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ABSTRACT

a o

. A The density, molecular weight and cellular repetition of DNA !
R ) . molecules associated with the B-DNA satellite 'of the intc;fertile algae
. Chilamydomonas eugamétos and C. moewusii were determined. The similari-
. ties between these éalues“and those for the cpDNA in the related alga i
Chlamydbmanas reinhardtit 1nd1cate that this satellite representq °
chloroplast DNA (chNA). “ , . ‘ S

. ~ Differences in the restriction endonucléaéﬁ‘fragmenpation pat-

terns of cpDNA from (. eugametos and C. moewusii were employed to fol-
low: the transmission of cpDNA in interxspecific c&osses_begyéen these
algée and to correlate this transmission with that pflnon-Mendelian . o
genetic markers in the sam¢ crosses. Tho resulis provide the fixst , *
phy51ca1 evidence for the recombination of cpDNA in any plant system . )
and they strongly 1nd1cate that the non-Meuﬂellan genetic markels fol—
1Qwed are encoded in thlS DNA. -
. . Analysis of cpDNAs from ten randomly selected Fl hybrids, in

- ‘each case, revealed chNAs/to be recombinant for parental restriction

A3 sites. In backcrosses between an F, mi+ and C. moewusii mt- strains,

seven randomly selected Bldhybrids ihoweh ‘©pDNA restriction patterns
either identical or very similar to that of the mit+ parent. Tt is
. proposed that c¢pDNA moleculos are transmitted predominantly byvéhe mt+
parent in both Fl and B1 generations but that selection favours survival !
. of F hybrids with recomblnant chloroplast genomes, thus avoiding nucleo-
. ' chloroplastlc :anompatlbllltles. - ’
Correlations between the inheritance of non—Mendellan genetic
.. markers and cpDNA fragmentatlon patternswerenmre ev1dent among *he Bl
; hybrids than-the Fl hybrids. Many of these correlations were noted
among the mitotic segregants of meiotic products initially mixed for «
non~Mendelian benetﬂc markers and cpDNA “sequences from both parents. 7/ -
Moreover, despita'the fact that most of the 34 hybrids analysed revealed
recombinant chNAs, the inheritance of one Aval and two BSTEIIX geneiated
: _CpDNA fragments characteristic of C. moewusii was always correlated
with the inherit?nce of the non-Mendelian streptomycin sensitive marker

1

from the C. moewusii parent.
P s

N ’
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GENERAL INTRODUCTION - .
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An “important goal for.investigators of oigaqelle genetics -

-

chloroplast and mitochondrial -~ is to explain the inheritance, recem-
~ 0

binqtion and vegetative segregation of organelle genetic markers in terms

- Y

of the bghaviour of these organelles and their DNAs. The interfertile
unicellular algae Chlamydomonas eugametos .and €. moewusii represent 4

potentially valuable organisms féi such studies. Although still desig-

*

nated as distinct species, there is convincing evidence and agreement

for their being-conspecific .(Gowans 1963;»Le§1n 1974). Nevertheless,

the high, lethality (over 90%) typically observed among the meiotic prod-

ucts of hybrid zygotes produced in an interspecific (. eugametos X

K

C. moewusii cross, suggests important differences between them (Cain 1979;

a
12

Gowans 1963, 1976). This diss%ftatién, therefore, developed from the .
expectation éhat thé chloroplast DNAs (cpbNAs) of these species might
be sufficiently differentyin nucleotide sequénce, as revealed with re~
striction endonuclease enzymes, to alléow the following of their trans-~

; . .
mission in intérspecific ¢rosses. Such transmission patterns might then , o

P
be correlated with those of non-Meqdelian mutations, at least ‘ of |

which have béen identified in C. eugametos (McBride and McBride 1975).
The non-Mendelian mutations recovered'in the related alga Chlamydomonas
reinhardtii map in a single Eﬁnkage group assumed to represent TpDNA ire-
viewed by Gillham, 1978). This assumption has been strengthened regently
by the demonstration of coordinate uniparental transmission of non- *

- :
Mendelian genetic markers and an altered cpDNA restriction pattern

characteristic of the mutant straih (Grant et al. 1980).
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Dr. Lalirens Mets has independently begun studjes of the .

' i e 312 - 2o’
c. eugametos—c. moewusz@ gystem for reasons similar to those stated ) .

i
LI

above and thereqbave beeq two prellmlnary reports of his progress, In
3 N T s .

the first (Mets 1977), it was noted that whole cell DNA prepaﬁfd from

. C. cugametos and C. moewuszz contains a major satelllte DNXidomponent

- s
.

for each species. This~component was identified as cpDNA on the babis

of similarities to the.major satellite DNA of ¢. reinhardtii known to

« o -~

. be cpDNA. It was further repdrted that the cpDNAs of (. eugametas,

C. moewusii.and G, reanhardtzt form dlstlngulshable°fragmentatlon pat—
terns after digestion with the restriction endonucleases HaeIlI, Hpall
- ke P »x
or HhaI. 1In the seéond:reporﬁ {Mets 1979), theucharacteristicr :

. -

C. eugametos and (., moewusii cpDNA fragmentation patterns were employed

[ ° e
®

to demonstratethe uniparental inheritance OﬁthbNA in a raqﬁ'complete A
. 2 4 -

v
- 1 > . ‘ a

4 - .
tetrad dexived from a hybrig zygoteié?bwhich the inheritance of a non-

1

. - Mendelian antibiotic resistance marker was also uniparental.

\’. c}p v e

) . This dissertation has two major objectives.' The first {(Chapter
L ) , I) is to provide fqrﬁher evidence that the m%jo; satellite DNA.of

C. eugametos and (. moewusii is:chNA and to confirm and extend the
resglts«yfﬂbté (1977) showing species-characteristic cpDNA fragmentation
patterns after.digestion with restriction endonucleases. The second

- objective {Chapter II) is to follow the transmission of specieslcharac~

o
a

% teristic cpDNA restriction sites in interspecific crosses and to corre-

' late these results with the transmission, recompination and vegetative
& v
H

. segregation of non-Mendelian genetic markers in the same crosses. This
objective, which depends on the success of the first, will alsd require..

* ’ the, isolation of non-Mendelian geneéic markers in C. moewusii (Appendix).

It i's hoped that this dissertation will provide ‘evidence for,or against,' A

)
o -

2 ?

T
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. the association of non-Mendelian gen#tic markers with ¢pDNA and that it ’

will provide some insight into the inheritance and possible recombina-
) ° *
. S . ‘o Lo ‘
tion of cfDNA in intraspecific crosses.
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CHARACTERIZATION OF CHLOROPLAST DNA
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. INTRODUCTION . .
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' As sta?;ed previously, the transmission of cpDNA might be fol-

»

1

lowed in interspecific, crossés between C. eugamebos and C. moewusii,

provided that the cpDNAs of these algae form distinguishable fragmenta- .
1 « N ¥ . 0

tion patterns after digestion with an appropriate restriction endonu-

¢ ¢ @ &

¢ clease. Before testing this possibility, it will be first necessary to

vooe
u 1

. devise a methodology for the igolation of cpDNA from (. egugametios and

v <

C. moewugii. .

The isolation of DNA from-a preparation of chloroplasts is im-

practicable in Chlamydomonas as the siﬂgle large chloroplast charactexr-

N - -

. istic of this genus is usually damaged évith cell breakage. After cen-

trifugation in equilibrium CsCl dehsity gradients, however, it is hoped

o "

that the whole cell DNA recovered from C. eugametos and C. moewusii

' will display a cpDNA satellite comparable to that observed in

4 .

C. reinhardtii. A similarity in density, molecular weight and cellular

v ©

repetition between the cpDNA of (. reinhardtii and presumptive cpDNA

<

Y

components of (. eugametos and C. moewusii would provide rather conclu-
sive evidence that.such components are cpDNAs. If that approach proves
‘ successful, it would then be possible to isolate the cpDNAs of
C. eugametos and C. moewusii from preparative CsCl density gradients
without the need for chloroplast isolation. Because the identification
! and character'ization of cplSNA in C. eugametos and C. moewusii depend
? heavily, if not exclusively, on the literature about the DNA of
c. f'einhardtii in general and that of its chloroplast in particular,

it is appropriate to review this literature in some detail.

6
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A. DNA Species of C. reinhardtii - .

] . ) -
Estimates of the C. reinhardtii cellular DNA content, based on

W .the diphenylamine colour reaction, range from 120 to 200.ug/i0? cells
(Suecka.et al. 1967{'Whiteway and Tee 1977)., The total cellular DNA
can be resdlved into four density components after equilibrium density

¥
gradient centrifugation in CsCL. The major component which accounts

for 85% ofthéfellular DNA is termed o~DNA and has a density of 1.723
g/ml (Sueoka et al. 1967), This DNA is certainly of nuclear origin
.since it yepresents most of the cellular DNA and is greatly enriched
- ! in preparations of nu\lei (Robreau and LeGal ‘5) » A minox satel]:ite
DNA, t;rmed y-DNA, with a density of 1.712 g/ml, accounts for about .
1% of the cellular- DNA and contains the nuclear genes for ribosomal RNA
(Bastia et al 197la; Howell 1972; Marco and Rochaix 1980).
Another minor satellitée DNA, termed S§-DNA, with a density of
l,?OG.g/n&, also’ accounts for aboyt 1% of the cellular DNA. The 6-DNA
is believed to be of mitochondrial origin because it is the only DNA

S

component which was recovered from mitochondrial pellets treated with

i!’DNase (Ryan et al. 1978). Electron microscopic examination of §-DNA T
preparations revealed mostly linear molecules with only 1% of super~
coiled or cirsular molecules with a contour length of 4.7 um (Ryan et al.
1978). The linear molecules have unique ends,gconsequently they cannot
result‘from randomly sheared circular DNA (Grant and Chiang 1980):‘

N Molecular weight estimates based on measurement of intact c¢ircles, -

kinetic complexity and restriction fragment analysis are 'in agreement

that the 6-DNA has a molecular weight of 9.5 megadaltons (Ryan et al.

