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Abstract: Substrates for enzymatic reactions are often insoluble in water. Typical
examples include structural polysaccharides such as cellulose and chitin. Being the most
abundant and the second most abundant biomass, respectively, their enzymatic
degradation not only plays a dominant role in the global carbon cycle but also is of
tremendous technological importance for providing primary feedstocks for bio-based
chemicals. Plastics have become very important in this category in recent years as a
keen interest in the bioremediation of plastic pollution has emerged. Despite the
significance, however, assaying enzymatic degradation of the water-insoluble substrate
has remained technically challenging, primarily because only the surface of the
substrate is accessible to the enzymes and the reaction proceeds very slowly compared
with those of water-soluble substrates. Here we show an ultra-sensitive and semi-
quantitative assay for enzymatic hydrolysis of cellulose. By combining nanofibrous

matrices with piezo-driven inkjet printing and optical profilometry, enzymatic



hydrolysis of less than 1 nanogram of crystalline cellulose was successfully quantified.
Unprecedented genetic diversity of cellulase was revealed when the same principle was
applied for elucidating microbial degradation of cellulose in the deep sea. This work
demonstrates that truly interdisciplinary efforts, encompassing diverse disciplines from
nanotechnology to microbiology, are crucial to address scientific and technological

problems towards sustainability.



Introduction

Cellulose, which is a linear and nonionic polysaccharide made of glucose
connected via B-1-4 glycosidic linkages,' is the major component of plant cell walls and
is the most abundant organic polymer with an estimated annual production of ~100
billion dry tons.? Hydrolysis of cellulose by microbial cellulases is a primary process for
turnover of photosynthetically fixed carbon in the global carbon cycle.>* Microbial
cellulases are also deemed crucial components to establish biorefinery from this

inexhaustible feedstock.2>-

All cellulases cleave a B-1-4 glycosidic bond in water-soluble substrates such as
cellodextrins and carboxymethyl cellulose (CMC), and water-insoluble amorphous
cellulose.” However, crystalline cellulose is resistant to enzymatic hydrolysis due to
extensive and highly ordered hydrogen bonding networks between the cellulose chains,
and its hydrolysis usually requires synergetic actions of multiple enzymes. Glycoside
hydrolases (GHs) that are classified as endoglucanase and exoglucanase (or
cellobiohydrolase) are playing a major role in generating short oligosaccharides.®®
Especially, exoglucanases are known to be capable of breaking down crystalline regions
of cellulose by detaching single cellulose chains from crystal surface and guiding them
into their long tunnel-shaped catalytic sites for hydrolysis.” The efficient hydrolysis is
achieved with the assistance of oxidative enzymes such as copper-dependent lytic
polysaccharide monooxygenases which cleave internal glycosidic bond of crystalline
cellulose and make it accessible for GHs.!° Some microorganisms produce these
enzymes as free enzymes which are often modular enzymes connected with
carbohydrate binding domains (CBMs), while some anaerobic microorganisms produce

them as elaborate supramolecular complexes called cellulosomes.*5:!!



Like most enzymatic reactions, quantitative assay of enzymatic hydrolysis of
cellulose was usually carried out by measuring accumulation of end-products.'?
However, existing methods were insensitive and time-consuming, primarily due to
recalcitrance and water-insolubility of crystalline cellulose.>!? These difficulties
facilitated introduction of unconventional techniques to study cellulase reaction. For
example, high-speed atomic force microscopy!® was successfully used to visualize
cellulose hydrolysis by individual enzyme molecules and revealed that the reaction was
affected by congestion of the cellulase molecules on the cellulose surface.!*!> We used
nanofibrous substrates, combined with ink-jet patterning and 3D laser profilometry, to
develop an ultra-sensitive and quantitative assay for enzymatic hydrolysis of crystalline

cellulose, which we call SPOT (Surface Pitting Observation Technology).

