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SUMMARY: The abundance, morphotypes and biomass of the bacterial assemblages were investigated in the Ionian Sea by
using two different methods: the epifluorescent microscopy technique for enumerating and sizing bacterial cells, and the deter-
mination of bacterial lipopolysaccharides (LPS). Five bacterial morphotypes were distinguished: cocci, rods, coccobacilli, vib-
rios and spirillae. The proportions of cocci were higher than those of other morphotypes at every depth, ranging from 39% to
73%. Both rod-shaped bacteria and coccobacilli were homogenously distributed in the water column, while the proportions of
vibrios were rather variable. Spirillae occurred only in surface samples and disappeared below 100 m. The two methodologies
were compared: LPS concentrations showed a highly significant correlation with the bacterial numbers (P<0.01; n= 88; r=
0.68), but not with biovolumes, and different ratios between LPS concentrations and bacterial volumes were recorded for the
photic and aphotic zones (3.11 + 1.35 and 0.96 + 0.37 ng LPS per um? respectively). LPS-derived cell carbon content on aver-
age was 23 fg C cell"!, similar to the C amount derived by mean cell biovolume (19 fg C cell') and the biomass from two high-
ly correlated methods (P < 0.01; n= 95; r= 0.59). Our results confirm that the widely used factor of 20 fg C cell! (Lee and
Furhman, 1987) should be plausible for studying the biomass of the natural microbial populations in the study area. Neverthe-
less, the wide variability of the cell size classes, also along the whole water columns, questions the applicability of a constant
conversion factor for all the marine ecosystems. Consequently, locally derived biomass estimates of bacteria are essential in
order to obtain an accurate evaluation of the bacterial role in biogeochemical cycles.
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RESUMEN: DETERMINACION DE LA BIOMASA BACTERIANA EN EL MAR JONICO MEDIANTE EL ANALISIS DE LA MORFOLOGIA CELU-
LAR Y EL CONTENIDO EN LPS. — Fue estudiada la comunidad bacteriana del Mar Jénico mediante el andlisis directo en epifluo-
rescencia (recuentos, morfometria y biovolumen celular) y la determinacién del contenido de lipopolisacaridos (LPS). Los
microorganismos fueron agrupados en cinco morfotipos: cocos, bacilos, cocobacilos, vibriones y espirilos. La columna de agua
se encontré dominada por formas cocoideas (39-73%); las formas bacilares y cocobacilares representaron morfotipos unifor-
memente distribuidos mientras la presencia de vibriones resulté ser muy variable y los espirilos practicamente ausentes por
debajo de los 100 m de profundidad. Los contenidos de LPS fueron encontrados estrechamente correlacionados con los recuen-
tos celulares (P<0,01; n=88; r=68) y sin relacion significativa alguna con los biovolimenes totales de las muestras. El conte-
nido medio de LPS por um? celular resulté ser de 3,11 (£ 1,35) ng en las muestras provenientes de la zona fética y de 0,96 (£
0,37) ng en las muestras provenientes de la zona afética. El contenido medio de C por célula calculado a partir del contenido
medio de LPS result6 ser de 23 fg C célula’! siendo similar al calculado a partir del volumen celular (19 fg C célula'); las bio-
masas celulares calculadas a partir de ambos pardmetros (LPS y volumen celular) resultaron estar significativamente correla-
cionadas (P<0,01; n=95; r=0,59). Del andlisis de nuestros resultados surge que el contenido medio de 20 fg C célula-1 (Lee and
Furhman, 1987), utilizado ampliamente en la determinacion de la biomasa bacteriana marina, podria ser utilizado en linea de
maxima también en el Mar J6nico. No obstante, la amplia variabilidad morfolégica-dimensional de las células bacterianas
observadas, frecuentemente en una misma columna de agua, cuestionan firmemente el empleo de un tnico factor de conver-
sion en el estudio de todos los ecosistemas marinos. En consecuencia, resulta esencial el andlisis de la biomasa bacteriana en
cada ambiente en particular para lograr una visién mas precisa de los flujos de los principales bioelementos en el ecosistema.

