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SUMMARY

Substrates for enzymatic reactions, such as cellulose and chitin, are often insol-
uble in water. The enzymatic degradation of these abundant organic polymers
plays a dominant role in the global carbon cycle and has tremendous technolog-
ical importance in the production of bio-based chemicals. In addition, biodegrada-
tion of plastics is gaining wide attention. However, despite the significance, as-
saying these degradation reactions remains technically challenging owing to
the low reaction rate, because only the surface of the substrate is accessible to
the enzymes. We developed a nanofiber-based assay for the enzymatic hydroly-
sis of cellulose. This assay facilitated the quantification of the enzymatic hydroly-
sis of <1 ng crystalline cellulose. Utilization of the assay for the functional
screening of cellulolytic microorganisms revealed an unprecedented genetic di-
versity underlying the production of deep-sea cellulase. This study reiterates
that interdisciplinary efforts, such as from nanotechnology to microbiology, are
critical for solving sustainability challenges.

INTRODUCTION

Cellulose, which is a linear and non-ionic polysaccharide comprising glucose connected via B-1-4 glycosidic
linkages (Klemm et al., 2005), is the major component of plant cell walls and the most abundant organic
polymer with an estimated annual production of ~100 billion dry tons (Percival Zhang et al., 2006). Hydro-
lysis of cellulose by microbial cellulases is the primary process for the turnover of photosynthetically fixed
carbon in the global carbon cycle (Percival Zhang et al., 2006; Wilson, 2011; Cragg et al., 2015; Lynd et al.,
2002). Microbial cellulases are also deemed crucial components for establishing biorefineries from this
inexhaustible feedstock (Percival Zhang et al., 2006; Menon and Rao, 2012; Payne et al., 2015).

All cellulases cleave the B-1-4 glycosidic bonds in water-soluble substrates such as cellodextrins and car-
boxymethyl cellulose (CMC) and water-insoluble amorphous cellulose (Bayer et al., 1998). However, crys-
talline cellulose is resistant to enzymatic hydrolysis owing to extensive and highly ordered hydrogen
bonding networks between the cellulose chains, whereas its hydrolysis usually requires the synergetic ac-
tion of multiple enzymes. Glycoside hydrolases (GHs) that are classified as endoglucanases and exoglu-
canases (or cellobiohydrolases) play a primary role in generating short oligosaccharides (Payne et al.,
2015; Hemsworth et al., 2016). Exoglucanases are known to be capable of breaking down crystalline re-
gions of cellulose by detaching single cellulose chains from the crystal surface and guiding them into
their long tunnel-shaped catalytic sites for hydrolysis (Beckham et al., 2014). Efficient hydrolysis is
achieved with the assistance of oxidative enzymes such as copper-dependent lytic polysaccharide
mono-oxygenases, which cleave the internal glycosidic bonds of crystalline cellulose and make it acces-
sible for GHs (Beeson et al., 2015). The major soluble product of these enzymatic reactions is cellobiose,
which is hydrolyzed to glucose by B-glucosidase. The degradation of the crystalline portion is the rate-
limiting step in cellulose degradation; cellulolytic microorganisms have adapted their enzyme production

"Research Center for
Bioscience and Nanoscience,
Japan Agency for Marine-
Earth Science and
Technology (JAMSTEC), 2-15
Natsushima-cho, Yokosuka
237-0061, Japan

2SUGAR Program, JAMSTEC,
2-15 Natsushima-cho, Yoko-
suka 237-0061, Japan

3Present address:
Bioengineering Lab. Co.,
Ltd., 657 Nagatake,
Midori-ku, Sagamihara
252-0154, Japan

“Lead contact

mechanism so as to enable cooperative and efficient degradation. Some microorganisms produce cel- “Correspondence:
. . . . shigeru.deguchi@jamstec.
lulases as free enzymes which are often modular in nature and connected with carbohydrate-binding goJp
modules (CBMs) (Lynd et al., 2002; Payne et al., 2015), while some anaerobic microorganisms produce https://doi.org/10.1016/].isci.
them as elaborate supra-molecular complexes called cellulosomes (Lynd et al., 2002; Bayer et al., 1998). 2022.104732
L) -
e iScience 25, 104732, August 19, 2022 © 2022 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:shigeru.deguchi@jamstec.go.jp
mailto:shigeru.deguchi@jamstec.go.jp
https://doi.org/10.1016/j.isci.2022.104732
https://doi.org/10.1016/j.isci.2022.104732
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104732&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

For most enzymatic reactions, the quantitative assay of enzymatic hydrolysis of cellulose was usually performed
by measuring the accumulation of end-products (Dashtban et al., 2010; Chang et al., 2021; Cruys-Bagger et al.,
2012). However, existing methods were insensitive and time-consuming, primarily owing to the recalcitrance
and water-insolubility of crystalline cellulose (Percival Zhang et al., 2006; Dashtban et al., 2010; Chang et al.,
2021; Cruys-Bagger et al., 2012). These difficulties facilitated the introduction of unconventional techniques
to study cellulase reactions. For example, high-speed atomic force microscopy (Ando, 2012) was successfully
used to visualize cellulose hydrolysis by individual enzyme molecules; this revealed that the reaction was
affected by the aggregation of the cellulase molecules on the cellulose surface (Igarashi et al., 2011; Igarashi,
2013) Quartz crystal microbalance with dissipation monitoring (QCM-D) was used to register the mass loss of
cellulose films on hydrolysis (Ahola et al., 2008). It allowed the real-time observation of enzyme binding and
hydrolysis kinetics, and revealed information about the morphological changes in the substrates. In the pre-
sent study, we quantified the loss in cellulose volume on enzymatic hydrolysis using nanofibrous substrates,
combined with inkjet patterning and three-dimensional (3D) laser profilometry. The novel technology, de-
noted as SPOT (Surface Pitting Observation Technology), facilitates ultrasensitive and quantitative assessment
with potential high-throughput (multi-parallel) and diverse/flexible applications.

