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INTRODUCTION

Fermcntauve uuhzauon of g]ycerol a more

d sub than gh the dis-

posal of the two extra hydmgen atoms. Glycerol
catabolism has been examined extensively in
bacteria, particularly in Escherichia coli and
Kiebsieilla pneumoniae (Forage and Foster, 1979,
1982; Forage and Lin, 1982; Ruch er al,, 1974;
Toraya et al., 1976). K. pneumoniae differs from
E. coli, Salmonella typhimurium and Shigella
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iaceas, Glycerol; Anaerobiosis, Dihydroxyace-

flexneri in having the ability to grow fermenta-
tively on glycerol without an exogenous hydro-
gen acceptor (Lin, 1976). In K. preumoniae,
glycerol is fermented by a dismutation process
involving two parallel pathways encoded by the
dha regulon. Through the oxidative pathway,
glycerol is dehydrogenated by an NAD*-linked
enzyme, a glycerol dehydrogenase type 1
(glyDH-1) (induced by glycerol and dihydroxya-
cetone) to dihydroxyacetone (DHA) which is
then phosphorylated by an ATP-dependent kinase
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to dihydroxyacetone phosphate (DHAP).
Through the paralle] reductive pathway, glycerol
is dehydrated by a B |,-dependent enzyme to
form 3-bydroxypropionaidehyde which is then
reduced to 1,3-propanediol (1,3-PD) by an
NADH-linked oxidoreductase (1,3-PD-dehydrog-
enase, i.e. 1,3-PD-DH) thereby regenerating
NAD* (fig. 1).

The occurrence of trimethylene glycol (1,3-
PD), as a product of the fermentation of glycerol,
was first observed in 1881 by Freund (1881).
Then Werkman and Gillen (1932) proposed the
generic name Citrobacter for trimethylene-gly-

strate specificity for diols has been described in
E. coli (Jin et al., 1983; St. Martin et al., 1977,
Tang et al., 1979, 1982). The levels of this activ-
ity are markedly induced by oxidized substrates
(i.e. aminoacetone, hydroxyacetone and dihy-
droxyacetone) and also by compounds invoived
in the pathway postulated for threonine catabo-
lism/D-1-amino-2-propanol formation (Kelley
and Dekker, 1985). The identity of gly-DH of E.
coli with D-1-amino-2-propancl oxidoreductase
has been reported and its participation in vitamin
B,, biosynthesis suggested (Kelley and Dekker,
1985). GlyDHs from a few bacterial species,
including Hafnia alvei and “Salmonella enter-

col-producing enteric bacteria (Mickelson and
Werkman, 1940; Toraya ef al., 1980; Werkman
and Gillen, 1932). 1,3-PD is a significant end
product of glycerol fermentation in other genera,
e.g. Bacillus (Voisenet, 1914, 1918), Clostridium
(Humphreys, 1924), Klebsiella (Abeles et al.,
1960; Lee and Abeles, 1963 ; Pawelkiewicz and
Zagalak, 1965), Hlyobacter polytropus (Stieb and
Schink, 1984), Lactobacillus (Smiley and Sobo-
lov, 1962), Pelobacter carbinolicus (Schink,
1984) and P. venetianus (Schink and Stieb,
1983).

Recently, the bic glycerol p y was
studied in a few Enterobacteriaceae strains,

lected as ive of different beh
in terms of g,lyce- ‘ol dissimilation (Bouvet et al.,
1994). It was found that K. oxytoca lacked the
glycerol dehydratase and possessed a low level of
1,3-PD-DH activity. K. planticola and K. pneu-
moniae subsp. ozaenae differed from K. pneu-

subsp. p ine and K. oxytoca in

lacking the ability to grow on glycerol. X. planti-
cola lacked both enzymes of the reductive path-
way of glycerol fermentation and X. ozaenae
possessed only gly-DH-L

E. coli, which lacks the enzymes of the dha
regulon, is unable to grow fermentatively on
glyceral. An KAD*-linked glycerol dehydroge-
nase type I (glyDH-II) (fig. 2) with a broad sub-

ica”, were found to be distinct from E. coli
glyDH. GlyDHs other than type I are unable to
glycerol fer ion (Bouvet et al.,
1994) GlyDH type III of H. alvei is induced by
glycerol and not by hydroxyacetone whereas
glyDH type IV of “Salmonella enterica” is
induced by hydroxyacetone and not by glycerol.
The purposes of this study were to propose
tests for screening for bacterial glyDHs and 1,3-
PD-DH and to study the distribution of glyDHs
and 1,3-PD-DH among enterobacterial species.

