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Abstract. Thermophilic green sulfur bacteria of the genus 
Chlorobium were isolated from certain acidic high sulfide 
New Zealand hot springs. Cells were Gram-negative 
nonmotile rods of variable length and contained bacterio- 
chlorophyll c and chlorosomes. Cultures of thermophilic 
chlorobia grew only under anaerobic, phototrophic con- 
ditions, either photoautotrophically or photoheterotro- 
phically. The optimum growth temperature for the strains 
of thermophilic green sulfur bacteria isolated was 4 7 -  
48°C with generation times of about 2 h being observed. 
The upper temperature limit for growth was about 52 ° C. 
Thiosulfate was a major electron donor for 
photoautotrophic growth while sulfide alone was only 
poorly used. N 2 fixation was observed at 48°C and cell 
suspensions readily reduced acetylene to ethylene. The 
G + C content of DNA from strains of thermophilic 
chlorobia was 56.5-58.2 mol% and the organisms 
positioned phytogenetically within the green sulfur bac- 
terial branch of the domain Bacteria. The new photo- 
trophs are described as a new species of the genus 
Chlorobium, Chlorobium tepidum. 
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Thermophilic phototrophic prokaryotes are the major 
components of laminated microbial mats that develop in 
the outflow waters of hot springs worldwide (Brock 1978; 
Castenholz 1969). In oxygenic microbial mats, either uni- 
cellular or filamentous cyanobacteria (or both) are pre- 
sent in the upper mat layers, usually in association with 
the filamentous green bacterium ChlorojTexus aurantiacus 
(Bauld and Brock 1973; Pierson and Castenholz 1974a), 
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and in some mats, with the filamentous 
bacteriochlorophyll a-containing phototroph Heliothrix 
oregonensis as well (Pierson et al. 1984; 1985). Thermo- 
philic nonsulfur purple bacteria are also present in certain 
oxygenic microbial mats (Resnick and Madigan 1989). By 
contrast, anoxygenic microbial mats have been described 
from certain springs in which relatively high sulfide con- 
centrations prevent growth of cyanobacteria, and hence, 
oxygen production (Castenholz 1973; Giovannoni et al. 
1987; Ward et al. 1989). Such springs are typically pH 
neutral and average 30-60  laM in sulfide (Castenholz 
1977; Ward et al. 1989). Anoxygenic mats can contain 
nearly pure stands of Chloroflexus (Giovannoni et al. 
1987) or mixtures of Chloroflexus and the thermophilic 
purple sulfur bacterium Chromatium tepidum (Madigan 
1984; 1986). Elemental sulfur is abundant in anoxygenic 
mats due to phototrophic oxidation of sulfide, and glob- 
ules of elemental sulfur can be found attached to the 
outside of cells of Chloroflexus (Madigan and Brock 
1975; Giovannoni et al. 1987) or within cells of 
Chromatium (Madigan 1984;  1986). Strains of 
Chloroflexus isolated from anoxygenic mats (designated 
GCF strains) are dark green in color, contain 
bacteriochlorophyll c, and are obligately phototrophic, 
differing in the latter connection from strains of C. aur- 
antiacus isolated from oxygenic mats, all of which retain 
the ability to grow aerobically in darkness (Pierson and 
Castenholz 1974a, b). Nevertheless, GCF strains of 
Chloroflexus are filamentous bacteria, morphologically 
similar to Chloroflexus strains isolated from oxygenic 
mats (Giovannoni et al. 1987). 

In the central volcanic area of North Island, New 
Zealand, unlaminated anoxygenic mats containing a rod- 
shaped green bacterium have been found in the outflow 
of certain hot springs (Castenholz 1988; Castenholz et al. 
1990; Ward et al. 1989). Springs in which these, mats 
develop are characteristically acidic (pH 4 .5-  6), contain 
high sulfide levels (0 .2-2 mM), and:have temperatures 
in the range of 45-55°C (Castenholz 1988; Castenholz 
et al. 1990). From samples of three such springs we have 
isolated pure cultures of rod-shaped green sulfur bacteria 
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capable of growth up to 52°C (optimum ca 47-48  ° C). 
These organisms contain bacteriochlorophyll c and 
chlorosomes and are phylogenetically related to 
mesophilic green sulfur bacteria. However, because of a 
number of novel properties associated with these new 
anoxygenic phototrophs, including in particular their 
thermophilic character and lipid composition, we de- 
scribe these organisms herein as a new species of the 
genus Chlorobium, Chlorobium tepidum. 

Materials and methods 

Source of the new organism 

All strains of thermophilic chlorobia were isolated from microbial 
mats that developed in acidic high sulfide New Zealand hot springs. 
The location of  all springs is detailed in Castenholz et al. (1990). 
The type strain of Chlorobiurn tepidum is strain TLS (Travelodge 
Stream; ATCC 49652). Two additional strains, designated S. PTE.-I 
and GVP, were also obtained in pure culture by repeated application 
of the agar shake tube technique. 

