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ABSTRACT

The anal?sis of "serial and individual sections with
tge electron microscope was used to reveal the fine StrUC“.
‘ural organization Qf cellular oréanelles) eépecially the
nuclei and chromosomes;kduring germination of Chlamydomonas
zZygospores. Stage synchréﬁy and duration estimates were

. . . ]
detefmined iﬁ two cultures of germinating:zygospores.
Using . one of these culﬁures, if was possible to determine
when fhe main meiotic.S period ocburréa: Using the other
culture the times of the main heiotic S perigd and recom-
hination of genetic‘éﬁcilwere determined.

Prophase I:of(ﬁeiosis ébdld be subdivided into tﬁ&“
claséical meiotic stages. The appearance éf Eontinuous

lateral components and their synapsis occurred during
leptotene and zygotene. Synapsis resulted in typical tri-
partite synaptonemal complexes at pachytene. A“pachytené

karyotype, using recbnstrﬁctions from serial sections,
revealed lG”individual}bivalents plus 4 biVélént arms
attached to a common mass of éoﬁdensed chromatin,.yielding
a haploid chromosome number of 18-20. |
Pachytené was followed by avdifoSe stage (diffuse
" diplotene) when it was difficult to aistinguish individual
bivalents.’ The chromatin then condensed during the late pro-
\phése I ahdvéarly metaphase period. . . .
During mézaphase I and metaphése IT basal bodies were
found at the spindle poles. The Spindies of béth meiotic

divisions were intranuclear,althaugh a fenestra was found ¢ -

'

iv



at both poles. Both chromosomal and polar microtubules

were observed, the chromosomal mitrotubules attaching to

1

ndistinct-kinetochoresrat both divisiong.~

Telophaseé nuclei contained a single mass of cdnf
densed chromatin which quickly decondensed forming an inter-
phase nucleus The two products of the first'meiotic
.d1v151on lay at rlght angles to one another This wa s
qu1ckl) followed by the second melotlc division.

The two meiotic divisions were shown to take 3.6 ‘hours
in bothlcultures. The flrst merotlc division takes 3.1

hours while the second takes .5 hours in both cultures.

Pachytene was found to be the longest individual stage,

taklnq about 1 hour in both cultures v /"-4\,

~

The analy51s of DNA synthe51s during germlnatlon in

one of the cultures used was monltored by Dr., C K. Tan

’,Hc

~HlS results 1nd1cated that the main DNA synthetic period
occurred between 5 and 6 hours after the.onset of germlnatlon.
~This is a perlod just prior to prophase I. The time of the

maln DNA synthetlc period in the other culture also occurred

just prior to propbase I.

o \

. The DNA synthe is 1nh1b1tor FUdR caused an increase in

»

recomblhaélon when pulsed at pachytene. " This FUdR effect

v ‘-‘.

is coincident w1th the\}atest time in germination when

\
several DN% synthe51s 1nh1b1tors affect recomblnatlon 1n
Chlamydomona§; - This provides the only compelling evidence

that recomb?hation events are fixed at this time.

v » >,

-
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CHAPTER I

* INTRODUCTION

An understanding éf the process of meiosis is of
/fundamental,importancé to eukaryotic genetics since it
~is during.this period that the processes of génetic
recombination and haploidization occur. Altﬁough our
un&erstanding of meiosis has expanded greatly at the bio-
chemical (Stern and Hop;a, 19?3), cytological (Henderson,
1970; Gillies, l975a;'Weste:gaard and von Wettstein, 1972;
Moses, 1568; Heywood and Maége,'l976) and genétiC'(Bakér
et al, 1976) levels, a comprehensive understanding of these
processes and their interactions is far in éhe future.
‘'One of the main reasons that thé interaction of these pro-
cesses and, in fact; the processes themselves arevso poorly
understood is that very few oréanismé, if any, afford the
opportunity of‘studyingxseveral of.these processes simul-
taneoﬁsly. | o
The study of.meiosis and the interrelationshié‘of
‘{{ fecombinational (genetic); cytological and'biochemicalv

obséfvations requires an experimental system with the
-following features: .
1. large numbers of cells easily obtainable %

2. synchronous meiosis

3. known meiotic cytology



4. available genetic markers

5. meiotic mutants (and the possibility of obtaining

more)

6._ collection ot samples from the mpiotic‘population
without disturbing the meiotig process 1in the
remaining population

Orgénisms with these features would enable the collection
~of sampies from the same population s;mﬁltaneohsly and at
different times for the_seéarate analyses of cytological,

recombinational and biochem&sai\syents; Such analyses

would -permit the assignment of reégﬁbination. and O -

stage. y///

Unfortunately; no organism seems to meet all of the above

; ;@;:& the
. r :

the time of crossing-
o . . - /
‘over as determined by changes in chiasmata frequency
g
(Henderson, 1970; Whitehouse, 1973). Others have been

chemical events during mejosis to cytologica

requirements. Several provide ex

correlation of cytolbgical events and;

useful for the correlation of biochemical and c¢ytological
evints ( ern‘aﬁHfHotta, 1973), while ; third group'hasv-
- been useful in*the correlation of stage;with the time of
recombination of genetic markersv(Lu, 1970); |

Sé far, the bioch;;ical parameters of meiosis have
been Qorked on mainly by Stern's group (review'§y Stefn and
Hotta, 1973) in the genus bﬁlium. LiZiumwis an excéllent
.organism for étudying the @ytoiogy and biochemistry 6f

meic "is. This is because of the large size of its chromo-

. somes and the'availability of techniqués for the collection



of synchronized meiocytes. [i{!iwum also constitutes a

system with a very»iong meiosis which makes manipulations
much easier. Howéver, it has the shortcoming of not haying
any genetics worked out'in it, and aue to its ina?propfiate—
‘ness for genetic énglysis, will not 1end itselfveasily to

a rectification of this. It is therefore impossible to

look at the process of genetic recombination or analyze .
meiotic mutants in that system at this time. |

Yeast (Saccharomgces cerev%siae) provides an excellént

. N
system for the study'of meiotic recombination due_té the
large number of‘génetic markers available (Plischke et al,
1976 ). Yeast is also an excellent systeﬁ with regards to
the ease with which_large nﬁmbérs'of‘cells céﬂ.be'obtained
(Haber and Halvorson, 1975). 1In additioﬁ, several meigtic
mutants ‘exist (Baker et al, 1976) and the methods for
isolating others are relatively easy. Yet,.it canﬁot be
synchronized to alhigh dégree (Roth and Halvorson, 1969)
and the cytological events.are not readily distinguishable
at the light microscépe level, although a récent method
‘deVeloped by Zickler and Olson (1975) does improve fixétion'
of yeast so that typical synaptonemal compléxes can bé
observed during meiésis. '

The fungus Coprinus Zagopﬁé,von‘the other,hénd,
provides an excellerit system for thé study of meiosis,
meeting, to some extenf, alIESix requi:ements—(Lu and Raju, i
1970). But it does not provide the synchrony that Lilium

proVides,nor is it as easily handled for biochemical



analysis.

D;oscphija provides excellent synéhrony within cyst§
of thesvitillarium although the éytoloéy of meiosis still
presenés proBlems (Raémussun, 1974; Carpenter, 1975b ).
Sovefal meiotic mﬁtants have been obtained ( see Baker et
:7, 1976 for review) and many genetid® markers egist, making
I'rogo;dsila a fine system for the analysis of recombination,
althouqﬁ tetrad analysis is not possible. However; Dfns—
orhila does not enable the sampling of a portion of the
cells within a cyst for cytoloéical stage while still
allowing the rest to proceed through for measurement of

: }cross—ovér frequgncies. It is also very difficult to do
biochemical énalysis using this orgaﬁiém.

Of the organisﬁs availagie for the study of meios;s,
Ch%amydomonds reinhardi provides é_nearly ideal system for
analysis. Of the six reéuiféments listed ébove as desiréble,

5

FhZamydémonas,probably comes closest to meetihg them all.
Anjektensive linkage map (Hastings ei al, 1965),;thé ease
with which large numbers'bf cells can bé collected (Chiu
and Hastings,,1973),\and the ability to partitioﬁ the pop-
ulatioh\without disturbing meiosis already exist. Unfor-
tunatelyv;éry little iélknowh about thé cytology of Chlamy-
doménas.' T%is gap ‘in the uﬁderstahding of meiosis in
Chlqmydomona; makes it difficult to correl§£é\the recombin-
ational and biochemical é&enﬁs with chromosomal events.

A second consequence of this lack of"knowiedge is that

before extrapolating from it to other organisms, orie must.



determine whether the phenomena concerned are atypical or

not.

It will be the objective of this investigation to
define the cytology of meiosisgin Chiamydomonas reinhardi
using light and electron microscopv and then define the
time.and duration of the different stages. This being
established, it will then be possible“to; correlate the
time of the different biochemical events vith meiotic
stage, compare the meiotic events in this'organism with
those known to occur in other organisms, and establish'the
time of meiotic crossing-over by correlating the stage in
meiosis when pulses of FUdR modify recombination. levels.

The establishment of the above will prepare this system for

further experiments towards an understanding of meiosis.

1. Pre- mezottc Stages
The questlon whether pairing and/or recomblnatlon N

:take place prior to meiotic prophase'is still_controver—
slial. Different authors (Maguire, 1967, 1972; Grell, 1973;
Sherman and Roman, 1963) have either reported the occurrence
of pre -meiotic palrlng from cytologlcal evidence or have
1nterpreted thé sen51t1v1ty of recombination at a pre- |
’melotlc stage’ as indicating pre- melotlc palrlng and/or re-
combination. - _ A <

- Maguire (1967) , studying'homc;ogous heterochromatin
at pre*meiotic stages and’homblogcus chromosomes'at pre-

metaphase and anaphase—telophaSe of the 1ast~pre—meiotic



[}

mitosis in maize (Maguire, 1972), concluded that pairing
does occur prior. to prophase éf meiosis.v S{milarly, Grell
(1969), USing‘DrosophiZa meldﬁogasfer.feﬁaies, believes

that she can altgr recombination rates prior to the time

of prophasé; Thié sensitive stage is believed to be co-
incident with the time of pre—meiotic DNA synthesis. She
argues‘that because recombinétion rateé can be altered,
reéémbination must take place at this timé, and because
recombination takes place at this time, the chromosomes
.muSt be paired; A third case supporting this view is the
one made by Sherman and Romag (1963) using yeast. They
,found.that tfansferring diploid yeast from sporulation
mediuﬁ to growth mediuﬁ early during the sporulation

process cauged the cells to revert tb.a mitotic cycle. They
also discovered phat recombination pccurred-at a reduced
level_iﬁ fhese mitotic cells. By comparing the time when
transfer Eo-groﬁth medium produced reéombinant diploids)and
the timeaqf DNA synthesis, they-concluded that recombination
occurred at the pré—meiotic S periodland at prophase of |

meiosis.

L..fortunately, none of these cases provide adéquate

evidence - he ‘authors’ intefpretationﬁ. Maguire's
results we: tained'using small and difficuit to define
heterochr»me regioné (John, 1976) and’are therefore open
'td controver v ‘nother investigation'by Palmer (1971),
using maize home “.. for the am allele, found that there

. were nc such as: <c.ations and t-at the two satellite no. 6



chromosomes were unpaired and randomly distributed at the
samc stage at which Maguire claimed evidence for associa—
tions. The ‘am allele also causes meiosis to be replaoed
by a synchronous mitosis and although this enables the
identification of chromosomes due to their more extended
nature, it doeg not represent a- perfect control It is
still p0551ble to argue that because of the am allele,

l)
normal pre-meiotic assoc1atlons are removed It is signif-

icant that other workers have not interpreted Maguire's )
photographs in the same manner as she has (John,‘l976).and
that in a system where chromosome identification is
possible, no associations are seen (Walters, 1970). The
solution to.this controversy will_awaitAan analysis of
serials through nuclei using the electron mioroscope. ' .
The evidence from Drosophila is not coppeliing be-
cause the aSSLgnment of cr0551ng over time 1s made by
guess1ng at what stage of me1051s the cells were in at the
time’ of treatment, by sampllng other Drosophlla at approxf
imately the same stage."Because the synchrbnY'among larvae
is poor and the cytology of meiosis is'inadequate (Rasmussen,
f1974), the estimation of the. time when treatments affect
crossing—over is very diffioult, at best., In fact,‘Grell
may present the strongest argument agalnst her hypothes1s
an a recent paper (Day and Grell 1976) showing that
synaptonemal complexes are present%in cells at this time,

Synaptonemal complexes hame typically been shown to occur
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durihg‘probhase of/meiosis’YWeetergaérd and von Wettstein,:
1972). Their conclusion that ‘synaptonemal complexes are
present prior to‘prophaseAcomes frem autofadiographic
,‘eVidence that this stage with synaptoﬁemel‘cdmplexes
corresponds to pre-meiotic S period. Buﬁ‘altheugh ath—
radiogrephic evidence may indicaﬁe DNAveynthesis, it need
not indigete main pre—meiofic DNA synthesis. Several
organisms have been shownffo have DNA eynthesis taking place
at prophase (Hotta et al, l96§; Flavell and Walker, 1973).
Unfortunetely, in the Drosophila system it s not eae; to
test hore riéorouely for DNA synthesis.
Shefmen and Roman's interpretatien‘bf the yeast.result

‘is deffnitely net the only one. ‘In fact, many other
workers using other systems (Lu, 1970; Lawrence, 1965;
Hastings, 1964; Chiu and Hastings, 1973% Peacock, 1968;
Henderson,‘l970) have interpreted such results as indi-
cating that there are‘eVents'occuring prior to'meiosis‘and’
recOﬁbinetion itself that are pre—recohbinational events
which, when.perturbed,,affect meiotic recombination
indirectly. L |

. The most compelling evidence that p%e-meiotic pairing
is unnecessary comes from Lu and_Rejﬁ'e,(1970)'study Qf
'Coprinus attraMentarius_whe;e the celie fuse at the‘oﬁset
of prophase.: In Lilium Walters.(1970, 1972):has shown that_
untillieptotene; chromosomes are single»end‘separate.' 7
Walters' fesults are particularly chpelling due to the

fact that the species of Lilium used has a very obvious



pre~meiotic condensation stage and chromosomes are not
paired at this time. Slmllar ‘results® were obtalned in

o
Melanoplus femur—rubhum (Church, 1972), in mouse (Hsu et
al, i97l) and 'in Nicotiana otophora (Burns, 1972):

All the evidence that pairing takes place prior to
prophase is thus open to QUestion, while the evidence that
pre-meiotic pairing does not take plaee in.some organisms
is compeiling., It can therefore be conclnded that pre-
melotle palrlng is not necessary for pairing at meiosis -in
several unrelated orgenlsms and may not exist at all. _If-
one assumes that the process, of meiotic pairing is as
nniversal to meiosis as are other features (Gillies, 1975a)

-

Sit follews that pre—meiotic pairing is not important.
- , N

It should be noted that the above evidence excludes

gross pairing at the light microscope or even the electron
microscope levels, but there still exists the possibility

- - .
that pairing at the molecular level is occuring at these

early stages in all these organisms e?;epf Coprinus.

" The main pre-meiotic DNA synthetﬁSJ;%fiod is more
extended than mitotic DNA synthe51s perlods in those
_organisms in whlch the length of both have beemn checked
(Callan, 1972 deman Alfaro, 1970; Bennett and Smlth 1972;
Crone, Levy anc Petersé’1965- ‘Bird and Blrnstlel, 1971;

Coggins and Gall, 1972; Wlmber and Prensky, 1963 Ghosal
and Mukherjee, 1971). This increase 1nvlength appears to
’be a leck‘of initiation and elbngation sites rather than a

)
v

~ .
M%\



10

8
reduced rate of syﬁthesis/site (Callan, 1972).{ It is.not
obvious whether-ehe extended-nature of synthesis is indi-
eati?e efla fundamental difference between the pfe—meiotic
bNA_eynthetic period end.the mitotic §vperiod or. not. It
could be that the reduced rete.is jest a reflection of the
generdl trend that "ali cell cycle'evepts'seem to be extended
in meiqsis and in tissues which are going thrdugh mitotic
divisions leading up to meiosis" (Bennett et al, 1973).

Hotta et al (1966) showed that although the bulk of
DNA is synthesized at the prejmeiotic S peribd;,a~small
portien of the nuclear genome, about 0.3%, ie nbt.repli-
cated until éygotene (Hotta ahd Stern{ 1971a). Evidenee
from the study of Chlamydemonas (Chiu and Hestings, 1973) -
‘'suggests.that these regions of delayed replication are
involved in recombination, aﬁd increasing-thevameunt'of
unreplicatedvregiens increases the amount of recombination;
It has generally been shown that perturbations at the pre?
meiotic S phase using heat, irradiation,'DNA synthesis
inhibitors andlprotein syﬂthesis inhibitors can alter the .
levels of‘recombinetion and ehiaSmata frequency.(see "
‘Whitehopse, 1965; Henderson, 1970 forvreviews).v Genetie-

. - - . ",)&
analysis of tetrads from meiosis in several organisms

- suggests that crossing-over invol§es chromatids not un-
L replicated chromosomes (Whitehouse, 1965). The time of the
main S period- has been shown to precede meiotic prophase,

2 or overlep the early stages slightly (Henderson, 1970; Stern

and Hotta, 1973; Lu and Jeng, 1975; Flavell and Walker, 1973)
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and as reported earlier, chromosome pairing dbes not
occur until prophase, so it may be assumed that these
cffects are indirect. The interesting thing about these
studies 1s that they indicate that important pre-recombin-

ational (cross-over) events do take place during the pre-

meiotic S period and these events control the levels of

meibtic crossing-over to some extent.

2. Leptotene

'Leptotene has been defined as the threadlike state of

earLy prophase where each individual homolog appears as

a single separate unit, not in association with its
homologons partnet. At the uitra4structura1 level the
deflnltlon can be qualified further to include the presence
of dlscontlnuous lateral elements and the absence of any
regions of synaptonemal complex fcrmatlon (Moens, l973a).
Such a definition must be adhered to cautiously due to the

possible asynchrony between chromosomes. Reconstructions

- of Bombyx mori oocytes (Rasmussen, '1976) at about ieptotene‘

show that one bivalent is completely patred while most
‘other homologs have not yet engaged in pairing.

The lateral component or axial core, when stalned with

,lead citrate and uranyl acetate after fixation in ‘glutaral-

dehyde and osmium tetroxide, is more electron dense than

the nucleoplasm althongh”generally less electrcn dense .

_than the chromatin itself. Although the lateral component

is generally not continuous along the length of the- homolog

-
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at this time,. there may be telomeric associations with the
nuclear membrarne.

Parchman and Stern (1968) demonstrated that inhibition
of protein synthesis at any time during meiosis causes
meiotic ar;est. This may not be very significant,_since
considerable proteir qynthesis takes place at all stages of
meiosis. Another‘interesting observation is that reported
by Parchman anngoth (1971) . They found that transferring
Lilium buds to culture prior to leptotene-caused reversion
to.a mitotic cycle, while transferriné them later than
leptotene allowed them to proceed normally through meiosis.
However[‘if they were transferred to culhure at about the
leptotene stage of meiosis or just prior to leptotene,
cells proceeded part way through meioéis in an apparentlyv
normal fashion. At pachytene, pairing was found to be
normal but when the cells entered late prophase and metaphase
I, they formed an excess of univalents:

The conclu51on drawn from these results is that
synaptonemal complex formatlon is not suff1c1ent for the

'\u —

' formation of chlasmata. However, because no aneth markers

i

are available in LilZium, Parchman and Roth were no% able

»

to show that recombination was similarly affected. 'F{om'

‘these observations it can also be concluded that a conmit-

o

ment to meiosis is made in at least two parts. . The first

ensures "normal" pairing and commits Lilium to the meiotic



divisions. The second part is required for normal chiasmata .

