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How often does conjugation in ciliates occur? Clues
from a seven-year study on marine sandy shores
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ABSTRACT: Conjugation is a distinctive process of ciliate sexual reproduction, and while its induction and progression have been widely investigated in lab-cultured strains of several species, little
information has been gathered about the actual frequency of this sexual process in natural habitats.
This study focuses on the frequency of conjugation in ciliates dwelling on Mediterranean sandy
shores. Over the period 1990 to 1996, 680 sand samples (1 ml) were collected along Italian coasts and
examined just after collection for the presence of conjugating pairs. Overall, the samplings yielded
28 890 individual ciliates belonging to 121 species, but only 20 conjugating pairs belonging to 8
different species. Conjugation, therefore, seems to be an erratic sexual phenomenon and not as
frequent in ciliates of temperate marine sandy shores as previously thought.
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Sexual reproduction in ciliates, like in several plants
and invertebrates, is a process apart from multiplication
which is asexual. While the frequency of asexually
multiplying cells in natural samples provides a clue for
estimating protist population growth rates in the field
(e.g. Reguera et al. 2003), few data are available on the
actual frequency with which sexual reproduction occurs
over the life cycle of ciliates in their habitats.
Sexual reproduction in ciliates follows 2 different
pathways: conjugation and autogamy (Dini & Nyberg
1993, Miyake 1996, Komori et al. 2002). Although both
processes allow clones to renew their genome via
micronuclear meiotic recombination, only conjugation
leads to the exchange of genetic information via
haploid micronuclei exchange between partner cells of
complementary mating types.
Notwithstanding the paramount adaptive significance of conjugation and its putative relationships with
genomic variability (Kusch & Heckmann 1996), scant
data on the actual frequency of this sexual process in

nature have been gathered, and the significance of
conjugation in structuring ciliate populations is still
controversial (Kusch 1998).
Under laboratory conditions, after each conjugation
ciliates go through a short ‘immaturity period’ after
which they may once again conjugate with the sexually complementary strains (Dini & Nyberg 1992). The
possibility of easily inducing conjugation by favouring
pre-conjugative interactions and synchronising complementary cells (e.g. Fujishima 1988, Luporini et al.
1992, Miyake 1996, Santangelo & Bruno 2001) suggested that this process could also occur frequently in
nature, though both the instability of the natural environment and the basically clonal population structure
of protists (Kusch & Heckmann 1996) could greatly reduce its frequency. As these studies were based on labcultured strains, they cannot provide any information
about the actual incidence of conjugation in nature.
The high number of mating types found in several
species, together with the high frequency of intraclonal selfing observed in old, crowded, lab-cultured
strains, also suggested that conjugation may occur
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frequently in nature. It is difficult, however, to infer the
frequency of conjugation in natural populations from
such findings. Thus, the question of how frequently
conjugation occurs in nature is still open.
As conjugating pairs remain united for several hours
under laboratory conditions (Miyake 1996), they
should also be easy to observe in freshly collected natural samples (i.e. before laboratory conditions could
affect the onset of pairing in the samples). The frequency of conjugation in natural environments can
thus be inferred by examining such fixed-volume samples. Unfortunately, no exhaustive data from such sampling are available in the literature.
Here we analyse the occurrence of conjugation in
marine ciliate assemblages dwelling on Mediterranean sandy shores. During the period 1990 to 1996, a
large number of sand samples were collected along
Italian sandy shores and examined just after collection
(Santangelo & Lucchesi 1992, 1995, Lucchesi & Santangelo 1997). In this framework, the occurrence of
conjugating pairs was carefully recorded. These data
are examined herein. We believe they can provide
some insight into the actual frequency of conjugation
within ciliate populations.

MATERIALS AND METHODS
Samplings were carried out between 1990 and 1996
in the Ligurian (Stns A, B, C, D, E) and Adriatic Seas
(Stns F, G, H; Fig. 1).

Overall, 680 sand samples (1 ml) (434 during springsummer and 246 in autumn-winter) were collected at
40 ± 10 cm depth during the morning low tide following methods and sampling designs described previously by Santangelo & Lucchesi (1995). The occurrence of mating pairs in the sand samples could be
affected by some periodicity of conjugation. According
to Miyake & Nobili (1974), conjugation occurs in
Euplotes crassus lab-cultured strains with some periodicity, but the peaks of conjugation may be reached at
any time of day. In addition, since rhythmicity of mating reactivity is well known in another ciliate (Barnett
1966), the duration of conjugation (10 to 36 h) allowed
us to also collect the pairs united during previous daily
phases. Our samples may therefore be considered as
random samples of different clones collected during
different phases of their life cycle, which could also
include conjugation. The frequency of conjugation,
estimated on the basis of the length of the immaturity
period in lab-cultured clones, could range between 12
and 42 conjugations yr–1 (Dini & Nyberg 1992, Doerder
et al. 1995).
Samples were transported to the laboratory in a thermal container and examined within 5 h of collection.
Ciliates were extracted from the sand following Uhlig’s
ice-water method (Uhlig 1964) within 2 h of collection
and examined as described below. Sand was filtered
with a 250 mm mesh nylon net. The method was tested
on pairs obtained by lab-cultured Euplotes crassus
complementary strains for (1) effects of ice-water treatment on pairs of different ages, and (2) extraction effi-

