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Induction of sexual reproduction in Spirogyra clones – does an universal trig-
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Abstract: Species identification of the ubiquitous green algae genus Spirogyra Link based on the traditional mor-
phological species concept requires sexual reproduction stages including ripe hypnozygotes. Since these stages 
are only infrequently observed in nature, an artificial onset of the sexual phase in the laboratory would be most 
welcome. We therefore tried to induce conjugation in 95 strains of Spirogyra originating from various European 
sampling localities. A linear discriminant analysis based on a comparison of abiotic field data between sites with 
vegetative and conjugating filaments indicated that nitrate deprivation together with elevated organic compounds 
of N and P promotes conjugation. In the laboratory, altogether 681 experimental setups were conducted with a fo-
cus on variation of nutrient supply and irradiance conditions. No general trigger could be found promoting sexual 
reproduction in the genus, but the importance of certain nutrient ratios according to specific ecological demands 
seems likely. Besides nitrate depletion, also red, green and white light sometimes yielded in sexual reproduction 
stages, whereas ultraviolet radiation and blue light never resulted in hypnozygote formation. Detailed mechanisms 
of recognition between the compatible filaments are still unknown; apomixis and/or heterothallism might be an 
explanation for the low success rate in sex induction.
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Introduction

Although occurring worldwide and commonly 
found in various water bodies, the freshwater 
green alga Spirogyra (Zygnemataceae, Strep-
tophyta) has been subject to only a few investi-
gations in the past concerning its life cycle, mor-
phology and ecology (e.g. Allen 1958; Hoshaw et 
al. 1985; Berry & Lembi 2000; Hainz et al. 2009). 
Due to its spirally coiled, parietal chloroplasts, the 
genus is easily recognized. Therefore, genus dis-
tribution is well recorded (Hoshaw & McCourt 
1988; Hainz et al. 2009), which, however, does 
not apply for species distribution. According to 
traditional identification keys, reproductive stages 
which are rarely found in nature are required for 
species identification. McCourt et al. (1986) re-
ported from large scale field collections that they 
observed these stages in only 10% out of 632 Spi-
rogyra collections. 

Within the family of Zygnemataceae, sex-
ual reproduction occurs by means of conjugation. 

This unique process involves the differentiation 
of vegetative cells to gametangia and the fusion of 
amoeboid gametes either in the conjugation tube, 
which is formed between the cells or in the “fe-
male” gametangium. The gametal fusion results 
in a dormant stage, the so–called hypnozygote or 
zygospore, which is able to survive unfavourable 
environmental conditions. In some species, asex-
ual reproduction stages like aplanospores, parthe-
nospores or akinetes do occur. In the most recent 
worldwide Zygnematalean flora of Kadlubowska 
(1984), 381 Spirogyra species are listed, based 
on morphological traits like cell width, number 
of chloroplasts, type of cross wall, type of repro-
duction, formation of conjugation channels, shape 
of gametangia and as key characteristics for spe-
cies delineation shape, pigmentation, dimensions, 
and sculpturing of ripe hypnozygotes. Taking 
into account the infrequent in situ observations 
of hypnozygotes, which are essential for species 
identification, there is an obvious need to induce 
sexual reproduction in the laboratory under de-
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fined conditions (Grote 1977; Simons et al. 1984; 
Yoon et al. 2009). This is also of importance for 
scrutinizing the traditional species concept, and 
for implementing the taxon into biomonitoring 
surveys. Czurda (1933) was the first one who 
performed a broad study to trigger conjugation 
in Spirogyra varians (Hassall) Kützing. Czurda 
(1933) stated that sexual disposition occurs after 
a period of intense vegetative growth. He was not 
able to define clearly the physiological conditions 
of such a state (he called it “disposition for copu-
lation”), but related it to a critical pH range, which 
the cells have to pass through. He also found that 
these pH values varied for each species, presum-
ably according to the different ecological de-
mands of the organisms. The direct influence of 
other external factors, such as nutrient depletion, 
was excluded by him as well as the existence of an 
inner periodicity of the conjugation process. Al-
len (1958) investigated the complete life cycle of 
several strains of a homothallic clone of Spirogy-
ra and developed a standard technique to induce 
conjugation and zygote formation at will. Allen 
(1958) disbelieved the pH optimum to be the only 
external factor and established a quantitative rela-
tionship between irradiance supply and the occur-
rence of sexual stages above a certain minimum 
of light. Later on, Grote (1977) induced conjuga-
tion and spore formation in Spirogyra majuscula 
Kützing in a growth medium without any nitro-
gen supply. Further, she could not find certain 
vegetative and generative pH optima. Subsequent 
studies emphasized the role of nitrogen depletion 
and light as key factors to initiate the sexual phase 
in Spirogyra (Yamashita & Sasaki 1979; Simons 
et al. 1984). Simons et al. (1984) were able to in-
duce formation of mature hypnozygotes in 31 spe-
cies, which represented 40% of the total number 
of Spirogyra species described in the Netherlands 
at that time. The important role of nitrogen de-
pletion for the onset of sexual reproduction was 
confirmed by the work of Dell’Uomo & Masi 
(1985), who studied a community of Zygnema-
taceae in nature during one year. The impact of 
light was stressed by Kadlubowska (1984), who 
did not observe conjugation in Spirogyra fluviati-
lis Hilse until the algae reached the water surface. 
Very recently, Ikegaya et al. (2012) succeeded in 
induction of conjugation in Spirogyra castanacea 
Couch clones; growth on agar plates and not ni-
trogen depletion was identified as trigger. 

