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Abstract The isolation and properties of a novel species
of pink-pigmented methylotroph, Methylobacterium thio-
cyanatum, are described. This organism satisfied all the
morphological, biochemical, and growth-substrate criteria
to be placed in the genus Methylobacterium. Sequencing
of the gene encoding its 16S rRNA confirmed its position
in this genus, with its closest phylogenetic relatives being
M. rhodesianum, M. zatmanii and M. extorquens, from
which it differed in its ability to grow on several diagnos-
tic substrates. Methanol-grown organisms contained high
activities of hydroxypyruvate reductase [3 umol NADH
oxidized min~t (mg crude extract protein)~'], showing that
the serine pathway was used for methylotrophic growth.
M. thiocyanatum was able to use thiocyanate or cyanate
as the sole source of nitrogen for growth, and thiocyanate
as the sole source of sulfur in the absence of other sulfur
compounds. It tolerated high concentrations (at least 50
mM) of thiocyanate or cyanate when these were supplied
as nitrogen sources. Growing cultures degraded thio-
cyanate to produce thiosulfate as a major sulfur end prod-
uct, apparently with the intermediate formation of volatile
sulfur compounds (probably hydrogen sulfide and car-
bonyl sulfide). Enzymatic hydrolysis of thiocyanate by
cell-free extracts was not demonstrated. Cyanate was me-
tabolized by means of a cyanase enzyme that was ex-
pressed at approximately sevenfold greater activity during
growth on thiocyanate [V 634 £ 24 nmol NH5 formed
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min- (mg protein)~1] than on cyanate [89 £ 9 nmol NH4
min~t (mg protein)~1]. Kinetic study of the cyanasein cell-
free extracts showed the enzyme (1) to exhibit high affin-
ity for cyanate (K, 0.07 mM), (2) to require bicarbonate
for activity, (3) to be subject to substrate inhibition by
cyanate and competitive inhibition by thiocyanate (K;
0.65 mM), (4) to be unaffected by 1 mM ammonium chlo-
ride, (5) to be strongly inhibited by selenocyanate, and (6)
to be dightly inhibited by 5 mM thiosulfate, but unaf-
fected by 0.25 mM sulfide or 1 mM thiosulfate. Polypep-
tides that might be a cyanase subunit (mol.wt. 17.9 kDa),
a cyanate (and/or thiocyanate) permease (mol.wt. 25.1
and 27.2 kDa), and a putative thiocyanate hydrolase
(mol.wt. 39.3 kDa) were identified by SDS-PAGE. Corre-
lation of the growth rate of cultures with thiocyanate con-
centration (both stimulatory and inhibitory) and the kinet-
ics of cyanase activity might indicate that growth on thio-
cyanate involved the intermediate formation of cyanate,
hence requiring cyanase activity. The very high activity of
cyanase observed during growth on thiocyanate could be
in compensation for the inhibitory effect of thiocyanate on
cyanase. Alternatively, thiocyanate may be a nonsubstrate
inducer of cyanase, while thiocyanate degradation itself
proceeds by a carbonyl sulfide pathway not involving
cyanate. A formal description of the new species (DSM
11490) is given.

Key words Methylobacterium thiocyanatum -
Thiocyanate metabolism - Cyanase - 16S rRNA sequence -
SDS-PAGE - Pink-pigmented facultative methylotroph

Introduction

Thiocyanate is produced as an end product of both animal
and plant metabolism and arises from cyanide and possi-
bly sulfide detoxification; it also arises from the break-
down of more complex plant products such as the glu-
cosinolates and occurs in waste waters from biocides, coa
and oil processing, steel manufacture, and the petrochem-
ical industry (Beekhuis 1975; Wood 1975; Neufeld and



Valiknac 1979; Oh et al. 1987; Richards and Shieh 1989;
Paruchuri et al. 1990; Brown and Morra 1993; Kelly et al.
1993). Thiocyanate is toxic to many microorganisms at
relatively low concentrations (1-2 mM), but its biodegra-
dation has been shown to be a property of a number of
chemolithotrophic and heterotrophic bacteria. Complete
degradation to carbon dioxide and sulfate was first
demonstrated in strains of the obligate chemolithotroph
Thiobacillus thioparus (Happold and Key 1937; Youatt
1954; De Kruyff et al. 1957; Katayama and Kuraishi
1978), which uses oxidation of the sulfur of thiocyanate to
sulfate for chemolithotrophic energy generation to sup-
port autotrophic growth. At least some T. thioparus strains
contain a hydrolase that converts thiocyanate initially to
ammonia and carbonyl sulfide, the latter subsequently be-
ing hydrolyzed to sulfide, which is oxidized to sulfate
(Happold et al. 1954, 1958; Smith and Kelly 1988; Kata-
yamaet a. 1992):

KSCN + 2 H,0 - COS + NH, + KOH )
COS + H,0 - H,S + CO, @)
H,S+20; - H,SO, ©)

Severa heterotrophic bacteria have aso been shown to
degrade thiocyanate during growth and to use the ammo-
nia released as the source of nitrogen for biosynthesis
(Stafford and Callely 1969; Betts et al. 1979; Paruchuri et
al. 1990; Mason et al. 1994; Stratford et a. 1994; Kata-
yamaet a. 1995). Two aternative pathways for the initia
cleavage of thiocyanate have been identified in het-
erotrophs: (1) the carbonyl sulfide pathway, producing
carbonyl sulfide and ammonia as the first intermediates
(Eg. 1), and (2) the cyanate pathway, producing cyanate
and hydrogen sulfide asinitial products of thiocyanate hy-
drolysis (Kelly et al. 1993; Mason et a. 1994; Stratford et
a. 1994; Mason 1995), with the cyanate being subse-
guently hydrolyzed to release ammonia:

KSCN + H,0 — KOCN + H,S
KOCN + 2 H,0 - NH; + CO, + KOH

4)
©®)

The use of cyanate as a nitrogen source has been sepa-
rately established in Escherichia coli and in a Pseudo-
monas species, both of which cleave cyanate using cyanase
enzymes that have been studied in some detail (Anderson
and Little 1986; Kunz and Nagappan 1989; Anderson et
a. 1990). Much of the sulfide released by different het-
erotrophs using reactions 2 and 4 is subsequently oxi-
dized, primarily to one or more of thiosulfate, tetrathion-
ate and sulfate (Stafford and Callely 1969; Boucabeille et
a. 1994; Mason et a. 1994; Stratford et al. 1994; Mason
1995).

