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Abstract Estimation of microbial biomass depends
on cell shape and size determinations, and thus, there
is a wide biovolume variability among morphotypes.
Nevertheless, data on morphology and morphometry
of prokaryotic cells under different trophic status are
seldom published, due to the methodological difficul-
ties of cell measurements. The main question
addressed in this paper concerns the suitability of
prokaryotic size and shape for environmental charac-
terization. Microbial biovolumes were compared
among different ecosystems, located in temperate
and tropical regions. Samples were taken from fresh,
brackish, mixohaline, and estuarine waters that were
classified as oligo-, meso-, eu-, and hypertrophic by
comparing synoptically different trophic indices.
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Prokaryotic cell abundance and volume were quanti-
fied by Image Analysis, used to calculate biomass, and
correlated to environmental variables. Some samples
were analyzed by flow cytometry also, and data from
sub-populations with a different apparent DNA con-
tent were available. Prokaryotic abundances generally
increased from oligo- to hypertrophic waters while
cell volumes increased from oligotrophic to eutrophic
waters. Although significant correlations between cell
volumes and environmental variables were detected
(positive with salinity and negative with Chlorophyll-
a), different morphotypes dominated each studied
regions. Our results sustain the hypothesis that
prokaryotic cell size and shape could be useful to
ecosystem characterization.
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Introduction

The inclusion of prokaryotes (bacteria and archaea) in
environmental or biodiversity monitoring programs is
extremely rare. In the frame of the European Marine
Strategy Framework Directive (MSFD) for the assess-
ment of the “good environmental status (GES)” of the
EU’s marine waters, the Directive Guidance on the
interpretation and application of the “Biological
diversity” descriptor advocates that microbes (viruses
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and bacteria) are included in monitoring programs
(Cochrane et al., 2010). In fact, they could be
considered biological indicators suitable for water
quality assessment owing to their small size, short
generation time, high sensitivity, and comprehensive
responses to environmental conditions (Chuan et al.,
2009). It is believed that the morphology of microbial
cells may be a sensitive marker of changes in aquatic
and terrestrial ecosystems; understanding the mecha-
nisms that control the flexibility of cell morphology of
prokaryotes could be crucial for revealing their
interaction with environment (Young, 2006; Straza
et al., 2009) and, to some extent, the distribution
patterns of different genotypes and community com-
position (Pernthaler & Amann, 2005; Sjostedt et al.,
2012). Moreover, specific morphotypes may perform
specific physiological activities (Cottrel & Kirchman,
2004; Posch et al., 2009) and, in turn, trophic changes
might produce morphometric and morphological
alterations in organisms of the aquatic food web
(Racy et al., 2005). However, studies on prokaryotic
specific cell volume show interesting link with
biomass in aquatic environments (La Ferla et al,
2010) suggesting the direct use of cell size to better
quantify the prokaryotic standing stock.

To date, the mechanisms controlling size and shape
distribution are not fully known. The top-down control
mechanism based on grazing activity by predators
surely constrains the prokaryotic cell size and the
community composition (Chrzanowski & Simek,
1990; Simek et al., 2001). Among the bottom-up
control mechanisms, temperature, nutrient conditions,
and primary producers are often used as explanatory
variables (Gasol & Duarte, 2000).

A discrete variability of prokaryotic cell size has
already been observed in aquatic ecosystems (Chrza-
nowski et al., 1988; Sestanovié et al., 2005; Maha-
devaswamy et al., 2008). Relatively few studies have
so far dealt with prokaryotic size and shape in relation
with environmental parameters (La Ferla et al., 2012;
Sjostedt et al., 2012 and references therein), and even a
lower number has considered whether these parame-
ters vary in relationship with the trophic status in
different water bodies (Nakano & Kawabata, 2000;
Gurung et al., 2002; Lind & Barcena, 2003). Com-
parative studies between tropical and temperate
aquatic environments have rarely been done on this
specific topic (Furtado et al., 2001; Hernandez-Avilés
et al., 2012).
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In this study, we explored the variations of
prokaryotic cell size and shape in selected freshwater,
brackish, mixoeuhaline and estuarine water bodies of
temperate (Italy), and tropical (Brazil) environments,
in relation to physical, chemical, and trophic
parameters.

The prokaryotic cell abundances and volumes were
quantified by image analysis, and biomass was deter-
mined multiplying the abundance measurements by
the conversion factors derived from cell volume
estimates. At the same time, auxiliary physical,
chemical, and trophic parameters were determined.
In addition, in a few stations, flow cytometry analysis
was performed to distinguish sub-populations having a
different apparent DNA content.

The specific goals of this study were: (i) to evaluate
the relation between prokaryotic organisms and envi-
ronmental parameters in order to look for the main
factor driving cell size distribution, (ii) to investigate
the prokaryotic size distribution in different trophic
states, and (iii) to assess whether the cell volume can
be used as a satisfactory descriptor of trophic status of
different water bodies.

Materials and methods
Study sites and sampling

The research was carried out in different freshwater,
brackish, mixoeuhaline, and estuarine environments
located at different latitudes in Sicily (Italy) and in the
State of Rio de Janeiro (Brazil) (supplementary
Table 1).

