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Two direct heterotrophic bacterioplankton counting methods, epifluorescence microscopy (EM)
and flow cytometry (FCM) were compared using samples collected in two geographically different
oceanic regions, the Adriatic Sea and the English Channel. A statistically significant correlation
was found between results obtained by these two methods for samples collected in the Adriatic Sea
(r =0.61, n =919, P <0.001) and in the English Channel (r =0.64, n =33, P <0.001). Samples from
the Adriatic Sea showed on average 1.16 times higher values obtained by flow cytometry than val-
ues estimated by epifluorescence microscopy, while samples from the English Channel showed on
average a (.74 ratio between flow cytometry and epifluorescence microscopy counts. The overall
coefficient of variation for epifluorescence microscopy data for samples from the Adriatic Sea and
the English Channel was 15.91% and 12.89%, respectively. The flow cytometry method had lower
overall coefficient of variation value; for samples collected in the Adriatic Sea it was 3.64%, while
for samples collected in the English Channel it was 1.88%.
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it is recommended to count about 400 cells on
multiple filters (FRY, 1990), making this method
both time consuming and subjective. Recently,

INTRODUCTION

During the past two decades total direct
counting methods for enumerating heterotrophic
bacteria that use fluorochrome stains and epiflu-
orecence microscopy have become very popular
and widely used. Until recently, most determina-

a new generation of methods, including flow
cytometry (BURKILL, 1987; OLSON et al., 1990) and
image cytometry (SIERACKI er al., 1995) became

tions of heterotrophic bacterial abundance were
usually done by epifluorescence microscopy of
DAPI (4’-6-diamidino-2-phenylindole) or Acri-
dine Orange stained samples (HOBBIE et al., 1977,
PORTER & FEIG, 1980). For optimum accuracy,

available. These methods significantly reduce
the time employed in each of these determina-
tions (multiparameter analysis of individual
cells); they increase the level of resolution and
provide new insights into the structure and func-
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tioning of plankton communities that simply
can not be obtained with conventional epifluo-
rescence microscopy (LI ez al., 1995; MARIE et al.,
1996, 1997). Flow cytometry has been routinely
used for the analysis of marine samples and
is now commonly accepted as a reference
technique in oceanography and for the analy-
sis of the heterotrophic bacterial community
(MONGER & LANDRY, 1993). Microscopic enu-
meration is less accurate than flow cytometric
enumeration due to several factors including a
low number of cells that are counted (~ 400)
and the non-homogeneous distribution of cells
on the membrane filter. Further, the presence
of organic and mineral particles and the small
sizes of most marine heterotrophic bacteria may
result in lower bacterial discrimination when
cells are counted by microscopy (LEBARON et
al., 1993). The advantages of flow cytometry are
the rapid and automated analyses that separate
heterotrophic bacteria from other particles on
the basis of light scatter (size) and pigment
content and that gives greater precision than

epifluorescence counting (SIERACKI et al., 1995;
MONGER & LANDRY, 1993; JOACHIMSTHAL et al.,
2003; CHISHOLM et al., 1988).

The objective of this study was to compare
two direct counting methods for heterotrophic
bacterioplankton and the field samples from
different oceanographic regions - the Adriatic
Sea and the English Channel. The accuracy of
epifluorescence microscopy (EM) was assessed
against direct counts made by flow cytometry
(FCM).

MATERIAL AND METHODS

Samples were collected in two geographi-
cally different areas; the Adriatic Sea, as part of
the Mediterranean Sea (Fig. 1) and the English
Channel, as part of the Atlantic Ocean (50°15°N;
4°15°W, offshore station 6 km off Plymouth, and
four shore stations from Plymouth Sound UK).
From the Adriatic Sea a total of 919 samples,
spanning offshore and shore areas, were col-

Fig.1. (A) The Adriatic Sea (B) Locations of the investigated sites in the Middle Adriatic Sea
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lected on a monthly basis from 29 sites during
2005.

From the English Channel (N = 132) samples
were collected at weekly to monthly intervals
during winter 2006 from one offshore and four
shore sites. In addition, for the purpose of testing
repeatability and counting precision, four repli-
cates were separately made by both direct count-
ing methods for samples from both the Adriatic
Sea and the English Channel.

Seawater samples from the Adriatic Sea sites
and the offshore site in the English Channel were
collected by Niskin bottles through vertical pro-
files. At the four shore sites in the English Chan-
nel samples were collected manually from the
surface. Samples were fixed with formaldehyde
(2% final concentration), kept in the dark at 4 °C
and analyzed within two weeks.

