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Abstract: Deconstruction of plant cell walls is imperative to global carbon cycling and
sustainability efforts. Selected microbes degrade plant fibers using extremely efficient

multi-enzymatic cellulosomes assemblies. Organization of cellulosomes on the bacterial cell
surface and their ecological regulation remain elusive. By combining structural methodologies
with molecular and biochemical approaches on the canonical Clostridium thermocellum
system, we provide an unprecedented view into the in-situ structure and distribution of
cellulosomal enzymes while interacting with their cellulosic substrate during fiber degradation.
Structural exploration of growing cultures revealed isogenic phenotypic heterogeneity of
cellulosome organization on single cells across the bacterial population, suggesting a division-
of labor strategy driven by product-dependent dynamics. This study demonstrates how
structural biology under near-physiological conditions can be employed to develop ecological
hypotheses to understand microbial plant-fiber degradation at the single-cell nanoscale level.

One Sentence Summary: This study contributes critical insights into the in-situ organization
of cellulosomes and their cellulosic substrates and provides evidence for phenotypic
heterogeneity, with dynamic, growth phase-dependent organization of the fiber-degrading
machinery.
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Introduction

Plant biomass is the largest source of biomass on planet Earth 1. Hence, plant cell wall
degradation is an essential and fundamental process in nature with major consequences to
carbon recycling, environmental homeostasis and of major significance to waste management
and mammalian gut ecosystems. Bacteria are central players in this process with the essential
role of deconstructing cellulosic fibers into simple sugars that could be used by a multitude of
organisms as well as in industrial processes 2. Several anaerobic bacteria evolved an
intriguing, energy-effective strategy to dismantle plant fiber by the production of cellulosomes,
i.e., multi-enzymatic complexes that evolved to be highly-efficient in fiber degradation 3.

Cellulosomes are massive multi-modular protein machineries, composed of multiple
enzymes and enzyme-integrating subunits (“scaffoldins”) that are highly efficient in
deconstructing plant cell wall polysaccharides 4. Although extensive research has been
dedicated to cellulosome activity and their composition in various cellulosome-producing
bacteria 3, an understanding of how these complexes are distributed on the bacterial cell wall
and interact with their substrates is still unclear. Thus, in-situ structural characterization of
cellulosome complexes remains a challenging task ’.

Major hurdles for high-resolution imaging of cellulosomes include inherent
compositional heterogeneity, high flexibility of their elongated linkers and the variety of
alternative conformations that reflect the dual-binding mode that characterizes the integration
of the enzymatic subunits into the structural scaffoldin proteins that are serving as the scaffold
on which the cellulosomal complex is assembled. Despite these obstacles, conventional
methods have identified structural features of individual cellulosomal modules, as well as
crucial interface residues that are responsible for the specific tenacious intermodular binding
between the definitive cellulosomal modules . In addition, larger cellulosome fragments
have been structurally studied by complementary approaches, i.e., crystallography, small-
angle X-ray scattering, computational modeling and negative-staining transmission electron
microscopy 1620, Additional studies have revealed some of the structural features of a
cellulosome fragment composed of five separate cellulosomal modules from three different
proteins 2723, More recently, truncated recombinant minicellulosome complexes, from the
canonical and most-studied cellulosome-producing bacterium Clostridium thermocellum,
comprising a truncated scaffoldin and three copies of the Cel8A cellulosomal endoglucanase,
have been analysed °. These in-vitro studies, focused mainly on specific enzymatic and
structural components of the complex, without the presence of the microbial cells on which
the cellulosomal complexes are situated. Pioneering studies published in the 1980s, using
electron microscopic imaging, have provided a two-dimensional glimpse into the massive size
and organization of the cellulolytic machinery on the bacterial cell surface of C. thermocellum
34202425 Nevertheless, these studies employed dehydration and chemical fixation
procedures, which thus restrict the structural information and characterization of these
bacterial cell wall systems.

