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ABSTRACT
Autotrophic picoplankton (APP) are distributed worldwide and are ubiquitous in all types of lakes of varying trophic state. APP

are major players in carbon production in all aquatic ecosystems, including extreme environments such as cold ice-covered and/or
warm tropical lakes and thermal springs. They often form the base of complex microbial food webs, becoming prey for a multitude of
protozoan and micro-invertebrate grazers, that effectively channel APP carbon to higher trophic levels including fish. In this review
we examine the existing literature on freshwater autotrophic picoplankton, setting recent findings and current ecological issues
within an historic framework, and include a description of the occurrence and distribution of both single-cell and colonial APP (pi-
cocyanobacteria) in different types of lakes. In this review we place considerable emphasis on methodology and ecology, including
sampling, counting, preservation, molecular techniques, measurement of photosynthesis, and include extensive comment on their im-
portant role in microbial food webs. The model outlined by Stockner of an increase of APP abundance and biomass and a decrease
of its relative importance with the increase of phosphorus concentration in lakes has been widely accepted, and only recently con-
firmed in marine and freshwater ecosystems. Nevertheless the relationship which drives the APP presence and importance in lakes of
differing trophic status appears with considerable variation so we must conclude that the success of APP in oligotrophic lakes
worldwide is not a certainty but highly probable.
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1. INTRODUCTION

1.1. Freshwater picoplankton

Planktonic organisms can be subdivided based on
physiological, taxonomic (Malone 1980; Stockner &
Antia 1986 ) or dimensional criteria (Dussart 1965; Sie-
burth et al. 1978). A basic classification of plankton is:
bacterioplankton (constituted mainly by heterotrophic
prokaryotes), phytoplankton (includes cyanobacteria
and eukaryotes), zooplankton (formed by eukaryotic
unicellular and pluricellular organisms). Coincident
with this subdivision, there is the criterion of separating
organisms by size. Perhaps the simplest scheme is that
of Dussart (1965) who divided plankton on a logarith-
mic size scale: macroplankton (200-2000 µm), micro-
plankton (20-200 µm), nanoplankton (2-20 µm). Sie-
burth et al. (1978) elaborated this classification scheme
and added the terms picoplankton (0.2-2 µm) and fem-
toplankton (0.02-0.2 µm). Other terms prevalent in the
literature are net plankton, ultraplankton and other cate-
gories presented by Sicko-Goad & Stoermer (1984) and
here reported in table 1.

Picoplankton includes prokaryotic (picocyanobacte-
ria) and eukaryotic phototrophs and heterotrophs (Fig.
1); they are distributed worldwide and are ubiquitous in
all types of lakes and trophic state (Stockner 1991). The
criteria used to distinguish autotrophs from heterotrophs
are the presence of photosynthetic pigments in the for-
mer and their capacity to show autofluorescence, which
enables their enumeration under epifluorescence mi-

croscopy (Davis & Sieburth 1982). Bacteria or hetero-
trophic picoplankton must be stained to be visible under
epifluorescence.

An extensive literature has documented the great
importance played by the activity of algae in the size of
picoplankton in global primary production of aquatic
ecosystems (Craig 1985; Stockner & Antia 1986;
Stockner 1988). In oligotrophic lakes, from 50% to 70%
of the carbon fixed annually is attributed to organisms
that pass through 1-2 µm pore size filters (Caron et al.
1985; Munawar & Fahnenstiel 1982). The smaller het-
erotrophic cells (bacteria) are far more numerous and
contribute considerably more to total picoplanktonic
biovolume than autotrophic cells (Pick & Caron 1987;
Malinsky-Rushansky & Berman 1991; Callieri & Pi-
nolini 1995). In oligotrophic dimictic lakes, picoplank-
ton is capable of remarkable production and subsequent
recycling of DOM, when predators and concentrations
of limiting nutrients hinder competition of other phyto-
plankters (Porter et al. 1988). The activity of autotro-
phic and heterotrophic picoplankton constitutes an im-
portant source of energy in the microbial loop (Pomeroy
1974; Azam et al. 1983), and provides a linkage among
DOC, nutrients and conventional food webs through the
predator-prey interactions of protozoa-picoplankton.

1.2. Historical and methodological perspectives

The presence of small planktonic organisms (<20
µm) was first recognized by Lohmann (1911), who
called these organisms nanoplankton. Later, Rodhe
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(1955) described a group of algae of minute size found
in subartic Swedish lakes, the "µ-algae". Algae in this
size range also have been described as "little round
green things" (LRGT) or small coccoid or Chlorella-
like cells (Pearl 1977). Verduin (1956) showed experi-
mentally that a large part of photosynthetic activity in
lakes was done by organisms passing through a 64 µm
mesh plankton net, and Bailey-Watts et al. (1968) fo-
cussed his limnological studies on small cyanobacteria
(picoplankton), a major component of both nutrient and
carbon fluxes. Yet, it was only in 1970s and 1980s,
thanks to the new techniques of epifluorescence micros-
copy (Daley & Hobbie 1975), flow citometry (Olson et
al.1985; Chisholm et al. 1988), electron microscopy
(Johnson & Sieburth 1982; Takahashi & Hori 1984),
immunofluorescence techniques (Campbell & Iturriaga
1988; Shapiro et al. 1989) and chromatographic analysis
of pigments (Gieskes & Kraay 1983; Hooks et al.
1988), that major advances in APP ecology, physiology
and taxonomy were made. Thereafter, it was possible to
quantify APP routinely, distinguishing phototrophic
cells from aplastidic ones, by utilizing the natural auto-
fluorescence of phycobiliprotein pigments and chloro-
phyll. Two cell-types have been found: yellow autofluo-
rescing phycoerythrin cells (PE) and red autofluoresce-
ing phycocyanin cells (PC) displaying maximum pig-
ment activities at 570 nm and 630 nm, respectively
(Wood et al. 1985; Callieri et al. 1996).

