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ABSTRACT 
 
 

History teaches us that novel materials, such as chlorofluorocarbon and asbestos, can 
have dire unintended consequences to human and environmental health. The exponential growth 
of the field of nanotechnology and the products developed along the way provide the opportunity 
for a new paradigm of design thinking, in which human and environmental impacts are 
considered early on in product development. In particular, nanocellulose is touted as a promising 
“green” nanomaterial, as it is sourced from an effectively inexhaustible feedstock of wood-based 
cellulose and is assumed to be harmless to the environment since it is derived from a natural 
material and assumed to be biodegradable. The various forms of nanocellulose possess an 
impressive diversity of properties, making it suitable for a wide variety of applications such as 
drug delivery, reinforcement, food additives, and iridescent make-up. However, as nanomaterials 
can have different properties relative to their bulk form, it is questionable whether they are truly 
“environmentally friendly,” particularly in terms of their biodegradability and potential impacts 
to receiving environments.  

Given the projected mass-scale application of nanocellulose and the inevitability of its 
subsequent release into environment, the purpose of this study was to determine the 
biodegradability of nanocellulose and the response of environmentally-relevant microbial 
communities. Specifically, it was hypothesized that cellulose in the nano size range would 
display distinct biodegradation patterns and rates, relative to larger forms of cellulose.  Further, it 
was hypothesized that modification of nanocellulose, in terms of morphology and surface 
properties (e.g., charge), would further influence its biodegradability. Wetlands and anaerobic 
digesters were selected as two environmentally-relevant receiving environments that also play 
critical roles in global carbon turnover. 

To examine the biodegradability of nanocellulose, two distinct microbial consortia were 
enriched from wetland (W) and anaerobic digester (AD) inocula and applied in parallel 
experiments. The consortia were grown under anaerobic conditions with microcrystalline 
cellulose as the sole carbon substrate over a period of 246 days before being aliquoted to 
microcosms for subsequent biodegradation assays. Various forms of nanocellulose were spiked 
into the microcosms and compared with microcrystalline cellulose as a non nano reference. 
Microcosms were sacrificed in triplicate with time to monitor cellulose degradation as well as 
various measures of microbial community response. Microbial communities were characterized 
in terms of gene markers for total bacteria (16S rRNA genes) and anaerobic cellulose degraders 
(glycoside hydrolase family 48 genes, i.e., cel48) as well as high throughput amplicon 
sequencing of 16S rRNA genes (V4 region). A series of three studies examined: 1) the effect of 
nanocrystalline versus microcrystalline cellulose; 2) the effects of nanocellulose morphology 
(crystalline rod versus filament) and surface functionalization (cationic and anionic); and 3) 
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metagenomic characterization of cellulose degrading communities using next-generation DNA 
sequencing.  

It was found that the nano- size range did not hinder cellulose degradation, in fact, 
nanocrystalline cellulose degraded slightly faster than microcrystalline cellulose according to 1st 
order kinetics (1st order decay constants: 0.62±0.08 wk-1 for anionic nanocrystalline cellulose 
versus 0.39±0.05 wk-1 for microcrystalline cellulose exposed to AD culture; 0.69±0.04 wk-1 for 
anionic nanocrystalline cellulose versus 0.58±0.05 wk-1 for microcrystalline cellulose exposed to 
W). Experiments comparing the effects of surface functionalization indicated that anionic 
nanocellulose degraded faster than cationic cellulose (1st order decay constants for cationic 
nanocrystalline cellulose: 0.48±0.06 wk-1 and 0.58±0.07 wk-1 on exposure to AD and W cultures 
respectively). Measurements of 16S rRNA and cel48 genes were consistent with this trend of 
greater biological growth and cellulose-degrading potential in the anionic nanocellulose 
condition, suggesting that surface properties can influence biodegradation patterns. Taxonomic 
characterization of 16S rRNA gene amplicons suggested that taxa known to contain anaerobic 
cellulose degraders were enriched in both W and AD consortia, which shifted in a distinct 
manner in response to exposure to the different cellulosic materials.  This suggests that distinct 
groups of microbes may drive the biodegradation of different forms of cellulose. Further, 
metagenomic investigation provided new insight into taxonomic and functional aspects of 
anaerobic cellulose degradation, including identification of enzymatic families associated with 
degradation of the various forms of cellulose.  Overall, the findings of this study advance 
understanding of anaerobic cellulose degradation and indicate that nanocellulose is likely to 
readily degrade in receiving environments and not pose an environmental concern. 
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Chapter 1: Introduction 1 

1.1 Background 2 

In search of novel materials with desirable properties and less environmental impact, 3 

nanocellulosic materials have recently emerged as an attractive nanomaterial. Nanocellulose is 4 

often touted as environmentally friendly because of the abundant feedstock of woody materials 5 

from which nanocellulose is often derived1–15 and the inherent assumption of biodegradability 6 

this “natural” material. The –OH sites on the cellulose surface lend it the ability of being easily 7 

functionalized, which further enhances its impressive versatility in properties and 8 

applications.9,10,14–21 Nanocellulose is generally assumed not to have adverse health effects, 9 

although there is some concern with respect to potential pulmonary and cytotoxic behavior.5 10 

Invariably, its large-scale production and disposal translates into increased likelihood of its 11 

release (intentional and unintentional) into waste-water treatment plants, landfills, and 12 

environmental sinks, such as wetlands.22 13 

 Notably, nanocellulose is highly modified from its native form and is distinct in its 14 

chemical and physical properties.9–11,13–15 It can be 100-1000x smaller in diameter than the bulk 15 

form of cellulose and has a surface chemistry that is much more readily functionalized than bulk 16 

forms of cellulose.9,11,17 Additionally, some forms of nanocellulose lack amorphous regions12,14–17 

16, which are required by carbohydrate binding modules to hold it near to the degrading microbial 18 

cell for effective degradation.2,3,6 Owing to these differences between bulk and nano forms of 19 

cellulose, it is possible that nanocellulose might biodegrade (or not biodegrade) differently than 20 

corresponding bulk form and microbial response to exposure of nanocellulose would be 21 

influenced by its surface modification.   22 
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Various preparation techniques and subsequent chemical modifications can be implemented 23 

to produce nanocelluloses of various forms and functions, including different morphologies and 24 

surface charges.  Such production procedures and associated chemical modifications can serve to 25 

impart unique chemical and physical properties, such as stability in suspensions, reactivity, 26 

hydrophobicity, steric hindrance, and dispersability.9,16,17 Previous studies22,23 have shown that 27 

differences in the physical structure of the cellulose substrate can affect the microbial response in 28 

terms of toxicity and biodegradation. A study comparing bacterial celluloses of different 29 

structural geometries, namely microcrystals and microfibrils (which are larger than the nano- size 30 

range), observed differential degradation when incubated with cellulosome enzyme complex 31 

extracted from cellulose degrading cultures.22 However, it is not known if such variations in 32 

geometry are also influential, and to what extent, in the nano- size range of cellulose. This 33 

knowledge gap should be addressed to better predict the environmental fate of nanocellulose.  34 

Further, given the putative inert core of nanocellulose, exploration of the effect of surface 35 

modification on biodegradation and toxicity to biological endpoints could serve to more 36 

generally inform the development of a wide range of “environmentally-friendly” nanomaterials. 37 

1.2 Cellulose Degradation in Environment 38 

Cellulose, the most abundant organic polymer on earth,25,26 plays an important role in global 39 

turnover of carbon27,28 and other geo-microbial-chemical processes.29,30 Within the natural 40 

woody structure, the lignin matrix provides a physical barrier, whereas the β(1 – 4) glycosidic 41 

bonds in cellulose provide a chemical barrier to its biodegradation.3,7,25 Cellulosic degradation is 42 

a topic of wide scientific and industrial interest, including the production of bio-fuels4,31–35 and, 43 

more recently, the development of environmentally-friendly novel materials.35–37 44 

The initial rate-limiting step of cellulose biodegradation is hydrolysis, which is catalyzed 45 
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by a host of extracellular enzymes that either act together in synergy, or form enzymatic 46 

multiplexes.1,7,28,34,38 The ability to degrade cellulose is spread widely in both bacterial and 47 

fungal kingdoms.3,6,7,28,39,40 However, a greater number and diversity of microbes are able to 48 

utilize the daughter products of the initial rate-limiting hydrolytic steps of cellulose degradation 49 

relative to microbes actually capable of carrying out this energy intensive step. Often complex 50 

structures, such as cellulosomes3,41–46 or carbohydrate binding domains47,48 within glycoside 51 

hydrolases, bind to amorphous regions of cellulose to maintain degrading cells in proximity with 52 

cellulosic matrix.  53 

1.3 Potential for Molecular Biology Tools to Provide Insight into Cellulose Degradation  54 

In the life-cycle of bacteria, the genomic deoxyribonucleic acid (DNA) is transcribed into 55 

messenger ribonucleic acid (mRNA), which is further translated into proteins that perform the 56 

requisite function. As regulation of cellular activity is known to occur on both transcriptional and 57 

translational level, the DNA within the bacterium, which may or may not be actively transcribed 58 

at any given time, reflects potential and not necessarily activity. Three molecular biology tools 59 

were of particular interest in this research to target the total genomic pool (i.e., total DNA) of 60 

cellulose-degrading bacterial communities to inform about ‘who’ the bacteria are that are 61 

involved (i.e., phylogeny) and ‘what’ (i.e., activity) functions are they carrying out. These tools 62 

were quantitative polymerase chain reaction (QPCR), 16S rRNA gene amplicon sequencing, and 63 

whole sample metagenomic sequencing.  64 

QPCR involves amplification and quantification of a target region, almost always within 65 

a gene, which serves as a marker for either phylogeny or function. QPCR targeting 16S rRNA 66 

genes was used as a biomarker to quantify total bacterial biomass (i.e., ‘how many bacteria’), as 67 

16S rRNA genes are present universally within the Bacterial and Archaeal kingdoms and specific 68 
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QPCR primer targets are available that are considered to be “universal” for bacteria and/or 69 

archaea.49 On the other hand, while 16S rRNA genes are highly suitable for characterizing the 70 

phylogeny of bacteria, they can at best only provide indirect information regarding likely 71 

function. For this purpose, functional genes can be targeted, but this is challenging given that 72 

they are less characterized relative to 16S rRNA genes. In the case of cellulose biodegradation, 73 

glycoside hydrolase genes are of particular interest as they catalyze the initial rate-limiting step 74 

of cellulose conversion.44,45,50,51,52  In prior research, the glycoside hydrolase family 48 gene, or 75 

cel48, has shown particular promise as an indirect indicator of anaerobic cellulose-degrading 76 

potential and when targeted in QPCR can additionally provide quantitative information.51  77 

Recent advances in next-generation DNA sequencing, via technologies such as Illumina 78 

or Pyrosequencing, have recently revolutionized the ability to profile microbial communities.53–56 79 

In particular, high throughput amplicon sequencing targeting 16S rRNA gene can be employed to 80 

achieve phylogenetic profile and identify the kinds of bacteria and their relative numbers in a 81 

given environment. With next-generation DNA sequencing, this can now be achieved with 82 

unprecedented depth (e.g., millions of DNA sequence reads per run) and efficiency (e.g., results 83 

within a day).55 When applied to monitoring systems or controlled experiments with time, insight 84 

can be gained into which microorganisms respond to change and may be involved with the 85 

function of interest. However, as with any technique targeting 16S rRNA genes, caution must be 86 

taken in avoiding over-interpreting phylogeny as function. Thus, the technique is useful to 87 

identify dominant members of a microbial community, characterize broad patterns in microbial 88 

community shifts with time, to identify microorganisms that are changing in relative abundance, 89 

and to assign putative functions associated with the microorganisms identified. Patterns of 90 

changes of organisms with putative functions assigned can then be compared with other lines of 91 
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evidence to gain insight into overall system function and behavior.  92 

Thirdly, metagenomic sequencing is also derived from the recent revolution in next-93 

generation DNA sequencing, but involves amplifying and sequencing the entire genomic pool, 94 

without first amplifying a particular gene of interest (e.g., 16S rRNA gene). Metagenomics is 95 

currently a frontier field for microbial community profiling and possesses great potential because 96 

it captures both phylogenetic genes as well as the broad array of functional markers.57,58,59 Thus, 97 

it is ideal for directly studying functions of interest without necessarily having to infer function 98 

from 16S rRNA genes.  Metagenomics is also useful as a discovery tool for functional genes that 99 

may not yet have been reported previously. In the case of advancing understanding of cellulose 100 

biodegradation, metagenomics can provide direct information about each gene involved in each 101 

step in the pathway of cellulose biodegradation, as well as a the full array of other functional 102 

genes at play in the microbial community.  However, as metagenomics is a very new tool, it has 103 

several limitations.  One limitation is that functional gene databases are not as well populated or 104 

curated as 16S rRNA gene databases.  A great deal of data is also generated by metagenomics, 105 

which is a major challenge to sort through to address the scientific question of interest and 106 

requires training in bioinformatics.  Appropriate experimental design is also important to provide 107 

good quality DNA sequence data that is of sufficient depth to capture phenomena of interest and 108 

is not dominated by housekeeping genes or other genes that are not of interest.  Finally, 109 

metagenomics is still very costly (~$3,800 per Illumina HiSeq run, which can accommodate only 110 

a few samples at a time to achieve appropriate depth), which makes it challenging to achieve 111 

ideal statistical power. 112 

1.4 Metagenomic Investigation into Cellulose Degradation 113 

The role of cellulose degradation in global carbon turnover and generation of bio-fuels is of 114 
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broad scientific and industrial interest and there is a need to advance understanding of the 115 

various pathways of cellulose degradation. Given the diversity of enzymes and their pathways, as 116 

well as the diverse phylogeny of cellulose-degrading microbes, designing biological markers for 117 

characterizing cellulose biodegradation is especially challenging.50,51,60  Additionally, not all 118 

enzymes involved in cellulose degradation are specific only to this process. Existing gene 119 

markers specific to cellulose degradation, such as cel48 and cel551 are limited in their scope of 120 

capturing the wide diversity of genes involved in cellulose degradation. To date 133 unique 121 

families of glycoside hydrolase, which catalyze the hydrolysis of glycosidic bond, have been 122 

reported50 and cel48 and cel5 capture only two of them. 123 

Recently, metagenomic investigations of cellulose-degrading microbial communities 124 

involved in bio-fuel production and natural carbon turnover have illustrated various microbes 125 

and cellulose-degrading enzymes.1,28,34,38,43,52,61,62 In the present study, metagenomics was of 126 

interest as a powerful tool to gain insight into whether distinct enzymes may be involved with 127 

biodegradation of cellulose in the nano range, or if the morphology or surface functionalization 128 

could also have an impact. The most basic metagenomics analysis involves comparing DNA 129 

sequences obtained (i.e., “reads”) against publicly available databases, using MG-RAST63 130 

pipeline in order to assign identities to their likely function. This approach also provides 131 

quantitative information on the relative abundance of genes associated with the functions of 132 

interest.  However, ideally it is of interest to gain insight into which microbes carry which genes.  133 

To achieve this, assembly of genomes is necessary, which is a much more bioinformatically 134 

intense process and is currently a research frontier. Assembly also presents advantages in terms 135 

of stringing together reads to obtain longer “contigs,” which carry greater sequence information 136 

and thus can give stronger confidence to assigned functions when compared to databases.  137 
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1.5 Research Questions 138 

Question 1: Does size matter: What is the response of environmentally relevant anaerobic 139 

cellulose-degrading microbial communities upon exposure to nanocellulose?  140 

Recent studies have demonstrated that the size of some nanomaterials (nanogold and nanosilica) 141 

impacts the cellular response upon exposure.24,64,65 Some materials, such as dolomite, ZnO, Ni 142 

and Ag, were observed to exert increased toxicity at the nano-scale relative to the micro-scale in 143 

vitro.66 Cellulose biodegradation by ruminal microbes has also been demonstrated to be reduced 144 

upon decreasing size of cellulose particles.23 Thus, it is possible that the differences in size 145 

impact the biodegradability of nanocelluloses, especially when they transcend nano-scale. In 146 

particular, both microcrystalline cellulose and anionic nanocrystalline cellulose made by acid 147 

hydrolysis lack amorphous regions. Microcrystalline cellulose is known to biodegrade 148 

anaerobically, however it is not known whether the similarity in structure and preparation 149 

technique of nanocrystalline cellulose translates into biodegradability at the nano size-range and 150 

microbial response to its exposure.  151 

Question 2: What is the effect of differences in surface charge of nanocrystalline cellulose on 152 

its biodegradation rate and microbial response? 153 

Variations in surface charge are known to influence dispersability and viscosity of cellulosic 154 

suspensions.67 Differences in surface charge of nanomaterials, such as nanogold and silicon 155 

nanoparticles, have been observed to mediate their interaction with cells and the 156 

cytotoxicity.66,68,69 Distribution of nanogold within mammalian bodies upon injection is also 157 

known to be dependent on surface charge.70 Cationic nanoparticles are known, in general, to 158 

exhibit higher cytotoxicity relative to anionic nanocrystalline cellulose and are more likely to 159 

disrupt cellular membranes.66,68,69 It is possible that cationic nanoparticles have increased affinity 160 

for negatively charged membranes and thus may cause cellulose damage owing to penetration 161 
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into cellular membrane, binding to membrane proteins, or interference with cellular receptors.66  162 

Interaction of the surface charge of nanocrystalline cellulose with cellular envelopes and 163 

corresponding microbial communities is also of interest and could influence ultimate 164 

biodegradation patterns and rates. Similarly prepared nanocelluloses with contrasting surface 165 

charges provide the opportunity to examine the impact the microbial response in terms of 166 

microbial community composition, gene markers, and functional profiles. Microbe-nanocellulose 167 

interaction in case cationic modification of nanocrystalline cellulose is of particular interest as its 168 

cationic surface charge can potentially disrupt cellular membranes, while its rod-shaped crystals 169 

can cause cell penetration. In particular, cationic materials can be particularly toxic to bacterial 170 

cells, thus it is of interest to determine if this is the case for nanocellulose.69,71,72 171 

Question 3: What is the impact of different surface morphologies on biodegradation rate and 172 

microbial response of nanocellulose?  173 

Cellulose-degrading bacterial communities have specialized pathways for degrading cellulose, 174 

which is generally an extracellular process given the challenge of transporting such large 175 

particles through the bacterial cell membrane. Cellulose degradation generally involves a guild 176 

of various extracellular cellulases that either work in synergy together with varying degradation 177 

functions or as a highly specialized enzyme complex called cellulosome.35  Many of these 178 

enzymes are known to be specific to either amorphous regions or crystalline region of cellulosic 179 

substrate.38 The scaffolding subunits in the cellulosome include carbohydrate binding modules 180 

(CBM) that hold the bacteria very close to the cellulose fibers47,48 and are known to attach to 181 

amorphous regions of cellulosic substrates to maintain close proximity during cellulose 182 

biodegradation.47,48,73 The presence of CBMs is known to enhance the rate of cellulose 183 

biodegradation.3,47,74 Additionally, most auxiliary activities families are known to prefer flat 184 
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binding surfaces and cellulose as their substrate75,76 when catalyzing carbohydrate degradation. 185 

Of particular interest in this research is whether the absence of amorphous regions in 186 

nanocrystalline cellulose impacts its biodegradation rate and microbial response. Similarly, how 187 

do microbial communities acclimated to degrading the crystalline form of cellulose 188 

(microcrystalline cellulose) respond upon exposure to non-crystalline nanocellulosic substrate? 189 

Question 4: What is the pathway of biodegradation of nanocrystalline celluloses?  190 

There exists immense diversity in terms of microbes that are known to degrade cellulose and the 191 

pathways through which cellulose degradation occurs.3,6,28,44,47,60,74 Metagenomics provides a 192 

powerful new tool to gain insight into fundamental aspects of cellulose biodegradation, such as 193 

which families of carbohydrate active enzymes are enriched for degradation of crystalline 194 

cellulose under anaerobic conditions. By comparing communities involved in nanocrystalline 195 

cellulose biodegradation versus microcrystalline cellulose biodegradation, it can further be 196 

discerned how the corresponding microbial communities enriched by the two substrates differ.  197 

Question 5: Do contrasting surface charges impact the pathways and rates of nanocrystalline 198 

cellulose biodegradation?  199 

It is not clear if the difference in cellulosic substrate impacts the enzymatic profiles of cellulose 200 

degrading microbial communities.  It is also not known if nanocrystalline cellulose with 201 

contrasting surface charges requires different enzymatic mechanisms for cellulose degradation. 202 

Given fundamental differences in how cationic and anionic particles interact with bacterial 203 

membrane surfaces, effects of nanocelluloses with these distinct properties on microbial 204 

communities and the functional genes that they carry is of interest.  205 

Question 6: How do the metagenomics, taxonomic, and functional profiles of crystalline 206 

cellulose-degrading anaerobic microbial communities compare with other cellulose-degrading 207 
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microbial communities?  208 

Recent studies have highlighted a plethora of genes involved in cellulose degradation in a wide 209 

range of cellulose-degrading environments.1,28,34,38 The observations from these studies suggest 210 

that different environments are characterized by unique cellulose-degrading microbial 211 

communities and corresponding enzymatic profiles.1,28,34,38 Metagenomics provides a powerful 212 

new tool for examining how cellulose-degrading microbial communities detected in other 213 

studies, and are reported in publicly available databases, compare with nanocrystalline cellulose 214 

degrading microbial communities in the present study. In particular, functional profiles of 215 

cellulose-degrading communities associated with the different types of cellulosic substrates can 216 

be explored. A link between the cellulosic substrate and functional profile of cellulose degrading 217 

community can serve as a guide for designing more apt gene markers for cellulose degradation in 218 

future studies. 219 

1.6 Outline of Dissertation 220 

Chapter 1: Introduction 221 

The present chapter provides a general introduction to the dissertation, overview of motivation 222 

and research questions, and maps out the organization of the dissertation as a whole. 223 

Chapter 2: Biodegradation of nanocrystalline cellulose by environmentally-relevant anaerobic 224 

cellulose-degrading consortia 225 

This chapter addresses the first research question by comparing the biodegradation of H2SO4 226 

hydrolyzed nanocrystalline cellulose (HNC) versus microcrystalline cellulose in batch 227 

microcosms.  The microcosms were seeded with microbial consortia that were enriched with 228 

microcrystalline cellulose as the sole carbon substrate and originally inoculated with either 229 

anaerobic digester (AD) or wetland (W) material.  Thus, the capacity for consortia to adapt to 230 
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and biodegrade the nano-size cellulose is examined. This chapter has been formatted as a 231 

manuscript submitted to Environmental Science: Nano, and is currently under review. 232 

Chapter 3: Effect of surface charge and morphology of nanocellulose on biodegradation and 233 

microbial community shifts  234 

The effect of nanocellulose surface charge and morphology on biodegradation and microbial 235 

community response was examined in batch microcosms seeded with consortium AD or W, as 236 

employed in Chapter 2.  Microcosms were spiked with cationic nanocrystalline cellulose and 237 

compared to the HNC and microcrystalline cellulose. To examine the effect of morphology, 238 

anionic nanofibrillated cellulose was spiked to an additional set of microcosms and compared to 239 

the anionic rod-shaped HNC. Microbe – cellulose interaction was captured by Raman 240 

microscopy for cationic nanocrystalline cellulose. This chapter addresses research questions 2 241 

and 3. 242 

Chapter 4: Metagenomic insight into the role of nano-size and surface properties on cellulose 243 

biodegradation 244 

Metagenomic analyses were conducted on samples of the microcosms employed in Chapters 2 245 

and 3 at week 0 and week 4, when peak cellulose biodegradation was underway. Through 246 

collaboration with computer scientists, assembly of metagenomes was carried out and functional 247 

profiles were obtained via alignment with the CAZy database. Taxonomic profiles were obtained 248 

from alignment with a personalized database comprised of 2,785 fully sequenced bacterial 249 

genomes. Functional and taxonomic profiles were compared to that of other cellulose degrading 250 

communities in literature. This chapter addresses the research questions 4, 5, and 6.  251 

Chapter 5: Conclusion 252 

This chapter summarizes overarching conclusions of this dissertation and recommends future 253 
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research directions. 254 

1.7 Appendices 255 

Appendix A 256 

In addition to the three different forms of nanocellulose, AD and W consortia were spiked with 257 

HCl hydrolyzed nanocrystalline cellulose (HHNC) to investigate its biodegradation and 258 

microbial response to a nanocellulose with neutral surface charge. However, zeta potential 259 

measurement for HHNC suggested that the nanoparticles actually carried a negative surface 260 

charge and therefore information attained from microcosms exposed to HHNC was not included 261 

in chapters 3 and 4 and is instead presented in Appendix A. 262 

 263 

Appendix B 264 

Scaffolds generated from assembly of metagenomic reads were aligned with a personalized 265 

database comprised of 2,785 fully sequenced bacterial genomes for taxonomic assignment. 266 

Summary of taxonomic annotation on class level is presented in Appendix B. 267 

 268 

Appendix C 269 

Scaffolds generated from assembly of metagenomic reads were aligned with the CAZy database 270 

for identification of various enzymatic families involved in degradation of cellulose in nano-271 

scale. Summary of functional annotation on alignment with the CAZy database is presented in 272 

Appendix C. 273 

 274 

Appendix D 275 

Summary of phylogenetic annotation of functional families annotated on alignment of scaffolds 276 



 13 

with the CAZy database on phylum level.  277 

  278 
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2.1 Abstract 483 

Nanocellulose consists of a cellulosic core that is highly versatile for a variety of applications. 484 

However, there has been a systematic lack of investigation into the environmental fate of 485 

nanocellulose and the response of environmental microbial communities that are historically 486 

adapted to non-nano cellulose. Given its distinction in terms of size and chemical and physical 487 

properties, nanocellulose could potentially resist biodegradation and/or pose a xenobiotic 488 

influence on microbial communities. In this study, biodegradation of H2SO4 hydrolyzed 489 

nanocrystalline cellulose (HNC) was compared with that of microcrystalline cellulose by two 490 

distinct anaerobic cellulose-degrading microbial consortia initially sourced from anaerobic 491 

digester (AD) and wetland (W) inocula. Celluolose was monitored with time by digestion 492 

followed by measurement of liberated glucose. HNC biodegraded at a slightly faster rate than 493 

microcrystalline cellulose (1st order decay constants: 0.62±0.08 wk-1 for HNC versus 0.39±0.05 494 

wk-1 for microcrystalline cellulose for the AD consortium; 0.69±0.04 wk-1 for HNC versus 495 

0.58±0.05 wk-1 for microcrystalline cellulose for the W consortium). 16S rRNA (total bacteria) 496 

and cel48 (glycoside hydrolase gene family 48, indicative of cellulose-degrading potential) genes 497 

were observed to be more enriched in the HNC condition for both consortia.  According to 498 

Illumina amplicon sequencing of 16S rRNA genes, the composition of the consortia underwent 499 

distinct shifts in concert with HNC versus microcrystalline cellulose degradation. This study 500 
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demonstrates that the nano-size range does not inhibit biodegradation, at least for the crystalline 501 

form, though the microbes and pathways involved likely differ.  502 

 503 

2.2 Introduction 504 

Nanocellulose has emerged as a promising biomaterial for a wide range of applications1–8 and 505 

was estimated to have an annual global market of 35 million metric tons in 20149. In addition to 506 

retaining many of the intrinsic properties of natural bulk cellulose, nanocellulose has unique 507 

characteristics imparted by its high-surface area to mass ratio.7 Nanocellulose based materials are 508 

known to have high tensile modulus in the range of 150 GPa10 and thermal expansion and 509 

density comparable to carbon nanotubes.11 Another attractive feature of nanocellulosic materials 510 

is that their surfaces can be readily modified to desirably alter their chemistry and 511 

morphology.1,3,7,12–14 Thus, nanocellulose has wide potential for application, including 512 

reinforcement of novel high-strength polymer composites,3,15–17 drug delivery,18–20 tissue 513 

scaffolds,21 food additives,22,23 aerogels24,25 and liquid crystals.24,26,27 Further, nanocellulose is 514 

touted as being environmentally-friendly7,28–31 and has been promoted as a sustainable 515 

replacement for materials derived from fossil fuels.32–34 516 

Being “environmentally-friendly” is a broad and complex attribute that is difficult to 517 

characterize.  Life-cycle assessment (LCA) is one approach intended to take into consideration 518 

the environmental impacts associated with all stages of a product's life from cradle to grave. 519 