Results

Surface pitting on nanofibrous cellulose matrix. When crystalline cellulose
(Figure la, cellulose-1, 58.2% crystallinity)!® and nanofibrous cellulose (Figure 1b,
cellulose-1II, 44.5% crystallinity)'¢ were subjected to enzymatic hydrolysis using fungal
cellulases from Trichoderma viride,"” 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 S1a). The difference would be
ascribed to a significantly larger specific surface area of nanofibrous cellulose (220
m?/g) than that of cellulose powder (1.8 m?/g) (Figure S1b), as well as the difference in

the crystalline form and the crystallinity.!®

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 and 1d, Movie S1). The



observation shows that hydrolysis of water-insoluble substrates such as cellulose can

alternatively be assayed by following the loss of the 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,'® the enzymes hydrolyzed the nanofibers and destroyed
their three-dimensional network, leading to formation of pits on the surface (Figure 1e).
Actual mass of the cellulases that were deposited was 0.18, 0.36, and 0.54 ng,

respectively.

We used 3D profilometry to obtain a height map of the pitted surface in a non-
destructive manner (Figure 1f). The pit formation was reproducible, because cross—
sectional profiles that were obtained from the map along the white lines superimposed
on each other very well (Figure 1g). It is also evident that the pits became deeper with
increasing the amount of the deposited cellulases. These results suggest the 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 indicator
but also an ultra-sensitive indicator to assay cellulase reaction. The pit grew after
initiating the reaction by cellulase deposition and became deeper as a function of
reaction time (Figure 2a and 2b). The cross-sectional profile has been commonly used to
analyze three-dimensional topographic features (Figure 2c), but it does not give
information that is necessary to follow the progress of the reaction such as mass of

hydrolyzed cellulose. Instead, we measured the volume of the pit (Figure 2d) and



calculated actual mass of hydrolyzed cellulose (illustrated by thick white lines in Figure

2d) by multiplying it with the fiber density of the matrix (0.03 g/cm?).

Measured mass of hydrolyzed cellulose increased linearly with the reaction time
up to 15 min, but the growth slowed down thereafter (Figure 2e). Initial hydrolysis
rates, which were obtained from the slope of linear fits to the data points within 15 min,
were between 60—180 pgemin! and proportional to the amount of the deposited
cellulases (Figure 2f). It should be noted that the actual amount of hydrolyzed cellulose
might have been much smaller, as it was sufficient to hydrolyze only parts of nanofibers
to separate them from the rest for destroying the porous framework and pitting the

surface.

Surface pitting as selective indicator for hydrolysis of crystalline cellulose.
With crystallinity index of 0.45,'® nanofibrous cellulose is a blend of recalcitrant
crystalline domains and easily hydrolyzable amorphous domains. Hydrolysis of the
latter alone may also lead to pit formation. However, we found that a 3-1-4
endoglucanase from Bacillus agaradhaerens, which hydrolyses CMC and amorphous
cellulose but not crystalline cellulose,'® showed near-zero hydrolytic activity against
nanofibrous cellulose (Table S1), suggesting that surface pitting is a selective indicator

for hydrolysis of crystalline cellulose.

Surface pitting for recognizing microbial production of cellulase. Surface
pitting can also be used to recognize production of cellulases by microorganisms with
high sensitivity. It was previously reported that various microorganisms (e.g.,
Escherichia coli, Bacillus subtilis, Saccharomyces cerevisiae, and several
extremophiles) formed colonies when they were cultured on the surface of nanofibrous
cellulose plates containing appropriate nutrients (Figure 3a).!%!® When a model

cellulase-producer, Saccharophagus degradans 2-40" (ATCC 43961),2%2! was cultured,



however, cellulases that the organism produced hydrolyzed nanofibrous cellulose and
pit the plate surface (Figures 3b-¢). A small and shallow pit appeared after incubation

for 24 h and grew in size with the incubation time (Figure 3e).