Based on the aforementioned research, the 
aim of the present study was to examine multi-

ple Spirogyra strains with regard to potential key 
factors for the artificial induction of conjugation 
and zygote formation. Various culture conditions 
were tested, with a focus on nutrient depletion, 
and both light quality and quantity. Successfully 
obtained hypnozygotes were then used for species 
identification. Furthermore, environmental data 
from field sampling of mating and vegetative Spi-
rogyra populations were analysed and compared 
to the results of the laboratory experiments. 

Materials and Methods

Spirogyra strain collection. Material originated from 
various Austrian sampling sites and from Germany, 
Croatia and Egypt (Hainz et al. 2009). Strains were 
isolated and then cultivated in Erlenmeyer flasks with 
Desmids medium (Kusel–Fetzmann & Schagerl 
1993) at 18 °C and a light:dark cycle of 16:8h (PAR 
of 15 µmol photons.m–2.s–1). Composition of culture 
media used for experiments and detailed information 
on the experimental design will be provided upon re-
quest. Several different techniques of precultivating 
the algal strains were applied in order to obtain luxu-
riant vegetative growth before starting the mating in-
duction experiments. White light was provided by cool 
white fluorescent tubes (either Philips TLD 36W/33 
or Osram FQ 39W/840 LUMLUX Cool White) and in 
certain cases the precultures were stored in a SANYO 
MLR–350 versatile environmental chamber. 

Mating induction experiments. A total of 95 Spirogy-
ra strains were tested in multiple experimental setups. 
Different abiotic parameters were combined and modi-
fied to induce sexual reproduction. For this purpose, 
the precultivated material was transferred into small 
sterile plastic petri dishes of 55 mm diameter. Nutri-
ent composition of the medium, light intensity, light 
quality, light cycle, pH and temperature were consid-
ered as potential key parameters. Three types of culture 
media were used: (1) organic media, which contained 
soil extract or bog water; (2) inorganic media of clearly 
defined composition; (3) autoclaved water originating 
from sampling sites, diluted to 50% with Milli Q–wa-
ter (Millipore Company). Either liquid media or media 
solidified with 1.5–3% agar (w:w) were used. White 
light was provided by cool white fluorescent tubes as 
aforementioned. The SANYO MLR–350 versatile en-
vironmental chamber was used in some experiments. 
The light:dark cycle was 16:8 h, 13:11 h, or 24:0 h. 
Additional varicoloured light was provided either by 
Philips 60W spot lights or by red, green and blue foil, 
which was filtering the white light emitted from Vol-
tolux 40W standard incandescent lamps. Additional 
UV light was provided by 300W Osram Ultra–Vitalux 
sunlamps, which emitted irradiances similar to that 



of natural sunlight (spectra will be provided upon re-
quest). The light intensity was measured with the Skye 
Quantum Sensor SKP 215/S and arbitrarily divided 
into three categories: (1) < 30 µmol m–2.s–1 (low); (2) > 
30 to < 70 µmol m–2.s–1 (medium); and (3) > 70 µmol 
m–2.s–1 (high), with its maximum at about 160 µmol 
photons m–2.s–1. In case of higher light intensities, the 
chloroplasts were contracting rapidly, bleaching or 
changing their colour to brownish–black. pH was de-
termined with a Metrohm AquatrodePlus combined pH 
glass electrode using the Metrohm PC Control Titrando 
sample processor and software. The petri dishes were 
regularly checked by means of a stereo microscope in 
order to find out whether conjugation or zygote forma-
tion had occurred or not. 