The freshwater environment examined in this
study, the artificial Pozzillo Lake, is a large reservoir
located in a continental area of the Sicily that receives
the waters of the Salso River and of the streams
descending from the surrounding hills. The brackish
Oliveri-Tyndari lagoon system, in the North coast of
Sicily, is constituted of four brackish-mixoeuhaline
ponds, each one showing peculiar hydrobiological
features, in relation to the different inputs of marine
and continental waters. The Cape Peloro lagoon
system, located in the N-E coast of Sicily, is consti-
tuted by two neighboring ponds, Ganzirri (max depth
7 m) and Faro (max depth 28 m), both characterized
by high biodiversity and productivity which makes
them suitable for exploitation of biological resources.
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Finally, Guanabara Bay is a tropical estuarine system
located in Rio de Janeiro which harbors the second
largest city in Brazil. The bay is considered one of the
most eutrophized areas in the world. Since the human
impacts are not uniformly distributed, the bay water
quality differs spatially depending on the pollution
focuses, tidal influence, and circulation water patterns
(Mayr et al., 1989).

Pozzillo Lake as well as Cape Peloro and Oliveri-
Tyndari lagoon systems were sampled in December
2008 and in March 2009 with a Niskin bottle aboard a
rubber dinghy. In Guanabara Bay, sampling was
performed in November 2009 with Van Dorn bottles
aboard a motor boat. In Pozzillo Lake, water samples
were collected at one station in 2008 (P) and at five
stations in 2009 (P.1, P.A, P.B, P.C, and P.D). In
Oliveri-Tyndari system, water samples were collected
from the central part of four ponds i.e., Porto (POR),
Mergolo (M), Marinello (MAR), and Verde (V). In
Cape Peloro system, samples were drawn from three
stations in Ganzirri pond (G-1, G-6, and G-9) and one
station in Faro pond (F). In Guanabara Bay, six
stations were sampled: GB.1, GB.7, GB.34, and
GB.PQ at two depth layers, GB.Urca, and GB.Caju
at surface layer only.

Physical, chemical and trophic parameters

Temperature (7), salinity (S), and dissolved oxygen
(DO) measurements were taken using a handheld
multiparametric probe sensor (SBE 19 Plus). For DO,
water samples were analyzed using Winkler’s method
(Carpenter, 1965). Nutrient determinations of nitrite
(NO; ™), nitrate (NO3 ™), and dissolved reactive phos-
phorus (DRP) were performed according to Strickland
& Parsons (1972), while ammoniacal nitrogen (NH, ")
according to Aminot & Chaussepied (1983). Total
suspended matter (TSM) was evaluated by a gravi-
metric method and Chlorophyll-a (Chl-a) according to
Lazzara et al. (1990).

Guanabara Bay water samples underwent physical
and chemical measurements by standard oceano-
graphic methods (Grasshoff et al., 1999).

The waters samples were classified as oligo-, meso-
, eu-, and hypertrophic by comparing synoptically
different trophic indices determined applying the
criteria indicated by the Organization for Economic
Cooperation and Development (OECD; Giovanardi &
Tromellini, 1992) together with the classifications

derived from the trophic status index TRIX, according
to the Italian D.Lgs. 152/99, and the Trophic State
Index (TSI), by Carlson (1977). Obviously, the
definition of the trophic state is only related with the
temporary condition of the considered water bodies at
the sampling moment. In this study, the seasonal
variability of the trophic conditions was not
considered.

The trophic state classification in the OECD is
performed for studying eutrophic marine coastal envi-
ronments and simply consists in a geometric mean (based
on log 10 transformation) of the total phosphorous, total
nitrogen, Chlorophyll-a concentrations.

The TRIX index is the only index recognized by the
Italian law for classifying the trophic status (quality) of
marine coastal environments. It is suitable for systems
strongly influenced by terrigenous inputs (TRIX
index = (Log(Chl-alOD%INP) — (—1.5))/1.2).

The TSI of Carlson (1977) allows the classification of
lakes according to their algal biomass, as derived from
measurements of chlorophyll pigments, or Secchi depth,
or total phosphorus. In this study, to estimate TSI, Chl-
a was chosen in accordance to Carlson (1983) formula
TSI (Chl-a) = 9.81 In(Chl-a) + 30.6.

Prokaryotic abundance, size, biomass, and shape

All the samples for the prokaryotic abundance (PA),
size (VOL), and shape determinations were directly
collected in sterile condition in falcon tubes (polyeth-
ylene), immediately fixed with prefiltered formalde-
hyde (0.22 pm porosity; final conc. 2%) and stored in
the dark at 4°C to prevent contamination till the
laboratory treatment (within 10 days). Two replicates
of water samples were filtered through polycarbonate
black membranes, porosity 0.22 pm (GE Water &
Process Technologies), and stained for 10 min with
4’ 6-diamidino-2-phenylindole (DAPI, Sigma, final
concentration 10 pg ml™") according to Porter and
Feig (1980). A Zeiss AXIOPLAN 2 Imaging (magni-
fication: Plan-Neofluar 100x objective and 10x
ocular; HBO 100 W lamp; filter sets: G365 exciter
filter, FT395 chromatic beam splitter, LP420 barrier
filter) equipped with the digital camera AXIO-
CAMHR (Zeiss) was used. The images were captured
and digitized on a personal computer using the
AXIOVISION 3.1 software for the subsequent mor-
phometric analysis. The standard resolution of
1,300 x 1,030 pixels was used for the image
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acquisition. The pixel size in the resulting image was
0.106 pm by automatic calibration. Further calibration
was performed by measuring a FITC-stained suspen-
sion of monosized latex beads (diameter, 2.13 pm).
According to Lee & Fuhrman (1987), the pixels that
constituted the fluorescent “halo” around the bacterial
cells were not measured. To prevent the DAPI fading,
the cell counts were done on pictures and at least 10
fields of view were evaluated for each sample. The
recognition of the cells was done by one only
experienced operator who discharged the misclassified
objects from count and measurement. The volume
(VOL, expressed in um®) of individual cell was
derived from two linear dimensions (width, W, and
length, L) manually obtained. Curved objects were
drawn by curve spline. VOL of a single cell was
calculated according to the geometrical formula
adopted by Krambeck et al. (1981):