The fluorescent characteristics of picocyanobacteria,
based on phycobiliprotein spectra, have proven to be an
easy way for their classification (McMurter & Pick
1994). For example, the difference between PE and PC-

containing Synechococcus spp. is evident from fluores-
cence emission spectra: PE show an emission maximum
at 578 nm when excited at 520 nm, while PC emit
maximally at 648 nm when excited at 600 nm (Ernst
1991; Callieri et al. 1996).

Fig. 1. Photomicrograph of a picocyanobacterium and a
bacterium taken with scanning electron microscope (SEM).
18,300 magnification, scale bar is 1 µm. Photo by C.Callieri.

Tab. 1. Classification of plankton of microscopic and submicroscopic size (From Sicko-Goad &
Stoermer 1984, modified).

Terminology Size References

Net plankton >45 µm Throndsen 1978
>64 µm Vollenweider et al. 1974, Ross & Duthie 1981

Microplankton 20 - 200 µm Dussart 1965, Sieburth et al. 1978
50 – 500 µm Margalef 1955
60 - 500 µm Hutchinson 1967

Nanoplankton 2 - 20 µm Dussart 1965, Sieburth et al. 1978
5 – 50 µm Margalef 1955
5 - 60 µm Hutchinson 1967
<45 µm Throndsen 1978

<100 µm Rodhe 1958
<64 µm Vollenweider et al. 1974

15 - 64 µm Ross & Duthie 1981
Ultrananoplankton <2 µm Dussart 1966
Ultraplankton <5 µm Margalef 1955

0.5 – 5 µm Hutchinson 1967
1 - 10 µm Throndsen 1978
1 – 15 µm Reynolds 1973
<15 µm Ross & Duthie 1981

Picoplankton 0.2 – 2 µm Sieburth et al. 1978
Femtoplankton 0.02 – 0.2 Sieburth et al. 1978
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The use of flow cytometry led to the discovery of a
primitive, prokaryotic picocyanobacteria of the Prochlo-
rophyta group (Chisholm et al. 1988), with divinyl chlo-
rophyll-a (chl-a2) as the principal light-harvesting pig-
ment, and divinyl chlorophyll b(chl-b2), zeaxanthin,
alfa-carotene and a chl-c-like pigment as the main ac-
cessory pigments (Goericke & Repeta 1993). The small
coccoid prochlorophyte species Prochlorococcus mari-
nus is abundant in the North Atlantic Ocean (Veldhuis
& Kraay 1990), the tropical and subtropical Pacific
(Campbell et al. 1994), the Mediterranean Sea (Vaulot
et al. 1990) and the Red Sea (Veldhuis & Kraay 1993).
In freshwater, only a filamentous form of prochloro-
phyte has been described from a eutrophic lake (Burger-
Wiersma et al. 1986; Burger-Wiersma 1991). The other
published occurrences of possible prochlorophytes in
freshwaters (Stockner & Antia 1986; Fahnenstiel et al.
1991b) were more likely PC-rich cyanobacteria and
Chlorella-like eukaryotic cells.

2. CURRENT METHODS FOR THE STUDY OF
AUTOTROPHIC PICOPLANKTON

2.1. Sampling, preservation and enumeration
Due to their ubiquity, APP are common components

of the euphotic zone of lakes, but their distribution and
abundance can change dramatically, depending on the
interplay of biotic and abiotic factors (Weisse & Kenter
1991; Hall & Vincent 1994). It is therefore extremely
important that investigators have a broad limnological
knowledge of the study lake and take at minimum two
subsamples as an optimal sampling strategy in microbial
enumeration (Kirchman 1993).

Sample preservation is necessary if using Utermöhl
chamber to observe small aggregates and colonies or if
interested in single cells from concentrated samples on a
membrane filter. Sedimentation of all aggregates of
APP cells in the counting chamber is possible only
when the cells are preserved with Lugol's solution or
other fixatives, because of their buoyancy, which in
living cells prevent sinking (Smayda 1974; Wetzel &
Likens 1990). Despite fixation, cells in the pico- size
range do not sediment and must be enumerated after
filtration on a membrane. APP must be fixed prior to
enumeration by epifluorescence for two main reasons:
1) the addition of the proper fixative prevents cell des-
truction, and 2) ensures rapid settling of cells into the
thin oil layer between the membrane and coverslip.

Nevertheless, water samples fixed either with for-
maldehyde or glutaraldehyde and kept refrigerated in
the dark cannot be maintained for long. In the literature,
there is still no agreement as to the most appropriate
preservatives to use. Hall (1991) compared six methods
of phycobilin and chlorophyll-a preservation and ob-
tained the best results by freezing samples at –20 °C af-
ter addition of paraformaldehyde (0.2%). Kuuppo-
Leinikki & Kuosa (1989) suggest freezing the water
sample at –24 °C without any preservatives. Glutaralde-

hyde has been criticized because its low fixing capacity
for chlorophyll-a and phycoerythrin (Bloem et al.
1986); this could be due to the slow penetration time
and to the limited effect it has on chloroplast proteins
(Park et al. 1966). Recently, McIsaac & Stockner
(1993) summarized the different fixation protocols
using both formaldehyde and glutaraldehyde. As often
happens when dealing with biological samples, it is best
to test in advance the fixing agent on the specific sample
of interest.

When comparing the different sample preservation
techniques, it appears that the results strongly depend on
picoplankton community composition, and therefore, if
eukaryotes are numerous in the sample, one should use
formaldehyde and immediately count the sample. If
dealing with the interactions of picoplankton with nano-
flagellates and ciliates in the microbial food web, gluta-
raldehyde is preferred by electron microscopists for its
properties of low shrinkage and maintainance of flagella
and cilia structure (Hayat 1981).

