Comparative genomics analysis and phenotypic characterization of Shewanella putrefaciens W3-18-1:
Anaerobic respiration, bacterial microcompartments, and lateral flagella
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Respiratory versatility and psychrophily are the hallmarks of Shewanella. The ability to utilize a wide range of Bacterial strains: Shewanella putrefaciens W3-18-1 was isolated from the deep marine sediments Carbon source utilization:
electron acceptors for respiration is due to the large number of c-type cytochrome genes present in the genome underlying 670 m of water off the Washington state coast by our laboratory (Murray et al., 2001; Stapleton Like MR-1, W3-18-1 did not utilize most of sugars tested (Table 4) and it lacks the 6-phosphofructokinase gene required for
of Shewanella strains. More recently the dissimilatory metal reduction of Shewanella species has been et al., 2005). The control strain S. oneidensis MR-1 was Isolated from the sediment of Lake Oneida, New glucose utilization. W3-18-1 could grow well on defined minimal media supplemented with carbon sources, suggesting that
extensively and intensively studied for potential applications in the bioremediation of radioactive wastes of York by Ken Nealson. _ _ _ it can synthesize all the amino acids, nucleotides, and cofactors for cellular metabolisms. W3-18-1 could utilize more
groundwater and subsurface environments. Multiple Shewanella genome sequences are now available in the Genome sequencing and annotation: The DNA sequencing, assembly, and annotation of the W3-18-1 organic acids (Table 4), which may be due to the presence of relevant transporter genes encoded in its genome (Table 2).
public databases (Fredrickson et al., 2008). Most of the sequenced Shewanella strains were isolated from genome were conducted by Joint Genome Institute (Copeland et al., 2006). _ For example, W3-18-1 could utilize L-malic acid and succinic acid, which are intermediates of citric acid cycle, but the
marine environments and this genus was believed to be of marine origin (Hau and Gralnick, 2007). However, Carbon source utilization assays: BioLog microplate assays and MRI minimum media (supplemented transporters remain to be defined in W3-18-1. MR-1 did not utilize the external formate for respiration, though it does
the well-characterized model strain, S. oneidensis MR-1, was isolated from the freshwater lake sediment of with different carbon sources) were used to identify the utilization of carbon sources in Shewanella. harbor multiple formate dehydrogenases (Table 1). The formate transporter genes are different between W3-18-1 and MR-
Lake Oneida, New York (Myers and Nealson, 1988) and similar bacteria have also been isolated from other Transposon mutagenesis and isolation of motility defective mutants: The mariner transposon 1. Though their utilization of carbon sources is slightly different, the cellular metabolism of W3-18-1 and MR-1 are
freshwater environments (Venkateswaran et al., 1999). Here we comparatively analyzed the genome sequence mutagenesis (pminiHmar RB1, courtesy by Dr. Daad Saffarini) was conducted to Isolate mutants (Km') of predicted to be very similar because very few of the strain-specific genes encode metabolic enzymes.
and physiological characteristics of S. putrefaciens W3-18-1 and S. oneidensis MR-1, isolated from the marine Shewanella putrefaciens W3-18-1 that are defective in motility on the LM soft agar plates (0.4% agar, w/v). -
e . . . . : . : : lhiAt: . . arbon source -18- - arbon source -18- -
motility have been experimentally investigated. Large scale horizontal gene transfers have been revealed and In-frame deletion: The two step protocol of selection (single cross-over, antibiotics resistance) and Based on the genome sequence comparison and the [swms [wDglucos : — Jowgmnic  [tactic acia N
the genetic divergence between these two strains was considered to be critical to the bacterial adaptation to counter-selection (double crossover, sucrose sensitivity) was applied for in-frame deletion of specific genes evidence that W3-18-1 could use all of the carbon e T it T
specific habitats, freshwater or marine sediments. using suicide vector pDS3.0 (R6K replicon, sacB, Gm')-based constructs carrying a fusion of upstream and sources that MR-1 utilized (Table 4), we predicted that D-icow S ohogtle |- : Mono methysucinte |+
downstream sequences of target genes. W3-18-1 may share features of cellular metabolism Larabinose N E Pyruvic acid S
RESULTS Bioinformatics tools: The orthologs are identified by using bidirectional BLASTP (best hits) between W3- computationally and experimentally disclosed in MR-1 — j j — e
18-1 and other Shewanella strains and also based on synteny. The paralog(s) of polypeptides were found including a complete TCA cycle under both aerobic and D-melibiose : : Glyeoli acld : :

