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Abstract

Background In a previous study, shaking speed was found to be an important factor affecting the population
dynamics and lignocellulose-degrading activities of a synthetic lignocellulolytic microbial consortium composed of
the bacteria Sphingobacterium paramultivorum w15, Citrobacter freundii so4, and the fungus Coniochaeta sp. 2T2.1.
Here, the gene expression profiles of each strain in this consortium were examined after growth at two shaking
speeds (180 and 60 rpm) at three time points (1, 5 and 13 days).

Results The results indicated that, at 60 rpm, C. freundii so4 switched, to a large extent, from aerobic to flexible (aero-
bic/microaerophilic/anaerobic) metabolism, resulting in continued slow growth till late stage. In addition, Coniochaeta
sp. 2T2.1 tended to occur to a larger extent in the hyphal form, with genes encoding adhesion proteins being highly
expressed. Much like at 180 rpm, at 60 rpm, S. paramultivorum w15 and Coniochaeta sp. 2T2.1 were key players in
hemicellulose degradation processes, as evidenced from the respective CAZy-specific transcripts. Coniochaeta sp.
2T2.1 exhibited expression of genes encoding arabinoxylan-degrading enzymes (i.e., of CAZy groups GH10, GH11,
CE1, CE5 and GH43), whereas, at 180 rpm, some of these genes were suppressed at early stages of growth. Moreover,
C. freundii so4 stably expressed genes that were predicted to encode proteins with (1) B-xylosidase/B-glucosidase and
(2) peptidoglycan/chitinase activities, (3) stress response- and detoxification-related proteins. Finally, S. paramultivo-
rum w15 showed involvement in vitamin B2 generation in the early stages across the two shaking speeds, while this
role was taken over by C. freundii so4 at late stage at 60 rpm.

Conclusions We provide evidence that S. paramultivorum w15 is involved in the degradation of mainly hemicellu-
lose and in vitamin B2 production, and C. freundii so4 in the degradation of oligosaccharides or sugar dimers, next to
detoxification processes. Coniochaeta sp. 2T2.1 was held to be strongly involved in cellulose and xylan (at early stages),
next to lignin modification processes (at later stages). The synergism and alternative functional roles presented in this
study enhance the eco-enzymological understanding of the degradation of lignocellulose in this tripartite microbial
consortium.
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Background

Lignocellulosic biomass (LCB) is an abundant source of
carbohydrates that may feed into the production of bio-
fuels or other chemical compounds. Nearly 75% of most
sources of LCB is composed of polysaccharides such as
cellulose and hemicellulose [1], with lignin (aromatic
polymer) constituting a third major carbonaceous com-
pound [2]. Moreover, LCB is present in diverse organic
materials and so the sources of sustainable energy feed-
stock are rich and diverse [3]. In light of its complex-
ity, the deconstruction of LCB requires the action of a
variety of enzymes [4], i.e., diverse lytic polysaccharide
monooxygenases (LPMO’s), laccases, endoxylanases, ara-
binofuranosidases, glucuronidases, cellobiohydrolases,
endoglucanases and B-glucosidases [3, 5]. Microbial con-
sortia derived from natural systems with efficient LCB-
degradative capacities have recently turned into research
hotspots, and examples of these have been investigated
by different research teams [6—9]. The use of such bot-
tom-up approaches that aim to simplify natural biodeg-
radative systems has resulted in effective lignocellulolytic
microbial consortia [3, 10-12].

Recently, members of the bacterial genera Sphingob-
acterium and Citrobacter and of the fungal genus Coni-
ochaeta were shown to be consistently present across
lignocellulolytic consortia, with indications for their key
roles in wheat straw (WS) degradation [6, 7, 13]. In detail,
many Sphingobacterium species were found to have the
potential to produce a variety of carbohydrate-active
enzymes that function in LCB degradation processes,
in particular endo-1,4-B-xylanases (CAZy class GH10),
a-L-arabinofuranosidases (GH43) and o-L-fucosidases
(GH95) [13, 14]. In addition, Citrobacter species have
been reported as major scavengers of particular mono-
mers resulting from such biodegradations [6]. Moreo-
ver, the latter organism might be capable of detoxifying
the system by reducing the levels of (toxic) by-products
[5], and it has been highlighted for its potential to detox-
ify phenolic compounds in black liquor from the pulp
manufacturing industry [15]. With respect to the fungal
consortium member, Mondo et al. [16] reported that
Coniochaeta sp. 2T2.1 can efficiently degrade arabinoxy-
lan, xyloglucan and cellulose when growing on WS. Also,
promotion of lignin transformation by Coniochaeta sp.
2T2.1 in co-culture with the two bacteria was suggested
[4]. Other strains of Coniochaeta, i.e., Coniochaeta sp.
LF2, have also been reported to produce a plethora of lig-
nocellulolytic enzymes, useful in corn stover decay pro-
cesses [17].

Even though previous studies [18—20] have reported
the expression of a plethora of genes encoding CAZy
families in microbial consortia under different condi-
tions, the focus was mainly on the bacterial members
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within the consortia. Our previous work [4] described
the expression profile of CAZy families in interkingdom
consortia with a focus on the fungal member. Overall,
however, the functional roles within such low-complexity
lignocellulolytic consortia are underexplored. A recent
study performed in our lab showed that the lignocellu-
lose-degrading activities exhibited by low-complexity
microbial consortia (composed of two bacteria and one
fungus) are strongly dependent on the abiotic (culture)
conditions applied [21], with shaking speed acting as
a major driver. In particular, fungal growth was found
to be suppressed by the presence of the two bacteria at
180 rpm, whereas at 60 rpm this effect was reversed into
a potential bacterial helper effect. However, the study did
not examine the gene expression patterns of the mem-
bers of this consortium, with respect to two questions:
(1) how does shaking speed affect the interactions across
the bacteria and the fungus, and (2) how do the CAZy
family gene expression profiles of each strain change
under different shaking conditions over time. To exam-
ine these questions, we set up an experiment in which the
transcriptomes of each of the three strains in the micro-
bial consortia were assessed, when growing on WS at two
shaking speeds (60 and 180 rpm) and three time points
(early-1 day, middle-5 days, late-13 days). We hypoth-
esized that (1) shaking speed affects the interactions
within the consortium by modifying the local environ-
ment, which results in behavioral changes and shifting
niches; (2) the bacterial and fungal strains contribute
to WS degradation with differently expressed enzymes;
and (3) the enzymatic interactive synergism (different
enzymes from each strain) among the three partners may
change at different stages of the WS degradation process.

Results

Population dynamics of the consortium strains, and WS
degradation performance

Population dynamics

In a previous study, we found differential growth effects
of the three member strains of the degrader consor-
tium, across two shaking speeds in cultures examined
after 10 days [21]. Moreover, particle agglomerates
were visually detected after 1 day in the cultures run
at 60 rpm, but not in those at 180 rpm. The physical
appearance and population dynamics data obtained in
the current study, over 13 days, were consistent with
these earlier data [4, 21], see Additional file 2: Fig. S1.
In detail, at 180 rpm, fast initial (1 day) growth of both
S. paramultivorum w15 and C. freundii so4 was fol-
lowed by roughly stable or slightly increasing cell densi-
ties. The densities of both bacterial strains thus reached
roughly 4-5 x 108 CFU/ml. In contrast, the density of
Coniochaeta sp. 2T2.1 propagules increased, slowly but
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Fig. 1 Population dynamics of Sphingobacterium paramultivorum w15 (blue square), Citrobacter freundii so4 (green circle), and Coniochaeta sp. 2T2.1
(black triangle) in the SWT consortium at a 180 rpm and b 60 rpm. Standard deviations are indicated by bars, or within symbol dimensions. ¢ wheat
straw (WS) weight loss after 13 days; asterisks (*) represent significant differences, as evidenced using Student’s T test, ***p < 0.001

progressively, to 1 x 10’ CFU/mL after 13 days (Fig. 1a).
In the 60-rpm treatment, the two bacterial strains
showed growth dynamics similar to that described in
the foregoing, with rapid initial growth being followed
by extended slow growth. Interestingly, at middle stage,
C. freundii so4 outperformed (g, 0.0097 £0.0005 h™!)
S. paramultivorum w15 (y, 0.0056 £0.0010 h™1), with
cell densities (9 x 10 CFU/mL) stabilizing at higher
levels than those of the latter strain (2 x 10% CFU/
mL) (Fig. 1b). The growth of Coniochaeta sp. 2T2.1
could be characterized by a fast onset, followed by
slowly but progressively increasing propagule numbers
over experimental time. Compared to the growth at
180 rpm, Coniochaeta sp. 2T2.1 reached lower cell den-
sities at 60 rpm.

