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A polyphasic approach to bacierfal taxonomy attempts to integrate phylogenetic relationships with phenatypic
niarker amalysis. This study describes the application of membrane fatty acids as a plienelypic marker for
methylotrophs. Detailed phospholipid, ester-linked fat(y acid (PLFA) profiles are reporied Tor 17 methylotraphic
cubacterial strains. These prafiles included verification of double bond positions and geomelries, both erifical
features for this analysis. Multivariate cluster analysis was used to indicate groupings of these sirnins along with
literstlure vajues of both methylotrophs and non-methylotroplis based on (he PLFA phenatype. Like many
phenotypic characteristics, PLFA profiles were influcnced by cnvirowmental conditions. The instabililics
displayed, however, were predictable from physioiogical studies including inereased rrans/eis and cyclopropyl/cis
ralios. Cluster analysis of PLFA profiles generated by separate investigators with dilTerent cullure condilions
indicaled reproducibility by strain and species. The PLFA phenolype rcizlionships compare favourably with
phiyiogenetic associations hased on 165 rRNA dala for methyiotrophs and will continue to be  valuable phenotypic

marker for Proteobacleria {nxonomy.

Introduciiun_

Studies of bacterizl eveolution are utilizing nucleic acid
sequence analyses (o propose new phylogenetic refalion-
ships which were not previcusly - recognized wilh
traditional classification techniques (Woese, [1987). This
is especially true within the diverse Gram-ncgalive
eubacterial species once referred to as the purple bacteria
and now lermed the Proteobacteria (Murray et af., 1990).
Waese {1987) reminds microbiciogists and evolutionary
biologists, however, that phyiogenies derived [rom such
sequence dula must not be aver-interpreted. ile suggests
that these relationships be viewed as hypolheses lo be
tested and either strengthencd or rejected using indepen-
dent methodology. A recent report has re-emphasized
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the importance of a polyphasic taxorowic approach lo
Proteobacteria taxonomy, that is, the integrated use of
both phylogenetic and pherotlypic charscteristics to test
for evolutionary relationships (Murray ef al., 1990).

There are many diverse approaches to microbial
chemutaxononty. Chemical profiling techniques using
chromatography or clectrapharesis have beena common
approach, and many such lechniques have been recently
reviewed (Goodlellow & Minnikin, 1985; Brondz &
Qlsen, 1986). Bacterial Matly acid analyses are one of the
more popular profiling methods in chemotaxonomy
(Tornabenc, 1985).

For over 1 decade, lhis laboratory has been involved in
nticrobial communily structure analysis using membrane

fatly acid profiles as a reproducible and quantitative |

method of investigating in sitie ceological relationships
(c.p. White et af., 19794, b; Guckertef al., 1933, CGuckert
& White, 1988; Ringetberg ¢f af., 1989). Owing lo the
complexity ol these My acid profiles, including muitiple
posilional aud geometric isomers: of unsaturated fally
acidls (c.g. Guekert ef al., 1986; Ringelberg et al., 1989),
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we have also been very sensitive Lo the analytical qualily
of lhese profiles, adapting many analytical verifieation
procedures o Lhesc studies (c.g. Nichaols er al., 198Ga;
Cuckert ef al., 1987).
Previous rescarch in gur faboratory indicated thal one
- group within the Protcobucteria, the methylotrophs, hiad
very diverse membrane Fatly acid prolfifes with scveral
unusual monounsaturated isomers (Michols ¢r al., 1985:
Jalinke & Nichols, 19865 Ringelberg er af., 1989). The
systemalics of the methylotrephs is currcally based on
nucicic acid sequencing assays (Tsuji er afl, 1990:
Bulygina e af., 1990). This present study reports
membrane fatly acid profiles {or (7 methylotrophic
cubaclerial strains of which many have been placed on
168 rRNA phylogenctie trees (Tsuji ¢r al., 1990). in
addition, we report growpings of these strains based on
fatty acid profiles as a phenotypic markee, and these
groupings are discussed in relation o liternture profiles
for bath methylotrophs and aou-methyiolrophs aloog
willt their reported phylogenetic relationships. Dis-
cussions of membrane latly acids as repreducible and
stable phenotypic markers, as well as theuse ol theseina
polyphasic approach to  Proleabacleria laxonomy,
especially for the methyiotrophs, are also given.

Metliods

Micra-orgeamisos. Methiylolrophic cullures were oblained as [reeze-
dricd peltets from 3. J. Beatina and R. & Manson of the Geay
Freshwater Diologicat bustiule, University of Minnesau, Deseriptians
of these strains are given in Table 1. Details of the arigins of lhese
siraing are availabic in Tsuji et al. (1990), Tsien et af, {1990 or fran
R.S. flanson, 165 tRNA phylagenctic trees have heen produced which
include nine of these straing (Fsuji er af., 1990}, The remaining strains
ace currently being sequeneed for inclusion (Vsicen er af., 1990 B, J,
Uraling & R. §. {fansor, unpubilished). Agrabacierium fnefircions
(ATCC 33970) was obisined as a Preceptral culture.

Culture canditions. Melhylotrephic bacteria were grawn as deseribied

by Tsuji et al. {1990} and Tsicn ef af, (199050 a minimal sais medjum
’(Dnltun & Whitlenbury, 1976) with cither niethane or mcthanel as the
sale carban soarce. In most ases, only one cullure was aaalyscd for
each strain. Two independent replicates of the steain Aethylecystis
parttes QBB were preparad, These replicates are ahbreviated QAR P!

and OOBP2 in this studdy, Repliente crllures  of A{c'lh}'fn.tinn.r.

trichusparitar Q038 were also grown in a | pM-copper-supplemented
medivin to test for copper-induced miembrone fatly acid changes.
Theseyreplicates are abbreviaied OB3bla and CUBIbiYL for the | jtat-,
and Of3hoa and OO ILOL for the @ jui-copper treatments, respectivety,

< lumefaciens was grown at the University of Tennesses in Tryplicase
Sery EJ‘alh (BOL 11768, ATCC medium 18). Incubations to oblain el
mass.[or lipid extractions were canducted with continuous shaking a1
27°C lae bath 16 v {three replicates, expanential growth phase} and
64 120 hours (faur replicates; stationary growth phase). This specics is
abbreviated AGRO in this studdy.”

