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The broad-host-range IncQ group plasmids pDSK519 and pGSS33 were transferred by conjugation from
Escherichia coli into the thermophilic green sulfur bacterium Chlorobium tepidum. C. tepidum exconjugants
expressed the kanamycin and ampicillin-chloramphenicol resistances encoded by pDSK519 and pGSS33,
respectively. Ampicillin resistance was a particularly good marker for selection in C. tepidum. Both pDSK519
and pGSS33 were stably maintained in C. tepidum at temperatures below 42&C and could be transferred
between C. tepidum and E. coli without modifications. Conjugation frequencies ranged from 1021 to 1024

exconjugants per donor cell, and frequencies of 1022 to 1023 were consistently obtained when ampicillin
resistance was used as a selectable marker. Methods for growth of C. tepidum on agar, isolation of plating
strains and antibiotic-resistant mutants of wild-type C. tepidum cells, and optimum conditions for conjugation
were also investigated.

The recently isolated anoxygenic phototrophic bacterium
Chlorobium tepidum is the only known thermophilic member
of the family Chlorobiaceae (green sulfur bacteria) (27). In
addition to its thermophilic phenotype, the growth rate of C.
tepidum cultured under photoautotrophic conditions (genera-
tion time ;2 h) is faster than that of any other anoxygenic
phototroph, making it an ideal research tool for basic studies of
photosynthesis and autotrophy in green bacteria. C. tepidum is
also unique in its ability to fix N2 up to 608C, with optimum
nitrogenase activities occurring at the organism’s growth tem-
perature optimum of 488C (26).
To date, most research on fundamental biological processes

such as photosynthesis, N2 fixation, and CO2 fixation in anoxy-
genic phototrophic bacteria has focused on nonsulfur purple
bacteria, especially species of the genus Rhodobacter. This is
largely due to their ease of culture (16) and the availability of
efficient gene transfer systems (28). Although genetic transfer
systems have been lacking in green bacteria, molecular biolog-
ical approaches have been employed to identify and isolate
several genes from these organisms (4, 5, 23, 30). In this con-
nection, genes coding for two key proteins in the chlorosome,
the unique antenna system of green bacteria (5), have been
cloned and sequenced, as has an operon encoding reaction
center genes (4). Now that green bacteria have entered the era
of molecular biology, genetic tools are needed to study the
expression and regulation of these genes and their products. In
this report, we describe the development of an effective
method for conjugation of C. tepidum with two IncQ-based
broad-host-range plasmids. We also describe optimal condi-
tions for conjugation and techniques for efficient plating and
manipulation of C. tepidum, which are necessary for classical
genetic analyses of photosynthesis in green bacteria.
Bacterial strains and plasmids. The organisms and plasmids

used in this study are listed in Table 1. C. tepidum TLS was
described previously (27), as was C. limicola (vibrioforme)
forma thiosulfatophilum NCIB 8327 (26).

Culture media. Chlorobium species were maintained in liq-
uid medium Pf-7 as previously described (26, 27). A new me-
dium designed for growth of C. tepidum on agar plates, desig-
nated CP (chlorobium plating) medium, was prepared by
addition of the following components to 900 ml of deionized
water: concentrated salts (distilled H2O, 967 ml; EDTA, 500
mg; MgSO4 z 7H2O, 10 g; CaCl2 z 2H2O, 2.5 g; NaCl, 20 g), 20
ml; KH2PO4, 0.5 g; ammonium acetate, 0.5 g; NH4Cl, 0.4 g;
Na2S2O3 z 5H2O, 2.3 g; trace elements (27), 1 ml; vitamin B12,
20 mg; cysteine, 0.36 g; MOPS (3-N-morpholinopropanesulfo-
nic acid), 2.1 g. The pH was adjusted to 7.20 by slow addition
of 10 N NaOH. The volume was brought to 1 liter, and agar
(Difco) was added to a 1.5% final concentration. Following
autoclaving, the medium was cooled to 55 to 608C, dispensed
into petri dishes under an evaporative hood, and allowed to
cool for approximately 20 min. Upon cooling, the pH of this
medium dropped to between 6.9 to 7.0, within the narrow pH
range for optimum growth of C. tepidum (27). The plates were
then immediately placed into an anaerobic chamber (Coy Lab-
oratory Products, Ann Arbor, Mich.) under an atmosphere of
N2-H2 (98:2). Alternatively, the plates could be stored in an
anaerobic jar with a GasPak envelope (H2-CO2 generator)
prior to use. However, it was found essential for pH stability
that this plating medium be kept anaerobic.
For diazotrophic growth of C. tepidum on agar, the protocol

