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ABSTRACT: We estimated prokaryotic mortality due to viruses and bacterivores through salinity gra- 
dients in 2 solar salterns. In each saltern system, successive ponds provided steady state environments 
with a range of salinities from 37 to 372%. Prokaryotic and viral abundance increased with salinity, 
reaching about 10' prokaryotic cells ml-l and 10q virus-like particles (VLP) ml-' at salinities higher than 
250%0. Prokaryotic doubling times became longer than 2 d above 250% salinity until the end of the 
gradient. Bacterivory accounted for all the production at lower salin~ties but it was found to be zero at 
the highest salinities. The percentage of visibly infected cells was not different among the ponds where 
infected cells could be detected and it was always lower than 4 %. From the percentage of infected cells 
and using conversion factors from the literature we estimated rates of prokaryotic mortality due to viral 
lysis: about 0.6 to 2 X 10hprokaryotes ml-l were lysed daily by the viruses in the salterns. This number 
represented a low percentage of prokaryotic abundance and production compared to the prokaryotlc 
losses due to bacterivores (0.2 to 4 x 107bacteria ml-' d-l). However, viral production reached values 
higher than 10' VLP ml-l d-l above 250% salinity, due to the large burst size (200 viruses cell-') found 
in a part~cular morphotype of prokaryotes, the square archaea. These archaea represented more than 
25% of the prokaryotic dssemblage above 250%0 salinity. At this point they became the prokaryotic 
morphotype with the largest percentage of infected cells (1 to 10% of square archaea with visible 
phages inside). A lemon-shaped virus (sim~lar to one described for some other groups of archaea) was 
found infecting squdre archaea, its abundance increased in the saltiest ponds together with that of the 
square archaea. In this system viruses did not exert a strong control over the prokaryotic abundance 
and growth rate. 
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INTRODUCTION 

Understanding of the processes controlling prokary- 
otic assemblages in aquatic systems and measurement 
of the carbon fluxes through them have been ham- 
pered by methodological difficulties. Thus, the appear- 
ance of a reliable technique to measure bacterivory 
(Sherr et al. 1987) resulted in several studies indicating 
that predation of bacterioplankton by protozoans was 
the principal fate of bacterial production in different 
environments (Pace 1988, Sherr et al. 1989, Vaque et 
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al. 1993). However, once the consistent methodology to 
measure both parameters simultaneously was estab- 
lished, protozoan bacterivory did not always account 
for 100% of bacterial production (Sherr et al. 1989). In 
order to explain the constant cell concentration of bac- 
terioplankton commonly found in natural waters over 
long periods of time, alternative loss factors of bac- 
terioplankton had to be considered (Vaque et al. 1993). 
Recently, viral lysis has been recognized as an  im- 
portant cause of bacterial mortality in both marine 
(Proctor & Fuhrman 1990) and fresh waters (Hennes & 

Simon 1995). 
High percentages of bacterial mortality have been 

attributed to viral lysis in some environments (Proctor 
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& Fuhrman 1990, 1992, Heldal & Bratbak 1991, Stew- 
ard et al. 1992, Weinbauer & Peduzzi 1994, 1995a). 
However, very few studies have attempted to balance 
bacterial production on the one hand and mortality 
including both protist predation and virus infection on 
the other (Bratbak et al. 1992, Fuhrman & Noble 1995). 

The objective of this work was to determine the 
influence of viruses on prokaryotic abundance and 
growth rate relative to that of bacterivores. Two 
approaches are possible to compare both sources of 
mortality simultaneously. In one approach, a natural 
community can be enclosed in a mesocosm, where all 
factors can be measured simultaneously under con- 
trolled conditions. Fuhrman & Noble (1995) used this 
approach and found that bacterivory and viral lysis 
accounted for aSout 5006 each of bacterial mortality in 
water sampled in coastal California (USA). In another 
approach, measurements can be done in a natural 
envj.ronment. This has Lhe advantage of avoiding 
possible changes in the microbial community due to 
enclosure, the so-called bottle effects, which can be 
occasionally very important for viruses (Bratbak et al. 
1992). The problem, on the other hand, is that the sys- 
tem may not be in steady state, and that advection or 
other uncontrolled factors may complicate interpreta- 
tion of results. We decided to look for a natural system 
which resembled a mesocosm as much as possible. 
Further, we looked for a series of systems where we 
could expect the relative importance of bacterivory 
and viral lysis to change with respect to each other, so 
that the effects of each factor could be analyzed sepa- 
rately. 

The systems ch.osen for our purpose were 2 different 
solar salterns. These consist of a series of shallow 
ponds connected in a sequence of increasingly saline 
brines, used for the commercial production of salt from 
seawater. During evaporation of seawater, sequential 
precipitation of calcium carbonate, calcium sulfate and 
finally sodium chloride occurs. As the salinity in- 
creases, the multiple connections in the microbial loop 
decrease. The increase in salinity results in a gradual 
disappearance of large forms of life and marine 
prokaryotes at salinities lower than From this 
salinity up to 200% prokaryotic assemblages are dom- 
inated by moderately halophilic organisms. From 
200% salinity onwards changes affecting the microbial 
populations can be followed by the changes in the 
aspect of the water. the green-brown color of the water 
changes to red in the crystallizer ponds. Such ponds 
become almost monospecific cultures of halophilic 
archaea (Rodnguez-Valera 1988). The different ponds 
in the salterns are maintamed under constant condi- 
tions over long periods of time, enabling the microbial 
populations to reach an equilibrium at each pond 
(Rodnguez-Valera 1988, C. Pedros-Alio, J. J. Calderon- 

Paz & M. Maclean unpubl.). This common feature 
among salterns allowed us to assume that the micro- 
bial populations living in them were in a steady state. 