MATERIALS AND METHODS
Bacterial strains
A total of 1,123 s\‘.rams representing 128 taxa
{named species or subsp and g ies) in
the Enterobacteriaceae were sludxed 'I}'pe suams
and strains used as refe in DNA

studies were included.

Reagents

1,3-PD and hydroxyacetone were from Aldrich
(Strasbourg, France). Ali other biochemicals were
obtained from Sigma Chemicals Co. (St. Louis,
MO) and were reagent grade.

DHA = dilydroxyacetone.
DHAP = DHA phosphate.
slyDH = glycerol dehydrogenase.
LB = Luria-Berani (medium),

1,3-PD = 1,3-propanediol.
1.3-PD-DH = 1.3-PD dehydrogenase.
TCS = tryptocasein soy (agar).
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Fig. 2. NAD*-linked glyDH type H of . coli.

Growth conditions

Bacteria were grown overnight at 30°C in shaken
Luria broth (LB). Collection strains or strains culti-
vated on carbohydrates such as glucose or lactose
were subcultured twice in LB medium before per-
forming tests.

For the detection of glyDH, bacteria were grown
overnight at 30°C on tryptocasein soy agar plates
(TCS, Sanofi Diagnostics Pasteur, Marnes-la-
Coquette, France) supplemented with 1% glycerol
or 70 mM hydroxyacetone both sterilized by filtra-
tion. Cultures grown on TCS-glycerol were inco-
bated in an anaerobic jar with catalyst, H +CO
generators (GasPak, BBL Becton Dickinson

biology sy , Cackeysville, MD) and methyl
blue indicator strip. Cultures grown on TCS-hydrox-
were incubated aerobically,

For the detection of 1,3-PD-DH, bacteria were
grown overnight at 30°C on TCS agar plates supple-
mented with 10 mM DHA, 10 ug per liter cobalt
chloride, 100 uM MnSO, and 1 uM coenzyme B,
(CoB ). Cultures grown ‘on this medium were inci-
bated anacrobically as described above. Filter-steril-
ized solutions of DHA, CoB 2, CoCl, and MnSO,
can be storad frozen at - 20

GlyDH test

Bacterial growth from TCS-glycerol or TCS-
hydroxyacetone agar plates was collected and sus-
pended in reaction buffer to an absorbance (at
600 nm) of about 0.6. The reaction buffer contained
0.1 M K,CO, and 30 mM (NH),80,, and was
adjusted to prQ 0 with HCI or Ka)ﬁ It ‘was stored
in a well-stoppered bottle at 4°C for up to one
month. Bacterial suspensions from TCS-glycerol or
TCS-hydroxyacetone agar plates were immediately
dispensed (150 pl) into 96-well microtitre plates
(Dynatech AG, Denkerdorf, Germany). Then, 30-pl
portions of a reagent (NAD+ 210 mg; glyccml
600 pl; nitro-blue 42 mg;
methosulphate, 2 mg; distilled water to 10 ml) (kept
frozen at —20°C in the dark) were added to the wells
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and the plates were gently shaken and incubated in
the dark at room temperature. The plates were
examined for the development of a purple color
within 15 to 30 min. The colour in the uninoculated
control medium remained unchan; Tged (yellow). Ser-
ratia odorifera (Grimont) 10-737 and E, coli CNS
75-88 (French Salmonella Reference Center) were
used as negative and positive control strains, respec-
tively.

1,3-PD-DH test

The 1,3-PD-DH test was the same as the test for
glyDH except that the bacterial growth from TCS-
DHA was collected and suspended in reaction buffer
(as described above); 1,3-PD was used in place of
glycerol in the reagent. A control medium contained
the same ingredients except 1,3-PD. The control
strains were E. coli CNS 75-88 (negative) and K,

y iae subsp. p CIP 82917 (positive).
Determination of glycerol t in culture
media (PAS test)

Fifteen-ml sterile, disposable tubes (Falcon, Bec-
ton Dickinson and Company, NJ) were filled to the
mp with nu. ient broth (Difco, Detroit, MI) contain-
ing 15 m}M glycerol and were then inoculated wnh
30 ul of subcul in LB medium and i
overnight at 30°C. Residual glycerol in culture
media was determined using the test kit “Periodic
acid-Schiff’ (PAS, Sigma). One ml of culture was
centrifuged at 2,000 g. To 190 pl distilled water
were added 10 pl of the colture supernatant and suc-
cessively 50-p1 portions of periodic acid and 100-pul
portions of Schiff reagent. Tubes were gently shaken
between each addition. The tubes were examined for
the development of a purpie colour within 5 to
10 min at room temperature. vhe control strains
were E. coli CNS 75-88 (positive ; purple colour
developed) and K. iae subsp. p

di djusted to pH 7.0 ini 0034M
NaH,PO,, 0064MKHPO 0.02 M (NH,),S0,,
3x16- ¥ MgSO,, 10% M Fes0,, 105 M*ZnC1;,
105 M CaCl,, 30 mM glycerol and casein hydmly-
sate to a final concentration of 0,03 %. The medium
was then inoculated with 30 pl of culture in LB
medium and incubated overnight at 30°C. The con-
trol strains which we used were E. coli CNS 75- 88
{no growth) and X. subsp. ¢
CIP 82917 (growth).