» 1978; Grant and Chiang 1980). Using this value, it was calculated that




a

C. reinhardtii contains about 50 copies of §~DNA per cell (Ryan et al.

1978). :
‘ The major ;atellite DNA, termed B~DNA, with a density of 1.696‘. A,
g/ml, éogprises 10-15% of the cellular DNA and ig associaﬁedei%h the
single chloroplast of (. reinhardtii. Theqchloroplast @ccupies about 0 ’
40% of the cell volume and usually lyses when the cell Es broken. Thﬁs,

as discussed earlier, intaat chloroplast preparations are not easily
. ;

made, Nevertheless, crude brokéggchloroplast preparations were found - .
to be enriched . for the 1.696 g/mlL DNA component, but this component J
PP . o ¢
° acgouggéd for only about 40% of the DNA extracted from such preggrations

4 "

©

(Sadér and Ishida 1963). The remaining DNA had the density of the-

-

o component. Hence, the possibility that part of the cpDNA has the same
density as the o-DNA cannot be excluded. Dron et al. (1979), hawever, - (
using a cell-wall deficient mutant of C. reinhardtii and more sophis-

"

ticatgd teghniq&es of cell fractionation, were able to obta%n prepara-
tions of ;pparently in%act chloroplasts. The DNA extracted from these
preparations revealed a major density component of 1.696 g/ml and a »
minor contaminant of 1.723 g/ml which is likely to represent trapped
nucléar DNA (o~DNA). ’ A

— Due to the difficulties encountered with the direct isolation

’ -of DNA from chloroplasts, investigators of cpDNA from C. reimhardtii
. were forced-to recover this DNA by fractionation from CsCl gradients of
total cellular DNA. It was found that such preparations contained cir-

cular molecules with a contour length of 62 um corresponding to a

, molecular weight of 134 megadaltons (Behn and Herrmann 1977). This

value shows good agreement with the molecular weicht estimates obtained

by summing the molecular weightsof FcoRI restriction fragments (Howell




S

'

’ et al. 1977; Rochaix 1977). Reassoci.ation kinetic analysis, however,

. indicated complexities equivalent to 200 megadaltons for the B-DNA
fraction {(Bastia-et al. 197lb; Howell and Walker 1976; We}ls and Sager
1971). As pointed out by Kolodner and Tewari (1972), the discrepancy

g -

between the molecular Weigf'lt estimates based on reassociation kinetics

Py

arid those based on length measyrements and restriction fragment analysis

might be explained by the use of an inaccurate molecular ‘weight value
&

for the T4 DNA employed as standard for the determinations of kinetic

_complexity.. An estimate of 130 megadaltons for the molecular Qweight of

.

* B-DNA indicates the presence of about 80 copa.es of this DNA per chloxro-

o
!

plast of C. r'emhar’dtm (Gillham 1978). . . . W

. Recent advances in the molecular blology of C. ,remhar’dtm
. “ ®
A have demznstrated that the B~DNA is the chloroplast genome. Restriction i

endonuclease generated fragments of R-DNA have been ordered into a cir-

3

cular map and 1t has been shown that chloroplast ribosomal RNAS hybri—-

dyze to spec:Lf:Lc B~DNA fragments (Rochaix 1978). Furthermi:e, the
gene codiltg for the 1arge subug.t of the COz-f1x1ng enzyme", ribulose-1,

5-bisphosphate carboxylase, has also been localized on the physical map

of C. reinhardtii B-DNA (Gelvin et al. 1977; Malnoe et al. 1979).

v

P Y

B# Objectives of this Chapter - ﬁ
. . ¥

The general aim of this' chapter is to p{ovide the biochemical
foundation for the proposed investigation on the transmission of cpDNA . .

. g y . s
in interspecific crosses between C. eugametos and C. moewusit. The

specific objectives are as follows:

n [y

(1) characterize the DNA density components of C. 'eugametos and



file:///reinhardtii

° - (2)

(3)

. (4)

~

C¥moewuaii and compare these components with those recovered from
C. veinhardtii, as reported in the literature and confirmed here;
develop a :gxethodology f‘or the isolation’aaf C. eugametos ‘and

C. moewusii cpDNAs; - .
test if spécies—characteriétic fragwmentation patterns are obtained
after digestion of C. euggmebos and C. moewusii cpDNAs with re-
striction endonucleases;

find the restriction endonucleases that maximizZe the distinguish-

ing features between (. eugametos and C. moewusii cpDNAs.
, R !

.

j
]

Iy
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MATERIAL AND METHODS

-

LY

A. Strains and Culture C;;atbipns

The wild-type strains 0;80.'eugametos%(UTEX 9) and C. moewusii
(UTEX 97) (Starr 1978)" were kindly suéplied by Dr. C.8. Gowans of the
University of Missouri-Columbia. The sexual equivalency of strains 9 and

s & ]
97 as "male" or "mating type plus"‘ (mi+) has beemrece‘y stated by
i : . .

i . u N ‘o L .
‘Gowaris (1976). The wild-type (mt+) strain of C. reinhardiii was provided

by Drs. N.W.°Gillham and J.E. Boynton of Duke University.
One or eight liter” synchronaus culturesiwere grown at‘25°C under

“alternating 12 hour light and 12 hour dark periods with 3% bozpin air,

using 3/10 HS minimal medium '{Sueoka et al. .1967) for C. reinhaldtii dnd

-

the ninimal medium of Gowans (1960) for (. moewusii and C.nggamétos.

»

JThe smaller cultmrrfes were surrounded by cool white fluorescent tubes

which provided, 1000 uE/mzs photosynthetically active radiation (PAR) at

8

“the vessel surface. Fluorescent tubes were placed on opposite sides of

> the larger cultures and provided 3500 uE/mzs PAR at the vessel surface

facing the light. Growth was monitored both by cell counting in a

heﬂatocytometer‘and by turbidity measurements (OD } in a Bausch and

750nm

Iomb Spectronic 2?'spectrophotqmeter. For long term storage, the strains °

were mqintained at 25°C on slants of "liguid minimal medium solidified

witlh 1.5% Difco Bacto agar. These cultures were subjected to alternating,

" 12 hour light (50 uE/mzs PAR) and 12 hour dark periods.

- ’

)

B. Whole Cell DNA Isolation

-

Cells from opg/iiter synchronous cultures were harxvested at the

W
4

)
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onset of the light period when the culture density had reached 2-4 x

_106 @lls/ml. Cell number routiﬁfly increased about four-fold in the

- .
previdus light~dark cycle. Aligquots containing 3-6 x 108 cells were

e ) ¢

rapldiyocooleq on ice and hafvested by centrifugation at 6000 x g for

10 m}nutes at 4%. cell pellets were resuspended in 5 ml of cold
saline-EDTA (50 my Tris-HCL, 5 mM EDTA, 50 mM NaCl, pH 8.0) and centri-
fuged in'lB ® 00 mm scyew—capped test tubes w1£h teflon lined caps at
1000 % g for iO ninutes at 4°c. The pellets were washed as before in 5 ml
of buffer A (10 mM Tris-HCl, 10 mM EDTA, 10 mM NaCl, pH 8.0). The cells
were reguspended in 0.2 ml of b&ffer A arél lysed by the rapid addition

of 2 ml of a sodium dodecyl sulfate (SDS)-proteinase X solution {100 mg
SbS, electrophoresis grade, BioRad, U.S.A. and 5 mg proteinase X, Merck,
Germany, in 15 ml of buffer A), and then incubated for 12 hours at 37°%.
The lysates were stored at 4% for at least two days. In oxder to de-
termine the e¥act number of cells lysed, the cells lost during the har-
vesting and washing steps were counted in the pooled supernatants. Prior
to DNAkextraction,% known amount of an internal DNA standard (Baeillus
subtilis phage SPS DNA, 20 uq/lO9 cells) was added to the lysates and

the volumes were completed to 3.0 ml with buffer A. The mixtures were °

stored overnight at room temperature. DNA was then isolated by the

~
v

method of Gross-Bellard et al. (1973).

C. B-DNA Isolation

Cells from eight liter synchronous culturés were harvested at the
onset of the light period when the culture density had reached 2-4 x1106
, y . ¢] .
cells/ml. Aliquots containing 101 cells were cooled on ice and harvest-—

ed with a Sharples continuous flow centrifuge. Cells were washed suc-

-

Ry
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cessively in ice—cold saline-EDTA and buffer A, before being resuspended

in 50 ml of buffer A containing proteinase K at 200 uyg/ml. After incu-

v " A >
bation foralS minutes at 37°C, the cell suspension was lysed by the

rapid addition of 50 ml of buffer A cogfaining 2.5% SDS and incubated
for 4-6 hours at 37°C. The lysate was extracted twice with an equal

volume of watey saturated distilled phenol neutralized to’pH 8.0 with
‘ ! '

Tris-base. After dialysis of the resulting aquedus solution against 1/5
saline~EDTA, it was adjusted to 1 M NaCl and 10% (w/v) polyethylene

glycol-6000 (PEG-6000) by the addition of 5:M NaCl and 50% PEG-6000, and

[

then stored at 4°C for 12 hours. The precipitate was collected by low
_ speed centrifugation (2000 x g, 5 minutes, 4°C) and dissolved in 35 ml
1/5 saline-~EDTA. The solution was adjusted to 55.8% (w/v) CsCl and then

to 2.5 pg/ml ethidium bromide. Cellulose nitrate tubes previously

treated overnight with 10% sarkosyl NI~97 (ICN-K and K laboratories,
Plainview, U.S.A.) and each containing 6.5 ml of the above solution, were
overlaid ;ith paraffin oil and centrifuged in an IEC A-269 rotor (20o
fixed angle) at 41,000 rpm for 48 hours at 18%c. After centrifugation,

the o~ and B-DNA bands were visualized by fluorescence under long~-wave

Q

UV light (365 hm). The upper band containing the. f~DNA was collected by

puncturing the tubes just above this band with a syringe (20-gauge needle).

This fraction was extracted twice with two volumes of isocamyl alcohol,
§

dialyzed exhaus%ively against 1 mM Tris-HCl, 1 mM EDTA, 1lmM NaCl, pH 7.5

and lyophilized. The DNA was then redissolved in distilled water at a

°

concentration of 500 ug/ml. The yield obtained was 200-300 ug, of B-DNA.

D. Isolation of the 1.707 g/ml Satellite;bNA from C. moewusii

The fraction between the a- and B-DNA bands was collected with

7
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a syringe from several eguilibrium CsCl density gradients of whole cell
5udleic acid. Thé preparation of whole celi nucleic acid, the composi-
tion of the CsCl solutions and the conditions of cgptrifdgation were as
described in the methods ;f B-DNA isolation. The pooled DNA fractiPn
was then su@jgcted to a second CsCl density gradient centrifugation in
an IEC A-321 rotor (35° fixed angle) at 43,000 rpm for 48 hours at 18°C.
Tﬁe centrifuge tubes previouslyrtreateé with sarkosyl NI~97 were filled

&

with 8.5 nl of solution containing 10 ug/ml\pooled'DNA fraction, 55.0%

CsCl (w/v), é.s ng/ml ‘ethidium bromide and 60 tg/ml netropsin sulfate

" which was extracted from Sireptomyces netropsig(Ach #23940) according

to the method of finlay et al. (1951). After centrifugation, the upper
band containing the B-DNA and the middle band containing the 1.707 g/ml
DNA were collecéed from each tube with syringes.’ Ngtropsin sulfqte and .
ethidium bromide were remoygd from each poocled DNA fraction by passage )
throughout a small column (0.4 x 2.5 cm) of Na& Dowex AG 50W-X2 that
had‘been extensively washed with 10 mM EDTA, pH 8.0. The collected DNA

solutions were then exhaustively dialyzed against 1/5 saline-EDTA. The

T -
yield obtained was 3 ug of the 1.707 g/ml ?NA»from 2 x 109 cells.