Palabras clave: bacterioplancton marino, biomasa bacteriana, lipopolisacaridos, biovolimen, Mar Jénico.
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INTRODUCTION

The biomass of bacterial populations is perhaps
the most basic parameter that may be considered in
microbial ecology (Bratbak, 1993). Its estimation
is an essential step in understanding the food webs
and the biogeochemical fluxes (Fukuda er al.,
1998; Nagata, 1986). A great number of methods
have been proposed for biomass estimation, such
as quantification of macromolecular components
(i.e. muramic acid, ATP, specific lipids, DNA or
proteins) (Jochem, 2001; Bratbak, 1993; Simon
and Azam, 1989).

Among the indirect methods, the measurement
of lipopolysaccharides (LPS) has been suggested
as a good indicator of the bacterioplankton biomass
in marine waters (Herbert, 1990; Maeda et al.,
1983; Maeda and Taga, 1979), also taking into
account bacterial numbers by epifluorescence
microscopy (La Ferla et al., 2001; Crisafi et al.,
2000; Bruni et al., 1995; La Ferla et al., 1995;
Naganuma et al., 1990; Watson et al., 1977). The
recent application of flow cytometry to aquatic
microbial ecology helps to quantify heterotrophic
bacteria and distinguishes subpopulations with a
different apparent DNA content (Gasol and del
Giorgio, 2000).

Anyhow, fluorescent staining and counting
under epifluorescence microscopy remain the stan-
dard method for enumerating bacteria in aquatic
environments. This direct method is irreplaceable
as a ground truth baseline on which a microbiolog-
ical interpretation can be developed (Ducklow,
2000). The total cell count in combination with cell
volume measurements is considered a key parame-
ter that provides ecologically important informa-
tion about the bacterial assemblage (Posch et al.,
2001; Massana et al., 1997; Robarts et al., 1996)
and the amount of bacterial carbon is routinely
estimated from cell concentrations or biovolumes
by applying conversion factors. The choice of the
conversion factor directly influences the results of
bacterial biomass determination and, for this rea-
son, an appropriate factor is needed.

Carbon contents change from one bacterial
community to another because of the fluctuation of
natural conditions and the physiological state of
bacterial assemblages. Thus, the use of a universal
conversion factor leads to large errors of bacterial
biomass estimates. The assumption that each
marine bacterium contains 20 fg of carbon has been
assessed by Lee and Fuhrman (1987) and con-
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firmed by Ducklow and Carlson (1992). Neverthe-
less, Christian and Karl (1994) and Caron et al.
(1995) calculated a conversion factor of 10-15 fg C
cell'!, while Fukuda et al. (1998) reported a mean
carbon content of 12 + 6 and 30 + 12 fg C cell"! for
oceanic and coastal locations respectively. Gunder-
sen et al. (2002) and Zubkov et al. (2000) calculat-
ed an average elemental cell content of 4-9 and 7 fg
C cell"! respectively. Vrede et al. (2002) reported
the C content per cell varying between 3 and 276 fg
C cell'! for exponentially growing and nutrient-lim-
ited bacterioplankton.

In this paper, we derive from biovolume and
LPS quantification the conversion factor to estimate
the biomass of natural marine bacteria inhabiting
the Ionian marine pelagic system. In the eastern
Mediterranean, the main water masses are roughly
constituted by superficial (MAW, Modified Atlantic
Waters; ISW, Ionian Surface Waters), intermediate
(LIW, Levantine Intermediate Water; CIW, Cretan
Intermediate Water) and deep waters (EMDW, East-
ern Mediterranean Deep Water; CSOW, Cretan Sea
Overflow Water). These waters, characterised by
different TS properties and densities (Malanotte-
Rizzoli et al., 1997), spread from their sites of for-
mation towards the Ionian Sea, transporting the pre-
formed dissolved oxygen and organic matter to the
sea interior (Klein et al., 1999) as well as sustaining
the distribution patterns of metabolic activities at
different depths (La Ferla et al., in press; Zaccone
et al., in press).

