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Section 5 - Chapter 7

Flow Cytometry Analysis
of Marine Picoplankton

D. MARIE, N. SIMON, L. GUILLOU, F. PARTENSKY, AND D. VAULOT

B introduction

In the last decade, the use of flow cytometry (FCM) has become
more and more popular among limnologists and marine biolo-
gists, both for laboratory studies and field research. FCM alows
the analysis of phytoplanktonic cells that are too dim to be dis-
criminated by epifluorescence microscopy. Its maor advantages
are to provide rapid and accurate measurements of individual
particles and to alow the discrimination between auto- and het-
erotrophic populations as well as between cells and detritus or
suspended sediments. FCM is particularly well suited for the
study of the smallest size class of the plankton (below 2 pm),
called picoplankton. Picoplankton is composed by 4 major
groups. heterotrophic prokaryotes, prochlorophytes (Prochlor-
ococcus),! cyanobacteria (Synechococcus)? and eukaryotes.
These small organisms dominate the biomass in the open ocean,
reaching respective concentration ranges of 10° - 10%,10° - 10°,
10°-10° and 10* - 10* cells per ml. The geographical distribution
of these organisms, their biological characteristics (carbon and
pigment content), and their dynamics in relation to the biotic
factors are of major interest for the oceanographers. Initially
used to discriminate and enumerate the different populations
of phytoplankton, the application of flow cytometry has been
extended to physiological analyses (e.g. DNA analysis) and
more recently to phylogenetic analyses with the help of fluores-
cent molecular probes.

We present here four methods that are useful for the analysis
of marine picoplankton both for natural samples and cultures.

1. Photosynthetic picoplankton. Photosynthetic picoplank-
ton possess naturaly fluorescing pigments (chlorophyll, phy-
coerythrin). Therefore the straight andysis of marine samples
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alows one to obtain information on the abundance, cell size and
pigment content of the major photosynthetic picoplankton
groups (prochlorophytes, cyanobacteria and eukaryotes).?
This type of analysis can be performed either on unfixed samples
on board ships or on preserved samples that are brought back to
shore.

2. Heterotrophic bacteria and cell cycle analysis of photosyn-
thetic prokaryotes. Since bacteria do not contain naturaly fluor-
escing pigments, they need to be stained prior to analyss. Nu-
cleic acid gtains are very useful in this respect. Initially the UV-
excited dyes DAPI or Hoechst 33342 have been used for this pur-
pose.*> However, recently, 488 nm-excited dyes such as YOYO-1,
PicoGreen or SYBR™ Green-I have been introduced 574 that
make this type of anadysis possible on small low-cost flow cyto-
meters. Moreover, nucleic acid stains provide information on the
cell cycle distribution of photosynthetic prokaryotes, which
alows to estimate directly growth rates in the ocean. %

3. Taxonomy of eukaryotic picoplankton. The taxonomy of
small eukaryotic picoplankton is still poorly known nowadays.
Most species have very few morphological features and can
hardly be discriminated, even at the class level, by classica meth-
ods such as optical microscopy. Fluorescent oligonucleotide
probes targeted to 185 rRNA appear as very promising tools
for this purpose!!'? alowing the identification of specific groups
within complex communities.

4. DNA content and G-C% of isolated eukaryotic nuclel. For
many eukaryotic marine strains, taxonomy is also very uncertain
at finer levels, typicaly the species level. Species differences can
be resolved by assessing their DNA content and G-C%. This has
proved very useful for example to resolve the taxonomy of the
ubiquitous genus Phaeocystis. 1* Another application of DNA
content determination in microalgae is to assess ploidy levels
in order to resolve the sexud cycle.* Such determination can
be achieved on cultures using the range of DNA stains which
are currently available and which present different G-C% sensi-

tivity.
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Subprotocol 1
Abundance and cell characteristics of photosynthetic
picoplankton

Flow cytometry is now routingly used for the analysis of marine
oceanic samples. Idedly, samples should be first analyzed fresh
on board ships. Alternatively, if fresh andysisis not possible, a
smple method for the preservation of marine samples, that in-
terfere minimaly with the cellular properties of phytoplanktonic
cells, was developed by Vaulot et al.'> The combined anaysis of
the light-scattering parameters and of the fluorescence of natural
photosynthetic pigments (chlorophyll, phycoerythrin) alows
the identification of different groups that differ in terms of
size and pigment contents. Several aspects are critical to success-
ful analyss of picoplankton samples:

« caeful sample preservation (if necessary)

« good discrimination of populations from noise
« accurate identification of populations
o caeful determination of flow sample rate.

Figure 1-3: Example cytograms were obtained for samples col-
lected at 2 different depths, 60 m (Fig. 1, 2) and 5 m (Fig. 3), in
oligotrophic waters (Pacific Ocean) containing Prochlorococcus
(Proc), Synechococcus (Syn) and picoeukaryotes (Euk). Data ac-
quisition is triggered by red fluorescence to reduce interferences
from non fluorescent particles. Subpopulations are interactively
defined with gates and identified by the combination of al re-
corded parameters. The Synechococcus population is discrimi-
nated from other phytoplankters by its orange fluorescence
(due to the presence of phycoerythrin) on the orange versus
red fluorescences cytogram (Fig. 1). Prochlorococcus cells that
are smaller and less fluorescent are distinguished from picoeu-
karyotes on the bivariate distribution of the SSC (a function of
sze) versus red fluorescence (Fig. 2). The low red chlorophyll
fluorescence of Prochlorococcus in surface waters does not allow
complete separation of them from noise (Fig. 3). Fluorescent mi-
crospheres (0.95 um beads) are added as internd reference. All
other particles are non photosynthetic detrital particles.
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Materials
Equipment

- FACSort flow cytometer

- Pipetmen and tips for 1 to 1000 u

- Waterbath

- 1.8 ml Cryovids

- Vortex mixer

- Disposable 0.2 pm-filter units and plastic syringes

Reagents

- Paraformadehyde powder (SSIGMA P-6148)