- .

" o

E. DNA Density Profiles and Quantification

DNA preparations were analysed in equilibrium CsCl density
gradients - (Mandel et al. 1968) in a Spinco Model E analytical ultracen-
trifuge. The UV absorption photographs of the gradients were trace%
with a Joyce-Loebl scanning microdensitometer and t?e DNA densities were
calculated according to the equations of Schildkraut et al. (1962) using
Bacillus subtilis phage SP8 DNA (p = 1.742 g/ml) as'a reference. This

it
H

reference DNA fkindly supplied by Monique Turmel, Dalhousie University)

;o

Fes



w?

ﬁr under the internal sféndard DNA (phage SP8 DNA) peak. In order to ob-

. . . 15
shows a sharp band free of any other density components in CsCl gradi-
ents. To conéirm the DNA nature of the components resolved in the
‘analytical CsCl density gradients of whole cell DNA, this DNA in 10 mM
Tris-HCl, 3 mM M5012, PH 8.0vwas ?igested with deoxyribonuclease I at
20 ug/ml for %\hours at 2500.‘ After dialysis against 1/5 saline-EDTA,
the solution was ‘analysed by analytical CsCl density gradient centrifu-
gationl

The total DNA and B=DNA contents of lysates derived from a known
cell number were determined from the microdensitometer traces of 6V ab-
"sorption photographs taken after equilibrium CsCl density gradient
.centrifugation of whole cell DNA. BAmounts of total and B-DNAs were
estimated by comparing‘@he area underdall density components of cellu-
lar DNA and that under the B~DNA componift, respectively, with ghe area
tain a direct correspondence between film density and DNA conéenﬁ;atioq,
‘ii was necessary. to integrate the, reference and E-DNA peaks from one
centrifuge.cell &ontaining a DNA concentration of 5.5 pg/ml and the

. . J *
0~DNA peak from another centrifuge cell containing a four-fold gravi-

&

metric dilution of the formex solution, For further details see Whiteway

and Lee (1977).

,‘

F. Endonuclease Digestion and Gel .Electrophoresis

©

B-DNA (2 ug) was digested in 25 ul of incubation mixture with .
sufficient enzyme to give complete cleavage of the DNA at 37°C for 3
hours, with the exception that digestion with BS?EII was done at 60°C.

Compositions of the incubation mixtures were the following: .Aval

(Bethesda Research Labs) - 20 mM Tris-HC1, 30 mM NaCl, 10 mM MgCl

.

2!
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1

100 pg/ml bovine "serum albumin, pH 7.4;7 BamHI (Bethesda Research Labs)-~
20 mM Tris-HCL, 100 mM NaCl, 7 mM Mgc12,° 2mM 2-mercaptogthanol, pH 7.0; ..
Bgli (Bethesda Reseaxch Labs)~- 20 mM Tris-HCL, 7 mM MgClz, 7 mM 2-mer-—

captoethanol, pH 7.0; BgliIl (Bethesda Research Labs)- 20 mM Tris-HCl,

7 mM MgClz, 7 mM 2-mercaptoethancl, pH 8.0; Bs#EIL (Beth;sdé Research
Labs)- 6 mM Tris-~HCL, SODmM NaCl, 6 mM MgCl2, 6 mM 2-mercaptoethanol,
pH 7.9; FeoRT (Miles Laboratories)- 100 mM Tris-HC1, 50 mM NaCl, 5 mM
MgCl,, 2 gM mercaptoethanol, pH 7.2; HindIII (Miles Laboratories)e 20

mM Tris-HCL, 60 mM NaCl, 7 mM MgCl,, pH 7.4; HpaIl (Bethesda Research

27,
+ Labs)- 20 mM Tris-HCl, 7 mM MgCl,, 1 mM dithiothreitol, pH“7.4; MspI

(New England Biolabs)- 20 mM Tris-HCL, 6 mM KC1, 10 mM MgCl,, 1 mM
dithiothreitol, 100 ug/ml bovine serum albumin, pH 7.4; PstI (Bethesda

Research Labs)- 20 my Tris~HCL, 50 mM (NH SO4, 10 mM MgCl,, 100 pg/ml

a2 2’ _
bovine serum albumin, 'pH 7.5; SalI (Bethesda Rgseafch Labs) - 8mM Tris—

HC1, 150 mM NaCl, 6 mM MgCl,, 0.2 mM Na EDTA, pH 7.6; Smal (Bethesda.- ¢

¢ Research Labs)- 15 my Tris-HClL, 15 mM XC1, 6 mM Mgclz, pH 8.0; SstiIx
(Bethesda Research Labs)- 14 mM Tris-Hel, 90 mM NaCl, 6 mM MgClz, 6 mM

2-mercaptoethancl, pH 7.5. Each reaction was stopped by the addition
/

of 5 yl 250 mM EDTA, pH 7.0, 5 ul glycerol and 2.5 pl 0.5% bromophenol

»

* blue. '

.

DNA restriction fragments (0.5-1 pg) or undigested DNAs (0.5-

)

10 pg) were resolved by electrophoresis in agarose horizontal slab gels

o

(25 x 15 x 0.3 cm) at 50 volts for 12 hours. The electrophoresis buf€-

a

er consisted of 40 mM Tris-acetate, 5 mM sodium acetate, 1 mM EDTA,
PH 7.8. After electrophoresis, the gels were stained for 1 hour in the
above buffer containing 0.5 pg/ml ‘ethidium bromide. Gels were trans—

i
illuminated with 300 nm UV light (Brunk and Simpson 1977) and photo-

L
o

R
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-

graphed thnough a red ij}ter (Kodak Wratten # 26) on Kodak high contrast

@

copy film 5069,

G. Determinations of Molecular Weight and Fragment Content of DNA

-

Bands in Agarose Gels

G
’

Each agarose gel was standardizedwith DNA fragments of known . :

molecular weight, The reference fragments, with sizes ranging from
0.5 to 24 megadaltons {(Figure 1), were from the BamHI and the FeoRI

digestsof C, veinhardtii cpDNA (Rochaix 1978)., The molecular weight .
of each DNA band in agarose gels waﬁkdetermined from a calibration curve

. y o . u , - o .
relating the electrophoretic mobility and molecular weight of the ref- s

*
3

a

erence fragments (Fiqure 2). )
Microdensitometer traces of UV fluorescence photographs of re— : ,
striction patterns were used to determine the number of fragments in

each band (see Figure 2) (Rochaix 1977). The ratio between the area .

under each peak and the molecular weight of the corresponding DNA band

is a relative measure of the molar amount of fragments present in the

7
A

& .
peak, o '
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RESULTS B

s,

A. DNA Density Profiles and Quantification

»

-
"

As shown in Fi&ure 3, after equilibrium CsCl density gradient

»

centrifugation the whole cell DNa from (. reinhardtéi displays the ex~
P N .

Ly & 1

pected density species. Theke include the main band or «, component
(p = 1.723 g/ml), the major satellite or § component {(p = 1.696 g/ml)

and the two minor satellites y (p = 1.712 §/ml) and § (p = 1.706 g/ml).

I3

The density profiles of whole cell DNA prepared'from.cg moewusti and

3 N

C.\eugametos resemble that of C. reinhardtii with respect to having a
main DNA component (p = 1.718 g/ml) and a major satellite DNA (p = 1.700

g/ml). For conformity with C. rginhardtii,  these DNA componénts are

re N

hereafter designated the o- and f~DNAs. With respect to the minor

A%

satelliske DNAs, the preparation of C. maewugii reveals two with densi-

N . -

ties of 1.707 and 1.732 g/ml whereas only one fninor satgllité with a
density of 1710 g/ml is visible in the C. eugametog preparation,. ALl

density components described above wdre DNA as-revealed by the disap~
pear;nce of the bands from CsCl gradients after digestion with DNase.
The results of two independent determinations of whole cell DNA
content, using cells from synchronously dividing cuitures of eaéh of éhe
three species (removed at the‘dark/light transition point), are shown
in Table 1. Coﬁpz?able values of whole cell DNA content, ranging from
183 to 252 ug/lo9 cells, were estimated for the three species by direct

DNA quantification in the analytical ultracentrifuge. The C. reiwhardtit

0
values agree with those obtained with the diphenylamine colorimetric .

assay (Sueoka et al. 1967; Whiteway and Lee 1977). Estimates of the B~
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DNA content in the same cell samples (see Table 1) indicate that the 8

~ ]
component of all three algae consistently amounts to 11-15% of the cel-
¢ Tular DNA. The o component represents most of the remaining proportion <y

as the minor satellite DNAs account for less than 3% of the cellular

. . DNA.

4

1

B. Purity of the B-DNA Preparations

*
L)

Centrifugatien analysis of samples enriched foxr B~DNA- from each,
of the three ”spgcies :c:eveals only minor contaminations by the a~DNA
(Figure 4) while _fra‘.ctionation of these samples by agarose gel, electro-
phoresis (Figure 5) reveals 1;;:ace amounts of low molecular weight DNAg
in the €. reinhardtii and C. moewusii samples. The C. moewusti low

o~ molecular wéight DNAs are cha;ré.cteriz%d by one prominent. band with a’
molecular weight of 3.9 megadaltons and one fainter band of 4.4 mega-
daltons. At least two even fainter bands of lower molecular weight '

. can be distinguished when larger amounts of DNA are applied to the gel
(data not shown) .“ All of these components account for less than 2% of
the DNA in the f—~DNA fraction of C. moe}dusii. No similar low molecular '\
welght components are detected in equivalent amourjlts of the B-DNA v

" fraction from C. reinhardtii or imyan intentionally overloaded sample
from the C. eugametos preparation. The C., reinhardtii sample, however,
reveals a 9.5 megadalton D[:xA contaminant which has' been reported to

! originate from the 1.706 g/ml satellite DNA (S-DNA) as,spciated with the

‘ mitochondrial fraction (Rochaix 1978; Ryan et al. 1978). ‘The 9.5 mega-
dalton component is clearly abs;nt from 1:th C. moewusii sample; its
possible detection in the C. eugametos sample could have been obscured

’

by the excess of DNA applied to the-gel. However, other gels loaded

A
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with half this amount of (. eugametos B~DNA preparation clearly indica-~

ted the absence of a 9.5 wegadalton DNA band (data not shown).

