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Ecology and physiology of phototrophic bacteria and sulfate-reducing bacteria in marine 
salterns 
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Abstract. Marine salterns are habitats for a large variety of halophilic bacteria. In the anoxic zones, halophilic 
sulfur bacteria develop mainly at the sediment surface, but only a few of them have so far been isolated from such 
environments. Among the phototrophic sulfur bacteria that sometimes form purple layers underneath the green 
cyanobacterial layers, members of the genera Ectotkiorkodospira, Ckromatium (C. salexigens), Tkiocapsa (T. 
halophila) were isolated. They grow by using sulfide as an electron donor. In the marine salterns, sulfide originates 
from active sulfate reduction. Among the halophilic sulfate-reducing bacteria, only Desulfovibrio halophilus and 
DesulJohalobium retbaense have so far been isolated. The ecology and physiology of both kinds of bacteria are 
discussed in this paper. 
Key words. Phototrophic bacteria; sulfate-reducing bacteria; marine salterns; halophilic sulfur bacteria. 

Introduction 

Marine salterns are generally man-made formations 
based on a succession of various shallow ponds in 
which sea water circulates and evaporates until the 
sodium chloride level reaches saturation, with resulting 
precipitation and crystallization. Consequently, in the 
successive ponds a gradient of brines forms with in- 
creasing salinity in each pond. These special aquatic 
systems are habitats for a large variety of halophilic or 
halotolerant bacteria which occur over the salinity gra- 
dient, depending on the optimum salinity for growth of 
each species. In the first ponds most of the bacteria 
isolated are slightly balophilic or marine bacteria, ac- 
cording to the description of halophilic bacteria and 
their salinity range from Trfiper and Galinski 4~ In the 
intermediary ponds, where the sea water is concentrated 
to a salinity of about 10 to 20%, most of the bacteria 
we can isolate belong to the groups of moderately 
halophilic or halophilic sensu stricto bacteria. The last 
ponds are inhabited by extremely halophilic bacteria 
particularly the Halobacteriaceae, the family that con- 
tains all bacteria of the halophilic branch of the Ar- 
chaea 4~. Most of the extremely halophilic eubacteria 
that are genetically completely separate from the Ar- 
chaea have so far been isolated from anoxic hypersaline 
environments. Among them, two bacterial groups are 
well represented: the fermentative bacteria belonging to 
the family Haloanaerobiaceae 3a and the phototrophic 
sulfur oxidizing bacteria of the family Ectoth- 
iorhodospiraceae17 
The phototrophic sulfur oxidizing bacteria grow at the 
anoxic sediment surface in a narrow zone containing 
sulfide and reached by light. They use sulfide as an 
electron donor for their photosynthesis. The sediment 

of the marine salterns is very anoxic and rich in sulfide 
in any pond throughout the salinity gradient, from 
sea-water salinity up to NaC1 saturation. Consequently, 
various kinds of phototrophic sulfur-oxidizing bacteria 
are encountered in the different ponds. Most of them 
originate from the marine environment and tolerate salt 
concentrations up to 8 10%. They grow in the first 
ponds. Some moderately halophilic sensu stricto or ex- 
tremely halophilic organisms populate the other ponds. 
The sulfide stored in the anoxic sediments, that serves as 
electron donor for anoxygenic photosynthesis, is mainly 
produced from sulfate reduction. Sulfate is one of the 
major mineral compounds of sea-water (25 mM). It is 
concentrated in the salterns up to saturation point and 
precipitated in the form of calcium sulfate (gypsum). 
Consequently, it is never a limiting factor for sulfate- 
reduction in the salterns and serves as the final electron 
acceptor for sulfate-reducing bacteria. These bacteria 
need low molecular weight organic compounds as en- 
ergy sources. Such compounds originate from organic 
matter, produced by halophilic organisms and degraded 
via halophilic aerobic or fermentative bacteria. The 
sulfate-reducing bacteria are present in various ponds of 
the salterns; however, so far only a few have been 
isolated. Both kinds of bacteria (phototrophic and sul- 
fate-reducing) contribute to the turnover of the sulfur 
cycle in the anoxic zone of the hypersaline environ- 
ments. The present paper examines their physiology and 
ecology in marine salterns. 

The phototrophic bacteria in saline environments 

The anoxygenic phototrophic bacteria constitute a 
physiological group of microbes that have the common 
property of anoxygenic photosynthesis. They possess 
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Table 1. Different families or groups of anoxygenic phototrophic bacteria and their major characteristics e 

Renews 

Bacterial type Family or group Main electron donors BChls Sulfur 
globules 

Purple Purple nonsulfur bacteria Organic compounds a BChl a or b and None 
bacteria (HzS, Na2S203, H2) carotenoids 

Chromatiaceae b H2S, S ~ NazSO 3, BChl a or b c Inside the 
Na2S203 ,  H 2 and carotenoids cells 
(organic compounds) ",a 

Ectothiorhodospiraceae b H2S, S ~ Na~S03, H 2 BChl a or c ~ Outside the 
(organic compounds) ",a cells 

Green and Chlorobiaceae b H2S, S ~ Na2SO3, BChl c, d or e; Outside the 
brown bacteria (organic compounds d in small amount of BChl a and cells 

the presence of CO 2 cartenoids 

Chloroflexaceae Organic compounds d BChl c or d; None or 
(H2S) small amount of BChl a and outside the 

cartenoids filament 

Heliobacteria Organic compounds a BChl g; small None 
amount of carotenoids 

~Organic compounds can serve as electron donors. 
bThe three families which form phototrophic sulfur bacteria. 
COnly a few species. 
aOrganic compounds serve as the photosynthetic carbon source. 
eRedrawn from Caumette (cf. ref. 4). 

