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“we have already a rather large literature on Phæocystis, ... nevertheless, very 
little is known regarding the mode of development of this interesting alga” 
 
C.H. Ostenfeld (1904) 
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ABSTRACT. Flagellates of Phaeocystis globosa were observed inside colonies in North Sea 
samples in 1992. Field data suggest that low phosphate concentrations (≤ 0.5 µM) and, as a 
consequence of sedimentation, a 20 to  > 100 fold reduction of daily irradiance (to < 10 W h 
m-2 day-1), triggered the transition of non-flagellate colonial cells to flagellate cells. The 
colonial flagellates appeared to be similar to cultured solitary Phaeocystis microflagellates; 
these flagellates do not produce pentagonal stars. Nevertheless, pentagonal stars were 
observed inside the colonies. This implies that two types of flagellates, ‘microflagellates’ 
and the larger pentagonal star-producing ‘mesoflagellates’ are formed simultaneously in 
Phaeocystis colonies. Therefore, this observation fills a missing link in the life cycle of 
Phaeocystis. It is proposed that micro- and mesoflagellates are the ‘Mikrozoosporen’ 
described by Kornmann (Helgoländer wiss. Meeresunteruchungen 1955, 5: 218-233) and 
that these flagellates are comparable to the small and large ‘zoids’ described by Parke et al. 
(J. Mar. Biol. Assoc. UK 1971, 51: 927-941). Thus, four different cell types can be 
distinguished in the life cycle of P. globosa: (i) the haploid microflagellate (3.1 ± 0.1 µm), (ii) 
the haploid mesoflagellate (4.2 ± 0.1 µm), (iii) the diploid macroflagellate (6 - 7 µm) which 
is Kornmann’s (1955) ‘Makrozoospore’, and (iv) the diploid non-flagellate colonial cell (6.1 ± 
0.2 µm). A life-cycle for Phaeocystis is presented, and the life-cycle transitions still to be 
tested are identified. 
 
 

Introduction 
 
 
During the life cycle of the genus Phaeocystis (Haptophyta, Prymnesiophyceae, 
Prymnesiales), non-flagellate and flagellate cell types alternate (Pouchet 1892, 
Scherffel 1900, Kornmann 1955, Parke et al. 1971, Moestrup 1979, Rousseau et 
al. 1994, Vaulot et al. 1994). The position and function of these cells and the 
moment of appearance in the life cycle is still unresolved (Veldhuis 1987, 
Davidson and Marchant 1992, Billard 1994, Rousseau et al. 1994). In the 
palmelloid phase, which is planktonic (Billard 1994), the colonies of Phaeocystis 
are multi-lobed (P. pouchetii), spherical (P. antarctica, P. globosa) or irregular (P. 
jahnii), and the cells are non-flagellate (Pouchet 1892, Scherffel 1900, Karsten 
1905, Zingone et al. 1999). Haptophycean features such as the haptonema and 
typical body scales are observed only on flagellates (Parke et al. 1971, Chang 
1984b, Davidson and Marchant 1992, Baumann et al. 1994, Billard 1994), with 
non-flagellate P. jahnii cells as an exception (Zingone et al. 1999). 

Several morphologically-different solitary flagellate Phaeocystis cells, usually 
referred to as ‘swarmers’ or ‘zoids’, have been described (Kornmann 1955, Table 
9.1). All these free-living flagellates bear a haptonema, and one type of flagellate 
can produce extracellular threads (Parke et al. 1971) made of α-chitin 
(Chrétiennot-Dinet et al. 1997). Of two species, P. scrobiculata and P. cordata 
only flagellate cells are known (Moestrup 1979, Hallegraeff 1983, Zingone et al. 
1999). The flagellates of P. scrobiculata produce threads arranged in nine-ray 
figures, while the flagellates of P.antarctica, P. globosa, P. pouchetii and 



Life cycle 
 

 145 

 



chapter 9 

 146 

P. cordata make five-ray figures or ‘pentagonal stars’ (Table 9.1). Besides the 
intraspecific difference in thread arrangement, there are also differences in 
flagellate size, body scales (Table 9.1) and ploidy (Rousseau et al. 1994, Vaulot et 
al. 1994). 

Flagellate cells have also been observed inside Phaeocystis colonies 
(Lagerheim 1896, Scherffel 1900, Ostenfeld 1904, Kornmann 1955, Jones and 
Haq 1963, Parke et al. 1971, Verity et al. 1988b, Cadée 1991a, Davidson and 
Marchant 1992, Garrison and Thomsen 1993, Marchant and Thomsen 1994, 
Zingone et al. 1999). Such intracolonial flagellates have often been called 
‘zoospores’ (Lagerheim 1896, Ostenfeld 1904, Scherffel 1900, Kornmann 1955). 
The intracolonial ‘zoospore’ described by Pouchet (1892: Figure 9.3) was the 
heterotrophic dinoflagellate Oxyrrhis sp. (Scherffel 1900, Ostenfeld 1904).  

