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Abstract Growth experiments on the marine bacterium
Vibrio angustum S14 were conducted under four light con-
ditions using a solar simulator: visible light (V), V +
ultraviolet A (UV-A), V 4+ UV-A + UV-B radiation, and
dark. Growth was inhibited mainly by UV-B and slightly by
UV-A. UV-B radiation induced filaments containing multi-
ple genome copies with low cyclobutane pyrimidine dimers.
These cells did not show modifications in cellular fatty acid
composition in comparison with dark control cultures and
decreased in size by division after subsequent incubation in
the dark. A large portion of the bacterial population grown
under visible light showed an alteration in cellular DNA
fluorescence as measured by flow cytometry after SYBR-
Green I staining. This alteration was not aggravated by UV-
A and was certainly due to a change in DNA topology rather
than DNA deterioration because all the cells remained viable
and their growth was not impaired. Ecological consequences
of these observations are discussed.

Introduction

Marine bacteria are the main contributors in the transfer of
carbon from the dissolved phase into the particulate phase
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(bacterial biomass production) and in the biogenic produc-
tion of CO, (bacterial respiration) [2]. In surface waters,
solar radiation may have detrimental effects on bacteria by
reducing DNA and protein synthesis, exoenzymatic activity
and respiration (for a review see Ref. [15]). Solar ultraviolet
radiation (UV-R) reaching the Earth’s surface constitutes the
most damaging part of solar incident radiation for organisms.
UV-B (280-320 nm) and UV-A (320400 nm) cause dis-
tinct but overlapping damages. Exposure to UV-B mainly
has a direct effect on DNA by inducing dimerization of DNA
bases and blocking DNA transcription and replication. The
effects of exposure to UV-A, and to a lesser visible light
(400-700 nm), are mainly indirect, by generation of reactive
oxygen species (ROS) which interact with DNA, proteins,
and lipids to induce damages that may be lethal or mutagenic
[9]. However, bacteria can efficiently repair UV-induced
DNA damage by (i) photoreactivation after activation of the
photolyase enzyme by light in the range of 380—430 nm and
(i1) “dark” DNA repair mechanisms including nucleotide-
excision repair, SOS-error-prone repair, and postreplication
recombinational repair.

Adaptative responses of bacteria to grow under solar
radiation are of great interest to understand how bacteria
can face the challenge of synthesizing DNA under dam-
aging photons. Although extensive research has been
carried out on the effect of solar radiation on bacteria, most
of it has been conducted to measure the resistance of cells
exposed in a nongrowing state (e.g., Ref. [16]). The
capacity of heterotrophic bacteria to grow under light stress
has been much less studied [3] and, to our knowledge,
never for marine bacteria. The objective of this study was
to determine how different parts of solar radiation might
affect the growth, viability, cell size, DNA content, DNA
damage, and fatty acid (FA) contents of the marine bac-
terium Vibrio angustum S14 [18].



Materials and Methods

Bacterial Strain and Growth Experiments Under Simulated
Solar Exposure V. angustum S14 (UNSW, Sydney,
Australia) was grown in an artificial seawater medium
supplemented with 3 mM D-glucose (ASW-G) [8] at 30°C
with orbital shaking at 130 rpm. Cylindrical quartz flasks
with a flat top containing 200 ml of ASW-G and a mag-
netic stirrer were inoculated with 2 ml of an overnight
preculture. Culture flasks were then exposed to simulated
sunlight produced by a solar-filtered (1.0 air mass) 1000-W
xenon arc lamp (Oriel Corp., Stratford, CT, USA) giving
an optical output irradiance of 250 W m~? PAR,
19.3 W m~> UV-A, and 0.85 W m~> UV-B as measured
with a UV/visible RAMSES spectroradiometer (TriOS,
Germany). Four light treatments were studied simulta-
neously: (i) full radiation (visible4+UV-A+UV-B; culture
flask covered with acetate cellulose [50% transmission at
280 nm] to remove residual UV-C), (ii) visible light and
UV-A (culture flask covered with Mylar film [50% trans-
mission at 320 nm]), (iii) visible light (culture flask
covered with OP3 [50% transmission at 400 nm]), and (iv)
dark (culture flask covered with black tape). The four
culture flasks were maintained at 30°C by partial submer-
sion in a water bath connected to a cryothermostat with
continuous magnetic stirring (~ 100 rpm). Culture flasks
were irradiated during 12 h under the solar simulator (i.e.,
until the stationary phase) and then maintained in the dark
for 12 h. Growth was monitored by optical density (OD)
measurements at 433 nm. Colony-forming units (CFU)
were determined at Tg, Ty, ,, and T4 , by plating appro-
priate dilutions in triplicate on VNSS media [8]. CFU were
counted after incubation at 30°C during 24 h.