We quantified the distribution of virus-like particlcs 
(VLP), the frequency of infected cells and the burst size 
throughout the salinity gradient. Using conversion fac- 
tors from the literature (Proctor et al. 1993), we esti- 
mated prokaryotic mortality due to viral lysis and the 
production rate of viruses. Prokaryotic heterotrophic 
activity and bacterivory were measured to compare 
the 2 sources of mortality (due to viruses and to bac- 
terivores). 

The finding of high abundance of 'square archaea' and 
the fact that these were the only visibly infected cells in 
the saltiest ponds allowed a study of them to be made 
separately from the rest of the prokaryotic community. 

We demonstrate that viruses have a small effect in 
controlling the whole prokaryotic abundance under 
steady state and that their influence on prokaryotic 
growth rates is minimal in these systems. 

MATERIALS AND METHODS 

Terminology. In order to be consistent with the cur- 
rently accepted terminology for the prokaryotes we 
have used the term 'prokaryote' when referring to all 
the community of prokaryotes and the term 'archaea' 
when referring to this particular domain (Woese et al. 
1990). The problem arises when referring to 'grazing' 
or 'bacterivory' since neither one is appropriate to refer 
to predation on prokaryotes including a mixture of 
bacteria and archaea. In order to avoid cumbersome 
terms, however, we have retained the words bacteri- 
vore and bacterivory when referring to predation on 
prokaryotes. For the 'square cells' we have used the 
term 'square archaea', because it is accepted that they 
belong in the archaeal domain (Stoeckenius 1981). 

Solar salterns. Samples were collected on 28-29 
July 1994 from the multi-pond solar saltern 'La Trinitat' 
located in Delta de 1'Ebre (Tarragona, Spain, 40" 35' N, 
0" 41' E). The water salinity of the 9 ponds sampled 
represented the increasing gradient from seawater 
salinity (37OA) to the crystall~zers (370%~).  The ponds 
are shallow, about 0.5 m deep, and their area varies 
from 2UU ha tor the iess saiine io jusi 3 i ~ d  i ~ i  ihe 
tallizers. A very persistent breeze keeps the water well 
mixed. Samples were taken with a bucket at the end of 
a pole, collecting mostly subsurface water. The corners 
of the square ponds were avoided, since the wind 
accumulates organic matter scums and debris in those 
areas. Some data were also collected in the 'Braq del 
Port' salterns (Santa Pola, Alacant, Spain, 38" 12' N, 
0" 36' W) on 29-31 July 1993. The range of salinities in 
the latter was from 38 to 382%. 
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Abundance of prokaryotic cells and viruses. In 
each pond, 3 samples of 25 m1 were collected in 
polypropylene bottles and fixed immediately with 
formaldehyde (4% final concentration). Viral and 
prokaryotic abundances were determined using ultra- 
centrifugation and transmission electron m.icroscopy 
(TEM; Bursheiin et al. 1990). To avoid interference of 
the high prokaryotic numbers in viral counts, we 
diluted the samples 4 times at salinities lower than 
250% and 10 times at higher salinities. The dilution 
was done with distilled water filtered through an 
Anopore filter (pore size 0.02 pm). Previously, we had 
checked that both cells and VLP remained intact after 
dilution. 

Cells and viruses were harvested onto the grids (400- 
mesh Ni electron microscope grids with carbon coated 
formvar film) using a Beckman SW41 swing-out rotor 
run at 40000 rpm for 30 min at 20°C (Bratbak & Heldal 
1993, Suttle 1993). For each sample, duplicate grids 
were stained for 1 min with uranyl acetate (2Yo w/w). 
VLP were enumerated and sized in a Jeol lOOCX 
transmission electron microscope operated at 80 kV 
and at a magnification of 1 0 0 0 0 0 ~ .  Fields were ran- 
domly selected and counted until the total counts 
exceeded 200 VLP. Prokaryotic cells were enumerated 
in the same preparations at 20000x magnification 
Viral abundance was also determined using DAPI stain 
and counting the particles under the epifluorescence 
microscope (Suttle 1993). We used epifluorescence in 
order to compare viral counts between 2 different 
salterns, since this technique is much faster for routine 
use. 

Frequency of cells containing mature phages. Be- 
cause of the high acceleration voltage (80 kV) used in 
this study, we were able to identify cells containing 
mature phages (Heldal & Bratbak 1991). A cell was 
considered as infected when phages inside could be 
clearly recognized on the basis of shape and size (Brat- 
bak et al. 1992, Weinbauer et al. 1993). The minimal 
number of phages found in an infected cell was 6. At 
least 200 fields at 20000x magnification were in- 
spected for potential infection in each sample. The 
number of mature phages inside cells gave an esti- 
mation of the burst size (Weinbauer et al. 1993). 

Because of the low abundance of infected cells in all 
the samples we did not calculate the frequency of cells 
with mature phages separately for each morphotype, 
except in the case of the infected square archaea at 
salinities higher than 180%0, where this morphotype 
became more abundant. 

Prokaryotic heterotrophic activity. Prokaryotic het- 
erotrophic activity was measured through the incorpo- 
ration of [methyl-3H]thymidine (TdR; Bell 1993). Sam- 
ples of 10 m1 were incubated in the dark at  in situ 
temperature for 45 min with 20 nM TdR. Two repli- 

cates plus a formaldehyde killed control were incu- 
bated for each pond. To end the incubation, formalde- 
hyde was added and the vials kept in a cooler with ice 
until return to the laboratory. The samples were 
filtered and counted in a liquid scintillation counter 
(Pedros-Alio et al. unpubl.). 