There were three notable differences between enzymatic and microbial surface
pitting. First, the growth of the enzymatic pit occurred primarily in the depth direction
(Figure 2b), whereas the microbial pit grew both in the depth and width directions
(Figure 3e). Analysis of the cross-sectional profiles confirmed that the microbial pit
grew to both directions at similar rates (Figure 3f). The difference in the pit growth
behavior could be ascribed to the way cellulase molecules were supplied to the reaction.
The cellulase molecules were deposited all at once by inkjet-patterning in enzymatic
pitting. In microbial pitting, however, the enzyme molecules were continuously released

from growing cells that were attached to the surface of the pit.

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 the weight of one hundredth of a
grain of cellulose (Figure S4). Because the specific gravity of cellulose is 1.48 — 1.63
gecm,?? the volume of 1.6 picograms of monolithic cellulose is ~1 x 107'2 ¢cm?, which
is too small to be detected by the present experimental set-up. Clearly, the low fiber
density of the porous substrate (0.03 gecm™) facilitated 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 at longer
incubation times (Figure 3g). Further incubation of S. degradans for 1 week led to

formation of millimeter-sized macroscopic pits (Figure S5), thereby allowing facile



recognition of microbial production of cellulases by visual inspection (Figure S6).
Moreover, compared with a standard method for recognizing microbial cellulolytic
activity toward crystalline cellulose,? activity recognition by surface pitting took
significantly shorter time (Figures S7). Surface pitting was also a selective indicator for

microbial production of cellulases that hydrolyze crystalline cellulose (Figure S8).

Screening of cellulolytic bacteria from the deep sea. Culture-independent
metagenomic approaches have been successfully used to mine cellulase genes and
elucidate diversity of microbial cellulases.?** For obtaining novel cellulases from
natural environments, however, the metagenomic approach should be complemented by
conventional culture-dependent methods.?®> Culture-dependent screening of cellulolytic
microorganisms takes full advantage of the ultra-sensitivity of surface pitting for
identifying cellulase activity. In selecting cellulolytic microorganisms out of an
overwhelming majority of non-cellulolytic ones in environmental samples,? ultra-
sensitive detection is crucial to recognize microbial production of low concentrations of

cellulases.

To demonstrate the performance, we deployed sterilized nanofibrous cellulose
plates in the deep sea using research submersibles (Figure S9), and studied cellulolytic
activity of deep-sea bacteria that attached to the plate after recovery. From pits that were
formed on the plate surface (Figure 3h), we have successfully isolated six cellulolytic
strains. SEM image in Figure 3i shows one of the isolates, strain GE09, grew and pit 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®® showed that
four of the isolates were likely classified as new bacterial species or genera (Figure
S10). We did not detect cellulolytic activity 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 cellulolytic

microorganisms that the conventional method failed to recognize (Figure S9).

Insights into plant cell wall degradation by a deep-sea bacterium GE09. We
determined the complete genome of one of the isolated bacterial species, strain GE09,
as the statistical genome features were shown in Table S2. A large number of
extracellular polysaccharide-degrading enzymes were identified in its genome and it
was probable that they were playing important roles to acquire nutrients and fixed
carbon. Seventy-nine CDSs were predicted to be targeted to secretion and code at least
one domain sequence assigned to the families in the carbohydrate-active enzymes
database (CAZy database, http://www.cazy.org).?’” Figure 4a shows its classification
based on their target substrates in comparison to closely related marine y-
proteobacteria 7. turnerae®® and S. degradans.* Predicted enzymes targeting cellulose,
hemicellulose (xylan and mannan) and pectin, which are the major components of plant
cell walls, accounted a remarkable proportion of secreted CAZymes in GE09 (Figure
4a, left). In contrast, there were only a few candidate genes of enzymes that dedicated to
marine polysaccharide degradation such as alginate and laminarin. Chitinase and
agarase genes were not found in their genomes, which agrees with our experimental
observation that they could not grow on chitin and agar as sole carbon sources. These
results indicate that GE09 specializes to degrade plant cell walls in analogy with an
endosymbiont of shipworm, 7. turnerae, rather than diversifies into degradation of

marine polysaccharides as free-living bacterium S. degradans does.

