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Abstract. By using combinations of phenotypically-dis- 
tinct - but sexually-compatible - mutant strains of C. 
monoica (zym-1, zym-27, and nit-2) and assaying for 
zygote genotypes in genetically-mixed mating popula- 
tions (where gametes of the two parental homothallic 
strains were present at similar frequencies), we have 
found that matings occur preferentially between cells of 
the same genotype. Additional support for an hypothesis 
of non-random mate selection was provided by using an 
easily-selectable genetic marker (sup-l) to verify the fre- 
quent occurrence of matings between cells of identical 
genotype in populations where the selectable genotype 
was present at very low relative frequency (10- 2 or 10-3) 
in a mixed mating population. Direct evidence for non- 
random mate selection was obtained by presenting nitro- 
gen-starved cells with limiting nitrate to synchronize 
gametic differentiation in wild-type strains. Under these 
conditions, the four, eight, or 16 mitotic daughters re- 
leased from the same mother sporangium often immedi- 
ately established mating pairs within the group. Thus 
successive mitotic divisions of a single mother cell yielded 
progeny of opposite expressed mating-type. 

Key words: Chlamydomonas monoica- Homothallism - 
Mating-type differentiation - Mate selection 

Introduction 

The unicellular alga C. monoica is homothallic: sexually- 
compatible mating-types appear within a population 
derived from a single haploid cell (Strehlow 1929; Van- 
Winkle-Swift and Bauer 1982; Van den Ende et al. 1992). 
Mating interactions resemble those of the heterothallic 
species C. eugametos (Musgrave et al. 1985; Van den 
Ende et al. 1988). Compatible gametes form vis-a-vis 
pairs with flagellar paralysis of one partner allowing the 
other to direct the movement of the pair. Although 
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gametes remain walled, cell fusion is accomplished by 
partial anterior wall lysis and extension of the activated 
mating structures which establish a cytoplasmic connec- 
tion (Shi and VanWinkle-Swift, in preparation). Unipa- 
rental inheritance of chloroplast genes also suggests that 
the gametes of C. monoica are equivalent to the opposite 
mating-types (rot + and mt-)  of heterothallic species (Van 
Winkle-Swift and Aubert 1983). However, nothing is 
known about the cellular and genetic mechanisms that 
give rise to opposite mating-types within a clonal popula- 
tion, i.e. from a single progenitor cell. 

There are two necessary conditions for zygote forma- 
tion in C. monoica: nitrogen starvation and the ability to 
divide (Van den Ende et al. 1992). Nitrogen-starved cells 
that are unable to divide do not mate. Thus, simply trans- 
ferring vegetative cells to nitrogen-free medium (a tech- 
nique routinely used in other Chlamydomonas species; 
Sager and Granick 1954; Trainor 1958) has not proven 
useful for gamete induction in C. monoica. Instead, media 
best described as nitrogen-limiting (VanWinkle-Swift and 
Bauer 1982; Van den Ende 1992) promote the differentia- 
tion of vegetative cells into mating-competent gametes. 
Upon transfer to nitrogen-limiting media, cells continue 
to undergo a few rounds of cell division before mating 
ensues. It is likely that upon attainment of mating compe- 
tence, the cells are nitrogen-starved and incapable of 
further division. 

Previous work on zygote formation in this species 
(Van den Ende et al. 1992) suggests that successful mat- 
ing is not dependent upon random collisions but that 
some form of mate selection may be occurring. In partic- 
ular, increasing the population density during gameto- 
genesis did not result in an increase in zygote yields. The 
correlation between the potential for continued cell divi- 
sion and increased mating efficiency led to the hypothesis 
that mitotic daughters selectively establish mating pairs, 
perhaps initiating effective contact while still within the 
confines of the mother cell wall - a process we will hence- 
forth refer to as sib-mating. 