Exiractiun r}mj prr';l‘ﬂ_.l'(rft:t;u-'r.!f:l.lm_'mﬁrmrc lipists. The equivalent of .

20-25 ing dry weigly qf ii:'tt.;l;:ri',:1l"cci_[s. s exlracted in a Bligir & Dyer
TH1959) sidgie-plitse solvent” systemt mudified to include phosphate

baler (\White'cr al., 19794), During aii proceidures, eare was excreiseld

T T e e
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Table |, Descriptivns of methylotrophic Sirging analysed .
’ this study .
’ »
The pathway indicated is used o assimilate Furm.-sldchydc,
Ritulase manaphasphate pathway mdhqulmphs are hisloricnlly
referred 1o as Ctype 0 tnetiyhotrophs and  serines Palhiway
methylotrophs as type [1° methyiolrophs, Abbreviations given n’r;
nsed throughow thig paper. Details of strains ace avaiggble in Tsuji.. .
ef al. (1990}, Tsien ¢f of. (1999) and seferences contained therein..
Strain - Pipinents Abbreviatic
L2
Ribulose monaphosplinte pathway ‘
methanotraphs
Afethylocacens copsduns DATII . MCAP
dferhyineaccns hitene Yellow MLUT
Aetliviomonas methanien Pink MMET
Alcthylamanas grucilis Brown m MGRA.:
Ribulose mangphospiaie pathway '
methyloirophs unahle 1a use metimac
Alethpinbacitlus glyeagenes MG‘&’
dlethytomanas methanaticn MILIC
Aethylunonas medivioparn MIQY ¢
dethptophitus metliyvioraping AS| Sl 5
Mcthylotrophie sp. DML MIt
Serine pathway methanotrophs . .
Merliplosinms trichnsparim QR Onlb A
Aethylosiones methanica 817 . _
Aethytosinus sp. B - ) %IB -
AMethplocystis parens QDI ougr
Sering pathway methyloirapiis unable ‘e
la nse methane
Methrlolincterivm orgavaphifum XX Pink XX
Methplabacterivun extequens AL Pink AMI i
AMethrlabacterivn sp. M4 Pink D ivid L-
H rphomticrobium sp. DM D2 F

to miaimize hoth comamination and actifaciual chﬂﬁcs in lipid’
steuetures using procetlures recommended in Guckert & While (1983), -
Cefls were eatracied at room femperature in 142:5 ml chlorofornif
metbanalfpalassivm phaspitaie bufTer {1 :2:0.8 by vol.; 50 mm, pl} 7-4)

for 31, at which time 373 ml each of cliloraform and distilled waler
were added to separate the aquenus {uppec) and organic (lower) fhases
avernight, The organic phase {coataining the bacterial lipids) was,,
cullected and the salvenl removed with 2 rotary evaparcalor at 37 °C. .
The lotal lipid catract was separaled into lipid classes by siticic acid - =
catuntn chromatopraphy as delafled in Guckert er ol {1985}, The
phasphoﬁpi(i-contni::iug methanal fraction was further used in the
eyatuation of bacterial membeane lipid profiles. The phospholipid,
eslér-linked fatty acids (PLFAs) were prepared for gas chromale-
graphy {GC) analysis by a mild aikaline (ransesterification (FFuckert er
al., 1985). The resuitant falty acid methyl csicrs (FAME) were
separated, quantificd and leniatively identified by capillary GC using n
50 m {P-1 (non-polrr methyl silicone, lewieil-Prckard) column using
ke conditions descrilied by Ringelherg ef af. {1989). FAME steuciure
was verificd by GClmass spectrometry (MS) as described in
Ringeiberg-cr ai. (1989). Dacterial lally acid double bond pesition and
peametry  wiis confiemed  usingGGfMS, analysis .ol the dimetlryl.
disuiphide adducts of the menaunsalurated FAME as deseribed by .
Michols ¢ al. (19864). Cyclopropyl . FAME ring pasitions were i

. determined by GC/MS analysis of hydrogenativd prmlu;ls as rcvicwcd_
: h.y Guekerl ef al, (1985). Additional varificatinn-was déne, ns required,

by equivalent chain length (ECL):analysis- (Cheistie:~ [989) with
separations on scvernl capillary & colimn stalionary  phaser




incluidng [{P-} (Hlewleti-Puckasd), Rix-i {noa-polar dimelhyl poiy-..
siloxane, Restek) and Riz-235 (palar 50% cyanopropylntethyd/5077.
phenylmethyt polysilexane, Restek). S :

Fauy acid nomenclutire, Fatly acids are designated a5 A Bl
where A is the lotal numberaf earbon atams, s the number of doubie
bends, and C is the position af the double boud fram the aliphatic {w)
end of the mulecuie, Geometry of Lhis bond is indicaied as ' ¢ for eis and

U far trans. The prefixes *i and 2' refer to ise and anreiso wicthyl-

beanciting, respectively (Kates, 1984). Cyelopropyt Tatty acids ace
designated as “cy’, wilh the ring posilion in parenthesis reludive to the
aliphatic (w) end.

