬍ 0.002;
P2 SG ⫽ IL, P ⬍ 0.002; P4 SG ⫽ IL, P ⬍ 0.04) and passage 1 for
xylanase (P1 IL ⫽ AFEX, P ⬍ 0.0001; P1 SG ⫽ IL, P ⬍ 0.0001).
Biomass composition and soluble lignin content after enrichment on switchgrass substrates. The starting biomass composition of ionic-liquid-pretreated switchgrass had higher glucan
content (1.3-fold higher than in untreated SG and 1.6-fold higher
than in AFEX-pretreated SG) and a reduced lignin content (ca.
1.7-fold less for untreated and AFEX-pretreated SG) (Table 4).
The residual biomass after microbial deconstruction was analyzed
to determine the effect of microbial metabolism on these biomass
substrates. Gravimetric analysis of residual biomass demonstrated
that ca. 80% of the biomass was liberated from the pretreated
switchgrass (IL- and AFEX-pretreated switchgrass), while only ca.
40% of the biomass was liberated from untreated switchgrass
(Table 5). Two-dimensional NMR spectroscopy (2D-NMR) doc-
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umented changes of aliphatic (lignin side chain units) (Fig. 3A),
aromatic (Fig. 3B), and polysaccharide anomeric (Fig. 3C) regions
before and after microbial deconstruction of the supplemented
substrates. Aliphatic regions of untreated switchgrass and IL-pretreated switchgrass prior to microbial deconstruction (Fig. 3A)
exhibited two distinct peaks of 2-O-Ac-␤-D-Xylp(R) (X=2) and
3-O-Ac-␤-D-Xylp(R) (X=3). However, X=2 and X=3 were not observed in AFEX-pretreated switchgrass, suggesting deacetylation
of hemicelluloses upon AFEX pretreatment. The aromatic region
(Fig. 3B) of IL-pretreated switchgrass before microbial deconstruction showed weaker aromatic signals than those of untreated
switchgrass and AFEX-pretreated switchgrass, corroborating the
lower lignin content in IL-pretreated switchgrass (Table 4). The
NMR resonances present in the aromatic regions of the spectra of
the residual biomass of the untreated switchgrass, AFEX-pretreated switchgrass, and IL-pretreated switchgrass enrichments
were slightly more distinct, but virtually no changes in the bond
linkages were observed. The 2D-NMR results demonstrating that
lignin was largely unmodified were complemented by relative
measurements of residual lignin in biomass, which showed substantial increases in the pretreated biomass samples (50% for
AFEX-pretreated switchgrass; 131% for IL-pretreated switchgrass) but only a small increase in the untreated switchgrass
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FIG 2 Agglomerative hierarchical cluster dendrograms of the untreated (green)-, IL-pretreated (blue)-, and AFEX-pretreated (orange)-switchgrass-enriched
thermophilic consortia across passages and triplicates based on the Bray-Curtis dissimilarity index. The scale bar indicates the similarity of the communities.

(Table 5). Evidence for lignin solubilization, especially in the untreated switchgrass and AFEX-pretreated switchgrass cultivations,
was obtained by the observation of acid-precipitable polymeric
lignin (APPL), a solubilized form of lignin that precipitates from
the enrichment supernatant upon acidification (18, 27). Examination of the anomeric region (Fig. 3C) demonstrated that while
the untreated switchgrass did not show any alteration in the signals for major polysaccharides linkages (␤-1,4 glucan and ␤-1,4
xylan), the AFEX-pretreated switchgrass showed complete disappearance of the ␤-1,4 glucan linkages while ␤-1,4 xylan linkages remained after the 2-week incubation. Hemicellulose side
chains, including acetyl esters and ␣-L-arabinofuranosides,
were hydrolyzed in the AFEX-pretreated-switchgrass and ILpretreated-switchgrass samples.
DISCUSSION

