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INTRODUCTION

Dissolved organic matter (DOM) has different sources

in aquatic ecosystems, e.g. allochthonous, from soil ru-

noff, or autochthonous, from exudation and decomposi-

tion of primary producers. The relative contribution of

DOM derived from each source will depend on the bio-

logical and physicochemical characteristics of the water

body and its catchment. In particular, the hydrology of the

systems is an important factor conditioning the source and

availability of DOM. Allochthonous DOM differs from

autochthonous in several optical (McKnight et al., 1994)

and chemical characteristics (Benner, 2002). Allochtho-

nous organic matter is usually more refractory to bacterial

degradation (del Giorgio and Davis, 2003), probably due

to the high proportion of chromophoric DOM (CDOM)

consisting of humic substances. Differences in chemical

composition of CDOM are thought to influence the struc-

ture of natural bacterial assemblages (Crump et al., 2003).

From several studies assessing changes in the structure

and activity of the bacterial community in relation to

DOM (Cottrell and Kirchman, 2000; Elifantz et al., 2005;

Alonso et al., 2009), it seems that even considering large

taxonomic groups, bacteria differ in their capacity to use

specific dissolved organic compounds. Therefore, quali-

tative changes in the DOM source might trigger a shift in

bacterial community structure and activity. 

The CDOM concentration in freshwater is usually hi-

gher than in marine water, owing to the high primary pro-

ductivity of macrophytes and larger influence of the

terrestrial catchment (Wetzel, 1992). Plant-derived DOM

can enter ecosystems via photosynthates excretion or by

plant lixiviation (Mann and Wetzel, 1996), which is consi-

dered a main source of DOM in many aquatic systems (Wet-

zel, 1992). In coastal lagoons, macrophytes can cover large

littoral extensions; as a consequence, CDOM from plant-

decaying material is one of the main carbon and nutrient

source to these ecosystems (Conde et al., 2000). During the

decay process, photochemical degradation is important be-

cause small molecular weight substrates are made available

for microbial growth (Wetzel, 2003). However, little is

known on how photoaltered CDOM from different macro-

phyte species affects the bacterial community.

Alonso et al. (2013) recently showed that the addition

of allochthonous carbon sources induces pronounced
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shifts in the bacterial assemblage of a shallow coastal la-

goon, while the amendment of nutrients such as nitrogen

(N) or phosphorus (P) does not have a significant effect

on it. These results suggest that bacterioplankton growth

in this type of aquatic ecosystem would be predominantly

limited by carbon and that this limitation would be more

or less intense depending on the hydrology of the system

(Alonso et al., 2013). The reason for this limitation is pro-

bably that during some phases of the lagoon hydrology,

the main source of organic carbon for bacteria is macro-

phytes-derived DOM, which due to their chemical com-

position cannot be readily incorporated by bacteria for

growth. In fact, we have previously shown that photoal-

teration of CDOM stimulates bacterioplankton growth

and induces changes in community composition (Piccini

et al., 2009). One of the current hypotheses about the pos-

sible carbon sources for bacterioplankton in this system

is that UV-induced photoalteration of macrophytes-deri-

ved DOM increases carbon availability to sustain bacterial

growth. Further, we expect that the photoproducts derived

from different decaying macrophytes species will differ

in their overall effect on the bacterial assemblage. Here,

we determined whether photoaltered CDOM derived from

two macrophytes species of a coastal lagoon, namely the

California bulrush Schoenoplectus californicus (C.A.

Mey.) Palla and the widgeongrass Ruppia maritima L.

(Rodríguez-Gallego et al., 2010), is a relevant process

shaping the heterotrophic bacterial community. 

METHODS

Preparation of dissolved organic matter sources

and experimental setup

To assess the effect of solar radiation on the different

DOM sources, an in situ experiment was done in January

during the austral summer in the freshwater zone of a brac-

kish coastal lagoon (Laguna de Rocha, Uruguay, 34°837’S,

54°817’W) (Conde et al., 2000). Two different classes of

DOM consisting of extracts from S. californicus (submer-

ged stems) (SCD) and R. maritima (whole plants) (RMD)

were selected. Samples were processed in sterile Milli-Q

water (Millipore, Billerica, MA, USA) by homogenising

the material for 10 min at room temperature using a Sto-

macher lab blender (Seward, Worthing, UK). Homogenates

were centrifuged at 2000 x g and the supernatants were fil-

tered through 0.2 µm polycarbonate filters (Millipore), pre-

viously soaked overnight in 10% HCl and rinsed with 20

mL of Milli-Q water. Absence of bacterial contamination

in the resulting filtrate was checked by epifluorescence mi-

croscopy and 4’,6-diamino-2-phenylindole (DAPI) counts

on 0.2 µm filters (Porter and Feig, 1980). 