Literature sonrces of methylotrophic futty acid prafiles. Any successiul
phenotypic marker. for ehemotazanomic studies must be direelly
comparable with licralure values. Part of the dada analysis presented
in this study is a coniparison of he PLFA prafifes {tom the
muellylotrophs listed in Tuble | with similar and identical strain PLEA
proliles available in the fiteralure. Not zll published nicthylotrophic
PLFA profiles, haivever, are analytically pregise enaugh lo be included
iale 3 rigarous multivacizle stadisticat analysis (sec Woid et af., 1984).
For instance, tlie membrane fatty acid proliie loc Afefhyfasine
trichaspariuns OR3L was fest pubiished in 1975 {(Weaver et al., 1975):
hawever, ne 16:1 ar {8:] isomers were separated. Nichols ef o/, (1935)
reported thal this same strain had several 18451 isomers with 18 lwsBe,
18:fwTc, und 18: w8t sccounting fur over 30%; of the entire M.FA
prafile. The non-resolved data set of Wenver ef al. (1975} is clencly not
appropriate for bruad cliemetaxonamic studies. '

Literature Malty ueid profifes of suificient gualily were found for the
following strains: Afethyfococens capmutatus BATIUL with seversl
replicates grown uader bath high and low oxygen cullure conditiogs
{(abbreviated MCAPLi, MCAP) (Jahake & Nichols, 1936); Alethyto-
monas sp. 761 {(abbreviated 761); Afethylosins (riciosporian OB3h
(abbreviated OBIh); Methplobacteriun vrganophilume XX {grown with
eithér methane or methanal us sofe carbon source and abbreviated as
KXCH4 or XXMETII, respectively); and dethylobacterinm organo-
philum RG (abbeeviated RG) (Nichals er of., 1985).

i addition to the inclusion of methytatrophic lipid profiles lrom the

literadure, several non-melhylotrophic cubacleria were also included in -

this analysis, These had been previgusly assigned (o specific Jivisions
withia the Prolcobacteria using 165 rRMA analysis [#ller Woesce (1987)
and Devercux et af. (1989} and had good-quality PLFA profiles
piiblished. These strins included : Mitrenseifla stercoraria and two other

© Mlereoscifla strains (Nichals er al., 1984 i Legionefla sp. (PhifTner er o, -

1988); Deswlfovibrio spp. (Edlund ef al., 1985); and Desudfobacrer spo.
ADowling er al., [936).

Expanential growlh phase Escherichia coii data {ram a recent revicw

of microbial lipids (Rutfedge & Wilkinsan, 1988} were also included.

This review did not specily double bond positions; howaver, litis
laboratory has verified the dauble band and cyclopropyl ring positions
fac E, coli (unpublished data). The abbreviations usad (or these straing
are given in the legend of Fig, 2. '

Statistical anaiyyis] All averaged data which inelude an indieation of
variability aloul the mean are shown tsample so. Dulx used in the
¢aleuiations of these standard devintions are detailed in Resulls and
Discussion. The bacterial membrane lipid profiles, -or miore specifi-
cally, ‘their PLFA - profifes were treated as muilivariale daia and
analysed using cluster apalysis. Dendrograms were constructed using a
complete-linkage, farthest neighbour meihod. with the PCbased
saflware package Ein + Sight (Infumetrix). The dendrogrums presented
are cssenlially idemtical 1o others produced with other clustering -
dlgorithms avaiable bolh Lhrowgl EineSight and the mainlrame
soflware package sPssx (Version 3.0). In addition, the dendrograms

" were stable tathe exciusion al minar (<01 mol %), vaidentificd MLTA

and highly correfated PLEA. We feel, therefore, What the reitionskips

© prresenied wre robust to the method ol clystering wtilized. The simil
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ar
vithues {1-00 = ienticut) given were determined by the IiEuaSEgh);
(rragram using moedified Fuelidean distances and were stable (o Uig
inclusion and cxefusion of different strains of cubacleria, A conservia-
tive minimum similarity value ISV) of 005 was used 1o define 4
clustered "group’. Average PLEA profiles were cafeubiled for members
of groups ar separate clusters within groups, ' '

Resulls and Discﬁssinn

PLIFA profiles are given [or the 17 methylotrophic
strains in Tabie 2. There are [our unidentified {UNK 1,
2,3, 4) fulty acids listed in Table 2. Characleristics of
these falty acids, including ECL values on two GC
columns and GC/MS ion information, are given in Table
3. The GC/MS spectra and ECL values on the non-polar
Rix-I column suggest that these are diunsaluraied
t8-curbon FAMUE. The ECL values on e more nolar
R1x-225 are not consistent with Usis identification, with
co-chution of lhese unknowns occurring wilh mono-
unsituraled 18-carbon FAME. These unknown [ally
icids were not shown lo be an impertant discriminating
parameter in the multivariate cluster analysis used lo
determine (axonemy relationships.

PLFA values are given in Table 2 as e percentage of
lotal males of PLITA for each strain {mol%). The tolal
wolaramount of PLEA recovered pergram dry weight of
culture material is also given. The average PLFA cantent
for all strains was [{d + 87 jumol (g dry wt)=*, which
compares favourably to the reported vatue of 100 junol
(g dry wi)=" [or "lypical’ cubacteria (Whitceral., 19794).
The range of this vaiue is large (12:08-344-45 nmoi
{gdry wi3='], bul (his is duc to medin saits included in

cultures during freeze-drying and will not affect the
analysis,

Reproducibility of PLEA phenotypes

All strains in Table 2 are represented by one analysis
excepl for Methylocystis parons QBBP and Methyiosins
trichosparin. OB3b for which mean values for the
replicates discussed above are given. The PLFA profiles
for the mcthylotrophic strains in Table 2 (excluding the
QB3P and OB3b mean values), the lwo replicates of
OBBP (OBBPI and OBBP2), Lhe four saumpices of OB3b
under different conditions of capper supplementation
(OB3h0a, OBILOL, OB3bia, OBIGIL) and the literature
methylotroph PLFA profites were analysed by cluster
analysis {IFig. 1; fiteralure values are marked with the

symbol "® on the dendrogram). No effort was made-to -

exietly mimic culture conditions lor strains which have

~ been previously analysed and published. [a spife of this,

replicate strains from dilTerenl sources were closcly
clistered, as described below. The dendrogram {IFig. 1)

has live groups (SV > (0:63), cuacl macked with a star.
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Table 2. PLFA prafiles of 17 methyletrophic cubacteriaf strains

Results are cxpressed as a n'c.r:cnt::gc of total PLEA recovered. Faliy acids are listed in their order of clulivn off a non-polar methyl silicatic
stationary phase (c.g. HIP-1 or Riz-1). Slrain abbrevialions are defined in Table 1.

