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SUMMARY 44 

Chitin utilization by microbes plays a significant role in biosphere carbon and nitrogen 45 

cycling, and studying the microbial approaches used to degrade chitin will facilitate our 46 

understanding of bacterial strategies to degrade a broad range of recalcitrant 47 

polysaccharides. The early stages of chitin depolymerization by the bacterium Cellvibrio 48 

japonicus have been characterized and are dependent on one chitin-specific lytic 49 

polysaccharide monooxygenase and non-redundant glycoside hydrolases from the 50 

family GH18 to generate chito-oligosaccharides for entry into metabolism. Here, we 51 

describe the mechanisms for the latter stages of chitin utilization by C. japonicus with an 52 

emphasis on the fate of chito-oligosaccharides. Our systems biology approach 53 

combined transcriptomics and bacterial genetics using ecologically relevant substrates 54 

to determine the essential mechanisms for chito-oligosaccharide transport and 55 

catabolism in Cellvibrio japonicus. Using RNAseq analysis we found a coordinated 56 

expression of genes that encode polysaccharide-degrading enzymes. Mutational 57 

analysis determined that the hex20B gene product, predicted to encode a 58 

hexosaminidase, was required for efficient utilization of chito-oligosaccharides. 59 

Furthermore, two gene loci (CJA_0353 and CJA_1157), which encode putative TonB-60 

dependent transporters, were also essential for chito-oligosaccharides utilization. This 61 

study further develops our model of C. japonicus chitin metabolism and may be 62 

predictive for other environmentally or industrially important bacteria. 63 

  64 
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INTRODUCTION  65 

 Chitin is an environmentally abundant β-(1-4)-linked N-acetylglucosamine 66 

(GlcNAc) homopolymer that is a major contributor to global carbon and nitrogen cycles. 67 

Found in both marine and terrestrial ecosystems, the efficient depolymerization of chitin 68 

is driven by microbes resulting in little environmental accumulation of chitin degradation 69 

products (Beier & Bertilsson, 2013, Gooday, 1990). In addition to its ecological 70 

importance, chitin and its degradation products are of increasing interest to the 71 

biotechnology industry due to their potential as a feedstock for renewable fuels and 72 

chemicals (Zhu et al., 2004, Satari & Karimi, 2018, Gopal et al., 2019, Khor & Lim, 73 

2003, Francesko & Tzanov, 2011, Matroodi et al., 2013). While there are three 74 

isomorphs of chitin, the dominant form found in nature is α-chitin, which is found in 75 

fungi, insects, and crustaceans (Ifuku, 2014, Moussian, 2019).  76 

Despite the promise of chitin-containing biomass, the industrial degradation of 77 

this polymer has been described as inefficient and wasteful using current methods (Yan 78 

& Chen, 2015). Consequently, there has been renewed interest in elucidating the 79 

approaches bacteria and fungi employ to degrade chitin-containing substrates because 80 

this process is highly efficient (Tharanathan & Kittur, 2003, Gortari & Hours, 2013). This 81 

efficiency is the result of potent Carbohydrate Active EnZymes (CAZymes; 82 

[http://www.cazy.org]) (Lombard et al., 2014), specifically lytic polysaccharide 83 

monooxygenases (LPMOs) and glycoside hydrolases (GHs). The LPMOs from family 84 

AA10 are known to act on chitin and disrupt its crystalline structure (Vaaje-Kolstad et 85 

al., 2005). Glycoside hydrolase families with known chitin-degrading activities (GH18, 86 

GH19, and GH46) then cleave soluble chitin polymers into chito-oligosaccharides. 87 
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These oligosaccharides are then subsequently cleaved to free GlcNAc monomers by 88 

enzymes from the GH3, GH20, and GH84 families (Stoykov et al., 2015, Nguyen et al., 89 

2018).  90 

One of the reasons postulated for the large number of CAZymes required to 91 

degrade chitin-containing biomass is the complex and insoluble nature of these 92 

substrates. For example, the shells of crabs are considered a type of recalcitrant 93 

biomass due to its complex composition. Specifically, the exoskeleton of these 94 

crustaceans is hierarchically organized and includes chitin nanofibers bundled by 95 

proteins, which are subsequently encased in calcium carbonate (Raabe et al., 2005). 96 

The degradation of complex substrates such as crustacean shells has been previously 97 

studied, and there are currently several bacterial models of chitin degradation (Vaaje-98 

Kolstad et al., 2013, Meibom et al., 2004, Lacombe-Harvey et al., 2018).  99 

One bacterial model system that has recently emerged with robust systems 100 

biology methods to study recalcitrant polysaccharide degradation is Cellvibrio japonicus 101 

(Gardner, 2016, Attia et al., 2018, Garcia et al., 2020). This bacterium has been 102 

previously shown as proficient at chitin degradation (Forsberg et al., 2016, Tuveng et 103 

al., 2016, Monge et al., 2018) and has nine predicted chitin specific genes, which 104 

include four family GH18 enzymes, one GH19 enzyme, two GH20 enzymes, one GH46 105 

enzyme, and one chitin-specific AA10 LPMO (DeBoy et al., 2008). Previous 106 

transcriptomic, genetic (Monge et al., 2018), and proteomic studies (Tuveng et al., 107 

2016) confirmed the importance of the GH18 enzymes and the LPMO for chitin 108 

degradation (Forsberg et al., 2016). Interestingly, despite having four GH18 enzymes 109 

only the Chi18D chitinase was essential for chitin degradation in C. japonicus. 110 
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Additionally, the LPMO was critical in the early stages of degradation and acted on the 111 

highly insoluble and crystalline portions of chitin. 112 

Building upon that previous work, here we report the mechanism of chito-113 

oligosaccharide uptake and catabolism by C. japonicus. We determined that the genes 114 

cttA (CJA_0353) and cttB (CJA_01157) encode TonB-dependent transporters, which 115 

are essential for the transport of chito-oligosaccharides into the periplasm. Using a 116 

combination of mutational analysis and heterologous expression we determined that the 117 

gene product of hex20B is a hexosaminidase that generates GlcNAc from chito-118 

oligosaccharides. These findings refine our model of C. japonicus chitin utilization, 119 

which suggests sophisticated regulation to secrete a battery of CAZymes that perform 120 

the initial stages of chitin degradation extracellularly. Using highly efficient transport 121 

systems the bacterium then imports chito-oligosaccharides into the periplasmic space 122 

for conversion to GlcNAc and entry into metabolism. This method of chitin utilization 123 

ensures a strong return on investment for the energy spent to produce and then secrete 124 

a large number of CAZymes.  125 
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RESULTS 126 

Transcriptome analysis of C. japonicus reveals a complex regulatory response 127 

during the degradation of chitin-containing substrates. A previous RNAseq study 128 

using purified -chitin as a substrate observed the up-regulation of all nine genes that 129 

encode enzymes with predicted chitinolytic activities from C. japonicus, but interestingly 130 

also a variety of CAZyme genes implicated in the degradation of other polysaccharides 131 