This hypothesis predicts that within a mixed popula- 
tion of genetically-distinct but sexually-compatible (and 
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Fig. 1. Alternative hypotheses for mate selection in genetically- 
mixed homothallic mating populations. According to the hypothe- 
sis of random mate selection, gametes derived from one parental 
strain are as likely to mate with members of a second strain as with 
members of their own strain. This assumes that gametes of each 
genotype are equally abundant in the population and that the ratios 
of opposite mating-types produced by the two strains are the same. 
In contrast, the hypothesis of sib-mate selection predicts that mat- 
ings between members of different strains will be rare. Instead, most 
gametes will pair with siblings released from the same mother cell 
sporangium. This assumes that each sporangium produces gametes 
of both mating-types and in equal numbers 

homothallic) strains, mating within strains should be 
more common than mating between strains. In contrast, 
assuming an equal frequency o f  gametes of the two 
strains, a model invoking random mate selection would 
predict a 1:1 ratio of homozygous zygotes (from selfing) 
and heterozygous zygotes (from crossing). Figure 1 illus- 
trates the two alternative hypotheses for mate selection in 
C. monoica. We describe below the application of a vari- 
ety of phenotypically-distinctive mutant strains to test 
the hypothesis of non-random mate selection in geneti- 

cally-mixed but homothaltic populations. As predicted, 
the frequency of heterozygotes produced by matings be- 
tween the parental genotypes is always less than expected 
based on a model of random mate selection. Further- 
more, we show that a given parental genotype can effi- 
ciently produce homozygous zygotes even when present 
at extremely low relative abundance in a genetically- 
mixed population. By shifting cells from nitrogen-free 
medium to nitrogen-limiting medium we have now been 
able to synchronize the gametogenic divisions and verify 
- by direct microscopic observation - extensive sib-mate 
selection. 

Materials and methods 

Strains. The C. monoica strains used in this study include the wild- 
type strains WTt5c (VanWinkIe-Swift and Burrascano 1983) and 
UTEX 220 (from the University of Texas Algal Culture Collection), 
a nitrate non-utilizing auxotroph (nit-2; unpublished), two recessive 
lethal zygote-maturation mutants, zym-i (VanWinkle-Swift and 
Bauer 1982) and zym-27 (Parmelee and VanWinkle-Swift 1983), a 
germination-defective mating-type-limited strain mtl-l-2 (carrying 
a more stringent mutant allele at the mtl-1 locus described by 
VanWinkle-Swift and Hahn 1986), and a double mutant carrying 
the mtl-l-2 lethal allele and a recessive suppressor, sup-I, of this 
lethality (VanWinkle-Swift et al., submitted). 

Media and culture conditions. Mutant and wild-type strains are 
routinely maintained on agar-solidified nitrate-containing Bold's 
Basal medium (BM; Bishcoffand Bold 1963) or on ammonium-con- 
taining High Salt medium (HS; Suoeka 1960). Asynchronous mixed 
mating populations containing two genetically- and phenotypically- 
distinct strains were established in liquid nitrate-limited LPN medi- 
um (VanWinkle-Swift and Bauer 1982). Strains are maintained at 
20-23~ under continuous cool white fluorescent illumination 
(30-60 gE m -2 sec-~). 