RESULTS

Surface pitting on nanofibrous cellulose matrix

To address the challenge of cellulose degradation detection owing to the low rate of cellulose hydrolysis,
nanofibrous cellulose was prepared as previously described (Deguchi et al., 2007) to accelerate the enzymatic
hydrolysis. When crystalline cellulose (Figure 1A; cellulose-I, 58.2% crystallinity) (Deguchi et al., 2007) and nano-
fibrous cellulose (Figure 1B; cellulose-Il, 44.5% crystallinity) (Deguchi et al., 2007) were subjected to enzymatic
hydrolysis using a mixture of fungal cellulases from Trichoderma viride (Winarni et al., 2013), the amount of
glucose that was produced from nanofibrous cellulose after 30 min of reaction (1.4 mg/mL) was 3.5 times
higher than that from the cellulose powder (0.4 mg/mL) (Figure S1). The difference could be ascribed to a
significantly larger specific surface area of nanofibrous cellulose (220 m?/g) than that of the cellulose powder
(1.8 m?/g) (Figure S1). The accessibility to the cellulose surface is a critical factor influencing the hydrolysis rate
(Meng and Ragauskas, 2014). The difference in the crystallinity (Deguchi et al., 2007) is also substantial (~3/4th)
and should be a key factor (Hall et al., 2010). In addition, the difference in cellulose polymorphs could affect the
hydrolysis rate, because the cellulose edge chains in cellulose Il are less thermodynamically stable than those in
cellulose | (Beckham et al., 2011). During the reaction, initially turbid dispersion containing fine particles made
of nanofibrous cellulose was cleared in 2 h, whereas the dispersion containing the cellulose powder remained
turbid even after 4 h of hydrolysis (Figures 1C-1D and Video S1). The observation shows that the hydrolysis of
water-insoluble substrates such as cellulose can alternatively be assayed by following the loss of substrates.

In SPOT, this was realized by performing the reaction on the surface of nanofibrous cellulose matrices.
When 18, 36, and 54 pL of a solution containing the cellulases (10 mg/mL) were inkjet-patterned on the
flat surface of a wet porous matrix made of nanofibrous cellulose (Deguchi et al., 2007), the enzymes hydro-
lyzed the nanofibers as they diffused through the pores of the matrix and destroyed their 3D network, lead-
ing to the formation of pits on the surface (Figure 1E). The actual mass of the cellulases that were deposited
was 0.18, 0.36, and 0.54 ng, respectively.

We used 3D optical profilometry to obtain a height map of the pitted surface in a non-destructive manner
(Figure TF). The space inside the pit remained dry, because the excess water released during the disruption
of the 3D network was re-absorbed by the surrounding matrix. The pit formation was reproducible,
because cross-sectional profiles that were obtained along the white lines on the map superimposed well
on each other (Figure 1G). Itis also evident that the pits became deeper with increasing amounts of depos-
ited cellulases. These results suggest that surface pitting can potentially be used as a quantitative indicator
to follow cellulose hydrolysis using an extremely small amount of enzyme.

Quantifying surface pitting to assay cellulase reaction

Measurements of pit formation kinetics revealed that the surface pitting was not only a quantitative indi-
catorbut also an ultrasensitive indicator to assay cellulase reaction. The pit grew after initiating the reaction
by cellulase deposition and became deeper as a function of reaction time (Figures 2A and 2B, 3D height
maps are available in Figure S2). The cross-sectional profile allows analysis of the 3D topographic features
of the pit (illustrated by a thick red curve in Figure 2C); however, it does not provide information required to
evaluate the progress of the reaction, such as the mass of hydrolyzed cellulose. Therefore, we measured the
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Figure 1. Surface pitting on nanofibrous cellulose matrix
Scanning electron microscopy images comparing the morphology of (A) untreated cellulose powder (scale bar: 5 um) and

(B) nanofibrous cellulose (scale bar: 500 nm) (taken from Deguchi et al., 2007). Photographs showing nanofibrous cellulose
(left) and untreated cellulose powder (right) after enzymatic digestion for (C) O min and (D) 120 min in 0.1 M acetate buffer
(pH 4.8) at 40°C (test tube diameter: 10 mm). A video of the hydrolysis process is available online (Video S1). Omnifocal
microscopicimage (E) and 3D height map (F) of pits formed on the surface of nanofibrous cellulose (0.03 g~<:m’3 cellulose)
containing 0.1 M acetate buffer (pH 4.8) after depositing 0.18, 0.36, and 0.54 ng of the cellulases. Scale bars represent
500 um. Vertical lines in E are artifacts that were introduced when multiple images were computationally stitched to

generate a panoramic image.
(G) A cross-sectional profile of the pits measured along the white lines in (F). Profiles were arbitrarily shifted horizontally to

match the positions of the peaks.

volume of the pit (Figure 2D) and calculated the actual mass of hydrolyzed cellulose (illustrated by thick
grey lines in Figure 2D) by multiplication with the fiber density of the matrix (0.03 g/cm?).

The measured mass of hydrolyzed cellulose increased linearly with the reaction time up to 15 min, but the
growth slowed down thereafter (Figure 2E). The initial hydrolysis rates, which were obtained from the slope
of linear fits to the data points within 15 min, were between 60 and 180 pg-min~" and proportional to the
amount of deposited cellulases (Figure 2F). It should be noted that the actual amount of hydrolyzed cellu-
lose might have been much smaller as only parts of the nanofibers required hydrolysis to separate them,

sufficiently destroying the porous framework and pitting the surface.

Surface pitting as a selective indicator for the hydrolysis of crystalline cellulose

With a crystallinity index of 0.45 (Deguchi et al., 2007), nanofibrous cellulose is a blend of recalcitrant crys-
talline domains and easily hydrolyzable amorphous domains. Hydrolysis of the latter alone may also lead to
pit formation. However, we found that a B-1-4 endoglucanase from Bacillus agaradhaerens, which hydro-

lyses CMC and amorphous cellulose but not crystalline cellulose (Hirasawa et al., 2006), showed near-zero
hydrolytic activity against nanofibrous cellulose (Table S1), suggesting that surface pitting is a selective in-

dicator for hydrolysis of crystalline cellulose.
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Figure 2. Quantifying pitting kinetics on nanofibrous cellulose matrix

(A) 3D topographic images of a pit formed on the surface of nanofibrous cellulose matrix (0.03 g-cm ™ cellulose)
containing 0.1 M acetate buffer (pH 4.8) 6.3-30.7 min after depositing 0.90 ng cellulases.

(B) Cross-sectional profile of the pit as a function of reaction time. Schematic illustration for quantifying the cross-sectional
profile (C) and volume (D) of each pit. White lines represent cellulose nanofibers and blue areas the buffered solution that
filled up the cellulose matrix. The pit volume (pink area in D) allows calculating the mass of the hydrolyzed cellulose
nanofibers (thick grey lines in D) by multiplying it with the fiber density.

