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A one-year survey of HNA and LNA heterotrophic bacteria abundance and its relation to bac-
terial production was conducted in the middle and southern Adriatic. The average abundance of
heterotrophic bacteria in the central and southern coastal areas of the eastern coast of the Adriatic
Sea ranged from 0.24 %106 to 2.39 %106 cells mL-1 and in the open sea area ranged from 0.23 x106
t0 0.63 %106 cells mL-1. Elevated average abundances were found in the coastal area of Sibenik and
in Kastela Bay. The average monthly percentage of HNA bacteria in the central and southern coastal
areas investigated ranged from 21.48 to 93.18%, while in the open sea HNA ranged from 28.62 to
65.62%. The seasonal distribution in the coastal areas mostly showed simultaneously the prevalence
of LNA bacteria in the bacterial community and high values of bacterial production, respectively,
during spring and summer. The prevalence of the HNA group in the bacterial community was found
during colder seasons together with low values of bacterial production. Exceptions are identified
in the areas influenced by rivers with the highest bacterial production, where HNA bacteria were
dominant in the microbial community during all four seasons. On the open sea during the periods
with the highest values of bacterial production, when viewed seasonally and vertically, the water
column was dominated by LNA bacteria indicating the importance of both groups of bacteria in the
marine ecosystems of the waters studied.
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INTRODUCTION most of the microbial biomass, activity and
diversity. During the 1990s flow cytometry was
Heterotrophic bacteria are significant introduced in oceanography (DARZYNKIEWICZ &

components of prokaryotic communities in
marine ecosystems (AZAM & HODSON, 1977).
Methods developed in last few decades for
studying microorganisms, including optical,
radioactive marking methods and molecular
techniques, have shown that many of the
methods previously used actually ignored

CRISSMAN, 1990; ALLMAN et al., 1993; FOUCHET et
al., 1993; TROUSSELLIER ef al. 1993; SHAPIRO, 1995;
DAVEY & KELL, 1996; PORTER et al., 1997; COLLIER
& CAMPBELL, 1999). With its fast and precise
analysis, the use of flow cytometry in marine
microbiology has resulted in the discovery of
several groups of bacterioplankton on the basis
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Fig. 1. Study area with sampling stations. A) Coastal areas: Zadar (Z1-Z3), Sibenik (S1-S5); B) coastal areas: Kastela
Bay (ST101-ST103), Split (S1-S5, CA007); C) coastal areas: Ploce (P1-P3), Dubrovnik (D1-D3)

of different proportions of deoxyribonucleic
acid (LI et al, 1995; MARIE et al, 1997). Groups
with more DNA are called high nucleic acid
content (HNA) bacterial groups, whereas groups
with a small amount of DNA are called low
nucleic acid content (LNA) groups of bacteria
(GASOL & MORAN, 1999; GASOL et al., 1999). The
HNA bacteria were considered as an active and
dynamic part of the community, while LNA cells
were considered inactive, dead cell fragments
(GASOL & MORAN, 1999; GASOL et al., 1999). Recent
research showed that the HNA bacteria comprise
an active group of heterotrophic bacteria in
different marine ecosystems (GASOL & DEL
GIORGIO, 2000); furthermore, in oligotrophic
environments, LNA bacteria may represent the
most active and predominating bacterioplankton
Community (ZUBKOV et al., 2001; JOCHEM et al.,
2004; LONGNECKER et al., 2005).

The aim of this study was to describe
the seasonal cycles of bacterial abundance,

variations in the distribution of HNA and LNA
bacterial groups, HNA and LNA bacterial gruops
in relation to bacterial activity and to identify the
relevant physico-chemical and biological factors
responsible for the observed seasonal and spatial
distributions in the central and southern parts of
the Adriatic Sea.