Recently an LCA was proposed for nanocellulose,6 mainly focusing on the production phase. In 520 

particular, nanocellulose is manufactured from a theoretically inexhaustible natural resource, 521 

cellulose, but is subject to a range of chemical extraction and modification procedures during 522 

production that vary in their environmental impact. With respect to the “grave” portion of the 523 
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life-cycle, low toxicity and high biodegradability are generally desirable properties. Given the 524 

projected wide-scale production and application of nanocellulose across multiple sectors, 525 

significant amounts will be disposed of or otherwise released into the environment during 526 

production and usage. A significant fraction of disposal to aqueous waste streams from industrial 527 

sources is inevitable, while nanocellulose consumed in the form of pharmaceuticals18,20 and food 528 

additives22,23 will be directly excreted into sewage. Thus, there is a need to assess the 529 

biodegradability and likely toxicity of nanocellulose as it passes through waste treatment and 530 

into receiving environments. 531 

Because it consists of cellulose derived from natural sources, nanocellulose is generally 532 

assumed to be biodegradable.  However, industrially-produced nanocellulose is distinct from 533 

native cellulose in many aspects, including its morphology, surface modifications, and physical 534 

qualities.6,7,14 For example nanocellulose is ≈100-1000× smaller in diameter4,6 and has a surface 535 

chemistry that is more readily functionalized than that of microcrystalline or larger forms of 536 

cellulose.4,7,12,13 Size has been observed in past research to influence biodegradation kinetics and 537 

cellular response. For example, a previous study35 reported that the rate of cellulose degradation 538 

by rumen consortia was favorable towards cellulose crystals of smaller size. In addition to bulk 539 

materials, some nanomaterials have been noted to exhibit size dependent microbial response. For 540 

example, the inhibition to growth of Chlorella kessleri by silica nanoparticles was found to be 541 

size-dependent36 and the response of mammalian cells in terms of mitochondrial activity  was 542 

reported to be dependent on size of nano TiO2, nano SiO2, and multi-walled carbon nanotubes.37 543 

Given the distinctions between bulk cellulose and nanocellulose, it cannot be assumed that 544 

nanocellulose exhibits the same biological activity or biodegradability as cellulose in its native 545 

state. 546 
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 The purpose of this study was to gain insight into the effect of nano- size range on the 547 

biodegradability of cellulose. H2SO4 hydrolyzed nanocrystalline cellulose (HNC) was chosen 548 

because of its popular use as nanocellulosic material and compared with microcrystalline 549 

cellulose as a control. Microcrystalline cellulose has been widely used in medicine,38,39 food,22 550 

industry40 and is generally regarded to be non-toxic41 and biodegradable42. To assess 551 

biodegradability, two environmentally-relevant microbial consortia were selected that were 552 

seeded from either anaerobic digester (AD) or wetland (W) inocula and enriched using 553 

microcrystalline cellulose as the sole carbon substrate.  Illumina sequencing of 16S rRNA gene 554 

amplicons and quantitative polymerase chain reaction (qPCR) of 16S rRNA (total bacteria) and 555 

cel48 (functional marker specific to anaerobic cellulose degradation) genes was applied to assess 556 

responses of microbial communities with time. Anaerobic digester sludge was of particular 557 

interest given that wastewater treatment plants are expected to receive the bulk of disposed or 558 

excreted nanocellulose and that, to date, the majority of nanomaterials have been observed to 559 

partition to the sludge phase.43 Wetlands, on the other hand, are an important model system given 560 

that they are increasingly being considered for decentralized wastewater treatment44 and also can 561 

be a receiving environment for treated wastewater effluents.45  Wetlands are also critical drivers 562 

of carbon cycling in the natural environment46–50 and thus are key models for understanding 563 

cellulose degradation.  564 

 565 

2.3 Materials and Methods 566 

2.3.1 HNC preparation and characterization 567 

HNC was produced in the laboratory from never-dried kraft pulp (Weyerhaeuser, Washington, 568 

NC). Forty grams of never-dried kraft pulp were ground through 1-mm mesh on Thomas Wiley® 569 
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Mini-Mil (Swedesboro, NJ) and hydrolyzed with 700 mL of 64% sulfuric acid at 45°C for 45 570 

min with constant stirring. The hydrolyzed product was diluted 5 fold in deionized (DI) water to 571 

slow the hydrolysis to a total volume of 6000 mL and immediately centrifuged at 5000 rpm to 572 

separate 5000 mL of solution. After separation, hydrolyzed product was resuspended in 573 

deionized water, shaken and centrifuged to raise the pH to 3 and stop the hydrolysis. Dialysis 574 

against DI water was carried out for several days to stabilize nanocrystals and raise the pH. Each 575 

dialysis container was maintained completely mixed with a stir bar and underwent daily water 576 

changes until pH rose to 6.   577 

 Measurement of mean hydrodynamic diameter and zeta potential were carried using a 578 

Zetasizer Nano ZS (Malvern, Worcestershire, UK) (Table S2.1).  579 

2.3.2 Glucose measurements 580 

Cellulose was quantified as liberated glucose monomers following digestion using standard 581 

National Renewable Energy Laboratory (NREL) analytical protocols: first acid hydrolyzing 582 

cellulose to glucose using the NREL laboratory analytical protocol (LAP): “Determination of 583 

Structural Carbohydrates and Lignin in Biomass”,51 which was then subject to direct 584 

quantification using NREL LAP:  “Measurement of Cellulase Activities”52 by spectrophotometry 585 

using a Varian Cary 5000 (Agilent, Santa Clara CA). Cellulose biodegradation was modeled as 586 

first order decay, assuming that cellulose-degrading cells and their enzymes were present in 587 

excess and thus not influencing the kinetics.53 588 

2.3.3 Enrichment of cellulose degrading microbial culture 589 

Anaerobic cellulose-degrading microbial consortia were enriched at 37°C in anaerobic batch 590 

reactors with microcrystalline cellulose (Alfa Aesar, Heysham, LA) as the sole carbon source. 591 

One hundred milliliters of inoculum was incubated with 1.5 L of modified C5, a low nutrient 592 
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medium (Table S2.2), in 2-L sterilized glass flasks that were maintained sealed from the 593 

atmosphere. The inocula consisted of 1) slurry from a 1.6 liter anaerobic digester fed with 594 

primary and secondary municipal sludge (Reactor AD) and 2) wetland sediment/bulk water 595 

suspension collected near Blacksburg, VA (Reactor W). The reactors were fed modified C5 596 

media at a delivery rate of 0.02 L/minute and microcrystalline cellulose was added to each 597 

reactor (0.1% w/v) on a weekly basis. The reactors were continuously bubbled with ultra-pure 598 

grade N2 for maintenance of anaerobic conditions. The pH of both reactors stabilized at 6.85±0.5 599 

without further pH adjustment or buffer addition. Reactors were operated 246 days prior to 600 

aliquoting the resulting cellulose-degrading consortia to batch anaerobic microcosms for the 601 

biodegradation assays.  602 

2.3.4 Set-up of anaerobic microcosms for biodegradation assay  603 

Anaerobic batch microcosms consisted of triplicate 100 mL borosilicate glass bottles with 50 mL 604 

of modified C5 medium, 5 mL of cellulose-degrading consortia from the parent reactors AD or 605 

W (referred to as AD and W henceforth), and 0.1% (w/v) of cellulosic material. A total number 606 

of 84 microcosms were set up (7 time points × 2 consortia from the parent reactors × 2 cellulosic 607 

substrates × 3 replicates) to compare HNC versus microcrystalline cellulose carbon sources and 608 

allow for triplicate sacrifice at seven time points. Microcosms were constructed in an anaerobic 609 

glove box with a palladium catalyst to scavenge O2 and the airspace flushed with ultra pure N2 at 610 

20°C. The microcosms were sealed with butyl rubber stoppers and incubated at 37ºC. 611 

Discoloration of resazurin dye (Table S2.2) throughout the duration of the assay confirmed that 612 

the anaerobic redox state was maintained below -51 mV. Microcosms were sacrificed after 1, 2, 613 

4, 6, 8, and 11 weeks and the slurry was sampled under aseptic conditions and preserved at -20ºC 614 

until further analysis.  615 
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2.3.5 Molecular analysis 616 

DNA Extraction: Genomic DNA was extracted from 0.2 mL of anaerobic batch microcosm 617 

suspension using the FastDNA® SPIN Kit and a FastPrep® homogenizer (Qbiogene, Inc. CA) 618 

according to the manufacturer’s protocol and stored at -20°C.  619 

QPCR: qPCR was performed to quantify 16S rRNA54 and cel4855 genes (Table S2.3). The qPCR 620 

reaction mix contained 1× SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA), 0.3 µM of 621 

forward and reverse primers (Integrated DNA Technologies Inc., Coralville, IA), 1µL of 622 

extracted DNA, and molecular biology grade water (Quality Biological Inc., Gaithersburg, MD) 623 

for a total volume of 10µL. Reagent blanks were analyzed on every plate and all reactions were 624 

performed in triplicate. Cel48 gene standards were generated by cloning cel48 amplicons 625 

obtained from genomic DNA of Clostridium thermocellum. The ideal minimum dilution for the 626 

qPCR assay was identified based on a dilution series of the DNA extract. To verify the specificity 627 

of qPCR of cel48 when challenged with a complex environmental sample matrix, amplicons 628 

generated from the W consortia were cloned and subjected to Sanger sequencing. Sanger 629 

sequences were translated into protein sequences and aligned to NCBI database using BLASTX 630 

and were found to exclusively match enzymes related to endoglucanase, exoglucanase, and 631 

glycoside hydrolase family 48 enzymes (GenBank accession number: KR978498-KR978529, 632 

Table S2.4). Standards for 16S rRNA gene were prepared by cloning corresponding amplicons 633 

from an activated sludge sample.  634 

Standards were quantified in triplicate by comparing the fluorescence intensity of amplicons 635 

stained with SybrGreen dye (Bio-rad, Hercules, CA) on 3% agarose gel with known 636 

concentration of low DNA mass ladder (Life Technologies, Grand Island, NY). Standards were 637 

subject to 10× dilution series from 108 to 101 genes/µL and included in each qPCR run in 638 
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triplicate. The limit of quantification for cel48 genes was 2.5 × 105 genes/mL of sample and for 639 

16S rRNA genes was 2.5 × 106 genes/mL of sample (accounting for 1:10 DNA dilution to 640 

counter the effects of qPCR inhibition). 641 

16S rRNA gene amplicon sequencing: Samples from the initial time point and weeks 2 and 6 of 642 

the microcosm study were subject to 16S rRNA gene amplicon sequencing. These dates were 643 

selected based on general indication that 50% of the cellulosic substrate had degraded by week 2 644 

and 95% by week 6 (Figure 1). Bar coded primers56 were employed using paired-end 250 cycle 645 

Illumina MiSeq (Illumina, San Diego, CA) sequencing, performed at the Virginia Bioinformatics 646 

Institute (Virginia Tech, Blacksburg, VA). 16S rRNA gene amplicons were processed using 647 

Mothur’s MiSeq SOP.57,58  After processing, the number of sequences in the sample that had the 648 

least number of sequences passing Mothur’s MiSeq standard operating procedure was used to 649 

subsample sequences from all other samples.  650 

2.3.6 Statistical analysis 651 

Statistical testing was carried out in R version 2.15.359 using ecodist60 and vegan61 packages. 652 

Glucose measurements were fit into a nonlinear exponential decay model using nonlinear least 653 

squares. The level of marker genes in the microcosms at any give time point were compared 654 

using Mann Whitney U test. As the microcosms were sacrificed at every sampling event, the 655 

consequent sampling events were deemed to be independent of the previous samples. Bray-656 

Curtis dissimilarity between microbial communities with varying conditions was calculated on 657 

square root transformed relative abundance of 16S rRNA amplicon sequences. Significance of 658 

shifts in microbial community composition with time and exposure to HNC and microcrystalline 659 

cellulose was calculated using permutational multivariate analysis of variance using distance 660 

matrices.61 A p-value <0.05 was considered significant for all statistical analyses.  661 
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2.4 Results 662 

2.4.1 Cellulose degradation 663 

Levels of HNC and microcrystalline cellulose in the anaerobic batch microcosms were quantified 664 

indirectly as glucose concentration over a course of 11 weeks to compare biodegradation rates. 665 

Both HNC and microcrystalline cellulose effectively degraded in all microcosms (Figure 2.1). 666 

Degradation of both cellulosic materials fit first order decay kinetics (Figure S2.1). Biological 667 

activity associated with the declines in cellulose materials was confirmed by a corresponding 668 

increase in CO2 in the headspace (Table S2.5). Notably, HNC degraded slightly faster than 669 

microcrystalline cellulose, a trend consistent for both inocula (Figure 2.1).  For the AD 670 

microcosms, the 1st order decay rate constants were estimated to be 0.62±0.08 wk-1 for HNC and 671 

0.39±0.05 wk-1 for microcrystalline cellulose. Microcrystalline cellulose concentrations 672 

remained higher than HNC concentrations in the AD microcosms until 6 weeks of incubation, 673 

after which there was no significant difference in concentration. For the W microcosms, the 1st 674 

order decay rate constants were estimated to be 0.69±0.04 wk-1 for HNC and 0.58±0.05 wk-1 for 675 

microcrystalline cellulose, with microcrystalline cellulose significantly higher in concentration at 676 

week 2 (Figure 2.1). 677 
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 678 

Figure 2.1. Cellulose biodegradation measured indirectly as glucose concentration in anaerobic 679 

batch microcosms. The microcosms were seeded with anaerobic digester (AD) or wetland (W) 680 

consortia and exposed to either HNC or microcrystalline cellulose. The dashed line indicates 681 

limit of quantification. 1st order decay constants are indicated on the plots. Details of fitting the 682 

1st order decay model are available in the SI (Figure S2.1). 683 

2.4.2 Response of marker genes for cellulose degradation and total bacteria 684 

Glycoside hydrolase family 48 was targeted using cel48 qPCR as a means of quantifying the 685 

cellulose-degrading potential of the communities (Figure 2.2).  Generally, cel48 gene levels 686 

remained equivalent or higher in microcosms fed HNC for both cultures, with a spike in levels at 687 

week 2 and week 4 for the W and AD microcosms, respectively. The exception was weeks 6-8, 688 

towards the end of the experiment, when the cel48 levels in microcosms with microcrystalline 689 

cellulose trended upwards in the AD microcosms.  690 

16S rRNA genes were quantified as an indicator of the total numbers of bacteria (Figure 2.2). 691 

Similar to cel48, 16S rRNA gene levels remained highest in the HNC condition for both cultures, 692 
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with a spike from weeks 2-6 for the AD culture and week 6 for the W culture.  It was noted that 693 

16S rRNA gene levels generally declined after 6 weeks, at which time >95% of cellulose 694 

biodegradation was estimated to be complete for all conditions (Figure 2.1).  695 

 696 

Figure 2.2. Levels of 16S rRNA genes, as indicators of total bacterial levels, and cel48 genes, as 697 

markers of anaerobic cellulose-degrading potential in anaerobic batch microcosms, which were 698 

inoculated with anaerobic cellulose-degrading consortia derived either from anaerobic digester 699 

(AD) or wetland (W) consortia and exposed to either HNC or microcrystalline cellulose. 700 
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2.4.3 Bacterial community composition 701 

 Comparing the resulting enrichment cultures with the original inocula suggested that the 702 

anaerobic cellulose degraders were enriched in the parent reactors. At the time of initiating the 703 

batch microcosms, the cel48 to 16S rRNA gene ratio was approximately 0.10 for consortium W 704 

and 0.77 for consortium AD, which represented more than 2 orders of magnitude increase 705 

relative to the time of seeding of the parent reactors (Figure S2.2). Bacterial community 706 

composition in terms of 16S rRNA gene sequencing indicated increases in the relative abundance 707 

of Actinobacteria, Sphingobacteria, Υ- and δ-Proteobacteria in the AD consortium, and 708 

Clostridia, Bacilli, ε-Proteobacteria, and Bacteroidetes incertae sedis in the W consortium 709 

(Figure S2.3). 710 

 16S rRNA gene amplicon sequencing provided insight into whether HNC versus 711 

microcrystalline cellulose induced distinct effects on the succession of the bacterial communities 712 

in the microcosms during incubation.  Differences in microbial community shifts were 713 

considered as an indicator that different microbes may be involved in degrading the two forms of 714 

cellulose.  Phylogenetic analysis and identification of organisms with the highest sequence 715 

similarity can further provide insight into identities of putative cellulose-degraders, but caution 716 

must be taken, as phylogeny is not a direct indicator of function. The phyla commonly associated 717 

with anaerobic cellulose biodegradation observed in this study were Firmicutes (Classes: 718 

Clostridia, Bacilli, and Negativicutes) and Bacteroidetes (Classes: Bacteroides, Flavobacteria, 719 

and Sphingobacteria), Actinobacteria and Acidobacteria (Class: Acidobacteria Gp 1, 3, 6, 10, 720 

and 16)62–67. Notably, a limited number of bacteria are capable of degrading the parent cellulose 721 

material, whereas bacteria capable of utilizing intermediates and daughter products of cellulose 722 

degradation are more numerous and diverse.68,69 723 
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Comparison of AD and W Consortia and Identification of Putative Cellulose Degraders: The 724 

two microcrystalline cellulose-degrading consortia derived from AD versus W inocula were 725 

found to be distinct in composition (Bray-Curtis distance of 0.5548 [ecodist, R version 2.15.3]; 726 

Figures 2.3 and 2.4). Taxonomic level classification of 16S rRNA gene amplicon sequences from 727 

the AD consortium indicated that, at the phylum level, ~57% of the sequences had highest 728 

sequence similarity to Proteobacteria, with ~18% and 13% of sequences corresponding to 729 

Firmicutes and Bacteroidetes, respectively (Figure S2.4). In the case of the W consortium, ~37% 730 

of the sequences had highest similarity with Proteobacteria, 23% with Firmicutes, and ~16.5% 731 

with Planctomycetes (Figure S2.4). According to an analysis of entries in Carbohydrate Active 732 

Enzyme database,64,70 Firmicutes, and Bacteroidetes have members that harbor on average genes 733 

for more than 5 different putative cellulose degrading enzymes per genome. Proteobacteria also 734 

has members that carry genes encoding for enzymes related to cellulose degrading glycoside 735 

hydrolases, such as GH 5, 6, 8, 9, 12, 45, and 48.64 Planctomycetes are known to be dominant in 736 

peat lands, but there is no evidence that they contribute to cellulose degradation.71  At the Class 737 

level, 13.6% of amplicon sequences from parent AD culture and 16.1 % from parent W culture 738 

matched Clostridia (Figures 2.3 and 2.4), which is often associated with anaerobic cellulose-739 

degradation.62,63,72–77 Bacilli is also known to host many cellulose-degrading bacteria78–81 and 740 

matched 2.60% and 5.19% of sequences in AD and W respectively. Thermotogae, another 741 

phylum known to have cellulose degradation potential, was detected at low abundance in AD and 742 

W (<1%).  743 

 744 

Shifts in Bacterial Community Composition during Biodegradation Assays: Shifts in microbial 745 

community composition in the two consortia over the 6 week period were statistically significant 746 
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(PERMANOVA with time and exposure to HNC and microcrystalline cellulose: p = 0.04) and is 747 

suggestive of response of bacteria involved in cellulose biodegradation.  748 

 Microbial consortium W shifted about 17% (Bray-Curtis distance) at the class level relative 749 

to the original inoculum when incubated with HNC and 13% when incubated with 750 

microcrystalline cellulose (Table S2.6). In terms of phylogenetic composition, the relative 751 

abundance of phylum Acidobacteria (Acidobacteria Gp1, 3, 6, 10, 16 and Holophagae) 752 

decreased in microcrystalline cellulose microcosms over the first 2 weeks and then increased at 753 

week 6. The Acidobacteria phylum underwent an increase in the HNC microcosms over the 6 754 

week period. In both AD and W microcosms, Firmicutes reduced in relative abundance over the 755 

6 week period, while there was no substantial change in the relative abundance of Bacteroidetes. 756 
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 757 

Figure 2.3. Class level taxonomic classification of bacterial community W as characterized by 758 

sequencing of Illumina V4 region 16S rRNA gene amplicons (average of N=3 microcosms).  759 

HNC and Micro represent anaerobic batch microcosms exposed to HNC and microcrystalline 760 

cellulose, respectively. X-axis represents time in weeks after setting-up of the biodegradation 761 

assay. The y-axis is the relative abundance of the classes in the bacterial community that have 762 

relative abundance >1%. 763 

 The AD consortium experienced a phylogenetic shift similar in magnitude (~20%) to the W 764 

culture over the course of the 6 week incubation period (Figure 2.4). While the magnitudes of 765 
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shifts in individual phylogenetic groups differed between the HNC and microcrystalline 766 

treatments, the general trends were similar. Relative abundance of Firmicutes and 767 

Deltaproteobacteria, which contains most known sulfate-reducing bacteria, reduced slightly over 768 

the 6-week incubation period. Alphaproteobacteria and Actinobacteria, which are associated 769 

with cellulose degradation under aerobic conditions,65,66 increased in relative abundance. 770 

Clostridia decreased in both cellulose conditions after 2 weeks, but increased slightly by the end 771 

of 6 weeks for HNC. 772 

 773 

Figure 2.4. Class level taxonomic classification of bacterial community AD as characterized by 774 
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sequencing of V4 region 16S rRNA gene amplicons (average of N=3 microcosms).  HNC and 775 

Micro represent anaerobic batch microcosms exposed to HNC and microcrystalline cellulose 776 

respectively. X-axis represents time in weeks after setting-up of the biodegradation assay. The y-777 

axis is the relative abundance of the classes in the bacterial community that have abundance 778 

>1%. 779 

2.5 Discussion 780 

2.5.1 Biodegradation of HNC by environmentally-relevant anaerobic microbial consortia 781 

Of interest to this study was whether HNC was biodegradable by environmentally-relevant 782 

microbial communities under anaerobic conditions, and if so, at what rate and extent compared 783 

to microcrystalline cellulose.  Also of interest was whether the nano-form of cellulose might 784 

have a distinct effect on the microbial community.  Generally it was found that HNC degraded 785 

slightly faster than microcrystalline cellulose and that it had a unique influence on the succession 786 

of the bacterial community structure during biodegradation. This result suggests that HNC, at 787 

least in the form tested in this study, is not likely to be an environmental concern in terms of 788 

recalcitrance and persistence.  However, the fact that HNC influences the microbial communities 789 

in unique ways does suggest that different microorganisms preferentially metabolize nano-forms 790 

of cellulose.  791 

 Recent studies have reported indications of the biodegradation of nanocellulosic films, 792 

such as surface swelling and softening and development of surficial pores, upon burial in soil82 793 

and in the presence of wastewater treatment plant effluent.31 However, more precise 794 

documentation of nanomaterial biodegradation, including rates and the role of the microbial 795 

community, has not previously been reported. Understanding the fate of HNC in natural 796 

anaerobic environments such as wetlands, which are essential to cellulose turnover,46–48,83 is 797 
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particularly critical. Within the urban environment, most nanomaterials disposed to wastewater 798 

treatment plants appear to associate with activated sludge flocs,43,84 placing the anaerobic 799 

digestion process in a key position for dictating the fate of these materials. Anaerobic 800 

biodegradation processes are typically much slower than aerobic processes, especially for 801 

complex polymeric organics such as cellulose. The present study provides confirmation of 802 

anaerobic biodegradation of HNC by wetland and anaerobic digester consortia, which are 803 

representative of two key environmentally-relevant conditions. Consistent rates and patterns of 804 

biodegradation with two distinct cultures suggest that the HNC biodegradation phenomena 805 

observed in this study are likely to be generalizable across anaerobic environments.  806 

In the absence of fire or biological activity, cellulose is known to be generally recalcitrant 807 

towards degradation.76 Decreasing levels of cellulose-derived glucose in the anaerobic batch 808 

microcosms, together with an increase in CO2 levels (Table S2.5), indicate that microbial activity 809 

was the driver of degradation of both HNC and microcrystalline cellulose in this study. This 810 

study documented shifts in the total number of bacteria, gene markers of cellulose 811 

biodegradation and bacterial community structure as a function of HNC versus microcrystalline 812 

cellulose for two different consortia, providing insight into the role of microbial activity and 813 

which microbes are likely involved in biodegradation. 814 

Various factors may have contributed to the enhanced biodegradability of HNC versus 815 

microcrystalline cellulose.  One likely factor is the greater surface area to mass ratio, which 816 

improves accessibility to the HNC by the bacteria. The cleavage of 𝛽(1 – 4) glycosidic bonds is a 817 

key rate limiting stepin cellulose biodegradation,55,68 so fewer glycosidic bonds could translate 818 

into faster biodegradation for HNC. Faster release of cellobiose units upon cleavage of 𝛽(1 – 4) 819 

glycosidic bonds also implies faster availability of easily assimilable cellobiose as carbon and 820 
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energy source for the microbial community. This is corroborated by consistently higher numbers 821 

of 16S rRNA gene copies in the HNC treatment over most of the duration of the study and for 822 

both cultures (Figure 2.2). HNC also sustained higher cel48 gene levels than the microcrystalline 823 

cellulose condition. This suggests that the faster biodegradability of HNC allowed it to maintain 824 

larger cellulose degrading bacterial populations. Surface area to volume ratio potentially plays an 825 

important role in the microbial response to HNC and microcrystalline cellulose in terms of 826 

biodegradation, gene markers, and bacterial community structure. Recent studies similarly have 827 

illustrated differences in the response of prokaryotic and eukaryotic cells upon exposure to other 828 

nanomaterials relative to other sizes.85–87 As microcrystalline cellulose is often produced via 829 

hydrochloric acid hydrolysis it is also possible that the different surface chemistry of HNC 830 

influenced the biodegradation rates. This possibility coupled with the fact that cellulose based 831 

nanomaterials are easily modifiable1,2,4,7 highlights the need for further investigation into the 832 

effect of various surface modifications on HNC biodegradability. 833 

2.5.2 Incubation in batch reactors and evidence of 1st order kinetics 834 

Following inoculation of the batch biodegradation assays with both HNC and microcrystalline 835 

cellulose, the numbers of cel48 and 16S rRNA genes reduced significantly during first two 836 

weeks (Figure 2.2). It is possible that various microbial members of the cellulose-degrading 837 

consortia, including cellulose degraders carrying the cel48 gene, may have experienced an initial 838 

stress following dilution and transition from the semi-batch conditions of the parent cultures to 839 

the batch microcosms. Given that this effect occurred under both the HNC and microcrystalline 840 

cellulose conditions, this cannot be attributed to the nano-form of HNC. In fact, the drop in 16S 841 

rRNA gene numbers upon exposure to HNC was less than 2% of what occurred upon exposure to 842 

microcrystalline cellulose. This is an encouraging observation as it affirms the possibility that 843 
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cellulose-degrading microbial communities in the environment will not be adversely impacted by 844 

exposure to HNC materials, at least in the form investigated in this study. This observation 845 

supports the commonly held assumption that exposure of anthropogenic nano-scale cellulosic 846 

material will not adversely impact cellulose-degrading bacterial communities in the environment. 847 

Interestingly, despite the initial drop in numbers of cel48 and 16S rRNA genes in the first 848 

week, degradation of both HNC and microcrystalline cellulose commenced immediately, with 849 

more than 40% of cellulose degradation occurring within the first week for both cultures. This 850 

indicates that the inoculation density of cellulose-degrading microbes was initially high, which 851 

supports the assumption for modeling the decay as 1st order biodegradation kinetics (Figures 2.1 852 

and S2.1).  853 

2.5.3 Insight into HNC biodegradation through cel48 detection 854 

Cellulose biodegradation is a process of broad interest in terms of its global importance for 855 

carbon turnover. However, as the capability to degrade cellulose is widely distributed 856 

phylogenetically and numerous functional genes are involved, it is challenging to precisely 857 

identify and track cellulose degraders in environmental systems. Glycoside hydrolase family 858 

48 genes (i.e., cel48) were selected in this study as they are thought to be the most abundant of 859 

all glycoside hydrolases that are specific to cellulose degradation and represent about 40% of 860 

enzymatic subunits in the cellulosome.68 Cel48 has been observed to be part of free enzyme and 861 

multi-enzyme systems involved with cellulose degradation, including all known cellulosomes,70 862 

and have been reported in variety of genera as summarized in the SI (Glycoside Hydrolase 863 

