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Abstract Enrichment cultures for heliobacteria at 50°C 
yielded several strains of a themophilic heliobacterium 
species from Yetlowstone hot spring microbial mats and 
volcanic soils from Iceland. The novel organisms grew 
optimally above SO°C, contained bacteliochlorophy 11 8, 
and lacked intracytoplasrnic membranes. All isolates were 
strict anaerobes and grew best as photoheterotrophs, al- 
though chernotrophic dark growth on pyruvate was also 
possible. These thermophilic heliobacteria were diazo- 
trophic and fixed N2 up to their growth temperature limit 
of 56°C. Phy logenetic studies showed the new isolates to 
be specific relatives of Hc.liohncrcriurn g ~ s r i i  and. as has 
been found in H. , q ~ . ~ r i i .  they prodttce heat-resistant en- 
dospores. The unique assemblage of properties found in 
these themophilic heliobacteria impticale them as a new 
species of this _croup, and we describe them herein as a 
new species of the genus Heliohcactrri~rm. Heliehar+teritcm 
arode.~~ic.ald~~m. 
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Themophilic representatives have been described for 
three of the six families of anoxygenic phototrophic bac- 
teria. Chlor-qfle,ws a111-anriactts. a filamentous nonsulfut 
green bacterium (Chloroflexaceae), can grow up to about 
70°C and is widespread in neutral to alkaIine hot springs 
worldwide (Castenhalz and Pierson 1995 ). Chlolahiurn 

tepidztrn, a preen sulfur bacterium (Chlorobiaceae). can 
grow up to 52°C (optimum, 48°C) and is found in acidic 
high sulfide New Zealand hot springs (Castenholz 1988; 
Castenholz et al. 1990: Wahlund et al. 199 1). Among pur- 
ple bacteria. only the purple sulfur bacterium Chr-omnticlm 
repidirrn (Chromatiaceae) is truly therrnophilic Ii.e., capa- 
ble of growth above 50°C: Castenholz and Pierson 1993, 
growing up to a b u t  56'C with an optimum of 48-SO°C 
(Madigan 1984, 1986). In addition to these organisms. 
several mildly thermophilic nonsulfut purple bacteiia, such 
as Rhodop.~cudornona.~ strain GI (Resnick and Madigan 
1989) and Rhodospi1-ilIz4rn renrenum (Favinger et al. 1989) 
have been isolated. but neither of these i s  capable of growth 
above 50°C (Castenholz and Pierson 1995). A similar situa- 
tion exists among Ectothiorhodospiraceae, as certain ex- 
tremely halophilic representatives, such as EctorJriol-fiodo- 
spil-a S~alochloris, grow optimally above 40°C, but are in- 
capable of growth above 50°C (lrnhoff and Triiper 1977). 

Al~hough most known species of Heliobacteriaceae 
grow optimally at around 40°C (Madipan and Ormerod 

1 995). until now no thermophilic species of heliobacteria 
has been described. Recently. a spore-forming sulfide-ox- 
idizinn heliobacterium was isolated from a Russian hot - 
spring. However, this organism has a growth temperature 
optimum of 30°C and, thus, the hot spring was probably 
not its natural habitat (Starynin and Gorlenko 1993). In 
this paper, we describe four strains of a truly thermophilic 
heliobncterium isolated from Icelandic mils and Yellow- 
stone hat spring microbial mats; all strains were capable 
of growth up to 56°C and showed growth temperature op- 
tima above 50°C. We describe these organisms herein as a 
new species of the genus Heliol~acter-ivm, Haliolmcreriurn 
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Materials and methods 

Sources of inocula 
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mat aample:: iron1 ~lnnaiiied thennal springs (45-70°C) near Ihe 
Firehole River and from Octopuq Spring tBrock 1978). Lowcr 
Gcyhcr Basin. Y t l~nws tan t  Naliunal Park. Irnnied~ately affer inoc- 
ulation. fnmc of the enrichments were p;~steunzed IX(I°C for 20 
min) hefore heing inculx~ted as dcsurikd k l o w .  From Ihe enrich- 
ments. I'our ri~in:. nf themophilic het iobactcria deqignared 
plralns Icel. Ice?. YSS. and YSh. were obnined in pure culture. 
The ~ y p e  strain or I - I ~ l i o l ~ r ~  Irri~lnt r ~ w ~ I r . ~ f i ~ ~ ! ( l ~ r n ~  I C  strain Ice1 
and i t  deposited along with %train YSb in the American Typz Cu- 
turc. Collcctinn: tlic ATCC accesqion n u m k r ~  are 5 1547 (Ice I ) 
;mtE 5 1577 1 YSh).  

