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AbstractA major challenge of systems biology is to provide apotentially effective cellulase enzymes that can bedssed
complete picture of the cellular capagaitf living organisms by  for conversion of biomass to simple sugars [1]. These sugars
integrating genomics, proteomics and metabolomics dat@an then be used as feedstock for ethanol production or other
Studies are now being conducted to attribute functions to genekemical synthesis. However, due to lack of knowledge, most
and proteins leading thereby to a better description of€ytophaga based applications are still in infancy. The
regulatory networks underlying metabolic pathways. Gbal  developmeh of industrial and environmental technologies

of these studies is to understand the relationships between thased on genotygghenotype relationships is almost non
components of an or gani s mo sxisteant Seadpab dfforts arencartently undtesvay, sich asetimet
analyses of the gliding bacteri€ytophaga hutchinsonii genome sequencing of several other bacteroides, to create a
genome have indicated the presence of a complete Embdeanritical mass of knowledge paihing to Cytophaga
MeyerhofParnas pathay. In this study, we used Biolog technologies, including physiological and behavioral studies
Ecoplates data for linking metabolic flux to carbohydrate[1].
biosynthesis inCytophagaand facilitate posgenomic data . . .
integration. Surprisingly, the complete pathway could not be ' N€ sequencing ofytophaga hutchinsonATCC 33406
reconstructed with the Biolog data genedatas Cytophaga provided means to investigate the metabolic potential of the
failed to process basic glucose. These findings suggested tfaftoPhagaspecies, and opened avenues for the develapohen
the carbon source utilization profiles obtained do nofl€W biotechnological applications [1, 2]. A whole genome
necessarily reflect the functional potential Gftophagaas ~ 2nalysis ofC.hhut(ihmsonulre.veg_led al wealth r?f ger?euc .
predicted by its genome. These results will allow us t hete[]mlnants tdatpay afroelln |ocata:jys_|sd suc ”astlose or
undestand how genomic and metabolic information int'¢ NYPer production of polymers and industrially relevant
Cytophaga can be integrated to improve metabolic flux enzymes [3]However, despite the clear breakthrough in our

prediction and metabolic network identification, including understanding ofC. .hutchinsonii through this sequencing

facilitating the refinement of gene annotations. This will alsoeffort’ the relationship between the genotype and the phenotype

allow the exploration of genotgmhenotype relationships cannot be predicted simply from cataloguing and assigning

while developing a framework for multiple sources of data. ~ 9€N€_functions to the genesufal in the genome, and
considerable work is still needed before the genome can be

Keywords Cytophaga, Carbohydrate Utilization, Phenotype translated into a fully functioning metabolic model of value for
Genotype Interactions, Metabolic Networks, Biolog Ecoplatespredicting cell phenotypes. The slow effort of compiling data
on the metabolic potential of C. hutchinsosipartly due to
the inherent difficulties in growing these microorganisms under
regular laboratory conditions. With this work, we aimed to
expand our knowledge in carbon metabolisrTirnutchinsonii
Cytophaga hutchinsonis one of the lesstudied species in through the evaluation of its potential to oxidize vasi@arbon
the Bacteroidetes phylum. Among the bacteria belonging to theources. By using metabolomics information obtained with
phylum Bacteroidetes, some genomes have been sequen@d ol og EcoPl atesE we have gai
and annotated, but studies @n hutchinsoniiremain few [1].  relationship between genotype and phenotype pertaining
C. hutchinsoniis a grarnegative baerium originally isolated carbohydrate catabolism in this bacterium. Our results could be
from sugarcane piles. This microorganism must thereforesed to improve the production of various industrial and
produce an array of enzymes allowing it to survive on biomadsiotechnological compounds including ethanol for renewable
wastes. C. hutchinsonii thus represents a rich source of energy production.