Family 48 in Carbohydrate Active Enzymes database available at  http://www.cazy.org/70). 864 

Notably, among cel48 genes, a wide diversity exists that ranges from the free enzyme systems of 865 

Thermobifida fusa, to all known cellulosome systems and even anaerobic fungi.77,88 The diversity 866 
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of genera in which cel48 has been detected raises the question of the diversity of glycoside 867 

hydrolase family 48 captured by qPCR. Given the wide sequence variability and thus potential 868 

for non-specific PCR products, a sub-set of cel48 amplicons were sequenced. All were verified 869 

to be specific to cel48 genes, with closest matches limited to sequences for Ruminiclostridium 870 

and Clostridium spp.  (Table S2.4).  While this confirms that the cel48 qPCR assay was specific, 871 

it cannot be confirmed that it was universal in detecting all existing cel48 gene variations 872 

distributed across various phyla.  873 

Interestingly, the cel48 family appears to house mostly endocellulases that are associated 874 

with biodegradation of complex cellulosic materials.64 The higher levels of cel48 in microcosms 875 

with HNC than microcrystalline cellulose suggest greater potential for cellulose degradation and 876 

are in agreement with its faster biodegradation. However, it is not clear how HNC, with a size 877 

smaller than microcrystalline cellulose and a simple rod structure, would enrich a family of 878 

enzymes thought to biodegrade complex celluloses. Additionally, the cause of the abrupt increase 879 

in cel48 levels when most of the cellulosic material (AD and W exposed to HNC weeks 4 and 6, 880 

respectively, and AD exposed to microcrystalline cellulose weeks 6 – 8) had degraded is not 881 

clear. Further research into the functional profile of HNC and microcrystalline cellulose 882 

degrading microbes, e.g., based on metagenomic investigation, could aid in addressing these 883 

questions. 884 

2.5.4 Response of microbial community to HNC 885 

Examination of the bacterial community composition of the AD and W cultures and their 886 

responses to HNC and microcrystalline cellulose with time can help identify putative cellulose 887 

degraders and provide insight into cellulose metabolism. The presence of taxonomic groups at 888 

the phyla and class levels is consistent with observed cellulose degradation. The bacterial 889 
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community compositions shifted slightly as cellulose degradation progressed, as shown in 890 

Figures 2.3 and 2.4 and Table S2.6.  Similar to what was observed in this study, decreasing 891 

relative abundance of Firmicutes along with increasing relative abundance of Acidobacteria 892 

phylum has previously been observed upon progression of degradation of lignocellulosic 893 

material in underwood conditions.89 Firmicutes harbors many known cellulose degraders62,64,74,90 894 

and reduction in their relative abundance at week 6 for all conditions may be a result of the 895 

cellulose being depleted at that point in the experiment.  896 

 Notably, upon enrichment of the original inocula obtained from the anaerobic digester 897 

and wetland, Clostridia, which is largely associated with anaerobic cellulose degradation, 898 

slightly decreased in the AD parent reactor and increased in the W parent reactor during initial 899 

enrichment.  Actinobacteria increased slightly in the AD parent reactor and decreased in the W 900 

parent reactor. Actinobacteria are known to be highly diverse, including both aerobic and 901 

anaerobic bacteria,65,66,91 and may have responded to the microcosm environment, which had an 902 

average reduction potential of < – 51 mV (higher than anaerobic digester and lower than that of 903 

wetlands).  904 

In the microcosms, observations of the bacterial community structure over the course of 905 

biodegradation of HNC and microcrystalline cellulose indicate the bacterial community did shift 906 

slightly over time in concert with cellulose degradation. Given that shifts bacterial community 907 

structures were generally modest, it is possible that owing to low food to mass ratio only a small 908 

proportion of the bacterial community depended upon progression of cellulose degradation. 909 

Another possible scenario is that Phylum and Class level taxonomical classification does not 910 

provide sufficient resolution to capture actual shifts in important species.  It is also possible that 911 

members of the same class have dramatically different functional attributes, as even bacteria at 912 
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the species level are known to behave differently. For instance, certain strains of Escherichia coli 913 

can cause potentially life-threatening disease,92 whereas the majority of strains are innocuous.93 914 

Future studies that profile the whole genome of entire microbial communities may be beneficial 915 

for linking taxonomic structure with function.  916 

2.6 Summary 917 

HNC was observed to biodegrade upon exposure to wetlands and anaerobic digester-derived 918 

microbial consortia. This observation indicates that the nano-size range of is not a limitation for 919 

its anaerobic biodegradation, at least in the rod form investigated herein.  This is an encouraging 920 

finding in terms of developing non-toxic and biodegradable nano- biomaterials from wood 921 

feedstocks as a cheap and abundant raw material, given the global decline of the paper industry. 922 

HNC possesses a variety of desirable properties,1,3,4,7,14 with potential for prolific mass-scale 923 

application ranging from use in medicine to use as pseudo-plastics, and herein is also confirmed 924 

to be biodegradable. However, chemical modification of HNC, to suit various applications, will 925 

likely affect its biodegradability, depending on the surface chemistry and morphology. HNC used 926 

in this research can act as a model non-toxic nanoscale cellulosic kernel amenable to 927 

morphological and surface modifications to gain insight into general effects of alteration of 928 

nanomaterial surface properties.  929 
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2.8 Supplementary Information 936 

 937 

List of genera in which glycosidc family 48 has been detected: 938 

Acidothermus, ActinobacteriaAD, W, ActinomyceteAD, W, Actinoplanes, Actinosunnema, 939 

Amycolatopsis, Anaerocellum, Bacillus, Caldicellulosiruptor, Catenulispora, Cellulomonas, 940 

CellulosilyticumW, Cellvibrio, ClostridiumAD, W, Hahella, Herpetosiphon, Jonesia, 941 

Kitasatospora, Mahella, Micromonospora, Myxobacter, Nocardiopsis, PaenibacillusW, 942 

Pseudobacteroides, Ruminiclostridium, RuminocococcusAD, W, Salinispora, Streptomyces, 943 

Streptosporangium, Thermobifida, Thermobispora, Verrucosispora, Xylanimonas 944 

ADDetected in parent culture AD used for inoculating biodegradation assay 945 

WDetected in parent culture W used for inoculating biodegradation assay 946 

  947 
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Table S2.1. Hydrodynamic diameter using dynamic light scattering and zeta potential for HNC 948 

were measured using Zetasizer Nano ZS (Malvern, Worcestershire, UK). Standard deviation from 949 

the mean is written in brackets. 950 

 Hydrodynamic Diameter (nm) Zeta Potential (mV) 

HNC  259.8 (2.31) -53.9 (6.53) 

 951 

  952 
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Table S2.2. Modified C5 Medium Recipea as used in the enrichment reactors and anaerobic batch 953 

microcosms 954 

Salt Concentration (in g/L unless mentioned otherwise) 

KH2PO4 1.4 

K2HPO4.3H2O 2.90 

(NH4)2SO4 1 

MgCl2.6H2O 0.1 

CaCl2.2H2O 0.026 

5% (w/v) FeSO4 in 50mM H2SO4 25 µL 

Resazurin 0.2% (w/v) 0.5 mL 

aModified from Guedon et al. 199994 955 

956 
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Table S2.3. Primer Sequences used for qPCR assays; TA is the annealing temperature used in the 957 

qPCR assay 958 

Primerb Primer Sequence Target 

Amplicon 

Length 

(bp) 

TA 

(ºC) 
Reference 

cel48_490F 
TNATGGTTGAAGCTCCDGAYTAYG

G 

cel48, 

glycoside 

hydrolase 

family 48 

431 53.4 
Pereyra 

201055  

cel48_920R 
CCAAANCCRTACCAGTTRTCAACR

TC 

1369F CGACCTGATCTCCATGACCGA 16S rRNA 

gene 
124 60 

Suzuki 

200054 1492R TCAGGTCAGCACGGTCA 

bIntegrated DNA Technologies Inc. (Coralville, IA.) 959 

960 
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Table S2.4. Sequences from Sangar sequencing from cel48 qPCR amplicons for testing the 961 

specificity of the qPCR assay 962 

Highest Match (Number of clones that 

had same match) 

Cultured bacteria with highest sequence similarity 

(GenBank accession) (Highest % match) 

Endoglucanase A (1) 
Clostridium saccharoperbutylacetonicum 

(WP_015391949.1) (85 %) 

Endoglucanase (4) Clostridium acetobutylicum (KHD35931.1) (57 %) 

Glycosyl hydrolase family 48 (1) Clostridium sp. IsoCT2Y (ADD83064.1) (64 %) 

Glycosyl hydrolase family 48, partial 

(18) 
Clostridium sp. IsoCT1Y (ADD83063.1) (67 %) 

Glycosyl hydrolase family 48 (2) Clostridium sp. IsoCT2S (ADD83066.1) (94 %) 

Exoglucanase-2 (1) Clostridium stercorarium (WP_015359554.1) (67 %) 

Endoglucanase (3) Clostridium papyrosolvens (WP_020814340.1) (52 %) 

Endoglucanase (2) Clostridium papyrosolvens (WP_004622335.1) (51 %) 

MULTISPECIES: exoglucanase-2 (1) Ruminiclostridium (WP_015359554.1)  (57 %) 

Endoglucanase (1) Clostridium sp. BNL1100 (WP_014313402.1) (43 %) 

 963 

  964 
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Table S2.5. CO2 concentration in headspace in terms of % of the total volume of the headspace 965 

in the first two weeks of the biodegradation assay. The GC-TCD instrument used for gas 966 

measurements broke down before the third sampling event. 967 

 Week 1 Week 2 

CO2 (% of gas 

space) 

% Cellulose 

degraded into 

CO2
c  

CO2 (% of gas 

space) 

Cellulose 

degraded into 

CO2
c 

M + AD 0 NA 2.36 ± 0.06 2.16 ± 0.00 

HNC +AD 1.36 ± 0.60 1.24 ± 0.02 5.11 ± 1.24 4.68 ± 0.04 

M + W 1.58 ± 1.37 1.45 ± 0.05 3.12 ± 1.89 2.86 ± 0.06 

HNC + W 3.73 ± 1.64 3.42 ± 0.06 5.94 ± 0.94 5.43 ± 0.03 

cThe % cellulose degradation was calculated by a theoretical conversion of cellulose into CO2, 968 

assuming 1atm pressure and 20°C temperature, in accordance with the following theoretical 969 

formula: 970 

𝐶!𝑂!𝐻!" + 7𝑂𝐻! → 6𝐶𝑂! + 7𝐻!𝑂 + 3𝐻! +   10𝑒!! 

  971 
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Table S2.6. Average Bray-Curtis Distance on class level. M – Microcrystalline cellulose, N – 972 

HNC. Suffix 2 and 6 depict the microbial community after 2 and 6 weeks of incubation in the 973 

biodegradation assay.  974 

 
AD M+AD 2 M+AD 6 N+AD 2 N+AD 6 W M+W 2 M+W 6 N+W 2 

AD 0 
        

M+AD 2 0.179 0 
       

M+AD 6 0.208 0.149 0 
      

N+AD 2 0.155 0.108 0.201 0 
     

N+AD 6 0.196 0.094 0.162 0.138 0 
    

W 0.555 0.512 0.596 0.493 0.556 0 
   

M+W 2 0.594 0.536 0.596 0.499 0.566 0.122 0 
  

M+W 6 0.592 0.525 0.598 0.505 0.544 0.133 0.096 0 
 

N+W 2 0.586 0.529 0.620 0.506 0.566 0.095 0.085 0.112 0 

N+W 6 0.603 0.537 0.557 0.522 0.556 0.170 0.131 0.105 0.154 

 975 

 976 
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 977 

Figure S2.1. First order decay of cellulose detected as glucose concentration. The glucose 978 

concentration with time was fit to first order decay model using nonlinear least squares function 979 

in R version 2.15.359. The black circles represent actual data with standard deviation as error 980 

bars. The dashed lines represent the data as predicted by the model. RSE stands for residual 981 

standard error on 6 degrees of freedom. AD and W are cultures exposed to HNC and 982 

microcrystalline cellulose (Micro) in microcosms.  983 
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 984 

 985 

Figure S2.2. Enrichment of cel48 genes in parent cultures AD and W relative to initial inocula 986 

from anaerobic digester and wetland respectively following 246 days of enrichment with 987 

microcrystalline cellulose as the sole carbon substrate. 988 
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 989 

Figure S2.3. Comparison of bacterial communities in original samples from anaerobic digester 990 

(ADi) and wetland (Wi) with bacterial communities AD and W after enrichment for 246 days on 991 

microcrystalline cellulose on class level. Amplicon sequencing of the PCR blank control is 992 

represented by ‘blk’. Y-axis represents fraction of relative abundance of the bacterial classes 993 

with relative abundance at least 1 %. AD and W on x-axis represent the anaerobic cellulose 994 

degrading microbial community used to inoculate microcosms for the biodegradation assay. 995 
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 996 

Figure S2.4. Dominant phyla in microcosms with AD and W on exposure to HNC and 997 

microcrystalline cellulose scaled to 16S rRNA gene levels. Y-axis represents 16S rRNA gene 998 

levels on log scale. On x-axis 2 and 6 represent time in weeks namely, week 2 and week 6; HNC 999 

and Micro represent HNC and microcrystalline cellulose respectively as substrate.  1000 

  1001 
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3.1 Abstract 1247 

Nanocellulose is an attractive nanobiomaterial partly owing to the ease of chemically modifying 1248 

it to suit varied applications and its biodegradable cellulosic core. However, the impact of 1249 

surface modification on its biodegradability remains unknown. Four types of nanocellulose with 1250 

different surface charges (positive vs. negative) and morphologies (rod vs. fibrillated) were 1251 

compared in terms of their biodegradation rates and the response of two enriched cellulose-1252 

degrading anaerobic microbial communities sourced from a wetland (W) and an anaerobic 1253 

digester (AD). Glucose was measured following digestion as an indirect measure of cellulose 1254 

concentration over time. Negatively charged nanocellulose degraded slightly faster (1st order rate 1255 

= 0.69 ± 0.04 wk-1 (W); 0.62 ± 0.08 wk-1 (AD)) and supported higher levels of 16S rRNA and 1256 

cel48 genes (indicative of total bacterial levels and cellulose-degrading potential, respectively) 1257 

levels than positively charged nanocellulose (1st order rate = 0.58 ± 0.07 wk-1 (W); 0.48 ± 0.06 1258 

wk-1 (AD)). Rod-shaped nanocellulose (1st order rate = 0.69 ± 0.04 wk-1 (W); 0.62 ± 0.08 wk-1 1259 

(AD)) underwent slightly faster biodegradation than fibrillated nanocellulose (1st order rate = 1260 

0.58 ± 0.04 wk-1 (W); 0.40 ± 0.03 wk-1 (AD)) and supported higher 16S rRNA gene and cel48 1261 

levels. Bacterial community composition profiled by high-throughput sequencing of 16S rRNA 1262 
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gene amplicons, of AD and W cultures shifted distinctly upon exposure to the different 1263 

nanocelluloses. This study illustrates the principle of modifying surface charge and morphology 1264 

for intentional, environmentally-friendly design of nanomaterials.   1265 

3.2 Introduction 1266 

Nanocellulose is a versatile, easily modified nanobiomaterial1–11 sourced from cellulose, an 1267 

essentially inexhaustible biological feed-stock. Its cellulosic core contains multiple, easily 1268 

functionalized, surface hydroxyl groups and it exists in a variety of morphologies. As such, 1269 

nanocellulose has an established diversity of properties and applications ranging from medicine, 1270 

to reinforced structures, to flexible displays and iridescent make-up.1,4,8,10,12–17 The surface 1271 

properties of nanomaterials are often modified to increase collodial stability and thus improve 1272 

utility3,11,18. For example changes in the physical geometry and chemical functionality of gold 1273 

nanorods are known to affect their physical and chemical properties along with microbial 1274 

response to their exposure.19–21 Surface charge is known to directly impact nanomaterial 1275 

interactions with cellular membranes.12,19,22 In addition to surface functionalization, there is 1276 

evidence that differences in structural geometry of the material affect microbial response in terms 1277 

of toxicity and biodegradation.23–27 For example, Boisset et al. 1999 noted differential 1278 

degradation of crystalline cellulose possessing two different structural geometries, namely 1279 

microcrystals and microfibrils following exposure to the Clostridium thermocellum 1280 

cellulosome.23 Among other surface chemical properties such as reactivity and hydrophobicity, 1281 

surface charge and morphology were chosen as the primary significant features in this study.  1282 

Nanocellulose is an ideal substrate to investigate the effects of surface functionalization and 1283 

differences in morphology on nanobiomaterial biodegradation owing to its relatively benign 1284 

cellulosic core,28,29 the existence of at least two surface morphologies of rod or fibril 1285 
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geometry,1,18,30 and its ease of surface functionalization.1,11,19 Previously (chapter 2) the 1286 

biodegradability of H2SO4 hydrolyzed nanocellulose by environmentally-sourced cellulose 1287 

degrading anaerobic microbial consortia was demonstrated, indicating that the nano-size range 1288 

itself does not inhibit biodegradation (chapter 2, 31,32). However, the potential impacts of shape 1289 

and surface charge on biodegradation have not specifically been explored.  Notably, 1290 

nanocellulose is rarely applied without surface functionalization. Of particular interest to this 1291 

study was whether the surface functionalization of nanocellulose affects its biodegradation rate 1292 

and the corresponding response of the microbial community.  1293 

The purpose of this study was to examine potential differences in biodegradation rates and 1294 

microbial response following exposure to nanocellulose with positive and negative surface 1295 

charges and distinct surface morphologies. Two cellulose degrading microbial cultures, originally 1296 

sourced from anaerobic digester (AD) and wetland (W) were exposed to cationic modification of 1297 

sulfuric acid hydrolyzed nanocellulose (cationic nanocrystalline cellulose) and 2,2,6,6-tetra 1298 

methylpiperidine-1-oxyl radical (TEMPO) oxidized nanofibrils of cellulose (anionic 1299 

nanofibrillated cellulose) in anaerobic microcosms. The microcosms were sacrificed periodically 1300 

to monitor biodegradation of cellulose and microbial response in terms of 16S rRNA gene and 1301 

cel48 levels, which served as an indirect indicator of bacterial population and glycoside 1302 

hydrolase family 48 specific to cellulose degradation respectively. Apart from a minimal salt 1303 

media, the anaerobic batch reactors in biodegradation assay had no additional electron acceptors, 1304 

giving them fermentative or methanogenic conditions. Biodegradation and microbial response to 1305 

exposure of cationic nanocrystalline and anionic nanofibrillated cellulose were compared with 1306 

recently reported biodegradation of sulfuric acid hydrolyzed nanocellulose (anionic 1307 

nanocrystalline cellulose). Raman spectroscopy provided insight into biodegradation of cationic 1308 
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nanocrystalline cellulose and its interaction with microbial cells. The results indicate that 1309 

variations in surface charge and morphology of benign cellulosic core effect its biodegradation 1310 

and microbial response, suggesting the importance of factoring in the surface properties in design 1311 

of biodegradable and environmentally-friendly nanobiomaterials.  1312 

3.3 Materials and Methods 1313 

3.3.1 Nanocellulose preparation and characterization 1314 

Cationic nanocrystalline cellulose was produced using the procedure of Hasani et al. 2008.33 1315 

Briefly, nanocellulose crystals were made by acid hydrolysis of never-dried kraft pulp 1316 

(Weyerhaeuser Company, Washington, NC) with sulfuric acid and surface sulfate groups 1317 

removed via treatment with NaOH and dialysis. The nanocellulose crystals were reacted with 1318 

EPTMAC resulting in a suspension of cationic hydroxypropyltrimethylammonium chloride 1319 

cellulose nanocrystals, which were diluted 5-fold and dialyzed for 15 days.33 Anionic 1320 

nanofibrillated cellulose was prepared by slightly modifying the procedure of Saito et al. 2007.34 1321 

Cellulosic pulp was mechanically blended with deionized water and the resulting cellulosic 1322 

slurry was mixed with TEMPO and NaBr until the dissolution of TEMPO. The pH of this slurry 1323 

was adjusted to 10 by adding 0.1 M NaOH. NaClO was added via a syringe pump at a rate of 1.5 1324 

mL/min and the pH was maintained at 10 by adding required amount of 0.1 M NaOH.  The 1325 

reaction was quenched by adding 200 proof ethanol. Anionic nanofibrillated cellulose was 1326 

filtered and washed with deionized water and stored at 4 °C until further use.  1327 

 Mean hydrodynamic diameter and zeta potential were measured using Zetasizer Nano ZS 1328 

(Malvern, Worcestershire, UK). The mean hydrodynamic diameter and zeta potential 1329 

observations are available in Table S3.1.  1330 
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3.3.2 Glucose measurement 1331 

Cellulose was quantified as described previously (chapter 2). Briefly, cellulose was converted 1332 

into glucose monomers using the “National Renewable Energy Laboratory (NREL) laboratory 1333 

analytical protocol (LAP): Determination of Structural Carbohydrates and Lignin in Biomass”35). 1334 

The glucose monomers were then quantified using “NREL LAP:  Measurement of Cellulase 1335 

Activities”36. Cellulose biodegradation was modeled as first order decay with an assumption that 1336 

cellulose-degrading cells and their enzymes were present in excess and thus did not influence the 1337 

kinetics37. Details of first order decay model fit to cellulose biodegradation are available in 1338 

Figure S3.1. 1339 

3.3.3 Set-up of anaerobic microcosms for biodegradation assay 1340 

Anaerobic biodegradation assays were set up for triplicate sacrifice at time intervals of 1, 2, 4, 8, 1341 

10, and 11 weeks. Microcosms consisted of 100 mL borosilicate glass bottles filled with 50 mL 1342 

modified C5 medium (chapter 2), 5 mL of either of the two enriched cellulose degrading 1343 

microbial culture (AD or W), and then sealed with butyl rubber stoppers. Briefly, AD and W 1344 

were seeded from an initial inoculum from anaerobic digester and wetland sediment slurry, 1345 

respectively, and enriched under anaerobic conditions with microcrystalline cellulose as the sole 1346 

carbon source. Anaerobic conditions were maintained in the batch reactors by purging with ultra 1347 

pure N2 and ensuring that the Resazurin dye in the modified C5 medium was colorless 1348 

throughout the duration of the study.  1349 

 3.3.4 Molecular Analysis 1350 

DNA extraction: DNA was extracted from 0.2 mL of well-mixed slurry obtained upon 1351 

microcosm sacrifice using the FastDNA® SPIN Kit and a FastPrep® homogenizer (Qbiogene, 1352 

Inc. CA) according to the manufacturer’s protocol. Genomic DNA was stored at -20°C until 1353 
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further use.  1354 

QPCR: qPCR was performed to quantify 16S rRNA38 and cel4839 genes as mentioned elsewhere 1355 

(chapter 2). Briefly, the qPCR reaction mix contained 1× SsoFast EvaGreen Supermix (Bio-Rad, 1356 

Hercules, CA), 0.3 µM of forward and reverse primers (Integrated DNA Technologies Inc., 1357 

Coralville, IA), 1 µL of 1:10 dilution of extracted genomic DNA, and molecular biology grade 1358 

water (Quality Biological Inc., Gaithersburg, MD) constituting a total volume of 10 µL. 1359 

Specificity test for cel48 qPCR and development of standards for 16S rRNA and cel48 are 1360 

described elsewhere (chapter 2) Reagent blanks were analyzed on every plate as a background 1361 

control and all reactions were performed in triplicate. The genomic DNA was diluted 1:10 using 1362 

molecular biology grade water (Quality Biological Inc., Gaithersburg, MD) to decrease the 1363 

effects of inhibition. 1364 

Standards were subject to 10-fold dilution series from 108 to 101 genes/µL and included in each 1365 

qPCR run in triplicate. The limit of quantification (LOQ) for the cel48 gene was 2.5 × 105 1366 

genes/mL of microcosm slurry, whereas for 16S rRNA the LOQ was 2.5 × 106 genes/mL of 1367 

sample when accounting for 1:10 DNA dilution to counter the effects of qPCR inhibition. 1368 

16S rRNA gene amplicon sequencing: Samples from initial set-up and microcosms sacrificed at 1369 

weeks 2 and 6 were subject to 16S rRNA gene amplicon sequencing. These dates were selected 1370 

based on general indication that 50% of the cellulosic substrate had degraded by week 2 and 95% 1371 

by week 6 (Figure 3.1). Bar coded primers40 were employed using paired-end 250 cycle Illumina 1372 

MiSeq (Illumina, San Diego, CA) sequencing at the Virginia Bioinformatics Institute (Virginia 1373 

Tech, Blacksburg, VA). 16S rRNA gene amplicon sequences generated via Illumina paired-end 1374 

250 cycle Illumina MiSeq (Illumina, San Diego, CA) were processed using Mothur’s MiSeq 1375 

SOP.41,42 1376 
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3.3.5 Microscopic investigation 1377 

Raman spectroscopy was used on AD and W cultures exposed to cationic nanocrystalline 1378 

cellulose for 2 weeks to capture microbe-nanocellulose interaction. 2 µL of slurry from 1379 

microcosms exposed to cationic nanocrystalline cellulose with AD and W cultures were drop-1380 

coated on quartz substrates cleaned with aqua regia, and then air-dried. Raman spectra were 1381 

captured with WITec Alpha500R Raman spectrometer using a 633 nm laser, 300 grooves/mm, 1382 

100X microscope objective, and 0.565 mW laser power.  1383 

3.3.6 Statistical analysis 1384 

Statistical testing was carried out in R43 using the stats, vegan,44 and ecodist45 packages. Glucose 1385 

measurements were fit to an exponential decay model using nonlinear least squares in R.43 The 1386 

1st order biodegradation rates were compared using Mann Whitney U test.  Shifts in microbial 1387 

community composition were calculated using Bray-Curtis dissimilarity and compared using 1388 

permutational multivariate analysis of variance using distance matrices. 1389 

3.4 Results  1390 

3.4.1 Biodegradation of nanocelluloses 1391 

All forms of nanocellulose were observed to biodegrade effectively within 11 weeks as indicated 1392 

by glucose measurements following cellulose digestion (Figure 3.1) and the fit of 1st order decay 1393 

kinetics (Figure S3.1). Our recently reported biodegradation of anionic nanocrystalline cellulose 1394 

served as a benchmark (chapter 2) for comparison with cationic nanocrystalline and anionic 1395 

nanofibrillated forms of cellulose. The decrease in the intensity of peaks of wavelength 1370 and 1396 

2888 cm in the Raman spectrum of cationic nanocrystalline cellulose exposed to AD and W 1397 

cultures further indicated its biodegradation despite its hypothetically deleterious positive surface 1398 

charge and crystalline rod-like morphology (Figures 3.2, S3.2, and S3.3). Notably, the anionic 1399 
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form of nanocrystalline cellulose degraded at a slightly faster rate than all other forms of 1400 

nanocellulose for both AD and W. There were slightly different trends between the two cultures 1401 

with the other three forms of nanocellulose degrading at an equivalent rate for the W culture and 1402 

trending as cationic nano- > fibrillated nano- > microcrystalline cellulose for the AD culture.  In 1403 

general, 1st order rate constant were higher for the W culture than the AD culture for all four 1404 

types of cellulose.  1405 

 1406 

 1407 

Figure 3.1. Cellulose biodegradation in batch microcosms seeded with anaerobic digester (AD) 1408 

or wetland (W) inoculated enrichment cultures determined using modified NREL protocols to 1409 

measure cellulose concentration by digesting to glucose and measuring glucose. The dashed line 1410 

indicates limit of quantification. 1st order decay constants are indicated on the plots. Details of 1411 

the 1st order decay model fits are available in Figure S3.1. Recently reported data on 1412 

biodegradation of anionic nanocrystalline cellulose (chapter 2) on exposure to AD and W 1413 

cultures is used here for comparison with cationic nanocrystalline and anionic nanofibrillated 1414 

cellulose. 1415 

 1416 
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 1417 

Figure 3.2. Comparison of profiles of Raman spectra intensities of CAT– Cationic 1418 

nanocrystalline cellulose, cationic nanocrystalline cellulose inoculated with AD culture (CAD) 1419 

and W culture (CW) for 2 weeks. The decrease in the intensity of peaks of wavelength 1370 and 1420 