When counting picocyanobacteria from oligotrophic
and mesotrophic lakes, good results have been obtained
adding 20% formaldehyde buffered with sodium caco-
dylate 0.1 M (Hayat 1981) to reach the 1% final con-
centration in the water sample. The use of 20% formal-
dehyde has the advantage of being less stressful for the
cells than the 40% solution, and it is not so diluted as to
necessitate addition of a large fixative volume, which
could exert considerable osmotic effects. The sodium
cacodylate buffer contains arsenic, completely kills het-
erotrophic picoplankton and maintains the pH of the
solution around 7 (Hayat 1981). The samples must be
counted within one week to be sure of not losing pig-
ment fluorescence.

There are three types of filters commonly in use for
picoplankton enumeration: aluminum oxide filters
(Anopore), nucleation-track polycarbonate membranes
(Nuclepore, Unipore, etc.) and organic polymer mem-
branes (Sartorius, Millipore, etc.). Anopore provides the
highest retention of small particles (Stockner et al.1990;
McKenzie et al. 1992) and promotes a more homogene-
ous distribution of picocyanobacteria on the filter sur-
face. Anopore 0.2 µm filters are commercially available
also without the polypropylene ring, and this version
should be selected both because they can be mounted on
the slide without problems with the coverslip and with-
out the organic ring, they can be used for CHN analyses
as well.

In addition Anopore filters do not need to be black-
ened in order to observe autofluoresceing cells, because
without staining (Acridine Orange or DAPI), back-
ground fluorescence is very low. The other two types of
membranes are commercially available in black or can
be stained by soaking in Irgalan black solution (Mac-
Isaac & Stockner 1993) or better by coating with a thin
layer of gold-palladium (Bertoni & Callieri 1989).
During filtration, it is very important to use a vacuum
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pressure of around 5 - 10 kPa (Kuuppo-Leinikki &
Kuosa 1989; MacIsaac & Stockner 1993) in order both
to obtain an even distribution of cells on the membrane
and to have a high collection efficiency. The retention
ability under vacuum pressure appears to be influenced
by other variables such as cell size, density, flexibility
etc. (Li 1986; Stockner et al. 1990).

One disadvantage of the Anopore filter is its brittle-
ness thus care must be taken in handling it. Filters must
be dried thoroughly after removal from the holder, then
placed on a slide directly on a small drop of 50% glyc-
erol-water solution, using forceps. An additional drop of
glycerol is then added followed by a coverslip. The slide
is then turned and pressed slightly on a cleaning paper
to absorb the excess glycerol. At this point, it is possible
either to count picocyanobacteria cells on the filter after
addition of Cargille FF immersion oil or to immediately
freeze the slide for long-term storage (MacIsaac &
Stockner 1993).

Picocyanobacteria can easily be observed by epi-
fluorescence miscroscopy under blue (BP450-490,
FT510, LP520) and green (LP510-KP560, FT580,
LP590) excitation. Basically, autofluorescence of the
photosynthetic pigments (chlorophylls and phycobilins)
is the result of concordance of the excitation wave-
lengths with optimum light absorbtion. It is therefore
very important to use the suitable filter combinations
with epifluorescence microscopy (MacIsaac & Stockner
1993). The yellow-orange PE should be counted sepa-
rately from the red PC because their relative abundance
is strongly dependent upon the trophic state of the sam-
pled lake.

2.2. Genetic diversity of isolates

Complete taxonomy of picocyanobacteria necessi-
tates use of genetic methods for differentiation of indi-
vidual strains. One method used for this procedure is the
restriction fragment-length polymorphism (RFLP) of
the DNA (Douglas & Carr 1988; Wood & Townsend
1990; Ernst et al. 1995). An internal fragment of the
gene is used as a probe; for example, the pbsA gene (re-
fers to a protein of photosystem II) has been used suc-
cessfully (Ernst et al. 1995). The probe recognizes the
homologous genes and provides information about re-
gions of the genome. DNA must be digested with re-
striction endonucleases and the fragments separated. By
capillary transfer, the denaturated DNA fragments are
transferred to nylon membranes and left overnight with
the probe for hybridization. The bound probe is recog-
nized by an antibody coupled with alkaline phosphatase,
then detected using colorimetric substrates. With this
method, a high number of picocyanobacteria clones has
been distinguished in Lake Constance, Germany, of
which one persisted for a year (Postius et al. 1996).

The use of classical methods based on morphology
in combination with molecular techniques based on
molecular markers offer one of the best solution to pi-

cocyanobacteria identification. Genetic fingerprinting
techniques, such as denaturing gradient gel electropho-
resis (DGGE) (Muyzer 1999), provide a profile of
community diversity based upon physical separation of
unique nucleic acids. A polyphasic approach
(Vandamme et al. 1996), encompassing the isolation of
morphotypes and their molecular characterization, will
in the future result in a well defined DNA micro-array
able to detect species and strain succession in different
environments.

2.3. Primary productivity

Primary productivity of APP can be measured by the
14C technique (Steeman Nielsen 1951, 1952); dark bot-
tle measurements are generally substituted by the "time
0" organic 14C by adding the isotope to the dark bottle
and immediately filtering and analysing (Fahnenstiel et
al. 1994). The samples are incubated in 150 ml light
bottles (in oligotrophic lakes they are labelled with 5
µCi of NaH14CO3) in situ at five or more depths in the
euphotic zone for 4 hours bracketing noon. After incu-
bation, subsamples must be immediately filtered first
through 2 µm (gravity filtration) then 0.2 µm pore size
polycarbonate filters (Nucleopore, Costar). The filters
are acidified (by adding 200 µl HCl 1N) and left one
hour uncovered under a fume hood. Radioactivity of the
sample is measured in a conventional scintillation
counter.