(E) Change in the hydrolyzed mass of cellulose and the volume of the pit formed at 25°C after depositing 0.18 (black), 0.36
(blue), 0.72 (red), and 0.90 ng (green) cellulases. Data points represent the mean + standard deviation (vertical bars) of at
least five independent runs. Horizontal error bars represent the duration of scans to obtain 3D height maps (~5 min).
Broken lines are linear fits to the first three data points.

(F) Relationship between the measured hydrolysis rate and amount of deposited cellulases.

Surface pitting for recognizing the microbial production of cellulase

Surface pitting can also be used to recognize the production of cellulases by microorganisms with high
sensitivity. It was previously reported that various microorganisms (e.g., Escherichia coli, Bacillus subitilis,
Saccharomyces cerevisiae, and several extremophiles) formed colonies when they were cultured on the sur-
face of nanofibrous cellulose plates containing appropriate nutrients (Figure 3A, A 3D height map is avail-
able in Figure S3A) (Deguchi et al., 2007; Tsudome et al., 2009). However, when we cultured a model cellu-
lase-producer Saccharophagus degradans 2-40" (ATCC 43961) (Taylor et al., 2006; Jung et al., 2014),
cellulases produced by the organism hydrolyzed nanofibrous cellulose and pit the plate surface
(Figures 3B-3D, 3D height maps are available in Figures S3B-S3D). A small and shallow pit appeared after
incubation for 24 h and grew with the incubation time (Figures 3E-3F).

4 iScience 25, 104732, August 19, 2022

iScience



iScience

+20 pym
5
+10 ym 04
g -54
.o
0 ~ -104
pm P
g 15
-10 ym O 204_6h
— 24h
254 30h
-20 ym a0 —48n . ]
40 20 0 20 40
Width / um
F G
35 o 25
- Depth c 074 C<>
30 i
% -@ Width ; 0.6- oo =
25 ] 3
= © 0.5 15 ®
S 207 = 0.4 -
2 45 ® X
{ e h o L —_
B ;ﬁoa 1.0 3
£ 107 S 0.2+ 55 o
= r0.5 O
O s 3 0.1 gw
0 — T 004 0.0
0 10 20 30 40 50 0 10 20 30 40 50
Incubation time / h Incubation time / h

Figure 3. Recognizing microbial production of cellulases by surface pitting

(A) 3D topography of a colony of Escherichia coliformed on nanofibrous cellulose matrix containing Luria-Bertani medium
after incubation at 37°C for 9 h. 3D topography of a pit formed by S. degradans on a nanofibrous cellulose matrix (0.03
g‘cm’3 cellulose) after incubation at 25°C for (B) 24 h, (C) 30 h, and (D) 48 h.

(E) Cross-sectional profile of the pit over incubation time.

(F) Depth and width (full width at half depth) of the pit over incubation time. The linear relationship suggests the isotropic
growth of the pit.

(G) The hydrolyzed mass of cellulose and volume of pits over incubation time. Red points represent the pit in (E), whereas
blue points represent separate measurements to determine variation.

Second, the size of the pit the bacterium produced (Figure 3G) was an order of magnitude smaller than those
obtained by depositing a solution of the cellulases (Figure 2E). In the case of the pit formed after incubation
for 24 h (Figure 3B), the amount of hydrolyzed cellulose was 1.6 pg, which corresponds to 1/100t" the weight
of a grain of cellulose (Figure S4). Because the specific gravity of cellulose is 1.48-1.63 g~cm*3 (Aulin et al.,
2010), the volume of 1.6 pg monolithic cellulose is ~1 X 10" cm?, which is too small to be detected by the pre-
sent experimental set-up. Indeed, the low fiber density of the porous substrate (0.03 g-cm~3) facilitated the
detection of cellulose hydrolysis because hydrolysis of a minute amount of cellulose led to a large volume change
(Figure 2D).

Third, the microbial pitting did not slow down but rather accelerated with longer incubation times (Fig-
ure 3G); this could be attributed to the increase in the amount of enzymes with increased bacterial growth.
Further incubation of S. degradans for 1 week led to the formation of millimeter-sized macroscopic pits
(Figure S5A), thereby allowing facile recognition of microbial production of cellulases by visual inspection.
Moreover, compared with a standard method for recognizing microbial cellulolytic activity toward crystal-
line cellulose (Hendricks et al., 1995), activity recognition by surface pitting took a significantly shorter time
(Figure S5). Surface pitting was also a selective indicator for the microbial production of cellulases that hy-
drolyze crystalline cellulose (Figure S6).

Screening of cellulolytic bacteria from the deep sea

Culture-independent metagenomic approaches have been successfully used to mine cellulase genes and
elucidate the diversity of microbial cellulases (Wilson, 2011; Li et al., 2009; Duan and Feng, 2010). For ob-
taining novel cellulases from natural environments, however, the metagenomic approach should be com-
plemented by conventional culture-dependent methods (Duan and Feng, 2010). Culture-dependent
screening of cellulolytic microorganisms takes full advantage of the ultrasensitivity of surface pitting for
identifying cellulase activity. In selecting cellulolytic microorganisms out of an overwhelming majority of
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Figure 4. Isolation of cellulolytic bacteria from the deep sea

(A) Optical micrograph after incubation at 20°C for 15 d showing the surface of a nanofibrous cellulose plate during initial
screening from Okinawa Trough. Cellulolytic bacteria formed pits (red triangles), easily separable from non-cellulolytic
bacteria forming normal colonies of different sizes (scale bar: 1 mm).

(B) Scanning electron microscopy showing novel deep-sea bacteria (strain GEQ9; bottom) growing in a pit on a
nanofibrous cellulose plate (0.01 g«:m’3 cellulose; top) after incubation at 20°C for 6 days (scale bar: 5 pm).

(C) Phylogeny of the deep-sea cellulolytic bacteria based on 165 rRNA gene sequence. Phylogenetic tree was constructed
using the neighbor-joining method and numbers at nodes are bootstrap percentages >70% based on the neighbor-
joining (higher nodes) and maximum-likelihood (lower nodes) methods. The bar represents 0.01 nucleotide substitutions
per site. GenBank accession numbers are shown in parentheses.

non-cellulolytic ones in environmental samples (Wilson, 2011), ultrasensitive detection is crucial to recog-
nize the microbial production of low concentrations of cellulases.