Bacterivory. Bacterivory by protists was measured 
with fluorescently labeled bacteria (FLB; Sherr et al. 
198?), using the FLB disappearance method (Pace et 
al. 1990, Salat & Mai-i-ase 1994). FLB were prepared 
from a heterotrophic bacterium isolated from 
the Mediterranean coast (1 X 0.8 pm, biovolume 
0.42 pm3). This cell size is a compromise between the 
average cell volume at the lowest salinity ponds 
(0.084 pm3) and at the highest salinity where bac- 
terivory was measured (0.916 pm3). Bacterivory 
experiments were carried out in all ponds except for 
the 2 crystallizers (with salinities > 300%0). At these 
high salinities no predators were present, since nel- 
ther flagellates nor ciliates can live in the crystalliz- 
ers. Samples (1 1) were incubated at in situ tempera- 
ture in polycarbonate bottles in the dark. Two 
replicates and a control killed with formaldehyde 
(final concentration 1 %) were carried out at each 
pond. Incubations lasted 48 h and were stopped by 
fixing subsamples with glutaraldehyde (final concen- 
tration 2 ' X , ) .  

RESULTS 

Abundance of prokaryotic cells and VLP 

Total counts of prokaryotes increased with salinity 
by 1 order of magnitude from the less saline pond 
(3?.5',Y,n) up to the most saline (370%; Fig. 1A). Abun- 
dance of VLP increased by almost 2 orders of magni- 
tude in the same range of salinities (Fig. 1A). Prokary- 
otic and VLP abundance were significantly correlated 

(p  0.001, r = 0.97, n = 9) (Fig. 1B). 
Because of their particular shape, size and abun- 

dance at  salinities higher than 250%0, it was possible to 
quantify square archaea separately (Table 1). In order 
to avoid possible confusion with odd-shaped prokary- 
otes that could occasionally appear square in the har- 
vested samples, we used the criterion of Stoeckenius 
(1981) to classify them: square archaea were identified 
as flat and rectangular cells with perfectly straight 
edges, measuring a few pm on the side (Fig. 2A). 
The smallest cells were square, measuring 2 X 2 pm, 
whereas the largest cells were often rectangular with 
mean side lengths of 1.87 ? 0.56 and 2.83 * 0.53 pm. 
In the saltiest ponds the square archaea constituted 
around 25% of the total number of prokaryotes 
(Table 1). 
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Size distribution of viruses 

VLP were classified into 4 classes based on shape 
and the diameter of their heads (F~gs .  1C & 2E, F). 
Most VLP in all ponds had icosahedral heads of 20 to 
50 nm. The percentage of VLP in each class did not 
follow any pattern with increasing salinity, except for 
the lemon-shaped viruses (LSV; Fig. 2E, F). These 
LSV showed a progressive increase in abundance 
with increasing salinity, reaching 31.4 % of the VLP 
in the most salt concentrated ponds. The size of these 
viruses, apparently untailed, was 40 X 80 nm. The 
abundance of LSV was significantly correlated with 
that of square archaea (p < 0.03, r = 0.7, n = 9). 
These viruses were seen infecting square archaea, 
but the  umber of infected cells was too low for 
statistically significant counts. Thus, we could not 
provide infection percentages for LSV-square ar- 
chaea separately. The square archaea, however, 
were often infected by viruses with other morpholo- 
gies (Fig. 2C). 
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Thymidine incorporation (Fig. 3A) did not show a 
clear pattern with salinity increase or with VLP 
numbers. The activity per cell showed the highest 
values at salinities lower than 170%" (Fig. 3A). Data 
on thymidine incorporation rates, combined with 
the abundance of prokaryotes, enabled calculations 
of prokaryotic doubling times, using a theoretical 
conversion factor of 1.5 X 1018 cell mol-l TdR 
(Pedros-Alio et al. unpubl.). Doubling times became 
higher than 2 d at sa1initi.e~ higher than 270%" 

a 

Fig. 1 (A) Prokaryotic and viral abundance along the salinity (F,$. 3B). 
gradient. Bars indicate standard errors based on 2 replicates. Bacterivory (ingested prokaryotes rnl-' d-l) showed 
When no bars are visible, errors are smaller than marker 
points. (B) Relationship between prokaryotic and viral abun- the highest values in ponds with salinities between 78 

dance. [Cl Viral slze class distribution re~resen ted  as  erc cent- and (Fig. 3 C ) .  In the ponds ~. 
age of the total in each pond. LSV: lemon-shaped viruses where bacterivory was measured we did not find any 

Table 1. Frequency of bacteria containing mature phages and relative abundance of square archaea. Values are means calcu- 
lated from the 2 grids observed from each pond. Range of values shown in parentheses. NP: not present 

Saii pullli c-l: . .; . . .  
a u i u ~ r r y  R Z P ~ O T ~ ~  with ..---- S q i ~ a r ~  arrhaea Square archaea 

(%o) mature phages ( %  of total bacteria) with mature phages 
('% of total) ( 'X ,  of square archaea) 