Prior to our studies, no facultatively methylotrophic
heterotroph had been shown to use thiocyanate as sole ni-
trogen and sulfur sources or cyanate as a hitrogen source.
We now report a novel species of Methylobacterium iso-
lated by enrichment culture from the root ball of Allium
aflatunense, a member of afamily of plantsthat is known
to produce a wide range of alkyl mono-, di-, and tri-sul-
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fides, thiosulfinates, and sulfinyl disulfides (Kelly and
Smith 1990; Kuo et al. 1990; Block et al. 1992). This
novel organism, Methylobacterium thiocyanatum, which
is described here for the first time, can use thiocyanate as
its sole nitrogen source while growing heterotrophically
on sugars or organic acids, or on formate as a carbon and
energy source, or methylotrophically on methanol. We
discuss the evidence for and against a cyanate pathway of
thiocyanate degradation and the evidence for the role of a
cyanase enzyme in the assimilation of nitrogen from thio-
cyanate and cyanate. The identity of M. thiocyanatum as a
distinct species within the genus is demonstrated on the
basis of 16S rRNA sequences and the diagnostic physio-
logical and biochemical features that distinguish it from
other Methylobacterium species.

Materials and methods
Medium for growth experiments and maintenance

The mineral salts medium used was that described previously for
growth of Paracoccus versutus (Wood and Kelly 1977), with the
modification that NHACI was replaced by 2.5 mM potassium thio-
cyanate and that the trace metal solution was replaced by 1 ml 2%
(w/v) FeSO, - 7TH,O in 1 M HCI per litre of medium. A medium
containing 25 mM glucose and 2.5 mM potassium thiocyanate was
routinely used for maintenance of stocks on 1.5% (w/v) agar
dlants. Liquid cultures wereroutinely grown in 50 ml of mediumin
250-ml Erlenmeyer flasks shaken at 200 rpm at 30°C in a rotary
shaking incubator.

In some experiments, alternative energy sources replaced glu-
cose, and alternative nitrogen sources replaced thiocyanate; these
are detailed in Results. Where KSCN was tested as the sole sulfur
source, magnesium and ferric sulfates were replaced by magne-
sium chloride and ferric chloride. Anaerobic growth was tested us-
ing (1) solid mediain anaerobic gasjars, (2) liquid media supple-
mented with potassium nitrate (25 mM), and (3) fermentation tubes.

Enrichment and isolation procedures

Soil (2-3 g) removed from the root balls of A. aflatunense was
added to basal salts medium supplemented with glucose (25 mM)
as the carbon and energy source and with thiocyanate (2.5 mM) as
the nitrogen source. Cultures were shaken at 30° C and were sub-
cultured at intervals into fresh growth medium. After three subcul-
tures, single-colony isolation on glucose-thiocyanate-agar plates
produced two cultures: white-pigmented and pink-pigmented
colony types. On the basis of the greater efficiency of growth of
the pink organism on thiocyanate as a nitrogen source, it was se-
lected for detailed work and is described in this paper as a new
species. M. thiocyanatum strain ALL/SCN-P.

Morphological, biochemica and physiological tests

Standard light microscopy and staining procedures were used to
detect gram reaction, capsule and spores. For scanning electron
microscopy, cells from an agar slant were (1) fixed for 1 hin 2%
(w/v) glutaraldehydein 0.1 M sodium cacody!ate containing 1 mM
CaCl,, (2) washed threetimesin 0.1 M phosphate buffer (pH 7.2),
(3) post-fixed in 1% (w/v) OsO, in cacodylate/CaCl, for 1 h, (4)
washed twice in phosphate buffer, and (5) dehydrated through 30,
50, 70, and 90% (v/v) acetone and three times in 100% acetone.
Samples were subjected to critical point drying onto 20-um mem-
brane filters under pressure with liquid carbon dioxide using an
EM Scope Critical Point Drier 750. Membranes were mounted
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onto Cambridge-type (pinhead) stubs and transferred to an SEM
coating unit E5100 (Fisons Instrument Division, VG Microtech,
East Grinstead, UK). After flushing several times with argon, the
unit was evacuated to 7 Pa and the cells were sputter-coated with
gold (20-30 nm thickness). Catalase and oxidase activity were de-
termined using standard tests (Barrow and Feltham 1993). Thio-
cyanate was assayed spectrophotometrically as ferric thiocyanate,
and thiosulfate and tetrathionate were assayed using specific
cyanolytic procedures (Kelly et a. 1969; Kelly and Wood 1994).
Protein content of cell-free extracts was determined by the Folin-
Ciocateu method (Lowry et al. 1951).

Assay of cyanase in cell-free extracts

Cultures were grown in the basal medium on 10 mM sodium suc-
cinate with 2.5 mM KSCN, 2.5 mM KOCN or 7.5 mM NH,CI as
a nitrogen source. Organisms were harvested by centrifuging at
23,000 x g for 10 min at 5° C, washing in 13 mM phosphate buffer
(pH 7.0), recentrifuging, and resuspending in 0.1 M Pipes (pH
7.0). Suspensions were broken by two or three passages through a
chilled French pressure cell at 140 MPa. Cell debris was removed
by centrifugation at 38,000 x g for 40 min at 5°C, and the super-
natant crude cell extract was used immediately or stored at —20° C
prior to use.

Cyanase (cyanate amidohydrolase; EC 3.5.5.3) assays were
based on the procedures of Anderson (1980) and Kunz and Nagap-
pan (1989): for the standard assay, reaction mixtures (total volume,
4 ml in 15 ml polycarbonate or polypropylene tubes) were incu-
bated at 30° C and contained 50 mM potassium phosphate buffer
(pH 7.6), 3 mM sodium bicarbonate, and 2 mM potassium cyanate;
the reaction was initiated by addition of cell-free extracts (0.1, 0.2
or 0.4 ml; 4.5-7.6 mg protein ml~%). Samples (0.5 or 1 ml) were re-
moved immediately and at intervals for up to 20 min, and were
mixed with an equal volume of a 1:3 dilution of commercial
Nessler’s reagent. Ammonia formation from the substrate was es-
timated from the OD 459 ,, USing ammonium chloride as a standard.
Most OD measurements were made with a Shimadzu UV-150-02
spectrophotometer (Shimadzu, Kyoto, Japan). For determination
of kinetic constants and inhibitory effects, cyanate concentrations
were varied between 0.2 and 50 mM in the standard assay. Effects
on cyanase activity in crude extracts of thiocyanate, selenocyanate,
ammonium ion, sulfide, thiosulfate, and omission of bicarbonate
from the assay are detailed in the Results.