light harvesting pigments (bacteriochlorophylls  (BChls) 
and carotenoids) that  act in the transfer of  electrons 
through one photosystem and a cyclic chain of  electron 
transport .  Consequently, in contrast  to cyanobacteria  
(so-called oxygenic phototrophic  bacteria) that use wa- 
ter as electron donor and produce oxygen during their 
photosynthesis,  the anoxygenic phototrophic  bacteria 
can use H2, organic compounds or sulfur-reduced com- 
pounds; they live in anoxic environments reached by 
light. In the case of  sulfur compounds,  they produce 
various oxidized sulfur metabolites,  the final product  
being sulfate. 
Phototrophic  bacteria are divided into purple and green 
bacteria according to their respective bacteriochloro- 
phylls and carotenoids (table 1). The purple bacteria 
contain BChl a or b and numerous carotenoids 
(okenone,  spirilloxanthin, rhodopinal ,  lycopenal, etc.) 
incorporated into a complex cell membrane system 
which is continuous with the photosynthetic mem- 
brane 3s,36,3s. The varying amounts  of  carotenoids 
present produce colors ranging from yellow-brown to 
red purple-violet. The green and brown bacteria contain 
BChl c, d, or e and carotenoids of  the isorenieratene 
series as light-harvesting pigments which are located in 
vesicles (chlorosomes) at tached to the cell membrane at 
the intracytoplasmic periphery of the cells. They also 
contain a small amount  of  BChl a as a photosynthetic 
reaction center located in the membrane.  In addition, 
other photot rophic  bacteria contain fl-carotene as their 
major  carotenoid 2. They are grouped in different 
families and genera according to their physiological and 
genetic characteristics 36. 

The family or group of  purple non-sulfur bacteria (table 
2) consists of  bacteria containing mainly BChl a or 
BChl b and using organic compounds  or H2 as electron 
donors. 
The members of  the families Chromatiaceae and Ec- 
tothiorhodospiraceae (table 2) (purple sulfur bacteria) 
also contain BChl a or BChl b, and use mainly sulfur 
compounds as electron donors. The Chromatiaceae 
family members store elemental sulfur globules as inter- 
mediary products of  photosynthesis inside the cells. The 
Ectothiorhodospiraceae members excrete sulfur glob- 
ules outside the cells. 
The green bacteria (table 3) are divided into two 
groups. Members of  both groups contain BChl c, d or e. 
The group of  green sulfur bacteria comprises bacteria 
that use mainly reduced sulfur compounds as electron 
donors and excrete elemental sulfur as the intermediary 
product  of  their photosynthesis in the form of  globules 
outside the cell. 
The family Chloroflexaceae (green non-sulfur bacteria) 
comprises filamentous bacteria which show a pro- 
nounced tendency to use organic compounds,  although 
photol i thotrophic  growth with sulfide as electron donor 
has been observed in Chloroflexus mats ~. 
Recently, other genera and species of  phototrophic  bac- 
teria have been described, including 'heliobacteria ' ,  
which contain BChl g. For  these strains, a new family 
(Heliobacteriaceae) has been suggestedL 
Anoxygenic phototrophic  bacteria often develop as 
dense layers in a wide variety of  anoxic, generally 
poorly illuminated, environments found in metalimnia 
or hypolimnia of  stratified water bodies or at the sedi- 
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Table 2. Genera of the phototrophic purple bacteria" 

475 

Group and genus Morphology Division Motility Gas 
vacuoles 

Purple nonsulfur bacteria 
Rhodopseudomonas Rods 
Rhodomicrobium Ovoid cells 
Rhodospirillum Spirilloid cells 
RhodocTclus Curved cells in circle 
Rhodopila Spherical cells 
Rhodobacter Rods 

Purple sulfur bacteria 
Chromatiaceae b 

Chromatium Rods to ovoid cells 
Thioc:vstis Spherical cells 
Thiospirillum Spirilloid cells 
Thiocapsa Spherical cells 
Lamprocystis Spherical cells 
Lamprobacter Rods 
Thiodictyon Rods 
Thiopedia Spherical cells in 

platelets 
Amoebobacter Spherical cells 
Thiorhodovibrio Spirilloid cells 

Ectothiorhodospiraceae c 
Ectothiorodos'pira Spirilloid to curved 

cells 

Budding + 
Budding + 
Binary + 
Binary + or - 
Binary + 
Binary + or - 

Binary + - 
Binary + -- 
Binary + -- 
Binary -- - 
Binary + + 
Binary + + 
Binary -- + 
Binary + 

Binary - + 
Binary + - 

Binary + + or 

"Modified after Caumette 4 and Overman et al. 5 
bSulfur globules inside the cells. 
CSulfur globules outside the cells. 