VOL = (n/4)W*(L — W/3)
W=L

for coccal forms,

assuming that the cells are cylindrical straight rods
with hemispherical or, in the case of coccoid forms,
spherical caps (Massana et al., 1997).

To convert VOL in cell carbon content (CCC,
fg C cell™"), the allometric relation proposed by
Loferer-Kroflbacher et al. (1998) and routinely
adopted for DAPI-stained cells in marine and limnetic
environments was used:

CCC =218 x VOL%¢

assuming that 80% of the biovolume consisted of
water, while the other part of the dry weight (20%) is
considered to be constituted by 50% carbon (Bolter
et al., 2000).

Prokaryotic biomass (PB, pg C 17") was calculated
by multiplying the PA of each sample by the
corresponding CCC derived from VOL:

PB = PA x CCC.

Errors during biomass calculation by PA and VOL
accounted for >5 and ~ 3%, respectively, as already
estimated by Bolter et al. (2002).

The shape classification was performed by the
experience of the same operator. Cells were opera-
tionally defined as cocci if their length and width
differed by less than 0.10 um, coccobacilli if their
length and width differed by more than 0.10 pum, and
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rods if their length was at least double their width;
C-shaped and S-shaped cells were defined vibrios and
spirillae, respectively; cells exceeding 4 pm in length
were defined as filamentous bacteria.

Flow cytometry

Water samples for flow cytometry were preserved by
fixation with filtered (0.22 pm) paraformaldeyde 2%
(final concentration) for 15 min and stored in liquid
nitrogen. The samples were stained with Syto13 at a
2.5 uM final concentration (Gasol & del Giorgio,
2000; Andrade et al., 2003). Prokaryotic abundance
cytometric counts (PAS) were obtained with a CyAn
ADP flow cytometer (Dako, USA) equipped with a
solid state laser (488 nm, 25 mW) and filter modifi-
cations (green FL1 to 515 #+ 30 nm, red FL4 to
660 + 30 nm). For calibration of side scatter and
green fluorescence signals, and as an internal standard
for cytometric counts and measures, fluorescent latex
beads (1.58 pm diameter) were systematically added.
Based on optics and fluorescence signals, HNA and
LNA cells abundances were also determined (Gasol &
del Giorgio, 2000).

Statistical analyses

By using the beanplot package (Kampstra, 2008) from
R software (v. 2.14.2), beanplots of the PA, VOL, and
PB in the aquatic systems with different trophic status
(oligo-, meso-, eu-, and hypertrophic) were generated.
This kind of plots is an extended version of the well-
known boxplots; in this case, the empirical distribution
of the data is also shown. Descriptive statistical
analysis and Spearman Rank correlations were per-
formed with the SigmaStat software V3.0.

For each trophic state, the Shannon index of
diversity (H') was calculated from the relative fre-
quencies of volumes (Size Diversity Index, SDI) and
of each morphotypes (Morphological Diversity Index,
MDI) according to Racy et al. (2005).

Multivariate analysis among PA, VOL, PB, and
environmental parameters was performed using the
Primer 6 package (Clarke & Gorley, 2006). Hierar-
chical cluster analysis (HCA) using the Euclidean
distance was applied to test the resemblance level of
the different water bodies as well as principal com-
ponent analysis (PCA) to reduce the environmental
variables down to a few components (Jolliffe, 2005).
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PCA generated new variables, called principal com-
ponents (PC), which explained the dispersion of the
samples. Variables with the highest loadings had the
greatest influence on the samples separation.

Results

Physical and chemical parameters, and trophic
status

Physical (7), chemical (S, DO, NH,*, NO,™, NO; ™,
and DRP), and trophic parameters (Chl-a and TSM) of
each sample in relation with the different trophic status
were reported in supplementary Table 2, together with
prokaryotic parameters. Obvious differences in
T between the temperate and tropical systems
(T range 10-29°C) and in S between freshwater and
the other environments (S range 0.51-37.89) were
found. Low DO values, together with high NO,™ and
Chl-a concentrations, were recorded at some GB
stations, where anoxia was detected. Pozzillo Lake
showed low TSM values. Low § values were observed
in Marinello pond and at st. GB.34-0.5m in 2009,
when compared to neighboring stations.