Media 

All strains were routinely grown in maintenance medium, which 
was a modified version of Pfennig's medium consisting of (per liter 
of deionized water): EDTA, 10 mg; MgSO4 • 7 H20, 0.2 g; CaC12 
• 2 HzO, 50 mg; NaC1, 0.4 g; KH2PO4, 0.5 g; NH4C1, 0.4 g; 
ammonium acetate, 0.5 g; Na2S203 • 5 H20, 1.0 g; trace elements 
(EDTA, 5.2 g; CoClz - 6 HzO, 190 mg; MnClz - 4 H20, 0.1 g; FeCI2 
• 4 HzO, 1.5 g; H3BO3, 6 mg; CuClz • 2 H20, 17 mg; NazMoO4 • 
2 H20, 188 mg; NiC12 - 6 HzO, 25 mg; ZnCI2, 70 mg; VoSO4 • 2 
H20, 30 mg; Na/WO4 • 2 H20, 2 rag; NaHSeO3, 2 rag; deionized 
water, 1 1), 1 ml; vitamin Bx2, 20 gg; NaHCO3, 2 g; NazS - 9 HzO, 
0.6 g. Bicarbonate was autoclaved as a dry powder which after 
cooling was dissolved in sterile deionized water and the solution 
bubbled aseptically with pure CO2 for twenty minutes before being 
added to the basal salts. Crystals of NazS • 9 H20  were washed in 
deionized water, dried, and then dissolved in boiling water and 
autoclaved immediately. After addition of sulfide to the sterile salts/ 
bicarbonate/acetate medium, the pH was adjusted to 6.9 and the 
medium immediately dispensed into completely filled 17 ml screw- 
cap tubes or 250 ml bottles. 

Growth conditions 

Freshly inoculated cultures were placed in the dark for 2 -  3 h before 
being placed in the light (5400 lux, incandescent lamps). Cultures 
were grown in water baths at 47 ° C or in an incubator room at 4 4 -  
48°C. 

Bacteriochlorophyll and protein analyses 

Absorption spectra were performed using an Hitachi U-2000 
double-beam speetrophotometer. Spectra of  intact cells were 
performed by suspending a few drops of an overnight culture in 
60% sucrose. Extractions were performed by treating cell pellets 
with ice-cold methanol for 30 min in darkness, centrifuging at 
27000xg  for 20 min and running spectra on the supernatant. 
Bacteriochlorophyll c concentrations were determined from meth- 
anol extracts at 669 nm using the extinction coefficient 86 1 - g -  1 • 
cm-1 and bacteriochlorophyll d at 656 nm using the extinction 

coefficient of 82.3 1 - g -  1 . cm-  1 (Stanier and Smith 1960). Protein 
determinations were done using a dye-binding assay (Bulletin 1069; 
Bio-Rad Laboratories, Richmond, CA). 

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

The Marmur (1961) procedure was found to give inconsistent D N A  
yields from thermophilic chlorobia, thus a modified method was 
developed for obtaining high yields of  genomie DNA. Cells (0 .2 -  
0.4 g wet weight) were suspended in 5 ml saline-EDTA buffer (0.15 
M NaC1, 0.01 M EDTA, pH 8.0) and lysed by the rapid alkaline 
method of Beiji et al. (1987). The lysate was centrifuged for 5 rain 
at 30 590 x g and both the pellet and supernatant phases were treated 
with 1 mg of RNase for 45 min at 50 ° C, and then with 300 mg 
proteinase K overnight at 37°C. Following a single chloroform 
extraction, D N A  was spooled with ice-cold ethanol and dissolved 
in 20 ml of 0.01 x SSC (1 x SSC = 0.15 M NaC1, 0.015 M trisodium 
citrate pH 7). NaC1 (1 M) was added to a final concentration of 
0.1 M, and the D N A  was reprecipitated with an equal volume of 
cold isopropanol. The spooled D N A  was dissolved in 0.1 x SSC to 
give an A260 of 0.2--0.4, and the Tm determined from the melting 
profile using an Hitachi U-2000 spectrophotometer equipped with 
a thermoelectric cell holder. D N A  purified from Mieroeoceus luteus 
(72% G + C), Escheriehia coli(50% G + C), Calf thymus (43.2% G 
+ C), and Clostridium novyii (29% G + C) were used as standards. 

16S rRNA sequencing 

R N A  was isolated and the 16S rRNA sequenced by methods pre- 
viously described (Brosius et al. 1978; Weisburg et al. 1989). 
Sequencing employed the dideoxynucleotide chain termination 
method (Sanger et al. 1977; Biggin et al. 1983) adapted for direct 
rRNA sequencing using reverse transcriptase (Lane et al. 1985; 
Weisburg et al. 1989). The 16S rRNA sequence of C. tepidum has 
been deposited in GenBank under the accession number M58468. 
It is more than 90% complete. Sequences were aligned in a sequence 
editor against a representative collection of bacterial 16S rRNAs 
(Woese et al. 1985), the pairwise evolutionary distances computed 
from percent similarities using the Jukes and Cantor (1969) correc- 
tion as modified by G. J. Olsen (see Weisburg et al. 1989). The 
phylogenetic tree was computed from evolutionary distances by the 
method of De Soete (1983). 

Nitrogenase 

In vivo nitrogenase activities were determined by acetylene re- 
duction as described by Madigan et al. (1984), except that the 
headspace in serum vials was N2 instead of argon, light intensities 
for assays were approximately 5000 lux, and assays were run at 
47 -48°C .  Nitrogen-fixing cultures of C. tepidum were grown in 
maintenance medium in which sodium acetate was substituted for 
ammonium acetate, NH4CI was deleted, sulfide was increased to 
0.9 g NazS ' 9 H20/liter, and 0.5 mM g-cysteine was added. Cells 
were grown on Na in stirred serum vials containing a headspace of 
N2. 

