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Sphingomonas herbicidovorans  MH.
a versatile phenoxyalkanoic acid herbicide degrader
HPE Kohler

EAWAG, Swiss Federal Institute for Environmental Sciences and Technology, Ueberlandstrasse 133, CH-8600 Diibendorf,
Switzerland

Sphingomonas herbicidovorans  MH was isolated from a dichlorprop-degrading soil column. It is able to grow on
phenoxyalkanoic acid herbicides, such as mecoprop, dichlorprop, 2,4-D, MCPA, and 2,4-DB. Strain MH utilizes both
enantiomers of the chiral herbicides mecoprop and dichlorprop as sole carbon and energy sources. Enantiomer-
specific uptake systems are responsible for transporting the acidic substrates across the cell membrane. Catabolism

is initiated by two enantiomer-specific a-ketoglutarate-dependent dioxygenases that catalyze the cleavage of the
ether bond of the respective enantiomer to yield the corresponding phenol and pyruvate. Therefore selective degra-
dation of the enantiomers of mecoprop and dichlorprop by strain MH is not only due to enantioselective catabolism

but also to enantioselective transport.
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Introduction anxins [18]. These synthetic auxins induce several abnor-
malities in growth and plant structure; they cause dediffer-
entiation and initiation of cell division in certain mature
cells and inhibit cell division in primary meristems, pro-
esses that ultimately lead to cell death. As early as 1953,
tudies on the stereospecificity of plant growth regulators
tevealed that the herbicidal activity of mecoprop and
dichlorprop is associated only with thieenantiomer [19].
Jhe phenoxyalkanoic acid herbicides are among the most
i«videly used herbicides to control weeds in cereal crops

Sphingomonas herbicidovorahdH has been recently iso-

lated and described [12,28]. Our studies of strain MH,
which | summarize in this short review, are mainly driven
by two reasons. First, strain MH degrades phenoxyalkanoi§
acid herbicides such as mecoprop, dichlorprop, 2,4-D
MCPA, and 2,4-DB (Figure 1, Table 1) [12,27,28]. The
broad catabolic capabilities of strain MH with respect to
the degradation of these herbicides, which are often foun
in leachates of landfills [5,10,13,29] and as groundwate

contaminants [7], make this strain a potential candidate fo ;
. . : . . _the estimated total usage of 2,4-D, MCPA, mecoprop, and
bioremediation. Second, strain MH metabolizes the Ch'radichlorprop exceeded 11 000 tons in 1991 [7].

phenoxypropanoic acid herbicides mecoprop and dichlor- Strain MH belongs to the gen@phingomonag23—25],

g:]o?h': r?]gtggilr;gasz‘egﬂ\i/rglrg%rlllﬂghtzh?hiffﬁ%grtaczgglI(t)¥WhiCh appears to be ubiquitous in soil, water, and sedi-
. ; ' . nents.Sphingomonastrains isolated from these environ-
treating enantiomers separately, and the necessity of Co?ents have broad catabolic capabilities that make them

hroughout the world [26]. In the European Union (EU),

S|de_r|ng stereochem|stry when studying degradation an otentially useful for bioremediation and waste treatment

environmental fate of chiral compounds have been empha A1 Th . bility ofS. herbicid MMH |

ized in recent reviews [2,3,14,16]. Strain MH is an ideal . The unique a llity 01>. herbicidovorandiH to cleave
P the ether bond of various phenoxyalkanoic acid herbicides

?gfg&lgg&séﬁdcmﬂgltpg rgif;edcé SOf chirality on the bacterial makes it an interesting and fitting addition to this genus.

The chlorine-substituted phenoxyacetic acids 2,4-D,
2,4,5-T, and MCPA (Figure 1) were introduced as selectiveTaxonomic characteristics of strain MH

weed Killers in the 1940s [18,26]. They are active agains phingomonas herbicidovorandH was isolated by Hor-

many broad-leaved weeds and are commonly used for th ath et al [12]. They repeatedly cultivated a sample from
Icontrol %weehc_is I|n2cekr]eal crops, In grass p%stures, and ' dichlorprop-degrading soil column (nine transfers) and
awns. The chiral 2-phenoxypropanonic acids mecoprop, :

. ; . X used the sample to inoculate a chemostat. After 3 weeks of
dichlorprop, and fenoprop (Figure 1) were introduced in thelncubation in continuous culture, they isolated a dichlor-