Table 3. Genera and groups of green, brown and filamentous phototrophic bacteria" 

Group and genus Morphology Motility Gas 
vacuoles 

Green sulfur bacteria h 
Chlorobiaceae 

Chlorobium 
Prosthecoch/ori~' 
Pelodictyon 
Ancalochloris 
Chloroherpeton 

Filamentous green bacteria 
Chloroflexus 
Chloronema 
Oscillochloris 
Heliothrix 

Brown (BChl g) phototrophic 
bacteria 

Heliobacterium 
Heliobacillus 
Heliospirillum 

Straight or curved rods 
Irregular cells with appendages 
Straight, curved or ovoid cells 
Spherical cells with appendages 
Long flexing rods 

Filaments of 30 to 300 ~tm 
Filaments of 150 to 250 gm 
Filaments of a few mm 
Filaments 

Long rods 
Long rods 
Spirilloid rods 

_ m 

- -  + 

-- § 
Gliding + 

Gliding 
Gliding + 
Gliding + 
Gliding 

Gliding 
+ 
+ 

"Modified after Caumette 4. 
bSulfur globules outside the cells. 

m e n t  surface  in the  p resence  o f  sufficient light.  M o s t  o f  

the  b l o o m s  o f  p h o t o t r o p h i c  bac t e r i a  h a v e  been  obse rved  

as co lo r ed  b iomasses ,  m a i n l y  o f  p u r p l e  or  green  sul fur  

bac te r ia .  In  add i t i on  to r equ i r ing  anox ic  c o n d i t i o n s  a n d  

p h o t o s y n t h e t i c a l l y  act ive r ad ia t ion ,  p h o t o t r o p h i c  p u r p l e  

a n d  green  sul fur  bac t e r i a  need  a su i t ab le  e lec t ron  d o n o r  

such  as h y d r o g e n  sulfide. M o s t  o f  the  h y d r o g e n  sulfide 

w h i c h  accumula t e s  in anox ic  layers  is o f  b iogenic  or igin,  

wi th  the  excep t ion  o f  t h a t  in  sul fur  spr ings  a n d  hy-  

d r o t h e r m a l  vents .  In anox ic  sed imen t s  h y d r o g e n  sulfide 

is der ived m a i n l y  f r o m  bac te r i a l  b r e a k d o w n  of  sulfur  

p ro t e in s  via  f e r m e n t a t i o n  processes  or  f r o m  the  anae ro -  

bic r e sp i ra t ion  o f  sul fa te  or  sul fur  by  sulfate-  or  sulfur-  

r educ ing  bac te r i a  4~. The  la t te r  p rocess  c an  p r o d u c e  

m o r e  t h a n  95'70 o f  the  b iogenic  sulfide f o u n d  in anoxic  

layers  o f  sulfate-  or  su l fur - r ich  hab i t a t s .  Based  on  the  
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turnover of  the microbial  sulfur cycle - so-called 'sul- 
fureta '  most of  these environments are found in 
shallow coastal marine environments with salinity rang- 
ing from brackish to hypersaline. In these environ- 
ments, the purple and green sulfur bacteria are 
distributed according to vertical oxygen, sulfide and 
light gradients. 
In coastal anoxic sediments the oxic/anoxic interface 
(chemocline or redoxcline) is generally found within the 
first millimeter or centimeter 3'2~'37. The narrow interface 
between the oxygen and sulfide layers often reveals a 
transition zone of  less than 1 ram, free of both com- 
pounds 23, in contrast  to stratified lakes, where both 
compounds can be found in a larger transit ion layer. 
Oxygen in the overlying water column does not usually 
penetrate sediments deeper than 2 mm, although in sed- 
iments covered by cyanobacterial  or algal mats it can be 
detected as deep as 10 mm 2~ 23. At  greater depths, oxy- 
gen is depleted as a consequence both of  chemical 
combinat ion with sulfide and consumption by different 
heterotrophic and chemotrophic organisms, part icularly 
the colorless sulfur-oxidizing bacteria. In many sedi- 
ments of shallow water bodies, adequate photosyntheti-  
cally active radiat ion reaches depths of 2 to 8 mm ~3'22'23. 
The blue and green parts of  the light spectrum penetrate 
less deeply than does red and near-infrared light, which 
is used by phototrophic  bacteria. Light penetration into 
sediments depends on the depth of  the overlying water; 
near-infrared light can only penetrate sediments under 
very shallow water bodies (less than 50 to 100 cm in 

depth). In water bodies deeper than 2 to 4 m, only wave 
lengths between 450 and 550 nm reach the sediment 
surface; they can be used by phototrophic  bacteria 
which have BChls and some specific carotenoids as 
light-harvesting pigments. 
Some phototrophic  bacteria found in the marine coastal 
environments are halotolerant  up to 2 - 4 %  NaC1, but 
strictly halophilic purple or green bacteria have fre- 
quently been isolated. These generally exhibit optimal 
growth at salinities between 2 and 5% NaC1 and are 
classed as marine or slightly halophilic bacteria ( table 
4). They are abundant  in the first ponds of marine 
salterns connected to the sea where the sea water is 
concentrated to about  6 to 8% NaC1. 
In contrast,  only a few purple bacteria have so far been 
isolated from hypersaline habitats; some green sulfur 
bacteria have been observed TM 15 but not isolated. Most  
of the purple bacteria isolated from hypersaline ponds 
in marine salterns are moderately halophilic to 
halophilic sensu stricto bacteria with optimal growth at 
salinities between 6 and 11% NaC1 (table 4). They 
belong to the genera Rhodospirillum, Chromatium, Thio- 
capsa and Ectothiorhodospira. The most common or- 
ganisms isolated so far are Chromatium salexigens 6, 
Thiocapsa halophila 7 and Rhodospirillum salinarum 2s. 