RESULTS AND DISCUSSION

Definition of dehydrogenase types

A glyDH-I was defined by (i) a positive
glyDH test with bacterial suspension from TCS-
glycerol, (ii) a negative PAS test (no colour
developed with PAS reagent in spent culture
media) and (iii) electrophoretic mobility (Rf)
between 0.40 to 0.60 in a non-denaturing gel.
Strains that produced glyDH-I only were not able
to grow anaerobically in mineral medium with
glycerol as carbon source (Bouvet ef ak, 1994).

A 1,3-PD-DH was defined by a positive 1,3-
PD-DH test and electrophoretic mobility between
0.14 to 0.16 in a non-denaturing gel. A 1,3-PD
DH activity was always found associated with
glyDH I activity. Bacteria producing both glyDH
I and 1,3-PD DH were able to grow fermenta-
tively in mineral medium with glycerol as carbon
source,

Other glyDH types (II, 1II and 1V) were
defined by (i) a positive glyDH test with bacterial

CIP 82917 (negatwe no colour developed)

Enzyme electrophoresis

El t is under noi ing conditions
on polyacrylamlde gels with a discontinuous buffer
system was performed as described previously.
Dehydrogenase activities were visnalized by specific
detection (Bouvet ef al., 1994).

Fermentative utilization of glycerol

Fifteen ml sterile, disposable tubes (Faicon) were
filled to the top with membrane-filtered mineral

from TCS-glycerol and/or TCS-
hydroxyacetonc, (ii) a positive PAS test (purple
color developed with PAS reagent in spent cul-
ture media) and (iii) an electrophoretic mobility
between 0.19 to 0.25 in a non-dengturing gel
(Bouvet et al., 1994). A glyDH-HI gave a positive
glyDH test with bacterial suspension from TCS-
glycerol and TCS-hydroxyacetone. A glyDH-III
gave a positive glyDH test only with bacterial
suspension from TCS-glycerol. A glyDH-IV
gave a positive glyDH test only with bacterial
suspension from TCS-hydroxyacetone. GlyDHs
other than type I were unable to prompte anaero-
bic glycerol dissimilation (Bouvet ef al., 1994). It
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PRy

is not p to detect simul sly a glyDH-
I or - and a glyDH-I, GiyDH-II and -TII should
be identified .y in non-denaturing gel by spe-
cific detection.

Bacteria possessing glyDH-X only

A total of 38 strains (table I) belonging to Cir-

b koseri (C. di ), Er ter aero-
genes, E. imtermedium, K. oxytoca, K. planticola
and X. rerrigena possessed a glyDH-I (major
glyDH). Of the 38 strains studied, 12 were
checked for electrophoretic mobilities of glyDHs
in non-denaturing gel. An atypical behaviour was
observed for K. p iae subsp. This
species possessed glyDH-I (as described previ-
ously (Bouvet et al., 1994)) and was found
unable to consume glycerol from cuiture
medium, so the test for determination of glycerol
content in culture media was negative.

Bacteria possessing both glyDH-I and 1,3-PD-
DH

A total of 163 strains (table 1) belonging to
C. freundii, C. youngae, C. braakii, C. werkma-
nii, Citrobacter genomospecies 10 and 11 (Bren-
per et al., 1993), E. gergoviae, K. pneumoniae
subsp. pneumoniae and glycerol positive strains
of “Salmonella enterica” subsp. enterica serovar
Senftenberg and Derby, one strain of C. farmeri,
one strain of E. cloacae group 4, one strain of
Leclercia adecarboxylata and one strain of E.
agglomerans group XII produced both glyDH-I
and 1,3-PD-DH. All 163 strains were able to
grow anacrobically in mineral medium with
glycerol as carbon source. The presence of both
glyDH-I and 1,3-PD-DH in 35 of these strains
was checked in non-d ing gel by specific
detection of dehydrogenase activity.