. INTRODUCTION
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[I.  MATERIALS AND METHODS The plates were tightly sealed to avoid contamination and then
In this study, we evaluated the potentialGfhutchinsonii Incubated for a suitable period of time while oxidation of the
ATCC 33406 ir,1 oidizing various carbon sources by using substrates was periodically monitored by measuring the

Biolog Ecoplates following CANfR ifarpt éegugtiona}obtlae teﬁraﬁoéiugwrﬁlgégcs itniﬁosa'"i f ie
protocols [3, 4]. Bacterial cells suspension was used tgenera Iy assumed that the obse'rve pro_lle of carb_on sources
inoculate wells of microtiter plates in which each well containﬂetab0|lzed reflects the catabolic potential of the inoculum,

a different carbon source, nutriendsid a tetrazolium dye [4]. ese 98wells plates .ShOUId provide a more or less complete
rés) ye [4] picture of the catabolic potential Gftophaga
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Figure 1. Biolog Ecoplates: (a) experimental design of Biolog Ecoplates showing the various carbon sources present and (b) sSlidedrbieSydophageon
the Biolog Ecoplates after 2 weeks of inoculation
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The EcoPlates contain 3 replications of 31 different carboprepared, as the closest substance available on the Biolog
sources and water control wells. Six different classes qgblates was glucosePhosphate. The plates and flasks were
substrates, namely amines, amino acids, carbohydratebe n i ncubated at 30UC (optim
carboxylic acids, phenolsnd polymers were used to grow Cytophagain an incubator, and subsequent color development
Cytophagaon Bi ol og Ecopl at es ( Fiwgs medsired every 24ohoutsifar §§6 days usihgnas autotated
paper [3], the 6 different classes of known substrates, amingdate reader at 600nm. Readings was terminated if the average
carbohydrates, carboxylic acids, amino acids, phenols, angell color density raches an optical density (OD) of 2. To
pol ymers wer e i no cOytdphagacudturewi endure doBsisteneyl of thef results, the same experiment was
suspension at a cell density of approximately 1%c1@ | | s rmepeatdd 3 times with 3 replications each time and an average
[3]. In addition, three flasks with simple glucose wereOD was calculated as the final working value (Fig. 2).
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Figure 2. Utilization of the various carbon sources available of the Biolog Ecoplat€gtbphaga hutchinsonii
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In order to reconstruct the metabolic pathways ofcellulose degraderThermobifida fusca The Glycolysis
Cytophaga hutchinsoniiPath3 was utilized [5 Cytophaga  pathway of the latter showed 36 genes involved in the process,
specific pathways were visualized using orthologous proteiwhile Cytophagaonly has 28 comparatively (Table 2). This
information defined in KEGG and derived from the fully difference was also reflected in the way both organisms
sequenced genome of the organism. Using NCBI Taxonomgrocess carbohydratesT. fusca was more efficient in
ID 269798 [6], Ipath3 was able to display customized versiondecomposing biomass comparedQo hutchinsonii However
of Cytopha@g-specific pathways. The Glycolysis pathway®f this difference was only noted in liquid growtredia, but not
hutchinsoniiwas then compared to the one Thermobifida on agar plates. As reported in Louime [1Q],hutchinsonihas
fusca (Taxonomy ID 269800), a model cellulose degradera peculiar way of processing carbohydrates when grown on
using the same iPath3 interface. A customized map waagar plates. The capabilities of these organisms to process
displayed in the interactive viewehen it was exported into carbohydrates in such a way were partly explained by the lack
several graphical formats, both vector such as svg and portatwé cellulose binding domain in their genon@. hutchinsonii
document format (pdf) for itgsion into publications (Fig6). inability to release enzymes outside of the cells requires direct
In the context of this genorghenome project, we were able contact or attachment to the biomass substrates for efficient

to digest our own data into the customizadp generated by
iPath3, describing the enzymatic aittes of these organisms

(Fig. 6).

processing [1, 11].

TABLE I.