For epifluorescence microscopy (EM) pre-
served samples were stained with 4’-6-diamid-
ino-2-phenylindole (DAPI) (1 pg mL"! final
concentration) for 5 minutes and were filtered
through 0.2 um pore diameter black polycarbon-
ate filters (Millipore, Ireland). Filters were then
mounted on microscope slides and stored at 4 °C
where they were kept until observation with an
Olympus microscope under UV light (PORTER &
FEIG, 1980) at a magnification of 1000. From 100
to 400 heterotrophic bacteria were counted per
sample, depending on concentration.

For flow cytometry analysis (FCM), fixed
samples were stained with SYBR green I (Molec-
ular probes Inc.) (MARIE af al., 1997; LEBARON et
al., 1998). Samples from the Adriatic Sea were
analyzed on a Beckman Coulter EPICS XL-
MCL with a high flow rate from 1 to 1.2 pL/sec.
Fluorescent beads were added (Level-1I Epics
Division of Coulter Corporation Hialeah, Florida)
for calibration of fluorescence intensity. Samples
from the English Channel were analyzed on a
flow cytometer FACSort. Beckman Coulter flow
set beads at known concentration were used to
calibrate the flow rate. Bacterial abundance was
determined in scatter plots of particle side scatter
versus SYBR green I fluorescence related to cel-
lular nucleid acid content to discriminate hetero-
trophic bacteria from other particles.

Correlations were determined using the
Spearman rank correlation index (ZAR, 1984). The
statistics software STATISTICA v. 6.0. was used
in all analyses.

RESULTS AND DISCUSSION

A statistically significant correlation was
found between heterotrophic bacterial counts
measured by microscopy and flow cytometry for
samples collected in the Adriatic Sea (r = 0.61,
n =919, P<0.001) and in the English Channel
(r=0.64,n=33,P<0.001) (Fig. 2). Similar sig-
nificant correlations (r> > 0.8) were also found in
the northwestern Mediterranecan Sea (LEBARON
et al., 1993, 1998; GASOL et al., 1999). A statistically
significant correlation between the two meth-
ods was also observed on a monthly basis. The
lowest, though still significant correlation was
found during September and November (Table
1). A possible explanation for these low correla-
tions could be the high content of Prochloroc-
cocus recorded during September and November
(SANTIC 2005, personal comunication). High concentra-
tions of Prochloroccocus can cause a significant
overestimation of heterotrophic bacteria counts
(SIERACKI et al., 1995) as it can not be distinguished
from heterotrophic bacteria by epifluorescence
microscopy although could be distinguished by
flow cytometry (CHISHOLM et al., 1988).

Table 1. Correlations in bacterial abundances obtained by
epifluorescence microscopy and flow cytometry meth-
ods at the stations in the Adriatic Sea during 2005

Month

Spearman rank

correlation (r) P value
January 74 0.74 <0.01
February 47 0.79 <0.01
March 26 0.81 <0.01
April 22 0.79 <0.01
May 117 0.52 <0,01
June 92 0.80 <0.01
July 92 0.49 <0,01
August 135 0.75 <0.01
September 128 0.43 <0.01
October 26 0.77 <0.01
November 68 0.39 <0.01
December 92 0.64 <0.01
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Counts of heterotrophic bacteria obtained
by flow cytometry and microscopy were more
similar in the Adriatic Sea than in the Eng-
lish Channel. Analysis of variance did not
show a significant difference between those
counts determined by FCM and EM in the
Adriatic Sea (P > 0.05), whereas data from the
English Channel showed significant difference
(P <0.05).

The ratio between counts by FCM and EM
for Adriatic stations averaged 1.16. Total het-
erotrophic bacterial cell numbers varied from
0.05 x 10°to0 3.92 x 10° mL! using the micros-
copy method and from 0.09 x 10%to 3.67 x 10°
cells mL! using the flow cytometry method.

The ratio slightly above 1 in flow cytometry
versus epifluorescence microscopy measure-
ments was also found in earlier studies (MON-
GER & LANDRY, 1993; LEBARON et al., 1998; GASOL
et al., 1999; JOCHEM, 2001) and was explained
by underestimation of bacterial abundance by
microscopy since 2 to 6% of small heterotroph-
ic bacterial cells were found to pass through 0.2
um membrane filters (GASOL & MORAN, 1999).