This study focuses on the estimation of microbial
biomass in a pelagic area of the Mediterranean Sea.
Novel aspects of this research in the microbial ecol-
ogy literature include both the analysis of LPS and
the study of deep marine bacteria.

MATERIALS AND METHODS

Seawater samples were collected in Spring 2002
during two oceanographic surveys (TALASTRO-4:
19-25 March; SINAPSI-3: 26 March- 09 April) on
board the R/V Urania of the Italian CNR at nine
stations located in the Ionian Sea (Fig. 1). We took
vertical sampling profiles from 5 m to the bottom
depth (max 4000 m). Subsamples for microscopy
determinations were fixed with formaldehyde
(final concentration 2%) and stored in the dark at
4°C. LPS subsamples were stored at —20°C in
pyrogen-free vials. Lab treatments of both subsam-
ples were performed within a month.
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FIG. 1. — Map of the Ionian Sea showing the stations sampled from
surface to the bottom depth (maximum 4000 m) during the
TALASTRO-4 and SINAPSI-3 surveys.

Direct counts

The epifluorescence direct count technique was
applied to estimate total bacterial number, including
cyanobacteria, according to Porter and Feig (1980).
Slides were examined by epifluorescence with the
AXIOPLAN 2 Imaging microscope (Zeiss). All
cells in a minimum of twenty eyefields per sample
were counted.

Morphometric analysis

The microscope was equipped with the digital
camera Axiocam (Zeiss). The images were captured
and digitised on a personal computer using the
AXIOVISION 3.1 software for the subsequent mor-
phometric analysis. The standard resolution of 1300
x 1030 pixels was used for the image acquisition.
The pixel size in the resulting image was 0.067 pm.

The length (L) of bacterial cells was measured
down the central axis and the width (W) at right
angle to the length. The measurements of the central
length of curved bacteria were more difficult but rea-
sonable estimates can equally be made (Fry, 1990).
Bacteria were sized by using the measurement func-
tions of the Axiovision 3.1 software, classifying
them into five morphotypes: cocci (spherical cells),
coccobacilli, rods (elongated cells) and curved bacte-
ria (C-shaped and S-shaped cells, i.e. vibrios and
spirillae respectively). Cells were operationally

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 ym, and rods if
their length was at least double their width. Accord-
ing to Lee and Fuhrman (1987), the pixels which
constituted the fluorescent “halo” around the bacter-
ial cells were not measured. Bacterial biovolume (V;
um?) was derived from the two-dimensional parame-
ters (W and L) obtained by image analysis, assuming
that bacteria are cylindrical straight rods with hemi-
spherical or, in the case of coccoid forms, spherical
caps (Massana et al., 1997). At least one hundred
bacterial cells were measured in each sample to
obtain adequate mean volumes (Bratbak, 1993).

The volume of a single cell was calculated
according to Bratbak (1985):

V (um?)= (t/4)W2A(L-W/3).

For coccoid forms, W=L.

Cellular carbon content in fg C cell'! (C) was
derived from the estimated biovolumes by using the
allometric relation C= 218 Vo3¢ (Loferer-Krobach-
er et al., 1998) as proposed by Posch et al. (2001)
for DAPI stained bacteria.