The transition of non-flagellate cells to flagellates has been related to nutrient 
stress (Veldhuis et al. 1986, Brussaard et al. 1995, Escaravage et al. 1995, Matrai 
et al. 1995), combined nutrient and temperature stress (Verity et al. 1988b), 
mechanical stress (Kornmann 1955, Cariou et al. 1994) and melting of sea ice 
that contained Phaeocystis colonies (Garrison and Thomsen 1993). Recently, a 
hypothesis was proposed in which colonial flagellates were considered a 
transitional stage, from non-flagellate colonial cells to solitary flagellates, 
appearing when a combination of nutrient stress and irradiance limitation occurs 
(Peperzak 1993). It is known that nutrient stress, by phosphate or nitrate 
limitation, is the reason for the collapse of the colonial P. globosa spring blooms 
in the Dutch coastal zone (van Bennekom et al. 1975, Veldhuis et al. 1986, 
Brussaard et al. 1995, Peperzak et al. 1998); after this collapse small Phaeocystis 
flagellates (Veldhuis et al. 1986, Peperzak et al. 1998) and ‘ghost colonies’ 
(Brussaard et al. 1995) are observed. Sedimentation of Phaeocystis colonies is 
bound to lead to irradiance limitation (Peperzak 1993). Sedimentation of 
Phaeocystis colonies has been observed in several parts of the North Sea (Savage 
and Hardy 1934, Riebesell 1993), the Wadden Sea (Cadée 1996), and recently 
also in the Dutch coastal zone (Peperzak et al. 1998). 
 

In this paper, observations on Phaeocystis colonies and cell types are 
presented that were made during the spring bloom in the North Sea in 1992, and 
in cultures of this species. The hypothesis that combined nutrient stress and 
irradiance limitation can lead to a transition from non-flagellate to flagellate 
colonial cells is tested. The position of this cell type transition in the life cycle of 
Phaeocystis will be discussed. 
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Method 
 
 
sampling,  physical and chemical variables 
 
Samples were taken weekly in the North Sea at ‘surface’ (-3 m), half depth and 
‘bottom’ (bottom + 3 m = -16 m) at station NW10 (52°18'N, 4°18'E) with Niskin 
bottles from Julian day 94 to 163 (3 April to 11 June) in 1992. Sampling, 
measurements and analyses are described in more detail in Peperzak et al. 
(1998). Briefly, plankton samples were preserved with 0.4% v/v Lugol's iodine 
(Throndsen 1978). Nutrients and salinity were determined according to 
Grasshoff et al. (1983). Temperature and attenuation coefficient Kd were 
measured during CTD casts. Daily global radiation data were obtained from the 
Royal Dutch Meteorological Institute (De Kooy), and were converted to PAR and 
W h m-2 day-1, where 1 W h m-2 day-1 = 3600 J m-2 day-1 = 0.015 E m-2 day-1 
(Peperzak 1993, Peperzak et al. 1998). Daily irradiance (DI) in the water column 
was calculated as the three day running mean. The mean water column DI and 
DI at half depth were calculated using the equations in Peperzak (1993). Mean 
DI in the lower half of the water column (9.5 -19 m) was calculated from DI at 
half depth. Mean DI in the upper half (0 - 9.5 m) was calculated by subtracting 
lower half mean DI from the mean water column DI (0 - 19 m). 
 
cell counts and microscopic observations 
 
Phaeocystis cell counts were made within 6 months with a Zeiss inverted 
microscope after sonification (Peperzak et al. 1998). In order to study Phaeocystis 
colonies before the disintegration by fixation and sonification, plankton samples 
from day 94 to day 143 were examined directly upon arrival in the laboratory; 5-
10 ml aliquots were screened for colony appearance on the inverted microscope. 
The number of colonies was not counted. Photomicrographs of pipette-picked 
colonies were made with an Olympus Vanox microscope equipped with phase 
contrast optics. Part of the fixed samples was stored at 4°C until additional 
transmission electron microscopy (TEM) was performed. Small (2-4 µl) samples 
were pipetted on Formvar-coated grids and air-dried. After the salt was washed 
away with double-distilled water, the grids were stained with 1% (w/v) uranyl 
acetate and examined in a Philips 201 TEM.  
 
cell size measurements 
 
Phaeocystis cell size measurements were made in the 1992 North Sea samples 
with the Zeiss and the Olympus Vanox with 40x objectives (eyepiece graticule 
units 2.5 µm). Additional size measurements of micro- and mesoflagellates were 
made in a Lugol-fixed surface sample from NW2 (52°15’N, 4°24’E), day 121 1997,  
with an Olympus AX microscope equipped with a 100x objective (eyepiece 
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graticule unit 1.0 µm). Living and Lugol-fixed surface samples of Nw10 were 
screened for micro- and mesoflagellates in 1999. 

Non-flagellate cells and meso- and microflagellates of Phaeocystis clone Ph91 
(Peperzak 1993) and clone Ph95 were cultured in f/2 (Stein 1975) or PEP-Si 
medium (Peperzak et al. 2000a) at 10-15°C, 30-32 psu and 70-400 W h m-2 day-1. 
In the course of several years, cell sizes in these cultures were measured using 
three different techniques: (i) directly under the Olympus Vanox light-microscope 
(LM), (ii) indirectly from photomicrographs (LM and TEM) and (iii) using a 
Coulter Counter electronic particle counter with a 50 µm aperture tube and a 
model II Multisizer (size as spherical equivalent diameter or s.e.d.). The cultured 
cells were either: (i) live, (ii) fixed with Lugol’s (0.4% v/v) or Utermöhl’s iodine 
(0.4% v/v) (Throndsen 1978), or (iii) fixed with an aldehyde (paraformaldehyde, 
formaldehyde, glutaraldehyde) at concentrations ranging from 0.1 to 4% (w/v). 
The microflagellates were measured in Lugol-fixed samples only. The combined 
results of the LM and electronic (CC) size measurements (n = 334) on living and 
fixed Phaeocystis cultures of non-flagellate cells, meso- and microflagellates (n = 
279) and LM measurements made in NW10 field samples (n = 55) are used. The 
relative differences in size between the three cell types (non-flagellate, meso- and 
microflagellates) were independent of the method of fixation or measurement.  