TR l 37.5 < 0.04 0 NP 
TR2 64 < 0.05 c 3 NP 
TR3 90 <0.06 < 3 NP 
TR7 149 1.28 (0.35-2.21) < 5 NP 
TR5 182.5 1.30 (0.26-2 33) < 5 NP 
TR4 250 1.88 (0.00-3.76) 8.53 (8-8.9) 1.57 (1.19-1.95) 
TR6 297.5 0.85 (0.51-1.20) 31.51 (28-34) 2.81 (1.67-3.94) 
TR8 370 1.30 (0.86-2.71) 28.09 (15-40) 6.73 (3.26-10.2) 
TR9 372 0.62 (0.50-0.74) 21.78 (17-30) 2 57 (2.08-3 07) 
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Fig. 2. (A) Prokaryotic cells in the crystallizer ponds (370%0 salinity), the sample was diluted 10 times (see 'Materials and meth- 
ods'). (B) Prokaryotic cell with phage particles, head diameter ca 60 nm. (C)  Square archaea with phage particles, head diameter 
ca 40 nm. (D) Square archaea lysed by phages, head diameter ca 50 nm. (E) Lemon-shaped virus. (F) Different types of phages, 

including 2 icosahedral, tailed types and a lemon-shaped virus 

disappearance of FLB. Prokaryotic heterotrophic activ- 
ity (pm01 TdR 1-' h-') was significantly correlated with 
bacterivory (p < 0.001, r = 0.866, n = 10) and, con- 
versely, doubling times were longer when bacterivory 
was lowest. 

Frequency of infected prokaryotes and burst size 

In the ponds with total salinity values lower than 
150%0 we did not find any infected cells in 200 fields 
screened for each grid, with an average of 10 cells per 
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Fig. 3. ( A )  Incorporation of [methyl-3H]thymidine (TdR) along 
the salinity gradient (0) and TdR incorporation per cell (e). 
Bars indicate standard errors based on 2 replicates. When no 
bars are visible, errors are smaller than marker points. 
(B) Doubling times of the prokaryotic assemblage in each 
pond. (C) Prokaryotes (PN) ingested by bactenvores along the 
sal~nity gradient Bars represent standard errors of 2 repli- 
cates. Arrows ~nd~cate  ponds where bacterivory was found to 

be zero 

field. In the ponds with higher salinit~es the overall 
frequency of prokaryotes visibly infected with phages 
ranged between 0 and 3.76% (Table 1). No significant 
differences were found among the different ponds 
(ANOVA, p > 0.05, n = 12) The frequency of infected 
cells for the square archaea ranged between 1.. 19 and 
10.2%, showing the highest values in pond TR8 
(Table 1). Again, among the ponds where these 
archaea were present, differences were not significant 

(ANOVA, p > 0.05, n = 8). In the ponds with salinities 
higher than 350%0 (TR8 and TR9) all the infected pro- 
karyotes that we could see belonged to this morpho- 
type. The LSV were sccn infecting only square 
archaea. 

The number of viruses inside the infected prokary- 
otes (square archaea excluded; Fig. 2B) ranged be- 
tween 6 and 35 phages per host cell (mean 22 + 7). 
The number of phages found in the infected square 
archaea (Fig. 2C, D) was significantly different (Stu- 
dent's t-test, p < 0.001) from that in other infected 
prokaryotes, ranging between 100 and 380 (mean 
203 + 77). We did not find differences in burst size for 
the same morphotype among the ponds. 

Losses of prokaryotic abundance and production 

In order to estimate the impact of viral attack on the 
prokaryotic assemblages we had to use a series of 
assumptions. In the first place, we calculated the total 
number of infected prokaryotes (TIP) from the number 
of visibly infected prokaryotes (VIP) and the range of 
conversion factors (f: 3.7 to 7.14) provided by Proctor et  
al. (1993): TIP = VIP X f. We then reasoned that this 
number of infected cells is the number of cells that 
would die within a time equivalent to the latent period 
(L) of the phage infection. Thus, the prokaryotes lysed 
per m1 per day because of viral infection (v) is: v = 

TIPIL. 
The latent period L, however, is unknown for a nat- 

ural assemblage which may combine several phage- 
prokaryote systems. An approach used by Proctor et  al. 
(1993) was based on the sim~litude between L and the 
doubling times (Dt)  of the host-prokaryotic systems. 
Under this assumption L = Dt and thus: 

V = TIP/Dt = (VIP X f)/Dt 

The results of these calculations are shown In 
Fig. 4A. It is apparent that despite very different dou- 
bling times (Fig. 3B) in the ponds where viral infection 
was measurable, the number of prokaryotes lysed per 
m1 and per day was fairly similar throughout the salin- 
ity gradient. 

From the number of prokaryotes lysed per day and 
the buls i  size u l  iiie iiifectei: prok~;i..c:cs ::.C CC=!:! C?.!- 

culate th.e number of viruses produced per day. The 
number of viruses produced markedly increased with 
salinity (Fig. 4A), due  to the larger burst size of the 
prokaryotes in the most saline ponds. 

The importance of viruses and bactenvores in con- 
trolling prokaryotic abundance and production is 
shown in Fig. 4B. The percentage of prokaryotic losses 
attributed to viral lysis was always lower than 20%) of 
both biomass and production. Bacterivory, on the other 
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Fig. 4 .  (A) Prokaryotic lysis rates and viral production rates 
along the salinity gradient. The 2 points for each salinity rep- 
resent the values found after applying the range of conversion 
factors (Proctor et al. 1993) to the average percentage of visi- 
bly infected cells (Table 1). (B) Percentage of heterotrophic 
prokaryotic production (HPP) and abundance (PN) ingested 
by bacterivores and lysed by viruses per day in the different 
ponds. Error bars (only the upper one shown) indicate the 

lowest and the highest calculated values 
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hand, accounted for a much higher fraction of prokary- 
otic abundance and production losses at salinities 
lower than 180%0. In the first pond, with a salinity sim- 
ilar to that of seawater, both the percentages of 
prokaryotic abundance and production ingested by 
bacterivores were lower than 30%. In the ponds with 
salinities ranging from 64 to 15004, bacterivory ac- 
counted for about 100% of the prokaryotic production. 
This represented more than 100% of the prokaryotic 
abundance per day, due to the fact that prokaryotes in 
these ponds doubled approximately twice a day. Viral 
infection could be first detected at 150%0 salinity. At 
this salinity, both the percentage of bacterial abun- 
dance and production losses attributed to viral lysis 
were almost 30 times lower than the percentage attrib- 
uted to bacterivory. At 182%0 salinity, viral lysis and 
bacterivory reached similar low percentages, although 
bacterivory was still 3 times higher than viral lysis. At 
this salinity, prokaryotic doubling times (Fig. 3B) 