For the calculation of the primary productivity at
each depth, the following formula is used (Danish
Standard Association 1982, modified):
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where:

PP = primary productivity (mgC m-3 h-1);
LB = activity in the light bottle (d.p.m. ml-1);
o.r. = activity of the organic residual in the dark bottle
(d.p.m. ml-1);
totCi = total inorganic carbon (mg l-1);
1.05 = correction factor for slower assimilation of 14C
with respect to 12C;
1.06 = correction factor for respiration of assimilated
14C;
TALB = total activity of the LB (d.p.m. ml-1);
TAo.r. = total activity of the organic residual in the dark
bottle (d.p.m. ml-1);
∆t = incubation time (in hours).

To obtain the daily area-integrated total productivity
of the euphotic zone (mg C m-2 d-1), a factor must be
calculated for the extrapolation of the measurement
from the 4 hour incubation to total photoperiod. Among
the different methods (Gächter 1972; Vollenweider
1965; Platt 1971), the most utilized is Platt’s factor, cal-
culated as follows:
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where:
∆t = incubation time in hours;
λ = length of the day in hours.

Daily productivity is calculated by dividing the area-
integrated total production during the incubation period
(PP∆t) by the F factor:
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F
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Photosynthetic parameters and a description of P/I
curves are provided in Eilers & Peeters (1988). They
developed a dynamic model which describes the rela-
tionship between light intensity and photosynthesis on
the base of the velocity and probability of transition
among the stationary, activated and inhibited states of
the photo-systems. The relationship between photosyn-
thesis (P) and intensity of radiation (I) is the following:

cbIaI
IP

++
= 2

When I is low, aI2 and bI can be neglected and pro-
duction rate increases approximately linearly with ra-
diation intensity, while at high intensities aI2 prevails
and production rate is inversely proportional to the in-
tensity. Eilers & Peeters (1988) obtained the photosyn-
thetic parameters of P/I curves as follows:
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where:
α = maximum light utilization coefficient, i.e. the
assimilation per unit chlorophyll and unit radiation;
Im = is the optimal intensity measured at Pmax;
Pmax = maximum photosynthetic rate per unit chloro-
phyll;
Ik = light saturation parameter.

2.4. Grazing

The study of picoplanktivory has developed princi-
pally in the last decade, and rates of APP removal by
grazers have been measured using different techniques.
There is general consensus of using the method of fluo-
rescently labeled particles when microspheres have been
substituted by fluorescent marked bacteria and cyano-
bacteria (FLB & FLC) (Sherr et al. 1991; Sherr & Sherr
1993). Epstein & Rossel (1995) used a new vital fluo-
rescent dye, CTC (5-cyano-2,3-ditolyl tetrazolium chlo-
ride), that is non-toxic for bacteria and does not immo-
bilize cells. Furthermore, its does not require heat-kill-
ing of the cells as is the case when using the common

dye DTAF (5-(4,6-diclorotriazin-2-yl) aminofluores-
cein). Metabolic inhibitors also have been used success-
fully: the eukaryote inhibitors colchicine and cyclohex-
amide stopped protozoan grazing activity on picocyano-
bacteria (Caron et al. 1991) as well as ampicillin
(Campbell & Carpenter 1986). Liu et al. (1995) found
kanamicin to be an effective growth inhibitor of Syne-
chococcus and Prochlorococcus, enabling them to esti-
mate growth and grazing rates. With this new approach
picocyanobacteria grazing mortality has been estimated
as 43 to 87% of gross production in marine systems (Liu
et al. 1995).

Landry et al. (1995) proposed a refined dilution
technique to overcome the assumption that grazing im-
pact varies in direct proportion to dilution of grazer
population density. In the new protocol, they introduced
fluorescent labeled cells and flow cytometry to measure
relative grazing activity in each dilution treatment.
Other methods used to estimate picoplanktivory are ra-
dioisotope-labeled prey (Iturriaga & Mitchell 1986) and
direct cell counts (Waterbury et al. 1986).

3. AUTOTROPHIC SPECIES COMPOSITION

Autotrophic picoplankton is a size classification thus
species composition can vary from lake to lake. Pro-
karyotic bacterial picoplankton are generally dominant
over eukaryotic APP and have received more attention
from taxonomists in recent years (Komárek 1996). The
simple morphology of picocyanobacteria necessitate
cytomorphological, ecophysiological and biochemical
methods for determining genera and species. To date,
three clearly delimited genera of single-cell picocyano-
bacteria have been defined: Cyanobium, Synechococcus
and Cyanothece dianae/cedrorum-type (Komárek
1996). The most common is Cyanobium, which is a
small (1-2 µm long, 1µm wide), spherical to oval cell
without mucilage. The majority of the "Synechococcus-
type strains" cited in literature belong to this genera; on
the other hand Synechococcus is rod-shaped, 3-15µm
long and 1-3µm wide.

The genetic diversity among picocyanobacteria sin-
gle-celled forms has indicated the presence of high spe-
cies diversity during the peak of abundance of the an-
nual cycle in Lake Costance, Germany (Ernst et al.
1995). It is too early to delineate a succession of pico-
cyanobacteria strains mirroring the commonly quoted
phytoplankton species succession along seasonal and
trophic gradients, but a genetic approach, coupled with
study of the ultra-structural characteristics, could be the
most successful way of developing this.

Discovery of a regularly ordered globular protein
layer (S-layer) of genetically distinguished picocyano-
bacteria, which could give them functional advantages
over cells without surface protection (Ernst et al. 1996),
has led to technical approaches to define species com-
position of the single-celled forms of picocyanobacteria
and to understand their success and succession.
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Lakes of different trophic conditions develop small
aggregates or colonies composed of picocyanobacteria
that functionally must be included in APP as they do not
form blooms and their individual cells are of the proper
pico- dimensions. Some of the most common colonial
picocyanobacteria in freshwaters are species of the gen-
era Aphanocapsa, Aphanothece, Chroococcus, Coe-
losphaerium, Cyanodictyon, Merismopedia, Snowella
and Tetrarcus. The transition forms between true colo-
nies and single morphotypes are, on the other hand, dif-
ficult to identify.

