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The molecular and biological consequences of UV-B radiation were investigated by studying five species of
marine bacteria and one enteric bacterium. Laboratory cultures were exposed to an artificial UV-B source and
subjected to various post-UV irradiation treatments. Significant differences in survival subsequent to UV-B
radiation were observed among the isolates, as measured by culturable counts. UV-B-induced DNA photo-
damage was investigated by using a highly specific radioimmunoassay to measure cyclobutane pyrimidine
dimers (CPDs). The CPDs determined following UV-B exposure were comparable for all of the organisms
except Sphingomonas sp. strain RB2256, a facultatively oligotrophic ultramicrobacterium. This organism ex-
hibited little DNA damage and a high level of UV-B resistance. Physiological conditioning by growth phase and
starvation did not change the UV-B sensitivity of marine bacteria. The rates of photoreactivation following
exposure to UV-B were investigated by using different light sources (UV-A and cool white light). The rates of
photoreactivation were greatest during UV-A exposure, although diverse responses were observed. The differ-
ences in sensitivity to UV-B radiation between strains were reduced after photoreactivation. The survival and
CPD data obtained for Vibrio natriegens when we used two UV-B exposure periods interrupted by a repair
period (photoreactivation plus dark repair) suggested that photoadaptation could occur. Our results revealed
that there are wide variations in marine bacteria in their responses to UV radiation and subsequent repair

strategies, suggesting that UV-B radiation may affect the microbial community structure in surface water.

Marine bacteria may account for up to 90% of the cellular
DNA in oceanic environments (11, 42). These organisms play
a central role in the cycling of nutrients in aquatic ecosystems
and are a fundamental link in the carbon transfer process (i.e.,
the microbial loop [3]). Therefore, the study of factors that
control bacterial growth in the environment is of primary im-
portance. Among the different factors that affect bacterial
growth, solar UV radiation (UVR) (wavelengths, 290 to 400
nm) has only recently received attention. UVR could be par-
ticularly deleterious for bacteria because these organisms have
simple haploid genomes with little or no functional redundancy
and are small, which precludes effective cellular shading or
protective pigmentation (13). The last conclusion is supported
by the observation that more photodamage is induced in bac-
terioplankton than in larger eukaryotic plankton by the same
amount of solar UVR (20, 21). The detrimental effects of
sunlight on bacterioplankton are manifested by reduced DNA
and protein synthesis (1, 18), reduced exoenzymatic activity
(36), reduced amino acid uptake (4), reduced oxygen con-
sumption (39), and a decrease in bacterial abundance (36, 39).

DNA photodamage by UVR is wavelength dependent.
UV-A (wavelengths, 320 to 400 nm) causes only indirect dam-
age to DNA, proteins, and lipids through reactive oxygen in-
termediates. UV-B (wavelengths, 290 to 320 nm) causes both
indirect and direct damage because of the strong absorption of
wavelengths below 320 nm by DNA. The most abundant prod-
ucts formed during irradiation with UV-B are the cyclobutane
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pyrimidine dimers (CPDs) (35). A CPD can be lethal if the
lesion blocks DNA synthesis and RNA transcription or can be
mutagenic if the lesion is bypassed by DNA polymerase. In-
duction of CPD formation in marine bacterioplankton under
laboratory and field UVR conditions has been studied by Jef-
frey and coworkers (20, 21).

In response to UV damage, bacteria have developed differ-
ent repair pathways, including photoenzymatic repair (PER),
nucleotide excision repair (NER) (also called dark repair), and
recombinational repair (postreplication repair). PER involves
direct monomerization of CPDs by a single enzyme (photol-
yase) with near-UV or visible light as a source of energy (45).
PER has been observed in marine bacterioplankton exposed to
artificial UV-B after secondary irradiation with UV-A or pho-
tosynthetically active radiation (PAR) (22). The existence of
PER in natural populations has been inferred from the results
of CPD kinetic analyses performed with bacterioplankton sam-
ples obtained from the marine water column throughout the
solar day (21). Similar field studies have also shown that ma-
rine bacterioplankton repair much of the DNA damage at
night after diurnal exposure to sunlight, indicating that NER is
a fundamental repair mechanism as well (21, 33, 39). Species-
specific differences in UV-B sensitivity have been found in
algae (23), cyanobacteria (51), ciliates (53), and metazooplank-
ton (54). Studies of photobiological responses of marine bac-
terial species are very rare (17), and little is known about the
diverse responses of marine bacteria during UV exposure and
subsequent recovery. Understanding these responses is crucial
for predicting the extent to which UVR may affect bacterial
diversity by selecting phototolerant species or by inducing pho-
toadaptation. Therefore, we studied the molecular and biolog-
ical responses of five marine bacteria to UV-B radiation under
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standardized experimental conditions. By measuring survival
and induction and repair of CPDs under different light condi-
tions, we estimated the relative contributions of dark- and
light-dependent repair systems to recovery.