Mixed mating populations. Mixed mating populations for the 
zym-1/zym-27 or nit-2/WT15c combinations were established as 
follows: each parental strain was suspended in LPN medium to a 
final cell density of 1 • 106 cells ml-1; l-ml mixed mating popula- 
tions were created by mixing 200, 300, 400, 500, 600, 700 or 800 til 
of one parental strain with 800, 700, 600, 500,400, 300, or 200 p.1 of 
the other strain. Because the efficiency ofgametogenesis varies from 
strain to strain, or from one experiment to another, a starting ratio 
of 1:/vegetative cells of each strain will not necessarily produce a 
1:1 ratio of parental gametes. Gamete genotype frequencies can be 
deduced from the resultant zygote genotype frequencies (see legend 
to Table 2). Only data from mating populations that were later 
deduced to have involved approximately-equal gamete genotype 
frequencies are reported here. Mixed mating populations for the 
mtl-l-2/mtl-l-2 sup-1 combination of parental strains were estab- 
lished by suspending vegetative cells of each parental strain in LPN 
to a final density of 1 x 10 6 cells ml- 1 The mtl-l-2 sup-1 suspension 
was then diluted 100 fold. To create the 100:1 biased mating culture, 
500 ~1 of the undiluted mtl-l-2 culture was mixed with 500 gl of the 
diluted mtl-l-2 sup-1 culture. To create the 1000:1 biased mating 
culture 900 gl of the undiluted m tl-l-2 culture was mixed with 100 gl 
of the diluted mtl-l-2 sup-1 culture. In analyzing the data from these 
experiments (see Fig. 3 and Table 2), we assumed that the efficien- 
cies of gametogenesis for the two strains were similar. (Zygote yields 
obtained in control self-matings of the individual parental cultures 
indicated mating efficiencies of 13% for mtl-l-2 and 11% for the 
mtl-l-2 sup-l)_ Analysis of these mixed mating populations also 
rests on assumptions concerning the viability (germination efficien- 
cy) of the mtl-l-2 and mtl-l-2 sup-1 homozygotes. Zygote densities 
were determined by a hemacytometer count for self-matings of the 
mtl-l-2 and mtl-l-2 sup-1 strains and known numbers of zygotes 



were plated, matured, and induced to germinate following standard 
procedures (VanWinkle-Swift and Bauer 1982). From 60000 mtl-l-2 
homozygotes plated, six colonies were recovered (germination effi- 
ciency = 10-4). From 263 mtl-l-2 sup-1 homozygotes plated, 245 
colonies were recovered (germination efficiency=0.93). For sim- 
plicity, in making predictions (see Fig. 3 and Table 2) we have 
considered the germination efficiency of mtl-l-2 sup-1 to be equiva- 
lent to 1.0) 

Assessing zygote genotypes and phenotypes. To determine the pheno- 
types (and genotypes) of zygotes produced in mixed mating popula- 
tions containing the zym-1 and zym-27 strains, aliquots from 7-day- 
old LPN cultures were examined by phase-contrast light microsco- 
py to determine zygote morphology (see text and Fig. 2 for further 
details). From 500 to 1 000 zygotes were scored for each zym-1/ 
zym-27 mating population analyzed. For mating populations con- 
taining the nit-2 and WT15e strains, aliquots from 7-day-old LPN 
cultures were plated on BM agar, incubated in the dark for 3-5 
days and then induced to germinate as described previously (Van- 
Winkle-Swift and Bauer 1982). The latter procedure results in a 
color distinction between nit-2 (yellow) and wild-type (green) segre- 
gants from meiotic germination of zygotes (see text for further 
details). For each nit-2/WT15e mating population, 100-200 zygote 
clones were scored for color after 5-7 days post-germination 
growth. Viable zygotes produced in mixed mating populations con- 
taining the mtl-l-2 and mtl-l-2 sup-I strains may be derived from 
rare germination of mtl-l-2 homozygotes (frequency 10-4), rare 
germination of mtl-l-2 sup-1 heterozygotes (frequency 10-4), or 
from normal germination of mtl-l-2 sup-! homozygotes. The 
zygotes derived from rare germination of mtl-l-2 homozygotes are 
easily identified by "self-mating" each viable zygote clone and re- 
testing the second generation of zygotes for germination. To distin- 
guish between mtl-l-2 sup-1 homozygotes and the rare germination 
of zygotes heterozygous for sup-l, 50 viable zygote clones derived 
from these populations were subcloned. Twenty-five subclones from 
each zygote clone were then self-mated and tested for germination. 
All viable zygote clones previously shown not to be mtl-l-2 ho- 
mozygotes, proved to be homozygous for both the mtl-l-2 and sup-1 
alleles, i.e., no segregation of the unsuppressed mtl-l-2 germination 
defect was observed. 