Falty acid XX AMI DM4 31Z DM2SIN B OHBP 0806 MCAP MLUT MGRA MGLY DMIL MLOY MLIC ASI MME-
14:0 000 000 000 000 000 000 G400 001 235 345 000 033 0 142 0S4 079 128 20-7¢
15:0 - 000 00 000 000 000 000 900 ¢00 122 000 231 920 000 030 007 900 o3¢
161 w8e 000 000 000 000 0:00 000 000 @00 000.. G-00 040 . 000  0-0¢ 000 000 - 000 4000
16:lwTc 000 534 64t 990 000 1519 06T (071 186G 4791 4520 5568 4384 ITIL 3760 3547 108
16t mbe 000 000 000 00C 000 000 000 000 (026 626 000 000 000 Q00 000 000  33r
6:lwit - 0-06 0:00 0400 0-00 000 064 Q00 ©37 834 000 0490 000 000 208 000 077  1g-
1611 w6l 0-00 060 000 0-00 060 Q0¢. 000 000 0490 08 G00 000 000 000 000 000 057
(6 1S 000 000 0-00 ¢-00 000 049G 060 000 1236 139 GO0 000 000 000 000 000 Q-8
16 a5t 000 090 000 000 000 000 000 000 038 1779 900 000 000 000 000 000 1S5~
16:0 636 494 35 152 304 102 026 B17 325 U519 5749 3615 3983 4260 4137 4332 400
'll'-':f_) 0-00 900 000 000 000 Q00 oug - 006 3-00° 0-00 G-00 G-0Q 000 000 g-00 0-QC Q-Q7
2i7:0 9-00 000 000 300 900 30¢ 04D Q10 g-00 " - @-QC G:00 0-0G 9-0Q 300 2900 -0 Q.07
<yl 7:00Gn 7,8} 0-0¢ G900 000 026 Q00 Q.00 Q00 0-G0 7-37 0-00 0-0Q 196 1452 1130 12-19  13-47 g0t
R 000 0:00 000 000 00 080 000 000 517 000 000 000 090 GO0 000 Q00  0-0f
17:0 0-40 072 622 000 021 000 000 003 000 €00 000  ¢25 000 035 025 000 0o
UNK | 000 0-60 0:00 1187 Q00 000 1044 000 000 000 000 000 000 000 000 000 Q0
UNK 2 010 000 300 0-00 QU0 Q00 20} 000 0-900 G0 Q00 300 0-c0 900 0-00 0-9Q -0
UNK ] 200 0400 0-QC G-00 2-23 Q-00 €62 {11} 800 0-00 3-00 7-00 a-00 0-00 00 [t 0t
UNK 4 000 Q00 000 Q23 000 Q00 12 000 -G q-00 0-00 0-00 g-0¢  0-90 0-0¢ G0 -
18:1wIe 0-00 000 000 000 340 3234 00¢ 000 000 000 000 000 000 000 %00 000 00
18:lwBe 0-00 069 "0-00 000 000 3223 6468 6202 000 000 Q00  0-00 000 ©00 000 000 00,
19:twic R4-61 81-06 8276 75-12 7041 {048 12-53 17-}5 0-81 §60 000 503 042 348 55 046 02
1818t 000 000 0-00 0-00 000 757 170 TS0 000 000 000 000 000 900 000 000 00
1Sl 000 G-U0 063 000 046 000 000 00 O-14 900 0G0 000 000 000 000 000  0C
1$:1wse 00 0-00 0-00 000 0-36 000 000 090 900 000 000 000 000 00 090 000 00
13:0 861 344 G638 101 1220 047 036 066 020 0060 000 040 027 962 052 029 00
ey 19:0(m7.3) 000 0400 000 08 735 GO0 000 000 000 000 00 Q00 000 152 000 000 00
2000 000 040 000 000 0-34 000 000 0NC 060 090 000 000  00C 000 %060 000 0¢

Lymol (gdry wi)=! 435 6724 42:51 92-52 2503 160-02Z 135:04 105-35 26096 [(2-08 5274 9364 (6107 4488 [44-3] 156-81 1dd-d

£

Tuable 3. Clutracteristics of unknown FAME fisted in to assimilate formaldehyde (Table ). This group wa
Tabhie 2 inclwding cquivafent chain lengpths (ECL) and previgusly referred (o as the “lype [T methylotropis.
GCIAMS dingnostic funs {pasitive electron impect) The other grouping of e serine methyiotrophs was i
Molccular jons (M*) were also verified by positive chemical group 2 and included the two replicates of Me!fqﬁgcy%z
jonization GC/MS. pares QBBP clustered at SY = 0-91, and five cultures @
‘ ' Methylosinus trichosporiunm QBIb [including onc lilera
ture vatuc [rom MNichols e al. (1985)] grouped =

e

_ ECL - GCIMS luns
Unknown

FAME  Riz-i  Rix-223- M*  Oase Othess SY =082, . .
The high- and low-ozygen incubalion clflects o

UNK 1| -17-48 1810 . 94 55 262, 245, 220, 209

mentbrane lipids of AMeritylococeus capsilatus BATI
UNK 2 17-53 - 1§13 294 35 202, 245, 129, W . . . 986)..Th o
UNK 3 17-56 18-21 294 6T 1262, 245, 170, 209 hfwc been dlscussgd by Juhnke & Nichols (198 J_ el
UNK 4 17-68 18-19° - &7 245, 210, 209 high-oxygen cultures formed onc cluster (S¥%=09-

within group 4), whereas the low-oxygen cuilure was |
group 3 with the strain grown by the Universily ¢
Minncsota rescarchers (SY = 0-82). The, cultures ﬁf
’ _ duced for this study were grown for maximum biomas
In group |, the two literalure strains of AMethylo- production; principaliy lfor [6S FRNA sequence analysis
bacteritun organophilum XX {[rom Nicliols ¢f af,, 1985) Although they were incubated with coustant agitatio:
and the sumple obtdined for tits study group very closely (sce Tsuji ef al., 1999 far details), it is likely that thi
along with M. erganoplibon RG (from Nichols ef of.,
- 1983),. Af: e.\'furq'rfeu.: AM L -and AMethylobacteriunt sp..
DMd4 (SV: =090, Fig. ). Al of theseslrainsiare pink-
pigmented methylotrophs whicit usethe serine pathway

