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ABSTRACT

This study reports the development of a tool torati@rise and differentiate northern
Adriatic waters, particularly oligotrophic, highlsaty waters, based on the cellular fatty
acids of culturable heterotrophic bacterioplankt®he growth abilities and population
dominance were observed for particle-attached esetliving bacteria cultured in three
types of media: Marine Broth, diluted Marine Br¢1h10) and R2 broth. Three groups of
water layers were distinguished by Hierarchical s@ung analysis: eutrophic,

oligotrophic and oligotrophic nutrient-selected.gi8ficant differences between the
resulting groups were tested by two-way ANOVA (wrtplication). Eutrophic layers

were characterised by readily culturable partittaehed and free-living fractions of the

bacterial community in all three media, all domethby fast-growing-Proteobacteria

In contrast, oligotrophic water layers with low gutivity had a much weaker
culturability and a different population dominanf® the free-living community, as
compared to their attached or growth-arrested evpatts, for all media. The free-living
bacteria from strictly oligotrophic environmentsnaenstrated minimum culturability in
Marine Broth, while those from selective oligotraplkenvironments were culturable and

were dominated either by Cytophaga-Flavobaatemplex, a-Proteobacteriaor y-

ProteobacteriaThe conclusive evidence regarding the selectnee rafractory nature of
organic compounds in these waters demonstratesdon@nant culturability of the

Cytophaga-Flavobacteromplex andu-Proteobacterian free-living communities in all

growth-media. The response of fatty acid dominaiaties depends significantly on the
trophic state and fraction (p < 0.05), althougheffect of the trophic state is completely
different in attached and free fractions. Both fi@ts were tested separately,
demonstrating a significant influence of the trapkiate (p < 0.05), while the effect of
the media on the fatty acid response was not stgmif (p > 0.05). An interaction
between media and trophic status was present iatthehed fraction (p < 0.05), yet this
was not observed in the free fraction (p > 0.08gjdating that any systematic difference
between trophic states was the same for each nestied. Accordingly, the free-living
fraction of bacterioplankton is a more informatattribute and can be used solely as an
indicator of the water layer trophic condition.
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1. I ntroduction

The population of heterotrophic bacterioplanktom t® separated into two major
groups based on the uptake of organic matter. Baktggoups that successfully colonise
organic aggregates or other nutrient rich micrdvegcare considered to be copiotrophs.
These are opportunistic species with low nutriéfmiy and a rapid growth strategy, and
they depend on high concentrations of organic smcsts (Pinhassi et al., 2004; Palijan
and Fuks, 2006). In contrast, most typical fre@tiv marine bacteria with unique
physiological characteristics are able to survivel agrow under conditions of an
extremely low and discontinuous supply of nutrieatsl are defined as oligotrophs
(Cavicchioli et al., 2003). Particle-attached baatecommunities are usually larger and
more active than the free-living bacteria. Althoutitere may be an interchange of
members between both communities, marked taxondmizh physiological differences
between them have been found (DelLong et al., 189@8)as et al., 1999). Since the
physical and chemical properties of the microemviments of these communities are
extremely different, it was assumed that their emzy have adapted to work efficiently
under different conditions. Accordingly, the degrek similarity between those two
fractions is variable and depends on environmearaaditions (LaMontagne and Holden,
2003).

Functional differences between microbial commusiti@ave already been recognised
as an indicator of local environmental conditicasg have potential applications in water
quality assessment (Ahn et al., 2007; Marshall.e2@08). In natural environments, as in
different culture media, heterotrophic bacteriapadheir growth rate to both the nature
and concentration of organic nutrients. Bacteriaegally take on distinct properties
when starved for each class of essential nutriefte related depletions require
completely different physiological and regulatogsponses (Ferenci, 2001). Therefore,
changes in microorganisms’ taxonomic and physichmgistatus caused by external
factors can be successfully inferred from measunesnef their cellular fatty acids
(Blazina et al., 2005).