(Monge et al., 2018). Therefore, we hypothesized that C. japonicus has a complex 132 

regulatory network to control the expression of CAZymes. Additionally, we wanted to 133 

determine if the gene expression response for C. japonicus CAZymes would be altered 134 

when utilizing an environmentally relevant complex substrate. Therefore, we analyzed 135 

the gene expression patterns of C. japonicus grown using crab shells as a model 136 

complex substrate in addition to testing glucose (Glc), N-acetylglucosamine (GlcNAc), 137 

and purified -chitin. Specifically, we wanted to determine the differences in gene 138 

expression that were dependent on substrate and growth phase of C. japonicus, and 139 

consequently our cut-off parameters for the RNAseq analysis was consistent across 140 

comparisons (2-fold change in gene expression with a p-value of 0.01 were deemed 141 

significant). 142 

 For our initial analysis, we compared the gene expression profile of cells grown 143 

using GlcNAc versus cells grown using Glc during exponential growth. From this 144 

analysis, we identified only 42 genes that were up-regulated for cells grown using 145 

GlcNAc, including six that were CAZyme-encoding genes with predicted activity on 146 

chitin or GlcNAc (nag9A, hex20B, chi18D, chi18C, chi18A, and chi18B). Interestingly, a 147 

gene with the locus tag CJA_1157 was the most up-regulated transcript in the GlcNAc 148 
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condition and is predicted to encode an outer membrane transporter. A second outer 149 

membrane transporter with the locus tag CJA_0353 was also up-regulated. Additionally, 150 

a putative operon that encodes two inner membrane transporters (gluP, locus ID: 151 

CJA_1161) and CJA_1162), a sugar deacetylase (nag9A, locus ID: CJA_1163), and a 152 

sugar deaminase (nagB, locus ID: CJA_1164) were up-regulated in the GlcNAc 153 

condition (Fig. 1A, Fig. 2, & Table S1A).  154 

When we compared the transcriptomic profile of GlcNAc versus Glc cells in 155 

stationary phase, we observed a total of 500 genes that were up-regulated in GlcNAc, 156 

but only four were CAZyme genes. Of the chitin relevant genes, only chi18A was up-157 

regulated. The transporter CJA_1157 was up-regulated while there was no change in 158 

the expression of CJA_0353. Two of the genes of the GlcNAc operon were also up-159 

regulated (gluP and nag9A) (Fig. S1A & Table S2A). We also compared gene 160 

expression between exponential growth versus stationary phase for cells grown using 161 

GlcNAc and observed significant changes of expression for 536 genes including 20 162 

CAZyme genes, but only four predicted chitinolytic genes that were up-regulated in 163 

stationary phase (chi18C, chi19A, hex20B, and lpmo10A). The expression of the two 164 

predicted transporters (CJA_0353 and CJA_1157) and the putative GlcNAc utilization 165 

operon genes did not change during stationary phase (Fig. S1B & Table S2B).  166 

 A previous study provided an in-depth analysis of C. japonicus gene expression 167 

when using purified -chitin versus Glc (Monge et al., 2018), therefore our present 168 

transcriptomic study uses crab shells (CRB) as a model complex substrate. When we 169 

compared the gene expression of CRB grown cells versus Glc grown cells during 170 

exponential growth, we found 699 genes significantly up-regulated in the CRB condition, 171 
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including 70 CAZyme-encoding genes. All nine genes predicted to encode chitin-active 172 

enzymes were up-regulated as expected in the CRB condition. Additionally, the two 173 

hypothetical transporters (CJA_0353 and CJA_1157) as well as the four genes of the 174 

putative GlcNAc utilization operon were highly up-regulated (Fig. 1B, Fig. 2, & Table 175 

S1B ). 176 

Gene expression analysis for CRB versus Glc cells in stationary phase identified 177 

a total of 809 up-regulated genes with 11 CAZyme-encoding genes, including five 178 

genes encoding chitin-active CAZymes (lpmo10A, chi18D, chi18C, hex20B, and 179 

chi18A). Interestingly, the putative transporters CJA_0353 and CJA_1157 were up-180 

regulated while the putative GlcNAc utilization operon genes were not (Fig. S1C & 181 

Table S2C). 182 

 To further characterize the regulatory response of C. japonicus to complex chitin-183 

containing biomass, we compared the gene expression profile of cells grown using CRB 184 

versus GlcNAc during exponential growth. We observed the up-regulation of 1012 185 

genes, including 74 CAZymes in the CRB condition. Six out the nine genes predicted to 186 

encode chitin-active CAZymes were up-regulated (lpmo10A, csn46F, chi18D, chi19A, 187 

chi18C, and hex20A). The predicted transporter encoded by CJA_0353 was up-188 

regulated, while CJA_1157 gene transcripts were highly abundant in both conditions 189 

leading to no differential expression. The putative GlcNAc utilization operon genes were 190 

down-regulated in the CRB condition (Fig. 1C, Fig. 2, & Table S1C). While comparing 191 

the stationary phase transcriptome of CRB versus GlcNAc grown cells, we identified 192 

586 genes up-regulated and 20 CAZyme-encoding genes. Interestingly, the only gene 193 

encoding a chitin-active CAZyme up-regulated in the CRB condition was a chitosanase 194 
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gene (csn46F). The two transporters (CJA_0353 and CJA_1157) and the GlcNAc 195 

operon genes were not up-regulated in stationary phase for the CRB condition (Fig. 196 

S1D & Table S2D).  197 

 We next investigated C. japonicus gene expression during the degradation of 198 

CRB versus -chitin during exponential growth. We observed the up-regulation of 903 199 

genes, including 24 CAZyme-encoding genes but only two chitinase-encoding genes 200 

(chi18C and csn46F). Interestingly, three chitinase-encoding genes were down-201 

regulated in the CRB condition (chi18D, chi18B, and hex20A). The remaining four 202 

genes encoding chitin-active CAZymes, the four GlcNAc operon genes, and the two 203 

putative transporters CJA_1157 and CJA_0353 were highly expressed in both 204 

conditions but none were differentially expressed in this comparison (Fig. 1D, Fig. 2, & 205 

Table S1D).  206 

The RNAseq data for CRB versus -chitin grown cells in stationary phase 207 

revealed up-regulation of 1115 genes, including 34 CAZyme-encoding genes. All of the 208 

genes predicted to encode chitin active CAZymes were highly expressed in both growth 209 

conditions, but the chi18C gene was up-regulated while the chi18B and hex20A genes 210 

were down-regulated in the CRB condition. There was no differential gene expression of 211 

CJA_0353, CJA_1157 or the four genes encoded in a putative GlcNAc utilization 212 

operon (Fig. S1E & Table S2E).  213 

 Transcriptome analysis for C. japonicus cells grown using -chitin versus GlcNAc 214 

during exponential growth revealed up-regulation of 1241 gene, including 110 CAZyme 215 

genes with seven genes that encode chitin active enzymes (csn47F, chi18D, chi19A, 216 

chi18B, chi18C, hex20A, and lpmo10A). The CJA_0353 gene was up-regulated, but the 217 



Monge & Gardner (2020) 