culture was also 'low-oxygen’. The other r11cth$olrcphi %
litcrature profile inctuded in this analysis wias.that ¢
Metlplomonas sp.:TG.IT(NichoIs cf al.,. 1585}, whiclwa
mast closely malched in group § to Afetiyplomona
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Fig. |. Dendrogram of methylotrophic eubacterial PLFA probles [or
strains detailed in lhe lext, Yalues obtained from the ltertuee are
marked with a2 X" symbeol. Strain abbreviations arc as shown in Table 1
and deseribed in the text. Groups defined by an SV > 0-65 are marked
with a star and labelled for discussion purposcs.

methanica (SY = 0-77), a pink-pigmented’ methylotroph
which uses the ribulese monephosphate patiiway lo
assimilale [ormaldehyde. This group was previously
referred Lo as the ‘type [* methylotrophs. _
Based on the reproducibility of these phenotypic
markers for replicates {rom different sources (Fig. 1), the
PLFA profiles or the three XX strains, the two OQBP
strains, the five OB3b% strains, the two low-gzxygen
MCAP strains, and the four high-oxygen MCAP strains

were separalely averaged for further chemotaxonomic
analyses.

PLFA prafiles and phenotype :mbiﬁri’

To datc only rRNA scquences have been shown lo

" provide a relablie bacterial phyfogeny beecause of thein, .,

universality, genetic stabiiity, and comservation of
structure (Murray et af, -1990), This phylogenetic
analysis will net alene, however, provide conclusive

Alembrane futry wcids for methytotroph taxonanny 2033

tixonomic definitions for the eubacteria, and the
importance of coupling (hese analyses lo phenolypie
descriptions is well established (Murray er af., 1990).
Phenotypic characteristics will only be stable under
cnvironmental condilions which do not modify geno--

“lypie expression. PLFA profiles are no different. For

instance, oxygen concentration [as been shown lo-
nfluence lipid profiles of Aerlyfocaccus capsufatios
BATH (Juhoke & Nichols, 1988; see Fig. 13, Not all
changes in culture conditions aill alfect PLFA profiles,
however, and PLFA changes that do occur will only
veeur within the range of biochemical modifications
availuble to a particular genolype. Two examples are
given below. '

When Methylosinus trichosporitzn QB34 was grown in
0 and | jt-capper-supplemented medium, there were
minimal PLFA profile changes (Table 4) although the
addition of copper does promete significant physio-
logical changes in this strain (R. §. Hanson, unpub-
lished). Although not statistically significant, there was
anincrease in the trams/cis ratio on tlie addition of copper
{Table 4). Since this is a well-documented indicator of

“physiological slress in eubucteria {see Guckert er af.,

1986, 1987, and discussion below), further work is being
conducied fo atlempt lo correfale the abserved physio-
logical changes with membrane Hpid stress markers
(ID. B. Ringeiberg, D. C. While & R. S. Ianson,
unpubtished). 7 :

Gther cubacterin, like Agrabacteriunt  tumefaciens,
undergo what appeur to be drastic PLTA changes during

“their normal growth phase. As shown in Tablc 4, when

Ao tumefaciens is in stationary growth phase, both the
transfeis and cyclopropylfeis ratios for the 16:lw7 and-
18:1w7 isomers significantly increase. Although these
changes are significant, and would no doubt afTect the
classification of this species, lthey can also be predicted
on the basis of known siress-induced biochemical
modifications of the principal end products of cubact-
erial anaerobic desalurase [alty acid synthesis, 16: lw7c:
and {8:lwTc (see Guckert er al., 1986 and relerences:
wilhin for review). These modificalions inciude a methyl:
donation across the w7c double bond from S-adenosyl-
L-metliionine  catalysed by cyclopropyi synthctase.
o ferm the corresponding cyclopropyl ring, ec.g.
16:1wTec — cy17:0(w7,8) (see Guckert er-al.; 1986 for
discussion). Although this reaction s well characlerized,
it is not clear what. benefit this metabolically-expensive
stationary phase modification has to eubacterial sur-
vival. Even less is known about eubacterial trans PLFA
synthesis, although 1he possibility of a censiitutive

.iscncrase-along with preferential loss (degradation) of

the ¢is isomer. has. been suggested as a mechanisin. for
stress-indiced increases in trans/cis ratios (Guckerteral.,

1986, 1987).
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Table 4. PLFA profile changes with culture conditions .
Rcsu_lts are expressed as mol%, of todil recaverad, with known cubactesinl lipid siress ralios included, Details of cullure conditions
are.given in the lext,

AMethplosinug trichosporiiun sirain OB1b Agrofacteritun tranefacions (/\TEC..:S]?TU)

i Low capper growth fligh copper growth Expaucntial phase Statienary phnsi:.
Fatty acid ) (0 nm-Cu) {1 ua-Cu (<l6h) {>16%)
140 062 £ 0-03 0-00 + 0-00 015 £ 013 1224015t T
ils:0 Q05 + 0-07 0-00 +0-00 ’ 0-00 4 000 0-00 + 0-00
15:¢ 0-0G + 4-00 ' 300 + ¢-00 0-00-4+ 0-0C G-713 £ 0-15¢
16:lwic 10-37 & 2G4 _ 19-56 + 0-75 499 = 030 048 2 0-19F
16:1mTL . 010+ G07 L 063 + 019 : ©002 4+ 90} 06 + G-02 -
16:0 943 £ 0-59 ' 172 + 0-40 9-94 = 301 1931 +2:03¢
i17:9 306 + 0-00 0-05 +¢-07 000 + 0-00 0-00 4+ 0-00 .
al7:0 010 + 008 010 £ 014 Q00 £ 0-0C 000+000
ey 7T : w7 ,8) 000 + -00 ) 000 +3-00 200+ 174 22 1540 76?