Assay methods for “thiocyanate hydrolase’
and hydroxypyruvate reductase

The production of ammonia from thiocyanate was sought using a
procedure similar to that for cyanase, both with and without added
bicarbonate; thiocyanate concentrations between 0.4 and 18 mM
and incubation times of 20 min were tested. A decrease of thio-
cyanate concentration by a possible thiocyanate hydrolase was
sought by amethod based on Katayama et al. (1992): reaction mix-
tures (0.8 ml) in capped tubes incubated at 30°C contained 100
mM potassium phosphate buffer (pH 7.6), 20 mM potassium thio-
cyanate, and a cell-free extract from bacteria grown with thio-
cyanate as the sole nitrogen source (1.7 mg protein). Thiocyanate
concentration was measured in 0.1-ml samples at intervals for 3 h.
Standard Ouchterlony gel-diffusion procedures using antibodies to
the thiocyanate hydrolase of T. thioparus (Katayama et al. 1992)
were tested to determine if this enzyme was present in strain
ALL/SCN-P.

Hydroxypyruvate reductase (EC1.1.1.29) was assayed with
NADH as the reductant as described previously (Kelly and Wood
1984; Wood and Kelly 1989) using either phosphate buffer (pH
7.0) or acetate buffer (pH 5.0) with 2-10 g cell-free extract pro-
tein (ml assay)™. After establishing the endogenous activity of
NADH oxidase, the hydroxypyruvate reductase assay was initiated
by addition of 2 mM lithium hydroxypyruvate, and the increase in
rate of NADH oxidation due to hydroxypyruvate reductase was de-
termined from the rate of decrease in A340 nm.

SDS-PAGE analysis of protein in cell-free extracts

M. thiocyanatum strain ALL/SCN-P was grown in batch culturein
media with (1) succinate as the carbon and energy source, supple-
mented with methylamine, ammonium chloride, thiocyanate or
cyanate as nitrogen sources, and (2) methylamine as the sole car-
bon, energy and nitrogen source, or methylamine with ammonium
chloride, thiocyanate or cyanate as additional nitrogen sources. Or-
ganisms were harvested by centrifuging, were resuspended in 0.1
M Pipes (pH 7.0), and were disrupted by sonication. Suspensions
were chilled on ice and sonicated three times for 1 min using a 1-
cm probe fitted to an MSE100-W ultrasonic disintegrator (M SE,
London, UK). If necessary, the protein in extracts was concen-
trated by partition in aqueous methanol and chloroform, precipita-
tion with methanol, and drying over silica gel at —20° C. Protein
was then redissolved in 30 mM Tris-HCI (pH 8.0; 1 vol.) and
mixed with loading buffer (4 vol.). Extracts were treated with SDS
and analysed by polyacrylamide gel electrophoresis by standard
procedures using 12.5% (w/v) acrylamide gels (Laemmli 1970).
Samples equivalent to 15 and 20 pg protein for each preparation
were loaded onto 10- and 5-well gels, respectively. Molecular
masses of polypeptides were estimated by reference to a commer-
cia standard mixture (mol.wt.: 14.4, 21.5, 31, 45, 66.2 and 97.4
kDa; BioRad, Hemel Hempstead, UK).

DNA extraction, base composition, PCR amplification,
and sequencing of 16S rRNA clones

DNA was extracted using a modification of the method of Marmur
(1961) from cells grown on medium supplemented with 20 mM
sodium succinate and 2.5 mM potassium thiocyanate as the sole
nitrogen source. Aerobic batch cultures (500 ml) were shakenin 2-
| flasks at 200 rpm and 30° C for 48 h and were harvested. The
mol% G+C was determined using the melting-point method
(Mandel and Marmur 1968) and the procedure of Fredericq et al.
(1961).

Bacterial 16S rRNA genes were amplified from all the DNA
samples using the bacterial specific primers f27 and r1492 (Gio-
vannoni 1991). Amplification reactions were performed using the
reagents supplied with GIBCO-BRL Tag polymerase kits at a
magnesium ion concentration of 1.5 mM, with 20 ng template
DNA and 100 pmol of each primer added. The reactions were car-
ried out in a Hybaid TR2 thermocycler with 30 cycles of 92°C for
1 min, 60° C for 1 min, and 72° C for 1 min, with afinal extension
at 72°C for 5 min. Reaction products were checked for size and
purity on 1% (w/v) agarose gels (Sambrook et al. 1989) and then
ligated into the pCR Il vector supplied with a TA Cloning Kit (In-
vitrogen) according to the manufacturer’s instructions.

Small-scale preparations of plasmids were done by the method
of Saunders and Burke (1990). All sequencing reactions were car-
ried out using the Sequenase v2.0 Sequencing Kit (USB) accord-
ing to the manufacturer’s instructions. Primers used for the se-
quencing reactions were complementary to the conserved regions
of the 16S rRNA. Their sequences can be found in Lane (1991)
and Giovannoni (1991).

Phylogenetic analysis

Sequences were aligned manually to representative proteobacterial
sequences obtained from the Genbank database and the Ribosomal
Database Project (Maidak et a. 1994). The type strains of the
Methyl obacterium species whose 16S rRNA sequences were com-
pared in this study were M. organophilum (type species) ATCC
27886", M. rhodesianum ATCC 438827, M. zatmanii ATCC 43883,
M. extorquens ATCC 43645"T, M. rhodinum ATCC 14821T and
M. radiotolerans ATCC 27329". Sequences for other Proteobacte-
riawere those of the reference strains universally used for compar-
isons of sequence similarities. Dendrograms were constructed us-
ing the programs DNADIST, DNAPARS, FITCH and BOOT-
STRAP from the PHYLIP v3.4 package (Felsenstein 1988). Only



regions that could be unambiguously aligned were included in the
analyses. Secondary structure predictions for 16S rRNAs were
constructed manually based on the published models of Neefs et
al. (1991) and Gutell et al. (1994). Dendrograms were constructed
with the inclusion of the bootstrap values, giving the percentage of
occasions in 1,000 trees that the same branching point was ob-
tained. Secondary structure predictions for 16S rRNAs were con-
structed manually based on the published models of Neefs et al.
(1991) and Guitell et al. (1994).