  10 

CJA_1157 gene was not in exponential phase. The GlcNAc utilization operon genes 218 

were down-regulated in exponential phase for this comparison (Fig. 1E, Fig. 2, & Table 219 

S1E).  220 

Transcriptome analysis for C. japonicus cells grown using -chitin versus GlcNAc 221 

in stationary phase identified 654 genes up-regulated including 75 CAZyme-encoding 222 

genes. Six genes that encode chitin active enzymes were up-regulated (lpmo10A, 223 

chi18B, chi18D, hex20A, chi19A, and chi18C). The two predicted transporters 224 

(CJA_1157 and CJA_0353) and the putative GlcNAc utilization operon genes were 225 

highly expressed in both conditions, but we found that CJA_1157, nag9A and nagB 226 

were down-regulated in the -chitin condition (Fig. S1F & Table S1F). 227 

Finally, when comparing the differential gene expression between exponential 228 

versus stationary phase for C. japonicus grown using CRB as the sole nutrient source 229 

we observed only five CAZyme-encoding genes were differentially expressed (cel6A, 230 

pel3B, cbp2D, cbp2E, and lpmo10B). There was no differential gene expression for any 231 

genes that encoded chitin active enzymes, transporters, or GlcNAc utilization (Fig. S1G 232 

& Table S2G).  233 

While the focus of this study was on the CAZyme and transporter response of C. 234 

japonicus as pertains to chitin metabolism, we also surveyed the highest expressed 235 

genes, irrespective of function, in an attempt to identify any patterns (Supplemental 236 

Materials File #2). We observed that in the GlcNAc vs Glc and crab shells vs Glc 237 

conditions we found that proteases and stress response proteins were up-regulated. 238 

While the total number of up-regulated genes on GlcNAc vs Glc is low (42 genes), this 239 

was expected given that N-acetylglucosamine differs from glucose only by an 240 
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acetamide group at the C2 position. Removal of this group by a deacetlylase (nag9A) 241 

and a deaminase (nagB), both of which were up-regulated, allows for this metabolite to 242 

then enter glycolysis. Furthermore, we found that the crab shell condition had several 243 

protease and stress response genes up-regulated, which suggests that C. japonicus 244 

must not only extract energy from the N-acetylglucosamine, but also contend with the 245 

difficulties of deconstructing a complex insoluble substrate. While beyond the scope of 246 

this study, these comparisons also allow for the identification of differences between 247 

different substrate types including soluble vs insoluble (i.e. GlcNAc vs α-chitin) and 248 

purified vs authentic (i.e. α-chitin vs crab shell). 249 

 250 

Gene loci CJA_0353 and CJA_1157 encode TonB-dependent transporters that are 251 

essential for chito-oligosaccharides import. RNAseq analysis suggested a pivotal 252 

role of two putative transporters (CJA_1157 and CJA_0353) during GlcNAc, -chitin, 253 

and crab shell degradation. Bioinformatic analysis of these two transporters using the 254 

PFAM database (El-Gebali et al., 2019) revealed the presence of two typical domains 255 

present in TonB-dependent transporters (TBDTs), which are a plug domain and an 256 

outer membrane pore domain (Fig. 3A). A BLAST alignment indicated that the proteins 257 

encoded by CJA_0353 and CJA_1157 shared 36% amino acid identity and 53% 258 

similarity in the predicted plug domain, but only 25% identity and 40% similarity in the 259 

predicted β-barrel domain. Interestingly, these C. japonicus proteins shared no amino 260 

acid similarity to the two previously characterized CusC-type TBDTs from 261 

Flavobacterium johnsoniae (Larsbrink et al., 2016). Therefore, to establish the 262 

importance of the C. japonicus predicted TBDTs in chitin metabolism we generated in-263 
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frame gene deletion strains for both CJA_0353 and CJA_1157 and performed growth 264 

analyses using -chitin or CRB as the sole carbon source. For these experiments we 265 

included a Δgsp mutant strain, which has the ten-gene operon that encode the entire 266 

general secretion pathway deleted from the genome, as a strong negative control 267 

(Gardner & Keating, 2010, Nelson & Gardner, 2015). As expected, this protein secretion 268 

deficient mutant was unable to grow using either -chitin or CRB as a sole carbon 269 

source. When grown using CRB, the ΔCJA_0353 strain behaved similar to the wild-type 270 

strain in terms of its growth rate and maximum density obtained. In contrast, the 271 

ΔCJA_1157 strain displayed a lag phase that was 50 hours longer and had a 25% 272 

reduction in the maximum density obtained when compared to the wild-type despite 273 

having a similar growth rate. The most striking result using CRB as the sole nutrient 274 

source was the complete inability of a ΔCJA_0353 ΔCJA_1157 double deletion mutant 275 

to grow (Fig. 3B & Table S3). When we tested the three mutant strains using -chitin as 276 

the sole carbon source we observed similar phenotypes as observed in CRB (Fig. 3C & 277 

Table S3). The ΔCJA_1157 strain had a lag phase that was 72 hours longer than the 278 

wild-type despite having a growth rate and a maximum density that were similar. The Δ279 

CJA_0353 strain grew like the wild-type strain both in terms of growth rate and 280 

maximum density obtained. The double deletion ΔCJA_0353 ΔCJA_1157 mutant did 281 

not grow in the -chitin medium.  282 

 To identify the substrates being imported into the cell by the two predicted 283 

TBDTs, we performed growth analyses using GlcNAc, chitobiose ((GlcNAc)2), or 284 

chitotriose ((GlcNAc)3) as the sole carbon source in combination with the TDBT deletion 285 
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mutant strains. As expected, when grown with GlcNAc (Fig. 4A), the deletion strains 286 

grew similar to wild-type. Interestingly, when (GlcNAc)2 was used as the sole carbon 287 

source the ΔCJA_1157 mutant strain had a growth lag that was four hours longer than 288 

the wild-type strain, but had a similar growth rate and maximum growth density. The Δ289 

CJA_0353 mutant strain grew like wild-type on chitobiose. The ΔCJA_0353 ΔCJA_1157 290 

double mutant strain had a growth lag that was 13 hours longer than wild-type and also 291 

had a reduced growth rate (Fig. 4B & Table S4). When using (GlcNAc)3, as the sole 292 

carbon source, the ΔCJA_0353 mutant strain grew like wild-type while the single Δ293 

CJA_1157 mutant strain had a lag phase that was three hours longer than the wild-type 294 

strain but had a similar growth rate and maximum growth density. Strikingly, the Δ295 

CJA_0353 ΔCJA_1157 double mutant was unable to grow using chitotriose (Fig. 4C & 296 

Table S4). These growth experiments suggested that both putative TBDT genes are 297 

required for the efficient transport of chito-oligosaccharides, but the dominant 298 

transporter is CJA_1157. Consequently, we suggest naming CJA_0353 as cttA (chito-299 

oligosaccharide transporter A) and CJA_1157 as cttB (chito-oligosaccharide transporter 300 

B). 301 

 302 

The enzyme encoded by the hex20B gene is required for the efficient degradation 303 

of chito-oligosaccharides. The genome of C. japonicus is predicted to encode two 304 