Hence, robust insight into the fiber-degrading process at the nanoscale level of a
bacterium, while these complexes are in the active state, remains unknown. Moreover, the
guestion of how and whether the molecular organization of these complexes on single cells is
interconnected with functional and regulatory aspects of cellulosomes at the population level
is essential to our understanding of the fiber-degradation process and these canonical
enzymatic complexes.

To answer these questions and circumvent the aforementioned obstacles, we
exploited current technological advances that combined cryo-electron microscopy (cryo-EM)
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26 and cryo-electron tomography (cryo-ET) 2728 together with conventional approaches of
microbial genetics, physiology and biochemistry. Using these complementary approaches, we
gained deep insight into the in-vitro and in-situ structure of the cellulosome enzymes, from the
single-enzyme level to the distribution of cellulosome complexes across single cells in a
population, to reveal how cellulosome structure and distribution may be connected to gene
expression and regulation at the population level.

Results

Cellulosomes are imaged around intact bacteria as an extensive layer of continuous
complexes of constant distance from the cell wall

To examine the detailed organization of the cellulosome complexes in situ, we applied
cryo-EM and cryo-ET imaging to intact C. thermocellum bacterial cells. Low-magnification
images of the bacteria indicated a typical view of the elongated cells, measuring a few
micrometers in length and 500-600 nm in thickness (Fig. 1A), which represents a suitable size
for in toto analysis of bacteria by cryo-ET 2°. Closer inspection of these bacteria confirmed the
presence of a dense layer surrounding the bacterium (Fig. 1A, arrowhead). Slices through
typical cryo-tomograms (Fig. 1B,C) revealed discrete globular protein densities in the
extracellular layer and densities that emanate from the bacterial S-layer to this extracellular
protein layer (Supp. Fig. S1).

To confirm that the extracellular density layer detected by cryo-ET is composed of
cellulosome assemblies, we utilized confocal immunofluorescence imaging and immunogold
labelling with specific antibody targeting of the cellulose-binding module 3a (CBM3a)
component of the CipA (ScaA) scaffoldin, the major defining constituent of the C.
thermocellum cellulosome complex. The results of these experiments revealed a continuous
layer of cellulosome structures around these bacteria (Fig. 1D), whereby gold nanopatrticles
were detected at the densities around the cells that correspond to cellulosome assemblies
(Fig. 1E, Fig. S2B and control Fig. S2A).

To further verify that the densities detected correspond to the fiber-degradation
machinery, we analysed two mutant strains of C. thermocellum, which either lacked the CipA
scaffoldin subunit or lacked all of the anchored scaffoldins (knockout mutants DSN11 and
CTN7, respectively) %°. Cryo-ET analysis of these mutant bacteria indicated complete absence
of extracellular densities as compared to the wild-type cells (Supp. Fig. S2C-F). The above
experiments suggest that the densities detected (Fig. 1) correspond to the cellulose-
degradation machinery of C. thermocellum.