2888 cm in the Raman spectrum of cationic nanocrystalline cellulose on exposure to AD and W 1421 

cultures is notable.  Raman peak at 1370 cm is related to bending of H–CH and H–OH bonds, 1422 

and Raman peak at 2888 cm is related to CH and CH2 stretching46. 1423 

 1424 

3.4.2 Microbial response in terms of gene markers of total bacterial population and cellulose 1425 

biodegradation 1426 

For both AD and W microcosms, total bacterial populations, as measured by 16S rRNA genes 1427 

levels, were higher when spiked with anionic nanocrystalline cellulose than with either cationic 1428 
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nanocrystalline or anionic nanofibrillated cellulose. In general, throughout the experiment, 16S 1429 

rRNA gene levels were higher in W microcosms for all treatments. Thus, there was good 1430 

correspondence between the 16S rRNA gene levels (Figure 3.3) and the biodegradation rates 1431 

observed (Figure 3.1) in the AD microcosms. In AD microcosms spiked with the three forms of 1432 

nanocellulose, 16S rRNA gene levels remained higher than when spiked with microcrystalline 1433 

cellulose, except for weeks 1 and 8, when biodegradation was waxing and waning. In W 1434 

microcosms, 16S rRNA gene levels were only occasionally higher when spiked with the other 1435 

two forms of nanocrystalline cellulose relative to microcrystalline cellulose. Patterns of cel48 1436 

genes, which were monitored to indicate cellulose-degrading potential, were less striking than 1437 

those observed for 16S rRNA genes with time, for both cultures. 1438 

 1439 
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Figure 3.3. Levels with time of 16S rRNA gene, as indicators of total bacterial levels, and cel48 1440 

genes, as markers of anaerobic cellulose-degrading potential.  Microcosms were inoculated with 1441 

anaerobic cellulose-degrading enrichment culture derived either from anaerobic digester (AD) 1442 

or wetland (W) inoculum. X-axis represent time in weeks and y-axis represents levels of marker 1443 

genes on a log scale. Recently reported data on levels of 16S rRNA and cel48 gene markers for 1444 

microcosms exposed to anionic nanocrystalline cellulose (chapter 2) is used here for comparison 1445 

with cationic nanocrystalline and anionic nanofibrillated cellulose. 1446 

 1447 

Cel48 gene numbers were consistently higher for anionic nanocrystalline cellulose than cationic 1448 
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nanocrystalline cellulose or microcrystalline cellulose during the active cellulose degradation 1449 

period of weeks 1 – 4 (Figure 3.3). In particular, there was a spike in cel48 levels in the AD 1450 

nanocrystalline cellulose treatment during week 4, where they were higher than in treatments 1451 

with all other forms of cellulose. In the W culture, there were few apparent differences among 1452 

treatments, except the cel48 levels in cationic microcosms were somewhat erratic, being lowest 1453 

in week 1, tied for highest in weeks 2, 4 and again lowest in week 6-8. 1454 

3.4.3 Bacterial community composition in biodegradation assays 1455 

Substantial changes in 16S rRNA gene and cel48 levels indicated the possibility of changes in 1456 

microbial community composition following exposure to various forms of cellulose over time. 1457 

Comparison of 16S rRNA gene amplicons at week 2 provided insight into how the varying 1458 

properties of the cellulose forms may have influenced microbial community composition at a 1459 

time when peak cellulose biodegradation was underway (40-60% remaining), while week 6 1460 

provided a snapshot at a time point when biodegradation was essentially complete.  Phyla that 1461 

are commonly associated with cellulose degradation such as Firmicutes (Clostridia, Bacilli, and 1462 

Negativicutes), Bacteroidetes (Bacteroides, Flavobacteria, and Sphingobacteria), 1463 

Proteobacteria, Actinobacteria and Acidobacteria (Acidobacteria Gp 1, 3, 6, 10, and 16)47–52 1464 

were detected in all microcosms. Within these broad phyla, some members are capable of the 1465 

initial hydrolytic steps for cellulose degradation, which require energy input, whereas most take 1466 

advantage of the more biodegradable components that are liberated in the process, such as 1467 

cellobiose and glucose. The latter group are termed “opportunists”.29,53 1468 

There were broad similarities in the phyla and classes detected in both AD and W 1469 

microcosms and the manner in which they shifted in response to the various forms of cellulose 1470 

with time. At the phylum level Proteobacteria (α–, β–, γ–, δ–, and ε–proteobacteria) had the 1471 
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highest relative abundance and increased slightly with time for all microcosms.  Relative 1472 

abundance of the phyla Actinobacteria and Acidobacteria (Holophagea, Acidobacteria Gp3, and 1473 

Gp10) slightly increased after 6 weeks for all cellulosic substrates. Firmicutes (Negativicutes, 1474 

Clostridia, Bacilli), a phylum that houses many characterized cellulose degrading 1475 

species23,37,47,54,55 decreased slightly in relative abundance at week 2 and 6 in most microcosms 1476 

inoculated with AD and W cultures (Figure 3.4 and Figure S3.4). At the class level, 1477 

Flavobacteria, which was not detected in the parent culture AD, was detected after 2 weeks in 1478 

microcosms with anionic and cationic nanocrystalline cellulose. Flavobacteria has been found in 1479 

other studies to include strains that degrade cellulosic materials.56 After 6 weeks, Flavobacteria 1480 

were found across all AD microcosms, at 3% or less relative abundance for all forms of 1481 

cellulose, and less than 1% for cationic nanocrystalline cellulose. 1482 

 1483 

Comparison of anionic and cationic nanocrystalline cellulose:  AD – A comparison of microbial 1484 

community composition of AD exposed to cationic and anionic nanocrystalline cellulose 1485 

suggests slight but unique shifts in both microbial communities upon exposure to nanocellulose 1486 

with contrasting surface charges (Bray-Curtis distance = 0.12, Table S3.2). In microcosms spiked 1487 

with anionic nanocrystalline cellulose the relative abundance of Actinobacteria, Spirochaetes, 1488 

Epsilonbacteria, and Ignavibacteria decreased slightly relative to microcosms with cationic 1489 

nanocrystalline cellulose after 2 weeks. On the other hand, the relative abundance of δ–1490 

proteobacteria and Clostridia in AD was on average slightly higher in microcosms with anionic 1491 

nanocrystalline cellulose than cationic nanocrystalline cellulose. The relative abundance of 1492 

Negativicutes was reduced below 1% for microcosms with anionic nanocrystalline cellulose. 1493 

Flavobacteria increased for both cationic and anionic nanocrystalline celluloses and reduced to 1494 
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below 1% after 6 weeks in microcosms exposed to cationic nanocrystalline cellulose.  1495 

W – By the end of 6 weeks, microbial community W shifted upon exposure to both anionic 1496 

nanocrystalline cellulose and cationic nanocrystalline cellulose similarly in magnitude to AD 1497 

culture (Bray-Curtis distance = 0.17, and 0.18, respectively, Table S3.2) but uniquely in terms of 1498 

composition (Figure 3.4). At the phylum level the relative abundance of Firmicutes (Figure S3.4) 1499 

after 2 weeks, reduced slightly to less than 17% for both cationic and anionic nanocrystalline 1500 

celluloses. By week 6, relative abundance of Firmicutes decreased further to less than 15% in all 1501 

microcosms. At the class level, Clostridia reduced in relative abundance irrespective of surface 1502 

charge. Similar to AD, Flavobacteria, which also was not detected in the parent culture W, was 1503 

detected after 2 and 6 weeks across microcosms. Unlike AD, Planctomycetacia ranged from 13 – 1504 

21 % for W. Relative abundance of Planctomycetacia in W microcosms increased over first two 1505 

weeks and then slightly decreased by 6th week. Planctomycetacia have been previously found to 1506 

be abundant in certain Sphagnum moss-dominated wetlands and appear to play important role in 1507 

decomposition of detritus.57 Relative abundance of Proteobacteria for cationic nanocrystalline 1508 

cellulose was slightly lower than for anionic nanocrystalline cellulose after 6 weeks 1509 

 1510 

Comparison of anionic nanocrystalline and anionic nanofibrillated cellulose: AD – Upon 1511 

exposure to nano-forms of cellulose with the same charge (anionic), but different morphologies, 1512 

the shifts in microbial community composition of the AD culture with progression of 1513 

biodegradation were barely distinguishable (0.02 based on Bray-Curtis distance analysis, Table 1514 

S3.2). Compared to nanofibrillated cellulose, nanocrystalline cellulose microcosms contained 1515 

slightly lower relative abundance of Bacteroidia and Sphingobacteria, and higher relative 1516 

abundance of α–, δ–  proteobacteria and Flavobacteria. By week 6, Anaerolinea, α–1517 



 77 

proteobacteria and Negativicutes were slightly higher in relative abundance in microcosms 1518 

exposed to nanofibrillated cellulose than nanocrystalline cellulose. Flavobacteria, which were 1519 

not detected in the parent culture AD, was detected after 6 weeks in microcosms with anionic 1520 

nanofibrillated cellulose. Spirochaetes reduced below 1% relative abundance in 2 weeks for the 1521 

nanocrystalline cellulose condition and 6 weeks for nanofibrillated cellulose condition. Although 1522 

not previously reported to be a cellulose degrader, Spirochaetes have been commonly noted in 1523 

anaerobic cellulose-degrading environments.29 It has been suggested that Spirochaetes might be 1524 

an opportunist that enhances cellulose degradation in natural environments by reducing levels of 1525 

cellobiose and inhibition to cellulose degradation.29  1526 

W – Upon exposure of nanocellulose with same surface charges and different morphologies, 1527 

microbial community W underwent a barely notable shift in composition at the end of 6 weeks, 1528 

which were similar in magnitude to the shifts for microbial community AD (Table S3.4). After 2 1529 

weeks, relative abundance of Firmicutes reduced slightly to less than 20% for both anionic 1530 

nanofibrillated and nanocrystalline cellulose. Relative abundance of Firmicutes reduced further 1531 

for anionic nanocrystalline cellulose to ~12 % and nanofibrillated cellulose to ~8%. Similar to 1532 

AD, Proteobacteria were highest in relative abundance among all detected phyla, ranging from 1533 

55% in parent culture W to more than 60% across the incubated microcosms. After 2 weeks, the 1534 

relative abundance of Clostridia was slightly lower for nanofibrillated cellulose than 1535 

nanocrystalline cellulose. However, after 6 weeks, nanofibrillated cellulose had higher relative 1536 

abundance of Clostridia relative to nanocrystalline cellulose. Relative abundance of 1537 

Negativicutes by week 6 was less than 1% for both anionic nanocrystalline and anionic 1538 

nanofibrillated celluloses. Recent investigation on contamination during DNA extraction and 1539 

amplification in high-throughput 16S rRNA amplicon sequences enlisted primary suspected 1540 
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contaminant amplicons.58 Overall, less than 3.5% of detected amplicon sequences that passed the 1541 

processing through Mothur42 matched with potential contaminants during the process of DNA 1542 

extraction and amplification across treatment, as suspected by Salter et al.58 and were excluded 1543 

from the analysis. 1544 

 1545 

 1546 

Figure 3.4. Comparison of shifts in bacterial community composition upon exposure to 1547 

nanocelluloses with contrasting surface charges. Class level taxonomic classification of 1548 

bacterial communities AD and W exposed to anionic and cationic nanocrystalline cellulose after 1549 

2 and 6 weeks of incubation in the biodegradation assays.  ‘C’ is the cationic, and ‘A’ is the 1550 

anionic nanocrystalline cellulose. The y-axis is the average relative abundance of the classes in 1551 

the bacterial community with abundance >1% in triplicate microcosms. 1552 



 79 

 1553 

 1554 

Figure 3.5. Comparison of shifts in microbial community composition upon exposure to 1555 

nanocelluloses with contrasting surface morphologies: Class level taxonomic classification of 1556 

bacterial communities AD and W exposed to anionic and cationic nanocrystalline cellulose after 1557 

2 and 6 weeks of incubation in the biodegradation assays.  ‘C’ is the cationic, and ‘A’ is the 1558 

anionic nanocrystalline cellulose. The y-axis is the average relative abundance of the classes in 1559 

the bacterial community with abundance >1% in triplicate microcosms. 1560 

3.5 Discussion 1561 

3.5.1 Effect of cellulose forms on its biodegradation 1562 

Of interest to this study was whether difference in the surface charge and morphology of 1563 
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cellulose at the nanoscale influences its biodegradation by environmentally relevant microbial 1564 

communities under anaerobic conditions. Also of interest was whether the forms of cellulose 1565 

might have a distinct effect on the microbial community structure and how the cellulose itself is 1566 

degraded.   Generally it was found that anionic nanocrystalline cellulose degraded slightly faster 1567 

than cationic nanocrystalline or nanofibrillated celluloses, and that for both AD and W cultures, 1568 

it had a unique influence on the succession of the bacterial community structure during 1569 

biodegradation. This finding suggests that negative surface charge and nanocrystalline form, 1570 

relative to nanofibrillated form, enhance biodegradability. While these observations were 1571 

consistent for both cultures examined, the relative rates of biodegradation differed between the 1572 

AD and W cultures for the other three forms of cellulose examined. Differences in Raman profile 1573 

of cationic nanocrystalline cellulose (Figures 3.2, S3.2, and S3.3) exposed to cultures AD and W, 1574 

particularly at wavelength 2888 cm, which is indicative of C-H and C-H2 bond stretching46 1575 

further affirms the hypothetical differences in the biodegradation pathways of both cultures. 1576 

Together, these observations suggest that the following factors impact biodegradation of nano-1577 

forms of cellulose and microbial response upon its exposure: i) surface charge, ii) morphology, 1578 

and iii) the initial composition of the biodegrading microbial community.  1579 

Shifts in microbial composition unique to each cellulosic material during its 1580 

biodegradation were detected by comparing 16S rRNA gene amplicon-sequence libraries thus 1581 

suggesting that different groups of bacteria may have been favored by the different forms of 1582 

nanocellulose. However, the magnitude of such shifts were small, which likely relates to the high 1583 

microorganism:substrate ratio, which may have overshadowed differences. All forms of cellulose 1584 

used in this study were observed to biodegrade following 1st order kinetics, which is consistent 1585 

with a high microorganism:substrate ratio.  1586 
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A direct implication of this study is the potential importance of considering surface modifications 1587 

and morphology in the design of “green” nanomaterials. While the present study indicated that 1588 

all forms of nanocellulose degrade equivalently or better than microcrystalline cellulose, this 1589 

may not be the case for nanomaterials consisting of other core materials. Thus, the principle 1590 

holds true that surface functionalization and morphology matter to the microbial community and 1591 

its response and thus should be considered further when assessing the full life cycle of 1592 

nanomaterials and their impacts. 1593 

3.5.2 Molecular tracking of microbial community response to varied forms of cellulose 1594 

Molecular tools provided insight into how microbial communities responded to the varying 1595 

forms of cellulose and which bacteria were likely involved in their transformation. Levels of 16S 1596 

rRNA genes as markers of the total bacterial population followed similar trends as the 1597 

biodegradation rates, suggesting that biomass as detected by qPCR of this gene was a good 1598 

indicator of overall biodegradation capacity with time. Levels of cel48, on the other hand did not 1599 

correspond as well with observed biodegradation patterns of cellulose although these genes did 1600 

tend to be highest in the anionic nanocrystalline conditions, which also had the fastest 1601 

biodegradation rate. The deficiencies of monitoring the cel48 gene as an indicator of cellulose-1602 

degradation potential likely stem from the fact that there are numerous glycoside hydrolase genes 1603 

involved in cellulose degradation and cel48 may not necessarily have been the most 1604 

representative in this study (chapter 2). Moreover, the abundance of phyla that house most 1605 

known cellulose degraders, Proteobacteria, Firmicutes¸ and Actinobacteria in both AD and W 1606 

cultures affirm the cellulose degrading nature of the initial microbial communities. Distinct and 1607 

slight but significant shifts in microbial community composition of AD and W cultures, with 1608 

exposure to nanocellulose with contrasting surface charge and different morphologies further 1609 
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indicates the uniqueness of microbial response to each of the conditions.  1610 

3.5.3 Delineating factors that impact microbial response to nano-forms of cellulose  1611 

Role of surface charge: Similarity in surface morphology (crystalline rod) coupled with 1612 

contrasting surface charges (Table S3.1) makes cationic and anionic nanocrystalline cellulose 1613 

suitable for comparing the role of surface charge modification on biodegradation rates and 1614 

microbial response of nanocellulose. Cationic and anionic nanocrystalline celluloses share 1615 

similar preparation procedures, except the latter steps in which the surface charge is modified 1616 

using epoxypropyltrimethylammonium chloride to produce cationic nanocrystalline 1617 

cellulose.33,59 Microcosms seeded with either AD or W had higher levels of 16S rRNA gene for 1618 

anionic nanocrystalline cellulose than cationic nanocrystalline cellulose during first 6 weeks of 1619 

incubation. This finding indicates that anionic nanocrystalline cellulose better sustains bacterial 1620 

populations. The levels of cel48 in microcosms exposed to anionic nanocrystalline cellulose were 1621 

also higher than in microcosms with cationic nanocrystalline cellulose for 4 out of 6 sampling 1622 

events under both AD and W conditions. Additionally, anionic nanocrystalline cellulose had 1623 

slightly faster decay rate than cationic nanocrystalline cellulose (Figure 3.1 and S3.1). This 1624 

suggests that the negatively charged anionic nanocrystalline cellulose had an advantage over 1625 

cationic nanocrystalline cellulose presumably because of its surface charge in terms of 1626 

biodegradability and sustaining higher levels of biomass as indicated by 16S rRNA gene.  1627 

 As cellular membranes carry an overall negative charge they preferentially associate with 1628 

cationic nanomaterials relative to anionic ones.60 This could hypothetically result in either faster 1629 

biodegradation of cationic nanomaterial due to attraction or inhibitory effects due to damage to 1630 

the cellular membrane. Slightly faster biodegradation and higher 16S rRNA gene and cel48 1631 

levels for anionic nanocrystalline cellulose suggest that the preferential attraction of cationic 1632 
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nanocrystalline cellulose towards negatively charged cellular membranes did not enhance its 1633 

biodegradation compared to anionic nanocrystalline cellulose. 16S rRNA gene levels capture 1634 

both the ability to sustain microbial community by degrading the primary carbon source as 1635 

reflected by bacterial population at any given time and potential inhibitory effects of the 1636 

substrate. Since both biodegradability with consequent availability of easily assimilable daughter 1637 

products and inhibitory effects of both nanocellulosic substrates and daughter products of 1638 

biodegradation play a role in determining the 16S rRNA gene levels, 16S rRNA information in 1639 

itself is insufficient to tease apart the biodegradability of nanocellulosic material and its 1640 

inhibitory effect. Although the biodegradation rates of cationic and anionic nanocrystalline 1641 

cellulose do illustrate the biodegradability of nanocellulose, biodegradation of nanocellulosic 1642 

substrates and its daughter products can have a feedback mechanism that influence overall 1643 

kinetics of biodegradation. With all potential inhibitions and interactions of nanocellulose with 1644 

cellulose degrading bacteria, anionic nanocrystalline cellulose did sustain higher 16S rRNA gene 1645 

and cel48 levels than cationic nanocrystalline cellulose for most of the duration of 1646 

biodegradation assay. For W, anionic nanocrystalline cellulose had a slightly faster 1647 

biodegradation rate than cationic nanocrystalline cellulose, and there was no significant 1648 

difference in biodegradation rates when exposed to AD. Overall, this suggests that anaerobic 1649 

cellulose degrading consortia AD and W had differential response to cationic and anionic 1650 

nanocrystalline cellulose, with a slight preference for negatively charged anionic nanocrystalline 1651 

cellulose. This observation is akin with another study60 that observed more inhibitory effects on 1652 

bacterial and mammalian cells of the cationic form of nanogold than the anionic form, referring 1653 

to cationic nanogold as moderately toxic and anionic nanogold as non toxic.  1654 

This study indicates that the difference in biodegradation rates and indicator gene levels between 1655 
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two cellulose degrading microbial communities suggests that biodegradation of nanocellulose 1656 

depends both on surface modification (cationic vs anionic) and microbial community (AD vs W).  1657 

 1658 

Role of surface morphology: Anionic nanofibrillated cellulose and anionic nanocrystalline 1659 

cellulose share similar surface charge (Table S3.1) and have different surface morphologies.34,59 1660 

Anionic nanocrystalline cellulose has a nanorod-morphology (hydrodynamic diameter = 259.8 ± 1661 

2.3 nm), whereas anionic nanofibrillated cellulose has a nanofibrillated-morphology 1662 

(hydrodynamic diameter = 440.2 ± 61.5 nm) as shown in Table S3.1. Other studies have shown 1663 

that nanogold toxicity is both size and shape dependent.61 Surface morphology of a nanocellulose 1664 

can impact its biodegradation rate depending on differences in features such as surface area to 1665 

mass ratio, number of bonds that are required to be cleaved, steric interactions, and presence of 1666 

amorphous regions. Higher surface area to volume ratio (assuming comparable densities) could 1667 

give greater access of enzymes to substrate increasing the likelihood of biodegradation. Another 1668 

possibility is that the longer chains in anionic nanocrystalline cellulose, which contain higher 1669 

number of β(1- 4) glycosidic bonds would slow down its bioedgradation. Cellulose-degrading 1670 

bacterial communities have specialized pathways for degrading cellulose extracellularly. This 1671 

involves a cohort of various extracellular cellulases that either work in synergy as an 1672 

extracellular guild of enzymes with varying degradation functions or a highly specialized 1673 

enzyme complex called cellulosome.48,54,62,63 Scaffolding subunits in the cellulosome include 1674 

carbohydrate binding modules (CBMs) that hold the bacteria very close to the cellulose 1675 

fibers54,64 for biodegradation and proper assimilation of daughter  products. CBMs attach to the 1676 

amorphous regions in cellulose and allow the enzymatic subunits to degrade insoluble cellulose. 1677 

The ratio of crystalline to amorphous regions in the cellulosic substrate can impact its 1678 
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biodegradation and interaction with the microbial community. Notably, anionic nanocrystalline 1679 

cellulose has 10 – 35 % amorphous regions34 that anionic cellulose lacks.59 In which case, the 1680 

presence of amorphous regions could give anionic nanofibrillated cellulose an advantage over 1681 

anionic nanocrystalline cellulose in terms of biodegradability via the CBM pathway. However 1682 

some non-enzymatic subunits are known to convert crystalline regions of cellulose into 1683 

amorphous regions and make crystalline cellulose available for degradation via CBMs.54 1684 

Presence of activity of such non-enzymatic subunits can balance the potential disadvantage of 1685 

not having amorphous regions for anionic nanocrystalline cellulose.  1686 

At any instance the kinetics of nanocellulose degradation could depend upon the 1687 

dominating cellulose degradation pathway resulting in preference for a particular surface 1688 

morphology depending upon the microbial communities (for example: AD vs. W or AD and W at 1689 

different times during the assay). As a wide diversity of biodegradation pathways for cellulosic 1690 

substrates with different surface morphology exists, further investigation into composition of 1691 

entire sample on genetic, transcription and translational level would throw light on the 1692 

mechanism in which different nanocelluloses were degraded. Given the complexity of microbe-1693 

cellulose interaction and their potential dependence of many factors as suggested above an 1694 

experimental investigation of biodegradation rates is necessary at a case-by-case scenario.  1695 

As observed in this study, anionic nanocrystalline cellulose appears to be preferred by both 1696 

cellulose degrading microbial communities in terms of higher 16S rRNA gene levels and faster 1697 

biodegradation rate than anionic nanocrystalline cellulose. Surface area to volume ratio of 1698 

anionic nanofibrillated cellulose (1.14) according to the hypothetical calculation as shown in 1699 

Table S3.5 is much higher than the surface area to volume ratio of anionic nanocrystalline 1700 

cellulose.  This suggests that to make up for lower biodegradtion rates either anionic 1701 
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nanofibrillated cellulose had higher inhibitory effect on cellulose degrading population than 1702 

anionic nanocrystalline cellulose or cellulose-degrading community preferred degrading 1703 

crystalline rod form of anionic nanocrystalline cellulose over anionic nanofibrillated cellulose. 1704 

Notably, anaerobic cellulose degrading consortia AD and W were enriched on microcrystalline 1705 

cellulose, which lacks amorphous regions. This acclimation of AD and W to crystalline cellulose 1706 

could have contributed towards the potential bias of AD and W towards degradation of 1707 

crystalline anionic nanocrystalline cellulose than anionic nanofibrillated cellulose, which 1708 

contains 10 to 35 % amorphous regions.34 1709 

 1710 

Role of cellulose degrading microbial community: When nanocellulose releases into 1711 

environment and is exposed to a variety of microbial communities then its fate and 1712 

biodegradation rate can depend on both the microbial community it interacts with and its surface 1713 

charge and morphology (as described earlier). Different microbial communities may have varied 1714 

inherent capacities to degrade nanocellulose, for example in this study AD and W both differed 1715 

in microbial community’s phylogenetic composition and in levels of 16S rRNA gene and cel48 1716 

(Figure 3.3). AD and W responded uniquely on exposure to various nanocelluloses in this study. 1717 

In general W had a faster biodegradation rate than AD for each corresponding cellulosic 1718 

substrate, indicating differential cellulose degrading potential of unique microbial communities 1719 

(Figure 3.1). In case of W there was no significant difference in rate constants of cationic 1720 

nanocrystalline cellulose, anionic nanocrystalline cellulose and microcrystalline cellulose. 1721 

Conversely, for AD cationic nanocrystalline cellulose had a higher biodegradation constant than 1722 

anionic nanocrystalline cellulose and microcrystalline cellulose. In terms of enrichment of 1723 

genetic biomarkers, AD and W varied in the magnitude and trend of the concentrations of cel48 1724 



 87 

and 16S rRNA on exposure to various nanocelluloses.  1725 

It is notable that both AD and W were enriched for anaerobic cellulose degradation and, 1726 

there is a possibility that environments into which nanocellulose may eventually be released may 1727 

not be enriched for cellulose degradation and nanocellulose may not as readily degrade and 1728 

perhaps result in greater shifts in microbial community compositions than what is observed in 1729 

this study (Figures 3.4 and 3.5).  1730 

The combined role of surface charge, morphology and biodegrading microbial community in 1731 

determining biodegradation kinetics as observed in this study highlights the importance of a) 1732 

including different morphologies of the substrate and b) unique environmentally relevant 1733 

microbial communities in the biodegradation assay when testing environmental impact of novel 1734 

nanobiomaterials. 1735 

 1736 

3.5.4 Faster biodegradation and carbon cycle:   1737 

Biodegradability of nanocellulose with various surface modifications as exhibited in this study 1738 

by anaerobic cellulose degrading communities AD and W provides evidence about the eco-1739 

friendliness of nanocellulose. The ability to modify surface of nanocellulose without 1740 

compromising its biodegradability can potentially fulfill the need of sustainable materials with 1741 

varied properties and applications that do not result in recalcitrant waste. The decline of the 1742 

western paper industry in favor of electronics provides additional impetus to the use of cellulosic 1743 

pulp for the manufacture of desirable nanocellulosic materials. Given the potential mass-scale 1744 

application of nanocellulosic materials, they have a high probability to entering into the 1745 

environment, where otherwise bulk cellulosic materials would have entered. Cellulose owing to 1746 

its stability and slower biodegradation kinetics29,48,65 when it exists in nature in complex 1747 
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structures along with other organic compounds such lignin acts as a reservoir of carbon.29,64,66,67 1748 