By using together the three above referred indices
to describe the trophic state, similar classifications of
the water samples were obtained. Some stations kept
the same trophic status in the different periods, and
namely those collected from Pozzillo Lake and Verde
(classified as eutrophic), Ganzirri (mesotrophic), and
Porto (oligotrophic) ponds. Guanabara Bay was in
hypertrophic condition, except for stn.s. GB.PQ-9m
and GB.1-20m which were oligotrophic and mesotro-
phic, respectively. Marinello and Mergolo waters were
both classified as mesotrophic in December 2008 and
oligotrophic in March 2009. Conversely, Faro pond
waters were classified as oligotrophic and mesotrophic
in December 2008 and March 2009, respectively.

Prokaryotic abundance, size, biomass and shape

Mean values of PA, VOL, and PB, together with HNA
and LNA percentages, detected in the different
sampling stations in relation with trophic states, are
reported in supplementary Table 2. PA ranged from
0.33 to 5.91 cell x 10" mI™" in oligo- and hypertro-
phic waters, respectively. VOL values ranged from

0.053 to 0466 pm®> and CCC from 16.98 to
101.69 fg C cell™', detected in oligo- and eutrophic
waters, respectively. PB accordingly to PA varied
from 88.37 to 2411.28 ug C 17" in oligo- and hyper-
trophic waters, respectively.

Four beanplots show the distribution of the mean
values of PA, VOL, and PB in each trophic status
(Fig. 1). On the whole, PA increased from the oligo- to
hypertrophic systems. Nevertheless, PA was distrib-
uted in homogeneous cores in the oligo-, meso-, and
eutrophic waters, respectively, and the respective
mean values were lower than or close to the total mean
value. In the hypertrophic water, the mean PA value
peaked and the widest distribution of values were
observed around the average. Taking into account all
the measured cells (about 4,500), in oligotrophic
waters, the majority of VOL were distributed in a core
which fell close to the mean value (0.123 &
0.060 pm?). In mesotrophic waters VOL distribution
was quite similar to the oligotrophic ones, but a
secondary core was well-defined and the mean value
increased (0.156 + 0.096 pm?). In eutrophic waters,
the largest cells were detected and the mean VOL
raised considerably (0.258 £ 0.127 pum?®) also with
respect to the global average (0.172 #+ 0.099 um?). In
hypertrophic waters, few variability of VOL was
observed, and the cell sizes were entirely distributed
in a single core near the overall average (0.154 +
0.031 pm3) (Fig. 1). The mean CCC values (£SD)
calculated in the oligo-, meso-, eu-, and hypertrophic
waters were 34 4+ 14, 41 +£ 20, 62 £ 25, and
41 4 7 fg C cell ™', respectively, depicting a distribu-
tion which was similar to that of cell volumes.

Also PB increased with the increasing trophic
levels. Its distribution appeared to be mainly modu-
lated by VOL in eutrophic waters and, in a lesser
extent, in the mesotrophic ones while by PA in oligo-
and hypertrophic waters (Fig. 1).

The class frequency of the dimensional sizes (as
percentage) is reported in Fig. 2. Considering all the
studied water bodies, the most frequent size-class fell
in the range from 0.02 to 0.049 um® accounting for a
mean percentage of 21% of the total. Just after, the
size-class 0.05-0.079 um® accounted for the 19%.
Within this size-class, a weak different cell distribu-
tion among the different trophic states was noticed.
The size-class >0.6 um® contributed as a mean to only
the 6% of the total, but in the eutrophic waters, it
reached the 12% of the total.
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Fig. 2 Class frequency of the dimensional sizes (as percentage of the total) in the different trophic states

PAS obtained only in Guanabara Bay (samples
n = 10) fell in a range of 0.29-4.99 cells x 10’ ml™",
recorded at GB.7-20m and GB.34-0.5m, respectively
(data not shown). PAS were similar to the image
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analysis counts (PA) resulting in a highly significant
correlation (R2 = 0.9065; linear  regression:
y = 0.8246x — 0.4016). However, although SYTO is
considered better to stain cell content than DAPI, PA€
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were always slightly lower than PA. This result could
be a consequence of the weak fluorescence signal by
smaller cells, whereas the weakening over time must be
excluded because of the prompt analyses, performed
within a few days after the sample collection.

HNA cells prevailed over the LNA cells with the
only exception of GB.1-20m and GB.7-20m samples
(supplementary Table 2).

The different shapes of the cells were ascribable to
the six following morphotypes: vibrios, cocci, coc-
cobacilli, spirillae, rods, and filamentous forms. Cocci,
including cyanobacteria, were the most frequent
morphotype in all the trophic water bodies, accounting
on average for the 38% of the total (Fig. 3); slightly
lower counts were obtained in mesotrophic waters.
Vibrios represented the second frequent morphotype
(on average the 26% of the total) with a lower
percentage in eutrophic waters than in the others. With
the increase of the trophic status, coccobacilli inci-
dence decreased, while from oligo- to eutrophic
waters, the filamentous forms increased. In this latter
category, the straight filaments without visible septae
and bacterial chains were included. Few rods (9%) and
negligible spirillae were observed, both showing a
distribution scarcely affected by trophic conditions.

forms

Fig. 4 Cell size of the morphotypes in the different trophic
states (a) and cell C content together with the relative biomass
(as percentage of the total, filled circle) of each morphotype (b)

With respect to cell-size (Fig. 4a), cocci showed the
smallest volumes (mean value: 0.08 pm3); rods and
vibrios (both 0.14 pm®) were particularly small in
mesotrophic waters; coccobacilli and spirillae had
similar mean VOL (0.17 and 0.18 pm?>, respectively),
but the last ones showed a greater size in hypertrophic
waters than in others. On the whole, spirillae were
thinner than vibrios (mean width 0.22 and 0.36 pm,
respectively). Finally filamentous forms showed the
greatest size (mean VOL 0.66 pm?>), particularly in
eutrophic waters.