Other heIic~bnctcria 

H~~IEohnc~rl*r+ijrnI ~ o s r i r  (Ormrrod et al. 1990: ATCC 4337.5, oh- 
l s~ned Irom J .  Orrnerotl ) and f l~~l iulwr rlltts nrohilrr (Beer-Romcro 
and Gest 1987: ATCC 41427. ohtalned I'rom H. Gesi) were also 
usccl in t l i iq  study. 

Mcdia and prowtli conditions 

Tliermophilrc hel~obacleriu from Icelandic r a m p l c ~  were enriched 
using ;I medium conhisting of 0.25% DDifco yeast extract. Yellow- 
stone iqolntes were enriched in a modit'itd GEMII medium (Gest ct 
:tl. 1 Y X f i )  consisting of (per liter uf deionized water): organic acid 
solution (sodium ~uccinarc.hH:O. 40 _c: sodium citmte,2H?O. 16 g: 
~1.-rnalic acid. 10 g; sodium acetate. 10 g: lactic acid ( X 5 T )  1 1.8 
ml; deionized H 2 0 .  300 anl: pH h.8) 15 ml; I r/r disodiurn EDTA, 
0.5 ml: MgS0,.7H10, 0.7 g ;  CnCI2-2W,O, 20 mg: sodium pyru- 
vnte. 2.2 g :  tracc element< (see belaw ), 1 ml: chelated iron solution 
(see k l o w ) .  2 ml: 0.64 M KPO, huffer (KH,PO,. 20 p: K,HPO,, 
30 g: deioniterl H1O, 500 ml) 15 ml: NH,CI. I g: d-hiot~n ( 150 pg/ 
rnl ethiinol). 0. I ml: vitrlrnin BIZ ,  10 pg. 

All hcliohncreria were grown routinely in medium PYE con- 
sisting of (per litcr of deionized water): K 2 H W , .  I g :  
MgS04.7H20. 0.2 p: CaCI2+2H,O. 20 rnp: Na2SzOT..5H?O, 0.2 p: 
sodium pyruvilte. 2.2 g: Dil'co yeaft cxtmct. 4 g: INH,),SO,, 1 g; 
tmce element.; (diuodium EDTA. 2.5 g: MnCI2.4H,O. 0.2 g; 
H,BO,, (1.1 g: NaMo0,-2H,O, 0.  I g: ZnCI?, 50 mg: NiCI,.hH,O, 
50 ms: CoC12-hH20. 10 my: CuC1,.2H,O. 5 mp: VOSO,.ZH,O. 5 
mg: Nn,W0,.2H10.  5 my; deionized waler, 75I) mI) 1 ml: chelated 
iron qolution {disndiurn EDTA. 1 g: FeCI7.6H,O. 0.5 g: concen- 
trated MC3 1 .? ml: distilled water, T 13. 2 ml: ri-biotin ( 150 pg/ml 
ethanol 1. 0. I inl; virarnin B,,, 70 pg. The pH was adjusted to 6.9 
beforc autoclnving. Of her media u ~ e d  For nutritional e x ~ r i m e n t h  
were the following: PMS, medium PYE m i n u ~  yeaqt cxtract; PMS- 
N. medium PMS mint!\ (NH,j2S0,: PMS-V. medium FMS mmus 
vitamins: MS. medium PYE minu\ yeact extract and pymvate. 

Cells were grown photohetemtrophically (anaembic/lightE in 
rtoppesed culture tuhes, compietety filled 2 4 0  ml screw-capped hot- 
tie., or Erlenmeyer flasks HF de~cr thed previnusly (Kirnble and 
M;ldig;in 1'302.). When present. tlrc Iieadspacc was flushed and ves- 
.;el\ were qealed under N2:C02 (955, vlv ,. Thermophilic heliohac- 
terin were ~ncuhattd at 48-SZ°C. while mesophilic heliobacteria 
were incubiiteri at 3T°C. A I-% volume u l  overnight cul~ure was 
uscd as inoculum, and vesseis were incubated in a circul;~ting wit- 
tcrhnth receiving 4,?00-h.WO lux (incandescent illuminar ion) In 
~ 1 1  CaFCC. 

Growth was rnen~ured as culture turbidity in a Klctt Summer- 
son photometer t i t t d  with a no.hh (red) Filter. Cell dry weight< 
were determined as deacri bet1 previottsly (Madipan and G c s ~  
1'1711). 

