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Phylogeny of Sphingomonas species that degrade
pentachlorophenol
RL Crawford and MM Ederer
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Four pentachlorophenol (PCP)-degrading bacteria isolated from geographically diverse areas have been examined

in detail as regards their physiology and phylogeny. According to traditional biochemical methods, these strains

had been classified as members of the genera Arthrobacter , Flavobacterium , Pseudomonas , and Sphingomonas .
The PCP degradation pathway has been studied extensively in Sphingomonas (Flavobacterium ) sp strain ATCC
39723 and the first three degradation steps catalyzed by a PCP-4-monooxygenase (PcpB) and a reductive dehalogen-

ase (PcpC) that functions twice are well established. A fourth step appears to involve ring-fission of the aromatic
nucleus (PcpA). Molecular analyses revealed that the PCP degradation pathway in these four strains was rather
conserved, leading to a phylogenetic analysis using 16S rDNA. The results revealed a much closer phylogenetic
relationship between these organisms than traditional classification indicated, placing them into the more recently
established genus Sphingomonas where they may even represent a single species. With 16S rDNA analysis, many
bacterial isolates involved in degradation of xenobiotic compounds that were previously classified into diverse

genera have been reclassified into the genus Sphingomonas .
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Introduction relationships. This change came about after it was realized

Only within the last 15 years have microbiologists finally }ggitcgtl)(t)ifr(l)em;laslggugﬂge:rgrp?révseéln(txi):Z(Tlr\éig(?r\r/g; (i)r\r/g;g:((:)-
been able to establish a satisfactory prokaryotic phylogeny,[.lve of organism type [44].

So difficult has this challenge been that it was once sug- The prokaryotic ribosome contains a 23S rRNA2900

gested as impossible [37]. Traditional methods for : . ;
- ; . . nucleotides) and a 5S rRNA-120 nucleotides) which are
determining eukaryotic phylogenies according to cell MO, ssociated with about 30 ribosomal proteins to form the

phology and physiological characteristics worked reason: . : . . .
ably well, but were not readily applicable to the classi- 'arge ribosomal subunit. A 16S rRNA is associated with 20

fication of prokaryotes. To complicate things further, gg& saﬁrgal eprooftetz:]nes (tfefgmr:]é?:ciﬁg?lgf;igr&albsemggg' -{Qg
T o o o s s ME0ana 185, o 1500-1900 nuckeodes (271 115 the ity
or_ganisms are th_ought to rep_reseni at most about 1%_of thcoan nsde a:\r/de?orregﬁz?ogg;héf,iclgfms;grlifc?r?se(;Pﬁ\t/iggso?g;ﬁgﬁqsthe
microorganisms in nature, th|§ shqrtcommg strongly b|ase(§S of July 31 1998, more than 30 000 organisms have beeh

our perception of microbial diversity. Olset al [24] also .(placed in the Ribosomal Database Project (RDP) SSU

pointed out another barrier to developing a phylogeneti éRNA data files, with approximately 10000 of these

system for prokaryotes; namely, the dilemma posed by X S
; - Ly i Sequences available in aligned form and placed on a phylo-
primarily ‘negative’ definition of a prokaryote. Prokaryotes ﬂetic tree [20]. From thi% information rfwhole newppr)c/)-

; . . . e
in the past were defined as organisms lacking the featur : ; '
characteristic of eukaryotes. In other words, if it is not a‘%’aryotm domain, the Archaea, has been defined to go along

. o ith the domains of Eucarya and Eubacteria. Woese and
eukaryote, it must be a prokaryote. The characterization Oﬁlox [45] described Archaeg as more closely related to the

;I\Q/gﬁthr}ﬁd?r?t;jg rzriyiin%esii:)nn the early 1980s Ch‘fjmgegukaryotic domain than to the Eubacteria. Forterre [7],
yming ' flowever, warned that more work is needed before the uni-