'1 

increased about 2-fold with respect to doubling times 
at lower salinities. 

From 250'!b0 salinity onwards, bacterivory disap- 
peared and viral infection acted alone. The percentage 
of prokaryotic abundance losses per day attributed to 
viral lysis was lower than 5%. At the saltiest ponds 
(from 250 to 372%" salinity), prokaryotic doubling times 
reached values ranging between 2.5 and 5 d (Fig. 3B). 

Comparison between salterns 

Salterns derived from seawater have the same types 
of salts in solution all over the world. Due to this char- 
acteristic, organisms and ecological relationships 
among different salterns are similar (Rodriguez-Valera 
1988, Oren 1994). In order to confirm this similarity for 
the viruses we compared prokaryotic and viral abun- 
dance between La Trinitat and Bra5 del Port salterns, 
located in different places along the Mediterranean 
coast (Fig. 5).  In Bray del Port bacterial and viral abun- 
dance were determined using DAPI stain and epi- 
fluorescence microscopy. In order to compare both 
salterns, we also determined viral abundance in La 
Trinitat with epifluorescence microscopy. Although in 
La Trinitat salterns the viral abundance determined 
with epifluorescence microscopy (Fig. 5B) was 2 to 20 
times lower than that found with TEM (Fig. lA) ,  viral 
counts done with DAPI were highly reproducible. 
From 6 replicate filters for each pond from Bray del 
Port, the percentage of variability around the mean 
was always lower than 10%. Thus, despite the lower 
sensitivity of DAPI-epifluorescence microscopy with 
respect to TEM to estimate viral abundance, the 
method should be useful to compare different samples 
with similar physico-chemical characteristics. 

Prokaryotic abundance in the 2 salterns showed a 
similar pattern (Fig. 5A). The abundance was lower 
than 4 X 107 prokaryotic cells ml-' at salinities lower 
than 200x0 and increased up to 1 X 108 prokaryotic 
cells ml-' from this salinity on. Square archaea started 
to be considerably abundant at  250%0 salinity in both 
salterns (Fig. 5A). Viruses also followed a similar 
pattern in both salterns and reached maximal abun- 
dance at salinities higher than 250%0 (Fig. 5B). 

DISCUSSION 

Advantages of solar salterns for the study of 
virus-prokaryote interactions 

The solar salterns provide a range of environments 
specially suited to test hypotheses in microbial ecol- 
ogy. Limited species diversity, high cell abundance 
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Fig. 5. (A) Abundance of prokaryotes (PN) and square 
archaea (SAN) along the salinity gradient from 2 salterns 
(Braq del Port and La Trinitat) Bars represent standard errors 
of 2 replicates. (B) Viral abundance from the 2 salterns, deter- 
mined with DAPl stain and epifluorescence microscopy. Bars 
represent standard errors of 6 replicates in Braq del Port and 
of 2 replicates In La Trinitat. When no bars are visible, errors 
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and short food chains (Rodriguez-Valera 1988, Oren 
1994) make the system progressively simple and easy 
to analyze. The gradient of salinity, from seawater to 
saturated sodium chloride brines, allows examination 
of microbial processes as more and m.ore components 
disappear as their upper tolerance limit to salt is 
- - r p a r h ~ d  - . - . . . O n e  last advantage of thls system is that each 
pond can be considered to be at  steady state. Cell 
abundance does not change in different years (Pedros- 
Alio et al. unpubl.) and, except for the rare heavy rain- 
falls, there are essentially no alterations of the system. 
This allowed simultaneous calculation of the total mor- 
tality due to bacterivory and viruses. 

We also knew that bacterivory would decrease and 
finally disappear as salinity increased (Pedros-Alio et 
al. unpubl.), while viral lysis could potentially be pre- 
sent throughout the gradient. Therefore, we could 
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check whether viral mortality and bacterivory co- 
varied, varied in opposite directions or did not show 
any relationship to each other. Finally, these ecosys- 
tems are markedly similar all over the world, in as far 
as they are derlved from the evaporation of seawater, 
and the conclusions drawn from the study of specific 
salterns should have a more general validity (Oren 
1994) 
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The numbers of VLP found in the salt ponds (10' to 
log ml-l) are some of the highest reported in plank- 
tonic systems (Fuhrman & Suttle 1993, Maranger & 
Sirc! 1995). The variability in viral abundance among 
the ponds was largely explained by the abundance of 
prokaryotic cells (PN). Several stu.dies have reported 
that the strengih of the VL?/?N relationship found, 
indirectly suggested that the majority of viruses in 
these environments were of prokaryotes (Proctor & 
Fuhrman 1990, Cochlan et al. 1993, Maranger & Bird 
1995). Our data support this idea, since VLP numbers 
were significantly correlated with prokaryotic abun- 
dance but no correlation was found between VLP and 
chlorophyll a concentrations (data not shown). 