Electron microscopy 

Cells were fixed by the method of Ryter et al. (1958), dehydrated in 
an ethanol series, and embedded in Spurr low-viscosity embedding 
medium. Sections were stained with uranyl acetate and lead citrate 
and micrographs taken on a Philips model 1300 electron microscope 
operating at 60 kV. 
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Chemicals 

All chemicals used were of reagent grade and were obtained from 
either Fisher Scientific or Mallinckrodt Chemicals. RNase and pro- 
teinase K were obtained from Sigma; Na2SzO3 • 5 H20 was obtained 
from Fisher. 

Results 

Enrichments and isolation 

Several strains of a new thermophilic rod-shaped green 
bacterium were isolated from mat samples collected from 
high sulfide hot springs located in the central volcanic 
area of North Island, New Zealand (Castenholz 1988; 
Castenholz et al. 1990). Springs yielding green bacteria 
contained high levels of sulfide (0.2- 2 mM) and were of 
relatively low pH (4.3 -6.0). One such mat environment, 
named "Travelodge Stream" (Sulphur Bay, Rotorua, see 
Castenholz et al. 1990), consisted of a claylike channel 
covered with a dark green layer of unicellular bacteria. 
Core samples taken from Travelodge Stream showed a 
thick but relatively loose unlaminated dark green bac- 
terial mat covered with a yellowish surface precipitate of 
elemental sulfur. The temperature of Travelodge Stream 
was about 45 ° C over the Chlorobium mat and the source 
water contained about l m M  sulfide at pH 5.9 
(Castenholz 1988; Castenholz et al. 1990). 

Nonmotile green rod-shaped bacteria were observed 
microscopically from samples of the mat, and absorption 
spectra of mat material suggested the presence of organ- 
isms containing bacteriochlorophyll c. Enrichment cul- 
tures established with mat material from Travelodge 
Stream in a sulfide/CO2 medium (Madigan 1986) con- 
taining 0.01% yeast extract and vitamin B12 and incu- 
bated at 45 ° C in 1000 lux incandescent light, yielded dark 
green cell suspensions within 48 h. The same medium 
supplemented with acetate (maintenance medium, see 
Methods) and inoculated with Travelodge Stream mat 
material yielded brilliant red cell suspensions, which upon 
subsequent isolation and purification proved to be a 
Chromatium species, probably related to Chromatium 
tepidum (Madigan 1986). However, from enrichments es- 
tablished in maintenance medium using inocula from two 
other New Zealand hot springs mats, additional strains of 
green bacteria were obtained. The strains were designated 
TLS (Travelodge Stream), GVP, and S.PTE.-1. Strain 
S.PTE.-1 (Sulfur Point) came from a hot spring (~  50 ° C, 
pH 5.8) located at Sulfur Point-1 on the shore of Lake 
Rotorua, whereas strain GVP (Government Vent Pool) 
was from a spring-fed pond (~  30 ° C, pH 6.1) at Govern- 
ment Gardens, Rotorua (Castenholz et al. 1990). In shake 
tubes, colonies of all strains had clearly defined margins. 
Colonies of strains TLS and GVP were intensely dark 
green in color; colonies of strain S.PTE.-1 were light 
green to yellow green. 

Morphology and photosynthetic pigments 

Individual cells of hot spring green bacteria were 
nonmotile, rod shaped to slightly curved, and sometimes 

grew in short chains (Fig. 1). Cells of strain TLS stained 
Gram-negative, with average dimensions of 0.6-0.8 
x l . 3 - 2 . 6  gm (Fig. la), slightly larger than typical 
mesophilic Chlorobium species (Pfennig and Trfiper 
1989). Cells of strains S.PTE.-1 and GVP were about the 
same width but were significantly longer than cells of 
strain TLS and in some cases resembled short filaments 
(Fig. 1 b). In overnight cultures cells of strain GVP mea- 
sured 0 .7-  0.8 x 8.5 - 25 gm and of strain S.PTE.-1 0.6 - 
0.8 x 3.2-11.7 I~m. 

Electron micrographs of thin sections of cells of strain 
TLS (Fig. 2) revealed the presence of chlorosomes, the 
structures which house light-harvesting pigments in green 
bacteria (Cohen-Bazire and Sistrom, 1966; Olson 1980). 
The chlorosomes of strain TLS measured 100- 
180x40-60  nm, within the range described for 
chlorosomes of other green bacteria (Schmidt 1980). Dur- 
ing phototrophic growth of strain TLS, elemental sulfur 
globules appeared outside the cells in the early stages of 
growth; sulfur globules were both attached to cells and 
free-floating in the medium (data not shown). After about 
4 - 6  h of phototrophic growth, sulfur globules disap- 
peared and cultures reached a maximum density about 
18 h later (at 47 ° C, see below). 

Densely grown cultures of strain TLS were intensely 
dark green in color. Absorption spectra of intact cells 
showed maxima at 753 and 460 nm, corresponding to 
bacteriochlorophyll (bchl) c and the major carotenoid, 
chlorobactene, respectively (Fig. 3). Extraction of cells 
with methanol revealed a minor peak at 771 nm, re- 
flecting the presence of small amounts of bchl a, as well 
as major peaks at 669 and 436 nm, reflecting the much 
higher concentrations of bchl c and chlorobactene, re- 
spectively (Fig. 3). Strains S. PTE.-1 and GVP showed 
essentially identical absorption properties as for strain 
TLS. Although cultures of strain TLS appeared more 
intensely green in color than cultures of typical mesophilic 
chlorobia grown to similar cell densities, the specific bchl 
c content of cells of strain TLS grown at low light intensi- 
ties (~  500 lux) was about the same as the specific bchl d 
content of a mesophilic control organism, Chlorobium 
limicola (vibrioforme) f. thiosulfatophilum strain 8327 
grown under the same light conditions (data not shown). 
However, specific carotenoid content determinations 
were not made in either organism and it is possible that 
elevated levels of chlorobactene in strain TLS may ac- 
count for the visual differences in color between the two 
cultures. 