. .. . -mannose - - yoxylic aci -

: . , by BLAST against the same genome (>70% sequence similarity). - " - i : : “malic aci ;

The divergent c-type cytochrome genes and respiration chains: y J J ( d Y) anaerobic  conditions. W3-18-1 also contains the e —T i ;

(1) W3-18-1 harbors only 32 c-type cytochrome genes which are all shared by other Shewanella strains, galactokinase and ribokinase genes, but it does not utilize ek : Somaieatd -
while 42 are present in the genome of MR-1. W3-18-1 lacks gene clusters coding for sulfite hydrogenase RESULTS galactose or ribose, which may be due to the absence of Dxylose : - Propiorc 61 '

- - - - - - - -celloniose - - cetic acl + +
SorAB, octaheme tetrathionate reductase Otr, trimethylamine N-oxide reductase (TMAO), dimethylamine N- relevant sugar uptake systems. There Is only one PTS D-Psicoss — Acetoscetic acd
oxide reductase (DMSO), and the secondary metal reductase MtrDEF (Table 1), which may account for its Comparative genomics: system shared by the Shewanella strains. oot : : T -
inability or decreased ability to utilize those electron acceptors (TMAO, DMSO, and some metals and W3-18-1 belongs to the Shewanella putrefaciens clade (Konstantinidis et al., 2009) and its genome (4,708 kb) e : j T
metalloids) or donor (sulfite) as demonstrated in our experiments. Ironically, the prototype S. putrefaciens is IS substantially smaller than that of MR-1 (5,130 kb). These two strains share a large core genome including Bacterial microcompartment: Maliose : : hydioxybenzoi acid

- - - - - - - . . altotriose - - Itaconic aci
named for the iconic offensive putrid odor caused by trimethylamine, a reduction product of the abundant 3,162 genes. However, there are few genes homologous to those encoded by the plasmid pMR-1 of MR-1. W3-18-1 and CN-32 contain a large laterally transferred Lactulose : : D-aspartic acid :
osmolyte TMAO in seafood. However, W3-18-1 harbors tetrathionate reductase TtrABC found in Salmonella About 700 genes, encoding bacterial microcompartments, lateral flagella, bacteriophages, and other functions, element (82.4 kb, sptuw3181_0408 to 0445) coding for B P E : ;_',f‘jé’rirx“fpﬁ'ﬁy. T
and another periplasmic nitrate reductase, NapEDABC, which is functionally redundant with NapDAGHB in from W3-18-1 are absent in MR-1. The strain-specific (unique to W3-18-1) and species-specific (also present bacterial microcompartments and another PTS system Ry e R : : T
dissimilatory nitrate reduction because deletion of each operon did not affect nitrate reduction. While W3-18-1 In S. putrefaciens CN-32 and 200 other strains) gene cassettes indicate recent lateral gene transfer events similar to the PTS system for mannose/fructose/ sorbose. Glycogen . . m-hydroxy phenyl acetic | -
. . . . . . . . = - . -£- “1: . acid

lacks the Fe-only hydrogenase and its Ni-Fe hydrogenase genes were separated into two clusters, it still could (Table 2). The SXT/R391 ICE and SGI1-like prophages may have been recently acquired because, among the However, W3-18-1 did not exhibit significant utilization cyclodextrin : : D-glucuronic acid
use hydrogen as electron donor. sequenced Shewanella genomes, they are only present in W3-18-1 and are also found in pathogenic bacteria of either 1,2-propanediol or ethanolamine in BioLog oOr |awomls (Bhe0 - ; T :

(2) NADH and formate are major electron donors for respiratory electron transport chains. Shewanella such as Vibrio and Salmonella. Several gene clusters that are absent in MR-1 are related to the osmotic stress minimal media-based assays In the presence of vitamin TR — Y ER
strains differ in the NADH and formate dehydrogenases and the fdh-O and ngr gene clusters seem to have response and sodium ion-dependent energy transduction (sodium ion translocating oxaloacetate B,,. W3-18-1 does not utilize more tested sugars than Adonitol - - a-hydroxybutyricacid | + -

. . . . . . . . . . .- . . . . . D- itol - - Mucic acid - -
duplicated in most Shewanella strains (Table 1), which may represent an adaptation strategy in respiration of decarboxylase) and transport, which may be crucial for surviving in marine habitats. MR-1 and the functions of this PTS system needs to be Dsobitol T Tame L —
Shewanella. The NDH-1 (NuoA-N) is unique to MR-1 among the Shewanella strains, indicating that further investigated. — : ——aidsand [ - :
acquisition of this NADH dehydrogenase gene cluster may be related to bacterial adaptation to freshwater Table 2 Some of W3-18-1harbored genetic loci that are absent in the genome of MR-1 | N-acetyl-D-Glucosamine 5 : dipeptides L-glutamic acid +