The DOM extracts were filled into 100 mL spherical

quartz bottles in triplicate (Piccini et al., 2009), and ex-

posed to natural solar radiation for two days (8 h of effec-

tive solar exposure each day) in a circulating water bath

at in situ temperature (24.5ºC), where they were comple-

tely submerged and manually rotated each hour. Optical

properties of the filtrates were determined before (initial)

and after exposure to solar radiation (16 h). In addition,

dissolved organic carbon (DOC) concentration was mea-

sured before exposure of the DOM extracts.

Solar UV irradiance during exposure was measured in

situwith an International Light radiometer (IL-1400A; In-

ternational Light Technologies Inc., Peabody, MA, USA)

consisting of the broadband SUL033/W (UV-A) and

SUL240/W (UV-B) sensors. Incident radiation for UV-B

and UV-A was integrated for the total exposure and cor-

responded to 5.2 J and 237.4 J cm–2, respectively. 

To assess the response of the in situ bacterial assem-

blage, each quartz bottle was inoculated with 10 mL of

water collected from the freshwater zone of the lagoon to

obtain a 1:10 dilution of the original lagoon community

(T0) and thus to minimise the effect of predators. All quartz

bottles were then incubated for 5 h under natural solar ra-

diation. A set of 3 quartz bottles was used as control, which

were filled with the natural microbial community, but wi-

thout plant extracts. Incident radiation for UV-B and UV-

A during this incubation corresponded to 2.1 J and 25 J

cm–2, respectively. Measurements of CDOM optical cha-

racteristics were repeated after the 5 h incubation. 

Optical characterisation of chromophoric dissolved

organic matter

For the analysis of DOC concentration and optical pro-

perties of CDOM, samples were filtered on the same day

(within 6 h) through 0.2 µm polycarbonate filters (Milli-

pore), previously soaked overnight in 10% HCl and rinsed

with 20 mL of Milli-Q water (Millipore). Filtered water was

stored in precombusted (500°C, 1 h) glass bottles (Teflon-

capped) and kept in the dark at -20°C for DOC analysis or

at 4°C for the optical characterisation of CDOM (absor-

ption and fluorescence). The concentration of DOC (as non

purgeable organic carbon) was measured using a high tem-

perature catalytic oxidation method (Shimadzu TOC ana-

lyser model 5000; Shimadzu, Kyoto, Japan). Calibration of

the instrument was done with potassium hydrogen phtha-

late (four points calibration curve). A consensus reference

material (CRM) for DOC [batch 5 FS-2005:0.57 mg C L–1

provided by the Rosenstiel School of Marine and Atmo-

spheric Science/Division of Marine and Atmospheric Che-

mistry (RSMAS/MAC), University of Miami] was run in

parallel. Results differed from the CRM given value by 5%

and the coefficient of variation was better than 2%.

Chromophoric dissolved organic matter absorbance

was measured at room temperature in a double-beam

spectrophotometer (Shimadzu UV1603; Shimadzu) bet-

ween 280 and 750 nm using acid-cleaned 5 cm fused si-

lica cuvettes (Suprasil® I) previously rinsed with Milli-Q
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water (Millipore) and twice with the filtered sample.

Milli-Q water (Millipore) of low DOC concentration

(0.05 mg L–1) was used as a reference. Absorption coeffi-

cients (a) were calculated as: a=2.303D/L, where D is ab-

sorbance and L is the pathlength of the cuvette in

expressed in m. Correction for the scattering caused by

particles was done by subtracting the absorbance value at

690 nm. For comparative purposes, we used the absor-

ption value at 320 nm (a320), which is sensitive to changes

caused by both UV-B and UV-A radiation. The CDOM

absorption at 320 nm was also normalised to the DOC

concentration (a*320). Spectral slope (S) was calculated for

each treatment before and after exposure for the ranges

275-295 nm (UV-B) and 350-400 nm (UV-A) (Helms et

al., 2008). In addition, the ratio of both calculated slopes

(SR) was calculated to trace changes in CDOM related to

photobleaching (Helms et al., 2008). 