Temperature relationships 

Until the present isolations, the upper temperature limit 
for growth of chlorobia was about 35°C (Pfennig and 
Trfiper 1989). By contrast, Chlorobium strain TLS grew 
up to 51°C, with optimal growth (generation time 
approx. 2 h) occurring at 47°C (Fig. 4). At 51 ° C, cells of 
strain TLS appeared normal microscopically, although 
final cell yields were lower than those obtained at the 
temperature optimum. No growth of strain TLS was 
observed below about 32°C or above 51 - 5 2  ° C. Similar 



0.5 

Fig. 1 a, b. Phase contrast photomicrographs of 
cells of Chlorobium tepidum strains a TLS and b 
S. PTE.-I Cultures were grown at 47°C for 48 h 
at 5400 lux. Marker bar = 5 gm 

Fig. 2. Electron micrograph of thin sections of cells of Chlorobium 
tepidum strain TLS. Note the presence of chlorosomes (arrow) 
Marker bar = 0.5 gm 
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Fig. 3. Absorption spectra of intact cells (solid line) and methanol 
extracts of cells of Chlorobiurn tepidum strain TLS 

temperature profiles were obtained for strains GVP and 
S. PTE.-1. In contrast,  the mesophilic Chlorobium strain 
8327, used as a control in these experiments, had an 
optimal  growth temperature  of  about  32 ° C but continued 
to grow up to about  40°C (data not shown). However, 
near the temperature  limit for strain 8327 copious elemen- 
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Fig. 4. Growth rate as a function of temperature for Chlorobium 
tepidum strain TLS. Cells were grown in maintenance medium at a 
light intensity of approximately 5000 lux 

tal sulfur product ion was observed and cells became 
slimey and settled out to the bo t tom of  the tube. At 47 ° C, 
strain TLS grew in even suspension and only tended to 
settle out in old cultures. Under  optimal growth con- 
ditions, cultures of  Chlorobium strain TLS gave cell yields 
of  approximately 0 . 5 - 0 . 6  mg/ml (dry weight) in under 
24 h. 

Nutritional and other properties 

Growth  of  thermophilic chlorobia only occurred un- 
der anaerobic phototrophic  conditions. Although sulfide 
was absolutely required for growth, sulfide alone was 
not a particularly good photosynthetic electron donor  
(Table 1). Cell yields of  strain TLS grown either photo-  
autotrophically on sulfide/COz or photoheterotrophical-  
ly on sulfide/COz/acetate (or pyruvate) were consistently 
quite low (Table 1). The upper  limit of  sulfide tolerance 
for strain TLS was about  4 m M  and a minimum of  about  
1 m M  sulfide was necessary for growth under any con- 
ditions. Addition of  thiosulfate greatly stimulated growth 



Table 1. Cell yields of Chlorobium tepidum strain TLS obtained in 
media containing various electron donors a 

Electron donor b Cell yield ° 

Sulfide (2.5 raM) 90 
Sulfide (4 raM) 45 
Sulfide (2.5 raM) 

plus 2 mM $20~- 320 
plus 4 mM $20~- 700 
plus 8 mM SzO~- 1000 
plus 7.5 mM acetate 250 
plus 7.5 mM acetate and 2 mM $202- 450 
plus 7.5 mM pyruvate 200 
plus 7.5 mM pyruvate + 2 mM SzO 2 360 
plus 2 mM SO~- 103 

"Incubation temperature, 47-48°C 
b Mineral salts/bicarbonate medium (pH 6.9) containing the listed 
additions 
c Photometer units. 100 photometer units was equivalent to about 
0.145 mg/ml dry weight of cells 

and was absolutely required to obtain high cell yields 
(Table 1). In fact, the cell yield obtained in growth exper- 
iments was more dependent on the initial thiosulfate con- 
centration than on the initial sulfide concentration, 
suggesting that although sulfide was required by strain 
TLS, perhaps as a source of sulfur for biosynthetic needs, 
it was not a prime photosynthetic electron donor. Sulfite 
could not substitute for thiosulfate as a photosynthetic 
electron donor (Table 1). 

All three strains of thermophilic chlorobia were 
screened for their ability to photoassimilate various car- 
bon sources. The general conclusion reached was that 
thermophilic chlorobia are not very nutritionally diverse. 
Of the organic compounds tested, stimulation of photo- 
trophic growth was observed only with acetate and 
pyruvate (media contained growth-limiting levels of 
thiosulfate, see Table 1). No stimulation of growth was 
obtained from the following carbon sources: lactate, real- 
ate, propionate, butyrate, succinate, citrate, fumarate, 
ribose, fructose, glucose, lactose, asparagine, proline, 
threonine, serine, aspartate, glutamate, methionine, tryp- 
tophan, phenylalanine, valine, alanine, arginine, 
casamino acids, and yeast extract. Lack of growth on 
propionate was of particular interest, as this fatty acid 
commonly supports photoheterotrophic growth of 
mesophilic chlorobia (Pfennig and Triiper 1989). 