Macromolecules had been used to some degree to exa . S . X
ine phylogenetic relationships of organisms since theversal tree can be described indisputably. Discussion also

1950s. Interest in this approach peaked with the publicatiorgOntlnues on whether the Archaea represent a monophyletic

; : : , roup [7]. Despite the need for filling in the details, 16S
of ‘Molecules as Documents of Evolutionary History py rRNE lga]sed pr?ylogeny is the new pagradigm. For now. this
zﬁi%k?r:k?r?gl S"’;Egypgl?lg‘r%&g%]/bggv;ﬁﬁééghn? r?é';}I gi{ﬁg;gmls the way we look at individual microbes and their relation-

. . . . ship to one another and the rest of the microbial world [4].
began in the 1970s, when microbiologists started to exam- . s \
. ' . . Regardless of progress in establishing phylogenetic
ine TRNA sequences as determinants  of phylogenet'?elationships, even the definition of a bacterial species has
not been established unequivocally. Stackebrandt and Goe-
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identity in DNA/DNA hybridization experiments is needed observation). Since the gen@phingomonasvas estab-
for classification as one species [41]. In addition, other reldished in 1990, many bacteria capable of degrading anthro-
evant data can be obtained from fatty acid methyl estepogenic compounds have been (re)classified into this genus
analysis (FAME). White [42] suggested that such sup-[4]. Interestingly, there seems to be a relationship between
plementary data should always accompany a 16S rRNAhe genusSphingomonasnd the capability of bacteria to
analysis. degrade the xenobiotic compound pentachlorophenol
Clearly, the results of 16S rRNA analyses have already{PCP).
led to reclassification of many species of bacteria, and to As discussed earlier [4], past research in our laboratory
establishment of numerous new genera. One such newlyas focused on PCP degradation I8phingomonas
established genus is the gen8phingomonag50]. Many  (Flavobacterium sp strain ATCC 39723 [33]. The degrad-
organisms previously classified as members of the Gramative pathway used by this organism is now mostly known
negative generBeijerinckia PseudomonasandFlavobac-  (see below). The identification of three other PCP-degrad-
terium and the Gram-positive genésthrobacterare being  ing organismsArthrobactersp strain ATCC 33970 [36],
reclassified as members of this new genus. Takeethi = Pseudomonassp strain SR3 [32], andSphingomonas
[38] established the phylogeny of the gergshingomonas (Pseudomongssp strain RA2 [31] led us to perform a
as a non-photosynthetic member of tae-subclass of the phylogenetic analysis of these organisms and their genes
Proteobacteria formerly ‘purple bacteria and their rela- encoding the PCP degradation pathway(s). These four
tives’ [35]. In traditional terms, the genuSphingomonas organisms were isolated from geographically diverse areas
groups Gram-negative, non-spore-forming, aerobic, yellow{Table 1). Their distant phylogenetic relationships as indi-
pigmented, straight rods [50]. The yellow pigmentation incated by their classifications led us to suspect horizontal
Sphingomonags due to the carotenoid nostoxanthin, rathergene transfer between members of these species in the loci
than to the more commonly occurring brominated arylpoly-involved in PCP degradation [3]. However, our group [5]
ene (responsible for the yellow color in members of theand others [14,23] found that these four PCP-degrading
genusXanthomonas[11]. Also, members of the new genus organisms were not only very closely related, but might
are characterized by the presence of sphingoglycolipidseven represent a single species.
Though common in membranes of eukaryotic organisms,
sphingoglycolipids had not previously been found in
prokaryotic cells. Sphingomonasspecies also contain
octadecanoic acid, 2-hydroxymyristic acidis-9-hexade- Bacterial PCP degradation is thought to be mediated by