MATERIALS AND METHODS

Bacterial strains and growth procedures. Sphingomonas sp. strain RB2256, a
facultatively oligotrophic ultramicrobacterium, was isolated from natural seawa-
ter from Resurrection Bay, Seward, Alaska, by an extinction seawater method;
this organism was a numerically important member of the total community at the
time of sampling (46). Strain RB2256 shares several features with indigenous
marine bacteria, including a small cell size and a low apparent DNA content (46).
Other marine bacteria, including Vibrio natriegens ATCC 14048, Pseudoaltero-
monas haloplanktis CIP 103197" (Collection Institut Pasteur, Paris, France),
Deleya aquamarina CIP 74.8", and Pseudomonas stutzeri (49), were chosen be-
cause they are frequently isolated from marine environments on high-nutrient
media. The responses of marine bacteria were compared to the responses of
Salmonella typhimurium CIP 60.627, an enteric bacterium that can experience
UV stress outside its normal habitat (intestinal tracts), including wastewater
discharge events. S. typhimurium was maintained on tryptone soy broth (TSB)
(Becton Dickinson) solidified with 15 g of Bacto Agar (Difco) liter™'. The
marine bacteria were maintained on a complex marine medium containing ar-
tificial seawater (ASWIP) (41) supplemented with 1 g of yeast extract liter ! and
5 g of Bacto Peptone (Difco) liter ' (ASWIP+PY); this medium was solidified
with 15 g of Bacto Agar liter~*. Cultures were grown at 37°C (S. typhimurium) or
25°C (marine bacteria) in 200-ml flasks containing 100 ml of TSB (S. typhi-
murium) or 100 ml of ASWJP+PY (marine bacteria) with shaking (200 rpm).
One-milliliter portions of overnight cultures were used as inocula. The growth
phases of cultures were determined from growth curves obtained by measuring
the optical density at 600 nm (ODy). Stationary-phase cells were obtained after
growth for 6 h (S. typhimurium), 18 h (V. natriegens, P. haloplanktis, D. aquama-
rina, and P. stutzeri), or 48 h (strain RB2256). Depending on the experiment, cells
were harvested in the mid-log phase (maximum ODg/2) or at the beginning of
the stationary phase (maximum ODy,) by centrifugation at 6,000 X g for 10 min
at 10°C. The pellets were washed twice in 0.9% (wt/vol) NaCl (S. typhimurium)
or ASWJP (marine bacteria). Bacterial suspensions were diluted in order to
obtain a concentration of 10° cells per ml, and the resulting preparations were
used for irradiation experiments.

UV-B irradiation. A portion of each cell suspension was transferred to a sterile
plastic tissue culture dish (100 by 20 or 150 by 25 mm; Corning) so that the depth
of the liquid was not greater than 2 mm. The petri dish (without a lid) was then
placed in an incubator and incubated at 20°C with slow shaking (50 rpm). The
petri dish was covered with a sheet of Kodacel (Kodak, Rochester, N.Y.) to block
out UV-C (50% transmittance at 295 nm) and then exposed to four 20-W UV-B
lamps (Philips). UV-B irradiance was quantified with a radiometer (model IL-
1400A; International Light, Newburyport, Mass.) coupled to a UV-B detector
(26) (with maximum sensitivity at 295 nm). The average intensity was 2.3 Wm 2.
The UV dose (in joules per square meter) was calculated by multiplying the
intensity by the exposure time (in seconds). The amount of PAR was determined
with a model GUV511 radiometer (Biospherical Instruments, San Diego, Calif.).

Photoreactivation and liquid holding. UV-B-irradiated cell suspensions were
exposed to different types of photoreactivating light, including UV-A light (20-W
bulbs [Philips]) and visible light (20-W cool white bulbs [General Electric]). The
petri dishes containing UV-B-irradiated cells were covered with a sheet of My-
lar-D to block out UV-B (cutoff, 320 nm) (1) and placed under two photoreac-
tivating lamps. The UV-A fluence rate was measured with a model IL-1400A
radiometer coupled to a UV-A detector (with maximal sensitivity at 355 nm).
The UV-A intensities used for the photoreactivating treatments were 2.6 W m ™2
(UV-A treatment) and 0.026 W m~2 (0.0027 microeinsteins of PAR/cm?/s)
(visible light treatment). The cell suspensions were continuously shaken at
50 rpm during photoreactivation. The numbers of CFU per milliliter were cor-
rected for possible evaporation during exposure by using the following formula:
CFU,,,, ml™! = (CFU X final volume)/initial volume. Tests to determine pos-
sible liquid holding recovery in the dark were performed by placing UV-B-
irradiated cell suspensions in plastic tubes in the dark and incubating them
without agitation at room temperature.