To infer changes in the dominant molecular size of

CDOM, the ratio between the absorption coefficients at

250 and 365 nm (a250:a365) was used, where high ratios in-

dicate a high proportion of small molecules and low ratios

a high proportion of large molecules (De Haan, 1993).

Samples for fluorescence measurements were filtered as

for DOC and the filtrates were collected in 20 mL vials

(acid washed, rinsed with Milli-Q water, and pre-combu-

sted as above). Fluorescence (Fl) was measured at room

temperature in an AMINCO Bowman Serie 2 spectrofluo-

rometer (excitation at 355 nm, emission at 450, slit width

of 5 nm) using a 1 cm quartz cuvette, prerinsed with Milli-

Q water (Millipore) and with the filtered sample. Fluore-

scence standardisation was done by normalising the signal

of the sample to the fluorescence of a solution of quinine

sulfate 1 mg L–1 in 1 N H2SO4 defined as 1 quinine sulfate

unit (QSU). Fluorescence was linear between 0.05 and 10

mg L–1 of quinine sulfate. To account for potential instru-

mental drift, separate quinine sulfate spectra were acqui-

red on each day of measurement.

Bacterial abundance and biovolume

Samples (3 mL) were taken from each treatment bottle

and fixed with 1% paraformaldehyde-PBS pH 7.2. On the

same day, samples were filtered through polycarbonate

0.2 µm pore diameter filters (Millipore). Bacterial abun-

dance (excluding filaments and large rods) was determi-

ned by epifluorescence microscopy and DAPI staining

(final concentration 1 μg mL–1) as previously described

(Porter and Feig, 1980). The biovolume of filaments and

large rods was determined at the beginning (T0) and the

end of bacterial incubation (5 h) using the image analysis

process and algorithms described by Massana et al.

(1997). The cumulative length of filaments (µm mL–1) in

each sample and the corresponding biovolume were cal-

culated according to Nedoma et al. (2001). Images were

taken at 8 bit, resolution 1040×1388 pixels with a ×40 ma-

gnification resulting in a pixel length of ~0.466 µm.

Image analyses and measurements of cells dimensions

were done using J software (NIH, Bethesda, MD, USA). 

Bacterial carbon production

Bulk bacterial activity was estimated from the incor-

poration of [3H]-L-leucine (Amersham, Little Chalfont,

UK) into bacterial biomass (Simon and Azam, 1989).

Samples were taken from each of the triplicates at the ini-

tial time (T0) and at final time (5 h). Radiolabelled leucine

(specific activity 63 Ci mmol–1) was added at saturating

concentrations (20 nM) (Piccini et al., 2009) to three sub-

samples and to one formaldehyde-killed control (3% final

concentration) from each water treatment. These sub-sam-

ples were incubated in a water bath in the dark at in situ

temperature (25ºC) for 1 h and then fixed with formalde-

hyde (3% final concentration). Macromolecule extraction

was done with ice-cold trichloroacetic acid (TCA) (5%

w/v) and ice-cold ethanol (80% v/v) according to Simon

and Azam (1989). Measurements of [3H]-L-leucine incor-

poration were done in a Beckman LS5000TD liquid scin-

tillation counter (Beckman, Fullerton, CA, USA). Values

were corrected for quenching (external standard method)

and by subtraction of counts from the controls. Conver-

sion of leucine incorporation to bacterial protein and car-

bon production (BCP) was done using the conversion

factors described by Simon and Azam (1989).