Ubiquinone analysis

The organism was grown on succinate-thiocyanate medium, har-
vested, resuspended in 0.1 M Pipes (pH 7.0), and the cells were
disrupted by sonication. Isolation, purification and identification of
the ubiquinone fraction were as described by Jordan et al. (1995).
Ubiquinone Qg was prepared from frozen cells of Thiobacillus tep-
idarius, and Qo was obtained from Sigma-Aldrich (Gillingham,
UK).

Chemicals

Potassium thiocyanate, potassium cyanate, potassium seleno-
cyanate, lithium hydroxypyruvate, NADH, Nessler's Reagent, and
piperazine-N,N’-big 2-ethanesulfonic acid] (Pipes) were pur-
chased from Sigma-Aldrich (Gillingham, UK). Analytical-grade
reagents were used for the preparation of all other assay solutions
and culture media

Results
Morphology and growth characteristics

Strain ALL/SCN-P was isolated from soil around the root
balls of A. aflatunense as described in Materials and
methods. Colonies on glucose-thiocyanate agar are pig-
mented pink, slightly shiny, convex, entirely smooth, and
ca 15 mm in size on agar plates. Cells of strain
ALL/SCN-P are gram-negative, short rods (0.8 x 2.0 pm)
without spores or capsule (Fig. 1); motility was not ob-
served in any preparation. The pink pigment was nondif-
fusible in al growth conditions tested. Catalase activity
tested positive, and oxidase variably so. Biochemical tests
(confirmed up to five times) for indole production and
urease activity were positive, but were negative for
methyl-red and for Vosges-Proskauer tests and H,S pro-
duction. Growth occurred in the temperature range of 15
to 37° C, but with no growth at 5 or 44°C. Initial pH for
growth ranged from pH 7.5 to 9.4. Best growth was ob-
served at 30-37°C and pH 7.7.

The range of energy and carbon substrates used by
strain ALL/SCN-P was tested using mineral medium sup-
plemented with 2.5 mM potassium thiocyanate as the ni-
trogen source. It grew on 10 mM glucose, fructose, succi-
nate, pyruvate, fumarate, acetate, glutamate, methylamine,
5 mM citrate, 50 mM methanol, 40 mM formate, nutrient
agar and Luria-Bertani agar, and it grew slowly on 10 mM
arabinose. Growth was obtained on 1.25 mM formalde-
hyde, but not with higher concentrations (2.5 and 5 mM).
Growth was not supported by 5 mM sucrose, 10 mM thio-
sulfate, tetrathionate, methanesulfonate, dimethylamine,

Fig.1 Scanning electron micrograph of Methylobacterium thio-
cyanatum strain ALL/SCN-P (white bars 1 pm)

trimethylamine, or 2.5-20 mM dimethylsulfone. As sole
nitrogen source, thiocyanate supported growth on succi-
nate or glucose when supplied at concentrations between
2.5 and 50 mM, but at 100 mM KSCN, growth was either
completely inhibited or occurred in small aggregates. No
growth was observed with 150 mM thiocyanate. Het-
erotrophic growth at similar growth rates (on succinate or
glucose) was supported by any one of the following: thio-
cyanate, ammonium chloride, potassium cyanate, methy-
lamine, or potassium nitrate. Methylamine could also serve
as a sole carbon and energy substrate and acted as a sole
nitrogen source in cultures lacking added nitrogen salts
through at least four subcultures. Anaerobic growth was
not observed on (1) glucose-thiocyanate agar plates in
anaerobic jars, (2) in liquid media with potassium nitrate
and glucose, succinate or pyruvate (no gas production
from denitrification), or (3) on glucose or succinate in fer-
mentation tubes (no fermentative acid production).

Growth of strain ALL/SCN-P on one-carbon substrates

With thiocyanate as the sole nitrogen source, the growth
rates and biomass production observed on one-carbon
substrates (Table 1) were typical of those of methylo-
trophs using the serine pathway to support methylotrophic
growth (Harder et al. 1981). No significant difference in
the growth rate or yield on methylamine was seen in the
presence or absence of 2.5 mM thiocyanate. Growth was
observed only on very low concentrations of formalde-
hyde (1.25 mM), which was a toxic substrate, giving a
yield lower than that on methanol or methylamine (Table
1). Growth rates and yields on 25-50 mM formate were
essentially identical, indicating no toxicity of this sub-
strate at least up to 50 mM.

Assay of cell-free extracts of methanol-grown organ-
isms showed the presence of very high activities of hy-
droxypyruvate reductase. Specific activities in assays in
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Table1l Growth rates and bio-

- Substrate Doubling time Specific growth rate, © Biomass production
mass production by Methylo-
bactetium thiocyanatum srain (M) Q) () [g cry wt. (mol substrate)”]
ALL/SCN-P on methylotrophic
and heterotrophic substrates Methanol .(10) 85+0.2 0.082 144+18
with thiocyanate (2.5 mM) Methylamine (10) 11.0+ 18 0.051 16.3+28
supplied as a nitrogen source. Formaldehyde (1.25) nd nd 104+ 1.0
Biorgdafs prqdl_lqglon Vgafs t?i- Formate (25, 40, 50) 11.0+0.9 0.062 44+03
mated from initia and fina Op- A cetate (10) 15.0 0.046 23.8
tical density values, based on
the relationship that an Pyruyate ©) 55 0.126 207
OD.0 4y value of 1.0 indicated ~ Succinate (10) 50 0.2 0.141 302+45
0.26 g dry wt |2, Wheremean ~ Fumarate (10) 75 0.092 385+4.2
* standard errors are shown, Citrate (5) 115 0.060 34.3
dataare means of 3-17 deter-  Gytamate (10) 15.0 0.046 nd
minations (nd not determined) Glucose (10) 11.0 0.063 nd
Fructose (10) 15.0 0.046 85.6
Arabinose (10) 53.0 0.013 nd

phosphate at pH 7.0 and acetate at pH 5.0 were 1.79 £
0.18 pumol NADH oxidized min-t (mg protein) (6 deter-
minations) and 3.00 + 0.11 pmol NADH oxidized min-
(mg protein)~! (4 determinations), respectively.