CCC and related biomass (as percentage of the total
biomass) of each morphotype are shown in Fig. 4b.
Filamentous forms accounted for the highest CCC
value (>150 fg C cell_l), while the other forms did
not reach 50 fg C cell™'. The greatest weight in terms
of biomass was due to the filamentous forms—
accounting for the 29% of the total biomass—albeit
they were less numerous, followed by vibrios (23%)
that were relatively abundant. Cocci, small but
numerically predominant, contributed to the 20%
and coccobacilli to the 19% of the total biomass.
Notwithstanding their discrete size, rods and spirillae
accounted barely for the 8 and <1% of the total
biomass.
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Table 1 Spearman-rank significant correlations among prokaryotic cell volumes, abundance, and biomass versus the environmental
parameters in the studied waters—all together and in the different trophic states

n PA VOL PB
r <p r <p r <p
All together
T (°C) 37 0.483 0.002 n.s. - n.s. -
S 37 n.s. - —0.599 0.000 —0.468 0.003
DO 37 —0.499 0.001 n.s. - —0.479 0.002
Chl-a 37 0.521 0.001 0.327 0.048 0.629 0.000
PA 37 - - 0.350 0.033 0.889 0.000
PB 37 0.889 0.000 0.711 0.000 - -
HNA (%) 10 0.933 0.000 0.713 0.019 0.957 0.000
LNA (%) 10 —0.894 0.000 —0.693 0.022 —0.936 0.000
TSM 37 0.422 0.009 n.s - n.s -
Oligo-
DO 9 n.s - —0.661 0.042 —0.729 0.020
DRP 9 —0.661 0.042 n.s. - —-0.717 0.024
PB 9 n.s. - 0.683 0.036 - -
Meso-
PA 11 n.s. - n.s. - 0.791 0.002
PB 11 0.791 0.002 0.800 0.001 n.s. -
Eu-
DO 9 n.s. - —-0.717 0.024 n.s -
PA 9 n.s. - n.s. n.s. 0.800 0.006
PB 9 0.800 0.006 0.867 0.000 - -
Hyper-
T (°C) 8 0.761 0.021 n.s. - 0.822 0.005
S 8 —0.857 0.001 n.s. - —0.905 0.000
NO,™ 8 0.714 0.037 n.s. - n.s. -
PA 8 n.s. - n.s. - 0.952 0.000
PB 8 0.952 0.000 n.s. - - -

For parameter abbreviations see the text

n.s. not significant
Statistical analyses

The seasonal variability of the studied systems as well
as its ecological implications was deliberately
neglected by the given statistics.

Analyzing all the samples together, without distin-
guishing among the trophic status, the Spearman-rank
analysis showed few but highly significant correla-
tions among PA, VOL, and PB versus the other
environmental parameters (Table 1). PA correlated
positively with 7, Chl-a, HNA%, and TSM and
negatively with DO and LNA%. VOL correlated
negatively with S and positively with Chl-a. Moreover
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VOL was more significantly related to PB than to PA,
and positive correlations of VOL with HNA% and
negative with LNA% were also computed. PB showed
negative correlations with S, DO, and LNA%, and
positive with Chl-a and HNA%.

Grouping the data within the different trophic status
(again Table 1), PA did not correlate with PB in
oligotrophic waters only, and it showed negative
relations with DRP and S in oligo- and hypertrophic
waters, respectively. Significant inverse relationship
between VOL and DO in eutrophic and hypertrophic
waters only was found; VOL did not correlate with PA
while it did with PB in oligo-, meso- and eutrophic
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separately. PCA with eigenvalues >1 were considered only. Y = 2008, YY = 2009

waters. In hypertrophic waters, PB was positively
correlated to 7 and negatively to S.

Grouping the samples according to their trophic
status, the reciprocal interactions among the physical,
chemical, and biological parameters were analyzed by
PCA, and the projection of the factor loadings on the
plane described by the 1st and 2nd principal factors
was reported (Fig. 5). Only the PCs with eigenvalues
>1 were considered. In oligotrophic waters, PC1
(explaining up to the 51.1% of total variability)
consisted of physical and chemical parameters
(T and nutrients), while PC2 (representing the 20.6%
of total variability) was composed by biological and
trophic indicators (PA, TSM, and Chl-a). In mesotro-
phic waters, PC1 (accounting for the 32.5% of total
variability) was dominated by T and DO, while PC2

(explaining the 23.5% of total variability) by nutrients,
VOL and TSM. In eutrophic waters, PC1 explained
the 51.4% of total variability and was constituted by
physical, trophic, and biological parameters (TSM,
Chl-a, VOL, DO, and T); PC2 (accounting for the
28.2% of variability) was constituted by chemical and
hydrological parameters (nutrients, S, 7 and DO).
Finally, in hypertrophic waters, PC1 (explaining the
54.8% of variability) was represented by PA, 7, S, and
TSM, while PC2 (accounting for the 20.1% of
variability) was related to NH,*, Chl-a, S, VOL, and
DRP. Overall, the PCA biplots highlighted the close
relationships existing between VOL and TSM.