Polymerase chain reaction amplification, cloning, and

sequencing of 16S rRNA genes

16S rRNA gene clone libraries were constructed from

fixed and filtered samples obtained from SCD and RMD

incubations as described for bacterial abundance. Pieces of

filter of approximately 6 mm2 were cut out and used direc-

tly as a template for amplification by polymerase chain re-

action (PCR) without previous DNA extraction (Kirchman

et al., 2001). Polymerase chain reaction amplification with

the general bacterial primers GM3F and GM4R (Muyzer

et al., 1995) was done with a Mastercycler (Eppendorf,

Hamburg, Germany) using the following conditions: an ini-

tial denaturation step of 5 min at 94°C, 1 min of denatura-

tion at 94°C, 1.5 min of annealing at 48°C, and 2 min of

primer extension at 72°C. This cycle was repeated 30 times,

followed by a final step of 2 min at 72°C. The PCR pro-

ducts were checked by agarose (1%, wt/vol) gel electro-

phoresis and the amplified 16S rRNA gene fragments were

purified with a QIAquick PCR purification kit (QIAGEN,

Hilden, Germany). The purified amplicons were inserted

into the pGEM vector (PGEM-T cloning kit; Promega, Fit-

chburg, WI, USA) and cloned into competent Escherichia

coli cells delivered with the kit as described by the manu-

facturer. White clones were picked and plasmids were ex-

tracted with a QIAprep spin miniprep kit (QIAGEN)
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585Bacterial populations stimulated by plant-derived CDOM

according to the manufacturer’s specifications. Ninety-six

clones from each library were screened for correctly sized

inserts by PCR using the vector primers (M13F and M13R)

and further agarose gel electrophoresis of the amplicons

(1%), and proved to be positive. Plasmids partial sequences

were obtained from these positive clones using the primer

M13F on an ABI PRISM 3100 genetic analyser (Applied

Biosystems, Foster City, CA, USA). After analysing the

partial sequences, 48 clones from each library (SCD and

RMD) were selected for complete sequencing of the 16S

rRNA gene using the primers M13R and GM1. Sequences

were assembled from three partial sequences using the soft-

ware Sequencher (Gene Codes, Ann Arbor, MI, USA). All

sequences were subsequently analysed by BLAST (Al-

tschul et al., 1990) to identify their closest relatives and to

establish tentative phylogenetic affiliations. Phylogenetic

analyses were performed using ARB software (Ludwig et

al., 2004). For the reconstruction of a phylogenetic tree de-

picting the affiliations of newly obtained sequences, only

nearly complete 16S rRNA sequences were considered.

Maximum-parsimony, neighbour-joining, and maximum-

likelihood analyses were performed. The branching pat-

terns of the resulting trees were compared and a consensus

tree was constructed that showed bifurcations only if bran-

chings were stable in the majority of analyses. Multifurca-

tions were introduced if tree topology could not be

unambiguously resolved.

Double fluorescence in situ hybridisation

After sequencing of clones from SCD and RMD treat-

ments, a search for probes targeting the identified bacterial

groups was conducted in the probeBase website. Selected

probes were used in a double FISH, combining CARD and

monolabeled probes according to the protocol described by

Pernthaler et al. (2004). Filters used for double FISH were

the same as for bacterial abundance determination and

clone libraries construction. Briefly, a first hybridisation

using the peroxidase-conjugated probe LGC354A (Meier

et al., 1999) for low guanine-cytosine (GC) content Gram-

positive bacteria was done including the catalysed reporter

deposition step, but the hybridised filter pieces were not

counterstained with DAPI. Instead, they were incubated for

20 min at room temperature in 0.01M HCl to inactivate the

horseradish peroxidase and then a second hybridisation was

run using the monolabeled S-G-Acin-0652-a-A-18 probe

(Oerther et al., 1998) for Acinetobacter spp. conjugated to

Cy3. Formamide concentrations in the hybridisation buffers

were 55% for LGC354A and 40% in the case of S-G-Acin-

0652-a-A-18 probe. 

Statistical analyses

Unpaired t-tests were used to test for significant diffe-

rences in CDOM optical parameters, bacterial abundance,

and bacterial biomass at the beginning and the end of the

experiments. The comparison of the effect of treatments

and time on BCP was done with a two-way ANOVA and

Bonferroni post-hoc test. For all parameters, the average

values were calculated from the three replicates in each tre-

atment. Differences were considered significant when

P<0.05. All statistical analyses were run using GraphPad

Prism version 5.0 for Mac OS X, GraphPad Software (Gra-

phPad, San Diego, CA, USA).

RESULTS

Photoalteration of chromophoric dissolved organic

matter 

The absorption coefficient at 320 nm (a320) of the ma-

crophyte extracts decreased after 16 h exposure (unpaired

t-test, P<0.01) (Tab. 1). Similarly, the spectral slopes and

the SR for each treatment increased in the UV-B range

after irradiation of both plant extracts (unpaired t-test,

P<0.01). The a250:a365 ratios from SCD before exposure to

solar radiation were higher than the observed for RMD

(Tab. 1). After exposure to solar radiation, the a250:a365

ratio increased in both extracts. Thus, the relative mole-

cular size of CDOM decreased by ca. 10% in SCD (un-

paired t-test, P<0.05) and by ca. 17% in RMD (unpaired

t-test, P<0.05) extract (Tab. 1). No further significant

change in CDOM optical characteristics was observed

after the 5 h incubation (data not shown). 