Synchronization of garnetogenesis. Details of the synchronization 
procedure are provided in the text. Briefly, vegetative cells are first 
transferred to nitrogen-free medium for 15-24 h in darkness (or 
under an alternating light/dark regime) to deplete intracellular ni- 
trogen reserves. The starved cells are then shifted to a nitrate-limit- 
ing medium for 18-24 h under continuous illumination. At the end 
of this period the culture is comprised primarily of sporangia (con- 
taining four, eight, or 16 mitotic daughters) which hatch syn- 
chronously to release mating-competent gametes. 

Photographic procedures. Gametogenic sporangia and mating cells 
were observed at 400 x magnification, and zygotes at 1000 x, using 
a Zeiss Axioplan phase-contrast microscope equipped with an Hi- 
tachi color video camera (Model KP-C501). Images were viewed on 
an Hitachi color monitor (Model CT1365VM) and recorded on 
TDK-Extra High Grade VHS tape using an Hitachi Video Tape 
Recorder (Model VT-F430A). Images were captured as arrested 
single frames from the video tape, and were converted to a 
monochrome image using a Sony Video Graphic printer (Model 
UP-811). 

Results 

In mixed mating populations where two genotypes are 
present at similar frequencies, matings occur more 
frequently within strains (genotypes) than between strains 

To test the hypothesis  that  mate  selection is n o n - r a n d o m  
in genetically-mixed homotha l l ic  populat ions ,  we first 
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Fig. 2 a-c.  Wild-type and mutant zygote phenotypes, a Wild-type 
zygospores (homozygous or heterozygous) have a distinctive reticu- 
late surface. A primary zygote wall (lower part of left panel) is 
released as maturation continues. Zygotes produced by matings 
between zym-1 and zym-27 gametes have the wild-type phenotype 
shown here. b Zygotes produced by self-mating of zym-I gametes 
tend to associate in clumps, have a smooth non-reticulate surface, 
and show no evidence of the primary zygote wall. Large lipid glob- 
ules (arrow) are also clearly visible in most zym-1 homozygotes. 
e Zygotes produced by self-mating of zym-27 gametes acquire a 
very granular appearance often with evidence of extensive plasmol- 
ysis (arrows, upper panels). Alternatively, zym-27 homozygotes are 
found constricted into dumb-bell shapes upon attempting to release 
the primary zygote wall (lower panel) 

used two mu tan t  strains carrying zygote-specific lethal 
markers  tha t  alter zygote m o r p h o l o g y  in distinctive ways. 
Figure 2 a - c  compares  the morphologies  o f  wild-type, 
zym-1, and zym-27 h o m o z y g o u s  zygotes. The zym-1 and 
zym-27 alleles are complementa ry  and matings between 
the two strains yield wild-type heterozygous  zygotes (Van 
Winkle-Swift  and Burrascano 1983; VanWinkle-Swift  
1989). As shown in Table 1 a, the frequency of  het- 
erozygotes  p roduced  by mat ings  between the two strains 
was always less than that  predicted on the basis o f  ran- 
d o m  mate  selection. Instead,  matings occurred preferen- 
tially between gametes o f  the same genotype.  

Similarly, mixed mat ing  popula t ions  were prepared  
using the nitrate non-util izing nit-2 and the wildtype 
WT15c strains. After  allowing for mat ing  and zygote for- 
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Table 1. Zygote genotypes derived from mixed mating populations comprised of two homothallic parental genotypes in nearly equal 
abundance 

(1) zym-1, zym-27 mixed mating populations 

Gamete genotype frequencies" Zygote genotype frequencies b 

zym-1 zym-27 Homozygous 

zym-i /zym-! zyrn-27/zym-27 

Obs. Pred. Obs. Pred. 

Heterozygous 

zym-1/+ zym-27/+ 

Obs. Pred. 