L 17:0 0-06 + 0-01 0-00 + 0-00~ 0:00 £ 000 - 306 + ¢
18:lwie G4-87 + 242 5916 £ Q16 : 0-00 + 0-00 U U0+ &
18:lwlc 1665 + 0-71 18-00 +.4-78 7195 £ 1i-81 * 468+ 1?6[‘
18: w8t 506 = 0-07 893 + 554 0-00 = 0-00 0-00 + 0-00.
18:1lewt 2-06 + 0-00 0-00 + 300 - 0-00 4+ 0-0Q © Q28 £ 005§
18:0 0-51 016 0-79 +0-17 0-60 + 0-08 0-25 + 002t
cyi9: 0w 7.8} - 0-00 + 0-0¢ 000 + 0-00Q 1035 4+ 622 49-77 £ 3224
Transfeis catios ‘

16: 1T 0-010 + 0-009 0-061 + 9-G22 0-004 + 0-00G 0-(28 + 0-0f0¢
i§:tw? . G+0 0+90 0+0 0-065 +0-G1
1811w 0-094 + 0-0(4 ®151 £ 0093 0+0 0+9
Cycloprapylfeis ratios

1617 0+0 0+0 037+ Q32 ¢ 5300 4 24-31*
18:lwT 2+ _ 9£3 0-16 % 0-10 218+ 5-57°

* Change in PLEA content significant {0-01 </ < 0-05) lor changes-in cullure comditions.

t Change in PLFA conical significant (2 < 0-01) lor changes in cullure conditions.

&
The commercially available Microbial [dentification (Guckert et al., 1986, 1987). Several methylotrophs b

System (Micrabial ID Inc., Mewark, DE, USA), which is been shown o increase cyclopropylfcis FLFA ralios
hased on lhe analysis of whole-cell, ester-linked [atly stationary pliase cultures (Urakami & Komagala, 197
acid profiles, recognizes lhe umportance of phenolypic : *

. stability o library searching for identificalion of
unknown sirains. This precedure requires the unknawn
steains to be grown on defined media under specific
condilians lo provide the biomass [oc lipid analysis

(Microbial Identification Syslem Operating Manuat, Taxonomic relationships for methylotrophic eubacle

Yersion 1.0). have been reported ulilizing 168 tRNA (Tsuji et
Since the Microbial Idcul:.lc.xuon Systcm ts directed 1990), 58 rRMA {Ando eraf. 1989; Bulygina et al., 195

ntegrating PLFA phenatype and phylogenetic
refatiunships

at the identification of clinical isolates, the incubation DNA base composition with DNA-DNA hdémoles
medium and conditions are generally not too restrictive. (Urakami er af., 1985; Ilood et al., 1987), as wcli
The repcoducibility of the PLFA profiies described multivariate "analyses ol characlers bnscd(?l Im
above {and in TFig. ) suggests that these extreme phology, physiology and biochemistry (Green

precautions might nol be required for methylotraphs; Bousficid, 1982; Jenkins & Joncs, [987). Most of th

however, onc does -need o be caulious oft culture - studies hinve. nol used the same strains discussed in
- conditions, cspecially the growth plase. [Uis suggested  work; hence, inlegration of relationships is difficult.
thal exponential gfowlh phasc biemass Le used when- . have choscn lhrcf‘orc lo mlcrprct the PLFA pl:mm('
cver possibie and that PLEA profiles arc monitored for - relationships by reference to the- 16S rRNA phylegen
knawn modifications occurring during cell stress, such as work of Tsuji ef af. (1990}, from whan the lest sir

cycloprapyl formution and high (> 01} ransfeis ratios used in thie present study were oblained.
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Fig. 2. Deadrogram  of average methylotraphic P1LFA profiles
compared lo non-methylotraphic species as deseribed in (he (exl,
Groups (SV > 065} are marked with g star. Clusters, as presented in
Table 5, are alsa marked for discussion purposes. Strain abbreviations
are as shown in Table 1 and deseribed in the text. Other abbrevintions
are as lollows: Deswdfpoinrio destlfuricans, ¥1Bdesu: Desulfovibeio
widgaris, YIBvuig: Desulfvibria africnmes, VIBar 115 Deswlfoviheio gigus,
ViBgign: Escherichia coli, ECOLI; Vitrcoscitta sp. 189, YIT389:
Hitreoseiila sp. 390, YIT39o; Vitrenseilla stereoraria, YITSTER:
Legionctla sp., LEGION; Desulfabacter sp. Jael0, BATR Juc: Desuifo-
bacter sp. Aclia, BATRAcL; Desulfobacter posigare; 23c?, BATR 2ac;
Desulfobacter sp. duc) I, BATR4ac. -

In addition (o having 165 rRNA and PLEA results

from lhe same methylotraph strains, we mciuded PLFA

profiles [rom several other cabacterta with  well-
established phylogenctic relationships. Fig. 2 shows
the relationships: for these Proteobacteria. Groups
{SY > 0-65) are marked with a star, Separate cluslers are
also marked and detailed in Table § with the strains, SV
and a rank order listing of the mean (450) for the
characteristic PLFA [rom cach cluster. In the left-hand

columm of Tubic 2, the 16S rRNA division islisted lorthe

non-methylotrophic strains as reperied in Woese (1987)
. or Devereux er af. {1989): ' ‘