MATERIAL AND METHODS

Water samples for cell and nutrient analyses
were taken at monthly intervals from January to
December 2005. Samples were taken from two to
eight different depths (0 m - 260 m) between the
surface and the near-bottom layer of 21 stations
located along the eastern coast of the central and
southern Adriatic Sea and three stations (CA001,
CA003, CA009) located in the open central
Adriatic Sea (Fig. 1). Niskin bottles (5 L) were
used for sampling. Temperature and salinity were
also recorded using a SeaBird 25 CTD profiler.
Nutrient concentrations (NO5, NO,", NH,", total
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dissolved inorganic nitrate/DIN and soluble
reactive phosphate/SRP) were determined from
500-mL samples using a modified autoanalyser
method by GRASSHOF (1976). Chlorophyll a (Chl
a) was determined from 500-mL sub-samples
filtered through Whatman GF/F glass-fibre
filters stored at -20°C. These were homogenized
and extracted in 90% acetone. Samples were
analyzed fluorometrically with a Turner TD-700
Laboratory Fluorometer calibrated with pure
Chl a (Sigma) (STRICKLAND & PARSONS, 1972).

Abundances of SybrGreen I-stained
heterotrophic bacteria were determined using
flow cytometry (MARIE et al,, 1997). Samples were
analysed on a Beckman Coulter EPICS XL-MCL
with a high flow rate from 1 to 1.2 uL s, and the
analyzed volume was calculate by acquisition
time. 1.0-um yellow-green beads were added
to standardize the fluorescence intensity of
the cells (Level-III Epics Division of Coulter
Corporation Hialeah, Florida). Two groups
of heterotrophic bacteria were distinguished
according to their relative green fluorescence
as a proxy for the nucleic acid content, referred
to as high nucleic acid (HNA) and low nucleic
acid bacteria (LNA). Bacterial cell production
was measured from DNA synthesis based on
incorporation rates of *H-thymidine (FUHRMAN
& AZAM, 1982). Conversion factors for bacterial
production were calculated from bacterial cell
numbers and *H-thymidine incorporation during
bacterial growth in 1 pm pre-filtered seawater
(RIEMANN ez al, 1987): CF=(N,-N,)/*H, where
N; and N, are the numbers of bacteria at the
beginning and end of the experiment, and *H is
the integrated *H-thymidine incorporation rate
during the experiment.

The relationships between abiotic and biotic
factors and the abundance of heterotrophic
prokaryotes were determined using Pearson’s
rank correlation index.

RESULTS AND DISCUSSION

The average monthly abundance of
heterotrophic bacteria in the coastal area ranged
from 0.21x10° cells mL! to 2.39x10° cells mL"!
and in the open sea areas ranged from 0.23x10°

cells mL! to 0.63x10° cells mL! (Fig. 2 - Fig. 8),
and was similar to previous values reported for
the coastal and open Adriatic Sea (KRSTULOVIC
et al., 1995; KRSTULOVIC et al., 1997; KRSTULOVIC
& SOLIC, 2006; SOLIC et al, 2009). Abundances
of heterotrophic bacteria of less than 1x10°
cells mL! are considered to be typical for
oligotrophic seas (COTNER & BIDDANDA, 2002)
and the values of heterotrophic bacteria in most
parts of the study area were lower than 10° cells
mL!, so we can conclude that the area studied
in the Adriatic Sea showed the characteristics of
an oligotrophic area. Exceptions were found in
areas under the direct influence of karstic rivers
(Sibenik area, Plode area and Kastela Bay),
where the abundance of heterotrophic bacteria
was higher than 10° cells mL".

In this paper, the seasonality of the bacterial
community in coastal areas was determined,
mostly with abundance maxima in the spring-
summer period and minima during the winter
(Fig. 2 - Fig. 7) as found in previous reports on
the central Adriatic (KRSTULOVIC, 1992; SOLIC
et al, 2001). An exception was found in the
Zadar area where an increased abundance was
determined in November. Another exception
was found in the PloCe area, where an increased
bacterial abundance was determined during the
winter and spring-summer periods due to the
enrichment of this area by the inflow of the
river Neretva during this period (SOLIC et al,
2008). The seasonal distribution at the open sea
station (CA 009) showed high values during the
summer (Fig. 8), as was similarly reported by
KRSTULOVIC (1992). The seasonal distributions at
deeper open sea stations (CA 001 and CA 003)
were not significantly pronounced (Fig. 8), and
similar to previous findings in the open sea of
the Bay of Biscay (VALENCIA et al., 2003; CALVO-
DIAZ & MORAN, 2006).