Characteristics of cellulases from the deep-sea bacterium GE09. The strain
GE09 encoded more than 10 genes of major cellulases in their genomes, whose catalytic
domains were classified into glycoside hydrolase (GH) family 5, 6 and 9 in the CAZy
database as listed in Table S3. Many of them were predicted to have the type 11

secretion signal, which indicated that proteins were anchored to bacterial cellular
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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 4b, branches indicated as a and b). As is shown
in one of the modeled structures of GH family 6 domains of GE09 in Figure 4b (right,
top panel), there were many sequence insertions (blue-colored regions) in the GE09
cellulase gene relative to the experimentally determined structure of bacterial CBH,
Thermobifida fusca Cel6B (Figure 4b right, bottom panel). Although its core structure
and loops adjacent to the active sites were structurally conserved, the inserted loop
structures were not modeled well. The regions proximity to the ligand binding site
would especially affect its catalytic activity as they had been known to be closely
related to the substrate uptake and processive degradation of insoluble crystalline
substrates. More covered active sites have been known to make enzymes tighter binding
to substrates.>*3! Two genes from GE09 shown in branch b in the phylogenetic tree

were unsure to be catalytically active as they lacked essential catalytic residues.

Another characteristic feature of the cellulase genes from the deep-sea bacterium
was their unique molecular architectures (Figure 4c). Instead of carbohydrate binding
modules (CBMs) that are usually found in combination with catalytic domains of
bacterial cellulases, the most commonly found domain was polycystic kidney disease
(PKD) in GH family 6 cellulase genes and there were no CBMs that can be judged only
by genome sequencing results. In addition, there was an unknown sequence composed
of ~250 amino acids at the C-terminus of a putative cellulase gene MERGE(09 P3218
(Figure 4c, upper), which commonly used databases such as BLAST, Pfam and dbCAN
failed to annotate. We found that it had structural similarity to the cellulose induced
protein I (CIP1), which was known as a protein of unknown function that were co-

regulated with cellulases.? There were completely unfamiliar modular architectures
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such as the sequence MERGEQ9 P1318 (Figure4c, bottom) and the sequence
MERGEQ9 P1043 that had peculiar characteristics in terms of its high-molecular
weight (~3,400 amino acids, Table S3). These findings suggest that some remarkable
changes were occurred in the choices and combinations of accessory domains, not only

in the sequences of catalytic core domains.

Discussion

Mass loss of thin films of nanofibrous cellulose was measured by a quartz crystal
microbalance with dissipation monitoring (QCM-D) to study kinetics of their
hydrolysis.** The method allowed real-time observation of enzyme binding and
hydrolysis kinetics, and also gave information about morphological changes of the
substrates. Our results complement the 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 resonant frequency of a quartz crystal, the actual weight
of hydrolyzed cellulose can be estimated by SPOT. Furthermore, SPOT significantly
extend the substrate-loss based analysis by enabling a new realm of applications such as
analysis using pL-quantities of a cellulase solution, detection of microbial production of
cellulases that hydrolyze crystalline cellulose, and screening of cellulolytic
microorganisms. SPOT could also be used to develop massively parallel analysis

(Figures le and 1f).

Microorganisms are central to carbon cycling in marine environments, even at the
deepest point of the ocean.>* Yet, the deep sea is a highly unconventional place to look
for cellulolytic bacteria because sunlight does not reach below 200 m and cellulose is
not produced in situ.>> This does not imply the deep sea is completely deprived of
cellulose, however, because the vertical transport of cellulose from the surface

photosynthetic world occurs.*¢ Cellulolytic bacteria may play a key ecological role in
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unidentified carbon cycle and the food web also in the deep ocean,’” but such a

bacterium was not known.