WS degradation levels

High WS weight losses were achieved across the treat-
ments and over time in this study, consistent with those
found in the previous experiment [21]. Remarkably, the
weight losses at 60 rpm (27.142.4%) were significantly
(p<0.001) higher than those at 180 rpm (16.2+1.7%)
after 13 days (Fig. 1c).

Gene expression profiles

To analyze the gene expression profiles of the WS-grown
microbial consortia across shaking treatments and time,
total mRNA was extracted from triplicate cultures at
each time point and shaking speed, and cDNA was pro-
duced. Thereafter, all cDNA was sequenced. On aver-
age, 16 (£2.6) million [bacteria] and 27 (+7.6) million
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[fungus] filtered raw reads were obtained per sample
(Additional file 1: Table S1). Principal components anal-
ysis (PCA) showed that the expression profiles were
consistent across the replicates, as all replicates per treat-
ment clustered together (Additional file 2: Fig. S2). The
gene expression profiles of each strain in the consortium,
at the predefined levels “low” (<100 Transcripts Per Kilo-
base Million (TPM)), “intermediate” (100—1000 TPM)
and “high” (>1000 TPM), are summarized in Table 1.
For the two bacteria, a majority (54—73%) of genes was
expressed at intermediate level. In contrast, the great
majority (92.5%) of the fungal genes was expressed at
low level. For all three members of the consortium, most
genes expressed at high level were growth- or substrate
attack-related. In the further analyses, we placed a focus
on the expression of (1) growth- and adhesion-associated
genes, (2) genes enabling carbohydrate attack (using the
CAZy database as a reference), and (3) genes with other-
wise potentially supportive roles.

Expression of growth- and adhesion-associated genes

The details of expression of selected genes with potential
relevance for WS-driven growth of each strain over time
at two shaking speeds can be found in Additional file 2.
First, the high expression levels (1,984 +27-874+104
TPM) of the exponential growth indicator rpoD gene of
S. paramultivorum w15 at early and middle stages, and
the decrease at late stage, indicated that strain w15 grew
rapidly early on and reached stationary phase as from
middle growth stage, at both shaking speeds. Moreover,
the significant increase (Log2-fold change=2.01+0.2,
padj<0.001), from 2,418 £494 to 12,759+815 TPM, of
the dps (stationary phase-induced gene) transcript num-
bers at late stage at 180 rpm indicated that strain wl5,
at this point in time, responded strongly to conditions
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of (starvation) stress (Additional file 2: Fig. S3). As for
C. freundii so4, the high expression level of stationary
phase-induced gene elaB at early stage (2,473 £385 TPM
at 180 rpm, and 2,072+28 TPM at 60 rpm), next to its
lowering at later stages (Log2-fold change=2.940.2,
P4qj<0.001), indicated that a major part of the popula-
tion was in need of oxidative stress protection (poten-
tially a spin-off of rapid metabolism); however, this effect
became somewhat less dominant in later stages. Remark-
ably, the strain so4-specific aerobic respiration regula-
tory gene arcA and the anaerobic regulatory fur gene
showed different trends across the two shaking speeds:
at late stage, the expression of the arcA gene (encoding
aerobic respiration control protein ArcA) was signifi-
cantly lower (Log2-fold change=14+0.2, p,;<0.001)
at 60 (474+27 TPM) than at 180 rpm (730+20 TPM).
In contrast, the fur gene (encoding anaerobic regula-
tory protein FNR) was higher expressed (Log2-fold
change=04+0.1, p,;<0.001) at 60 than at 180 rpm
(427 10 versus 184425 TPM). Thus a switch to flex-
ible (aerobic/microaerophilic/anaerobic) metabolism was
postulated to take place at 60 rpm, probably in a major
part of the C. freundii so4 population (Additional file 2:
Fig. S3). Finally, examination of the phylogenetic place-
ment of Coniochaeta sp. 2T2.1 genes encoding “cell adhe-
sion complex” protein bystin (KOG3871) and adhesion
glycoprotein fasciclin (KOG1437) provided an indica-
tion for the potential involvement of these proteins in
cell clumping and/or adhesion processes (see Discus-
sion section). In detail, such (glyco) proteins may make
part of the Coniochaeta sp. 2T2.1 cell wall, promoting
adherence to surfaces. Two out of eight strain 2T2.1
adhesion glycoprotein genes (GE0O9DRAFT_1064529
and GEO9DRAFT_1222170), showed similar expres-
sion levels at early and middle stages across the two

Table 1 Overall gene expression at different levels across strains under different shaking speeds over time

TPM value Level 180 rpm 60 rpm Ratio (%)
1d 5d 13d 1d 5d 13d

504 (4567) >1000 H 61 53 35 67 25 45 1.04
100-1000 I 1151 1873 1333 2476 3976 4216 54.83
<100 L 3356 2641 3199 2024 566 306 4413

w15 (5497) >1000 H 62 41 49 56 40 28 0.84
100-1000 I 3731 3556 4478 3364 4079 4956 73.26
<100 L 1704 1900 970 2077 1378 513 25.90

2T2.1 (23,406) >1000 H 128 69 62 118 63 59 0.36
100-1000 I 1491 1742 1770 1588 1632 1780 712
<100 L 21,787 21,595 21,574 21,700 21,711 21,567 9252

Transcripts Per Kilobase Million (TPM) values of each sample were used. Expression level: high (H), intermediate (1), and low (L). Ratio calculated as: mean of expressed
gene number at a certain level/ total expressed gene number of each genome (number in brackets under the strain name). Genes with raw read numbers in each
sample below 10 or with summed number in all 18 samples below 60 were treated as non-expressed
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shaking speeds, but were significantly higher expressed
(Log2-fold  change>1.1+£02, p,;<0.001) at 60
(390+15 TPM) than at 180 rpm (175434 TPM) at
late stage. Interestingly, another adhesion glycoprotein
gene (GEO9DRAFT_1202287) was significantly lower
expressed (Log2-fold change=12+0.2, p,;<0.001)
at early and middle stages at 60 vs 180 rpm, but higher
expressed (Log2-fold change=13+0.1, p,;<0.001)
at late stage. These data indicated that Coniochaeta sp.
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2T2.1 expresses genes that are potentially involved in cell
aggregation and adhesion differentially, but preferentially
at 60 rpm, as compared to 180 rpm.

Expression of genes encoding CAZy family proteins

Data from previous studies performed in our labo-
ratory [3-5, 16] clearly pointed to particular CAZy-
encoding genes of the bacterial (S. paramultivorum w15
and C. freundii so4) and fungal (Coniochaeta sp. 2T2.1)

Table 2 Genes predicted to encode proteins of different CAZy classes and their numbers within the genome of members of the SWT

consortium

CAZy Activity Substrate 2T2.1 w15 so4 References
AA16 LCMO? Cellulose 6 0 0

GH16 Glucanase Cellulose 40 10 0 (5, 16], H-T?
GH32 B-Fructofuranosidase Fructan 9 3 2

GH128 -1,3-Glucanase Cellulose 8 0 0 [16], H-T
GH5 Endo-glucanase Cellulose 36 1 2 [3]

GH71 a-1,3-Glucanase Cellulose 13 0 0 [4]

GH7 Cellobiohydrolase Cellulose 12 0 0 [4,16], H-T
AA9 LCMO Cellulose 38 0 0 H-T

GH10 Xylanase Hemi® 14 2 0 H-T

GH11 Endo-B-xylanase Hemi 13 0 0 [4,16]
GH30 Endoxylanase Hemi 10 3 0 [3,16]

CE1 Acetyl xylan esterase Hemi 21 11 2 [4,16]

CE5 Acetyl xylan esterase Hemi 14 0 0 H-T

GH43 B-Xylosidase/a-L-arabinofuranosidase Hemi 40 17 1 [4,5,16], H-T
GH93 Exo-o-L-1,5-arabinanase Hemi 6 0 0 [4,16]
GH3 B-Xylosidase/B-glucosidase NA 28 6 4 [4,5]

GH1 B-Glucosidase/galactosidase NA 4 1 4 [5,16]
GH51 a-L-Arabinofuranosidase Hemi 4 3 0 [4,16]
GH62 a-L-Arabinofuranosidase Hemi 3 0 0 [4,16]
GH29 a-L-Fucosidase NA 0 16 0 [5]

GH95 Fucosidase/galactosidase NA 2 10 0 [5]

GH2 B-Galactosidase NA 12 20 2 [5]