Ahsorption spectra 

Spectra of intact cells were determined anoxically by ccntrifuping 
I0 rnl of an overnight ci~ltilre and resufpcnding the cell pcllct In 3 
ml of 30r4, bovine yerum albumin soliition containing 0.1'fn w/v 
sodium ahcorkate inside an anaemhic hood. Upon removal, ab- 

sorption spectra were immediately measured in a Hitachi U-2000 
double-beam spectrophotomcter. For determination of spectra of 
acetone extract';, cell pellets were extracted with acetone anoxi- 
calIy : i ~  ODC in di~rkners Ibr 2 h. Spectra were detcrm,ined on the 
w v m a l a n t s  aher  centrifu~ing. 

Isolation of DNA and determination of the mol% G+C content 

The classical M a m u r  ( I96 1 )  method was found unsatisfactory for 
isolation of genon~ic D N A  from heliobacteri;~. Thus, the l'ollowing 
modification of thc Mnnnur method was employed. Forty rnilIi- 
litcrv of an overnight culture was centrifuged. and the cell pellet 
was resu<pcndcd in 5 ml TE lOmM Trix-HCI. 1 mM disod~ilrn 
EDTA, pH 8) .  Cerls were lysed hy tresmcnt with 50 p@ml [tinnl 
concentration) lyrozyme (37OC for 30 min), Follnwcd I>y 0.3% (f1- 
nal concentration) SDS ar 50°C for 5- 10 rnin. Proreinase K was 
then added to a final concentration of 100 m/mI. and the mixture 
incubated at 37°C for 3-6 h. The mixture was then extracted twice 
with cquol volumes oi' phenol and once with an equal volume of 
CHCI,. NuCl ( I M) was added to n final concentr:ttion of 0. I M,  
and rhe DNA waf precipifatcd with two volumes of cold ethanol 
and piaced at -20°C overnight. The DNA was then centrifuged. 
dried, and resuspended in 5 ml TE ancl treated with I00 pg/rnl 
RNaw k for 3 4  h a1 37'C. The DNA was then extracted once 
with an equal volumc of phenol. :md the DNA reprecip~tated as de- 
qcrihed previously. The resulting DNA was dissolved in 0.1 x SSC 
( I  x SSC contains 150 mM NaOl p l u ~  15 mM tri~odiurn citrate. pH 
7) to give an A,, of 0.2-0.4. The T,, wa\ detcrm~ncd from Ithe 
melting protile ucing an Hitachi U-70Ml spectrophotometcr 
eqilipped with a programmable thermoelectric ccll holder. DNA 
purified from Micrororcrrs Izrma (72'/r G+C),  Hriiohr~t.tllas nla- 
hili~ (50.3% G+C). E . v ~ h ~ r i ~ l t i o  roli (50% G+C) and Clo.vrridinrm 
p e t f i i r ~ ~ e n . ~  (28.6% G+CCE were used ax standards. 

16s rRNA sequencing 

16s ribosomal RNA war isolated from cell pellets, sequenced. and 
a phylogcnetic tree was constructed as tlescribed previously 
(Wahlund et al. 199 1 3 ,  

In vivo nitrogcnase rneasurcnients 

Nitrogenase activity in intact celEs was detern~incd by acetylene rc- 
duction us rlescribed previously (Kimble and Madigan 1992). ex- 
cept that ethylene was quantified in a Varian model 7440 gas chro- 
rnatoyraph fitted with a llarnt ~onizatlofi detector ( I  50°C1 ant1 Po- 
rapnk N column (70°C). 

Electron microscopy 

For sectioning. cells were fixed in glutaraldehyde. followed by 
OsO,. dehydrated in an ethanol series. and emlwdded with a 1 : 1 
mixture of EMSed XI2 and Spurn. Sections stained w ~ t h  uranyl 
acctatc and lead citnte were examined in a Hitachi H5IK)H trans- 
niission electron microscope operating at 75 kV. For scanning 
erectron microscopy. cells tixed in 1 % plutnraldchyde, followed hy 
OsO, were dehydrated in ethanol and subject to critical point dry- 
ing and then examined in a Hitachi SSJO >canning electron micro- 
scope operating at 70 kV. 