The 1,3-PD-DH test did not permit detection
of the low 1,3-PD-DH activity of K. exytoca (as
described previously) (Bouvet et al,, 1994) even
when CoB,, was added to the growth medium.
Atypical behaviour was observed for 2 strains of
E. agglomerans group I, one strain of Yokenella
regensburgei and all strains of Proteus mirabilis,

P. vulgaris and P. penneri which gave a positive
test for 1,3-PD-DH even in control medium
(without substrate). These did not produce
glyDH-I, were unable to grow fermentatively in
mineral medium with glycerol as sole carbon
source, and did not produce 1,3-PD (results not
shown).

Bacteria possessing giyDH-II, -ITI or -IV

A total of 422 (table I) pc d
glyDHs type II, IH or IV. Of these studied, 152
were checked for electrophoretic mobilities of
glyDH in a non-denaturing gel. Of the 422 stroins
studied, )46 possessed a glyDH type 1Y induced
by glycerol and by hydroxyacetone, 179 pos-
sessed a glyDH type Il induced only by glycerol,
97 possessed a glyDH type IV induced by HA
and not by glycerol.

An atypical behaviour was observed for
H. alvei which possessed a glyDH type IH as
described previously (Bouvet et al., 1994).
H. alvei showed a higher glyDH activity than
E. coli. For this reason, although this enzyme was
not induced by hydroxyacetone, it was occasion-
ally possible to detect a low residual gityDH
activity with bacterial suspension from TCS-HA.

Validity of glyDH end 1,3-PD-DH tests

These tests were designed in light of recently
acquired knowledge (Bouvet et al., 1994). Coen-
zyme B,,, CoCl, and MnCl, should be present in
the culture medium, since glycerol dehydratase
and 1,3-PD-DH of some bacteria (e.g. Klebsiella)
require this cofactor and ions. For the 1,3-PD-DH
test, prior induction by growth on a DHA
medium and not on a glycerol medium should be
done. Although DHA and glycerol induce the
dha regulon, DHA cannot be oxidized by glyDH-
1 (Forage and Lin, 1982).

The presence of the oxidative and reductive
pathways of the dha regulon allow the cells to
grow fermentatively on glycerol. The first two
enzymes of the dha regulon (glyDH-1 and DHA
kinase) rep the oxidative pathways and the




Il o) - W) - @y + by)  + W) + Coaey 1 ANOIB 2000070 J215DG013UT
auou ©0) - o - €0y - oo - ©m9) + snuaSo.La0un) 421304015117
m wio) - o) - W) - )y + W) + SnuaStuun 42100q019145
Al wio) - @) - W) + Wy - W) + DungsD 4351040131U7
AT PUE (+1) G p en (616) + @i p 6) P X dnoig
(I o - [T @ - ) p ©m9) + ¥ droig
auou - - - - + 176651 vrens X dnoip
suou wo - w0 - - o) -~ ) + X1 dnosn
auou @ - @ - - @ - @) + A droip
I ®0) - ®0) - €0 - (2/8) + (8/8) + [IA droip
i €0y - €0 - - (ee) + (e€) + (soupup panmg) 1A dnon
(T ®0) - ®n - @ - @n r |;) + A doon
suou W) - W) - - Wy - by + Al dnoxg
auou €0y -~ €0 - - €0 - € + (pssadstp vaotundg) 111 dnoigy
am @0 - ®10) - €0 - ©1) P (818) + 1t duoig
auou @ - @y - @y - @ - @ + [ doozp
suou ©n - (O o - o) - s+ 0JoLIS 03UBS ?Em.wammu vaopuvd

L) d 1 4 1 ¢4
Il pue | @) - (G0N €e) + )+ W0y - S2UTOID 12190G0IIUT
auou o - &0 - @ - 6 - ©g) + Dpup} BYjOISpIMPY
suou €0 - €0) - ON € - (€€) + Anp1o] DfRISpaOMpT
suou s -~ [(7) I o) - o) - 5) + Iourysoy DRISpADMPY
11 pue +1 (€/€) + €F) + @y + €e) + €0) - 11 dnoi8 ssp00q0441)
11 pue +[ €) + €rg) + (€r€) + (ere) + €0 - 01 dnoB 1arowqoin)
suou €0y - €0 - (€/0) - €0) - €€) + 6 dnoiB sapovqo1)
11 pue +] we) + () + ®e) + ey + woy - so3unok 4210gon)
11 pue +] )+ W)+ e + )+ W) - HuUDULIIM 1212DqO0NL)
i W) - W) - €re) + bg) P W)+ wypIpas 4210040411
I pue ] @) - ey - (G @z + @ - 250y 42100GON1D)
11 pue +] 58y + S5+ €re) + gy + ©n) - npunayf 131900419
AL pue (+1) 1) P WD P €/€) + Wy e GUED P rouunf 4212040110
I pue +1 ©uen p ©IED P @)+ sy P G v 1OD4q L2000G0411D)
AL ®0) - ©10) - €/g) + ®0) - (8/8) + SHONBUODUD 12190041
auau sy - (50) ~ @0 - o) - c5) 128pdp| Davapa)
suou sy - <0 - @y - ) - ) + FDSIADP 023P3))
AL S0y - €0 -~ €9 + [ (s6) + susaiSv jjamomng
auou oo - oo - ON o) - ©m) wonvnbe VNP
ad& yasig HA-ad-€'1 uOnRIUAULIOY o) VH 010043 (1591 Svd UoxB],