1950s for controlling certain weed species that were unafbrop-degrading strain from the effluent of the chemostat.

fected by the phenoxyacetic acid herbicides [18]. The herbig, ; , .
; d : : s . train MH consists of Gram-negative, catalase- and oxi-
cidal action of the phenoxyalkanoic acid herbicides is base ase- positive, yellow-pigmented, non-motile, and non-

n their abili mimic natural plant growth regulators or .

on their ability to ¢ natural plant growth regulators o spore-forming rods [12]. It does not ferment carbohydrates,
does not accumulate pofg-hydroxybutyric acid under
Correspondence: HPE Kohler, Department of Microbiology, EAWAG, n|trogen—def|C|ent conditions, does n.o_t use nitrate as an
Uberlandstrasse 133, CH-8600 tmndorf, Switzerland electron acceptor, and does not utilize complex carbo-
Received 7 May 1999; accepted 11 August 1999 hydrates [12]. Horvathet al [12] also noticed that strain
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Figure 1 Structural formulas of the achiral phenoxyacetic acid herbicides 2,4-dichlorophenoxyacetic acid (2,4-D), 4-chloro-2-methylphenoxgacetic aci

(MCPA), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), of the achiral phenoxybutanoic acid herbicide 4-(2,4-dichlorophenoxy)butanoit-B&} ¢hd
of the chiral phenoxypropanoic acid herbicid&3-2-(2,4-dichlorophenoxy)propanoic acidRj¢dichlorprop], ))-2-(4-chloro-2-methylphenoxy)propanoic
acid [(R)-mecoprop], andR)-2-(2,4,5-trichlorophenoxy)propanoic acidR}¢fenoprop]. Asterisks mark the stereogenic centers.

MH releases a brownish water-soluble pigment into com-nhomen rejiciendun{opinion 14) and, therefore, usage of
plex nutrient media. They tentatively identified strain MH this name is in violation of rule 28a of thieternational

as aFlavobacteriumsp. Additional work on the taxonomic Code of Nomenclature of Bactelia7]. The nameSphingo-
characteristics of strain MH by Zippest al [28] and the  monas herbicidovoransiH was validated by inclusion on
Deutsche Stammsammlung von Mikroorganismen und/alidation list No. 61 of thenternational Journal of Sys-
Zellkulturen (DSM) [28] revealed that in addition to the tematic Bacteriology1].

characteristics mentioned above, strain MH is aminopeptid-

ase-positive and alcohol dehydrogenase- and urease-nega- -

tive, lyses only esculin but not gelatin or DNA, is not able%lrowth characteristics

to grow anaerobically, and does not form acids from sugarsGrowth at 30C on nutrient agar plates produces circular,
Analysis of the cellular fatty acids showed that strain MH bright-yellow colonies after 3 days; when the plates are
belongs to thesphingomonagroup within thea-subgroup  incubated longer, the colonies change to a flower-like
of the proteobacteria [28]. The partial sequence of the genshape. Cells secret a brownish pigment when growing on
for the 16S rRNA has the highest degree of similarity tosolid nutrient medium. In mineral salts medium with meco-
the one for the 16S rRNA dRhizomonas suberifacieand prop as the sole carbon and energy source, strain MH
S. yanoikuyae DNA-DNA hybridization experiments requires supplements of vitamins and peptone for reproduc-
between strain MH and the type strains of these two specigble growth [28].

showed that strain MH belongs to a new species within the Table 1 lists growth substrates &. herbicidovorans
group [28]. Although the highest identity was observedMH. Where available, growth rates, yields, and substrate
with R. suberifacien$37.4%), the strain was namé&d her-  consumption rates are included in the table. Strain MH is
bicidovorans because the genus nanfthizomonasis a  able to grow on the most important phenoxyalkanoic acid
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Table1 Growth characteristic 08. herbicidovoransH medium after 43 h of incubation, while in experiments with
(R)-dichlorprop as the growth substrate, a lag period of
Growth substrate Growth rate Substrate Yield (g dry Reference ghout 60 h is evident. When strain MH is offered racemic
W : .
(h™)  consumption weightg dichlorprop as the growth substrate, it degrades both enanti-

rate substrate)