GH20 hexosaminidases (hex20A and hex20B) (DeBoy et al., 2008). We found these 305 
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putative hexosaminidases genes to be up-regulated during the degradation of GlcNAc 306 

and CRB. Furthermore, these genes were previously shown to be up-regulated when C. 307 

japonicus was degrading α-chitin (Monge et al., 2018). Protein analysis using the PFAM 308 

and dbCAN databases, (El-Gebali et al., 2019, Yin et al., 2012) identified two domains 309 

in Hex20A. The first domain has a predicted α + β topology and is classified as a 310 

glycoside hydrolase 20B domain (GH20-B). The second domain in Hex20A is the 311 

catalytic (β)8-barrel GH20 domain (GH20). Bioinformatic analysis of Hex20B found four 312 

different domains which include a putative carbohydrate binding domain (CHB-HEX-N), 313 

a glycoside hydrolase 20B domain (GH20-B), a catalytic GH20 domain (GH20), and a 314 

short C-terminal domain composed of α + β sandwich structure (CHB-Hex-C) (Table 315 

S5) (Tews et al., 1996, Mark et al., 2001a, Vaaje-Kolstad et al., 2013). Using SignalP 316 

5.0, TMHHMM 2.0, and LipoP 1.0, we determined that both Hex20A and Hex20B 317 

contain a signal peptide I (SPI) sequence, which targets this enzyme for periplasmic 318 

and possible extracellular secretion (Petersen et al., 2011, Juncker et al., 2003, Moller 319 

et al., 2001) (Fig. 5A).  320 

 A previous study described the importance of the Chi18A enzyme for the latter 321 

stages of chitin metabolism (Monge et al., 2018). The Chi18A chitinase has only a 322 

GH18 domain, and a recent model of chitin degradation by C. japonicus predicted 323 

Chi18A as an outer membrane-associated lipoprotein that degrades chito-324 

oligosaccharides. Therefore, to place the Chi18A, Hex20A, and Hex20B enzymes in a 325 

functional context we generated mutant strains that each had the chi18A, hex20A, or 326 

hex20B genes deleted, respectively. We also generated every possible combination of 327 

double mutant and triple mutant, specifically Δchi18A Δhex20A, Δchi18A Δhex20B, 328 
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Δhex20A Δhex20B, and Δchi18A Δhex20A Δhex20B. With this suite of mutants, we 329 

performed growth analyses using various chitin-containing substrates. As expected, 330 

when grown in GlcNAc as the only source of carbon, all strains grew like wild-type (Fig. 331 

5). Surprisingly, every mutant strain grown using CRB or -chitin also behaved like wild-332 

type (Fig. S2). Given that the growth experiments took between five and ten days, we 333 

hypothesized that the growth rates were too slow to characterize functional redundancy 334 

or that the low concentration of chito-oligosaccharides generated during CRB or -chitin 335 

degradation masked the importance of the chi18A, hex20A, and hex20B gene products. 336 

Previous work by our group found that the chitin-specific LPMO and the Chi18BCD 337 

enzymes were able to work synergistically to generate GlcNAc from insoluble chitin, 338 

albeit at a slow rate (Monge et al., 2018). Given the slow growth on crab shells and 339 

chitin it is possible that the absence of an observable growth defect from the hex20A, 340 

hex20B, or chi18A mutants is because the action of the LPMO and GH18 enzymes 341 

extracellularly generate GlcNAc and by-pass the requirement for chito-oligosaccharide 342 

degrading activity. 343 

To better characterize the functional roles of the hex20A, hex20B, and chi18A 344 

gene products we grew our suite of mutants using chito-oligosaccharides (CHOS) as 345 

sole carbon sources. During (GlcNAc)2 degradation (Fig. 5C & Table S6), we observed 346 

that the Δchi18A and Δhex20A single mutant strains grew similarly to the wild-type 347 

strain, as did a Δchi18A Δhex20A double mutant. While the Δhex20B single mutant had 348 

a growth rate similar to wild-type, we observed that this strain had a lag phase that was 349 

three hours longer (Table S6). The Δhex20A Δhex20B double mutant displayed a 350 

similar phenotype to the mutant carrying the single hex20B deletion. Interestingly, the 351 
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Δchi18A Δhex20B double mutant displayed a more pronounced lag phase compared to 352 

wild-type. The Δchi18A Δhex20A Δhex20B triple mutant grew similar to the Δchi18A 353 

Δhex20B double mutant. When (GlcNAc)3 was used as the sole carbon source, we 354 

observed similar growth trends albeit with exacerbated lag phases for the double and 355 

triple mutants (Fig. 5D). These results suggest that the GH20 enzymes have non-356 

redundant physiological roles, a phenomena we have observed for other C. japonicus 357 

glycoside hydrolase families (e.g. GH3 and GH18) (Nelson et al., 2017, Monge et al., 358 

2018). Overall, our gene deletion experiments indicated that the hex20B gene product 359 

has the dominant role in the degradation of chito-oligosaccharides in C. japonicus. 360 

 While the mutational experiments in C. japonicus helped to prioritize the 361 

importance of the GH20 CAZymes, we next wanted to determine if these enzymes were 362 

equally sufficient to enable CHOS degradation. Therefore we tested the C. japonicus 363 

GH20 enzymes as functional replacements of the E. coli CHOS-specific 364 

phosphotransferase system (PTS) (Keyhani et al., 2000). In E. coli CHOS are imported 365 

and metabolized via a six-gene operon that contains three permeases (chbB, chbC, and 366 

chbA) (Keyhani et al., 2000), a repressor/activator (chbR) (Plumbridge & Pellegrini, 367 

2004), a phospho-β-glucosidase (chbF) (Thompson et al., 1999), and a chitobiose 368 

deacetylase (chbG) (Verma & Mahadevan, 2012). The ChbG deacetylase removes a 369 

single acetyl group from the reducing end of chitobiose, which is then cleaved by the 370 

ChbF phospho-β-glucosidase. The ChbG enzyme is essential for growth using the 371 

chito-oligosaccharides (GlcNAc)2 and (GlcNAc)3 in E. coli because this bacterium does 372 

not possess any hexosaminidases (Verma & Mahadevan, 2012). Consequently, we 373 

used a ΔchbG of E. coli to evaluate the ability of chi18A, hex20A, and hex20B gene 374 
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products to produce GlcNAc, which E. coli can use as a sole nutrient source (Fig. 6A & 375 

Table S7). Heterologous expression of the hex20B gene was able to restore the growth 376 

of E. coli ΔchbG mutant strain, both in terms of growth rate and maximum growth 377 

attained when grown using CHOS (Fig. 6B & Fig. 6C). Consistent with our C. japonicus 378 

mutant data, heterologous expression of hex20A and chi18A did not rescue the ΔchbG 379 

growth defect using CHOS, which again suggests non-redundant functions of the C. 380 

japonicus GH20 enzymes and a dominant role for Hex20B in the utilization of chitin 381 

degradation products.  382 
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DISCUSSION 383 