Our triplicate enrichments on untreated and pretreated switchgrass demonstrated substrate-specific development of these consortia. Despite the observed differences of these microbial communities as measured by diversity indices, common OTUs were
observed as the most abundant populations in the consortia.
These abundant OTUs are very similar to those in previous studies
of aerobic thermophilic consortia adapted to grow on biomass,
confirming that community adaptation is a reproducible process
(6, 28).
The AFEX-pretreated switchgrass has increased physiochemical complexity compared to IL-pretreated switchgrass (13). Furthermore, the isolation of APPL from the AFEX-pretreated switchgrass culture supernatant indicates that some lignin deconstruction is
required to access the polysaccharides, which is consistent with struc-
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tural studies of AFEX-pretreated switchgrass (10). The microbial
community adapted to grow on AFEX-pretreated switchgrass was
more diverse and rich than the IL-pretreated switchgrass, consisting
of members of the Bacteroidetes, Firmicutes, and Deinococcus-Thermus in similar proportions (Fig. 1).
The 2D-NMR for both IL-pretreated switchgrass and AFEXpretreated switchgrass suggested complete digestion of cellulose
in both substrates and the presence of residual xylan. These results
were surprising, since enzymatic assays of the supernatant recovered much higher levels of xylanase activity than cellulase activity.
Therefore, it is possible that cellulase activity is underestimated
based on measurement of the supernatants using model cellulase
substrates and that such estimates do not necessarily reflect the
cellulose hydrolysis activity in the consortia (29).
The untreated switchgrass exhibited a markedly different pattern of deconstruction, yet the community structure was similar
to the AFEX-pretreated-switchgrass communities (Fig. 1). Except
for minor alterations, the residual biomass had NMR resonances
identical to those of the starting material, and the relative ratio of
lignin as assayed by the acetyl bromide method was virtually
unchanged. These observations are reminiscent of the anaerobic
growth of hyperthermophile Caldicellulosiruptor bescii on untreated switchgrass, in which no change was observed in the ratio
of polysaccharides to lignin between the starting material and the
residual biomass after cultivation (30). The comparison of residual biomass after microbial growth between pretreated and untreated switchgrass suggests that the consortia may have fundamentally different mechanisms of growth on untreated switchgrass,
despite the similarity in community composition.
Across all treatments, the lignin in the residual biomass was
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TABLE 2 Relative proportion of the phylotypes (OTU97, ⬎1%) for passage 4 samplesa
Proportion in:
Untreated switchgrass

AFEX-pretreated
switchgrass

IL-pretreated switchgrass

Taxon

Phylotype

Rep. 1

Rep. 2

Rep. 3

Rep. 1

Rep. 2

Rep. 3

Rep. 1

Rep. 2

Rep. 3

BLAST hit (% identity)

Bacteroidetes

OTU97_1
OTU97_9

40.1
6.67

40.8
6.48

32.6
3.91

0.78
14.56

29.4
3.18

3.6
25.11

49.9
0

52.3
0

75.8
0

Crenotalea thermophila STH-1-Y1 (99)
Rhodothermus marinus SG0.5JP17-172 (100)

Firmicutes

OTU97_3
OTU97_4
OTU97_41
OTU97_47

17.2
3.46
0.52
0.05

22.0
6.67
0.79
0.03

19.5
3.81
0.37
0.01

14.6
9.1
2.25
0.96

18.12
0.88
0.35
0.73

29.2
9.15
1.14
0.51

13.5
6.61
0.28
0.02

15.8
7.41
0.82
0.1

0.93
4.36
0.34
0.13

Thermobacillus composti KWC4 (97)
Paenibacillus kobensis NBRC 15730 (96)
Thermobacillus composti KWC4 (100)
Geobacillus stearothermophilus CICC 10392
(100)

DeinococcusThermus

OTU97_2

12.4

9.42

0.9

16.67

23.6

9.89

1.76

1.06

1.09

Truepera radiovictrix RQ-24 (93)

OTU97_7

7.91

4.54

26.1

0

0

0.01

0.19

0.48

3.35

Thermus thermophilus SG0.5JP17-16 (100)

OTU97_25
OTU97_12
OTU97_14
OTU97_17
OTU97_18
OTU97_27
OTU97_31
OTU97_37
OTU97_53
OTU97_63
OTU97_73
OTU97_79

3.57
1.03
0
0.05
3.46
0.16
0
0
0.1
0
0.1
0.05

3.47
0.45
0
0.1
2.43
0.01
0.1
0
0.11
0.06
0.03
0.02

0.75
1.7
4.36
0.09
3.02
0.14
0.04
0
0.07
0
0.01
0

2.16
0.18
17.7
0.09
0.96
0.46
6.71
5.65
0.41
0.73
0.18
0

2.52
1.33
0
0.02
1.53
0.82
4.08
4.35
0.9
0.6
0.25
0

0.11
0.41
8.96
0.02
0.51
0.27
2.94
3.16
0.41
0.31
0.13
0.11

0.44
2.43
16.8
1.87
0.3
0.3
0
0.33
0.33
0.03
0.08
0

0.14
1.83
14.3
0.77
0.14
0.1
0
0.24
0.24
0.05
0.05
0

3.96
1.17
0
1.26
0.61
1.92
0
0
0.2
0.09
0.11
0

Geobacter daltonii FRC-32 (95)b
Alterococcus agarolyticus ADT3 (91)
Chlorobaculum tepidum TLS (87)
Thermobispora bispora DSM 43833 (100)
Plasticicumulans lactativorans YD (94)
Thermobispora bispora DSM 43833 (95)
Thermaerobacter composti Ni80 (95)
Lysobacter oryzae YC6269 (99)
Enhydrobacter aerosaccus PAGU 1624 (97)
Thiobacter subterraneus C55 16S (98)
Rhodomicrobium udaipurense JA643 (96)
Planifilum yunnanense LA5 (100)