The aim of this study was to develop a tool basedhe cellular fatty acids of the

culturable fraction of heterotrophic bacterioplamkiin order to better characterise and
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differentiate northern Adriatic water masses, patérly oligotrophic high-salinity
waters. This study employs the novel approach ofparing the responses to fatty acids
of the particle-attached and free-living fractiom$ the natural bacterioplankton

communities after cultivation in three different d

2. Materialsand Methods

Seawater was collected at seven stations in th&heror Adriatic Sea during several
cruises (June-September, 2006) aboard the Vilabitaleesearch vessel. The choice of
sampling points was made according to salinity datéained by CTD profile, and
choices were made to correspond to water layetsdifterent levels of salinity. Samples
were transferred into sterile polycarbonate tubed processed onboard the research
vessel.

In total, 30 samples for bacteria enumeration bijluegescence microscopy were
fixed with 2 % formalin and stained with DAPI (Peartand Feig, 1980). In order to
determine the number of colony-forming units (CRuid the proportion of the total
number of bacteria, as well as to isolate singletdsal colonies, samples were spread
(100 pL) on three diverse solid media. Bacteridbo@s were grown on agar for 10 days
at 20°C.

Marine Agar (MA) and Marine Broth (MB) (Difco 2216Jere used as representative
of nutrient-rich media. Two different types of madiere used to represent oligotrophic
conditions, prepared by the following procedure.rik&a Broth and Agar were diluted
(dM) to 1:10 (Palijan and Fuks, 2006) with agedvwsser (after 2 months in the dark)
filtered through 0.22 um GSM filters (Millipore, W% The second media for growth of
oligotrophic bacteria, R2A (Difco), was also preghrwith aged seawater. R2 liquid
media (R2) was prepared by addition of glucosercktasodium pyruvate and free
casamino acids in the same quantities as usedgimarR2A solid media.

Additionally, 100 mL of each water sample was fé on 0.7 um GF/F filters
(Whatman, USA) to retain particle-attached bactefiaen, the filtrate was filtered on
0.22 um filters (Millipore, USA) to retain free-limg bacteria. Each filter was cut into 3

equal parts with a sterile blade, inoculated in &0of three different liquid media, and
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incubated for 48 hours at 20°C to obtain the calile part of particle-attached and free-
living communities, respectively, for Fatty Acid Mgl Ester (FAME) analyses. Before
further processing, 0.8 mL aliquots of bacteridtunes were separated, added to 0.2 mL
of 50% glycerol and preserved at -80°C for furthmecular analysis. Liquid cultures of
bacterial isolates and communities were centrifuged000 x g for 20 minutes and
washed twice with deionised water. The bacteridlefse (100-400 mg fresh weight),
were saponified, methylated and analysed (BlaZra €2005). The samples were added
to 1.2 M NaOH in 50% aqueous methanol solution. Thees were placed in a boiling
bath for 30 min. After cooling, the saponificate snacidified with 6 M HCI (pH<2).
Next, 12% Bk in methanol was added, and the samples were h&atéd min in a near
boiling water bath. After cooling, the FAME wereteacted in dichloromethane.

The FAME were analysed by gas-liquid chromatographya 6890N Network GC
System equipped with a 5973 Network Mass Sele®@etctor with a capillary column
(30 m x 0.25 mm x 0.25 um; cross linked 5% phentthylsiloxan), using ultra-high
purity helium as the carrier gas. The GLC settingse as follows: the programmed
column temperature was 145°C, increasing at 4°C/agnto 270°C, and a constant
column pressure of 15 psi was used. The retenitioe &nd peak areas were recorded
using Chemstation Software. Bacterial FAME werentdied by mass spectral data, and
by a family plot of equivalent chain length datdasbed by GC standards (Blazina et al.,
2005).

For each fraction (attached and free-living), 3 @@nce ratios were calculated for
each of three culture media (M, dM and R2): DRganm&16:1/(C18:1+BRtot),
DRalpha = C18:1/(C16:1+BRtot) and DRCF = BRtot/(A#8C16:1). A multivariate
classification procedure (Hierarchical clusteringthod), performed over dominance
ratios, was used to detect natural sample groupiigese ratios emphasise the

dominance of bacterial populations in the cultusalBbmmunity (DRgamma of-

ProteobacteriaDRalpha ofu-ProteobacteriaDRCF of Cytophaga-Flavobacteomplex),

are the highest for the dominating population (=&hd do not overlap with ratios of the
other populations (Blazina et al., 2005). Significdifferences between groups obtained
by Hierarchical clustering were tested by two-wajN@VA with replication with
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statistical significance set at the conventiondo5Sevel (p>0.05). The statistical data
analyses were performed on a PC Systat 10.