Transcriptomic analysis suggests a substrate-sensing mechanism and 384 

coordinated regulation of CAZymes by C. japonicus during degradation of 385 

complex chitin-containing biomass. Over the course of this study we obtained 386 

transcriptomic profiles of C. japonicus when using multiple substrates with varying 387 

complexity and solubility (glucose, N-acetylglucosamine, purified α-chitin, and crab 388 

shells) (Fig. 1 & Fig. S1). We observed increased gene expression of the nine genes 389 

predicted to encode chitin-active CAZymes during CRB utilization compared to glucose, 390 

which mirrored our previously transcriptomic studies using purified α-chitin (Monge et 391 

al., 2018). Interestingly, during GlcNAc degradation we observed the up-regulation of 392 

only a sub-set of C. japonicus chitin specific genes (chi18D, chi18C, hex20B, and 393 

chi18A). In particular, when examining the absolute level of gene expression we found 394 

that the hex20B gene was often also highly expressed on chitin and crab shells, which 395 

resulted in low fold-change comparison (Fig. 2). Our results suggest that Cellvibrio 396 

japonicus has a sophisticated regulatory mechanism to up-regulate specific CAZyme 397 

genes according to substrate composition, which is consistent with our previous studies 398 

of C. japonicus gene regulation, specifically we have found a generalized 399 

polysaccharide degradation response for substrates, such as cellulose and chitin, where 400 

a diverse array of CAZyme genes are up-regulated (Gardner et al., 2014, Monge et al., 401 

2018), and specialized responses, such as for xylan, where only a very select sub-set of 402 

CAZyme genes are up-regulated (Blake et al., 2018). Similar regulatory responses have 403 

been observed in other polysaccharide-degrading microbes, including cellulosome-404 

forming bacteria (Wilson et al., 2013, Ren et al., 2019), human gut symbionts (Martens 405 
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et al., 2011), and saprophytic filamentous fungi (Miao et al., 2015, Wang et al., 2015) 406 

where the presence of complex substrates up-regulates a specific CAZyme response. 407 

The up-regulation of the lmpo10A gene during CRB and α-chitin, but not during GlcNAc 408 

degradation, is one example of the substrate-specific regulation as lytic polysaccharide 409 

monooxygenases are required only for the degradation of recalcitrant biomass (Casado 410 

Lopez et al., 2018, Eijsink et al., 2019). As a second example, C. japonicus had greater 411 

chitinase gene expression using purified chitin compared to crab shells (Fig. 2, which 412 

would be expected given that the increased compositional complexity of crab shells 413 

reduces the overall accessible amount of chitin and consequently production rate of 414 

soluble CHOS. Related, we observed up-regulation of genes that encode CAZymes and 415 

TBDTs when comparing GlcNAc vs Glc, which suggests that N-acetylglucosamine is a 416 

metabolic trigger for C. japonicus to prime it chitin-degradation response. We observed 417 

a decrease in the expression of the genes encoding CAZymes during stationary-phase. 418 

This change in expression can be attributed to a metabolic shift due to the entrance of 419 

the cells into a stationary phase (Jaishankar & Srivastava, 2017), although it is unclear 420 

for C. japonicus if the entry into stationary phase in this experiment was due to the 421 

consumption of all accessible CHOS or another metabolic restriction. 422 

 The family GH46 are chitosanases that are known to hydrolyze chitosan, a 423 

polymer of β-1,4-linked D-glucosamine (GlcN) (Marcotte et al., 1996, Saito et al., 1999) 424 

and most representative  members of this family have been characterized from 425 

Streptomyces and Bacillus sp. (Viens et al., 2015). Family GH19 CAZymes, originally 426 

identified in plants but also found in bacteria, are endo-chitinases that can degrade 427 

chitosan but have poor activity on recalcitrant chitin (Ohno et al., 1996, Heggset et al., 428 
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2009, Iseli et al., 1996). Although the csn46F and chi19A genes were significantly up-429 

regulated when using chitin-containing substrates, we found that these genes did not 430 

play an essential role during α-chitin or CRB degradation in C. japonicus as determined 431 

by mutational analyses (Fig. S3). On-going work in our laboratory will further 432 

characterize the C. japonicus GH46 and GH19 enzymes, and we expect those data to 433 

be part of the next refinement of our model.  434 

 Aside from chitinolytic genes, we found a diverse set of CAZyme genes highly 435 

expressed during chitin degradation (Fig. S4). These results are similar to those 436 

observed in other C. japonicus transcriptome studies, specifically for cellulose and 437 

xyloglucan degradation (Gardner et al., 2014, Attia et al., 2018, Larsbrink et al., 2014). 438 

These data suggest a theme for C. japonicus polysaccharide utilization that includes 439 

regulation for simple and complex substrates. For example, in this study GlcNAc 440 

induces a specific response for CHOS metabolism, while insoluble substrates (α-chitin 441 

and crab shells) elicit a more generalized carbohydrate response. This strategy of a 442 

single polysaccharide component acting as a proxy for detection of a complex substrate 443 

has been discussed for other bacterial CAZyme systems (Gruben et al., 2017, 444 

Gruninger et al., 2018). In the case of crab shells, the only polysaccharide present is 445 

chitin, and as expected there was no differential chitinase gene expression between 446 

purified chitin and crab shells. Interestingly, there was differential expression of other 447 

CAZyme genes, as well as proteases and stress response genes (Supplemental 448 

Materials File 2). These latter two gene classes suggest that C. japonicus is adjusting 449 

to the pH and soluble mineral changes as crab shells are being degraded, in addition to 450 

cleaving the protein found in crab shells to better access the chitin. 451 
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 452 

The cttA and cttB genes encode transporters essential for the transport of chito-453 

oligosaccharides. TonB-dependent transporters (TBDTs) are multi-protein complexes 454 

in Gram-negative bacteria known to actively transport and be important for the 455 

metabolism of iron, vitamins, and oligosaccharides (Blanvillain et al., 2007, Noinaj et al., 456 

2010, Bolam & van den Berg, 2018, Koropatkin et al., 2008, Larsbrink et al., 2014). Our 457 

analysis of the C. japonicus genome predicted the presence of 45 outer membrane 458 

receptors that are components of TBDTs. Our RNAseq data found that two genes that 459 

encode putative TBDT outer membrane receptors (CJA_0353 and CJA_1157, now 460 

renamed as CttA and CttB, respectively) were highly expressed during chitin utilization, 461 

and therefore we characterized them further by generating single and double deletion 462 

strains. As expected, none of the deletion mutants had a growth defect using GlcNAc, 463 

and we hypothesize this is due to the presence of several Outer Member Proteins 464 

(OMP) and Major Facilitator Superfamily (MFS) transporters in C. japonicus, with one 465 

MFS transporter (gluP) located in a predicted GlcNAc utilization operon (DeBoy et al., 466 

2008). Moreover, TBDTs are known to transport large substrates from the environment, 467 

and our data provides support for CttA and CttB transporting chito-oligosaccharides. 468 

Specifically, the putative TBDT mutant strains displayed strong growth defects when 469 

grown using CHOS, α-chitin, and CRB (Fig. 3, Fig. 4, Table S3, & Table S4). These 470 

results reinforce the idea that TBDTs are highly efficient to transport the chito-471 

oligosaccharides generated in the environment (Blanvillain et al., 2007, Noinaj et al., 472 