- Glutarddehyde: 25% agueous solution (SIGMA G-6257)

- RNase A : SIGMA (R-4875)

- RNase B: SIGMA (R-7884)

- SYBR™ Green-I: Molecular Probes (Ref S-7563)

- 0.95 pm Yéelow-Green fluorescent beads:. Polysciences (Ref
71825)

Solutions

Fixatives solution
- 10 ml of paraformadehyde 10%
- 200yl of glutarddehyde 25%

SYBR™ Grean|
- 1% of the commercia solution in distilled water (store frozen
in aiquot of 1 ml)

RNase mixture 0.1 g/l
- 50% RNase A
- 50% RNase B

0.95 um Beads solution
- 10° beads per ml in 0.2 um filtered seawater
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Sheath fluid
- 0.2 ym filtered seawater

Citrate stock solution
-1M potassum citrate in digtilled water

Preparation

paraformaldehyde (see previous section)
RNase. The mixture of RNase A and B is boiled for 10 min at
90°C to degrade any contaminating DNase

Procedure

1. Put 1 ml of sample in a pre-labeled cryovial.

2. Add 100 ul of a mixture of paraformaldehyde 10% and glu-
taraldehyde 0.5%.

Note: The preservation is not necessary if samples are run im-
mediately. The mixture of fixatives may be aiquoted and pre-
served a -20°C.

3. Wait for 15 min a room temperature then freeze the samples
in liquid nitrogen and transfer a -80°C until further analysis.

Fig. |

Red Fluorescence

Orange Fluorescence

Sample
collection and
preservation
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Flow
cytometric
analysis

Instrument
settings

Note: The samples can be stored at -80°C for a period ranging
from a few days to more than one year. They degrade very
quickly if kept at -20°C.

4. Preserved samples are quickly thawed in a water bath at 37°C.

Note: Dense culture samples can be diluted in 0.2 pm-filtered
seawater in order to avoid coincidence on the flow cytometer.

5. Add 10yl of the bead solution and { ml of the sample in a pre-
labeled flow cytometric tube.

Note: The beads solution should be prepared daily. Beads are
electrogtaticaly charged and can gtick to the wal of the tube.
Moreover a progressive degradation of their fluorescence occurs
when kept at room temperature.

Note: 0.2 urn-filtered seawater is preferred to distilled water as
sheath fluid because the latter induces changes on both forward
and side scatters as well as cell counts.

6. Run a characteristic sample in order to adapt the configura-
tion and the settings (see Comments).

Note: On the FACSort flow cytometer, for a natural sample col-
lected at low depth, typical settings are FSC=E02, SSC=450,
Green=650,0range=650, Red=600. All parameters are collected
on logarithmic scale. The discriminator is set on the red fluor-
escence and the threshold at 0.

Fig. 2

10"

Red Fluorescence
3
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7. Weigh a tube containing a sample. Start the acquisition. Start ~ Flow rate
the chronometer as the injection of the sample begins. calibration

8, Simultaneoudly remove the sample tube and stop the chron-
ometer. Weight the sampling tube.

Note: The chronometer indicates the time of injection alowing
the evaluation of the flow rate. The difference between weights
before and after the injection gives the delivered volume (see
Comments).

A Pipetman-1000 or 100 can be used instead of a balance. (see
Notes and Comments for more details)

Fig. 3 4

Red Fluorescence

HEComments
Instrument choice

Senditivity is of critical importance when analyzing oceanic pi-
coplankton. Prochlorococcus are very dim in surface oligotrophic
waters and may be easily missed if the instrument sengitivity is
poor or if optimal settings are not used. In our hand, the best
commercidly avallable instrument for picoplankton anadysis
is the FACSort from Becton Dickinson because of its excellent
sengtivity and its compact design alowing easy use on board
ships. Still it does not dlow to completely resolve Prochlorococ-
cus in most oceanic surface waters (Fig. 3). A custom modifica
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tion of the laser focalization and of the forward scatter detection
has been described!® to allow Prochlorococcus detection even in
extremely oligotrophic waters. Another critical aspect of pico-
plankton analyss is the necessity to obtain absolute (and not
relative) abundance of the different cell populations. Unfortu-
nately, most available instruments are not set to deliver well-de-
fined sample volumes. Therefore in al cases it is necessary to
precisely estimate the volume of sample andyzed. On the FAC-
Sort, the most accurate method consist in determining the flow
rate very precisaly and then recording the time of andyss for
each sample.

Preservation

Best results are obtained on fresh samples run immediately after
collection. Fresh samples can be stored at 4°C for up to 12 hours
with minimal effect. Fixation will always result in cell loss (about
10%), in change of scatters signds and in a sharp increase of or-
ange fluorescence (up to two fold), The choice of the preservative
may depend of the nature of the cells. Glutaraldehyde (0.1 to 1%)
and paraformaldehyde (0.5 to 3%) are the most common chemi-
cas used for preserving seawater samples. Glutaraldehyde at
high concentrations (> 0.5%) generates crystalization, inducing
noise that emits in the green region of the spectrum. The use of
paraformaldehyde is an acceptable dternative to glutaraldehyde
since it does not induce autofluorescence of the preserved cells.
We found that a mixture of paraformaldehyde 1% and glutar-
adehyde 0.05% (fina concentrations) was an acceptable com-
promise.

Preparation of the fixative solution requires special care.
Paraformaldehyde is a polymerized formaldehyde having
poor crosslinking properties and cannot be used in that state
as a fixative. By heating paraformaldehyde in water, the polymer
dissociates into formadehyde which is more water soluble and
an efficient fixative. It is very difficult to completely dissolve the
paraformaldehyde powder, it must be vigoroudy mixed in dis-
tilled water for 2 hours or more at 70°C. The solution obtained
can be clarified, after cooling a room temperature, by addition
of small amounts of sodium hydroxide IN. ThepH is then ad-
justed, but the solution must be aways filtered on Whatman pa
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per filters (Grade 113) and then through 0.2 m-filter before dli-
quoting and storage. We did not observe any significant differ-
ence between analys's of samples fixed with paraformaldehyde
freshly prepared or preserved at -20°C for up to one year. How-
ever, after thawing, paraformaldehyde aliquots must be kept at
+4°C and should not be used beyond one week.