Ammonia served as a nitrogen source for all three 
strains of thermophilic chlorobia. Glutamine was also 
used as a nitrogen source, but attempts to grow all strains 
on low levels of urea or nitrate as a nitrogen source were 
unsuccessful. Likewise, glutamate or aspartate did not 
serve as nitrogen sources. However, nitrogen fixation 
(acetylene reduction) assays of strain TLS indicated that 
this organism produced nitrogenase and is thus a nitro- 
gen-fixing phototroph. Significant rates of acetylene re- 
duction occurred at 47-48°C in cells of strain TLS 
grown on Nz (~  5 gmol ethylene produced • h-  a . mg- 1 
cell dry weight). Nitrogenase activity in strain TLS was 
totally repressed by growth on excess ammonia (data not 
shown). 
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Despite originating from an acidic hot spring, strain 
TLS grew best in culture at pH 6.8-7.  Media adjusted 
to pH 6.4-6.5 (2.5 mM sulfide) and inoculated heavily 
grew only after an extended lag period, but media ad- 
justed to pH 5.8 (2.5 mM sulfide) did not support growth. 
Slow growth did occur at pH 5.9 in media containing low 
(~ 1 mM) levels of sulfide (data not shown). Alkaline 
conditions were severely detrimental, as media adjusted 
to pH 7.3 or above failed to support growth of any strain 
of thermophilic Chlorobium. In media at pH 7 to which 
high levels (8-10  raM) of thiosulfate were added, ex- 
tremely dense cultures (greater than 10 l° cells/ml) were 
obtained that eventually turned from bright green to 
brown in color in the later stages of growth. This was 
probably due to the oxidation of thiosulfate to H2804 
because the pH in such cultures dropped to as low as 4, 
presumably causing the conversion of bacteriochloro- 
phyll to bacteriopheophytin. Cultures reaching these high 
densities and turning brown showed poor viability upon 
subculture. 

Genetic properties 

The DNA base composition (by thermal denaturation) 
of strain TLS was 56.5% G + C, well within the range for 
other members of the genus Chlorobium (49.0-58.1%, 
Pfennig and Triiper 1989), and very close to that of 
Chlorobium strain 8327 (56.1%). Strain GVP had a DNA 
base ratio identical to that of strain TLS. The G + C 
base ratio of strain S.PTE.-1, however, was slightly 
higher, 57.5- 58.2 mol%. 

Ribosomal RNA sequencing clearly placed the new 
organisms within the green sulfur bacterial branch of the 
eubacteria (Bacteria, Woese et al. 1990 a, b). Comparison 
of 16S rRNA sequences between strain TLS and the 
mesophilic Chlorobium strain 8327 showed approxi- 
mately 96% sequence homology (Table 2). In addition, a 
phylogenetic distance tree showed the thermophilic 
species to group more closely to strain 8327 (a thiosulfate- 
utilizer) than to the non-thiosulfate-utilizing Chlorobium 
species, C. vibrioforme (Fig. 5). As for other Chlorobium 
species, a large evolutionary distance exists between C. 
tepidum and Chloroflexus or between C. tepidum and 
purple phototrophic bacteria, while species of 
Chlorobium cluster rather tightly (Table 2 and Fig. 5). 

Discussion 

Until the discovery and culture of thermophilic green 
bacteria, the only green bacterium known capable of 
growth above 35-40°C was Chloroflexus aurantiacus 
(Pierson and Castenholz 1974a, b). It is a misnomer, how- 
ever, to refer to Chloroflexus as a "green bacterium", 
since all evidence indicates that the Chlorobiaceae and 
Chloroflexaceae represent two widely divergent evol- 
utionary lines, despite close similarities in the nature and 
housing of light harvesting pigments (Gibson et al. 1985; 
Pierson and Castenholz 1991). The present phylogenetic 
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Table 2. Evolutionary distance matrix for a collection of bacterial 
16S rRNA sequences including Chlorobium tepidum (see Methods). 
Only positions represented by a known nucleotide in all sequences 
in the alignment are considered in the analysis. The 16S rRNA 
sequences are from the following sources: Anacystis(A.) nidulans 
(GenBank/EMBL accession no. X03538), Bacillus(B.) subtilis 
(Green et al. 1985), Bacteroides(Ba.) fragilis (GenBank/EMBL ac- 

cession no. Ml1656) Escherichia(E.) coli (M24828), 
Flexibacter(Fx.) flexilis (M28056), Chlorobium(C.) lirni¢ola (vib- 
rioforrne) f. thiosulfatophilurn (M31769), Chlorobiurn(C.) vib- 
rioforme (M27804), Chlorobium(C.) tepidum (M58468), 
Chloroflexus(Ch.) aurantiacus (M34116), Rhodobacter(Rb.) 
eapsulatus (M34129), and Thermotoga(T.) maritima (M21774) 

1 2 3 4 5 6 7 8 9 10 

1. C. tepidum 
2. C. limicola 
3. C. vibrioforme 
4. Fx. flexilis 
5. Ba. fragilis 
6. Ch. aurantiacus 
7. T. maritima 
8. B. subtilis 
9. A. nidulans 

10. Rb. capsulatus 
11. E. coli 

3.2 
8.0 7.3 

29.6 30.3 32.2 
32.0 31.3 32.4 25.9 
31.8 32.5 33.3 37.1 
30.3 28.7 30.0 34.1 
25.9 26.3 27.3 32.2 
28.7 28.5 27.4 32.2 
26.7 27.1 29.2 34.2 
28.2 28.8 30.5 33.5 