This study shows that some nanocelluloses under certain circumstances can biodegrade faster 1749 

than microcrystalline cellulose. As nanocellulose replaces cellulose-based materials, faster 1750 

degradation of some nanocelluloses (for example anionic nanocrystalline cellulose as tested in 1751 

this study) will result in faster movement of carbon out of cellulose. Quicker movement in 1752 

carbon cycle towards the end products of cellulose degradation namely CO2 and CH4, will result 1753 

in greater release of carbon into atmosphere.  1754 

Additionally, nanocellulosic substrates with rod morphology sustained larger bacterial 1755 

populations as indicated by higher 16S rRNA concentrations in the first 6 weeks of this study, 1756 

during which >95% of cellulosic substrates were degraded. Sustenance of higher bacterial 1757 

population implies more bacterial respiration, which potentially translates into higher 1758 

metabolism that can speed up natural nutrient cycles. Although, biodegradation of certain 1759 

nanocelluloses and their wide scale applications as pseudo-plastics open a wide door of 1760 

possibilities including a more sustainable replacement for plastics and lesser waste, the potential 1761 

difference that wide-scale application of nanocellulose might have on nutrient cycles is due 1762 

consideration and worth further investigation. 1763 

3.6 Summary 1764 

Overall, this study suggests that surface functionalization of nanocellulose and preparation 1765 

differences that result in varied surface morphologies can impact biodegradation kinetics of 1766 

nanocellulose. Anionic nanocrystalline cellulose had faster biodegradation rates and higher levels 1767 

of bacterial populations as indicated by 16S rRNA than both cationic nanocrystalline cellulose 1768 

and anionic nanocrystalline cellulose. Unique cellulose degrading microbial communities AD 1769 

and W had slightly differential response towards the three nanocellulosic substrates used in this 1770 
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study. This illustrates the uniqueness in microbial response of each microbial community and 1771 

suggests the need for including multiple relevant microbial consortia when investigating 1772 

environmental impact of a novel material.  1773 
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3.8 Supplementary Information 1779 

 1780 

Figure S3.1. First order decay model was fit on logarithm transformed data using R43. The black 1781 

circles represent actual data with standard deviation as error bars. The dashed lines represent 1782 

the data as predicted by the model. 1783 

 1784 
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 1785 

Figure S3.2. Raman spectra of cationic nanocellulose exposed to AD culture for 2 weeks. CAD – 1786 

cationic nanocrystalline cellulose exposed to cationic nanocrystalline cellulose (CAT). The 1787 

colors of the spectra correspond to the region marked by ┼ in the same color.  The Raman 1788 

spectra are offset vertically for clarity. 1789 

 1790 

 1791 
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Figure S3.3. Raman spectra of cationic nanocrystalline cellulose exposed to W culture. The 1792 

colors of the spectra correspond to the region marked by ┼ in the same color.  1793 

  1794 
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 1795 

Figure S3.4. Progression of bacterial community on phylum level in microcosms exposed to 1796 

nano-forms of cellulose.  Anionic nanocrystalline cellulose (A), cationic nanocrystalline 1797 

cellulose (C), anionic nanofibrillated cellulose (F) and microcrystalline cellulose (M) were 1798 

exposed to enriched inoculum from anaerobic digesters (AD) and wetland (W). Y-axis represents 1799 

16S rRNA level on log-scale. The relative abundance of each phylum is shown as stacked bars. 1800 

Suffix 2 and 6 represent after 2 and 6 weeks of incubation for biodegradation assays.  1801 
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Table S3.1. Hydrodynamic diameter using dynamic light scattering and zeta potential for 1802 

nanocellulose were measured using Zetasizer Nano ZS (Malvern, Worcestershire, UK). Standard 1803 

deviation from the mean is written in brackets.  1804 

 
Hydrodynamic Diameter (nm) Zeta Potential (mV) 

Anionic nanocrystalline 

cellulose 

259.8 ± 2.3 -53.9 ± 6.5 

Cationic nanocrystalline 

cellulose 

440.2 ± 61.5  +27.6 ± 7.5  

Anionic nanofibrillated 

cellulose 

791.7 ± 68.2 (Polydispersed) -45.7 ± 2.3 

 1805 

 1806 

Table S3.2. Bray-curtis Distance on class level. M: Microcrystalline cellulose, A: Anionic 1807 

nanocrystalline cellulose, C: Cationic nanocrystalline cellulose, F: Anionic nanofibrillated 1808 

celulose. Suffix 2 and 6 depict the microbial community after 2 and 6 weeks of incubation in the 1809 

biodegradation assay.  1810 

 
AD M+AD 2 M+AD 6 A+AD 2 A+AD 6 C + AD 2 C+AD 6 F + AD 2 

M+AD 2 0.179 0 
   

  
 

M+AD 6 0.208 0.149 0 
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A+AD 2 0.155 0.108 0.201 0 
 

  
 

A+AD 6 0.196 0.094 0.162 0.138 0   
 

C+ AD 2 0.226 0.137 0.187 0.091 0.174 0  
 

C + AD 6 0.239 0.134 0.167 0.138 0.118 0.135 0  

F + AD 2 0.074 0.147 0.206 0.141 0.152 0.198 0.197 0 

F + AD 6 0.201 0.071 0.172 0.090 0.092 0.111 0.087 0.161 

 1811 

 
W M+W 2 M+W 6 A+W 2 A+W 6 C + W 2 C+W 6 F + W 2 

M+W 2 0.122 0 
   

  
 

M+W 6 0.133 0.096 0 
  

  
 

A+W 2 0.095 0.085 0.112 0 
 

  
 

A+W 6 0.170 0.131 0.105 0.154 0   
 

C+ W 2 0.139 0.058 0.086 0.086 0.143 0  
 

C + W 6 0.188 0.134 0.097 0.153 0.092 0.123 0  

F + W 2 0.146 0.070 0.121 0.080 0.113 0.074 0.127 0 

F + W 6 0.181 0.127 0.139 0.109 0.135 0.086 0.131 0.102 

 1812 

 1813 
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Table S3.3. Hypothetical calculations of Surface area and Volume of anionic, cationic 1814 

nanocrystalline and anionic nanofibrillated celluloses used in this study assuming cylindrical 1815 

morphology. ‘Anionic’ refers to anionic nanocrystalline cellulose,  ‘Cationic’ refers to cationic 1816 

nanocrystalline cellulose, and ‘Fibrillated’ refers to anionic nanofibrillated cellulose. 1817 

Nanocellulose Average 

Length 

(nm) 

Average 

Diameter 

(nm) 

Surface Area 

(nm2) 

Volume (nm3) Surface area to 

Volume ratio 

(nm-1) 

Anionic59 
272 13 11633.7 36084.9 0.32 

Cationic33 
174 ± 18 11 ± 2 6389.9 ± 

171.0 

16527.4 ± 

9834.0 

0.39 ± 0.220 

Fibrillated34 
2 – 3 µm* 3 – 4  27513.5 ± 

1029.5 

24040.6 ± 

14875.0 

1.14 ± 0.665 

*According to Saito et al. 2008 each nanofiber consisted of few cellulosic chains of 870 nm size 1818 

and the length of nanofiber was few microns. For comparison of surface area to volume ratio 1819 

calculation here we assumed that the length of the nanofiber is 2-3 µm. As length of nanofiber 1820 

increases the surface area to volume ratio will decrease but will not get below 1 in this particular 1821 

case where average diameter ranges from 3 – 4 nm.  1822 

  1823 
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Chapter 4: Metagenomic insight into the role of nano-size and surface 2002 

properties on cellulose biodegradation 2003 

Authors 2004 

Gargi Singh, Gustavo Arango Argoty, Liqing Zhang, Lenwood S. Heath, Amy Pruden 2005 

4.1 Abstract: 2006 

Little is known about pathways through which cellulose degrades in the environment particularly 2007 

when it is in the nano-size range. This study employed shot-gun metagenomics to gain insight 2008 

into the role of nano-size range and surface charge on anaerobic cellulose degradation. Two 2009 

anaerobic cellulose-degrading enrichment cultures, derived from anaerobic digester and wetlands 2010 

inocula, were exposed to 0.1% w/v anionic or cationic nanocrystalline cellulose for four weeks. 2011 

Four weeks of incubation with nanocrystalline cellulose was expected to allow sufficient time for 2012 

shifts in microbial community DNA. Taxonomic analysis of assembled scaffolds detected 2013 

significant differences in microbial community following incubation with cellulose of 2014 

contrasting surface charge (+ve vs. –ve). Functional analysis revealed a wide range of 2015 

carbohydrate active enzymes by aligning scaffolds with the CAZy database. Little effect of size 2016 

(nano vs. micro) or surface charge (anionic vs cationic) of crystalline cellulose was observed in 2017 

the overall functional profiles, suggesting functional redundancy. Due to an absence of biological 2018 

replicates, it cannot be concluded that surface charge and size of crystalline cellulose do not 2019 

impact functional profiles of microbial communities. However, this study does suggest 2020 

functional resilience of cellulose degrading microbial communities on exposure to varied forms 2021 

of nanocrystalline cellulose and demonstrates advantage of assembling to scaffold level for 2022 

capturing a wide variety of carbohydrate active enzymes from cellulose degrading communities. 2023 

 2024 
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4.2 Introduction 2025 

Nanocellulose has recently emerged as a desirable nanobiomaterial, which promises versatility in 2026 

application, and eco-friendliness.1–7 Mass-scale application of nanocellulose will result in its 2027 

disposal into the environment and its subsequent interaction with environmental microbes, in 2028 

particular, cellulose degrading microbes, which play a major role in global carbon turnover.8–11 2029 

Recently, biodegradation of certain nano-forms of cellulose by wetland and anaerobic digester 2030 

derived microbial consortia was observed (chapter 2 and 3), demonstrating that surface charge 2031 

influenced the biodegradation rate and microbial community response. However, the potential 2032 

enzymatic activities that bring about biodegradation of cellulose, particularly in the nano-size 2033 

range remain unknown.  2034 

Notably, nano-forms of cellulose can differ in crystallinity, shape, and size relative to 2035 

typical natural forms of cellulosic substrates. Among nano-forms of cellulose, a variety of 2036 

surface morphologies and zeta potentials exist. Ease of surface functionalization of nanocellulose 2037 

can enable production of a wide range of desirable properties3,12 and elicit differential response 2038 

from environmentally relevant cellulose degrading microbial communities (chapter 3). The range 2039 

of properties within nano-forms of cellulose, and between bulk and nanocellulose suggests that 2040 

biodegradation pathways for nanocellulose could hypothetically differ. Additionally, properties 2041 

such as surface charge and morphology have the potential to influence microbial response and 2042 

thus the ultimate biodegradation pathway of nanocellulose.  2043 

Biodegradation of nanocellulose is especially of interest as a key process for determining 2044 

the ultimate fate and persistence of these novel materials in the environment. A significant 2045 

portion of nanocellulose of both domestic and industrial origin is likely to be disposed to 2046 

wastewater treatment plants. If they behave as other nanomaterials within wastewater treatment 2047 

plants, then nanocellulose is likely to partition into sludge phase13 and thus ultimately be directed 2048 



 105 

towards anaerobic digesters. In the natural environment, wetlands are critical hotspots for 2049 

cellulose degradation,9,14–16 and also may begin to receive direct inputs of nanocellulose as 2050 

wetlands are being considered for decentralized wastewater treatment.17,18 Thus, anaerobic 2051 

digesters and wetlands are relevant model environments for building an understanding of 2052 

anaerobic cellulose metabolism in general, and nanocellulose metabolism in particular.  2053 

Cellulose biodegradation has been characterized to proceed via suites of enzymes that 2054 

either act in synergy, or as part of a multi-component structure embedded in the cellular 2055 

membrane such as cellulosomes.11,19–22 Of particular interest are glycoside hydrolase (GH) 2056 

families and auxiliary activities (AA) families.  Enzymes within GH families are known to 2057 

hydrolyze the glycosidic bonds in carbohydrates,23–25 with certain GH families associated 2058 

primarily with cellulose degradation (C-GH).21,26–28 Auxiliary Activities (AA) families contain 2059 

lytic polysaccharide monooxygenases29,30 and are of relevance despite their low abundance as 2060 

they have strong preference for cellulose as a substrate and are associated with conversion of 2061 

crystalline cellulose regions into amorphous regions.31,32 Investigating the response of 2062 

environmentally relevant anaerobic cellulose degrading communities is challenging due to the 2063 

lack of adequate markers that capture the wide diversity of cellulose biodegradation pathways 2064 

and yet maintain specificity (chapter 2 and 3). Metagenomics has recently been applied to begin 2065 

to characterize enzymes and pathways involved in cellulose degradation in cow rumen,26 termite 2066 

guts,27 soil,21 and thermophilic environments.33 Similarly, metagenomics could serve as a 2067 

powerful tool to discern the implications of nano-forms of cellulose and surface charge on 2068 

microbial metabolism.  2069 

The objectives of this study were: a) to capture taxonomic and functional profiles of 2070 

anaerobic nanocrystalline cellulose-degrading microbial communities, b) to note the effect of 2071 
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contrasting surface charge on taxonomic and functional profiles of nanocrystalline cellulose 2072 

degrading communities, and c) to investigate the potential links between profiles of glycosidic 2073 

hydrolase families and cellulosic degrading environment and substrate. The response of 2074 

anaerobic digester and wetland derived anaerobic microbial communities AD or W to exposure 2075 

to cellulose with crystalline rod-like core and contrasting surface charges (+ve vs. –ve) was 2076 

compared using shotgun metagenomics. Whole sample metagenomic reads were assembled into 2077 

scaffolds and aligned with the CAZy database, a personalized database constructed from 2,785 2078 

fully sequenced assembled bacterial genomes, and the SILVA34 database for functional and 2079 

taxonomic annotation. Distinct shifts in the taxonomic profiles of microbial communities after 4 2080 

weeks exposure to nanocellulose with contrasting surface charge are demonstrated. The profile 2081 

of carbohydrate active families remained similar irrespective of surface charge or size, 2082 

suggesting a link between the functional profile and the crystalline rod-like structure of cellulose 2083 

used in this study. However, slight differences were noted in the profile of AA families on 2084 

exposure to anionic vs cationic forms of nanocellulose. The overall results provide insight into 2085 

anaerobic cellulose metabolism and implications of mass production of nano-forms of cellulose, 2086 

while establishing the groundwork for metagenomics as a tool for assessing impacts of novel 2087 

materials on microbial communities. 2088 

  2089 

4.3 Materials and Methods  2090 

4.3.1 Microcosm study 2091 

As reported earlier (chapters 2 and 3) two anaerobic cellulose-degrading enrichment cultures, 2092 

initially sourced from anaerobic digester (AD) and wetland (W) inocula, were exposed to either 2093 

anionic nanocrystalline cellulose (ANC) or cationic nanocrystalline cellulose (CNC).  2094 
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Microcrystalline cellulose served as a non-nano control. Anaerobic batch microcosms consisting 2095 

of 100 mL borosilicate glass bottles were inoculated with either 5 mL of AD or W enrichment 2096 

culture in 50 mL of modified C5 media (chapter 2) and spiked with 0.1% w/v ANC, CNC or 2097 

microcrystalline cellulose. The anaerobic batch microcosms were sacrificed periodically in 2098 

triplicates (chapter 2 and 3). Samples from week 4 along with parent culture AD and W were 2099 

selected for shot-gun metagenomic sequencing as summarized in Table 4.1.  2100 

4.3.2 Molecular methods 2101 

Genomic DNA was extracted from 200µL of microcosm slurry (Table 4.1) using the FastDNA 2102 

Spin Kit for soil (MP Biomedicals, Solon, OH) and stored at -20°C until further use. Libraries 2103 

were prepared via Nextera XT from genomic DNA for sequencing at the Virginia Bioinformatics 2104 

Institute (VBI). Metagenomic sequencing was done at VBI using rapid run for paired end 2105 

sequencing on HiSeq with a read length of 100 bp. On average, 33,699,231 filtered reads with 2106 

100 base pairs each were generated per sample. Metagenomic reads were uploaded on MG-2107 

RAST35 for direct downstream analyses. 2108 

4.3.3 Assembly and alignment of metagenomic data 2109 

Paired-end sequences from all 8 samples (Table 4.1) were assembled using IDB-UD36 with 2110 

default parameters (--mink=20, --maxk=100, --step=20). Fq2fa within the IDBA-UD suite was 2111 

used to convert paired-end fastq files to a merged fasta file. IDBA-UD was also used for 2112 

removing ambiguous reads, such as reads containing the N base character. Read adapters were 2113 

trimmed out previously by VBI. Scaffolds were translated into their respective six open reading 2114 

frames (ORFs) using the transeq tool of the EMBOSS suite37. An e-value of 10-10 was used as a 2115 

cutoff for selecting aligned matches. A personalized database was constructed from the 2,785 2116 

genomes assembled from shot-gun read fragment assembly38 available in NCBI’s repository 2117 
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(ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria/), referred to hereafter as the ‘in-house NCBI-2118 

derived database’. A total of 8,675,970 protein sequences along with their respective lineage 2119 

were extracted from the in-house NCBI-derived database. These protein sequences were aligned 2120 

to the six ORFs of each scaffold using DIAMOND.39 Translated scaffolds were similarly aligned 2121 

with the CAZy28 database and the SILVA database.34 The match with the highest bit score was 2122 

selected for each matching site within the scaffold. The most frequent annotation was selected 2123 

for each scaffold as its lineage annotation, referred to hereafter as the ‘best match’. The best 2124 

matches for samples were normalized with the total number of best matches in the sample havinf 2125 

the fewest scaffolds.  2126 

4.3.4 Statistical analysis 2127 

The package ecodist was used for calculating the Bray-Curtis distance based on taxonomic and 2128 

functional profiles generated via metagenomic sequencing in R version 3.2.1.40 Permutational 2129 

multivariate analysis of variance (PERMANOVA)41 was used to evaluate differences among 2130 

taxonomic and functional profiles obtained by different downstream processes. The R package 2131 

pvclust42 was used for hierarchical clustering of C–GH families. Absolute abundance was 2132 

defined as the number of best matches normalized to the total number of best matches present in 2133 

the sample having the fewest scaffolds i.e., W. Relative abundance was defined as the number of 2134 

best matches for an annotation over the total number of best matches in the sample. Relative 2135 

abundance of phylum or glycoside hydrolase family was square-root transformed prior to 2136 

statistical testing. A p-value of less than 0.05 was selected as the cutoff to define statistical 2137 

significance. A major change or difference in relative abundance in terms of taxonomy or 2138 

functional families was defined as more than 50% change or difference in relative abundance.  2139 

 2140 
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4.4 Results: 2141 

4.4.1 Summary of results from recent studies referred to in this study 2142 

AD and W cultures exposed to nanocrystalline celluloses with contrasting surface charges, ANC 2143 

or CNC, (reported in chapter 2 and 3) were sequenced after 4 weeks on the premise that 2144 

sufficient biodegradation had occurred by then to allow any differential enrichment of cellulose 2145 

degraders and resultant shifts in the microbial community genomic pool (Table 4.1). After 4 2146 

weeks, microcosms with ANC had significantly higher biomass, indicated by levels of 16S rRNA 2147 

gene, relative to microcosms with CNC for both AD and W cultures (chapter 2). At the time of 2148 

sampling for metagenomic sequencing, levels of cellulose and the cel48 gene, indicative of 2149 

cellulose biodegradation, in AD culture were higher for the microcosm with ANC condition 2150 

relative to CNC and contrariwise for W culture.  2151 

Table 4.1. Summary of microcosms with AD or W cultures that were investigated via 2152 

metagenomic sequencing. 2153 

Cellulose Form Culture Duration of 
Exposure (week) 

Preparation procedure 

NA AD 0 NA 

Microcrystalline 
cellulose (M) 

AD 4 NA 

Anionic nanocrystalline 
cellulose (ANC) 

AD 4 H2SO4 hydrolysis (chapter 2) 

Cationic nanocrystalline 
cellulose (CNC) 

AD 4 EPTMAC reaction (chapter 3) 

NA W 0 NA 

Microcrystalline 
cellulose (M) 

W 4 NA 

Anionic nanocrystalline 
cellulose (ANC) 

W 4 H2SO4 hydrolysis (chapter 2) 

Cationic nanocrystalline 
cellulose (CNC) 

W 4 EPTMAC reaction (chapter 3) 

 2154 
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4.4.2 Taxonomic and functional annotation of metagenomic reads and assembled scaffolds  2155 

Downstream analyses of metagenomic reads via MG-RAST suggested that on average 98.3% 2156 

reads matched with sequences in the bacterial kingdom (Table S4.1). Metagenomic reads (on 2157 

average 33,699,231 per sample) were successfully assembled into scaffolds for capturing the 2158 

taxonomic and functional diversity of cellulose degrading communities with high confidence (e-2159 

values <10-10) and optimum use of metagenomic reads (Table S4.2). The assembly process 2160 

utilized 89% of filtered reads from metagenomic sequencing. The N50-value of the assembled 2161 

scaffolds ranged from 1,934 to 33,552 across the samples (Table S4.2), suggesting that the 2162 

sequencing depth was sufficient to achieve assembly of scaffolds comparable to or better than 2163 

other studies33. Some scaffolds were more than a million base pairs long (Figure S4.1). Coverage 2164 

of the metagenomic assembly as illustrated in Figure S4.1 was sufficient for the sequencing 2165 

depth (270 million reads of 100 bp each, a total of 27 billion bases). Taxonomic matches against 2166 

the SILVA database had e-values higher than the determined cut-off, indicating lower confidence 2167 

in taxonomic assignment and were rejected from further analyses. Scaffolds mostly contained 2168 

multiple matching sites (Figures S4.2 and S4.3) demonstrating that the scaffolds were less likely 2169 

to be artifacts. In general, there was agreement among multiple sites within a scaffold as 2170 

illustrated in Figures S4.2 and S4.3 highlighting that multiple matching sites within a scaffold 2171 

were perhaps derived from closely related microbes, which added further confidence in the 2172 

assembly process. On average, 12.2% of the scaffolds had at least one match with the CAZy 2173 

database, whereas 83.4% of the scaffolds had a match to the in-house NCBI-derived database  2174 

(Table S4.3). As seen in Figure S4.3, upon alignment with the CAZy database, most scaffolds 2175 

had a single best match for taxonomic classification and scaffolds had more than 95% agreement 2176 

on taxonomic classification at the phylum level within matching sites.  2177 
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 2178 

 2179 

Figure 4.1. Taxonomic annotation profile based upon alignment with in-house NCBI-derived 2180 

across samples database after 0 and 4 weeks of incubation with various celluloses. Y-axis 2181 

represents relative abundance of classes with relative abundance above 1%. Prefixes, M – 2182 

microcrystalline cellulose, A – anionic nanocrystalline cellulose, and C – cationic 2183 

nanocrystalline cellulose. Stand-alone legends AD and W – microbial communities originally 2184 

derived from anaerobic digester and wetland respectively that were inoculated in microcosms. 2185 

Suffix AD – microcosms inoculated for 4 weeks with culture originally derived from an 2186 

anaerobic digester and suffix W – microcosms inoculated for 4 weeks with culture originally 2187 

derived from a wetland.   2188 

 2189 

Alignment with the in-house NCBI-derived database was done to capture a wider range of taxa 2190 

than was possible with the CAZy or SILVA database alone. Since greater than 98% of 2191 
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metagenomic reads were identified, as belonging to the Bacteria kingdom, alignment with the in-2192 

house NCBI-derived database, which chiefly comprised of fully sequenced bacterial genomes, 2193 

was considered appropriate. Taxonomic profiles based on alignment of the scaffolds with the in-2194 

house NCBI-derived database suggest that the dominant phyla across all samples were 2195 

Actinobacteria, Bacteroidia, Firmicutes (Bacilli, Clostridia, Negativicutes) and Proteobacteria 2196 

(α–, β–, γ–, δ–, and ε– Proteobacteria) (Figure 4.1). These phyla are known to host the majority 2197 

of known cellulose biodegraders and some members of these phyla carry more than one 2198 

glycoside hydrolase per genome.43 Notably, the distinctness of cultures AD and W on the class 2199 

level as noted by metagenomic investigation (Bray-Curtis distance between cultures AD and W = 2200 

0.27, Table S4.4) was lower as opposed to that detected by amplicon sequencing in recent studies 2201 

(Bray-Curtis distance between cultures AD and W = 0.56, chapter 2 and 3). As the in-house 2202 

NCBI-derived database had few archaeal and viral genomes, there were scant matches for 2203 

Archaea (0.17 – 0.37%), and bacteriophages (<0.01%) (Appendix B). Archaeal phyla included 2204 

Crenarchaeota, Euryarchaeota, Korarchaeota, Nanoarchaeota and Thaumarchaeota. Viral 2205 

matches consisted of dsDNA viruses. The following sections focus specifically on phyla known 2206 

to host cellulose degraders. 2207 

 2208 

Incubation of the AD and W cultures in the anaerobic batch reactors: In a companion study, 2209 

slight shifts in the microbial community profile of AD and W were observed upon incubation in 2210 

the anaerobic batch microcosms, where they were diluted in minimal modified C5 media 2211 

(chapter 3) and various forms of cellulose (Table 4.1, chapter 2, 3). As observed from alignment 2212 

of scaffolds with the in-house NCBI-derived database, AD and W shifted slightly in terms of 2213 

Bray-Curtis distance (AD = 0.29 and W = 0.42, Table S4.4) after 4 week incubation in 2214 
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microcosms. In the microcosms AD culture, Clostridia and Bacilli had major increases in 2215 

relative abundance on incubation inthe microcosms, whereas, Bacteroidia and β– Proteobacteria 2216 

had a major decrease. In microcosms inoculated with W culture, Clostridia and δ– 2217 

Proteobacteria had a major decrease in relative abundance, on the other hand, α– and β– 2218 

Proteobacteria had a major increase in relative abundance.  2219 

 2220 

Exposure to nanocrystalline cellulose with contrasting surface charges: AD culture displayed 2221 

considerable similarity (i.e., small dissimilarity) when exposed to ANC and CNC at the class 2222 

level (Bray-Curtis distance = 0.11, Table S4.4). In microcosms with W culture, spiking of CNC 2223 

or ANC appeared to induce a considerable shift in taxonomic profile (Bray-Curtis distance = 2224 

0.38, Table S4.4).  In W culture, the relative abundance of Clostridia and δ– Proteobacteria were 2225 

higher on exposure to ANC, while that of α– and β– Proteobacteria was lower relative to CNC.  2226 

Taxonomic profiles of AD and W microbial communities generated from alignment with the 2227 

CAZy and the in-house NCBI-derived databases were significantly different from each other 2228 

(PERMANOVA test, p-value < 0.05; Bray-Curtis distance between the taxonomic annotation 2229 

based on the CAZy and the in-house NCBI-derived database on the phylum level for AD = 0.68, 2230 

and for W = 0.35, Table S4.5, Figure S4.4, Supplementary Information). However, taxonomic 2231 

annotation based on both the CAZy and in-house NCBI-derived databases were in general 2232 

agreement that AD and W shifted uniquely with the transition to batch reactors and upon 2233 

exposure to nanocrystalline celluloses with different surface charges. Taxonomic profiles of AD 2234 

and W cultures as annotated via metagenomic reads analyzed directly through the MG-RAST 2235 

pipeline were similar to that annotated on alignment of scaffolds with the in-house NCBI-derived 2236 

database (PERMANOVA test, p> 0.05, Figures 4.1, S4.5 and S4.6, Table S4.5). 2237 
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The taxonomic profiles obtained via scaffolds were compared with those achieved via more 2238 

conventional amplicon sequencing aligned with the SILVA database in recent studies (chapter 2 2239 

and 3). For the AD and W cultures, significant differences were noted on annotation of scaffolds 2240 

and amplicon sequencing (Bray-Curtis distance for AD = 0.21, W = 0.57, Table S4.5, and Figure 2241 

S4.5). For AD culture, Bacteroidia and δ– Proteobacteria were detected in higher abundance and 2242 

α– and β– Proteobacteria in lower abundance on alignment of scaffolds with in-house NCBI-2243 

derived database, relative to amplicon sequences aligned with the SILVA database. On the other 2244 

hand, for the W culture, Bacteroidia, β–, and γ– Proteobacteria were detected in higher 2245 

abundance and α– Proteobacteria were detected in lower abundance through metagenomic 2246 

investigation, relative to amplicon sequencing.  2247 

However, the microbial community profiles from amplicon sequencing in the companion study 2248 

(chapter 3) demonstrated distinct shifts at the phylum level on transition to microcosms and 2249 

exposure to ANC and CNC, similar to the observation from metagenomic investigation in this 2250 

study. 2251 

 2252 

4.4.3 Functional profile 2253 

Upon alignment with the CAZy database, which consists exclusively of carbohydrate active 2254 

enzymes28, a large functional diversity was noted (Appendix C). 110 GH families, 51 2255 

carbohydrate binding modules (CBM) families, 15 carbohydrate esterases (CE) families, 10 2256 

auxiliary activities (AA) families, 51 glycosyl transferase (GT) families, and 20 polysaccharide 2257 

lyases (PL) families were detected across all samples. 38.4% of the best matches belonged to GH 2258 

families, 31.4% to CBMs, 1.4% to AAs, 5.8% to CEs, 21.4% to GT, and 1.5% to PLs (Figure 2259 