2010). We predict that CttB has a higher affinity for CHOS than CttA and is therefore the 473 

primary mechanism for the transport of chitin degradation products. This would explain 474 
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why when the cttA gene is deleted we do not observed a growth defect and why when 475 

cttB is deleted the strain is able to still grow, albeit more slowly. The ability of the cttA 476 

cttB double mutant to grow using chitobiose is likely due to either this substrate being 477 

cleaved to GlcNAc extracellularly or the presence of a permissive transporter. On-going 478 

work in our lab is further characterizing the CttA and CttB transporter to characterized 479 

their specificity and affinity for CHOS. Irrespective of affinity, our results suggest the 480 

major products of C. japonicus chitin degradation are oligosaccharides generated 481 

extracellularly and then subsequently transported into the cell. It is likely that the C. 482 

japonicus is transporting CHOS with a degree of polymerization ≤6 because previously 483 

characterized TBDTs from Xanthomonas campestris pv. Campestris and some from 484 

Bacteroides thetaiotaomicron were shown to transport oligosaccharides no larger than 485 

six sugar moieties (Koropatkin et al., 2008, Bolam & van den Berg, 2018, Blanvillain et 486 

al., 2007, Boulanger et al., 2010). However, as more recent studies have demonstrated 487 

that B. thetaiotaomicron has TDBTs that can transport larger malto-oligosaccharides 488 

and fructo-oligosaccharides, future work by our group will further investigate if CHOS 489 

transport by C. japonicus is more restricted (Foley et al., 2018, Gray et al., 2021, Pollet 490 

et al., 2021). 491 

 492 

Functional analysis of C. japonicus GH20 genes suggests non-redundant 493 

functions for CAZymes involved in chito-oligosaccharide catabolism. 494 

Hexosaminidases from the family GH20 are involved in several biological processes 495 

catalyzing the hydrolysis of N-acetyl-hexosaminyl residues from different substrates. As 496 

examples, hexosaminidases hydrolyze gangliosides in higher organisms (Tropak et al., 497 
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2004) and act as lacto-N-biosidases that degrade lacto-N-tetraose, the main component 498 

of human milk oligosaccharides (Sakurama et al., 2013, Sano et al., 1992). In bacterial 499 

species, some GH20 enzymes are chitobiases that hydrolyze chitobiose (Vaaje-Kolstad 500 

et al., 2013, Drouillard et al., 1997). Relevant to this report, previous bioinformatic 501 

analysis of Cellvibrio japonicus found two GH20 enzymes, Hex20A and Hex20B, and 502 

our data here suggest a dominant role for Hex20B during the degradation of chito-503 

oligosaccharides. 504 

 Amino acid analysis of the C. japonicus GH20 enzymes revealed diagnostic 505 

catalytic residues in both enzymes but suggested different domain organization and 506 

cellular location. Hex20A and Hex20B catalytic domains were compared to those of 507 

characterized chitobiases from Serratia marcescens (Tews et al., 1996, Mayer et al., 508 

2006, Mark et al., 2001b) and the β-N-acetylhexosaminidase from Streptomyces 509 

coelicolor (Thi et al., 2014). Both C. japonicus hexosaminidases have key catalytic 510 

residues (Asp-Glu), which are preceded by a characteristic consensus motif (His-X-Gly-511 

Gly) present in the GH20 glycoside hydrolases. Hex20A has nine out ten conserved 512 

residues known to be important for the catalytic site formation, while Hex20B has all ten 513 

of these residues (Fig. S5) (Tews et al., 1996, Drouillard et al., 1997). A structural 514 

analysis of Hex20A indicates it has two domains: GH20-B and GH20 while Hex20B had 515 

four domains: CHB_HEX_N, GH20_B, Glyco_hydro_20, and CHB_HEX_C. The 516 

structure of domain CHB_HEX_N is similar to that of the carbohydrate binding module 2 517 

(CBM2) (Gilkes et al., 1988). However, there is no evidence that the CHB_HEX_N 518 

domain supports binding to carbohydrates (Tews et al., 1996). Domains GH20_B and 519 
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GH20_HEX_C do not have similarity to known domains and their physiological functions 520 

are currently unknown (Drouillard et al., 1997, Tews et al., 1996). 521 

 Hex20A was predicted to be a secreted enzyme, while Hex20B was predicted to 522 

contain an N-terminal transmembrane helix and be located in the periplasm (Fig. 5A) 523 

(Juncker et al., 2003, Moller et al., 2001, Petersen et al., 2011). As the C. japonicus 524 

GH20 enzymes had different domain architecture and predicted cellular locations we 525 

wanted to determine if these CAZymes had distinct physiological roles in the cell. We 526 

also included characterization of Chi18A during CHOS catabolism because it was 527 

previously implicated with the latter stages of chitin metabolism (Monge et al., 2018). 528 

Using a comprehensive mutant construction strategy, we generated every combination 529 

of single, double and triple mutant strains for the chi18A, hex20A, and hex20B genes 530 

and evaluated their ability to grow using both purified and complex substrates (α-chitin 531 

and crab shells). Surprisingly, all of the generated mutants grew like the wild-type on 532 

these substrates (Fig. S2). This result suggested both a slow generation of CHOS 533 

during insoluble chitin degradation and that one or more of these genes were 534 

dispensable for growth using chitin. To further parse the physiological functions of these 535 

genes, we tested the deletion mutant strains using chitobiose and chitotriose, which we 536 

hypothesized would reveal subtle phenotypes. Our data suggested that Hex20B is the 537 

most influential hexosaminidase in C. japonicus (Fig. 5C & 5D). We observed that the 538 

chi18A gene product influenced CHOS degradation only in combination with the hex20B 539 

gene product. Since the chi18A Δhex20B double mutant displayed a protracted lag 540 

phase, this result suggested synergy between the two gene products for CHOS 541 

catabolism.  542 
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The importance of Hex20B for CHOS degradation was further supported in 543 

experiments using an E. coli ΔchbG mutant strain, and these experiments helped us 544 

verify the non-redundant functions of the enzymes encoded by the hex20A, hex20B and 545 

chi18A genes (Fig. 6). The heterologous expression of the hex20B gene allowed an E. 546 

coli ΔchbG mutant strain to grow using CHOS, while the heterologous expression of 547 

either the hex20A or chi18A genes did not rescue the E.coli ΔchbG growth defect using 548 

CHOS. While it is a formal possibility that the lack of rescue in E. coli by the hex20A and 549 

chi18A gene products is due to the enzymes not being made in an active form, we 550 

argue that the E. coli results observed are consistent with the C. japonicus mutant data. 551 

Therefore the physiological importance of the hex20A gene product remains unclear, 552 

specifically in terms of CHOS metabolism. While beyond the scope of this report, kinetic 553 

studies of the Hex20A and Chi18A enzymes would lend insight into the substrate 554 

specificity of these CAZymes. 555 

 556 

An updated model of C. japonicus chitin utilization now includes TBDTs and a 557 

hexosaminidase. The hydrolysis of chitin-containing biomass has predominantly been 558 

studied from a biochemical perspective (Thi et al., 2014, Vaaje-Kolstad et al., 2013, 559 