TEM micrographs were also used to identify and measure certain flagellate 
characteristics: length of the flagella and their tapered ends, length of the 
haptonema, thickness of ejected threads, size of the pentagonal stars, and size of  
the cell surface body scales. 

Of all measurements the 95% confidence interval (c.i.) around the mean was 
calculated as: 
 

c.i. = t0.95(df) . stdev / √(n)       [9.1] 
 
 
in which n = number of measurements, stdev = the standard deviation from the 
mean and t0.95 = the value of t from a t-distribution at degrees of freedom (df) = n 
- 1 and α = 0.95. When the confidence intervals do not overlap, the means are 
significantly different at P < 0.05. 
 
 

Results 
 
 
physical and chemical variables 
 
Two Phaeocystis blooms were observed (Figure 9.1a). During the first one (day 
100-119), the upper column daily irradiance declined to ≈ 100 W h m-2 day-1 
(Figure 9.2); the lower column daily irradiance was reduced to < 0.1 W h m-2 day-1  
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Figure 9.1. Surface ( o ) and bottom (·) development of Phaeocystis non-flagellate (= 
colonial) cells (a), and of the fraction of small Phaeocystis flagellates (b) at station NW10 
(North Sea) in 1992. 
 
 
(Figure 9.2). The second, smaller bloom of Phaeocystis developed between day 
143 to day 156 (Figure 9.1b). At the top of this second bloom, at day 156, the 
upper column daily irradiance was ≈ 200 W h m-2 day-1 and the lower column 
daily irradiance was < 10 W h m-2 day-1 (Figure 9.2). During the first bloom, the 
Phaeocystis biomass was higher near the bottom than at the surface, presumably 
as a result of sedimentation. At the top of the second bloom, the difference in 
biomass was negligible (Figure 9.1a). Colonies sedimenting from the upper 
column to the lower water column experienced a 20- to > 100-fold reduction in 
daily irradiance. During the first bloom all major nutrient concentrations 
declined, but it was DIP that became the growth-limiting nutrient (Peperzak et 
al. 1998). The values of all environmental variables at the top and directly 
following the blooms of colonial Phaeocystis are presented in Table 9.2. 
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Figure 9.2.Development of upper (0 - 9.5 m) and lower (9.5 - 19 m) water column daily 
irradiance in W h m-2 day-1 at station NW10 (North Sea) in spring 1992. 100 W h m-2 day-1 
= 1.5 E m-2 day-1. 
 
 

During each of the two periods there were no large changes in mean 
temperature, salinity, dissolved inorganic phosphorus (DIP) and dissolved 
inorganic nitrogen (DIN). The DIP concentration remained ≤ 0.5 µM after day 
106 with little or no differences in the water column (Table 9.2). The most 
pronounced difference between surface and bottom at NW10 in both periods was 
that in water column DI (Table 9.2).  
 
cell types 
 
The three flagellate types described here will be named according to size: ‘macro’-, 
‘meso’- and ‘micro’-flagellate. The colonial cell type can also grow solitarily and 
is therefore named non-flagellate cell. Judging from colony form, pentagonal star 
formation and size and form of the body scales, all four cell types described here 
belong to one species: Phaeocystis globosa Scherffel (Baumann et al. 1994), 
referred to here simply as Phaeocystis. 
 During the two Phaeocystis blooms, three different cell types were observed 
with light microscopy (LM). Most abundant was the non-flagellate cell type 
(Figure 9.3a) which had a size range from 5.6 to 8.3 µm (Table 9.3). The second 
Phaeocystis cell type was the large (6-7 µm, Table 9.3) macroflagellate. These 
haptonema-bearing flagellates were observed only occasionally and 
photomicrographs were not made. The macroflagellate falls in the size range of 
the colonial cells (5.6-8.3 µm, Table 9.3).  
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Table 9.2. Ranges of environmental variables during and after two Phaeocystis blooms 
at NW10 in 1992 at which time high relative microflagellate concentrations were 
observed. Each value is the mean of three depths, except day 163 (surface only). The 
maximum observed differences between surface and bottom are presented as well. DIP 
= Dissolved Inorganic Phosphorus. DIN = Dissolved Inorganic Nitrogen. The NH4:NO3 
ratio is dimensionless. 
 
 (post)-bloom 

1 
δmax 

(bottom-
surface)a 

(post)-bloom 
2 

δmax 

(bottom-
surface)a 

days 119 - 136 119 - 136 156 - 163 156 - 163 
     
daily irradianceb 
(W h m-2 day-1) 

89 - 434b   -399c 225 - 387b -365c 

     
temperature (°C)  9.1 - 11.7 -0.6 14.5 - 15.2 -0.4 
     
salinity (psu) 31.1 - 31.6  0.5 31.6 - 31.8  0.9 
     
DIP (µM)   0.19 - 0.23 -0.07 0.26 - 0.52 -0.07d 
     
DIN (µM)  20.2 - 24.9 -2.8 12.4 - 17.0  2.2d 
     
NH4:NO3  0.07 - 0.16 -0.05 0.78 - 0.69 -0.18 

 

amaximum difference during the (post)-bloom period; positive difference indicates higher bottom 
values  
btotal water column daily irradiance (Peperzak et al. 1998) 
cdifference between upper layer and bottom layer daily irradiance (see Figure 9.1) 
dno bottom nutrient samples at day 163 
 
 
 
