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Anaerobic breakdown of complex plant polymers

Although the CAZy database (http://www.cazy.org; [1]) is an invaluable resource, it suffers
from two major shortcomings in that the underlying sequence information and respective
CAZyme family definitions are not easily accessible. The usage of dbCAN as complementary
resource allowed us to bypass these problems and to make use of available CAZy to enzyme
commission (EC) number mappings to define functional modules that comprise enzyme functions
of interest. Here the method-inherent limitation is that the same EC number can be linked to
multiple but similar functions. We accepted this shortcoming, given that CAZyme annotations
are generally prone to some noise due to both modularity of CAZymes and in part broad substrate
ranges. CAZyme modularity often relates to glycosyl hydrolase (GH) modules being combined
with carbohydrate-binding modules (CBM), which are mostly coexpressed. Available CAZyme
to EC mappings compensated for this modularity and allowed us to confidently annotate CBM-

affiliated MRNA reads to enzyme functions of associated GH domains.

To identify microbial groups and key enzymes involved in polymer breakdown in rice field
soil, we surveyed our mRNA datasets against doCAN. The heterogenous composition of rice
straw as a complex biopolymer (cellulose 32-37%, hemicellulose 29-37%, and lignin 5-15% [2,
3]) was well reflected by the CAZyme expression profiles. Totally, 92,508 mRNA reads were
identified to encode CAZymes. Of these, 75,438 reads were assigned to enzyme functions related
to the degradation of cellulose, xylan, other hemicelluloses, and chitin. These were primarily GHs

and CBMs (GH/CBM) (Figure 3).

Both cellulose and xylan are not only the most abundant polysaccharides on earth, but also the
main components of rice straw [4, 5] with xylan being the main constituent of hemicellulose.

Correspondingly, transcripts involved in degrading cellulose, xylan, and other hemicelluloses
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collectively contributed most to our CAZyme-affiliated mRNA reads. Pectin is only a minor
component (2-3%) of rice straw [6] and mMRNA reads related to its degradation accounted for <
1% of total GH/CBM transcripts. By contrast, GH/CBM transcripts related to chitin degradation
made - for a particular polymer — the greatest contribution to our CAZyme-affiliated mRNA reads
(Additional file 1: Tables S3 and S4). This was unexpected given that chitin was present only in
minor amounts. The overrepresentation of chitinase transcripts among the CAZyme-affiliated

MRNA may have several reasons as discussed below.

On phylum level, the assignment rate of GH/CBM transcripts for each of the sampling time
points (both 30°C and 45°C) was always greater than 94% (Additional file 1: Table S3). The vast
majority of GH/CBM transcripts was affiliated to Firmicutes, in particular at 45°C (Fig. 3a). Both
temperature and incubation time had a significant impact on the taxonomic composition of the
GH/CBM transcript pool. At 30°C, the Firmicutes abundance steadily decreased till day 30,
while that of the Proteobacteria, Planctomycetes, Bacteroidetes, and Ignavibacteriae collectively
increased. Members of these phyla are involved in polymer breakdown [7, 8]. In particular,
Bacteroidetes are well known for their important role in polymer degradation [9]. Relative to
their contribution to total bacterial mMRNA, non-Firmicutes populations were overpresented in the
GH/CBM transcript pool (21.5% to 37.2% [total bacterial mMRNA] compared to 18.5% to 74.6%
[bacterial GH/CBM transcripts]). This is most evident for the phylum Bacteroidetes that after
Firmicutes, contributed second most to the bacterial GH/CBM transcript pool (Fig. 3a).
Conclusively, the degradation of rice straw at 30°C involves a complex functional interaction of
diverse bacterial taxa, in which the contribution of non-Firmicutes populations strongly increases
with incubation time. By contrast, at 45°C, Firmicutes was the dominant taxon throughout
incubation time, in good correspondence to its contribution to total bacterial mMRNA (Fig. 3a and

