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ABSTRACT: A method based on autoradiography and epifluorescent microscopy of cell samples 
incubated with HI4CO3 was used to detect and enumerate phototrophic microorganisms. The pico- 
plankton cells which fixed HI4CO3 in the light were spherical or ovoid and ranged from 0.8 to 1.4 pm in 
maximum dimension. Photosynthetic picoplankton abundance ranged from 3.7 to 49 X 106 cell 1-' at 
5 stations selected to provide a wide range of environmental conditions. Primary production of the 
5 1.0 pm fraction, as estimated by I4C uptake, amounted to 12.7 % to 65.1 % of total particulate 
production. Cell abundance estimates combined with data from size-fractionated primary productivity 
experiments were used to calculate carbon-specific growth rates. Growth rate estimates ranged from 
0.9 d-' at the center of a warm core eddy, to 8.9 d-' in an upwelling region off S. W. Nova Scotia, 
Canada. 

INTRODUCTION 

A rapidly growing literature points to the abundance 
of very small photosynthetic microorganisms in the 
world ocean (e.g. Waterbury et al., 1979; Johnson and 
Sieburth, 1979, 1982; Li et al., 1983). The term 'pico- 
plankton' has been suggested for organisms falling in 
the size range of 0.2 to 2.0 pm (Sieburth et al., 1978). 
Dynamical measurements of phototrophs within this 
size range have confirmed that these microorganisms 
contribute substantially to the primary productivity of 
tropical, oligotrophic, and coastal eutrophic regions (Li 
et al., 1983; Platt et al., 1983; Larsson and Hagstrom, 
1982). 

One problem in quantifying the abundance of these 
autotrophic cells is in differentiating them unequiv- 
ocally from the heterotrophic bacterioplankton of simi- 
lar size. To date, estimates of numbers of photosynthe- 
tic picoplankton in natural water samples have been 
based on morphology, ultrastructure (e.g. thylakoid 
arrangement), and fluorescence characteristics (John- 
son and Sieburth, 1979; Waterbury et al., 1979). Prob- 
ably the most widely used method for detection con- 
sists of counting cells using autofluorescence. This 
refers to the ability of some cells to fluoresce under 
epifluorescent illumination in much the same way as 
cells stained with fluorochromes (e.g. acridine orange, 

proflavin, and DAPI). This fluorescence is presumed to 
be due to the presence of photosynthetic pigments 
including chlorophyll and phycoerythrin. 

As well as counts of individual cells, fluorescence 
measurements of acetone extracts of size fractionated 
water samples have been used to assess the abundance 
of these organisms (Li et al., 1983; Platt et  al., 1983). 
The results of these workers have confirmed that a 
substantial portion of the total photosynthetic pig- 
ments in the tropical ocean may occur in the pico- 
plankton size range. 

This report presents a methodology for detection and 
enumeration of photosynthetic picoplankton based 
upon uptake of HI4CO, in the light. This technique 
couples autoradiography with epifluorescent micro- 
scopy to allow enumeration based on the trophic func- 
tion of the cells. The technique was used to identify 
phototrophic cells based on exposure of silver grains 
due to light-dependent uptake of 14C0,. While grain 
autoradiography may be a powerful tool for detection 
of cells involved in uptake of specific substrates, it is 
not appropriate for quantitative analysis of uptake by 
individual cells (Knoechel and Kalff, 1976). For this 
reason no attempt was made to compare relative rates 
of uptake by individual cells. 

The cell numbers obtained with this technique have 
been combined with productivity measurements made 
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on size-fractionated samples to estimate carbon- 
specific growth rates. This protocol has been followed 
at 5 stations off the coast of Nova Scotia. These stations 
were selected to test the reliability and reproducibility 
of the method over a range of environments. 

pore HA filtered 3.0% NaCl in distilled water and 
allowed to air dry. Wedge-shaped sections from the 
filters were attached to clean microscope slides using 
double sided adhesive tape (Scotch #665). The filter 
sections were placed across 2 strips of tape so that the 
membrane area to be viewed was not underlain by the 
tape. This is necessary as the tape absorbs stain caus- 

MATERIALS AND METHODS ing a bright background fluorescence. 
The slides were dipped in photographic emulsion 

Autoradiography (Kodak NTB-Z), diluted 1 : 3 with Millipore HA filtered 
water to produce an emulsion thickness of about 1 pm. 