- Tsuji et af. (1990) reported that the melhylotrophs are

not an evolutionarily eolicrent group, bul are seatlered
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throughout the «-, - and y-subdivisions of the Protca-
bicteria as. defined by Woese (1987). The PLpA
phenolypic andlysis agrees with (his conclusion, When
non-melhiylotroph PLEA profiles front il subdivisions
ol the Protcobucteria (@, -, y-, &) were fncluded ipn
the clusler analysis, -methyletrophic strains grouped
SV > 065} with all cubacteria excepl members of the
F-subdivision, 1he sulphate-reducing bacteria (SRB).
PLFA profiles differeniinted (le SRB from other Proteg.
bacteria as well ag (he Desuifovibrio spp. group (3-1) from
the Desitfobacter spp. greup (8-4). The representative
PLEA profiles from the literature for ticse groups are
listed in Table s; however, llicse groups will nel be
discussed further since they are both phenotypically ang
ph:,-lngcn_c_{‘icn_lly distinet from the methylotrophs.
Phylogenetic anilysis has indicated that al| methyio-
trophs using the serifie pathway (type I1') to assimifale
formaidehyde rall inio lwo groups within the a-sub-
division (Tsuji ef af., £990). Cne group included the pink-
pigmented Hype [T methylotrophs and tie olher most of
the nou-pigmented “type D micthylotrophs. PLFA
analysis provided (he same results, The type I
pigmented strains were tightly clustered (clusier Al
Fig. 2) due 1o characteristicaily hight proportions of
[8:1wTe (Table 5). Mon-pigmented serine pathway
methylotroplis were divided between clusters A-2 and
A-3, which could be grouped (SV > 0:63) willy A-l, and
clusters B and C (Fig. 2). .
Agrobacterin tunefacions is a comuien reference
strain lor phylogenetic discussions and has been estab-
lished within the -2 subdivision (Wocese, (987). Its
PLFA profile is included in the group ol clustcrs A-1, A-2
and A-3 (Fig. 2), suggesling agrecment belween lhe
PLEA and 1S rRNA laxonomic ptacement of the serine

~pathway methyloirophs in the a subdivision.

A potential discriminating feature of these pink-
pigmenied methylotrophs {cluster A<D and the two mgst
similar’ nen-pigmented serine pathway methylotrophs
(B1Zand DM2) is the level olcyl9:Mw7,8) {Table 53 As
discussed above, this value may be influcnced by culture
conditions, “so-a  deflinitjve analysis o phenotypic
relationships for this group would require strict attention
to cuilure conditions, [ |s curious, (hough, that wilh
over 803 of thecir PLFA as 18:1wTe, there was no
cyl?i:O(w?','g) detected for any of the pink-pigmented
methylotrophs using the serine pathway to assimilate
formaldehyde (Table 4}. Urakami & Komagata (1979)
alse noted that not il melhylotrophic species in their
study increased their cycloprapyl content during station-
ary phase. The Tack of cyclupropyl syntheluse may,

therefore, provide another key characteristic for differ-

entiating this group. :
Both the 165 rRNA and PLFA analyses divided 1he
sering pativway methylotropls into two groups. The
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Table 5. PLFA characteristics af clustered strains

168 +RNA
Jdivision®

Mal%, PLEA

Clusters (rom

Straing proupred SV {ucan +50) Fig. |
Methyiobacterinme argenmphiliine XX i 18:1mlc {836 4 14)
M. arganaphifum RG 0-92 18:0 82+ 1-4)
&, extorquens AMY 16:0 (34 + 1I-1) A=l
Methyiahacterinne sp. [Yil4 l6:iemTe (29 ¢ 34
Bilamt -2+ 10}
Methplosinus nrethanicn 317 {sce Table 7 for profile} A-2
Tipphemicrohinn sp. 13M2 i8:ilmic (7124111
a-1 Agrufiactorian e fucions 186 cyi9:0{w?,8) (88 + I-1)
16:0 (G-5+ 49) A-]
(8:0 (64 £ 22
16:tmTc (5% 35) ¥
B Aethyfosinus sp. 13 (see Tabie 2 {aor profile) * g
Methviveysiis parews QROP 0-83 13:lw8e 621+ 37
Aethytusines trichosporin (10 18:lmic (157 + 45 *
l6:lwTe {35+ 69 c
UNK 1 (531 T4)
18l Tt (48 + 4-3)
-1 Desudfoviliciu destdfieicans i17:4w7e (287 + 39 &
d-1 . rulguris 0-88 16:0 {18-0 + 3-8}
g-1 n. africanes i15:0 (16-3+ 41}
16:lwlc 85+ 2:9)
il7:0 &2+ 07) D
als: 35+ 16}
i8:0 (+ ) >
13:lwlc (292 22)
al7:0 (5% 12 *
) al7:imlc 23+ 20} *
- d-1 Desidfuriheia gigas (sec Bdlund cf af., 1985.0ur prafile) I
Methytocaccus capsufois DATH 16:0 (39-5+ 30
geawn under fow and high O, 0-R4 l6:tmie (271 & 6T} &
: 16:lentic {105 £ 3-4) . ¥
16:1wse 7%+ 227) Il
14:0Q (4-5+ 2:2)
eyl 700w 7,8) {38+ 39} x
eyl 7:0{w6,7) {34+ 53
Methytumonas gracilis 16:0 (1334 47 ®e
tMethylotrophic sp. M1 0-77 [6:1aTe (3854 0
Methylomanas methyfotera eyiT i Mw?,8) (104 £+ 67) -2
Medhvionmias methonatica 18:lwie (4-3+ 61)
AMethytophitus methylotrophus AST
y-3 E. celi
Methylocuecus fuiens (see Table 2 lor profile) G-t
Aethylabacithus glyeogenes 0-87 (6:lnTe {529+ 2-9) ]
-2 Fitreoxcifla stercoraria 16:0 {308 £ 41} i
Fitrenseilla spp. siening 389, 190 1§:tm7c (7-5+ 18} G-
40 . (3% 4D ®
y-2 Legionctls sp, i16:0 (34-6 +_ 30}
’ als:Q (I9-i£ 33)
al?:0 (150 24) '
16:1mTe  (11:5% 1) "
ité:4 (7-3+ 04}
At7:l {28 + 0-5)
- 1610 {14 U4}
18:0 {(1-0+ 0:2)
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Table S—cautinued