3

\
C. Molecular Weicht of the (. moewusii 1.707 g/ml DNA Component

Unlike the 1.706 g/ml DNA component (8-DNA) of (. reinhardtii,
the analogous 1.707 g/ml DNA component of C, moewusii does not have a

low molecular weight. The fracti&nation of the 1.707 g/ml DNA component

-

from CsCl gradients of whole cell nucleic acid is hindered by the poor
separation between this component and the o- and B~ﬂﬁA bands (Figure 6,
traces A and B). As shown in Figure 7, however, the resolution of the

DNA components of C. moewusii is greatly enhanced when netropsin sulfate

N

is added to the CsCl gradients. Netropsin sulfate preferentially re-
duces the density of DNA rich in (dA + 4T)-sequences because of its

preferential binding affinity for thesé sequences (Wartell et al. 1974).

z

The increase in resolution so obtained allowed the enrichment up to 80%

o

purity of the 1.707 g/ml DNA component (Figure 6, trace C) and the iso~r

>

lation Sf a B~DNA fracti n free of any contaminating density components
(Figure 6, trace.D). Halyvsis of these DNA preparations showed that

the DNA in both preparatidhs migr;ted as one major band of molecular w
weight clearly higher éhan 25 megadaltons (Figqure 8, sampleg, A and B).
When larger amounts of the B-DNA preparation were applied to_the gel
(Figureq§ﬂ sample C), low molecular weight DNA bands were seen in the

same proportion as those observed in the B-DNA prepared in absence of

netropsin sulfate. Comparable amounts of the 1,707 g/ml DNA prepara- .

-

*

tion were not analysed as an insufficient quantity of this DNA was

recovered.
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D. Restriction Endonuclease FraqméQt Analyses of C. ecugametos and

C, moewusii B-DNA Preparations

The electrophoretic patterns/of . eugametos and C. mocwusii B-
DNAs digested with eleven different restriction endonucleases are com-
pared in Figures 9 to 13. Distinct restriction patterns are observed
with every enzyme tested; hd&gver, the characteristic patterns of the
tw; species always share bands in common. For each species, the pro-
portion of these common %ands depends on the enzyme employed. For ex—
ample, in the FeoRI and Smal restriction patterns of €. moewusii R-DN3,

*

the proportions of bands cémmon éo.£oth species are respectively as low
as 20% and as high as 70%.

The B~DNAs of (. eugametos and C. moewusii were also digested
with the restriction endonucleases HpaIIl and MspI in order t; determine
if these DNAs were methylated. Both enzymes have the same recdgnition
sequence (CCGG), but a 5-methyl group at the internal C residue pro-
tects this sequence-from Hpall cleavége but not from MspI cleavage
{(Waalwiijk and Flavell 1978). As shown in Figure 14, both enzymes pro-
duce identical fragmentation patterns with the same B-DNA, but the pat-
terns produced with the f-DNAs from the two species are different,

Thus the distinctive restriction fragmentation patterns for

C. eugametos and C. moewusii most probably reflect differences in their

B~DNA nucleotide sequences.

E. Molecular Weight and Cellular Repetition of B-DNAs

The sizes of the C. eugametos and C. moewusii B~DNAs were
estimated by summing the molecularweights of all fragments detected in

individual EcoRI, Aval, BstEII and Smal restriction patterns. As in-

R ]
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dicated in Tables 2 to 5 and as summarized in Table 6, similar values .

were calculated for the two species and these are comparable to tﬂe
molecular weight valueé of around 130 megadaltons reported foxr the B-DNA
from C. reinhardtii (Behn and Herrmann 1977; Howell et al 1977; Rochaix
1977). The estimates for C. eugameios range from 142 to 163 megadaltons
« and those for C. mpewusii range from 137 to 16l megadaltons. The above~
mentioned restriction patterns proved tlle most suitable for molecular
weight Qeterminations with regard to the number, si;e and fragment con-
tent of the bands. The 3.9 megadalton band observed in the Aval and
Smal restriction patterns of C. moewusii is present in submolar amounts
and therefore was not congidered in the calculations. This non-stoichio-
metric band probably r?presents the 3.9 megadalton DNA contaminating the
B~DNA preparation (see preceeding section). The 3.9 megadalton band,
however, is not ‘detected in the FeoRT and BstEII restriction patterns,
thus suggesting that this contaminant of B~DNA is cut by the restriction

* . I

enzymes. ,
Tﬂe R~DNA mofecules af; present in multiple copies in cells of .

C. reinhardtii, C. eugametos and C. moewusii. From the estimates of.
B-DNA molecular weight and content per cell, similar values of repeti~
tion (about 100 molecules as indicated in Table 7) were calculated for
the B-DNAs of the three species. The copy number per cell reported
here for the C. reinhardtii B~DNA is significantly higher than that re-
ported by Whitewqy and Lee (1977) because the molecular weight of B~DNA
'(500 megadaltons) used by these workers has proven to be too high. How-
ever, when the copy number of C: reinhardtii B-Db.IA is recalculated
using thé data of Whiteway and Lee and a moleculaxr weight of 130 mega-

. .

daltons, a value in agreement with that reported here is obtained.

» a

| | | f
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DISCUSSION . L

.
‘ '
o

A. Characterization and Cellular TLocation of (. eugametos and C. moewusii

DNA Density Components \\

Like C. rveinharditii, the a- and B-DNA components of (. eugametos
and' C. moewusii undoubtedly represent the respective nuclear and cpDNAs
Of, these algae. There are several lines of evidence obtained from com-
parative studies of DNA from C. eugametos, C. moewusii and C. reinhardtii
'th~at support thisnconclusion.’ First, the density profiles of whole cell
DNA from C. iugwnetos oand C. moewusii strikingly resemble that observed
for C. reinhardtii with regard to the densities an;i proportions of the
o- and B~DNAs, SE;cond, the molecul:_ir weight valt;es of R-DNA f}:gm ‘

C. eugametos (154 megadaltons) and C. moewusii (150 megadaltons) are
similar to that reportedﬂ for the cpDNA of C: veinhardtii ElSO n@:adal— "

. 3

tons)., Third, the B~DNA molecules in cells of C. eugametos and

~
' W

C. moewusii are present, in the; .fame nunber of cop[ies as the cL;I‘JNA of .
C. reinhardiii (about 100"11\0]10'1.1165 per cell).

' The possible functibnal/ homoiogy between the minor satellit:e
DNAs of C. eugametos (1,710 g/ml) and C. moewusii (1.3707, 1‘.732 g/ml),
and those of (. reinhardtii (J:.706, 1.&2 g/ml) is not as obvious as
with the a- and B~DNAs. A DNA density component that can be convinc-

2 .

ingly equated w;i.th the mitochondrial DNA (mEDNB) of C. eugametos and
C. moewusii wasvnot identified. Although,the minor 1.707 g/ml satellite
DNA of (. moewuei? is similar in density to the mtDNA c;f C. Peinhardtii
(p,= 1.706 g/ml), the molecular weight of this satellité DNA is more

than two-fold greater than that of the mtDNA of (. reinhardtii. One

H
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normally finds the moclecular weight of mtDNA to be more uniform within

o

a single genus (reviewed by Gillham, 1978) The possible association
(

of the C. moewusii 1.707 g/ml DNA component, as well of the C. eugametos
1.710 g/mL DNA component, with nuclear genes for cytoplasmic ribosomal

: RNAs seems more likely and must be tested. Such an association has been

8

demonstrated for the 1.712 g/ml satellite DNA of (. reinhardtii (Bastia - )

~

et al. 197la; Howell 1972). .

-

The low molecular weight DNAs detected in the €. moewusii B-DNA
N d

preparation are also unlikely candidates for mtDNA because of their ap-

parent absence from C. eugame%os. Furthermore, it seems impossible to

0

resolve the low molecular weight DNAs and the B-DNAs in CsCl déhsity

~
gradients; a highly purified B-DNA preparation appeared t0 contain the

- - °

= same proportion of contamin?ting low molecular weighE DNAs as a less
, purified one. This observation suggests a density for the‘low molecular g
weight DNAs lighter than that of the (. reinhardtii mtDNA. ASimilar -
low molecular weight DNAs of non-mitochondrial origin have been récovered ’
-

- from Acetabularia (Green 1976), Euglena (Nass and Ben-Shaul 1972) and
yeast (Guerineau et al. 1974). Nevertheless, the similarity between 4
the combined molecular weights of C. moewusii low molecylar weight DNAs

and that of C. reimhardtii mtDNA makes one hesitant to rule out a

-

mitochondrial origin for these DNAs of C. moewusii.

»

The identical densities of the cpDNAs (B-DN&s) from (. eugametos

and C. moewusii and of their respective nuclear DNAs (0-DNAs), as well

as the difference between these values and those(gbtained for the compa~-

rable components of C. reinhardtii whole cell DNA, are consistent with

-

the hypothesis that C. eugametos and C. moewusii are closely related to

(=W

each other and more distantly related to (. reinhardtii (reviewed by
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Gowahs, 1976). Nevertheless, differences between (. eugametos and

C. moewusﬁi.with respect to minor satellite DNAs and, as discussed later,
with respect to cpDNA endonuclease fr?gg?ntation Qatterns are also co£~
sistent: with genetic data suggesting some divergence between these two
algae (Cain 1979; Gowans i963). The variations in nuclear and cpDNA .
densities obseryed ig this limited sampling f;om the genus ChZamydbmon&s
are consistent with variations in the densities of these DNAs within

the Chlorophytan genus Chlorella oxr more broadly throughout the division
Chlorophyta (see Kirk and Tilney-Bassett: 1978). Among higher plants
(angi:;sPerms), CPDNA is remarkably constant in density (1.697"0.001
g/ml)fwhile the déhsity of nuclear DNA appears uniform within genera

but variable between genera (see Kirk and Tilney-Bassett 1978).

Finally, a; in C. rveinhardtii, it is possible to purify the
cpDNAs from (. eugametos and C. moewusii by collecting th%/é*DNA frac-
tion from CsCl density gradients of whole cell DNA. Even though there
is less separation between the o~ and B-DNA components of (. eugametos
and C. moewuéii compared to that observed for C. reinhardtii, B-DNA
fractions of high purity are easily prepared from C, eugametos.and
C. moewusii. The ptilization of synchronpus cultures harvested at the

»

cellw&ycle stage where cells are the most easily lysed avoids the need

for cell-wall deficient mutants. Suck mutants are employed in the stan-
dard procedure of cpDNA extraction from (. reinhardtii (Rochaixz 1980).
No similar mutants have been reported for (. eugametos and C. moewusii.
Nevertheless, even if wall~less mutants were available, they probably

would have been undesirable in this investigation as their sensitivity

t0 micromanipulation complicates genetic analysis.

o /
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B. Detection of €. eugametos and C. moewnsii Specific CpDNA Nucleotide

Sequences

The cpDNAs from (. euggmetos and . moewusii can be distinguished

by analysis of their restriction endonuclease fragmentation pattexrns.

iy

Failure to detect methylation of the (. eugametos and C. moewusii cpDNAs
with the restriction endonucleases HpaIl and Mgpl suggests that their

characteristic fragmentation patterns reflect differences in nucleotide

o - - @

sequence or rearrangements of common sequences, rather than differential
methylation. CpDNA from wild-type vegetative cells of (.- reinhardtii

b .
is also,unmethylatéd, although.chNA from one mutant (Grant et al. 1979)

E

and fromgametes {Burton et al. 1979; Royer and Sager 1979; Sager et al.

a

1981) show varying degregs of methylation. .