Water samples were collected at 5 stations (Fig. l) ,  After dipping, the ends of the slides were touched 
during the period June 2-11, 1982 on the 'C.S.S. Daw- several times to a paper towel to draw off excess 
son' (Fig. 1). Five-liter Niskin bottle casts were col- emulsion. The slides were then placed on an ice cold 
lected at the 50 % light level. Subsamples were placed metal tray for at least 5 min to allow the emulsion to 

set. The slides were stored for ca. 12 h at room temper- 
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ature in a desiccator and then transferred to light-tight 
boxes containing silica gel. They were allowed to 
expose for 2 i  d at 2 to 4 "C. This exposure time was 
chosen on the basis of a preliminary experiment which 
confirmed that the number of cells labelled may 
increase for 18 to 20 d of exposure (Fuhrman and 
Azam, 1982). 

After the exposure period, the slides were developed 
for 2 min (Kodak D-11, 1 : 3  in distilled water), rinsed 
briefly and fixed in 30% sodium thiosulfate. They 
were then rinsed for 20 min in distilled water. 

The autoradiograms were soaked for 5 min in pH 6.6 
citrate buffer (0.01 M, Sigma C-7254 citric acid 
trisodium salt and BDH ACS 231 citric acid monohy- 
drate). They were then stained for 20 min in 0.1 % 

Fig. 1. Sampling locations acridine orange (Sigma No. 6014 dissolved in pH 6.6 
citrate buffer). Destaining consisted of passing the 

in 50 m1 glass bottles and inoculated with 50 pCi of slides through a series of citrate buffers as follows: 
Millipore HA filtered NaH14C0, solution (New Eng- pH 6.6, 5 min; pH 5.0, 3 min; pH 4.0, 3 min. The slides 
land Nuclear, specific activity: 0.1 rnCi mg-l). This were then rinsed briefly in fresh pH 6.6 buffer followed 
dosage is greater than that used in earlier work with by distilled water. All solutions including developer, 
larger phytoplankton (Maguire and Neill, 1971; Watt, fixer, stain, buffers, and rinse water were Millipore HA 
1971; Gutel'makher, 1973) and was chosen to max- filtered immediately before use. All manipulations of 
imize labelling of the picoplankton cells. undeveloped emulsion and slides were made in com- 

Except where otherwise noted, incubations were for plete darkness. 
24 h in a simulated in situ incubator using flow- Controls for background silver grains were included 
through cooling and neutral-density light attenuating as follows. To test for background grains arising from 
screens. Incubations were terminated with the addition the emulsion itself, light, or grain exposure due to 
of formalin to a final concentration of 2.0 %. An opaque processing of the samples, a slide was included with a 
bottle was included for each sample to test for dark clean filter slice attached. A second set of controls was 
uptake. Samples were stored at 2 to 4 "C in the dark included to identify silver grains due to abiotic uptake 
until processing in the laboratory. of filtered cells. These consisted of filters with cells 

Autoradiographic slides were prepared using a killed with formalin immediately following addition of 
method adapted from a protocol described for hetero- the radiolabel. 
trophic bacteria by Meyer-Reil (1978). Several m1 of Slides were viewed at 1250 X magnification with an 
each sample were filtered through a 0.2 pm Nuclepore epifluorescence equipped (exciter filter, 450-490 nm; 
membrane which had been prestained for 48 h in beam splitter, 510 nm; suppression filter, 515 nm: Leitz 
Sudan Black (Sigma S-2380, 1 : 15,000 in 50 % ethanol). filter pack I 2) Wild Leitz Dialux 20 EB microscope 
The filters were then rinsed ( X  5) with 10 m1 of Milli- using oil (Cargille Type A) immersion. Cells were 
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counted if they had exposed a minimum of three silver 
grains. In almost all cases more grains were exposed 
creating a 'halo' around the phototrophic cells (Fig. 2). 
Radiolabelled cells on 80 microscopic fields were 
counted for each sample. The mean cell abundance 
and the 95 % confidence interval of the mean based on 
the counts are presented (Table 1). For fields with 
particularly dark backrounds, light was passed 
through the slides from the microscope condenser 
below. This increases contrast, improving visibility of 
the emulsion silver grains. 