Bacterial community response

When the bacterial community was analysed in both

plant extracts after 5 h incubation, changes in cell size di-

stribution were detected, namely, the mean cell volume was

significantly larger (unpaired t-test, P<0.05) than that of the

original natural bacterial community (Figs. 1 and 2). In the

bacterial community incubated without plant extracts, the

mean cell volume was the same as in T0 (data not shown).

In SCD, the bacterial community was dominated by large

filaments of ca. 100 µm length and ca. 5 µm wide, with a

mean volume of 6.19±2.72 x106 µm3 mL–1, corresponding

to 97.7% of the whole community biovolume (Fig. 2C). Fi-

laments were also present in RMD, where they comprised

90.6% of the whole community biovolume. In addition, in

the RMD treatment large rods with an average cellular vo-

lume of 6.5±2.37 µm3 and representing 8.7% of the bacterial

biovolume were found (Fig. 2D). These rods were also

found in the SCD treatment, but at lower abundance. Both

enriched bacterial populations (large filaments and rods)

were undetectable at the initial time (Fig. 2A and 2B). Fur-

thermore, the abundance of bacteria that were not large rods

nor filaments present in both treatments did not show signi-

ficant changes during incubation (unpaired t-test, P>0.05)

(Fig. 3), suggesting that the newly developed bacterial po-

pulations responded to the photoaltered plant-derived DOM,
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whereas the rest of the community did not. When the bulk

BCP was assessed, an increase was observed after 5 h in

both treatments, but it was significant only in the case of the

RMD extract (unpaired t-test, P<0.05) (Fig. 4). 

To identify the dominant bacterial populations, clone li-

braries of the 16S rRNA gene were constructed from SCD

and RMD samples and almost complete (ca. 1500 bp) 16S

rDNA sequences were obtained from several clones. Pair-

wise comparison against Genebank database and phyloge-

netic analyses using ARB (Ludwig et al., 2004) showed that

20.8% of the clones proved to be positive from SCD treat-

ment and harboured sequences ≥99% identical to several

strains of Exiguobacterium acetylicum and 35.4% to Acine-

tobacter spp. (Fig. 5A). In contrast, 18.8% of sequences ob-

tained from positive clones belonging to RMD clone library

showed 96 to 99% identity to Exiguobacterium spp. and

21% showed 100% similarity with Acinetobacter sp., being

A. bayly the closest described phylotype (Fig. 5B). To con-

firm the identity of the enriched bacteria, oligonucleotide

probes targeting the obtained ribosomal sequences

(Acin0659A for Acinetobacter and LGC354A for Exiguo-

bacterium) were applied in FISH assays. Both probes hy-

bridised to the expected bacterial morphotypes (i.e. rods and

filaments, respectively). In the case of Acin0659A-hybridi-

sed cells, abundance in SCD and RMD treatments were

1.48±0.34 and 2.52±3.03 x105 cells mL–1, respectively. In

RMD, where they were more abundant, Acin0659A-hybri-

dised cells increased from 0.11% of the total bacterial com-

munity at the beginning of the experiment (or in the control)

to >11% at the end of the incubation (Fig. 5C).

DISCUSSION

In this work, we found that solar radiation caused pho-

tobleaching of the macrophyte-derived CDOM as indica-

ted by changes in its optical properties (a320, Fl, and spec-

tral slopes) (Kirk, 1994; McKnight et al., 2001; Helms et

al., 2008). Considering that CDOM is heterogeneous in

nature, only a small portion may be chromophoric and

thus responsible for photochemical reaction (Osburn et

al., 2001). The changes in optical parameters observed for

the macrophyte extracts after incubation (a320, spectral slo-

pes and SR) confirmed the photobleaching of CDOM. Ac-

cording to the a250:a365 ratios measured before incubation,

CDOM from SCD extract showed to be more labile than

RMD, however, after exposure to solar radiation, these

Tab. 1. Water optical characteristics for both plant extracts before and after exposure to solar radiation and initial dissolved organic

carbon concentration. 