WATER SOLUBILITY (AT 20°C) OF THE DIFFERENT

COMPOUNDS FOUND ON HE BIOLOG ECOPLATES

. ResuLTs Compounds on the Biolog EcoPlates Water Solubility
_ Per our result_s'p. _hutchinsonii_ATCC 33406 showed a |p-methytD-glucoside 197.68 mg/mL
d|spropo_rt|onal utilization o_f the different compounds prese blucosel-phosphate 919/100 mL
on the Biolog Ecoplates (Fig. 1). Amotige substrates tested, D-nalactonic aciblactone 159 ML
C. hutchinsonishowed the highest affinity for the utilization of | —2 9
the phenylethylamine, -phenylalanine, Bmannitol, D |[DXYlose 550 mg/mL
glucosaminic acid, D galacturonic acid;hgdroxybenzoic |Phenylethylamine 40 mg/mL
acid, and Tween 40 (Fig. 2). As seen on Fi§ 2hutchinsonii | Putrescine 100 mg/mL
showed a high affinity for the utilization of the|L-erythritol 360 mg/mL
phenylethylamine,  iphenylalanine,  Emannitol, B [D-mannitol 181.82 mg/mL
glucosaminic acid, Halacturonic acid, 4 hydroxybenzoic N-acetytD-glucosamine 50 mg/mL
acid, and Tween 40. This behavior can be partly explained Y —elobiose 125 L
the higher degree of solility of some of these compounds, |~ 9
which make them readily available for intake (Table 1). UD-lactose 189.05 mg/ml.
) . . |,B, L-Uglycerol phosphate 50 mg/mL
Desplye the solupmty o_f some of_ these compounds, ‘.’Vh'“byruvic acid methyl ester 10 mg/mL
can partially explain their utilization byC. hutchinsonii D-oalaciuroic acid 100 ma/mL
carbohydrates utilization iGytophagahas been reported to be 9 it 9
heavily dependent on several regulatory mechanisms at the g&{lydroxybutyric acid 7.11 mg/mL
Membrane [7] Therefore, it is more plausible that the observegP-malic acid 558 mg/mL
phenomenon is due to carrieediated soluble nutrient |L-Arginine 148 mg/mL
transport mechanisms such as, facilitated diffusishock |L-asparagine 20 mg/mL
sensitive systems, proton symport, Nanport, and the [ phenyialanine 28.57 mg/mL
phosphoenolpyruvate phosphotransferase system-RHEP o -
. . /.. | L-Serine 200 mg/mL
[8,9]. Some microorganisms are even capable of utilizi “ThThr = 90 ma/mL
several of them [9]. In addition, despite the presence of certan eonine S— 9
genes in th genome, such as pectinas@shutchinsoniwas | SlycokL-glutamic acid 8.64 mg/mL
unable to process pectin [1]. In several cases, some transporteeyclodextrin 145 mg/mL
were lacking, which could explain the inability to hydrolyzg Tween 40 100 mg/mL
certain substrates. Tween 80 5-10 g/100 mL
Results from the pathways comparisons in iPath3 are listgelycogen 50 mg/mL
in Fig. 4 and Table 2. They revealed a completely differeng-hydroxybenzoic acid 2 mg/mL
metabolic capacity o€. hutchinsoniicompared to the model | 4-hydroxybenzoic acid 6 mg/mL
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As noted, the most striking feature & hutchinsonii utilization. As studies of starch utilization Bacteroidetes
cellulaseds the absence of a cellulebanding domain (CBD), thetaiotamicrorhave revealed many unusual features [13], it is
which to date was believed to be imperative in cellulosé¢herefore not surprising ththese organisms are unique among
hydrolysis [11]. This finding is not consistent with the currentthe studied cellulose degraders. Here we providdepth
stand of todayds | iterat ur e stadies sfeCytephagd byi nembrting t their acarbohydrates o o |
[11]. Most knowncellulose degraders have a distinct structureutilization patters. These studies produced some intriguing
showing a catalytic domain, an adjacent CBM, a Pro/Ser/Thrresults as basic glucose could not be procegsegreviously
rich linker and another CBM [11]. Cellulases genes fiom reported [11],C. hutchinsoniiwas found to produce 80%
hutchinsoniiappear to differ from other cellulose degraders byinsoluble sugars, when tested for the production of soluble and
structurally not having arlker region or any CBM domains. insoluble reducing ends, although they lack cellulase binding
CBM is known to maintain a high concentration of the enzymelomain and some of the residues known to be involved in
near the biomass substrate. Other roles, such as disruptibgderial cellulose decomposition.
crystalline cellulose to aid hydrolysis, have been suggested for
the CBM [7, 11]. The CBM has been catesed as the limiting
factor in hydrolysis. Therefore, the question was being raise
in the case of. hutchinsoniji since there is no CBM present,
would it be easier to achieve maximum increase in specifi
activity usingthese microorganismi an indusrial setting?
This hypothesis still remains to be tested on a larger scale.