To demonstrate the performance, we deployed sterilized nanofibrous cellulose plates in the deep sea us-
ing research submersibles (Figure S7) and studied the cellulolytic activity of deep-sea bacteria that
attached to the plate after recovery. From pits that were formed on the plate surface (Figure 4A), we suc-
cessfully isolated six cellulolytic strains. The scanning electron microscope image in Figure 4B shows one of
the isolates, strain GE09, grew and pit on the surface of a nanofibrous cellulose plate. The surface of the pit
was covered with a dense mat of rod-shaped cells. Identification using 16S rRNA gene sequences (Weis-
burg et al., 1991) showed that the isolates were classified into the family Cellvibrionaceae within the class
v-Proteobacteria (Figure 4C). Strains GE09, Y001, and SGMO02 exhibited 97%, 98%, and 99% homology,
respectively, to Marinagarivorans algicola Z17, a marine degrader of agar and CMC (Guo et al., 2016).
The isolates exhibited low homology (92%) to Teredinibacter turnerae T09717, which is a marine cellulolytic
bacterium isolated from shipworms (Yang et al., 2009). Strain GEO1 exhibited 96% homology to Agarilytica
rhodophyticola 0177, which has the ability to degrade agar but not cellulose (Ling et al., 2017). Strain ROO1
showed 99% identity to S. degradans 2-40 (Weiner et al., 2008). Strain GE35 showed 98% identity to the
marine cellulolytic bacterium Gilvimarinus japonicus 12-2" (Kouzui et al., 2016). Strains GE09 and GEO1
were likely novel bacterial species or genera.
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The deep-sea isolates did not grow well in liquid culture media even though the pits expanded over milli-
meter or centimeter scales around where they were inoculated on the nanofibrous cellulose plates. The ob-
servations indicated that pit growth was not correlated with the quantitative growth of bacterial cell
biomass, but simply represents the hydrolytic activities of the enzymes they produce. The GE09 strain
consistently established large pits on cellulose plates and its cell/optical density at 600 nm could reach
0.1-0.3 in liquid media; therefore, we used GEQ9 for further analyses. We did not detect the cellulolytic ac-
tivity of bacteria in a parallel screening attempt using a conventional method (agar plates with crystalline
cellulose powder), suggesting that surface pitting on nanofibrous cellulose allowed isolating novel cellu-
lolytic microorganisms unrecognized by the conventional method.

Insights into plant cell wall degradation by the deep-sea bacterium GE09

We determined the complete genome of one of the isolated bacterial species, strain GE09, as the statistical
genome features shown in Table S2. Many extracellular polysaccharide-degrading enzymes were identified in
its genome, potentially playing important roles to acquire nutrients and fixed carbon. A total of 79 coding se-
quences were predicted as targets for secretion and code at least one domain sequence assigned to the families
in the carbohydrate-active enzymes database (CAZy database, http://www.cazy.org) (Lombard et al., 2014). Fig-
ure 5A shows its classification based on their target substrates in comparison with closely related marine y-pro-
teobacteria T. turnerae (Yang et al., 2009) and S. degradans (Weiner et al., 2008). Predicted enzymes targeting
cellulose, hemicellulose (xylan and mannan), and pectin, which are the major components of plant cell walls, ac-
counted for aremarkable proportion of secreted CAZymes in GEO9 (Figure 5A, left). In contrast, there were only a
few candidate genes of enzymes dedicated to marine polysaccharide degradation such as alginate and lami-
narin. Chitinase and agarase genes were not found in their genomes which agrees with our experimental obser-
vation that they could not grow on chitin and agar as sole carbon sources. These results indicate that GE09 spe-
cializes to degrade plant cell walls in analogy with the endosymbiont of shipworm, T. turnerae, rather than
diversifying to degrade marine polysaccharides as is the case for the free-living bacterium S. degradans.

Characteristics of cellulases from the deep-sea bacterium GE09

The strain GEO? encoded more than ten genes of major cellulases in their genomes, whose catalytic domains
were classified into GH family 5, 6, and 9 in the CAZy database as listed in Table S3. Many of them were pre-
dicted to have the type Il secretion signal, which indicated that proteins were anchored to bacterial cellular
membranes rather than secreted as free enzymes. The existence of several exo-type cellulases containing
GH family 6 domains was noteworthy as they were necessary for degrading the crystalline part of cellulose.
All genes of GH family 6 domain were classified into branches that were distinctly different from the majority
of bacterial CBH genes in phylogenetic analysis (Figure 5B, branches indicated as GE0%-a and GE09-b). As
shown in one of the modeled structures of GH family 6 domains of GEO? (Figure 5B, right, top panel, Video
S2), there were many sequence insertions (blue-colored regions) in the GEO9 cellulase gene relative to the
experimentally determined structure of bacterial CBH, Thermobifida fusca Cel6B (Sandgren et al., 2013) (Fig-
ure 5B, bottom right). Although its core structure and the loops adjacent to the active sites were structurally
conserved, the inserted loop regions created more covered ligand binding sites, which would especially affect
its catalytic activity, such as substrate uptake and processive degradation of insoluble crystalline substrates.
Increased covered catalytic sites facilitate enzyme processivity by maintaining single-polysaccharide chains de-
tached from the insoluble material, which might be an evolutionary conserved strategy for the degradation of
recalcitrant polysaccharides (Uchiyama et al., 2020). The catalytically active status of two genes from GEQ9
(shown in branch GE09-b in the phylogenetic tree) was uncertain as they lacked essential catalytic residues.

Another characteristic feature of the cellulase genes from the deep-sea bacterium was their unique molecular ar-
chitectures (Figure 5C). Instead of CBMs that are usually found in combination with catalytic domains of bacterial
cellulases, the most found domain was polycystic kidney disease (PKD) in GH family é cellulase genes, and no
CBMs could be solely judged by the genome sequencing results. In addition, there was an unknown sequence
composed of ~250 amino acids at the C-terminus of a putative cellulase gene MARGEQ9_P3218 (Figure 5C,
top), which commonly used databases such as BLAST, Pfam, and dbCAN (Zhang et al., 2018) failed to annotate.
We found that it shared structural similarity with cellulose-induced protein | (CIP1), which is known as a protein of
unknown function co-regulated by cellulases (Jacobson et al., 2013). There were completely unfamiliar modular
architectures such as the sequence MARGEO?_P1318 (Figure 5C, bottom) and the sequence MARGEQ9_P1043
that had peculiar characteristics in terms of their high-molecular weight (~3,400 amino acids, Table S3). These
findings suggest that some remarkable changes occurred through the different combinations of accessory do-
mains, not only in the sequences of catalytic core domains.
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Figure 5. Predicted carbohydrate-active enzyme (CAZyme) genes from the deep-sea bacterium GE09 and the

characteristics of its cellulases

(A) Predicted genes encoding CAZy domains with type | or Il secretion signals in the genomes of GEQ9, Teredinibacter

turnerae, and Saccharophagus degradans. The total number of sequences is shown in the center of each chart.
(B) Phylogenetic tree of the GH family 6 domain of all entries in the CAZy database and five sequences from GE09.