Size-fractionated primary productivity measurements 

Along with each autoradiography sample a parallel 
sample was size-fractionated through a pre-rinsed 
1.0 pm Nuclepore membrane. These filtrations were by 
gravity (no applied vacuum) to minimize cell damage. 
The filtrate was then placed in 50 m1 glass bottles, 
inoculated with H14C03, and incubated exactly as the 
autoradiography samples. 

Whole water samples were also inoculated and incu- 
bated. These were fractionated following incubation 
using 1.0 pm Nuclepore membranes and Millipore HA 
membranes for the > 1.0 pm and 1 1.0 pm fractions. 
These data form the basis of an ongoing study of the 
relative importance of heterotrophic uptake of the 
organic carbon produced by phytoplankton and are 
presented in this report only for comparison of the 
5 1.0 pm fraction uptake with total particulate uptake. 

Duplicate light bottles and a single dark bottle were 
incubated for all productivity measurements. Produc- 
tivity incubations were all of 24 h duration to corres- 
pond with those of autoradiography samples. Incuba- 
tions were terminated by filtration of the samples onto 
Millipore HA filters followed by three rinses with fil- 
tered seawater. The filters were fumed over concen- 
trated HC1 to remove inorganic radiolabel. The 
radioactivity on the filter was counted using a LKB 
Rackbeta liquid scintillation counter. Quench correc- 
tion was by external standards ratio and carbon uptake 
was calculated using the equation of Strickland and 
Parsons (1972). 

RESULTS 

Autoradiography 

Samples collected at the 50 % light level and incu- 
bated for 24 h produced autoradiographic preparations 
in which picoplankton cells were clearly labelled with 
silver grains (Fig. 2). Samples collected near the bot- 
tom of the euphotic zone and incubated at correspond- 
ingly lower light intensity produced autoradiograms in 

Fig. 2. Autoradiogram showing 4 labelled picoplankton cells 
(bar length = 5 pm) 

which a considerable proportion of cells were either 
unlabelled or had only 1 or 2 silver grains associated 
with them. Similarly, a preliminary experiment using a 
6 h incubation produced inconclusive labelling of 
picoplankton cells. Based on these results, 24 h incu- 
bations of samples collected at  the 50 % light level 
were performed and are presented here. 

Cell numbers of photosynthetic picoplankton ranged 
from 3.7 to 49 X 106 cells 1- I  (Table 1). The cells were 

Table 1. Abundance, I4C uptake, and specific growth rate of 
photosynthetic picoplankton 

Station Abundance - HI4 CO3 % Specific 
No. X uptake c1.O ~ r n  growth 

(f 95%CI) ( +  CV) uptake rate 

9 22.1 ( k 3  4) 4.33 (2 2.6%) 65.1 3.1 
13 41.8 (k4.1)  2.40 (k15.7 %) 29.7 0 9 
26 3.7 (f 1.3) 1.88' 12.7 8.0 
29 5.8 (f 1.4) 3.28 (f 8.8%) 20.0 8.9 
55 49.5 (k6.1) 5.81 (f 13.4%) 19.9 1.9 

Units: Labelled cells, x 106 I-'; H14C0, uptake, kg C 1-' 
d-l, Specific growth rate, d-' 