Surprisingly, cryo-tomograms of intact C. thermocellum cells revealed a characteristic
gap between the S-layer and the cellulosome layer, with an average distance of 64+17 nm,
while the thickness of the cellulosome-rich layer was 65+16 nm (Supp. Fig. S3), measured for
24-h grown bacterial cultures. However, density was also observed that emanated from the
bacterium to the cellulosome layer, which presumably indicated the anchorage of the
cellulosome to the cell wall (Supp. Fig. S1, arrows). The gaps are reminiscent of the previously
described “contact corridors” 24, which were proposed to contain anchoring proteins, e.g., OlpB
(ScaB), that include exceptionally lengthy intermodular linking segments 2°:31:32,
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Fig. 1. Cellulosome organization around C. thermocellum bacterial cells. (A) An image
of C. thermocellum cells with surrounding cellulosomes on a cryo-EM grid at low magnification.
The black arrow indicates the grey hue that forms a layer of extracellular cellulosome
complexes surrounding the bacterium. At this magnification, the layer seems homogeneously
thick. (B,C) Cellulosome complexes of two different bacteria at different magnifications. In (B),
cellulosomes form a condensed layer which varies in thickness (arrowhead). At higher
magnification in (C), the tomographic slice reveals the cellulosomes in greater detalil
(arrowhead). The density of the cellulosome layer reflects the protein occupancy within the
layer. (D) Immunofluorescence confocal microscopy image of C. thermocellum bacteria
reveals the position of the cellulose-binding module 3a (CBM3a) component of the CipA
(ScaA) scaffoldin around the cells. (E) The extracellular density (arrowhead) detected by cryo-
EM was verified to be cellulosomes. Immunogold labelling of cellulosomes, applied to localize
the CipA scaffoldin using anti-CBM3a antibodies, indicates that the density detected around
the bacteria corresponds to cellulosome complexes. The colloidal gold appears as black dots
(arrowhead), while control experiments showed no gold nanoparticle signal around the
bacteria (see Fig. S2A,B).

Bacterial cell surface-associated enzymes

The C. thermocellum genome contains genes that encode 72 different dockerin-containing
proteins, which result in heterogeneous cellulosomal configurations. A number of proteomic
studies have revealed the abundance of the different cellulosomal enzymes. Exoglucanase
Cel48S has been unanimously reported as the most expressed dockerin-containing enzyme
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and crucial for enzymatic digestion of microcrystalline cellulose *3-%¢. We therefore studied the
structure of recombinantly expressed full-length Cel48S by cryo-EM. Figure 2A shows the
determined 3.4 A resolved structure (Supp. Fig. S3). The structure highly resembles the
previously reported crystallographic structure that lacks the linker and dockerin module®’,
although, in the current cryo-EM structure, an additional stretch of 10 amino-acids
(MTYKVPGTPS) can be detected at the surface of the protein, which represents the major part
of the linker between the catalytic module and the dockerin (Fig. 2A, purple). Curiously, the
dockerin, although encoded, expressed and confirmed by mass-spectrometry, was not visible
in the high-resolution density map, presumably due to the flexibility of the hinge region
(TKLYG) that bridges the enzyme’s catalytic module with the dockerin, which would allow
conformational freedom to interact with the substrate.

Since Cel48S is the most abundant enzyme in the cellulosome, we used the determined
structure to identify enzymatic subunits within the dense cellulosome layer around the
bacteria. To this end, a template-matching algorithm was applied onto cryo-tomograms of the
bacteria, as previously described 2. Eight tomograms which exhibit different densities of
cellulosome organization were depicted for this experiment (rendered views of two bacteria
are shown in Fig. 2B). The matched densities of the Cel48S (Fig. 2C, orange) in the protein
layer around the cells resembled the dimensions of the structure described above (Fig. 2B),
suggesting that a major part of the observed densities corresponded to the Cel48S and other
cellulosomal enzymes, as previously shown *. Indeed, manually segmented cellulosome
densities (Fig. 2C) resulted in a similar pattern as the above-described template-matching
experiment, thus confirming the high abundance of the enzyme.