Growth of strain ALL/SCN-P on succinate

with combinations of thiocyanate, cyanate

or ammonium ion as nitrogen sources, and thiocyanate
as a sulfur source

During growth with thiocyanate as the sole nitrogen
source, consumption of thiocyanate by cultures paralleled
growth, with only sufficient thiocyanate being consumed
to alow biosynthesis of organisms with a nitrogen content
equivalent to 6-9% (w/w) of their dry weight. Growth of
cultures on succinate (10 mM) ceased when limiting
amounts of thiocyanate (0.31 mM) had been totally con-
sumed as the sole nitrogen source. Inoculating succinate-
thiocyanate-grown organismsinto mediawith 10 mM am-
monium chloride and 2.5 mM thiocyanate resulted in
growth accompanied by disappearance of 80% of the thio-
cyanate. Subsequent serial subculture in the same me-
dium, however, resulted in approximately 95% suppres-
sion of thiocyanate consumption, so that cell nitrogen was
derived exclusively from added ammonium ion. This sug-
gested that the thiocyanate-degrading activity of theinitial
inoculum culture was not inhibited by ammonium ion, but
further synthesis of enzymes required for thiocyanate me-
tabolism was repressed.

Because of the known difficulty of preparing media
free of combined inorganic sulfur, the use of thiocyanate
as both the nitrogen and the sole sulfur source was shown
by passage through three subcultures on “ sulfate-free” me-
dia. Comparison was made between parallel cultures sup-
plemented with (1) 2.5 mM potassium thiocyanate aone,
(2) potassium thiocyanate and 10 mM ammonium chlo-
ride, and (3) ammonium chloride only. Normal growth
and biomass production were seen in sulfate-free media
with thiocyanate alone and with thiocyanate and ammo-
nium ion; but cultures without added thiocyanate ceased

growth at biomass levels only 25-35% of those of the cul-
tures with added thiocyanate-sulfur.

While 2.5 mM cyanate was readily used as a sole ni-
trogen source, it caused lag periods of approximately 18 h
when succinate or glucose media with 10 mM potassium
cyanate were inocul ated with organisms previously grown
with thiocyanate. When thiocyanate-grown inocula were
added to media containing 2.5 mM thiocyanate, the initial
doubling time of approximately 5 h was increased to ap-
proximately 55 h by the presence of 10 mM potassium
cyanate, and rapid growth occurred only after a delay of
approximately 50 h. Cyanate (10 mM) in the growth me-
dium also lengthened the lag phase in medium supple-
mented with ammonium chloride. It was observed, how-
ever, that after maintenance on 2.5 mM thiocyanate (as
the sole nitrogen source), the organism was able to grow
to produce normal yields on succinate when subcultured
into media with high concentrations of thiocyanate (50
mM; 46-h lag), cyanate (50 mM; 90-h lag), methylamine
hydrochloride (50 mM; 90-h lag), ammonium chloride
(200 mM; slow growth) or potassium nitrate (50 mM) as
sole nitrogen sources.

Heterotrophic growth with thiocyanate
as a hitrogen source

Specific growth rates and biomass production on multi-
carbon substrates in batch culturesin shaken flasks (Table
1) illustrated a broad chemoorganotrophic capacity, with
growth on glucose, fructose, arabinose, citrate and gluta
mate being an ability not seen in some other Methylobac-
terium species (Green 1992). Both stimulation and de-
pression of the growth rate in response to variation in the
concentration of thiocyanate supplied were seen (Fig. 2a).
The growth rate increased slightly with concentrations be-
tween 2.5 and 20 MM KSCN, and a double reciprocal plot
of specific growth rate against thiocyanate concentration
indicated a substrate affinity (Kg) of approximately 0.2 mM
KSCN and a maximum specific growth rate on succinate
of approximately 0.15 ht (Fig. 2a). At more than 20 mM
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Fig.2a,b Effect of thiocyanate concentration on the growth rate
of Methylobacterium thiocyanatum strain ALL/SCN-P on succi-
nate. Exponential growth rates of cultures in shaken flasks were
estimated for cultures supplied with potassium thiocyanate as the
sole nitrogen source at concentrations of 2.5-150 mM. a Plot of
reciprocals of specific growth rates (1) and thiocyanate concentra-
tions showing increasing growth rate between 2.5 and 20 mM
KSCN, and progressive inhibition at higher concentrations; b plot
of reciprocals of doubling times (ty) against thiocyanate concentra-
tion (mM; log scale) showing the concentration of KSCN that
causes halving of the growth rate (2ty) as compared to the 2.5-10
mM KSCN range

KSCN, the growth rate was progressively depressed, giv-
ing typical substrate inhibition kinetics (Fig. 2a): the maxi-
mum doubling time (t;) was increased twofold to approxi-
mately 10 h with 30 mM KSCN, and was raised to 20 and
27 h at 40 and 50 mM thiocyanate, respectively (Fig. 2b).

Fate of the sulfur atom of thiocyanate during growth
of strain ALL/SCN-P on succinate with thiocyanate
as the sole nitrogen source

Cultures grown in flasks with centre wells containing lead
acetate and sealed with vaccine stoppers did not show any
blackening of the lead acetate papers, indicating that any
free sulfide produced was not detectable by this method.
Such sealed cultures did, however, have a marked sul-
furous odour that was not solely hydrogen sulfide. This
odour that could have been carbonyl sulfide, was not de-
tected in thiocyanate cultures in unsealed flasks or in cul-
tures in sedled flasks grown with ammonium ion as the
sole nitrogen source.
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Anaysis of the medium from sealed and unsealed
flasks in which the organism had been grown on succinate
with 2.5-2.7 mM thiocyanate as the nitrogen source
showed the only detectabl e soluble sulfur compounds pre-
sent to be unused thiocyanate (0.1-1.4 mM) and thiosul-
fate (0.3-0.8 mM); tetrathionate was not detected. The to-
tal recovery of thiocyanate-sulfur was 72—-86%. In un-
seadled flasks, 70-80% of the sulfur of the thiocyanate
consumed was recovered as thiosulfate, while only ap-
proximately 50% was converted to thiosulfate in sealed
(oxygen-limited) flasks.

Addition of 1 mM sodium sulfide to a culture (in an
unsealed flask) that had completely consumed 2.7 mM
thiocyanate (with the production of 0.94 mM thiosulfate)
resulted in the production of afurther 0.58 mM thiosulfate
within 4 h, indicating quantitative oxidation of the added
sulfide to thiosulfate.