The third Phaeocystis cell type was a small flagellate falling in the size range of 
3.4 to 4.1 µm (Table 9.3); its relative concentration peaked 17 and 7 days after 
the peaks of the non-flagellate cells, respectively (Figure 9.1b). 
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Figure 9.3. Electron micrographs of Phaeocystis cells of field samples and cultures. A. non-
flagellate cell from NW10, North Sea (day 129, 1992); B. microflagellate (cultured), 
haptonema not visible; C. microflagellate from NW10, North Sea (day 129, 1992), small 
haptonema visible; D. mesoflagellate (cultured) with a clearly visible haptonema; E. 
ruptured mesoflagellate (cultured) with characteristic threads (arrowheads) and 
pentagonal stars; F. body scales of mesoflagellates. Notes: h = haptonema, ps = pentagonal 
star. Cells were fixed with Lugol (A-D) and aldehyde (E,F). Scale bar = 1.0 µm (A-E) and 
0.5 µm (F). 
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Figure 9.4. Coulter counter measurements of the three vegetatively-reproducing cell 
types of Phaeocystis globosa clone Ph91. Lugol-fixed cultures of microflagellates, 
mesoflagellates and non-flagellate cells. Each curve is composed of 2500 cells. 

 
Coulter counter measurements of Lugol-fixed, cultured microflagellates, 

mesoflagellates, and non-flagellated cells, revealed considerable differences in 
size (Figure 9.4). Combined with the LM field data, these differences between the 
cell sizes were highly significant (Table 9.3). Furthermore, both the micro- and 
the mesoflagellate were observed simultaneously at Nw2 in 1997, and at Nw10 
in 1999 (L. Peperzak, M. Rademaker and F. Colijn, unpublished). 

With LM a haptonema could not be observed on microflagellates in field 
samples. On cultured microflagellates, no haptonema was visible, either with LM 
(Peperzak 1993: Figure 9.4a), or with TEM (Figure 9.3b). However, TEM analysis 
on NW10 samples revealed a haptonema on ≈ 50% of the microflagellates (Figure 
9.3c). This haptonema was more or less bent (Figure 9.3c), and it appeared to be 
0.4 µm smaller than the mesoflagellate haptonema which was 1.0 µm (Table 9.4). 
In an additional Lugol-fixed field sample from 1997, both microflagellates (3.6 
µm) and mesoflagellates (4.8 µm) were observed, and a haptonema was seen with 
LM on 33% of the microflagellates. In a test where haptonema possessing Lugol-
fixed mesoflagellates were studied with TEM, the haptonema could not be seen 
in 35% of the cells. Haptonema loss by fixation, and its small size on 
microflagellates, are likely reasons for the difficulties of detecting it with LM. 
 TEM observations on cultured Phaeocystis micro- and mesoflagellates showed 
that the quality of the cells in Lugol (Figure 9.3d) was better than in an aldehyde 
fixative (Figure 9.3e). In aldehyde fixatives, many mesoflagellates had ruptured 
cell walls. The cell size of micro- and mesoflagellates as determined by TEM 
(Table 9.4) was 50% of those measured by LM and CC (Table 9.3) and therefore,  
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Table 9.4. Phaeocystis globosa micro- and mesoflagellate characteristics determined by 
electron microscopy in field samples from the North Sea and in cultures. Microflagellate 
scales had probably dissolved, but chitinous threads and pentagonal stars had not been 
produced. 
 
Flagellates: meso- 

 
  micro- 

 
  

variablea 

 
n 
 

mean 
 

95% c.i.b n  mean 95% c.i.b 

haptonema length  18 1.00 ± 0.21  5 0.56 ± 0.22 
       
length 1st flagellum 29 5.07 ± 0.42 17 3.70 ± 0.40 
length 2nd 
flagellum 

26 4.47 ± 0.38 17 3.32 ± 0.33 

length all flagellac 55 4.78 ± 0.29 34 3.51 ± 0.26  
       
flagella thicknessc 25 0.13 ± 0.01 18 0.08 ± 0.01 
taper 1st flagellum 25 0.52 ± 0.06 11 0.48 ± 0.07 
taper 2nd flagellum 18 0.46 ± 0.07 14 0.47 ± 0.06 
       
small scales   6 0.11 x 

0.14 
± 6%d  0   

large scalese  18 0.18 x 
0.19 

± 2%d  0   

       
thread thickness  5 0.04 ± 0.01  0   
pentagonal star  9 0.85 ± 0.08  0   
       
cell size 32 2.09 ± 0.16 21 1.60 ± 0.11 

a all sizes in µm; overall means of field and culture samples 
b confidence interval 
c 1st and 2nd flagella combined 
d mean of length and width c.i. relative to the means 
e 48 ridges 
 
the TEM-sizes were not used to estimate the mean spherical equivalent 
diameters presented in Table 9.3. 
 On the other hand, several flagellate characteristics, which could not be 
determined accurately by LM, had to be measured with TEM. Significant 
differences between meso- and microflagellates were haptonema and flagella 
length (Table 9.4, Figure 9.3). Two forms of body scales were observed in cultures 
of mesoflagellates  (Figure 9.3f).  The  oval  body scales  were  small,  the  circular  
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Figure 9.5. LM micrograph of a Phaeocystis colony with microflagellates in a bottom 
sample of station NW10, North Sea (day 129 1992). The colony membrane (cm) is clearly 
visible. Scale bar = 10 µm. 
 
 
body scales were larger (Table 9.4). The number of ridges on the large scales was 
48, but ridges could not be observed on the small scales.  
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Figure 9.6. LM micrograph of a Phaeocystis colony in a bottom sample of station NW10, 
North Sea (day 129 1992), with microflagellates and pentagonal stars (white arrowheads). 
Note that the colony membrane (cm in Figure 9.5) is not visible anymore. Scale bar = 10 
µm. Inset: electron micrograph of a pentagonal star of the same sample (scale bar = 0.5 
µm). 
 