Starvation conditions. The effects of starvation on both UV-B resistance and
PER capacity were assessed by recording the numbers of CFU of S. typhimurium
and V. natriegens exposed to radiation for different times in nutrient-depleted
solutions. Erlenmeyer flasks (capacity, 500 ml) containing 200 ml of 0.9% NaCl
(S. typhimuriumy) or 200 ml of ASWIP (V. natriegens) were autoclaved (120°C, 15
min), cooled, and inoculated with cells from stationary-phase cultures washed as
described above. The flasks were incubated in the dark at 20°C. Subsamples were
removed each day for 4 days. The cells were exposed to UV-B radiation (950 and
1,650 J m~2 for V. natriegens and S. typhimurium, respectively, resulting in about
0.1% survival for each strain) and then to UV-A for 2 h (photoreactivation). The
numbers of CFU were determined before and after each radiation treatment.

Culturable counts. A 100-pl portion of each cell suspension was removed in
order to prepare serial dilutions in 0.9% NaCl (S. typhimurium) or ASWJP
(marine bacteria). Portions (100 pl) of the appropriate serial dilutions were
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spread in triplicate onto TSB plates (S. typhimurium) or ASWJP+PY plates
(marine bacteria). The numbers of CFU were determined after 24 h of incuba-
tion in the dark at 37°C for S. typhimurium and after 2 to 7 days of incubation in
the dark at 25°C for the marine bacteria. The dilution and plating procedures
were carried out under low-luminosity conditions to avoid any stray photoreac-
tivating light. The fraction of surviving cells was calculated by dividing the
number of CFU in the treated sample by the number of CFU in the unirradiated
sample at time zero.

DNA photoproducts. Culture subsamples (5 to 15 ml) were filtered through
0.22-pm-pore-size polysulfone membranes (Gelman), and the membranes were
then stored at —20°C in microcentrifuge tubes. Five hundred microliters of STE
buffer (10 mM Tris [pH 8], 1 mM EDTA, 100 mM NaCl) containing 0.5%
sodium dodecyl sulfate was added to each tube, and then the tubes were capped,
vortexed for 30 s, and placed in a boiling water bath for 2 min. After they were
chilled on ice for 5 min, the filters were removed, and the DNA was extracted
with 0.8 ml of chloroform-isoamyl alcohol (49:1). The aqueous phase was col-
lected after centrifugation at 3,000 X g at 4°C for 30 min. To precipitate the
nucleic acids, 1 pl of a 25-mg ml~! glycogen solution, 0.1 volume of 3 M sodium
acetate (pH 5), and an equal volume of isopropanol were added to each prep-
aration, and the preparations were incubated overnight at —20°C. Each precip-
itate was collected by centrifugation at 13,000 X g at 4°C for 30 min. The pellet
was washed with 0.5 ml of cold 70% ethanol and resuspended in 0.5 ml of STE
buffer. DNA was quantified by fluorometry with Hoechst 33258 dye (43).

CPDs were quantified by using a highly sensitive radioimmunoassay described
by Mitchell (34). This assay measures the binding of radiolabeled UV-irradiated
DNA to antibody raised in rabbits against triplet (acetone)-sensitized UV-B-
irradiated DNA, conditions which induce cyclobutane dimers exclusively. The
quantity of CPDs was determined by comparison to standard DNA (pUC19) for
which the rates of photoproduct formation were known. Samples were analyzed in
duplicate, and the amount of CPD that accumulated was compared to the amount
in a solution of calf thymus DNA previously exposed to the same UV-B dose.

Flow cytometric detection of DNA content. Bacterial samples were fixed with
2% (vol/vol) (final concentration) formaldehyde and stored in the dark at 4°C
until they were analyzed. The DNA content was determined as described by
Lebaron et al. (27) by using SYBR-I (Molecular Probes Inc., Eugene, Oreg.).
SYBR-I was added at a final concentration of 10~* M to the stock solution, and
the preparation was incubated for 15 min in the dark with 30 mM (final con-
centration) potassium citrate (pH 7.4). All experiments were performed with a
FACS-Calibur flow cytometer (Becton Dickinson) equipped with an air-cooled
laser providing 15 mW at 488 nm and the standard filter setup. All parameters
were measured as logarithmic signals. Green fluorescence was determined in the
FL1 channel (530 = 15 nm). Relative cellular sizes were estimated by using the
side scatter signal. Yellow-green fluorescent microspheres (2-pm-diameter flu-
orescent size standard beads; Polysciences Inc., Warrington, Pa.) were system-
atically added to each sample as an internal reference to normalize cell fluores-
cence and side scatter values.