10320410 :Aq poonpur QLS

'sataads erelseqoIaue Juoure HA-AA-E'T Pwe HAALS Jo uonnquisicy /[ el



(1130 AD (8100 ~ (81/0) - SIS + (81/91) P (81/81) + apuanzo “dsqus sououmaud pja1sqay
I1 pue +] @i e @sizin p (979) + @C1/3ET) P @Sy p ~dsqns ap1 1121593y
11 pue [ 5/0) ~ s0) - (€re) + ) + s0) - Dpooyumyd pjjarsqary
11 pue [ @0 - 8/0) - €6) + 9/8) + 80 - pooikxe ppa1sqary
il @i - @ - (/) P eIz + @ien + 1an0 Doy
suou W -~ w0y - @0 - W) -~ )+ DUDDLIGWD D2ty
auou (s/0) ~ S - (1o - aye -~ (an + StpupmA BIYOLIAYIST
Quou oy -~ ©0 - ©z/0) — ©z0) -~ (92/97) + BULDULZY DIYILASYIST
n /0 -~ < - (€1En * €1/€1) + (E/ED + 1uosnSaaf vryorsyasy
auou 6z/0) ~ 6z/0) - €5y - 670 ~ + 13uuos v)ja8ys
(AD (€€/0) ~ (€€/0) -~ 9s/€) P (€c0) ~ + usuxalf vifaSys
(AD (Leioy ~ ey - g/ p (zoy ~ + oD1aUISKY DY 28NfS
(AD P ~ o) - (¥LIEg) P (470 (LipL) + Hphoq vjasnys
11 (AD asi ~ asvo) - Ge6T) +  (S1/8ED + Gi51/181) + sydonojorg
dnoi8 onwousd sjo0 viyorayssy
I ~ - - + + PL-SO06 201D1q VYIS ST
suon -~ - - ~ + SOI Sua0nfrigns vrmeg
i - - + + + 901 12uuodoy.s prgmuy
suou -~ - - ~ + 701 purasnb vrumig
suou - - - -~ + P01 susnifiediu pugmeg
suou - - - ~ + 1SS DionnoTjue prameg
suou ~ - - ~ + OTH Djod1qiay prameg
suou ~ - - ~ + 08 US JuayuDsAeyd prgmag
suou ~ - - ~ + 9T DL04030IDI DIUMIT
i -~ - + + + 981-0d vupa18auis viwmiy
suou -~ - - ~ + 1-8L pionopfup vrmsg
auou )~ © - (o) -~ € - ©Q) + WO2oNns L2130q0191U7
m oy - wo) - @oy - Wy + ey + snuykd aa1ovq0s1uy
b o) - O - (€/€) + (979) + 99 + SHpanssaadyuty 43190901917
11 pue [ [ € - ©0) - (s} + sn) - wnpUUIIU] 4210Dq0491U7
m o)~ ({70 (s/0y - 5y + 65+ 12YI9DULOY 4319DGOIIIUT
11 pue +1 L) + s9)  + ry) + sr5) + ©n - 21108428 42j3vg0s91UT
bid @)~ o - )y + @) =+ @ + 9 dnox8 avavop 4stavqossiug
Al €0 -~ €0 - ) + €0 -~ €g) + ¢ dnoi3 avavope aspavqolotug
11 PuE (+1) @ p €@ p €€) + (ere) + € p 1 duosd svovops saapqossiug
it ©0) - [(11) B o + s5) + (5/5) + ¢ dnoid spavop usppqoseiug
i (V1) I 90 - @ + 99) + 99 + T dnoid anonoys sajavqoserig
edfyyaf®  HO-dd£'1 UONBIUAULIAY o) VH 1013048 (159 §Vd uayey,
10190430) :&q paonpm HgAIS