for preparation of CP medium was modified as follows: sodium
acetate (0.53 g) was substituted for ammonium acetate, and
NH4Cl and cysteine were omitted. The pH of this medium,
designated, CPNF, was adjusted to 6.9 to 7.0 prior to autoclav-
ing, but unlike CP medium, no decrease in pH was observed
following cooling to room temperature. CPNF medium sup-
ported good growth of C. tepidum on N2, provided that the
medium was kept anaerobic. Media for growth of C. tepidum
on N2 in liquid culture and growth measurement in liquid
culture were described previously (26).
CP medium supplemented with 0.01% yeast extract was

employed in conjugations of C. tepidum with Escherichia coli
strains and was designated CPC medium. Liquid CP medium
and CPNF were prepared as described above and then dis-
pensed into 17-ml screw-cap tubes or 250-ml bottles and stored
in an anaerobic chamber with the caps loose for 1 to 2 days to
ensure anaerobiosis. All of the media discussed above also
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supported growth of the mesophilic species C. limicola (vibrio-
forme) forma thiosulfatophilum NCIB 8327.
Growth on solid media. Growth of C. tepidum on agar plates

required anaerobic conditions and a mechanism for sulfide
generation within the anaerobic jar. The procedure used was a
modification of that originally devised by Irgens (11). The
method required a GasPak Plus (BBL) envelope (H2-CO2
generator), 0.1 to 0.05 g of thioacetamide (TAA; Sigma Chem-
ical Co. [St. Louis, Mo.]), an Oxoid anaerobic jar containing
the low-temperature Oxoid catalyst system (Unipath, Ogdens-
burg, N.Y.), and 0.2 to 0.5 N HCl. The protocol was as follows.
C. tepidum cells were plated in the anaerobic chamber and
placed into the anaerobic jar. A small test tube containing 0.1
g of TAA was secured to the inside of the jar at the base with
tape. The GasPak Plus envelope was activated, 1 ml of 0.2 to
0.5 N HCl was added to the test tube containing TAA, and the
jar was sealed. The jar was left within the anaerobic hood until
the pressure gauge (contained within the lid of the jar) indi-
cated that there were no leaks in the system. The jar was then
taken out of the anaerobic chamber and incubated in an illu-
minated water bath at 47 to 488C (37 to 398C for conjugation
experiments and also for growth of C. limicola 8327). Single
colonies of C. tepidum were visible within 3 to 4 days (lawns
appeared overnight). Although the evolution of sulfide within
the anaerobic jar eventually poisons the palladium catalyst, it
was found that Oxoid catalysts could be regenerated in a drying
oven (;808C overnight) and used several times without loss of
catalytic activity.
E. coli strains were grown aerobically in LB medium (22) at

378C, and the appropriate antibiotics were employed at the
following concentrations (in micrograms per milliliter): ampi-
cillin (AP), 100; kanamycin (KM), 25; chloramphenicol (CM),
20; streptomycin, 50; spectinomycin, 100. The antibiotic con-
centrations used for Chlorobium strains are discussed below.
Conjugation. The recipient strains used in all conjugation

experiments were plating strain derivatives (see below and
Table 1) of C. tepidum TLS. In most conjugation experiments,
broad-host-range plasmids were mobilized by using helper

plasmid pRK2073 (Table 1). As an alternative to triparental
matings, plasmids were mobilized in biparental conjugation
experiments with E. coli S17-1 as the donor (Table 1).
For triparental matings, C. tepidum recipient strains were

grown overnight in medium Pf-7 to the late exponential or
early stationary phase (;800 to 900 Klett units; no. 66 filter)
and then taken into the anaerobic chamber for further manip-
ulations. Overnight cultures of E. coli were diluted 1021 in LB
(without antibiotic) and incubated at 378C with shaking for 2 h.
Donor and helper cells (1 ml) were then washed, resuspended
in LB, and placed in the anaerobic chamber for mating. Mat-
ings were set up by combining recipient cells (0.4 ml) with
donor and helper cells (0.3 ml of each) in a 1.5-ml Eppendorf
tube and centrifuging them inside the chamber for 4 min at
13,600 3 g in a microcentrifuge (Nal-1 recipient cells were
washed three times in CP medium prior to mating to remove
nalidixic acid). It should be noted that centrifugation of C.
tepidum cells could also be done outside the anaerobic cham-
ber without affecting conjugation, provided that cells were re-
turned before removing the supernatant. The mating mixture
pellet was resuspended in 200 ml of CP medium (supplement-
ed with 0.05% yeast extract), and four 50-ml aliquots were
spotted onto a well-dried CPC medium plate. Control plates
containing either recipient cells (only) or recipient cells plus
donor (no helper) cells were prepared as described above and
included in each conjugation experiment. All three CPC plates
were placed in an anaerobic jar and incubated in ca. 5,000 lx of
incandescent light at 37 to 408C in a water bath for various
amounts of time. The sulfide-generating system (see above)
was not employed during matings.
Following mating, jars were taken inside the anaerobic