0.52 0.48 
0.56 0.44 
0.43 0.57 
0.55 0.45 
0.46 0.55 

(2) nit-2, WT15e mixed mating populations 

Gamete genotype frequencies" 

0.50 0.27 0.46 0.23 
0.49 0.31 0.36 0.19 
0.36 0.18 0.50 0.32 
0.42 0.30 0.32 0.20 
0.34 0.21 0.45 0.30 

Zygote genotype frequencies b 

WT15c nit-2 Homozygous 

WT15c nit-2 

Obs. Pred. Obs. Pred. 

0.05 0.50 
0.14 0.49 
0.14 0.49 
0.25 0.50 
0.21 0.51 

Heterozygous 

nit-2~ + 

Obs. Pred. 

0.53 0.47 0.41 0.28 0.48 0.22 0.11 0.50 
0.56 0.44 0.49 0.31 0.38 0.19 0.13 0.50 
0.31 0.69 0.31 0.10 0.68 0.48 0.00 0.42 

0.55 0.45 0.50 0.30 0.42 0.20 0.07 0.50 
0.63 0.37 0.58 0.40 0.33 0.14 0.09 0.47 

" Relative gamete frequencies are calculated as, for example, [2(no. of zym-J homozygotes)+(no, of heterozygotes)]-2 (total no. of 
zygotes) = original freq. of zym-1 gametes 
b Predictions for homozygote and heterozygote frequencies are based on the assumption of random mate selection and are calculated, for 
example, as follows: 
pred. freq. of zyml homozygotes = (freq. zym-1 gametes) 2 
pred. freq. of zym-27 homozygotes = (freq. zym-27 gametes) 2 
pred. freq. of heterozygotes = 2 (freq. zym-1 gamete) (freq. zym-27 gamete), 
or 1-(freq. of zym-I homozygotes+freq, of zyrn-27 homozygotes). 
The observed zygote genotype frequencies are simply the number of zygotes showing the zym-1, zym-27 or wild-type (heterozygous) zygote 
phenotype divided by the total number of zygotes observed 

mation, the zygotes were germinated on nitrate (BM) 
medium. Under  these conditions, zygotes formed by mat-  
ings between wild-type gametes produce green colonies, 
while those formed from matings between nit-2 gametes 
produce yellow colonies. Matings between the two strains 
will produce heterozygotes that segregate nit-2 and nit-2 + 
alleles and so produce green/yellow sectored zygote 
clones. As shown in Table 1 b, matings between the 
WT15c and nit-2 gametes occurred less frequently than 
expected if mate selection were random. 

In a genetically mixed homothallic mating population, 
even an extremely rare genotype mates preferentially 
with cells of  the same genotype 

To increase the stringency of  our tests for non- random 
mate selection, a selectable genetic marker  was needed to 
detect very rare mating events between cells of  an uncom- 
mon  genotype within a background of  matings between 
cells of  a more  abundant  genotype (or crosses between 

the rare and abundant  genotypes). Mixed mating popula-  
tions were established using cells of  a germination defec- 
tive strain, mtl-l-2, present in a 100- or 1 000-fold excess 
over those of  a strain carrying - in addition to the lethal 
mtl-l-2 allele - a suppressor of  the germination defect, 
sup-1. All matings in this populat ion thus produce 
zygotes homozygous for mtl-l-2. Because the suppressor 
is recessive, matings between the rare mtl-l-2 sup-1 cells 
and the abundant  mtl-l-2 cells do not produce a Viable 
zygote. Only matings between the rare mtl-l-2 sup-1 cells 
themselves produce zygotes that  germinate efficiently. 
However,  the mtl-I-2 lethal allele shows a low level of  
leakiness such that one in 10 000 zygotes homozygous for 
mtl-l-2 is viable. Thus, the zygote genotype must  be ver- 
ified by subcloning (see Materials and methods.) 