A fragment of bacterial 16S rRNA (positions 28 td850f the Escherichia coli
numbering) was PCR amplified using primersC3FCGAGGTCGACGGTATCGGAG
TTTGATCCTGGCTCAG-3 and 3-CACGCTCTAGA-ACTAGTGGAT(AT)ATTACC
GCGGC(GT)GCTG-3 The 53- terminal twenty nucleotides of the two primersreve
added as annealing sites for sequencing primerssiMet al., 1997). The reaction
mixture contained 1 uM of each primer, 200 UM aftedeoxynucleoside triphosphate,
1.5 mM MgC}h, 1.25 U ofTaq DNA polymerase, 1xXaq buffer with KCI, and 1 pL of
each bacterial culture grown on different typesn&fdia as templates. The mixture was
layered with mineral oil, and the following protdezas used: a 2 min initial denaturation
at 94°C followed by 35 cycles of 94°C for 1 min®G3or 1 min and 72°C for 1 min, with
a final extension step at 72°C for 5 min after kst cycle. The PCR products then
underwent electrophoresis in a 1% agarose gel TAExbuffer (40 mM Tris-acetate, 1
mM EDTA, pH 8.3). Sequencing of PCR products wasied out by Macrogen (Seoul,
Korea) and conducted under BigDyeTM terminator icgciconditions. The sequences
determined in this study were compared and analysedimilarity to other known
sequences in public-domain databases (NCBI GeneBuitgk//www.ncbi.nlm.nih.gov/]

and the Ribosomal Database Project [http://rdp.crse.edu/]).

3. Results

The data set for each water layer consisted ofati@les: 2 fractions x 3 growth media x
3 FAME dominance ratios. Multivariate hierarchicalstering procedures performed on
more than 30 different water layers indicated 3angyoupings: Gl, Gl and GllIl, each
consisting of 10 water layers. The dendrogram ésg@nmted in Fig 1. The environmental
conditions met in the water layers joined to gro@sGlIl are summarised in Table 1.
Water layers in Gl were mostly had higher chlordphyconcentrations, a higher total
number of bacteria, and lower salinity levels. CFldsall three solid media were highly
similar. In contrast, the water layers in groups &lid Glll had higher salinity, lower

chlorophyll aconcentrations and a lower number of total ba&te€ZiFUs on each of the
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three media were similar between the groups, antn®s lower than in GI. A different
trophic status was assigned to each of the thimepgr eutrophic (Gl), oligotrophic (Gll)
and oligotrophic-nutrient selected (GlII).

Eutrophic layers (Gl) were characterised by culiiity and the dominance of-
Proteobacterian both fractions and all growth media. In thegotrophic layers (Gll), a

decrease in the proportion gfProteobacteriadominance was observed in attached

fractions. The free fractions in all three mediaaveoorly culturable and when culturable

they were dominated by eitherProteobacteriar Cytophaga-Flavobact@omplex. In

oligotrophic-nutrient selected water layers (Glliparticle-attached fractions were
culturable in 87% of the samples, and these layeese mostly dominated by-
ProteobacteriaCulturability in the free fraction was signifidin higher than in Gll,
particularly in MB media. In the other two medibgtrelationships between dominating
populations were similar, with proportionately hégltulturability than in Gll (Fig 2).

The significance of each of two experimental vdaab(trophic state and fraction)
with respect to the DRgamma response was testédayway ANOVA with replication
(Table 2a). The results show that DRgamma sigmifigavaries with trophic state
(p=0.000) and with fraction (p=0.000). Also, theghic state and fraction interact in their
effect on DRgamma (p=0.000), meaning that the effétrophic state on DRgamma is
completely different in attached and free fractioimsfree fractions of the oligotrophic
groups (GIl and GIll), there was a pronounced dbuation of bacterioplankton not

belonging toy-ProteobacterifDRgamma < 1). To verify the influence of mediatbe

DRgamma response within each fraction, an ANOVA wadormed separately for the
free and attached fractions (Table 2b). In bothtioas, a significant influence of trophic
state was present (p = 0.000), while the effeanetlia on the DRgamma response was
insignificant (p > 0.05). However, a certain intgtran between media and trophic status
was observed in the attached fraction (p = 0.0Bi}he free fraction, the media and
trophic status did not interact (p = 0.156), intiing that any systematic differences
between trophic states were the same for each rnested.
The accession numbers and phylogenetic affilianbrthe numerically prevailing