 In contrast with material in aldehyde fixatives, fewer body scales were 
observed in Lugol-fixed mesoflagellate cultures. On the other hand, threads and 
pentagonal stars were observed in mesoflagellate cultures, independently of the 
type of fixative used. This means that the body scales, but not the threads and 
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pentagonal stars, may deteriorate or be lost in Lugol’s fixative. Threads and 
pentagonal stars were never observed in the Lugol-fixed microflagellate cultures 
(Table 9.4) which indicates that, unlike the mesoflagellates, microflagellates do 
not produce threads and pentagonal stars. Unfortunately, the microflagellate 
culture was lost before aldehyde fixations were made. 
 
colonial flagellates 
 
Microscopic examination showed that the NW10 bottom samples contained more 
Phaeocystis colonies than surface samples. During the first Phaeocystis bloom, 
normal non-flagellate cells in colonies were observed with LM in samples from all 
depths till day 119. On day 129, several colonies with small flagellates were 
observed in the bottom water sample (Figure 9.5). These colonial flagellates had 
a mean diameter of  2.9 µm (c.i. ± 0.10 µm), and usually they had two straight 
flagella at an angle of ca. 45° to each other (Figure 9.5). Haptonemata were not 
observed with LM. These colonial microflagellates were therefore 
morphologically similar to cultured microflagellates (Peperzak 1993: Figure 
9.4a). 

In addition to the microflagellates, ‘five-rayed stars’ were observed in 
deteriorating colonies (Figure 9.6), revealing the typical pentagonal arrangement 
(inset Figure 9.6). The size of the pentagonal stars in field samples was 
approximately 1 µm across, while the overall mean size (including those observed 
in mesoflagellate cultures) was 0.85 µm (Table 9.4). The threads, at whose ends 
the stars were present, had a mean diameter of 0.04 µm. 
 
 

Discussion 
 
 
The appearance of colonial Phaeocystis flagellates has been linked to conditions 
unfavourable for colonial survival, i.e. at the end of the bloom (Lagerheim 1896, 
Scherffel 1900, Ostenfeld 1904, Jones and Haq 1963, Cadée 1991a). Such 
unfavourable conditions include a temperature decline (Verity et al. 1988) and 
nutrient stress (Veldhuis et al. 1986, Verity et al. 1988b, Brussaard et al. 1995, 
Escaravage et al. 1995, Matrai et al. 1995). In the North Sea, the first Phaeocystis 
flagellates appeared during the colonial bloom when DIP became the growth-
limiting nutrient (Table 9.2, Peperzak et al. 1998). The high DIN values preclude 
nitrogen limitation (Peperzak et al. 1998) and therefore the NH4:NO3 ratio has no 
influence on flagellate formation here (Riegman et al. 1992). A second adverse 
factor was the sedimentation of the colonies (Peperzak et al. 1998), since this 
process implies strong reduction in daily irradiance (Figure 9.2, Table 9.2). 
Presumably, the combination of nutrient stress and irradiance limitation is 
needed to trigger flagellate formation. The increase of small Phaeocystis 
flagellates at depths > 40 meter in the Channel, as observed by Davies et al. 
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(1992), was explained by Peperzak (1993) as the result of nitrate stress and a 
decline of daily irradiance from 500 to 2 W h m-2 day-1. In the North Atlantic, 
Marra et al. (1995) observed the demise of a P. pouchetii bloom after increased 
vertical mixing and consequently, low mean irradiance. However, nitrate 
concentrations were high (10 µM) and Phaeocystis flagellates were not observed 
(Marra et al. 1995). Likewise, Palmisano et al. (1986) did not observe flagellate 
formation when an Antarctic Phaeocystis bloom was advected, under ice, to low 
light conditions in nutrient-replete water (19 µM nitrate and 1.5 µM phosphate). 

The morphology of the three different Phaeocystis flagellates (Table 9.3) and 
the non-flagellate cell type will be discussed now, with special reference to the 
classical papers of Kornmann (1955) and Parke et al. (1971). Both papers deal 
with what is now considered to be P. globosa (Baumann et al. 1994, Rousseau et 
al. 1994). The position of the four cell types in the Phaeocystis life cycle will be 
discussed. 
 
non-flagellate cells 
 
The size of the non-flagellate Phaeocystis cells reported here (Table 9.3) is in the 
range of cell sizes reported for  Phaeocystis cultures by Kornmann (1955), and by 
Rousseau et al. (1990) for Phaeocystis sp. from Belgian coastal waters and 
cultures. Besides the lack of flagella, the non-flagellate cell does not possess a 
haptonema nor body scales (Figure 9.3a, Chang 1984b). An exception to this rule 
is P. jahnii; its non-flagellate cell is covered with extremely thin scales (Zingone 
et al. 1999). The non-flagellate cell type is diploid (Rousseau et al. 1994, Vaulot et 
al. 1994). 
 
macroflagellates: ‘Schwärmer’ and ‘Makrozoosporen’ 
 