Flow Cytometry and Epifluorescence Analysis Samples
fixed with formaldehyde (2% final concentration) were
analyzed at Ty, T¢ 1, T2 1, and To4 1, on a flow cytometer
(FACSCalibur; Becton Dickinson, San Jose, CA, USA)
after staining with the nucleic acid dye SYBR Green I
(Molecular Probes Inc., Eugene, OR, USA) [1]. Bacteria
were detected on a plot of green fluorescence (515-
545 nm) versus right-angle light scatter (SSC), using the
green fluorescence as the threshold parameter. Fluores-
cence beads (1.0 pm; Polysciences Inc., Warrington, PA,
USA) were added to each sample analyzed to normalize
SSC and green fluorescence. Cells were also observed with
an epifluorescence microscope (AX70; Olympus Provis)
after staining with 4°,6-diamidino-2-phenylindole (DAPI;
2.5 pg ml™'; Sigma).

Cyclobutane Pyrimidine Dimers Analysis CPDs were
quantified at Ty, Tj> , and T4, by an enzyme-linked
immunosorbent assay (ELISA). DNA was isolated from
20 ml of culture using the Wizard genomic DNA

purification kit (Promega) and quantified using the Quant-
iT PicoGreen dsDNA assay kit (Molecular Probes, Invit-
rogen). One hundred nanograms of each DNA sample was
added to 1% protamine sulfate-treated wells in 96-well
ELISA plates. The primary antibody against CPD (MC-
062; Kamiya Biomedical Company) and the secondary
antibody, a horseradish peroxidase conjugate (HRP rabbit
anti-mouse IgG; Invitrogen Molecular Probes), was diluted
1:1000 and 1:2000, respectively, in 0.05% Tween-20/
0.25% bovine serum albumin (BSA)/1x phosphate-buf-
fered saline blocking solution. Photoproducts were
quantified at OD4g5 ,, 30 min after enzyme reaction with
O-phenylenediamine dihydrochloride (Sigma) after stop-
ping the reaction with H,SO,4 (2 M). OD was calibrated
using standards (0-1000 CPD/Mb DNA) of UV-B-irradi-
ated calf thymus DNA (Sigma) for which CPDs were
quantified by high-performance liquid chromatography-
tandem mass spectrometry [7].

Fatty Acid Analysis Bacteria sampled at Ty, ;, under dark
and V+UV-A+UV-B conditions were saponified [23] and
total FA fractions were then silylated and analyzed by gas
chromatography-mass spectrometry (GC-MS). GC-MS
analyses under electron ionization (GC-EIMS) were carried
out with an HP 6890 gas chromatograph connected to an
HP 5973 mass spectrometer. Structural assignments were
based on interpretation of mass spectrometric fragmenta-
tions and confirmed by comparison of retention times and
mass spectra with those of authentic compounds, when
these were available.

Results and Discussion

Effect of UV-B, UV-A, and Visible Light on Bacterial
Growth According to the OD, the maximum growth rate of
V. angustum in darkness was ~ 1 h™' (Fig. 1). The bacterial
cultures reached the stationary phase after 12 h for all light
conditions. During the midlog phase (T 1,) there were sig-
nificant differences in OD measured under the different light
conditions (dark > visible > V+UV-A > V+UV-A+UV-B)
(Mann Whitney U-test, p < 0.05), suggesting gradual inhi-
bition of growth due to the different band parts of sunlight.
However, in the stationary phase (T, 1,), the cell yield was
significantly lower only for the V4+UV-A+UV-B condition
(—18%) compared to the other conditions (p < 0.05). During
the dark period, the OD declined slightly for all conditions
except for V4-UV-A+UV-B, for which OD was stable. Cell
enumerations measured by flow cytometry showed patterns
different from those of the OD. First, an inhibition at midlog
phase was observed only for the V4-UV-A and V+UV-
A+UV-B conditions (—65% and —89% compared to the
dark condition, respectively; p < 0.05). Second, the cell
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number continued to increase during the dark period
(between T, 1, and T,y 1,) for all conditions. This increase
was more pronounced in V4+UV-A+UV-B cultures
(+190%) compared to the others (4+63% to 86%; p < 0.05).
The measurement of OD may differ from that of flow
cytometry because it combines both cell number and cell size
(e.g., the same OD can be obtained with more cells but with a
smaller size; see below).

Viability remained high in all cultures and not signif-
icantly different from 100% at T, ;, (Table 1). During the
prolongation of the stationary phase in the dark, a slight
decrease in the percentages of viable cells was detected in
visible and V+UV-A cultures, however, these variations
must be interpreted with caution because of the imprecision
in the methods used to enumerate CFU and total cells. Low
quantities of CPDs (close to the detection limit of the
method) were detectable in bacteria exposed to V+UV-
A+UV-B at Ty, and T,y but not for the other
conditions, highlighting the importance of UV-B in the
induction of this DNA damage (Table 1).