Species identification. Material was examined with a 
Reichert–Jung Polyvar microscope or with a Zeiss Axio 
Imager A1 microscope. Digital imaging was done us-
ing Olympus cell^F and analySIS 3.0 software. In cer-
tain cases, hypnozygotes were treated with 5% KOH in 
80% ethanol for the purpose of dissolving the cell con-
tent. The remaining spore walls were then centrifuged 
and rinsed in ethanol and distilled water. Subsequently, 
the hypnozygotes were put on a slide and embedded in 
glycerine (Kadlubowska 1984). This procedure should 
enhance the sculptures of the spore walls. Some hyp-
nozygotes were fixed in ethanol or Strasburger solu-
tion and treated mechanically in an attempt to separate 
the spore wall layers: the hypnozygotes were put on a 
slide and pressed slightly while moving the cover glass 
(Simons et al. 1982). Species identification was carried 
out using the three monographs of Transeau (1951), 
Randhawa (1959), and Kadlubowska (1984).

Statistics. In order to compare sampling sites where 

conjugation occurred and sites with only vegetative 
populations, environmental data from 137 Spirogyra 
locations in Central Europe were used. For detailed 
information on the sampling methods and the water 
analyses procedures see Hainz et al. (2009). Statisti-
cal analyses were done with the SigmaPlot SPW12 and 
with the IBM SPSS Statistics 20.0 software packages. 
If necessary, data were ln–transformed to achieve nor-
mal distribution, and afterwards standardized to zero 
means–unit variance. T–tests were chosen to prove 
significant differences and a linear discriminant analy-
sis (LDA) was performed to find environmental con-
ditions responsible for induction of conjugation in the 
field (2 groups = vegetative, conjugating). 

Results

The analyses of the environmental data did not 
display any significant differences between sites 
where conjugation was observed and sites with 
only vegetative Spirogyra populations (Figs 1–3). 
Spirogyra occurrences covered a broad range of 
environmental conditions. NO3–N was between 
below the detection limit and around 20 mg.l–1, 
NH4–N covered a range between 1 and about 1300 
µg.l–1, SRP was found below detection limit and 
1.4 mg.l–1 (Fig. 1). pH was between 6.2 and 9.1 
and total alkalinity ranged from 0.6 to 7.9 mval.l–1 
(Fig. 2). Water temperature was between around 
8 and 30 °C, conductivity ranged from around 70 
to1500 µS.cm–1 (Fig. 3). A LDA based on field 
data resulted in a significant model (r = 0.412; 
p = 0.037; Wilk´s Lambda = 0.831) with 78% 
of the cases placed in the correct group (Fig. 4). 
Key variables for discriminating the two groups 
“vegetative” and “conjugating” were NO3–N de-
pletion, elevated total phosphorus amounts and a 
high N:P ratio (Table 1). Moreover, elevated pH 
and decreased conductivity seemed to promote 
conjugation. 

In the laboratory, about 681 different ex-
perimental setups were performed (Table 2). Ar-
tificial induction of the mating process was finally 
successful in 9 out of 95 Spirogyra clones. Re-
gardless of the day length, sexual reproduction 
took place in all three categories of light intensity. 
Onset of conjugation was observed under white, 
red, and green light, whereas zygote formation oc-
curred only under white and red light (Table 2). 
Blue or UV light experiments always yielded neg-
ative results. Sexual reproduction under red and 
green light always occurred in nitrogen depleted 
media. Under white light, it was mainly observed 

variable Standardized
coefficient 

lnNP   2.827
lnPtot   2.191
lnNO3–N –1.504
Cond –0.692
pH   0.665
lnCa   0.524
lnSRP –0.384
Temp –0.181
lnMg –0.147
lnNH4–N –0.107
Alk –0.047

Table 1. Standardized canonical discriminant function coef-
ficients discriminating the two groups ”vegetative” and “con-
jugating” sorted in descendent order.  
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Discussion