The largest haptonema-bearing Phaeocystis flagellates, the so-called 
macroflagellates, that were observed at NW10 fall in Kornmann’s size range for 
“Schwärmer” (Table 9.3). Kornmann (1955) obtained “Schwärmer” from non-
flagellate cells in a matter of hours after sucking colonies into a fine capillary 
tube. Cariou et al. (1994) obtained such flagellates (≈ 7 µm) by shaking 
Phaeocystis colonies. Zingone et al. (1999) found a strong ultrastructural 
resemblance between the non-flagellate and a flagellate stage of P. jahnii. 
Macroflagellates attach to the water surface (Kornmann 1955, Zingone et al. 
1999), diatoms (Boalch 1987, Cadée and Hegeman 1991a, Marchant and 
Thomsen 1994), inanimate particles (Rousseau et al. 1994: Figure 8), or the wall 
of the culture vessel (Kayser 1970, Cariou et al. 1994, Riegman and van Boekel 
1996, Zingone et al. 1999), where they develop new colonies within a day  
(Kornmann 1955, Garrison and Thomsen 1993, Cariou et al. 1994). This short 
life-time provides an explanation why macroflagellates were observed only 
occasionally at NW10 in 1992.  
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Parke et al. (1971) define Kornmann's ‘swarmers’ as ‘definitely asexual zoids’. 
Cariou et al. (1994), who studied the non-flagellate cell to macroflagellate 
transitions could indeed not measure any changes in ploidy. Therefore, because 
non-flagellate cells are diploid (Vaulot et al. 1994), the macroflagellates are 
diploid as well. 

Kornmann (1955) also described ‘Makrozoosporen’, large flagellates which 
developed seldomly and for unknown reasons from non-flagellate cells in 
colonies. When these flagellates had escaped the colony, they could rapidly 
develop new colonies after adhesion to a surface, just as macroflagellates. The 
validity of the ‘Makrozoosporen’ as a separate life cycle stage in Phaeocystis has 
already been doubted by Davidson and Marchant (1992). Garrison and Thomsen 
(1993) observed comparable, large (6.5 µm) haptonema-bearing Phaeocystis 
flagellates in colonies; their formation was triggered by the melting of the 
Antarctic ice on which the colonies lived. Marchant and Thomsen (1994) 
described such flagellates as unlike typical Phaeocystis ‘swarmers’ because they 
did not possess body scales (Table 9.1). On the other hand, Zingone et al. (1999) 
recently reported very thin scales on the colonial flagellates of P. jahnii. 
However, in this typical case of P. jahnii these scales were also present on the 
non-flagellated (colonial) cell type (Zingone et al. 1999). After the Antarctic 
flagellates escaped from the colony, they settled within 6 hours on diatom setae 
and appendages (Garrison and Thomsen 1993, Marchant and Thomson 1994).  

The similarity in (i) size, (ii) physical trigger for production and (iii) ability to 
rapidly form new colonies, lead to the conclusion that ‘Schwärmer’, the 
intracolonial ‘Makrozoospore’ and its ‘Schwärmer’, and the ‘atypical Antarctic 
swarmers’ are all diploid macroflagellates.  
 
‘Mikrozoosporen’ and ‘small and large zoids’ 
 
Kornmann (1955) observed  ‘Mikrozoosporen’ in elderly cultures after nearly or 
complete degeneration of the colonies. These flagellates were smaller (3 - 5 µm) 
than the ‘Schwärmer’ (4.5 - 8 µm). It is hypothesised here that this 
‘Mikrozoospore’ is probably not a single flagellate type, but consists of two types 
which will be called the meso- and the microflagellate (Table 9.3). Support for 
this hypothesis comes from the literature as well as from data presented here. 
Since the first EM observations on Phaeocystis flagellates by Parke et al. (1971), 
it is known that there are two types of ‘small’ flagellates. These so-called ‘zoids’ 
(Table 9.1) fall in the size range of the ‘Mikrozoosporen’ (3 - 5 µm). The first type 
of small flagellate (clone 64, Parke et al. 1971), which is the smallest of the two 
zoids, does not produce threads or pentagonal stars. The second flagellate type 
(clone 147, Parke et al. 1971), is slightly larger than clone 64 and its main 
characteristic is its ability to produce threads and pentagonal stars. Such 
differences in star production have also been observed in field samples (Manton 
and Leadbeater 1974, Booth et al. 1982), and were related to flagellate size 
(Leadbeater 1972, Pienaar and Copper 1991), (Table 9.1). Furthermore, in 
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Phaeocystis cultures of micro- and mesoflagellates (sizes: 3.1 and 4.2 µm, Table 
9.3) threads and pentagonal stars have only been observed in the mesoflagellate 
cultures (Table 9.4). Therefore, the small and large ‘zoid’ (Parke et al. 1971), or 
the micro- and the mesoflagellate (Table 9.3), belong to the category of  
‘Mikrozoosporen’ (Kornmann 1955). 
 
 
microflagellates 
 
Lugol-fixed microflagellates have rather straight flagella at an angle of 45°-90° 
(Figure 9.3; Peperzak 1993: Figure 4a). The haptonema is small and difficult to 
detect. Scherffel (1900) could observe the haptonemata of  ‘Schwärmer’ only after 
fixation with 1% osmium acid. Ostenfeld (1904) could not observe the haptonema 
of ‘zoospores’ and Guillard and Hellebust (1971) found the haptonema only in 
10% of the ‘motile cells’ that retained their flagella through iodine staining. The 
apparent lack of a haptonema is also clear from TEM analyses on P. pouchetii by 
Hoepffner and Haas (1990: Figure 4a) and Phaeocystis sp. by Novarino et al. 
(1997: Figure 34). In the present study, the microflagellate haptonema could be 
found with TEM (Figure 9.3c), although not on all cells (Figure 9.3b). Difficulties 
in observing haptonemata in several prymnesiophyte species, due to their 
reduced size or even their absence in certain life cycle stages, have already been 
reported by Green and Pienaar (1977). In contrast to observations by Parke et al. 
(1971), no body scales were observed in microflagellate TEM preparations here 
(Table 9.4), presumably the result of the prolonged storage of the cells in Lugol’s 
fixative.  
 
mesoflagellates 
 
The mesoflagellate of Phaeocystis was a significant 35% larger than the 
microflagellate when measured with LM and CC (Table 9.3). Nearly the same 
significant difference (31%) was found with TEM (Table 9.4). However, there was 
a large absolute difference between either TEM or LM and CC. With TEM the 
sizes of both micro- and mesoflagellates were half in comparison to LM and CC 
(Table 9.3, 9.4). Probably, this is largely due to sample processing for TEM. A 20-
50% reduction in size between living cells and TEM samples of 
Chrysochromulina spp. has been measured by Manton and Leadbeater (1974). 