Fig. 1. Geographic distribution of the 680 sand samples (1 ml) examined in this study
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ciency from 1 ml sand samples on stable (those in
‘holdfast union’) pairs. Only pairs in early conjugation
phase (within 2 h of conjugation) were split by the icewater treatment. As samples were processed 2 h after
collection, the split pairs were mostly those formed
after sample collection. Holdfast union pairs of ciliates
are so permanently and tightly united (Fig. 2 B,C) that
they can be split only by firmly pressing a thin glass
needle on the cell-union region (Santangelo & Nobili
1981).
The efficiency of the extraction of Euplotes crassus
pairs in holdfast union was similar to that found for single ciliates (90%). The method therefore could underestimate pair frequency by about 10%.
The ciliate assemblages examined dwell in mediumto fine-sized grain, on poorly sorted sandy shores, variously exposed to hydrodynamic disturbance (Lucchesi
& Santangelo 1997). The temperature values were typical of shallow Mediterranean waters, characterized by
a warm period (June to October), during which they
range from 21 to 25°C, and a cold period (November to
May), in which they fall to a minimum 9.9°C (December). Salinity varies between 25 and 36 psu and oxygen
between 8 and 50% atmosphere saturation.
Stn A was located at ‘Marina di Levante’, Viareggio
(43° 51’ N, 10° 15’ 05’’ E), an exposed sandy shore about
10 m from the coast. A total of 169 samples (1 ml) were
examined on 19 different occasions over 2 yr (1990 to
1991).
Stns B and C were located at the ‘Gombo’ area in
the ‘S. Rossore’ Natural Park, Pisa (43° 43’ 06’’ N,
10° 16’ 06’’ E). Stn B was located on a shore sheltered
by an artificial cliff, while Stn C was more exposed
to hydrodynamic disturbance. A total of 272 samples

Fig. 2. (A) Percentage of species
found in conjugation within this
research, (B) an in vivo conjugating pair of Trachelocerca
sp. (Karyorelictida) in holdfast
union, and (C) anterior region
(scale bar = 40 µm). Differential
interference contrast

(1 ml) were collected from these stations on 14 different occasions over 2 yr (1993 to 1994).
Stn D was located near the coastline at the ‘Fiume
Morto’ river mouth in the ‘S. Rossore’ Natural Park,
while Stn E was located in the river mouth. During
June and July 1992, 25 and 52 samples (1 ml) were collected on 5 different occasions at Stns D and E, respectively.
Stns F, G and H were located near Venice (42° 25’ N,
12° 21’ E). Stn F was situated in the Adriatic Sea at
‘Lido’ Islet, a few meters from the coastline, while Stns
G and H were located in the Venice Lagoon (S. Giorgio
Islet). Overall, 162 samples (1 ml) were collected on 3
different occasions in April, May and June 1996.

RESULTS
The ciliate assemblages studied showed a clear-cut
seasonal pattern: in spring–summer, ciliate density,
patchiness and diversity were significantly higher than
in autumn-winter (Santangelo & Lucchesi 1995, Santangelo et al. 2000).
Pairs were found only in the spring-summer samples.
Only 5 stations out of the 8 examined and only 11 out
of 434 samples (1 ml) (0.07%) yielded pairs (Table 1).
Overall, out of 28 890 ciliates (42.5 ciliates ml–1)
belonging to 121 species and 39 genera, only 20 mating pairs (0.07% of overall ciliates) of 8 species (6.6%
of species; Fig. 2A) were found in conjugation. Mating
pairs had an average density of 0.029 pairs ml–1.
Aspidisca sp. was found in conjugation in 4 samples (2
with 1 pair and 2 with 2 and 3 pairs), and Euplotes
crassus in only 1 sample (7 pairs in the same sample).
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Table 1. Ciliate pair content in 434 sand samples collected in spring-summer. Pairs were found in 11 samples, in 9 of which the conjugating species reached a density ≥10 cells ml–1 (Column 5). The ratio between the density of the mating species and that of overall ciliates in the sample is shown (Column 6). In Columns 7 and 8, the overall ciliate density in the sample and that at the station are reported
Stn

Pairs ml–1

No.
of
pairs

A

2
1

B

3
7
1
1
1

}

}

Species found
in conjugation

Mating
species
density
(cells ml–1)

Mating
Overall
species/
ciliate density
overall
in the sample
ciliates (%)
(cells ml–1)

0.012

Aspidisca sp.
Trachelocerca sp.