isolates 10 %) belonging to Groups | - Ill are presented’able 3. The tested strains

were identified at the RDP Il web site, all withpaobability of at least 94 % and
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sequence similarities to known bacterial speciepddited in GenBank) of at least 98.5
%. The diversity of the most abundant bacterioglamkcultured on solid plates was
consistent with the dominance ratio responsegyindi cultures for waters with different

trophic statuses.

4. Discussion

Since the growth abilities and population dominaotearticle-attached and free-living
bacterioplankton strongly vary with trophic statévem cultured in different nutrient
media, it is possible to discriminate between veateith different trophic characteristics
by their fatty acid responses.

The eutrophic water layers (Gl) were characteriadabth particle-attached and free-
living fractions by overall growth ability in alliquid media, and all were without

exception dominated by fast-growineProteobacteriaThese rather typical members of

marine bacterioplankton indicate elevated conceatra of nutrients and easily
assimilated organic carbon sources, such as lowecul@dr weight dissolved organic
matter (DOM) (Pinhassi and Berman, 2003). Additiynahe formation of the highest
number of colonies on all three agar plates is gneement with their presumed
opportunistic nature, versatile nutritional and yenatic characteristics, and ability to
exploit favourable growth conditions (DeLong et 4093). All these features reflect the
rather eutrophic character of the original bactdeankton environment, with higher
production and thus elevated concentrations ofgaalgharides, proteins, lipids and even
some LMW compounds. The phylogenetically determinegbresentatives ofy-
ProteobacterifADRIF 1, ADRIF 6 and ADRIF 7) and-ProteobacterigADROW 4,
ADROW 5; Table 3) were identified as Vibri®®’seudomonasand Erythrobactesp,

respectively. All these genera are common membenmmasine bacterioplankton with

markedly heterogeneous nutritional properties engbtheir omnipresence, and they
particularly thrive under conditions where elevatedl diverse nutrients are available
(Pinhassi and Berman, 2003).

However, a number of bacteria isolated from oligphic marine environments also

belong to y-Proteobacteria(Antunes et al., 2003Cho and Giovannoni, 2004). In




© 00 N o o~ W DN P

W W N N N DN DN D N DNMNDNDMNDNDN P P P P PP PR
R O © 00 N OO O A W N P O © 0N OO O A W N P+ O

Blazina, Maria; Najdek, Mirjana; Fuks, Dragica; RuAna; Stifant, Mauro; Pavling, Dinko.
Characterization and differentiation of the oliggthic waters by culturable particle-attached ard-fr
living bacterial community. // Ecological Indicato9 (2009) ; 1265-1270

agreement with these findings, the numerous ADRQ8Iates (Gl and GlII) are very
closely related to Salinisphera shabangaseoligotroph isolated from the brine-seawater
interface of the Red Sea (Antunes et al., 2003304bund were ADRIFs 2 - 4, closely

related to _Halomonasand Pseudoalteromonaspecies. The latter are known as

opportunistic strategists in culture as well ashpoters of eukaryote surface fouling due
to the degradation of complex polysaccharides e déll wall (Skovhus et al., 2007).

Overall, results suggest that the part of jHeroteobacterigpopulation that thrives in

low-productivity environments is primarily relatéalthe attached fraction.

The loss of culturability of free-living bacterisbmmunities in response to all types
of enrichment, observed in water layers of eleva@ahity and minimum phytoplankton
growth (GlI, Table 1), characterises these comnesiias oligotrophic, which are best
adapted to low nutrient- and energy- flux environtseMoreover, the communities from
such an environment experience reduced or inhilgtedith even in R2 media enriched
in easily available organic nutrients, formulatecehhance recovery of bacteria with low
nutrient requirements. The typical free-living @& isolated from strictly oligotrophic
environments lack the ability to form colonies anlid media, since their growth is
negatively affected by enhanced substrate levetagi&abova, 1983). Thus, the growth
arrest by nutritional enrichment indicates the sewveutrient scarcity of these water
layers.