N -

formation and subsequent segregation. A failure to complete'

the second part does not arrest the cells' procedure

o~

through meiosis.

3. f'y:mtmz(’

The beginning of chromosome pai{ing with the f
accompanying formation of the synaptonemal complex,marke
the start of this stage of meiosis. Pairing usually 1
begins at the telomeres, which are usually attached to the
nuclear membranes (see Gillies, 19754; Westergaard and von
Wettétein, 1972 for reviews). Not all organisms show
attachment of all chromosome ends to the nuclear membrane.
In ”P090“h7la (Carpenter, 1975b ) chromosome ends were

~ generally located in one half of the nucleus but were not
attached to the nuclear membrane. Thisimay;nhowever,
simply reflect the time at which celis were fixed. Ae*
Rasmussen (1976) has shown in Bombuzx, early pachytene
bivalents show attachment but late pachytene ones do not.
Thus if the membrane attachment does fac111tate pairing,
it may be‘short lived once this function is completed.

Ae the two homologs approa:“ each!otﬁer, the chrom-
atin of each homolog moves to the outside of the formlng
"bivalent. ‘As the distance between homologs approacheS\\‘
3,000 & a central element begins to form (Moené, 1973a; &
Giilies, 1975b). vSynapsis, although usually initiated at

the ends, does not necessarily proceed in from the ends



but may be initiated at severai sites along a bivalent
(Counce and Meyer, 1973; Gillies, 1975b) . a

The formétidn of the central region as a fésult of
the moving together of homologs is not the only method of
synéptonemal comblex formation reported. Rasmussen (1974)
'and\von Wettstein (1977) have found evidence for the inser—
tion of a complete cent;al'region"between the correctly
épaced_lateral components in Drosophila agd Neottiella,
‘respectively.

Several orgénisms including’yeésﬁ, insects,-maize

and Lilium show clustering of chromosome attachments on

Y 4

the nuclear membrane during zygotene and early pachytene
(Moens;l973b; Gillies, 1975b ; Moens, 1972; Rasmusser,
1576). This is referred to as the bouquet stage. Gillies
(1973) found no pattern of nuclear en?elope association at
pachytene in maize. This cannot be taken sto mean éhat a .
bouquét arrangement did not occur at zygotene, as Moens

(1973b) and Rasmussen (i976) have shown that the zygotene
~ : !

)}
arrangement becomes randomized as prophase proceeds. The

attachment of chromésome ends to the nuclear envelope,

the clustering ‘of ends on the nuclear .envelope At the pair-
ing stage and the abparent initiation of pairing at thé
ends in man§ organisms suggests that pairing is a membrane
mediated event.

Several interesting biochemical events take place

during zygotene (Hotta and>Stern, 1976). Most of the bio-

~

14



chémical analysis has been carried out usiig Lilium
meiocytes. It has been shown in Lilzium thét'approximateiy‘
0.3% of the nuclear DNA is noﬁ replicated at the pre-
meiotic S period but:is delayed until zygotene (Hotta

et al, 1966). This DNA has a higher G&C content than the
bulk DNA and is unigue in seguence (Stern and éotta, 1974) .
DNA synthegié has been shown to be necessafy for pairing

at pachytene by Rotﬁ and Ito (1967) who inhibited'DNA syn-
thesis at z2ygotene and found that the:formation of synapto-
riemal complex was arrested but stretches which had already
formed were not affected.

| An analysis of/meiotic'DNA synthesis in rye and wheat
by Flavell and Walker (1973) did not demonstrate a discrete
type of‘DNA synthesis at zygotene as was found by Hétta N
and Stern (197la) -in Lilium. ‘It‘waé‘not obvioué if this was
becaugérthere was no DNA synthesis at this time or-that the
'main pre-meiotic DNA syntheti® periéd overlapped-with'
zygotene in these organismé, or tﬁat asxnchrony in the pop-

ulation prevented its detection.
N , .

The 0.3% of the-nuclear DNA which is replicated at
zyéotene is not ligated to the rest of the DNA priér to
thé completion of prophase (Hotta and Stern, 1976 This
DNA has been shown by autoradiographic analysis to be dis-
tributed among‘éll the_chromosbmes (Ito and Hotta, 197.)..
Stern and Hotta'(l?73) suggest that Z-DNA serves as the

site for matching of partially’condensed homologous

chromosomes. 'Each Z-DNA site would contain its own unique

;

15
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sequence. These sequences could be trapped in. the lateral
components and through their association with the lateral
components account for longitudinal specificity in chromo~
some pairing (Stern, Westergeerd and von Wettstein, 1915).
Unfortunately, bivalent pairing does not show a
stringent'requiremeqﬁ for'homologoue unique sequences.
Pairing can occur in haploids'fTing,'1973; Gillies, 1974;
" sadasivaiah, 1974). This indicates that unique sequence
matchlng of Z-DNA is not necessary f{or pachytene pairing.
Another lndlcatlon that pairing may not be due to unique
sequence matching is t?e occurrence of homeologous pairing
in wheat when one of tﬁe argsvof Ehe B-5 chroiosome is
not present (Riley et al, 1966). |
It still may be the case that stfingent pairing in
normal‘péchytene cells is the result of unique sequenee

matching and the pairing in haploids and_wheat reflects a
fSecogdary response reéuiring less precise alignmen;.

Chiu and Hastings_(1973) suggeseed that delayed
replicons could be thelpoteﬁtial sites for recombination.
Above it was suggested that they,are not the sites of
potential recombination but'aet as sites for the maﬁChiné
of homologs for pairing. The reasons’thet‘Ho{ta'ahd Stern

(1976) believe that zZ-DNA is not recombination associated

are; one, it is not joined to the bulk of the DNA until

o

the end of prophase, and two, "other biochemical events'

which occur later are very suggestive 'of recombination and
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these events do not require Z-DNA associated gaps to

explain meiotic ‘reconbination”.

4. Pachuytene

Pachyténe is the time when prophase pairing is
complete. Analysis usiﬁg electron microscopy shows that
homologs are paired along their entire length ana a synap-
tonemal complex is present between fhem (see Moses, 1968;
'Westefgaard and von Wettstein, 1972; Giilies, 1975a for
reviews). Synaptonemal complexes have been obéérved in’
almpst every organism in which-thelffne structure of meiotic
prophase has been studied, In organisms covering - the
complete spectrum of eukaryoﬁes, synaptonemal cdmplexes'
have been observed during_pachytene.of,meibsis‘(see reviews
by Gillies, 1975a ; WeStergaard and von Wettstein, 1972 for
a complete up-to-date list).

‘Although synaptdnemal,éomplexes vary in the mofphOlon
o;flateral a;d central components from organism to organ- .
ism, there are almoét no exceptions to the général tri—v
paftite-struéture. This structure consists of two lateral
eleﬁents separated by a central fegion of lesser électron
scattering ability which contains an electron dénSe central_'

component. Both the lateral and central components aré\

(]

continuous from telomere to telomere in bivalents at
pachytene.
- The only exceptions to the rule that synaptonemal

complexes are present in the tripartite‘form at pachytene

N
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are a few organisms in which they were not observed aﬁd
ltwo_green‘algae which had atypical complexes. In Ulva
mutabilie (Br&ten and Nordby, 1973) and FhZamydémonas
 reinhardi (Stbrms andeastings, 1977), pairing'of Homologs
was observed durihg meiosis; this pairing was at the |
appropriéte distance but did not .show thevtypical tri-
pa:tite:structure. ' Both these green algae lacked a central
coﬁponent.

Interestingly, thé red algae Goniméphyllum, Jancz;
ewskia, Leviﬁgiella and folyccpgne (Krugens and West, 1972),
the diatom Lithodesﬁium (Manton et aZ,.1970a)’and‘£he
. pbrown algae Chorda and Pviaielia (Tbth and Ma;key, 1973)
have shown typical triparﬁite’syﬁaptonemal complexes. The
lack oé a'céntraljelemént in the gre€en algae will be,dis;
cussed in light of_¢vidence:£o be presented later.

| Recently seVeréi'wofkersvhSVe reported nodes in the
centfa}':eglonlbéﬁwqgn the lateral components (Gillies, 1972;
Carpenter, 1975a; zickler, 1973; Byers and Goetsch, 1975;
Storms and Hastings,-i977). Carpenter (1975a) has hypo-
thesized tﬁat these nodes répresent'thevsites'of recombin-
ation. This is based on the fact that the number and dist-
ribuﬁion of nodes is that expected of crbss—pver~event$i

Another interesting feature is the dispersal of the
bquuét~arrangement at’géchyteﬁe. Moens (1973b) attribﬁtés
this to the Separéﬁion of centrioiés. ‘He observed‘the

_association of the ends of the bivalents with the cent-



rioles. As the centrioles moved to their réspective
poles, ope end of each.bivalent followed each centriole.
Rasmussen (1976), on the other hand, feels that the form-
ation of nuclear vacuoles at pachytene may be responsible
for chromosome dispersal in Bombyz mori females. A
deéision whether or not the dispersal is'degendent upon
vaéuole formation or éentriole‘separation will require
more careful obégrvations in these and othef'brganisms.

’

Se&eral lines of evidence suggest that pachytenevis
the time ingenetic crossing-over. Most of.the biochemical .
evidence has been céllected by & group working with Lilium.
Thevevidence collected is only suggestiQe of recombination
and is open to several interpfetatidns.

_ As mentioned earlier, Z-DNA is‘noE fully incorporated
into thé‘éénomé before iate prophase. " This'is consistentv
‘with the hypothésis of Cﬁiu and Hastings .(1973) which
states that‘the‘gaps asséciated with this late replicating.
VDNA are potential sites for recombination; Thus Ereatmenf
'of cells aﬁ/ébout the S‘period'with~inhibitors.of-prdtein
syﬁthesis would incfease the numbervof~delayed regions and
thergfore-increase recombgpation. Treatment.with DNA
syntheéis inhibitors'would ektena the S period enabling

'a greatef numbé; of replicons'to befinitiated at S and |
'therefofe unavailableﬂfor'reéombinafionlevents initiated

at pachytene: vThis balance bétween‘the humbef offreplicons
fepiipated ét érophase and the amount of repliéatibn‘v ,f :

!
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gains some support from the fact.that there are fewer
initiation sites during the pre—melotlc S than during the
mitotic S in mouse. | -
Sternuand Hotta believe that the ZQPNA is not innolj
ved in reconbination; Their arguments against Z-DNA
involvement are that there are ;everal other events which
could account for retombination,.namely: |
1. speeial repair. type synthesis at pachytene . (Hotta
-<and Stern, l971a) iy
2. "cyclic"‘appearance'of potential reoombination
related°proteine (Hotta and Stern, 1974; Howell
and Stern, 1971)
3. “cyclic"lappearance of non Z-DNA associated dis-
continuities_at‘paéhytene (Howell and Stern, 1971)
"Hotta and Stern (1976) assume "the sites for'Crossing— .
over are‘provided by a programmed formation of single-
stranded nicks". This is based on the observatlon of
Howell and Stern (1971) that 51ngle strand nicks appear'
in Lilinm DNA at pachyteneAand are;then sealed. 'The
appearance ot‘these singie—strand nicks at_pachytene co-
incidevwith the -appearance of an:endonuclease. This endo-
'nuclease actiQity appears during zygotene; feachee a max-
imumodufing pachytene and éiéappears‘at the termination-of
Npaehytene. Also nresent.at this time are kinaee and ligaee_
'aCth't%QS although these are not conflned to the zygotene

and‘p chyt\ e stages. Another interesting feature is the
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.appearance of a protein very much like the gene—32

protein of T, which is essential for recombiration in T, .

%

This DNA binding protein peaks during zygotene and falls

- off by the end of pachytene (Hotta and Stern, 1971b). Co-

incident with the above 1is the appearance of repair -
synthesis during pachytene in Lilium (Hotta and’ Stern,
1971a) . )
' ‘Evidenoe for repair synthesis at pachytene in other v
organiéms, although not as well substantiated as in
Liiium,'does exist. Mammalian spermatocytes are sensitive
to irradiation at pachytehe“KKofman;Alfaro and Chandley,
1970). The sensitivity is manifest by an increased in-
corporation of 3H—thymidine'following irradiation at this
time. This has been interpreted‘to mean that there are

more repair systems at work at,this time than earlier or

Alater.' It seems equally likely, however, that this in-

vcorporatlon reflects an 1ncreased sen51t1v1ty of the DNA

~to damage at thlS time, theé result being simply more

damage and therefore more repalr. Lu and Jeng (1975)

found that there was 32p incorporated into DNA at pachytene
iﬁ Coprinus. By,extrapoiation to‘the Lilium system, they
have assumed that this is repair synthesis.r

However, neither the evidence in favor of Z-DNA
associated ‘gaps nor that for gaps 1nduced at pachytene as
belng the 1n1t1al sites for recombination ‘is very substan—

’

tlal In fact, there are several argumentsaagalnst either



berng‘directly involved in recombination;

The follow1ng is a list of arguments against pachytene
1nduced and Z-DNA associated gaps belng the initial events
-leadlng to recombination. It is not necessary for gaps
assoc1ated with cross-over events to be lnduced at pachytene,
although Hotta and Stern (1976) come very close to making
this aSSumption. There are far more gabs induced at pachy—
tene than are necessary for the 36 chlasmata ti are feund‘
on the average in L;ZLum. Smyth and Stern (197 hoe she;nk
‘that‘P—DNA'is syntheSized'mainly in moderately repeatec.
sequences. This is not what one would expect becaus fi:e

vstructure mapplng has shown crossing-over %g Inkigde the

structural genes and therefore some unigue sedﬁéniks (White-

T

house and Hastings, 1965). Slmllarly, thereiire too

any
,Z—DNA assocrated gaps, the'Z-DNA is not ligated-to t e bulk.
DNA untll after prophase, and finally, Z- DNA. assoc1@ted gaps
are not necessarily the 1n1t1al events leadlng to recomblnatlon.

Jiv However there are several events durlng meiosis in
addltlon to the nlcks necessary for -the 1n1t1at10n of
.recomblnatlon whlch may requ1re the existence of gaps.
Palrlng, disjunction and termlnallzatlon of chlasmata could
requ1re the exlstence of gaps- It is also a requlrement of
any cross—over event that no matter how the 1n1t1al nick
'was'broduded, endonucleolytic cleavages must be nade in
order‘to_resolye it. |

'As mentioned .above, Hotta and Stern (1976) argue

that nicks induced during pachytene and repair synthesisﬁ
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at pachytene apparently provide the sitesifor crossing-
over. Thev then makeithe extrapolation that the "sites of
the nicks are in moderately repeated sequences. These
observationsiexclude Z-DNA and its aesooiated gaps from a
direct role in crOSSing over" The obvious flaw iF their
argument lS that no eVidence exists connecting pa hytene
induced gaps with recombination.

Lu,and_Chiu.(l976) argue in;favor of nicking)at ;

: ——
pachytene being involved in rocombination They argue
that the number of nicks and the length of time they per51st
are proportional to the amount of recombination. They
’believe DNA repair synthesis_is inhibited by cold treat-
ment. Therefore'nické-induced at'pachytene will'persistffor
longer periods if the temperature is reduéedu Thus the
Iikelihood of their involvement in a recombinational event
is increased if the temperature'is reduced. Unfortunately,
neither repair synthesisfnor nickingvhasAheen-demonetrated
in Coprinus atnpaohytene. | ‘

Chiu (1973) proposed a similar mechanism to explain
the increase in recombination obtained by treating Chlamy~
domonas with different inhibitors during prophase. The
ﬂonly difference between the model for CZZamydomonas and
{the one for Coprznus is that the'ChZamydompnas model
_-propoSed.an increased persistence of Z-DNA associated gaps
due to the inhibitor treatments preventing Z-QNA synthesis. ’

It seems: that. there are several interesting and

oy
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potentlally pertlnent facts known about blochemlcal ‘events
at pachytene, vyet all correlatlons with recomblnatlon are

purely speculatlve at this time.

‘

Three approaches have been taken to determine the
time of crossingrover;‘ One of these assumes a 1l:1 corres-
-pondence between chiasmata and cross overs. 4Ttis assump-
tlon has not been verlfled experlmentally,although it has
been shown that chiasmata do involve segmental‘exchange
and hence cr0551ng over (Mather: 1938; Lewlis and John,
1963; Whltehouse, 1973). There is also a siﬁilarity
‘between chiasmata and'crosSingfoveriwith respect ‘to their
distribution (see Henderson, 1970; Whitehouse, 1965;
Taylor, 1967 for :evlews). Tﬁis assumétion being made,
experiments have:attempteé to show that'perturbatiohs
admlnlstered to melocytes affect recomblnatlon only 1f
admlnlstered at specific times. Making the additional
assumptlon that the latest stage at which an effect-can be
obtalned.ls the stade when crossing—oﬁer occurs, one can
estimate the time of crossingéover. 'Sﬁch studies have
»shown late zygotene to early pachytene to be the latest
stage at whlch chlasma frequenc1es can be altered by
perturblng agents (see Hendéfson, 1970; Whiteheuse, 1965;
Taylor, 1967 for reviewsl.ﬁ An example_of this approaeh is
that of Peacock (1968). Peacock has shown that chiasma
formation is sensitive to a temperature treatment.at early-

-

pachytene in the grasshopp-~ Goniaea australasiae.

/
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Another method uses linked marke%s and. performs the
perturbations as iﬁvthe first case. The advantage of this’
meﬁhod is Q%at it doeé not require the assumption that
chiasmata.are'the équivalent of cross-overs. Only one
such study has been'carried out using an organism witﬁ
genetié markefs; synchrony and adeéﬁate cytology. Using
Coprinus, Raju and Lu (1973a)showed that the latest time
at.which a temperature tfeatment can modify recoﬁbination
is at zygotene to early pachytene. . From this they con-
cluded'ﬁhat_crossing-over_occurs at pachyténe.

Several studies have been carried out using ChZamy—
domonas reinhards. These ihvestiggtioné héve shown that ‘the
.latest time perturbations by irradiation (anrence, %96&,1967}
and DNAfana prétein synthesis inhibitors (LaQrence and |
Davies, 1967; Davies.aﬁd'Lawfence, 1967; chiu and Hastinés
l973),can affect croséing—over is prophase of meiosis. §
Unfortqnateiy, the cytological observations Qere'inade—

.qua;g to determine the séage of this\prophase'effect mo£e
preéisely. The final report'is one concernihg yeast
Cérfied out by Sherman and Roman (1963) which showed that’
there were twoiéimes, ‘the later,one coinciding with what
is bélieved'to»be prophase, at which recombination could
be modified. However, the cytoloéijas_veryfpoor and the
synchrony,also>inadequaté. |

?he third metﬁod used to dete;mine the time of
crossing-over correlates fhe degree of pairing af‘pachytene

ED

with the amount of‘croésing-over.. A set of experiments

v

-



using maize,by Rhoades (1968),has shown that there is an’
~excellent correlation.between the two. He used chromosomes
carrying deficiencies, translocations and knobs,anc com-
pared the degree of cytclogical pairing with the levels of
recomblnatlon in heterozygotes .and homozygotes. He was
‘able to show a perfect correlation between the amount of
crossing-over and the degree of pairing. thades' con-
clusions, howeveéer, are open to two ctitiéisms, 1) that
recombination leveis may reflect pairing levels simply
because palrlng levels are a result of the amount of re-
comblnatlon or they may reflect a component that is common
to both, and, 2) that crcssing—over takes place after
pachytene and pachytene pairing is simply a;p;erequisite
for croseing-over. | _

5. Dipldtene

~ A -
This stage is defined cytologically by the breakdown
of pachytene pairing. ' The bivaients remain intact, being
held together by localized regions termed chiasmata. West-
ergaard and von Wettstein,(1972)‘proposed that synepto?
nemalICOmplex remnants are the ultrastructural'manifeste-
-tion of chiasmata. Three studies of early diplotene have
supported tnis view (Sotelo et al, 1973; Giliies; l975p;[

(

\

N

Solari, 1974). Another report, by Schleiermacher and
Schmidtl(1973), found similar pieces of complex at mouse
diplotene but did not >nsider it to be chiasmata.