. No. | Locus Length | Genes Predicted functions Presence in other strains Arablnan and arabInOSE Utl|lzatI0n Amines N-acetyI-B-D-m.annosamlne - - L-threonine +
environments. 1 | Sputw3181 0088- 0096 | 10.4kb | Cytochrome bo oxidase genes cyoABCDE Electron transfer and energy transduction CN-32, 200, 0S155, 0S185, 05195, 05223 - ghe”y'e_thy"am'”e + - B‘”I‘re‘_’”i”e

- - - - - - t - - -
Table 1 Comparative genomics analyses of components of diverse respiration and electron transport chains between W3-18-1 and MR-1 - iﬁﬂﬁii‘géﬁ;%@%‘é sk 22;22:::?:‘;‘;:;:;’e":;:fjs;‘li”g:tﬁ;dﬁf;f;fi Zry‘if;w Nutrient uptake and Tumerate reduction hckis Some strains of Shewanella, including W3-18-1, could Adnoins n : Canine :
Gene or cluster Functions W3-18-1 MR-1 Presence in other Shewanella strains 4| Sputwal8l 0341-0367 | 27.8kb | Drugs efflux genes, metal resistance genes Toxin and heavy metal resistance Absent utilize L-arabinose as sole carbon and energy Source, Nucleotides I2-de9xyadenosine * * Ii-a;paralgilne. al *
; ; ; oAt nosine + + -pnenylalanine
fdh-N Nitrate reductase-linked formate dehydrogenase, | Absent SO _0101 to SO_0113 ANA-3, MR-7, MR-4, 0S185, 0S223, 0S195, Spea, 2 :Eﬂtxzi:i‘gﬁj :82;2 22'2 EE E:f:far:illgzjle(i::ﬁ?zj:tmemOperon and PTS system genes ;i;?lzi);z:zdéz::;:z;ggn and sugar uptake g:;z 03155, 05217, WP3, HAW-EB3, HAW-EB4, Spea WhICh iS due tO a |arge gene ClUSter (328 kb, Thymidine + + GIScyI-{-aspartic acid +
proton pump HAW-EB4 w3181 0554- ..kb annase/feruloyl esterase, outer member porin, and fumarate reductase - , , , , | , | . . Uridine + + Glycyl-L-glutamic acid | + +
fdh-0 Formate dehydrogenase-O, proton pump, Sputw3181_3870 to 3873 | SO_4508 to SO_4511 All except 0S217 ; :Eu:vvgi:tg:gg (:)523523 :2 kb -IID-otassium ion t);ans;ortingAEI'Pase operoF;l and two-compo';ent sy;tem Osmotic stress response gmg ;gg PR SpUtW3181_1944 to 1966) that IS absent In MR-l Glycyl-L-proline + -
encoded by two contiguous fdoGHI cassettes Sputw3181_3874 to 3877 |SO_4512 to SO_4515 All except 05217 9 | Sputw3181_1077-1183 108.6 kb | SXT/R391 ICE (integrating conjugative elements)-like prophage Mobile efflux pumps Absent However thlS Operon does Not Contain the gene Coding Lactones | L-galactonic acid-y-lactone | - - L-alanyl-glycine - -
- 10 | Sputw3181 1380-1395 4.3 kb Acylneuraminate cytidylyltransferase and sugar nucleotidyltransferase Utilization of amino sugars CN-32 ! and esters a-hydoxy glutaric acid-y - _ i Polysorbate | Tween 20 + +
fdh-H Hydrogenase-linked formate dehydrogenase Sputw3181_0894 50_0988 All except 05217 11 | Sputw3181_1944-1966 32.8kb | L-arabinose and polymer utilization operon Uptake and degradation of L-arabinose and arabinan | CN-32, 200, 05223, MR-4, MR-7, ANA-3 for the regula‘tory proteln AraC and |nstead haS more lactone surfactants
hydAB Fe-only hydrogenase, hydrogen production Absent SO_3920 and SO_3921 MR-4, ANA-3, HAW-EB4 12 | Sputw3181 2102 -2107 4.6 kb Periplasmic nitrate reductase operon napEDABC (nap-alpha) Nitrate reduction and anaerobic respiration All except MR-1 ] . ’ . Pyruvate acid methyl ester n n Tween 40
hyaAB Ni-Fe hydrogenase, hydrogen utilization Sputw3181_1919 to 1924 | SO_2089 to SO_2099 | All except 0S217 13 | Sputw3181 21842212 | 37.7kb | CRISPR elements Plasmid and phage restriction CN-32, 200, 05185, 05195 genes Involved In Uptake and degradatlon of pOlymerS- — - i