GH27 o-Galactosidase NA 6 0 0 H-T

GH92 a-Mannosidase NA 8 10 0 [3,5]
GH74 Xyloglucanase Hemi 2 0 0

AA3 Lignin 9 4 0

AA3_2 A/—\Od/g\ucose oxidase Lignin/cellulose 19 0 0 [4,16]
CE15 Lignin esterase Lignin 7 0 0

AAT_3 Laccase Lignin 5 0 0 [4]

AAT_2 Laccase Lignin 5 0 0 [4]

AA3_3 Alcohol oxidase Lignin 5 0 0 [16]

GH23 Peptidoglycan lyase NA 0 2 6

GH73 Peptidoglycan hydrolase NA 0 2 2

GH79 B-Glucuronidase Proteoglycan 7 0 0 (4]

GH67 a-Glucuronidase Proteoglycan 2 1 0

GH88 B-Glucuronyl hydrolase Proteoglycan 7 5 2

GH13 a-Amylase Starch 25 6 6

2: LCMO: lytic cellulose monooxygenase; ©: H-T: high TPM in Coniochaeta sp. 2T2.1; <: Hemi: hemicellulose; % AAO: aryl alcohol oxidase
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consortium members, with predicted key roles in WS
degradation processes. Hence, these genes, listed in
Table 2, next to others that stood out given their expres-
sion patterns, were bookmarked for further examination.
In the following section, we briefly describe the expres-
sion patterns of these genes and highlight those that were
highly or differentially expressed over time. We start with
the trends found under ‘standard’ condition (180 rpm),
then describe the trends at 60 rpm, and finally do a com-
parative analysis of the expression patterns between the
two shaking speeds.

Expression at high shaking speed (180 rpm)

In this section, we describe the results of the gene expres-
sion measurements within the consortia, focusing on the
dynamics per strain. As outlined in the foregoing, we
start by describing the expression patterns at 180 rpm,
after which we address those at 60 rpm, and the differ-
ences between the two shaking speeds.

S. paramultivorum w15

The analyses showed broad involvement of S. param-
ultivorum w15 in hemicellulose hydrolysis processes
versus more limited involvement in cellulolytic activi-
ties. Clearly, S. paramultivorum w15 expressed genes
encoding seven hemicellulose-degrading enzymes quite
stably over experimental time. These were genes pre-
dicted to attack the WS xylan backbone (endoxylanases
of CAZy class GH30), and to cut off xylan side chains
(a-L-arabinofuranosidases of CAZy classes CE1, GH43
and GH51). In addition, S. paramultivorum wl5 sta-
bly expressed genes encoding enzymes that, presum-
ably, hydrolyze galactoglucomannan (GH2, GH92) and
xyloglucan (GH95, GH29), at consistently high lev-
els (TPM>1000) over time (Fig. 2a). Also, an increase
of expressed genes encoding enzymes classified as
B-xylosidase/B-glucosidase (GH3), from 695+52 to
876+29 (p<0.01) TPM, was observed over time. This
finding may indicate progressively increasing invest-
ment in the debranching of hemicellulose. Overall, the
expression of genes encoding proteins of CAZy families
GH2, GH92, GH43, CE1, GH29 and GH95 in S. param-
ultivorum w15 stayed at high level from early to middle
stages, even increasing afterwards (Fig. 2a), indicating
that strain w15 has a key and stable role in degrading
specific parts of the WS hemicellulose moiety. On the
other hand, only few genes encoding cellulolytic enzymes
(CAZy classes GH5, GH9 and GH16) were expressed by
S. paramultivorum w15 (Table 2). In detail, a gene encod-
ing a GH16 family protein was initially expressed at high
level (1200110 TPM) at early and middle stages, being
even higher (1,348 +40 TPM, p>0.05) at late stage. In
contrast, the expression of the gene for a GH5 protein
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was initially low (~92+17 TPM) and remained at this
level over experimental time (Additional file 3: Table S3).
A putative lignin transformation-related gene (cellobi-
ose dehydrogenase/aryl alcohol oxidase, class AA3) was
expressed at around 574+ 27 TPM at early stage, and this
level was roughly maintained over experimental time.

C. freundii so4

Limited involvement in lignocellulytic activities was
found in C. freundii so4, as a result of its genomic fea-
tures, as partly shown in Table 2. In detail, one gene
encoding a GH5-type protein (with presumed cellulase
activity) was stably expressed at around 145+26 TPM,
from early to late stages. Furthermore, two genes encod-
ing enzymes of CAZy families GH2 and GH43 (involved
in hemicellulose degradation) were expressed at around
142+£21 TPM, over experimental time. Remarkably,
strain so4 expressed several genes associated with oli-
gosaccharide catabolism (CAZy classes GH1, GH3) at
rather stable intermediate levels (range 300-600 TPM)
(Fig. 2b). Expressed genes encoding enzymes potentially
involved in lignin transformation were not detected in
C. freundii so4, due to the absence of these genes from
its genome as shown in Table 2. A gene encoding a pro-
tein presumably involved in peptidoglycan consumption
(peptidoglycan lyase/ chitinase; GH23 with CBM50)
was also active, with its expression increasing from early
(589+39 TPM) to middle stages (1,021+54 TPM),
decreasing afterwards (549421 TPM). Similar expres-
sion dynamics was found for a gene encoding a pepti-
doglycan hydrolase (known as lysozyme/ peptidoglycan
lytic transglycosylase/chitinase; GH73). This gene was
expressed at middle level (2514+1-2734+29 TPM) at
early and middle stages, decreasing to 1868 TPM at
late stage (Additional file 2: Fig. S4).

Coniochaeta sp. 2T2.1

The transcriptome data showed that Cowniochaeta sp.
2T2.1 quickly became involved in the degradation of
both the WS cellulose and hemicellulose moieties. In
early stage, two genes encoding cellulolytic enzymes
were found to be highly active (TPM >1000). These were
(1) a gene associated with lytic cellulose monooxygenase
(LCMO; class AA16; concomitant with the absence of
AA16 from the two bacteria) (Table 2), and (2) a gene pre-
dicted to encode an endoglucanase (GH16; involved in
the breakdown of low-crystallinity cellulose, creating free
chain ends) (Fig. 3). The expression of the former gene
decreased gradually over time, while that of the latter one
stayed at high level till middle stage (1347 +76 TPM),
decreasing at late stage (9424123 TPM). Moreover,
these two genes ranked high among the top-200 genes
(TPM >703.2+£84.6) in early stage. In addition, genes
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Fig. 2 Heat map using row Z-score of TPM (Transcripts Per Kilobase Million) values of CAZy-related transcripts (rows) from a Sphingobacterium
paramultivorum w15 and b Citrobacter freundii so4 growing in a tripartite microbial consortium (+ Coniochaeta sp. 2T2.1) at 180 rpm and 60 rpm

over 13 days using wheat straw as the sole of carbon and energy source

encoding five other cellulolytic CAZy family proteins
were expressed at intermediate levels at early stage; these
were genes encoding endoglucanases of CAZy classes
GH128, GH5 and GH71, a gene for a cellobiohydrolase

(GH7) and one for an LCMO (AA9) (Fig. 3). The expres-
sion dynamics of these five genes showed similar trends,
with high levels at the middle stages (Fig. 3). The strong
investment in expression of AA9 and GH7 type enzymes
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Fig. 3 Heat map using row Z-score of TPM (Transcripts Per Kilobase Million) values of CAZy-related transcripts (rows) from Coniochaeta sp. 2T2.1
growing in a tripartite microbial consortium (+ Sphingobacterium paramultivorum w15 and Citrobacter freundii so4) at 180 rom and 60 rpm over

13 days using wheat straw as the sole of carbon and energy source

at middle stage at 180 rpm confirmed the importance of
those enzyme families in the degradation of the cellulose
moiety of WS by Coniochaeta sp. 2T2.1 (Fig. 3).
Regarding the expressed genes involved in hemicel-
lulose degradation, mainly transcripts of genes encod-
ing proteins with activities on (the main xylan moiety)
arabinofuranoxylan were detected. At early stage, a high
percentage (42%; 8/19) of these genes was expressed

at intermediate level. Specifically, the expressed genes
were found to encode endo-p-xylanases (GH11, GH10—
hydrolyze xylosidic linkages in xylans), acetyl xylan
esterases (CE1, CE5) that catalyze the hydrolysis of
acetyl groups from xylan, and «-L-arabinofuranosidase
(GH43), arabinanase (GH93), xylosidase and glucosi-
dase (GH3, GH1) that work on side chains of xylan, as
well as downstream. The expression of all of these genes
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showed similar dynamics, with highest expression levels
at middle stages, decreasing afterwards (Fig. 3). In con-
trast, genes encoding GH11 (endohydrolyzing xylosidic
linkages), CE5 (hydrolyzing acetyl groups from xylan),
and GHO93 (attacking arabinose side chains) type pro-
teins stayed at high expression levels till late stage (Fig. 3).
Finally, genes encoding enzymes potentially hydrolyzing
pectin (CE8, PL3_2), mannan (GH92) and xyloglucan
(GH74) were lowly expressed over time (Additional file 3:
Table S3).