Diplotene chromosomes can vary'significantly-frCm
. 2 ° L
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orqanism to organism in theilr ﬁeqren of condensation.

Many organisms have very diffuse chrematin at diplotene
(StoVenson,al972; Rossen and Westergaard, 1966; Zickler,
1973; Lu, 1967; Barry, 1969; Dixon, 1973). The chromo;
somes of this diffuse stage in lower organisms resembles
the lampbrush chromosomes of amphibia (Callan, 1963; Galil,
1966; Hess, 1971). - This diffuse diﬁlotene stage is usually
extended in duration. Other organisms\nave a much shorter
diplOtene stage with the chromosomes.rehaining quite
compact. The occurfence ofﬁthis diffuse tyée of diplotene
is usually associated with active transcription.

It has as yet not been possible to demonstrate a 1:1
correspondence between cross-overs and chiasmata (see
review by Henderson,A1970). Correlations with both the
exchange of linked markers and chromatid exchanges using
autoradiography have failed. The,best evidence that
chiasmata are cross—over,sitesvinvolves the correlation of
segmental eXchange\and chiasmata (Mather, 1938; Lewis and
John, 1963; whitehouee,1973). The similarities between
chiagmata and cross-overs with regards to distribution,
interference, sex limitation and response to environmental
and genetic modification also etrongly suggest their
equivalence (see Henderson,ﬂ1970; Tayéor, i967; Whitehouse,
1965 for revieWs)i |

A significant preportion‘of conversién events do
jnot involve a cross-over (Hnrst et al, 1972). %}t QOuld

be interesting to know if chiasmata do .represent sites of
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reéombination and if SO0, whether they lepresent both
conversion events that are associated ejither with .and
without fécombination of outside markers, or only ones
-that are associated with Cross-overs.

Associated wit+}t the nuclei of many meiotic cells are
Spindle pole bodies (S.P.B.). These S.p.B. may be present
throughout the cell ¢cycle or may\be S¥nthesized Je noyop

in Preparation for the first ﬁ&;o%%g”division. Whefher

Several tybes of S.p.B. eXist. In most animals
centrioles are found at the poles during mitotic aﬁd
‘meiotic divisions. Ih higher plants, no definable S.P.B.
are found at ﬁge poles of mitdtic and meiotic cells. 1In
Protists, there are Several types of g.p.p, found.

Manton e¢ aZ‘(l970a)described denée flat plates in Litho-

desmium. Similar Structures arise early in Prophase of

Prophase (éickler and Olson, 197s; Moéns and Rapport,

#,1971) . S.P.B. of basidioMycetes afe globular structures

about 0.3 M in diameter. The globular s.p.p. of Coprinus

Zag&?us'arise de novo late in pgéﬂytene and duplicate in
late diplotene (Lu,~1967; Lu and Raju, 1979; Raju and Lu,
1973b). Rogers (1973) believes that the S.P.B. of C‘oprbinus
stercdrarius from the gre-meiotié nuclei remain and act

as S.P.B. for the first meiotic division.
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In Chlamydomonas reinhardi (Cavalier-Smith, 1974),
it was found that basal bodies were not synthesized until
late in prophase and that most cells had not completed
this synthesic ‘ior to metéphase I. From this i;mwas
concluded that basal bodies did not have a centric role
in meioé&s. | |

In Labyrinthula (Perkins, 1970;“Perkins and Amon,
1969) the de novo synthesis .of basal bodies (centrioles)
takes place during prophaserf”meiosis and they are found
at the poles during both meiotic divisions.l

The strangest case is that found in Lithodesmium
(Manton et aql , 1970a ); Hefe, as reported earlier, the
S.P.B. a;e polar plates for meiosis I but centrioles are
formed for meiosis II when both polar plates and‘centrioles
are found at the spindle poles.

The above may_indiéaté that centrioles are impértant
:ih‘éome organisms and not in others or it may ‘indicate that
the only reason they are present ét the poieé is to ensure 3%

their distribution to both products (Heywood and Magee,

1976).

Recombinationvor crossing—over is not believed to
take place at diplotene or later'becausevneither recombin-
ation levels nor chiasmata frequencies have been altéred
by merturbations lafer than pachytene (Lu,{i970; Henderson,
1970). However most experiments have used chiasmata as

their measurement ,so that if ¢ iadmata represent potential

§



sites for crossing-over, it would be impossible to detect
the degree to which this poﬁential'is utiliied by counting
Chiasmatél . : e
U

. The only experiments which have correlated specific
mgiotic prbphase stages with treatment effects.on recom-
bination frequencies are those of Lu (1970) .. Here; only
temperature aha'gamma irradiation were used to modify
recombination levels. Thus, only one experiment, testing
the effect of two agents, on one organism, could héve

&

detected late prophase effects.

6. Diakinesgts. ' ' : ' .

-

.Classically, diakihesis i defined as that stage of /

meiosis when chiasmata move towards fhe'ends-of the'bi~(r/

valents. Little is-kn0wn about the ultrastructure of

chiasmata as they ﬁerminali?e (Gillies, l975a).
'ﬁucleoli-generally begin to disappear at this stage

of meiosis in most higher organisms.‘ In the fﬁngi and

algae, a complete range of behavior has been reported.‘

For example, most of the nucleoli fuse during propﬁése in

the flagellate Barbulanympha.. This mass ofvnucleolar

mategial~reﬁains at the eqﬁator during meiosis I and‘is not

incorporated in£o the nucléi at telophase (Clevelénd, 1954).

The nucleolus persists thréughout the meiotic aivisighs'

in the'ascomycite Gelasinospora (Lu,1967)f‘ In algae,

little is known about the dispersal of the nucleolus .

during meiosis, although a general rule is that'disperséL

) S
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occurs in preparation for mitotic divisions (Triemer and

Brown, 1974).

7. Later Stages of Meiosis

Metaphase I of meiosis ‘in higher organisms is
characterized by a breakdown of the nQélear membrane. The
‘behavior of thé nuclear membrane in‘lower organisms, par—'
ticularlyuthe.fungi'and algae, showé considiﬁgb&e variation;
. . ' -
Only two cases have been reported in the literature
'vconcerninghthé beﬁavior;of the nuclear membrane during the
1étér staées of meiosis in algae. - In Lithodeémium'undu—*‘Iq
atum the nuclear envelopé breaks down during prophase of
both meiotic divisions and is refofm;d'in telophase
(Manton et al, 19695 1970a ). In.the chlorophycean alga
Ulva mutabilis the nuclear ehvelope is intactvexcgpﬁ at
the boies where a fenéstra is present (Br3ten anvaordby;
1973). HoweQer, one cannb;ltake results like breakdéwn of
the membrane at face value for it has been'shéwn in qurinus
radiatus (Thiekle,>1974) that the,meﬁgréhe remains -intact

report (Lerbs, 1971) had

<

during metaphase, while/an'eafliér’
shown nuclear ﬁembrane bfeakdoyn at this time. Aithough‘
no cases of both_meiétic divisions oCcurring withih the
ori%}nal parént nucleus have been obsérved in algal

" systems, Méeés and Rapport (1971), using sefial seé£iohs,»
. have demonstrated that both divisions of meiosis”iﬁ the
yeast Saccaromyces cerevisiae take place within the
'oriéﬂnal parent nucleus.,

J

o
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In fhe alg;e,:although kinetocﬁores have been obser-
ved during metaphase of mitosis (Pickett-Heaﬁs, 1970), no
report of kinetochores dﬁring meibéié was found in the.
literature. In fact, in the three casés in which the
later stages of meiosi§ weré,examined - Lithodesmium
(Manton et al, 1970a), Ulva (Br8ten and Nordby, 1973)
and Chlamydomonas (Triémér anderoWn, 1977) - no recog-

nizable kinetochofés,were observed;valthough.micfotubules
did contact the chroﬁosomes of.Lithédesmiuh énd'ChZéMy—
domonas.

According to Luykx (1970), there are three distinct
>types,6f spindie gPle afrangeméﬁts. These'arg.pbles with
no appéreﬁt microtébule orgéniiing cenﬁres (M,T.O,C.), |

those with centrioles as M.T.O.C. and those with struc-

tures other than centrioles as M.T.0.C. It seems that all

32
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three types of spindle-pole afrangemént exist in the algae.

In Ulva, centrioles move toathe,lees'during.mitosis
(Lgvlie and Brgten, 1970) and méioéis (Brgten aﬁd Nordby,
1973) although they remain to one side. In_CthmydomOﬁeﬁ'
”reiﬁhardi, Cavaliér-Smith (1974) reported that centrioles
are absent from the poles of most metaphaée T cells. |
This observation should be in?erpreted cautiously as
reports that'basalvbodies were not associated with the
spindle po1es during métaphase of»mitosis (Johnson and
Porter, 1968) héve sincevbeen shown questioﬁable by Triémér

and Brown (1974) in C. moewusii and by coss. (1974) in
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C. reinhardi 'using thick serial seéctions and exami?(ﬁ§~
thém ﬁsing high voltage electron microscopy;

There are generélly'three types of microtubules
associated with microtubule orgaﬁiéing Cenﬁres. There are
extranuclear or astralimicrotubules. . These are probably
involved.ié'the formatién of cleavage furrows. There are
rﬁ:pélar microtubules;_ﬁhése travel from one pole of the spinf

dle to thefOther,or péss from one pole to beyond the meta-

phase plate ,but do not attach.to any chromosomes. Finally, -

there are chromosomal microtubules. - These pass from the
poles\to the'chromosomes,usually attaching to the chromo-
somes at discrete kinetochores,although they may attach in

a less specific way.

8. Time of Division Stages, Stage Durations and. Degree
of Synchrony

'As mentioned earlier, one of the requirements of a

~

systém useful for Ehe study of meiosis ié'a knowledge of .
‘the cytology. - This would -include a_knowledge:of thé stage
makima; stage duratidps and synchrony. SéQeral‘methods
have beeh.used to dete}mine‘stage ddrétioﬁs during meiosis.
~ One is the aﬁtoradiogra;hic method'(Bgnnett'et‘aZ( 1973)ﬂ
Here; stagé duration is calculated byvséeing how many hours
it takes before 3H—thymidine"'in”corporated at the pre-
meiotic S period éppéars in the cellé at eaéh of the
different stages. Another method uses the sampling of

one portion an anther at time t followed by_the samp-

L
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linq of another portion at‘agféger time’t%%. .By this

' method one caﬁ estimate-the éﬁ;unt of time fequired'for
cells to proceed froh oﬁe stage into some.subsequent
stége (Bennett et al, 1973; Ito and Hotta, 1573). Both
these ﬁethodsvhave inhgrenﬁ errors whiéh ;re bfoportional
to the length of the initial reference stage and of  the

'final stage sampled. Neither the autoradiogrqphic method

nor the dual sampling method lend themselves to an easy

v

determination of the degree off chrony.

o

James (1963) suggeSted use of probabiiity paper

for analysis of single divisiog pursts. In this method,
samples are taken from‘a,cultur~ at different‘times.during-
the cdufse of'meiosis and scored as to stage. One then
pléts the sigmoid cell inéréase curyerd probability paper.
The Best fit through thé data,points is obtgined dsing a
type‘of weighted regression analysis developed by Finﬁe;
(1971). Once one'haé tﬁe'curves for ehtrance‘into the
qiven'stagéS'or Beyond, énelcan estimate duration, synch-
rony and time of the maximum for each stage. Using these
Eurves it is.aiséfbossible to estimate the homogeneity éf
samples taken at different times. | |

| Iﬁ is also,possigle'to'estimate stage dufation by
.estimating'the area under each stage aistfibqtion:curvé.
This is done by using histoérams centred on.the time when

‘'samples were taken. The lést method has the advantage

that one does not assume the stage distribution curves to
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be normal. The disadvéntage is that maxima and degrees

v

of synchfony can only be obtained by ad hoc" methods..



CHAPTER 11

MATER;ALS AND METHODS

Strains:

Strains 137C mating type plus ané 137C mating type
minus of Chlamydomonaslreinhardi were obtained ffom.Dr.
R. ?. Levine. 96% of the ngbspofes ffom'this cfoSs
gerhinated, Of these, 80 - 90% gave 8 proaucts and
10 - 20% gavé 4 produéts. |

Arg-i mt+_and arg-2 mt-, bbthsarginine—péquiring
muﬁanﬁs,,weré Oriqinélly isolatéd by‘EvérSole (1966)-from
theli37C strains. The zygospores from this cross germinated

to give about “60%",eights.rt

'Media:
| - The fqllowihg media used in.this‘study‘are described

. in Levine and Ebetsold (1958) ; Hastingé (1964); Chiu (1973)
and Sheoka} Cﬁiang and. Kates (1967) with Some.hihor modifi—'
' cations. |
"A. Minimal Mediﬁh

Minimai medium"isvcomposed of 5§.modifigd’Béijernick's,
solution (Bold, 1942)} 5% phosphate buffer, and 0.1%
trace element solution in distilledVWater. |
B. .Nitrogen—Free Medium. |

N-free medium has.the Same Eomposition as'minimal
medium ekcepg that Beijernick;s‘solution was'feélacea by

o

N-free Beijernick's. solution, which does not contain NH,Cl. ,?
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C. TAP Medium (Gorman and Levine, 1965)

- TAP medluUm cpptains:

Tris (hydroxymethyl)

Amino @ethane..u...............;.. 2.42 gms

pelilernjck's solution;ﬂ...f' ...... 50 ml

ryace élement solution............ 1 ml -
1 M KH2poy (pH 7.4) ...... e 1 ml

Distijled water to 1 litre. Finally 1 ml of glacial

S
e

acetic« aciq was added.

Note;

For the growth of argihine—requiring mutants,

TAP. medium is supplemented with 0.4% of casein

amino acids (TA medium). Solid media were pre-

pared py adding 1.5%.or 4% of agar sto the avae‘

liguiq media..

D. - 3/10 HsM (High salt media) (Suegka et al, 1967)

NHeCL Lo v..... 0.15 gms
MgB04 < 7H,0 ...._..; ........ 0.02 gﬁs
caCl:+28,0 .,........;;,... 0.01 gms
KoHPOu .\ o, e 0.94 gms
KHz?Ou Cee el e 0.47 gms
Trace element qolUtionF:... 1 ml-
Disti118d HyO wvvvvnvnnnnnn ¥ litre’

The compPOSition of solutions used above is as follows:

Beijernick's SOlutjion

NHDC]‘ L I N LA T I RS Sy -w: 8 ng
) MgS0u=7TH,0 .. .uivi ... '2 gms

QaClz22H,0 . . e ... 1 gm

Distilled Hy0 «vvevvennnn... 1 litre

-
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Phosphate buffer

" 1o T ' 14.34 gms
KH2POy «vvevnvnenennnnnnns 7.26 gms
Distilled HyO wueunrneennn 1 litre | s

EDTA v evnnnnnnn e - 50 gms

ZnS0, *7TH20 «eveennnennnn. 22 gms

H3BO3 c.iveenns [P 11.4 gmsu

MNCly *4H0 «.vvenn.. P 5.06 gms

FeSO,*TH20 vuiveivennnnnns © 4.99 gms

CoC1246H;O ";'T'“"";"' l.él gms

(NH, ) 6M0O, * 4H,0 ....:,..J. , 1.10 gms

CUSO4 *5H20 wvvvnvenennnnns 1.57 gms | .
Distilled H,0 to 1 litre and pPH adjusted»to,' é?

¢

6.5 - 6.8 by adding freshly prepared 20% KOHN_

Végetatibe Culture
A.i Asynchronous Culture

=Arginine—requiri$g mutants ( mating typeé_+ and -)
were grown éepafately on 1.5% TA agar_platesﬁunéer fluor-
escentllamps.
B.— Synchronous Culture

Wild type vegetative cells (mating types + and -)
were grown.in synchronous cultures at 21% ¢ loluﬁder 12 h
light (4.5 Klx) and i2-h dark regimen iﬁ 3/10 HSM (high salt
medium) of Sueoka et al (1967), with constant shaking, and

)

bubbled with 5% COZ in air.




Induction of Gametes
A.  Synchronous Gametes
Synchronous gametes were induoed from synchronoﬁsly

growing vegetative cells hy the nitrogen-withdrawal techniqde
described by Kates'and Jones (1964) and Sueokalet al (1967)
Vegetative ceils grow1ng in- 3/10 HSM at a flnal concentrat-
ion of about lO6 cells/ml were harvested around the sixth
hour of the light'period. These were centrifuged and
resuspended in N—free medium, and adjusted to a final con-
centration of ahout 3x10°% cells/ml. The culture conditions
were identical to those of synchronous vegetative cultures
except'that’continuous illumihation was given. .
B., Asynchronous Gametes

| Asyhchronous gametes were'prodaeed from the arginine

strains grown on TA plates by transferring to N-free medium

and treating them exactly as for synchronous gametes.

—

‘Mqting of Gametes

'Gametes derived from TA plate grown arginine-requiring
strains were ready after 6 hours in N—free medium, whiie
wild type gametes derived froﬁ sYnchronous cultures were
ready after 16-24 hours. ’ o

Zygotes heterozygous for the arginine 1 and arglnlne 2
loc1 were produced by m1x1ng equal numbers of gametes of
both arginine strains. The mlxture was returned to the

light without shaking until the completion of mating (approx.

30 minutesg). The suspension of young zygotes was "then



Germination of Zygospores
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plateq on 4% minimal agér plates.

| wiid type iygétes were produced.by mixing equal
numbers of opposite mating type gametes. These were returned
to the light without shaking for abéut'BO minutes, until

the completion -of mating. 'Freshly mated cells were spread

on HSM - 4% agar plates.

Matupatigkfvf Zygotes

The zygote plate; were put under fluorescent»lights
(4.5 Klx) for 24-45 hours. They re then wrapped in |
aluminum foil and kept in thé dankk for .at leést 7-10 days.
At the end of this period the.zygoteé are feady for germ-
ination and are called zygosperes.

I
K4

Germinathon of zygospores was inducéd by a orie hour
iO le.liqht pulsgrat.250C.  The plates were then inverted
over chl »form vapor for 40-60 seconds to kill unmated
cells. : |

Zygosporeslwefe then scraped>from the 4% plates andl
suspended. The/gygoséores heterozygous for the two arginine
loci were resuspended in TAP ﬁedium; while the wild type
zygospofes were suspended in. 3/10 HSM.