RESULTS

Diversity of UV-B resistance. Although the UV-B intensity
used in this study (2.3 W m~?) was higher than the natural
intensity, the UV-B doses applied (up to 3,000 J m ?) were
similar to daily UV-B doses recorded in the field at the surface
of water (8). To ensure that the measured biological responses
were reliable, we previously tested the principle of reciprocity,
which requires that a response be a function of the dose and
not a function of the dose rate. For reciprocity to be satisfied,
different combinations of dose rate and exposure time, which
result in the same dose, should yield the same response. Sta-
tionary-phase cultures of S. typhimurium were exposed to three
UV-B intensities (0.5, 1.1, and 2.3 W m?) for different times,
which resulted in eight doses (0 to 2,000 J m~2) for each
intensity. The inactivation rates (loss of CFU) obtained for the
three UV-B intensities did not differ (data not shown). The
high cell densities used in this study did not introduce bias
through a protective effect; the inactivation rates obtained with
different S. typhimurium cell densities (10° to 10® cells per ml)
were comparable, indicating that shielding did not occur (data
not shown).

With stationary-phase cells of most bacteria exposed to ar-
tificial UV-B radiation there was an exponential decrease in
the number of CFU. The only exception was strain RB2256; a
shoulder was observed at doses up to 500 J m~ 2 with this strain
(Fig. 1). Large variations in the UV-B survival rates were
observed with the different organisms. The marine bacteria
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FIG. 1. Effects of UV-B radiation on the survival of different bacteria col-
lected during the stationary phase. The data are expressed as percentages of the
initial counts (~10® CFU ml~!) and are means (= standard deviations) based on
the data from two different experiments. Symbols: A, V. natriegens; A, P. halo-
planktis; O, S. typhimurium; @, P. stutzeri; [, D. aquamarina; m, strain RB2256.

could be divided into the following three resistance categories:
sensitive (V. natriegens and P. haloplanktis), intermediate (P.
stutzeri and D. aquamarina), and resistant (strain RB2256).
Ninety-nine percent inactivation was observed after 800-,
1,600-, and 3,000-J m~2 UV-B doses with members of the
sensitive, intermediate, and resistant groups, respectively. The
response of S. typhimurium was similar to the response of the
sensitive strains at doses up to 1,000 J m ™2 but resembled the
response of the intermediate strains at higher UV-B doses.
Accumulation of DNA photoproducts. Because DNA is the
primary target for UV-B radiation, it was important to esti-
mate variations in DNA content and distribution in the differ-
ent bacteria. Flow cytometric DNA histograms showed that
bacterial populations harvested in the stationary phase were
mainly composed of cells containing a single genome (Table 1).
On the basis of mean fluorescence values for cells containing a
single genome, we determined that the chromosome of strain
RB2256 was 1.5 to 2 times smaller than the chromosomes of
the other strains (Table 1). The cells of strain RB2256 were
also smaller, as estimated by the side scatter signal (Table 1).
To determine if the diversity of UV-B resistance resulted
mainly from effective protection or DNA repair, CPDs were
quantified after two doses of irradiation (1,000 and 2,000 J
m?) (Fig. 2). DNA damage frequencies (expressed as the
number of CPDs per megabase of DNA) were determined for
stationary-phase cells immediately following UV-B irradiation
and prior to initiation of any DNA repair processes. The num-
ber of CPDs per megabase of DNA in a solution of calf thymus

TABLE 1. Flow cytometric characteristics of cells containing a
single genome in stationary-phase cultures

% of cells DNA Side

Bacterium containing a fluores- scatter

single genome cence’ signal®

Salmonella typhimurium 90 0.088 0.036
Pseudoalteromonas haloplanktis 87 0.077 0.031
Vibrio natriegens 92 0.089 0.026
Pseudomonas stutzeri 83 0.064 0.025
Deleya aquamarina 86 0.083 0.021
Sphingomonas sp. strain RB2256 56 0.043 0.012

“ Relative units were normalized by using 2-wm-diameter fluorescent beads
(see text).
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FIG. 2. Accumulation of CPDs in marine bacteria and S. typhimurium during
UV-B irradiation. The data are means (* standard deviations) based on the data
from duplicate analyses. Symbols: A, V. natriegens; A, P. haloplanktis; O, S. ty-
phimurium; @, D. aquamarina; U, strain RB2256; m, DNA solution.