The different population dominance of the freediyicommunity versus the attached
community in the same media, and/or thee diffepogulation dominance in different
media for the same fraction, indicates that a entriselective environment was the
source of the related bacteria. The growth of fnaag communities in Group 1l was
regularly supported by diverse complex nutrient®xeess (MB). This singularity also
differentiated low productivity and high salinityaters in Gll and GlIll. Culturable
bacteria structures, mostly dominated either dfProteobacteriaor by Cytophaga-

Flavobactercomplex, suggests the presence of both easilyad@iand complex DOM,
since their main roles in pelagic ecosystems azgreatic breakdown of macromolecular
DOM and utilisation of small mass carbon units,pessively (Cotrell and Kirchman,
2000). The attached bacteria are responsible fod rsolubilisation of detrital particles

via exoenzymatic activities, thereby releasing D@ their own progeny as free-living
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cells. The low molecular weight compounds are sgisetly utilised by the free-living

microbial community. All of these cells might tutm particles in order to grow (DeLong
et al., 1993). The most numerous among phylogeaigtidetermined representatives of

o-Proteobacteriavere identified as SulfitobacteBphingomonasnd Novosphingobium.

These genera are common members of marine badterkbpn, and some of them are
known as obligate oligotrophs (Cavicchioli et 2003). Even though the CF-complex is
highly diverse, all of its cultured representativeslonged to one single family,
Flavobacteriacea&d number of the sequenced strains (GlI-Glll) wel@sely related to

species recovered from the colder Antarctic, thehaevestern Pacific Ocean, and some
Mediterranean oligotrophic environments, e.q., eenhoekiella(Pinhassi et al., 2006).

Most abundant bacterioplankton species isolatedn ftbe northern Adriatic waters
possess metabolic traits that link them to speeificironmental conditions: mezotrophic,
eutrophic, or oligotrophic.

These results show that the effects of the troptate of the marine environment and
the fraction of bacterioplankton are critical irethacterial growth response to culturing
on different nutrient sources. The DRgamma fattid aatio of culturable bacterial
communities had significant differences, showing potential value as a tool in
characterisation and discrimination between watefrsdifferent productivities and
nutritional states. Also, the fraction of the fleeng bacterioplankton provides more
informative attributes and can be used as the dislerimination tool, particularly for
oligotrophic waters. Consequently, the microbiatyfacids can be used as bioindicators

for fast assessment of the marine ecosystems’ ton@nd monitoring of its changes.
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Fig. 1. Dendrogram obtained by numerical analysis (Hieiagttclustering) performed
on fatty acid dominance ratios (DRgamma, DRalpHRCB) of culturable free-living and
particle-attached bacterioplankton collected fréw different water gradients from June
to October 2006, cultured in 3 growth media: Marimeth (MB), R2 and 1:10 diluted
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Marine broth (dM). The designation 1-4 next to ntostands for different sampling

locations in the northern Adriatic.
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Fig. 2. Proportions of the dominant bacterial populatioa$pl{a: a-Proteobacteria

gamma:y-Proteobacteriaor c-f: Cytophaga-Flavobacteomplex) within free-living and

particle-attached bacterioplankton from the gradigaters cultured in 3 growth media:
Marine broth (MB), R2 and 1:10 diluted Marine brdtiv), divided into 3 groups (GlI-
Glll) by the Hierarchical clustering method (Fig. 1
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Table 1. Means and standard deviations of salinity (S),ltb&cterial number (HB),
chlorophyll a(Chl g and colony-forming units (% of total bacterialnmoer) on 3 solid
media; Marine agar (CFU, MA), R2 agar (CFU, R2Ad&h10 diluted Marine agar
(CFU, dMA) assigned to 3 groups of water layers.
8 Chl a
S (PSU) | HB*10°/L . CFU (MA) | CFU (R2A) | CFU (dMA)
group (mg/m®)
M + SD M+ SD M+ SD M+ SD M + SD
M + SD
Gl |37.27+0.67| 6.3+23 | 0.69+0.27 23+43 22+48 20+4.2
GIl [37.93+041 | 35+1.0 | 0.19+0.16 0.1+0.1 0.1+0.1 0.1+0.1
Gl |37.83+1.00 | 3.2+1.2 | 0.18+0.18 0.1+0.1 <0.1 0.1+0.2

Table 2a. Two-way ANOVA with replication, carried out over @Bmma in two
fractions (attached and free) and three groupsGM); each representing a different

trophic status (significant differences at confidetevel p< 0.05 are given in bold).