The sunlight intensity used in this study corresponds to
~60% of the maximal solar intensity that we can measure
in summer in the Mediterranean region, however, the
cumulative dose over the 12 h of irradiation was similar to
that measured daily in the same region [1]. The faculty of
V. angustum S14 to grow under the irradiance used in this
study emphasizes the high resistance of this strain to light
stress, and the low level of CPDs accumulated during its
growth under full sunlight suggests active DNA repair

activity in this bacterium. The quantity of CPDs measured
in these cells corresponds to the levels of residual damage
in marine bacteria present at the surface before sunrise [4].
Photoreactivation may be particularly important in V.
angustum S14 to repair DNA damage as already reported
for other vibrio species [16, 20].

Changes in Cellular DNA Fluorescence According to the
DNA fluorescence analyzed by flow cytometry, bacteria in
the inocula were equally composed of cells containing one
and two fully replicated genomes (Fig. 2a). After 12 h of
culture in darkness (stationary phase), the bacterial popu-
lation was composed of cells containing two and four
genomes (Fig. 2b). During the subsequent 12 h of culture,
multigenomic cells divided by decreasing in size (from 1.7
to 1.4 pm in length) to give bacteria with a DNA content
similar to that of cells observed in the inocula (data not
shown). This process, called reductive division, results
from the fact that initiated rounds of DNA replication and
cell division are completed in the absence of further growth
upon entry of cells into the stationary phase [22] and has
been reported for other marine Vibrio [25].

For cultures under visible light we observed a profound
alteration in DNA fluorescence at Ty, 1, (Fig. 2¢). A similar
alteration was observed in V+UV-A culture (Fig. 2d),
suggesting the predominant role of visible light in this
alteration. According to the fluorescence of cells containing a
single genome observed in the inocula and in the cultures at
T4 1, in darkness, we defined a threshold below which cells



Table 1 Changes in length,

width, percentage colony Light Incubation Length Width % CFU* CPDs
forming units (CFU), and treatment time (h) (pum) (pum) (/Mb DNA)
cyclobutane pyridine dimers All 0 1.9 (0.4) 12(0.2) 104 (46) 0
(CPDs) during growth in
different light treatments: data Dark 12 1.7(04) 1.0(0.2) 91 (12) 0
are the average (standard 24 1.4 (0.3) 1.1 (0.2) 68 (3) 0
deviation) of at least two Visible 12 1.7 (0.5) 1.0 (0.2) 102 (2) 0
independent experiments 2 15 (0.4) 10 (0.2) 94 (15) 0
V+UV-A 12 1.7 (0.6) 0.9 (0.2) 107 (2) 0
24 1.5 (0.5) 1.0 (0.2) 73 (3) 0
V+UV-A+UV- 12 42 (36.6) 1.2 (0.2) 77 (11) 243 (11.4)
“ Expressed as a percentage of B 24 4.8 (9.2) 1.1 (0.3) 74 (22) 8.7 (12.4)

total counts

were called DNA-. The proportion of DNA- increased
continuously in cultures under the visible condition, to reach
45% at T,y 1, (Fig. 3c). The V+UV-A condition showed a
similar pattern, whereas V4+UV-A4UV-B presented fewer
DNA- cells at Ty, , (10%) and T4 1, (25%) (Fig. 3c). The
lower staining observed in cells grown under visible and
V+UV-A conditions cannot be due to a modification of the
membrane permeability for the fluorescent dye, because cells
were fixed with formaldehyde, or to a degradation of DNA,
because all the cells were viable. We hypothesize that growth
under high irradiance (mainly due to visible light) could
induce a change in DNA topology that could have an impact
on fluorochrome fixation on DNA. In bacteria, supercoiling of
the circular chromosome is under the control of several
topoisomerases that maintain the optimum conformation of
the DNA for processes like transcription and DNA replication
[21]. The decrease in DNA negative supercoiling has been
observed in Escherichia coli after visible light irradiation and
treatment with hydrogen peroxide [13, 27]. Yet there is no

evidence that relaxation of DNA is sufficient to induce a
change in in vivo SYBR fluorescence, and further studies are
required to test this hypothesis. These studies may help clarify
the role of light and oxidative stress in the heterogeneity of
DNA fluorescence revealed by flow cytometry in bacterial
communities of aquatic ecosystems after fluorescent nucleic
acid staining [5].