Shrinkage did not occur in the mesoflagellate body scales (Table 9.4) and their 
size, and the number of ridges of the large scale were the same as those reported 
by Parke et al. (1971) for both ‘zoids’ (Table 9.1). Also, the mesoflagellate flagella 
were in the size range (4.5 - 6.8 µm) reported by Parke et al. (1971), although 
they were slightly unequal (Table 9.4). Unequal flagellar length in Phaeocystis 
spp. has also been reported by Inouye (1990), Pienaar (1991) and Zingone et al. 
(1999). For P. globosa, Parke et al. (1971) and Davidson (1985) give a length of 
1.5 - 2.3 µm for the haptonema which is above that observed in Phaeocystis clone 
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Ph91 (Table 9.4). The size of the pentagonal stars was 0.85 µm (Table 9.4), close 
to the 1 to 1.2 µm reported by Parke et al. (1971), Davidson (1985) and 
Chrétiennot-Dinet et al. (1997). Apart from size, the mesoflagellate had 
significant longer flagella (ca. 40%) and it had a longer haptonema than the 
microflagellate (Table 9.4). 

In this study, micro- and mesoflagellates in the 1992 North Sea samples were 
not separately identified by LM. This accounts for the rather large size range of 
the ‘microflagellates’: 3.4 - 4.1 µm (Table 9.3). The small size of Phaeocystis 
micro- and mesoflagellates is probably the reason that they have been described 
and counted collectively in several LM investigations as ‘Mikrozoosporen’ or 
‘microzoospores’. In the Channel (Parke et al. 1971) and in 1997 at Nw10 in the 
North Sea, the two differently sized flagellates appeared simultaneously. 
Scherffel (1900) already commented that the intracolonial flagellates were of 
variable form and size. Apparently, only the microflagellates were observed 
intracolonially with LM in the field samples (Figures 9.4 and 9.5). This is 
probably due to the small size differences (1 µm) between micro- and 
mesoflagellates and the large number of flagellates per colony: the two flagellate 
types could not be distinguished from each other. When separately cultured, a 
significant size difference between micro- and mesoflagellates was measured 
(Table 9.3, Figure 9.4). 

In addition to the micro- and mesoflagellate of P. globosa, TEM observations 
of P. scrobiculata also indicate the existence of two types of flagellates (Table 
9.1). Common in all five reports of P. scrobiculata is the production of nine-rayed 
stars. The P. scrobiculata type is 8 µm in size and it possesses 23-30 µm long 
flagella and 0.45 x 0.60 µm large oval body scales (Moestrup 1979). The smaller 
flagellates are 2-4 µm and have flagella that are 7-10 µm long (Estep et al. 1984: 
Figure 30, Hoepffner and Haas 1990). In addition, Hallegraeff (1983) and Estep 
et al. (1984) report that the large oval body scales of their P. scrobiculata 
flagellate are 0.3 x 0.4 µm in size, compared to 0.45 x 0.60 µm in the original 
description (Moestrup 1979). Zingone et al. (1999) observed presumed P. 
scrobiculata cells in Mediterranean samples with small, 0.2-0.3 x 0.3-0.4 µm 
scales. Such large size differences in flagella and body scale size, conservative 
features in P. globosa, suggest that two flagellate types, presumably micro- and 
mesoflagellates, also exist in the life cycle of  P. scrobiculata. Alternatively, there 
is a second nine-ray star producing Phaeocystis species besides P. scrobiculata. 
 
‘threads and pentagonal stars’ 
 
Phaeocystis mesoflagellates are the producers of thin threads and pentagonal 
stars (Table 9.4). The pentagonal stars have been observed both in field samples 
and in cultures (Table 9.1). This report is the first describing these structures in 
North Sea samples, as well as in colonies (Figure 9.6). Novarino et al. (1997) 
described threads around solitary Phaeocystis flagellates in North Sea samples, 
but they did not observe their pentagonal arrangement. It has been hypothesised 
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that the threads are involved in colony formation (Ramani et al. 1994) or in the 
capture of the diatoms on which colonies develop (Chrétiennot-Dinet 1999).   

In Phaeocystis flagellates from the Arctic and from Southern Africa, Davidson 
(1985) and Pienaar (1991) described intracellular balloon- or disc-like vesicles 
that contain the five-armed stars before their release. This agrees with 
observations made by Parke et al. (1971) who described such vesicles in the 
‘mesoflagellates’ (zoids clone 147), but not in the ‘microflagellates’ (zoids clone 64) 
of Phaeocystis. Clone 147 produced threads and stars, clone 64 did not (Parke et 
al. 1971; Table 9.1). A more detailed study by Chrétiennot-Dinet et al. (1997) 
revealed that Phaeocystis threads are composed of chitin. Chitin threads are also 
produced by certain genera of diatoms, notably in the Thalassiosiraceae, and 
they function against tintinnid grazing by increasing the overall cell size 4- to 10-
fold (Verity and Villareal 1986). Phaeocystis globosa produces 20 µm (Parke et al. 
1971, Davidson and Marchant 1992), and P. scrobiculata  ≥ 50 µm long threads 
(Moestrup 1979), 5 to 6 times cell size (Table 9.1). Presumably the Phaeocystis 
threads play a role in grazer defence too. 
 
life cycle 
 
It is proposed here that there are four different cell types in Phaeocystis (Table 
9.3). Two types are large and they lack body scales: the non-flagellate cell and the 
macroflagellate. The two other cell types, the meso- and the microflagellate, are 
smaller and they possess a haptonema and body scales. In Figure 9.7 their 
possible relationships in the life cycle of Phaeocystis are presented. 