Chemicals 

Al! chemicals used were of reagent grade and were obtained from 
either Fisher. Mallinckrodi. or S I ~ ~ I  (all of St. Louis. Me.. USA 1. 
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Resub and discussion 

Enrichment, isolation and habitats 

Enrichments for thermophilic heliobacteria were set up in 
0.25% yeast extract medium (incubated at 50°C) with 
pasteurized soil samples obtained from various locations 
around the world (Australia, Iceland, Thailand. Japan, 
USA) that had previously yielded mesophilic heliobacte- 
ria (Stevenson 1993: Stevenson et al. 1993). Positive en- 
richments were only obtained using Icelandic soils and 
deveIoped within 3-7 days; the presence of heliobacteria 
was signaled by dull green growl h atop the soil in the bot- 
tom of a tube. Microscopic examination of these enrich- 
ments indicated that the predominant organisms were var- 
ious endospore-formers, some of which were large rods 
morphologically identical to cells of pure cultures of ther- 
mophilic heliobacteria (see below). In addition to the Ice- 
landic samples, crude enrichments for heliobacteria from 
Yellowstone h o ~  spring mat samples were obtained from 
Carl Bauer (Indiana University), and several enrichments 
were set up in our lab with Yellowstone mat samples col- 
lected by One of us (M. T. Madigan). Mat enrichments 
were set up in medium GEMTI or in 0.25% yeast extract 
media (either pasteurized or unpasteurized) and incubated 
at 45-50°C. Positive enrichments from mat samples de- 
veloped only in GEMTT medium (both pasreurized and un- 
paslteurized) within 5 days and contained motile rod- 
shaped cells; endospores were only observed in the pas- 
teurized enrichments. All primary enrichments were 
streaked for isolation on PYE agar plates and incubated in 
Gas Pak anoxic jars ar 50°C. From the enrichments, four 
pure cultures of thermophilic he1 iobacteria were eventu- 
ally obtained and were designated strains Ice l and Ice2 
(Icelandic isolates) and YSS and YS6 (Yellowstone iso- 
lates). 

After obtaining the Yellowstone isolates. we used 
medium GEM11 to reexamine the soils originally tested 
with yeast extract as enrichment medium for the presence 
of thermophilic heliobacteria. However, as with the yeast 
extract enrichments, none of these soils yielded zher- 
mophiIic heliobacteria. This indicates that thermophilic 
heliobacteria were not inadvertently overlooked in tem- 
perate and tropical soils and that the natural habitats of 
these organisms really are hot springs and volcanic soils. 
A further indication of this is the report by Castenholz and 
Pierson ( 1995) of the occurrence of thermophilic he- 
liobacteria in  neutral to alkaline Oregon hot springs. Thus. 
it is possible that these organicms inhabit hot springs 
worldwide whose temperatures are under 70°C. 

Morphology, spore formation. 
and photosynthetic pigments 

Cells of all strains of thermophilic heliobacteria were rod- 
shaped or slightly curved, measuring 0.8-1 pn wide by 
2.5-9 pm in length (Fig. 1 A). As observed by phase-con- 

trast microscopy, most cell!, had one to two prorntnenl 
dark granules (Fig. IA), the chemical nature of which it; 

unknown. As in all heliobacteria isolated tl~us Far (Gest 
and Favinger 1983; Miller et a! 1986: Ma'digan and 
Ormerod 1993). electron micrographs of thin sections of 
cells (Fig. 1 B, I D) revealed the absence of any t ypc of in- 
tracytoplasrnic photosynthetic membranes. 1n liquid cul- 
tures. strains Tcel. Ice2 and YS5 were motile. and scan- 
ning electron micrographs of strain YS5 showed cells 
containing polar or subpolar flagella (Fig. I El. Strain YSh 
was imrnotile and scanning electron micrographs (Fig. 
1C) showed no sign of flagella. All strains stained pram- 
negatively. The cell wall of strain YS6 (Fig. ID) appeared 
more rugged than that of strain Icel, hut neither strain 
showed evidence of a lipopolysaecharide layer typical of 
most other anoxygenic phototrophs. 

Endospore fnnnation has been observed in several 
species of lnesophilic heliobacteria (Ormerod et a!. 1990: 
Starynin and Gorlenko 1993). and we observed en- 
dospores in pure cultures of all four thermophilic he- 
liobacteria. Although produced in low numbers. when 
present endospares were cylindrical in shape and located 
suhterminalIy in the cell before release. Week-old cultures 
of a1 l themop11 ilk heliobacterin were able to survive pas- 
feurization, indicating t hat the spores produced are heat- 
resistant. 