Successful isolation of novel cellulolytic bacteria from such environments not
only demonstrates the advantage of surface pitting for detecting microbial cellulase
production, but also extends the promises of marine microbial resources for cellulosic
biotechnology to deep-sea microorganisms.*®** Considering the fact that the majority of
microorganisms in any given environments have not been cultured and characterized,*°
it is likely that application of SPOT to conventional terrestrial sources would likely lead
to discoveries of previously unknown cellulose degraders. It can also be used to screen

16,19

for thermophilic cellulolytic microorganisms, *'” whose cellulases have various

advantages for industrial applications.*!#?

Predictions of cellulolytic enzymes from the isolated bacterium GEO09 resulted in
finding of unique cellulases from deep-sea. The preferential repertoire of plant cell wall
degrading enzymes suggests their substantial role in degradation of cellulose in the
oligotrophic soil at the dark ocean floor. Their strategy of cellulose degradation would
be different from well-studied free enzyme cocktail or cellulosome style degradation, as
they utilize cell-membrane associated cellulases with unknown domain structures. The
isolated deep-sea bacteria were unable to glow in usual cultivation conditions such as
agar plates and were previously hard to find because there was no way to detect
cellulose-degradation activity of microorganisms whose cultivation conditions are not
established. The high-sensitive technology, SPOT, enabled to open an opportunity to
detect undiscovered cellulose-degrading microorganisms to find new genes and

enzymes.

In the late 19th century, nanofibrous matrices of gelatin and agar were used for

developing solidified media, in which culture media were confined in pores of the
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matrices. The solidified media allowed biologists to isolate pure cultures of
microorganisms and helped them to reveal that several diseases were caused by
microorganisms.** The finding lead to the establishment of modern microbiology, which
had a tremendous impact on biology at that time along with the Darwinian theory of
evolution.** Unfortunately, the role that the polymeric nanomaterials played over a
century ago for advancing the knowledge on microorganisms is not well recognized in
nanotechnology today despite the fact that their application in medical biotechnology
(i.e., “red” biotechnology) is actively pursued. The present study reinstates the promise
of nanomaterials toward microbial biotechnology (i.e., “white” biotechnology),**46

which may be called white nanobiotechnology.
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Online Methods

Preparation of nanofibrous cellulose. Nanofibrous cellulose plates were prepared
according to the literature.!%!? Briefly, cellulose (microcrystalline cellulose for thin-
layer chromatography, Merck, Darmstadt, Germany) was dissolved in a hot saturated
solution of Ca(SCN); in water at the concentration of 0.03 or 0.01 gecm™. The solution
was allowed to solidify at room temperature overnight, during which the porous
network of nanofibrous crystalline cellulose was spontaneously formed. Ca(SCN), was

removed from the solidified plates by washing them with methanol and water.

Enzymatic surface pitting. A solution containing 10 mg/mL of cellulases from 7.
viride (Meicelase, Meiji Seika, Tokyo, Japan) was deposited onto a flat surface of
nanofibrous cellulose plate containing 0.1 M acetate buffer (pH 4.8). An inkjet
patterning device (LaboJet-500Bio, Microjet Corporation, Shiojiri, Japan) equipped
with an [JHBS-10 inkjet head was used for deposition. The instrument was adjusted to
deposit 9 pL of the cellulase solution at one shot. The amount of a deposited solution
was controlled by repeatedly depositing the solution in a same place. Reactions were

allowed to proceed at room temperature.