1m woy - woy - € - ey + wy + SUPISIDUDU DUDAIIS
m 8/0) - [ €0 - (8/8) + (8/8) + suagonfonby vypLaS
m @ - o - €0 - @ + @z + USTULAB DUDLITS
m 9/0) - ©n) - €0 - 99 + 99 + vloduucf vivLIg
auou 0 - o) - o - o - ©5) + ouvoyf DyOLIFS
suou o) - ©r0) - @y - o0 - ©9 + oppydowosss vivLaS
Al €0) - €0 - €6) + €0 - €e) + uoSuoq vlauoups
Al - - + - + 0pz1 porput ‘dsqus , poUaua DY[FUCKIDS,,
Al €0 - €0 - (eg) + €0 - (€g) + y -dsqus , pouatus vjjpuous,,
Al € - €0 - €€) + €0 - €e) + svuo2aDIp “dSqns , Dapaua DjAUOIDS,,
Al € - €0 - (€6) + €0 - (ge) + apuozLD “dSqNS , DILIIUS V][PUOWIDS,,
Al @ - @y - @) + @wn - @y + s “dsqns , Do HIPUOWS,,
1L pue +] @ + @o + @y + @) + @y - (4Joa02418) Aqua(g JeACISS

1I pue +] S79) + ©r + € + S5)  + [ (,1039015) S1oquonuag FeA0Ias

AL € - € - €ren + € - E€Ep + pouasuz “dSqNS , DIUFIND DYIFUCUIVS,,
0 (71 B ©n - €6 + L) + (s) + syttonbo vijauyoy
m [ W) - @y - W) + W+ oS DpuIpIAcld
juig ©nm - [€910) 2 w - [(5/ B (s/5) + numBysnt viouspIAosd
m ©0 - ©0 - € - ©9) + (99) + uaSiias DIUIPIOIL
m (/) -~ 0 - €0 - (5/5)  + ©/9)  + DYIDqUATY DIIUFIN0I]
I w1 - GL - Wi — w9 P WD + Sumonfipapp vUIPIA0Id
I o) - Wiy - €r) + ) + W  + supSa snajoid
| ©o - [(TONES /5 + s5)  + sr8) + pauuad snaioid
suou - - - - + 26961 sustonfoxku snajoid
big <) - ©0 - (ere) + 5 + (56} + SHIqDATEL SN2104d
suou ©o - o - @ - [ s8)  + wtjuof 150
Juou - - - - + YL-TOEY Sna104d wWnLIz1IvqUINS390
1 ©0 - 0 - ) + ©5) + ©8) + #upSiom vPUrSIoH
1 o - o - o - ) + &)+ SISUBSUOISIAN DIJOU3|[I0W
I - - - + + ZL-9vEE urens ds opjasounua]
m - - - + + T8-8L6 Up4DYOU Dif20utET
m (O W - @ - W)+ W)  + 1row3 vipoutr]
11 (+D) wn p wn »p W)+ wy P we) v DIDIK0guDIAPY D123]F]
m oy - woy - €0 - L + W + S13252420842 DadAkNgy
m wo - wo - (€11 wy + Wy + DIDG2005D DaAknLY
I pue [0 [0 €f) + [C [ pusB42) DAk
Q1o AD 61/0) — 61/0) - @uen + o7’y P (ozior) + posourys ~dsqus oo} 1215951
2dligaf?  Ha-ad-€1 LoNHUSHLIAY () VH (0135413 59 §Vd uoxEL,

10320610 :£q paonpur HQAIZ



"T661 ‘TUOUIID PUB JUOUILL) 93S (ups)

“sagayivared ut pn

-golpuy §1 SHONoEDI WAL JO od K3 HAAIS oYL *Auo | sdk1 HAAIS ssassod Yorm surens=]  HQ-Ad-€'T P 1 20K HAAIS qoq 5595504 Yargm Sumns+] ‘Gimox3 ou=0N ‘PIIsat surens o
Jaquinu/suTens 2a01s0d JO ToquInE A1 SSIPUE sasIIUSTed UT SIONWIRLI JN ‘PIISI) STM UTBIS SUO UEI AUOW UM ‘SUONIESI JUIaPip=p t2aNER0U suens [[t=— ‘sanisod supns =u.n+
“SOIIOTAXOIPAG= VH (e} { BIPIW AUWIND U1 WAUOD [0320K]8 JO UONRUIMINIG (o)