Calibration of the flow rate

Most flow cytometers do not record the volume of the sample
that has been anayzed; they only record the duration of the ana-
lysis. Therefore it is necessary, in genera, to determine the sam-
ple flow rate very precisely. Some instruments can be equipped
with automatic sampling devices that deliver known volumes
with high reproducibility. Even in this case, the nomina volume
must often be calibrated and corrected for a dead volume that
must be determined. To calibrate such systems, a suspension of
fluorescent beads can be used. After enumeration of the beads
suspension by epifluorescence microscopy, 5 to 10 replicates are
anayzed by FCM under fixed delivery conditions. The actua vo-
lume (V) ddlivered is given by:

V=A/S

where:

A = number of beads analyzed

S = number of beads per ml determined by epifluorescence mi-
croscopy in the initia suspension.

The use of fluorescent microspheres as internd standards at
known concentration has sometimes been reported to caculate
the analyzed volume. We do not recommend this method, how-
ever, because the electrostatic properties of beads are generaly
modified by seawater and they tend to stick to the plastic tubes or
into the sample line, modifying their initial concentration.
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A precise method for the cdibration of the flow rate is de-
scribed hereafter for a FACSort flow cytometer. After setting
the rate (HI, MED, LO) to be calibrated, the outer sleeve of
the injection needle is removed to inactivate the vacuum and
to avoid aspiration of liquid. A tube containing two ml of 0.2
urn-filtered seawater is set and the lower arm is immediately
moved to the central position. Simultaneously a chronometer
is started. After 10 min or more, the injection of the sample is
stopped by moving the arm left or right, the sample tube is
quickly removed and the chronometer stopped. The remaining
volume is measured and the rate is deduced as follows:

R=(Vi-Vi)IT
where:

R =Ratepl. min-1)
Vi = Initid volume (W)
Vf = Fina volume ()
T = Time (min)

Instead of using volume measurements, a balance can be used
for weighing the tube containing filtered seawater before and
after running and the following formula can be used:

R= (Wi -Wf)/(T*d)

where:

R =rate (W.. min-1)

Wi = initid weight (mg)

Wf = find weight (mg)

T = Time (min)

d = dengity of the solution (seawater; typically 1.036).

The method described here is designed for a FACSort flow
cytometer but can be adapted to a majority of instruments.
On the FACSort, the flow rate remains relatively constant
over a large period. Nevertheless, it can be affected by environ-
mental parameters such as room temperature and must be cal-
culated daly a the beginning and at the end of the enumeration
experiments. If it is suspected that the rate varies or drifts, it must
be determined every 5 or 10 samples, since its determination is
critical for abundance estimates. Instability may occur in the
flow rate when aggregates or big cells are present in the sample
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which may clog the flow cell. A prefiltration through a 10 pm
nylon mesh is necessary in such cases.

Detection of phytoplanktonic cells

The detection and identification of phytoplanktonic groups is
the main difficulty encountered by the operator. The intensity
of the cellular parameters varies throughout the whole water col-
umn and the PMT voltages have to be adjusted frequently, de-
pending on the size of organisms of interest, and for a given or-
ganism or community (e.g. picoplankton) depending on the
depth sampled. The forward and the side scatters as well as
the intensity of fluorescence from natura pigments usudly in-
crease with depth, due to photoacclimatation processes.'®

The andysis of natural samples presents difficulties even for
an experienced operator and one should be careful to collect all
events of interest. The acquisition of smal photosynthetic cells
such as Prochlorococcus may be difficult particularly in surface
samples of oligotrophic ocean waters (Fig. 3). The chlorophyll
content is too low to be detected by the mgority of the existing
instruments.

If different depths have to be analyzed at a given site, it will be
better to start with the deeper sample since the chlorophyll con-
tent per cel is then maximum. The threshold is set on the red
detector and the red PMT voltage is increased until obtaining a
clear separation between noise and the lowest population.

If only surface samples are available, the best approach is to
sart with a flow cytometric tube containing 0.2 pm-filtered sea-
water. The acquisition is started, the discriminator set on the red
fluorescence (chlorophyll) and the threshold set at the minimum
vaue, The red PMT voltage is increased until noise can be de-
tected. The total number of events per second must be main-
tained below 100. Then a surface sample is run and the red
PMT value is decreased if necessary in order to obtain a total
number of events below 1000 per second.

In both cases, it is critica to adjust the PMT values in order to
use al the dynamic range of the logarithmic scales (see Fig. 2).
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Sheath fluid

Filtered seawater is preferred to distilled water, because this lat-
ter can induce modifications of the refractive indexes of the cells
resulting in changes of the measured forward (FSC) and side
(SSC) scatters.

Data acquisition

Samples are collected as lissmode files and routingly 20,000 to
40,000 events are recorded typically during 1 to 4 min on a FAC-
Sort flow cytometer using the high (HI) sample flow rate. List
mode storage gives more flexibility in data analysis, while requir-
ing large storage space (typically a cruise would require 1 Go of
disk space). We usudly transfer al data to another computer to
keep the instrument available for more analyses. In marine sam-
ples, rare cells (e.g. nano- or microplankton) are difficult to study
and require the anadysis of large sample volumes.

Data processing

Absolute cell concentrations for each population in a given sam-
ple are computed as follows:

Cpop =  Npop | (R*T)  *(Viotal/ Vsample)

where:

Cpop = Concentration of population in cell p-1

Npop = Number of cells acquired

T = Acquistion time (min)

R = Sample flow rate (1. min-1) as determined for the sample
series.