The Biolog Ecoplates findings provide indeed a platform to
&xplore Cytophaga immense biotechnological potential, as
Similar compounds are present in plant biomass. By combining
gvailable genomics data, one can now systeaigtimtegrate
information from all these different levels and provide an
integrated view of the structural and functional organization of
Cytophaga Several studies have demonstrated that metabolic
changes are a critical enabler toward understanding
mechaisms  underlying cellular  responses [14,15].
IV.  CONCLUSIONS Consequently, targeted manipulations toward improving
Using genomics data, several fermentation pathways hawegllular functions rely heavily on modifications of metabolic
been elucidated forCytophaga, however metabolomics networks [16]. We do understand however that there are a large
information is limited concerning the specific transportnumber of interactions involved biological systems, that one
mechanisms used by these microorganisms for carbohydratéBay not be able to capture with a single picture. Therefore,
Genome analysis of. hutchinsoniisuggested that, these metabolic data must be interpreted with reservations, such as
microorganisms, due to the presence of a complete glycolysige capacity of microorganisms to perform a certain function
(Fig. 3) and TCA (tricarboxylic acid) cycle, including genesunder welldefined environmental condtns.
encoding NADH dehyabgenases, should be able to carry out
aerobic respiration of glucose [1]. These organisms however,
failed to process glucose or glucosgtbsphate as simple
sugars, calling thereby for a reconstructiontlud glycolysis

. bnsilaez Paonplogiaoas Progdlrac =N
pathway (Figt). ,Q Q@M,;\%ym,ﬁ a0
In all, BiologEcoPl at esE seems to m/ \_,
wi t h a power f ul t ool t o e X | A

potential [12]. With this tool, microorganisms can be exposec
to 95 different carbon sources simultaneously, allowing
scientists to accurately characterizeacterial species or
communities based on their carbon substrates metabolizatic
patterns [12]. In the study presented here, we have gained sor
valuable insights into the bacteriuth hutchinsoniigenotype

. . . . KM ll)“
phenotype relationship. One can draw on this momelevise i
metabolic engineering strategies f@ytophagaand other / \ gl \ 4 /m
Bacteroidetes with the goal of improving production of several 1\ W
classes of biotechnologically useful compounds. \_{,:‘4@ Jr

Cytophagacellulases are not well studied. Being a member
of the phylum Badroidetes, these organisms are also not
closely related to the standard model organism for cellulose

Figure 3. Basic Glycolysis Pathway i@ytophaga(however, cellobiose is
the most basic carbohydrate processe@ypphaga
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| GLYcOLYSIS / GLUCONEOGENESIS |
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Figure 4. Glycolysis Pathway itCytophaga hutchinsonii
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| GLYCOLYSIS / GLUCOMEOGENESIS |
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Figure 5. Glycolysis Pathway iThermobifida Fusca
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B T.fuscakOs B C. hutchinsoniikOs [ | SharedkOs

Figure 6. Overlapping of Glycolysis Pathways from Thermobifida fusca and Cytophaga hutchinsonii based on KOs IdentifistE @GOrthology)
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