The average monthly percentage of HNA
bacteria in the heterotrophic bacterial population
in the coastal area ranged from 21.48% to
93.18%, while at the open sea stations ranged
from 28.62% to 65.62% (Fig. 2 - Fig. 7).
According to literature data, similar ranges
were determined in the Bay of Biscay and the
percentage of HNA bacteria was found to be, on
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Fig. 2. Seasonal fluctuations of heterotrophic bacteria, HNA bacteria and bacterial production in the area of
Zadar. Average values (column) and positive standard deviation (bars) are presented

average, 31% to 91% (CALVO-DIAZ et al., 2004,
CALVO-DIAZ & MORAN, 2006; MORAN et al., 2007),
while in the Atlantic Ocean (LI et al. 1995) and
the north-western Mediterranean (LI et al., 1995;
VAQUE et al., 2001) it was up to 90%.

The seasonal distribution at the coastal areas
investigated, from Zadar to Dubrovnik, showed
that the LNA group was dominant in the bacterial
community during the summer season and that
the HNA group was dominant during colder
seasons, as previously described in the literature
(GREGORI et al.,, 2001; LI & DICKIE; 2001; CALVO-
DIAZ & MORAN, 2006). The prevalence of HNA
bacteria throughout all four seasons in these

areas was influenced by the Krka and Jadro
rivers (Fig. 2 - Fig. 7). However, in the areas of
Split and Plo¢e, LNA bacteria were dominant in
the water column during the colder seasons. The
area of PlocCe is under a significant influence of
the river Neretva during the cold season (SOLIC
et al, 2008), whereas the wider area of Split is
under the influence of the Zrnovnica and Cetina
rivers, and are thus enriched with nutrients.
According to data in the literature, although rare,
the prevalence of LNA bacteria in environments
rich in nutrients is known (ANDRADE et al., 2007).

The seasonal distribution of both bacterial
groups at the open sea stations investigated
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Fig. 3. Seasonal fluctuations of heterotrophic bacteria, HNA bacteria and bacterial production in the area of
Sibenik. Average values (column) and positive standard deviation (bars) are presented

showed the prevalence of HNA during the
spring, autumn and winter, whereas LNA
bacteria were prevalent in the heterotrophic

prokaryote population during summer, as found
in a previous study ot offshore stations in the
Pacific (GROB et al., 2007).
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Fig. 4. Seasonal fluctuations of heterotrophic bacteria, HNA bacteria and bacterial production in Kastela Bay.
Average values (column) and positive standard deviation (bars) are presented

Datainthe literature show that the contribution
of HNA bacteria to the heterotrophic bacteria
population changes seasonally and that the
percentages of HNA bacteria in different areas
vary. The most likely explanations for the
seasonal changes and varying proportions in
both groups is a positive relationship with the
phytoplankton biomass (LI et al, 1995; SHERR
et al, 2006), an association between the HNA
group and changes in temperature, salinity
(CALVO-DIAZ & MORAN, 2006) and allochthonous
nutrients (ANDRADE et al., 2007), and a positive
correlation between the LNA groups and
high concentrations of nitrate (ANDRADE et

al, 2007). Research results obtained for the
Bay of Biscay (CALVO-DIAZ & MORAN, 2006)
found that both groups of bacteria have
equal responses to changes in temperature,
salinity and concentrations of chlorophyll a.
In this paper, the results obtained from the
coastal and open sea areas showed statistically
significant correlation between HNA bacteria
and changes in concentrations of chlorophyll
a, but weak correlations between both groups
of bacteria and changes in temperature, salinity
and inorganic nutrients, and weak correlations
between LNA bacteria and concentrations of
chlorophyll a (Table 1), similar to previous
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Fig. 5. Seasonal fluctuations of heterotrophic bacteria, HNA bacteria and bacterial production in the area of

Split. Average values (column) and positive standard deviation (bars) are presented
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Fig. 6. Seasonal fluctuations of heterotrophic bacteria, HNA bacteria and bacterial production in the area of
Ploce. Average values (column) and positive standard deviation (bars) are presented

research results in this area during the 2002-
2006 period (SOLIC e al., 2009).