Viorat = VOlume of sample plus additions (fixatives, beads, €tc...)
(W) Vsample = Volume of sample (1)

Data were processed by the custom-designed software CYTO-
WIN (Vaulot unpublished) running under Windows, available
frecly at http://lwww.sb-roscoff/Phyto/cyto.ntml.  All parameters
are reported relative to the beads added to the samples:
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Xrg = Xpop ! Xbeads

where: Xpop iS the average value of a cell parameter (scatter or
fluorescence)for given populationand Xpeads the same para-
meter for the beads. Before ratioing, both X0, and Xoeads
must be expressed as linear values (not channels) after conver-
sion from the logarithmic recording scale. Since beads and cells
have very different refractive index, such ratioing does not con-
dtitute a size characterization. For example in Fig. 2, athough
Synechococcus  and beads have similar size (about 1 pm), the lat-
ter have a 10 times larger side scatter.

Su bprotocol 2
Abundance of heterotrophic bacteria. Cell cycle analysis
of photosynthetic prokaryotes

B Materials

The following methods are used both for the enumeration of pro-
karyotes in marine assemblages and for the cell cycle anayss of
photosynthetic prokaryotes. Flow cytometric analysis of bacter-
ia, that have generally a very low DNA content, requires the com-
bination of highly fluorescent stains and senditive instruments.
Nucleic acid stains are used for this purpose. However since they
stain both DNA and RNA and since bacteria may have a rela
tively high RNA content when grown under optimal conditions,
RNA must be removed enzymatically. For years, only the UV-
excited dyes Hoechst 33258 (H0258), Hoechst 33342 (H0342)
and DAPI could be used for analysis of phytoplanktonic cells.
Recently, new dyes from Molecular Probes Inc, (Eugene,
Oreg.) TOTO-1, TO-PRO-I, YOYO-1, YO-PRO-1 and PicoGreen
have been introduced for the detection of small amounts of nu-
cleic acids on electrophoretic gels. TOTO- and YOYO-1 are cy-
anine dyes that are chemicaly different but possess similar op-
tica properties. They can be excited by blue light, emit in the
green region of the spectra, are cell impermeant and can be
used on fixed cells. TOTO-1 seems to exhibit strong affinity
for CTAG sequences, while YOYO- 1 was found to have two hind-
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ing modes: at low concentrations it appears to be intercalating
and at high concentrations, external binding occurs. PicoGreen
has a strong affinity for double-stranded DNA and was designed
to quantify this molecule in solution. The fluorescence of these
dyes is proportiona to DNA concentration and does not depend
on the G-C content. They are, however, very sengitive to the ionic
strength of seawater and cannot be used directly on natura sam-
ples. Nevertheless the quality of DNA distributions obtained
with YOYO-1 or PicoGreen on cultured samples after dilution
in alow hypotonic buffer such as TrisEDTA (10 mM Tris-
HCl, 1 mM EDTA, pH 7.2), make them useful for culture studies’
Even more recently, Molecular Probes has released a new family
of nucleic acid dyes (SYBR family) for gel staining purposes.
SYBR™ Green-1 (SYBR-I) has a strong affinity for double-
stranded DNA, but also binds with single-stranded nucleic acids
with lower affinity. It can be excited by UV-light but is optimally
excited a 49 nm. It has the advantage of being less mutagenic
than ethidium bromide or propidium iodide. Since it has a very
high fluorescence yield and is not sengitive to ionic strength, it
appears idedlly suited for analysis of marine samples.” The meth-
od involves initid fixation by adehyde fixaives (see above), and
samples can be ether analyzed immediately or after preservation
in liquid nitrogen for delayed analysis.

We only present here the method with the SYBR-I stain. How-
ever, for cultures, SYBR-I can be replaced either by PicoGreen or
YOYO-1.7

Fig. 45 Flow cytometric analysis of a natura seawater sample
collected in the Pecific Ocean after staining with SYBR-I. Fig. 4
represents the DNA fluorescence versus chlorophyll content and
shows the distribution of the cell cycle of Prochlorococcus and of
the bacteria. Fig. 5 represents the distribution of the SSC (as a
function of the size) versus DNA-fluorescence of the prokaryotic
fraction. Two bacterial populations referred as Bl-like and B-ll-
like groups can be discriminated. Synechococcus and picoeukar-
yotes were present a low concentrations but are not visible on
these graphs due to the level selected and because Prochlorococ-
cus and heterotrophic bacteria are largely outnumbering them.
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Equipment

- FACSort flow cytometer

- Pipetmen and tipsfor 1 to 1000

- Waterbath

- 1.8 ml Cryovids

- Vortex mixer

- Disposable 0.2 pm-filter units and plastic syringes

Reagents

- Paraformadehyde powder (SIGMA P-6148)

- Glutarddehyde: 25% agueous solution (SIGMA G-6257)

- RNase A : SIGMA (R-4875)

- RNase B: SIGMA (R-7884)

- SYBR™ Green-I: Molecular Probes (Ref S-7563)

-0.95 um Yelow-Green fluorescent beads. Polysciences
(Ref 71825)

Solutions

Fixatives solution
- 10ml of para-formaldehyde 10%
- 200 Y of glutarddehyde 25%

SYBR™ Green-|
- 1% of the commercia solution in distilled water (store frozen
in aiquot of 1 ml)

RNase mixture 0.1 ¢/l
- 50% RNase A
- 50% RNase B

0.95 um Beads solution
- 10° beads per ml in 0.2 pm filtered seawater

Sheath fluid
- 0.2 ym filtered seawater
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Sample col-
lection and
preservation

Citrate stock solution
- 1 M potassum citrate in distilled water

Preparation

- paraformaldehyde (see previous section)
- RNase. The mixture of RNase A and B is boiled for 10 min at
90°C to degrade any contaminating DNase

Procedure

1. Put 1 ml of sample in a pre-labeled cryovidl.

2. Add 100 pl of a mixture of paraformadehyde 10% and glu-
taraldehyde 0.5%.

Note: The mixture of fixatives may be aliquoted and preserved at
-20°C.