DNA was comparable to the values recorded for purified DNA
exposed to 1 solar day at the surface of marine water (between
500 and 1,750 CPDs/Mb of DNA) (1, 20, 29, 44), indicating
that the UV-B doses used in this study were comparable to
natural daily doses. V. natriegens, P. haloplanktis, and D. aqua-
marina accumulated the same amounts of CPDs after different
UV-B doses despite their different levels of resistance. Surpris-
ingly, the levels of CPDs obtained for these strains were equiv-
alent to the level obtained for the DNA solution exposed to the
same UV-B dose, suggesting that no cellular photoprotective
mechanisms were present. In contrast, strain RB2256 accumu-
lated very small amounts of CPDs after different UV-B doses.
The amount of CPDs in strain RB2256 was fourfold less than
the amounts in the other marine bacteria after a 2,000-J m ™2
dose. After a 1,000-J m~2 UV-B dose, the level of DNA dam-
age in S. typhimurium was intermediate between the levels of
DNA damage in strain RB2256 and the other marine bacteria.
With higher UV-B doses, the S. typhimurium damage frequen-
cies were comparable to the damage frequencies observed in
the DNA solution.

Photoreactivation and liquid holding recovery. PER of bac-
teria after UV-B irradiation was investigated by using different
light sources (UV-A and cool white light). With all strains,
photoreactivation was greatest after UV-A exposure; maxi-
mum survival was observed after 2 h of exposure, which cor-
responded to a dose of 19 kJ m 2 (Fig. 3). Under photoreac-
tivating light conditions, V. natriegens, P. stutzeri, and strain
RB2256 exhibited similar levels of resistance to UV-B, and a
shoulder was observed at doses up to 500 J m 2 (Fig. 4). Under
these conditions 99% inactivation was obtained after a 3,000-J
m~2 UV-B dose. The very sensitive organism V. natriegens had
a very effective photorepair mechanism. For this strain, the
number of cells that survived after a 1,500-J m~2 UV-B dose
increased by more than four orders of magnitude when the
cells were allowed to photorepair via exposure to UV-A. In
contrast to the marine bacteria, S. typhimurium exhibited ef-
fective photoreactivation only under UV-A irradiation condi-
tions, and the level of photorepair was less than the levels
observed in marine bacteria and exhibited no shoulder (i.e.,
repair capacity). With S. typhimurium, 99% inactivation was
observed after a 2,250-J m~ 2 UV-B dose.
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FIG. 3. Effects of different light sources on photoreactivation kinetics after UV-B exposure. V. natriegens, S. typhimurium, P. stutzeri, and strain RB2256 were
exposed to 1,500-, 1,650-, 2,000-, and 3,500-J m~2 UV-B doses, respectively, before they were exposed to photoreactivating light. The data are expressed as percentages
of the initial counts (~10® CFU ml™') and are means (*+ standard deviations) based on data obtained from triplicate plates.

The principle of reciprocity was also verified under photo-
reactivation conditions. No differences in photorecovery were
observed when stationary-phase cultures (S. typhimurium was
used as the test organism) were exposed to UV-A light after
equivalent UV-B doses were delivered by two UV-B intensities
(0.5 and 2.3 W m ™~ ?) (data not shown). To determine whether
de novo protein synthesis was necessary for photoreactivation,
we conducted experiments with V. natriegens (the most photo-
reactive organism in this study) in the presence of 50 pg of
chloramphenicol ml~" (the MIC of chloramphenicol for this
strain is approximately 2.5 wg ml~'). After UV-B exposure,
chloramphenicol was added, and the cells were exposed to
UV-A for 2 h. Under these conditions, photoreactivation was
not altered (data not shown). Of the different strains tested
and within the time frame used (2 days), only V. natriegens
benefited from a liquid holding period after UV-B inactivation
(Fig. 5). Maximum recovery of V. natriegens occurred after 12 h
of incubation in the dark. When liquid holding recovery was tak-
en into account, the resistance of V. natriegens was improved
and more closely resembled the resistance of the intermediate
organisms (i.e., D. aquamarina and P. stutzeri) (data not shown).
Under these conditions 99% inactivation was observed after a
1,500-J m~2 UV-B dose (data not shown).

Effects of growth rate on UV-B resistance and photoreactiva-
tion capacity. We compared the UV-B resistance of V. natrie-
gens, P. stutzeri, S. typhimurium, and strain RB2256 under ex-
ponential- and stationary-phase growth conditions. Figure 6

shows the ratios of stationary-phase cells to exponential-phase
cells that survived after different doses of UV-B light. In both
cases, the percentages of survival were expressed as a function
of the initial CFU counts. The resistance of stationary-phase
cells was slightly greater than (ratio, less than 5) or comparable
to the resistance of exponential-phase cells for the marine bac-
teria. A greater difference between stationary- and exponen-
tial-phase cells was observed with S. typhimurium exposed to
UV-B doses higher than 1,000 J m 2.