chamber and the cells from each plate were resuspended with
1 to 1.5 ml of CP medium. Dilutions of 1021 to 1024 were
plated on CP medium plates containing the appropriate anti-
biotic(s). In some experiments, when C. tepidum Nal-1 (Table
1) was used as the recipient, 0.2 ml of CP medium containing
nalidixic acid (20 mg/ml) was spread on the mating plates and
incubation was continued for 3 to 4 h to allow expression of the

TABLE 1. Organisms and plasmids used in this study

Strain or plasmid Genotype or description Source or
reference

Bacterial strains
Escherichia coli
HB101 l2 recA13 proA2 leu lacY1 galK2 xyl-5 mtl-1 ara-14 F2 hsdS20 (rB

2 mB
2) supE44 rpsL20 3

S17-1 pro thi hsdR17 (rK
2 mK

1) recA RP4-2(Tcr::Mu-Kmr::Tn7) 25
DH5 f80d lacZDM15 endA1 recA1 hsdR17 (rK

2 mK
1) supE44 thi-1 gyrA96 relA1 F2 D(lacZYA-argF)U169 8

Chlorobium tepidum
TLS-1 Wild type 27
WT2321 Plating strain derivative of strain TLS-1 This study
Nal-1 Derivative of strain TLS-1; nalidixic acid resistant This study

Plasmids
pDSK519 IncQ; Kmr 12; J. Wall
pKT230 IncQ; Kmr Smr 2
pGSS33 IncQ; Apr Cmr Tcr 24
pRK290 IncP; Tcr 6
pRK415 IncP; Tcr 12
pGM415 pRK415 derivative; Gmr 15
pVK100 IncP; Tcr Kmr; cosmid D. Clark
pURF047 IncW; Mob1 Par1 Gmr J. Wall
pRK2013 Helper plasmid; Kmr 7
pRK2073 pRK2013::Tn7 helper plasmid; Spr Tpr J. Wall
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antibiotic resistance marker on the plasmid. Selection was
done in all experiments by incubation in the light at 37 to 408C
with the sulfide-generating system (described above) until col-
onies appeared (3 to 6 days). Counterselection, in most cases,
was by prototrophy of C. tepidum (Table 1) and also, in some
cases, by the nalidixic acid sensitivity of the donor and helper.
Conjugation frequencies were calculated as the number of
exconjugants per donor cell. Viable counts of recipient cells on
each CPC plate were done to ensure that less than one dou-
bling of recipient cells had occurred during the mating time
period.
Other methods and chemicals. Plasmid DNA isolation and

transformation of E. coli were performed as previously de-
scribed (9, 22). C. tepidum exconjugant colonies from selection
plates were grown overnight in liquid medium Pf-7 (27) con-
taining the appropriate antibiotic and checked for purity by
streaking on LB plates containing the antibiotic resistance
marker of the E. coli donor and helper. Plasmid DNA was
isolated from C. tepidum exconjugants by the alkaline lysis
method (22) with one minor modification: swirling the cells in
a water bath (45 to 508C) during the sodium dodecyl sulfate
lysis step improved cell lysis and recovery of plasmid DNA
from C. tepidum. All chemicals were of reagent grade, and
most (including thiosulfate and TAA) were obtained from
Sigma Chemical Co.
Growth of C. tepidum on plates. Before approaching the

problem of genetic transfer in C. tepidum, it was necessary to
be able to grow this organism on solid media. Initial attempts
to grow C. tepidum on plates employing media and conditions
described for growth of the mesophilic species C. limicola
forma thiosulfatophilum 8327 (21) failed, necessitating the de-
velopment of a new plating medium containing diffusable sul-
fide (H2S) in the headspace instead of soluble sulfide (HS