Additional file 1: Figures S4, S5).
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On family level, the assignment rate of GH/CBM transcripts depended on polymer, sampling
time point and temperature, and varied between 57% and 89% (Additional file 1: Table S3). The
taxonomic composition of the GH/CBM transcripts greatly differed for each of the polymers
between 30°C and 45°C (Additional file 1: Fig. S5). Unexpectedly, at 30°C, methanogens of the
families Methanosarcinaecae and, to lower extent, Methanoregulaceae contributed to the
GH/CBM transcripts pools of all the polymers, but most pronounced to cellulose degradation. No
or only minor amounts of methanosarcinal GH/CBM transcripts were detected at 45°C. GH/CBM
transcripts affiliated with methanogens at 45°C were primarily related to the Methanocellaceae.
Members of this family made a major contribution to the GH/CBM transcripts involved in
degrading cellulose and “other hemicelluloses” on day 30 (Additional file 1, Fig. S5a,b). Our
study is the first report of a potential contribution of methanogens to polymer hydrolysis, while
the expression of glycosyl transferases by methanogens is well confirmed [10]. In fact, there
exists no published evidence for the potential of methanogens to express GHs involved in the
degradation of cellulase, xylan, or other hemicelluloses. Therefore, we collected all the available
complete methanogen genome sequences from NCBI RefSeq and queried them against doCAN
using DIAMOND, applying an e-value threshold of 1e-3. The 88 methanogen genomes
comprised 214,249 coding sequences, of which 13,975 had a hit in doCAN (6.5%). A total of
2691 sequences (1.3%) showed hits for GHs. The dbCAN consortium recently made a webserver
available that facilitates CAZyme sequence annotation. An e-value threshold of 1e-102 is
suggested for DIAMOND-based querying. Applying this very stringent threshold and making a
100% sequence identity mandatory reduces the number of hits against GHs to 0.14% of total
methanogen genes. These high-quality hits included GH families 113, 13, 130, 133, 15, 16, 18,
23, 26, 38, 39, 46, 57, and 77. Some of these GH families are linked to complex polysaccharide

cleavage; for instance GH18, 23 and 46 with chitin turnover, and GH26 and 39 with xylan
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breakdown. Hits for cellulases and related endo-glucanases mostly showed sequence identities
below 100% (see Additional File 2). Taken together, the functional annotation of
methanosarcinal mRNA transcripts as encoding extracellular GHs involved in polymer

hydrolysis has to be interpreted with caution, but calls for further research.

Among Firmicutes, various family-level groups contributed to the decomposition of rice straw
at both 30°C and 45°C: Clostridiaceae, Ruminococcaceae, Lachnospiraceae, Bacillaceae,
Paenibacillaceae, Symbiobacteriaceae, and Peptococcaceae (Additional file 1: Fig. S5). Previous
studies have shown that members of these families are involved in degrading cellulose, xylan,
other hemicelluloses, and chitin (e.g., [11, 12]). Key enzymes involved rice straw degradation are
cellulase, endo-1,4-beta-xylanase, and alpha- and beta-galactosidases. Four family-level groups
were detected to contribute to the production of all the key enzymes, with transcripts affiliated to
Methanosarcinaceae being predominant at 30°C, and Clostridiaceae, Ruminococcaceae, and
Paenibacillaceae being most abundant in the GH/CBM transcript pool at 45°C. Transcripts
affiliated with Methanosarcinaceae were overrepresented in the family-level patterns at 30°C.
This is due to the fact that most of the GH/CBM transcripts affiliated with the Proteobacteria,
Planctomycetes, Bacteroidetes, and Ignavibacteriae could not be assigned on family level or the

families were below the abundance threshold (<0.5%).

Cellulase is the key enzyme in cellulose degradation. It catalyzes the first step in cellulose
hydrolysis that involves the splitting of cross-links between glucan chains by endoglucanases.
Cellulase transcripts were highly abundant, followed by those encoding cellulose 1,4-beta-
cellobiosidase. Both transcript species showed the same abundance dynamics over time. These
differed between 30°C and 45°C. Their relative abundance did not majorly change between days

5 and 30 at 30°C, but showed a peak abundance on day 16 at 45°C (Fig. 3b). Cellobiose is the
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major product of cellulose degradation. Notably, the transcripts encoding cellobiose
phosphorylase were more abundant at 45°C than at 30°C throughout incubation time (Fig. 3b).
This enzyme catalyzes the reversible phosphate-dependent hydrolysis of cellobiose. It was shown
to exhibit a higher activity at 50°C than below 40°C [13] and to be widely distributed among the

Clostridia, such as Clostridium stercorarium [14] and Ruminococcus flavefaciens [13].