SCD RMD

Initial (SD) 16 h (SD) Initial (SD) 16 h (SD)

DOC (mg L–1) 99.80 ND 67.90 ND

a320 (m
–1) 80.73 (0.20)* 51.90 (8.98)* 54.88 (0.49)* 38.53 (4.99)*

Fl (mg L–1)° 4.66 (0.02) 2.38 (0.59) 2.49 (0.03) 2.38 (0.85)

S (275-295 nm) 0.009 (0.001)* 0.015 (0.0001)* 0.003 (0.00)* 0.010 (0.001)*

S (350-400 nm) 0.024 (0.00) 0.020 (0.001) 0.018 (0.001) 0.016 (0.002)

SR 0.36 (0.00) 0.77 (0.002) 0.17 (0.001) 0.60 (0.005)

a250:a365 4.87 (0.001)* 5.31 (0.24)* 2.95 (0.01)* 3.47 (0.13)*

SCD, dissolved organic matter from S. californicus; RMD, dissolved organic matter from R. maritima; SD, standard deviation; DOC, dissolved organic

carbon; ND, not determined; a320, absorption coefficients at 320 nm; Fl, fluorescence; S, spectral slopes calculated from the absorption spectra before

(initial) and after sunlight exposure (16 h); SR, ratio of calculated slopes; a250:a365, ratio between the absorption coefficients at 250 and 365 nm.

°Expressed as quinine sulphate units (QSU), where 1 QSU=1 µg L–1 of quinine sulphate; *significant differences between initial time and after 16 h in-

cubation within each treatment at P<0.05.

Fig. 1. Average bacterial volumes and standard deviations (in

µm3 per mL x107) calculated at the beginning (T0) and at the

end (5 h) of the incubation in both plant treatments. SCD=S. ca-

lifornicus dissolved organic matter; RMD=R. maritima dissol-

ved organic matter. 
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ratios increased in both extracts, indicating that the bioa-

vailability of DOM from the two plant sources was en-

hanced by exposure to solar radiation and photoalteration.

The differences in optical characteristics found between

both plants may reflect differences in their chemical com-

position for these species (Farjalla et al., 2001).

Previous studies have shown that sedimentary organic

matter in Laguna de Rocha is mainly derived from the ma-

crophyte community (Conde and Sommaruga, 1999) and

two of the most abundant plant species in this lagoon are

S. californicus and R. maritima (Rodríguez-Gallego et al.,

2010). Furthermore, Piccini et al. (2009) showed that

CDOM photoalteration in Laguna de Rocha stimulates

bacterioplankton activity and induces changes in bacte-

rioplankton community composition in few hours, sugge-

sting that photochemical processes are important for the

availability of the organic matter derived from macrophy-

tes. In the present study, we found an increase in bacterial

biovolume and BCP after 5 h incubation in both treat-

ments, implying that the measured bacterial production

could be mostly due to the enriched bacterial populations.

The development of bacterial morphotypes with cell sizes

ca. 100 times larger than the rest of the community (for

the case of SCD) suggests that these two populations of

microorganisms exhibiting high growth rates rapidly in-

corporated the available organic carbon. We cannot rule

out the possibility that the large filaments and rods not

only developed because they reacted fast to the DOM

amendment, but also because they are more resistant to

photooxidative stress than the rest of the community. For

example, photoproducts such as hydrogen peroxide are

known to cause cell oxidative stress (Scully et al., 1996).

It was outside the scope of this study, however, to measure

the production of reactive oxygen species (ROS) during

the experiment. 

According to the similarity search, the big rod mor-

photypes were Acinetobacter-related bacteria closely re-

lated to the strain ADP1 (Vaneechoutte et al., 2006). It has

been described that this strain has the capability to accu-

mulate polyphosphate (PolyP) grains in their cytoplasm

Fig. 2. Bacterial morphotypes found in A) S. californicus dissolved organic matter (SCD) treatment at T0 (DAPI stain) and B) R. ma-

ritima dissolved organic matter (RMD) treatment at T0 (DAPI stain). C) Filaments detected in SCD (DAPI stain) at 5 h; D) RMD hy-

bridised with Acin0659A probe at 5 h. 