The comparison of data from counts made
by epifluorescence microscopy and flow
cytometry in samples from the English Channel
showed higher values for heterotrophic bacte-
ria counts made by epifluorescence micros-
copy, where the average ratio between bacte-
rial counts obtained by FCM and microscopy
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Fig. 2. Relationship between total bacteria numbers (10 % cell mL") estimated by
epifluorescence microscopy and flow cytometry in the Adriatic Sea (4) and

the English Channel (B)
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was 0.74. Total heterotrophic bacteria counts
from sites in the English Channel estimated by
microscopy varied from 0.43 x 10° to 2.65 x
106 cells mL"! and by FCM from 0.62 x 10° to
1.73 x 10° cells mL'. The most likely reason
is that between January and March the English
Channel has a lot of suspended material in the
water which might be stained by DAPI and
get counted as heterotrophic bacteria. Due to
the gating of data the flow cytometry method
will only take into account cells in a particular
region of interest while the microscopy method
results in counts that also include algae and
protozoa (JOACHIMSTHAL et al., 2003). Some
researchers presented evidence that a large
fraction of what were then being counted as

FCM :EM
N
>

heterotrophic bacteria in DAPI stained samples
for microscopy were in fact particles without
genome: dead cells, ghosts or large viruses and
cell fragments (GASOL er al., 1999; ZWEIFEL &
HAGSTROM, 1995).

The ratio between heterotrophic bacteria
counts obtained by flow cytometry and micros-
copy (FCM: EM ratio) and total heterotrophic
bacteria numbers showed statistically signifi-
cant correlations both in the English Channel
(r=0.65, n =33, P <0.05) and in the Adriatic
Sea (r = 0.41, n = 147, P< 0.05) (Fig. 3). These
results suggested that an increase in total het-
erotrophic bacteria count is accompanied by an
increase in FCM: EM ratio.
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Fig. 3. Relationship between total bacteria numbers (10 ¢ cell mL') estimated by
flow cytometry and FCM: EM ratio in the Adriatic Sea (A) and the English
Channel (B)
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Replicate experiments in both investigated
areas showed that coefficients of variation were
lower for heterotrophic bacteria counts estimat-
ed by FCM than by microscopy (Fig. 4).

The overall coefficient of variation for epi-
fluorescence microscopy data for samples from
the Adriatic Sea was 15.91% (ranging from
4.48% to 28.11%), while for samples from the
English Channel it was 12.89% (ranging from

3.29% to 21.76%). On the other hand the over-
all coefficient of variation for flow cytometry
data for samples collected from the Adriatic
Sea was 3.64% (ranging from 0.93 to 10.06%)),
while from the English Channel it was 1.88%
(ranging from 0.88 to 3.44%). A similar coef-
ficient of variation for flow cytometry (average
1.5%) was presented by other researchers in the
area of Hawaii (MONGER & LANDRY, 1993).
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Fig. 4. Box-Whisker (mean; 50% conf. int.; std. dev) plot of bacterial abundance obtained
by epifluorescence microscopy and flow cytometry from the Adriatic Sea (A) and
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In conclusion, the results reported here
showed a significant relationship between epi-
fluorescence microscopy and flow cytometry
and also showed that coefficients of variation
were considerable lower for heterotrophic bac-
teria counts estimated by flow cytometry. This
paper supports previous recommendations of
flow cytometry as a rapid, automated and accu-
rate counting method.

ACKNOWLEDGMENTS

The authors wish to thank Dr. Glen TARRAN
from Plymouth Marine Laboratory, UK, for help-
ful suggestions. The research was financially sup-
ported by the CROATIAN MINISTRY OF SCIENCE,
EDUCATION AND SPORT (project Role of plankton
communities in the energy and matter flow in
the Adriatic Sea, no. 001-0013077-0845).

REFERENCES

BURKILL, P.H. 1987. Analytical flow cytometry
and its application to marine microbial ecol-
ogy. In: M. A. Sleigh (Editor), Microbes in
the sea. J. Wiley & Sns, Chichester, W. Sus-
sex (England), pp. 139-166.

CHISHOLM, S.W., RJ. OLSON, E.R. ZETTLER, R.
GOERICKE, J.B. WATREBURY & N.A. WELSCH-
MEYER. 1988. A novel free-living prochlo-
rophyte abundant in the oceanic euphotic
zone. Nature, 334: 340-343.

FRY, J.C. 1990. Direct methods and biomass esti-
mation. Meth. Microbiol., 22: 41-85.

GASOL, JM. & X.A.G. MORAN. 1999. Effects of
filtration on bacterial activity and pico-
plankton community structure assessed by
flow cytometry. Aquat. Microb. Ecol., 16:
251-264.

GASOL, JM., U.L. ZWEIFEL, F. PETERS, J.A. FUHR-
MAN & A. HAGSTROM. 1999. Significance of
Size and Nucleic Acid Content Heteroge-
neity as Measured by Flow Cytometry in
Natural Planktonic Bacteria. Appl. Environ.
Microbiol., 65(10): 4475-4483.

HOBBIE, J.E., R.J. DALEY & S. JASPER. 1977. Use of
nucleopore filters for counting bacteria by
epifluorescence microscopy. Appl. Environ.
Microbiol., 33(5): 1225-1228.

JOACHIMSTHAL, E.L., V. IVANOYV, J-H. TAY & S.T-L.
TAY. 2003. Flow cytometry and conventional
enumeration of microorganisms in ships’
ballast water and marine samples. Mar. Pol-
lut. Bull., 46: 308-313.