Cyanase activity in strain ALL/SCN-P

Cyanase was present in cell-free extracts of organisms
grown on succinate with thiocyanate, cyanate, or ammo-

1/v a
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4
- b 2mM
1/v KOCN
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Fig.3a,b Kinetic analysis of cyanase activity in cell-free extracts
of Methylobacterium thiocyanatum strain ALL/SCN-P grown on
succinate with thiocyanate as the sole nitrogen source. All assays
received 0.55 mg protein (4 ml assay vol.)™. a Plot of 1/v [= reci-
procals of rate of ammonia formation; pmol min— (mg protein)-]
against reciprocals of potassium cyanate substrate concentration
(0.2-4 mM). The intercept on the 1/v axis indicates the maximum
velocity [Vima = 625 nmol ammonia min (mg protein)~]. b Plot
of reciprocals of rate of ammonia formation (1/v) from 2 mM
potassium cyanate against concentration of inhibitory potassium
thiocyanate (2—15 mM). The intercept on the 1/V,, line and the
negative extrapolation of the plot of the experimental data indi-
cates the inhibitor constant (K; = 0.65 mM KSCN)
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Fig.4a,b Kinetic analysis of cyanase activity in cell-free extracts
of Methylobacterium thiocyanatum strain ALL/SCN-P grown on
succinate with cyanate as the sole nitrogen source. Assays received
a0.76 or b 1.52 mg protein (4 ml assay vol.)L. a Plot of 1/v [=rec-
iprocals of rate of ammoniaformation; pmol min-t (mg protein)-]
against reciprocals of potassium cyanate substrate concentration
(0.2-50 mM). The data show substrate inhibition above approxi-
mately 4 mM KOCN; the intercept on the 1/v axis indicates the
maximum velocity [V = 99 nmol ammonia min? (mg pro-
tein)]. b Plot of reciprocals of rate of ammonia formation (1/v)
against potassium cyanate concentration in the presence and ab-
sence of 10 mM potassium thiocyanate. The common 1/v intercept
(= UV, indicates competitive inhibition by thiocyanate and a
Vnax Vaue of 88 nmol ammonia min-t (mg protein)—

Table 2 Effect on the activity of cyanase (in the standard assay
procedure) of ammonium ion, selenocyanate, and thiocyanate, and
the absence of bicarbonate, using extracts of Methylobacterium
thiocyanatum strain ALL/SCN-P grown with cyanate as the sole
nitrogen source (0.76 mg protein per assay)

Modification to the Specific activity Relative
standard assay [nmol ammoniamin? activity (%)
(mg protein)]

None 90.0 (£ 4) 100
0.25 mM NH,CI 99.4 110
0.50 mM NH,CI 102.1 113
1.00 MM NH,CI 89.6 100
Omit KOCN + 0.5 mM KSeCN 0 0

0.5 mM KSeCN 449 50

1.0 mM KSeCN 0 0

5.0 mM KSeCN 0 0

2.0 mM KSCN 79.2 88

5.0 mM KSCN 65.7 73

10 MM KSCN 56.7 63
Omit KOCN + 4.0 mM KSCN 0 0
Omit NaHCO, 17.3 19

nium ion as the sole nitrogen source. Specific activities of
the enzyme in crude cell-free extracts, using the standard
assay, were maximally 613, 94 and 19 nmol ammonia
produced min (mg protein)~ after growth on KSCN,
KOCN and NH,CI, respectively. The enzyme activity was
very stable, with no loss being found after 12 months
storage of extracts frozen at —20° C.

Essentially identical kinetics were exhibited by the en-
zyme in extracts of both thiocyanate- and cyanate-grown
organisms with respect to K,,, for cyanate and competitive
inhibition by thiocyanate (Figs. 3, 4). The apparent K,
values were not significantly different at 0.076 and 0.066
mM cyanate for extracts of thiocyanate- and cyanate-
grown cultures. The V. vaue for activity from thio-
cyanate-grown organisms was 634 + 24 nmol ammonia
formed min-! (mg protein)~' compared to 89 + 9 nmol am-
monia min-! (mg protein)~! for cyanate-grown organisms
(calculated from several experiments, of which Figs. 3a
and 4 are examples). Thisratio of sevenfold more activity
in thiocyanate-grown organisms was consistently found in
the standard assay (with 2 mM cyanate) using a number of
preparations of extracts of thiocyanate- and cyanate-
grown organisms over a period of 5 years.

Cyanate was an inhibitory substrate, depressing its
own rate of hydrolysis by cyanase above approximately 4
mM (Fig. 4a), with 10 and 50 mM cyanate causing 27 and
43% depression of the rate of ammonia production, re-
spectively. Thiocyanate was a competitive inhibitor (Figs.
3b, 4b), with 10 mM KSCN lowering the apparent K,
(= Kp) to 0.86 mM cyanate for the enzyme in both thio-
cyanate- and cyanate-grown organisms (calculated from
Figs. 3 and 4). The inhibitor constant (K;) was estimated
to be 0.65 mM thiocyanate from the Dixon plot of Fig. 3b
(Dixon and Webb 1958).

The possible inhibitory effect of ammonium ion and
the selenium analogue of thiocyanate, KSeCN, were esti-
mated (Table 2). Ammonium ion had no inhibitory effect
on cyanase activity in the standard assay at concentrations
of up to 1 mM. Selenocyanate was, however, at least 20-
fold more inhibitory than thiocyanate, although it was not
itself a substrate for the enzyme (Table 2). The nature of
thisinhibition has not yet been further investigated. Omis-
sion of bicarbonate from the standard assay reduced activ-
ity by 81% (Table 2).

The possibility that cyanase inhibition by thiocyanate
might be mediated by low concentrations of sulfide or
thiosulfate formed from it was tested by adding sulfide
or thiosulfate to the standard assay with 2 mM cyanate
using extracts of thiocyanate-grown organisms (0.11 mg
protein mi-1). Both sulfide and thiosulfate caused some
interference with the Nessler assay for ammonia, but
this was corrected by means of chemical controls. Sul-
fide, at 0.25 mM, and 0.25 or 1 mM thiosulfate did not
cause significant inhibition, but 5 mM thiosulfate re-
duced the rate of ammonia formation by approximately
16%.