cenoic acid, and hexadecanoic acid as major fatty acidsvo different pathways. The first pathway utilized by two
[50], the ubiguinone Q10 as the major respiratory quinone;Rhodococcus chlorophenolicusolates (PCP-1 and CP-
and DNA containing 62-67% GC. Another aspect of thel) was described by Juhet al [12] and by Hggblom et
genusSphingomonass the secretion of gellan-related poly- al [9]. These bacteria produce 2,3,5,6-tetrachlpro-
saccharides [2,29,30]. Finally, a comparison of the genusydroquinone as an intermediate. Uotéa al [39] found
Sphingomonaand Pseudomonas aeruginosaows that in  that the first degradation step, tipara hydroxylation of
the 16S rRNA sequence of the region between 1220 anBCP, was catalyzed by a cytochrome P450 enzyme. Little
1376, nucleotide 1290 is deleted in the 16S rRNA of mem-is known of the remainder of this pathway.
bers of the genuSphingomonasSphingomonas paucimo-  The second pathway was first studiedSphingomonas
bilis (NCTC 11030), a pathogenic clinical isolate [10], was (Flavobacteriumy sp strain ATCC 39723, isolated from a
proposed as the type species. Other proposed speci®CP-contaminated soil in Minnesota [33]. The initial cata-
include S. adhaesiva, S. parapaucimohilendS. yanoiku- bolic step is catalyzed by a PCP-4-monooxygenase encoded
yae [18]. The last named is a strain that lacks the usuaby the pcpB gene [25], which has a wide substrate range
yellow pigment. In the same report it was concluded thaf48] and significant similarity at both protein and nucleotide
the non-motile Flavobacterium capsulatun{type strain  sequence levels with other monooxygenases [26]. The
ATCC 14666, isolated from distilled water) should be second and third catabolic steps are catalyzed by a
reclassifiedSphingomonas capsulat&élowever, the com- reductive dehalogenation by PcpC with glutathione as a
plete organization of the genus has not been establishezbfactor [49].
unequivocally [40]. Takeuchet al [38] suggested that the The next pathway enzyme is encoded by the PCP-
genusSphingomonabe divided into two subgroups; Ederer inducible genefdcpA) [47], sincepcpAmutants accumulate
and Crawford [4] expanded upon these arguments. 2,6-dichlorohydroquinone [1]. Lee and Xun [17] proposed
The genusSphingomonagroups together an interesting a chlorohydrolase activity for PcpA catalyzing the conver-
collection of bacteria encoding numerous unusual anabolision of 2,6-dichlorohydroquinone. A recent paper by &tu
and catabolic pathways. Therefore, a better understandingl [46] presents evidence thatpAencodes a 2,6-dichlo-
of the phylogeny of this genus, its members, and theirohydroquinone dioxygenase, rather than a chlorohydro-
respective metabolic pathways will be of continuing inter-lase. The evidence for the latter reaction is reasonably con-
est to both clinical and environmental microbiologists.vincing, though a few points of confusion remain. There is
Many Sphingomonaspp can be isolated from oligotrophic an apparent difference of about 11.5% in the molecular
environments like the ocean [6], distilled water [18], as wellweight of the PcpA protein as reported by Lee and Xun
as from soil and/or water [29], and clinical environments[17] and Xuet al [46]. Also, the product produced by the
[10]. Often they are best grown on dilute media such agproposed oxygenase-catalyzed cleavage of 2,6-dichlorohy-
1/10 strength tryptic soy agar (Ederer, unpublisheddroquinone has not yet been isolated. &ual [46] perfor-
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Table 1 Phenotypes of the PCP-degrading strainor - indicates the presence or absence of a characteristic. The presence of sphingolipids and
octadecenoate is indicative of the geriishingomona$4]. A1290 represents a deletion of nucleotide 1290 in the 16S rRNA gene (numbering with
respect to thee. coli gene)

Strain Origin PCP Shape Gram  Pigment Motility Fimbriae Sphingolipids Octadecenoate ° Q101290 % GC
(USA) mglL? stain