30
16

15
3

200
198

0.08

Aspidisca sp.
Euplotes crassus
Pleuronema marinum
Remanella obtusa
Tracheloraphys totevi

14
20
23
10
13

30.4
42.5
50
20
25

46
47
46
50
42

Overall ciliate
density (± SD)
at the station
(cells ml–1)

}

}

113 ± 96

118 ± 27

C

No pair

119 ± 13

D

No pair

167 ± 45

E

1

F

1
1

G

No pair

H

1

Total

}

0.02

Aspidisca sp.

1991

95.2

2091

0.037

Aspidisca sp.
Loxophillum sp.

13
14

27
8

48
50

0.018

Remanella sp.

10

47.6

21

}

1170 ± 173
1

12 ± 20
11 ± 3
11 ± 3

20

Mating pairs of each of the other species (Remanella
obtusa, Remanella sp., Pleuronema marinum, Trachelocerca sp., Thracheloraphis totevi and Loxophyllum
sp.) were found only once, with 1 sole pair in the sample (Table 1). In 9 out of 11 cases, the mating species
showing a density between 10 and 199 cells ml–1 codominated or dominated the sample (15 to 95% of the
overall ciliates, Table 1).
Pairs were always found in samples that showed a
high density of ciliates, when compared to the densities found in other samples collected at that station
(Table 1, Columns 7 and 8).
The data subdivided by station are briefly reported
in the following:
Stn A. In these samples, 113 ± 96 and 9 ± 8 ciliates
ml–1 (in spring-summer and autumn-winter), belonging to 58 species were found. The Shannon-Weaver
index (H) reached 2.08. Coleps hirtus, Pleuronema
marinum and Remanella sp. co-dominated (60% of the
overall ciliates). Only 2 species (3.4%) were found to
be mating: Aspidisca sp. (2 pairs) and Trachelocerca
sp. (1 pair) (Table 1) equal to 0.012 pairs ml–1 . Their
density was 30 and 6 ciliates ml—1, respectively (15 and
3% of the overall ciliates).
Stn B. In these samples, 18 ± 27 ciliates ml–1 (springsummer) and 3 ± 2 ciliates ml–1 (autumn-winter)
belonging to 40 species were found. The low equitability kept down diversity (H = 1.05), due to the clear-cut
dominance of Pleuronema marinum and Coleps hirtus.
Five species (12.5%) were found mating: Euplotes

crassus (7 pairs in 1 sample), Aspidisca sp., Pleuronema marinum, Remanella obtusa, Tracheloraphis
totevi (1 pair each). Density was 0.08 pairs ml–1. The
mating species reached 14, 20, 23, 10 and 13 cells ml–1
and accounted for 30, 42, 50, 20 and 25%, respectively,
of the overall ciliates.
Stn C. Overall, these samples yielded a low density:
9 ± 13 ciliates ml–1 (spring-summer) and 2 ± 2 ciliates
ml–1 (autumn-winter) belonging to 33 species (H = 1.4).
Coleps hirtus and Pleuronema marinum were the dominant taxa. No mating pair was ever observed.
Stn D. These samples, which yielded 67 ± 45 ciliates
ml–1, exhibited a clear-cut dominance of Pleuronema
marinum and Coleps hirtus (Table 1). Overall, 28 species were found. The low equitability kept down diversity (H = 0.6). No mating pair was ever observed.
Stn E. Although ciliates reached a density lower than
at Stn A (70 ± 173 ciliates ml–1), in 1 sampling (in June)
they reached the highest density we ever encountered
(1206 ciliates ml–1). In spite of the highest species richness (43 species), diversity was low (H = 0.9), as it was
heavily influenced by Aspidisca sp. dominance (44%
of the overall ciliates). Only 1 pair of Aspidisca sp. was
found (0.02 pairs ml–1) in a sample in which this species
reached a density of 199 ciliates ml–1 (95% of overall
ciliates).
Stn F. Density increases from 1 ± 1 in early April
up to 34 ± 13 cells ml–1 in June. Thirty-five species
were found and, due to a good equitability, diversity
reached the highest value (H = 2.3). Pleuronema sp.