In one study it was also suggested that there is a 
correl.at~on between cell abundance and frequency 
of cells containing mature phages (Weinbauer et al. 
1993), but in another study this correlation was not 
found (Steward et al. 1996). From our data, the per- 
centage of infected cells was not different among the 
ponds. However, the production of viruses increased 
with prokaryotic cell abundance due to the different 
burst sizes of the prokaryotes in the different ponds. A 
large variability in the burst s u e  of whole marine bac- 
terial assemblages (10 to 300) has been reported in 
other studies (Heldal & Bratbak 1991, Steward et al. 
1996). Considerable variability in the burst size of dif- 
ferent bacterial morphotypes has been found (Wein- 
bauer & Peduzzi 1994). Other factors such as growth 
rate or cell volume could also influence the burst size of 
the prokaryotes 

Phage production rates may be used to calculate 
phage-induced bacterial mortality when the burst size 
is known. Some studies have used the minimum ( l u ) ,  

the maximum (300) and the average (50) burst sizes 
reported for marine environments (Steward et al. 
1992). The range of prokaryotic mortality rates re- 
ported in this way change by an order of magnitude, 
depending on the assumed burst sizes. These studies 
have advised caution about the uncertainty of their 
mortality estimates (Steward et al. 1992). Our data are 
a clear example of the importance of determining the 
burst size of the prokaryotes in each environment in 
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order to obtain accurate estimates of bacterial mortal- 
ity due to viral lysis, when the latter are estimated from 
phage production rates. Despite some uncertainties in 
the determination of burst sizes with current methods 
(Weinbauer & Peduzzi 1994), this is the most direct 
way available to estimate viral mortality. 

We calculated viral production from direct measure- 
ment of burst sizes and number of infected cells. The 
viral production in the different ponds was within the 
range of values reported for other environments (Stew- 
ard et  al. 1992). Assuming that the ponds are  at  steady 
state, the VLP number should not change with time. 
Thus, our estimated virus production rates should be 
equal to decay rates. These rates varied between 0.04 
and 0.7 h-', which also fall within the range of pub- 
lished values (Heldal & Bratbak 1991, Bratbak et  al. 
1992, Mathias et  al. 1995). 

We conclude that it is possible to support a high 
phage production rate with low percentages of pro- 
karyotic mortality in nature. The low percentage of 
prokaryotic mortality due  to viral infection and the 
high bacterial biomass suggest that viruses do not con- 
trol total prokaryotic abundance. 

Prokaryotic mortality: virus infection versus 
bacterivory 

The factors that control growth rate and mortality of 
prokaryotes in aquatic environments have received 
considerable attention. However, very few studies 
have included direct measurements of viral lysis. In 
one study losses due  to bacterivory and viral lysis were 
determined simultaneously in a mesocosm (Bratbak et  
al. 1992). These authors measured primary production, 
bacterial production, viral decay rates and bacterivory. 
In their results, predation exceeded bacterial produc- 
tion estimates by a factor of 2. Viral lysis exceeded bac- 
terial production by a factor of 6. Therefore, a balance 
could not be found. Fuhrman & Noble (1995) found a 
balanced budget between bacterial losses and produc- 
tion including bacterivory and viral infection. They 
used independent lines of evidence to conclude that 
viruses and protists caused comparable rates of bacte- 
rial mortality in 2 mesocosm experiments. Recently, 
Steward e t  al. (1996) reported comparable rates of bac- 
terial mortality due  to viral lysis and flagellate bac- 
terivory in Arctic waters. They did not find a balance 
between bacterial production and these 2 sources of 
bacterial mortality, suggesting that other sources of 
bacterial mortality were present. 

We have quantified the 2 factors that have been 
reported to account for most of prokaryotic mortality in 
nature. Taking advantage of the steady state dynamics 
present in the salterns, we could assume a balance 

between prokaryotic heterotrophic production and 
losses due to bacterivory and viral lysis. In our study, 
prokaryotic production balanced prokaryotic losses In 
3 of the ponds where bacterivory was present (from 
64 to 149X0 salinity). In the other 2 ponds (37.5 and  
182.5",, salinity) prokaryotic production was 2 to 4 
times higher than prokaryotic losses. In the higher 
salinity ponds, bacterial production exceeded losses by 
viral infection by a factor >10. Since production was 
higher than the measured losses in the higher salinity 
ponds, there must exist other sources of mortality, per- 
haps flocculation and sedimentation. Some character- 
istics of the halophilic archaea, such as  the production 
of salt-requiring bacteriocins that inhibit the growth of 
other halophilic archaea, have been reported a s  a 
source of mortality in laboratory cultures (Oren 1994). 

Moreover, special characteristics of several halo- 
phage-halophilic archaea systems, such as carrier- 
states, could also contribute to explain this uncoupling. 
A carrier state has been defined as a situation in which 
the host, persistently carrying and continually produc- 
ing viruses, survives and multiplies (Pauling 1982, Zil- 
lig et al. 1988). In this carrier state, infected bacteria 
continue to multiply at the same rate as uninfected 
bacteria (Torsvik & Dundas 1980). Thus, infected cells 
could produce phages without increasing mortality. 

We do not know the relative importance of these dif- 
ferent processes (flocculation, sedimentation, presence 
of bacteriocins and establishment of carrier states). 
Studies in the laboratory suggest that they could be 
potentially important in the salterns. The fact that 
prokaryotic heterotrophic production exceeded losses 
by viral infection in the saltiest ponds supports this 
hypothesis. Another possible explanation could be  a n  
underestimation of viral lysis. This is discussed in a 
later section. 