The distributions of distances between neighbouring enzymatic subunits around the eight
bacteria are presented in Fig. 2D (analysis of individual tomograms are shown in Fig. S5). The
mean distance of neighboring particles was calculated to be 8.8 nm, which resembles the
distance between enzymes in reconstituted cellulosomes °. These results suggest that 20 to
50% of the volume of the cellulosome layer is occupied by Cel48S subunits, which are
positioned in close proximity to each other, presumably to increase the efficiency of fiber
degradation. The average thickness of the cellulosome layer detected was measured at 65 +
16 nm (Fig. S4). Thus, a maximum of 69,000+16,000 volumes of Cel48S per micrometer of
the bacterium could be accommodated within the cellulosome volume that encompasses the
bacterium. However, due to the spacing between the cellulolytic enzymes (Fig. 2D), 14,000-
35,000 enzymatic subunits around a micrometer of the bacterium are estimated.
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Fig. 2. Density of cellulosomal enzymes around C. thermocellum. (A) High-resolution
structure of the full-length Cel48S was determined by cryo-EM to a resolution of 3.4 A (Supp.
Fig. S4). The purple region is part of the linker that was structurally determined between the
enzyme and the dockerin. (B) A rendered view of the cellulosome organization (green) around
the bacterial cell wall (purple) depicted in central volume was used for template-matching
analysis. A threshold level was applied to the entire volume. The positions of the Cel48S
enzyme and similar globular densities around the bacterium were determined by template
matching and displayed in (C, orange). The coordinates and angles of the enzyme were
determined by means of template matching, using the structure determined by cryo-EM (A)
as a template, and mapped back into the cryo-tomograms. (D) The shortest distance between
neighbouring enzymes was determined and shown for 8 bacteria (tomograms in Supp. Fig.
S7).

Cellulosomes caught in action

How does the cellulosome interact with its cellulose substrate? Unprecedented insight into
cellulosome-substrate interactions around the bacterial cell surface was obtained by utilizing
volta-phase plate (VPP) assisted cryo-ET analysis, which provides high contrast imaging
without the need for additional processing “°. We thus cultured C. thermocellum in the
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presence of microcrystalline cellulose and were able to identify interactions between cellulose
and the cell-associated cellulosomes. Strikingly, we observed the cellulosomes, which form a
layer around the bacterium and envelop the cellulosic fibers. The cellulose was identified
within the dense cellulosome layer, suggesting flexible organization of the enzymes within the
cellulosome layer while encompassing the cellulose substrate, presumably offering an
advantage for its degradation (Fig. 3A). To further understand the enzyme-substrate interface
and to obtain insight into the density of enzymes around the substrate, we employed a
template-matching procedure, as conducted above (Fig. 3B, orange). The enzymes were
found in close proximity to the cellulose and appeared to penetrate between the cellulose
chains to increase the efficiency of degradation. Indeed, our analysis revealed that the
structure of cellulose undergoes major organizational changes during the interaction with the
cellulosomes, transforming from a well-ordered cellulose structure (Fig. 3C) to deconstructed
crystalline packaging (Fig. 3D). These novel observations provide snapshots of cellulose-
degradation intermediates produced by the functional cellulosomal enzymes, located in the
dense cellulosome layer around the bacterium, which further corroborated that our approach
promoted the capture of real-time changes in cellulose organization and structure when
interacting with cellulosomal complexes (Fig. 3C and D).
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Fig. 3. Interactions of cellulosomes with the cellulosic substrate. (A) Surface-rendered
view of C. thermocellum (blue) shows the interactions of cellulosomes (yellow) with cellulose
(green). Cellulose fibers are deconstructed into their component microfibrils by the enzymes
within the cellulosome layer. (B) A rendered view indicating the position of cellulosomal
enzymes around a cellulose fiber, enzymes (orange) and cellulose (green). Template
matching of the Cel48S enzymes was applied to a subtomogram where cellulosome-cellulose
interactions were observed. (C) Surface rendering of microcrystalline cellulose alone. (D)
Surface rendering of cellulose fibers isolated in silico from positions in which interactions with
cellulosomes were observed. The cellulosic crystal structures are altered (green) upon
interaction with cellulosomes.

Dynamic isogenic phenotypic heterogeneity of cellulosome organization

The detachment of the cellulosomal machinery during culture growth has been
reported since its initial discovery #4142, raising questions concerning the extent of this
phenomenon and its single-cell distribution across the population as well as its ecological
relevance. Indeed, while studying the structure of the cellulosomal machinery during cellulose
degradation, we observed two distinct phenotypes of cellulosome organization on the bacterial
cells, i.e., high-density and low-density organization (schematically shown in Fig. 4A).
Interestingly we could not detect gradual decrease in density of the cellulosome layer around
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the bacteria in growing cultures (Supp. Fig. S6). To further pursue this phenomenon, we
guantified the single-cell distribution of the cellulosome on the bacterial cells by employing
cryo-EM as a tool for structural analysis of individual bacterial cells within the C. thermocellum
bacterial population.