Extremely halophilic purple bacteria have most com- 
monly been isolated from alkaline brines in athalasso- 
haline environments such as desert lakes 18'19. They 
require about  20 to 25% NaC1 for optimal growth. They 
belong to the family Ectothiorodospiraceae.  In these 

Table 4. Halophilic phototrophic bacteria grouped according to their salt requirements and classification of halophilic organisms ~ 

Bacterial Type 

Marine to slightly 
' halophilic (1.5 to 6% 
NaC1) 

Moderately halophilic 
(3 to 15% NaC1) 

Halophilic sensu stricto 
(9 to 24% NaCI) 

Extremely halophilic (18 
to 30% NaCI) 

Species 5 1 0 1 5 2 0 2 5% NaCI 

Chromatium buderi 
Chloroherpeton thalassium --~ - 
Ectothiorhodospira mobilis 
Rhodobacter sulfidophilus ~ ' - - .  
Pelodictyon phaeum 
Rhodopseudomonas marina 
Ectothiorhodospira vacuolata 
Prosthecochloris phaeoasteroidea 
Thiorhodovibrio winogradskyi 
Chlorobium chlorovibrioides 
Chromatium purpuratum 
Rhodobacter adriaticus 
Prosthecochloris aestuarii 
Chromatium vinosum HPC 0 
Lamprobacter modestohalophilus 

Rhodospirillum mediosalinum 
Rhodospirillum salexigens 
Ectothiorhodospira marismortui 
Thiocapsa halophila 
Chromatium salexigens 

Ectothiorhodospira abdelmalekii 
Rhodospirillum salinarum 

Ectothiorhodospira halophila 
Ectothiorhodospira halochloris 

0 

Q 

0 
O 

Q 
} 

O 
Q 

aO, optimum salinity. Data from Caumette4; Caumette et al.7; Oren et al) ~ and Overmann et al. 33. 

Q 
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Table 5. Compatible solutes synthetized by different halophilic bacteria grown with 0.5 M or 1.5 M NaCI in the synthetic medium. The 
uptake of glycine betaine is also indicated (from R. Herbert, unpubl, observ.) 

Organism Salinity Solutes Glycine 
synthesized betaine uptake 

Thiocapsa roseopersicina OP1 
Thiocapsa roseopersicina 5811 
Thiocapsa roseopersicina 5911 
Thiocapsa halophila SG3202 

Amoebobacter roseus 6611 
Thiocystis violacea 2311 
Chromatium minus 1211 
Chromatium vinosum D 
Chromatium NCIMB 8379 
Chromatium salexigens SG 3201 

Chlorobium limicola kios 6230 
Chlorobium vibri@rme 6030 

0.5 M Sucrose + 
0.5 M Sucrose + + 
0.5 M Sucrose + 
1.5 M Betaine Sucrose N-acetyl- + + + + 

glutaminylglutamine amide 
0.5 M Sucrose + + + 
0.5 M Sucrose + 
0.5 M Sucrose Betaine + + + 
0.5 M Sucrose + 
1.5 M Sucrose Betaine + + + 
1.5 M Betaine Sucrose N-acetyl- + + + + 

glutaminylglutamine amide 
0.5 M Trehalose + + + 
0.5 M Trehalose + + 

+ = weak uptake. 
+ + = good uptake. 
+ + + - very good uptake. 

hypersaline environments, phototrophic  bacteria con- 
trol their osmoregulation by synthesis or uptake of  
compatible solutes that accumulate in their cytoplasm. 
The most common such solute is glycine-betaine. How- 
ever, most of  the purple and green bacteria are able to 
accumulate sugars (trehalose or sucrose) and some of  
them accumulate N-acetylated compounds such as N- 
acetyl-glutaminyl glutamine amide (table 5). 
The extremely halophilic purple bacteria synthesize an- 
other type of compatible solute (ectoine) which is an 
amino acid derivative 4~ The biosynthetic pathway of  
ectoine in Ectothiorhodospira halochloris has recently 
been identified 34. 

The sulJate-reducing bacteria in hypersaline 
environmen ts 

The sulfate-reducing bacteria (SRB) form an ecophysio- 
logical group of  microbes that  share the common prop-  
erty of  using sulfate as the main electron acceptor 
during their anaerobic respiration. They are recognized 
as strict anaerobes although their activity in the pres- 
ence of  oxygen has recently been observed ~2'14. Most  of  
them are also able to use thiosulfate, sulfite or sulfur as 
electron acceptors; a few can also use nitrate or fu- 
marate. When they use a sulfur compound as electron 
acceptor, the final product  of  their respiration is hydro- 
gen sulfide which is excreted into their environment. 
They are generally chemoorganotrophs.  They use low 
molecular weight organic compounds such as lactate, 
pyruvate,  ethanol, volatile fatty acids, or Ha as electron 
donors. Some sulfate reducers can use higher fatty acids 
(up to C~6 or Cls), degrading them to CO2. Others can 
use alcohols up to C3, sugars (glucose, fructose) and, in 
a few cases, part icular  organic compounds such as in- 
dol, phenol or catechol. Organic compounds are also 
used as carbon sources; only a very few sulfate reducers 

are autotrophs,  using CO2 as their carbon source. Some 
can use formate as an electron donor  or carbon source 
in the presence of H2 and CO2. 
Metabolically the sulfate-reducing bacteria differ by ox- 
idizing completely or incompletely the organic electron 
donors. Species which perform incomplete oxidation 
produce low molecular weight fatty acids (mainly ac- 
etate) as the end product  of their metabolism. The 
physiology and systematics of  sulfate reducing bacteria 
have been well reviewed and discussed recently 41,s4,43'42. 