Both tfpes of ngospores'were’ﬁhen cleansed of con-
taminatind unmated cells by differential centrifugationv
The’pellettéd zygospores“Qere resﬁspended in:3/10 HSM and
returned to the'light'(ld K1x) with constant shaking and

bubbling with 5% CO, in air.



41

.v'.wn: ¢ Z...C’ Method

The region between arg-l and arg-2, whica are separ-
ated by 6 map units on linkage group 1, was chosen for the
measurement of recombination. This was done becausé of
the ease with‘whiqh recombinaﬁts can be scored (Hastings,
©1964) .

Germinating zygospores. heterozygous for the two
arginine loci were pulsed wi£h the DNA synthesis inhibitor
fluorodeoxyu;idine (FUdR) at a final concentration of 2mM.
Pulseerére Begun at about S'hoﬁrs after the onéet of -
germination. anh pulse lasted 30”minutes.v The cells were
pelletted, resuSéé@déd in frésh TAP medium and then belletted
éga%y and resuspended and spread on 1.5% TAP plates.,'Each
plate received 1000-2000 zygospores. The scoring was
“carried out using a micréscope about one week after plating.
Colonies will only grow from thosé tetrads or octets where
?ecombination occured between the two arginine loci. It
is therefofe possible]to score the frequency of recombination
by scoring the zygospores thét germinated and grew into

green colonies and those that did germinate but did not

grow into green colonies.

Cvtological Method

For electron micfoscopy,.germinating zygospores
were collected at one half or three-quarter hour intervals
in a test tube. After'centrifggatioh the media was decanted

and 2% glutaraldehyde in a 0.1 M phosphate buffer (pH 7.4)
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was added. These samples were then piaced in the refrig-
erator at 4°c overnight. The next day the cells and fixa-
tive were removed from the refrigerator and allowed to
warm to room temperature. Following two washes in 0.1 M
phosphate buffer, the pelletted cells and ahout .2 ml of
buffer were mixed and transferred to a piece of filter
Paber. The cells wére ailowed to partially dry. 'Approp;
riate sized portions were picked up using a.tooth pick

and transferred to the surface of a 1% agar slab.

Using a Pasteur pipette, a 1% agar solution kept at
40°C was placed over ﬁhe clump of cells. When ﬁhe agar
hardened, the agar encapsulated sample was Egimhed using a
razor blade. The sample was then fixed for 2-4 hours inl
0s0, at room temperature: .

Following 6sou fixation th&bsaﬁples were washed_tWice
in phosphate buffer for 15 minutes each ané then'dehydrated
through a graded alcohol éeries. The graded ethanol series
v éonéisted-of 50, 7Q, 80, 90, 95 and 98.5% steps. Each
| Step lasted ¥5-20 minutes except the 98.5% step which was
repeatéd'th;ee times for at leastsZO minu£es. behnggtion
WaS'foliowed by three 20 minute baths of—propyléneréxide.
" The samples werenthen added to a1l:1 (v/v) %olutioﬁ of
‘Ptopyiéne-oxidé.%nd Araldite epoxy resin (Ladd Research
Iﬂdustr%es Ltd.) or a l:l\Solution of propylene oxide wi.th“J
'F‘ prnr(Ladd Research In@ustries Ltd.). The‘Aralaite con—r'
sisted of one,part Araldite 502'fesin ?o one part dodecenyl

succinic anhidride, wifh 2% dimethyl amino methyl phenol .
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‘added to accelerate hardening. The Epon consisted of 45 ml

of Epon 812, 30 ml of dodecenyl succinic anhidride, 25 ml of
nadic methyl anhidride with 1 ml of dimethyl amino methyl
phenol added to accelerate hardening. The samples were then

placed uncovered on the counter top for at least 2 daYs to

allow the propylene oxide to evaporate off. The samples

were then transferred to rubber moulds filled with the above
Araldite or Epon epoxy resin mixturee. ‘The Araldite included
samples were polymerized for approximately 24 hours at 50°C

and then an additional 48 hours at 60°C. The Epon included

samples were placed "in the oven at 35° for a few hours,

the temperature was raised to'450C for abqht\lz hours and
fihally, the temperature was raised to 6OOC for 48 hours.
Because of the poss1b111ty that the cells were |
impermeable to flﬁatlves and/or embeddlng material durlng
the early stages of ﬁe1051s, the cell wall was removed from
some samples. - The removal was accompllshed by f1x1ng the
ci}l"in gldtaraldehyde for 10 minutes then vgrtex1ng the
zygosporee at max1mum speed w1th glass beads for 5 minutes.
The flxed cells, were left in the refrlgerator overnlght at
4°¢ and then flxed and embedded as described earlier.
Sections were cut using a Dupont diamoﬁd knife and
atReichert Om u2 ultramlcrotome aad collected on 100 —esh,
150 mesh and 200 mesh grids for standard examinatio.
\e:iais of approximately 100 sections were collected on

~e- hole ¢ ids coated with formvar produced from a 0.3%

ww/v) for. ar .n chloroform solution.
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Collection Of gerial sections was Carried out using
a mothod similar tO that developed by ROStgaard (1973)-
This method 1nv01ves the cuttlng of a ribbhon of approx-
imately 100 sectiOns all light gold (aPPToximately 800 R
in thickness). The gections were then 9Uided to a forc€Pbs~
held formvar coat 9rid using an eyelash Mounted on a toOth
pick. The forcePS were attached to a rack and pinion
deévice. This endPled one to lower‘the grig at the apprOP-
riate angle belOW tﬁe surface of the waterf The ribbons
of sections were then manoeu%ered usind an eyelash';mtil
they struck the £OTmyar. The grid with‘the adhering
sections was theP Tajsed using the rack and binion until
the slot was nea{ly filled with seétions~ The free end ©Of
the ribbon was réleased using the eyelash, fThis operatioﬁ'
twas repeated unt#l the complete‘ribbon"was éollected. |
Both_yseria1 and standard ultra‘thin séctions were
then stéined “or 3~5 hours in aqueous UTanyl acetate
(3% w/v) followed by 5 4 minutes in O- 25% 1lead c1trate
Most preparatlon5 were viewed in a Phlllps 200 electron
microscope at 60 KV or 80 KV although SOMe were examlned N
in Philips 300 of Phlllps 201 model electron mlcroscopes o
All photographs ¥STre taken on 35 mm Kodak fine grain
positive FRP 426 film Photographs for reconstructlons
from serlal sectiOns were taken at a magnlflcatlon whlch’
enabled the complete nucleus to fit on @ single frame
comfortably. PhOtographs of all sect:‘-ons through a: nucleus

were collected- Nucjei from Whlch complete serials wefe
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outained were then printed on 8"xi0" baper at the highest
- magnification which would allow the sections of the nucleus
with the largest diameter just to fit. Tracings;-one for
each phdtogréph, wereé made on 8%"x10%" 3M Brand projection
transpareneies. |

Reconstructions Of pachytene nuclei were carried ou£
by tracing l\elvldual bivalents onto individual transpar-
encies with the section pumber lncluded :The allgnmenf/g%
transparencies frqm one gection to'the next was caf;£e¢ out
using markers which traVerse‘from one seétion to the next.
The length traversed by a particular bivalent_fnom section,
to adjaeent.section WaS calculated using the Pythagoreén
Theorum (c=Va?+b?). Bivalent reconstruction and calcu-
ilation of their lenthS was carried out gfing techniques
similar to those of Moens and Perkins (1969) and Gi;lies,
(1972, -1973) . ‘Following the completion of tracing,: the
final reconstructions were produced on K&E 100% rag paper.
- Ihese reconstructionsvwere enclosed by an outline of the
nuclear envelepé. The Seétion chosen‘for tnis was a cent-

rally located one.

. The model of the metaphase nucleus wAS reconstructed
by trsc1ng the outllne of the nucleus Zrom evary second
section onto foam rubber which had beer cut .o a thickness
equalling‘that'of two secfions at thisymagnification. The
outlines were then arrangedﬁin order and.aligned es well as

possible using markers which traverse from one section to

the next. This is similar to the method used by Moens and



Rapport (1971) in their Study of meiotiC Nuclei of yeast.

’
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~z\ CHAPTER III

OBSERVATIONS AND RESULTS

A. Cytology

Cytological stages were aésigned‘by two general
criteria. The first criterion is the assignment of stage
by analogy to the cytologicalrfeatures which occur durind
meiosis io othér organisms. The second criterion is
consiSténcy‘with the stage sequence observed in other
Qrganisms.

1) Pre metotlclstages : .

The 1dent1flcatlon of pfe melOtlc zygospores was
based upon two cytological critorla, one of these being
.‘general morphology of the cells. Pre‘meiotio zygospores
could. be subd1v1ded into two morphologlcal classes.

'Early stage zygospo:esvare similar to resting,stage
zygospores. The mo?Phology of these'cells ai illustrated
in Pigure 1 is suff1c1ent1y dlStlnCthe to make "them |
readlly 1dent1f1able as early pre-melotlc. Bothv:estingv
zZygospores apd zygospores up untll fOur hoors after the
(onset of germination are very dense. The cell walis are
Vefy.fhick, consisting of an inner electron dense region
and an oﬁtefﬁrélatively eleétron transparent region. The
inner and outer regions are each composed of se;eral.
layers (Cavalier—Smié%, 1967), EarliAin germination_;hé
cell is’irregular in shape but sfeadily exparmds, until at

1

i\
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Flqurg 1. D resting stage zygote. Note the
irreqular outline prior to the onset
Of -germination. Magnification 15,500-
Bar'= 1 p

FIgurg 2. A cell typical of those observed at.the
’ Pre-meiotic S period fixed at 5% hours-
A pucleolus (Nu) is present within the
Nucleus (N). Magnification 11,500.
Bar = 2 p :
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about 5 to 6 hours the c€lls are spherical. Figure 2
shows a typieal cell at the completion of this initial
bPhase of expansion. C

The secOnd cytologifa@l criterion was based upon

nuclear morphology, this being the absence of the small

,patches of condensed chroMtin with their associated legs

electron dense regions. This can best be illustrated by

.

comparing the nuclei of FiJures 1 and 2 with those of

" Figures 3, 5 and 6. The PFe-meiotic nuclei are irregulén

containing a nucleolus with a few seattered ereas of
condensed chromatin (Figuf® 2).

Both of the above Stages (Figuffe 1 and Figure 2) can
be shown to be pre-meioti€ by a study of stage sequence.
Thus, the fact that they 5h0w llttle cytological evidence

of a change in nuclear mofphology from the restlng zZygo-

spore state, whereas a nUClear change is a55001ated with

zygospores at a later peri®d follow1ng the onset of germ-

ination (leptotene, see belOw), identifies them as pre-

meiotic. ' : ?ﬁ
In agreement with tDP® observations of Cavalier-Smith

(1974) no basal bodies wer® observed in cells up until the .

completion of this ‘initial Phase of expansion. This

suggests that basai bodieS Are synthesized de novo at a

later stage. . q

ii) Leptotene

The identification of Léptotene'zygospores was based



- /k S

upon nuclear morphologyyaIOne. This was tﬁen verified by
demonstrating that the morphological stage SCored as lep=-
totene occurred at a time consistent with the staée seq-
uence observed in other organisms. Their PYClei clearly
shgw small patches of condensed chromatin Containing short

~discrete stretches of reduced elegtron denslty believed

to be diSCOj ; .

d 6 show these and S®veral other
4 .

h“‘q\ateral components.
‘Fiquresy
B g«ﬁ’ " d

imporﬁagg‘ fj&eptoténe cells. The Muclej are

largerfthan:tf id€—éygo§boreé at earlier Stages and show
'a“marked incfeégegiﬁ COndensaEion ot chromatin over earlier
staées. |
Thé condensed chromatin is round 4;~;ma11 clumps
scattered th;oughout the nucleus. The regi®ls mentioned
above, with electron density_greaﬁer than that of the nucleo-
(. plésm yet less than that of the chromatin, 2Y¥e illustrated
in Figures 3, 5 and 6. These reéions are believed to be
pd:tions df lateral component which as yet are not contin-
‘uous along the enti:e length of the'chrpmosome.l Th
| leptotene nuclei of Figures 3, 5 and 6 all 2re less
irregular than those of the pre-meiotié stades, The shapé |
}pprOximgtes thaﬁ.ofva prolate spheroia With the surface
| nearest the interior of th#& cell somewhat Céllapsed. The
nucléolus is chéted tq;one side of the nucl®us and nucleolar
organizer_regions are evident. ' . .

Throughout early prophase the cells ¢®Ntinue to

expand,vana by 6-7 hour% most cells contain 2 space between
: N2 '

N\
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FIGURE 3. Early prophase cell fixed at 6.75 hours.

. Expansion has begun as evident by the
space (S). The chromatin (arrows) 1is
condensed into small patches. Adjacent
to the nucleus is a basal body (Bb).

The outer cell wall- (CWo) is still intact.
Magnification“lB,OOO.' Bar = 1 u

FIGURE 4. Basal body (Bb) pair fyom an early pro-

- phase cell fixed at 6.75 hours- Lying
between the basal bodies.is a 'striated
connection (St).  Also présent is an area
containing vesicles (V) and free of
ribosomes (Rf). Magnification 124,000.
Bar = .25 u o ’
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FIGURE 5.

FIGURE 6.

(.

/)) - RN &

‘Leptbtene nucleus from 9 spheroplast

preparation. . Scattered within the nucleus
are small ageas of condensed chromatin

(Ch) . ithin the chromatin are found

less electron dense areas believed to

be stretches of distontinuous lateral
components (L). Magnification 23,000.

Bar = 1 u_ T :

|

*.Leptotene nueleus of a celd with an

intact cell wall. Notice the many small
patches of ¢hromatin. Some patches have

‘less electron dense areas believed to

pe lateral components (L) associated o

“with them. Magnification 36,000. Bar = v ¥






the cell wall and the cell membrane (Figure 3). As the
ZygosporeSICOntinue through prophase, expansion cdntinpes.
Figure 7 shows a later stage‘zygospofe with a very large
sp§ce.‘ Also evident in Figure 7 is the breakage of the
‘outer layers of the cell wall and the stretching of the
inner la?ers to accoiodate the large increase in vqlume.
Thé expansiqn of the cells and the accompanying breakage of
" the ouger wall’and stretching of "the inner wall ére similar

to that reported by Cavalier—Smi%h (1967) . ' 5 ¥

.o

Figures 3 and 4 show that basal bodies are present

adjécent'to the ‘hucleus during leptotene. Fighre‘4, a-

‘f'“'; , ‘
hig . ——

high magnification of a basal body pair in lonéiﬁudigéi

section, shows that a mature pair is present.iﬁ t ‘
leptotene cell./ A connecting structure jd&ns the *two :;?:shf v
basal bodies, dand a ribosome free area containing many hn//fi

vesicles surrounds the basal, body pair.

- T ~ ‘ é

iii) Zygotene .
| o . >

zygospores were -identified as being in the zygotene

’stage by the presence of long strefches of lateral cdmpon—

Py o C ) .
ent surrounded by chromatin, stretches of single chromo-
somes with lateral components, and stretches of lateral
components from two chromosomes aligned_at dis%ances

greaterithan»l;SOO . Identification was then'verified

by demonstratiﬁg that the .stage sequence was the same ‘as ﬁi

that obsqrvéd‘in bther organism%.' . ‘ ‘
Chromosgﬁé&snds were regularly found to bé éttached

-, 1
N
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FIGURE 7.

FIGURE 8.

A prophase cell after expansion. Note
the large space (S), the continuity of
the .inner cell wall- (CWwi) and tke broken
outer cell wall (CWo). Magnifii%tion
9,200. Bar = 2 p

portion of an early prophase nucleus
showing a lateral component (L) and its
attachment to the clear envelope (Ne).
Magnification 47, Bar = .5V
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to the inside of the nuclear envelope (Figufe 8); -The
lateral component at this tiﬁe appears - to be a thin
’tubular structure appréximately 800 8 - i,OOO % in diameter
(Figdres 9, 10 énd‘ll); Figure 9 shows a bivalent with a
portion paired and a second portion as vet unpaired. The
&pnpaired‘portion has the lateralr component centfaily
located within A region of reduced electron density, 500 R-
60013 across, which'separates the'chrOmatin.:-The'1atéra1
componehts-of ﬁhe biyalent shown in‘Figure 11 are separated
byfapout‘B,OOO . It is evident from thishmjcrograph'that
the chromatin ié nb'longer found on both sides of the. |
%aterél component but is mainly on th #ﬁ;de opposite the
space betweén lateral components. When paired atkabout ‘ o
'l,ZOO R,'the lateral cémponents are surrounded on three
sides by chromatin (Figu;e 9). Figure 12 shows a zygotene
nucleus with a stretéh of latérél qomponent within the'

nucleolus. : o ' -

'iv) Paahyééne
Zygospores were classi%iéd aé,being in pachytene by
ﬁuclear mbréyblogy. ﬁClassification’as pachytene reduired
the presénce of 'significant numbers of bivalent stretches '
paifed at approximately 1,200 g,‘with no paifing obviously
greater than 1,2Q0 R.’ Figﬁres 13-23, e#cluding Figure 18,

o

show nuclei of ngoSpores which would be scored unequiv-

1

ocally as pachytene.

The prolate spheroid shape of the nucleus, observed
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FIGURE 9.

FIGURE 10.

A portion of a zygotene nucleus.

Present is a stretch of bivalent 'in the
process of pairing. The portion to:the
right is paired at the appropriate dis-
tance (SC). The portion to the left shows
a stretch where pairing is not completed -
and the lateral component (L) is found
with chromatin (Ch) on both sides. Mag-
nification 59,000. Bar = .5 u

A portion of a zygotene‘nucleus showing
a stretch of a homolog with the lateral
component (L) running along the length
of the stretch shown. The chromatin (Ch)
is localized in chromomeres. Magnification’
70,000. Bar = .3 u
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FIGURE %11.

FIGURE 12.

o
3
/|

14 i

Portion of a zygotene nucleus. Present
at about .3 y apart are the two homologs
(Ch) with-their respective lateral com-
ponents (L). As can be seen, the lateral
components are still surrounded on both
sides by chromatin. Magnification 52,000.
Bar.= .5 u -

A nucleus. Shown within the nucleus are
several stretches of lateral component
(LY. The nucleolus  (Nu) has a stretch
of lateral component pass through it.
Magnification 37,700. Bar = 1 uy °
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FIGURE 13. Pachytene cell fixedfgzlgﬁ hougs. = &
o present are remnants ®f &he Broken outef: #

cell wall. The .inner.cei¥ wall a@s s€ill
intact.® In the upper portion ofs the
cell is "the space 4S) similé%,;QfEhat
. showg in Figure & 7~The nucleus (N)
- contains several stpetches-ofhﬁxpaptOnemal

. e o complex: (SC)-, Magﬁ@fication 21,490y
' - Bar = 1 u . o ‘ J '
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FIGURE 14.

=
WP IGURE 15.

R

AN,

s

. ' . .
-

L )

. .'J/
A higher magnffication of the nucleus
shown in Figure 3. Included within the

plane of the section aré several lengths

of synaptonemal complexes in longitudinal

section (LS) and.grazing longitudinal
section (GLS) and, cross section (CS).
Magnification 34,100. Bar = .5 U

| w -

Pachytene, .gél}h. fixed at 8.25 hours. ,
Presen}, within the cell are a space (S),
a nucl®us {Ng8a mhcleolus (Nu) , several
synaptonemal complexes in cross section
/ACS) and a 4 v len@th'o§3synaptonemal

“complex. Magnifiqafion“k3,900. Bar = 1

T
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FIGURE 16.