Lipopolysaccharide concentrations

The Quantitative Chromogenic LAL test (QCL-
1000, Bio Whittaker, Inc.) was used for the quanti-
tative analysis of the LPS present in the outer mem-
brane of gram-negative bacteria. Each seawater sam-
ple was mixed gently with the Lymulus amebocytes
lysate (LAL) and incubated at 37°C for 10 minutes.
The subsequent addition of the chromogenic reagent
was followed by a further period of incubation at
37°C for 6 minutes. The reaction was stopped by
adding 100 pl acetic acid (final concentration 25%).
The change in the colour of the solution from white
to yellow indicated the concentration of LPS in the
sample. The absorbance of the solution was read at
405 nm using a MICROTITER ELX-808 spec-
trophotometer (Bio Whittaker, Inc.) equipped with
an Automatic Microplate Reader (for 96 microtiter)
controlled by the specific software WIN KQCL (Bio
Whittaker, Inc.) for the data processing. The LPS
concentration in each sample, expressed as ng LPS
ml!, was converted into C using the conversion fac-
tor 6.35 proposed by Watson and Hobbie (1979).
The obtained carbon content per volume was divid-
ed by the corresponding bacterial number in order to
obtain the cell quantity of carbon as fg C cell .
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FIG. 2. — Variability in the vertical distribution of bacterioplankton abundances (10° cell ml') and LPS concentrations (ng LPS ml™') at the
nine sampling stations. Note that the stations have different depth scales depending on each bottom depth; the profile of station CO8 has a
different scale for cell abundance.

RESULTS
Bacterial abundance and LPS quantification

Bacteria and LPS quantifications are reported in
Figure 2. Cell abundance was generally highest in
the upper water column (upper 200 m) and
decreased with depth. In the upper 200 m bacterial
abundance ranged from 0.45 to 11.4 x 10° cell ml"".
The highest values were registered at station C08
(note the different scale), which was characterised
by anomalous abundances throughout the examined
water column. Below 200 m depth bacterial abun-
dance was generally lower, ranging from 0.18 to
4.49 x 105 cell ml! at the different stations. Rare
peaks locally occurred at 100, 1500 and 1700 m
depths.

A total of 95 seawater samples were assayed by
the LAL test. LPS concentrations ranged from 0.02
to 0.30 ng ml!, with a majority of samples contain-
ing <0.1 ng ml"!'. The average concentration of LPS
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was 3.66 = 2.37 fg LPS cell'!. A highly significant
correlation (P<0.01; n= 88; r=0.68; y= 1E+06x +
24993; R?= 0.4678) was found between bacterial
abundances and LPS concentrations (samples from
the CO8 station were excluded from the regression
due to the different behaviour compared to other sta-
tions).

Biomass estimation

Morphometric data of bacteria are summarised in
Table 1. The averaged biovolumes of the bacteria in
this study ranged from 0.003 to 0.927 um?, with a
mean value of 0.0593 um?3. The mean cell volumes
varied in a similar range in both the euphotic and
aphotic zones (0.035 to 0.073um? and 0.039 to 0.075
um? respectively). The high variability observed and
the morphometric analysis of bacterial community
in relation to depth at each sampling station are
shown in Figure 3. The highest value was recorded
at the KM3 station in superficial samples (where



TABLE 1. — Morphometric data set: average cell measures on total cells and per bacterial type (n = 95; SD= standard deviation).

Length (um) Width (um) Biovolume (um?)

Mean = SD Min  Max Mean + SD Min Max Mean += SD Min  Max
Total cells 0.65+052 023 3.75 0.37+£0.16 0.10 1.21 0.059 £0.076 0.003 0.927
cocci 044 +£0.13 0.23 1.21 044 +£0.13 023 121 0.055 £ 0.080 0.006 0.927
rods 0.71 £0.31 0.30 2.70 0.29+£0.08 0.10 0.53 0.046 + 0.037 0.003 0.196
coccobacilli 0.54+0.17 0.23 1.48 035+0.12 0.15 1.15 0.057 £0.108 0.003 1.138
vibrios 1.74 £+ 0.58 0.64  3.32 0.26 £0.07 0.13 047 0.102 £ 0.080 0.012 0.401
spirillae 2.57+0.81 093 3.75 0.31+£0.08 0.19 047 0.201 £0.125 0.027 0.470

TABLE 2. — Means and ranges of cell abundance, C-content and biomass derived from biovolume data, C-content and biomass derived from
LPS data (n = 95; SD= standard deviation).