Of seven Coniochaeta sp. 2T2.1 genes encoding lignin-
transforming enzymes, five were initially expressed at
low levels. These were genes for laccase (AA1_2; AA1_3),
lignin esterase (CE15), copper radical oxidase (AA5) and
a putative aryl alcohol oxidase/cellobiose dehydrogenase
(AA3) (Fig. 3). The remaining two, encoding an aryl alco-
hol oxidase (AA3_2) and an alcohol oxidase (AA3_3)
were at intermediate levels at early stage (Fig. 3). At mid-
dle stage, the expression of the genes encoding laccases
(AA1_3; AA1_2) increased significantly, for AA1 3 to
high level (from 6942 to 13054369 TPM). This coin-
cided with the increasing expression of the gene encod-
ing the lignin esterase (CE15); see Fig. 3. Moreover, the
expression of the alcohol oxidase (AA3_3) gene increased
from 182425 (early), via 220+ 44 (middle), to 809459
TPM (late stage, Fig. 3).

Expression at low shaking speed (60 rpm)

S. paramultivorum w15

The trends in the expression patterns of the (hemi)cel-
lulolytic genes of S. paramultivorum wl5 at 60 rpm
were similar to those at 180 rpm (see above), however
the expression levels at 60 rpm were consistently higher
(p>0.05 at early and middle stages; p <0.05 at late stage).
Remarkably, the expression level of the putative lignin
transformation associated gene (AA3) of S. paramul-
tivorum wl5 at 60 rpm was relatively high throughout
(p<0.05 at early and late stages; p >0.05 at middle stages),
ranging from 552448 (middle stage) to 878 +82 TPM
(early; Fig. 2a).

C. freundii so4

At 60 rpm, the expression dynamics of the genes encod-
ing GH1, GH3, GH2, GH43 and GH13 class enzymes
in C. freundii so4 was similar to that at 180 rpm, how-
ever the expression levels were generally raised (p <0.05,
except for GH43 at middle and late stages). This indicated
similar involvement in the WS degradation and ensuing
processes of C. freundii so4 between 60 and 180 rpm.
The expression of the genes encoding GH23-like proteins
gradually increased over time, from early (871 +89 TPM)
via middle (915+94 TPM) to late stage (17004161
TPM). Finally, genes encoding GH73-like proteins were
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expressed at 316 £29 TPM (early stage), 251 +15 TPM
(middle stage) and 446427 TPM, at late stage (Addi-
tional file 2: Fig. S4).

Coniochaeta sp. 2T2.1

At early stage at 60 rpm, the two genes encoding CAZy
class GH16 and AA16 proteins showed high expression
levels (> 1000 TPM). In addition, genes encoding proteins
of CAZy families CE5, CE1, GH11, GH10 (all associated
with xylan decomposition) and GH7 and AA9 (attack-
ing cellulose) were also expressed at high levels at early
stage (Fig. 3). The expression of all these genes (encod-
ing proteins of six CAZy families) decreased afterwards,
however some (encoding proteins of classes CE5, GH11
and AA9) stayed at high level till late stage (Fig. 3). The
remainder (encoding CAZy class GH7, CE1 and CE10
proteins) stayed at intermediate levels. Lignin transfor-
mation-related genes (AA1, AA5, AA3_1) were expressed
similarly at low levels (4—30 TPM) over time. The gene
for a lignin esterase (CE15) was expressed at interme-
diate level (171+34 TPM) at early stage (Fig. 3), main-
taining this level till late stage (Fig. 3). Genes encoding
CAZy family AA3 and AA1l_2 proteins were expressed
at low level at early stage (5046 TPM), then increased
to intermediate level at middle (161490 TPM) and late
stages (270 £55 TPM). A similar trend was observed for
the gene encoding AA1_3 proteins, which was expressed
at low level at early stage (66+2 TPM), increasing to
109+24 TPM at middle stage and 471+81 TPM at late
stage. The expression of AA3_3 genes increased from
274+ 30 TPM at early stage, via 286185 TPM at middle
stage, to 1,308 £203 TPM at late stage.

Comparison between high and low shaking speed

To uncover differences in CAZy gene expression pat-
terns across the two shaking speeds, we performed
paired comparisons at each time point between 180
and 60 rpm using DESeq?2 (p,,-value <0.05, Wald test;
Log2-fold change > 1, see Methods). All of the aforemen-
tioned genes (Table 2) predicted to encode CAZy family
proteins in S. paramultivorum w15, C. freundii so4 and
Coniochaeta sp. 2T2.1 were taken as the targets.

S. paramultivorum w15

Overall, the majority of the strain wl5 genes encoding
CAZy family proteins (Table 2) was expressed at similar
levels (Log2-fold change <1) at similar sampling times
across the two shaking speeds. This, combined with
the similar population dynamics (Fig. 1), indicated that
the role of S. paramultivorum w15 attacking WS hemi-
cellulose was relatively independent of shaking speed.
However, there were some exceptions. One gene (gene
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ID: GJ692_RS22460, encoding a peptidoglycan hydro-
lase; GH73) showed differential expression levels across
the shaking speeds. In middle stage, its expression was
higher (Log2-fold change=1.5+0.3, p,;<0.001) at 180
than at 60 rpm. Furthermore, albeit with slightly lower
Log2-fold change (Log2-fold change ~0.91, 0.88), at early
stage, the expression of two genes encoding CAZy family
AA3 proteins (potentially involved in lignin transforma-
tions) was significantly (p,;<0.001) higher at 60 than at
180 rpm, suggesting a possibly enhanced role of S. para-
multivorum wl5 in lignin transformation at lower shak-
ing speed (Fig. 2).

C. freundii so4

Interestingly, some genes predicted to encode cell wall
attacking enzymes that showed raised expression levels at
the two shaking speeds were different. The gene encoding
a GH23 class enzyme (gene ID: GJ690_RS02100) [being
expressed similarly, at 2024+-23-318+52 TPM, at early
stage at both shaking speeds] was significantly higher
expressed (Log2-fold change=1.5+0.2, p,;<0.001)
at middle stage at 180 rpm (514+24 TPM) than at
60 rpm (240+£42 TPM). However, this reversed at late
stage (Log2-fold change=2.3+0.2, p,;<0.001), giving
9104182 TPM (60 rpm) versus 103+ 3 TPM (180 rpm).
Another gene, encoding a chitin-binding CBM5 (gene
ID: GJ690_RS07125) was expressed at 159 £+ 17-254 4+ 54
TPM at early and middle stages at both shaking speeds,
yet it was significantly higher expressed (Log2-fold
change=1.1£0.1, p,;;<0.001) at 60 rpm (676 £47 TPM)
than at 180 rpm (18148 TPM) at late stage. These data
indicated that there could be a competition for substrate
between C. freundii so4 and Coniochaeta sp. 2T2.1,
becoming more intense at late stage at 60 rpm.

Coniochaeta sp. 2T2.1

Large gene sets encoding (hemi) cellulose- and lignin-
attacking proteins were more highly expressed at
60 than at 180 rpm. For example, at early stage, 97
such genes fell in this class, especially those encod-
ing enzymes attacking cellulose (AA9, GH?7), ara-
binoxylan (GH10, GH11, CE1, GH43, GH51, GH62)
and lignin (AA1_2, CE15, AA3_2) (Fig. 4). At middle
stage, a larger number of (hemi) cellulose- and lignin-
attacking genes was higher expressed at 180 rpm (113)
than at 60 rpm (10). The ligninolytic activity was also
remarkable, given the expression of a gene for alco-
hol oxidase (AA3_3) at~200 TPM from early to mid-
dle stages at both shaking speeds, which increased to
1,308 £203 TPM at 60 rpm, as compared to 809 +59
TPM at 180 rpm (Additional file 3: Table S3). Inter-
estingly, genes encoding enzymes that may hydrolyze
arabinogalactan-proteins/proteoglycans (GH79, GH67,
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GHB88) were significantly higher (p<0.01) expressed at
late stage at 180 rpm than at 60 rpm (Additional file 2:
Fig. S5). The relatively low expression of these genes
at 60 rpm might leave more proteoglycans attaching
to the cell wall, which is consistent with the adhesion
observed at 60 rpm.