2) in
the agar medium (CP medium; see above). Once conditions
that would allow plating of C. tepidum were established, it was
observed that cell numbers calculated from plating experi-
ments were several logs lower than corresponding microscopic
counts. However, efficient ‘‘plating strain’’ derivatives of C.
tepidum could be obtained by picking large colonies that did
come up, growing them overnight in liquid medium, and then
replating them on CP medium; such strains demonstrated plat-
ing efficiencies ranging from 90 to 100% of the microscopic
count. C. tepidum WT2321, used in this study, plated out at
nearly 100% efficiency and produced the largest colonies of
any of the plating isolates examined (Fig. 1). Plating strain
derivatives of C. limicola forma thiosulfatophilum 8327 were
obtained in a similar way. Other phenotypic properties of plat-
ing strain derivatives and the original unplated cultures of C.
tepidum seemed to be the same.
Antibiotic resistance and generation of useful selectable

markers in C. tepidum. Because one of the primary factors
involved in the development of new genetic systems is the
availability of useful selectable markers, we evaluated the sen-
sitivity of C. tepidum to various antibiotics. Several C. tepidum
spontaneous mutant derivatives of strain WT2321 resistant to
a given antibiotic were isolated by plating mid-exponential to
early stationary phase cells on CP medium plates containing
increasing levels of a particular antibiotic. The antibiotic resis-
tance of each mutant was confirmed by growing resistant col-
onies overnight in liquid culture containing the appropriate
antibiotic and then by plating cells on CP medium plates con-
taining the highest antibiotic concentration which would sup-
port growth in liquid culture. Initial results of these experi-
ments showed strain WT2321 to be somewhat resistant to
aminoglycosides at 488C and that resistance was dose depen-
dent (Table 2). Moreover, the effectiveness of aminoglycosides

against C. tepidum decreased significantly when the incubation
temperature was lowered to 378C, the temperature to be used
for conjugations with E. coli (see below); apparent natural
resistance in C. tepidum increased by 2 to 3 orders of magni-
tude when cells were incubated at 37 versus 488C (Table 2).
However, three antibiotics remained highly effective against C.
tepidum at both 37 and 488C (AP, CM, and tetracycline), re-
sistances to two of which (AP and CM) were useful as select-
able markers in C. tepidum.
Conjugal transfer of IncQ group plasmids into C. tepidum.

Despite some background problems with the use of aminogly-
cosides as selectable markers in C. tepidum (see above), initial
conjugation experiments with E. coli and C. tepidum were car-
ried out with IncQ group plasmid pDSK519 (which contains
Kmr as a selectable marker) and the results demonstrated
successful transfer of the plasmid into C. tepidum; conjugations

FIG. 1. Colonies of C. tepidumWT2321 on a CP medium plate. An overnight
culture (ca. 950 photometer units) was diluted by 1026, and 0.1 ml was plated on
a CP medium plate and incubated photosynthetically at 488C in the TAA jar
system. The viable count calculated from this plate was 6 3 109 cells z ml21.

TABLE 2. Effect of temperature on antibiotic resistance of
C. tepidumWT2321

Antibiotic Concn
(mg/ml)

Apparent spontaneous mutation
frequencya at:

488C 378C

KM 25 1.1 3 1027 4.5 3 1024

50 2.1 3 1028 1.2 3 1025

100 1.0 3 1028 1.0 3 1025

Streptomycin 25 8.2 3 1027 5.0 3 1024

50 3.1 3 1027 7.5 3 1025

200 ,10210b 2.2 3 1028

AP 1 ,10210 ,10210

CM 10 ,10210 ,10210

Tetracycline 1 ,10210 ,10210

a Frequency is expressed as the number of antibiotic-resistant cells per viable
cell at the temperature and antibiotic concentration specified.
b This value represents the limit of detection of spontaneous antibiotic-resis-

tant mutants.
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employing KM at 25 or, especially, 50 mg/ml produced transfer
frequencies of pDSK519 at 378C that were readily detectable
(Table 3). No exconjugants were obtained when the KM con-
centration was increased to 100 mg/ml (data not shown). Re-
striction enzyme analysis of plasmid DNA extracted from a