(uM h-Y) omers; theS enantiomer is preferentially degraded but at a
slower rate (Table 1) [27]. In contrast to growth on racemic
(R)-Dichlorprop 0.082:0.006 28 0.3%0.06 [27] mecoprop, growth on racemic dichlorprop is diauxic and,
(9-Dichlorprop 0.036:0.001 12 0.3%0.02 [27] therefore, two growth rates are reported in Table 1. Gener-
;iﬁfo'p‘;‘iofg'xw’e of  NA NA  029+0.03  [27] ally, chloride release is stoichiometric and strain MH does
“(R)-Dichlorprog 0.043:0.003 22 NA 27] not excrete any detect_able metabolites [12,27,28]. The lev-
(9-Dichlorprop 0.029+ 0.004 13 NA [27] els of dissolved organic carbon at the beginning and at the
Racemic mixture of 02 35 ND? [12] end of a growth experiment usually correspond well to a
dichlorprop complete conversion of dichlorprop and mecoprop [28].
g)_','\\/l":gggrrgg o0 w03 Eg} Additional growth experiments showed that strain MH
Racemic mixture of 0016 ~ NA  030£0.04  [28] grows best on 2,4-D [27] (Table 1). Typically, growth on
mecoprop 2,4-D starts without a lag period and is complete after about
-(R)-Mecopro NA 6 NA [28] 15 h of incubation.
-(9-Mecoprofs NA 5 NA [28]
2,4-D 0.1330.003 54 0.1% 0.05 [27]
MCPA +9 ND ND [28] Enantioselective metabolism of mecoprop and
2,4-DB + ND ND [12] dichlorprop
2,4,5-T =h NA NA [12]

Biochemical investigations focused on enzyme activities
“Diauxic growth; a growth rate was calculated for each enantiomer.  that turn over the mecoprop enantiomers [ZR]herbicido-

lcj"I\'lr':‘s rg]]cr):)v?rfhplrig?ebligprobably not correct. Recalculation of the data give voransMH was grown on pure enantiomers and the har-
in the reference showed that the growth rate must be between 0.065 aréIOEStEd cells were dlsruPted' The crude cell extracts were

0.115 per h. tested for the existence of enzyme activities that were able
dIND, not determined. to convert either R)- or (§-mecoprop. Cell extracts of
°No indication of diauxic growth; one growth rate was calculated. Sphingomonas herbicidovoradH grown on R)-meco-

fin this case the growth rate was affected by the_conce'ntration, Wh_ich fo rop contain an enzyme activity that selectively converts
each enantiomer was only half the value of what it was in the experlmen;% h _ H
with pure mecoprop enantiomers. Additional experiments showe R) meCOpro_p_ to_ 4-chloro-2-methylphenol, whereas the
increased growth rates in experiments with higfR®{mecoprop concen-  €nzyme activity in cell extracts ofS[-mecoprop-grown
trations [28]. cells is selective for theS enantiomer. Both reactions
o+, Strain MH grew on the compound. depend ona-ketoglutarate and ferrous ions. Besides 4-
~ Strain MH did not grow on the compound. chloro-2-methylphenol, pyruvate and succinate are formed
as products of the reactions [20]. Labeling experiments

herbicides, such as mecoprop, dichlorprop, 2,4-D, MCPAwith 180, revealed that both enzyme activities catalyze a
and 2,4-DB (Table 1, Figure 1). dioxygenation reaction. The appearance & label in