The occurrence of the genus Spirogyra in a broad 
range of habitats is well documented (Hainz et al. 
2009; McCourt et al. 1986) and also reflected by 
the results of our environmental data analyses. 
However, no long–time monitoring of the par-
ticular sampling sites was carried out, like it was 
done in the study of Dell’Uomo & Masi (1985) 
and therefore, no conclusions can be drawn con-
cerning the changes in abiotic environmental 
conditions which might have caused an onset of 
sexual reproduction. Regarding this, daily fluctua-
tions of parameters like temperature in algal mats 
might be of importance (Berry & Lembi 2000; 
Kato & Ooshima 1997). Some environmental fac-
tors have been reported to induce conjugation of 
Spirogyra and both nitrogen depletion and light 
intensity have been regarded as key factors. Our 
LDA based on obtained field data pointed in the 
same direction: nitrate deprivation together with 
elevated organic compounds of N and P might 
promote conjugation. Contrarily to our findings, 
high temperature was reported as the only impor-
tant factor to induce conjugation in Z. extenue Jao 
(Kato & Ooshima 1997). In another study, Kim et 
al. (2007) were not able to induce conjugation in 
Zygnema Agardh artificially. 

The present study did not resolve the chal-
lenges regarding the induction of the sexual phase 
in Spirogyra. Even though conjugation and zy-
gote formation in the laboratory indicate a rela-
tion to nitrogen depletion, no clear pattern could 
be found. It seems likely that a certain shift in 

Fig. 4. Results of the linear discriminant analysis. Based on 
the discriminant function, discriminant scores of the sam-
pling sites were calculated and summarized in classes.   

Fig. 1. Nutrient contents of the sampling sites (median boxes 
with 10–25–75–90 percentiles).

Fig. 2. pH and alkalinity of the sampling sites (median boxes 
with 10–25–75–90 percentiles).

 
Fig. 3. Conductivity and temperature of the sampling sites 
(median boxes with 10–25–75–90 percentiles). 

in substrates without nitrogen or in phosphorus 
depleted substrates. A list of species which could 
artificially be induced to spore formation is given 
in Table 2. Sexual reproduction in nature was not 
observed in these cases. It was not possible to 
identify all strains because of the lack of mature 
hypnozygotes in some strains (Fig. 5).
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Fig. 5. Spirogyra spp.:  (a) S. fluviatilis zygote with brownish colour and corrugated spore wall; (b) S. fluviatilis cell division; (c) 
S. fluviatilis mature vegetative cell; (d) S. varians with an inflated sterile cell between conjugating cells; (e) vegetative filaments 
of S. polymorpha; (f) vegetative filament of S. mirabilis; (g) S. mirabilis, formation of parthenospores; (h) S. polymorpha, zy-
gote shape and size differ remarkably within one filament. Scale bar 25µm.

nutrient ratios is an important factor in triggering 
the conjugation process. Our results suggest that 
sexual reproduction occurs in a wide range of ir-
radiance conditions, which probably reflects the 
different ecological demands of strains used in the 
experiments. In cultures, the success of conjuga-
tion and zygote formation strongly depends on 

the type of culture media: BBM medium was suc-
cessfully used to induce conjugation (Yoon et al. 
2009). Compared to Desmids medium, the con-
centration of nitrate in BBM is about four times 
lower. Moreover, Simons et al. (1984) found that 
nitrogen depletion results in the formation of sec-
ondary carotenoids and in sporopollenine synthe-
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sis, which is part of the hypnozygotes wall. The 
lack of inorganic nitrogen in the water seems to 
be involved in the differentiation of gametangia 
(Simons et al. 1984), which is also supported by 
the findings of Yamashita & Sasaki (1979), who 
found a high intracellular C/N ratio in generative 
cells. Yamashita & Sasaki (1979) stated that the 
accumulation of starch is necessary for the for-
mation of ripe hypnozygotes. During sexual re-
production, the reproductive cells undergo a shift 
in glycopolysaccharides synthesis as shown for 
Spirogyra varians (Yoon et al. 2009). Some au-
thors mentioned an onset of sexual reproduction 
immediately after material was transferred to the 
laboratory, making it easy to carry out the experi-
ment in a short time (Kim & Kim 2002; Kim et al. 
2007; Yoon et al. 2009). 