Kmr C. tepidum colony and electrophoresed against CsCl2-
purified pDSK519 from E. coli clearly showed the presence of
this plasmid in C. tepidum (Fig. 2A). Confirmation of success-
ful conjugation was obtained by transforming pDSK519 iso-
lated from C. tepidum exconjugants into E. coli HB101 and
reisolating the intact plasmid (data not shown).
The exquisite sensitivity of C. tepidum to AP, CM, and tet-

racycline at 378C (Table 2) indicated that conjugation with
IncQ plasmid pGSS33 (Table 1) might be even more success-
ful. This versatile vector, which has been successfully intro-
duced into the sulfate-reducing bacterium Desulfovibrio desul-
furicans (1), centers resistance to each of these antibiotics and
was used to evaluate plasmid transfer and optimal conditions
for conjugation in C. tepidum. Table 3 shows typical results
obtained in a conjugation involving pGSS33. In each of these
experiments, development of antibiotic-resistant colonies was
strictly dependent upon the presence of both E. coli donor and
helper cells during mating; spontaneous background resistance
was not a problem. Verification of transfer and stabilization of
pGSS33 in C. tepidum were obtained by gel electrophoresis of
plasmid preparations from C. tepidumWT2321 recipient cells,
a WT2321 exconjugant, and an E. coli(pGSS33) donor (Fig.
2B). Plasmid DNA isolated from a C. tepidum exconjugant
could be transformed back into E. coli and reisolated intact
(Fig. 2B), thus providing additional confirmation of successful
transfer of pGSS33 into C. tepidum.
Determination of optimal conditions for conjugation in C.

tepidum. Several parameters relating to conjugation of C. tepi-
dum with pGSS33 were evaluated. Mid-exponential to station-
ary phase cultures yielded similar conjugation frequencies

FIG. 2. Transfer of IncQ plasmids into C. tepidum WT2321. (A) Restriction analysis of plasmid preparations from a C. tepidum exconjugant digested with EcoRI
(lane 2) and PvuII (lane 4) electrophoresed against CsCl2-purified pDSK519 plasmid DNA from E. coli digested with EcoRI (lane 3) and PvuII (lane 5). Identical
preparations from wild-type C. tepidum cells digested with EcoRI (lane 6) and PvuII (lane 7) were run as controls. Lane 1 contained a 1-kb DNA ladder. EcoRI digestion
of pDSK519 yielded a single fragment of 8.1 kb; PvuII digestion yielded fragments of 6.5 and 1.7 kb. (B) Transfer of pGSS33 into WT2321 confirmed by restriction
analysis of plasmid DNA preparations from the WT2321 recipient (lane 2), a WT2321 exconjugant (lane 3), an E. coli donor (lane 4), and pGSS33 DNA isolated from
C. tepidum transformed back into E. coli cells and extracted (lane 5). pGSS33 DNA was digested with EcoRI, and the size (ca. 13.4 kb) was determined by comparison
to HindIII fragments of phage lambda DNA (lanes 1 and 6). The molecular size standards (top to bottom) were 23, 9.4, 6.7, 4.4, 2.2, and 2.1 kb.

TABLE 3. Conjugation of C. tepidum with E. coli containing
broad-host-range IncQ group plasmids

Recipient
strain Plasmida

Selected marker
(drug concn
[mg/ml])

Mating
time (h)

Conjugation
frequency rangeb

WT2321 pDSK519 Kmr (25) 1.5 1022–1023 (2)
Kmr (25) 4.5 1022–1023 (3)
Kmr (50) 16–20 1021–1022 (2)

pKT230 Smr (50) 5–8 1025–1026 (2)
pGSS33 Apr (3) 1.5 1022–1024 (2)

Apr (3) 5 1022–1023 (5)
Apr (3) 16–20 1022–1023 (10)
Cmr (5) 16–20 1023–1024 (3)
Cmr (20) 16–20 ,10210–1027 (3)c

Tcr (1) 20 ,10210 (2)c

Nal-1 pGSS33 Apr (3) 1.5 1022–1024 (2)
Apr (3) 18 1023–1024 (2)

aMatings with plasmid pDSK519 (KM at 25 mg/ml) were done at 408C, and
selection was done at 428C. For all other conjugations described, both mating
and selection were done at 378C.
b Frequency is the number of exconjugants per donor cell. The number in

parentheses is the number of experiments performed.
c 10210 exconjugants per donor cell represents the limit of detection of this