FIGURE 17.

s

% -

Synaptonemal complexes of Chlamydomonas
reinha»di in cross section (CS). The
chromatin (Ch) is distinguishable and
forms a U shape arqund the lateral

component (L) . e nuclear envelope (Ne)

separates the basal body (Bb) from the

nucle + Magnification 58,500. -Bar ='.5 u
y *“ . DR ?gﬁ?“l

) 1 complexes in grazing long- "
'Q-vsectlon (GLS) and cross section -
{so present is a longitudinal

‘section . (LS) . th ugh one homolog of a
.bivalent pair ghowing ‘the lateral component

(L) . .Magnification 36,700. Bar = .5 w

t .
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FIGURE 18.

FIGURE 19.

i
-

¥,

L4

N

Section through a pachyteﬁe‘%ﬁcleus.
One bivalent shown in longlﬂgﬁ
is attached ta.th

section (LS)

envelope opposite the por@&pq%pf the
nucgleus near

to an area o
21,700.

¥,

the cell w&
ranules (Gr) &
Bar' = 1 :

inal-
e nuclear

1acent

Portion of a pachytene nucleus showing a
synaptonemal complex (SC) attached to

the nuclear envelope (arrow) .
the filaments (F) joining the palre‘w

lateral compomnents.

Bar = .5 u

[}

0

Magnlflcatlo
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FIGURE 20. Section through a pachytene cell showing
: Jthe’ ucleus. Contained within the ,
nuc: s are several bivalents in~®ross *
ection (CS) ,and longltudlnal section

7 ' ’ QV-) Present in e Yower left portion_
‘ of the nucleus. is. dense mass of unpalred
.chromatin (DM). Present in the upper

portion is a dehse body (DB) similar to’
the recombination nodule described by
Carpenter: (l975a) Magnification 20,700.
, Bar = 1 u ' ' m
GJ : e i’t .
FIGURE 21. Portion of a pachytene nucleus showing- 8
: a dense body (DB) and a mass of condensed;
chromatin (DM). Attached to the dense  {
‘mass., of chromatin, as evidenced by this_
section, are two b1vglent arms (BA).
Magnificatiqn, 25,300." Bar = 1 u
C . , .-
.0 : Ly

e
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in leptotenc, 1s maintained thLough‘%ach)tene %his is
demonstrated by the circular outlinelof theAnucleus.when
sectiohed in one plane (Figures 13, 15, 20 and 21), while
éiqure 23 demonstrates the clipsoidal aSpeetlwihh one side
pushod in, obscrved when sectioned ah right angles to this
plahq. |

Figures 13 and 15 show typian‘ywnhytene cells..
Lxpansion is evidenced by the p- 'sencc ¢ a space and the
breakage of the outer cell waLl

It was not p0551ble to detec’ . central component
betweegrthe\Laeeral components of the palred bivalents in
Fhuﬂm/JOWOHJQ using methods of fixation whlch reveal a
central component_ln most organisms, although the pro--
cedures used did fix and stain Chlamydomonas zygospores
adequately with respect to other cellular components.

Figures 13 through 23 all show sections through
pachytene nuclei. All these figures are of material fixed
using method I and s;ained with 2% Ur acetate for 3-5 hours

and .25% lead citrate for 2 minutes. All these figures

demonstrate that Chlamydomonas does not show the character-’

istic complexes seen in most organisms during pachytene
(see reviews by Moses, 1968; Sotelo, 1969; Westergaard and
von Wettstein,-1972~ Gillies, 19752 ) when fixed and
stalned by this method Rather the synaptonemel complex

equlvalent consists of two lateral components about 100 2

in diameter (Figures 16 and 17) which are slightly more






FIGURE 22.

"FIGURE 23.

Portion-of a pachytene nucleus showing
a grazing longitudinal section (GLS)

through a bivalent containing a dense

node- (D) - in the central region. Mag-

nification 64,600. Bar = .5 y

Pachytene cell fixed at 7.75 hours.
Several bivalents are shown in cross
section (CS). Also present 1is a

nucleolus (Nu) with 4 separate nucleolar

organizer regions (No). Magnification
26,000. Bar =1 y






Fig.24

FIGURE 24.

4

&

Reconstruction of nucleus # I showing
the locations of the chromosomes placed -

‘on a centrally located section. Also

indicated is the dlocation of the basal

‘body pair. Bar = 1 u



FIGURE 25. -

Fig.25

Two-dimensional tracing of the re-
constructed bivalents of nucleus #II.
The ends of bivalent arms attached to-
the dense mass of presumed chromatin
arc. marked by an x. Bar =1 y



Fig.26
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X
FIGURE 26 (a-1) ,

: Reconstruction of bivalents and bivalent
arms of nucleus #III. Numbers without
brackets represent the section number
in which portions of the bivalents occur.
Numbers within parentheses identlfy bi-
valents by their arm length in p.

Small dots within bivalents indicate
positions of dense nodes. - The large
circular spots represent the dense
spﬁerical bodies. DM indicates attach-
ment to the dense mass of presumed
chromatin; No, sites qf nucleolar organ-
izer regions. Thin lines present near
the ends of bivalents which approach tpe
nuclear membrane indicate the position
of ends relative to the nuclear membrane.
Bar = 1






- TABLE I.

»

-
S

Lengths of bivalents from three reconstructed

nuclel of "nlgmui-m m:c » “wmeoiri and@ the
distance of nucleolar oradanizers f(a), "nodes”
{b), and "recombinati®n nodules" (c or 4)

from one end of the appropriate bivalent.
Bivalents ending 1n the dense mass shown 1in
Fig. 20 and 21 are designated by (e). .
Lengths of bivalents in nucleus III are
given to two decimal places only to enable
each bivalent to be identified by length.



Nucleus 1 Nucleus II ‘Nuclegs ITT. -,

‘Distance - . Distance - "'Distancn
from one from.one : from ‘one -
end of end of . - - end of~

Length  bivalent Length biva.egt Length -bivalent
(.m) (:.m) ' (um) (,.m) (Lm) (;.m) '
. . | o
H. 2 6.4 3.1 g.22 . 0.27°
7.0 6.3 : . 7.3% o0.s50
| S B
£ .6 2.39 5.5 7.04
e : b -
28 5.5 1.7 6.39 \
5.8 5.3 1,67 6. 10 0.28°
4.8 5.1 - 1.0° 5.94 2. 2P
1.5 5.1 L2.4° : 5.52 0.8% "
4.4 5.1 n.ad S 4085 0
4.4 4.0 ; 4.77 . 2.2% 0
4.2 n.1° o - ‘F#a . 1.64 1.3°
| n.6° " oo L
4.1 3.3 02 4.6 w150
Oa
P 7. 6% 3.2 0? 4.46 24"
2.6°
b
3.6 1.6 3.0 4.10
3.0°
d .
3.2 1.0 2.7 3.94
2.4 2.5 2.06 .
1.8 0.2 2.3 1.66 0
3,0° 6.9 2.1° 4,09°
2.0° 1.9° 3.05%  1.0°
0.6, b 1.0 2.13°
0.5° ” 0.6 1.12°
TABLE I. ‘

O
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electron dense than the nucleoplasm but considerably less

den;e than the chromatin associated with theg; These two
lateral components are separated by a distance of about
1,200 R (Figure 16). Running across the central region are
filaments of about 60 & in diameter (Figure 19); these
filaments join the two lateral components. The chromatin
is condénsed around each individual latéral component in a
U shape aﬁd is usually separated from the chromatin of.
the other lateral component of the pair. Lateral compon-..
ents are essentially amorphous at this time and run the
entire lengﬁh of most homologs (Figure 17) at the beginning
of pachytene. Early in pachytene ﬁhe lateral components of
some of thHe bivalents térmihate on the nuclear membran%
(Figures 18 and 19),.but as pachYtene proceeds the nu§§%ér
membrane associations are lpstf—although most of the énds
do remain cldse to the nuclear envelope.

N .

As\pachytene pcheeds the lateral component becomes
more difficult to observe although the continuity df‘pairing
is maintained. This continuity is' best demonstrated in
Figure 15 where a length of biQalent 5 u long isifound in
the pla € the section and in thé reconstrucFions of
Nuclei I, II and III shown in Figures :4, 25 and 26.

Uz g ¢ different procedure for the fixation of
zygospores \method II) the bivalent pairing described

above turned out to be similar to that seen in other organ-

. ¥, ,
isms. The method involved the removal of the cell wall by



vortexing with glass beads 10 minutes after the initial
fixation with élutaraldehyde was initiated. Figures 27a
and 27b show cells with the cell wall removed. The nucleus
has remained intact and the cytopiasm and chloroplast
have remained intact as well.’ Unfortgnately only a small
ﬁortion of the cells treated in this fashion havé the cell
.wall removed and yet are still in a fairly intact condition
for analysis by electron microséééy. An interesting
feature of the Qall—less zygospores produced by»this pro-
'éedure is the reduced electron scattering ability o% the
nUcleoplasQ: This is probably due to leaching. Tt may be
.tﬁatlthis leaching of material ffom the nucleoplasm
enab%es tﬁe detection of a central component (Figures
28 a-d).

As .in ﬁhe central region of ﬁhe cells fixed by
method I ke.g.'Figure 19), method II feveals filaments of
material 50 & in diameter which run between the lateral
components of thé fwo homologs. The central component is
clearly aiséinct frbm these. It is about 60 & wide,”and‘

'

runs down:the middle of the central region in a somewhat
irfegular z1g zag path with deviations ;ﬁowing an amplitude
‘of 150 B-200 R and a periodicity of 500 R (Figures 28a, 28b
and 28cj. | |

Because of the .continuity of paifing during pachytene,
it was possible to4carry out pachytene reconstructions

of three nuclei from serial sections. Nucleus I wis re-
L §

constructed from 65 sections, nucleus II frbm 47 sections

v
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FIGURE 27 A & B
Pachytene spheroplasts (Sp) prepared by
vortexing with glass beads. Note the
intact nature of the cells and the lack
.of a cell wall. Also present in Figure
A are two empty cell walls (CW) and an
intact cell.
Magnification A 6,750 Bar = 2 u
: B 67750
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FIGURE 28 a, b, ¢ & d 4
Bivalents from 4 different pachytene
cells which lack a cell wall. Prepared

by Method II, vor
Note the central
four examples.
Magnification

a
b
c
d

texing with glass beads.
element (C) in all
50,000 Bar = -25
61,000
70,000
50,000

‘u‘






- K 90

and nucleds III from 61 sections.

It was possible to follow all bivalents along their
entire paired length,:thus identifying 16 individual bi-
valents and four other>bivaient arms ettached to a mass of
chromatin. This mass of chromatin did not show pairing
nor did it show oontinoous lateral elements running
through 1t (Fioure 21) .

Assuming the four arms could represent a maximum of
four individual bivalents and 5 minimum of two individual
bivalents, it can be‘concluded t%at Chlamydomonas reinha 7
has from 18-20 bivalents. The total length of paired
chromosomes was 81.5 y in nucleus I, 75.l’u in nucleus I;,
and 9é{0'u in nucleus III. ‘Figures 24, 25 and 26 show
| reoonstructions of nuclei I, II and III resoectively.
Table I shows individual bivglent lemgths and positions
of 1nterest1ng features in all three nuclei.

. It was p0551ble to dlStlngUlSh four individual
nucleolar organizer regions (Figure 23) assoc1ated w1th‘
the nocleolus of two nuclei and five ﬁucleolar organizer
regions in the other nucleus, put only three nﬁcleolar
organizer regions in ény nucleus'ﬁad15yneptomemallcomplexesj
associated with them. Only.tﬁe position of definite | |
attachments are listed in Table I. It is to>beinoted that
only three biValeﬁts show attachment to the_nucieolus in
any one nucleus. Each nucleus has a different complement

of bivalents showing attachment to the nucleolhs.

Most chromosomes were found to approach w1th1n 0 2y

.
5



of the nuclear'envelope at both ends.1 Those ends that
approach the nuclear membrane and those that do not are
indicated for nucleus III in Fiéure 26, |

o vNOdes similar to those observed by Gillies (1972),
Zickler (1973) and Byers and Goetsch(1975) were regularly
found 1in pachytené nuclei. These nodes were found to be
fairly uniform in size. Their dimensions were about E
500 R x 8(‘)03 in longitudinal section _and‘SOO 8 x s00 &
in cross section. . Their posifiohs,as,observed in ﬁuCléus
ITI are shown in the reconstruction in Figure 26 and their
distances f?om the chromosome ends for all three nuclei
reconstructed from séfials are given in Table‘I.

Another interesting featﬁre of pachytene_suc;ei,is
the presence of.spherical bodiés ranging érom 1,200 &-
2,500 R in diameter (Figures 20 and 21). THese_bodies.are
mbre electron aense than the chromatin and are associ@;éd |

L4 '
with the bivalents.. Two of them were found in'eagﬁ of - e
.three‘nﬁclei éxamined.com9{g23~y by serial sections. These
eleétron dense bodies are simiYar in size and structﬁre to
thosé_repOrted by Carpenter (1975a). Two‘obseryations,
from ChZamydomoﬂas that are significantly different from
those méde.by Carpenfer should be described because they
relate‘di'»v:ly to her hypothesized'role for them. The
- first is that one_sphericai body has been obserVed'in
associatio; withyﬁwo bivalehts ?Figufe 21). The second 1is

that two sphericdl bodies have been seen associated with

'one bivalent, the distance between them being .2 u.



The reconstruction of nucleusnI shown .in Figﬁre'24
clearly reveals the presence of a bouquet arrangement
during pachytene in Chiamydomonas. On the opher hand,
cafoful analysis of Figure 26 a-1i, the reconstruction of
nucleus III, indicates that the bivalent ends are not all
found in one area. This hay indicate that nucleus III is
furtﬁer into pachytene and tﬁe bougquet arrangement has
started to break down. Heqce it‘may’be éoncluded that the
bouqﬁet arrangement:is a trénsieﬁt"one, appearing first at
thevbeginhing and disappearing before the end of pachytene.
It should also be noted that there is a single basal body
pair on the opposite side bf the nucleus to where the
chromosomes attach in Figure 24.. Thére was also a single
basal body’pair associated with nuclei II and iII.

In addition, in nuclei II and Il11,it can be seen
that, although the bouquet arrangement has broken down, the
basal body pair still'remains to the side of thé'nucleus
opposité the area where most bivalent ends are found.
,Examination of the micrographs in Figures 8, }8'and 19 and
the reconstruction of nucléusli (Figure 24)»shows_that
the bivalent ends are attached ;o the face of‘the Auéleus
adjacent to a group of electroﬁ dense granules.

Basal bodies at pachytene aré’shown in Figures 29,
30, 31 and 32. Figure 29 shows a basal body pair in long-
itudinal section. Both members of the pair,are_apprOx—
imately .25 p in length and lie with a 45° aﬁgle befWeen

their major'axes,‘ Figure 30 shows a high magnification of






FIGURE 29,

FIGURE 30.

Longitudinal section through a basal
body (Bb) pair from a pachytene cell.

Notice the ribosome free area (Rf) and
‘the associated vesicles (V). Magnification

88,200. Bar = .25

Cross section through a basal body (Bb).
Note the triplet structure of. each of
the nine units of the structure. Mag-
nification 160,000. Bar = .2 u
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FIGURE 31.

" FIGURE '32.

Pachytene cell fixed at 7.75 hours.

Shows a basal body (Bb) lying betwren

the nuclear envelope (Ne) and the ~l1
membrane (M). Microtubules (Mt) radiate
out from the basal body. Magnification ,
68,000. Bar = .25y .

Group '@f four basal bodies (Bb) adjacent

~ to the nucleus (N) and the cell membrane

(M) of a pachytene zygospore. There is
also a large vesicle (V) adjacent to the
basal body pair. Magnification 38,200.
Bar = .5y :

@

.
Pt
<"
3






2
a basal body in cross section in which the typical cart-

wheel structure is evident. Figure 31 shows extranuclear
microtubules associated with a basal body pair at pachytenc.
Figure'32-shows a group of 4 basallbodies adjacent to a- |
pacbftene nucleus; this was observed rarely. It should be
noted that, of 7 pachytene nuclei examined by serial

séctioning, all were found to have a single basal body pair

associated with them. .

v) Diffuse stage (Diffuse diplotene)

The classification of zygospores as diffuse stage was
o

based upon nuclear‘morphology. Nuclei containing no obvious
: n ' : :

condensed chromatin, very diffuse chromatin, or diffuse .

chromatin paired at distances greater than 1,200 R,

were scored as diplotene. ATHis classification was then
'&erified by its staée sequence. |

Figures 33 and :34 are both micrographsrof cells
scorgd as diplotene. 'Sevetal areas of diffuse chromatin
are present in both figures. 1In the upper right hand
portion of the nucleus in Figure 34 lies a 1.5-2 p stretch
of bivalént, whicﬁ illustrates the diffuse natﬁre‘of the
chromatin at this time. -Two. sites approximatcly 1w
apart are 1nd1cated as p0551ble chiasmata presant in this

blvalent;‘at least, these structures and ones similar to
0
them are the most’ obvious candidates for chiasmata.

Nucleoll are Stlll present within nuclei at thlS

stage (Figure 34).
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FIGURE 33. Diffuse diplotene cell fixed at 8% hours.
Notice the general ‘decondensed nature of
the chromgtin_within the nucleus (N).
Magnification 17,000: -Bar =1 yu

FIGURE 34. Another diffuse diplotene cell fixed at
' 8% hours. Present within the plane of
the section is a nucleolus (Nu) and a
" diffuse bivalent (Bi) with possible
chiasmata (Chi) in the upper right hand
side of the nucleus. Magnification 22,000.

Bar = 1 yu






vi, Laﬁw.prophase I (Diakinesis)

Zygospores containing nuclei with larye areas of
irregular condensed chromatin scattgred throughout were
c}assified ag late prophase I.

Figures 35, 36 and 37 are from zygospores scored as
late préphaée I. All threé sHow eXtensive areas of irreg-
ularly shaped condensed chroﬁatin scattered througﬁout the
nubleus. -The nucleoli in Figures 36 and 37 are igregular
with extensive eléctron transparent invaginatiohs. These
nucleoli are believed to be undergoing nucleolar breakdown,
in contrast to the épherical nuc;eoli'seen at earlier

- (Figures 34 and 23).and later stages.(Figures 51 and 57).
‘Fwo baSal body pairs removea some dis@anpg from one
another but gtill,in association with the nucleus are

regulérly;Seén at this time (Figure 37).

vii) Metaphase

Examination bf metaphase nﬁclei from complete éerial
sections. revealed séveral'iﬁteresting features% Metéphase
nuclei lack alpucleolus. As at prophase, each basal body
pair has a ribOspme free‘area'which now fadiates extra-
nuclear-and‘nuclear microtubules (Figufé 38).. Befween
thevintranuclear"spindle and the basal bodxlregion is a
polar fenestra (Figure 38).- Tﬁe chromatin which began
condeh§ing during late prophase aggreg;tes eariy in
metaphase '(Figure 39). A higher magnifiéation shows

microtubules scattered throughout the nucleus (Figure 40).

!






FIGURE 35.

FIGURE 36.

Late prophase cell fixed at 8% hours.
Irreqular arcas of condensed chromatin
(Ch) are found scattered throughout the
nucleus. A large space (S) is present
between the cell membrane (M) and the

- zygote wall (W). Magnification 12,500.