Other functions that potentially affect consortium
behavior

We further examined several selected differentially
expressed genes of S. paramultivorum w15 and C. fre-
undii so4 between two shaking speeds, where appro-
priate, compared to the corresponding Coniochaeta
sp. 2T2.1 genes. This might lead us to potential key
functions of the two bacteria in the consortium at the
different shaking speeds. Hereunder, these genes are
examined and discussed.

Vitamin B2 generation and metabolism in the SWT
consortium

At early stage, two genes, denoted fixA and fixB (pre-
dicted to encode the alpha and beta subunits of a flavo-
protein involved in electron transfer -contains a nucleic
acid derivative of riboflavin/vitamin B2), were signifi-
cantly higher expressed (Log2-fold change=1.1+0.1,
Paqj<0.001) at 60 than at 180 rpm (Fig. 4b). In addi-
tion, a single gene, ribE (part of the top-200 expressed
genes, at middle stage at 60 rpm), encoding a riboflavin
synthase (K00793) in S. paramultivorum w15 showed
differential expression dynamics across two shaking
speeds. At 180 rpm, its expression decreased from early
(291 £8 TPM) to middle (182+ 14 TPM) stages, then
increasing to 347 =22 TPM at late stage. At 60 rpm, it
increased from early (212 +5 TPM) to middle (309 £ 13
TPM) stages, then decreasing to 189+11 TPM
(Fig. 5a). At late stage, this gene was significantly higher
expressed (Log2-fold change=1.0+0.1, p,,;<0.001) at
180 than at 60 rpm.

Interestingly, gene ribE was also found in C. freundii
so4 (1 copy, 37.97% similarity to ribE of strain wl5) and
Coniochaeta sp. 2T2.1 (2 copies; internal similarity 98%,
with amino acid similarity to the paralog of S. paramul-
tivorum w15 of around 35-36%). C. freundii so4 showed
stable ribE expression levels between the early and mid-
dle stages (120-160 TPM), with—at late stage—the
expression increasing at 60 rpm (247 +£20 TPM), ver-
sus a decrease at 180 rpm (132+15) (Fig. 5b). The two
ribE genes in Coniochaeta sp. 2T2.1 showed expression
dynamics at both shaking speeds similar to those of S.
paramultivorum w15 at 60 rpm, with expression levels in
the range 50-110 TPM (Fig. 5¢d).
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Fig. 5 Expression dynamics of genes encoding vitamin B2 (riboflavin) synthase in a S. paramultivorum w15, b C. freundii so4, c and d Coniochaeta
sp. 2T2.1 (2 copies). Standard deviation of the triplicates indicated as error bars

Reactive oxygen species (ROS) protection: role of S.
paramultivorum w15 at both shaking speeds

At middle stage, two selected S. paramultivorum w15
genes encoding (1) a chromate reductase (chrR, K19784)
and (2) a superoxide dismutase (SOD2, K04564)—both
involved in oxidative stress defenses—were signifi-
cantly higher expressed (Log2-fold change=1.2+04,
P44j<0.001) at 60 than at 180 rpm (Fig. 4b). Superoxide
dismutase catalyzes the conversion of superoxide into
oxygen and hydrogen peroxide, controlling the ROS level.
This may also contribute to lignin transformations. These
genes ranked, differentially, in the top-200 expressed
genes at early (both shaking speeds; SOD2), middle
(60 rpm; both) and late stages (60 rpm; chrR). Hence, we
surmised that S. paramultivorum w15 invests strongly in

ROS protection processes primarily in the low-shaking-
speed treatment (Additional file 2: Fig. S6).

Detoxification: role of C. freundii so4 at late stage different
between shaking speeds

The gene ecnB, encoding entericidin B (a compound
that is potentially involved in detoxification responses),
was highly active at two shaking speeds from early
(TPM >1500) to middle stages (785=+60-855+77 TPM),
followed by a decrease to 428 +45 TPM (180 rpm) and
157+ 14 TPM (60 rpm) (Additional file 2: Fig. S7a). A
second gene, cvpA, encoding a Colicin V like protein (a
small extracellular proteinaceous toxin, killing sensi-
tive almost-kin cells by disrupting membranes), was
expressed at similar levels (~150 TPM) from early to
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middle stages at both shaking speeds, but was signifi-
cantly higher expressed (Log2-fold change=1.5+0.1,
padi<0.001) at late stage at 60 rpm (541+51 TPM) than
at 180 rpm (111 4+ 13 TPM) (Additional file 2: Fig. S7b).

Biofilm regulation and stress alleviation: role of C. freundii
so4

Several strain so4 genes involved in stress responses were
found to be expressed at similarly high levels (>1000
TPM) at early stage across shaking speeds. These genes
yielded higher expression levels at middle and late stages,
at 180 rpm. Some of these genes were predicted to pro-
duce proteins involved in biofilm formation processes,
e.g., the biofilm regulators encoded by genes bssR and
bssS, which can repress biofilm formation [22]. Also,
the uspB gene (encoding universal stress protein B) was
expressed more strongly at 180 versus 60 rpm, indicat-
ing higher stress and less biofilm formation at 180 rpm
(Additional file 2: Fig. S8).

Interestingly, gene bhsA, encoding the BhsA protein
(involved in multiple stress resistance; decreasing aggre-
gation and cell surface hydrophobicity) was expressed at
middle level (500-700 TPM) from early to late stages at
both shaking speeds, being significantly higher expressed
(Log2-fold change=14+0.3, p,;;<0.001) at late stage
at 60 versus 180 rpm (2,946 + 881 versus 622 424 TPM)
(Additional file 2: Fig. S8). Moreover, gene mcbA (MqsR-
controlled colanic acid and biofilm protein A; repress-
ing biofilm formation; [23]), was expressed at very
high levels at early stage (3,168 £859 TPM at 180 rpm,
2,419+ 125 TPM at 60 rpm; Log2-fold change=0.7 +0.2,
Pqj<0.001); it was significantly higher expressed at 180
compared to 60 rpm at middle (1,647 4380 vs 498 £ 35
TPM, Log2-fold change=2.14+0.2, padj<0'001) and
late stages (2,430£205 vs 292413 TPM, Log2-fold
change=3.8+0.2, p,;;<0.001).

Discussion

In this study, we examined the gene expression patterns
of three strains of a WS-grown microbial consortium
across two shaking speed conditions over time. We here
examine the salient features of the consortia regarding
growth dynamics, WS degradation and consortium-
“support” related genes.

The behavior of S. paramultivorum w15, C. freundii so4

and Coniochaeta.sp. 2T2.1 differed between two shaking
conditions

In line with our recently published data [21], we clearly
observed the behavior (population dynamics) of all three
strains to be different across the two shaking speeds that
were employed (Fig. 1). The genome information related
to the three members of the consortium, as described in
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our previous work [5, 16], was used as a reference for the
gene transcript measurements. Clearly, the gene expres-
sion patterns over time, which revealed both similarities
and differences across shaking speeds, were backed up
with predicted function data, as is further discussed in
detail below.

S. paramultivorum w15

S. paramultivorum w15, as a strictly aerobic bacte-
rium, revealed rapid growth, up to cell numbers in the
10® CFU/ml range, at 180 as well as 60 rpm (Fig. 1). This
indicated fair niche occupancy by this organism, in other
words, a definite role in the WS-grown consortium. The
fast growth of strain w15 at both shaking speeds may
relate to a potential positive “priority effect’, indicating
that strain w15 is postulated to quickly access the WS and
decompose it, primarily by attacking on its arabinoxylan
moiety. Considering the fact that the majority (>58%, [5])
of hemicellulose-degrading CAZy families from S. para-
multivorum w15 are secreted proteins, such attacks by
released enzymes may have resulted in the opening up of
suitable niches for the companion organisms C. freundii
so4 and Coniochaeta sp. 2T2.1. In terms of gene expres-
sion, S. paramultivorum w15 was not heavily affected by
shaking speed, as the trends in the patterns (i.e., ftsA, ftsZ
and rpoD) were similar between 180 and 60 rpm. How-
ever, a clear trend of early growth onset, concomitant
with a fast stress response (high expression of the dps
gene), can be seen from Additional file 2: Fig. S3a. Rapid
growth accompanied by stress responses is known for
other systems, and possibly indicates quite ‘healthy’ and
fast responses by the investigated organisms to local con-
ditions. Interestingly, S. paramultivorum w15 may have
faced less (starvation) stress at 60 versus 180 rpm, as
indicated by the significantly lower dps gene expression
at late stage at low shaking speed.