Prokaryotic growth rate and  viral lysis 

There is evidence that the supply of organic matter 
may control bacterial growth in many aquatic environ- 
ments (Billen et  al. 1990). It is also known that bacteri- 
vores are  important contributors to the dissolved 
organic matter pools in the oceans (Taylor et  al. 1985, 
Nagata & Kirchman 1992). This recycling of nutrients 
increases prokaryotic growth rates in the presence of 
bacterivoi-es. A similar effect has been suggested for 
viral lysls of bacterla (Fuhrman & Suttle 1993, Wein- 
bauer & Peduzzi 1995b). From our results, the doubling 
times of prokaryotes were longer in the ponds where 
bacterivory was absent and viral lysis acted alone, and 
shorter in ponds where both bacterivory and viral lysis 
were present. Thus, we can conclude that viruses had 
a n  effect smaller than bacterivores in increasing 
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prokaryotic growth rates. However, viral lysis may 
play a significant role in maintaining moderate proka- 
ryotic growth rates in the saltiest ponds. 

Hypersaline environments are often rich in nutrients, 
and in the salterns the temperature is close to the optl- 
mal for growth of halophilic prokaryotes (Oren 1994). 
Other requirements, such as ionic composition of the 
ponds, could determine the growth rate of the different 
prokaryotic assemblages. Therefore, the growth stimu- 
lation due to bacterivores and viruses may be partially 
masked by these other factors. 

Critical assumptions in the calculation of 
bacterial mortality 

We estimated bacterial mortality caused by 2 differ- 
ent factors: bacterivory and vlral lysis. Both estimates 
are subject to errors. if the errors were very high, 
some of the conclusions would be invalid. The FLB 
technique to determine bacterivory has been used 
many times in different environments and is usually 
taken to give reasonable estimates (Sherr et al. 1989). 
In our case the use of a single bacterial culture to pre- 
pare FLB which were then used in all ponds may have 
introduced some error. The FLB were larger than 
average prokaryotic volume in the lower salinity 
ponds and smaller than the average in the higher 
salinity ponds (see 'Materials and methods'). Bacteri- 
vores are known to feed preferentially on larger bac- 
teria, as long as they fall within a certain size range. 
Thus, our bacterivory estimates could be overesti- 
mates at lower salinities and underestimates at higher 
salinities. We think, however, that this was not a 
major problem. According to this line of reasoning the 
37%0 salinity pond should have shown the highest 
overestimation, yet grazing in this pond was relatively 
low. In fact, it showed the same value as in the 180% 
salinity pond, where average bacterial volume was 
similar to that of the FLB. Thus, factors other than size 
were having a much stronger impact on predation 
estimates. Further, grazing estimates were very rea- 
sonable in all cases. They showed a covariation with 
bacterial specific thymidine incorporation rates and 
decreased down to zero as salinity increased in paral- 
lel to the abundance of ciliates and flagellates. Thus, 
we conclude that the large differences in grazing 
between ponds are real, even if the absolute value is 
subject to some error. 

The critical assumptions used to calculate viral mor- 
tality from visibly infected cells by TEM are: the ultra- 
centrifugation step, the conversion factors to convert 
visibly infected cells to total number of infected cells, 
and the assumption that the latent periods are similar 
in length to the host doubling times. 

During the ultracentrifugation process there is the 
possibility that we lost phage-infected prokaryotes by 
disruption of cells (Weinbauer & Peduzzi 1994). Thus, 
the frequency of infecled cells reported would tend to 
be conservative. 

The conversion factor used to obtain the total num- 
ber of infected cells was derived from thin sections 
(Proctor et al. 1993), and we applied it to samples 
observed directly by negatlve staining. The total num- 
ber of cells with mature phages may be higher than the 
visibly infected cells but perhaps not in the same pro- 
portion as in thin sections (Fuhrman & Suttle 1993). 
Fuhrman & Noble (1995) used both methods to esti- 
mate the percentage of infected cells. Although they 
only had 2 measurements to compare both methods, 
the number of visibly infected cells found with thin 
sections was higher than that counted with direct 
observations of infected bacteria. Thus, our estimates 
of infection for the whole prokaryot.ic community could 
be considered conservative (but not those for the 
square archaea). The special morphology of this group 
(flat and square) made it possible to avoid some of the 
inconveniences of the direct observation of infected 
cells (variation in staining and cell thickness; Fuhrman 
& Noble 1995). Moreover, the conversion factor 
derived using the whole cell method in natural com- 
munities (M. Weinbauer, cited in Steward et al. 1996) 
was within the range calculated by Proctor et al. 
(1 993). 

The most crltical step in our calculations IS the 
assumed equivalence between the generation times of 
the prokaryotes and the latent periods of the viruses. 
To test this assumption, Proctor et al. (1993) compared 
latent periods and generation times of marine isolates 
cultured with a range of nutrients. We have added data 
from the few studies done with halotolerant and 
halophilic prokaryotes and their phages in a range of 
salinities, to their data set (Fig 6) .  The regression with 
the added data was significant (r2 = 0.68, p < 0.001, n = 

42), and the slope of the regression was not signifi- 
cantly different from 1 (Student t-test, p > 0.05). There- 
fore, it seems safe to assume similar lengths for the 
latent periods and the generation times. 