In addition, the effects of starvation on UV-B resistance and
photoreactivation of V. natriegens and S. typhimurium were
examined. During 4 days of starvation, the percentage of viable
S. typhimurium cells did not change, and the percentage of
viable V. natriegens cells decreased slightly (data not shown).
For both strains, the number of CFU after UV-B exposure and
UV-A exposure did not change significantly during starvation,
indicating that these conditions did not alter UV-B resistance
or photoreactivation capacity (data not shown).

Potential for photoadaptation. In order to identify UV-B
photoadaptive responses, we treated V. natriegens and S. typhi-
murium with 1,000 J of UV-B light m~2; this was followed by
2 h of exposure to photoreactivating UV-A light, 10 h of
incubation in the dark, and a second exposure to 1,000 J of
UV-B light m 2. At each point during this protocol, the num-
bers of CFU and CPDs were determined (Fig. 7). Under these
conditions, all of the CPDs that were accumulated by V. natrie-
gens cells were removed after photoreactivation, and CFU
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FIG. 4. Effects of UV-B radiation without (@) and with (O) exposure to UV-A radiation for 2 h after UV-B treatment for V. natriegens, S. typhimurium, P. stutzeri,
and RB2256. The data are expressed as percentages of the initial counts (~10% CFU ml~') and are means (+ standard deviations) based on the data from two different

experiments.

were recovered up to 46% of the initial count. During the dark
period, no change in the number of culturable cells was ob-
served. The DNA damage and sensitivity after the second
UV-B exposure were considerably less than the DNA damage
and sensitivity after the first exposure. When this protocol was
used, the S. typhimurium cells removed about one-half of the
accumulated CPDs during the photoreactivation phase, but the
level of recovery of CFU was only 5%. Liquid holding slightly
decreased the number of CFU. The second exposure to UV-B
resulted in a less significant loss of CFU than the first exposure
but greater cumulative DNA damage (the number of CPDs
was twice the number after the initial exposure).

DISCUSSION

UV-B resistance and DNA damage. Significant species-spe-
cific differences in susceptibility to UV-B irradiation were ob-
served among bacterial strains, particularly when photodepen-
dent repair mechanisms were excluded. When culture media
were used to measure bacterial resistance, sufficient nutrients
were supplied for the energy requirements of NER. In the case

of V. natriegens, we found that maintenance of cells in a nutri-
ent-depleted solution after irradiation and prior to plating
resulted in increased survival. Such liquid holding recovery has
been demonstrated previously for Escherichia coli strains after
UV-C irradiation and, more recently, for the fish pathogen
Vibrio anguillarum (31). The mechanisms of this response are
not yet understood, but Ganesan and Smith (12) observed that
liquid holding recovery occurs in E. coli K-12 only when exci-
sion repair, but not recombination repair, is operative. From
these results it is evident that in order to understand how low
concentrations of dissolved organic carbon in seawater consti-
tute a limiting factor for optimal repair, the precise energy
requirements of NER must be determined.

In contrast to previous observations of Antarctic diatoms
exposed to artificial UV-B radiation (23), equivalent DNA
damage frequencies did not correlate with cell killing in the
sensitive and intermediate organisms. The bacteria investi-
gated have different G+C contents, as follows: 41 to 45% for
P. haloplanktis (6), 46 to 47% for V. natriegens (5), 50 to 53%
for S. typhimurium (28), 56% for D. aquamarina (2), 61 to 66%
for P. stutzeri (40), and 61.6 to 67.8% for Sphingomonas sp.
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FIG. 5. Kinetics of liquid holding recovery after UV-B irradiation. V. natrie-
gens, S. typhimurium, P. stutzeri, and strain RB2256 were exposed to 950-, 1,650-,
2,000-, and 4,000-J m~2 UV-B doses, respectively, before liquid holding. The
data are expressed as percentages of the initial counts (~10® CFU ml~!) and are

means (=* standard deviations) based on the data from two different experiments.
Symbols: @, V. natriegens; O, S. typhimurium; A, P. stutzeri; A\, strain RB2256.

strain RB2256 (50). Although a high G+C content is known to
protect DNA against damage by thymine dimerization (48),
the differences in G+C content among the bacteria studied
here did not appear to affect the quantity of CPDs induced.
Likewise, differences in the amount of DNA per cell could not
explain the differences in resistance observed between inter-
mediate and sensitive organisms since most cells of all of the
organisms tested in the stationary phase had one genome and
the genomes were similar sizes.