Studies already conducted with other mi-
croalgae e.g., Chlamydomonas reinhardtii Dan-
geard, Chlorella sorokiniana Shihira et Krauss, 
Haematococcus pluvialis Flotow and Porphy-
ridium purpureum (Bory) Drew et Ross under 
different light conditions (Ai et al. 2008; Posten 
2009) have shown that red light promotes the ac-
cumulation of algal biomass and the syntheses of 
matrix polysaccharides (thicker cell walls), which 
might be seen as a hint for unfavorable growth 
conditions. Such adverse conditions are a pre-
requisite for resting stages like hypnozygotes. 
Another promising approach for sex induction is 
the modification of culture media. Stabenau & 
Säftel (1989) were the first to develop a simple 
and highly effective method of sexual induction 
in Mougeotia scalaris Hassal. The conjugation 
was stimulated by decreasing the concentration 
of nitrate in the medium, illumination with strong 
light and aeration of the cultures. Poulíčková et 
al. (1997) assumed that conjugation in their Mou-
geotia (Roth) Agardh cultures was caused by 
nitrogen depletion during desiccation of cultures 
on petri dishes. Nitrate deprivation seems also to 
play a key role in induction of gametangia forma-
tion of diatoms (Poulíčková & Mann 2008) and 
other desmids like Closterium  Nitzsch ex Ralfs 
(Ichimura 1971; Tsuchikane et al. 2012). 

What could be reasons for the low success 
in inducing the generative process? Yoon et al. 
(2009) stated that cultures appeared to loose the 
ability of conjugation soon after they adapt to the 
culture conditions. This phenomenon could also 
be connected to apomixis or apomeiosis, which 
was already proved for cultivated rhodophyte 
Caloglossa monosticha Kamiya (Kamiya & West 

2008). Another explanation might be heterothal-
lism, although to date no evidence for heterothal-
lism exists within this taxon. Interestingly, a few 
cases of this phenomenon in the family of Zygne-
mataceae have been observed so far, e.g. in some 
Zygnema species (Hoshaw 1968). Furthermore, 
it is possible that sexual reproduction was lost 
in some Spirogyra strains (apomictic groups), or 
in polyploid variants belonging to the same spe-
cies complex (Kamiya & West 2008). Apomixis 
is widespread and strongly associated with poly-
ploidy in ferns (Lovis 1977; Wagner & Wagner 
1980; Park & Kato 2003). In flowering plants, 
apomixis is also frequently seen in polyploids, 
and apomictic plants usually produce both asexu-
ally and sexually derived embryos (Richards 
2003). For Spirogyra, Allen (1958) isolated three 
clones of significantly different cell width from a 
single Spirogyra strain indicating different ploi-
dal stages; all three strains conjugated in a simi-
lar manner. Also Hoshaw et al. (1985) observed 
ploidal changes in a clonal culture of Spirogyra  
communis (Hassal) Kützing. 

The few examples of polyploidal clones 
and the low success rate of inducing the repro-
ductive stages strongly suggest scrutinizing the 
traditional species concept. Ploidal variants of the 
same clone change their morphology and most 
probably also their autecology. Here, an alterna-
tive species concept has to be applied consider-
ing also ploidal diversity. Halkett et al. (2005) 
in their study of population genetics suggest the 
use of genetic markers in combination with statis-
tic tools to estimate the rate of recombination in a 
population of partially clonal organisms. Strictly 
asexual lineages are generally believed to have a 
short evolutionary age. Interestingly, Spirogyra 
shows a high evolutionary rate, but a long evolu-
tionary history (Chen & Schagerl 2012). 

The low number of useful morphological 
characters suggests a small diversity within this 
genus. This was however refuted by the very re-
cent study of Chen et al. (2012), who found the 
genetic distance within the genus Spirogyra ex-
ceeding the distances within any other genus of 
the remaining Zygnemataceae included. Chen & 
Schagerl (2012) found that about half of the se-
quenced clones have lost the 1506 group I intron 
forming a long–branched group within the genus. 
In the near future, some of these gaps will hope-
fully be filled by combining various sequence 
comparisons with traditional characters. More-
over, single–cell PCR (Auinger et al. 2008) of 
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hypnozygotes would add essential information 
about the suitability of zygote ultrastructure on 
Spirogyra species delineation. 
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