Attempts to demonstrate thiocyanate disappearance
and ammonia formation from thiocyanate using assay
mixtures with extracts of thiocyanate-grown organisms



(up to 2 mg protein mli—Y), with KSCN concentrations
between 0.4 and 20 mM have been unsuccessful. No
cross-reaction was seen in Ouchterlony diffusion gels
between antibodies against T. thiopar us thiocyanate hy-
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Fig.5 SDS-polyacrylamide gel electrophoresis [12.5% (w/v) poly-
acrylamide separating gels] of cell-free extracts of Methylobac-
terium thiocyanatum strain ALL/SCN-P grown on succinate with
four different nitrogen sources as indicated: lane 1 protein stan-
dards (mol.wt. values shown in kDa), lane 2 methylamine hy-
drochloride, lane 3 potassium cyanate, lane 4 potassium thio-
cyanate, and lane 5 ammonium chloride. Polypeptides present
most prominently in thiocyanate- or cyanate-grown organisms are
indicated asa (mol.wt. 39.3 kDa), b (mol.wt. 27.2 kDa), ¢ (mol.wt.
25.1 kDa), and d (mol.wt. 17.9 kDa)

Fig.6 Phylogenetic analysis of
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drolase (Katayama et al. 1992) and extracts of organ-
isms grown on thiocyanate, cyanate or ammonium as ni-
trogen sources.

SDS-PAGE analysis of cell-free extracts
of strain ALL/SCN-P grown
with different nitrogen sources

Four polypeptide bands were consistently shown to be
present in extracts of organisms grown with thiocyanate
or cyanate as the sole nitrogen sources, but were shown
to be absent or fainter after growth on other nitrogen
sources (Fig. 5). A polypeptide of mol.wt. 17.9 + 0.2 kDa
(from five separate determinations) was heavily ex-
pressed in thiocyanate-grown cells and was also quite
distinct, though less intense, in cyanate-grown organisms,
but it was faint in those grown on succinate with methy-
lamine or ammonium ion as nitrogen sources (Fig. 5,
band d). This band was absent from an extract of cells
grown on methylamine as a sole source of carbon and ni-
trogen, but was present in extracts of organisms grown on
methylamine with thiocyanate or cyanate (gel not
shown). Two polypeptide bands, mol.wt. 25.1 + 0.2 and
27.2 £ 0.2 kDa (four determinations), were similarly ex-
pressed in both thiocyanate- and cyanate-grown bacteria,
but were fainter in ammonium-grown cells (Fig. 5, bands
¢ and b). The fourth polypeptide, mol.wt. 39.3 + 1.0 kDa
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Table3 16S rRNA sequence

similarity values between Strains 1 2 3 4 > 6 ’ 8
m%%g%?ﬁte? ;%?Citlogfy ana- 1. Methylobacterium thiocyanatum -
Methylobacterium and 2. Methylobacterium rhodesianum 989 -
Rhodopseudomonas palustris 3. Methylobacterium zatmanii 985 992 -
4. Methylobacterium extorquens 987 989 992 -
5. Methylobacterium rhodinum 971 971 974 979 -
6. Methylobacterium organophilum 96.2 95 9.1 99 963 -
7. Methylobacterium radiotolerans 947 950 947 954 957 965 -
8. Rhodopseudomonas palustris 89.7 906 904 903 898 909 906 -

(four determinations), was strongly expressed in succi-
nate-grown organisms with thiocyanate as the nitrogen
source, but was absent from ammonium- or methy-
lamine-grown cells and was very faint in cyanate-grown
bacteria (Fig. 5, band a).

DNA base composition, 16S rRNA sequence analysis,
and ubiquinone content of strain ALL/SCN-P

Analysis of the DNA of strain ALL/SCN-P showed 69.8
and 71 mol% G+C by the melting-point method and
64.7% by spectrophotometric procedure: mean value,
68.5 = 3.4 mol%. The complete 16S rRNA sequence of
the organism was deposited with the Genbank database
under accession no. U58018. Strain ALL/SCN-P was
shown unequivocally to cluster exclusively with the six
Methylobacterium species (Fig. 6), but to be quite distinct
from them at the species level. Its closest relatives (with
98.5-98.9% 16S rRNA sequence similarity) were M.
rhodesianum, M. zatmanii and M. extorquens (Table 3).
The respiratory ubiquinone was shown to be coenzyme
Q10 (ubiquinone 50).

Discussion

On the basis of cell and culture morphology, its pink pig-
mentation, facultatively methylotrophic growth on one-car-
bon compounds, biochemical tests (Green 1992), and com-
parative sequence analysis of 16S rRNA, the novel strain
ALL/SCN-P was shown to be a new species of Methy-
lobacterium that we formally describe and name M. thio-
cyanatum at the conclusion of this Discussion. It differs
from its closest relatives (as identified by their 16S rRNA
sequences; Table 3, Fig. 6), M. zatmanii, M. rhodesianum
and M. extorguens, in its ability to grow on glucose, arabi-
nose and citrate, while they cannot, and on fructose and
glutamate, which M. extorquens and M. zatmanii, respec-
tively, cannot (Green 1992; Green et al. 1988). In common
with most Methylobacterium spp., it grows relatively
rapidly and efficiently on formate, methanol and methy-
lamine (but not di- or tri-methylamine), and can use methy-
lamine as a sole source of carbon, energy and nitrogen, and
as a nitrogen source when grown with succinate or glucose.

M. thiocyanatum is currently unique among described
species of facultative methylotrophs in its resistance to

high concentrations of the potentially toxic anions thio-
cyanate and cyanate, and in its ability to grow on either
thiocyanate or cyanate as a sole source of nitrogen and on
thiocyanate as a sole source of sulfur. Other species and
strains of Methylobacterium have yet to be tested for any
ability to tolerate and use thiocyanate and cyanate as ni-
trogen sources, so this character cannot at this time be
claimed to be a diagnostic characteristic unique to M. thio-
cyanatum. The ability to degrade thiocyanate as a nitro-
gen source indicates that M. thiocyanatum possesses an
enzyme or enzymes that release ammonia from thiocyanate.
The presence of high activities of cyanase in thiocyanate-
and cyanate-grown organisms suggests that cyanate may
be an intermediate in thiocyanate breakdown, athough
we were not able to demonstrate a thiocyanate hydrolase
or ammonia production from thiocyanate in cell-free ex-
tracts. The specific activity of cyanase in crude extracts of
ammonium-grown organisms [up to 19 nmol NH; min
(mg protein)] was only 20 and 3%, respectively, of the
activitiesin cyanate- or thiocyanate-grown organisms, but
it did demonstrate that there was a low level of constitu-
tive synthesis of the enzyme. Growth in the presence of
ammonium ion and thiocyanate showed that very little
thiocyanate was hydrolysed in the presence of ammo-
nium. The activity of cyanase in cyanate-grown organ-
isms [up to 94 nmol NH; min~t (mg protein)~!] was simi-
lar to that seen in Pseudomonas fluorescens[128 at 30° C;
Kunz and Nagappan (1989)], but less than that observed
in E. coli [1,200 at 37° C; Anderson (1980)].