Bar =1 u

Higher magnification showing the nucleus
of another -late prophase cell. The ‘
nucleolus (Nu) has started to break down.
Less electron dense invaginations (In)
are present within the nucleolus.
Magnification 33,900. Bar = .5 y
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 FIGURE 37.

~Y

FIGURE 38.

‘Nucleus of a cell in late prophase T.

The nucleolus (Nu) has started to break
down. Basal body pairs (Bb) are found
separated some distance from one another
next to the cell membrane (M) and the
nuclear envelope (Ne). Magnification.
32,600. Bar = 1 u :

Spindle pole of a metaphase I cell. -The
spindle pole is shown here with a single
basal body (Bb) in the plane of the section.
Microtubules (Mt) approach the basal

body through a polar fenestra (Pf) in

‘the nuclear envelope (Ne). Magnification

64,800. Bar = .25 u

4
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FIGURE 39.

Early metaphase cell fixed at 8% hours.
The nuclear envelope (Ne) 1s somewhat
irregular. The chromatin (Ch) is just
beginning to aggregate. The chloroplast
(Chl) .still has not formed distinct
stacked lamelae. Magnification 23,100.
Bar = 1 yu






The reconstruetion shown in'Figure 41 is of an )
early- to mid- metaphase nucleus; This model together with ' \L\/
appropriate figures demonstrate the following features of.
the metaphase I nucleus. Early in metaphase, the nuclear ,
membrane possesses evaginations giving it an irregular
shape. Later, as shown by Figure 43, the outline is
smoother. Thete are two basal body pairs per zygospore -
at metaphase I,>one pair being found at'each pole. The
nucleus is of a crescent shape, so\%h;t/both poles extend
in towards the cell's intetior while maintaining their
positions adjacent to the cell wall. Thus the actual
_distance between basal body pairs is 5.0 u, while the
distance between them travelling along a llne through the
centre of the nucleus is appre01ably greater (5.5 yu).
As metaphase proceeds the ohromatin separates into discrete
hivalents;‘each having,a pait of kinetocho:es,(Figures .

- 42, 43 and 44).

“

‘viii) Anaphase I

Anaphase I kinetochores consist of at least 4 layers
X s . ,c

‘(Figure 45). The outermost layer (the most darkly staining

<

region)'is the one upon which the chromosomal microtubules u,
converge (?igure 45). This darkly staining region overlays
altérnating electron transparent and scattering layers |
As well as chromosomal microtubules, there exist polar
microtubules whlch on occa51on pass dlrectly through am

blvalent (Figure 44). . N

4 [}
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FIGURE 40.

FIGURE 41.

Higher magnification. of Figure 39. Intra-
nuclear microtubules (arrow heads) can

be seen surrounded by chromatin. (Ch)

in the portion of the nucleus shown. Mag-
nification 51,600. Bar = .5 u i}

Model of an early metaphase 1 nucleus.
This.3 dimensional reconstruction shows
the shape of the nucleus at this time.
The locations of polar fenestrae (Pf)
and basal bodies (Bb) are indicated.

An evagination (E) is also indicated.

" Magnification 21,000. Bar = 1 u
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FIGURE 42.

FIGURE 43.

Late metaphase I to anaphase I cell fixed
at 8% hours. ,The nuclear envelope (Ne)
lacks the evagination shown in Figure 41.
Shown in the plane of this section is a

polar fenestra (Pf). The cell wall . (W)
is considerably removed from the cel’
membrane {(M). Magnification 12,20C
Bar = 1 u

Higher magnification of Figure 42.
Microtubules «Mt) and kingtochores (KX)
are evident at this magnification. The
ribosome free area (Rf) associated with .
the spindle pole is .also indicated.
Magnification 26,200.  Bar = 1 u

O









FIGURE 44.

FIGURE 45.

24

Anaphase I cell fixed at 8:75 hours.
Shown in.the plane of this section are
7 distinct kinetochores (arrows). Two
‘bivalents (Bi) show both kinetochores.
Also present are chromosomal microtubules
(Mtc)® and polar microtubules (Mtp).
‘Magnificati 33,800. Bar = .5 u

Late metaphase I to anaphase I kinetochore.
The kinetochore can,be seen to consist’
of at least 4 layers. The microtubules'
attachment to the outer layer (OL) is.
indicated by arrows. This layer is
followed by an outer middle layer (OML);
an inner middle layer (IML) and an inner

— layer (IL). Magnification 125,000.

"Bar = .2y






At anaphase the nucleus becomes les. ooked in shape
than 1t was at metaphase. This is accomplished without a
detectabie increas¢ in the pole-to-pole distance through’
the nucleus. As the cell proceeds into late anaphaée/
telophase the nucleus is now almost cylindrical (Figures
46 and @7), being approximately 4 u long x 1.3 u in
diameter in this céll. The ' cylindrical shape is rounded
at.éach'pole,,where a single spherical mass of condensed
chrématin’is found. The chromatin-free space between the

poles of the nucleus is about 1 py in length.

4 .

ix) C(uzoxinests .

Fiqufe 48 éhows a cell;during cytokinesis with the
two.reconstituted nuclei considerably removed from one
another. The chromatin is §£ill condensed at this stage,
with no nucleolus present. Réﬁnants of the parent
nucleu; and interzonal spindlé can be seen lying between
the two nuclei (Figure 49). The two daughter nuclei are
now completely bound by their own nuclear membranes,
although the remnants ofAthe parent nucleus can remain ;
attached to’the reformed nuclei (Figure 49»;

As cytokinesis progresses the two daughter nuclei

remain some distance apart.: Between them lies the phyco-

’plast,systeonf microtubules and vesicles (Figure 49).

r//}t is along this line of microtubules and vesicles that the

-

‘cleavage furrow is found. There are also microtubules

concentrated at the apex of the cleavage furrow and along

~
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FIGURE 46.

FIGURE 47.

w.J

Median section through a telophase cell
fixed at 8.75 hours. The nucleus (N) is
almost cylindrical in shape and dis found
to one side of the cell. - Magnification
17,000. Bar =1 u :
. - N\

Higher magnification of Figure 46. This
longitudinal section through a telophase:
nucleus shows chromatin (Ch) condensed

~at the ends of the nucleus. The parent

nuclear envelope (Ne) still joins the
two nuclei. Magnification 31,900.

5 Bar = 1 yp
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FIGURE 48.

FIGURE 49.

‘nucleus. Magnification 62,300. Bar =

Median section of a'cytokinesis cell
fixed at 8.75 hours. The two nuclei have

. separatéd. The chromatin (Ch) remains

condensed. The two nuclei are separated
by some distance. A basal body (Bb) is
present and a row of vesicles (V) is
found along a plane which passes between.
the nuclei.- Magnification 15,900.

Bar = 1 u ' s

Higher magnification of a median section
through a cell during cytokinesis. Vesicles
(V) lie between the nuclei. The cleavage .
furrow (CF) has started to form. A o,
“portion of the parent nuclear envelope

(Nep) can be seen attached to the upper.
.25
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1ts edge (Figure 50). Figure 51 also shéws‘microtubules
radiating out from the.basal body pairs parallel to the
cleavagé'furrow. i |
Figure 52 shows a zygospbré with a nearly completed
cleavage furrow. Lying in the path of the cleavage furro&
is a)group.of 4 basal bodies. it is not knéwn whether -
these represent a basal body pair recenflyvdupliéated in
preparation for the 2nd meiotic divisibh, or the original

/
two basal bodies of the first division zygospore.

x) Interkinests

Figure 53 shows a diad with a nearly completéd,
clea&age'fuffdw. As can be seen in this figure‘the nucleus
of the upper product of meiosis I lies toward fhe side of
lthe daughter cell oépOsite the thoroplast: Examination
of Figures 53 and 56.and bf sections th: :gh many other
diéds al interphase'and metapha;e II indicategrthat the
meiosié I products are at right angles to one another.
Thus, for example; the plane of the section in Figure 53
" through the lower product is believed to be that expedte&i
if reference planes-(i.e. Planes representing a constapf
.fmorphological aspect) for the two daughter cells are at
right anglesvto each other. _Eachvnucleus contains a

single nucleolus together with small amounts of condensed

chromatin scattered throughout. ' - ‘ v
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FIGURE 50.

FIGURE 51.

The edge of an interphase II diad cleavage
furrow. The cleavage furrow (CF) has:
microtubules (arrows) associated with it.
Magnification 118,000. Bar = .2y

Interphase 11 diad fixed 8.75 hours after
the onset of germination.' The cleavage *
furrow (CF) has almost separated the

two cells. The chromatin has decondensed
and the ‘nucleolus (Nu) has reformed.

The basal bodies (Bb) of both cells are
found adjacent to each other next to

_ their respective nuclei. Microtubules

(arrows) can be seen radiatinq out . from
the basal body pairs parallel™to the
cleavage furrow. Magnification 41,700.
Bar = .5 u
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FIGURE 52. A cell fixed at 9 hours. A group~of

4 basal bodies "(Bb) lies in the path of

- the cleavage furrow (CF). Magnification
14,100. Bar =1

»
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FIGURE 53.

X

Al

Diad fixed at 8.75 hours. Included in
the plane of the section is an in*erpha®e
nucleus (N). The cleavage furrow (CF) s
almost separates the two products with
only a narrow neck arrow) joining them.
Magnification ',y Bar = 1 :
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contain extensive mature chloroplasts and interphasg. ’ S

126

Xi) The 2nd meiotie division
The second division is very similar -to the first,
except that the nuclei and kinetochores are smaller and less

< ,
striking. Figure 45 shows a first division kinetochore

and Figure 55 shows aﬁsecond division klnetochore at the

same magnifioatiou. :oth kinetochores can be seen to. ¢
consist of., at le o .ayers, although the max1mﬁm-s£%§
observed along the major axis 1n 2nd division kiﬁgggthores

is considerably reduced. Figure 57 shgds a 2nd division

cell undergoingvcytokinesisw All three nuclei within ¢

the plane of the section are in interphase and each contains

a single nucledélus. Figure 58 shows the 4 meiotic products

‘contained within the parent cell wall; all the products

nuclei céhmain a single nucleolus. , y
| 1 | .78

B. Timing of Meiotic*Evénts
- In Chlamydomonas reznhardz synchronous meiosis may

be obtalnsh by transferring zngFps, stored in the dark

to light for a one hour’ llght pulse. The‘fygospores then

undergo the two meiotic div?sions. :gge two_m;iotic

'divisions sre sombtimed immediatsly followed/by a mitotic

AdivisiOn, depending on the straih used (Tan and Hastings,

19779 . S | a | -
For the construction of stage disfiibution curves, -

samples arevfemoved from the germinating culture at half

hour or tﬁree—quarter hour interwvals and prepared for

. 'J
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FIGURE 54.

FIGURE 55.

e

Longitudina}geation through a late
metaphase I¥'anaphase II nucleus. The
chromatin (Ch) has condensed into indiv-

- idual chromosomes with their associated
kinetochores (arrows). Bdth polar )
fenestrae (Pf) are in the plane of this.
section. ‘The ribosome freée area (Rf)
near the lower pole is probably associated
with the basal bodies at.that pole. Mag-
nification 27,000. Bar = lu. .

Anaphase II kinetochores (K) with
associated microtubules (Mt). The
kinetochores are made up of 4 layers as
were the lst division kinetochores. Mag-
nification 125,000. Bar = .25 y '

-
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FIGURE 56\

FIGURE 57.

\\

Diad fikpd at 9 hours. The two first . !
division products are separated. The /f

\ plane of' the section passes through the

\nuclei (N) of both products. The upper /
nucleus ‘is in early anaphase II. Several
hromosomes (Chr) are presen@}in the upper
nucleus. Some chromosomes show kinétochores
(arrows) . -A basal bq (Bb) is present
adjacent to the polgfzfenestra (Pf) of
the\upper nucleus. spindles of the
two nuclei are at right angles to each
other, Magnification 13,000.
Bar ié@icates lu '
L
Section\{hrough a cell fixed at 9 hours.
Three interphase nuclei (N) are present =
‘in the plane of the section. The two
products on the right of the micrograph .
have not yet been separated by the cleavage
furrow (CF). . Magnification 13,@M0.
The bar ‘indicates 1 u '
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FIGURE 58.

h

.Shown in the plane ot the section

4

Tetrad from a samp.~ ixed at 10

nucleus (N) at interphase. An exténsive

space. (S) separates the meiotic products

from the parent wall (W). ‘A well defined
chloroplast (Chl). is present in all four

products. .Magnification 18,000.

Bar represents 2 |

N
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analysis by light and electron micrescopy- Two’sﬁqh
Oxperimenté werc, carried out, one using a zygote preparation
which was heterozygous fpr two link.d ar1inire‘requirements'
inithe trans configuration, and one ' ich was wild type.

)

The straln heterozygous for the two arglnlne requ1re—
\t:)

ments was used to determiné the degree of Fynchrony and
the duratlon and timing of .the dlfferent{étages by scoring
with the electron microscope. - Aﬁproximately 600 cells

were scored for each time point, care being taken to ensure

\
3

that each sectlon was approx1mately the same thickness.
Scorlng of stages other than dladshﬁﬁktetrads requ1red
that the cells be‘sectioned'through the nucleus. This
*occurred appfoximatély 42% of the time. The totai cell
memb?ahe—bound volume of ﬁhe zygoépofeé remained essent-
ially_constant from the beginning of pfophasq to the
formétion of diéds. The results obtaihed by scbring
zygospores heterozygous for theltwo arginine requirements
are given in Table II. ’

"The duration of stégés was estimated by using two
methods; The first was carried 6ut directly from Figure
59 an\by.éalcuiating the total area represented by each
stage in the histograms. The secoﬁd method requires the
assuhption fhat the curve representing th;’probability
of finding a cell in a givéh stage with time is a normal
distribution curve. -with this assumption, one may plot

the pexcentage of cells that were -at oribeyond a given
* s Fgé

c”
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TABLE IT.

»

L}
Cytological stage data obtaimed by scdring
samples of the strain heterozﬁ@ous for the
two arginine requirements. Samples, taken
at half hour intervals starting at 5.75
hours and finishing at 9.75 hours after the
onset of germination, were sectioned and

"scored with,qhe electron microscope. The

number'scoged column refers to he’ total
number of cells scored. The columns headed
unexpanded zygospores, exr -—ded zZygospores,
diads and tetrads indica* - - number of
zygospores which fell in- o- of these
categories. The columns . . leptotene . .
through anaphase/telophaqe _+ve the number .

of cells which fell into each of these’

cytological stages at each of thelampling .
times.  These cytological¥stages ¥lfe tHe s Lo
subdivisions of the expanded .zygé8Pore class.. , "
42% of the expanded Zygogpores were sect- Lo
ioned through the nucleus enabling this
furthqg&plassiﬁibation;¢ S

£




it} 4 i - ’
™ v - .
— ¥ . . -

.7 IT EIEVL
mw SO0T €8 B T - a - vz sL°6 -
o 16 LET - - s 5776

“ ‘ w o v
o ‘o0t o S e\
@ - 20T - : €65 L8 %
S ] ) o
o S
8 6¢ - ‘679 - sT°8 .
4 0z - oS veL SLL /
- o Ty
- .w»u@\lw M
v - - LA 8vL “ szl
R .\ & .
. T = - &6V 6 165 SL*9
P S .
- , o u .
. ,th/\. B -
& - £TE T4 o . . 9EV SZ:9
et a e . )

LT ©89T Vel 9y LS

so10dmobiy

soxodsobiy ., peaodos .

: . SWTL
pepuedxg popuedxoup . sgxodsobiyg
. . v . d JO -Taqump
# . . . . . . . H.@U.O_HL,

S .‘ % A v



. g
™ - -
dr
*% . ‘
B &
.
. (& -
. < - - o
I .
o

v

.
’ .= R
P 4 N
I .

-PORUTIUOD “TI mIgvg

N "R
- T ve
G , 02 (087
1 . - 0T
4 N6 1T .
T T 9 %
T Z Z 5
- ! = 5 -
_ . v i Y _ o ....
S .

wwwcamc< sseydejsw sTsauryeIq

v

wcwuoHQHQ_“v

4

S

S s

~ = e T . SL°6
: 2 - » . L
€1 , - - 14 S2°6-
»u‘.A. l ~ ..‘V. - . )
h Eo " . ¢ . : i '
A2 S . 4 SL°8
. mm - T .

SZ°8

0T ..2..»
. )

i
—
~

o

1 2
e . :
. S
o 4. Rn ,. ’
ST B

L

_ 6T

N
.:HN,.%““._,._ - 9T ,
&VHNSUM@@v

v 7

=]

auo30bAz . usjoirdeT




.44 Leptotens
3 .

249

54 Zygotene

.3 ’ e
24

.14

/ Hours
.

v Pachytene <

6 - | F—‘ L,‘? =

.54 . o

;4‘-r ' ‘ Jk -

. .'.3.. v f— 2

~ I
»

.24 -
. - IR
ik r.' ‘

T ‘ rl_}-_{-‘ | . LJ J'

5 6 7 8 ® 10

l ,Hours R
Fig.59



Diplotene
. »

‘
[
L4
5 6,7 8 9 10
. 'fﬁdurs % -
N b g

.5

2 ."—

‘;‘c ) :, o v
Ldate Pﬁph;”se to
Telopha 50331" L

A
o

0y
¥ 0 R

L T T

5 6 7

. Hburs .
-
» ;..,"(\
~

”i .




-
- O

FIGURE,

.5\‘—

\| piads F
8- ‘
340 R —

59 A-G

L
5
-3 &Y ’ :
Tetrads_ . G >
'y B S = .
v ) ? ]

i
Histogram stage distr;bution curves for
the strain heterozngps for the two arg-
Inine requirements. {Abscissa: -time after

’the onset of. germlna;hon (hours) ; ord-

1nate. proportlon of cells. Stage dist-
ribution: 1. e. proportion' of cytological
stages found at different times during
germinatlon + .Leptotene; B - Zygotene;

C - Pachytene B - Dlplotene, E - Late
Prophase—Telophase I; F - Dlads, G - Tetrads.
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stage against time on prdbability'paper. If the data fits
.a ‘normal distribution, the data curve will be a stralght
llne on probablllty ”aper.' Although the data points
’scatter about a s-.aight l:ine, a line representing the
;best f1t t¢ the data ¢an be obtained by the method of-
Flnney (1971) _ Once the best line has been obtained for
each’ stage of 1nterest*1t 1s possmble to obtaln an
‘Qbestlmate of the duratlons of ‘the dlfferent stages by mea-
surlng how long lt takes for 50% of the,cell%’to pasé
from:the stage of 1nterest lnto the next stage.“ The}t

Ve .[ g

graphs prodﬁced u31ng thls analysls og the argzn;ne hetergv

o .
s s

. zygotes are presented in Flgure 60.
o ey T .
l R Thg duratxons “af the dlfferent stages,)as calculated

by the two methods; are glven 1n Table III Also obta1n~
‘able from_the two methods are estlmates of the trmes at
whlch)tﬁe/;a;lmum proportlon of cells are in glven stages,

also glven in- Table IIT. ’ ’“-H " :ﬁi

Y
swsiow The plots on probablllty PaRer have the added aﬁ-
vantage that -an arbltrary estlmate of the- degree of

y
synchrony can be obtained $rom them One method, the d;

‘"pdoblt analys1s" method . is to estimate the time necessary~
for the populatlon to go from 2.5% to 97. 5% in the same
.stage or,later‘i The estlmates of the degree of synchrony

r
are also glven in Table 1171, and as shown, they vary frOm

o

3. é hours for zygotene to 2 6 hours for’pachytene., A N

final: advantage of thls method is that 1t enables one to

-
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n"‘

'estlmate the duratlon of stageg‘ﬁg the end of me1051s for

which 1ncomplete data is avallable By the extrapolatlon
“~ .
&

of diad and tetrad frequency data, it was possible to

estimate the duration of the diad stage to be .52 hours
. T ‘
using this method.