The present study found a significantly
greater range of bacterial production values in
the coastal Adriatic Sea, from 0.03x10* cells
mL" h'to 6.28x10* cells mL! h'! (Fig. 2 - Fig.
7), whereas earlier studies established bacterial
production values in the middle of the Adriatic
Sea from 0.84x10* cells mL! h'to 2.56x10*
cells mL' h! (KRSTULOVIC, 1992; SOLIC &
KRSTULOVIC, 1994). However, it should be noted
that this work included the eutrophic area of
Sibenik (up to 4.73 mg Chl @ m3; MARASOVIC et

al,, 2006) and the oligotrophic area of Dubrovnik
(up to 0.6 mg Chl @ m3; MARASOVIC et al., 2006),
where the lowest values of bacterial production
were found. Bacterial production in the central
Adriatic open sea area was 0.06x10* cells mL"!
h'! to 2.71x10* cells mL! h! (Fig. 8), and these
values were very similar to values previously
reported in the oligotrophic areas of the central
Adriatic (KRSTULOVIC er al, 1995). The same
authors (KRSTULOVIC et al., 1997) also found that
the bacterial production value increases with the
increasing trophic status of marine ecosystems.
In this paper, the highest bacterial production
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Complete dataset Temrzecrature Salinity Nitrate Nitrite | Ammonia SRP Chl q}
uM uM uM uM mg m
Coastal sea , N=355 P<0.05, N¢y, = 311
Minimum 6.33 4.42 0 0 0.04 0 0.03
Maximum 26.93 38.87 53.86 1.05 27.30 1.50 4.73
Arithmetic Mean 17.51 37.47 1.24 0.12 1.34 0.06 0.37
Pearson correlation with HB 0.34 -0.30 0.16 n.s 0.10 n.s 0.51
Pearson correlation with HNA 0.18 -0.29 0.18 0.11 n.s n.s 0.48
Pearson correlation with LNA n.s n.s n.s 0.13 n.s n.s n.s
Pearson correlation with BP n.s n.s n.s -0.15 n.s n.s n.s
Open sea, N=148 P<0.05, N¢p, = 148
Minimum 10.38 36.37 0 0 0.04 0 0.002
Maximum 23.96 38.94 3.11 0.44 2.28 0.28 0.28
Arithmetic Mean 16.60 38.60 0.79 0.11 0.80 0.06 0.11
Pearson correlation with HB n.s n.s n.s n.s n.s n.s n.s
Pearson correlation with HNA -0.20 n.s n.s n.s n.s n.s 0.18
Pearson correlation with LNA n.s n.s n.s n.s n.s -0.19 n.s
Pearson correlation with BP -0.16 n.s -0.23 n.s n.s n.s n.s

Table 1. Abiotic and biotic factors: Ranges of abiotic and biotic factors measured and Pearson correlation coefficient
between the given factors and the abundance and production of heterotrophic bacteria

values in the central Adriatic were found in the
Sibenik area (S 1 and S 2) and it was noted that
these high values could possibly have been due
to the inflow of the river Krka. One significant
indicator of the enrichment of waters in this
study was the increased level of chlorophyll a
in the Sibenik area (up to 4.73 mg Chl a m?;
MARASOVIC et al., 2006).

The seasonal distributions of bacterial
production in this research study showed high
values during the summer and significantly lower
values during the winter (Fig. 2 - Fig. 8) which
correspond with the results of previous studies
(KRSTULOVIC, 1992; SOLIC & KRSTULOVIC, 1994)
in the Adriatic Sea. In this paper, almost equal
bacterial production values were found during
the summer maximum and winter minimum in
Kastela Bay and in the area near the island Vis
(CA 009), which is in contrast to the results of
KRSTULOVIC (1992) who found extremely high
bacterial production values in Kastela Bay. This
difference can be explained by the fact that
Kastela Bay was a highly eutrophic area until
2004; after this period, the input of nutrients
and organic matter into this bay was reduced
(KRSTULOVIC et al., 1995; SOLIC et al., 2010).