‘e

Although distinguishable with every restriction enzyme tested,

»
the cpDNAs of C. eugametos and C. moewusii possibly share extensive homol-

£y

ogy in nucleotide sequenceg. The Ki oportion of fragments showing
a ° u \

identical Flectrqphoretic mobility in the compared (. euéametos and

C. moewusii cpDNA restriction patterns is not likely due to non-homolo-
gous fragments which by chance migrate at the same rate. This is par-
ticularly true in the case of the patterns produced by SmaIl where as
many as 70% of the bands were found to be common to both spécies. It
seems reasgnable, therefore, that most pairs of common fragments ar;
homologoué in nucleotide- sequence. This ﬁypothesis could Pg tgsted by
hybridizingrsuch common restriction fragﬁents purified from one species
to a%l the restriction fragments from the other specie§ after electro-
phoresis in agarose gel. The finding that the common restriction frag-

ments hybridize to their counterparts from the other species would

support the préSence of Homologous nucleotide sequences. The same ap~

8
b



proach could be used to detect restriction fragments possibly homolo-

I}
a

“ . gous to species-characteristic restriction fragments.

In conclusion, the original expectation concerning the (. eugametos-

- 2

C. moewusii- system proved to be fully justified,- The characteristic re~ .

>

. striction pattexns of C. eugametvs and.C. moewusii cpDNAs can be utilized

- @

. to follow the transmission of these DNAs in interspecific crosses. Among

@

the restrictioq enzymes assayed in this study, it was,.found that Avarl,

! o
° . BgtEII and SmaI p:::odug:e” the most suitable patterns for this purpose.

o Other* restmctlon enzymeq tested revealed more species-characteristic

n - -

' cpDNA fragnfents, Lbut' these L,fragments,,were less eas;ily distinguished by :

%
Lo N L]
a N ° 15. °

electrophores;.g..“ D:Lfferent &:estrlctlon sites are recognized by the AvaI,

x N
I L0 " - o ° [

J BetRIT anc'f SmaI enzymes and “these sites appear to be randomly d:.str:.buted ¢
N .o ) e P ‘ £ ° ¢
% anonyg “the epDNA molecples as revealed by tha “good agreemem;»betweeriu the

. 'y

n“ Vi I - " ! M
' ' .=’ calculated ‘nurber of fragments expected from a randomjs’equende of bases ., .
1 T N h o A N ) o T il

»
[N ” “

’ ‘ . . and’ the® obseryed 'numbe;:’of fragments (see Table 8) . A total of’at * .¢ |
. ¥ . ' least 75 re’str;ctn.on fragments characterlstlc to C. eugametos or , .
o a et E . ‘o W, o
\ . C ‘moewusw are generated by AvaI, BstEI“I and Y»S’mcfl.n wAssumJ.ng that cpDNA .
. —1 sequenc‘es of C’. eugametos and c. moewu:su are homologous except for a
s 5 N

. single restriction gite, o?‘ie would expect.the generation of up to three .

v
" L4 7
o @ ~

O speciesS~characteristic restriction'fradgments. Hence, a minimum of 25
. . ! ¢ P [

. A o
.t Avazx, "BS?‘}EIJ’:‘ and Smal- species-characteristic restriction sites must be

v
. . ° '
° 4 o

e

.
sne ..
: e dispersed on the cpDNA melecules.of C. eugametos 'and C. moewusit.
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CHAPTER II

C Al

TRANSMISSION, SEGREGATION AND RECOMBINATION OF NON-~-MENDELIAN

GENETIC MARKERS AND CHLOROPLAST DNAS IN INTERSPECIFIC

CROSSES BETWEEN CHLAMYDOMONAS EUGAMETOS

AND C. MOEWUSIT

. e e RS
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INTRODUCTION

Sinc% the discovery of the first non-Mendelian genetic marker in
C. reinhardtii by S;ger (19543rnumexbus other mutaﬁions with similax
inheritance patterns have been identified)in this alga and over the past
few years there has accumulated persuasive but not conclusive evidence -
that these genetic markers are éncoded in cpDNR. Nevertheless, abundant
genetic information on the sexual transmission, gregation and recom~
bination of the non-Mendelian genetic marker§ is not yet fully explained
at the chloroplast genome level (reviewed by Gillham, 1978 and‘by Birky,
1978) . %he major aim of this chapter, therefore, is to use differences
in the distribution of restriction §ites in the cpDNA of (. moewusii and
C. eugametos to follow the transmission of cpDNA in crosses betwgen
these interfertile algae. It is hoped that this approach together with

4

studies on the behaviour of non-Mendelian genetic markers in the same

I3

crosses will help establish firmly a cpDNA location for such markers in
) \

2% b
the genus Chlamydomonas and at the same time provid$ molecular data which

t
il

will help explain features of non-Mendelian gene inheritance. Before

expressing the objectives of this chapter in more detail, it is5 necessary

to review certain background information.
k4

9

A. Non-Mendelian Genetics of Chlamydomonas

ChZamyabmonas rein@ardtii. The sexual cycle of C. reinhardtii
is‘advantageous for genetic analysis because of its simélicity and its
readily controllable stages. Under conditions of nitrogen deprivation,
vegetative cells of mating-type plus (mZ+) and mating-type minus (mi-)

29
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.

caﬁ‘be differentiated into gametes (Sager and Granick 1954). When mixed, -
the morphologically similar gametes of oppoéite mating~-type first aggre-
gate, then pair and shortly thereafter (within 15 minutes), fuse lateral~
ly to form diploid planozygotes. The two gamete nuclei and.the two

gamete cﬁlorcplasts,fuse during the first three hours following zygote
fbrmatioﬁJ(Cavalier—Smith 1970). After a suitable period of maturxation,
the zygotes can be inducéd to undergo meiosis, with each zygote germina-
ting into four haploid meiotic products, two of which belong to.eacﬁ
mating~type. The'clones produced by each meiotic product can be induced

to undergo gametic differentiation by nitrogen deprivation.

Two distinct genetic systems have been identified in C. reinhardtii.

-

Mutations belonging to the first system.segregate in a classical 2:2

v )

Mendelian fashion in tetrads after meiosis. The system is therefore as-

sumed to be chromosomal and to reside in the nucleus. In contrast, ‘muta-
tions belonging to the second system exhibit non-Mendelian segregations.

In crosses involving strains with any of the non~-Mendelian mutations,

3

three kinds of zygotes are encountered. The majority of zygotes transmit

the non~Mendelian genetic markers from only the mi+ parent to the four

° 8

meiotic products (uniparenﬁal or UP+ zygotes); a few zygotes (less than
Y

10%) transmit the non-Mendelian genetic markers frém both parents (bi-

Y

parental or BP zygores); and a minority (less than 1%) transmit the
n;;—Mendeliqn genetic markers from Qély the mit= parent (uniparental or
UP- zygotes).. The frequencies of BP and UP~ zygotes can be éreatly
enhanced py treating the mi+ gametes with UV prior to mating (Sager and
Ramanis 1967). Furthermore, the gametogenesis regime of the mi- parent

(Searb et al. 1980) and the duration of zygote maturation {(Sears 1980a, b)

have been found to affect slightly the transmissicon ﬁattern of the non-
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Mendelian genes.

The BP zygotes arxe of critical importance for studies of non-

[

Mendelian gene segregation and recombination. Such zygotes which are

- heteroplasmic for oppesite parental alleles of non-Mendelian genes ;:ére~
gate progeny homoplasmic for one or the other parental allele during
meiotic qu post-meiotfc mitotic divisions (see Sager 1977 and Gillﬁém

+

1978). Theqsegregation is usually completed within 20 divisions. Unlike
Mendelian genes, therefore, non-Mendel?an genes continue tg segregate =~
after meiosis. During segregation, recombinant non-Mendelian genotypes
are produced in addition to parental genotypes (Gillham 1965; Sager and
Ramanis 1965). Reciprocal recombinant genotypes are formed but are often
not derived from the same zygote (Gillham 1965; Sager and Ramanis 1976b).
The laboratory of Sager and that of Gillham and Boynton have re-
ported contrasting results regarding the allelic ratio of both spontangous
and irradiation-UV induced BP zygotes. The allelic ratio of a BPF zygote
is defined as the fraction of progeny clones in the total progeny beax-
ing a given allele of a non-Mendelian gene (Gillham et al. 1974). Among
the progeny of spontaneous rare BP zygotes, Sager and Ramanis (Sager and
Ramanis 1968, 1976a; see also Sager 1972) have observed a 1l:1 ratio for
cells homoplasmic for a given pair of alleles while Gillham, Boynton and
colleagues (Gillham 1963; Gillham et al. 1974; Boynton et al. 1976) have
observed marked deviations from this ratio, the non-Mendelian allele
carried by the mt+ parent being nearly always present in excess. Sager
and Ramanis (1976a) have detected no effect of UV treatment of mi+ gametes
on éhe allelic ratio of BP zygote; a l:1 ratio has béen consistently ob-

served for almost all non-Mendelian genes examined regardless of the UV

dose. Exceptional deviations from this ratio were found to be associated



» map order between the two laboratories, the mapping studies concur in

%
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¥
with spe¢ific gene loci. In contrast, Gillham, Boynton and colleagues

(Gillham et al. 1974; Forster et al: 1980) have observed a skew in favour
of the allele carxied by the mé+ parent at low Uﬁ doses. At higher doses,
the average allelic ratio for a population of BP zygotes approached 1:lr
although the allelic ratios from individual zygotes were not normally
distributgg around a mean of 0.5. %s will be discussed later, the yet
unexplained discrepancy between the two sets Ef data has led to divergent
viéws about the mechanism ofainheritance of the non~Mendelian genes.

u . Because oé the tendancy of the non—Mendeliag genes to segregate
during ﬁitosis and their ability to'undeigo recombinéti;n, nethods for
mapping these genes have peen devised (reviewed by Adams et al., 1976
andnby Sagex, 1977). 1In fact, C., reihhardtii is at present the only
photasynthetic organism in which one can map non-Mendelian genes by
formal gé;etic methods. Non-Mendelian genetic maps have been canstruc—
ted by the laboratoiy of Sager and that of Gillbam and Boynton (see
Sager 1977-and Gillham 1978). Althoucgh theré are some discrepancies in
showing that all stable non-Mendelian mﬁfatioﬁé mapped to date are as-
sociated with a‘single lihkage group. The majority of these non-Mendelian
muEations confer antibiotic resistancevér dependence on chloroplast ribo-
sonmes. ) ‘ . ‘

Finally, ;vidence has emerged recently for a second non~Mendelian

genetic system in C. reinhardtii, which is thought to be of mitochondrial

origin (Alexandér et al. 1974; Wiseman et al. 1977). As the evidence

©
o

favouring the eXisténce of this system is involved and in the end some-

what questionable, it will not be discussed further. The interested

LS

reader is referred to a thorough review on this subject by Gillham (1978).
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Chlamydomonas eugametosc and C. moewusii. The sexual cycles of

C. cugametos and €. mocwusii are almost identical to that of C. reinhardtii,
the main difference being in the method of zygote formatioﬂn (Gowans 1976).
Fusion of opposite mating-type gametes in (. eugametos or C. mocwusii

is completed later than in C. reinhardtii, usually four to ‘eight hours
after the formation of the mating pairs. Furthermore, this fusion takes
place without any of the lateral flexion exhibited by C., preinhardiii.