Figure 3 shows the ways in which viable zygotes can be 
produced in these mixed populations according to either 
a r andom mating or sib-mating hypothesis for mate  selec- 
tion. The hypothesis of  r andom mate  selection predicts 
that  many  of the viable zygote clones recovered will be 
derived f rom rare germination of  the more common 
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Fig. 3. Predictions for recovery of zygotes homozygous for a rare 
genotype from a highly-biased mixed homothallic mating popula- 
tion. At ratio of 100:1, viability from mtl-l-2 leakiness (10 -4) is 
equal to that of rare random mtl-l-2 sup-1 • mtl-l-2 sup-1 encoun- 
ters (10-2 • 10-2). Thus, 50% of the viable zygotes recovered from 
the population would be expected to be homozygous for sup-l, 
while the others would prove upon re-testing to be pure for the 
mtl-l-2 germination defect. If the bias were increased to 1000:1 (see 
Table 2), only 1% of the viable zygotes are expected to be ho- 
mozygous for sup-1. In contrast, if encounters between mtl-l-2 sup-1 
gametes are in fact achieved by sib-mating, then the expected fre- 
quency of viable zygotes homozygous for sup-1 is equal to the 
frequency of the mtl-l-2 sup-! gametes (10-2) since encounters will 
occur with 100% efficiency as long as the original mtl-l-2 sup-2 
vegetative ceils produce gametogenic sporangia. Because this ex- 
pected frequency is 100-fold higher than the germination efficiencies 
ofmtl-l-2 homozygotes (which will make up the vast majority of the 
zygote population), approximately 99% of the viable zygote popu- 
lation is expected to be homozygous for sup-1. If the bias is in- 
creased to 1000:1 (see Table 2), the frequency of sup-1 homozygotes 
will drop to 10-3; however, this is still 10-fold higher than the 
germination efficiency (10 -4) of the mtl-l-2 homozygotes. See 
Table 2 for the actual results obtained 

mtl- l -2  homozygotes.  In contrast,  efficient sib-mating 
would promote  the recovery of  the mtL1-2 sup-1 ho- 
mozygous zygospores. The propor t ion of  viable zygotes 
homozygous for sup-1 (Table 2) is completely incompat-  
ible with an hypothesis of  r andom mate selection. The 
rare mtl - l -2  sup-1 gametes found genetically-identical 
mating partners with apparent  ease - an observation that  
could be explained if matings occurred between mitotic 
daughters f rom a single gametogenic sporangium. The 
few viable zygote clones recovered that  were not h o -  

Table 2. Recovery of zygotes homozygous for a rare genotype in 
highly-biased mixed mating populations 

Parental genotypes 
ratios 
mtl-l-2:mtl-l-2 sup-1 

No. of~ablezygoteshomozygous 
~ r s ~ - I  

Observed Predicted a 
(vs total viable) 

RM b SM c 

100:1 A d 432 (433) 216.5 429 
B d 248 (249) 124.5 247 

1000:1 A 140 (176) 2 158 
109 (114) 1 103 

B 354 (398) 4 358 
235 (236) 2 212 

a See Fig. 3 for methods for predicting the frequencies of viable 
zygotes that wilt be homozygous for rntt-l-2 versus mtI-l-2 sup-! 
b RM, prediction based on assumption of random mating 
c SM, predictions based on assumption of sib-mate selection 
d A and B are separate experiments using independently-isolated 
alleles at the sup-1 locus that similarly suppress the germination 
defect of mtl-l-2 strains 

mozygous for mtl- l -2  sup-1 proved upon further analysis 
(see Materials and methods) to be homozygous for 
mtl- l -2  and arose as a consequence of  the low level of  
leakiness associated with this lethal mutation.  As expect- 
ed, based on the recessive nature of  the sup-1 allele 
(VanWinkle-Swift et al., submitted), matings between the 
rare mtl- l -2  sup-1 gametes and the abundant  mtl - l -2  
gametes (if such matings occurred at all) were not a 
source of  viable zygotes. 