C. freundii so4

As a facultatively anaerobic bacterium, C. freundii so4
may have—to a considerable extent—used routes for
energy generation different from aerobic respiration.
Thus, it may have, to varying extents, switched from
aerobic to flexible (aerobic/microaerophilic/anaerobic)
metabolism, in particular at 60 rpm (Additional file 2:
Fig. S3). Its continued (slow) growth, even at late stage at
60 rpm, could be due to this flexible energy-generating
mechanism, as all metabolisms other than aerobic are,
as one understands, less energy-efficient. We did not do
a full metabolic study of all possible processes, as this
is beyond the scope of this study. Moreover, the high
expression levels of genes involved in stress responses
(elaB, uspB, bssR, bssS; Additional file 2: Fig. S8) at both
shaking speeds indicated that C. freundii so4 may live
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in the consortium in an “alerted” (potentially ‘shielded’)
fashion. In such a state, it may be optimally tuned to
respond to stress, with the connotation that the lower
expression levels of stress-related genes at 60 rpm sug-
gested that less stressful conditions reigned C. freundii
so4 behavior at 60 rpm. The putative role of the prod-
ucts of the bssR and bssS genes was derived from their
likely involvement in repression of biofilm formation, as
observed in continuous-flow chambers with minimal glu-
cose medium [22]. Thus, we presumed the lower expres-
sion of these two genes at late stage at 60 rpm may have
resulted in a higher level of biofilm biomass (higher cell
aggregation levels) at 60 rpm. This is consistent with a
previous tenet [21].

Coniochaeta sp. 2T2.1

The expression patterns of the selected genes encoding
cell shape (egf1) and adhesion glycoproteins (KOG1437)
supported the previous finding that Comniochaeta sp.
2T2.1, in response to the conditions imposed on the
cultures by modulating shaking speed (high, turbulent
versus low, laminar to almost still), switched between
the multicellular hyphal and the unicellular yeast forms.
We hypothesized that the observed modulation of the
expression of two egfl genes (encoding “enhanced fila-
mentous growth protein” EGF1) was at the basis of such
morphological adaptations (Additional file 2: Fig. S3). In
concrete terms, the lower shaking speed likely favored
mycelial growth, whereas the higher shaking speed
repressed it. The trigger for this cell type switch may also
be associated with nutritional (including oxygen) and/
or condition changes, similar to what has been found
in other dimorphic fungi [16]. Coniochaeta sp. 2T2.1 is
postulated to have a strict aerobic growth mode, and it
is likely that, at 60 rpm, heterogeneity of oxygen sup-
ply modulates multicellular hyphal growth, in which, at
lower oxygen level, Coniochaeta sp. 2T2.1 is predicted
to mainly grow as hyphae extending to their surround-
ings for more oxygen, just like in natural environments.
Outgrowth of hyphae to achieve higher oxygen levels
can facilitate diffusion and transport of compounds, and
promote nutritive absorption. For instance, the hyphae
of the “yeast” Candida albicans have been reported to
extend towards oxygen-rich directions when exposed to
gradients of oxygen [24].

The differential behavior of each of the consortial
organisms, especially Coniochaeta sp. 2T2.1, might also
be consistent with the significantly higher WS weight
loss at 60 rpm as compared to 180 rpm (Fig. 1). One
might speculate that—at 60 rpm—the adhering fungal
hyphae benefit consortial members to attach to the sur-
face of WS, thus enhancing WS degradation efficiency.
In addition, hyphae may provide more sites for excreting
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compounds (enzymes), and so, at similar gene expression
levels, higher amounts of protein might be released in by
hyphae than by yeast-like cells.

Not only the behavior of the three members in the con-
sortium differed between two shaking conditions, but
the expression of CAZy families and enzymatic syner-
gism were also affected by the shaking speed as discussed
hereunder.

Putative complementary enzymatic mechanisms leading
to division of labor

Examination of the highly expressed genes of Coni-
ochaeta sp. 2T2.1 (Fig. 3) revealed a major role of the
organism in lignocellulolytic enzyme production. In
particular, the unique genes encoding enzymes poten-
tially involved in lignin (AA1_3, AA3_3), cellulose (AA9,
AAl6, GH?7), arabinoxylan backbone (GH11) and side
chain (CE5, GH62, GH27) degradations stood out as
being uniquely fungal, as those genes were absent from
the genomes of both bacteria [5]. Thus division of labor
within the consortium implies a major involvement of
Coniochaeta sp. 2T2.1 in the aforementioned metabolic
routes. Such activities might influence the access of all
consortial members to the substrate, as previously indi-
cated [4].

The potentially enhanced substrate access also implies
the WS hemicellulose moieties. These can be divided
into three classes (xylans, mannans and xyloglucans)
on the basis of their structure [25]. The highly (and sta-
bly) expressed genes encoding proteins of CAZy classes
GH43, CE1, GH2, GH92, GH95 and GH29 in S. param-
ultivorum w15 pointed at the occupancy by strain w15 of
key niches at both shaking speeds with basis in the hemi-
cellulose fractions arabinoxylan (GH43, CE1), galactoglu-
comannan (GH2, GH92) and xyloglucan (GH95, GH29)
(Fig. 2). In contrast, Coniochaeta sp. 2T2.1 appeared
to more strongly prefer arabinoxylan-defined niches
(Fig. 3). The ‘sharing of’—or competition for—arabinox-
ylan-defined niches between S. paramultivorum w15 and
Coniochaeta sp. 2T2.1 may have resulted in the observed
repression of genes encoding arabinoxylan-attacking pro-
teins in Coniochaeta sp. 2T2.1 at early stage at 180 rpm.
However, this phenomenon was also controlled by the
shaking conditions, as such repression was not found at
60 rpm, in early growth stage (Fig. 3). On the other hand,
complementary enzymatic mechanisms could be taking
place given the complementary CAZy-protein encoding
genes in each genome (Table 2).

Consistent with our previous observations, we here
describe the role of C. freundii so4 in WS degradation
as being largely “secondary” [5]. However, a key role of
dealing with oxygen uptake and possible competition
(Additional file 2: Fig. S3c) by switching from aerobic to
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flexible (aerobic/microaerophilic/anaerobic) respiration
at 60 rpm, next to one in detoxification (using different
strategies under two shaking speeds), can be cogitated
(Additional file 2: Fig. S7). The high expression levels of
stress-response associated genes in C. freundii so4 also
indicated that stress conditions (starvation, competition
for niches) were major drivers of gene expression. Next to
nutrient competition, such stressors can be of any other
(abiotic or biotic) nature. A further study of the stress
alleviation function (i.e. clean-up of toxicity) of C. freun-
dii so4 would be of great eco-enzymatic interest.

Additional potential competition for niches

between Coniochaeta sp. 2T2.1 and S. paramultivorum w15
at 180 rpm

The low expression levels of Coniochaeta sp. 2T2.1 genes
involved in hemicellulose and cellulose degradation at
early to middle stage at 180 rpm (Fig. 3) indicated poten-
tial gene repression by (any of) the bacterial consortium
member(s). The specific repression of genes encoding
enzymes involved in arabinofuranoxylan (CAZy classes
GH11, CE1, GH62, GH51, GH127, GH43, GH93, GH27
and GH3) and cellulose (AA3_2, GH71, GH7 and GH12)
degradation was indeed consistent with that reported
previously [4]. Thus, as available niches determine the
activities and interactions, (hemi) cellulose-determined
niches of the WS may have been mainly occupied by S.
paramultivorum wl5 (Fig. 2). The fact that this niche
occupancy occurred early at 180 rpm is in line with the
observed very fast response of S. paramultivorum wl5
to the WS [21]. It is also supported by the tenet that the
presence of multiple 16S rRNA operons offers ample
possibilities of ‘kick starting’ rapid metabolism upon per-
ception of such ecological opportunities [26]. Another
facet here is the possibility that bacterial enzymes may be
physically different, with enzymes best ‘fitting’ the sub-
strate allowing more efficient activities, ultimately raising
the number of key enzymes attacking hemi(cellulose) in
the system.

Metabolic synergism may be promoted by low shaking
speed

Several Coniochaeta sp. 2T2.1-derived genes encoding
biodegradative enzymes (CAZy classes GH5, GH7, AA9,
GH10, GH11, CE1, CE5 and GH43) were repressed at
early stage at 180 rpm (Fig. 3), but clearly not at 60 rpm
(Fig. 3). This resulted in the fungal degradation activities
beginning earlier at 60 than at 180 rpm. Thus, ligninolytic
activities of Coniochaeta sp. 2T2.1 may have been pro-
moted by low shaking speed simply because the relevant
substrate structures became exposed at an earlier stage. It
has been reported that many ligninolytic Basidiomycet-
ous fungi will mainly secrete the types of oxidative lytic
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enzymes that commonly attack lignin under nutrient-
limited conditions [27]. Here, we found a significantly
higher expression of genes encoding enzymes involved
in lignin transformation (CAZy classes AA3, AA3_3
and AA3_2) at 60 rpm compared to 180 rpm (late stage;
Fig. 3). Similarly, S. paramultivorum w15 might have an
important role in lignin transformation at lower shak-
ing speed (Fig. 2). In contrast, we postulate the role of
C. freundii so4 to be that of a ‘consumer; as revealed by
its expression of genes encoding CAZy family GH1 and
GH3 proteins.