A recent review on this subject lists the most com-
mon picocyanobacterial species of colonial and solitary
forms found in different aquatic environments (Stockner
et al. 2000a), and points out the need for a more inte-
grated study of the ecology of single forms and colonial
non-bloom-forming picocyanobacteria in order to de-
lineate their role in the microbial food webs of lakes and
ponds.

The most commonly reported eukaryote APP is
Chlorella-like cells that are generally within the pico-
plankton size range. Among diatoms (Bacillariophy-
ceae), small Cyclotella and Stephanodiscus cells have
been found within the upper size limit of picoplankton
(2-3 µm), thus at the border of nanoplankton (Callieri &
Pinolini 1995). Three species of eukaryotic green algae
were identified in Lake Stechlin, Germany (Padisák et
al. 1997): Choricystis minor, Neocystis diplococca and
Pseudodictyosphaerium jurisii, the latter two being co-
lonial.

4. ECOLOGY OF AUTOTROPHIC PICOPLANKTON
4.1. Occurrence and distribution of single-cell and

colonial picocyanobacteria and eukaryote APP

APP have been found in a variety of freshwater sys-
tems, including ultra-oligotrophic lakes like Lake Bai-
kal, Russia (Boraas et al. 1991), those of high altitude
(Hawley & Whitton 1991; Ruggiu et al. 1998), in polar
and subpolar lakes (Vincent 2000), and shallow eutro-
phic lakes or ponds (Vörös et al. 1998). Despite their
wide distribution, there is a pronounced difference in
APP species composition along trophic gradients and
seasonally within a lake. Single-cell picocyanobacteria
are very abundant in oligo- to mesotrophic lakes, while
colonial forms occur mostly in meso- to eutrophic lakes
or ponds (Stockner et al. 2000a). Eukaryotic APP are
generally an order of magnitude less than picocyano-
bacteria (Burns & Stockner 1991), and in temperate re-
gions, tend to show peak abundance in spring or early
summer during isothermal conditions of 5-10 °C (Pick
& Agbeti 1991; Fahnenstiel et al. 1991a; Weisse 1993).
Eukaryotic cells dominate APP in acidic dystrophic and
eutrophic lakes (Stockner & Shortreed 1991; Sønder-
gaard 1991). Apparently, picoeukaryotes progressively
replace picoprokaryotes in lakes with increasing nutrient
concentrations and decreasing pH.

The model outlined by Stockner (1991) of an in-
crease of APP abundance and biomass and decrease of
its relative importance with the increase of phosphorus
concentration in lakes has been widely accepted and re-
cently confirmed in marine and freshwater systems
(Bell & Kalff 2001). Using the extensive freshwater
data base of Vörös et al. (1998), we found a relationship
between the APP numbers and their contribution to total
phytoplankton biomass (Chl) within a broad trophic
gradient (Fig. 2). Nevertheless the relationship which
drives the APP presence and importance in lakes of dif-
fering trophic status appears with a considerable varia-
tion so that we must conclude that the success of APP in
oligotrophic lakes is not a certainty but only a potential-
ity (Stockner et al. 2000a). Schallenberg & Burns
(2001) found that picocyanobacteria in oligotrophic
lakes are early indicators of changes in trophic status
but that they can respond in complex ways to nutrient
enrichment.

The typical seasonal cycle of picocyanobacteria
shows a bimodal pattern with a spring or early summer
peak and a second peak during autumn. In Lake Con-
stance (Weisse & Kenter 1991; Gaedke & Weisse 1998)
and Stechlin, Germany (Padisák et al. 1997), the strong
influence of the spring mixing period and subsequent
stratification were responsible for interannual variation
of APP dynamics and a deep-layer APP maximum.
Likely, the decline of the spring peak is not determined
by grazing, but by a short-term destabilization of the
water column stratification coupled with nutrient deple-
tion and competition with larger phytoplankton (Weisse
1993; Callieri & Stockner 2000).

Picocyanobacteria aggregates of different size (4 to
10 up to 50 cells) have been observed in lakes (Vörös et
al. 1991; Pick & Agbeti 1991; Stockner & Shortreed
1991), and they tend to be more abundant in the epilim-
nion in August and September, during periods of nutri-
ent limitation (Klut & Stockner 1991; Passoni & Callieri
2000). The presence of loose or tightly clustered colo-
nies may have an adaptive function, both in increasing
the efficiency of nutrient recycling and in providing
protection against predators (Klut & Stockner 1991).
The production of sticky exopolymeric substances could
be the first phase of clump formation (Kiørboe & Han-
sen 1993). Picocyanobacteria with distinct genotypes
have glycoproteins regularly ordered to form S-layers
on the cell surface (Ernst et al. 1996). Such a protective
coat could be involved in cell adhesion and colony for-
mation, and small aggregates are considered true com-
ponents of the APP community, often comprising >50%
of the APP biomass (Stockner & Shortreed 1991), and
therefore should be enumerated as number of
cells/colony in future studies. Recently the occurrence
of colonial picoeukaryotic species potentially belonging
to APP has been reported in Lake Stechlin, Germany
(Padisák et al. 1997).
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Fig. 2. Relationship between total phytoplankton biomass (µg
Chl-a l-1) and a) APP abundance (cells ml-1), b) APP biomass
(µg Chl-a l-1) and c) percent contribution of APP biomass to
total phytoplankton biomass.