37.3 
33.8 30.4 
31.8 29.4 26.1 
35.6 32.6 29.8 22.6 
32.9 32.7 29.1 25.6 
33.6 32.1 30.7 24.2 

29.2 
26.6 25.9 

m 

E. coli 

Rb. capsulatus 

4. nidulans 

B. subtilis 

Ba. fragilis 

. F x. fle xilis 

C. limicola 

C. tepidum 

C. vibrioforme 

Ch. aurantiacus 

T. maritima 

1 0 %  

Fig. 5. Phylogenetic position of Chlorobium tepidum among other 
Chlorobium species and other phototrophic organisms. Both C. 
limicola (vibrioforme) f. thiosulfatophilum and C. tepidum are thio- 
sulfate utilizers while C. vibrioforme is not. Scale indicates distance 
on the tree equivalent to 10 nucleotide substitutions per 100 
nucleotides in 16S rRNA (see Table 2 for genus names abbrevi- 
ations). Phylogenetic tree is based upon evolutionary distances given 
in Table 2. Because it is the deepest branching lineage among the 
eubacteria, T. maritima (Achenbach-Richter et al. 1987) has been 
used to root the tree 

analyses of thermophilic chlorobia (Fig. 5) further sup- 
ports this. 

Chloroflexus is widespread in thermal environments, 
developing thick laminated mats generally along with 
cyanobacteria in neutral to alkaline hot springs at tem- 
peratures from 4 0 - 7 3 ° C  (Bauld and Brock 1973; Brock 
1978; Castenholz and Pierson 1981; Pierson and 

Castenholz 1974a). Microbial mats in high sulfide hot 
springs are frequently composed only of  anoxygenic 
phototrophs,  usually obligately phototrophic (GCF) 
strains of  Chloroflexus (Giovannoni et al. 1987) with or 
without the purple sulfur bacterium Chromatium tepidum 
(Madigan 1984; 1986). Why thermophilic chlorobia are 
absent from such springs is not entirely clear, but is prob- 
ably due to a too alkaline pH and insufficient levels of 
soluble sulfide. Development of  thermophilic chlorobia 
seems to require a special mix of  conditions including 
sulfide concentrations 5 - 10 times higher than that found 
in anoxygenic mats formed by G CF  Chloroflexus strains 
and Chromatium tepidum, a pH of less than 6.5, and 
temperatures between 40 and 55°C (Castenholz et al. 
1990). Such conditions in thermal springs are rare, how- 
ever, and it is probably because of  these unusual growth 
requirements that thermophilic chlorobia are relatively 
limited in geographic distribution (Castenholz 1988; 
Castenholz et al. 1990). All isolates described herein came 
from a series of  springs in New Zealand which thus far 
are the only springs known to combine the physical and 
chemical conditions apparently necessary for develop- 
ment of  thermophilic chlorobia (Castenholz et al. 1990). 
In high sulfide alkaline hot  springs, thermophilic 
chlorobia are probably outcompeted by Chloroflexus, 
whereas in low sulfide springs the thermophilic chlorobia 
probably cannot coexist with cyanobacteria because oxy- 
gen produced by the latter would interfere with their 
obligately anaerobic metabolism. Only in acidic thermal 
springs containing high levels of  sulfide, where the low 
pH prevents growth of  Chloroflexus and the high sulfide 
and low pH growth of  cyanobacteria, can thermophilic 
chlorobia thrive. 

The major properties of  the new organism described 
herein clearly group it within the genus Chlorobium: rod- 
shaped morphology, presence of  bacteriochlorophyll c 
and chlorosomes, obligately anaerobic metabolism, 
nonmotile with absence of  gas vesicles, and a 16S 
ribosomal R N A  sequence typical of  members of  the green 
sulfur branch of  the domain Bacteria (Gibson et al. 1985; 
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Pfennig and Trfiper 1989; Woese et al. 1990a, b). How- 
ever, a major differentiating property between these hot 
spring isolates and other species of chlorobia, is ther- 
mophily. Chlorobium strain TLS is the first green sulfur 
bacterium shown to be able to grow over 50 ° C and shows 
a temperature optimum some 15-20°C above that of 
known Chlorobium species (Pfennig and Trfiper 1989). 
Based on this and other novel properties we propose to 
describe these thermophilic green bacteria as a new 
species of the genus Chlorobium , Chlorobium tepidum. C. 
tepidum can thus be considered a thermophilic member 
of the family Chlorobiaceae. 

Besides its thermophilic phenotype, C. tepidum shows 
other unusual properties. Cultures of the type strain 
(strain TLS) grow very rapidly, generation times of about 
2 h being measured under optimal conditions. By con- 
trast, Chlorobium strain 8327 grows with an approxi- 
mately 6 hour generation time (unpublished results and 
Kelly 1974). This feature of rapid growth should make 
Chlorobium tepidum an attractive organism for basic 
studies of photosynthesis in green bacteria; gram quanti- 
ties of cells can easily be obtained overnight. In addition, 
C. tepidum utilizes thiosulfate as a photosynthetic elec- 
tron donor and can thus be grown in media containing 
fairly low levels of sulfide. In this connection it was ob- 
served that sulfide alone supported only poor growth 
of C. tepidum and that thiosulfate greatly increased cell 
yields, even more so than did the addition of an organic 
compound like acetate. This suggests that C. tepidum has 
a highly developed thiosulfate-oxidizing system but that 
it may have difficulty oxidizing sulfide to highly-oxidized 
sulfur species such as sulfate. 