Another possible error in our calculations is the 
assumption that all the infected prokaryotes will lyse 
during the time of the iateni periuci. ii i ~ d s  k e i i  siig- 
gested that it is posslble that bacterivores ingest 
infected bacteria, even at a higher rate than non- 
infected bacteria (Weinbauer & Peduzzi 1995b). This 
could be the reason why we did not find any visibly 
infected cells in the lower salinity ponds. If this were 
the case, our data of mortality due to viral lysis would 
be still lower in the ponds where the bacterivory was 
present. This would not matter, however, in the ponds 
with higher salinities, where bacter~vory was zero. 
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Generation time (h) 

Fig. 6. Generation time of uninfected cells versus latent pe- 
riod of infected hosts. (o) Data from Proctor et  al. (1993). (a) 
Data from the halotolerant/halophilic prokaryote-phage 
systems reported in the literature: (1, 2)  Deleya halophilalF19 
from Calvo et al. (1988); (3) Halobacterium halobiumlJa1 
from Wais et  al. (1975); (4) Halobacterium halobium str.Rl/@H 
from Schnabel et  al. (1982); (5, 8) Halobacterium halobiurnl 
Hh3, Hhl  from Pauling (1982); (6, 7) Halobacterium cutj- 
rubrum NRC 34001/S5100 from Daniels & Wais (1990); (9 to 
11) Halobacterium salinarium/HSl from Torsvik & Dundas 

(1 980) 

We cannot give the quantitative importance of these 
sources of error. Except for the first one and partially 
for the second, however, all the other would cause our 
estimates to be overestimates, and therefore the con- 
clusion of very low impact of viral lysis on prokaryotes 
in salterns would not be affected. 

Square archaea and lemon-shaped viruses 

The square archaea were first observed by Walsby 
(1980) in the salt-saturated brines of a sabkha (salt 
plain) in the Southern Sinai Peninsula. Since then 
these cells have been found in other hypersaline habi- 
tats in Israel, Spain, California (USA) and Senegal. 
These prokaryotes have not been grown in pure cul- 
tures (Oren 19941, but there is no doubt that these 
organisms are halophilic archaea (Stoeckenius 1981). 
In the absence of any convincing laboratory cultures, it 
is not possible to tell whether more than 1 type exists 
(Grant & Larsen 1989). 

In samples from salt-saturated brines, it is common 
to find a series of odd morphologies, including cup- 
shaped, square, rectangular and triangular cells. Al- 

though several box-shaped archaea have been iso- 
lated in pure cultures from similar environments (Javor 
et al. 1982), they were more variable in appearance 
and smaller than Walsby's square archaea and they 
lacked gas vacuoles (Parkes & Walsby 1981). No infor- 
mation is available about the phages of any of these 
halophilic archaea. 

We found a clear pattern of increasing square 
archaeal abundance with increasing salinity. In the 
saltiest ponds this morphotype formed a large percent- 
age of the cell number (25%).  Thus, they could be 
expected to play a significant role in the ecosystem. 

We did not find any significant difference among the 
percentages of visibly infected square archaea with 
increases in their abundance. This indicates a constant 
proportion between uninfected cells and infected cells 
We could not estimate in situ growth rates specifically 
for this group, thus we could not calculate rates of mor- 
tality for them as we did before with the whole 
prokaryotic community. However, applying Proctor et  
al.'s conversion factors to the percentage of square 
archaea visibly infected we could estimate the total 
percentage of infection for the square archaea. Thus, 
from 5 to 4 8  % of the square archaea could be infected 
by viruses at any moment. Of course, the conversion 
factors of Proctor et al. (1993) were calculated for a 
marine Vibrio. The real factor for the square archaea 
could be completely different. In any case, the number 
of square archaea is rather constant in salterns: we 
have found the same abundance in different years and 
in different salterns (Fig. 5A). The persistence of these 
numbers with relatively high infection suggests that 
the viruses do not have a strong impact on the abun- 
dance of square archaea. 

Different mechanisms may work in the maintenance 
of this equilibrium. It has already been mentioned that 
carrier states can be very important in the salterns. 
Since the square archaea were the only infected mor- 
photype in the most salty ponds, this may indicate that 
they were the most metabolically active component of 
the prokaryotic assemblage. Moreover, they are halo- 
philic archaea and in the saltiest ponds they find the 
best conditions for growth (Oren 1994). From the 
halophage-halophilic archaea pairs studied in cul- 
tures, it is known that when the halophilic archaea 
reach their optimal growth conditions, a carrier state 
is often established. This situation seems to protect 
halophilic archaea from extensive phage-induced 
lysis, and provides for the perpetuation of the phage 
(Torsvik & Dundas 1980). Thus, a high percentage of 
infected square archaea would not necessarily cause 
high mortality in their population. 

We have also found a particular morphotype of 
virus infecting the square archaea, the 'lemon- 
shaped viruses'. Similarly shaped viruses have been 
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isolated from other archaea: Sulfolobus B12 and 
Methanococcus voltae (Zillig et al. 1988), but have 
not been isolated or described in halophilic archaea. 
It is interesting that it has been suggested that this 
type of VLP could have arisen before the separation 
of the major branches of the archaeal domain (Zillig 
et al. 1988). 

Throughout the salinity gradient we have been able 
to follow the viral infection from a situation where bac- 
terivores and viruses interacted with prokaryotes up to 
a high salinity environment where only prokaryotes 
and viruses were present. This study of viruses in 
salterns supports a general conclusion about their role 
in steady-state situations: the viruses are not important 
in determining overall bacterial abundance. However, 
more work i s  necessa ry  in o r d e r  to know how the  pop- 
ulation~ can remain in such high abundance. Studies 
related to the diversity and activity of the different bac- 
+ Lelia! m assemblages are necessary. The salterns seem to 
be an appropriate environment to test some of these 
hypotheses. 
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