HCA, performed on 37 complete data from the four
trophic systems, yielded the dendrogram reported in
Fig. 6, where one cluster, grouping together some
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Fig. 6 Dendrogram obtained by hierarchical cluster analysis using the Euclidean distance to test the resemblance level of different

trophic water bodies. Y = 2008, YY = 2009

hypertrophic samples (Euclidean distance 4.49), was
clearly separated from the other water bodies (3.4).
Within the last, a group which enclosed most of the
eutrophic samples (3.23) and two mixed clusters were
further differentiated. The St.GB.34-0.5m appeared to
be incongruent with the other samples (9.35) forming a
cluster by itself.

As regards the SDI and the MDI, both the indices
showed small variation (data not shown). However,
SDI increased from oligo- to eutrophic waters (from
0.851t00.93, respectively). MDI displayed the opposite
trend and decreased from 0.69 to 0.60, respectively.
Nevertheless, in hypertrophic waters, an inversion was
found with a weak deflection of SDI (0.91) in
concomitance with an increase of MDI (0.66).

Discussion

Few papers investigate the phenotypic characteristics
of planktonic cells notwithstanding they provide an
approach for analyzing the ecosystems structure
allowing to better quantify biomass as well as cell
heterogeneity in mixed assemblages (Quinones et al.,
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2003). Changes in size and morphology of unicellular
organisms, included prokaryotic cells, have been
proposed as sensitive indicators of trophic and
climatic changes in aquatic ecosystems (Pernthaler
& Amann, 2005; Young, 2006). As a consequence,
several automated or semiautomated procedures by
image analysis (Bloem et al., 1995; Bolter et al., 2006)
and different algorithms for the different dyes (Lofer-
er-KroBbacher et al., 1998) have been applied for the
cell volume calculation. Recently, Zeder et al. (2011)
showed the impact of different algorithms on the
accuracy for different morphologies, and provided a
novel algorithm that is accurate for all cells, indepen-
dent of their shape.

Relationships of prokaryotic cell size and shape
versus environmental parameters

Convergences and divergences between our dataset
and results reported in the literature are examined. On
the whole, prokaryotic cell size results to be indepen-
dent from the water temperature, as shown by the lack
of significant correlations, corroborating evidences in
several marine waters and sediments in the



Hydrobiologia (2014) 726:65-80

75

Mediterranean Sea (§estanovic’ et al., 2005; La Ferla
et al.,, 2012). Similar findings were also found in
temperate and tropical aquatic environments (Gocke
et al., 2004; Mahadevaswamy et al., 2008; Hernandez-
Avilés et al., 2012). Conversely, in a study on cell size
seasonal variation in Lake Aarlington, the cell volume
inversely correlated with water temperature but not
appreciably above 17°C (Chrzanowski et al., 1988). In
our study case, excluding the samples warmer than
20°C, the relationship between VOL and T is
described by a polynomial regression
(v = 0.0099x* — 0.2865x + 2.1929; r= 0.477;
P > 5%; n =27). It is also conceivable that water
temperature acts simultaneously with other factors
(organic nutrient quality and quantity, phytoplankton
activity, flagellate grazing) in controlling bacterial
dynamics as it has already been observed in Canadian
Fjord (Albright & McCrae, 1987). An on-field study
on cell volume in an epilimnetic lake suggested that
temperature versus VOL negative correlation could
imply that cells may be less subject to predation
pressure during warm condition, merely reflecting the
cropping of larger cells by predators (Chrzanowski
et al,, 1988). Anyhow, temperature exerts a direct
significant influence on the cell abundance as it has
already been shown by Aradjo & Godinho (2008),
Ducklow et al. (2012). Stepwise multiple regression
analysis revealed that temperature influenced also the
relative bacterial richness in the North Sea (Winter
et al., 2005). However, in our study case, lower
bacterial numbers are found in temperate systems than
in tropical one as also referred by Hoppe et al. (1998).

On the whole, water salinity influences negatively
both VOL and PB, but not PA unlike what detected by
Gocke et al. (2004) in a hypertrophic tropical lagoon in
Colombia where only small cocci and short rods were
considered, excluding larger rods and filamentous
bacteria. Since salinity is an index of dilution by fresh-
water input, it is reasonable to assume that volume
variability is an indirect response to riverine or
terrestrial inputs. The prokaryotic cell volume was
positively affected by drainage of allochthonous
matter and the degree of humification (Teixeira
etal., 2011).