Laser profilometry. Pits on the surface of nanofibrous cellulose matrices were
quantified using a VK-9700 Generation II (Keyence, Osaka, Japan), which is a confocal
laser scanning microscope working in reflection mode. The surface of an object was
laterally scanned using a laser (4 = 408 nm), and the intensity of reflected light from the
surface, /, was measured by a photomultiplier. A field of view was divided to 1024 x
768 pixels. Measurements were repeated while scanning the object in the depth (z)
direction to obtain a stack of images, of which each pixel was associated with z and /. A
focal position of a pixel was given at z where the strongest / was recorded. A 3D height

map was generated by locating focal positions of all pixels in an image. Pit volume was
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determined from the 3D height map using Scanning Probe Image Processor (SPIP,

Image Metrology, Hersholm, Denmark).

Surface pitting by 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 days.
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 ammonium sulfate (1 mM) and trace minerals (Solution A from

Teredinibacter medium, ATCC medium no. 1983), and incubated at 30°C.

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 Supporting Information. The recovered
plates were crushed into fine particles and dispersed in ASW. The dispersions were
spread on fresh cellulose plates containing low nutrient media. The plates were
incubated at 15° or 20°C, and the plate surface was inspected visually for the formation
of pits. 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.

Characterisation of cellulases from a deep-sea bacterium. One of the isolated
cellulolytic strain GE09 was grown in liquid culture and the whole genome were
sequenced by using [llumina MiSeq platform. CAZyme genes were identified using

dbCAN2*" and subcellular localization was predicted using LipoP.*® Substrate
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specificities were predicted according to CAZy family classification and completed by

manual annotation. The genes containing GH family 6 domains were further annotated

by reference to Pfam database, BLAST searches and structural modeling using SWISS-
MODEL.* The phylogenetic tree of GH family 6 domains was constructed using

MAFFT with E-NS-2 method.*
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Figure legends

Figure 1 | Surface pitting on nanofibrous cellulose matrix. (a, b) SEM
images comparing morphology of (a) untreated cellulose powder and (b)
nanofibrous cellulose (taken from ref. '°). (¢, d) Photographs showing
nanofibrous cellulose (left) and untreated cellulose powder (right) after
enzymatic digestion for (¢) O min and (d) 120 min in 0.1 M acetate buffer (pH
4.8) at 40°C. A video of the hydrolysis process is available as supplementary
information (Movie S1). (e and f) Omnifocal microscopic image (e) and 3D
height map (f) of pits formed on the surface of a nanofibrous cellulose (0.03
gecm cellulose) containing 0.1 M acetate buffer (pH 4.8) after depositing 0.18,
0.36, and 0.54 ng of the cellulases (shown by the numbers in the figure). Scale
bar in e represents 500 um. Vertical lines in e are artifacts that were introduced
when multiple images were computationally stitched to generate a panorama
image. (g) A cross-sectional profile of the pits, which were measured along the
white lines in f. Profiles were horizontally shifted arbitrarily to match positions of

the peaks.

Figure 2 | Quantifying pitting kinetics on nanofibrous cellulose matrix. (a)
3D topographic images of a pit formed on the surface of a nanofibrous cellulose
matrix (0.03 gecm cellulose) containing 0.1 M acetate buffer (pH 4.8) in 6.3,
10.7, 15.3 and 30.7 min after depositing 0.90 ng of the cellulases. Their 3D
height maps are available in Figure S2. (b) Change of a cross-sectional profile
of the pit as a function of reaction time. (¢ and d) Schematic illustration showing
quantification of the pit by measuring cross-sectional profile (¢) and volume (d).
White lines represent cellulose nanofibers, and blue areas represent the
buffered solution that filled up pores of the nanofibrous cellulose matrix. The

cross-sectional profile (thick red curve in ¢) can be used to evaluate shape and
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dimension of the pit, but does not give information necessary to assay
enzymatic reaction. In contrast, the pit volume (pink area in d) allows calculating
the mass of the hydrolyzed cellulose nanofibers (thick white lines in d), by
multiplying it with the fiber density. (e) Change of the hydrolyzed mass of
cellulose and the volume of the pit formed at room temperature after depositing
0.18 (black), 0.36 (blue), 0.72 (red), and 0.90 ng (green) of the cellulases. Each
data points represent average values of at least 5 independent runs, and
vertical error bars represent standard deviation. Horizontal error bars represent
scan times necessary to obtain 3D height maps (approximately 5 min). Broken
lines are linear fits to the first three data points. (f) Relationship between

measured hydrolysis rate and the amount of deposited cellulases.