Branches of GE09 sequences were indicated as branch GE09-a and GE09-b, colored in red. EG, endo-glucanase; CBH,

cellobiohydrolase. A structure of the cellulase of GE09 (MARGEOQ9_P1668) modeled using the online version of
AlphaFold2, available via Colab (https://github.com/sokrypton/ColabFold), and the structure of the T. fusca Cel6B (-

Sandgren et al., 2013) (Protein Data Bank accession code 4B4F), are shown on the right. Both models contain cellohex-
aoses at their ligand binding sites taken from T. fusca Cel6B (green). Loops adjacent to the binding sites and inserted loop

regions were colored in magenta and blue, respectively.

(C) Previously undescribed modular structures of cellulases. GH family 6 domains shown with dotted line lack essential
catalytic residues. Spll, type Il secretion signal; PKD, polycystic kidney disease; CIP1, cellulose-induced protein I; TSP3,

thrombospondin type 3.

DISCUSSION

Previously, mass loss of thin films of nanofibrous cellulose was measured by QCM-D to study the kinetics of
their hydrolysis (Ahola et al., 2008). The method allowed real-time observation of enzyme binding and
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hydrolysis kinetics, as well as giving information about morphological changes in the substrates. Our results
complement this previous study by demonstrating that the volume loss can also be used for the analysis.
Unlike QCM-D measurements, in which the mass loss is registered by a change in a resonant frequency of a
quartz crystal, SPOT can estimate the actual weight of hydrolyzed cellulose. Furthermore, SPOT signifi-
cantly extends the substrate-loss-based analysis by enabling a new realm of applications such as analysis
using picoliter-quantities of a cellulase solution, detection of microbial production of cellulases that hydro-
lyze crystalline cellulose, and screening of cellulolytic microorganisms. SPOT could also be used to develop
massively parallel analysis (Figures 1E and 1F).

Successful isolation of novel cellulolytic bacteria from the deep sea not only demonstrates the advantage
of surface pitting for detecting microbial cellulase production but also suggests that cellulolytic bacteria
may play a key ecological role in the unidentified carbon cycle and food web in the deep ocean (Glud
et al., 2013) —even though cellulose is not photosynthetically produced in situ below 200 m owing to
the lack of sunlight (Littler et al., 1985). With an annual production of 10°-107 tons (Park and Kim,
2010), chitin used to be considered the most abundant organic polymer in the marine environment
(Souza et al., 2011). Recent progress in the study of plastic pollution in the ocean, however, has revealed
massive discharge of organic materials from land to the deep sea. It is estimated that more than 107 tons
of plastic are discharged into the global ocean each year and 99% of it ends up in the deep sea (Kane
et al., 2020). Given that the annual production of cellulose (10" tons) (Percival Zhang et al., 2006) far
outstrips that of plastic (108 tons) (Jehanno et al., 2022), it is likely that an enormous amount of cellulose
of terrestrial origin settles in the deep sea and nourishes microbial ecosystems. Unique features that
were predicted for cellulolytic enzymes from the isolated bacterium GEQ9, such as cell-membrane-asso-
ciated cellulases with unknown domain structures, also suggest that the previously undetectable, and
therefore undiscovered, genetic diversity in the deep sea is a promising pool for prospecting cellulolytic
enzymes.

The high sensitivity of SPOT is attributable to the large specific surface area and porous structure of nano-
fibrous cellulose used as the reaction substrate. In principle, SPOT should be applicable in the study of
enzymic hydrolysis of polymers that can be developed into porous nanofibrous matrices. Examples include
polysaccharides such as chitin (Ding et al., 2012), proteins such as gelatin (Djabourov, 1988), and biode-
gradable synthetic polymers such as poly(L-lactic acid) (Yang et al., 2004). All these nanofibrous substrates
are prepared by microphase separation in solutions. The range of application of SPOT could be further
expanded if nanofibers prepared by other methods, such as electrospinning (Bhardwaj and Kundu,
2010), can be used as substrates.

Sustainability is the greatest challenge that our society is facing today. Exploiting enzymatic degradation of
water-insoluble polymers is crucial to solving key sustainability challenges, such as the production of bio-
based chemicals and the remediation of plastic pollution. The present study, which adopted a novel, highly
sensitive, and relatively simple approach to quantify substrate loss that could be applied to other insoluble
organic polymers, demonstrates that solving these challenges requires a truly interdisciplinary effort that
encompasses diverse disciplines from nanotechnology to microbiology.

Limitations of the study

The hydrolyzability of cellulose depends on the crystalline parameters such as the degree of crystallinity
and crystalline polymorph (Percival Zhang et al., 2006; Payne et al., 2015), as well as the surface area of
the substrate. The crystalline structure of nanofibrous cellulose cannot be controlled in the present method
of preparation; therefore, SPOT is not appropriate for investigating such effects. The major factor for the
accelerated hydrolysis of nanofibrous cellulose should be elucidated. The use of substrates prepared using
different methods could be a potential solution for overcoming this limitation.

Evaluation of the hydrolysis products could augment the analysis of the enzymatic reaction. However, the
enzymatic degradation of crystalline polysaccharides is difficult to study, because insoluble substrates are
not amenable to straightforward biochemical analysis and soluble intermediate products are degraded
fast; therefore, they are difficult to detect. In SPOT, the analysis of the products is more difficult, especially,
because of the small amount of hydrolysis. Therefore, our data do not directly conclude that surface pitting
is the result of complete cellulose degradation; it is likely that the surface pitting occurred owing to the
breakdown of nanocellulose into soluble or dispersible fragments.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Escherichia coliW3110 ATCC 27325
Saccharophagus degradans 2-40" ATCC 43961
Bacillus agaradhaerens DSM87217 Hirasawa et al. (2006) DSM 8721
Strain GEO9 This study DSM 113420

Chemicals, peptides, and recombinant proteins

Microcrystalline cellulose Merck 102331;CAS 9004-34-6
Meicelase (mixture of cellulases from Meiji Seika N/A

Trichoderma viride)

B-1-4 Endoglucanase from Bacillus agaradhaerens Hirasawa et al. (2006) N/A

Critical commercial assays

Glucose CllI-Test Wako Wako Pure Chemical N/A

Deposited data

16S rRNA sequences of strains GE09, Y001,
SGMO02, ROO1T, GEO1, and GE35

Complete genome sequence of GE09

This study

This study

JF317343-JF317348

AP023086

Software and algorithms

Scanning Probe Image Processor (SPIP)

Image Metrology

https://www.imagemet.com

dbCAN2 v8 Zhang et al. (2018) https://bcb.unl.edu/dbCAN2/
ColabFold Mirdita et al. (2021) https://github.com/sokrypton/ColabFold
Other

3D laser scanning microscope, VK-9700 Generation

Inkjet patterning device, LaboJet-500Bio

Keyence

Microjet Corporation

N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Shigeru Deguchi (shigeru.deguchi@jamstec.go.jp).