ATCC 33790 NY 300 rod neg + - nd + 62 + + 66+ 1

ATCC 39723 MN 100-200 rod neg + - + + 57 + + 66+ 1

SR3 FL 175 rod neg - + + + 59 + + 64.2

RA2 CcO 300 rod neg + + nd + 62 + + 64+1

aHighest concentration shown to be degraded.
bThe presence or absence of ubiquinone Q10 in the respiratory chain.

med sophisticated multiple sequence alignments of peptideshlorop-hydroquinone (TeCH) dehalogenase, revealed a
produced from their pure protein as compared to a ‘PcpAower degree of genetic conservation between the four
subgroup’ of proteins in the NCBInr protein database.PCP-degrading species (Ederer and Orser, University of
These comparisons were suggestive of a relationship dflaho, Moscow, ID, unpublished). Southern analysis using
PcpA to extradiol dioxygenases. Thus, additional work isa 0.7-kb  EcoR1 fragment of the Sphingomonas
needed to determine conclusively the exact reaction profFlavobacterium sppcpCgene as a probe group&ghing-
moted by PcpA. Characterization of the PCP pathway ringemonas (Flavobacterium sp strain ATCC 39723 and
fission product is particularly needed. Sphingomonasp strain RA2 more closely together, as indi-
Downstream ofpcpB reading in the same direction, cated by an identical banding patterArthrobacter sp
Lange [16] found two further open reading frames possiblyATCC 33970 andPseudomonasp SR3 represented a
involved in PCP degradatiomcpD and pcpR The open second group (data not shown). Similar analyses for the
reading frame (ORF) gbcpDshowed high similarity to the pcpAlocus resulted in an identical banding pattern for all
ORFs of different oxygenase reductases and may transféour species. These observations are consistent with a more
electrons from NADPH through a redox center to the flav-general detoxification role of thecpCgene product. PcpC
ine adenine dinucleotide group of the PCP-4-monooxygenshares similarities with various gluthathioBdransferases
ase. The second ORPB¢cpR showed significant similarity (GST). Lloyd-Jones and Lau [19] speculated that GST-
with the nucleotide sequences encoding a group of regulaencoding genes are widespread among organisms degrading
ory proteins called the LysR type positive regulators [16].polycyclic aromatic hydrocarbons, particularly sphingo-
These similarities have been studied only by nucleotide anchonads. They tested their hypothesis with the help of PCR
amino acid alignments; the actual activities remain to begrimers specific for the glutathiorfetransferase gene fam-
determined. Figure 1 shows the PCP degradation pathwayty. However, these GSTs represented a group distinct from
discussed above. McCarthgt al [22] found thatSphingo-  thepcpCencoded GST of the PCP-degrading species. Con-
monas chlorophenolicatrain RA2 degraded PCP via a trary topcpBandpcpA the transcription of which is PCP-
degradation pathway identical to that identifiedAtavo-  dependent, the expressionmfpCwas shown to be consti-
bacterium (Sphingomongs sp strain ATCC 39723. A tutive, and thus is not affected by the presence or absence
detailed review of microbial PCP degradation has beerof PCP in the medium [26].
published [21]. Many pathways for degradation of xenobiotic com-
pounds are encoded on plasmids, but no one has been able
to confirm this for the PCP degradation pathway of any of
the sphingomonads. The sequence similarities ofpttEB
genes support the possibility of a plasmid location for the
Though the ability to degrade PCP had been considered tgene, possibly the genes for the entire pathway or at least
be a trait widely distributed in the bacterial kingdom, threethe inducible genes. Keat al [13] found the 2,4-D pathway
independent studies recently questioned this assumptiogenetfdB on a plasmid in @?seudomonasp, but did not
[5,14,23]. The authors of all three studies concluded thafind any hybridization oftfdB with isolates identified as
four PCP-degrading organisms previously identified asSphingomonas paucimobilisn our hands, &fdB probe
Arthrobacter, Flavobacterium, PseudomonasdSphingo-  from Alcaligenes eutrophuplasmid pJMC134 hybridized
monasshould be considered members of the geBpking-  strongly with thepcpB genes of the four PCP degraders.
omonas and may possibly even constitute one species he tfdB gene encodes dichlorophenol hydroxylase, a sin-
within the genus. The four strains seemed to be morgle component monooxygenase similar to the PCP-4-
closely related to each other than to the other members ahonooxygenase encoded hkycpB However, Sphingo-
the genus [4]. In support of a close relationship betweemonas(Flavobacterium sp ATCC 39723 does not degrade
these strains was the observation that the nucleotid2,4-D (Hammill and Ederer, University of Idaho, Moscow,
sequences of thecpBgene, encoding PCP-4-monooxygen- ID, unpublished).
ase, were identical in three of the isolates and only slightly Nohyneket al [23] studied biochemical and morphologi-
different in the fourth Arthrobactersp ATCC 33970) [5]. cal characteristics of four PCP-degrading strains, while
Studies of thepcpC gene, which encodes 2,3,5,6-tetra- Karlsonet al [14] and Edereet al [5] focused on genetic