14 | Sputw3181_2399 2.5 kb Retron and RNA-directed DNA polymerase gene Absent D-glactonic acid y-lactone - - Tween 80 + +
Sputw3181_2173 to 2178 15 | Sputw3181 2877-2921 37.5kb Phi phage element MR-7, OS155, HAW-EB4
ndh-I NADH dehydrogenase I Sputw3181_3093 50_3517 Al T | Spuwaisl 2043212 |72k | Merouy essangeoperon Veraury resitane. o
Sputw3181_2863 Deleted in MR-1 WP3, Spea, Haw-EB3, HAW-EB4, NCIMB 400, PV-4 19 Sputw3181:3508—3513 9.7 kb Tetrathionate reductase and two-component system Tetrathionate reduction CN-32, ANA-3, 0S155, 05185, 05195, 0S223, MR-4 SUM I\/I A RY
sorAB Sulfite hydrogenase SorAB and monoheme ¢ Absent SO_0714 to SO_0717 05155, 05195, 05223, WP3, Spea, Swoo, HAW-EB4 20 | Sputw3181 3902 -3909 11.8 kb Psetfdom.onasCup.(chaperor}eand us_herpathway)type pilus operon Biof.ilmformation _ CN-32, 200, 0S223
21 | Sputw3181 3982 -3996 20.9 kb Proline biosynthesis and sodium/proline symporter genes Proline uptake and osmotic stress response All except MR-1
otr Octaheme tetrathionate reductase Absent SO_4142 to SO_4144 ANA-3, MR-4,MR-7, 05223, WP3, PV-4, SB2B, HAW- 22 | Sputw3181 4067 -4090 20.7 kb | Prophage genes, similar to SGI1 element from Salmonella DNA modification and restriction Absent
EB3, HAW-EB4, NCIMB 400 L ] ] ]
ttr Tetrathionate reductase TtrACB Sputw3181_3510 to 3512 | Absent CN-32, ANA-3, 05155, 05185, 05195, 05223, MR-4 Cell motility: (1) The marine sediment isolate W3-18-1 and freshwater sediment strain MR-1 share a large core genome (3,162 genes),
""""Z”’t”" :erfp:as“‘f° i re:“‘:“‘se::apzi’;ig) :"“:W:1§i-§:‘g’z:°$gz :‘Obs‘;’;;t —— 2:: '""”‘:';izc’:" A common feature for Shewanella strains is the large number of methyl accepting chemotaxis sensory including multiple c-type cytochrome genes involved in diverse anaerobic respirations. However, W3-18-1 possesses only
nap-oeta eriplasmic nitrate reductase (INap putw _ o _ (0] a excep . . . . . - . . - - -y - - -
narABCDEF 1 Sodium fon transiocating NADH dehvdrogenase | | Sputw3181 3324 t0 3315 | 50,0902 t0 50 0907 | All except 05217 transducgr_genes (38 In W3-1_8-1), |n_d|cat|ng _the Importance of active chemotaxis for bacterial surV|_vaI. W3- 3? putatlve-cytochro_me c genes (10 fewer than MR-1) and could_ not utilize either dlmet_hylsu_lf_omde (DMSO) or
nqrABCDEF-2 Sodium ion translocating NADH dehydrogenase Il | Sputw3181_3236 to 3231 | SO_1103t0 S0_1108 | Al 18-1 exhibited a higher motility and its colonies could swarm on the 0.4% (w/v) soft agar plates while MR-1 trimethylamine-N-oxide (TMAOQ) as electron acceptors. Though the Ni-Fe hydrogenase operon is split into two clusters in
rfABCDGE Electron transfer complex RnfABCDGE Sputw3181 2159 t0 2164 | SO_2508t050_2513 | Al could not. We have isolated a series of transposon mutants which exhibited defective motility on soft agar W3-18-1, it could still use hydrogen as electron donor.
cyoABCDE Cytochrome bo terminal oxidase, proton pump Sputw3181_0091 to 0096 | Absent CN-32, 200, 0S185, 0S155, 0S223, 0S195, 0 . . “p- - 0 - - - -
p———— Trimethyiaming N-oxide reductace Pr S0 12281050 1232 | All excont 03217, CN-32 arid 200 (0.4%) and then quantitatively compared the c_:e_ll mptlll_ty of dlff_erent mutan_ts on 0.3 /o soft agar plat_es. The (2) W_3-18-1 harbors multiple laterally transferred elements (LGT), including five prophages, CRIS_PR, a_nd other cassettes