ATTACHED FREE
EUTROPHIC (GI)
Count 30 30
Average DRgamma 3.87 3.70
Variance 0.71 6.93
OLIGOTROPHIC (GlI)
Count 30 30
Average DRgamma 3.00 0.13
Variance 1.36 0.11
NUTRIENT SELECTED (GlIl)
Count 30 30
Average DRgamma 2.62 0.83
Variance 1.86 1.11
Source of Variation F P-value F crit
GROUPS 45.67 0.000 3.05
FRACTIONS 57.80 0.000 3.90
Interaction 13.79 0.000 3.05
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Table 2b. Two-way ANOVA with replication, carried out over @Bmma, separately

for each fraction, for three different liquid medMB, R2, dM) and three groups (GlI-
Glll), each representing a different trophic stafsignificant differences at § 0.05

are given in bold).

ATTACHED FREE

EUTROPHIC (GI) MB R2 dm MB R2 dm
Count 10 10 10 10 10 10
Average DRgamma 3.92 3.88 3.80 3.21 4.57 3.33
Variance 0.72 1.36 0.21 0.87 18.15 2.05
OLIGOTROPHIC (GlI)

Count 10 10 10 10 10 10
Average DRgamma 3.68 3.28 2.03 0.00 0.27 0.13
Variance 0.96 0.79 1.00 0.00 0.29 0.04
NUTRIENT SELECTED (Glll)

Count 10 10 10 10 10 10
Average DRgamma 2.68 2.25 2.93 1.68 0.57 0.23
Variance 0.45 0.82 4.45 1.41 0.65 0.25
Source of Variation F P-value F crit F P-value F crit
GROUPS 10.21 0.000 3.11 40.87 0.000 3.11
MEDIA 1.64 0.201 3.11 0.99 0.376 3.11
Interaction 2381 0.031 2.48 1.71 0.156 2.48
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1 Table 3. Bacterial isolates collected from northern Addatiaters with different trophic
2 statuses (GI-Glll). Related bacteria in GenBankraoted with accession number, 16S
3 rDNA sequence similarity and phylotype.
4
Isolat(_e; Closest relatives in Genbank; Similarity
group Accession ACCEsSion No (%) Phylotype
no. '
Gl ADRIF 1 Vibrio campbellii 100
EU649682 ATCC 25920T, X74692.1
ADRIF 6 Psychrobacter pacificensis .
( -
EU649686 | strain NIBH P2K17, AR016058.1 98 y-Proteobacteria
ADRIF 7 Pseudomonas stutzeri, 100
EU649687 strain 1908 clone sample 2, DQ888887
ADROWA4 Erythrobacter sp. 100
EU649688 AP38p, EU374890 )
a-Proteobacteria
ADROW5 Erythrobacter sp. 100
EU649689 JL893, DQ985055.1
G I, Glll | ADRIF 8 Sufflavibacter litoralis 100
EU798941 strain IMCC 1001, DQ 868538
ADROW?2 Croceibacter atlanticus 100 Flavobacteria
EU685827 HTCC2559T, AY163576.1
ADROW3 Leeuwenhoekiella aequorea, 100
EU649690 strain LMG 22550T, AY278780
ADRIF 2 Halomonas meridiana 99
EU649683 DSM5425, AJ306891.1
ADROW?7 Salinisphaera sp. 99.1
EU649691 ARD M17, AB167073 '
ADRIF 3 Pseudoalteromonas sp. 100 y-Proteobacteria
EU649684 strain 03/034 AJ874351.1
ADRIF 4 Pseudoalteromonas citrea 98
EU649685 (NICMB 1889T) X82137.1
ADRIF 11 Alcanivorax dieselolei, 99
EU798938 strain B-5 clone 1, AY683537
ADRIF 9 Sulfitobacter sp. 99
EU798942 SPB-4, DQ 412074
ADRIF 10 Sphingomonas sp. 100 a-Proteobacteria
EU798939 KH3-2, AF282616
ADRIF 12 Novosphingobium sp. 100
EU798940 JL832, EF512739
5
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