Bacterial sulfate reduction has been reported to occur as 
an important  process in organic matter  mineralization 
in anoxic environments ranging from marine to hyper- 
saline2O,3,24,27,46,25,30. In the marine environment, most 

of  the sulfate reduction takes place in the anoxic sedi- 
ment or in bo t tom anoxic waters of  stratified lagoons, 
and is performed by halotolerant  or slightly halophilic 
sulfate reducers of many different species and genera. 
The slightly halophilic sulfate reducers have been allot- 
ted to the genera DesulJovibrio, Desulfobacter, Desulfo- 
coccus, DesulJosarcina, DesulJbbacterium or Desulfonema 
and show optimal growth at salinities ranging from 1 
to 4% (table 6). 
Only a very few moderately h'alophilic sulfate reducers 
have been isolated from different kinds of  hypersaline 
environments including marine salterns. Tr/iper 39 has 
isolated a few strains of  SRB from hot brines in the Red 
Sea, One of  these tolerated up to 17% NaC1 and seems 
to be similar to DesulJbvibrio halophilus, a moderately 
halophilic sulfate reducer recently isolated by Caumette 
et al. 7 from the hypersaline Solar Lake in Sinai. Cord- 
Ruwisch et aU ~ isolated several strains of  SRB from oil 
field water containing about  10% NaC1. One of  them, a 
lactate and fatty acid oxidizing strain, has been found to 
grow slowly in media containing up to 27% NaC1 but 
has not  been described in more detail. 
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Table 6. Grouping of halophilic species of sulfate-reducing bacteria according to the classification of halophilic organisms 4~ 

Salinity range Salinity optimum 
(% NaCl) (% NaC1) 

I. Marine or slightly halophilic species 

Desulfovibrio desulJuricans 
subsp, aestuarii 

Desu[fbvibrio salexigens 
Desulfovibrio giganteus 

Desulfobacter postgatei 
Desulfobacter latus 
Desulfobacter curvatus 
Desulfobacter hydrogenophilus 

Desulfococcus multivorans 
Desulfococcus niacini 

DesulJbsurcina variabilis 

DesulJobacterium autotrophicum 
DesulJbbacterium vacuolatum 
DesulJobacterium phenolicum 
Desuljobacterium indolicum 

Desulfonema limicolu 
DesulJonema magnum 

2. Moderately halophilic species 

Desul/'ovibrio halophilus 

Desulfohalobiurn retbaense 

0.5 6 

0.5 12 
0.2 6 

0.5-4 

3 18 

3 25 

2.5 

2 4 
2 3 

0.7 
2 
2 
1 

0.5 
1.5 

1.5 

2 
2 
2 
2 

1.5 
2 3 

6-7 

10 

Very recently, a second moderately halophilic sulfate 
reducer has been fully described and characterized as a 
new species in a new genus Desulfohalobium retbaense, 
by Ollivier et al. 2'~. It was isolated from the small hyper- 
saline Retba Lake in Senegal and showed a tendency to 
thermophily. This species consists of  non-sporulat ing 
motile straight rods. This species and Desu~vibrio 
halophilus represent the only two moderately halophilic 
species so far isolated (table 6), al though many other 
halophilic sulfate reducers should exist in hypersaline 
environments. Both species have a salinity range be- 
tween 3 and 20% NaC1 with an optimal growth at 
salinities between 6 and 10%. They use a narrow range 
of  organic compounds such as lactate, pyruvate,  for- 
mate, and also H2 as electron donors. They are able to 
use acetate as a carbon source in the presence of  H2 as 
electron donor.  The osmoregulation of  these bacteria is 
not  yet well elucidated, Recent experiments suggest that 
Desulfovibrio halophilus cannot  synthesize compatible 
solutes and is able to grow in defined mineral media by 
accumulating salts in the cytoplasm (Galinski,  unpub- 
lished observation). 

Example o f  mass bloom developments o f  
phototrophic bacteria in marine salterns 

In the marine salterns of  Salin-de-Giraud,  located on 
the mediterranean French coast in the Rhone Delta, 
microbial  mats of  oxygenic and anoxygenic pho- 
totrophic  bacteria were observed underneath the gyp- 

sum crust in ponds  at salinities ranging between 13 and 
20%. These mats have been investigated over the last 5 
years 6,7,9. They were composed of cyanobacteria and 
phototrophic  purple bacteria organized in laminated 
thin layers as shown in figure 1. Above the gypsum 
crust, there was a brown layer, 2 to 5 mm thick, of 
unicellular cyanobacter ia  of  the group Aphanothece 
embedded in a mucoid substance. Below the gypsum 
crust, a green layer, 2 mm thick, of  the filamentous 
cyanobacter ium Phormidium formed an overlayer above 
the purple layer of  phototrophic  bacteria, which was 2 
to 4 mm thick and composed mainly of  purple sulfur 
bacteria of the family Chromatiaceae.  These mats were 
very fully developed during the spring and summer 
seasons. 
Recent investigations have shown that  the purple sulfur 
bacteria grow by using sulfide originating from sulfate 
reduction in the underlying sediment  ̀) . In the first 
5 cm of  this sediment sulfate reduction occurs at very 
high rates; it was calculated from 35S incubations to 
amount  to about  8 ~tmol .cm 3. day ~ or 4 0 0 m m o l .  
m 2. day 1. In the purple layer, sulfide oxidation mea- 
sured with micro-electrodes 9 was calculated to be about  
12 gmol .  cm 3. h-1 in the 3 mm depth of  this layer. 
This value can be estimated at 300 to 380 mmol �9 m 2. 
day 1 assuming a photosynthetic period of  8 -10  hours. 
F rom such observations it becomes evident that  the 
sulfide produced is not completely reoxidized by the 
phototrophic  purple bacteria. Cyanobacter ia  could be 
involved in the reoxidation, either by producing oxygen 
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Figure 1. Typical laminated microbial mats observed in hypersaline environments of the marine salterns of Salin-de-Giraud (Rhone 
Delta, France). These mats occur in hypersaline ponds with salinities ranging from 13% to 20%. Redrawn from Caumette et al. 9 