3. Samples are fixed for 15 min a room temperature. If samples
cannot be analyzed immediately, after fixation, freeze them in
liquid nitrogen and transfer them at -80°C until further ana-
lysis.

Note: The samples can be stored at -80°C for a period ranging
from a few days to more than one year. Otherwise they may be
preserved at -20°C for a few weeks.

Fig. 4 104

10°

Red Fluorescence
k=

Green Fluorescence
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4. 1f samples have been preserved, they are thawed for 5 min a  Sample

37°C.

Note: In order to avoid coincidence on the flow cytometer, cul-
ture samples can be diluted in 0.2 pm-filtered seawater or in a
less hypotonic buffer for the cdll cycle andysis.

5. In a pre-labeled FACSort tube, mix:
- 250 jl of sample
- 2.5l of RNase mixture
- 7.5l of citrate
- 51l of beads solution

Note: Incubation must be performed in the dark and analysis in a
darkened room because most of the fluorescent dyes are light-
sensitive

6. Incubate for 30 min at 37°C.

7. Add 25l of SYBR-I solution.

8. Incubate I5min at room temperature in the dark.
9. Anayze the samples on the flow cytometer.

Note: Sample rate is set to medium speed (MED) in order to
avoid coincidence. Typical settings are FSC=EOQl, SSC=450,
Green=650,0range=700, Red=630. All parameters are collected
on logarithmic scale. The discriminator is set on the green fluor-
escence and the threshold at 200.

Fig. 5 w

Bact-Il

uorescence

Green
=y

preparation

Staining

Flow
Cytormetric

analysis
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Comments

(see dso Comments of the previous section)

Staining

Common problems are excessive noise and broad Gl-like peaks.
Noise can result from inadequate fixative solutions (See previous
section). Make sure that al your solutions, including buffers,
dyes or detergents are free of contaminating microorganisms.
However, dye stock solutions must not be sterilized by filtration
through 0.2 urn because some types of membranes can adsorb
dyes. Broad Gl-like pesks generaly result from too high dye con-
centration, inducing nonspecific binding. Signa compensation
may be necessary to better discriminate photosynthetic cells
from heterotrophic bacteria.

In the first seconds of analysis, instability may occur or ac-
quisition may look noisy (high numbers of events per second).
A sample of stained sheath fluid can be used to initialy equili-
brate or to clean the sample line between two samples.

Data acquisition

Logarithmic amplification gives the multidecade dynamic range
necessary for the analysis of natural populations of planktonic
cells, that present a wide and complex distribution. Nevertheless
for cel cycle analysis, acquisition needs to be performed both on
logarithmic and linear scales. For the cell cycle analysis of photo-
synthetic cells, a T-connector is set on the output of the green
photomultiplier to record smultaneoudy both signas for the
green fluorescence of the SYBR-I. Then we disconnect the output
from the orange photomultiplier and use the corresponding ana-
log-to-digital converter (used previoudy for the orange fluores-
cence) to collect the linear signa for the green fluorescence.
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Data processing

Data andysis is performed with cytowin as described in previous
protocol. Care must be taken to include correction factors to ac-
count for sample dilution with the different solutions added.

Su bprotocol 3
Taxonomy of eukaryotic picoplankton (In situ hybridization)

From knowledge of the ribosomal DNA sequences of microor-
ganisms, nucleic acid probes specific for taxa can be designed.”
They are complementary to a region of the ribosoma RNA mo-
lecule which is unique to the target group and can be used as
“phylogenetic stains* once they have been labeled with a fluor-
ochrome.® Oligonucleotide probes will hybridize to their homo-
logous strand on the rRNA molecule within preserved cells. La
beled cells are detected by the probe-conferred fluorescence.
This method is now commonly used for the identification of bac-
teria (see review from ref.'®), but can also be used for the detec-
tion and identification of phytoplankton. Such probes are espe-
cidly useful for the study of the smalest algae (picoeukaryotes)
for which identification requires much time and expertise using
traditional techniques because morphological characters are not
readily available. Routingly used on cultured species,>'> whole-
cell hybridization has yet to be applied to natural samples where
the cell population of interest (a given species or genus for ex-
ample) is part of a complex community. The latter application
will require improvement in the sample preparation protocol to
avoid cdll loss and in the fluorescent reporters used to increase
positive to negative signd ratios.

Cdls are discriminated on SSC versus green fluorescence
(FITC) cytograms. Emilianiahuxleyi (Prymnesiophyceae) has
been chosen as an example for in situ hybridization with a probe
specific for the Prymnesiophyceae (FITC-PRYMNOI, Fig. 6) and
as a contral, with a probe specific for the divison Chlorophyta
(FITC-CHLOOI, Fig. 7) that should not label these cells. Fluor-
escent microspheres (0.95 pm beads) were added as interna re-
ference.
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Monoparametric distributions of the green fluorescence rela
tive to FITC, are superimposed on Fig. 8. Data were collected
independently for the autofluorescence, the negative (HTC-
CHLOQI), the positive (FITC-PRYMNOI) and specificity
(FITC-PRYMNOI / PRYMNOI) controls.

Materials
Equipment

- FACSort flow cytometer

- Hybridization oven

- Centrifuge for 15 ml tubes

- Microcentrifuge

- Pipetmen and tips for 1 to 1000
- 15 ml eppendorf tubes

- 15 ml tubes

Solutions

PBS
- Phosphate Buffered Saline (Sigma P 3688) pH 7.4

Permegbilising agents
- Paraformaldehyde 10% pH 7.2 (see above for preparation)
- 70% Ethanol in PBS, filtered through 0.2 pm

Hybridization buffer

- NaC10.9 M

- TrisHCl (pH 7.8) 20 mM

- SDS0.01 %

- Formamide X % (concentration ranging from O to 50% has to
be determined experimentaly)
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Probes

- Detailed protocol for the design and labeling of taxon specific
oligonuclectide probes in Amman e al.?