Materials availability

All materials generated in this study are available from the lead contact without restriction.

Data and code availability

® The 16S rRNA gene sequence data of strains GE09, Y001, SGMO02, RO01, GEO1, and GE35 and the com-
plete genome sequence of GEO9 have been submitted to the DDBJ/EMBL/GenBank DNA databases.
The accession numbers are listed in the Key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Culture of E. coli

E. coliW3110 (ATCC 27325) was cultured in LB broth at 37°C until absorbance at 600 nm (Agqo) reached 1—
1.5. The cultures were diluted with 0.9 wt % physiological saline to 1 x 10* cells mL~". The diluted culture
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(100 pL) was spread onto the nanofibrous cellulose plate containing LB broth and incubated at 37°C for 9 h.
3D topographical image of a colony was obtained using a 3D laser scanning microscope (VK-9700 Gener-
ation Il; Keyence, Osaka, Japan).

Culture of S. degradans

S. degradans 2-40" (ATCC 43961) was cultured in marine broth (Difco 2216) supplemented with cellobiose
(0.1 wt %) at 30°C for 3 d. The culture was diluted 10° times with artificial seawater (ASW, Marine Art SF-1;
Senju Pharmaceutical, Osaka, Japan), spread on nanofibrous cellulose plates containing ASW plus ammo-
nium sulphate (1 mM) and trace minerals (Solution A from Teredinibacter medium, ATCC medium no.
1983), and incubated at 30°C. A control experiment was performed on a gellan-gum plate containing
the same medium and a fine powder of crystalline cellulose (cellulose microcrystalline for thin layer chro-
matography; Merck).

Culture of B. agaradhaerens

B. agaradhaerens DSM87217 was cultured in alkaline nutrient medium containing (per liter) 10 g polypep-
tone S, 2.5 g fish extract, 5 g sodium glutamate, 5 g carboxymethyl cellulose (CMC), 1 g yeast extract,
0.015 g KzHPQOy, 0.02 g MgSO,4:7H,0, 0.01 g CaCly-2H,0, and 5 g Na,COj (sterilized separately) at
30°C for 3d (Hirasawa et al., 2006). The culture was diluted 10° times with alkaline nutrient medium, spread
on nanofibrous cellulose plates containing half-strength alkaline nutrient medium without CMC, and incu-
bated at 30°C. An optical image of the culture was taken with a flat-bed scanner (MP990; Canon).

Endoglucanase production of B. agaradhaerens was confirmed using Congo red staining (Teather and
Wood, 1982). B. agaradhaerens was inoculated at the center of a nanofibrous cellulose plate containing
alkaline nutrient medium without CMC and incubated at 30°C for 2 d. After growth of the organism, soft
agar (0.8 wt % Agarose X; Wako Pure Chemical) containing 0.1 M glycine-NaOH buffer (pH 9) supple-
mented with 0.25 wt % CMC and 0.1 M NaCl was overlaid on top of the plate. The plate was incubated
at 30°C for 2 h, and 10 mL water containing 0.1 wt % Congo red was placed on the plate surface. The plate
was incubated for 10 min, and the excess Congo red solution was washed out with 1 M NaCl.

METHOD DETAILS

Preparation of nanofibrous cellulose

Nanofibrous cellulose plates were prepared according to the literature (Deguchi et al., 2007; Tsudome
et al., 2009). Briefly, cellulose (microcrystalline cellulose for thin-layer chromatography; Merck, Darmstadt,
Germany) was dissolved in a hot saturated solution of Ca(SCN), in water at a concentration of 0.03 or 0.01
g-cm™2. The solution was allowed to solidify at 25°C overnight, during which the porous network of nano-
fibrous crystalline cellulose was spontaneously formed. Ca(SCN), was removed from the solidified plates by
washing them with methanol and water. The nano-porous structured gel (Figure 1B (Deguchi et al., 2007))
plates saturated with water were sealed and stored at 4°C until use.

Brunauer-Emmett-Teller (BET) surface area

Nanofibrous cellulose was subjected to solvent exchange with ethanol and t-butyl alcohol, followed by
lyophilization (Jin et al., 2004). The sample was further treated in a vacuum at 120°C overnight to remove
all the adsorbed species. Nitrogen adsorption measurements were performed at 77 K on a Tristar |l 3020
(Micromeritics Instrument, Norcross, GA, USA). The BET analysis was performed for relative vapor pressure
between 0.05 and 0.35.

Enzymatic hydrolysis

A plate of nanofibrous cellulose was crushed into fine particles and sieved (nominal aperture, 500 um). The
fine particles of nanofibrous cellulose and as-received cellulose powder were dispersed in 0.1 M acetate
buffer (pH 4.8) at a concentration of 5 mg/mL and heated to 40°C with stirring. Hydrolysis was initiated
by adding cellulases from Trichoderma viride (Meicelase; Meiji Seika, Tokyo, Japan) to the mixtures at a
concentration of 1 mg/mL. Aliquots (100 pL) were taken at appropriate time intervals and boiled to termi-
nate the reaction, and the concentration of glucose was assayed using a mutarotase-glucose oxidase kit
(Glucose CllI-Test Wako; Wako Pure Chemical, Osaka, Japan).
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Purification and activity assay of B-1-4 endoglucanase from Bacillus agaradhaerens were performed in
accordance with the published literature (Hirasawa et al., 2006). Relative hydrolytic activity toward nanofi-
brous cellulose was measured in 0.1 M glycine-NaOH buffer (pH 9.0) with 0.2 M NaCl. A plate of nanofi-
brous cellulose was crushed into fine particles and dispersed in the buffer at the concentration of
10 mg/mL. The reaction was allowed to proceed at 40°C overnight, and the concentration of accumulated
reducing sugars was measured by 3,5-dinitrosalicylic acid (DNS) method (Ito et al., 2005).