which chemically reacts with sulfide or by performing 
an anoxygenic photosynthesis.  Microprofiles of oxygen 
and sulfide in the mats support  this observation: during 
daylight, sulfide was detected deeper (below the purple 
layer) while during the night until the early morning it 
was found in the whole mat up to the gypsum crust 9, 
thus forming an anoxic environment for cyanobacteria.  
F rom the purple layer two new species of  halophilic 
bacteria belonging to the family Chromatiaceae were 
isolated (fig. 2). Chromatiurn salexigens 6 and Thiocapsa 
halophila 8 are able to grow at salinities between 4 and 
20% NaCI with optimal growth at 6 to 10'7o NaC1 in 
synthetic medium. Thus they are well adapted to their 
environments, where salinities range from 13 to 20% of  
total  salinity. Both organisms are able to use sulfide, 
sulfate, sulfur or thiosulfate as electron donor  and CO2 
as carbon source. They can also use some organic 
compounds,  mainly acetate and pyruvate. 
In the mats they can grow by using light wavelengths 
and intensity that  reach the purple layer. During maxi- 
mum daylight, the light intensity reaching the purple 
layer was about  460 lux (i.e. 0.1 to 0.5% of  PAR at the 
sediment surface). Both bacteria can grow at such light 
intensity. Their growth rate at opt imum light intensity 
(10001ux) is 0.030h -1. It decreases to 0.018h t at 
460 lux. The bacteria seem to be adapted to low light 
intensity as they are able to grow at 251ux with a 
growth rate of  0.006 h ~ 6,8. As discussed earlier and 
presented in table 5, both species synthesize or take up 
compatible  solutes for their osmoregulatory processes. 
F rom the sediment of these hypersaline environments a 
few strains of  halophilic Desulfovibrio have been iso- 
lated (fig. 2). They were very similar to Desulfovibrio 
halophilus strain SL 8903 isolated from the hypersaline 
solar lake in Sinai 7. These strains (SG 3802, SG 3805), 
members of  the species Desulfovibrio halophilus, have a 

Figure 2. Phototrophic purple bacteria and sult:ate reducing bac- 
teria isolated from the laminated microbial mats that occur in the 
hypersaline ponds of the marine salterns of Salin-de-Giraud 
(Rhone Delta, France). From top to bottom: Chromatium salexi- 
gens strain SG 3201; Thiocapsa halophila strain SG 3202; Desul- 
fi)vibrio halophilus strain SG3802. Bar indicates 10gm; all 
photographs at same magnification. 
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sal ini ty r ange  f r o m  1 to 17% NaC1 a n d  an  op t ima l  

g r o w t h  at  sal ini t ies be tween  4 a n d  6% NaC1 in syn the t i c  

media .  Like  the  pu rp l e  sul fur  bac ter ia ,  they are well 

a d a p t e d  to the  sal ini ty  r ange  o f  the  p o n d s  inves t iga ted  

in the  m a r i n e  sa l te rns  o f  Sa l in -de -Gi raud .  They  use 

lactate ,  py ruva te ,  fo rmate ,  e thano l ,  p r o p a n o l  and  H2 as 

energy  sources.  T h e y  can  also use ace ta te  as the i r  car-  

b o n  source  in the  presence  o f  H2, a m a j o r  c o m p o u n d  

o r ig ina t i ng  tu  the  f e r m e n t a t i o n  processes  t h a t  t ake  

place  in these  hype r sa l ine  anox ic  sediments .  

R e c e n t  inves t iga t ions  showed  t h a t  these ha loph i l i c  sul- 

fate reducers  are no t  able  to  synthes ize  c o m p a t i b l e  

solutes  a n d  a c c u m u l a t e  sal t  w h e n  they  are  g r o w n  in 

m i n e r a l  med ia  wi th  lac ta te  as c a r b o n  a n d  energy  

sources  (Ga l insk i ,  unpub l ,  observ.) .  F u r t h e r  invest iga-  

t ions  are in progress  to  verify i f  they are able  to take  u p  

c o m p a t i b l e  solutes  as do  the  h e t e r o t r o p h i c  bac t e r i a  such 

as Enterobacter ia  26. I f  this  hypo thes i s  is verified, va r ious  

new ha loph i l i c  sul fa te  reducers  could  be i so la ted  wi th  

the  help  o f  c o m p a t i b l e  solutes  in the  def ined cu l tu re  

media .  

i Beer-Romero, P., and Gest, H., Heliobacillus mobilis, a peritri- 
chously flagellated anoxyphototroph containing Bacteri- 
ochlorophyll g. FEMS Microbiol. Lett. 41 (1987) 109 114. 

2 Castenholz, R., Composition of hot spring microbial mats: a 
summary, in: Microbial Mats: Stromatolites, pp. 101 119. Eds 
Y. Cohen, R. W. Castenholz and H. O. Halvorson. Alan R. 
Liss, Inc., New York 1984. 

3 Caumette, P., Phototrophic sulfur bacteria and sulfate reduc- 
ing bacteria causing red waters in a shallow brackish lagoon 
(Prevost Lagoon, France). FEMS Microbiol.-Ecol. 38 (1986) 
113 124. 

4 Caumette, P., Ecology and general physiology of phototrophic 
bacteria in benthic environments, in: Microbial Mats, pp. 
283 304. Eds Y. Cohen and E. Rosenberg. ASM Publications, 
Washington 1989. 