Absorption spectra of intact cells of all strains of ther- 
mophitic heliobacteria were nearly identical, with rnqior 
peaks at 788. 670, and 575 nm (Fig.2). indicating that 
bacteriochlosophyll g was the ma-ior chIoropl~yl I pigment 
present (Brockman and Lipinski 1 983). Absorption spec- 
tra of acetone extracts of strain Ice! had major peaks at 
760, 663, 568, 409, 436, and 469 (Fig.2). Peaks ar 4.76 
and 469 suggest that as for rnesophiIic heliobacteria (van 
Dorssen et al. l9X5). neurosporene is the major carolenoid 
present in thermophilic he1 iobacteria. 

Temperature relationships 

The upper temperature limit for growth of previously iso- 
lated heliobacteria was U ° C  (Reer-Romero and Gcst 
14R7; Mdigan 1992). By contrast, nll strains c ~ f  ther- 
mophitic heliobacteria grew up to 56°C with optimal 
growth (_peneration timcs approximately 3 h in medium 
PYE) occurring at 50-52°C (Fig.3). At Sh°C, cells be- 
came elongated, indicating possible inhibition of cell divi- 
sion at the temperature maximum. Na growth was oh- 
served below 23'C (Fig.3). By contrast. [he nlesophilic 
species Helinknr. i l f~~s mohilis. used as a control in these 
experiments, had an optimal srowth temperature of about 
37°C and continued to grow up lo about 44'C (Fig.?). 
Thus a major differentiating property between the new 
isolates and all previously isolated heliobacteria is ther- 
mophity; the isolated strains reported herein :ire the first 
heliobacteria to grow optimally above 50°C. Accordin_gly. 
the Icelandic and Yel lowstone heliobacteria are true ther- 
rnophilic phototrophs (Castenholz and Pierson 19951. We 
thus propow to create a new species of heliohacteria, 



Fig.1 A Phax contrast photomicmgnph of cells of E#eliuhar- 
rerium modesrit.oldiim strain Ice l (hor 3 pm); I3 transmission elec- 
tron micrograph of thin sections of cells of H .  rnndesrir~uldr~m 
strain Icel. Nore the absence of intmcyzopla~mic membranes or 
chlorosomes [bur 1 p): C scanning electron micrograph ol' cells 
of H. rnori~stil.uldrtm strain YS6. Note the absence 01' flagella (/>or 
3 pm); D transmission electron micrograph of  thin sections of cells 
of  H. mndesrrr.ullrtn~ strain YS6. Note rugged cell wall structure 
compared to Ice I in B (bur 0.5 p); E scanning electron micro- 
graph ol' cells of H. n~ocf~~~rk~uldutn strain YS5 containing polar or 
subpalar flagella ( h r  1 pm) 



Fig.2 Absorption spectra of 
intact cell< (.~nlid line) and ace- 
tone extracts (dashed line) of 
cells of Helruhuc.r~r-irim modes- 
rir-rildrrm strain Icel. All spec- 8 tra were perfbrmed anoxically c 
as described rn Matprluls and " 
rnerhods e 
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Fig.3 Gmwth rate as a function of temperature for Heliohar- 
re? irrm morlrsrir~ldum strain Ice 1 (jTllecl cilcle.7) and Heliohncilltts 
mobilis (open ~. i r r I rx) .  Cells were grown in medium PYE at a fight 
intensity of approximately 5.0110 lux 

H~liohocterium rnode.r!icatdum, to accommodate helio- 
bacteria with properties of the thermophilic isolates. 

Nutrition of Heliohocreriurn modesticaldurn 

Growth of Helfohact~rium modesticaldurn occurred under 
either phutoheteromphic or chernotrophic (anaerobic dark) 
condilions. All four strains required only the vitamin biotin 
as a growth factor, In addition, each strain also required a 
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reduced sulfur source for biosynthetic purposes. Strains 
Icel, Ice2, and YSS utilized thiosulfa~e. sulfide, methion- 
ine. or cysteine as reduced sulfur sources. whiIe strain 
YS6 absolutely required sulfide, methianine, or cysteine. 
Carbon nutritional studies of therrnophilic heliobacteria 
showed that they are quite restricted in this regard. Of the 
organic compounds tested. photohetero~rophic growth of 
H. modcsricnlchm was observed onIy with pyruvate, lac- 
tate, acetate, or with y e w  extract (interestingly, although 
not suitable as an enrichment medium, yeast extract sup- 
pnned good growth of pure cu ttures of Yellowstone strains 
of H. mndesticrrld~rrw), No growth was obtained with the 
fallowing carbon sources; butyrate (plus C02). malate, 
succinate, fumarate, propionate (plus CO?), n-butanol (plus 
CO?), propanol (plus CO?), benzoate, glycerol, rnannitol. 
ribose, fructose, glucose, sucrose, and ethanol (plus CO?), 
many of which have previously k e n  shown to be pho- 
toassimilated by one or another species of mesophilic he- 
liobacteria (Stevenson 1993: Starynin and Gorlen ko 1 993: 
Madigan and Ormerod 1995). As described previously for 
mesophilic heliobacteria (Kirnble et al. 1994), growth of 
H .  modesticaldurn also occurred under anaerobic chemo- 
trophic conditions with pyruvate. The pH optimum for 
growth of H. rnode.~ticoldtrm varied somewhat wirh the 
strain. Strains Icel, Ice2, and YSS grew best at pH h, 
while strain YS6 grew best at pH 7; the limits for growth 
were from pH 5.5 to about pH 8 (data not shown). 