Meekrathok & Suginta, 2016, Tews et al., 1996). Consequently, our transcriptomic and 560 

functional genetic studies should be broadly useful to researchers who want to 561 

characterize the physiological response of complex substrate degradation by Gram-562 

negative bacteria. For example, recent work in Flavobacterium johnsoniae suggests 563 

there is increasing interest in understanding the chitin degradation and metabolism for 564 

environmentally important bacterial saprophytes (Larsbrink et al., 2016). Based on our 565 
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results we propose a model where Cellvibrio japonicus is secreting chitinolytic enzymes 566 

including Lpmo10A, Chi18D, Chi18C, and Chi18B as “public goods” (West et al., 2007) 567 

to perform the initial stages of chitin degradation, but then employing a robust TBDT 568 

system (via CttA and CttB) to import the chito-oligosaccharides into the periplasmic 569 

space. Hex20B and Chi18A subsequently cleave the imported chito-oligosaccharides to 570 

generate GlcNAc for entry into cellular metabolism. This study expands our 571 

understanding of C. japonicus chitin utilization and on-going work in our laboratory aims 572 

to understand where the remaining predicted chitin-active enzymes (Chi19A and 573 

Csn47F) play a role (Fig. 7).   574 
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EXPERIMENTAL PROCEDURES 575 

Media and Growth Conditions. Overnight cultures of Escherichia coli strains were 576 

grown in lysogenic broth (LB) (Bertani, 1951). Overnight cultures of Cellvibrio japonicus 577 

strains were grown on MOPS (3-(N-morpholino)propanesulfonic acid)) defined media 578 

(Neidhardt et al., 1974) containing 0.2% wt/vol glucose (Glc). Additional growth 579 

experiments with C. japonicus mutant strains used MOPS defined media with 0.25% 580 

wt/vol N-acetylglucosamine (GlcNAc), 0.25% wt/vol chitobiose (GlcNAc)2, 0.25% 581 

chitotriose (GlcNAc)3, 0.25% wt/vol -chitin from shrimp shells (Sigma, Aldrich) or 1-582 

10% wt/vol crab shells (Callinectes sapidus; CRB). The latter two substrates are 583 

completely insoluble, and to obtain substrates of a uniform size the -chitin flakes were 584 

sieved through a 130 mm Buchner polypropylene as was done previously (Monge et al., 585 

2018). CRB pieces were sieved in a similar manner. For growth analysis studies, both 586 

C. japonicus and E. coli strains were grown for 24 hours at 30oC with a high level of 587 

aeration (225 RPM). These cultures were used at a 1:100 dilution to inoculate a 96-well 588 

assay plate, where each well contained 198 µL of MOPS defined media with a single 589 

carbon source (Glc, GlcNAc, (GlcNAc)2 or (GlcNAc)3). Growth in 96-well assay plates 590 

was measured as a function of the optical density at 600 nm (OD600) using a Tecan 591 

M200Pro or a BioTek EPOCH2 plate reader set to 30oC with and a constant level of 592 

agitation. The CRB experiments were done in a 96-well assay plate with biomass 593 

containment devices (mBCDs) to avoid obstruction of the readings from the insoluble 594 

substrate (Monge et al., 2020). To measure growth using -chitin, 5 mL of MOPS 595 

defined media was dispensed into an 18 mm test tube containing biomass inside a 596 

biomass containment device, as done previously (Monge et al., 2018). The OD600 was 597 
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measured with a Spec20D+ spectrophotometer (Thermo Scientific). All growth 598 

experiments were performed in biological triplicate, and growth statistics were 599 

calculated with the Prism 6 software package. Plate media used either LB or MOPS-600 

glucose and was solidified with 1.5% agar. When required, kanamycin was used at a 601 

concentration of 50 μg/mL and ampicillin at a concentration of 100 μg /mL.  602 

 603 

Construction of C. japonicus and E. coli strains. C. japonicus gene deletion mutants 604 

were made and verified using previously published protocols (Nelson & Gardner, 2015, 605 

Gardner & Keating, 2010). Briefly, a suicide vector was generated by cloning 500 bp 606 

up- and down-stream from the target gene into the vector pK18mobsacB (Schafer et al., 607 

1994). Tri-parental mating conjugated the suicide vector (Green & Rogers, 2013) into C. 608 

japonicus using E. coli strains that contained either the pK18mobsacB vector or the 609 

pRK2013 helper plasmid (Figurski & Helinski, 1979). C. japonicus mutant strains were 610 

obtained through a selection and counter-selection scheme using kanamycin and 611 

sucrose, respectively. Gene deletion mutants were then confirmed by PCR analysis.  612 

 For heterologous expression studies in E. coli JW1722 ΔchbG::kan, the C. 613 

japonicus hex20A, hex20B, or chi18A genes were cloned into the pUC19 vector 614 

(Norrander et al., 1983). These vectors were then transformed into chemically 615 

competent E. coli JW1722 strains using standard protocols (Green & Rogers, 2013). 616 

Table S8 lists all of the strains, plasmids, and primers used in this study. 617 

 618 

Transcriptomic analysis. Transcriptomic analysis was conducted for C. japonicus 619 

grown using Glc, GlcNAc, or CRB as the only source of carbon using previously 620 
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described protocols (Gardner et al., 2014, Nelson et al., 2017, Blake et al., 2018, Monge 621 

et al., 2018). Briefly, for each carbon source samples were taken in biological triplicate 622 

at two time points, with the first being early exponential (Li, 2012) phase 623 

(0.1>OD600>0.2) and the second being stationary phase. The company GeneWiz 624 

(Plainfield, NJ) performed RNA sequencing using an Illumina HiSeq2500 (50bp single-625 

end reads; >10 million reads per sample). The data were output as FASTQ files, which 626 

were subsequently analyzed using DESeq2 (Love et al., 2014) through the GALAXY 627 

web-based platform (Blankenberg et al., 2010). The following parameters were 628 

calculated: base mean, log2 (fold change), standard error of the log2(fold change), and a 629 

Benjamini-Hochberg adjusted p-value. An adjusted p-value >0.01 and a log2(fold 630 

change) >2 were selected as cut-off parameters for significance. For visualization 631 

purposes in this report a maximum threshold p-value of 1E-300 was used (i.e. the upper 632 

boundary of the Y-axis). All RNAseq data generated for this study have been submitted 633 

to NCBI GEO (Barrett et al., 2013) under accession number GSE149593. The α-chitin 634 

RNAseq data used in this report were available from a previously study (GSE90955) 635 

(Monge et al., 2018). 636 

 637 

Bioinformatics analysis. We predicted CAZyme domains present in the GH20 638 

enzymes using the Database for Automated Carbohydrate-active enzyme ANnotation 639 