Mean = SD Minimum Maximum
Abundance (cells x 10° ml") 1.4+1.7 0.18 114
Cell C-content (fg) from biovolume data 19.19 £ 23.84 1.36 240.26
Biomass (ug C 1) « 279+ 3.31 0.34 21.89
Cell C-content (fg) from LPS data 23.24 £ 15.03 6.41 63.05
Biomass (ug C I') «“ 3.70 £ 4.50 0.27 15.29

abundant vibrios were observed) and volumes
decreased with increasing depth. In KM3bis, 73,
C08, G99, TO8 and 005 stations, high volumes were
registered at superficial layers but smaller peaks
occurred with depth. The widest variability in cell
size along the whole water column and the highest
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FI1G. 3. — Mean cell volumes of the cells from the nine sampling sta-
tions. The distribution of cell volumes in the upper 200 m, enclosed
on the left within the box, is enlarged on the right side of the figure.

volumes at great depths characterised the KM4 and
L1 stations, where large cocci occurred. However, at
almost all stations, peaks were observed at about
1500, 2500 and 3250 m.

The regression analysis between biovolumes and
LPS concentrations did not show any correlations.
Different ratios between LPS concentrations and
biovolumes were computed for the superficial and
deep layers (3.12 + 1.35 and 0.95 £ 0.37 ng LPS per
um? respectively).

The data obtained from the morphometric analy-
sis and the LPS quantification were converted to car-
bon content. In the first case, the biovolumes were
applied to the allometric equation proposed by
Loferer-KroBbacher et al. (1998) and the resulting
bacterial carbon content was on average 19.19 *
23.84 fg C cell!. In order to convert the LPS values
to bacterial biomass, the conversion factor 6.35 was
used, as suggested by Watson and Hobbie (1979).
The mean bacterial carbon content was 23.24 t
15.03 fg C cell'. Nevertheless, analysing the data
per cell resulted in very wide ranges of variability
from 1 to 240 (from biovolume data) and 6 to 63 fg
C cell”! (from LPS data).

Multiplying the cell abundance for the cell car-
bon contents, both separately derived from biovol-
ume and LPS data, we obtained the mean biomass of
2.8 and 3.7 ug C 1! respectively (Table 2). The bio-
mass derived from biovolumes showed a high sig-
nificant correlation with the biomass derived from
LPS (P<0.01; n=95; r= 0.59; y= 4.4476x + 0.4839;
R2=0.3426).
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Morphometric analysis

Five morphotypes of bacteria were distinguished:
cocci, rods, coccobacilli, vibrios and spirillae. Cocci
were the most common morphotype as they con-
tributed 54% to total bacteria; coccobacilli and rods
showed similar proportions (17% and 18%, respec-
tively); vibrios amounted to 9% of the total bacteria;
and spirillae were fairly negligible (2%).

The morphometric data set per bacterial types is
reported in Table 1. Cocci, including Synechococcus
and Prochlorococcus, averaged 0.44 um in diameter;
most coccobacilli were about 0.40 to 0.62 um in
length and 0.24 to 0.40 um in width; rods were about
0.24 to 0.38 x 0.62 to 0.72 um in size; vibrios were
generally about 0.19 to 0.29 x 1.58 to 1.70 ym in
size. The distribution patterns of the different mor-
photypes along the water column are shown in Fig-
ure 4. The proportions of cocci were higher than
those of other morphotypes at every depth, ranging
from 39% at 25 m to 73% at 100 m. On the whole,
lower percentages occurred in the upper 25 m. The
rod-shaped bacteria had homogeneous proportions
from the surface to the bottom, with a slight
decrease at 700 m (6%) and a peak at 2000 m (31%).
Coccobacilli were also homogenously distributed
along the water column (about 20%), while the pro-
portions of vibrios were rather variable but <20%.
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Spirillae occurred only in surface samples (<10%)
and disappeared below 100 m.

DISCUSSION

To our knowledge, no studies have so far dealt
with bacterial abundances or morphometry in the
deep Ionian Sea, with the exception of a study in
superficial, intermediate and deep waters of the
Ionian Sea by Zaccone et al. (in press), who deter-
mined cell densities ranging between 0.4 and 1.7 x
10° cells ml.