During thermal stratification, APP profiles have dis-
played a maximum in the surface water of Lake Biwa,
Japan (Maeda et al. 1992), in the epilimnion in Lake
Kinneret, Israel (Malinsky-Rushanski et al. 1995), in the
metalimnion in Lakes Constance, Maggiore, Stechlin

and Baikal (Weisse & Schweizer 1991; Callieri & Pi-
nolini 1995; Padisák et al. 1997; Nagata et al. 1994) and
in metalimnion or upper hypolimnion in Lakes Huron
and Michigan (Fahnenstiel & Carrick 1992). In Lago
Maggiore the deepening of the thermocline in June and
July segregates APP in the metalimnion and upper hy-
polimnion and prevents the spread of APP cells to the
epilimnetic layer (Callieri & Piscia 2002). In this lake
the spatial distribution of APP abundance and produc-
tion followed the isotherms of 18 °C and 20 °C, and was
strictly related to water stratification and thermocline
appearance. Further, the APP efficiency (mgC (mg
Chl)-1 /Em-2) had its maximum at the bottom of the
euphotic zone, with irradiance in the range 0.5 – 18 µE
m-2 s-1 (Callieri & Piscia 2002). Though lake thermal
structure seems to be an important deterministic factor,
a generalization of its relationships with APP abundance
is difficult to validate, and the variability from lake to
lake may also be related to climatic conditions, other
physical characteristics, (e.g. underwater light climate),
or to biological interactions, (e.g. competition and pre-
dation).

There is good experimental evidence to suggest a
low light optima for Synechococcus growth (between 25
and 35 µE m-2 s-1, Waterbury et al. 1986), and in situ
lake studies suggest a vertical distribution of picocya-
nobacteria related to light penetration (Pick & Agbeti
1991). Generally, APP show maxima at depths with 25-
50% I0 (light intensity penetrating the surface) in large,
deep clear lakes (e.g. Passoni et al. 1997), but there is
also an indication of the importance of the light quality
in addition to light quantity (Vörös et al. 1998). The se-
lective properties of underwater light climate on the se-
lection of different strains of picocyanobacteria could
also explain why APP maxima have been found at a va-
riety of depths and light intensities in different lakes
(Pick 1991; Callieri 1996). It is clear that pico-phyto-
plankton composition, (e.g. ratio prokaryotic/eukaryotic,
colonial/single), could in large part be responsible for
the variety of responses of APP to light, and therefore of
their vertical distribution in lakes. Changes in light
availability or light quality favor certain species and al-
ter community structure, giving rise to a sudden peak of
abundance (Wall & Briand 1979). In addition, cell size
distributions of phytoplankton may also be affected by
nutrients and light. APP may outcompete larger cells at
greater depths in clear oligotrophic lakes because these
cells are less affected by P limitation than other species
and possess greater competitive abilities under low light
levels (Wehr 1993).

4.2. Production, growth and grazing

Photosynthetic carbon uptake of phytoplankton is af-
fected by nutrient availability, underwater light regime
and water temperature. Small unicellular algae in the
size range of picoplankton can outcompete larger ones
at the oligotrophic extreme of the trophic gradient. One
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of the advantages of small cell-size in low nutrient envi-
ronments is reduced limitation by molecular diffusion of
nutrients (Chisholm 1992), through increased surface-
to-volume ratios (Raven 1986). The simple prokaryotic
cell structure of picocyanobacteria, which are the main
APP component in most lakes and oceans, has a low
cost of metabolic maintenance thus providing a greater
chance for success, particularly in oligotrophic lakes
(Weisse 1993).

Unfortunately, there is a paucity of data on season-
ality of freshwater APP primary productivity (Fahnen-
stiel & Carrick 1992; Weisse & Schweizer 1991; Pa-
disák et al. 1997). In addition, the relative contribution
of APP to total phytoplankton production is rarely based
on frequent samplings during a seasonal cycle, but is an
average of the summer or occasional samplings. Some
studies reported an inverse relationship between the pi-
coplankton contribution to total carbon fixation and lake
trophic state (Petersen 1991; Bell & Kalff 2001), while
others demonstrated a high APP contribution to total
phytoplanktonic production in eutrophic lakes (Vörös et
al. 1991) and a low contribution (17%) in oligotrophic
lakes (Fahnenstiel & Carrick 1992). The highest per-
centages of APP productivity have been measured in
Lake Baikal, where 80% of 14C uptake was in the <3 µm
size fraction (Nagata et al. 1994). In eleven oligotrophic
lakes of western Canada, the relative contribution of pi-
coplankton to total photosynthesis ranged from 29 to
53% (Stockner & Shortreed 1991; 1994), in Lake Con-
stance, Germany, the 14C incorporation varied between
0.1 and 7.5 mg C m-3 h-1 with a relative contribution of
5-65% to total production. In oligotrophic Lago Mag-
giore (northern Italy), annual carbon fixation of APP
was 16 gC m-2 y-1 in 1994 and 41.2 gC m-2 y-1 in 1998,
accounting for respectively 10% and 20% of total pho-
totrophic productivity (Callieri & Piscia 2002).

The two processes of cell growth (production of
biomass) and cell division (production of new cells) are
tightly coupled, as photosynthesis and growth rate are
light dependent (Kana & Glibert 1987a; Kana & Glibert
1987b; Chisholm et al. 1986). There is good laboratory
experimental evidence of light influence on APP growth
rate for freshwater Synechococcus strains (Fahnenstiel
et al. 1991c). Diel changes in the frequency of dividing
cells (FDC) of picocyanobacteria were correlated with
the day-night light cycle (Pick & Bérubé 1992), and
Callieri et al. (1996) report that cell division reaches a
maximum in the afternoon triggering an increase in the
cell number, which then proceeds in the dark. However,
other studies present evidence that circadian rhythms
operate in Synechococcus species (Huang et al. 1990;
Kondo et al. 1993), and suggest that cell activities are
not directly dependent on the day-night cycle but on an
endogenous circadian clock (Sweeney & Borgese
1989).