The fact that comparable levels of CPDs per megabase of
DNA were accumulated by sensitive and intermediate organ-
isms and calf thymus DNA in solution indicated that there was
a complete lack of photoprotection in these bacteria. In con-
trast, the high level of resistance of strain RB2256 cells to
UV-B light was associated with low CPD frequencies and in-
dicated that a constitutive photoprotective mechanism was
present in these cells. The yellow pigmentation in RB2256 cells
is thought to be insufficient to explain the resistance of the cells
to UV-B irradiation since the small size of the cells probably
precludes effective protection by pigmentation (13). Consistent
with this hypothesis, Gascon et al. (14) observed that strains of
Rhodobacter sphaeroides with high levels of pigment (associat-
ed with phototrophic growth) were more sensitive to UV-C
irradiation than strains with less pigment (associated with het-
erotrophic growth) were. In addition to pigments, DNA bind-
ing proteins have been implicated in photoprotection (47).
Small, acid-soluble proteins bind to the DNA of Bacillus and
Clostridium spores and provide strong protection against DNA
damage due to UV irradiation and other stresses (e.g., heat
and hydrogen peroxide). It has also been shown that certain
E. coli strains which lack specific DNA binding proteins (pro-
tein HU) are sensitive to UV-C and vy irradiation (7, 29). Since
these proteins mitigate DNA cleavage by <y rays (7) but do not
reduce CPD frequencies after UV-C irradiation (29), they are
probably not involved in the photoprotection observed in
RB2256 cells. The mechanism behind the multiple resistance
of strain RB2256 to a variety of exogenous stress-inducing
agents, such as heat shock, H,O,, and ethanol (9), is intriguing
and worthy of future research efforts.

Photoreactivation in marine bacteria. Photoreactivation oc-
curs in each of the three marine organisms studied and appears
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to be an important mechanism of DNA repair, especially for
the sensitive bacterium V. natriegens. When PER is taken into
account, the diversity of resistance is largely reduced. The
different levels of photoreactivation observed with marine bac-
teria may result from differences in the specific activities of the
individual DNA photolyases or from differences in the intra-
cellular concentrations of the enzymes (37). Different photo-
reactivation capacities may also occur in members of the same
genus, as described previously for six Bacillus species (37).
Observations made with V. natriegens treated with chloram-
phenicol indicated that the initial photolyase content is suffi-
cient to ensure total photoreactivation. Moreover, the photo-
reactivation capacity was not attenuated by prior starvation
with both V. natriegens and S. typhimurium cells. Unlike NER
and postreplication repair, PER does not require energy mo-
bilization and may therefore be very important in aquatic mi-
crobial populations that are nutrient limited. Indeed, photore-
activation may be the main repair mechanism that operates
immediately after exposure to solar UVR.

The rates of photoreactivation were greatest during UV-A
exposure, although diverse responses were observed. The ma-
rine organisms responded to a broader spectrum for photore-
activation than S. typhimurium, and efficient PER was observed
under UV-A and cool white light conditions. Photolyases are
categorized on the basis of the chromophore involved in en-
ergy transfer, and S. typhimurium photolyase belongs to the
folate class (30) and exhibits maximum activity at 384 nm
(i.e., UV-A), which is consistent with our results. Other known
photolyases fall into either a deazaflavin class (maximum ac-
tivity at 440 nm) (19) or a “no-second-chromophore” class
(maximum activity at both 370 and 450 nm) (24). The patterns
of photoreactivation observed in marine strains suggest that
the efficiency of photoreactivation in marine water should cor-
relate with UV-A penetration. Our results agree with those of
Kaiser and Herndl (22), who found that UV-A radiation pro-
duced more efficient photoreactivation than PAR produced in
both aged and freshly collected seawater.

Physiological conditioning and photoadaptation. Our re-
sults show that growth phase has little impact on the resistance

Stationary / Exponential survival

0 500 1000 1500 2000 2500

UV-B doses (J.m2)