Our data show that in the upper 200 m bacterial
abundance ranged from 0.45 to 11.4 x 105 cell ml,
whereas below 200 m depth it ranged from 0.18 to
4.49 x 10° cell ml"'. Bacterial density was similar to
that found by Tanaka and Rassoulzadegan (2002) in
the northwestern Mediterranean (from 0.22 to 21 x
10° cell ml! throughout the depth interval 0-2000 m)
and by Van Wambeke et al. (2002) in the Gulf of
Lions (from 3 to 12 x 10° cell ml"! in the upper 165
m). During summer stratification in the Catalano-
Balearic Basin, Pedros-Alié et al. (1999) found bac-
terial abundances increasing from 2 x 10° cell ml! at
surface to 5 x 103 cell ml! at depths close to the
DCM and decreasing below 200 m down to 0.4 x 103
cell ml-!. In the Levantine Basin of the southeastearn
Mediterranean Robarts et al. (1996) reported lower
bacterial numbers ranging from 0.40 to 3.90 x 103
cell ml! in the upper 200 m.

As noted above, the abundances detected at Sta-
tion CO8 were the highest in the study area and
could presumably depend on water mass hydrologi-
cal characteristics.

Cell volumes of the bacterial populations investi-
gated widely ranged from 0.003 to 0.927 um? with a
mean value of 0.0593 um?. The high standard devi-
ations were due to the different patterns in biovol-
ume distribution shown in Figure 3. Robarts et al.
(1996) measured mean volume of 0.049 pm? for
cocci and 0.107 pm? for rods and vibrios in the
southeastern Mediterranean. In the northern Gulf of
Mexico, Jochem (2001) estimated 0.04 and 0.01 ym?
cell volumes for coccoid and rod-shaped bacteria
respectively.

The data obtained from each station of our study,
with the exception of stations KM3 and CO8 (this
latest sampled only down to 544 m), showed region-
al patterns in size-distribution with depth. Surpris-
ingly, the highest volumes were detected at depth at
the stations away from the coast and east of the



shelfbreak in the Ionian Sea (L1 and KM4), while
some pelagic stations (G99, TO8 and KM3 bis) were
characterised by smaller peaks along the entire
water column.

These findings suggest that suitable conditions
sustaining the cell growth could occur at depths
also; hence, the variability observed in the size of
bacterial cells along the water column is probably
due to the different availability of organic matter and
inorganic nutrients in the seawater masses which
characterise the Mediterranean Sea.

Psenner (1993) has determined that cell size
derives from the balance between the growth and the
frequency of division and then depends on environ-
mental conditions, such as temperature and the quan-
tity and quality of substrates (Thingstad and Ras-
soulzadegan, 1995). According to Gasol et al. (1995)
there is a linear relationship between bacterial size
and activity. Differences in bacterial strain morpholo-
gies may depend on growth-limiting factors (Vrede et
al., 2002). Albright and McCrae (1987) have report-
ed the predominance of large cells in the surface and
deeper waters of Howe Sound (Canada). In the deep
Mediterranean Sea, Zaccone et al. (in press) has
observed relatively high specific activity in bacterial
production rates owing to the organic load derived
from young water mass intrusion.

The simultaneous occurrence of different bacter-
ial morphotypes in marine environments has been
well documented (Jochem, 2001; Acinas et al.,
1999; Robarts et al., 1996; Viles and Sieraki, 1992).
In the Ionian Sea, the bacterial community was
mainly composed of cocci representing 54% of total
bacteria. Their contribution together with coc-
cobacilli (71%) was comparable to those reported by
Robarts et al. (1996), Wiebe and Pomeroy (1972),
Ferguson and Rublee (1976) in studies carried out in
pelagic and coastal ecosystems. The predominance
of cocci, including cyanobacteria, in oligotrophic
and/or deep environments might be explained by the
adaptation to a low organic substrate concentration
due to their better surface-to-volume ratio than rod-
shaped and curved bacteria (Jochem, 2001). In con-
trast, the proportion of rods and curved bacteria
(vibrios and spirillae) in the Ionian Sea was higher
than the 13% reported by Robarts et al. (1996) in the
southeastern Mediterranean and the 10% detected
by Jiao and Ni (1997) in the western and central
Pacific.