Other

a
b

Phylum description was assigned by the Ribosomal Database Project Classifier, release 10, and the OTU identification was assigned by GenBank. Rep., replicate.
Uncultivated clones with 99% identity to OTU_25 are affiliated with the Myxococcales.

largely unaltered based on 2D-NMR studies. This suggests that
lignin remodeling is not an important component of biomass deconstruction by these microbial communities. This observation is
in contrast to 2D-NMR studies of the brown rot fungus Postia
placenta, which showed extensive remodeling of the lignin component of aspen wood during biomass deconstruction (31).
Residual biomass analyzed upon microbial deconstruction
demonstrated a number of remarkable features. Ionic-liquid pretreatment provided a substrate enriched in cellulose, providing
polysaccharides with more accessibility for deconstruction (12),
compared to untreated switchgrass. The simplicity of this substrate is reflected in the distinct adapted microbial community,
which was primarily composed of members of the Bacteroidetes
(Fig. 1). Taking these data together, we hypothesize that given the
minimal solubilization of the lignin during growth on IL-pretreated switchgrass, the microbial communities along with their
associated glycoside hydrolases had direct access to polysaccharides and therefore did not need to break bonds in the lignin to
access the polysaccharides.
The patterns of abundant OTUs in the enrichments on switchgrass substrates provide further insights into the roles of these
populations in biomass deconstruction. The dominant OTU in
many of the enrichments, which is represented by the Bacteriodetes strain NYFB, was identical to the dominant OTU observed in
cultures adapted from the same compost inoculum to grow on
purified fractions of cellulose and hemicellulose (5). Strain NYFB
can degrade mono-, di- and polysaccharides but was unable to
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grow on insoluble polysaccharides. This observation, along with
the predominance of members of the Firmicutes at early time
points during the 2-week cultivations on cellulose, led to the proposal of a successional structure for these biomass-deconstructing
microbial communities. This structure appears to be conserved in
the communities growing on the untreated and pretreated switchgrass substrates. In the adapted enrichments that were not dominated by strain NYFB (e.g., AFEX-pretreated switchgrass passage
4), an OTU representing Rhodothermus marinus (OTU97_9) (Table 2) was abundant. In previous enrichments from compost with
switchgrass and cellulose as the sole carbon source, R. marinus was
observed as the dominant Bacteriodetes population (6, 7). R. marinus is a thermophilic Bacteriodetes species that produces high
levels of cellulases and hemicellulases when grown on biomass
substrates and may occupy a functional niche in the adapted cultures similar to that of strain NYFB (32).
In the enrichments across all three switchgrass substrates, a
single Firmicutes OTU predominated (OTU97_3) (Table 2), which
was previously identified in compost-derived enrichments on
switchgrass, indicating that this OTU may represent a population
specifically adapted to deconstruct complex plant biomass substrates (6). Interestingly, this Firmicutes OTU is not abundant
(⬍0.5% of SSU amplicon reads) in enrichments with microcrystalline cellulose and wheat arabinoxylan (hemicellulose) (5). A
population closely related to Thermus thermophilus, which is consistently observed in these thermophilic enrichment on biomass
substrates, is present in the untreated switchgrass and IL-pre-
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0.86 ⫾ 0.40

IE

1.4 ⫾ 0.2

1.1 ⫾ 0.3

Passage 1

Xylanase activity (U/ml/min)

0.76 ⫾ 0.17

5.1 ⫾ 0.4

⬍0.0001

0.93 ⫾ 0.17

⬎0.749

1.1 ⫾ 0.1

1.2 ⫾ 0.1

1.1 ⫾ 0.1

Passage 2

⬎0.978

0.55 ⫾ 0.78

0.45 ⫾ 0.57

0.48 ⫾ 0.43

Passage 3

⬎0.678

0.43 ⫾ 0.53

0.32 ⫾ 0.36

0.67 ⫾ 0.51

Passage 4

⬎0.282

0.011 ⫾ 0.002

0.010 ⫾ 0.004

0.007 ⫾ 0.0006

IE

⬍0.0105

0.012 ⫾ 0.003

0.010 ⫾ 0.003

0.004 ⫾ 0.0006

Passage 1

⬍0.001

0.011 ⫾ 0.007

0.011 ⫾ 0.002

0.032 ⫾ 0.001

Passage 2

Cellulase activity (U/ml/min)

⬎0.951

TABLE 3 Average xylanase and cellulase activities measured in whole-cell fractions across the five passages for the various substrates at 65°C and pH 6.0a