Xylan is known to have a strong affinity to cellulose [15]. Its strong adsorption to cellulose is
believed to act as the limiting factor in the enzymatic hydrolysis of cellulose [16]. The abundance
dynamics of cellulase and endo-1,4-beta-xylanase transcripts were nearly identical, suggesting
that the degradation of cellulose and xylan was highly interrelated (Fig. 3b). This is most obvious
for 45°C. A coordinated degradation activity is further evidenced by the highly similar taxonomic
patterns observed for cellulase and endo-1,4-beta-xylanase transcripts over time, with a peak
abundance of the Clostridicaceae and Ruminoccocaceae collectively on day 16. In addition to
endo-1,4-beta-xylanase, the abundance dynamics of transcripts encoding acetylxylan esterase
differed between 30°C and 45°C, with much higher relative transcript levels at 30°C. Thus,
temperature had a determinative effect on the transcript levels of particular GHs. It has been
shown that the addition of xylanases and acetylxylan esterases significantly improves the
performance of cellulase, with an increase in cellulose conversion in many lignocellulosic
materials [17, 18]. In our study, the interrelation between cellulolytic and xylanolytic transcript

dynamics was evident for both temperatures, but in particular for 45°C.

In addition to xylan, hemicelluloses include xyloglucans, mannans and glucomannans, and -
(1-3, 1—4) — glucans [5]. Alpha- and beta-galactosidases are the two most abundant
hemicellulose-degrading enzymes. Their transcript dynamics clearly differed between 30°C and

45°C. At 30°C, the alpha-galactosidase transcripts showed a significantly greater abundance
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throughout incubation than those encoding beta-galactosidase. However, at 45°C, the transcript
abundances showed the opposite trend during the later incubation stages. These temperature-
dependent differences in relative transcript levels presumably relate to the microorganisms
involved in hemicellulose degradation. In fact, four family-level groups that greatly contributed
to the production of alpha- and beta-galactosidases — Symbiobacteriaceae, Methanosarcinaceae,
Peptococcaceae, and Ruminoccocaceae - varied in their abundance as a function of enzyme type,
temperature, and incubation time (Additional file 1: Fig. S5c). Intriguingly, the
Symbiobacteriaceae made a major contribution to the pool of GH transcripts encoding alpha-
galactosidase, but not to any of the other key enzymes (Additional file 1: Fig. S5c¢). The ability to
produce alpha-galactosidase appears to be an adaptive trait of particular Symbiobacterium spp.
Isolated from compost, the thermophilic nonspore-forming species Symbiobacterium toebii was
shown to produce alpha-galactosidase, but not beta-galactosidase [19]. Other Symbiobacterium
spp., however, are negative for both alpha-galactosidase and beta-galactosidase, such as S.

ostreiconchae, S. turbinis, and S. terraclitae [20].

Chitinase transcripts were the most abundant individual type of GHs, with relatively stable
mRNA abundances throughout incubation at both 30°C and 45°C. Other genes known to be
involved in chitinase degradation, such as N-acetylglucosaminidase, chitin-deacetylase, N-
acetylglucosaminylphosphatidylinositol deacetylase, were expressed only on a very low level
(Fig. 3b). A large proportion of chitinase transcripts was affiliated with the Clostridiaceae
(Additional file 1: Fig. S5a,b). A recent whole-genome transcriptome study on a plant litter-
degrading Clostridium species has shown that chitinase transcripts are highly expressed during
cellulolytic breakdown [21]. One may speculate that CAZymes annotated as chitinases are
involved in degrading cellulose due to cross-substrate specificity. The cellular coexpression of

cellulases and chitinases may be a phenomenon that is widely distributed not only among
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Clostridia, but also among other microbial groups. In our study, it would explain why chitinase

transcripts exhibit a stable and consistently high abundance during plant polymer breakdown.
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