Enzymatic surface pitting

Following the solvent exchange to 0.1 M acetate buffer (pH 4.8), the disc-shaped plates (~9 cm in diameter,
~5 mm thick) were cut into square pieces (1~3 cm across) and used as substrate for enzymatic pitting. A
solution containing 10 mg/mL cellulases from T. viride (Meicelase; Meiji Seika, Tokyo, Japan) was depos-
ited onto a flat surface of nanofibrous cellulose plate using an inkjet patterning device (LaboJet-500Bio;
Microjet, Shiojiri, Japan) equipped with an IJHBS-10 inkjet head. The instrument was adjusted to deposit
9 pL cellulase solution per shot. The amount of deposited solution was controlled by repeatedly depositing
the solution in the same place. Reactions were allowed to proceed at 25°C.

Laser profilometry

Pits on the surface of nanofibrous cellulose matrices were quantified using a VK-9700 Generation Il (Key-
ence, Osaka, Japan), which is a confocal laser scanning microscope working in reflection mode. The surface
of an object was laterally scanned using a laser (A = 408 nm), and the intensity of reflected light from the
surface, I, was measured by a photomultiplier. A field of view was divided to 1,024 x 768 pixels. Measure-
ments were repeated while scanning the object in the depth (2) direction to obtain a stack of images, of
which each pixel was associated with zand I. A focal position of a pixel was given at zwhere the strongest
[ was recorded. A 3D height map was generated by locating focal positions of all pixels in an image.

A 50x objective (N.A. 0.95, field of view: 270 pm x 202 pm) was used except for the observation of a B.
agaradhaerens colony (Figures S6A-S6B), for which a 20x objective (N.A. 0.46, field of view:
675 pm X 506 pm) was used. Imaging was performed using the panorama-mode; multiple images were
collected and computationally joined together to give an image covering an area larger than a single field
of view. A humidifying chamber was used during measurements to minimize the evaporation of water from
the wet nanofibrous cellulose matrices.

Determination of pit volume

Pit volume was determined from the 3D height map using Scanning Probe Image Processor (Image
Metrology, Harsholm, Denmark). The histogram in Figure S8 shows the distribution of depth data in height
maps after applying polynomial plane correction (flattening). The roughness, root mean square deviation
(Rq) of average amplitude in the height direction, was 0.2-0.4 um. These surface areas were excluded from
the calculation to eliminate the errors due to surface irregularities. Threshold was set to —1 um, and depth
data below the threshold were integrated (indicated by grey shades in the histograms) and multiplied by
the pixel dimension (0.7 pm X 0.7 pm for 20% objective, 0.3 um X 0.3 um for a 50x objective). The threshold
was set to —0.5 um for the microbial pit by S. degradans.

Screening of deep-sea cellulase producers

Nanofibrous cellulose plates containing pure water were autoclaved at 121°C for 20 min. The plates were
then transferred to a polystyrene Petri dish, and the lid and body were glued. A small gap was left between
them so that water could go in and out of the dish, whereas the cellulose plate could not escape from the
dish. Sampling operations were performed by exposing nanofibrous cellulose to deep-sea water (at the
depth between 141 and 654 m) using the unmanned remotely operate vehicle Hyper-Dolphin or
the manned submersible Shinkai 6500. Detailed sampling conditions are described in the next section.
Upon recovery, the cellulose plates were immediately put in a sterile bag, sealed, and kept at 4°C until use.

The recovered plates were crushed into fine particles and dispersed in ASW. The dispersions were spread
on fresh cellulose plates containing low nutrient media. ASW supplemented with T mM ammonium sul-
phate was used as the basal medium. Trace minerals (Solution A from Teredinibacter medium), vitamins
(vitamin solution from heterotrophic medium H3P; DSM medium no. 428), and/or 0.005 wt % bonito extract
(Wako Pure Chemical) were added in some cases. The plates were incubated at 15 or 20°C, and the plate
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surface was inspected visually for the formation of pits. In the screening attempt off Noma Misaki (NT04-
08_leg1), the recovered sample was also spread on agar plates containing cellulose powder; however,
no cellulolytic activity of bacterial colonies was recognized on the plates.

When pits were formed on the surface of cellulose plates, microorganisms in the pits were picked up with
toothpicks, dispersed in ASW, and then spread on fresh cellulose plates. In this way, we isolated six cellu-
lolytic strains from Noma Misaki (strains GEO1, GEO9 and GE35), Kinko Bay (strains Y001 and R0O01), and
Nankai Trough (strain SGMO02). Strain GEO9 colonized on the basal medium at 15°C. Strains GEO1, Y001,
R001, and SGMO2 colonized on the basal medium supplemented with solution A and vitamin solution at
20°C. Strain GE35 colonized at 20°C on the basal medium amended with solution A, vitamin solution,
and bonito extract.

Sampling operation of deep-sea bacteria

In situ sampling was performed using the unmanned ROV Hyper Dolphin off Noma Misaki at the depth of
225 m near sperm whale carcasses (dive nos. 328 and 332 during cruise NT04-08_leg1 (July 2004); dive no.
453 during cruise NT05-12 (July 2005); 31.3467°N, 129.9867°E). A plastic mesh bag containing the nanofi-
brous cellulose plates in Petri dishes was left at the sampling locations for 1 d or 1 year and recovered. In the
sampling operations at Kinko Bay at the depth of 204 m (dive no. 381 during cruise NT05-01_leg2 (January
2005); 31.6617°N, 130.77330°E), the plates were left for 1 h.

In another sampling attempt off Noma Misaki at the depth of 223-227 m near sperm whale carcasses (dive
no. 888 during cruise NT08-17_leg2 (August 2008); 31.3467°N, 129.9867°E), a mesh bag containing cellu-
lose plates in culture dishes was fixed to the exterior of the submersible and exposed to deep-sea water
during the survey for 2 h. A similar method was also used in a sampling operation using the manned
submersible Shinkai 6500 at the Nankai Trough (dive no. 882 during cruise YK05-08_leg1 (June 2005);
34.0733°N, 137.7883°E) during a survey at the depth between 596 and 654 m for 6 h, and a sampling oper-
ation using the unmanned ROV Hyper Dolphin at the Okinawa Trough during a survey at the depth be-
tween 141 and 214 m for 2.5 h (dive no. 1061 during cruise NT09-17_leg1 (October 2009); 25.4468°N,
125.7390°E).