- FTC labeled probes are kept at -80°C in 50 yl aliquots in dis-
tilled water. Working stocks are 50 ng/pl.

- Labeled probe used as examples:
- FITC-CHLOOI specific for Chlorophyte algae
- FITC-PRYMNOI  specific for Prymnesyophycese adgee

- Unlabeled probe: Unlabeled-PRY MNOI

WM Procedure

1. For each species prepared pre-labeled 15 ml tubes in order to  Whole-cell
measure: hybridization
- Autofluorescence (no probe)
- The fluorescence conferred by the specific probe (e.g.
FITC-PRYMNOI)
- The fluorescence conferred by the non-specific probe
(e.g. FITC-CHLOOI)
- The fluorescence conferred by a mixture of the specific
probe labeled and unlabeled (e.g. FITC-PRYMNOl +
PRYMNOI)

Note: If the concentration of the target population is low (10310
celgml) in the origind sample, concentration procedures (ul-
trafiltration or centrifugation) should be used prior to fixation.

Fig. 6 10
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Fresh paraformaldehyde (less than one week old) has to be used.

2. In each tube add 5 ml of an exponentia culture of picoeu-
karyotes at a concentration of about 10° cells/ml

3. Add 500 pl of paraformaldehyde 10% in each tube. Incubate
for 1 hat 4°C.

4. Spin down the cells at 4000 xg for 3 min a 4°C

5. Remove the supernatant and immediately resuspend the
cells in 500 pl of cold (-20°C) ethanol:PBS (70:30, vol:val).

Note: This step modifies the natura fluorescence properties of
photosynthetic cells. Photosynthetic pigments are damaged by
acohol treatments

6. Transfer each sample in Eppendorf tubes.

7. Spin down the cells a 4000 x g for 3 min and resuspend them
in 20 pl of hybridization buffer.

Note: At that stage, samples can be stored at -80°C until needed
for hybridization experiments and anadyses

8. Add 1 ul of the chosen probe (as defined in step 1) to a 20
aiquot of the cells suspension.

Note: Alternative detergent can be tested in the hybridization
buffer such as:
Triton (0.01 to 0.1%) (Sigma T 9284).
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Tergitol (0.05 to 0.1%) (Sigma NP-40).
CHAPS (0.1%) (Sigma C 5070).

9. Incubate 3 h in the dark at 46°C.

10. Stop the hybridization by adding 500 |l of ice cold PBS pH
9.0. Keep the samples on ice.

Note: After hybridization, a washing step might be needed to re-
move nonspecific staining

11. Anayze the samples within 24 h.

Note: After 24 h an increase of the autofluorescence of the cells is

observed as well as a decrease of the intensity of the fluorescence
corresponding to specific labeling.

B® Comments
Probe labeling

Fluorescein (FITC, Ex=490nm, EM= 525nm) is currently used
for probes labeling for in situ hybridization with agal cells. Pur-
ification of the oligonucleotides, is an essentid step since re-
maining unlabeled oligonucleotides will compete with labeled
probes and thus lower the fluorescence intensity of hybridized
cels.

Fig. 8
FITC-PRYMNO1/PRYMNO1

FITC-CHLOOI
\A 3
w

1]

FITC-PRYMNOI

a
G
’ .
N
Autofluorescenc H !
’
A i
{ !
,/ :

10 10’ 10

Analysis
of samples



444

D. MARIE ET AL.

Signal intensity

It has been reported that the intensity of the labeling depends on
the physiologica state of the cells, dthough this idea is contro-
versa and may not be true for al groups. We observed that the
intensityofthespecificsignalisoptima whencell sareharvestedin
exponentia growth stage. The intensity of the signal is aso size
dependent. For example for the chlorophytes Chlamydomonas
concordia (8 to 12 pm) and Micronones pusilla(l to 3 pm)
the ratio between specific and non-specific probe-conferred sig-
nals are 10 and 3 respectively. A range of controls are necessary to
distinguish a truly specific signal from autofluorescence and non-
goecific sgnas Cdlswhich do not grow under optima conditions,
may have fewer ribosomes and therefore show reduced fluores-
cence signas.!! Differences in the cell permesbility for probes
among different species could be another reason for unequa la
beling of cdls We use the following positive and negative controls:
- A sample without any probe is used to record the autofluor-
escence and al other fluorescence vaues will be ratioed to
autofluorescence.

- A positive control constituted by a specific probe: the
PRYMNOI and CHLOOI probes are used as positive controls
for Prymnesiophyceae and chlorophyte cultures respectively.

- A negative control congtituted by a non-specific probe: the
CHLOOI and PRYMNOI probes are used as negative controls
for Prymnesiophyceae and chlorophyte cultures respectively.

- A spedificity control is condituted by amixture of HTC-labeled
and unlabeled specific probe in equa orvaryingproportions. If
the probe is redlly specific, then 18S rRNA target sites should be
blocked by the unlabeled probe and the intensity of the green
fluorescence of FITC should decrease when the concentration
of unlabelled probe increases.'?

Until now, the use of this technique both on cultured and natural
seawater samples has been limited by problems linked to low
sgnd intensity. Several solutions have been proposed such as
the use of multiple probes* or the use of indirect labeling
(e.g. biotin labeled probes in conjunction with fluorescently la
beled streptavidin). In al cases, very gtrict controls are needed
before establishing that a specific probe labels a given strain of
cultured agee.
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Subprotocol 4
DNA content and G-C% on isolated eukaryotic nuclei
for taxonomy and ploidy studies

An other potentia use of nucleic acid-specific dyes, is the deter-
mination of the DNA content and the G-C% of phytoplankton
cells. This is performed on uniagal cultures. DNA quantification
has to be done on isolated nuclel, without fixation, in order to
obtain stochiometric binding of the dyes. Ploidylevd can be ana
lyzed either on isolated nuclei or on fixed cells, when nuclel cannot
be isolated. The isolation ofnuclei, by osmotic pressure modifica:
tion or by the action of detergents, presentstwo mgjor advantages.
First it facilitates the access of DNA to large stain molecules that
normally cannot cross easily cellular membranes. Second, it re-
moves the cytoplasm and avoids non-specific binding.