auou 0 - o - (o - o) - 99) + 13mqsuadas vijausiog
(I <o) - o - €y -~ &m p KR + L3YINL DIUISABL
411 o) - o - €0 - 9r9) + 99) + 19PY04 DIUISIRL
suou oy - o - @ - o - ©9) + sisamataqniopnasd pruisiag
wn &y - € - @ - & v (erg) + Hizav[(om OtuIsiag
Jiid (€70 I (€70 €0 - ) + €e) + HUISUIISLLY DIUISAB]
auou &)~ (DI €0 - (€711 (sr5) + DIpauLIaIY DIWSIS]
Jiid &) - () B €0 - &5) + & + HusSYLIPRL Truisas]
1) ®0) - @ - €m - ®/8) + 9 + DIUIOI04IUB DRUISAD]
auou €0y ~ €0 - @ - €0) - (€r) + UM000.432q DIUISIa]
am @1 ~ [C47 0 oo - @us)y p @en + POROPIT DruIsII]
auou (G W - ON [ Wy + -ds snpqoysouay
suou o) ~ (€0 - DN €0 - ) + snpiydosorusy snpaoytouzy
ouou o - o - ON o - o) + SUIOSIUPN] STPGDYIOUIY
suou @) -~ (€71 B - @n - @) + S1susuwnd vjaispnqol)
suou [CO 0 - @) - W) - W) + PaDPIqILL BHYLES
I o) - oy - @ - wewey + ey + supmorups104d 101135
suou o - o - &) - ©n) - ©9) + ootymulyd oupiag
oucu ©/0) ~ S - @ - G« - G+ Diafuopo opvasas
adfy Hoki?  HQ-Qd€'T uonEInSuLIaY ) VH 10329413 ¥ SVd uoxey,

J019941) :Kq pasnpur HAAI3



288 O.M.M. BOUVET ET AL.

latter two (glycerol dehydratase and 1,3-PD DH)
represeiit the reductive pathway of glycerol fer-
mentation. After growth of XK. pneumoniae subsp.
pneumoniae on glycerol, the dominant byprod-
ucts are 1,3-PD, ethanol, formate and, to a lesser
extent, acetate (Bouvet et al., 1994).

In this study, all eight species which possess
both glyDH-I and 1,3-PD-DH were able to grow
fermentatively in mineral medium with glycerol
as carbon source. Therefore, these species pos-
sess the other two enzymes of the dha regnlon
(DHA kinase and glycerol dehydratase). The
pathway of glycerol fermentation has been exten-
sively investigated in “Aerobacter aerogenes”
ATCC 8724 (synonym of K. oxytoca, previously
classified as “Aerobacter aerogenes”, K. pneu-
moniae and E. aerogenes) (Bremner et al., 1977;
Jain ez al,, 1974). The slower utilization of glyce-
rol in K. oxytoca was due to a low production of
1.3-PD. K. oxytoca lacks the glycerol dehydratase
and possesses a low 1,3-PD-DH activity (Bouvet
et al., 1994) which can not be detected in our test.

Five species which possess glyDH-I but not
1,3-PD-DH were not able to grow fermentatively
on glycerol. They had the same behaviour as K.
planticola (as described previously (Bouvet et al.,
1994)) which was found to possess both enzymes
of the oxidative pathway (glyDH-I and DHA
kinase) and lacks both enzymes of the reductive
pathway. In these five species, the of the

results and seems more restrictive than the con-
ventiona! biochemical reaction using acid pro-
duction from glycerol. Peptone present in fer-
mentation media permitted anaerobic growth on
glycerol without 1,3-PD production.

Taxonomic interest of tests exploring anaerobic
glycerol dissimilation

The results of the glyDH test and the 1,3-PD-
DH test given by 128 taxa (named species or sub-
species and pecies) in the
Enterobacteriaceae are shown in table 1.

The following organisms were negative in all
tests of the bic glycerol pathway: members
of genera Budvicia, Cedecea (two species),
Edwardsiella (three ), and Xenorhabd
(two sp ), Citrob genom 9, Pan-
toea agglomerans sensu stricto, Enterobacter
agglomerars genomospen:lﬁ I ].l IlI v, V Vi,
IX and X, E b

g (=Ei b taylorae), Erwinia
amylovora, Erwinia carotovora, Erwinia chry-
santhemi, Erwinia herbicola, Erwinia malloti-
vora, Erwinia nigrifluens, Erwinia quercina,
Erwinia rubrifaciens, Shigella sonnei, Escheri-
chia hermannii, Escherichia vulneris, Ewingella
americana, Obesumbacterium proteus, Pragia
f Proteus Serratia

Y

oxidative pathway allowed them to rapidly utilize
glycerol in culture media as shown by the PAS
test. Peptones in the medium, by their own path-
way, regenerate the NAD needed by the oxidative
pathway without 1,3-PD production.

K. pneumoniae subsp. ozaenae lacked both the
enzyme of the reductive pathway and the dihy-
droxyacetone kinase, and possessed glyDH-I (as
described previously) (Bouvet et al., 1994).
Despite the presence of the glyDH-1, K. ozaenae,
as shown by the PAS test, cannot utilize glycerol
in culture media.