Scanning electron microscopy

Strain GEQ9 was incubated on nanofibrous cellulose plates at 20°C until visible pits (~1 mm in diameter)
were formed; the pits were cut out with a sharp knife. The microbial cells were fixed in 2.5 wt % glutaralde-
hyde for 1 h, washed with 0.1 M phosphate buffered saline (PBS) for 15 min, fixed in 1T wt % OsO, for 1 h, and
washed in 0.1 M PBS for 15 min. The specimens were subjected to solvent exchange with ethanol and
t-butyl alcohol, followed by lyophilization. The lyophilized specimens were coated with osmium and exam-
ined on a JSM-6700F scanning electron microscope (JEOL, Tokyo, Japan).

Sequencing and phylogenetic analysis of 16S rRNA genes

The 16S rRNA gene was amplified through PCR using a DNA thermal cycler (model 9600; Perkin Elmer, Wal-
tham, MA, USA), using the domain bacteria-specific primer 27f (5 -AGAGTTTGATCCTGGCTCAG-3') and
the universal primer 1492R (5 -GGTTACCTTGTTACGACTT-3'). The PCR product was sequenced using a
DYEnamic ET Dye terminator and a MegaBACE 1000 DNA sequencer (GE Healthcare & Bio-Sciences, Up-
psala, Sweden). Multiple alignments were performed using the CLUSTAL X program (Larkin et al., 2007) and
a distance matrix tree was constructed based on the neighbor-joining (Saitou and Nei, 1987) and
maximume-likelihood (Tamura and Nei, 1993) methods in MEGA X v10.2.4 (Kumar et al., 2018) The topology
of the phylogenetic tree was evaluated by performing bootstrap analysis with 1,000 replicates. The avail-
able 16S rRNA sequences of the type strains in the family Cellvibrionaceae were used to construct the
tree with Oceanospirillum linum NBRC 154487 (GenBank: AB680860) as the outgroup.

Genome sequencing of the strain GE09

The strain GEO9 was grown in liquid culture containing ASW, T mM ammonium sulphate, trace minerals (So-
lution A from Teredinibacter medium), and 1 wt % cellobiose for 7 d at 20°C and collected by centrifuga-
tion. Total genomic DNA was extracted using the NucleoSpin Tissue kit (Macherey-Nagel, Diren,
Germany).
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Illumina paired-end library from the extracted GEO9 DNA was constructed with KAPA library prep kit (RAPA
Biosystems, Wilmington, MA, USA) and mate-paired library was prepared from DNA fragments with an
average insert length of 3 kb using Nextera Mate Pair Library Preparation Kit (lllumina, San Diego, CA,
USA), according to the manufacturer’s instructions. Both libraries were sequenced on an lllumina MiSeq
platform with 300 bp paired-end sequences. Raw reads were processed using Trimmomatic v0.36 (Bolger
et al., 2014) to trim the remaining adaptor and low-quality sequences. The linker sequence in mate-paired
reads were removed using NextClip v1.3.1 (Leggett et al., 2014). The processed paired-end reads were
assembled using CLC Genomic Workbench v11 (Qiagen, Hilden, Germany) with the parameter settings:
k-mer value of 64 bp, bubble size of 500 bp, and map read back to the contigs with length fraction of
0.8 and similarity fraction of 0.8. The assembled contigs and the mate-paired reads were used as input
into Redundans pipeline v0.14a (Pryszcz and Gabaldon, 2016), which merges redundant contigs and
then scaffolds the resulting contigs. Finally, all gap regions within scaffolds were completely filled by
GapCloser v1.12 (Luo et al.,, 2015) using the paired-end and mate-paired reads.

Protein coding genes in the GEO? genome were predicted using Prodigal v2.6.3 (Hyatt et al., 2012). Blast
searches against the NCBI-nr and KEGG GENES databases were further performed to determine the cod-
ing sequences (CDSs). Their functional annotations were manually assigned based on the KEGG Orthology
database. The prediction of genes for rRNA, tRNA, and other non-coding RNAs was performed with Barr-
nap v0.9 (https://github.com/tseemann/barrnap), tRNAscan-SE v1.3.1 (Lowe and Chan, 2016), and Rfam
v13.0 (Kalvari et al., 2018), respectively.

Identification of carbohydrate-active enzymes (CAZymes)

The CAZyme genes were predicted in the genomes of GEQ9, T. turnerae T0971 (Genbank: NC_012997)
(Yang et al., 2009), and S. degradans 2-40 (Genbank: NC_007912) (Weiner et al., 2008) using dbCAN2 v8
(Zhang et al., 2018). Its annotations were only adopted when at least two of the three tools yielded positive
outputs. The signal peptides were predicted using LipoP v1.0 (Juncker et al., 2003). Secreted proteins,
which were predicted to contain either type | or Il secretion signal peptides, were 79, 90, and 158 sequences
in GEO9, T. turnerae, and S. degradans, respectively, and manually grouped according to their substrate
specificities. Substrate specificities were predicted based on the CAZy family or subfamily classifications
and manually completed by reference to annotations in T. turnerae (Yang et al., 2009) and S. degradans
(Taylor et al., 2006; Weiner et al., 2008) as well as Blast searches against the NCBI database (https://
blast.ncbi.nlm.nih.gov). The CAZy families were sorted as follows: cellulose, GH 5, 6, 9, 44, 45, AA 10; xylan,
GH?2,3,8,10,11,12,27, 30, 31, 35,39,43,51, 62, 67,74,115,CE 1, 3, 15, mannan, GH 2, 5, 26; pectin, GH 28,
105, PL 1, 3,10, 11, CE 8, 12; alginate, PL 6, 7, 14, 17, 18; agar, GH 16, 50, 86; laminarin, GH 16, 30; chitin,
GH18, 20; a-glucan (amylose and pullulan), GH 13, 15, 97; peptidoglycan, GH 23, 53, 73, 103, GT 51.

Characterization of cellulase genes from the strain GE09

To identify putative cellulase genes, translated protein sequences were scanned using dbCAN and Pfam
(El-Gebali et al., 2019) databases and annotated using BLAST. The genes containing GH family 6 domains
were further analyzed by structural modeling using the Phyre2 server (Kelley et al., 2015) and SWISS-
MODEL (Waterhouse et al., 2018). The structural model in Figure 4 and Video S2 was prepared using
the online version of AlphaFold2 (Jumper et al., 2021), available via Colab (https://github.com/
sokrypton/ColabFold) (Mirdita et al., 2021). The phylogenetic tree of GH family é proteins was constructed
as follows. All entries of GH family 6 proteins in CAZy database were downloaded by CAZy-parser (Hono-
rato, 2016) and GH family domain regions were extracted by DoMosaics (Moore et al., 2014). Alignment of
the total 1,827 sequences was then performed by MAFFT with E-NS-2 method (Katoh et al., 2019).
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