Ammonia and glutamine sewed as nitrogen sources for 
all strains of H .  rnodesticald~~nl. ~owever.'the amino acids 
glutamate, aspartate, asparagine, and l ysine, which served 
as nitrogen sources for various mesophilic heliobacteria 
(Stevenson 1 993, Stevenson et al. 19931, were not utilized 
by the ~thermophiles. N, also served as a nitrogen source 
for H .  modesticaidurn. Nitrogenase assays of cell suspen- 
sions of strains Ice1 and YS5 showed high rates of acety- 
lene reduction near 50°C and measurabIe activities at 
5S°C; no nitrogenase activity was present at 6Q°C (Table 
1).  Diazotrophic growth of strain Ice1 occurred just as 
well at SO°C as at 4592, but only very slow growth oc- 
curred at 55°C (data not shown), the temperature limit for 



Table 1 Nitrogcnnsc activity of Ilrliohorr~r-ilm~ niodcsri~~aldun~ excess ammonia. oresurnablv due to reoression of  nitrope- c- 
ns a runction nf tcrnpcrature. Both strains were grown photrrqyn- naFe synthesis. 1; however,' nitrogenase of H .  
~heticnlly at 45°C on N2  IS SOIC nitrogen 'murce. The douhling time 

<train Icel was 7.4 h and of YS5. 7.2 h* RLltp is expressed as n'flde.ftico1dun7 was inacrivated when ammonia added 
~ 0 1  ethylene pmduccd h-1 (Imx hac-erial dn, wcighr)-'; l ,pl .rptl! to cell ~ I I ~ p e n ~ i o n s  of ni tro'opn-fixing cultures (data not 
rrc~i~,irr is that with rcsvct to optimal nitrogcbase rite obtained at shown). This phenomenon. known as the ammonia 
45°C (<train YS5) or fin"C (strain !cell: IVA no activity "switch-off" cfltct, i s  widespread in anoxygenic pho- 
Srrnin Assay Rate totrophs and has been observed previous1 y in mesophilic 

temperature activily heliobacteria (Kirnble and Madisan 1992). 
("C, 

99 Genetic properties 
1 0  

growth on ammonia (Fig. 3) .  Thus, H .  trrod~sricrrln'ttm 
joins the green sulfur bacterium Chlr)mhirmm r~piclrtm 
(Wahlund and Madignn 1993) as the only anexyeenic 
phototrophs known to fix Nz above 50°C. 

As for all diazotrophic bacteria, ni trugenase activity 
was not present in cells of H .  ~lrnd~srir.rrlr/~cnr grown on 

Eig.4 Phylopenetic po\ition of 
l ~ ~ / l o i ? o c l c r - i ~ ~ n ~  nlodt,.Ttil (l/dl#l?~ 
ijmofig mrsophilic I~eliohacte- 
r i a  qpcvies and other thcr- 
rnophilic :tnoxygcnic phir  
totrophq. Scrrlr indicstru diq- 
taltce on the wee rtl~rrvalmt 10 

3 0 ntrcleotide ruh\t~tution\ per 
1110 nucleotides in 165 rRNA. 
Al l  scqttence.; h:wr k e n  dr- 
posited In Genhonk as follows: 
E.vr.l?et.ic lriu r.oli. M23X2X: 
Clrlnrnhitmr rrpill~trr~. M5X4hX; 
Ct~rotni~tittt~? rf~p1~11;t~j. 
MS91.50: Roc.illrr\ .vrrh!ili,z, 
M l OhOh: Ilrlioi~cic~illit.r 
tvoh111.v. tJ I 4Sfdl: I ~ ~ ~ l i o I ~ ~ r c  - 
t ~ r i r r n ~  1 hlor*rtrrr, M I 12 12: l-lr- 
Iiohr,~.r(~r.r~~nz ,yt,srri. U 1453R: 
and l ~ ~ ~ l i ~ / ~ c ~ r r ~ ~ r i ~ ~ ~ ~ ;  tr~f~dc,v~i- 
rcrirtrm~. C1145.59 