165 rRNA

) Mal3Z PLTFA Clusiers front
division® Strains grouped v {(mean + 50} - Fig. 1
Metiplomanas ntethanica 0-8& 16 éu8e (354477
- Alethytononas sp. 761 14:0 {193+ 20)
i 16:lwTe (143 £ 49 .
16:}wie (86 £ 10-9) [
16 1wt £19 £ 109 T
16:0 (56 1 1.9)
16:iwht (3B 26
16 livée LT E 2w
§-4 Desidfubacter sp. Jacl0 067 i5:0° 270+ 63
dd4 . " Desulfobacter sp. AcDa eyl :0w?,8) (222 + 10-4)
44 " Desnifobacrer pastgatci 2ac9 {OMets:0 - ({54 £ 69 )
d-4 - Desulfubacter sp. dacl | i4:0 (152 + 10-8) J
-, [6:lwTe 43+ 2.6)
) il15:0 (34t 3-6)
16:lwsc {18+ 0-2)
eyl9:Mw?8) (34 1.5 -

* Alter Wocse {1987) and Devercux er af, {1989).
t Vaciubility for group as reported by Phllncr et af. (1988).

second PLEA group was characlerized by PLFA which
include 18:iw8c. These strains were Methylosinus sp. B
(in ctuster B), Methiylocystis parvus OBBP and Aethydy-
situs irichasporitun OB3b (bolh in eluster C). The
membgrane lipids of OB3b have been the subject of
several studies, in fact the fesults of Nichols a¢ al. (1985)
are included in this analysis (Fig. 1). We have empha-
sized lhe importance of adequate anaiytical verification
of PLEA structure for this type of analysis by pointing
out that in an initial description of the membrane [atty
acids of OB3Ib (Weaver ef al.,, 1975) the 18:! isomers
were nol separated. Note thatifall 181 isomers were ot

resolved [or this analysis, the cluster of OBBP and QB3

(cluster C) would contain approximately 78% 18:1 and
would not beseparable from the pink-pigmentied ‘type 117
methylotrophs (Table 5).

The 165 rRNA phylogenetic analysis for the ‘lype
I' {ribulose monophosphale pathway) methylotrophs
suggested 2 split into the f- dnd y-subdivisions of the
Proleobacteria (Tsuji et af., [990). ‘Type I' methylo-
lrophs are generaily characterized by a dominance of
16:1 isomers with [ew PLFA of any longer chain lengths
(Nichols et af., 1985). The PLFA analysis indicaled (wo
principal groups either clustered with £. col; {y-3, ciuster
F-2) or Vitreoscilla stercoraria (f-2, cluster G-2) (Fig. 2)

~wilh.some outliers.

Ore of these outliers was Methylococcus capsulatus

BATEL (MCAP, cluster F-1). The physiolegy of Uns
. organisnt, is apparently nol completely resclved.and it

has beervdescribed as 2 ‘type X" methylotroph (Whitten-
bury & Dauiton, 1980; Tsuji er al., 1990). The PLTA

phenotype of this strain is unusual due (o the presence of

the 16:1woc isomer {Table 5), regardless of the oxygen
coatent of the culture medium (Jahnke & Nichols, 1986).
Auother steain which contained 16 1wée was Aethplo-

ronas methanica (MMET, Table 2), a pink-pigmented

ribulase manophosphate methylotroph (Table 1), The
163 rRNA phylogenetic analysis suggested that hath of
these strains fall inlo the v subdivision, aithough
scquence differences between e {we were gyer 207,
(Tsuji et ad., 1990). Although they both have the unusual
[6:lwée, there is a clear separatien by PLFFA anatysis,
MCAP is most simifar (g Lhe group .of methylotrophs
grouped with £, cofi, a y-3 organism. MMET is maost
closety related to another Methylomonas strain, 761 (sce
Nichols et al., 1985) due to its diversity of 16:{ isomers:
16:1w8e, 16:twc, [6:1wTt, 16:lwbe, [6:1cbt,
16:lw5c and 16:fwSt (Table 5.

The other ribulose monophasphate obligate methylo-

trophs included in (he 165 rRNA iree of Tsuji er al.

(1990} were Afethylophilus methyletrophus AS| and
methylotrophic DMIL, These were found lo be maost
closcly phyiogenctically relaled lo eubacteria in the f-3
subdivision. The PLFA phenotypes for these strains are
also very similar (Table 5) and group willh the other
ribulose monophosphate methylotrophs (cluster I, Fig.
2); Methylonionas gracilis, " Methylomonas methylovera
and Methplomonas methanolica. This group of methylo-
trophs, however, had 2 profile similar lo that of the -3

"I caliy rather. than a: fl-subdivision cubacteriin like )

o Vitreoscitla, Woese (1987) noles that the S+ and y-sub-

divisions are’very closely related and may, in fact, be
beauches of (he same, larger subdivision. Additional
PLIA profiies from these subdivisions al the Proaten-
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bdcicru are nceded Lu hcip dclcrmmc lhcsc rci.:lwu-
ships.

~In conclusmu we have reported PLTTA proﬁ[cs for 17 -
methylotrophs with sufficient analytical delzii [or use i

“Tuture laxonomic evalualions. Tlie abilily to include such
literature data for mullivariale analyses was demon-
strated. Cluster analysis of PLFA profiles genernled by
scparate investigaters with different culture- condilions
indicaled reproducibilily by strain and. species. The
methylotroph data have shown that these profilesare not
‘inadequale for varieties of micro-organisims with similar
metabelic traits' (Tsuji et al., 1990). The phenotypic
relationships described here compare lavourably - witlt
phylogenctic associalions hased on 163 tRNA data for
(hese same strains (Tsujief of., 1990), and will continue to

‘be a valuable pherotypic marker for Protecbacteria
tuxonomy.
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analysis of these steains as well as assistance with GC/MS verification
of FAME structure. Ms Jennifer Lowketa and Mr Kevin Krocger
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project were supporicd by the University of Tenncssee Seience
Alliance, the Gas Research Institute (GR1 5086-263-1103}, the Office
of Maval Rescarch (ONR NODO14-83-K-0489) and Lhe Subsurlace
Scicnce Pragram, Oflice of Health and Environmenlal Rescacch,
Depariment of Energy (DOE DE-FGO3-90LRGGI83).
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