Replicate sample lost 

spherical or ovoid and ranged from approximately 0.8 
to 1.4 pm in maximum dimension. They were distin- 
guishable from the majority of heterotrophic bacterio- 
plankton, as determined using autoradiographic 
analysis of parallel samples incubated with the amino 
acid glutamate (Douglas, unpubl.), as the phototrophs 
tended to be both larger and produce brighter micro- 
scopic images (Fig. 2). This brightness is probably due, 
at least in part, to fluorescence of the photosynthetic 
pigments. 
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At each of 2 stations (Sta. 9 and 55) one aggregate of 
phototrophs was observed. These clumps of cells had 
no distinguishable structure nor did they appear to 
comprise a substantial fraction of the cells within 
either of these 2 samples. In addition to picoplankton- 
size cells, some diatoms, dinoflagellates and small 
pigmented flagellates were also present. Those from 
light incubations were strongly labelled with silver 
grains. 

No cells were labelled in dark bottle incubations 
(dark bottle 14C uptake averaged less than 5 % of light 
uptake in the size fractionated productivity expen- 
ments) nor were any cells labelled in control bottles. 

Size fractionated l4C uptake experiments 

The results of the HI4CO3 uptake experiments on 
1.0 pm size fractionated water samples are presented 
in Table 1. These values have had dark bottle uptake 
subtracted from them and range from 1.88 to 5.81 pg C 

1-' d-l. The values are presented (Table 1) with the 
coefficient of variation from the results of duplicate 
light bottle incubations. These are based on a 24 h 
incubation and have not been corrected for daylight 
length. 

The proportion of total particulate uptake which was 
due to photosynthesis of the 5 1.0 pm size fraction was 
calculated as: 

5 1.0 pm uptake % Uptake = X 100 
1 1.0 pm uptake + > 1.0 pm uptake 

This fraction ranged from 12.7 to 65.1 %, with a mean 
of 29.5 % (Table 1). 

Growth rates 

Based on the results of the autoradiographic prepa- 
rations in this study as well as previous work (e.g. Li et 
al.. 1983), the phototrophic cells can be closely approx- 

imated by assuming an average diameter of 1.0 km. 
Phototrophic cell carbon estimates have been made 
using this approximation and a cell volume to carbon 
conversion estimate of 121 X 10" l5 g C (pn3)-' (Wat- 
son et al., 1977). The carbon-specific growth rates have 
been calculated for these samples using the relation: 

Carbon uptake (yg C 1-' d-l) 
Specific growth rate = 

Cell carbon (pg C I - ' )  

The results of these calculations are presented in 
Table 1. 

DISCUSSION 

The autoradiography technique allows unambigu- 
ous differentiation between the very small photoauto- 
trophs and heterotrophic bacteria. It has proven reli- 
able and relatively straightforward, making it a valu- 
able too! for routine analysis of field samples. The 
method has the advantage that all cells are viewed 
rather than a subsample which are transferred by the 
method recently published by Tabor and Neihof (1982; 
see also Fuhrman and Azam, 1982). 

The morphology of the cells which incorporated 
HI4CO, in the light corresponds closely to that 
described for chroococcoid cyanobacteria. This method 
does not, however, allow the resolution required for 
taxonomic differentiation. These results, then, do not 
preclude the possibility that microscopic eukaryotic 
cells such as those reported by Johnson and Sieburth 
(1982) and Wilhelm et al. (1982) are also present in the 
photosynthetic picoplankton. 

Perhaps most importantly, the consistant morpho- 
logy of these cells, coupled with their light dependent 
I4CO, uptake in samples size-fractionated prior to 
incubation (removing organisms greater than 1.0 pm) 
eliminates the possibility that these are simply 
radiolabelled fragments of larger cells. 