Next to the enzymatic synergism, complementary
functions of each member of the consortium might facili-
tate microbial coexistence.

S. paramultivorum w15

Among the top-200 of highly expressed genes, several
genes, in particular fixA, fixB and ribE, with roles in vita-
min B2 metabolism were found (Fig. 4b, Fig. 5), with clear
trends in their dynamics. Gene ribE catalyzes the dismu-
tation of two molecules of 6,7-dimethyl-8-ribitylluma-
zine, resulting in the formation of riboflavin. One can
assume that, at early stage, with sufficient vitamin B2 in
the media, the expression of these synthesis genes is low,
while at later stages it depends, for each organism, on its
respective growth/metabolic rate, i.e. maintaining higher
cell density also requires more involvement of these gene.
Our data also raise the possibility that S. paramultivorum
w15 is involved in the production of B2 vitamins at early
stages (across the two shaking speeds), and in late stage at
180 rpm. At 60 rpm, a later involvement (late stage) of C.
freundii so4 is possible, pointing to a putative role switch
(Fig. 5). Vitamin B2 (riboflavin), a precursor of the coen-
zymes flavin mononucleotide and flavin adenine dinucle-
otide, is essential for life, as it is involved in key cellular
redox reactions, such as the conversion of vitamins B6
and B9 into their active forms, as well as the mobilization
of iron [28]. The fact that we found the genes involved in
vitamin B2 generation to be highly expressed early on at
60 rpm may indicate a high requirement of such oxidore-
ductive systems in this early phase under potentially high
levels of (oxygen) stress. We assumed that the initial key
role of S. paramultivorum w15 was later supported by C.
freundii so4 and Coniochaeta sp. 2T2.1 (Fig. 5). Further
confirmation of the trends and the cross talk in vitamin
B2 production in our consortium will constitute a very
interesting follow-up of the current study.

C. freundii so4

C. freundii so4 may be involved in clearing dead cells
from the system by upregulating the cvpA gene (impli-
cated in disruption of cell membranes) at late stage, par-
ticularly at 60 rpm. The gene cvpA encoded protein has
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been linked to colicin V secretion in Escherichia coli, and
a role in response to stress stimuli in diverse bacterial
species was also suggested [29]. Reduction of adherence
processes in the culture might ensue, which is consistent
with the earlier finding of less adhesion in tripartite than
in fungal monocultures at 60 rpm [21]. This is in line with
the higher expression of gene bisA at late stage at 60 rpm
(Additional file 2: Fig. S7), which can decrease cell sur-
face hydrophobicity and cell aggregation, and the signif-
icantly higher expression of mcbA, as deletion of mcbA
increased biofilm formation of in E. coli LB medium [23].

Coniochaeta sp. 2T2.1

The observation that more adhesins are induced at 60
than at 180 rpm was remarkable. Such proteins contain-
ing fasciclin domains, which are predicted to be located
in extracellular space [30], and are reported to be asso-
ciated with cell adhesion functions. Thus the observed
higher expression of genes encoding fasciclin and adhe-
sion glycoproteins in Coniochaeta sp. 2T2.1 at 60 rpm
(Additional file 2: Fig. S3) was consistent with the
observed higher cell aggregation levels at this shaking
speed. Perhaps, the hyphal form also contributes to the
adhesion at 60 rpm. For C. albicans, it has been shown
that hyphae are more hydrophobic than yeast-like cells,
as the main adherent proteins of germ tubes arising from
cells to initiate hyphal growth are hydrophobic [31]. Cell
surface hydrophobicity thus plays a crucial role in adher-
ence processes [32]. Thus, at 60 rpm, Coniochaeta sp.
2T2.1 may benefit from its formation of multicellular
hyphae and extended cell surfaces, which can produce
attachment sites for glycoproteins. This promotes the
high cell aggregation levels at low (versus high) shaking
speed.

Examination of selected expressed genes

To shed light on the nature of the Coniochaeta sp. 2T2.1
messengers detected by us, we examined the phyloge-
netic placement of the two genes encoding bystins and
eight encoding adhesion glycoproteins. We demonstrate
that the former two genes cluster with a suite of bys-
tin genes from other fungi (Additional file 2: Fig. S9a),
whereas the eight adhesion glycoprotein genes cluster
into four clades of adhesion glycoproteins belonging to
C. ligniaria, Fusarium oxysporum, Coniochaeta sp. PMI
546, and Coniochaeta sp. 2T2.1 itself. This is shown in
Additional file 2: Fig. S9b. A tight clustering is apparent,
with amino acid sequence similarities of 92-98% (Addi-
tional file 2: Table S2). Given that the latter eight genes
were found to be distributed along the whole genome,
being localized on different chromosomes, we hypoth-
esized that their origins were not strongly linked, and
so the resulting glycoproteins might have different
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structure, different binding sites, and probably different
substrate binding mechanisms. Thus, a variety of eco-
logical ‘choices’ may allow Coniochaeta sp. 2T2.1 to form
adhesion complexes under various conditions, increas-
ing its chance of establishment and survival via better
attachment to emerging substrates. The four clusters we
defined appear to support this assumption.

Degradation of arabinogalactan-proteins/proteoglycans
was upregulated only at 180 rpm

The role of genes involved in fungal/bacterial cell wall
decomposition modulations was remarkable. First, poly-
saccharides (B-glucans) and glycoproteins have been
reported to play roles in the adhesion of bacteria and
fungi to substrates [33, 34], and hence their removal
might affect adherence. Here, the higher expression
of Coniochaeta sp. 2T2.1 genes involved in arabinoga-
lactan—protein degradation (GH79) at 180 rpm compared
to 60 rpm could result in lower cell agglomeration rates
(Additional file 2: Fig. S4). As reported by Jiménez et al.
[4], GH79-like enzymes may attack arabinogalactan-pro-
teins/proteoglycans in plant and bacterial cell walls [35].
The two bacteria lack genes for GH79 family proteins,
but proteins produced by genes encoding peptidoglycan
lyase (GH73) may have similar effects on bacterial cell
walls. The expression dynamics of genes for GH73 (and
GH23) proteins in C. freundii so4 showed other trends,
with both genes being highly expressed at late stage at
60 rpm. A possible involvement in cleaning of accumu-
lated dead cells is cogitated (Additional file 2: Fig. S4), as
proteins in both GH23 and GH73 families share a typical
lysozyme-like o/f fold, cleave the B-1,4-glycosidic link-
age between N-acetylglucosaminyl (NAG) and N-acetyl-
muramyl (NAM) moieties in the carbohydrate backbone
of bacterial peptidoglycans [36]. C. freundii so4 has pre-
viously been reported to consume putrescine, which is
produced by the breakdown of amino acids in living and
dead organisms and is toxic in large doses [5].

Fungal form changes and adhesion drive interactions
Glycans or derivatives (B-glucans) are essential compo-
nents of the matrix in C. albicans biofilms [37], and so
one may surmise this is also the case in Coniochaeta sp.
2T2.1 biofilms. Since, in our oligospecies consortia, the
two bacteria are capable of producing various enzymes
attacking glycans [5], the adhesive/agglomerative proper-
ties of Coniochaeta sp. 2T2.1 may have been affected in
the cultures by enzyme-driven mechanisms. Moreover,
the hyphal form may also modulate (positive) interac-
tions between bacteria and fungi, as reported previously
[37-39], with hyphae serving as “highways” for bacteria
to move to their niches, colonizing accessible sites of the
WS.
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As part of the nature of transcriptomics studies, the
sequence-based annotation of genes can be 'tricky; as the
binding pockets and amino acid sequences of orthologs
can be very similar, but work on distinct carbohydrates
with (to some extent) similar but different stereochemis-
try. However, based on the different levels of regulation
found in this study, we feel the aforementioned hypoth-
eses have sufficient strength to be put forward.