The DNA base composition (measured by thermal denat- 
uration) of DNA purified From H. mod~.~tic~n/rizrrn strain 
Ice I was 54.6 mo1% G+C, well within the range for other 
members of the heliobacteria 150.3-54.8%; Madigan and 
Omrerod 19951 and very close to that of the mesophilic 
species Heliohacr~r-izrm gestii (54.8%). As a control, iden- 
tical procedures were carried out on DNA isolated from 
cells of Hcliol~ncill~rs mohilis and yielded a value of 50.X 
molB G+C, only slightly higher than the previously pub- 
lished value of 50.3% for this organism (Beer-Rornero 
and Gest 1987). 

The phylogenetic position of H. mode.~ric*olrlum strain 
Ice1 was examined by 16s ribosomal RNA sequencing. 
Sequencing data (Table 2 and Fig. 4) cIearl y place the new 

I ChIornbium fepidum 



Tabre 2 Evolutionary distance 
1 2 3 4 5 6 7 matrix [percent dissimilariry) 

for a collection of bacterial 
16s rRNA I. Heiioharteriunt gesrri 

I 

HP{jo/xrrrprjrrnr n ,d~r i r . c l f&rm 2. Heliohacteri~im modrsrfcn!d~tlrm? 2.2 
(see Maferinls utrd n~rfhorl.~). 3 .  Hrliohncr~n~irn rhlor-rtm 4.1 4.4 

positions represented 4. Heliohacillrr,~ mohilis 4.9 4.8 2,ti 
a known nucleot~de in all 5. Rorill~rs subtili,r 
sequences in the alignment are 

56.2 17.0 17.3 17.9 

considered in ihe analysiq 6 .  Citlurc~hir~rn tcpirlrrrn 27.8 27.9 27.6 2X.X 26.6 
7 .  Chr-on~ari~tm t~picltm~ 22.5 22.5 22.1 22.8 23.8 28.0 

Table 3 Summary of properties of helioharleria 

Propeny He/iohat~reri~trn mod~sticuEdurn" H~lioharrerirrrn Hclioh~chil/rrs H ~ , l i t > h ~ t ~ ~ f e r i ~ t r ~ ~  
rhlorlrnth rnobrli~~ , y e . v i ~ ~  

Icel YS6 

Habitat YeIlowstone 
hot spring(s) 
Rod 
0.8-1 x 3-9 Nrn 
None 

Temperate soil Tropical paddy sail Tropicit1 paddy soil 

Morphology 
Dimensions 
Motility 

Rod/curved rod 
1 x 2 .54 .5  pm 
Flagellar 

Rod 
1 x 7-9 prn 
GIiding 

Rod 

I x7-10pm 
Peri tnc hous 
flagella 
Pyruvste, lactate. 
acetate, butyrate + CO,, 
yeast extract 

Mulriple suhpolar 
flagella 

Carbon sources 
pholometabolized 

Pyruvate, lactate, 
acetate. yeast extract 

Pyruvtlte. lactate, 
acetate. yeast extract 

Pyruvate. lactate, 
yea32 exttdct 

Pyruvate, lactate. 
acetate. butyratc+ CO?, 
ethanol + CO,. 
yeast extract 

Biosynthetic 
sulfur sources 

S,O,. sulfide, 
rnethionine. 
o r  cystelne 
Yes 

Sulfide, cysteine. 
or methionine 

SO4'-, S203. 
methionine, 
o r  cysteine 
None observed 

SO$'-, S?03.  
methionine. 
o r  cystcine 
None observed 

SQ,. methioninc, 
or cysteine 

Endoswres 
produced 
Optimum 
temperature ("C) 
GC conreni 
(mol%,) 

Yes Yes 

Data from this papcr 
Data from Gest and Favinger (1983) 
Data from Beer-Romero and Gest ( 1  987) 

W a t a  from Ormerod el al. ( 1990) and Madipan and Ormerod ( 1995) 

organism within the low G+C gram-positive branch of the Final remarks 
Bacteria, which includes the genera Bncillus and C[o.~trid- 
itrm (Woese 1987). but specifically in with other known 
heliobacteria (Woese et al. 1985). A phylopenetic tree 

A summary of the major properties of heliobacteria, in- 
cluding the new species H. a7odesricaldi~rn, is shown in 
Table 3. Major differentiatins features include habitat. 
certain nutritional features, temperature requirements, and 
phylogeny. In addition, endospores are clearly produced 
by H. gestij and H. rnncl~,~t i r .a l~l~~m,  while H. clrlort~m and 
H .  mohilis have not been observed to sporulate (Table 3). 