Kana & Glibert (1987a, b) measured growth rates at
light intensities up to 2000 µEm-2 s-1, demonstrating that

growth rate became light saturated at 200 µEm-2 s-1, but
Synechococcus has a mechanism of photo-adaptation,
which also permits cell growth and photosynthetic ac-
tivity at high irradiances. Other environmental condi-
tions such as nutrient concentration, temperature and
biological interactions also affect cell-specific growth
rates. Weisse (1993) summarized APP growth rates,
measured with different methods, in lakes along a tro-
phic gradient, and values ranged from 0.10 to 2.14 d-1.
Data from Lake Biwa, Japan (Nagata et al. 1996) and
Lake Baikal, Russia (Nagata et al. 1994) estimated APP
growth rates using dilution culture experiment, as 0.65
d-1 and 0.3-0.4 d-1, respectively. In Lake Kinneret,
Israel, values from 0.29 to 0.60 d-1 have been measured
(Malinsky-Rushansky et al. 1995). The maximum net
growth rates of unicellular picocyanobacteria in oligo-
trophic Lake Stechlin, Germany, was 0.23 d-1, corre-
sponding to a biomass doubling every three days (Pa-
disák et al. 1997). In Lake Maggiore, Italy, Callieri et
al. (1996) obtained 0.28-1.14 d-1 net growth and 0.91-
2.36 d-1 as potential growth rate for APP using the FDC
method.

Biological processes like grazing, viral lysis, para-
sitism, aggregation and sedimentation can be responsi-
ble for high APP loss rates, and result in a potential loss
of more than half of picoplanktonic gross carbon pro-
duction. Suttle (1994) indicates that cyanophages are re-
sponsible for 5 to 7% of Synechococcus lysis in marine
systems, and this proportion could increase dramatically
depending on host abundance, water temperature and
phosphate status of the cell, all important factors af-
fecting phage-host interactions (Wilson et al. 1996).

Stockner et al. (2000a) summarize the present
knowledge on growth of picocyanobacteria in natural
freshwater systems as follows:

- doubling times of Synechococcus-type natural
populations range from 7 hours to 7 days;

- light influences growth, which in turn is tightly cou-
pled with diel cycle;

- a diel pattern could be triggered by an endogenous
clock;

- growth rates are discontinuous and controlled by
predation and other losses.

Heterotrophic, as well as mixotrophic nanoflagellate
and small ciliates, are the most important APP grazers
(Stockner & Antia 1986; Bird & Kalff 1987; Sanders et
al. 1989; Weisse et al. 1990; Christoffersen 1994;
Šimek et al. 1995). Among ciliates, oligotrich species
and some scuticociliates, which are sometimes at the
borderline between nano and microplankton (<30 µm),
can be important picoplanktivores in lakes (Šimek et al.
1995). Pernthaler et al. (1996) found that heterotrophic
nanoflagellates (HNF) are responsible for 90% of proto-
zoan picoplankton (APP plus bacteria) grazing, whereas
ciliates accounted for only 10%. Their data demonstrate
that HNF as well as ciliates prefer APP over bacteria in
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all cases studied, but others have noted a marked proto-
zoan feeding selectivity for bacteria over picocyano-
bacteria (Caron et al. 1991). The prevalence of highly
specialized bacteria feeders, such as choanoflagellates,
among the HNF community results in a higher con-
sumption of bacteria than APP.

Šimek et al. (1996) summarized three ecological
categories of freshwater ciliates displaying different
feeding strategies and decreasing importance of pico-
size prey in their diet. There are some very active pico-
plankton grazers among the more efficient suspension
feeders such as Vorticella aquadulcis, Halteria
grandinella, Cyclidium spp. and Strobilidium hexachi-
netum. These protozoa are able to graze 560, 210, 80, 76
APP cell-1 h-1, respectively, with clearence rates reach-
ing values of 3 µl cell-1 h-1 (Šimek et al. 1996). Some
raptorial feeders such as Urotricha and Balanion plank-
tonicum have grazing rates of 2 and 0.2 APP cell-1 h-1

and clearence rates around 10 nl cell-1 h-1 (Šimek et al.
1996).

Both predator selection of prey size and feeding
mechanisms have been discussed in studies on zoo-
plankton and other organisms (Vanderploeg 1990;
Burns & Schallenberg 1996). Monger & Landry (1992)
demonstrated that clearance rates increase linearly with
prey diameter in the prey range 0.7-1.4 µm, and Pern-
thaler et al. (1996) demonstrated, by a selectivity index,
that picocyanobacteria are ingested preferentially over
bacteria by protozoan predators associated more with
size than quality of prey. A possible pitfall of this ap-
proach could be differences in palatability of picocya-
nobacteria and bacteria. Other authors have estimated
grazing rates on picocyanobacteria during both the day
and night (Ning & Vaulot 1992; Liu 1990), and ob-
tained higher grazing rates during the day (when the cell
size is smaller), giving strong support to the hypothesis
of Pernthaler et al. (1996). Dolan & Šimek (1999) found
that HNF had a major control over cells that were not in
active division; which is exactly the opposite of what
protozoa do with bacterial prey (Gonzales et al. 1990;
Sherr et al. 1992; Epstein & Shiaris 1992). That is to
say that APP are grazed preferentially in their "non-di-
viding phase", while heterotrophic picoplankton are
consumed in the "dividing-phase". Thus, protozoa can
graze cells in the 0.2-2 µm size range but select for a
specific size range. Future research must determine if
selection of the preferred prey-size is associated also
with a strain-type preference so that the concept of a
size-refuge proposed for the dividing cell during the
day-cycle (Dolan & Šimek 1999) could be extended to a
morpho-refuge as well.