Our analysis revealed clear phenotypic heterogeneity within the same environment,
under the same conditions with distinct cellulosome density distributions representing two
different cell phenotypes (represented in Fig. 4A). The distribution of these two phenotypes in
the stationary-phase culture shows a ratio of 1.5 (high versus low density). Phenotypic
heterogeneity is considered to be an important ecological strategy for microorganisms to cope
with environmental fluctuations and could be mediated by gene expression, where the
proportion of cells that express the related phenotype changes as a function of environmental
cues “3. To explore this notion, we subjected a stationary-phase culture, containing a large
proportion of low-density phenotype, to a fresh medium, containing cellulose as the sole
carbon source, and quantified the ratio between the populations of the two phenotypes during
cell growth, using high electron-dose-exposure cryo-EM images (Fig. 4B). We analyzed 1160
individual cells, sampled from cultures at five time points after inoculation, which correspond
to different population growth phases (with an average of n=232 cells per time point). Our
analysis revealed that upon exposure of the bacterial cells to the new environment containing
only cellulose, a sharp increase in the ratio of the high-density phenotype occurred, after which
a gradual decrease in its concentration was observed back to a 1:5 ratio (Fig. 4B). This finding
raised the hypothesis that soluble sugars, which are the product of the plant fiber degradation,
are lacking at the beginning of culture growth, where only cellulose polymers are present as a
carbon source. The soluble sugars accumulate during population growth and would affect the
ratio between the two subpopulations. To explore this notion, we measured the availability of
soluble sugars across the growth curve in the medium that contains cellulose as the sole
carbon source. Our results revealed that the availability of soluble sugars derived from
cellulose degradation is tightly connected to the ratio between the two subpopulations and
culture growth stage (Fig. 4C). At early stages of population growth, where the availability of
soluble sugars is low, an increase in the high-density subpopulation occurs, whereas, upon
increase in sugar availability with population growth, the ratio of the low-density subpopulation
increases (Fig. 4C). Interestingly, in the late stages of growth, when the high-density
subpopulation comprises only 20-30% of the overall population, the amount of the soluble
sugar concentration remained stable and did not decrease even when the population growth
reached its peak. This observation supports the notion that soluble sugar is provided in
saturating amounts at this stage, and the 2:10 ratio of the high-density sub-population is
therefore maintained (Fig. 4C, 30 h to 50 h). These findings appear to reflect dynamic
phenotypic variability, which infers that the accumulation of soluble sugars would be related
to this phenomenon.
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Figure 4. Dynamic isogenic phenotypic heterogeneity of cellulosome organization. (A)
Schematic representation of cells from high- and low-cellulosome density subpopulations. (B)
Dynamics of phenotypic variants in C. thermocellum subpopulations. A proportion of 5:1 (low-
density:high-density) is observed during lag and stationary phases, while the high-density
subpopulation is transiently dominant at 15 h, gradually decreasing in time to the initial
proportion. Time O h was not measured, as it corresponds to the proportion of cells from the
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inoculum of time 54 h. (C) Available reducing sugars detected in C. thermocellum cultures
grown on cellulose over time (black line, in mg/ml for total protein). A decrease in soluble
sugars (10-15 h) is followed by a rise in their concentration, which is maintained stable until
50 h. Blue and orange rod-like shapes represent the low- and high-density subpopulations,
respectively, and provide a schematic view of the relative changes in their distribution across
the different growth phases and the levels of available sugars. (D) Expression dynamics of
cellulosomal components at the level of transcript (RNA) and protein expression (units
represent normalized copies/cells divided by 20,000 or band intensity, respectively). Per-cell
RNA transcript copy number of cel48S (pink line) and cipA genes (blue line) from a culture of
C. thermocellum growing on microcrystalline cellulose. At the protein level, CBM expression
per cell was evaluated by using anti-CBM3a antibodies detecting the CBM present in the CipA
scaffoldin. Cellulosomal gene expression is observed as a single peak after 15 h of growth of
C. thermocellum in medium containing microcrystalline cellulose. (E) Cellulosomal gene
expression is controlled by sugar availability. Addition of high concentration of cellobiose (10
g/L) into a 10-h culture of C. thermocellum negatively affects the expression of the main
cellulosomal enzyme Cel48S (squares), compared to control (circles) as reported previously
34 (F) Schematic representation of the C. thermocellum cellulosome, highlighting the major
components tracked in this study.