Classification of four PCP-degrading
Sphingomonas strains
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Figure 1 PCP degradation pathway @&phingomonas chlorophenolicATCC 39723. TetCHG 2,3,5,6-tetrachlorohydroquinone; TriCH€R,5,6-
trichlorohydroquinone; DCHE- 2,6-dichlorohydroquinone.

characterization of the organisms. All three groups con{23] and ours [5] found very little rRNA sequence vari-
cluded that the four PCP-degrading strains should betion, supporting the classification of these four strains into
reclassified into one genuSphingomonasThe phenotypes one species. However, there are significant differences
of the four PCP degraders are listed in Table 1. between the four bacterial strains: Firgtithrobacter sp

In comparison with the other members of the genusATCC 33970 shows approximately 10% difference in
Sphingomonashe four PCP degraders were characterizechucleotide sequence of tipepBgene in comparison to the
by a very similar protein profile and a slow growth rate other three organisms. Also, total DN&cdR1 digests from
[23]. 16S rDNA sequence analyses by Karlseinal [14] Arthrobactersp ATCC 33970, probed with th8phingo-
and Edereret al [5] clustered the PCP degraders into a monas (FlavobacteriungppcpCgene, resulted in a weaker
group within the rRNA group IV [28] or thex-subgroup  hybridization signal, also indicating a substantial amount
[43] of the classProteobacterig35]. Whether these organ- of divergence between the two strains. This is supported
isms can be considered one species [23] is still open tby the differences in hybridization pattern between the four
discussion. The 16S rRNA analysis groupghingomonas species using a Southern analysis and pcpC as a probe (see
(Flavobacterium)sp ATCC 39723 andsphingomonasp  above). FinallyPseudomonasp SR3 degrades 2,4 dichlor-
RAZ2 together, andPseudomonasp SR3 andArthrobacter  ophenol [32] and seems to exhibit a larger substrate range.
sp ATCC 33970 together. Nohyneit al [23] suggested Lake et al [15] pointed out that relying on 16S rDNA
that the four PCP degraders be grouped into a single speanalysis might not be sufficient to reach a meaningful con-
ies, Sphingomonas chlorophenolicp nov [14]. For now, clusion about phylogeny. Horizontal gene transfer is an
this is the accepted classification scheme. important evolutionary mechanism in prokaryotes as well

As discussed above and in Ederer and Crawford [4]as eukaryotes. Thus far the four PCP-degrading bacterial
there are no strict rules about how much divergence insolates can be considered a closely related group of organ-
nucleotide sequence is allowable between two organismisms based on the 16S rDNA sequence as well as the nucle-
regarded as members of a single species. Some researchetisle sequences @itpB As more sequencing data become
base speciation on 70% sequence identity according tavailable and a better definition of bacterial species is estab-
DNA/DNA hybridization data [41] and require at least 97% lished we will be able to undisputedly classify this group
identity between rRNA genes [35]. Both Nohynek’s group of PCP-degrading bacteria and other organisms.
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