Direct microscopic observation o f  sib mate  selection 

These genetic observations emphasized the need to syn- 
chronize gametogenic divisions in order to observe di- 
rectly whether the hypothesized sib-mate selection was 
occurring. The routine procedure for genetic analysis in 
C. monoica utilizes a low nitrate medium that promotes  
asynchronous gamete format ion 24 -48  h after the trans- 
fer of  parental  vegetative cells to the nitrogen-limiting 
environment.  We report  here two alternative protocols 
that improve synchronization of  gamete format ion in C. 
monoica: 
(1) Cells grown in nitrate-limited continuous culture (Van 
den Ende 1992) are subjected to a 15 h dark period in 
nitrogen-free Bold's Basal medium. Nitrate is then added 
to a final concentration of  0.1 gmoles per 105 cells. After 
18 h of  continuous illumination, the populat ion under- 
goes synchronous mitotic divisions giving rise to four-, 
eight- and / 6-celled sponrangia. A detailed description of  
this protocol  will be presented elsewhere (Van den Ende, 
submitted). As the daughter cells are released by partial 
autolysis of  the sporangial wall they agglutinate immedi- 
ately by their flagella. (Mating pairs fuse within 1 h to 
produce the quadriflagellate zygote which then matures  
into the thick-walled zygospore.) 
(2) Vegetative cells maintained on HS agar for a mini- 
m u m  of  14 days are suspended in nitrogen-free Bold's 
Basal medium and are placed in an alternating 15 h light/ 
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Fig. 4a-e.  Sib-mating in C. monoica. Panels are numbered to indi- 
cate temporal progression of the gametic interactions, a and b the 
first cell released from the mother sporangium has escaped without 
interacting with its sibs (data not shown). The remaining three 
siblings show typical gametic flagellar agglutination which assists in 
the escape of the fourth gamete from the sporangial wall. These 
gametes can ultimately yield only one mating pair. e The first two 
cells released from the sporangial wall have escaped (data not 
shown). The third gamete exits and is shown here assisting the 
fourth gamete to escape the mother cell wall. These two siblings 

then establish a vis-a-vis mating pair. d The first gamete released 
assists in the release of the second gamete and proceeds toward pair 
formation via extensive flagellar agglutination with its sibling. This 
pair ultimately moved away from the sporangium. The third gamete 
escaped leaving the fourth entrapped within the sporangial wall 
(data not shown), e As hatching progresses, all four gametes (in- 
cluding one still within the sporangial wall) are seen to be interact- 
ing via their flagella. After the fourth gamete is pulled free of the 
wall by its siblings, flagellar agglutination reactions proceed to the 
establishment to two sib-mating pairs 

9 h dark  cycle for 2 4 - 7 2  h. At  the dark- to- l ight  transi- 
tion, cells are recovered by centrifugation,  resuspended 
in L P N  medium (0.6 m M  nitrate; VanWinkle-Swift  and 
Bauer 1982) to a final density o f  approximate ly  5 x 106 
cells ml -1 ,  and placed under  cont inuous  il lumination. 

Synchronous  mitot ic  divisions to yield four-  or  eight- 
celled sponrangia  occur  18 -21  h later. U p o n  release o f  
the daughter  cells f rom the mothe r  cell sporangium,  
immediate  flagellar agglut inat ion a m o n g  siblings often 
occurs. 
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Figure 4 shows several sequences of images from video 
recordings of synchronized gamete release and sib-mate 
selection in the UTEX 220 wild-type strain of C. monoica. 
Synchronization of WT15c or of other genetically- 
marked strains has yet to be accomplished. Differences in 
the physiology of genetically-distinct strains may require 
adjustments to the precise level of nitrate, or the condi- 
tions of illumination prior to and/or during gametogene- 
sis. 