A colony starting with one diploid non-flagellate cell is formed from a single 
diploid macroflagellate (Kornmann 1955, Cariou et al. 1994, Rousseau et al. 
1994), under nutrient and irradiance replete conditions (Peperzak 1993). 
Physical phenomena (Kornmann 1955, Garrison and Thomsen 1993, Cariou et al. 
1994) can reverse this step. The micro- and the mesoflagellate are haploid 
(Rousseau et al. 1994, Vaulot et al. 1994) and combined nutrient and irradiance 
limitation of the colony lead to their simultaneous formation. The hypothesis for 
this pathway is bracketed by several observations: (i) Micro- and mesoflagellates 
occur simultaneously in the field. (ii) Mesoflagellates produce the pentagonal 
stars, and because the stars were observed in colonies together with 
microflagellates both flagellates were formed in the colonies. (iii) During meiosis 
one diploid cell should produce four haploid gametes, which, in the case of 
Phaeocystis means two micro- and two mesoflagellates. Indeed, the volume of two 
microflagellates (2 x 16 µm3 ) and two mesoflagellates (2 x 39 µm3) is 92% of the 
mean volume of a non-flagellate cell (119 µm3, volumes computed from s.e.d.’s in 
Table 9.3). In non-fixed field samples in 1999, the combined volumes of two 
micro- and two mesoflagellates was 102% the volume of the non-flagellate cell 
type. 
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Figure 9.7  Life-cycle of Phaeocystis. n = haploid, 2n = diploid. (a) A colonial non-flagellate 
cell is formed from a macroflagellate under non-turbulent conditions when nutrients and 
daily irradiance are sufficient. Normal, vegetative reproduction can lead to a colony 
consisting of  thousands of non-flagellate cells. (b) Diploid macroflagellates from non-
flagellate cells are produced physically, e.g. by turbulence. Names previously used were 
‘Makrozoosporen’ for flagellates still inside the colony, and ‘Schwärmer’ or ‘swarmers’ for 
solitary flagellates. Macroflagellates have a life-time of less than a day. (c) Under nutrient 
stress and irradiance limitation haploid micro- and mesoflagellates are formed 
intracolonially. Names previously used were ‘Mikrozoosporen’ and ‘small’ and ‘large zoids’. 
The mesoflagellates of P. antarctica, P. globosa, P. pouchetii and P. cordata produce 
pentagonal stars. (d) Meso- and microflagellates escape the colonial matrix. Both are able 
to reproduce vegetatively. (e) Presumed syngamy of micro- and mesoflagellates leads to 
the diploid macroflagellate. This step has not been observed yet. 
 
 

Presumably, one micro- and one mesoflagellate produce a diploid 
macroflagellate (syngamy) under certain circumstances, e.g. after an increase in  
irradiance (Kornmann 1955, Peperzak 1993). Until now, the only test on 
sexuality and attempts to restore the colonial form from ‘micro’- and 
‘mesoflagellates’ has failed (Parke et al. (1971). Insufficient irradiance might 
have been one reason, because Parke et al. (1971) themselves deduced from the 
increased stacking of thylakoids that their cultures received ‘sub-optimal 
illumination’. Manton and Leadbeater (1974) even considered prymnesiophytes 
as non-sexual organisms, and it should be noted that although in the 
Prymnesiophyceae, haplo-diplontic heteromorphic life cycles have been 
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demonstrated for some species in the Coccolithophorales, sexuality has not yet 
been proven for any species in the Prymnesiales, the order to which Phaeocystis 
belongs (Billard 1984, van den Hoek et al. 1995). 

The Phaeocystis life cycle in Figure 9.7 must be regarded tentative. It is based 
largely on observations of P. globosa and not all the life cycle transitions have 
been tested under controlled, culture conditions. However, this is the first 
attempt to provide a model that includes all cell types, the life cycle stages, their 
transitions and the physical and chemical variables involved. Previous 
descriptions (Veldhuis 1987: Figure 1, Davidson and Marchant 1992: Figure 4 
and Rousseau et al. 1994: Figure 9) placed more emphasis on the colony and its 
temporal development. Rousseau et al. (1994) described colonial ‘macrozoospore’ 
formation as a separate loop in the life cycle. The final difference between Figure 
9.7 and previous life cycle schemes is the introduction of micro- and 
mesoflagellates (Parke et al.’s 1971 ‘zoids’, Table 9.1) in the place of the single 
‘Mikrozoospore’ (Kornmann 1955).  
 Despite the complete life cycle description of Phaeocystis, there are still two 
major issues remaining. First, the simultaneous formation of haploid micro- and 
mesoflagellates has not been measured under controlled conditions. Secondly, the 
demonstration of syngamy between micro- and mesoflagellates, the final missing 
link in the life cycle of Phaeocystis, will overcome the tentative nature of the life 
cycle presented here.  
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