JOCHEM, F.J. 2001. Morphology and DNA content
of bacterioplankton in the northern Gulf

of Mexico: analysis by epifluorecsence
microscopy and flow cytometry. Aquat.
Microb. Ecol., 25: 179-194.

LEBARON, P., M. TROUSSELLIER & P. GOT. 1993.
Accuracy and precision of epifluorescence
microscopy count for direct estimates of
bacterial numbers. J. Microbiol. Methods,
19: 89-94.

LEBARON, P., N. PARTHUISOT & P. CATALA. 1998.
Comparison of blue nucleic acid dyes for
flow cytometric enumeration of bacteria
in aquatic systems. Appl. Environ. Micro-
biol., 64(5): 1725-1730.

LI, WK.W., J.LF. JELLETT & P.M. DICKIE. 1995.
DNA distribution in planktonic bacteria
stained with TOTO or TO-PRO. Limnol.
Oceanogr., 40: 1485-1495.

MARIE, D., D. VAULOT & F. PARTENSKY. 1996.
Application of the novel nucleic acid dyes
YOYO-1, YO-PRO-1, and PicoGreen for
flow cytometric analysis of marine pro-
karyotes. Appl. Environ. Microbiol., 62(5):
1649-1655.

MARIE, D., F. PARTENSKY, S. JACQUET & D.
VAULOT. 1997. Enumeration and cell cycle
analysis of natural populations of marine
picoplankton by flow cytometry using the
nucleic acid stain SYBR Green I. Appl.
Environ. Microbiol., 63(1): 186-193.

MONGER, B.C. & M.R. LANDRY. 1993. Flow cyto-
metric analysis of marine bacteria with
Hoechst 33342. Appl. Environ. Microbiol.,
59(3): 905-911.




114 ACTA ADRIATICA, 48(2): 107-114, 2007

OLSON, R.J., E.R. ZETTLER, M.A. ALTABET, J.A. the Sargasso Sea. Direct evidence by flow
DUSENBERRY & S.W. CHISHOLM. 1990. Spatial and imaging cytometry. Deep-Sea Res., Part
and temporal distributions of prochlorophyte 142: 1399-1409.
picoplankton in the North Atlantic Ocean.  ZzAR, J.H. 1984. Biostatistical analysis. Prentice-
Deep-Sea Res. Part [ 37: 1033-1051. Hall, New York, 718 pp.

PORTER, K.G. & Y.S. FEIG. 1980. The use of DAPI  ZWEIFEL, U.L. & A. HAGSTROM. 1995. Total counts
for identifying and counting aquatic micro- of marine bacteria include a large fraction of
flora. Limnol. Oceanogr., 25: 943-948. non-nucleoid-containing bacteria (ghosts).

SIERACKI, M.E., E]M. HAUGEN & T.L. CUCCL 1995. Appl. Environ. Microbiol., 61(5): 2180-
Overestimation of heterotrophic bacteria in 2185.

Usporedba metoda protocne citometrije i fluorescentne mikroskopije za
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SAZETAK

Dvije direktne metode za brojanje heterotrofnog bakterioplanktona, epifluorescentna mikroskopija (EM)
i protoéna citometrija (FCM), usporedene su koriste¢i uzorke sakupljene s dva zemljopisno razli¢ita morska
podrucja, Jadranskog mora i Engleskog kanala. Izmedu dvije direktne metode brojanja u uzorcima iz Jadran-
skog mora (r=0.61, n =919, P <0.001) i Engleskog kanala (r = 0.64, n = 33, P <0.001) pronadena je statisti-
¢ki znacajna korelacija. U Jadranskom je moru metoda protocne citometrije davala u prosjeku neznatno nize
rezultate u odnosu na metodu epifluorescentne mikroskopije, dok je u Engleskom kanalu broj heterotrofnih
bakterija dobiven metodom epifluorescentne mikroskopije bio u prosjeku nesto veéi u odnosu na protocnu
citometriju. Medutim, srednji koeficijent varijacije rezultata dobivenih epifluorescentnim mikroskopom
za podrucje Jadrana iznosio je 15.91%, za podruc¢je Engleskog kanala 12.89%, dok je proto¢na citometrija
rezultirala nizim koeficijentima varijacije te je za uzorke iz Jadrana iznosila 3.64%, a za uzorke sakupljene
u Engleskom kanalu svega 1.88%. Navedeni rezultati predstavljaju doprinos sagledavanju metode proto¢ne
citometrije kao brze, sigurnije i preciznije za brojenje bakterioplanktona u morskom okolisu.

Kljuéne rijeci: epifluorescentna mikroskopija, protocna citometrija, gusto¢a heterotrofnih bakterija