Grazing rates are balanced by growth rates and have
a pronounced diel pattern related to prey size. In a re-
view Weisse (1993) generalizes that grazing loss-rates
are similar or somewhat lower than growth rates, while
Nagata et al. (1994) noted that grazing mortality of cya-
nobacteria in Lake Biwa are in balance with growth

rates, i.e. 0.58 d-1 in reference to predators <2 µm and
1.03 d-1 for predators < 20 µm. In Lakes Huron and
Michigan, grazing losses ranged from 0.1 to 0.7 d-1

(Fahnenstiel et al. 1991a), and in Lake Constance, Ger-
many, Weisse (1988) measured values of 0.05-1.27 d-1.
Picoplankton grazing losses can vary widely seasonally
and are tightly coupled to growth rates.

4.3. Role in microbial food web

The APP community, particularly the picocyano-
bacteria, can play an important role in the functioning of
the microbial loop (Porter et al. 1985; Šimek et al.
1995). Furthermore, an increase in APP carbon produc-
tion can affect all trophic level, including fish (Stockner
& MacIsaac 1996). Therefore, APP are considered im-
portant templates of assimilable carbon biomass at the
base of the microbial food web.

Current models of planktonic microbial food webs
are based on the presence or absence of Daphnia, a key-
stone species and superior competitor/predator of proto-
zoans and rotifers for algae (Stockner & Porter 1988;
Porter et al. 1988). Among mesozooplankton, Daphnia
can feed on a wide particle size-range (1-50 µm) in-
cluding APP (Stockner & Porter 1988; Gophen & Geller
1984). Together with Daphnia, several other cladoceran
genera, e.g. Bosmina, Eubosmina and Ceriodaphnia can
ingest APP directly (reviewed by Weisse 1993).
Whether copepods can graze and assimilate APP re-
mains unanswered since first proposed (Stockner &
Antia 1986). There are many direct-link organisms, de-
pendent on APP, bacteria and protozoans as prey that
eventually contribute carbon to the "classical" food web.
For example, rotifers can directly grazing APP (Stock-
ner & Shortred 1989) or can exert a control on HNF as
demonstrated by the significant inverse correlation of
HNF biomass with rotifer abundance (Pernthaler et al.
1996). As Stockner and Antia asserted (1986), "pico-
cyanobacteria are in a size range suitable for utilization
by nauplii and early copepodite stages of copepods as
well as rotifers".

Nevertheless, protozoa are the predominant organ-
isms of micobial food webs feeding directly on APP.
Carbon flux from protozoa to zooplankton has been
measured in only a few lakes. In Lake Biwa, Japan, car-
bon flux estimates indicated that only 2% of the total
carbon channelled from APP through nanoflagellates,
passed to mesozooplankton (Nagata et al. 1996). Other
studies demonstrated an efficient carbon flux from pi-
coplankton (including bacteria) to zooplankton in Lake
Michigan (Carrick et al. 1991).

The picoplankton-based microbial food web domi-
nates oligotrophic lakes and has many links, is trophi-
cally inefficient, and is characterized by a low carbon
contribution from "new" production (Stockner & Porter
1988; Stockner et al. 2000b). In eutrophic lakes pico-
plankton also plays a major role, especially so if large
inedible phytoplankton such as dinoflagellates, colonial
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cyanobacteria and chain-forming or clustered, colonial
diatoms prevail (Weisse & Stockner 1993).

5. CONCLUDING REMARKS

Since the discovery of phototrophic picoplankton in
the late 1970s our understanding of their taxonomy,
physiology and ecology has increased rapidly. APP are
key players in carbon production in all aquatic ecosys-
tems, including extreme environments such as ice-cov-
ered and/or warm tropical lakes, thermal springs and
even in aerial environments, and as autotrophs they of-
ten form the base of complex microbial food webs, be-
coming prey for a multitude of protozoan and micro-in-
vertebrate grazers, that channel APP carbon to higher
trophic levels including fish. There are no longer cogent
arguments regarding the idea of "links" or "sinks" in
aquatic food webs, nor about their efficiency in passing
carbon to higher trophic levels.

New perspectives on APP ecology will continue to
rely on application of new molecular methods to study
genetic diversity, and these advances should improve
our understanding of APP spatiotemporal variation and
succession within a wide variety of aquatic habitats.
There is need for improved studies of mechanisms that
trigger colonial morphs from common single-celled
species, and also to determine whether these are gov-
erned by endogenous or exogenous factors.

How will higher levels of UV-B radiation forecast to
accompany global climate warming affect APP popula-
tions in lakes and oceans? Will a warmer and more
strongly stratified and severely nutrient depleted
euphotic zone in lakes and oceans further reduce pelagic
carbon production and increase the presence of APP
based "microbial" food webs? Will their presence por-
tend imminent "oligotrophication" resulting in less effi-
cient carbon flows within pelagic ecosystems with re-
sultant declining fish production in lakes and oceans?

Finally, there must be continued support for long-
term studies on single-celled APP, but more importantly
new studies focused on colonial APP, whose ecology is
so poorly understood, must be initiated, for without
these initiatives there will be less reliable prediction of
APP population responses to an uncertain, but likely,
much warmer climatic future in the this new millenium.
How will APP adapt to global warming and higher UV
radiation? How will global pelagic fisheries be affected?
Will the pelagic ecosystems of the temperate oceans and
inland freshwaters of the next century return to APP
dominance? These are fair questions because APP are
the most ancient, extant survivors of primordial seas and
also the primary carbon producers of aquatic ecosys-
tems and, like no other major algal group, capable of
adapting to extreme environments. These are crucial
questions that need answers if the quality and integrity
of freshwater and global ocean ecosystems are to be
preserved, let alone the viability of the human genome
on earth.
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