assay.
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(data not shown). The minimum time required for transfer of
pGSS33 was determined by using C. tepidumNal-1 (Table 1) as
the recipient; DNA transfer from E. coli cells was stopped at
different times by addition of nalidixic acid. Transfer of
pGSS33 from E. coli to C. tepidum could be detected within 90
min of mating (Table 3), although conjugations were not con-
sistently successful in matings this short. However, because of
the oxygen sensitivity of C. tepidum (27) and the numerous
manipulations requiring use of the anaerobic chamber, conju-
gation times that allowed both transfer and expression prior to
plating for selection were chosen. Therefore, we routinely per-
formed conjugations overnight (16 to 20 h) even though com-
parable conjugation frequencies were obtained within 4 to 6 h
of mating (Table 3). For overnight conjugations, the number of
generations elapsed was determined from viable cell counts
taken before and after conjugation, and transfer frequencies
were normalized to give an accurate estimate of exconjugants.
The highest conjugation frequencies in experiments involv-

ing transfer of pGSS33 to strain WT2321 were observed when
Apr (3 mg/ml) was used as the selectable marker (Table 3). A
4- to 15-fold decrease in transfer frequency was observed when
exconjugants were selected with CM (5 mg/ml) instead of AP
(Table 3). CM levels higher than 10 mg/ml reduced the number
of exconjugants dramatically (Table 3). For unknown reasons,
no evidence of conjugal transfer was detected with Tcr (1
mg/ml) as the selectable marker, suggesting that Tcr determi-
nants were either not expressed or not stable in C. tepidum
(this was further supported by the finding that Apr cells of C.
tepidum remained Tcs). Interestingly, Apr exconjugants se-
lected at 3 mg/ml often tolerated only low levels of AP (1
mg/ml) for initial growth in liquid media. The reasons for this
were unclear; however, once these exconjugants grew at low
AP levels in liquid media, full cell densities were obtained
overnight at concentrations as high as 10 to 15 mg of AP per ml.
Conjugation of pGSS33 with C. tepidum Nal-1 as the recipient
yielded conjugation frequencies similar to those observed with
strain WT2321 (Table 3). Checks for E. coli contamination
during manipulation of exconjugants were negative in all cases.
Transfer into C. tepidum of another IncQ plasmid, pKT230,

was detected by using streptomycin at 50 mg/ml, although at a
frequency not much above spontaneous background levels
(compare data in Tables 2 and 3). Transfer of IncW plasmid
pURF047 or IncP plasmid pGM415 could not be detected
because of a high natural resistance of C. tepidum to gentami-
cin (data not shown). Results obtained with other IncP plas-
mids and Tcr as the selectable marker were also negative, as
were experiments involving IncP cosmid pVK100 (KM at 50
mg/ml).
Conclusions. This work has established a conjugation system

for genetic studies of C. tepidum. Natural transformation of
green sulfur bacteria has been demonstrated; however, these
experiments involved either transfer of endogenous plasmids
(17) or uptake and expression of chromosomal DNA (21)
isolated from antibiotic-resistant mutants of the same strain;
DNA from different strains or species was not transformable
(21). Moreover, transformation efficiency is low and the pro-
cess is inconsistent (13). However, electroporation of meso-
philic chlorobia has also been recently demonstrated and ap-
parently allows transfer of foreign DNA (13).
A limitation of our new genetic system involves the apparent

instability of pGSS33 and pDSK519 at 488C, preventing anal-
ysis of cloned gene products at the optimum growth tempera-
ture of C. tepidum. However, C. tepidum grows reasonably well
at 37 to 408C and the ability to do genetic studies directly with
C. tepidum is preferable to the use of surrogate genetic tech-
niques. Work is in progress towards construction of a thermo-

stable shuttle vector for use in C. tepidum. Preliminary analysis
of C. tepidum has not revealed an endogenous plasmid(s)
which might be useful for vector construction, although it
should be possible to construct thermostable shuttle vectors by
using existing broad-host-range plasmids and replicons from
plasmids isolated from other thermophiles (10, 29).
The focus of our work on green bacterial genetics has been

C. tepidum. However, because of the close phylogenetic rela-
tionship between C. tepidum and nonthermophilic chlorobia
(27), conjugation should occur in mesophilic Chlorobium spe-
cies as well, and results of a single conjugation experiment with
plasmid pGSS33 and C. limicola (vibrioforme) 8327 support
this contention (data not shown). Nevertheless, because of its
rapid growth characteristics, we predict that C. tepidum will be
the organism of choice for further study of the molecular
biology and genetics of green bacteria. The ability to transfer
plasmid DNA into C. tepidum via conjugation as demonstrated
herein should allow genetic analysis of the extensive biochem-
ical and biophysical research already being done on this organ-
ism (14, 18–20, 26, 31).
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