Protein profiles of the soluble proteins of pink-pig-
mented facultative methylotrophs subjected to SDS-PAGE
have been used as a taxonomic tool (Hood et al. 1988),
but atering the growth substrate was found to affect
the quantitative comparison of such electrophoretograms.
Our use of SDS-PAGE allowed us to visuaize quantita-
tive differences between polypeptide profiles of M. thio-
cyanatum grown with different nitrogen sources (Fig. 5),
and hence to show polypeptides that were predominantly
or uniquely expressed during growth with thiocyanate or
cyanate. While none of these has been biochemically
characterized, it is valid to draw comparison with data
from other thiocyanate- and cyanate-degrading bacteria.
By analogy with the cyanase of E. coli [an oligomer of
eight or ten identical subunits of mol.wt. 16,350 Da; Kunz
and Nagappan (1989)], the 17.9-kDa polypeptide (Fig. 5)
might be the cyanase enzyme whose activity we have
shown. The cyanase of M. thiocyanatum has not been pu-



rified, but our tests with crude extracts indicate aK,,, value
of approximately 0.07 mM, which is approximately ten-
fold better than that for E. coli (Taussig 1965; Anderson
1980). Aswith the E. coli enzyme, bicarbonate is required
for activity and cyanate is an inhibitory substrate, but the
Methylobacterium enzyme appears less sensitive to au-
toinhibition by cyanate (Anderson 1980; Anderson and
Little 1986). Two other polypeptides comparably ex-
pressed in organisms grown with either thiocyanate or
cyanate had molecular masses (25.1 and 27.2 kDa) that
are very similar to the molecular mass of the cyanate per-
mease of E. coli (26 kDa; Sung and Fuchs 1989; Ander-
son et al. 1990), suggesting that these polypeptides might
be involved in the uptake of thiocyanate and/or cyanate.
While permeases would be expected to be embedded in
the cytoplasmic membrane (Kaback 1992), it is known
that the cyanate permease of E. coli lacks the membrane-
spanning segments expected of a typica permease and
may be a peripheral membrane protein (Anderson et al.
1990). A permease with similar properties in M. thio-
cyanatum might thus be recovered at least in part in our
SDS-PAGE analyses, especially as the crude sonicated
cell preparation will have contained some membrane frag-
ments. The fourth polypeptide (mol.wt. 39.3 kDa) ap-
peared to be expressed only in thiocyanate-grown bacteria
(Fig. 5, band a). As such, it could be a component of ei-
ther a thiocyanate hydrolase or a permease protein neces-
sary for growth on thiocyanate: these possibilities remain
to be investigated.

The presence of approximately seven times as much
cyanase activity in M. thiocyanatum grown on thiocyanate
as compared to when it was grown on cyanate could be a
regulatory response of the organism to a toxic substrate:
thiocyanate was shown to be a competitive inhibitor of
cyanase and to depress the growth rate at concentrations
above 25 mM. Cyanase activity was not significantly af-
fected by sulfide and thiosulfate at concentrations likely
to arise in growing cultures, so these are not an indirect
cause of inhibition of either cyanase or growth rate by
thiocyanate. If thiocyanate is metabolized by a hydrolytic
pathway leading to cyanate, efficient growth would de-
pend on levels of cyanase sufficient to maintain the flow
of ammonium ion for biosynthesis in the presence of in-
hibitory thiocyanate. Alternatively, if thiocyanate metabo-
lism is by a carbonyl sulfide pathway (see Introduction,
Eq. 1), thiocyanate may be acting as a gratuitous inducer
of cyanase even though the enzyme is not involved in
thiocyanate metabolism. The mechanism of thiocyanate
degradation will be the subject of afuture study of this or-
ganism.

Description of M. thiocyanatum sp. nov.

Methyl obacterium thiocyanatum (sp. nov.) thio.cyan.at.” um
M.L.n. using thiocyanate.

Cells are gram-negative, nonmotile, pink-pigmented
rods, 0.8 x 2.0 um in size, without spores or capsules. The
pink pigment is nondiffusible. Catalase positive; oxidase
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variable; indole production and urease positive; methyl-
red and Vosges-Proskauer tests and H,S production nega-
tive. Growth occurs in the temperature range 15-37° C; no
growth at 5 or 44°C. Initial pH for growth pH 7.5-9.4.
Growth optimum at 30-37° C and pH 7.7. The G+C con-
tent of the DNA is 68.5 mol% (Tm and UV ratios). Res-
piratory ubiquinone is Q-10. Obligately aerobic, does not
denitrify. Thiocyanate, cyanate, methylamine, ammonium
or nitrate ion are used as a nitrogen source; does not fix
dinitrogen. Methylotroph and chemoorganotroph, with the
ability to derive cell-nitrogen from thiocyanate or cyanate,
and cell-sulfur from thiocyanate; thiocyanate and cyanate
tolerated at concentrations of at least 50 mM; thiosulfate
is produced from thiocyanate during growth. Utilizes
methanol, formaldehyde (1.25 mM), formate, methylamine,
glucose, fructose, arabinose (slow), citrate, succinate, fu-
marate, pyruvate, acetate, glutamate, nutrient agar, and
Luria-Bertani agar. Does not utilize sucrose, methane,
methanesulfonate, dimethylamine, trimethylamine or di-
methylsulfone, or grow as a chemolithotroph with thio-
cyanate, thiosulfate or tetrathionate as energy sources.
The organism was isolated from soil from around the
roots of A. aflatunense. The type strain is M. thiocyana-
tum strain ALL/SCN-P and has been deposited with the
Deutsche Sammlung von Mikroorganismen und Zellkul-
turen as DSM 11490.
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