Figure 3 | Recognizing microbial production of cellulases by surface
pitting. (a) 3D topographic image of a colony of Escherichia coli formed on the
surface of a nanofibrous cellulose matrix containing Luria-Bertani medium. The
image was obtained after incubation at 37°C for 9 h. Its 3D height map with a
scale bar is available in Figure S3. (b—d) 3D topographic images of a pit formed
by S. degradans on a nanofibrous cellulose matrix (0.03 gecm cellulose) after
incubation at room temperature for (b) 24 h, (¢) 30 h, and (d) 48 h. Their 3D
height maps with scale bars are available in Figure S3. (e) Change of a cross-
sectional profile of the pit as a function of incubation time. (f) Change of depth
and width (full width at half depth) of the pit as a function of incubation time.
Both increased linearly at similar rates with the incubation time, suggesting
isotropic growth of the pit. (g) Changes in the hydrolyzed mass of cellulose and
volume of pits as a function of incubation time. Red points represent data
obtained by analyzing the pit in e. Blue points represents data from a separate
measurement to estimate variation of the results. (h) Optical micrograph

showing the surface of a nanofibrous cellulose plate during initial screening
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from Okinawa Trough. Cellulolytic bacteria formed pits (indicated by red
triangles) and could be separated easily from non-cellulolytic ones that formed
normal colonies of different sizes. Image was taken after incubation at 20°C for
15 d. Scale bar represents 1 mm. (i) SEM image showing a novel deep-sea
bacterium (strain GE09) growing in a pit on a nanofibrous cellulose plate (0.01
gecm cellulose) after incubation at 20°C for 6 d. The bottom part shows GE09

cells, and the upper part shows nanofibrous cellulose.

Figure 4 | Predicted carbohydrate active enzyme (CAZyme) genes from the
deep-sea bacteria GE09 and the characteristics of its cellulases. (a)
Predicted genes encoding CAZy domains with the type | or Il secretion signals
in the genomes of GEQ9, T. furnerae and S. degradans. The numbers of total
sequences were shown at the center of each chart. (b) Phylogenetic tree of GH
family 6 domain of all entries in the CAZy database and of five sequences from
GEO09. Branches of GE09 sequences was indicated as branch a and b, colored
in blue. Abbreviations and representative sequences: EG, endo-glucanase;
CBH, cellobiohydrolase; 1, Thermobifida (T.) fusca Cel6A; 2, Cellulomonas fimi
Cel6A; 3, Ciona savignyi cellulose synthase; 4, Trichoderma reesei Cel6A; 5,
Humicola insolens Cel6B; 6, Orpinomyces sp. CelC7; 7, Xanthomonas oryzae
CbsA,; 8, Cellulomonas fimi Cel6B; 9, Teredinibacter turnerae CelAB,
Saccharophagus degradans Cel6A; 10, T. fusca Cel6B. A modeled structure of
the cellulase of GE0O9 (MARGEQ09_P1668) and the structure of the T. fusca
Cel6B (Protein Data Bank accession code 4B4F) are shown in right panel. Both
models are shown with cellohexaoses from 4B4F (green) at their ligand binding
sites. Loops adjacent to the binding sites and inserted loop regions were
colored in magenta and blue, respectively. (¢) Unknown modular structures of

cellulases. GH family 6 domains with dotted line lack essential catalytic

24



residues. Abbreviations: Spll, type Il secretion signal; PKD, polycystic kidney

disease; CIP1, cellulose induced protein |; TSP3, thrombospondin type 3.

25