A) B)

C) D)
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under aerobic conditions and to use them later as a P

source (Trelstad et al., 1999). Interestingly, microscopic

examination of Acin0659A-hybridised cells showed the

presence of yellow intracellular grains under UV excita-

tion resembling PolyP (data not shown). The staining of

bacterial PolyP granules by DAPI has been previously re-

ported (Tijssen et al., 1982). In a study using Mediterra-

nean seawater, Sebastián et al. (2012) found that some

heterotrophic bacterial cells accumulate PolyP when in-

cubated in phosphate-amended mesocosms. These authors

proposed the existence of opportunistic bacteria (oppor-

tunitrophs) such as Gammaproteobacteria having high P

requirements and able to accumulate phosphate inside the

cell when this nutrient is available. The finding of fast-

growing, PolyP-accumulating cells of the Acinetobacter

genus in our experiments suggest that plant-derived DOM

extracts were rich in phosphorus and allowed for the en-

richment of opportunistic bacterial populations.

An interesting finding of the present study was the de-

velopment of large bacterial filaments in the DOM extracts.

The formation of bacterial filaments has been also reported

in several studies, mainly associated to heavy predation by

heterotrophic nanoflagellates (Sommaruga and Psenner,

1995; Corno and Jürgens, 2006). Since in our experiment

the presence of predators was reduced by dilution of the

inoculums and not by filtration, it is possible that their pre-

sence would induce changes in bacterial morphology, in

spite of the short incubation times (5 h). The identification

of such filaments by cloning and sequencing of the 16S

rRNA genes revealed that the filaments belonged to Exi-

guobacterium genus. These bacteria have been found in di-

verse environments (Vishnivetskaya et al., 2000; Brambilla

et al., 2001; Fruhling et al., 2002; Kim et al., 2005). This

genus has been isolated from several habitats over a wide

temperature range (-12 to 55°C) (Rodríguez and Tiedje,

2007) and it even survives to the exposure to UV-C radia-

tion (Ponder et al., 2005). Some species of Exiguobacte-

rium have also high levels of catalase and oxidase enzymes

to minimise oxidative stress (Kim et al., 2005). This trait

is probably important because ROS such as hydrogen pe-

roxide are found among photoproducts from plant-derived

DOM (Farjalla et al., 2001). Thus, the enrichment of an

Exiguobacterium population with anti-ROS potential wi-

thin a bacterial assemblage exposed to UVR would not be

surprising. Further, it has been shown that natural UV ra-

diation induces filamentation in lake bacterial assemblages

(Corno et al., 2008; Modenutti et al. 2010). The exposure

of bacteria to UV radiation could cause mutations in the

ftsZ gene, which encodes for a protein involved in early sta-

ges of septum formation (Errington et al., 2003). For exam-

ple, Feucht and Errington (2005) demonstrated that

mutations of this gene induce filamentation in Bacillus sub-

tilis. Interestingly, although the reported strains of Exiguo-

bacterium are usually rods, the formation of filaments has

been observed in response to temperatures as low as -6°C

with an increase in both cell length and width (Vishnivet-

skaya et al., 2007). Overall, the facts discussed above indi-

cate that Exiguobacterium filaments detected in our study

might be a combined response to solar radiation, increased

DOM availability, presence of predators, and phenotypic

Fig. 3.Average bacterial abundance and standard deviations at

the beginning (T0) and at after 5 h incubation in both plant tre-

atments. Data do not include the abundance of large rods and fi-

laments. SCD=dissolved organic matter from S. californicus;

RMD=dissolved organic matter from R. maritima. 

Fig. 4. Bacterial carbon production (BCP) measured in S. cali-

fornicus dissolved organic matter (SCD) and R. maritima dis-

solved organic matter (RMD) treatments, at the beginning (T0)

and after 5 h incubation. Asterisks indicate the treatments where

significant differences were found between initial and final BCP.
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589Bacterial populations stimulated by plant-derived CDOM

plasticity of the genus. However, owing to our experimental

design, we cannot establish whether the appearance of large

filamentous bacterial populations is a response naturally

occurring in the environment or an artifact.

CONCLUSIONS

Overall, the results of the present study suggest that

loading of DOM from plant origin might be a relevant

source of carbon for bacterial populations in the freshwa-

ter zone of coastal lagoons. Further, due to the opportuni-

stic-like behaviour of Acinetobacter and Exiguobacterium

genera, they would play major role in the mineralisation

of plant material after photochemical breakdown. 
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