As in C. weinhardtii, Mendelian and non-Mendelian genetic systems
have been identified in (. eugametos and C. moewustiti. Tl;ae non-Mendelian
genes of (. eugametos , like those of C. rqinhm°dﬁii, Jare transmitted
predomir}aptly by the mi+ parent, The first genetic studies by McBride
and McBride (1975) indicated that both a mutation an%nferring resistance
to étrept‘omyc\in (sr-2) and a mutation conferr.ing dependence on neamine
(nd) are transmitted.to the meiotic progeny exclusively by the mb+
parent; no exceptional zygotes (BP orﬁ UP~) were detected. "This strictly
uniparental transmission pattern of non-Mendelian genes can be altered
by employi:ng different conditiogls for crosses. Indeed, duz:ing the course
of this invegtigation, crosses v:_r.ere made that involved:the same sr-2 mu-
tant isolhated by McBride and McBridé but under conditions slightly dif-
ferent from thos;.' they employed; it was observed that 80%.o0f the zygdtes
recox;ered were UP+ while the remaining were BP or UP-' (Appendix).

L]

The inheritance pattern of non-Mendelian genes in C. moewusii is

3

remarkably different from that in C. reimhardtii and C. eugametos. This

finding was also made during the course of the present investigation and
L 4

involved the first non-Mendelian mutants recovered from , moewusii: a

v

mutant resistant to streptomycin (sr-nMl) and a mutant resistant to

~

erythromycin (er-nMl). Zygotes from reciprocal crosses between the mu-
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tant and wild-type strains, in almost all instances, transmitted non-
Mendelian genes from both parents (Appendix). These BP zygotes yielded J
tetrads containing a majority of heteroplagmic meiotic groduc’cs which,
dﬁring'the following post-meiotic divisions, segregated propgen:{r homoplagl—-
mic for one or the other parental allele of a given non-Mendelian gene.
Furthermore, as reported by Gillham, Boynton and colleagues for

C. reinhardtii, there was an excess of the mf+ parental dllele among the
progeny of BP zygotes, °

Althoug}}‘ C. eugametos and C. mpewusii are still dgsignated as
distinct species, there is convinging evidence and agreemenﬁ for their
being conspecific (Gowans 1963; Lewin \1974) . Cytological studies have
failed to detect morphological a}nd chromosomal differences between the
two algae (Gowans 1963). The gametes of C. eugametos and C. moewusii pair
then fuse readily and the resulting zygotes germinate with a high fre- .
quency. Germination of the zygotes typically releases four meiotic proé-
ucts, however, there is considerable subsequent lethality and rarely
does more than one product per Fl tetrad survive (Gowans 1963). This
low survival must be due to hybridity as Cain (1979) found progeny sur-
vival to be high after the intraspecific crosses with C. eugametos apd
with C. moewusii% Cain (1979) also reported the frequency of progeny
survival to be higher in crosses having C. eugametos as the mi+ parent .
(8% survival) than in the reciprocal crosses (2% survival): Finally,

no detailed study on the transmission of non-Mendelian genes in intex-

\
L]

specific crosses between (., eugametos and C. mpewusii has been reported
to date.

0

B. Cellular Location of Non-Mendelian Genes ) .

1

%Zmy@nms' reinhardtii,' Since their discovery, the non-Men-

a3

o
3
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delian genes of C. reinhardtii have been assumed by most to be located on

cpDRA (reviewed by Gillham, 1978). To demonstrate this assumption, sev-

eral experimental approaches have been exploited more or less fruitfully.
Chiang (1968, 1970, 1976) and Sager and her colleagues (Sager

1972; Sager and Lane 1972; Sager and Schlanger 1976) labelled differen-—

tially the mt+ and ﬁt— parentai)chNAs to study the fate of these DNAs

in populations of zygotes. In Chlamydomonas, both mt+ and mt- gametes .

contribute equal amounts of cpDNA to the zygote. As mentioneé earlier,

the majority of zygotes trénsmit to their meiotic progeng the non-Men-

delian genes from only the m#f parent (UP+ zygotes). If the non-Mende-

lian genes are located on cpDNA, then the behaviour of cpDNA in zygotes

should reflect that of thé non—Mendglian genes. One would therefore

expect that most of the CpDNA from the mi- parent would disappear in ’

zygotes prior to meiosis. The experiments of’Chiang and Sager and her h

colleague;, which are discussed in detail by Gillham (1978), éiélded

unfortunately contrasting results. The results of Chiang showed the

»
°

conservation of cpDNA from both parents while those of Sager and her
colleagues showed the conservation of cpDNA from only the mt+ parent.
These different findings might be {Econciled'if pools of_DNA precur- ¢
sors and DNA turnover were associated with the experiments of éhiang.
An alternate experimental aébroéch which eliminates pool problems was
;£erefore required to demonstrate clearly the parallel behaviour of
cpDNA and non-Mendelian genes in sexual crosses.

’Grant et al. (1989) employed altered sequences of cpDNA as
physical markers for co!kelatiné the inheritance‘of cpDNA and non-~-Mende-

lian genetic markers in tetrads recovered from UP+ zygotes. After a

systematic screening of various (. reinhardiii mutant strains, they dig-

covered one in which cpDNA exhibited two 100 base-pair deletions. In
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parsit

ieciprpcal crosses hetween strains with normal and deleted cpDNAs;

cpDNA physical markers and non-Mendelian ‘genetic markers were found to

be cotransmitted strictly from the mi+ parent to all meiotic progeny.,

- et

7
Since the two deletions were separated by about orme-half of the chloro-

plast genome, the results suggested that a large part, if ;ot all of the

chloroplast genome, is uniparentably transmitted by the UP+ zygotes.

Aléhough the results were consistent with the chloroplast location of *
the non-Mendelian genes, the possibility that these genes are iocated on
other uniparentally inherited cytoplasmic DNAs (e.g. mtDNA) cannot be ex-

1

cluded.

N
o

. < » .
Another piece of evidence for the location of the C. reinhardtii

non~Mendelian genes on cpDNA was recently provided by Spreitzer and !
Mets {1980) who identified the inheritance pattein of a mutation affect- %
ing the activity and structure of a gene product known to be éncoded by | :

r

» .
cpDNA. Thigs gene product is the large subunit (LS) of the €O, ~-fixing ¥

2
enzyme, ribulose-l, 5-bisphosphate carboxylase. Spreitzer and Mets found
that the LS mutation was transmitted in a uniparental non—Mdeeliaﬁ
fashion” from the mt+\parent in sexual crosses. The LS mutation, however,
has not been genetically mapped. Ifit is %ound to be linked to the

other non~Mendelian mutations so far mapped, then the association of the

non-Mendelian genetic linkage group with cpDNA will be definitively

provern. 5

s v T

Chlamydomonas eugametos and €. moewusii. Mets employed differ-—

ences in the distribution of restriction endonuclease cleavage sitesg

1 "
s

in the cpDNA of .C. eugametos and C. moewusii as physical markers to study
the transhission of cpDNA in interspecific crosses between these algae
and to correlate this transmission with that of a non-Mendelian strepto-

mycin resistant marker (sr-2, McBride and McBride 1975) associated with "

} Y
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C. eugametos. 1In a preliminary report (1979), he communicated the first

successful recovery of a rare Fl hybrid zygote (0.01% of the zygotes

examined) in which all four products survived and another equally rare

zygote from the reciprocal cross in which three of the four germination
-t

products survived:: In both instances, the HaeIII CpDNA restriction sites/

of only the mt+ nt were inherited and this was correlated with the . -

. uniparental inheritance of the non-Mendelian streptomycin resistant or S
sensitive-marker associated with the mbt+ parent. In the same interspe-

cific crosses, however, Mei_:y'a‘rso found the strict transmission from'
t - > . v

the mt+ parent of low molecular weigilt DNA species present only %n
C.-moewusii. These low molecular weight DNAs are the same ds those de-
tec;ted in . moewusii during the present investigation (see Chapter I).
K In summary, the results, of Mets supportedmthe hypothesis that the sr-2

» - . .
gene is encoded in cpDNA, but as was concluded in similar experiments

' ¢ -

with C. reinhhrdtii (Grant et al, 1980),.the possible association of |
o ‘ - . .
this non-Mendelian gene with other uniparentally inherited DNAs was not ¢ oi

- v
A

. excluded. . -

. o
.

4

.

c. Alt;,rnate Models of Chloroplast Genome Segregation /
o In C. veinhardtii, non-Mendelian genes hereafter Qesigna'ted
° chloroplast ge;xgs segregate during vegetative asexual division. Such a
vegetative segregation of org‘a.melle genes in other organélle systems is s
) commonly interpreted in terms of a randém physical movement and sorting-
out of the multiple organelles containing these genes during cell divi-
gsion (reviewed by Birky, 1978). Chlamydomonas, however, has a single

large chloroplast which divides as the cell divides (Sager and Palade

A
1954). Thus, the vegetative segregation of chloroplast genes in this
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pon
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a8

genus must be attributed to the physical segregation of the chloroplast

-

° '

genomes. v

-

The molecular mechanism governing the segregation of chloroplast
genes has not yet been elucidated. Many tentative models have been foxr-
mulated to explain the segregation mechanism of chloroplast genomes in -

¢. veimhardtii but, to date, none of them has been adequately tested by
. N .
molecular or cytological studies. These models often antagonize each

o 1]
[y

other primarily because they are ‘based on genetic data that are unfor~ \_g,/
® ° .
ﬁunafiely conflicting between laboratories."':[n particular, *the persisting ° e
)-\‘; . *

controversy between the laboratory of Sager and that of Gillham and

Boynton concerning th€ allelic segregation ratio for chloroplast genes

al;long the mitotif progeny of BP zygotes has led to different estimates -
- .

of the copy number of the chloroplast genome, A detailed description of

all gxisting models is inappropriate here; thorough reviews on this

subject have\'been published (—Sager 1977; Birky 1978; Gillham 1978;

Van v;inkle—Swift 1980}. 1t is relevant, however, to present Bni:efly hd

the model of Sager and Ramanis (1976a, 1977) and that of VanWinkle-Swift

(1980) which offer the extreme vigws about the segregation mechanism

~

of chlaroplast ge S. ) . )

According to the model of Sager and Ramanis, segx;egation of
parental chloroplast alleles into opposite daughtex cell.s: requires re-
combination between parental chloroplast génc;n\es.'ﬂ Vegetative cells are
assumed to co:xtain two functional copies of the 'circular chlo;oplast‘
genome. The model further postulates the existence of a centromere-
like membrane atta,chmgnt point directing the movement of chloroplast *
genomes. During the vegetative division of an heteroplasmic c¢hloroplast, ’ .

the movement of the attachment point is éirected in such a way that*one ,"

p . « .