Discussion 

In mixed mating populations containing genetically-dis- 
tinct strains, the frequency of mating within strains is 
often higher than expected if mate selection were ran- 
dom; conversely, matings between strains often occur less 
frequently than expected. Although the increased fre- 
quency of intra-strain mating observed in many popula- 
tions may be largely a consequence of sib-mating, such 
inbreeding can also be enhanced by differences in the 
timing of attainment of mating competence by the two 
strains. If one strain aquires agglutinability prior to the 
other, gametes of the precocious strain are likely to have 
chosen their partners before the other strain attains com- 
petence. The problem is exacerbated by the rapid loss of 
agglutinability in C. monoica soon after gamete forma- 
tion (Van den Ende 1992). Gametes must find partners 
quickly. 

The most reasonable explanation for the apparent 
ease with which very rare genotypes within a population 
find mating partners of the same genotype is to assume 
that mating-competent gametes can be produced prior to 
release of mitotic daughters from the mother sporangial 
wall, and that these gametes establish effective flagellar 
agglutination prior to or at the time of sporangial wall 
lysis. Crowding of gametes within the sporangium makes 
it unlikely that effective flagellar agglutination could oc- 
cur there unless cell division positions opposite mating- 
types such that their flagella can make contact. However, 
immediate agglutination upon sporangial wall lysis - in- 
cluding flagellar interactions between the first gametes 
released and their sibs still within the sporangium - has 
been observed (Fig. 4). In cases where mating compe- 
tence is not fully established at the time of sporangial wall 
lysis (e.g., in the absence of light), the subsequent selec- 
tion of mating partners will occur essentially at random, 
i.e., gametes will be more likely to select non-sib partners 
- which may or may not be derived from the same genetic 
background. 

Sib-mating may be common among immotile ho- 
mothallic organisms. For example, in Saceharomyces 
cerevisiae the proper orientation of two budding sister 
cells can result in the formation of two zygotes (Hicks 
and Herskowitz 1976; Nasmyth 1982). However, it is re- 
markable that mating between sibs is not avoided in a 
motile haploid organism. The nature of cellular division 
in C. monoica results in the transient retention of fully- 
differentiated gametes of opposite mating-type within the 
mother sporangium and promotes non-random, sib-mate 
selection (via flagellar agglutination) upon lysis of the 

sporangial wall. Although sib-mating may occur at vari- 
able frequencies depending upon environmental condi- 
tions that affect the synchronization of gametic divisions 
and gamete release, the fact that it occurs at all is of 
tremendous survival value to the species. Although ho- 
mothallism per se reduces the potential difficulty in find- 
ing a mate of opposite sex, sib-mating reduces even fur- 
ther the distances that need to be travelled to find a part- 
ner and accentuates the inbreeding associated with ho- 
mothallism in this species. 

This mating strategy - which is essentially indepen- 
dent of cell density - differs from that used by heterothal- 
lic species such as C. eugametos where gamete encounters 
are strongly dependent upon the density of opposite mat- 
ing-type cells in the population (Lewin 1956; Tomson 
et al. 1986). The potential for sib-mate selection may be 
particularly advantageous for a species colonizing an 
empty niche or one whose numbers have been greatly 
reduced. Nevertheless, the question remains as to why 
cells which propagate very efficiently vegetatively use sex 
at all. Many procaryotes and lower eucaryotes (including 
Chlamydomonas) survive under conditions where vegeta- 
tive propagation is not possible by sporulation and en- 
trance into dormancy. For Chlamydomonas, then, the 
more relevant question may be why it uses sex to produce 
the spore (see Goodenough 1985 for discussion). One 
might imagine that diploidy per se is of selective value for 
survival under environmental stress where chromosomal 
damage and mutation may occur at increased frequency. 
Diploidy not only allows masking of mutations arising in 
the spore but, in species where diploidy is achieved by sex 
and subsequently terminated by meiosis, the potential 
also exists for recombinational or meiotic repair regard- 
less of how inbred the original mating strategy may have 
been. 
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