Dynamic phenotypic variability is controlled by availability of soluble sugar

As our results suggest that the expression of the cellulosomal machinery changes
during population growth and exposure to new environmental conditions, we proceeded to
better understand cellulosomal expression dynamics and the factors that influence its
regulation, within the context of our findings. To this end, we examined the expression
dynamics and activity of the cellulosomal machinery during population growth after exposure
to a fresh cellulose-containing media.

Our results showed similar dynamics to that of the single cell analysis observed by
cryo-EM: i.e., a sharp increase of expression of the cellulosomal machinery upon exposure to
the new environment, which was substantially reduced at the early stages of growth and
maintained at basal levels. This increase in cellulosome expression was corroborated at the
RNA levels of the two major cellulosomal components, Cel48S and CipA (Fig. 4D)
corroborating previous reports 444, and at the protein level where we quantified the expression
levels of CipA using a specific antibody against its CBM3a component (Fig. 4D). We also
measured the total enzymatic activity normalized per cell of the culture, which comprises both
the enzymatic machinery on the cell surface as well as secreted enzymes to the extracellular
environment. The total cellulolytic activity presents the same pattern, which comprises a sharp
increase in activity during early growth, followed by a sharp decrease in later growth stages
(Supp. Fig. S7).

We next examined our hypothesis that soluble sugar availability resulting from
cellulose degradation modulates the expression of cellulosomal components. To this end, we
devised an experiment in which we added cellobiose, the major degradation product of
cellulose, at the onset of cellulosomal expression (10 h after exposure of the cells to cellulose).
Addition of cellobiose resulted in a negative effect on cellulosome expression (Fig. 4E),
thereby suggesting that the availability of soluble sugars as products from the cellulose-
degradation process is one of the cardinal ways for controlling the expression of cellulosomal
components (Fig. 5).
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Figure 5. Dynamic phenotypic heterogeneity during cellulose degradation in the C.
thermocellum population. The figure represents a schematic model of the findings revealed
in our study. Blue and orange rod-like shapes represent the low- and high-density
subpopulations, respectively. When C. thermocellum cells are exposed to a new environment
containing cellulose (A), there are two possible outcomes depending on sugar availability.
High sugar availability results in a basal level of cellulosome expression with no change in
phenotypic heterogeneity of the population (B), where the high-density phenotype serves as
a cellulosomal reservoir for future sugar-limiting conditions. In contrast, low sugar availability
triggers the expression of the cellulosomal machinery (C), resulting in a major change in
phenotypic heterogeneity of the population, where the high-density phenotype provides the
present and future communities with high levels of sugar production from the cellulose
substrate. When high sugar concentrations are available, the low-density phenotype can
divide without producing the high-cost enzymatic machinery (D), and the high-density
phenotype returns to low ratios of the population (bet-hedging strategy). The secreted cell-
free cellulosomes and their interaction with the cellulose substrate are not represented.

Discussion

In the present work, we studied the plant fiber-degradation process at the scale in
which it occur