Lucchesi & Santangelo: Conjugation in ciliates

dominated these samples. One pair of Aspidisca sp.
and 1 of Loxophillum sp. were found (0.037 pairs
ml–1). In these samples, the density of Aspidisca sp.
and Loxophillum sp. was 13 and 4 cells ml—1, respectively (27 and 8% of the overall ciliates, respectively).
Stn G. These samples always yielded a low density
(1 ± 1 ciliates ml–1). Overall, 17 species were found, the
equitability was high and thus diversity reached a high
value (H = 1.8). Aspidisca sp. dominated the species
assemblage. No mating pair was ever observed.
Stn H. These samples also yielded a low density (1 ±
2 ciliates ml–1). Overall, 21 species were found, with
Aspidisca sp. dominating the species assemblage. Due
to the high species richness, diversity was high (H =
1.8). Only 1 pair of Remanella sp. was found (0.018
pairs ml–1) in a sample in which this species dominated
(10 ciliates ml–1, 47.6% of overall ciliates).

DISCUSSION
Conjugation is generally considered to be the major
sexual event in the life cycle of ciliates. During this
process, sexually complementary cells mutually activate to acquire the ability to unite and form stable,
mating pairs. In such pairs, a series of cellular and
nuclear changes lead, via meiotic division, to migration, exchange and fusion of pronuclei (Miyake 1996).
By increasing genetic variability, conjugation reinforces the vitality of clones and their fitness, and thus
represents a powerful factor in evolution (Dini &
Nyberg 1993). Conjugation frequency is the main factor determining the genetic structure of ciliate populations but there is limited knowledge about its incidence in nature (Doerder et al. 1995).
We examined a large number of samples collected in
different seasons over several years from Italian sandy
shores, focussing on the occurrence of mating pairs; we
believe such analysis provides valid information about
the actual occurrence of conjugation in nature. Due to
a 90% extraction efficiency (checked on cultured ciliates), the extraction method could account for an
underestimation of pair frequency of 10%.
The duration of immaturity has been described in
few species; on these bases a cultured clone could conjugate 12 to 42 times yr–1 (Dini & Nyberg 1992, Doerder
et al. 1995). Out of 28 980 ciliates and 121 species
found (and a higher, undetermined number of clones),
only a minimal percentage (0.07 and 6.6%, respectively) was encountered in conjugation. We can thus
conclude that the frequency of pairs was much lower
than expected. Obviously our findings cannot exclude
that some ciliates living in calm, fresh-water ponds
could conjugate more frequently than those in marine,
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exposed sandy shores. Doerder et al. (1995) indicate a
high frequency of conjugation in Tetrahymena thermophyla, based on immaturity of freshly collected
clones; indirect, a posteriori, evidence of conjugation.
In contrast, Nanney & McCoy (1976) indicated, within
natural populations of the Tetrahymena pyriformis
complex, the existence of large numbers of asexual
strains, which can constitute 30 to 50% of the overall
strains collected in nature.
Mating was more frequent within patches of ciliates
where the mating species attains a relatively high density and, in several cases, dominates the patch. Such
conditions were common in spring-summer, the period
during which all the pairs were found. Several interstitial protists tend to congregate at food sources, forming
ephemeral multispecific patches (Fenchel & Blackburn
1999, Santangelo et al. 2000, Smirnov & Thar 2003).
Such patches are more frequent in sheltered sandy
shores (Lucchesi & Santangelo 1997). Under laboratory
conditions, conjugation occurs in ciliates that have
been moderately starved, at the end of their exponential growth phase. Thus, it seems reasonable to suppose that ciliates mate under similar conditions in the
field as well: when and were crowding occurs, ciliates
may consume the food patch quickly and then conjugate. A high density of sexually complementary conspecifics greatly increases the probability of mating, by
increasing both the frequency of encounters between
sexually complementary partners and the intensity of
pre-conjugative interactions (Luporini et al. 1992,
Doerder et al. 1996, Miyake 1996). Such interactions
may thus be more effective in crowded patches of
conspecifics.
Conjugation frequency is an important component of
the reproductive strategies of ciliates. It can be considered the result of complex interactions between
growth rates, pre-conjugative interactions, distribution
patterns and breeding systems of the different species
(Landis 1986, Iwasa & Sasaki 1987, Dini & Nyberg
1993). Generally, ciliates with multiple breeding systems and highly sex-structured populations are considered to have more opportunities to conjugate than
those with binary breeding systems, but the ciliate
most frequently found in conjugation in our samples
(the hypotrich Aspidisca sp.) exhibits a reproductive
strategy characterised by a binary breeding system
(Dini et al. 1987). It seems reasonable to suppose that
the high density reached by Aspidisca sp. could have
determined the relatively high frequency of its pairs in
our samples. Our data therefore do not corroborate the
hypothesis that conjugation occurs more frequently in
multiple-breeding-system species.
In conclusion, our findings indicate that the frequency of mating among ciliates in marine temperate
sandy shores is quite low: only a small percentage of
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species and a minimal percentage of ciliates were
collected during their mating phase. Mating is more
frequent within patches where the mating species
attains a relatively high density. Finally, our results
suggest that conjugation is an erratic sexual phenomenon (Fleckleton 2002), not as frequent in ciliate populations as previously believed.
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