5 Caumette, P., Bacterial communities in coastal lagoons. An 
overview. Vie Milieu 42 (1992) 109 121. 

6 Caumette, P., Baulaigue, R., and Matheron, R., Characteriza- 
tion of Chromatium salexigens sp. nov., a halophilic Chromati- 
aceae isolated from mediterranean salinas. Syst. appl. 
Microbiol. 10 (1988) 284 292. 

7 Caumette, P., Baulaigue, R., and Matheron, R., Thiocupsa 
halophila sp. nov., a new halophilic phototrophic purple sulfur 
bacterium. Arch. Microbiol. 155 (1991) 170 176. 

8 Caumette, P., Cohen, Y., and Matheron, R., Isolation and 
characterization of Desullbvibrio halophilus sp. nov., a 
halophilic sulfate-reducing bacterium isolated from Solar Lake 
(Sinai). Syst. appl. Microbiol. 13 (1991) 33 38. 

9 Caumette, P., Raymond, N., Relexans, J. C., and Matheron, 
R., Halophilic microbial mats in the saltern of Salin-de-Giraud 
(Camargue, France). FEMS Microbiol.-Ecol. (1993) in press. 

10 Cord-Ruwish, R., Kleinitz, W., and Widdel, F., Sulfate reduc- 
ing bacteria and their economic activities. Soc. Petrol. Eng. 
13554 (1987) 55 58. 

11 Corn6e, A., Sur les bact+ries des saumures et des s6diments des 
marais salants m6diterran6ens, in: Documents du Greco, vol. 
52. Laboratoire de G6ologie du Mus6um, Paris 1983. 

12 Dilling, W., and Cypionka, H., Aerobic respiration in sulfate- 
reducing bacteria. FEM Microbiol. Lett. 71 (1990) 123-128. 

13 Fenchel, T., and Straarup, B. T., Vertical distribution of 
photosynthetic pigments and the penetration of light in marine 
sediments. Oikos 22 (1971) 172 182. 

I4 Frfind, C., and Cohen, Y., Diurnal cycles of sulfate reduction 
under oxic conditions in cyanobacterial mats. Appl. environ. 
Microbiol. 58 (1992) 70-77. 

15 Giani, D., Seeler, J., Giani, L., and Krumbein, W., Microbial 
mats and physicochemistry in a saltern in the Bretagne 
(France) and in a laboratory scale saltern model. FEMS 
Microbiol-Ecol. 62 (1989) 151 162. 

16 Giovannoni, S. J., Revsbech, N. P., Ward, D. M., and Casten- 
holz, R. W., Obligately phototrophic Chlorq[texus: primary 
production in anaerobic hot spring mats. Arch. Microbioh 147 
(1987) 80 87. 

17 Imhoff, J. F., Reassignment of the genus Ectothiorhodospira 
Pelsh 1936 to a new family, Extothiorhodospiraceae, fam. nov., 
and amended description of the Chromatiaceae Bavemdamm 
1924. Int. J. syst. Bact. 34 (1984) 338 .339. 

18 Imhoff, J. F., and Trfiper, H. G., Ectothiorhodospira halochlo- 
ris sp. nov., a new extremely halophilic phototrophic bac- 
terium containing bacteriochlorophyll b. Arch. Microbioi. 114 
(1977) 115 121. 

19 Imhoff, J. F., and Triiper, H. G., Ectothiorhodospira abdel- 
malekii, sp. nov., a new halophilic and alkalophilic pho- 
totropbic bacterium. Zentralbl. Bakteriol. Mikrobiol. Hyg. At. 
1 Orig. Reihe C, (1981) 228 234. 

20 Jorgensen, B. B., The sulfur cycle of a coastal marine sedi- 
ment. Limnol. Oceanogr. 22 (1977) 814 832. 

21 Jorgensen, B. B., Ecology of the bacteria of the sulphur cycle 
with special reference to anoxic-oxic interface environments. 
Phil. Trans. R. Soc. London Ser. B 298 (1982) 543 561. 

22 Jorgensen, B. B., Cohen, Y., and Des Marais, D., Photosyn- 
thetic action spectra and adaptation to spectral light distribu- 
tion in a benthic cyanobacterial mat. Appl. environ. 
Microbiol. 53 (1987) 879 886. 

23 Jorgensen, B. B., and Des Marais, D., Competition for sulfide 
among colorless and purple sulfur bacteria in cyanobacterial 
mats. FEMS Microbioh-Ecol. 38 (1986) 179 186. 

24 Jorgensen, B. B., Kuenen, J. G., and Cohen, Y., Microbial 
transformations of sulfur compounds in a stratified lake (Solar 
lake, Sinai). Limnol. Oceanogr. 24 (1979) 799 822. 

25 Klug, M., Boston, P., Fromars, R., Gyure, R., Javor, B., 
Tribble, G., and Vairavermurty, A., Sulfur reduction in sedi- 
ments of marine and evaporite environments, in: The Global 
Sulfur Cycle, pp. 128 157. Ed. D. Sagan. NASA Technical 
memorandum 87570, NASA 1985. 

26 Le Rudulier, D., and Bouillard, L., Glycine betaine, an os- 
motic eflbctor in Klebsiella pneumoniae and other members of 
the Enterobacteriaceae. Appl. environ. Microbiol. 46 (1983) 
152- 159. 

27 Nissembaum, A., and Kaplan, I. R., Sulfur and carbon iso- 
topic evidence for biogeochemical processes in the Dead Sea 
ecosystem, in: Environmental Biogeochemistry, vol. 1, pp. 
309 325. Ed. J. O. Nriagu. Ann Arbor Sciences Publishers, 
Michigan 1976. 