S4.7 and Appendix C). The three most abundant GH families were GH 23 (13.6%), GH 13 2260 
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(7.9%), and GH 18 (6.1%). Comparison of GH families in parent cultures AD and W with those 2261 

detected in other cellulose degrading environments21,26,27,33 suggests that the profile of GH 2262 

families is unique in this study (Figure S4.8). However, the relative abundance of GHs between 2263 

the AD and W cultures before and after incubation with various cellulosic substrates were 2264 

markedly similar (Table S4.6). Conversely, downstream analysis via the MG-RAST server 2265 

suggests that both AD and W cultures exposed to ANC and microcrystalline cellulose had higher 2266 

relative abundance of GH families relative to exposure of CNC (Figure S4.9).  2267 

 2268 

AA families: The profiles of AA families were considerably similar for both cultures, AD and W, 2269 

with AA 10 and AA 6 as dominant AA families (Figure 4.2). Slight differences in the profiles of 2270 

AA families upon 4 week incubation were observed for both the AD and W culture (Figure 4.2, 2271 

Table S4.7, Bray-Curtis distance for AD = 0.07, W = 0.18). On exposure to nanocrystalline 2272 

cellulose with contrasting surface charges, both the AD and W cultures had differential 2273 

enrichment of genes related to AA 1, 3, and nc. The AA 1, 3, and nc families were more abundant 2274 

on exposure to CNC for both cultures. Overall, the AA families across the samples were 2275 

markedly similar as quantified via Bray-Curtis distance (Table S4.7). The absolute abundance of 2276 

best matches for AA families was lower relative to that for GH families (Figure S4.7 and 2277 

appendix C). 2278 

 2279 
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 2280 

Figure 4.2. Distribution of AA families across different microcosms as annotated by the CAZy 2281 

database. M – microcrystalline cellulose, A – anionic nanocrystalline cellulose, and C – cationic 2282 

nanocrystalline cellulose. Stand-alone legends AD and W represent microbial communities 2283 

originally derived from anaerobic digester and wetland respectively, whereas suffix AD 2284 

represents microcosms that were inoculated for 4 weeks with anaerobic digester derived parent 2285 

culture and suffix W represents that microcosms were inoculated with the wetland-derived parent 2286 

culture. 2287 

 2288 

C–GH families: To focus on enzymes directly related to cellulose biodegradation, select C–GH 2289 

families (GH 1, 3, 5, 6, 7, 8, 9, 12, 30, 44, 45, and 484,27,33) were examined separately from the 2290 

rest of the matches with the CAZy database (Figures 4.3 and S4.10). The C–GH families 2291 

comprised nearly 17% of all GH families detected across the samples. Overall, GH 1, 3, and 5 2292 
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appeared to have the highest relative abundance of all other C-GH families, whereas GH 12, 44, 2293 

45, and 48 were found in low amounts across all the samples (Figures 4.3, 4.4, and S4.10). 2294 

Relative abundance of C-GH families across all microcosms were highly similar (Figure S4.10, 2295 

Bray-Curtis distance, Table S4.8). Thus treating the samples essentially as replicates, the data for 2296 

C–GH families was combined for comparison with recently reported metagenomic studies of 2297 

other cellulose degrading environments.4,21,27,33 Overall, the profiles of both GH and C–GH 2298 

families was observed to be distinct relative to those reported in prior studies4,21,27,33 (Figure S4.8 2299 

and S4.11). In the present study, C-GH families clustered in two significant clusters (Figure 2300 

S4.12) (heirarchial clustering based on Bray-curtis distance on square-root transformed data, p-2301 

value<0.05), where one cluster included GH 6, 8, and 12 and the other cluster consisted of GH 9,  2302 

44, 45, and 48.  2303 

 2304 



 118 

 2305 

Figure 4.3. C-GH families in both AD and W cultures across different microcosms. Y-axis 2306 

represents relative abundance of best matches within each category. M – microcrystalline 2307 

cellulose, A – anionic nanocrystalline cellulose, and C – cationic nanocrystalline cellulose. 2308 

Stand-alone legends AD and W represent microbial communities originally derived from 2309 

anaerobic digester and wetland respectively, whereas suffix AD represents microcosms that were 2310 

inoculated for 4 weeks with anaerobic digester derived parent culture and suffix W represents 2311 

that microcosms were inoculated with the wetland-derived parent culture. 2312 

 2313 

The entries within the CAZy database have taxonomic annotation associated with them, which 2314 

were used to note the distribution of C-GH families across different phyla (Figure 4.4 and 2315 

Appendix D). The parent culture AD had GH 1 in Firmicutes, GH 3 and 5 in Firmicutes, 2316 
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Bacteroidetes/Chlorobi, Proteobacteria, and Actinobacteria, and GH 6 in Actinobacteria, GH 9 2317 

in Firmicutes and Bacteroidetes/Chlorobi (Figure 4.4). Interestingly, while the same five GH 2318 

families were also dominant in the parent culture W, fewer GH families were mapped out to be 2319 

present within Bacteroidetes/Chlorobi (Figure 4.4). The best matches for less abundant GHs 8, 2320 

12, 44, 45, and 48 were mostly assigned Firmicutes, Proteobacteria, and Bacteroidetes/Chlorobi 2321 

for AD culture and Firmicutes and Proteobacteria for W culture. Best matches for C-GH 2322 

families with lower abundance in microcosm with the AD culture were spread across 2323 

Chlamydiae/Verrucomicrobia (GH 3 and 5), Chloroflexi (GH 1, 3, and 8), Cyanobacteria (GH 2324 

1), Planctomycetes (GH 5), and Spirochaetes (GH 3 and 5). In the W culture, a lower abundance 2325 

of best matches for C-GHs were detected in Bacteroidetes/Chlorobi.  2326 

Upon 4 weeks incubation in microcosms, there was no significant difference in the distribution 2327 

of C-GH families across the phyla for both the AD and W cultures (PERMANOVA test, p>0.05). 2328 

For the AD culture, the C-GH families appeared to decrease within Proteobacteria for GH 3, 2329 

Actinobacteria for GH 3 and 6, and Bacteroidetes/Chlorobi for GH 3, 5, and 9. Whereas, the 2330 

relative abundance of C-GH families in culture W increased within Actinobacteria and 2331 

Proteobacteria for GH 3, 5, and 6, Bacteroidetes/Chlorobi for GH 3, and Firmicutes for GH 1 2332 

and  9.  2333 

A comparison of the effect of contrasting surface charge on the taxonomic distribution of C-GH 2334 

families suggests that GH 1, 3, 5, 6, and 9 remained chiefly distributed among Proteobacteria, 2335 

Actinobacteria, Bacteroidetes/Chlorobi, and Firmicutes phyla following incubation with ANC or 2336 

CNC for both cultures AD and W. In the AD culture, there was considerable similarity on 2337 

exposure to ANC or CNC. For culture W, GH 3 within Actinobacteria and Proteobacteria and 2338 

GH 5 within Bacteroidetes/Chlorobi were more abundant on exposure to ANC relative to CNC, 2339 
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whereas GH 9 was less abundant within Firmicutes on exposure to ANC, relative to CNC.  2340 

 2341 

 2342 

Figure 4.4. Profile of C-GHs in anaerobic batch microcosms with cellulosic substrates after 4 2343 

weeks of incubation. Glycoside hydrolase families are assigned taxonomic identities on phylum 2344 

level in accordance with the entries in CAZy database. Suffix AD and W: parent cultures 2345 

originally from anaerobic digester and wetland respectively, which were exposed to following 2346 

forms of cellulose as represented by prefix- M: Microcrystalline cellulose, A: Anionic 2347 

nanocrystalline cellulose, C: Cationic Nanocrystalline cellulose. 2348 

 2349 
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4.5 Discussion:  2350 

4.5.1 Metagenomic assembly and coverage 2351 

The metagenomic approach applied in this study resulted in a high level of confidence in the 2352 

assembly and enabled robust characterization of the anaerobic cellulose-degrading communities. 2353 

Nearly 89% of the sequenced reads were incorporated into scaffolds, indicating an effective 2354 

utilization of reads. As illustrated in Figure S4.1, the coverage of the assembled scaffolds was 2355 

sufficient according to the current sequencing depth (270 million 100 base pair reads, a total of 2356 

27 billion base pairs) and comparable with other studies.26,33 Assembling reads into scaffolds, a 2357 

high utilization ratio of reads (Table S4.2), and high coverage (Figure S4.1) can be attributed to 2358 

capturing of a wider variety through functional annotation compared to other recent 2359 

studies.21,26,27,33 The high N50 values of assembled scaffolds ranging from 1,934 to 33,552 and 2360 

the corresponding high coverage (Figure S4.1) resulted in a comparable annotation rate with the 2361 

CAZy database33 (12.3% average for all samples, Table S4.2) and a higher annotation efficiency 2362 

with the in-house NCBI-derived database (83.1% average for all samples, Table S4.2) than other 2363 

recent metagenomic investigations of cellulose biodegradation.21,26,27,33 It is possible that the 2364 

higher N50 values allowed higher annotation efficiency with in-house NCBI-derived database.  2365 

4.5.2 Insight into the effect of varying forms of cellulose on taxonomic and functional profiles 2366 

In this study, the in-house NCBI-derived database was chosen for primary taxonomic 2367 

annotation. The CAZy database complemented taxonomic information from the in-house NCBI-2368 

derived database by providing more detailed information on function and associated taxonomic 2369 

assignment. The best matches with the popular SILVA database44–49 were few and were 2370 

characterized with high e-values possibly because the metagenomic survey does not exclusively 2371 

target 16S rRNA genes and the numerical strength of reads is lost after assembling into scaffolds.  2372 
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The in-house NCBI-derived database consists of full-length genomes, unlike the CAZy 2373 

and the SILVA database, which target specific enzymes or gene.28,34 This characteristic of the in-2374 

house NCBI-derived database permitted use of the entire length of the scaffold for taxonomic 2375 

assignment (Figure S4.2) without being limited to a specific target gene or function. The 2376 

taxonomic range inherent in the in-house NCBI-derived database at the phylum level is more 2377 

diverse than either the SILVA or the CAZy database (Figure S4.13), and this trend was reflected 2378 

in the number of detected phyla (Appendices A and B). It is possible that the different emphases 2379 

of these database (the in-house NCBI-derived database on sequences of fully sequenced bacterial 2380 

genomes, the SILVA database on 16S rRNA gene, and the CAZy database on carbohydrate active 2381 

enzymes) resulted in slightly different inherent taxonomic profiles for these databases (Figures 2382 

4.4 and S4.13) and introduces biases in annotation based on alignnment with them. The 2383 

taxonomic profiles obtained on annotation based on the in-house NCBI-derived database and the 2384 

CAZy database were different for both AD and W cultures. This difference is expected as the in-2385 

house NCBI-derived database incorporates and considers the entire length of genome for purpose 2386 

of annotation, whereas the CAZy database emphasizes on a set of functions and related 2387 

taxonomy for annotation. 2388 

Taxonomic Profile: The dominant classes detected in both the AD and W cultures via 2389 

metagenomics are known to host the majority of bacterial cellulose degraders, which affirms 2390 

presence of cellulose degraders in both microbial communities in overall agreement with the 2391 

studies reported earlier (chapters 2 and 3). The broad similarities between microbial community 2392 

composition on class level of AD and W cultures as detected by both high-throughput 2393 

sequencing methods indicates confidence in both sequencing methods. However, minimal 2394 

differences in microcosms exposed to nanocrystalline cellulose with contrasting surface charges 2395 
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were detected for AD culture, which is unlike the findings of 16S rRNA amplicon sequencing 2396 

investigation reported earlier  (chapter 3). Whereas, major shifts on exposure to nanocrystalline 2397 

cellulose with contrasting surface charges were detected for W culture, which is similar to the 2398 

results reported earlier (chapter 3). It is possible that there were important differences within the 2399 

AD culture incubated with ANC and CNC that were not detectable given the resolution of 2400 

metagenomic investigation in the present study. Notably, the microbial communities AD and W 2401 

exposed to either ANC or CNC were sequenced for metagenomics after 4 weeks of incubation, 2402 

whereas for via 16S rRNA amplicon sequencing the microbial communities were incubated for 6 2403 

weeks. It is possible that the additional time of two weeks between metagenomics and 16S rRNA 2404 

amplicon sequencing provided opportunity for further shift in microbial community composition 2405 

for AD culture that was picked up by amplicon sequencing.  2406 

Functional Profile: The functional profiles based on alignment with the CAZy database 2407 

indicated presence of a wide diversity of enzymatic families involved in carbohydrate (albeit not 2408 

necessarily cellulose) related activity in both the AD and W cultures. Of the detected enzymatic 2409 

families, the major players were the GH, AA, CBM and PL families, which are often associated 2410 

with carbohydrate degradation. The clustering of C–GH families suggested the possibility that 2411 

the C-GH families within each cluster worked together in synergy to degrade cellulose. (The two 2412 

clusters are comprised of GH 6 and 8, and GH 9, 44, 45, and 48; Figure S4.12). As, the GH 2413 

families that clustered together were low in absolute and relative abundance across all samples 2414 

(Appendix C, Figures 4.3 and S4.10), it is likely that these GH families clustered together 2415 

because they had comparable low abundance and not because of their actual functionality.  2416 

Among AA families, AA10 was most abundant (Figure 4.2), whose flat substrate binding 2417 

surface61,62 suggests its preference for crystalline forms of cellulose. Detection of 10 of 13 2418 
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known auxiliary families indicated the possible transformation of the crystalline cellulose used in 2419 

this study for its successful degradation by enzymes specific to the amorphous region of 2420 

cellulose.50–52 On the other hand, the majority of best matches for C–GH families matched GH 3 2421 

(28%), followed by GH 5 (24%) and GH 1 (15%). The profile of various GH families suggested 2422 

dominant presence of exocellulase enzymes, which cleave cellobioses from the free ends, over 2423 

endocellulase enzymes, which attacks the amorphous regions in cellulose randomly cleaving 2424 

cellooligosaccharides and creating free ends.63   The proportion of enzymes characterized as 2425 

endocellulases and exocellulases among the C–GH families suggests that GH 5, 6, 9, 12, 44, 45 2426 

and 48 are more likely to be engaged in degradation of complex carbohydrates than GH 1 and 2427 

3.43 It is likely that C–GH families such as GH 5 degraded crystalline cellulose through 2428 

endocellulases into cellooligosaccharides, which were further degraded by exocellulases 2429 

abundant in GH 1 and 3. The lowest relative abundance among C–GH families was of GH 12, 2430 

44, 45 and 48, all of which predominantly consist of exocellulases.43 This is consistent with other 2431 

metagenomic investigations on cellulose biodegradation that have observed low abundances of 2432 

GH 12, 44, 45 and 48.4,27,33  2433 

Notably, all the cellulosic substrates applied in this study were crystalline in nature, 2434 

lacking amorphous regions, and possessing a rod-like core,5,53,54 which is simpler than the 2435 

structure and arrangement of cellulose in wood.5,6,55 While, it is possible that structural similarity 2436 

(i.e., crystallinity and rod-shaped core) of cellulosic substrates was a driver of functional profile 2437 

resulting in similar GH and C-GH profiles and comparable AA profiles for both AD and W 2438 

cultures, it is also possible that metagenomic approach in this study did not have sufficient 2439 

resolution to detect minor differences in functional profiles. Minor differences on both functional 2440 

and taxonomic levels can be important drivers of variance in metabolism of cellulose degrading 2441 
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communities, as the potential for initial hydrolytic steps of cellulose degradation is limited to few 2442 

microbes that are spread across varied phyla.9,10,43,56–60 2443 

Comparisons with cellulose degrading microbial communities from other studies (Figures 2444 

4.8 and 4.11) indicated that biodegradation of different cellulosic substrates in disparate 2445 

environments resulted in distinct profiles of the GHs and C-GH families. It is likely that the 2446 

uniqueness of cellulosic substrates and cellulose degrading environments (cow rumen,26 termite 2447 

gut,27 thermophillic reactors,33 and soil21) contribute to distinct functional profiles. It is also 2448 

possible that assembling reads to the scaffold level accorded the present study with a higher 2449 

variety of GH families, which affected comparability with other studies. However, overall 2450 

similarity in profiles of GH, C–GH and AA families between AD and W, which were confirmed 2451 

to have distinct microbial community composition suggests that properties of substrates and 2452 

environmental factors such as temperature and oxidation potential are perhaps major drivers of 2453 

functional profiles and thus potentially metabolism relative to the microbial community 2454 

composition.  2455 

The similar functional profiles of crystalline cellulose degrading communities on 2456 

exposure to nanocrystalline cellulose with different surface charges indicated the resilience of 2457 

environmentally relevant cellulose degrading communities on the functional level. Interestingly, 2458 

some C–GH families shifted their taxonomic residence with time as the microcosms were 2459 

incubated with CNC or ANC, suggesting that, while a particular function may remain stable in a 2460 

community, the taxonomy of the organisms associated with that function may shift, further 2461 

demonstrating the principle of functional redundancy, which might contribute towards functional 2462 

resilience of the cultures AD and W.  2463 
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4.5.3 Caveats in interpreting the information from assembled scaffolds 2464 

Although, this study did not capture potentially important regulation on the transcriptional and 2465 

translational level, metagenomic investigation with a focus on DNA is capable of capturing 2466 

trends of enrichment and attenuation of microbes on exposure to various cellulosic substrates. 2467 

The biomass in microcosms exposed to ANC was nearly an order of magnitude higher relative to 2468 

CNC and the corresponding shifts in microbial community composition were successfully 2469 

captured on the class level by both amplicon (chapter 2 and 3) and metagenomic sequencing. An 2470 

advantage of amplicon sequencing is that it provides deep, targeted information about a well-2471 

characterized gene highly suitable for taxonomic analysis. Additionally, information derived 2472 

from amplicon-sequencing is considered to retain more quantitative information33 relative to 2473 

metagenomics with assembly. Despite differences in the taxonomic profiles drawn through 2474 

amplicon sequencing (chapter 2 and 3) and metagenomic sequencing in this study (Figure S4.5), 2475 

there was agreement on major shifts in taxonomic profiles of AD and W cultures during 2476 

incubation with various forms of cellulose.  This illustrates the ability of metagenomic 2477 

sequencing to capture substantial differences and trends in the taxonomic profiles of microbial 2478 

communities despite loss of quantitative information.  2479 

On the other hand, the corresponding similarity of functional profiles obtained from this 2480 

metagenomic survey indicated that, while the presence of different forms of nanocrystalline 2481 

cellulose was sufficient to impact biomass, the resolution of metagenomic investigation is 2482 

hypothetically too low to capture functional differences demonstrated by targeting cel48 as 2483 

reported earlier (chapter 2 and 3). It is also possible that the microorganism:substrate to mass 2484 

ratio was high enough to mask its potential impact on the profiles of the GH, C–GH, and AA 2485 

families.  2486 
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While the present study did not examine biological replicates, prior analysis via 16S 2487 

rRNA gene amplicon sequencing and qPCR indicated a high level of replication among 2488 

triplicates (chapter 2 and 3). Given that there was a high level of similarity in GH and C–GH 2489 

profiles across most of the samples in this study, treating these samples as replicates provided a 2490 

robust means to compare with GH and C–GH profiles reported in the literature. Individual 2491 

comparisons within this study, such as taxonomic shifts in culture upon exposure to the different 2492 

nanocellulose were directly compared to amplicon sequencing results, where biological 2493 

triplicates were available and can be viewed as trends of potential interest for further study.  2494 

  Another caveat in quantitative analyses of assembled metagenomic data is the exclusion 2495 

of coverage information by statistical tests.33 Development of statistical methods that include 2496 

coverage and thus prevent loss of quantitiative information is needed. In this study, the high 2497 

coverage (Figure S4.1) and high annotation efficiency offset to some degree the disadvantage of 2498 

unavoidable loss of quantitative information post-assembly. Further, the high variety of 2499 

functional families associated with carbohydrate related activities as detected here affirms the 2500 

advantage of using assembled reads for capturing the wide diversity of genes related to 2501 

carbohydrate active enzymes.26,28 However, assembled reads remain as susceptible to the biases 2502 

and limitations inherent to both the sequencing reaction and the database as unassembled reads33 2503 

(Figure S4.13).  2504 

Notwithstanding the loss of quantitative information and inclusion of biases of databases 2505 

and sequencing, the proportion of the best matches for scaffolds within a sample provided 2506 

evidence of the presence of that particular match and is indicative of its abundance. This is based 2507 

on the reasoning that the more abundant genes or DNA fragments are more likely to be 2508 

sequenced, successfully assembled and aligned with databases than less abundant ones 2509 
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(assuming that corresponding entries exist within the database). Consequently, in this study, the 2510 

proportion of best matches for scaffolds in a sample was considered to be indicative of the actual 2511 

abundance in the biodegradation assays.  2512 

4.6 Summary 2513 

This study applies metagenomic sequencing, assembly alignment, and comprehensive functional 2514 

and taxonomic comparison to gain new insights into anaerobic cellulose degradation, with an 2515 

emphasis on nanocellulose and its surface charge. A diverse array of enzyme families associated 2516 

with cellulose degradation were detected across microcosms inoculated with two distinct cultures 2517 

and compared with recent studies in the literature. Despite notable shifts in the taxonomic 2518 

profiles of the microbial communities, there was little evidence in this study that nanocrystalline 2519 

cellulose, either with positive or negative surface charge is degraded in a distinct manner relative 2520 

to microcrystalline cellulose. Regardless, anaerobic cellulose degradation appears to be a robust 2521 

and functionally-redundant capability and is not challenged by nano-form of cellulose. 2522 
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4.8 Supplementary Information 2528 

 2529 

Summary of taxonomic alignment with CAZy: Taxonomic annotation on the basis of the CAZy 2530 

database suggested a significant difference between the AD and W cultures that were inoculated 2531 

in microcosms (Bray-curtis distance = 0.48, Table S4.9), comparable to the taxonomic profile 2532 

obtained from high-throughput amplicon sequencing (chapter 2). The predominant classes in AD 2533 

culture as indicated by alignment with the CAZy database were Acidobacteria, α– and β– 2534 

Proteobacteria, and Bacteroidia, whereas in W culture, Actinobacteria, Bacilli, Bacteroidia, 2535 

Clostridia, and β–, γ–, δ–, and ε– Proteobacteria were the dominant classes. The taxonomic 2536 

profile of the W culture, unlike that of the AD culture, based on the CAZy database, was in 2537 

general agreement with the taxonomic annotation based on the in-house NCBI-derived database.  2538 

Incubation of the AD and W cultures in the anaerobic batch reactors: On transition from parent 2539 

enrichment reactors to microcosms, the taxonomic profile of AD as assigned by alignment with 2540 

the CAZy database exhibited a dramatic shift, whereas the W culture had a comparably less 2541 

remarkable shift  (Figure S4.9, Bray-Curtis distance for AD = 0.50, and W= 0.08). In 2542 

microcosms with the AD culture, α– and β– Proteobacteria had a major reduction in relative 2543 

abundance, while Bacilli, Clostridia, and γ–, δ–, and ε– Proteobacteria underwent a major 2544 

increase in relative abundance on transition from the parent enrichment reactor to microcosms 2545 

and subsequent dilution. In microcosms with the W culture, the shift in microbial community 2546 

was less remarkable (Bray-Curtis distance = 0.08), with a major increase in the relative 2547 

abundance of α– and β– Proteobacteria and a major decrease in the relative abundance of 2548 

Clostridia. The microbial community composition of AD microcosms exposed to CNC or ANC 2549 

were considerably different as assigned by alignment with the CAZy database (Bray-Curtis 2550 

distance for AD = 0.47, Table S4.9). The major differences of relative abundance in AD culture 2551 
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were in classes, Acidobacteria, Actinobacteria, Clostridia, and α–, β–, δ–, and ε– Proteobacteria, 2552 

whereas, for culture W there was no major difference on exposure to ANC and CNC (Bray-2553 

Curtis distance  = 0.09). 2554 

 2555 

Comparison of taxonomic profiles obtained by the CAZy and in-house NCBI-derived databases: 2556 

The taxonomic profiles of AD and W microbial communities generated from alignment with the 2557 

CAZy and in-house NCBI-derived databases were significantly different from each other 2558 

(PERMANOVA test, p-value < 0.05; Bray-Curtis distance between taxonomic annotation based 2559 

on the CAZy and in-house NCBI-derived databases on the phylum level for AD = 0.68, and for 2560 

W = 0.35, Table S4.5). Taxonomic annotation based on both the CAZy and in-house NCBI-2561 

derived databases were in general agreement that AD and W shifted uniquely with transition to 2562 

batch reactors and upon exposure to nanocrystalline celluloses with different surface charges. 2563 

The microbial community profiles from amplicon sequencing  (ch2) demonstrated distinct shifts 2564 

at the phylum level on transition to microcosms and exposure to ANC and CNC, similar to the 2565 

observations from a companion study (chapter 3). Notably, taxonomic profiles obtained on 2566 

alignment of metagenomic data with both the CAZy and in-house NCBI-derived databases were 2567 

significantly different from the profile obtained from 16S rRNA amplicon sequencing in a recent 2568 

companion study (chapter 2 and 3, Figure S4.5, PERMANOVA test, p-value<0.05).  2569 

  2570 
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Table S4.1. Kingdom level classification of microbial communities according to MG-RAST 2571 

pipeline. M – microcrystalline cellulose, A – anionic nanocrystalline cellulose, and C – cationic 2572 

nanocrystalline cellulose. Stand-alone legends AD and W represent microbial communities 2573 

originally derived from anaerobic digester and wetland respectively, whereas suffix AD 2574 

represents microcosms that were inoculated for 4 weeks with anaerobic digester derived parent 2575 

culture and suffix W represents that microcosms were inoculated with the wetland-derived 2576 

parent culture.  2577 

 2578 

  2579 

 AD MAD SAD CAD W MW SW CW 

Archaea 71732 61453 26243 38138 56503 6547 19700 56624 

Bacteria 6849264 5916078 7747807 8023522 5454122 8437437 5974601 5510017 

Eukaryota 37644 30351 28623 53834 27975 60537 28151 25820 

Viruses 61189 21992 60578 17934 16786 15488 16660 17161 

Other 7777 3256 5984 7395 5720 6799 4098 5011 
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Table S4.2. Summary of metagenomic assembly process. M – microcrystalline cellulose, A – 2580 

anionic nanocrystalline cellulose, and C – cationic nanocrystalline cellulose. Stand-alone legends 2581 

AD and W represent microbial communities originally derived from anaerobic digester and 2582 

wetland respectively, whereas suffix AD represents microcosms that were inoculated for 4 weeks 2583 

with anaerobic digester derived parent culture and suffix W represents that microcosms were 2584 

inoculated with the wetland-derived parent culture.  2585 

Samples Reads Average 

Read 

Length (bp) 

Aligned 

Reads 

Scaffolds N50 Mean 

Scaffold 

length (bp) 