GlyDHs types II, HI and IV do not support
growth on glycerol, and high concentration of
glycerol is detected by the PAS reagent in spent
culture media.

This glyDH test might not give the same

phxla, Serratia ficaria, Serratia odorifera, Serra-
tia pl Serratia rubid, Trabulsi

v, hahdie Tamii ¥, 3k

dus nematophilus, Yersinia bercovieri, Yersinia
intermedia, Yersinia pseudotuberculosis and
Yokenella regensburgei. Either these organisms
lack these pathways or the corresponding dehy-
drogenases have requirements for unknowa
cofactors or conditions not met by our tests,

Only eight species, Citrobacter freundii, Citro-
bacter gae, Citrob braakii (13 positive
strains/16 strains tested), Citrobacter werkmanii,
Citrobacter genomospecies 10 and 11, Entero-
bacter gergoviae, Klebsiella pneumoniae subsp.
pneumoniae (112 positive strains/152 strains
tested) and the rare glycerol-positive strains of
“Salmonella enterica subsp. enterica” serovar
Senftenberg and Derby, one strain of Citrobacter
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Jfarmeri, Enterobacter cloacae group 4 (Grimont
and Grimont, 1992), Enterobacter agglomerans
group XII and of Leclercia adecarboxylata, conld
grow fermentatively on glycerol and possessed
both glyDH type [ and 1,3-PD-DH which are typ-
ical enzymes of the anacrobic glycerol dissimil

pecies de la famille des Enterobacteriaceae. Seuls
huit espeéces, Citrobacter freundii sensu stricto,
C. youngae, C. braakii, C. werkmanii, Citrobacter
genomospecies 10 and 11, Enterobacter gergovme

tion pathway.

Six ather species, Citrobacter koseri, Entero-
bacter g E bacter intermedi

et Kiebsiell fae subsp. p peu-
vent fennemer Ie glycéml et possédent une glycs-
rol-d & de type I (induite par le glycérol

et la dlhydroxyacétone) et une 1,3-propanediol-
déshydrogénase, deux enzymes essentielles au
métabolisme anaémb:e du glycérol. Une activité

Klebsiella oxytoca, Kilebsiella planticola and
Klebsiella terrigena could not grow fermenta-
tively on glycerol and possessed a glycerol dehy-
drogenase type [ but no 1,3-PD-DH. Kiebsiella

iae subsp. was unique in hav-
mg glyDH-I without DHA Kinase.

Other glycerol dehydrogenase types were
found: type II (induced by glycerol and hydrox-
yacetone), type Il (induced by glycerol only) and
type IV (induced by hydroxy only) were
widely distributed among the Enterobacreria-
ceae. They are not responsible for anaerobic
glycerol pathway and their physiological roles are
not clear.

Table 1 provides new characters for differentiat-

glycérol-désh de type 1 a été détectée
chez six autres gspeces: C. koseri, E. aerogenes,
E. intermedium, K. oxytoca, K. planticola ¢t K. ter-
rigena. Ces dcmu‘.res sont dépourvues qactivité
L.3p dé: et ne fer

pas e glycérol. D’autres 1 types de glycérol-dés-
hydrogénases ont €té identifiés: de type II (induite
par le glycérol et I’hydroxyacétone), de type III
(induite uniquement par le glycérol) et de type IV
{induite uniquement par 1'hydroxyacétone). Ces
dernires sont tr2s répandues av sein de la famille
des Enterobacteriaceae. Les tests proposés, permet-
tent d’explorer le métabolisme anaérobie du
glycérol, pourront &ire nne aide au diagnostic et  la
classification des bactéries,

Mots-clés : Taxononne, Enrembncrermceae,
Glycérol; A bil
Propanediol.

» Dihydroxy 13-

ing species in the genera Citrob Enteroby
Escherichia, Klebsiella and Serratia. In some
cases, the study of anaerobic glycerol dissimila-
tion may have epidemiological interest. Different
reactions were observed for Klebsiella pneumon-
iae subsp. pneumoniae and Shigella; more strains
need to be studied before any epidemiological
application of this test can be proposed.

The tests currently used for the identification
of bacteria were often empirically designed and
do not take advantage of the large diversity of
metabolic pathways. This work is part of a con-
tinuing effort (Bouvet and Grimont, 1987, 1989)
to design new identification tests with a stwong
biochemical basis.

Diversité du métabolisme anaérobie
du glycérol chez les Enterobacteriaceae :
applications taxonomiques

t_d&chvds

1.3 a été
nhez L 123 souches appanennm aux 128 genomos-

La,‘

A de gly-.. et « de
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