The inability of C. tepidum to grow appreciably at the 
expense of sulfide alone is puzzling in light of the high 
sulfide habitat of this organism, but could actually be a 
reflection of the unusual growth conditions this organism 
experiences in situ. In its natural environment C. tepidum 
receives constant levels of geothermal sulfide in the ther- 
mal waters that bathe the mats (Castenholz 1988; 
Castenholz et al. 1990). This is unlike the situation in 
stratified lakes where phototrophic green bacteria depend 
on sulfide from biogenic sulfate reduction, a highly inter- 
mittant process which is heavily dependent on the concen- 
tration of organic matter present (Madigan 1988). And, 
because green bacteria do not oxidize elemental sulfur to 
sulfate until sulfide is depleted (Triiper 1978; van 
Gemerden 1986), it is possible that the high and constant 
sulfide concentrations present in the environment of C. 
tepidum has over time selected for strains unable to 
oxidize sulfide fully to. s~alfate. Thiosulfate, on the other 
hand, is likely to be oxidized to sulfate by C. tepidum 
because of the precipitous drop in pH which occurs in 
cultures grown to high densities on excess thiosulfate. 
Although it is not known whether thiosulfate is present 
in the natural habitat of C. tepidum, the fact that all 
strains isolated herein were capable of using (and indeed 
almost required) thiosulfate, suggests that thiosulfate 
may be a major sulfur species in acidic New Zealand hot 
springs. Indeed, recent evidence suggests that thiosulfate 
may be a major component of the sulfur pool of anaerobic 
habitats, especially marine sediments (Jorgensen 1990). 

Like mesophilic chlorobia (Heda and Madigan 1986), 
thermophilic chlorobia are capable of N2 fixation. Acety- 
lene reduction occurred at 47 - 48 ° C in cell suspensions of 
C. tepidum strain TLS and this is the highest temperature 
reported for N2 fixation in any anoxygenic phototroph 
(Resnick and Madigan 1989). Rates of acetylene re- 
duction by N2-grown C. tepidum cells were quite high, 
higher even than those of the best nitrogen-fixing 
nonsulfur purple bacteria (Madigan et al. 1984) and simi- 
lar to the maximally derepressed nitrogenase activities 
observed in amino acid-grown mesophilic chlorobia 
(Heda and Madigan 1986). The nitrogenase system of C. 
tepidum responded to ammonia repression and thus the 
organism appears to have a typical nitrogenase system in 
this regard. Although the combined nitrogen content of 
the habitat of C. tepidum is not known, thermal springs 
typically contain relatively high levels of ammonia (Brock 
1978; Castenholz 1969). However, the high density of the 
Chlorobium population in these New Zealand springs 
may keep NH3 levels within the mat low. Thus the ability 
to fix N2 may be of importance to thermophilic chlorobia 
in nature. 

Lipid analyses of cells of C. tepidum indicate a novel 
lipid composition for thermophilic chlorobia. Cells of C. 
tepidum contain large amounts of wax esters (Shiea et 
al. 1991), unusual alcohol-fatty acid lipids absent from 
mesophilic green sulfur bacteria (Knudsen 1982). Wax 
esters (C28- C38 ) have also been found in Chloroflexus 
(Knudsen 1982; Beyer et al. 1983) but the predominant 
wax esters of C. tepidum are slightly smaller, in the C28 - 
C32 range (Shiea et al. 1991). The major fatty acid in 
extractable lipids of mesophilic chlorobia, n-tetra- 
decanoic acid (C14, Knudsen 1982), is present in only 
relatively small amounts in cells of C. tepidum; the major 
fatty acid in the latter is palmitic (C16) acid (Shiea et al. 
1991). The alcohols present in C. tepidum cells are C14, 
C16:1, C16, C17, C18 and C2o (the latter presumably 
phytol from bacteriochlorophyll a), with C16 pre- 
dominating (Shiea et al. 1991). Although the major 
bacteriochlorophyll of C. tepidum is bchl c, lipid analyses 
(Shiea et al. 1991) have failed to detect isoprenoid 
alcohols, such as farnesol, in cells of C. tepidum. Farnesol 
is the esterifying alcohol found on bchls c, d, and e of all 
other green sulfur bacteria (Gloe et al. 1975). The absence 
of farnesol in cells of C. tepidum suggests that bacterio- 
chlorophyll c in this organism is esterified by a longer 
chain alcohol, perhaps a straight chain C 16 moiety (Shiea 
et al. 1991). This would be similar to the finding o fa  Cls 
alcohol (stearyl alcohol) esterified to bacteriochlorophyll 
c in Chloroflexus (Gloe and Risch 1978), a modification 
undoubtedly evolved to elicit greater heat stability. 