FIG. 6. Influence of growth phase on the survival of V. natriegens, S. typhi-
murium, P. stutzeri, and strain RB2256 after exposure to UV-B radiation. The
data are ratios of stationary-phase cells to exponential-phase cells that survived
after different UV-B doses. The percentages of survival at both growth phases
used to calculate ratios were determined relative to the initial counts (~10% CFU
ml~ ') and are means based on the data from two different experiments. Symbols:
®, V. natriegens; O, S. typhimurium; A, P. stutzeri; A\, strain RB2256.
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FIG. 7. Changes in CFU and CPDs under the following conditions: bars A, control (stationary-phase cells); bars B, treatment A plus UV-B radiation (1,000 J m~2);
bars C, treatment B plus photoreactivation (UV-A radiation for 2 h); bars D, treatment C plus liquid holding (10 h); bars E, treatment D plus UV-B radiation (1,000
J m~2). The CFU data are expressed as percentages of the initial counts (~10% CFU ml~!) and are means (* standard deviations) based on data obtained from
triplicate plates. The numbers above the bars are the numbers of CPDs per megabase of DNA and are means (*+ standard deviations) based on data obtained from

duplicate analyses. ND, not determined.

of marine bacteria to UV-B irradiation. Significant interstrain
variability in growth phase responses has been observed in
different bacteria exposed to UV-C radiation (10, 15, 16, 25),
although the types of damage induced by UV-C radiation were
essentially the same as the types of damage induced by UV-B
light. Some workers observed increased resistance (10, 16) but
other studies revealed increased sensitivity when cells entered
the stationary phase (25). Our results agree with the results of
other studies and show that the sensitivities of cells harvested
from exponential- and stationary-phase cultures did not differ
(15). Our results show that starvation of stationary-phase cells
in ASWIJP or an NaCl solution did not change the UV-B
resistance of the cells. In contrast, Nystrom et al. (38) showed
that marine Vibrio sp. strain S14 kept in seawater depleted of
C, N, and P exhibited increased resistance to UV-C and UV-B
(302-nm) radiation. The lengths of starvation time required by
this strain to reach the maximal level of stress resistance were
30 h for UV-C radiation and about 70 h for UV-B radiation. In
the same way, Enterococcus faecalis cells in the exponential
growth phase and the early stationary phase became progres-
sively more resistant to UV-C radiation when they were incu-
bated in tap water (an oligotrophic environment); maximum
survival occurred after 35 days (16). Many studies have shown
that stationary-phase or starved bacteria are far more resistant
to stresses, such as starvation, abnormal temperatures, hydro-
gen peroxide, and UV-A radiation (photooxidation), than their
exponentially growing counterparts are. Expression of the
genes responsible for this increased resistance is controlled by
the stationary-phase-specific sigma factor ¢, which is encoded
by moS (32). To our knowledge, genes controlled by rpoS
responsible for UV-C or UV-B resistance have never been
described. It has been shown that mutations in the E. coli rpoS
gene (initially named nur) may reduce the efficiency of repair
after exposure to 313-nm UV-B radiation but not after expo-
sure to 290-nm UV-B radiation (52). This result may be ex-
plained by the increase in the proportion of photooxidations to
dimerizations in the upper part of the UV-B spectrum (i.e.,
near the UV-A spectrum).

As demonstrated with V. natriegens, photoadaptation could
occur after UV-B irradiation and subsequent recovery (photo-
reactivation and dark holding). This photoadaptation resulted
in increased resistance and decreased CPD accumulation dur-

ing a second UV-B irradiation period. The reduced CPD fre-
quency observed after the second irradiation suggests that V.
natriegens could mitigate the DNA damage by some inducible
photoprotective mechanism. Whether bacterial photoadapta-
tion occurs in aquatic environments has not been clearly es-
tablished. Pakulski et al. (39) observed recovery of bacterial
production and respiration in subtropical coral reef bacteria
incubated at a fixed depth during a second day of exposure to
natural sunlight. These authors explained these findings by
either photoinduced selection for light-tolerant cells or physi-
ological adaptation to ambient light regimens that occurred
during exposure. Herndl et al. (18) showed that no photoad-
aptation occurred in bacterioplankton obtained from surface
water (depth, 0.5 m) that were as sensitive (as determined by
thymidine incorporation) to surface UV-B radiation as subpyc-
nocline bacteria were (depth, 20 m). Based on the diversity of
the photobiological responses of different marine bacterio-
plankton to solar UVR observed in this study, it is apparent
that an integrated approach involving molecular, physiological,
and taxonomic end points will be required to better understand
the impact of UV-B radiation on bacterioplankton popula-
tions. Our results demonstrate the variability of the responses
of marine bacteria that are exposed to UV-B radiation and
emphasize the difficulties in deriving models that predict UV
effects in the environment from laboratory studies. The clear
differences between the photobiology of culturable marine
bacteria isolated on high-nutrient media and the photobiology
of the facultatively oligotrophic ultramicrobacterium Sphin-
gomonas sp. strain RB2256 should encourage isolation of the
latter type of organisms, which may constitute a significant part
of the open ocean bacterial community.
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