S. herbicidovoran$/H utilizes both enantiomers of mec- pyruvate and not in phenol suggests that the oxidative
oprop and dichlorprop as sole carbon and energy sourcadeavage of the ether-bond proceeds through hydroxylation
for growth [12,27,28]. However, growth experiments at the C-2 carbon of the propanoic acid side chain. The
inoculated with cells that were grown on complex mediaresulting unstable intermediate should then easily decom-
and with the single pure enantiomers or the racemic mixpose to 4-chloro-2-methylphenol and pyruvate [20]. This
tures as substrates revealed enantioselectivity; strain Miduggestion was also in agreement with a general reaction
always degrades th8 enantiomers before thR enanti- mechanism for«a-ketoglutarate-dependent dioxygenases.
omers. Growth on§)-mecoprop is complete after about 3.5 The reaction is thought to start with the formation of a
days whether theR enantiomer is present or not. With ferryl oxidant (Fg =O) by the binding of oxygen to the
racemic mecoprop as the growth substrate, degradation @fon cofactor, a process that is linked to oxidative decar-
the enantiomers is sequential, witld){mecoprop being boxylation of a-ketoglutarate to succinate [6,11,21,22].
degraded first [28]. However, the growth curve does nofTherefore, Nickekt al[20] proposed a degradation scheme
show indications of diauxic growth and, therefore, only onebased on two distinct a-ketoglutarate-dependent
growth rate is reported in Table 1 for racemic mecoprop.dioxygenases for the initial transformation &){ and §-
(R)-Mecoprop is only slowly degraded during the first 50 h mecoprop to 4-chloro-2-methylphenol and pyruvate Sy
of such experiments, but its degradation rate markedhherbicidovoransMH (Figure 2) [20]. Both enzyme activi-
increases after the complete consumptionSyniecoprop. ties seem to share the overall chemistry with 2,4-D dioxy-
With pure R)-mecoprop as the sole carbon and energygenase (TfdA), the enzyme catalyzing the first step of the
source, cells start to grow after a lag phase of about 7 dayslegradation of 2,4-D bfR. eutrophalMP134 [8,9], but not
Once growth commences, the cells grow as fast wgh ( the substrate specificity. Whereas TfdA preferentially trans-
mecoprop as the growth substrate (Table 1) [28]. Basicallfjorms 2,4-D to 2,4-dichlorophenol and glyoxylate
the same results were obtained with dichlorprop as the sol@~igure 2) [8,9], the enzyme activities present in cell
carbon and energy source [27]. As the growth substrategxtracts ofS. herbicidovoransviH specifically turn over
(9-dichlorprop completely disappears from the cultureeither theR or the S enantiomer of mecoprop and show
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Figure 2 Model proposed for the uptake and metabolism RF @nd ©-dichlorprop, R)- and §-mecoprop, and 2,4-D b$. herbicidovorandviH.

Strain MH has three inducible proton gradient-driven uptake systems; ondRjfatichlorprop and IR)-mecoprop, one for§)-dichlorprop and §-
mecoprop, and a third one for 2,4-D [27]. Once the compounds enter the cell, spek#fioglutarate-dependent dioxygenases enantioselectively catalyze
cleavage of the ether bonds [20].

less activity with 2,4-D as the substrate [20R){and -  cidovoransMH is inducible [27]. The results from these
dichlorprop are also substrates of thR)-€nantiomer- transport studies clearly demonstrated that the uptake of
specific enzyme and theSfenantiomer-specific enzyme, dichlorprop is enantioselective and that there must be a sep-
respectively; in these cases, 2,4-dichlorophenol and pyruarate uptake system for each enantiomer [27]. Additionally,
vate were the common products (Figure 2) [15,20]. Zipper et al [27] showed that the rates of uptake of 2,4-

D by 2,4-D-grown cells in response to increasing 2,4-D

. . concentrations are in accordance with saturation kinetics.

Eigﬁ?;:%?gLeCt've uptake of mecoprop and The same is true f_or the transport cR)_{dichIorprop and

the transport of §-dichlorprop into R)-dichlorprop-grown
Transport studies witH“C-labeled dichlorprop enanti- and §-dichlorprop-grown cells, respectively. Experiments
omers and with“C-labeled 2,4-D revealed that the uptake on the substrate specificity of the putative transport systems
of (R)-dichlorprop, §-dichlorprop, and 2,4-D b¥. herbi- revealed that K)-dichlorprop uptake is inhibited byRj-

339
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mecoprop but not byS)-mecoprop, $§-dichlorprop, or 2,4-
D. On the other hand §-dichlorprop transport is inhibited
by (S)-mecoprop but not byR)-dichlorprop, R)-mecoprop,
or 2,4-D [27]. From these results, Zippet al [27] con-
cluded that the R)-dichlorprop carrier also transportR)¢
mecoprop and that theSf-dichlorprop carrier also trans-

ports ®_me00pr0p' Apparently’ the transport systems are11 Hanauske-Abel HM and V Guzler. 1982. A stereochemical concept

specific with respect to the substitution and the configur-

‘2,4-dichlorophenoxyacetate monooxygenase’ is caketoglutarate-
dependent dioxygenase. J Bacteriol 175: 2083-2086.