Cell Filamentation Cells grown under visible or V4-UV-
A light or in the dark showed similar sizes when examined
by epifluorescence microcospy (Table 1) and similar SSC
measured by flow cytometry (Fig. 3a) at Ty, , and Ty ;. In
contrast, we observed filamentous bacteria with variable
lengths for the V4UV-A+UV-B condition after 12 h of
growth (Table 1). These cells showed a mean SSC and a
mean DNA fluorescence 2 and 1.5 times higher, respec-
tively, than those of bacteria cultivated in darkness
(Fig. 3a, b). According to the fluorescence of cells with one
genome, filaments contained a mean of eight genomes
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copies. After the dark period, these filamentous cells
decreased in size (Table 1) and in cellular DNA fluores-
cence (Fig. 3b). Cell filamentation is a well-known process
induced by the SOS response after different physical or
chemical treatments that damage DNA (e.g., UV-R) or
inhibit DNA replication (e.g., nalidixic acid, thymine
starvation) [14]. The SOS response is a strategy employed
by bacterial cells to inhibit cell division while damaged
DNA is repaired, thereby preventing the transmission of
deleterious mutations to daughter cells. Here we observed
that filamentation was induced by UV-B but not by UV-A
or visible light. Induction of filamentous bacteria in aquatic
ecosystems has already been reported for some bacterial
species as a mechanism for grazing resistance [17] but
never, to our knowledge, as a response to UV-R. The
degree of filamentation certainly depends on the available
substrates and the growth rate of bacteria. Because the
growth rate of bacteria in aquatic systems is well below
that of V. angustum in this study, we can expect that fila-
mentation induced by UV-R is also certainly less
important. If this process occurs, but insufficiently to form
long filamentation, these bigger bacteria may be more
prone to grazing than smaller cells.

Fatty Acid Composition The FA composition was ana-
lyzed in cells after 12 h of growth under V4+UV-A+UV-B
(filamentous cells) and dark conditions (Table 2). Both
cells presented very similar FA profiles, dominated by
palmitoleic acid. Saturated (SFA) and monoinsatured
(MUFA) FA represented ~55% and ~35% of the total
FA, respectively. The remaining fraction corresponded to
unknown compounds and hydroxyacid. Polyunsaturated
fatty acids (PUFA) were absent. The FA composition
measured in V. angustum is congruent with those measured
in other Vibrio species [26]. The few published papers
dealing with the effects of UV-R on the FA composition of
marine organisms concern microalgae and they reported
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Table 2 Fatty acid (FA) composition of V. angustum S14 after 12 h
of growth in the dark or under visible+UV-A+UV-B light: results
expressed as the percentage of total FA (range) from two independent
experiments

Main FA Light treatment

Dark V+UV-A+UV-B

Palmitoleic acid (Cyg.1)
Palmitic acid (Cyg.0)
3-OH-Cy5.

Vaccenic acid (Cg.1)
Myristic acid (Ci4.0)
Lauric acid (Ci,.0)
Unknown

Total saturated FA

Total monounsaturated FA

50.6 (49.3-51.9)
26.1 (20.4-31.8)
9.4 (5.9-12.8)
4.7 (3.5-5.8)
4.2 (4.1-4.3)
3.4 (1.9-4.9)
1.7 (1.1-2.4)
55.3 (55.8-57.7)
33.7 (26.4-41.0)

50.1 (47.5-52.7)
30.3 (27.0-33.7)
7.9 (4.5-11.4)
3.6 (3.0-4.2)
3.7 (3.1-4.3)
2.9 (1.1-4.7)
1.5 (0.8-2.2)
53.7 (50.5-56.9)
36.9 (31.2-42.7)

contradictory results. Indeed, as the response to UV-R, the
authors observed (i) an increase in the proportion of PUFA
[6, 11, 19], (ii) no significant differences in the FA profiles
[24], and (iii) an increase in the proportion of SFA [10, 12].
Alterations of the FA profiles could result from (i) photo-
sensitized degradation processes induced by sensitizer
substances present in these organisms or (ii) changes in the
biosynthesis of these compounds as a response to light
stress. The stability of the FA composition of V. angustum
S14 observed in the present work shows that UV-R cannot
induce FA photodegradation in this bacterium, probably
due to the lack of adequate photosensitizers, and that bio-
synthesis pathways of FA are not modified as a response to
light stress. This first study on the effects of UV-R on the
FA composition of a heterotrophic bacterium must be
completed with other bacterial species knowing that
important diversity of FA composition exists for these
bacteria. It has been observed that changes in FA compo-
sition of phytoplankton induced by UV-R could have



modified the food quality, leading to a reduction in pred-
ator growth [6, 12]. Grazing experiments using bacteria
grown under UV-R could also be conducted to determine if
changes in food quality, which may concern constituents
other than FA, occur due to UV-R.
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