Discovery of the heliobacteria has brought a deeper 
understtanding of the roots of photosynthesis, especially 
concerning Photosystem I o f  preen plants, which closely 
resembles the reaction center of heliobacteria (Blanken- 
ship 1992). The discovery of a thermophilic species of he- 
liobacteria, Helinhacr~r-iunr modesricaldrtrn, shows that 
most fami t ies of anoxygenic phototrophs contain rher- 
mophilic species and should make available a source of 
thermally stable bacteriochlorophyll g pigment-protein com- 
plexes for further biophysical research. Moreover. !he strong 

generated from comparative sequence data showed H. 
nlodesricaldrtm strain Ice1 ta be distinct from other he- 
liobacteria and to be a specific relative of Heliohacf~rilam 
gestii: H, ge.~fjj and H. ~norlesricaldum form a cluster dis- 
tinct from a second one containing H ~ l i o h a c ~ i u m  chln- 
rim and Heliohclcillia mobitis (Fig. 4). 16s rRNA se- 
quencing of H. modesticaIdrtrn strain YS5 showed it to be 
nearly identica1 (>99.5% similarity) to strain Icel, and 
thus the Yellowstone and Iceland isolates are likely strains 
of the same species. As expected, other thermophilic 
anoxygenic phototrophs, such as Chlorohf~~m tepidurn and 
Chromariirnl tepidurn, are phylogenetically quite distant 
from H. modesticaldurn (Fig. 4). 



N2-fixing properties of H. rnod~stir'ahium suggest that it 
may be ecolagically important in hot spring microbial mats 
and certain types of volcanic soils. In this connecdon, Field 
studies of nitrogen fixation in Yellowstone hot spring mi- 
crobial mats have implicated the heterocystous cyanobac- 
terium Masti,qoclad~~s laminusus as ?he main diazotroph 
present at 5&55"C (Wicksrrom 1980). However, because 
H. mndesrir.ald14rn inhabits these same types of mats. it is 
possible that a portion of the fixed nitrogen is contributed 
by this anoxyphototroph instead. Bn fact. because the 
anoxygen ic phototroph Chlol-r?fle.~-~s aul-nntiacus, a major 
component of neutral to alkaline hot spring microbial 
mats (Pierson and Castenholz 1 974: Castenholz and Pier- 
son 1 995). is nondiazotrophic (Heda and Madigan 1986). 
H .  mo~i~st icald~~rn may be the only anoxyphototroph con- 
tributing fixed nitrogen in these hot springs at tempera- 
tures above 47°C the apparent upper temperature limit 
for ni trogen-fixing nonsvlfur purple bacteria (Favinger et 
al. 1989: Resnick and Madigan 1989). 

Description of He/iof?~cic~-irtrn ntorle.stfcalfim 

~~~~~~~~~~~~iirm rnodes?iuald~~rn (modesti. caldum. L., mod- 
erately hot). Cells rods or curved rods measuring 0.8-1 
pm wide by 2.5-9 p n  long. Stain gram-negative. Motile 
by flagella or nonmotile. Contain bacteriochlorophyIl 8. 
Absorption spectra of intact cells show major peaks at 
788, 670, and 575 nrn. Neurosporene is probably the only 
carotenoid. Chlorosomes or intracytaplasrnic membranes 
absent. Forms cylindrical subtetmina~~endos~ores. 

Obligate anaimbe can grow phototrophically by pho- 
toassimilating pymvate, lktate, and acetate, or cherno- 
trophically on pyruvate. Sugars and other organic acids 
are not utilized. Ammonia. glutarnine. and N2 serve as ni- 
trogen sources. Biotin is required. Thiosulfate, methim- 
ine, or cysteine required as biosyntheric sulfur sources. 
Optimal pH C-7. Optimum growth temperature 52°C. 
Maximum temperature 56°C; minimum 25-30°C. NaCl 
not required for growth; growth inhibited by 1% NaCI. 
~abi ta i :  neutral t i  alkat in; hot springs or volcanic soils. 

DNA base ratio: 54.C-55 mol% G+C. Type strain Ice I ,  
isolated from Icelandic soil obtained from the vicinity of 
hot springs, Reykjanes, Iceland. Deposited in the Ameri- 
can Type Culture Collection as ATCC 5 1547, 
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