In our study areas significant inverse relationships
between VOL and DO in eu- and hypertrophic waters
are found, in agreement with previous results in
temperate and tropical lakes (Hernandez-Avilés et al.,
2012). Nevertheless, in that study case, the direct

competition between small cell bacteria and larger
primary producers or the availability of labile sub-
strates—freshly produced by phytoplankton in well-
oxygenated water—and the availability of refractory
sources—below the hypolimnion—were invoked as
reasonable causes. However, differently from that
paper, no stratification occurs in our samples due to the
shallowness of the examined waters. In GB samples
only, in two samples taken at 20 m, seawater intrudes
at this deep layer. Instead, no correlations between
nutrient concentrations and VOL, as well as PA and
PB are detected on the whole dataset, conversely to
other studies where the stimulation of photosynthesis
by nutrients determined a cascade effect on secondary
production and PB (Wu et al., 2007). In oligo- and
hypertrophic waters only, negative and positive rela-
tionships between PA versus DRP and NO, ™, respec-
tively, are detected. Conversely, a negative impact by
NO;™ on prokaryotic cell size was shown by Kalcheva
et al. (2010) who stated that the quantities of nutrients
determined only the potential productivity of a lake,
while the actual productivity depended on the struc-
tures of communities.

Significant positive correlations among Chl-a ver-
sus PA, VOL, and PB indicate a direct link of
phytoplankton dynamics with prokaryotic variables,
suggesting the prokaryotic utilization of autochtho-
nous and labile organic substrates, produced by
photosynthesis or released by phytoplankton. Since
under C and P limitation, the width-length ratio
(W/IL) of bacterial cell increases, while under N
limitation, it decreases (Vrede et al., 2002), in
temperate lakes, the bacterial growth was limited by
P (mean W/L ratio: 0.68), while in tropical lakes by N
(mean W/L ratio: 0.21) (Hernandez-Avilés et al.,
2012). In our samples, the ratio is lower (mean W/L
ratio: 1.44, with a peak of 2.2 in the eutrophic water),
suggesting C and P as limiting factors for cell size.

As regards the HNA cells, the general conclusion
from the literature is that this kind of cells is more
responsive to Chl-a variability and more active on a
cell basis than LNA cells. In our study, HNA% always
prevails over LNA% except for two samples where
seawater intrudes at depth. However, the contribution
of LNA cells to total bacterial production is still a
subject of much debate (van Wambeke et al., 2011).

As concerns the cell morphology and environmen-
tal parameters, a shift of the cell shapes has already
been assessed from rods to coccal forms in relation
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with water temperature increases (Sjostedt et al.,
2012). Interestingly, this finding might be due to an
adaptive strategy of the cells to the increasing
temperature or, differently, to the dominance of a
certain phylotype on others; it was not clear whether
the changes in volume were at the species level or at
the community level.

Prokaryotic size and shape versus trophic status

Besides PA, which has been found to vary from oligo-
to hypertrophic systems in the present and other studies
(Ducklow & Shiah, 1993; Cotner & Biddanda, 2002),
VOL increases with increasing trophic states but it
undergoes a reduction in hypertrophic waters. A
similar dichotomy between cell abundances and cell
sizes has already been observed in hyper-eutrophic
lakes (Sommaruga & Robarts, 1997), and it could be
due to several factors. In dystrophic conditions,
heterotrophic production could stimulate cell duplica-
tion at the expenses of cell enlargement (Racy et al.,
2005) as well as the drainage from continental waters
could sustain bacterial growth by furnishing allochth-
onous organic carbon of non-algal origin (Aradjo &
Godinho, 2008). Moreover, the drainage of allochth-
onous sources in the hypertrophic waters seemed to
negatively affect the cell size owing to more recalci-
trant organic carbon (Tranvik, 1992). In our study, in
the hypertrophic waters, at all constituted by Guana-
bara Bay samples, high inputs of industrial and
municipal waste enter the bay probably acting as an
important forcing in controlling the prokaryotic
assemblage, by stimulating cell reproduction but not
cell growth. Also heavy metal contamination was
recognized to affect the shape, structure, and taxo-
nomic distribution of prokaryotic community (Ellis
et al., 2003).

Shape and size of cells can be related to nutrients
availability because the variation in surface-to-volume
ratio implies changes in the capacity of nutrients
absorption. However, in oligotrophic environments,
prokaryotes are favoured by their small size and
assimilate more efficiently nutrients at lower concen-
trations than phytoplankton. Moreover, nutrient and
substrate resources did not always work simulta-
neously in mesocosm experiments (Jvreas et al.,
2003). These findings agree with our results where the
cell-size variability is not related to the availability of
inorganic nutrients. Nevertheless, the correlation
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between prokaryotic parameters and Chl-a hints a
positive relationship with phytoplankton biomass and
autochthonous production. However, conflicting
results, reporting no relation between Chl-a and pro-
karyotic parameters, were gathered in floodplain
environments (Teixeira et al., 2011).

Since the cell C content is the direct result of cell-
size variability, our data corroborate the suggestion
that volume-to-biomass conversion factors are highly
variable in relationship with trophic dynamics, as well
as temporally and geographically (Kroer, 1994; La
Ferla et al., 2010). In fact in the oligo-, meso-, eu-, and
hypertrophic waters, wide contents of carbon per cell
are obtained, 1.7, 2.0, 3.1, 2.0 times higher than the
most currently adopted conversion factor in marine
ecology (20 fg C cell ™', according to Lee & Fuhrman,
1987). In natural assemblages, the use of a single
coefficient applied for all cells implies that the C
content per cell is rather constant, assessing that small
cells have a higher dry weight than larger ones. Instead
the allometric model—adopted in this paper—assumes
that the dry weight-to-volume ratio is linearly size-
dependent, and smaller organisms have a higher dry
weight-to-volume ratio than larger ones (Norland,
1993). Consequently the measurement of the individ-
ual cell size should be applied in as much as the a priori
determined C conversion factor could underestimate or
overestimate the actual biomass.