The distribution of morphotypes with depth indi-
cates the high contribution of coccal forms in olig-
otrophic environments like the Ionian sea. Neverthe-

less, greater forms, like rods and curved rods,
occurred not only at the surface but also at depth,
suggesting the growth factor availability within deep
and intermediate water masses.

LPS determination in seawater samples is a
method that is not currently adopted and no studies
in the Mediterranean Sea or in deep environments
exist to our knowledge. LPS measurements varied
from 0.02 to 0.30 ng ml"' with a mean value of 0.08
1 0.07 ng ml-'. On the whole, such concentrations
were similar to or lower than those reported for
Antarctica by La Ferla et al. (1995; 0.03-0.70 ng ml-
), Crisafi ef al. (2000; 0.02-0.20 ng ml!') and La
Ferla et al. (2001; 0.08-0.19 ng ml!"). LPS distribu-
tion down the water column showed a net decrease
below 250 m depth, as already noted by Maeda et al.
(1983) in subtropical areas.

On the basis of our results the LPS-test is to be
considered a valid support to other methodologies
owing to its easy and quick applicability for study-
ing bacterial biomass in marine environments.
Maeda et al. (1983) and Watson et al. (1977) already
considered the distribution of LPS concentration as
a good indicator of bacterial biomass, resulting from
the relation between bacterial number and LPS con-
tent. The linear correlation (P<0.01) derived from
the regression analysis of our results confirms this
finding. Anyhow, what seems even more interesting
is the close correlation of the biomass derived from
biovolumes vs the biomass derived from LPS. It is
presumable that the comprehensive biomass,
depending on both abundance and cell volume, is
mainly modulated by cell densities. We cannot
explain the significance of these observations, but
the amount of LPS does not seem to depend on cell
size. Moreover, a different pattern was shown for
euphotic and aphotic zones from the ratio computed
between LPS concentrations and biovolumes, and
the amounts of LPS per cell in the euphotic zone
was about three times higher than in the deep waters.
The significance of this ratio is not easy to explain.
Further laboratory and field experiments could in
future clarify these relationships. We suggest that
LPS is an important cellular component that should
be further considered in the context of the marine
microbial ecology.

During the last two decades several allometric
formulae and linear conversion factors have been
used to determine carbon content by converting cell
volume to biomass (Posch et al., 2001). We com-
pared the value of 23.24 fg C cell-' derived from the
LPS quantification to those obtained from the appli-
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cation of several formulae (Loferer-Krofbacher et
al., 1998; Theil-Nielsen and Sgndergaard, 1998;
Norland, 1993; Fry, 1990; Lee and Fuhrman, 1987).
If the allometric relation proposed by Loferer-
KroBbacher et al. (1998) is applied to our morpho-
metric data, the biomass estimates, i.e. 19.19 fg C
cell!, fit well with the result obtained from LPS
analysis. For this reason, we recommend the use of
this allometric relation specifically created for
DAPI-stained bacteria, as recently suggested by
Posch et al. (2001).

The mean values of cell carbon content derived
from the bacterial sizing and the LPS analysis are
not very different from the classical and widely-used
factor of 20 fg C cell! (Lee and Fuhrman, 1987).
Nevertheless, the more recent detailed treatments on
this topic by Gundersen et al. (2002), Vrede et al.
(2002) and Zubkov et al. (2000) have enhanced the
debate on the physiologically unreasonable applica-
tion of a constant conversion factor and demonstrat-
ed that biomass assessment is highly dependent on
the choice of cell-specific conversion factors. In this
study we have also highlighted the high variability
in each cell carbon content, hence the extrapolation
of the most correct conversion factor must consider
the locally derived biomass estimates.
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