W 33,766,042 100 30,605,080 56,886 25,428 1,932 

MW  37,628,652 100 30,833,959 99,538 1,934 1,083 

SW 32,803,884 100 29,755,796 57,399 11,610 1,691 

CW 27,086,564 100 23,793,574 85,412 3,221 1,449 

AD 36,599,658 100 33,142,385 91,560 4,273 1,495 

MAD 35,343,082 100 32,313,489 63,484 27,982 1,732 

SAD 29,227,084 100 26,452,786 67,169 33,552 1,971 

CAD 37,138,884 100 32,648,059 116,807 4,077 1,380 

 2586 

 2587 

  2588 
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Table S4.3. Summary of alignment with the CAZy and the in-house NCBI-derived database. M – 2589 

microcrystalline cellulose, A – anionic nanocrystalline cellulose, and C – cationic 2590 

nanocrystalline cellulose. Stand-alone legends AD and W represent microbial communities 2591 

originally derived from anaerobic digester and wetland respectively, whereas suffix AD 2592 

represents microcosms that were inoculated for 4 weeks with anaerobic digester derived parent 2593 

culture and suffix W represents that microcosms were inoculated with the wetland-derived 2594 

parent culture.  2595 

Samples 
Total # 

scaffolds 

Matches with the CAZy 

database 

Matches with the in-house NCBI-

derived database 

W 56886 7099 45762 

MW 99538 11633 85145 

SW 57399 7629 48145 

CW 85412 11648 73791 

SAD 67169 7927 54985 

AD 91560 11150 75216 

MAD 63484 7507 50686 

SAD 67169 7927 54985 

CAD 116807 13561 99119 

 2596 

 2597 

  2598 



 134 

Table S4.4. Bray-Curtis distance in AD and W cultures exposed to different cellulose forms in 2599 

terms of square root transformed relative abundance of microbial classes annotated through in-2600 

house NCBI-derived database. M – microcrystalline cellulose, A – anionic nanocrystalline 2601 

cellulose, and C – cationic nanocrystalline cellulose. Stand-alone legends AD and W represent 2602 

microbial communities originally derived from anaerobic digester and wetland respectively, 2603 

whereas suffix AD represents microcosms that were inoculated for 4 weeks with anaerobic 2604 

digester derived parent culture and suffix W represents that microcosms were inoculated with the 2605 

wetland-derived parent culture.  2606 

 AD MAD SAD CAD W MW SW 

AD 0       

MAD 0.29 0      

SAD 0.16 0.27 0     

CAD 0.23 0.36 0.11 0    

W 0.27 0.06 0.23 0.31 0   

MW 0.38 0.47 0.27 0.22 0.42 0  

SW 0.27 0.04 0.26 0.35 0.05 0.46 0 

CW 0.23 0.4 0.15 0.09 0.36 0.16 0.38 

 2607 

 2608 

  2609 
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Table S4.5. Bray-Curtis distance in AD and W cultures in terms of square root transformed 2610 

relative abundance of microbial classes as annotated by alignment of scaffolds with in-house 2611 

NCBI-derived database (G), the CAZy database (Z) and alignment of amplicon sequences with 2612 

the SILVA database (V) (chapter 2). Suffix AD represents microcosms that were inoculated for 4 2613 

weeks with anaerobic digester derived parent culture and suffix W represents that microcosms 2614 

were inoculated with the wetland-derived parent culture.  2615 

 
16S – AD 16S – W G – AD G – W Z – AD 

16S– AD 0 
    

16S – W 0.57 0 
   

G – AD 0.21 0.66 0 
  

G – W 0.32 0.57 0.25 0 
 

Z – AD 0.67 0.68 0.68 0.78 0 

Z – W 0.43 0.61 0.40 0.35 0.78 

 2616 

  2617 
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Table S4.6. Bray-Curtis distance in AD and W cultures in terms of square root transformed 2618 

relative abundance of GH families as annotated by alignment of scaffolds with the CAZy 2619 

database. M – microcrystalline cellulose, A – anionic nanocrystalline cellulose, and C – cationic 2620 

nanocrystalline cellulose. Stand-alone legends AD and W represent microbial communities 2621 

originally derived from anaerobic digester and wetland respectively, whereas suffix AD 2622 

represents microcosms that were inoculated for 4 weeks with anaerobic digester derived parent 2623 

culture and suffix W represents that microcosms were inoculated with the wetland-derived 2624 

parent culture. 2625 

 2626 

 AD MAD SAD CAD W MW SW CW 

AD 0        

MAD 0.06 0       

SAD 0.09 0.07 0      

CAD 0.06 0.05 0.06 0     

W 0.06 0.03 0.05 0.04 0    

MW 0.07 0.06 0.08 0.04 0.06 0   

SW 0.07 0.04 0.06 0.06 0.03 0.06 0  

W 0.06 0.03 0.05 0.04 0.00 0.06 0.03 0.08 

 2627 

  2628 
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Table S4.7. Bray-Curtis distance in AD and W cultures in terms of square root transformed 2629 

relative abundance of AA families as annotated by alignment of scaffolds with the CAZy 2630 

database. M – microcrystalline cellulose, A – anionic nanocrystalline cellulose, and C – cationic 2631 

nanocrystalline cellulose. Stand-alone legends AD and W represent microbial communities 2632 

originally derived from anaerobic digester and wetland respectively, whereas suffix AD 2633 

represents microcosms that were inoculated for 4 weeks with anaerobic digester derived parent 2634 

culture and suffix W represents that microcosms were inoculated with the wetland-derived 2635 

parent culture. 2636 

 
AD MAD SAD CAD W MW SW 

AD 0 
      

MAD 0.07 0.00 
     

SAD 0.08 0.07 0.00 
    

CAD 0.08 0.11 0.06 0.00 
   

W 0.09 0.03 0.09 0.13 0.00 
  

MW 0.13 0.16 0.10 0.08 0.18 0.00 
 

SW 0.09 0.07 0.10 0.13 0.05 0.19 0.00 

CW 0.10 0.12 0.07 0.04 0.14 0.09 0.14 

 2637 

 2638 

 2639 

 2640 

  2641 
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Table S4.8. Bray-Curtis distance in AD and W cultures in terms of square root transformed 2642 

relative abundance of C – GH families as annotated by alignment of scaffolds with the CAZy 2643 

database. M – microcrystalline cellulose, A – anionic nanocrystalline cellulose, and C – cationic 2644 

nanocrystalline cellulose. Stand-alone legends AD and W represent microbial communities 2645 

originally derived from anaerobic digester and wetland respectively, whereas suffix AD 2646 

represents microcosms that were inoculated for 4 weeks with anaerobic digester derived parent 2647 

culture and suffix W represents that microcosms were inoculated with the wetland-derived 2648 

parent culture. 2649 

 2650 

 2651 

 2652 

 2653 

 2654 

 2655 

 2656 

 2657 

 2658 

 2659 

 2660 

  2661 

 AD MAD SAD CAD W MW SW 

AD 0       

MAD 0.06 0      

SAD 0.09 0.07 0     

CAD 0.06 0.05 0.06 0    

W 0.06 0.03 0.05 0.04 0   

MW 0.07 0.06 0.08 0.04 0.06 0  

SW 0.07 0.04 0.06 0.06 0.03 0.06 0 

CW 0.06 0.07 0.10 0.07 0.08 0.07 0.07 
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Table S4.9. Bray-Curtis distance in AD and W cultures in terms of square root transformed 2662 

relative abundance of class level taxonomic profile as annotated by alignment of scaffolds with 2663 

the CAZy database. M – microcrystalline cellulose, A – anionic nanocrystalline cellulose, and C 2664 

– cationic nanocrystalline cellulose. Stand-alone legends AD and W represent microbial 2665 

communities originally derived from anaerobic digester and wetland respectively, whereas suffix 2666 

AD represents microcosms that were inoculated for 4 weeks with anaerobic digester derived 2667 

parent culture and suffix W represents that microcosms were inoculated with the wetland-2668 

derived parent culture. 2669 

 AD MAD SAD CAD W MW SW CW 

AD 0        

MAD 0.5 0       

SAD 0.47 0.07 0      

CAD 0.51 0.48 0.47 0     

W 0.5 0.02 0.06 0.48 0    

MW 0.48 0.09 0.08 0.49 0.08 0   

SW 0.51 0.03 0.08 0.47 0.03 0.09 0  

CW 0.46 0.08 0.05 0.48 0.08 0.06 0.09 0 

 2670 
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 2672 

Figure S4.1. Coverage of metagenome assembly. Number of reads as reported by IDBA-UD 2673 

aligned to each scaffold on y-axis and length of the scaffold (length>1000bp) on x-axis. Prefixes, 2674 

M – microcrystalline cellulose, A – anionic nanocrystalline cellulose, and C – cationic 2675 

nanocrystalline cellulose. Suffix AD – microcosms inoculated with culture originally derived 2676 

from an anaerobic digester and suffix W – microcosms inoculated with culture originally derived 2677 

from a wetland.   2678 

 2679 
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 2680 

Figure S4.2. Multiple matching sites per scaffold when aligned with the in-house NCBI-derived 2681 

database. Each scaffold contained several matched sites where homologous genes could be 2682 

aligned. The match with highest bit score was selected for each site and the most frequent 2683 

selection across all the sites was chosen as best match for the scaffold. This approach was 2684 

applied to both in-house NCBI-derived and CAZy databases. Site 1 is highlighted as an example 2685 

in this cartoon, which had multiple taxonomic matches on alignment with the in-house NCBI-2686 

derived database and functional profile on alignment with the CAZy database.  2687 

 2688 

 2689 
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 2690 

Figure S4.3. Selecting the highest match for each scaffold for taxonomic assignment based on 2691 

the inherent taxonomic designation of CAZY entries. 3a- Number of taxonomic matches per 2692 

scaffold on x-axis with frequency of scaffolds on y-axis. 3b- Frequency of scaffolds on y-axis 2693 

and percentage of highest matches among all sites that matched the best match for scaffold on x-2694 

axis. 2695 

 2696 

 2697 
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 2698 

Figure S4.4. Taxonomic distribution across samples on alignment with CAZy in accordance with 2699 

inherent taxonomic assignment of CAZy entries. Y-axis represents relative abundance of classes 2700 

with relative abundance above 1%. Prefixes, M represents microcrystalline cellulose, A 2701 

represents anionic nanocrystalline cellulose, and C represents cationic nanocrystalline cellulose. 2702 

Stand-alone legends AD and W represent microbial communities originally derived from 2703 

anaerobic digester and wetland respectively, whereas suffix AD represents microcosms were 2704 

inoculated for 4 weeks with parent culture AD and suffix W represents that microcosms were 2705 

inoculated with parent culture W.   2706 

 2707 
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 2708 

Figure S4.5. Taxonomic distribution in parent culture AD and W on alignment of scaffolds with 2709 

in-house NCBI-derived (G), CAZy database (C) and 16S rRNA gene amplicon sequences 2710 

aligned with SILVA database (16S) when the microcosms were set-up on phylum level. Y-axis 2711 

represents relative abundance of phylum (those > 1%). Stand-alone legends AD and W represent 2712 

microbial communities originally derived from anaerobic digester and wetland respectively, 2713 

whereas suffix AD represents microcosms that were inoculated for 4 weeks with anaerobic 2714 

digester derived parent culture and suffix W represents that microcosms were inoculated with the 2715 

wetland-derived parent culture.  Residence of dominant GH families indifferent phyla as 2716 

indicated by alignment of assembled scaffolds with the CAZy database is superimposed on data 2717 

from 16S rRNA gene amplicon sequencing. This showcases phyla captured in higher resolution 2718 

via amplicon sequencing that hosted members enriched in cellulose degrading potential at the 2719 

start of biodegradation assay. 2720 
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 2721 

 2722 

Figure S4.6. Taxonomic distribution of AD and W cultures across microcosms as analyzed via 2723 

MG-RAST server on class level. Y-axis represents relative abundance of classes with relative 2724 

abundance above 0.1%. Prefixes, M represents microcrystalline cellulose, A represents anionic 2725 

nanocrystalline cellulose, and C represents cationic nanocrystalline cellulose. Stand-alone 2726 

legends AD and W represent microbial communities originally derived from anaerobic digester 2727 

and wetland respectively, whereas suffix AD represents microcosms were inoculated for 4 weeks 2728 

with parent culture AD and suffix W represents that microcosms were inoculated with parent 2729 

culture W.   2730 

 2731 
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Figure S4.7. Distribution of CAZy families across different microcosms. AA, auxiliary activities 2732 

families; CBM, carbohydrate binding modules families; CE, carbohydrate esterases families; 2733 

GH: glycoside hydrolase families; GT: glycosyl transferase families; and PL: polysaccharide 2734 

lyases families. Y-axis represents relative abundance of best matches within each category. M – 2735 

microcrystalline cellulose, A – anionic nanocrystalline cellulose, and C – cationic 2736 

nanocrystalline cellulose. Stand-alone legends AD and W represent microbial communities 2737 

originally derived from anaerobic digester and wetland respectively, whereas suffix AD 2738 

represents microcosms that were inoculated for 4 weeks with anaerobic digester derived parent 2739 

culture and suffix W represents that microcosms were inoculated with the wetland-derived 2740 

parent culture.  2741 

  2742 
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 2743 

Figure S4.8. Comparison of GH profile as detected in combined assembled metagenome data 2744 

from nanocrystalline cellulose biodegrading microbial communities AD and W cultures (this 2745 

study) with three other studies related to cellulose biodegradation in this study, cow rumen,26 2746 

termite gut,27 under thermophillic conditions,33 and soil.21 2747 

  2748 
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 2749 

Figure S4.9. GH matches as processed through MG-RAST pipeline normalized to number of 2750 

metagenomic reads per sample on y-axis. M – microcrystalline cellulose, A – anionic 2751 

nanocrystalline cellulose, and C – cationic nanocrystalline cellulose. Stand-alone legends AD 2752 

and W represent microbial communities originally derived from anaerobic digester and wetland 2753 

respectively, whereas suffix AD represents microcosms that were inoculated for 4 weeks with 2754 

anaerobic digester derived parent culture and suffix W represents that microcosms were 2755 

inoculated with the wetland-derived parent culture. 2756 

 2757 

 2758 
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 2759 

Figure S4.10. Distribution of C-GH families across different microcosms at the time of 2760 

inoculation of anaerobic digester and wetland derived cultures, represented by AD and W 2761 

respectively and after 4 weeks of incubation with various forms of cellulose in microcosms. X-2762 

axis is the number of best matches within the corresponding GH family for the sample. Y-axis 2763 

represents C-GH families. In the inset, x-axis represents number of best matches for C-GH 2764 

families combined. Prefixes, M – microcrystalline cellulose, A – anionic nanocrystalline 2765 

cellulose, and C – cationic nanocrystalline cellulose. Suffix AD – microcosms were inoculated 2766 

with parent culture AD, and suffix W – that microcosms were inoculated with parent culture W. 2767 

 2768 

 2769 
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 2770 

Figure S4.11. Comparison of C-GH profile as detected in assembled metagenome data from 2771 

nanocrystalline cellulose biodegrading microbial community (this study) with three other studies 2772 

related to cellulose biodegradation in cow rumen,26 termite gut,27 under thermophillic 2773 

conditions,33 and soil.21 2774 

 2775 

Figure S4.12. Hierarchical cluster of C-GH families from all microcosms combined. Red 2776 

rectangles represent significant clusters with significance being defined as p <0.05. Numbers in 2777 

red is approximately unbiased p-value and numbers in green represent bootstrap probability. 2778 

 2779 
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 2780 

Figure S4.13: Rank abundance for CAZy and in-house NCBI-derived database on phylum level. 2781 

On y-axis is relative abundance of the phylum in percentage within corresponding database. On 2782 

x-axis are phyla. 2783 

  2784 
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Chapter 5: Conclusions  2954 

5.1 Summary 2955 

The experiments employed for this dissertation establish that nanocelluloses are biodegradable 2956 

and provides insight into the effect of morphology and surface charge. A suite of molecular tools, 2957 

including new and powerful metagenomics techniques, were applied to characterize the 2958 

differential response of cellulose-degrading microbial communities at both the taxonomic and 2959 

functional gene level. It is hoped that the results are beneficial in terms of objectively 2960 

characterizing a vital aspect of the “environmental friendliness” of nanocellulose, i.e., its 2961 

biodegradability. Further, understanding the effect of surface charge and morphology can inform 2962 

the design not only of cellulose nanoparticles, but also that of nanomaterials in general, assuming 2963 

that the core of nanocellulose is relatively inert. Deep insight into the effect of the various 2964 

nanocelluloses on the microbial community structure further provides insight into their potential 2965 

for toxicity, while also advancing fundamental understanding of cellulose biodegradation, a 2966 

critical process of industrial, scientific, and environmental interest. 2967 

The metagenomic approach to cellulose degradation pathways indicated potential 2968 

functional redundancy of GH families for degradation of crystalline rod-shaped cellulose forms 2969 

that was consistent for both of the environmentally-relevant consortia examined. In particular, 2970 

the differential response of overall less abundant AA families was observed for both AD and W 2971 

consortia. At the same time, the new algorithm developed in collaboration with computer science 2972 

faculty at Virginia Tech demonstrated robust assembly of metagenomic reads to scaffold level, 2973 

which allowed detection of a variety of carbohydrate active enzymatic families. The diversity 2974 

within functional profile via metagenomic assembly and alignment with the CAZy database 2975 

detected in this study is higher than detected in recent metagenomic investigations of cellulose 2976 
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degradation.1–4 The various functional families detected add to current understanding of 2977 

anaerobic cellulose biodegradation, which besides being of interest for development of 2978 

environmentally-friendly cellulose based materials also interests effort for development of 2979 

biofuels via anaerobic cellulose degradation.4 This study establishes the utility of using 2980 

metagenomic investigation for observing the effects of novel materials on microbial community 2981 

composition and functional profile, while affirming the relevance of assembling the 2982 

metagenomic reads for gathering high confidence (low e-values) annotations.  2983 

A current drawback of metagenomic investigations is lesser depth of analysis and 2984 

resolution in terms of target genes compared to qPCR and high-throughput amplicon sequencing. 2985 

However, on basis of 16S rRNA gene annotations, assembled metagenomic data did not pass the 2986 

set e-value cut-off, suggesting lower resolution compared to amplicon sequencing. On the other 2987 

hand, direct analysis of metagenomic reads via MG-RAST pipeline allowed taxonomic profiling 2988 

based on 16S rRNA genes, albeit with lower number of matches. This indicates that amplicon 2989 

sequencing does have higher resolution than metagenomic sequencing, which is further lost on 2990 

assembly of DNA reads.  Conversely, comparable shifts were observed through amplicon 2991 

sequencing and metagenomics (both assembled and unassembled reads) in taxonomic profiles of 2992 

both cultures AD and W at the class level on exposure to nanocellulose with contrasting surface 2993 

charge. This suggests that despite loss in resolution, metagenomic can capture major trends in 2994 

microbial community composition. On the other hand, the functional profile obtained via 2995 

metagenomics could not explain the differences in cel48 levels as observed in chapter 2 and 3. 2996 

Thus, metagenomic survey does lose resolution on at least some level compared to more targeted 2997 

qPCR and amplicon sequencing techniques. 2998 

In addition to diminished resolution, assembly of metagenomic reads results in loss of 2999 
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quantitative information when the reads are incorporated into contigs and scaffolds.  Given the 3000 

extensive use of metagenomic surveys to monitor microbial community dynamics and structure 3001 

along with the importance of quantitative information for addressing pressing environmental 3002 

issues, the development of statistical tools that incorporate the coverage into statistical tests is 3003 

urgently required. Developments in metagenomic sequencing technology to achieve longer read 3004 

length would allow requiring lesser coverage for confident assembly process and encourage 3005 

reduction in loss of quantitative information. In addition to fine-tuning the metagenomic 3006 

sequencing, assembling and analyzing processes, development of well curated and 3007 

comprehensive databases are necessary for deriving any meaningful information from 3008 

metagenomics.  3009 

The interdisciplinary nature of this study affirms the need for such collaborations for 3010 

developing novel materials (sustainable biomaterials and material characterization), 3011 

understanding their interaction with microbial community (Raman microscopy and molecular 3012 

biology), and investigating microbial response to exposure to novel materials (molecular biology 3013 

and computer science), with the intent of sustainability.  3014 

5.2 Scope of further work 3015 

A quick and useful addition to this body of work would be mapping the metagenomic 3016 

scaffolds with Kyoto encyclopedia for genes and genomes (KEGG)5 and interpreting the 3017 

diversity of enzymatic families detected by metagenomics in this study on a broader functional 3018 

level.1,4 KEGG is a comprehensive map of cellular processes and pathways and can provide 3019 

insight into the links between various cellular activities. This computationally quick and simple 3020 

interpretation would provide information on overall cellulose degradation processes, which 3021 

involves cellular activities beyond the electron donor (cellulose), which is the focus of the earlier 3022 
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reported study (chapter 4). Mapping of the scaffolds with the KEGG would enhance the existing 3023 

database of known anaerobic cellulose degradation pathways and be of particular interest for 3024 

efficient production of bio-fuels.4 For example, it can show the link (or lack of link) between the 3025 

fermentation processes and cellulose degradation in this study and give insight into more 3026 

complete picture of cellulose degradation. 3027 

Another major advancement in this body of metagenomic research would be 3028 

development of statistical tools specific to assembled metagenomic contigs. One of the major 3029 

current drawbacks of assembling metagenomic data is loss of quantitative information. As reads 3030 

are incorporated into coverage, confidence in the assembly process is enhanced while the 3031 

valuable quantitative information is simultaneously lost. This has encouraged the use of pipelines 3032 

such MG-RAST6 that analyze metagenomic reads directly. Analysis via MG-RAST pipeline was 3033 

observed to result in poor read utilization ratios compared to assembly process in this study.  3034 

Development of statistical tools that incorporate coverage in analysis would combine the perks 3035 

of assembling the reads in terms of efficient use of expensive metagenomic reads and greater 3036 

confidence in annotation, with the quantitative advantage of direct analysis of metagenomic 3037 

reads.  This could result in major advancement in application of metagenomics for hypothesis 3038 

testing. A potential route to development of such statistical tools is modification of existing 3039 

relevant statistical techniques, particularly Bray-Curtis distance, ANOVA and PERMANOVA. 3040 

Development of such tools would require successful collaboration with statisticians, which 3041 

would be a step in continuation of the interdisciplinary nature of this research.  3042 

Both suggested extensions of this research have the potential to serve and enhance the 3043 

current scientific knowledge on cellulose degradation and the ability to investigate 3044 

metagenomics of such processes. The mapping of scaffolds with KEGG would provide more 3045 
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concrete information on the cellulose degradation pathways themselves and enhance our current 3046 

knowledge bank of cellulose degradation pathways. Meanwhile, the development of novel 3047 

statistical tools specific to assembled metagenomic contigs could potentially leap the current 3048 

frontiers of metagenomics based investigations and open the doorway for comprehensive 3049 

analyses of metagenomics surveys. 3050 
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Appendix A 3074 

Biodegradation of HCl hydrolyzed nanocrystalline cellulose (HHNC) and microbial 3075 

response of AD and W cultures 3076 

A.1 Introduction 3077 

In order to investigate the effect of surface charge on biodegradation and microbial response to 3078 

exposure of nanocellulose, three forms of nanocrystalline cellulose with zeta potential ranging 3079 

hypothetically from –ve (ANC), to neutral, and to +ve (CNC) were initially selected. HHNC was 3080 

presumed to have a neutral surface charge. In addition to anionic nanocrystalline, anionic 3081 

nanofibrillated, and cationic nanocrystalline cellulose, assays for monitoring biodegradation and 3082 

microbial response to exposure of HHNC were also set up.  Subsequent zeta potential 3083 

measurements suggested a negative charge (Table A.1) for HHNC. Additionally, measurement of 3084 

hydrodynamic diameter indicated agglomeration and settling of particles with high polydiversity. 3085 

Thus, the data from the microcosms exposed to HHNC were excluded from the main chapters. 3086 

Information regarding the preparation, set-up of microcosms with HHNC, and molecular 3087 

analysis is presented here.  3088 

 3089 

A.2  Material and Methods 3090 

HHNC was prepared in laboratory following procedure described elsewhere with slight 3091 

modifications142. Ten grams of never-dried kraft pulp (Weyerhaeuser, Washington, NC) were 3092 

blended in 200mL of DI water and soaked overnight. After heating it to 105°C, the slurry was 3093 

hydrolyzed and stirred in a 2.5 M HCl solution for 20 min and quenched by plunging into an ice-3094 

bath. The hydrolyzed product was repeatedly centrifuged at 5000 rpm in 3-minute intervals to 3095 

raise pH near 5. The centrifugation cake was resuspended in DI water and repeatedly dialyzed 3096 
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against DI water with daily water changes to stabilize the pH. Each dialysis container was 3097 

maintained completely mixed with a stir bar and underwent daily water changes.   3098 

For AFM image 50 uL of HHNC was dropped onto two freshly cleaved mica disc (Highest 3099 

Grade V1 mica, Ted Pella, Redding, CA). The mica disc was kept covered in petri dishes for 30 3100 

minutes. The sample droplets were then wicked away using Kim wipes. The mica surface was 3101 

rinsed twice by adding 100 uL of DI water and wicking immediately with Kim wipes. The 3102 

samples were analyzed by AFM (in tapping mode in air) using Antimony-doped Silicon TESP 3103 

probes (Bruker AFM Probes, Camarillo, CA). 3104 

Measurement of mean hydrodynamic diameter and zeta potential were carried using a 3105 

Zetasizer Nano ZS (Malvern, Worcestershire, UK) (Table A.1).  3106 

Procedure of setting up the anaerobic microcosms, sacrificing, and making measurements 3107 

of glucose and marker genes was similar to the procedure described in chapters 2 and 3.  3108 

 3109 

A.2 Results 3110 

Table A.1 Hydrodynamic diameter using dynamic light scattering and zeta potential for HNC 3111 

were measured using Zetasizer Nano ZS (Malvern, Worcestershire, UK). Standard deviation 3112 

from the mean is written in brackets. 3113 

 Hydrodynamic Diameter (nm) Zeta Potential (mV) 

HHNC  259.8 (2.31) -53.9 (6.53) 

 3114 

AFM image of HHNC suggests some agglomeration (Figure A.1). Biodegradation of HHNC was 3115 

slightly faster than that microcrystalline cellulose (Figure A.2) for both AD and W cultures. 3116 

Similar to the results obtained in chapters 2 and 3 biodegradation rate for HHNC was faster on 3117 
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exposure to W culture, relative to AD culture. In microcosms with AD culture, levels of cel48 3118 

gene were higher on exposure to HHNC after weeks 2 and 4. Whereas, in microcosms with W 3119 

cultures, levels of cel48 gene were either lower or similar in microcosms exposed to HHNC 3120 

relative to microcrystalline cellulose. Levels of 16S rRNA gene in microcosms with HHNC were 3121 

higher after week 1 for both AD and W cultures relative to microcosms with microcrystalline 3122 

cellulose. By week 2, 16S rRNA gene levels were higher in microcosms exposed to HHNC 3123 

relative to microcrystalline cellulose for AD culture and contrariwise for W culture. After 6 3124 

weeks, levels of 16S rRNA reduced consistently for microcosms exposed to HHNC to levels 3125 

lower than that of microcrystalline cellulose.  3126 

 3127 

 3128 
Figure A.1. Atomic force microscopy image of HHNC on a 10µm × 10µm area of mica disc.  3129 
 3130 
 3131 
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 3132 
Figure A.2. Cellulose biodegradation measured indirectly as glucose concentration in anaerobic 3133 

batch microcosms. The microcosms were seeded with anaerobic digester (AD) or wetland (W) 3134 

consortia and exposed to either HHNC or microcrystalline cellulose. The dashed line indicates 3135 

limit of quantification. 1st order decay constant of HHNC = 0.56 ± 0.08 wk-1 on exposure to AD 3136 

and 0.74 ± 0.40 wk-1 on exposure to W compared to that of microcrystalline cellulose reported 3137 

earlier in chapter 2 and 3 = 0.39 ± 0.05 wk-1 on exposure to AD and 0.58 ± 0.05 wk-1. 3138 

 3139 
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 3140 
Figure A.3 Levels with time of 16S rRNA gene, as indicators of total bacterial levels, and cel48 3141 

genes, as markers of anaerobic cellulose-degrading potential.  Microcosms were inoculated with 3142 

anaerobic cellulose-degrading enrichment culture derived either from anaerobic digester (AD) 3143 

or wetland (W) inoculum. X-axis represent time in weeks and y-axis represents levels of marker 3144 

genes on a log scale. Recently reported data on levels of 16S rRNA and cel48 gene markers for 3145 

microcosms exposed to anionic nanocrystalline cellulose (chapter 2) is used here for comparison 3146 

with cationic nanocrystalline and anionic nanofibrillated cellulose. 3147 

  3148 
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Appendix B 3149 

Summary of best matches for taxonomic classification of metagenomic data on alignment with 3150 

the in-house NCBI-derived database. Table B.1 M – microcrystalline cellulose, A – anionic 3151 

nanocrystalline cellulose, and C – cationic nanocrystalline cellulose. Stand-alone legends AD 3152 

and W represent microbial communities originally derived from anaerobic digester and wetland 3153 

respectively, whereas suffix AD represents microcosms that were inoculated for 4 weeks with 3154 

anaerobic digester derived parent culture and suffix W represents that microcosms were 3155 

inoculated with the wetland-derived parent culture. 3156 

 AD M-AD S-AD C-AD W M-W S-W C-W 
Acidimicrobidae 52 40 56 94 41 67 29 47 
Acidobacteriales 176 189 218 299 171 256 162 146 
Aciduliprofundum. 51 22 9 18 18 14 13 10 
Actinobacteridae 10506 7697 13895 21365 8229 14501 6652 13162 
Alphaproteobacteri
a 