28 Nissen, H., and Dundas, I. D., Rhodospirillum salinarum, sp. 
nov., a halophilic photosynthetic bacterium isolated from a 
Portuguese saltern. Arch. Microbiol. 138 (1984) 251 256. 

29 Ollivier, B., Hatchikian, C. E., Prensier, G., Guezennec, J., 
and Garcia, J. L., Desuljbhalobium retbaense gen. nov. sp. 
nov., a halophilic sulfate-reducing bacterium from sediments 
of a hypersaline lake in Senegal. Int. J. syst. Bact. 41 (1991) 
74 81. 

30 Oren, A., Anaerobic degradation of organic compounds at 
high salt concentrations. Antonie van Leuvwenhoek 54 (1988) 
267 277. 

31 Oren, A., Kessel, M., and Stackebrandt, E., Ectothiorhodospira 
marismortui sp. nov., an obligately anaerobic moderately 
halophilic purple sulfur bacterium from a hypersaline sulfur 
spring on the shore of the Dead Sea. Arch. Microbiol. 151 
(1989) 524 529. 

32 Oren, A., Paster, B. J., and Woese, C. R., Haloanaerobiaceae: 
a new family of moderately halophic obligatory anaerobic 
bacteria. Syst. appl. Microbiol. 5 (1984) 71 80. 

33 Overmann, J., Fischer, U., and Pfennig, N., A new purple 
sulfur bacterium from saline littoral sediments, Thiorhodovibrio 
winogradskyi gen. nov. and spec. nov. Arch. Microbiot. 157 
(1992) 329 335. 

34 Peters, P., Galinski, E. A., and Trfiper, H., The biosynthesis of 
Ectoine. FEMS Microbiol. Lett. 71 (1990) 157-162. 



Reviews Experientia 49 (1993), Birkhfiuser Verlag, CH-4010 Basel/Switzerland 481 

35 Pfennig, N., and Tr/iper, H. G., Isolation of members of the 
families Chromatiaceae and Chlorobiaceae, in: The Prokary- 
ores, pp. 279-289. Eds P. M. Starr, H. Stolp, H. G. Trfiper, 
A. Balows and H. G. Schlegel. Springer-Verlag KG, Berlin 
1981. 

36 Pfennig, N., and Trfiper, H. G., Anoxygenic phototrophic 
bacteria, in: Bergey's Manual of Systematic Bacteriology, 
pp. 1635 1709. Eds J. T. Staley, M. P. Bryant, N. Pfennig, 
and J. G. Holt. Williams and Wilkins, Baltimore 1989. 

37 Revsbech, N. P., Christensen, P. B., Nielsen, L. P., Mi- 
croelectrode analysis of photosynthetic and respiratory pro- 
cesses in microbial mats, in: Microbial Mats, pp. 153-162. 
Eds Y. Cohen and E. Rosenberg. ASM, Washington 1989. 

38 Schmidt, K., Biosynthesis of carotenoids, in: The Photosyn- 
thetic Bacteria, pp. 729 750. Eds R. K. Clayton and W. R. 
Sistrom. Plenum Publishing Corp., New York 1978. 

39 Tr/iper, H. G., Bacterial sulfate reduction in the Red Sea hot 
brines, in: Hot Brines and Heavy Metal Deposits in the Red 
Sea, pp. 263 271. Eds E. T. Degens and D. A. Ross. 
Springer Verlag, New York 1969. 

40 Trfiper, H. G., and Galinski, E. A., Concentrated brines as 
habitats for micro-organisms. Experentia 42 (1986) 1181 
1187. 

41 Widdel, F., Microbiology and ecology of sulfate and sulfur 
reducing bacteria, in: Environmental Physiology off Anaer- 

obes, pp. 469 584. Ed. A. J. B. Zehner. John Wiley & Sons, 
Inc., New York 1988. 

42 Widdel, F., and Bak, F. Gram-negative mesophilic sulfate- 
reducing bacteria, in: The Prokaryotes. A Handbook on the 
Biology of Bacteria: Ecophysiology, Isolation, Identification, 
Applications, 2nd ed, Vol. IV, pp. 3352-3378. Eds A. Bal- 
lows, H. G. Trfiper, M. Dworkin, W. Harder, and K. H. 
Schleifer. Springer Verlag, New York 1992. 

43 Widdel, F., and Hansen, T., The dissimilatory sulfate and 
sulfur-reducing bacteria, in: The Prokaryotes 2nd ed. vol. / pp. 
583 624. Eds A. Balows, H. G. Tr/iper, M. Dworkin~ W. 
Harder and K. H. Schleifer. Springer Verlag, New York 1992. 

44 Widdel, F., and Pfennig, N. Dissimilatory sulfate or sulfur 
reducing bacteria, in: Bergey's Manual of Systematic Bacteri- 
ology, vol. 1, pp. 663 679. Eds N. R. Krieg and J. G. Holt. 
The Williams & Wilkins Co., Baltimore 1984. 

45 Woese, C. R., Kandler, O., and Wheelis, M. L., Towards a 
natural system of organisms proposal for the domains Ar- 
chae, Bacteria and Eucarya. Proc. natl Acad. Sci. USA 87 
(1990) 4576 4579. 

46 Zeikus, J. G., Metabolic communication between biodegrada- 
tive populations in nature, in: Microbes in their Natural 
Environments, pp. 423 462. Eds J. H. Slater, R. Whitten- 
bury, and J. W. T. Whimpenny. S. G. M. 34 Cambridge 
University Press, Cambridge 1983. 