Morphotype distribution is an aspect of a prokary-
otic population that allows the comparison among
several communities with ecological significance
(Racy et al., 2005). Despite their small variations,
SDI and MDI show opposite trends varying with the
trophic status of our sampled waters. SDI is low in the
oligo- and mesotrophic environments and high in the
eu- and hypertrophic ones. Conversely MDI—which
includes both the richness and evenness of morpho-
types—is lower in the eutrophic water than in the
others indicating high variability in cell size and low
variability in cell morphotypes. In fact, in eutrophic
environments, cocci dominate presumably as a con-
sequence to their efficient reproductive strategy (Racy
et al., 2005), besides being more resistant to predatory
pressure than rods (Chrzanowski & §imek, 1990).
Such a predominance could indicate also no nutrient
limitation for this prokaryotic shape (Jochem, 2001;
Teixeira et al., 2011). Differently from cocci, spirillae
show relatively large cell size but low abundance and
negligible biomass. Conversely, filamentous forms
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Table 2 A synthesis of the ranges of prokaryotic cell size (as
pms) determined in waters within different environments and
with different trophic status

Min Max  References

Oligo-
NW-MED (Catalan- 0.05 0.08
Balearic Basin)

van Wambeke
et al. (2002)

Tyrrhenian Sea: 0.026 0.102 La Ferla et al.
July (2010)
Tyrrhenian 0.033 0.12 La Ferla et al.
Sea: December (2010)
Ionian Sea 0.003 0.927 La Ferla et al.
(2004)
NW-Atlantic (Long 0.036 0.073 Lee & Fuhrman
Island) (1987)
This study 0.053 0.252 This study
Mean value 0.034 0.259
Meso-
Pitumbu-Jiqui system 0.120 0.540 Aratjo & Godinho
Brazil (2008)
Lake Biwa Japan 0.080 0.140 Gurung et al.
(2002)
Riverine and transition 0.084 0.359 Lind & Barcena
zone Europe (2003)
This study 0.120 0.210 This study
Mean value 0.101 0.312
Eu-
Municipal Lake 0.050 0.200 Jugnia et al.
Yaoundé Cameroon (1998)
Riverine and transition 0.100 0.466 Lind & Barcena
zone Europe (2003)
North Adriatic Sea 0.015 0.303 La Ferla &
Leonardi (2005)
This study 0.100 0.466 This study
Mean value 0.066 0.359
Hyper-
Riverine and transition 0.095 0.199 Lind & Barcena
zone Europe (2003)
Furuike Pond Japan 0.082 0.194 Nakano &
Kawabata (2000)
This study 0.095 0.199 This study
Mean value 0.091 0.197

greatly contribute to the total biomass as a result of
their great size, although their abundance is low. In
hyper-eutrophic pond, filamentous forms greatly con-
tributed to total PB, also if they accounted for only a
minor percentage of the total abundance, thus,
contributing disproportionally to changes in total

biomass (Nakano & Kawabata, 2000; Pernthaler &
Amann, 2005; Posch et al., 2009). Although the role of
filamentous bacteria in the carbon flux through aquatic
systems is still not well known, the presence of
elongated forms could be indicator of adverse stress-
ing conditions other than being a strategy against
predation by protozoa (Kalcheva et al., 2010).

Prokaryotic cell volume as descriptor of trophic
status

The comparison between the prokaryotic cell sizes
measured in several aquatic systems—in Table 2 and
references therein—corroborates our hypothesis that
this topic needs to be tested over a larger number of
samples. Nevertheless, statistics adopted in this study
do not give a robust evidence about the utilization of
prokaryotic cell VOL in the panel of conventionally
used trophic variables to better characterize an aquatic
ecosystem (nutrients, TSM, Chl-a).

Shifts in morphology and species have already been
proved by image analysis, FISH, CARD-FISH, DGGE
analysis, and flow cytometer (gimek et al.,, 2001;
Pernthaler & Amann, 2005; Sjostedt et al., 2012).
Some consistency concerning phylotypes and mor-
photypes has been highlighted in some freshwater
systems (Posch et al., 2009). In fact, phylogenetic
lineage analysis showed that in an alpine lake at least
two bacterial groups, namely Actinobacteria were
constituted by small-morphotypes, while Cytophaga
by large-rods, cocci, and filaments. At the same time,
in brackish areas affected by intrusion of marine
water, small horseshoe cells SAR11 constituted about
30% of all prokaryotes (Piccini et al., 2006) notwith-
standing this group is considered to be rare or absent in
fresh- or brackish waters.

Conclusions

The prokaryotic size and shape distributions differed
in the different trophic states, and a dichotomy
between cell abundances and cell sizes has been
observed. Volumes differently modulated the PB in
the oligo-, meso-, eu-, and hypertrophic waters, by
wide contents of carbon per cell.

Comparison between the prokaryotic cell sizes
measured in several aquatic systems corroborates our
hypothesis that investigating the cell-size distribution
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of prokaryotes besides their abundance is an important
topic which could be used as a satisfactory descriptor
of trophic status of different water bodies.
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