Attention should be drawn to the fact that
unusually high bacterial production values
were found in the areas of Zadar, Split,
PloCe, Dubrovnik and the offshore island
of Vis (Stoncica) in December. The most
likely explanations for these high values in
December are the high seawater tempera-
tures (14-18°C in Zadar), the availability of
inorganic nutrients (in Zadar, the concentra-
tion of ammonium ions was > 1.5 mmol L},
off Split the average concentration of ortho-
phosphate was 0.8 mmol L', and in the area
of Plo¢e and Dubrovnik the concentration of
inorganic nitrogen was > 1 pmol L), and
the greater phytoplankton biomass during
autumn and winter compared to the previ-
ous season (in the area of Split and Ploce,
and autumn in Dubrovnik; MARASOVIC et al.,
2006).

Our results showed pronounced seasonal
dynamics in the coastal areas compared to
offshore (Fig. 2 - Fig. 8), which coincides
with the seasonal variations found in open
and coastal regions of the northern Adri-
atic Sea (DEL NEGRO et al, 2008). As found
by SOLIC et al., (2008), the values of bacterial
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Fig. 7. Seasonal fluctuations of heterotrophic bacteria, HNA bacteria and bacterial production in the area of
Dubrovnik. Average values (column) and positive standard deviation (bars) are presented

productivity generally decreased from the
eutrophic to oligotrophic areas.

Bacterial activity in this study was observed
through seasonal distribution of HNA and
LNA bacterial groups in relation to bacterial
productivity. The analysis of HNA and LNA
groups in relation to bacterial productivity at
most of the coastal and open sea stations showed
a simultaneous increase in the percentage of
the LNA group and bacterial production (Fig.
2 - Fig. 8) which is consistent with previous
results from the Atlantic (MORAN er al, 2002;
MORAN et al, 2004). On the contrary, in the

Sibenik area, which is affected by the Krka
River (S 1 and S 2), and in Kastela Bay, the
HNA bacterial group was dominant throughout
the study as well as in areas directly influenced
by inflowing rivers (CASOTTI et al,, 2000; JOCHEM
et al,, 2004). Data in the literature for the vertical
distribution of HNA and LNA bacteria in the
oligotrophic Gulf of Mexico, the eutrophic Bay
of Biscay and the mouth of the Mississippi
show the prevalence of LNA groups in surface
layers and greater proportions of HNA bacteria
in the euphotic zone during warmer seasons
(JOCHEM, 2001; CALVO-DIAZ & MORAN, 2006). In
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Fig. 8. Seasonal fluctuations of heterotrophic bacteria, HNA bacteria and bacterial production in the open sea
area. Average values (column) and positive standard deviation (bars) are presented

this study, the percentages of HNA and LNA
groups were almost equal or the HNA group
was slightly dominant in the surface layers of
the open sea stations during the cold season.
However, during warmer periods when the
bacterial production values were highest the
LNA group was dominant over HNA bacteria in
the surface layers (Fig. 9).

When comparing all of the area investigated
in a one-year survey at the coastal area with the
greatest bacterial abundance and production,
the HNA bacterial group was dominant in the
bacterial population, whereas in the open sea

area with a low bacterial abundance and high
bacterial productivity the LNA bacterial group
was prevalent in the bacterial population (Fig.
10). Research into the abundance of HNA and
LNA bacteria showed that HNA bacteria domi-
nate in eutrophic and mesotrophic areas or in
areas directly influenced by inflowing rivers
(LI et al., 1995; CASOTTI et al., 2000; CALVO-DIAZ
et al., 2004, JOCHEM et al., 2004; ANDRADE et al,
2007; SOLIC et al., 2009) whereas it was found that
LNA bacteria were dominant in the open seas
and oligotrophic systems such as the Celtic
Sea, Gulf of Mexico and the Atlantic Ocean
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Fig. 9. Vertical fluctuations of heterotrophic bacteria
abundance, HNA bacteria and bacterial production in
the open sea area. Average values (line) are presented
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Fig. 10. (4) Contribution of HNA bacteria. Average values
(dot), positive and negative standard deviation (box),
and minimum and maximum values (bars) are present-
ed; (B) Bacterial production. Average annual values
(column) and maximum values (bars) are presented