The duration of meiosis in Chlamydomonas from lepto-

tene to the end of.telophase I Qas estimated to be 2{9 &
hours by the histogram)area anaiysis aud 3.1 hours by the'
probit analysis. Onl& the probit analysis enables one to
estimate when meiosts begins and ends. ‘Usihg the time

when 50% of the cells have entered prophase as the”

beginning, and thatwgﬁen 50% ojhe cells are tetrads as

i
rd

,kthe tSe e duratlon of th% melotlc

4

the end, one can es
<

divisions. By 6 3 houts after transfer to the llght, 50%

of the cells have entered prophase, and by§9.9 hours 50%

of the zygospores are tetrads. This yields a total

duration of 3.6 hours for the _Mmeiotic process in Chlamy- ' o
domonas . Thus first prophase agcoynts_ for about 75% of * ® -
/V Q R ¢ .ﬁf - ——
the total melotlc division t}mea Pachytene was foungd to be
\

the longest 51ngle stage by both methods of estlmatlon

0.92 hours by the hlstogram ‘and 0. 92 hours by the probit

A 4

analy51s Dlaklne31s, metaphase, anaphase and teloﬂhase I

1

- were the sho;;est stages. Due to thelr short duratlon, s

¢

very few observations fell 1nto any of these classes. ThlS
r

» made 1t adv1sable to lump these stages tOgether and treat

-

" them as a single stage for purposes of time estlmatlon.
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. ,
Thesc four stages had a total duration of .46 hours as

~estimated by the probit analysis and .36 hours as estimated
by the histogram method.

After defining the meiotic stages of the arginine
heterozygotes by electren microscopy, a second estimation
of the duration and synchrony of stages was carried out

on a wild type strain. ' This time, 1 p sections of material

-

prepared for electron mlcroscopy were stalned ‘with tol—

uidine blue and scored using a llght%mlcroscope Between

S 'n

1,000 and 4,000 cells were scored fQQ’each time point, and

analysrs of the data was carried pqtng§ for th%.arglnlne

&
strains. Scorlng ofq?tages other tha% ’a‘} o;‘,;zgtrad
¥ gy
requ1red that cells be sectioned throu§%ﬁﬁhe nucleus. 3

;JCells in the first division of meiosis were sectioned:

thrOJQh the nucleus 20% of the time.. As wag the case for

the arglnlne zngSpores, the total voi‘me’dﬁined consta‘nt

k2

from the beginning, of prophase untlg the formation of

diads. The resd}ts obtained upqn scoring wild type zygo-
-,

apores are'presented in Table IV - he hlStograms obtalned
J .

from these data are presented in Flgure 61 and the plots

on probablllty paper u51ng the method of Flnney (1971) are

.~
-

presented in Flgure 62. | . ' ' 3

' The lengths of the different stages for wild typer4
zygospOres, as ca}culated by the histogram and probit‘ o -
‘analysis methods, are given in Table V. 'Also present in’p‘«c
Table V are_the estimated times when each stage is at it§ ',

max imum ae estimated by the two methods.
E [ ’ !
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¥+ TABLE 1V.

wa o - I - VAA
: CytSlogical stage data obtained by scoring

samples of the 137C 'strain. @Samples,' taken

o at three-quarter.hour intervais starting
~at 5% hours and finishing at 11k hou®g
.after the onset of germination, were sect-

ioned and scored with the light microscope.

- The ‘number scored column refers to the
total number of cells scored. The cOlumns

headed unggpanded zygospores, expanded
zygospores, diads and tetrads indicate the

. number ‘0f%zygospores which f&11 into each-

of these categories. The columns headed -
leptotene through‘anaphase/telophase give
the number of cells whic¢h fell into each
4f ‘these cytological stages at each of

- the sampling times. These cytoloyical

stages-are the subdivisions of the expanded '
zygospore class. 20% of* the expanded zygo-
spores_were. sectioned through thé nucleus

:enabling this further classification.

ke
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FIGURE 61 A-G
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s
St
~

Histogram stage distribution curves for
the wild type strain. = Abscissa: time

‘after the onset of germination (hours);

ordinate: proportion of cells. Stage
distribution: 7.el proportion of cytolo-
gical stages found™gt different times
during germination. \ A - Leptotene; B -
Zygotene; C - Pachytene; D - Diplotene;.
E - Late Prophase-Tglophase I; F - Diads;
G - Tetrads.
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r

The synchrony estimates obtainable from:the probit

anaiysis indicate that the wild type zygospores proceeded

- through meiésis less synchronously than t;e arginine
zygospores s The degree of synchrony, i.e., the time required
for 50% * 20 to‘pass through a q}ven stage, Qaried from a
high of 4.5vhours for diplotene to a‘lbwvof 3.5 hours for
diads. | |

stinb the same critéria for fimeaof enﬁraﬁge into

‘meiosis and time of completion that\g?s'used before, it
1s found that‘meiétic brophase‘begins at 7.8 hours and
meiosis 1is completed'ét about 11.3 hours. This yields am
estiﬁate of 3.5 hours as the total duratiod'qf meiosis.

: ) \
The‘longest”meiotic stage Q%s;again found to be pachyterne;
its length was eStimated to be 1.2 hogrS‘by é;obi£ Aq?lysis
and’'1l.1 houfs by ﬁhe histogram method. Pertiﬁent data on

stage durgzidn, degree of syn&hrony and time of stage
maximum:areléiven ié Table V.

Chiu (1973)_showed that.the;e.is a pe;k of 3?2p
ihcorporaﬁion~intoAt6tél DNA at an early'stage in the

a of Chlamydomgnas. He was alsg able to’ show

germinati
»

4

that ‘FUAR,

recombinat

hén pulsed at this time, caused a decrease in

on. Since then, Tan éndfﬁastings (1977) have

shown that the 2P incorporation peak coincides with the

* time of the main pre-meiotic DNA synthetic périod, as deter-

mined by denéity'shift experiments. It is therefore possible
| .

’

/pO‘estimate indirectly the time of the bre~meiotic 5'

Qeeriod in the germination_ _of the arginine zygospores.

*
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This is dono by defermining when FUdeinduced depression
in the 14;01 of recombination occurs relative to the times
of staqeféag;mom and duration of the different ﬁeiotio
stagos}as'e££imated by the h;stogram and probit analysis
methods. Samplesiysye taken from the same populationAOf
cellsaas wererfhose fixed for,analys}s by electron micro-
soopy,.and given half hour pul of .é mM FUdR. Examina-
‘tion of Figure 63, which shows lev ls of recomblnatron w
plotteﬁ agalnst time, shows th tHe early FUdR effect

was greatést at-S% hours. This means that the peak of
(]

. DNA- synthesis occurs -approximately .1 hour before the stage

maximum f&r leptotene.

The time of the main pre—meiotic perlod was also

estlmated dlredtly using the wild type strain. Flgufe‘ 4,
\ ,
reproduced with the permission of Dr. C. K Tan and Dr.

P. J. Hastings, shows a graph of *2PO, pulse labelllng
into the total DNA ‘of ChZamydomonao fygospores. The.

samples for this pulse Iabelling experiment were taken

from the same population of célls as were the samples.fof

Figures'Gi-and 62;QfThe':esultsﬁof this experiment show
that the pre-meiotic DNA synthetic period peaks at between
5 and 6 hours: The peak of the pre—melotlc DNA S period in
.thls straln precedes the pQ}nt where 50% of the cells have
"enten% rophase by 1.5 hours. =
;FUd -also causes an increase in recombination when
pulsed at a time separate from the effect mentioned

(

-earlier. This effect 0ccurs‘during'prophase (Figure 63).
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FIGURE 63.  Recombination between arg-1 and arg-2 as
a proportion of the control value following
one-half hour treatménts with 2 mM FUdR.
Samples treated were from the same cult-
ure as those used to obtain the data in

Table II.
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T A % rccombinant

*EXx ¢

.001

coivnies tetrads
1960 - 24.8"°
1376 - . . 248
A\
1303 . ST 23
1965
(R
1 70
<N
v 1747 -
1927 R ‘275
- w2 = 7.46%%
1819 , 32.5
X? - 41.0*;*- o
2142 23.8
$
. 1524 ~ s 25.1
1934 26.3 >

————— e -

TABLL VI.

Reconbination between am%i end ary-2 after
treatment with 2mM FUdR at different times
during zygospore germination.  Contingency

X2

values have 1 degree of frecdom.
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FIGURE 64. *?PO, 'incorpora‘ion intc DNA during one-
half hour pulses during meiosis of the
8-spored variant of strain 137C.
Reproduced with the permission of Dr. C. K.
Tan and Dr.-P. J. Hastings. Abscissa:
hours after the onset of germination;

ordinate: counts per minute.’ s



The maximum increase 1n recombtination 1s produced whe FUdR0
is pulsed for one half hour, beginning at 7% hours. This
increase cQrresponds with a time when 50% of the éellg are
1n pachytene or later as estimated by the probit analyéls

(Figure 60) and better than 60% of the cells are in pachy-

+ R

tene as estimated by the histogram method (Figure 59d) .

The stage maximum.for pachytene 1s‘est1mated to be 7.8 hours
by the prdbié'analysis mothodvand 7.75 hoﬁfs by the histo-
gram method. Thus the stage méximum'llcsﬂh{thin,the’same ’
half hour interval as does thg larqést enhahcement of
recombination‘ievels by FUdR.

FUdR has been shown by Hastingé (1964) ahd Chiu (1973)
to be representative of a group of aqents_;h}ch alter
'levels of recombination at this timé. This sensitive
: o : ~
period is the latest period dur;ng me1osis at which re-
combination’levels can be altered. Making the assumption.
that recombination events cannot take place, or at least
have not been fixed, prior to the latest timé.when treat-
ments can alter the levels of recombination, it is possible

to point to pachytene as the time when recombination occurs,

or at least when recombination events are fixed.

s



CHADT R IV

DISCUSST N

The histoqram method ptovides the best estimatt-of

stage duration (Nordby and Nerdby, 1976).. Unfortunately,
the mature meiotic products are rcleased.from within the

!

parent cell wall making it 1mposs1b1e to collect a complete
set of éamplfs. Therefore for staqﬁs near the end of the
melotic process the histogram method cannot“he used, and
probit analysis, .which only reouires'the production of a

straight line, can provide stage duration estimates from

amincomplete set of data.

< - - . .
\ . A N H

The estimation of stage maxima Dy the hlstogram

method cannot be more accurate than the iﬂ\érval between

~samples, while the probit analy51s method yields an

B .
[V N

estimate which uses all the data ﬁointé...The probit-analyéis
method is the only one which ﬁnabies an estimation of tHe

degree of synchrony by other than an ud =oc method There-

«

fore the .stage maxima and degree of . synchrony measurements

discussed will be'those obtalnediu51ng problt ana}ys;s.

Vegy little detail can be observed in the nuqiei of:
zygospores -in the early stagée‘( Figure 1). The irreéu%?r

outline of the nucleus and the preeence of a single nucleolus

N

are the only dlstlnguxshable features. Cells which have
completed the initial. phase of expan51on still show very

little nuc%ear detail. This lack of detall is probably

~ Lty
- v B b
AT Y - -

B

o o . 159
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due to the high electron density of zygospores at’ this
time. With further expansion leadieg to ﬁhe formation‘of‘e
space between the cell wall and cell'ﬁembrane (Figure>3)
basal bodies were'observed. This expaneion with its associ-
ated reduction in overall cytoplasmic density could impfove
the fixation and/or staining in a fashion which would
enable their detection. Another possibility is that basel
bodies are absent prior to ekpansion and are synthesized
de novo at the time of this,expansion.

The duration of the preé-meiotic stage was 7;8 hours
in the culture using strain 137C (Table V) and 6.3 hours
in the culture using the strain heterozygous for the;ﬁwo
arginine requirements (TableIII). The 3?P incorporagﬁén

. : o

experiment (Tan and Hastings, 1977) (Figure 64), usigg
samples from the same culture used to produce the data in
Table IV, indicates that the pre—meiotic S period occurs
‘between 5 and 6 hours.. Chiu (1973) has demonstrated that
a pulse ef FUdR causes a depression in the levels of re-
combination when administered at the pre-meiotic S period.
Thus the time of the pre-meiotic S peried can‘be determined
indirect .y by following the effects of FUdﬁ pulses on re-
combinat on. The FUA4R experimentb(Eigure £3) shows that
recombinat on levels are depreseed by a 5%-6 hour 'pulse.
Figure 60; the entrance function plots of tﬂe same culture,
show that 50% of the zygoégores have not enteredvmeiosis

until 6.3 hours. Thérefo%e in both cultures,'the pre-meiotic
¢ ‘ .

S period precedes prophase I of meiosis. This observation
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is consistent  with thaé.observed during meiosis in other
’
organisms (see Introduction).

If onevacéepts the overwhelming evidence that pre-
meiotic aésociations are not directly.iﬁéplved in recombin-
ation (see Introduction), it can be concluded that the
alteratioh-of recombination levels at.S period in Chlamy-
domonas 1is by an indirect mechanism. This is consistent
‘'with and lends support to the ﬁypothesis-éf Chiu and
Hastings (1973). . Thg~ﬁachanism‘proposea for this indirect
effect of FUAR on recombination 1évels is that levels of
'recombinabioh are proportional to the amount of Z-DNA
synthesis. Treatment of zygospofes with FUdR at the pre- .

meiotic S pgiiod inhibited DNA gynthesis causing the total
‘S period to be extendéd and enabling more repliéons to be
initiated. This’wou1d mean that fewer replicons are left
until prophase. Because the amount of prophasé synthesis
is proportional tQ-the amount qf recoﬁbination, treatment -
at S causes a reduction in recdﬁbination. This is con-
Sisteht wi;h the observation that  the pre-meiotic S‘period
of many 6rganisms is ionger than the m%totic S périod (see
'Infroduction) leading up to meioéisvand this extended
nature is due to to a decréase‘in the nﬁmber of'initiation
sites (Callan, 1972). |

'Knowing'the synchropy and the étége maxima of the

different meiotic Stagés, it is poséible to determine whén,:
to collect éamples of a given stage and to'eétimate the

purity of the samples. This would be of value if or~= wanted
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to éarry out biochemical measurements. It is possible to
determine the feasibility of an experiment similar to that
carried out by Hotta and Stern (197la) demonstrating that
app;yximately 0.3% of tgﬁ genome of Lil7um was ﬁot replicated
until z&gotene. Sucp a demonstration requires that synthesis
at prophase’ be uncontaminatedoby‘synthesis taking place in
cells which are late ‘in pfoceeding through S period. This .
"« would meaﬁ-that a very sﬁall proportion of the zygoténe;
like DNA could be replicéted in S such thatvit overlapped
with actual Z-DNA éyntheéis if Z-DNA syntﬁesis were to be
detected. |

Using the peak of 32? incorporation as the stage
‘maximum for $ perioq»ifidﬁre 64) and using the slope of
the entrance into leptotene as a measurement‘oﬁ the synchrony
bf.S period ce%ls‘(Figure 62), one %an_obtain an estimate of
the proporéion of cells still in the S period at aﬁy given
time. One can do the éame:thindpwith the first poét—meioti%
DNA synﬁhetic period uéing the tetrad curve (Figure 62).
Extraﬁolation from the probit anal?sis curves shows that
there is a 1.5 hour period between the,two synthetic peaks
when less than 2.5% of theizygoséores or theif meiotic
»products,ajé undergoiﬁg replication. -This period is bet&een.
8 and 9% hours and contains the stage maximum (8.6 hours)
'fo: zygotene:_lUnforﬁunately;bpne has to bg'able to determiﬂe
the stage maximum fo£ zygotene. This would réquire constant

- -

reproducibility of both synchrony and stage duration from

c~e replicate experiment to another. A second .problem is

\\



that only 20% of the zygospores can be expected to be in
zygotene when the stage maximum occurs (Figures 59 and 61).

N

The above’considerations aqg the fact  that labelliné
of Z-DNA synthesis would require a pulse oﬁ«agéut % hour
make the Eeasibility of an expefiﬁent to detect)Z-DNA
synthesis margiﬁal. Two things could be done to improve
the system. One would be to use an isolate 6f 137C which
went only fo 4's. This WOuld eliminate the1cogtaminétion
from the'§econd\found of replication. The ot ef would;be
to improve the synchrony of the system by trying different

conditions and strains.

“The lép£otené‘nUClei shown_inLFigprés 3, 5 and 6 show
many disérete patches of chromatin; many offtﬁese patdhes
contain lateral component within them. Such ﬁucleirdo not
show regioné of synaptonemaldcomplex formation. These fea-
tures are consistent with the definition of Moens (1973a)
apd indicate that Chlamydomonas feinhardi Fnters prophase I
of meiosis in a typical fashion. | |

\\ Using the strain heterozygous for the arg-1 and arg-2
loci, the duration of leptotene was .41 hburg with‘a'stage
maximum at 6.5 houfé. Using. the wild type stréin,‘the stage
duration was found to be .34 hoﬁrs and the sfage maximum to
be 8.0 hours. The‘duration of leptqtene‘does‘not seem' to
vary significantly depending upon the type of analysis uSéd.
The time of the sEage max imum énd éhe 50% entrance function

do vary, with 50% of the population having entered meiosis

by about. 6.3 hours when using the argininé—requiring_strain,

'
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and 7.8 hours when using the wild type strain. Although the
time of entrance'into meiosis differs between the two T
cultures, the overall duration was the same (3.6 hours).
This difference can, in part, be accounted for simplyvby

the dlfference in degree of synchrony betweeh the two
cultures. N,

As: the. zygospore proceeds through 1eptotene, the Cell

wall expands-dramatically This expan51on breaks the outer
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cell wall and the inner wall becomes much thinner, suggestlng

that it stretches in order to accomodate this expan51on
(Figure 7 vs Figures- 1, 2 and 3). The increased_volume of
the zygospore is accounted for mainly by a large space which
forms on the opposite side'of the'nucleus adjecent to the
chloroplast. It mey be that this expansion of the inner
volume is a mechanism whereby the parent cell wall is broken
down to release the melotlc products. This hypothesis is
further supported by the behavior of some isolates which
appear to proceed through germlnatlon to form tetrads with-
out -the accompanying expan31on. The products of these

zygospdres are never released.

The general cytological characteristics of zygotene
'in ChZamydomona§ appear”to be similar to zygotene stages of
most other organlsms (see. Introductlon for a descrlptlon
of zygqtene in ‘other organlsms) Lateral components or
axial cores llke those present in Flgures 8-12 are’ contin-

uous at . this Etage. They termlnate "on the nuclear envelope
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opposite the basal body in a region adjacent to a oroup of
granules (Figurer24). It is not known whether tnese
_granJles are involved in membrane attachment and/or synthesis
or whether theirmpresenoe adjacent to this portion of the
nucleer envelope is merely fortuitous.

The actual éaifing process eppears to be similet to
that.described by Lu end Raju/(l970) for Coprinus. Figure
lllshowshthe two‘lateral components“eeoarated by .25 - .3 u,
each having loons oflohromatin.running out perpendicular
ftom it in both directions, although most\of—the chrodégin'

has moved to what will be the exterior of the complex.