-~
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replica of each parental genome enters each daughter chloroplast. 1In

tEe abgence of recombinational events, heteroplasmic daughter chloroplasts
are therefore pr&duced. Homoplasmic chl?roplasts are segregated only if
there is recoﬁbipaﬁ}ou {gene conversion or crossing-over) between oppo~
site parental genomes prior to their §egregation. This process is anal-
ogous® to the production of homozygous daughter cells by mitotic crossing-

over in the nucleus. . 1
In striking contrast, the model of VanWinkle-swift assumes that
most segregation events occur without recombination of chloroplast

genomes. The model proposes that the 50 to 100 copieé of cpDNA molecules

‘observed per chloroplast axre equalgy competent genetically. Furthermore

it is assumed that genomes clustered into a small number of discrete

areas, rather than individual cpDNA molecules, are the segregation units.

- [

Such DNA clusters, termed nucleoids, have been cytologically observed

in C. reinhardtii (Coleman lé?B; Goodenough 1970). According to her model,
the distribution of nucleoids to daughter cells is not actively directed;
although non~random, it is dictated solely by the spatial arrangement of
pare;tal nucleoids with respect to the plane of chloroplast divisio#.
Because the model postylates th?t the nucleoids found in heteroplasmic
chlorqplasts are, in most casés, individually homoplasmic (i.e. composed

of genomes of one parental origin) and that interactions between nucle-
I

oids are relatively rare, recombination” between opposite parental chloro-

°

w
omes should occur infreqhently.™

LE v

tudies on the inheritﬁnce of cpDNA sequences in hybrid progeny

»

plast
o

o,

W' ‘e I ‘
of C. eugametos and C. ﬂbeﬁyszt may offer direct evidence in support of,
¥ &L . “ v
or against, aE‘Ernative models. proposed to explain the vdgetative segre~
Yo

gation of chloroplast genes. Indeed, the différences in the aistzilion

.
* -~

»
.

o
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T

of restriction endonuclease cleavage sites in.the parental cpbNAs may al-

"
G B

low one to trace the inheritance of cpDNA among the homoplasmic mitotic

o e
progeny segregated by meiotie products heteroE}asmic for chloroplast
;géﬁetic markers.. The finding of cpDNAs recombinant for restriction sites
in most mitotic segregants would support s;gfegation mechanisms such as
those.proposed by Sager and Ramani& (1976a), Gillham et.al. (1974) and"
Birky (1978), which'require the recombinationuof chloroplast genomes. K On
the other hand, the frequent observation of non-recombinant cpDNAs a%ong
mitotic segregants.would be consistent with the segregation ﬁech;nismq .
poéEulated by YanWinkle—Swift (1980}, pro;ided that recombinatiion getween
c. eu;amefbs and C. moewusii cpDNA sequencés:is detectable and that non-
homologies between these sequences do hot alter the normal course and

pattern of recombination.

- ©

-

D. Objectives of this Chapter "

. - ) L -
The principal goal of this chapter is to investigate the trans-

N o

mission of cpDNA in inteérspecific croéqes between C. eugametos and

€. moewusii. This approach is possible because particular parental cpDNA, °

sequences can be conveniently distinguished by restriction endonuclease

.

analysis. _Every restriction site charécteristic’of one or the other

parent can be effectively employed as a-physical marker to. score the in~ .
. % . & ¥

heritance of parental cpDNA sequences: ip hybrid ﬁ&ogeny. As discussqgh
, . .

in Chapter I, the enzymes Aval, BstEII and Smal together generate a mini-

mum of 25 species-characteristic restriction sites. .- Assuming that these

sites are distributed, randomly on the cpDNA molecules, one should he -
. . + N %
able to detect the occurrence of most recombination events. RO

v - ’ A

L e T ——.
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(sr=2) and C. moewusii (er—an)l;ill be followed in hybrid progeny con-
currently[hith the inheritance of parental cpDNA sequences. Progeny
derived from typidal hybrid zygotes,; i.e. those,yiefding only cne wviable
product per tetrad, will be selepted randomly for cpDNA analysis before
scoring the inheritance of the non-Mendelian genetic markers. If
méiotic products heteréﬁlasmic for non-Mendelian genetic markers are
detected,  then the inheritance of cpDNA sequences will be examined in
various homoplasmic mitotic segregants derived from individual hetero-
plasmic products. These segregants‘will be selected to represent each
¢
of the available non-Mendelian phenotypes (opposite parental and possi-
bly reciprocal non-parental phenoéypes). Any possible correlation be-
tween the inheritance of cpDNA sequbnces and the inheritance of non~
Mendelian genetic markers ig the overall hybrid progeny will be sought.

-

The specific objectives of this chapter are as follows:

(1) establish the typical inheritance patterns of cpDNA sequences and

non-Mendelian genetic markers in hybrid progeny of C. eugametos

)

3

and €. moewusii;

(2) test for linkage between the C. eugametos sr-2 and the C. moewusit

er-nMl genetic markers by formal genetic analysis;

~

, {3) confirm the preliminary results of Mets showing the probable location

of the sr-2 gene on cpDNA and extend this CcpDNA location to the

er- ane ; .
nMl gene . -

(4) determine whether or not recombinant cpDNA molecules are found iﬁ

*

heteroplasmic for non~Mendelian genes. - "

&

As discussed earlier, the last objective may proviée direct

»

3
-

evidence in support of, or against, tentative models proposed to explain,

. @
.

the homoplasmic mitotic progeny derived from hybrid meiotic pfoduéts

R
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the vegetative ségregation of chloroplast genes in (. reinhardtii. Of

course, the results will be conclusive if the non-Mendelian genes of

C. eugametos and C. moewusii are located on cpDNA and if these genes within
A

the progeny of heteroplasmic meiotic products behave similarly to the

chloroplast genes of (. reinhardtii.

PRI
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MATERTALS AND METHODS

I3

A. Strains and Culture Conditions

The mt+ and mt- wild-type strains of C. moewucid (UTEX 97 and 96}
{Starr 1958), the male (mi+) and female (mi-~) wild-type strains of
€. ecugametos (UTEX 9 and 10) and the mf+ strain of ¢. eugametos carrying
the non-Mendelian streptomycin resistance marker gr-2 (McBride and McBride
1975) were provided by Dxr. dls. Gowans of the University of Missouri:
Columbia. The mutdnt strai?)9f C. moewusii requiring 1 pg/ml nicotinamide
(nie-1) and the other requiring 1 ug/ml p-aminobenzoic acid (pab-1) were
isolated from the mt; wild-type strain after UV mutagenesis. The nie-1
dnd pab-1 mutations are inherited in a Mendelian fashion and are unlinked
to the mt locus. ‘The . moewusii non-Mendelian mutant er-nMl, resistant
to 400 ug/ml erythromycin, was isolated from the mt+ wild-type strain
after. methyl methanesulfonate mutagenesis (Appendix). (. eugameilos,
c. moewusié and C. eugametos—C. moewusii hybrid strains were maintained

<

under the conditions described in the Materials and Methods of Chapter I

*

with' the exceptions that the minimal medium was supplemented with 4 g/1
%
¥ I3
Difco Bacto yeast extract for the growth of strains with nie-1 and with
w®

1 mg/1l p-aminobenzoic acid for the growth of strains with pab-1.

For cpDNA isolation, eight liter synchronous cultures were grown
in the minima1 medium of Gowans (iQGO) under the conditions described in
t&maMaterialsan§ Methods of Chapter I. For the determination of mutant
phenotypgs, cultures were g}ow§ on solid minimal medium at 22°C in contin-

uous cool white fluorescent light (400 uE/mzs PAR). Solid minimal medium

was prepared by adding 15 g Difco Bacto agar per liter of liquid minimal

v
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medium. The medium was supplemented with 75 ug, ;tzgﬁtomycin {from

.

streptomycin sulfate, Pfizer) for the detection of gr-2 and with 100 ug/

&
T

ml erythromycin (from erythromycin lactobionate, Abbott) for the detec-
tion of c»=nMl. Sterile streptomycin and erythromyein solutions were
adéed to molten agar medium after autoclaving. All_liquid and solid
media were supplemented with appropriate growth factors when necessary
and agaiﬁ, sterile solutions of growth factors were added to the medium
a{ter autoclaving.

B. Procedure for Crosses ~ .

All crosses employed in this study *are listed in Table 9. The

&

opposite mating~type strains to be crossed were first grown separately at

. 18°% on solid minimal medium supplemented with 4 g/1 Difco Bacto yeast

s

extract under alternating 12 hour light and 12 hour dark periods. The

illumination associatéd with ;his ané all subsequent steps described be-
low was provided at 40Q hﬁ/mzs‘PAR from cool white fluorescent tubes.

After 5-6 days of growth under alternating light-dark condit%pns, a heavy
‘inoculum of each strain was transferred to solid minimal medium contain-

\
ing 1/10 of the normal NH,NO, concentration and.cultured under the above

4773
conditions for §~6 days. At the completion of the last dark period, cells
from each strain were suspended separately in 0.5 ml sterile distilled

water saturated with CaCO, and densities were adjusted to approximately

3
106-107 cells/ml. Gametoge:;;is was induced by incubating the cell sus-
pensions at 18° in light for 3-6 hours. The suspensions ©f gametes of
opposite mating-type were then mixed and allowed to mate for 1-2 hours

under the above conditions of gametogenesis. After this time, 0.5 mi

of each mating pair suspension was plated on minimal medium and incubated

4
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at 18°C under continuous light for 48 hours. The plates were then wrapped
in aluminium foil and incubated at 18°C for 6 days. At the end of this
period, mature zygotes were scraped from the plates, transferred to fresh
agar plates and individual zygotes were isolated as described by Ebersold
and Levine (1959).' The plates were illuminated continuously at 22°c and
germination of the zygotes oFcurred within the following 24 hours. The
meiotic products were separated according to the method described by D
Ebersold and Levine (1959). As recommended personally by Dr. J.R. Cain,

a fine tungsten wire (0.127 mm diametér, Ventron, Alfa Division) was usea

-

to manipulate the zygotes and meiotic products. Sex and growth require-

k3

ments of meilotic products were determined as described by Gowans {1960)
except that gamete suspensions were prepared by the method described -
above.

C. Non-Mendelian Genetig Analyses 1 -

4

Inheritance of non-Mendelian genetic markers in meiotic products.