(ZUBKOV et al., 2001; JOCHEM et al., 2004; MARY et
al., 2006; ANDRADE et al., 2007). The predominance
of the LNA group under oligotrophic conditions
can be explained by the high surface area to cell
volume ratio (BUTTON, 1998; JOCHEM et al., 2004).
Apart from the fact that LNA cells have a more
favourable ratio of surface area to cell volume,
ZUBKOV et al. (2001) found that in oligotrophic
environments the LNA group of bacteria has
a higher specific growth rate compared to the
HNA group, which also indicates the successful
survival of this group in oligotrophic environ-
ments.

The results of this study showed a
simultaneous increase in the contribution of
the HNA group and bacterial abundance from
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oligotrophic to eutrophic areas and these results
agree with the results of previous research
studies in the same area during the 1997 — 2006
period (SOLIC et al., 2009).

CONCLUSIONS

This paper highlights the importance of
both HNA and LNA bacteria in relation to the
activity of heterotrophic bacteria in the areas of
the Adriatic Sea that were studied. The analysis
of HNA and LNA groups in relation to bacterial
productivity showed simultaneously high values
of bacterial production and domination of LNA
bacteria in the microbial community in most of
the oligotrophic areas. In contrast, in coastal
areas designated as mesotrophic or eutrophic
areas (areas influenced by rivers), HNA bacteria
were dominant in the microbial community
during the period of highest bacterial production.
These results indicate the importance of both
bacterial groups in the activity of heterotrophic
bacteria in the marine ecosystems of the areas
studied.
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HNA i LNA bakterije u odnosu na aktivnost heterotrofnih bakterija
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SAZETAK

Jednogodisnje istrazivanje HNA i LNA heterotrofnih bakterija u odnosu na bakterijsku
proizvodnju provedeno je na podrucju srednjeg i juznog Jadrana. Prosjecna bakterijska brojnost na
istrazivanom obalnom podrucju srednjeg i juznog Jadrana iznosila je od 0.24 x 10°do 2.39 x 10°
st mm, te na otvorenom moru od 0.23 x 10%to 0.63 x 10°st ml"". Najvise vrijednosti utvrdene su
na obalnom podruéju Sibenika i Kastelanskom zaljevu. Prosje¢na bakterijska brojnost na podruéju
otvorenog mora iznosila je od 0.23 x 10°do 0.63 x 10 st ml'. Prosje¢ni udio HNA bakterija na
istrazivanom priobalnom podrucju iznosio je u rasponu od 21.48 do 93.18%, dok je na otvorenom
moru HNA iznosio od 28.62 do 65.62%. Sezonska je raspodjela tijekom proljeca i ljeta na obalnom
podrucju uglavnom pokazala istovremeno prevladavanje LNA grupe u bakterijskoj zajednici i visoke
vrijednosti bakterijske proizvodnje. Prevladavanje HNA grupe u bakterijskoj zajednici utvrdeno je
tijekom hladnijeg razdoblja, zajedno s niskim vrijednostima bakterijske proizvodnje. Iznimke su
utvrdene na podrucjima najvise bakterijske aktivnosti (podrucja pod utjecajem rijeka), gdje su HNA
bakterije prevladavale u vodenom stupcu tijekom sve Cetiri sezone. Na podruc¢ju otvorenog mora
sezonska 1 vertikalna raspodjela je za vrijeme visokih vrijednosti bakterijske proizvodnje pokazala
prevladavanje LNA bakterija. Navedeno upucuje na vaznost obiju bakterijskih grupa u morskom
ekosustavu istrazivanog podrucja.

Kljuéne rijec€i: heterotrofne bakterije, HNA, LNA, bakterijska proizvodnja, Jadransko more