Addition of an interna reference is necessary to obtain a pre-
cise measurement of the DNA content of unknown species. Nu-
clei of reference and unknown cells must be mixed together prior
to staining. The reference nuclel must be carefully chosen such
that their DNA content are close to that of the planktonic cells.
Chicken red blood cells (CRBC, 2.33 pg, 42.7% G-C) can be used
for large alga cells. Algae with known DNA content and G-C%
can be used when CRBC fall outside the range (e.g. Phaeocystis
strain PCC 64 = 0.21 pg for the 1C,54% G-C®). The DNA-related
fluorescence should be acquired on both linear and logarithmic
scales. The linear scale is optimal to accurately estimate the DNA
content. The logarithmic scale is useful when the unknown spe-
cies and the interna reference display a large difference in terms
of dye-fluorescence intensity (Fig. 9). The cytogram of log Side
Scatter (SSC) versus log DNA-fluorescence, is used for the iden-
tification of isolated nuclel and to gate out the debris. The ade-
quacy of the preparation and staining procedure is evaluated by
the coefficient of variaion (CV) of the Gl-like peak which must
be as low as possible. Ideally, each sample should be run in du-
plicate, allowing for quality control of staining variability. Five to
ten replicates should be performed for each species and averaged
for reliable statistical results. The ratio of the peak positions of
the sample to the standard is used for the calculation of the ploi-
dy level. Routinely 5 000 to 20 000 events excluding noise are
collected.
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Three dyes are useful for such anadysis. Propidium lodide (PI)
displays no base specificity and therefore is useful for assessing
DNA content. Hoechst (or DAPI) dyes are A-T-specific while
Chromomycin A3 (CA3) is G-C specific. Parallel staining of sam-
ples with these 3 dyes alows to estimate G-C% .2 Propidium
lodide (PI, Ex=493 nm, Em=639 nm) binds to double-stranded
nucleic acids by intercalation and has broad excitation bands
both in UV and in blue-green regions that make it usable on
the mgjority of the flow cytometers. Pl is sengtive to the ionic
strength and may be used in low hypotonic buffers. We have
used it on whole cells, when analysis cannot be performed
with HO342 or CA3. Staining is optimum at low concentrations
ranging from 1to 5 pg/ml.

The Hoechst bis-benzidimide dyes (HO342 and H0258) or
DAPI are low cost non-intercalating dyes that have a high spe-
cificity for double-helical DNA, and bind preferentidly to se-
quences with A-T bases. They emit blue fluorescence when ex-
cited by ultraviolet (UV) light at -350 nm. HO342 can be used
with a large variety of marine species. It cannot be used to es-
timate absolute DNA content or to compare cells that differ
in their proportion of A-T bases. Nevertheless, it can be used
on entire cells for ploidy measurements, by comparing the
peak positions of an interna standard and of the species of in-
terest, or of a mixture of species. HO342 fluorescence emission
can be enhanced by addition of citrate (10 to 50 mM) or sodium
sulfite (1 to 5 mM). It may be used a very low concentrations, up
to 1 pg/ml, onfixed phytoplanktonic cells and is preferred to its
homologue HO258 or to DAPI, that generaly present unspecific
binding. We observed that RNase trestment improves both the
intengity of the signal and the coefficient of variation of the Gl-
like peak of HO342-stained cells, especidly for the prokaryotic
fraction of picoplankton.

Chromomycin A3, like Mithramycin, is a non-intercalating
fluorescent antibiotic that presents a strong affinity for the 2-
amino group of guanine in DNA when complexed with magne-
sium. It is optimaly excited a 457 nm and very poorly at 488 nm.
Therefore it is not suitable for single wavelength lasers that equip
most small flow cytometers. Stock solutions of CA3 containing
MgCl, (100 mM) show no deterioration for months when stored
at -20°C. CA3 can be used on ddehydefixed cells without inter-
fering with chlorophyll emission. It dso gives good results with
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diatoms, after fixation by acohals. It can be used over a wide pH
range, from 6 to 8.5, with concentrations of 5 to 100 pg/ml, both
in low and high hypotonic buffers, in presence of 30 mM mag-
nesum. CA3 may be a potentia health hazard and should be
used carefully.

Flow cytometric analyses can be conducted on an EPICS 541
flow cytometer (Coulter, Hialeah, FL) equipped with a Biosense
flow chamber and an Argon laser (Coherent). For each dye, the
optica configuration of the EPICS 541 flow cytometer is illu-
drated in Fig. 10.

Fig. 9: Phaeocydtis strain Rosko A was analyzed in presence of
CRBC as internd standard after staining by the A-T-specific dye
HO0342. DNA fluorescence was collected as linear and logarith-
mic signas (Fig. 9). The linear fluorescence is necessary for the
caculation of the ratio of modal DNA fluorescence between the
species and the internal standard. The logarithmic signal alows
to obtain a large dynamic range necessary to visualize a mixture
of nuclel with very different DNA contents. Figure 11 shows the
superimposition of histograms obtained independently for
HO0342, CA3 and PI. The amplification of the signd was adjusted
for each dye to set the modd position of the internd reference
(CRBC) to a fluorescence vaue of 70.