Sample

Untreated
switchgrass
AFEX-pretreated
switchgrass
IL-pretreated
switchgrass

Pb

Passage 3

0.010 ⫾ 0.001

0.009 ⫾ 0.003

0.008 ⫾ 0.002

⬎0.597

Average biomass composition (g/g)a

Sample

Glucanb,c

Xylanb

Acid-insoluble
lignin
(Klason lignin)d

Untreated switchgrass
AFEX-pretreated switchgrass
IL-pretreated switchgrass

0.421
0.338
0.548

0.259
0.242
0.239

0.172
0.182
0.116

a

Biomass composition measurements were performed in duplicate.
Glucan and xylan measurements varied ⱕ2% between replicates.
c
Average cellobiose composition was ⬃0.007 g/g (1.6% of total glucan).
d
Soluble lignin content was not determined. Acid-insoluble lignin measurements
varied ⱕ5% between replicates.
b

treated switchgrass cultures but is noticeably absent in the AFEXpretreated switchgrass cultures.
In contrast, a population affiliated with the Trueperaceae, in the
Deinococcus-Thermus phylum, was observed at high relative abundance in the AFEX-pretreated switchgrass cultivations (OTU97_2,
average of 16.73% for three AFEX-pretreated switchgrass passage
4 replicates). This population was also observed at high abundance in compost-derived enrichments on a purified hemicellulose fraction, wheat arabinoxylan, while T. thermophilus was absent (5). These results imply that the presence of hemicellulose,
which is intact and readily accessible in AFEX-pretreated switchgrass, may select for this Trueperaceae population. There is currently only one described species in this family, Truepera radiovictrix, which is thermophilic and tolerant to very high levels of
radiation (33, 34). Therefore, natural samples where thermophilic
biomass deconstruction occurs may be fruitful sources for new
isolates related to Truepera radiovictrix.
Our study revealed that the thermophilic consortia adapted to
grow on switchgrass, a complex lignocellulosic substrate, preferentially hydrolyzed polysaccharides compared to lignin deconstruction. This preference is evident in the similarity of the microbial community composition to that of adapted communities
grown on purified fractions of cellulose and hemicellulose (5) and
in the increase in lignin content in the residual biomass of the
pretreated switchgrass substrates. To identify thermophilic bacterial populations and pathways that primarily deconstruct and
metabolize lignin, adaptions need to be performed on lignin-enriched biomass substrates that have minimal polysaccharide content.

TABLE 5 Gravimetric analysis of residual biomass of switchgrass
substrates upon microbial decompositiona
Sample

Mass loss
(%)b

APPL
(g/ml)c

Increase in
ABL (%)d

Untreated switchgrass
AFEX-pretreated switchgrass
IL-pretreated switchgrass

40
83
82

250
210
59

10 ⫾ 1
50 ⫾ 2
131 ⫾ 15

a

Values are means for biological duplicates.
Mass loss values varied ⱕ5% between biological replicates. Mass loss in duplicate
control experiments that were not inoculated was ⬃2 to 5%.
c
Recovered acid-precipitable polymeric lignin (APPL) varied ⱕ8% between biological
replicates. An average of 73 g/ml of APPL was recovered from untreated switchgrass
controls; no APPL was detected in AFEX- and IL-pretreated SG controls.
d
Acetyl bromide-reactive lignin (ABL) was measured in triplicate for each biological
replicate.
b

Passage 4
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0.003 ⫾ 0.0005

0.010 ⫾ 0.002

0.012 ⫾ 0.002

⬍0.039

a
Values are means ⫾ standard deviations for 3 biological replicates. Activities for the control samples (without supplemented substrates) were typically below the detection limit: activities were detected only in the IE (xylanase, 0.11 ⫾
0.08; cellulase, 0.007 ⫾ 0.002).
b
P values from an analysis of variance.

TABLE 4 Compositional measurements of switchgrass substrates
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FIG 3 Partial 13C-1H (HSQC) NMR spectra (aliphatic, aromatic, and anomeric regions) of untreated-, IL-pretreated, and AFEX-pretreated switchgrass before
and after cultivation. (A) Analysis of the lignin side chain region (aliphatic region) of the HSQC spectra; 2-O-Ac-␤-D-Xylp(R) (X=2) and 3-O-Ac-␤-D-Xylp(R)
(X=3) are derived by polysaccharides. (B) Partial short-range 13C-1H (HSQC) spectra (aromatic region). Lignin monomer ratios are provided. (C) Polysaccharide
anomeric regions of 2D 13C-1H (HSQC) spectra. ␣-D-Glcp, ␣-D-glucopyranoside; ␤-D-Glcp, ␤-D-glucopyranoside; ␤-D-Xylp, ␤-D-xylopyranoside; ␣-L-Araf,
␣-L-arabinofuranoside; 2-O-Ac-␤-D-Xylp, acetylated ␤-D-Xylp; 3-O-Ac-␤-D-Xylp, acetylated ␤-D-Xylp; R, reducing end; NR, nonreducing end.
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