9 Fukumori F and RP Hausinger. 1993. Purification and characterization

of 2,4-dichlorophenoxyacetateketoglutarate dioxygenase. J Biol
Chem 268: 24311-24317.

10 Gintautas PA, SR Daniel and DL Macalady. 1992. Phenoxyalkanoic

acid herbicides in municipal landfill leachates. Environ Sci Technol
26: 517-521.

for the catalytic mechanism of prolylhydroxylase. Applicability to

atipn at the St_er6099nic center (C-2. atom of the propanoic classification and design of inhibitors. J Theor Biol 94: 421-455.
acid side chain) and rather unspecific with respect to the2 Horvath M, G Ditzelriiller, M Loidl and F Streichsbier. 1990. Iso-

aromatic moiety of the phenoxypropanoic acids [27]. More-
over, transport ofR)-dichlorprop, §-dichlorprop, and 2,4-
D is completely inhibited by various uncouplers and by the

lation and characterization of a 2-(2,4-dichlorophenoxy)propionic acid-
degrading bacterium. Appl Microbiol Biotechnol 33: 213-216.

13 Kjeldsen P. 1993. Groundwater pollution source characterization of an

old landfill. J Hydrol 142: 349-371.

ionophore nigercin but is only marginally inhibited by the 14 Kohler HPE, W Angst, W Giger, C Kanz, S Mer and MJF Suter.

ionophore valinomycin and the ATPase inhibitbiN'-
dicyclohexylcarbidiimine [27]; these results are strong

indications for the involvement of active transport. Zipper?!

et al [27] concluded and summarized that the first step in
the degradation of dichlorprop, mecoprop, and 2,4-C5in
herbicidovoransMH is active transport and that three

inducible, proton-gradient driven uptake systems exist; oné6

for (R)-dichlorprop and R)-mecoprop, another forg-
dichlorprop and $-mecoprop, and a third for 2,4-D

(Figure 2). 17

Concluding remarks 18

The reaction sequence illustrated in Figure 2 demonstrates
that selective degradation of the enantiomers of mecoprope

and dichlorprop by the soil isolat8. herbicidovoran®/H
[28] is not only due to enantioselective catabolism [20] but
also to enantioselective transport [27].

Taking into consideration the fact that the toxicity and
the effect on biological targets might strongly differ for the
enantiomers of a chiral pesticides or drug [16], study of

1997. Environmental fate of chiral pollutants—the necessity of con-
sidering stereochemistry. Chimia 51: 947-951.

5 Kohler HPE, K Nickel, M Bunk and C Zipper. 1999. Microbial trans-

formation of the chiral pollutants mecoprop and dichlorprop—the
necessity of considering stereochemistry. In: Novel Approaches for
Bioremediation of Organic Pollution (Fass R, Y Flashner and S
Reuveny, eds), pp 13-20, Kluwer Academic/Plenum Press, New York.
Kohler HPE, K Nickel and C Zipper. 1999. Effect of chirality on the
microbial degradation and environmental fate of chiral pollutants. In:
Advances in Microbial Ecology. Vol 16 (Schink B, ed), Plenum Press,
New York, in press.

Lapage SP, PHA Sneath, EF Lessel, VBD Skerman, HPR Seeliger and
WA Clark (eds). 1992. International Code of Nomenclature of Bacteria
(1990 Revison). American Society for Microbiology, Washington, DC.
Loos MA. 1975. Phenoxyalkanoic acids. In: Herbicides. Chemistry,
Degradation and Mode of Action, 2nd edn (Kearney PC and DD Kauf-
man, eds), pp 1-128, Marcel Dekker, New York.

Matell M. 1953. Stereochemical studies on plant growth regulators.
VII. Optically active a-(2-methyl-4-chlorophenoxy)propionic acid and
a-(2,4-dichlorophenoxy)-n-butyric acid and their steric relations.
Arkiv foer Kemi 6: 365-373.

20 Nickel K, MJF Suter and HPE Kohler. 1997. Involvement of two

ketoglutarate-dependent dioxygenases in the enantioselective degra-
dation of R)- and §-mecoprop bySphingomonas herbicidovorans
MH. J Bacteriol 179: 6674—-6679.

enantioselective metabolism on the molecular level well21 Prescott AG. 1993. A dilemma of dioxygenases (or where biochemis-

deserves further emphasis.
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