Materials
Equipment

- To quantify DNA content and GC%, analysis has to be per-
formed with three different dyes, that have different excita
tion spectra. This requires the use of atunable laser, that
can be set in UV (353-357nm), violet (457nm) and blue
(488 nm) lines that are available on argon laser

- Pipetmen and tips for 1to 1000 u

- 15 ml eppendorf tubes

- 10 um nylon mesh
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Reagents

- Hoechst 33342 stock solution 1mg/ml in distilled water (Mo-
lecular Probes, H-1399)

- Chromomycin A3: stock solution 1 mg/ml in 100 mM magne-
sium chloride (Sigma, C 2659)

- Propidium lodide: stock solution 1 mg/ml in distilled water
(Sigma, P 4170)

Solutions

Nucle isolation buffer

- Sorbitol 125 mM

- Potassum Citrate 20 mM

- Magnesum Chloride 30 mM
- Hepes 55 mM

- EDTA:5mM

- Triton X-100: 0.1%

RNase mixture 0.1 g/l
- 50% RNase A
- 50% RNase B

Sodium bisulfite
- Stock solution 1 M in distilled water prepared daily and stored
a 4°C

Preparation

RNase
- The mixture of RNase A and B is boiled for 10 min at 90°C to
degrade any contaminating DNase

Alsever solution

- 72 mM NaCl

- 27 mM Sodium Citrate

- 114 mM Glucose

- 1% Triton X-100

- Adjust pH to 6.1 with Citric Acid 10%
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CRBC (Chicken Red Blood Cells)
- Collect 1ml of blood
- Add 3 ml of Alsever solution
- Mix for 1min
- Centrifuge 1000 x g for 3 min
- Rince with 3 ml of Alsever solution
- Centrifuge 1000 x g for 3 min
- Resuspend in 3 ml of Alsever solution
- Store in small aiquots at -20°C.

B [ Procedure

1. Add 50 pl of sodium meta-bisulfite to 10 ml ofisolation buffer. Isolation

Note: Addition of a protectant such as sodium bisulfite or 3-mer- of nuckl

capto-ethanol is recommended to avoid rapid degradation of

Fig. 9
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Add internal
reference
(CRBCs)

Staining

isolated nuclei. Sodium bisulfite is used in place of Fmercapto-
ethanol because of the high toxicity of the latter.

Solutions containing sodium bisulfite are unstable and must be
prepared just before the experiment.

2. Prepare 3 separate Eppendorf tubes, one for each dye.

3. Add 2 to 100 pl of the cell suspension to the necessary volume
of isolation buffer, such that the find volume is 1 ml.

4. Add 5yl of the interna reference. If CRBC are used thaw an
aiquot and dilute it 50-fold with Alsever solution.

Note: The internd reference and the sample maybe mixed before
addition of the dye. The choice of the interna reference may de-
pend on the nature of the sample (see Comments).

5. Add the stains, e.g. respectively 5, 40 and 30 pI/ml of stock
solutions of Hoechst 33342, Chromomycin A3 or Propidium
lodide.

Note: RNase can be used with intercaary stains such as Propi-
dium lodide. Thus add 5 pI/ml of the RNase stock solution.

6. Keep the sample on ice and wait for 5 min for Hoechst, 15 min
for Chromomycin or Propidium lodide.

7. Filter through 10 pm nylon.

SSC Fig. 10
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8. Andyze on the flow cytometer at room temperature. Flow
- . , tometri
Note: Digtilled water is used as sheath fluid. gg’aﬁzi rie

ME Comments
Internal standard

The absence of convenient biological standard for the estimation
of the DNA content of marine species congtitute a mgjor pro-
blem. The main difficulty of the procedure is therefore to choose
an internd standard. CRBC standards generally give coefficients
of variation below 5%. Nevertheless, in some cases, we observed
arapid degradation of the internal standard, due to the high hy-
potonicity of the isolation buffer or to some chemical com-
pounds contained in the initiad sample

DNA quantification

In the example given in Fig. 9, the position of the 1C peak of
Phaeocystis relative to CRBC was 0.043 with HO, 0.19 with
CA3 and 0.133 with PI. These ratios differ significantly, indicat-
ing that the G-C% of Phaeocystis is quite different from that of
CRBC. As the intercaating dye Pl binds proportionaly to the
base-pairs content, the ratio between the peak position of the
sample to the standard is used to estimate the genome size.
HO342 and CA3 bind to sequences of respectively 5 consecutive

Fig. 11
9 Pha eocys tis CRBC

HO342 CA3
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A-T bases and 3 consecutive G-C bases.?* described a non-linear
relaionship between changes in fluorescence intensity and base
composition. As A-T% (or G-C%) increases, the HO342 (or CA3)
sgnal increases in a non-linear manner. Godelle developed a
curvilinear model that allowed the determination of the G-
C%. Two smplified estimates of the base-composition of a un-
known species can be obtained from a known reference as fol-
lows:

A-T% species = A-T% reference * (Ruo342 / Rp)1/5
G-C% species = G-C% reference * (Rcas/ Rpp)1/3

where:

Rpr = Intensity species / intengity reference obtained with Pl
Ruossz = Intensity species / intensity reference obtained with
HO342

Recas = Intensity species/ intensity reference obtained with CA3

Isolation of nuclei

With phytoplanktonic cells, it is often difficult to isolate nuclel
without damaging them (e.g. for diatoms). The method de-
scribed above has been developed in order to obtain optima re-
sults on a wide range of photosynthetic cells. However, dight
modifications in the composition of the isolation buffer may
be required for some species. For example higher detergent con-
centrations may help for some difficult samples. Observations
with epifluorescence microscopy will help the operator to opti-
mize of the protocol. With HO or DAPI, variations in light emis-
sion can be observed when dye concentration is too high (nuclei
appear white), when nuclei are partidly degraded (variable col-
or) or when the pH is too acid (yellow fluorescence). Aberrant
morphology of nuclei or entire cells are usudly an indicator of
inadequate buffer composition.

This study was funded in part by contract MAS 3 - CT95 - 0016
(MEDEA) from the European Community and by the French
programs Biodiversite Marine and Réseau Biodiversite ACC-
SV7. The EPICS 541 andFACSort flow cytometers were funded
in part by CNRS-INSU and the Region Bretagne.
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