Cell abundance of photosynthetic picoplankton 
reported in the literature ranges over several orders of 

Table 2.  Picoplankton cell numbers cited in recent literature 

Picoplankton 
abundance' 

Location Reference 

' Umts: cells x 106 1-I 

Azores 
Costa Rica Dome 
Namagansett Bay 
Rhode Island shelf 
Peru and Arabian Sea 
Slope water 
Woods Hole Harbor 
Coastal, slope and eddy 

Platt et al. (1983) 
Li et al. (1983) 
Johnson and Sieburth (1979) 
Johnson and Sieburth (1979 
Waterbury et al. (1979) 
Waterbury et al. (1979) 
Waterbury et al. (1979) 
Present study 
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magnitude (Table 2). Subjectivity in counting cells 
using autofluorescence may contribute somewhat to 
this variability. However, even within a single loca- 
tion, variation has been reported to be as great as 180 
times over a 1 mo sampling period (Waterbury et al., 
1979). 

Comparison of the results of the present study with 
cell numbers cited in the literature show these to fall in 
the middle for the values cited but towards the upper 
range for coastal environments (with the exception of 
Woods Hole Harbor; Waterbury et al., 1979). These 
results also support the general pattern of lower num- 
bers of these organisms in coastal regions (i.e. Sta. 26 
and 29) relative to offshore stations. More detailed 
analysis of differences between stations is probably not 
warranted; the sampling program was designed to test 
the reliability of this technique over a range of 
environmental conditions rather than to provide exten- 
sive distributional data on abundance of picoplankton 
cells. 

I4C uptake of the 1 1 . 0  pm size fraction, relative to 
total uptake, ranged from 12.7 (Sta. 26) to 65.1 % 
(Sta. 9). The values reported here are lower than those 
measured for tropical oceans (ca. 40 to 85 %: Li et al., 
1983; 60 %: Platt et al., 1983) but point to a sizable 
contribution from these cells to total productivity in 
coastal and slope regions. 

The growth rates of the organisms which make up 
the phototrophic picoplankton are almost entirely 
unknown. Laboratory work on 2 strains of the 
cyanobacterium Synechococcus has revealed optimal 
growth rates of 1.85 and 2.18 d-l (Morris and Glover, 
1981). Estimates of growth rates of natural assem- 
blages in the oligotrophic ocean, based on size-frac- 
tionated particulate organic carbon and I4C incorpora- 
tion measurements, were 0.15 d-' (Platt et al., 1983). 
These workers noted that faster growth rates were 
calculated when cell carbon was estimated directly 
from cell numbers. 

In the present study, growth rates were estimated 
using I4C uptake and cell carbon estimates based on 
autoradiographic cell counts. The growth rates calcu- 
lated for the picoplankton ranged from a low of 0.9 d-' 
in a relatively oligotrophic warm core eddy to 8.9 d-l 
in a region characterized by upwelling and relatively 
high chlorophyll concentrations (Garrett and Loucks, 
1976; Fournier et al., 1983). These growth rates are 
clearly greater than those reported in the literature. 
This is the case particularly for the 2 stations off S.W. 
Nova Scotia (Sta. 26 and 29). Both stations were 
characterized by low abundance of picoplankton cells 
but not by correspondingly lower 14C uptake rates in 
the 5 1.0 pm size fraction. 

A possible source of error in the I4C uptake estimates 
stems from the use of 24 h incubations. Recently there 

has been evidence accumulating of problems associ- 
ated with conventional methods of measuring produc- 
tivity using I4C. These include errors due to effects of 
containment and to non-linear uptake of radiolabelled 
carbon by natural marine phytoplankton incubated for 
periods of several hours (e.g. Gieskes et al., 1979; 
Goldman et al., 1981; Li and Harrison, 1982). Gener- 
ally, however, long-term incubations give lower rates 
of production than do short-term ones (Carpenter and 
Lively, 1980). On this basis, the uptake rates presented 
in this report should be considered as conservative. 

If photosynthetic picoplankton are as substantial in 
both abundance and productivity as is indicated by the 
results of this and other recent studies, models of the 
structure of marine ecosystems will clearly require 
modification to encompass this source of fixed carbon. 
As well as dynamic measurements of the picoplankton 
themselves, there is also an  immediate need to identify 
both their grazers and the rates at which they are 
taken. The autoradiographic technique described in 
this paper may prove valuable in the identification of 
those grazers as it has in the demonstration of autotro- 
phy in the picoplankton. 
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