5918 4120 13758 26773 6080 28377 3434 21907 

Anaerolineae 2329 1024 981 983 1014 1116 988 1065 
Aquificales 254 193 186 192 202 71 96 113 
Archaeoglobi 139 105 71 96 97 41 59 50 
Bacilli 4674 7171 5731 5980 6740 9932 6265 4902 
Bacteroidetes 
Incertae sedis 

298 302 326 326 280 226 251 192 

Bacteroidia 15490 7658 9939 11235 6049 5336 7182 12656 
Betaproteobacteria 29235 11034 33539 49727 13739 52038 12749 48267 
Caldilineae 318 198 174 180 182 143 174 140 
Caldisericia 56 42 22 31 32 20 21 13 
Candidatus 
Chloracidobacteriu
m 

76 144 131 145 139 132 133 52 

Candidatus 
Cloacamonas 

591 18 27 18 17 11 15 11 

Candidatus 
Cloacimonas 

2133 20 39 33 18 11 19 20 

Candidatus 
Korarchaeum 

18 7 11 10 12 4 5 3 

Candidatus 103 137 125 188 138 124 126 65 
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Koribacter 
Candidatus 
Methanomethyloph
ilus 

5 2 9 7 4 4 5 8 

Candidatus 
Methylomirabilis 

147 132 145 153 137 99 118 54 

Candidatus 
Saccharimonas 

5 2 7 10 2 10 2 2 

Caudovirales 2 5 5 6 8  1 2 
Cenarchaeales 16 11 13 40 12 9 13 14 
Chlamydiales 141 73 126 158 77 80 59 80 
Chlorobia 852 492 657 561 459 268 398 447 
Chloroflexia 759 594 611 709 605 519 568 564 
Chrysiogenales 76 54 86 95 54 25 52 55 
Chthonomonadete
s 

96 409 76 182 400 65 430 46 

Clostridia 21061 45586 25252 29395 42190 14189 40024 21543 
Coriobacteridae 183 256 177 219 225 140 196 165 
Cytophagia 3405 1373 2037 3203 1055 1309 843 2902 
Deferribacterales 351 248 178 177 248 64 121 90 
Dehalococcoidia 267 227 205 201 198 115 206 76 
Deinococci 668 571 691 792 555 638 507 579 
Deltaproteobacteri
a 

26501 18779 24096 21047 18183 8112 18508 11803 

Desulfurobacterial
es 

76 57 31 39 51 18 17 18 

Dictyoglomales 121 152 99 114 134 73 135 72 
Elusimicrobia 76 34 75 74 25 17 24 64 
Epsilonproteobact
eria 

2246 375 2269 4603 339 293 228 1764 

Erysipelotrichia 51 57 49 56 51 29 45 38 
Fibrobacterales 94 46 58 49 37 44 34 45 
Flavobacteriia 4339 1485 5950 6755 1220 3057 964 6424 
Fusobacteriales 270 335 234 229 279 116 242 212 
Gammaproteobact
eria 

19816 11267 18219 23771 13828 31896 10781 20452 

Gammaproteobact
eria 

66 28 79 110 37 94 18 68 

Gemmatimonadale
s 

65 63 84 87 66 78 71 54 

Gloeobacteria 87 83 107 125 79 94 65 66 
Halobacteria 313 192 244 349 189 249 166 204 
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Ignavibacteria 1246 685 962 399 571 171 422 336 
Methanobacteria 206 204 178 190 178 96 155 122 
Methanococci 118 94 100 92 102 40 69 66 
Methanomicrobia 1116 868 785 853 828 440 734 511 
Methanopyri 13 6 6 10 7 8 4 2 
Mollicutes 314 232 261 317 228 156 179 252 
Nanoarchaea 2 0 1 3 0 0 0 1 
Negativicutes 741 1530 607 1096 1522 173 1324 496 
Nitrosopumilales 26 11 25 30 12 27 11 27 
Nitrososphaerales 21 16 9 16 14 7 11 7 
Nitrospirales 305 192 221 214 180 141 159 101 
Nostocales 502 337 391 474 318 301 275 266 
Opitutae 2165 152 161 166 137 134 126 120 
Oscillatoriophycide
ae 

1291 959 1054 1306 877 857 826 790 

Phycisphaerae 61 50 71 82 50 62 57 56 
Planctomycetia 501 381 460 574 403 359 352 421 
Pleurocapsales 141 107 87 144 105 89 96 73 
Prochlorales 62 25 57 72 24 29 24 40 
Rubrobacteridae 191 194 274 373 193 264 174 212 
Solibacteres 193 169 179 734 194 168 171 135 
Sphaerobacteridae 103 117 73 113 108 60 99 44 
Sphingobacteriia 3608 1224 3152 9323 920 2347 816 4965 
Spirochaetales 8292 1605 1329 1223 1493 612 1356 1015 
Synergistia 1948 330 169 221 294 96 248 102 
Thermococci 173 138 111 114 130 63 95 60 
Thermodesulfobac
teriales 

167 68 72 80 69 43 65 47 

Thermomicrobiales 71 73 56 69 73 47 73 42 
Thermoplasmata 38 23 18 27 20 12 5 10 
Thermoprotei 263 155 167 223 164 119 128 122 
Thermotogales 612 600 409 354 502 190 398 256 
Unclassified 
dsDNA Phages. 

2 2 1 1 2 0 3 1 

Unclassified 
Thaumarchaeota 

8 8 4 12 11 5 6 6 

Unclassified 
Verrucomicrobia 

32 13 18 16 12 13 12 6 

Verrucomicrobiae 49 32 29 38 21 18 25 20 
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Appendix C  3157 

Summary of absolute abundance of best matches for functional classification based on alignment 3158 

with the CAZy database. Table C.1 M – microcrystalline cellulose, A – anionic nanocrystalline 3159 

cellulose, and C – cationic nanocrystalline cellulose. Stand-alone legends AD and W represent 3160 

microbial communities originally derived from anaerobic digester and wetland respectively, 3161 

whereas suffix AD represents microcosms that were inoculated for 4 weeks with anaerobic 3162 

digester derived parent culture and suffix W represents that microcosms were inoculated with the 3163 

wetland-derived parent culture. 3164 

Sample	   AD	   MAD	   CAD	   SAD	   W	   MW	   CW	   SW	  
AA1	   35	   35	   69	   45	   25	   105	   24	   70	  
AA2	   17	   6	   18	   19	   6	   33	   11	   27	  
AA3	   51	   29	   65	   39	   29	   79	   23	   66	  
AA4	   11	   12	   14	   16	   14	   16	   9	   8	  
AA5	   1	   6	   4	   6	   4	   3	   3	   6	  
AA6	   80	   68	   59	   67	   69	   80	   69	   54	  
AA7	   23	   15	   22	   16	   12	   16	   9	   22	  
AA10	   73	   76	   76	   91	   83	   90	   74	   92	  
AA12	   4	   4	   6	   6	   1	   20	   1	   6	  
AAnc	   34	   37	   64	   57	   37	   67	   42	   52	  
CBM2	   607	   650	   640	   767	   710	   726	   703	   678	  
CBM3	   197	   248	   249	   257	   260	   329	   269	   260	  
CBM4	   84	   92	   78	   95	   91	   63	   99	   78	  
CBM5	   248	   290	   251	   305	   332	   305	   288	   286	  
CBM6	   226	   242	   215	   254	   227	   227	   216	   228	  
CBM8	   5	   10	   5	   11	   11	   13	   10	   1	  
CBM9	   96	   213	   154	   142	   210	   123	   196	   119	  
CBM10	   164	   284	   183	   267	   267	   265	   299	   163	  
CBM11	   1	   3	   3	   0	   1	   0	   1	   0	  
CBM12	   117	   87	   101	   121	   97	   99	   92	   150	  
CBM13	   437	   362	   431	   433	   368	   457	   385	   450	  
CBM15	   1	   0	   1	   0	   1	   0	   0	   0	  
CBM16	   115	   141	   133	   176	   145	   163	   135	   162	  
CBM17	   1	   10	   7	   7	   8	   4	   9	   3	  



 172 

CBM20	   74	   83	   79	   82	   77	   79	   82	   81	  
CBM22	   47	   182	   123	   100	   171	   94	   179	   76	  
CBM23	   4	   18	   13	   11	   19	   15	   14	   10	  
CBM25	   53	   138	   84	   74	   134	   103	   139	   52	  
CBM26	   114	   94	   88	   119	   91	   58	   77	   73	  
CBM27	   6	   17	   11	   9	   12	   8	   10	   12	  
CBM28	   2	   11	   7	   7	   10	   4	   10	   3	  
CBM30	   2	   11	   8	   5	   7	   9	   7	   2	  
CBM32	   420	   439	   374	   431	   441	   378	   451	   410	  
CBM34	   30	   54	   24	   27	   48	   25	   44	   20	  
CBM35	   213	   279	   175	   192	   243	   167	   232	   216	  
CBM36	   0	   3	   2	   0	   3	   1	   3	   0	  
CBM37	   22	   55	   22	   21	   55	   18	   42	   42	  
CBM38	   13	   22	   13	   12	   17	   14	   27	   10	  
CBM41	   17	   17	   13	   14	   11	   31	   13	   16	  
CBM42	   52	   41	   47	   35	   40	   41	   37	   46	  
CBM44	   9	   19	   9	   4	   12	   11	   14	   3	  
CBM46	   1	   1	   3	   0	   3	   1	   3	   1	  
CBM47	   11	   10	   18	   17	   14	   14	   11	   6	  
CBM48	   208	   208	   191	   215	   216	   257	   211	   198	  
CBM50	   2633	   3040	   2603	   2851	   2978	   2876	   2984	   2641	  
CBM51	   259	   211	   255	   231	   260	   206	   239	   276	  
CBM54	   51	   68	   48	   39	   62	   48	   59	   36	  
CBM56	   17	   17	   19	   19	   17	   11	   13	   18	  
CBM57	   134	   117	   157	   132	   126	   83	   117	   127	  
CBM59	   5	   4	   4	   4	   6	   9	   6	   5	  
CBM60	   9	   17	   11	   20	   17	   15	   21	   14	  
CBM61	   35	   57	   25	   39	   44	   43	   47	   33	  
CBM62	   7	   3	   2	   2	   0	   0	   1	   5	  
CBM63	   30	   32	   38	   64	   50	   53	   43	   45	  
CBM64	   9	   22	   15	   19	   23	   21	   34	   14	  
CBM65	   1	   3	   2	   4	   3	   3	   1	   1	  
CBM66	   62	   75	   34	   69	   64	   73	   73	   67	  
CBM67	   10	   17	   12	   11	   14	   13	   20	   9	  
CBM70	   10	   0	   0	   0	   0	   0	   0	   1	  
CBM71	   2	   0	   2	   5	   0	   3	   0	   0	  
CBMnc	   51	   41	   42	   47	   44	   35	   40	   43	  
CE1	   230	   240	   261	   240	   242	   234	   228	   258	  
CE2	   17	   19	   20	   16	   19	   19	   19	   27	  
CE3	   63	   55	   57	   60	   57	   46	   60	   43	  
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CE4	   380	   377	   436	   430	   406	   417	   392	   426	  
CE5	   22	   23	   31	   44	   23	   36	   29	   46	  
CE6	   29	   18	   43	   30	   17	   29	   16	   38	  
CE7	   21	   29	   24	   25	   32	   25	   29	   25	  
CE8	   63	   50	   40	   47	   43	   43	   36	   43	  
CE9	   177	   204	   176	   160	   185	   151	   168	   158	  
CE11	   98	   104	   95	   99	   105	   99	   103	   77	  
CE12	   57	   32	   28	   40	   29	   38	   30	   47	  
CE14	   91	   101	   106	   104	   102	   95	   96	   89	  
CE15	   22	   28	   25	   36	   29	   20	   33	   35	  
CE16	   11	   3	   7	   5	   8	   9	   3	   6	  
CEnc	   109	   99	   127	   99	   99	   127	   96	   147	  
GH1	   237	   229	   213	   217	   252	   229	   251	   215	  
GH2	   305	   290	   207	   184	   239	   154	   261	   298	  
GH3	   429	   428	   415	   365	   420	   455	   444	   464	  
GH4	   46	   88	   41	   45	   77	   44	   85	   53	  
GH5	   323	   366	   352	   418	   377	   359	   392	   360	  
GH6	   106	   99	   125	   126	   123	   134	   109	   98	  
GH8	   85	   73	   92	   79	   79	   104	   70	   66	  
GH9	   147	   170	   179	   164	   169	   191	   172	   121	  
GH10	   120	   173	   167	   160	   193	   148	   198	   125	  
GH11	   38	   44	   53	   55	   54	   46	   56	   50	  
GH12	   43	   36	   35	   40	   44	   40	   32	   37	  
GH13	   742	   710	   674	   709	   724	   834	   729	   765	  
GH14	   0	   0	   2	   0	   0	   0	   0	   0	  
GH15	   27	   21	   52	   34	   23	   35	   21	   40	  
GH16	   217	   214	   257	   247	   202	   208	   198	   271	  
GH17	   30	   23	   26	   24	   30	   16	   24	   29	  
GH18	   499	   578	   528	   593	   641	   554	   546	   556	  
GH19	   53	   62	   67	   79	   58	   60	   59	   57	  
GH20	   97	   81	   89	   77	   84	   68	   92	   98	  
GH23	   1308	   1081	   1443	   1169	   1176	   1493	   1149	   1274	  
GH24	   77	   62	   75	   79	   65	   95	   57	   80	  
GH25	   185	   219	   181	   197	   205	   213	   205	   183	  
GH26	   132	   123	   148	   145	   115	   128	   132	   133	  
GH27	   46	   28	   34	   26	   28	   19	   30	   31	  
GH28	   60	   50	   49	   37	   53	   30	   44	   77	  
GH29	   86	   77	   66	   52	   66	   35	   67	   75	  
GH30	   67	   92	   62	   75	   79	   49	   83	   60	  
GH31	   101	   80	   92	   69	   80	   58	   80	   83	  
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GH32	   109	   155	   97	   102	   123	   109	   139	   105	  
GH33	   97	   79	   74	   91	   76	   63	   76	   97	  
GH35	   46	   46	   33	   24	   36	   36	   40	   42	  
GH36	   32	   58	   33	   34	   64	   26	   62	   72	  
GH37	   28	   25	   27	   32	   22	   35	   20	   33	  
GH38	   60	   137	   69	   80	   129	   68	   152	   115	  
GH39	   164	   373	   196	   250	   357	   166	   411	   239	  
GH42	   39	   51	   34	   31	   48	   25	   57	   38	  
GH43	   307	   279	   224	   195	   260	   176	   271	   285	  
GH44	   16	   29	   28	   19	   25	   29	   21	   16	  
GH45	   18	   32	   20	   22	   29	   24	   23	   13	  
GH46	   2	   1	   3	   2	   3	   3	   1	   3	  
GH47	   2	   1	   2	   0	   1	   1	   1	   1	  
GH48	   17	   47	   41	   41	   48	   41	   57	   24	  
GH50	   13	   22	   7	   9	   14	   8	   16	   21	  
GH51	   63	   81	   76	   54	   77	   40	   97	   68	  
GH52	   9	   4	   3	   7	   4	   8	   4	   0	  
GH53	   80	   65	   54	   77	   66	   58	   63	   57	  
GH54	   7	   4	   6	   5	   4	   9	   4	   3	  
GH55	   17	   28	   32	   24	   28	   21	   29	   31	  
GH57	   111	   77	   60	   80	   64	   46	   49	   33	  
GH58	   0	   0	   1	   0	   0	   1	   0	   2	  
GH59	   2	   4	   1	   0	   1	   0	   0	   2	  
GH62	   10	   14	   17	   12	   26	   10	   21	   14	  
GH63	   29	   32	   27	   27	   23	   24	   26	   25	  
GH64	   18	   17	   23	   21	   17	   25	   19	   28	  
GH65	   115	   137	   140	   126	   117	   114	   110	   128	  
GH66	   7	   10	   5	   10	   10	   3	   6	   9	  
GH67	   12	   21	   13	   11	   17	   13	   14	   15	  
GH68	   21	   21	   18	   22	   17	   21	   17	   22	  
GH70	   2	   0	   5	   6	   3	   1	   1	   6	  
GH73	   313	   415	   345	   386	   370	   399	   378	   366	  
GH74	   53	   43	   57	   86	   50	   59	   47	   77	  
GH75	   2	   3	   8	   4	   8	   11	   10	   3	  
GH76	   19	   18	   11	   16	   17	   8	   19	   17	  
GH77	   128	   98	   102	   105	   99	   131	   113	   117	  
GH78	   120	   109	   95	   82	   102	   69	   92	   128	  
GH79	   0	   1	   0	   0	   0	   0	   0	   0	  
GH81	   15	   22	   23	   19	   15	   15	   20	   17	  
GH84	   34	   39	   34	   35	   39	   34	   42	   33	  
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GH85	   17	   4	   9	   10	   7	   8	   4	   9	  
GH86	   1	   3	   2	   4	   3	   0	   3	   1	  
GH87	   53	   81	   47	   71	   72	   55	   70	   62	  
GH88	   19	   29	   21	   19	   22	   13	   16	   46	  
GH89	   6	   8	   17	   10	   3	   9	   6	   13	  
GH91	   1	   0	   2	   0	   1	   3	   0	   1	  
GH92	   134	   126	   128	   84	   98	   88	   112	   115	  
GH93	   6	   14	   4	   4	   8	   4	   11	   8	  
GH94	   86	   139	   115	   107	   126	   80	   158	   126	  
GH95	   56	   44	   46	   27	   46	   30	   43	   42	  
GH97	   61	   23	   28	   16	   21	   15	   24	   33	  
GH98	   1	   0	   0	   0	   0	   0	   0	   0	  
GH99	   5	   4	   4	   4	   4	   3	   4	   6	  
GH101	   5	   7	   3	   6	   8	   3	   7	   9	  
GH102	   50	   43	   67	   65	   46	   75	   49	   59	  
GH103	   57	   58	   84	   74	   59	   97	   50	   77	  
GH104	   4	   3	   4	   6	   3	   6	   1	   5	  
GH105	   87	   50	   51	   47	   51	   43	   50	   84	  
GH106	   34	   25	   20	   5	   19	   10	   13	   44	  
GH107	   0	   1	   1	   1	   1	   0	   0	   1	  
GH108	   11	   7	   17	   20	   8	   16	   4	   18	  
GH109	   101	   112	   80	   96	   99	   46	   110	   105	  
GH110	   6	   6	   5	   2	   3	   5	   3	   8	  
GH112	   10	   3	   3	   4	   3	   1	   3	   5	  
GH113	   6	   11	   9	   4	   11	   5	   10	   13	  
GH114	   6	   18	   15	   14	   15	   16	   7	   12	  
GH115	   34	   8	   15	   11	   7	   11	   7	   18	  
GH116	   11	   26	   14	   14	   22	   14	   20	   13	  
GH117	   9	   6	   7	   5	   4	   3	   9	   17	  
GH119	   7	   14	   7	   2	   8	   6	   13	   8	  
GH120	   7	   6	   7	   5	   6	   4	   6	   7	  
GH121	   2	   17	   9	   7	   14	   3	   10	   2	  
GH123	   11	   7	   9	   9	   12	   5	   9	   12	  
GH124	   1	   0	   0	   0	   0	   0	   0	   0	  
GH125	   16	   11	   10	   7	   12	   9	   10	   17	  
GH126	   0	   3	   2	   0	   4	   0	   4	   1	  
GH127	   36	   43	   34	   39	   53	   33	   63	   42	  
GH128	   38	   41	   39	   34	   40	   35	   32	   39	  
GH129	   0	   0	   0	   0	   0	   0	   0	   2	  
GH130	   60	   73	   61	   54	   65	   55	   69	   80	  
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GH133	   24	   11	   13	   10	   11	   5	   14	   13	  
GHnc	   357	   326	   385	   365	   337	   360	   351	   418	  
GT1	   85	   80	   96	   89	   76	   87	   90	   77	  
GT2	   2081	   1571	   2120	   1832	   1624	   1962	   1692	   1876	  
GT3	   17	   11	   9	   12	   4	   4	   7	   7	  
GT4	   1463	   995	   1411	   1239	   1074	   1318	   1060	   1214	  
GT5	   98	   94	   88	   90	   95	   93	   97	   81	  
GT6	   0	   0	   0	   0	   0	   1	   0	   0	  
GT8	   46	   40	   49	   41	   35	   34	   39	   32	  
GT9	   213	   185	   233	   247	   177	   154	   170	   182	  
GT10	   2	   3	   1	   2	   1	   1	   1	   1	  
GT11	   9	   4	   8	   5	   4	   9	   4	   5	  
GT14	   0	   0	   0	   0	   0	   4	   0	   0	  
GT17	   2	   1	   14	   7	   1	   5	   1	   16	  
GT19	   49	   29	   51	   55	   41	   50	   29	   45	  
GT20	   33	   28	   40	   40	   19	   45	   17	   36	  
GT21	   5	   8	   4	   7	   6	   4	   6	   6	  
GT22	   0	   0	   2	   1	   0	   4	   0	   3	  
GT23	   2	   3	   3	   2	   1	   1	   4	   3	  
GT25	   11	   3	   10	   9	   6	   13	   4	   7	  
GT26	   55	   59	   60	   74	   61	   51	   50	   51	  
GT27	   0	   0	   0	   1	   1	   3	   0	   0	  
GT28	   134	   137	   107	   107	   124	   122	   115	   103	  
GT30	   115	   73	   103	   96	   83	   107	   66	   92	  
GT32	   9	   4	   7	   7	   3	   9	   3	   10	  
GT35	   124	   117	   111	   126	   119	   116	   120	   107	  
GT39	   6	   23	   19	   15	   18	   25	   21	   6	  
GT41	   464	   306	   247	   378	   325	   311	   294	   309	  
GT42	   2	   0	   0	   0	   0	   1	   0	   0	  
GT44	   1	   0	   0	   0	   0	   0	   0	   0	  
GT45	   6	   4	   4	   2	   3	   0	   3	   3	  
GT47	   0	   0	   2	   1	   0	   1	   0	   0	  
GT51	   412	   371	   352	   380	   381	   436	   451	   385	  
GT52	   0	   0	   0	   0	   0	   1	   0	   0	  
GT53	   0	   0	   0	   0	   0	   1	   0	   0	  
GT55	   1	   0	   0	   0	   0	   0	   0	   0	  
GT56	   0	   1	   1	   1	   1	   1	   1	   1	  
GT60	   1	   1	   1	   1	   1	   3	   1	   1	  
GT62	   0	   0	   2	   0	   0	   0	   0	   2	  
GT66	   9	   4	   6	   5	   4	   1	   1	   1	  
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GT70	   0	   0	   1	   1	   0	   1	   0	   2	  
GT73	   1	   0	   2	   0	   0	   1	   0	   0	  
GT74	   0	   0	   0	   0	   0	   0	   0	   1	  
GT76	   0	   8	   7	   7	   11	   3	   10	   1	  
GT81	   23	   8	   9	   9	   10	   10	   7	   8	  
GT82	   5	   4	   4	   5	   6	   3	   6	   3	  
GT83	   115	   81	   139	   120	   80	   114	   80	   102	  
GT84	   28	   51	   44	   47	   46	   36	   63	   51	  
GT85	   0	   0	   0	   0	   0	   1	   0	   1	  
GT87	   35	   43	   46	   45	   39	   44	   36	   46	  
GT93	   2	   3	   3	   1	   1	   0	   1	   2	  
GT94	   0	   1	   1	   0	   0	   3	   0	   0	  
GTnc	   251	   184	   266	   205	   170	   202	   169	   208	  
PL1	   87	   76	   95	   77	   82	   72	   73	   76	  
PL2	   2	   0	   0	   0	   0	   0	   0	   0	  
PL3	   35	   37	   49	   47	   32	   44	   36	   52	  
PL4	   6	   0	   1	   5	   3	   13	   0	   3	  
PL5	   2	   0	   2	   1	   1	   4	   0	   1	  
PL6	   32	   6	   23	   17	   6	   10	   4	   15	  
PL7	   15	   12	   16	   16	   15	   13	   13	   15	  
PL8	   7	   26	   12	   9	   19	   6	   16	   15	  
PL9	   91	   90	   92	   97	   83	   79	   87	   82	  
PL10	   9	   12	   8	   4	   7	   16	   10	   9	  
PL11	   43	   39	   30	   34	   37	   34	   32	   38	  
PL12	   13	   11	   6	   10	   6	   5	   7	   12	  
PL13	   0	   1	   0	   0	   1	   0	   1	   1	  
PL14	   4	   1	   1	   1	   1	   1	   1	   1	  
PL15	   1	   4	   1	   1	   7	   0	   1	   2	  
PL16	   10	   12	   11	   7	   14	   6	   13	   3	  
PL17	   2	   1	   1	   4	   0	   1	   0	   5	  
PL21	   4	   0	   0	   0	   0	   0	   0	   1	  
PL22	   0	   1	   1	   0	   1	   1	   0	   5	  
PLnc	   51	   54	   61	   59	   50	   58	   34	   72	  
 3165 
  3166 



 178 

Appendix D  3167 

Summary of absolute abundance of best matches for taxonomic annotation based on alignment 3168 

with the CAZy database. Table D.1 M – microcrystalline cellulose, A – anionic nanocrystalline 3169 

cellulose, and C – cationic nanocrystalline cellulose. Stand-alone legends AD and W represent 3170 

microbial communities originally derived from anaerobic digester and wetland respectively, 3171 

whereas suffix AD represents microcosms that were inoculated for 4 weeks with anaerobic 3172 

digester derived parent culture and suffix W represents that microcosms were inoculated with the 3173 

wetland-derived parent culture. 3174 

Sample	   MAD	   SAD	   SW	   MW	   AD	   CW	   CAD	   W	  
Cyanobacteria	   492	   609	   487	   408	   517	   460	   465	   531	  
Spirochaetes	   279	   225	   278	   125	   365	   149	   145	   260	  
Chloroflexi	   267	   279	   271	   237	   341	   218	   210	   290	  
Unclassified	  
Bacteria	  

92	   62	   82	   46	   117	   50	   46	   94	  

Thermotogae	   88	   70	   79	   29	   64	   51	   51	   84	  
Armatimonadetes	   78	   48	   94	   26	   40	   35	   38	   93	  
Tenericutes	   51	   36	   58	   23	   25	   37	   29	   51	  
Deferribacteres	   7	   13	   3	   3	   7	   6	   10	   5	  
Elusimicrobia	   0	   5	   0	   0	   5	   6	   3	   0	  
Chrysiogenetes	   2	   6	   2	   1	   2	   2	   2	   2	  
Nitrospirae	   32	   48	   27	   13	   39	   31	   33	   30	  
Synergistetes	   17	   22	   19	   12	   54	   7	   15	   23	  
Dictyoglomi	   32	   16	   33	   23	   21	   15	   17	   33	  
Thermodesulfobact
eria	  

31	   25	   21	   13	   30	   12	   23	   21	  

Aquificae	   22	   19	   19	   5	   19	   11	   8	   24	  
Fusobacteria	   15	   25	   12	   9	   19	   12	   10	   16	  
Verrucomicrobiagro
up	  

107	   117	   117	   83	   304	   91	   97	   124	  

Chlamydiae	   107	   117	   117	   83	   304	   91	   97	   124	  
Gemmatimonadetes	   94	   147	   105	   130	   79	   110	   97	   105	  
Planctomycetes	   172	   185	   173	   133	   148	   149	   148	   169	  
Acidobacteriagroup	   165	   200	   153	   151	   142	   126	   180	   162	  
Fibrobacteres	   165	   200	   153	   151	   142	   126	   180	   162	  
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Actinobacteria	   2693	   2778	   2972	   3844	   2767	   3350	   3501	   2858	  
Bacteroidetes	   2283	   2084	   1930	   1418	   2916	   2195	   2251	   1888	  
Chlorobigroup	   2283	   2084	   1930	   1418	   2916	   2195	   2251	   1888	  
Firmicutes	   5709	   4496	   5659	   4667	   3140	   4439	   3799	   5639	  
Proteobacteria	   3384	   4755	   3870	   5664	   4190	   4759	   4998	   3974	  
 3175 
 3176 