Conclusions

Here, we explored the impact of two bacterial strains and
one fungus, in terms of degradation of the WS (hemi)
cellulose and modifying lignin moieties, in relation to
local conditions as defined by shaking speed. We posit
that S. paramultivorum w15 is involved in the degrada-
tion of mainly hemicellulose (high expression of diverse
hemicellulases) and vitamin B2 production, and C. fre-
undii so4 in the degradation of oligosaccharides and/or
sugar dimers, next to detoxification processes, with both
strains consuming the sugar monomers (e.g., glucose
and xylose) resulting from the degradation process. We
further provide evidence for the tenet that Coniochaeta
sp. 2T2.1 may be most strongly involved in cellulose and
xylan (at early stages), next to lignin degradation pro-
cesses (at later stages). Considering the effects of condi-
tions, we show the physical life forms and appearances
of the organisms, in particular the fungal partner, to be
determinative for the biodegradative processes studied,
and hence for the associated gene expression patterns.
Modulation of shaking speed theoretically results in con-
trasting conditions with respect to the degree of mixing,
heterogeneity, adherence the substrate, physical appear-
ance and distribution of compounds like molecular oxy-
gen (high, turbulent, high degree of mixing, versus low,
almost still). This study thus enhances the eco-enzymo-
logical understanding of the degradation of WS by a tri-
partite microbial consortium, revealing the synergism
between the members and alternative functional roles
that allow their coexistence in this culture system. The
consortium studied here, representing three members
derived from a natural microbial community, may serve
as a model consortium for further evolutionary eco-
logical studies, or a novel platform for consolidated bio-
processes in conjunction with metabolic engineering and
genome-scale metabolic models. The key enzymes (CAZy
classes GH10, GH11, CE1, CE5 and GH43) relevant for
the initial stages of wheat straw degradation, converting
the macromolecules (i.e., (hemi)cellulose, lignin and pec-
tin) to smaller molecules, could be employed in strategies
to produce compounds for use in the food, textile and
pharmaceutical industries. Furthermore, the enzymes
pinpointed in this study provide molecular ‘goldmines’
for further characterization and expression, potentially
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resulting in production for commercial applications. Fur-
ther work unraveling the interactions at the protein level
would be helpful for assessing the reliability of the func-
tions assigned to the expressed genes assigned herein.

Materials and methods

Strains, experimental setup and tripartite microbial
consortium culture

Two bacteria, Citrobacter freundii so4 (DSM106340T)
and Sphingobacterium paramultivorum w15 (DSM
106342), and one fungus, Coniochaeta sp. 2T2.1 (NRRL
Y-64006), were used as members of the constructed
microbial consortium. To set up the experiment, a lig-
uid medium was prepared using WS as the sole carbon
source. 0.3 g of washed WS (1%, w/v) were placed in
30 mL mineral medium (7 g/L Na,HPO,-2H,0; 2 g/L
K,HPO,; 1 g/L (NH,),SO, 0.1 g/L Ca(NO,),-4H,0;
0.2 g/L MgCl,-6H,O g/L) in 100-ml Erlenmeyer flasks.
The media were supplemented with 30 pL vitamin solu-
tion (0.1 g Ca-pantothenate, 0.1 g cyanocobalamin,
0.1 g nicotinic acid, 0.1 g pyridoxal, 0.1 g riboflavin,
0.1 g thiamin, 0.01 g biotin, 0.1 g folic acid; H,O 1 L)
and 30 pL trace metal solution (2.5 g/L EDTA; 1.5 g/L
FeSO,-7H,0; 0.025 g/L CoCly; 0.025 g/L ZnSO,-7H,0;
0.015 g/L MnCly; 0.015 g/L NaMoO,-2H,0; 0.01 g/L
NiCl,; 0.02 g/L H3BOg; 0.005 g/L CuCl,) as previously
described [6]. The experiments were performed at 28 °C,
with initial pH 6.2, under two shaking speeds (180 and
60 rpm) in two comparable rotary shakers (INFORS HT,
Bottmingen, Switzerland). The initial cell density of each
strain was about 5-6 log cells per mL. Estimation of WS
degradation was done by using WS weight loss, whereas
microbial culture and growth measurements were done
by colony forming unit (CFU) counting as described pre-
viously [21].

Microbial RNA extraction and sequencing

At each time point (1 day, 5 and 13 d), three flasks from
each shaking speed were used to harvest the cells and
extract total RNA. The flasks were vigorously shaken
for 10 s, and 15 ml liquid was transferred to 15-ml tubes
sitting on ice. The tubes were then centrifuged at 4 C
at 7189xg, for sufficient time to pellet all cells (up to
10 min), after which the supernatant was carefully dis-
carded. Then, the tubes were centrifuged and inverted
again, to remove liquid totally. RNA extractions were
conducted right after harvesting the samples, follow-
ing the instructions of the RNeasy Kit (Qiagen, GmbH,
Germany). RNA quality was checked using agarose gel
electrophoresis (for physical observation) and spectro-
photometry using the absorbance ratios 260/280 nm.
Poly-A tail enrichment was used for fungal RNA using
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NEBNext Poly(A) Magnetic Isolation Module (New Eng-
land Biolabs, Frankfurt am Main, Germany) and rRNA
depletion for bacterial RNA following the Pan-Pro Ribo-
Pool protocol. Sequencing on Illumina NextSeq500/550
(2x 150 bp) was performed at LGC Genomics (Berlin,
Germany).

Data analysis

Raw data with adapter clipped reads were cleaned using
Fastp software (version 0.21.0, [40]). Reads with any Ns
or those shorter than 25 bp were removed. SortMeRna
(version 4.2.0, [41]) was used to further sort out ribo-
somal RNA reads. The remaining mRNA reads were
mapped against the reference genome of each strain [5,
16]. Hisat2 (version 2.2.1, [42]) was used to map fungal
mRNA reads under very-sensitive mode; Bowtie2 (ver-
sion 2.4.4, [43]) was used for mapping bacterial sequences
under very-sensitive-local mode. FeatureCounts (version
2.0.1, [44]) was used to generate the raw gene read counts
file using paired-read models. Principal components
analysis (PCA) was used to visualize the triplicates using
RStudio (version 1.4.1106, [45]; R version 4.0.4, [46]) soft-
ware, which was also used to calculate the Transcripts
Per Kilobase Million (TPM) values, and TPM values were
used to compare gene expression within conditions. To
get an overview of expressed genes, the mean TPM val-
ues were calculated for each sample, after which genes of
the top-200 highest mean TPM values were selected as
“highly expressed genes” from each sample. These genes
were further annotated by KEGG and dbCAN [47, 48].
TPM normalized read counts of each gene belonging to
the same CAZy family at each condition and at each time
point were summarized and used for visualization. Gene
TPM values were grouped and labeled as: (1) high expres-
sion level (TPM above 1000), (2) intermediate expression
level (TPM between 100 and 1000), and low expression
level (TPM below 100). DESeq2 (version 1.30.1, [49]) was
subsequently used to determine differentially expressed
genes between pairs of conditions. Genes were anno-
tated using the KEGG database using GhostKOALA. In
addition, annotation of Carbohydrate-Active Enzymes
(CAZy) and the non-catalytic carbohydrate-binding
modules (CBMs) was performed using dbCAN [47, 48];
HMMER output (E-value<le™'®, coverage>0.35) was
firstly used, then Diamond and Hotpep searches against
the CAZy database were also considered. Signal peptide
was checked using results from dbCAN.

Selection of genes with potential relevance for consortial
growth on WS

To examine the mechanisms potentially underlying the
growth-associated and agglomeration/adhesion-like behaviors
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observed, we monitored the expression of several ‘proxies’
genes for these functions. For the two bacteria, we selected
the ‘growth’ indicator genes ftsA and fisZ (involved in assem-
bly of the Z ring in bacterial cell division; [50]), as well as expo-
nential growth indicator gene rpoD (encoding the primary
sigma factor RpoD, key during exponential growth; [51]) and
stationary phase-induced genes bolA (encoding the general
stress response regulator; [52]) and elaB (encoding the ElaB
protein—protecting cells against oxidative stress; [53]). Due
to the absence of these two genes (bolA, elaB) in S. paramul-
tivorum w15, a dps-like gene (encoding a starvation-inducible
DNA-binding protein; [54]) was examined. Moreover, for the
facultatively anaerobic C. freundii so4, both aerobic respira-
tion (arcA, [55]) and anaerobic regulatory (fir, [55]) related
genes were examined. For Coniochaeta sp. 2T2.1, genes egfl
encoding “enhanced filamentous growth protein 1”7 (EFG1—
potentially involved in hyphal formation; [56]) were taken
into account. In addition, two genes encoding so-called “cell
adhesion complex” proteins (bystin; KOG3871) and eight
genes predicted to encode the adhesion glycoprotein fasciclin
(KOG1437) were examined.
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AAO Aryl alcohol oxidase
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