N
t

Closing of the distance. between the lateral components
“leading to the.synapsed state leaves the chromatin in a'U
/shape around each lateral component with the side fac1ng the
other lateral component free of chromatin (Figure 16). A
Figure 12, dlso of a zygotene nucleus, shows the inter-
action of the nucleolus and an unpeired portion of a chromo-
some at this.time; This and other similar observations-
suggest that the nncleolus is involved in synapsis in
ChZamydomonas. Involvement of the nucleolus in synap51s
has been repotted in other organlsms (von Wettstein, 1977).

; The stage maximum of zygotene in the heterozygous
arg-l arg-2 culture was 7.1 hours with a stage duration of.
.73 hours. For the_other cnltnre (137C), the stage‘makimum‘
was estimated to be 8l6<houts with a stage duration of .40
hours. As for leptotene, the gtage maxlmum'is about 1;5

houfs/later for the wild‘tfgngtrain. The estimates of

e
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stage duration for the two cultures are significantly
differenﬁ,.the most pf@égble explanation being that zygotane
is very ai(ficu§t to diétinquish frémvpaéhytcnc using the
N I . '
light microscope. Because of this, one tends to score
zygoteng cells as’ééchytene, a fact which 1is réflected in
the coincident 1ncrease in the 1(nqth of pachytene when
scorlng is done u51ng a light mlcroscope Because of thls,

the value of .73 hours, which is calculated from the.elec-

tron microScope materlal, is more reliable.

Pachytene palrlng in C?Zamwﬂomonau does not show the
éharacterlstlc synaptonemal C@mplexes seen in palrlng |
during prpphase of meiqgis in most organisms when fixed and
staiﬁ%d by gtandard procedufes. Instead, b%yglents a;e‘
found paired atﬁabéut <12 y as in other organisms but lacking
a Central:élement. It is however possible to fix and stain

vChZahydamoﬁas in a fashion which does. enable the detection
of a central component (Figure 28). This methbd‘(methodril

of Materials and Methods), which removes the bell wall 10

minutes after fixation in glutaraldehyde has begun, results

—_/id'the detection of a central eleméht; In light of the
detection of typical synaptonemal complexes in-ChZamydoﬁonas,

it is cuggested that the earlier observation of Brgten

and MNoi 1973) that the green alga Ulva mytabilis_lacked
a certrea ‘ponent may also be the result of the fixation
technigue . =d. ‘ .

Figure th reconstruction of nucleus I, shows
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'examination of nucleustII shows that the bouquet arrange-

AR

that Chiamwdomonas has a bouquet arrangement of its bi-

valents at pachytene although the reconstructions of nucleus

II (Fidure 25) and n cleuS\‘II (Figure 26) do not reveal
the bouquet arrangenent as obviously. This could be due to
the orientation of the nucleus relative to the plane of

sectioning or -the lack of a bouquet arrangement. Careful

)

oo

ment 1s not present. If bouquet formation and dispersal
are standard processes in ChZaquomonas, breakdown precedes
basal body duplication and is not basal body medlated as |
suggested by Moens (1973b) for locust. Rasmussen (1976) .
suggested that the formation of nuciear vacuoles causes the

dispersal. Although no vacuoles form in Chlamydomonas,

[ -

extensive invaginations like those shown in Figures 20 and

21 do form near the membrane attachment area at this time.

“Another poss1b111ty is that th@,bouquet arrangement . dlsperses

due to detachment of the blvalent ends from the nucfear

- oy
envelope. Althbugh nuclear envelope attachments were

observed during .zygotene and early pachytene, none were
aobserved in the reconstructed nuclei, but most ends did

remain within .2 u of the nuclear envelope. Detachment in

-

:conjunétion with pouch formation‘could also be theicause

of dispersal.

The result that 18-20 biyalents exist per nucleus is

consistent with thi?linkagevdata of Hastings et al (1965)
concerning Chlamydbg?nas reinhardi,which found 16 linkage

groups with centromeres and several fragments. Theee re-

o
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_Q ‘ ‘ |
sults meet the requirement for consistency with the link-
age groPp data, that béing the number sf chromosomes must ;r
be equal to or greater.than the number of éentromer-asspc—
iated iinkage groups. | |

Structures similar:to the‘"recombination nodules"”

described.by Carpenter (1975a) were found associated with
the pachyteae bivalénts‘qf Chlamydomonas. The size dist+
ribution and their interaction with‘ths bivalents is un-
like the situation reported in Drosophila, but felate
directly to her hypothesized role for them. <

>

Two distinct size classgs of dense bodies were fourAd
(Figures 20 and 21 ve Figure 22). This is unlike the case
in Drosophila where a complete range of sizes wasaobserved.
It is therefore difficult to say that these tgo siZe classes
are, in fact, the same Strucfures in.Chlaﬁydomonqs.- In
-addition, ‘the association'%f two bivalents with‘one spherical
body is not’consistent Qith the hypothesized relationship
between them and crossing-over (Carpenter,'3975a). She
’claims a one-to-one correspbndence between crossing—over and
"nodule” associatiOﬁs,‘éach nodule being associated with a
single cross-over. Another observation incompatible with
Carpenter's hypothesis is that two recombination nodule- |
like structures only .2 u apart were‘fsund associated with .
-a singletbivalent. This is not coﬁsistent with the pattefn

;

predicted due to the interference of one cross-over event
‘with another. L

‘Another point unrelated to the observations made but
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worth consideraeion concerns the fact that a significant
proportion of conversion events are not associated with
recombinetioh of outside merke;sl If nodules were assoc-
« iated with beth types of event, the.predicted distrieution
would be significantly different in that non cross-over
events do not.interfere with cross-over eQents.

- Due te the incompleeehess of the Chlamydomonas
linkaée data, it is .not possiBle to relate map length‘and
-number of nodes plus spherical bodies to see if there is a
close cbrrelation between the numser of'nQdes and.the
expected number of crosslovers. |

The stage maximum and duration of pachytene in the
'arginine strain were 7.9 hours and .92 hours respectively.
The wild tYpe'sFrain»yielded 9.4 hours as the sEége maxi—'
mum and 1.1 hours as the.stage duration. The difference
in length of'pachytene,/O.Z houfs betwee@ the arginine -
vrequi;ing strain and the wild type strain, can be accoun;ed'
for as was done for zygotene. The difference.in the stage A
-maXimdm of 1.5 hours o taizi? when comparing pfobit analysis
values still reflects tﬁe ffefence in time of eritry into
meiesis. | | |

The results of the FUdR pulses 1nd1cate that a peak of
1ncreased recomblnatlon is obtained when ChZamydomonas 1sv
pulsed between 7% and 8 hours after the onset of germination.
This pulse perlod c01nc1des with the stage max imum for

" pachytene, whlch is 7.9 hours by problt ana1y51s. Due to

the dggree of synchrony and duration of pachytene,‘65% of
/. S ’ : L ,
& . . L [



the zygospores are. in pachytene (Figdre 59c¢) at~thi§

o

time.

As mentioned ‘earlier, many experiments using chiasmata -

frequency as an indication of recombination levels, have
suggested late zygotene-pachytene as the latest stage when
. recombination levels can be affected by perturbing agents.

It was also mentioned that such experiments would not

o

H

permit the detection of effects later than pachytene, and
that only the experiments reported by Lu with Coﬁrinus_
(Lu,_l970) would be able to detect Changes in recomblnatlon
frequencies occurring later than thlS. ThlS is because Lu
used tecombination betyeen genetically;iinked laci to
monitor the effects of teméétature and gamma ir:adtatioh
on recombinatien. 'The'assignmeat ef the time of crossing-
over is based upon the assumption that the latest time at
which recombination levels can be altered must be a time
prior to the completion of recombination eQents. Thus
treatment of_syndhronous'meiosis with many agentsvshould
‘"push the estimate of the latest time when recomblnatlon
levels can be altered towards its limit? Similarly, treat-
ment w1th one agent or only a few agents has the weakness'
.that the time when recombﬁgat n events are completed is
rinsensitive to the agent or agents_used. It therefore seems
important to test seVefai agents known to affect recom;.'

. . 7/ . ) .
bination levels on a synchronous meiotic system. . The FUdR

.
o

treatment reported above was carried out because the second

FUdR effect coincided with or was later than the latest time

/‘.



at which several otheréug?‘fs could affect recombination

in Chiam.imongs. These agents, which were tésted by Chiu
(1973), 1include mitomycin C, galrdixic acid, pheneth;l
alcohol, hydroxyurea, actinomycin D, cycloheximide, adenine,
caffeine‘and acriflavine. These results (Chiu,’1973)-add" o~
considerable strength to the argument that the FUdR effect

at pechytene does, in fact, represent the latest stage

when recombination levels can be altered and‘therefore

shows the time when recombination events are fixed. R

As Chiqmydomonas Qrbceeds‘through‘pachytene the
‘chromatin becomes less condensed and the lateral element
disappears. Following pachytene is e stage when the chrom-
atin is very dlffuse and blvalents are very difficult to
detect (Flgures 33 and 34). Thls\lack of condensation may
lndlcate that diplotene is a perlod of actlve transcription
in ChZamydomonas -

The general morphology of tﬁls diffuse stage rec -mbles
that of Coprlnus (Lu, 1965).‘ Indlcated in Figure 34 are
two~regions (in the bivalent in the upper right hand portion
of the nucleus) which may, be chiasmata. Configurations
.zsuch as these are the closest thlngs to chlasmata observed

'The stage maximum and stage duration of this dlffuse
stage for the arg-1 and arg—2‘peterqzygous-straig were 8.7
hours and .51 hours, and for'the wild’t}pe strain were 10.2
hours ends,4a hours. Thus the duration of the diffuse
stage‘is about 5 hour in both strains, the difference in

stage maximum merely reflecting the later start in the widd

o.

o N o -



type strain.

Because of the short‘duration'of the late prophase I,
metaphase I, anaphase I éﬁd telophase I‘stageej ttese stages
were lumped tdqethef{@pen Calculating stage duration, stage

~thaxima and‘synchrony. Due to the lack of perfect synchrony
and short.dmrationc tt was not possible to sequence the
"stages according to their order of appearance when following
samples throd%h meiosis.x Instead.it was heceseary to
evoke a second means; this being arialogy to other organisms.
. Although all pachyténe cells examined by serial
section contained a 51ngle basal body palr, a few, pachytene
cells were observed with a closely a55001ated qroup of basal
bodles, lndlcatlng recent dupllcatlon This, in conjunc-
tion w1th the fact that two basal body palrs removed some
dlstance from one another were regularly ‘'seen in.late
prophase I cells and all 5 metaphase cells examlned in serial .
Vsectlon tontained two pairs-c: basal bodles, p01nts to_late
uﬁrophase es-tﬁe time.of their- :uplication in preparation
for the first meiotic division.

The nucleolus ‘beging to break_ﬁp late in prophase
(Figures 36 and‘37) in preparation for metaphase I. This
may be required to enable first division segregation to.
occur. A/cemparison of Figures 33 and B;T\which represent
typical diffuse‘stage eells, and Figures 35, 36 and 37,‘
whith represent late prophase (diakinesis) shows the

increase in -the degree to which the chromatin has condensed.



‘'t also shows that the bivalents are 1n-a much shortenod
form. This much shortened state is also typical of late
prophase I 1in many organiems (Lo;is and John, 1963).

Similar to the case in the vegetative givieion of
most green algae, the meiotic spindle of Chlamydomonas |
was intranuclear. The presence of basal bodies adjacenﬁ to
" the poiar fenestrae inpliee that basal bodies are involved
in microtubule organlzatlon in the '‘meiotic divisions of,
kf:mgdbmnuas.‘ This observation is not surprlslng in llght
of the observation of Coss (1974) that Thiamydomonas
veqetatlve cells possess basal bodies at both poles of the
mitotic metaphase nucleus. It 1is, however, in confllct
with Cavalier-Smith's claim (1974) that basal bodies are
not regularly found at the poles of meiofic metaphase
nuclei. |

Irregularlty in the shape of early metaphase I nucleil
is similar to that seen in Ulva (Braten and Nordby, 1973).°
The nuciear membrane remains ihtact throuéh both divisions
except for polar fenestrae. ,The'lack of nuclear membrane
breakdown 1is similar to the case in UZ@aV(Brgten ana Nordby,
1973) and unlike that in Lithodesmium (Manten et al, 1970a)
where the nuclear membrane is broken down by metaphaee.

The smoother cresceﬁt shape of the nucleus later in
meﬁaphase I is similar to that oBserved in Chlamydomonas
moewusii vegetative cells by Triemer and Brown (1974) and

. : : 0.
suggested by Pickett-Heaps (1973) for Tetraspora vegetative

cells. . - -

-



As the cell proceeds through metaphase and into ana-
‘Phase, the nucleus becomes less hooked. It does.not, how—
ever, become noticéably longer. By telophase fhe nucleus
is no longer a hooked crescent. Instead, both ends, which
are the fofming daughtér nuclei, are spherical in shape.’
Unlike the case in some protists (Floyd.ét al, 1972; Lgvlie
and Brgten, 1970; Stevenson, 1972) chromosome separation
is accomplished by the shortening of chromosomal micro-
 tubules and not by an inprease in the pole-to-pole length
of tﬁe nucleus. Late in telophase the daughter nuclei are
réformed and the remnénts of the parent nucleus which
connécted\them begin tg break down. Similar to the éon-‘
clusions of Johnson and Porter (1968) with regard'to the
Chlamydomonaé reinhardi vegetative cycle products, it .appears
that both first division products rotate thrazgh 90? -
relative to the parent cell's agis. Tﬁese rotations are not
in the same plané. | |

As the zygospores proceed into metaphase I the chrom-
atin aggregates.on the metaphase plates. This aggregation
is such that individual‘biValents are_difficult to distin-
guish. As metaphasé‘I passes into anaphase I, the chromatin‘
condenses 1into disérete units each with a.pair of kinéto-
chores. The occurrénce of disdréte kinetochores comple-
ments the genetié evidence fof their exiStence (Ebersold
et al, 1962). The kinetochores of first division bivalents
are guite striking, resembling the kinetochores described

by Pickett-Heaps and Fowlke (1970) in Oodogonium.



At telophase the chromatin of eac.. forming daughter

nucleus lies in a condensed sphere filling the confines of

-

the nuclear envelope (Figure 48).
The stage duration estimates for late prophase and
the diad stages were obtained from the probit analysis, due
_to the inaoility to collect complete sets of data for these
‘stageS\Jfor reasons given eatlier in_the Discussion). The
stage maximum was 9.1 hours and the stage duration was ;46
honrs for the strain heterozygous for.the“twd arginine
requirements. The stage maximum and duration for the late
prophase I to telophase.l stages were 10.7 hou- and .43
hours for the wild type‘strain.v The stage maxima For both
strains agree if}one takes into account the late entry into
meiosis of the ;ild“type zygospores. The duration of these
stages is almost‘the'same for both strains. This short

duration,'coupleg with the amount of asynchrony, make it

difficult to find samples of the individual stages within
- .

this group ' - . | \

.The stage classified as diads includes cytokineSish
1nterkineSis, metaphase II, ‘anaphase II and telophase II. .
Again,'these stages were treated as a single stage due to
the fact that their short durations madeuit di.ficult/to
make many observations of any'offthese_stages individualiy ‘
except interkinesis. ‘

Cytokinesis microtubules running parailel to the

cleavage furrow and radiating out from a pair of basal .
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bodies in each of the forming meiosls I products are-
shown in Figure 51. This, in conjhnction with the intimate
association between basal'bodies'and the first and second
division spindles, suggests that basal hodies in Chlamy-- - g
domonas are involved in microtubule organization. If as |
'Heywood and Mageev(1976) suggest, their presence at the
'spindle poles is just to ensure their own segregation to
each product, it seemslunlikely that they would be assoc-
iated with cytokinetic microtubules es well. The assoc;
iation of microtubules with the cleavage furrow (Figures
50 and 51) suggests that microtubules are involved in cyto-

RLA ) -
klne51s dﬁrlng meiosis as well as mltOSlS (Johnson and

Porter, 1968).

The occurrence of a diffuse ihterphase suggests. that
active tranScription and translationioccurs. This'is
further.supported by the reformatlon of thelnucle01us
(Figures:51 and 53). The n;cleolus arsappears for metaphase
II, the chromosomes again have discrete kinetochores.
Although the second lelSlon kinetochores resemble the flrst
lelSlon ones in general morphology, theyeare not as large
as the~first div151on kln%tochores (Figure 45 vs Figure
55) . ‘This may be the result of the kinetoohores'of each
homolog fusing inlthe bivelents'while heing separated to
fac1lltate chromatld sepai%tlon i the second lelSlon

Ow1ng to the 1ncomp1eteness of the data it was only

possible to estimate stage max1mum and duratlon of the

‘diad'stage by probit anilysis. The problt analysis gave
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9.6 hours and .52 hours for the afg&nine.requiring strain
and li.l\hours and .45 hours for the wild type strain.
Again, the*stage ma#ima are similar taking into account the
Jl:S hou; delay‘ih eﬁtraﬁce into meiosis of the wild type
strain, andlthe stage durations are also similar.

Figure 57 shows‘fhat the nuclei‘return to an inter-
phase state with a single nucléolus.prior to completion of

the cleavage furrows yielding the four discrete meiotic N
: . v , ‘

products.

The degree of syncbrony variés from 2.6 hours for
pachytene to 3.6 hours for.zygotene in the strain hétero—
zygous for the two arginine requifemepts, and from 3.5 hours iz
for diads to 4.5 hou;s'for diplotene and iate prophase 1 |
througﬁ telophase I for.the wild type strain.‘ The gene;al
trend is not éimply éfdécréase in s&nchrbny\with time.
Instead,'the'deéree of synchrony of both'strains improve§

*as they énker pachyteﬁe. There are two hon—ﬁrivial explan-—
ations for this. The first isvthétvthe Zygosporesirequire ;j>
theAformation of‘a fixed level of metabolite before entering
pachytene, The second is that they communicatéf' The high
degfee of syﬁchrony within zygospore clumps (personal

observation) suggests that communication may occur.

Earlier it was mentioned that Chlamydomonas provides

a nearly ideal system for the study of meiosis, the only

1

serious deficiency being that very little was known about

the cytology. This made it difficult’to justify itsvuse

~
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as an organism for the study of meiosis because it was not
known_what cytologicél aspects of meiosis in Chlamydomonas
were pypicél bf those observed in other organisms. The
work presented here has shown fhat the chfomosomal eventst
occurring dufing meiosis in Chlamydomon?s are typicai of
those found in most organisms (Gillies, 1975a). 1In addition,
it was possible to define ﬁhe ma#ima and duration of the a
differeﬂf cytdlogical stages. . | .

Having established the typical natgp! of meiosis in
Chlamydomonas, it waé possible to show that the DNA synth- -
etic period in préparation for the meiotic divisions |
occurred just pridr_to prophése I. Cbnclusi?e'eVidence
that recombination events are no; completed priar to pachy-
‘éege was presenfed. In additidn,,very suggestivé evidencg
ﬁhaf recombination;bccﬁrs at pachytene was .obtained. This
1is particularly compelling in ¢onjunction with the results
of Chiu (1973)“ The significance of thié ob;efvation lies
in the fact that these are the oniy extensive studies using

a system which could determine the time of meiotic crossing-

" over if it occurred after pachytene.
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