(dbCAN) (Yin et al., 2012) and PFam (Yin et al., 2012). Using the LipoP 1.0 (Juncker et 640 

al., 2003), SignalP 4.0 (Petersen et al., 2011), and THMM (Moller et al., 2001) analysis 641 

tools we derived a putative cellular location for the C. japonicus GH20 enzymes. The 642 
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enzyme domain organization images were generated using the web-based server 643 

Biological Sequence Illustrator (IBS) (Liu et al., 2015).  644 

  645 
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FIGURES  958 

Figure 1. Differential gene expression for C. japonicus during growth in different 959 

substrates. The volcano plots show the [log2(fold change expression)] plotted against 960 

the -[log10(p-value)] for every gene in C. japonicus during exponential phase growth 961 

when using N-acetylglucosamine (GlcNAc) compared to glucose (Glc) (A). We also 962 

compared the change on gene expression for crab shell (CRB) compared to glucose 963 

(Glc) (B), N-acetylglucosamine (GlcNAc) compared to glucose (Glc) (C), and -chitin 964 

compared to glucose (Glc) (D). Transcriptomic analysis of -chitin versus GlcNAc 965 

during exponential phase (E) is also presented. Each gray circle represents the 966 

expression of a single C. japonicus gene. The black dashed lines indicate the 967 

significance cut-off values: log2(fold change) >2 and adjusted p-value of log10(p-value) 968 

>2. A p-value <0.01 was selected as the significance cut-off value. The genes colored 969 

red represent up-regulated genes that encode CAZymes, and the complete list of these 970 

genes can be found in Table S1. Genes encoding chitin active enzymes are colored 971 

orange, genes predicted to encode proteins in a putative GlcNAc utilization operon are 972 

colored green, and two TonB-dependent receptors (CJA_0353 and CJA_1157) are 973 

colored blue. For visualization purposes in this figure a maximum threshold p-value of 974 

1E-300 was used (i.e. the upper boundary of the Y-axis). 975 

 976 

Figure 2. Heat map of C. japonicus chitinolytic CAZyme-encoding genes 977 

expressed using different transcriptomic comparisons during exponential (A) or 978 

stationary (B) phase growth.  For each growth phase the following changes of 979 

expression are presented: crab shell (CRB) versus glucose (Glc) (A1,B1), N-980 
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acetylglucosamine (GlcNAc) (A2,B2) and -chitin (A3,B3). We also compared 981 

differential expression of -chitin versus Glc (A4,B4) and GlcNAc (A5,B5). The 982 

transcriptome of GlcNAc versus glucose (A6,B6) is also presented. The intensity of the 983 

red color in the heat map indicates log2 (fold change) (LFC) ranging from deep red 984 

(LFC=7) to green (LFC=-2.6). Locus IDs from DeBoy et al., 2009 were used to identify 985 

the genes. The -chitin RNAseq data was obtained from Monge et al., 2018. 986 

 987 

Figure 3. Two genes encoding putative transporters cttA (CJA_0353) and cttB 988 

(CJA_1157) are required for efficient growth of C. japonicus in crab shell and -989 

chitin. Domain architecture of the two predicted TonB-dependent receptors CttA 990 

(CJA_0353) and CttB (CJA_1157). Growth analysis of deletion mutants on MOPS 991 

minimal medium supplemented with 10% (w:v) CRB (B) or 0.25% (w:v) -chitin (C). All 992 

experiments were performed in biological triplicates; error bars represent standard 993 

deviation. Growth rates and maximum growth attained can be found in Supplemental 994 

Table S3. 995 

 996 

Figure 4. The cttA (CJA_0353) and cttB (CJA_1157) gene products are required 997 

for efficient transport of chito-oligomers in C. japonicus. Deletion mutants were 998 

grown using MOPS minimal medium supplemented with 0.25% (w:v) N-999 

acetylglucosamine (GlcNAc) (A), 0.25% (w:v) chitobiose ((GlcNAc)2) (B), or 0.25% (w:v) 1000 

chitotriose ((GlcNAc)3) (C). All growth experiments were performed in biological 1001 

triplicates; error bars represent standard deviations, but in many cases are too small to 1002 
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be observed. Growth rates and maximum growth attained can be found in Supplemental 1003 

Table S4. 1004 

 1005 

Figure 5. The hex20B gene product is important for the metabolism of chito-1006 

oligosaccharides. Domains of the family GH20 hexosaminidases of C. japonicus (A). 1007 

The indicated domains are as follows: a putative carbohydrate binding domain 1008 

(CHB_HEX_N), a glycoside hydrolase 20B domain (GH20_B), a catalytic GH20 domain 1009 

(Glyco_hydro_20), and a C-terminal domain composed of α + β sandwich structure 1010 

(CHB_Hex_C). Growth analysis of deletion mutants was perfomed in MOPS minimal 1011 

medium supplemented 0.25% (w:v) N-acetylglucosamine (GlcNAc) (B), 0.25% (w:v) 1012 

chitobiose ((GlcNAc)2) (C), or 0.25% (w:v) chitotriose ((GlcNAc)3) (D). The growth 1013 

experiments were performed in biological triplicates; error bars represent standard 1014 

deviations, but in many cases are too small to be observed. Growth rates and maximum 1015 

growth attained can be found in Supplemental Table S6. 1016 

 1017 

Figure 6. Heterologous expression of Cellvibrio japonicus hex20B in an E. coli 1018 

chbG mutant rescues growth defects using chito-oligosaccharides. E. coli  1019 

strains derived from BW25113 were grown using MOPS minimal medium supplemented 1020 

with 0.25% (w:v) N-acetylglucosamine (GlcNAc) (A), 0.25% (w:v) chitobiose ((GlcNAc)2) 1021 

(B), or 0.25% (w:v) chitotriose ((GlcNAc)3) (C). An empty pUC19 vector (pVOC) was 1022 

included as the negative control. These growth experiments were performed in 1023 

biological triplicates; error bars represent standard deviations, but in many cases are 1024 
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too small to be observed. Growth rates and maximum growth attained can be found in 1025 

Supplemental Table S7. 1026 

 1027 

Figure 7. Updated model for chitin utilization in C. japonicus. Lpmo10A (green 1028 

triangle) and Chi18D (orange) work together to disrupt the crystalline structure of chitin 1029 

and degrade recalcitrant chitin polymers (Forsberg et al., 2016, Monge et al., 2018). 1030 

The Chi18B and Chi18C CAZymes degrade solvent exposed chitin polymers to 1031 

generate chito-oligosaccharides (CHOS), which are transported into the periplasm 1032 

space by CttA and CttB. As the TonB and ExbBD inner membrane components of the 1033 

CttA and CttB transport system have yet to be identified they are not shown in the 1034 

model. The Chi18A CAZyme degrades the CHOS to GlcNAc in the periplasmic space. 1035 

The exact location of the Hex20A and Hex20B enzymes are not well defined, but due to 1036 

the presence of an SPI signal sequence are either in the periplasm or extracellular. The 1037 

physiological roles for the Hex20A, Chi19A, and Csn47F CAZymes (locations of the 1038 

latter two enzymes were predicted based on SignalP analysis) are unknown and 1039 

currently under investigation. 1040 
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