Because of the phylogenetic relationships between 
mesophilic and thermophilic chlorobia (see Fig. 5), it is 
!ikely that the intracellular location of pigment complexes 
in mesophilic chlorobia also holds true for thermophilic 
forms like C. tepidum. Thus bchl e and small amounts of 
bchl a (associated with the chlorosome base plate, Wang 
et al. 1990) would be localized in C. tepidum chlorosomes, 
with the bulk of bchl a present in the cytoplasmic mem- 
brane. This conclusion is supported by a recent compara- 
tive study of chlorosome proteins in mesophilic chlorobia 
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Table 3. Major properties of Chlorobium species 

Chlorobium species Morphology and 
dimensions 
width × length 
(gm) 

Pigments: Bchl,  Temp. NaC1 DNA base Organic 
major carotenoids optimum require- ratio compounds 
and color of (° C) ment (tool% assimilated 
cell suspensions (%) G + C) 

Thiosulfate 
utilization 

C. tepidum Straight or 
curved rod 
0.6-0.8 x 1.3-2.6 

C. chlorovibrioides Curved rod, 
or vibroid 
0.3-0.4 x 0.4-0.8 

C. limicola Straight or 
curved rod 
0.7-1.1 x 0.9-1.5 

C. limicola f. sp. Straight or 
thiosulfatophilum curved rod 

0.7-1.1 x 0.9-1.5 
C. phaeobacteroides Straight or 

curved rod 
0.6-0.8 x 1.3-2.7 

C. phaeovibrioides Curved rod 
to vibrioid 
0.3 -0.4 × 0.7-1.4 

C. vibrioforme Curved rod 
to vibrioid 
0.5-0.7 x 1.0-1.2 

C. vibrioforme f sp. Curved rod 
thiosulfatophilum to vibrioid 

0.5-0.7 x 1.0-1.2 

Bchl c 47 0 56.5 
Chlorobactene 
Dark green 
Bchl d 20-  30 2 -  3 54.0 
Chlorobactene 
Bright green 
Bchl c or d 25-35 0 51.0 
Chlorobactene 
Green 
Bchl c or d 25-35 0 58.1 
Chlorobactene 
Green 
Bchl e 20-  30 0 49.0 
Isorenieratene 
Red to brown 
Bchl e 20-  30 2 53.0 
Chlorobactene 
Isorenieratene 
Light brown to red 
Bchldorc 25-35 2 53.5 
Chlorobactene 
Green 
Bchl d or c 25 - 35 2 53.5 
Chlorobactene 
Green 

Acetate, Pyruvate + 

Acetate, Propionate 
Formate 

Acetate, Glutamate 
Propionate, Fructose 
Pyruvate 
Acetate, Propionate + 
Pyruvate, Glutamate 
Fructose 
Acetate 
Fructose 

Acetate 
Propionate 

Acetate 
Propionate 

Acetate + 
Propionate 

and C. tepidum which suggests that  significant homology 
exists in bchl a binding proteins among these organisms 
(Stolz et al. 1990). However, in light of  the major  differ- 
ences in lipid composit ion between mesophilic and 
thermophilic chlorobia and Chloroflexus (Beyer et al. 
1983; Holo  et al. 1985; Knudsen et al. 1982; Shiea et al. 
1991), it is likely that  some aspects of  chlorosome struc- 
ture in the two groups will differ in significant ways. It  
will be especially interesting to see if the wax esters in the 
evolutionarily unrelated organisms Chloroflexus aur- 
antiacus and Chlorobium tepidum have any common  func- 
tional roles. 

Description of the new species, Chlorobium tepidum 

In view of  the differences described herein between 
thermophilic and mesophilic species of  the genus 
Chlorobium (summarized in Table 3), it is proposed to 
recognize thermophilic green sulfur bacteria as a new 
species of  Chlorobium, Chlorobium tepidum: 

Chlorobium tepidum sp. nov. tepi.dum. L. neut adj. 
tepidum, luke warm 

Individual cells are rod-shaped and vary in dimen- 
sions in different strains f rom short to long rods. Cells of  
the type strain measure 0 . 6 - 0 . 8  x 1 . 3 - 2 . 6  gm. Other 
strains have cells of  similar width but  can be 1 0 - 2 5  gm 
in length. G r a m  negative. Nonmotile.  Contain bacterio- 
chlorophyll c and small amounts  of  bacteriochlorophyll  

a. Absorpt ion spectra of  intact cells show major  peaks at 
753 and 460 nm. Major  carotenoid probably  is 
chlorobactene. Chlorosomes present. Cells contain C28 - 
C32 wax esters. 

Obligately phototrophic  and anaerobic; sulfide re- 
quired for growth under all conditions. Electron donors 
for photoautot rophic  growth include sulfide and 
thiosulfate. Sulfide alone supports only very poor  growth, 
thiosulfate is required to obtain high cell yields. Acetate 
and pyruvate  photoassimilated. Sugars and other organic 
or fatty acids (including propionate)  not utilized. Am- 
monia,  glutamine, and N2 serve as nitrogen sources. Vit- 
amin B12 required. Opt imum p H  6 .8 -7 .0 .  Opt imum 
growth temperature 4 7 - 4 8  ° C. Max imum temperature 
5 1 - 5 2 ° C ;  minimum 32°C. NaC1 not required for 
growth. Habi tat :  High sulfide acidic (pH 4 . 5 -  6) thermal 
springs at temperatures to 55 ° C. 

D N A  base ratio: 56 .5 -58 .2  mo l% G + C. Type 
strain TLS (G + C base ratio, 56.5 tool%) isolated f rom 
"Travelodge Stream", Sulphur Bay, Rotorua,  New 
Zealand. 

16S r R N A  sequencing shows strong affinity to green 
sulfur branch of  the eubacterial phylogenetic tree, es- 
pecially to thiosulfate-utilizing species of  Chlorobium. 

Chlorobium tepidum strain TLS has been deposited in the 
American Type Culture Collection as ATCC 49652. 
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