dms Dimethyl sulfoxide reductase |, Dms-1 Absent S0_1427 to 1432 One, two or multiple dms operons present in other lateral flagella, polar flagellum, and MSHA pili (twitching motility) are all involved in cell motility in W3- encoding the four-member D-type fumarate reductase complex and a second PTS system, bacterial microcompartments
Dimethyl sulfoxide reductase Il, Dms-2 Absent 50_4357 to 4362 Shewanella strains except 05217 18-1 (Table 3 and Figure 1), which is crucial for survival in the viscous marine habitats. On the other hand, and B,,-independent PFL2/DhaB enzymes, lateral flagella, and type IV chaperone-usher pathway pili. The STX-like ICE1
mtrABC Dissimilatory metal reductase MtrABC Sputw3181_2623 to 2625 | SO_1776 to SO_1778 All except 0S217 i . . . i i i .
mtrDEF Secondary metal reductase MtrDEF Absent SO_1780t0S0_1782 | 0155, 05185, 05195, 05223, ANA 3, MR-4, MR.7, the gene cluster (Sputw3181 3902 to 3909, 11.8 kb) coding for the Cup (Chaperone usher pathway) type and SGI1-like prophages have been well-characterized in pathogenic strains of Vibrio and Salmonella.
PV-4, Spea, HAW-EB3, HAW-EB4 IV pili may be only involved in biofilm formation as previously described in Pseudomonas aeruginosa. (3) Lateral flagella and MSHA pili (twitching motility) enhance the bacterial motility of W3-18-1.
(4) W3-18-1 harbors multiple gene clusters with functional redundancy, including nitrate reductase (napDAGHB and
ACKNOWLEDGEMENT Table 3 Motility of wild type strain and mutants of W3-18-1 on soft agar (0.3%) plates napEDABC), nitrite reductase (nrfA), and arsenate reductase gene clusters.
Strain | Genotype Colony diameter [ Colony diameter at [ Colony diameter at 441 (5) W3-18-1 utilizes more four-carbon compounds than MR-1 and its arabinan-degradation pathway allows for aerobic
at 12 hrs 18 hrs (Slowing- 24hrs (Slowing-down T : - . .
(Slowing-down | down rate %) rate %6) 5 utilization of L-arabinose.
- - R rate %) ERas - . - - ]
ENIGMA is a Scientific Focus Area Proaram sunported by the U. S Waied [Widooe T O T P (090 T (6) On the other hand, MR-1 harbors a series of species-specific gene clusters, encoding NADH dehydrogenase |,
g PP y .. e ; ; : | T . . ! .
: : : : - e E”J';“H”A‘E!E-> fomm (GLEYO) - ALOmM (9:550) - 140 mm (0:55) T phosphate ABC transporter, and the proton driven flagellar motors, which may be related to its adaptation to freshwater
Department of Energy, Office of Science, Office of Biological and NDOL i K (lar}" {120 mm (7269 |T50mm G128 wommGodol | S environments. The presented genome divergence will provide insight into bacterial adaptation to specific niches, genome
- - . - - MD11 fliH::KmR (laf") 12.0 mm (22.6%) [ 15.0 mm (31.2%) 18.0 mm (36.4%) Y . - . -
Environmental ResearCh, Genomics:GTL Foundational Science through MDO03__| cheR::KmR (pol)® | 7.0 mm (54.8%) | 9.0 mm (58.7%) ___| 11.0 mm (61.1%) motility between MR-1 and W3-18-1 (0.4% agar, w/v); B. Isolate of evolution, and bioremediation.
- MD10 | fliD:: KmR (pol) |[7.0mm (54.8%) |9.1 mm (58.3%) 10.9 mm (61.5%) motility-defective mutants (0.4% agar); C. Quantification of motility
ContraCt DE'ACOZ'OSCHllZBl bEtween Lawrence Berkeley Natlonal The data represent the average of replicates. WPol and laf represent the polar flagellum and lateral flagella, respectively.  Of different mutants (See Table for details).
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