ES

W

In crosses where the sr-2 and er-uMl markers are 'in repulsion (crosses
2, 4 and 5 of Table 9), the inheritance of these non-Mendelian genetic

markers was scored after meiotic products had undergone about 20 mitotic

divisions {(primary clone). BAbout 104-105 cells from each primary clone -

were plated on streptomycin and on erythromycin agar medium for the de-
tection of resistant cells. The meiotic products were classified as UP+

when growth was noted only on the antibiotic to which the mi+ parent was

resistant. The meiotic products were classified as UP- when they grew

only on the antibiotic to which the mt- parent was resistant. When

growth was notedson both antihiotic media, meidtic products were classi-

ES

3

fied as BP.

oot i
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Vegetative segregation of non-Mendelian genetic markers. To de@gL-

. o
mine whether a meiotic product was homoplasmic or heteroplasmic for non-

Mendelian genetic markersﬂ 100 subclones were first fecovered as colonies
on non-selective agar medium after streaking a liquid suspension of the
primary clone of this product.. About 104--105 cells from each subclone
were then plated,on antibiotic containing agar medium for the detection

of resistant cells. A meiotic ﬁroduct was considered homoplasmic for the

R

- resistance or the sensitivity to a given antibiotic when all 100 subclones

s

were resistant or sensitive to this antibiotic. Alternatively, a meiotic

product was considered heteroplasmic for the resistance and sensitivity

.

to a given antitiotic whén some ‘subclones’were resistant and others sensi-

N

tive to this antibiotic.

»

The same procedure was utilized to prove the homoplasmic state of
-mitotic segregants subcloned from meiotic products heteroplasmic, for the

¢

resistance and sensitivity to streptomycin and for the resistance and

- . s
sensitivity to erythromycin. About 104—10 cells from each of 100 sub-

clones recovered from individual mitotic segregant$ (about 20 generations
after their initial subcloning) were plated on streptomycin, on exrythro-

‘ 13 a »
mycin.and on streptomycin-erythromycin containing agar medium to deter-

mine the non-Mendelian phenotype of these subclones, A mitotic segregant
was considered homoplasmic for a éiven parental or non-parental non-Men-

delian phenotype when all 100 subclones derived from this segregant dis-

played that phenotype.

D. CpDNA Analyses

¥

@

CpDNA (B~DNA) preparations, endgmuclease digestions and electro-

phoreses in 0.75% agarose gel were performed as described in the Materials
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and Methods of Chapter I except that cpDNA was extracted from 2 x 109
cells and all isolation procedures were scaled down five-fold. The
molecular weight and fragment content of bands from restriction patterns

were also determined as described in the Materials and Methods of

Chapter I.

The electrophoxetic restriction patterns of cpDNA from the hy-
brid progeny were co'm;ild to those of the parents. Progeny and paren~

tal bands with identical electrophoretic mobility were designated as
"characteristic". bands when they were specific to one or the other paren-

tal patterns and as "common" bands when they were present.in both paren-

3

tal patterns. Progeny bands with electrophoretic mobility not corres~

ponding to the mobility of any parental bands, were named "new" bands.

When characteristic or common progeny bands differed in multiplicity
from the parental ones, the fragments in these progeny bands were clas-

sified according to Figure 15.

A

CpDNA sizes were détermined From Smal restriction patterns by

T

summing the molecular weights of :’:111 fragments. Becaduse Aval and BstEIII
rest;:ictim fragments of low molecular weight were difficult to detect.
under the conditions of electrophoresis employed, cpDNA sizes were estis
mated from Aval and BstEII patterns by sunmﬁngw the molecular weights of
fragments higher than 1.2 megadaltons. Such estimates are satisfactory

for the comparison of cprA sizes in hybrid progeny as, for (. eugametos

S

and C. moewusii, the summations of molecular weights lower than 1.2 megy~

v
#

daltons yielded similar values and these values represented less than
7% of the cpDNA size (4val: 10.0 megadaltons for C. eugametos and 7.6
megadaltons for C. moewusii; BstEIIL: 5.3 megadaltons for (. eugametos

AY

and 8.1 megadaltons for ) moewusii). The non-stoichiometric 3.9 mega-
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a
dalton band sometimes seen in Aval and Smal patterns was not considered

for the calculations of cpDNA size. ’

1
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RESULTS

A. Survival of Fl' Bl and B2 Hybrid Melotic Products

Germination of most hybrid zygotes from interspecific crosses
and from fifst and second generation backcrosses yielded four meiotic
products, however, as shown in Table 10 ove£§11 surviv?l of these prod-
ucts was 1ow: In general agreement with Cain (1979) and Gowans (1963)
only 9% Of‘.i’ Ei products survived; although the majority of“qhe zygotes
produced no viable prodgctg, about one-third of the population provided
one surviving product and a few produced two. Overall survival - -and the ,
average number of viable products §er tetrad increased with successive
backcrossing. Nevertheless, even after the second backcrosé only one of
25 tetrads yielded four viable products. Within this complete tetrad, a
2:2 segregation of the nic-l alleles was observed and the surViY}ng

4

progeny of incomplete tetrads were frequently non-parental with respect

to the unlinked pab-1, nic-1 and mt Mendelian loci,

4 T
T

s

|

B. Inheritance ofysthe sr-2 and er-nMl Non-Mendelian Markers in F., B.
. -~

P

I » v

and B, Hybrid Meiotic Products
oo

Table 10 also shows that in the Fl generation the great majority
of the viable products inherited non~Mende%ian genetic markers uniparen-
tally from the mt+ éarent {UP+ products); in first and second generation
backcrosse;, however, the frequency of products showing transmission of
non~Mendelian genetic markers from the mé-~ éarent increased. Most of

this increased transmission from the mi- parent is reflected in meiotic

products inheriting non~Mendelian resistance markezxs from both parents

~ ”

<
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or biparentally (BP products). The proportion of these BP meiotic pro-
ducts in the successive hybrid crosses increased from 2% to 17%.

A

C. Segregation of the sr-2 and er-nMl Non-Mendelian Markers Among the

Mitotic Progeny of F_ and B Biparental-Hybrid Meiotic Products
E N L

The non~Mendelian phenotypes of subclones derived from the Fl

BP product (F-l-k) and from four of the B, BP products (B~l-i, B-l-j,

1
B-1-k, B-1-1) of Table 10 were examined. The results presented in
Table 11 show that after about 20 generations of mitotic growth, all Fl
and Bl BP proqﬁcts segregated subclones with parental and non-parental
non-Mendelian phenotypes. Although both pa?ental phenot&pes were detec~-
ted among the segregants of most BP products, segregants with one or
%he othexr pareJ'al phenétype were usually in great excess. Finally,

the two recip;ocal noﬁ—parental phenotypes wére found among the segre-
gants from F-l-k, B~1~i, B-1-j while only one of the non-parental pheno-
‘types was detected among the segregants from B-l-k and B-1l-~1.

All the BP meiotic products analysed above were initially het-
eroplasmic for resistance and sensitivity to streptomycin and for
resistance and sensitivity to exythromycin. It is likely, howevexr, that
most segregants recovered from these BP meiotic products were homoplas-—
mic because all 17 of a sample of segregants selected for cpDNA analysis

were found to be homoplasmic for tHeir non-Mendelian phenotype. Never-

-

theless, even after the 20 generations of growth provided, a few sub-
clones derived from B-1l~i and B~1-j were still heteroplasmic (H). Such
subclones contained streptomycin resistant cells, erythromycin resistant

cells but no cells resistant to both antibiotics (Table 11).
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D. Inheritance of CpDNA Restriction Fragments in Randomly Selected F.

and Bl_gybrid Meiotic Prodscts
1

PR

Ten Fl and seven Bl hybrid progeny were randomly selected from
single surviving meiotic products recovered from interspecific crosses
{(crosses 1 and 2 of Table 9) and from first generation bacEcrosses
(crosses 3 and 4 of Table 9). Subsequent subclone analysis proved all
of these products to bé\homoplasmic for the non-Mendelian phenotype of
the mi+ parent.

Ei hybrids. CpDNA isolated frog a subclone of each of the ten
Fl hybrid p{pducts (F~1-a through ~7j) displayed Aval (Figure 16), BstEII
(Figure 17) and SmaI (Figure 18) "restriction patterns’ of cpDNA distinct
from that of either parent. A mixture of bands'unique to one or the

other parent was found in all F. progeny, with some of the bands char-

1
-
acteristic of (. eugametos (the mi+ parent) or C. moewusii (the mi- pa-

+ s
rent) being uniformly present among all ten hybrids. One Avgl band, one
Smal band and several BStEII bands not associated with either parent were

detected in various F, hybrids. Finally, the 13 AvqI, the nine BsiEITI

1
and the eight Smal bands common to both parents were déégcted in all Fl
.progeny except in F~l-i wﬁich showed 12 Aval bands common to both parents.
Tables 12 and 14 summarize further features of the inheritance of AvaqI,
BsirII, and Smal bandg and fragments. For the Aval and BstEIT patterns,
fragment number‘in agreement with band number usually showed that sig~
nificantly less than half of those unique to ?. moewusii were detected

in all Fl hybrids. In contrast, the Smal éestriction patterns displéyed

most of the bands characteristic of the (. moewusii parent and only a few

bands characteristic of the C. eugametos parent. Several AvaIl and BstEII

o
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restriction fragments were not found .in new bands but were detected as

changes in the multiplicity of common or characteristic bands (see
Figure 15). Finally, Tables 12 o 14 show that cpDNA sizes,.as esti-

mated by summiné the molecular weights of all fragments higher than 1.2

. megadaltons, were comparable (*2% for Aval; 7% for BStEII; #8% for

-

Smal) to.the parental values. ~

\ ' In summary, the results reveal that the cpDNAs from all ten Fl

' hybrids are recombinant for regtriction sites. The presence of fragments
* o

[

. characteristic of both parents, the absence of many species~characteris-
@
- >
‘+tic parental fragments and €&k similarities between the’molecular we}ght

- »
estimates of parental and hybrid cpDNAs clearly indicate that the cpDNA

3

restriction pattems observed for the,Fl hybrids did not result from a !

simplé mixture of pargntai pattems. TPis bipﬁrental inheritance Af

-cpDNA restriction sites in all Fy hybrids is in contrast to the un%pa;en— f

tal inheritance of non-Mendelian genetic markers in the same hybrids. .
gi hybrids. The\electrophoietic patterns of Aval (Figure 19)

qné BstE;I (Figure 20) digests of cpDNA from subclones of seven Bl hybrid

products (B-l-a through ~g) were found identical or highly similar to

‘ that of the Fl mt+ parent. Unlike Fl hybrids,*fﬁérefore, the uniparen—

tal inheritance of cpDNA restr%ction sites in some Bl hybrids was cox—
related with the uniparental inheritan;e of non~-Mendelian genetic markers
from the same mi+ parent. The cpDNA results,as summarized in Tables

15 and 16, show B-~l-a, -b and -c to have fragment patterns %ndistinguish—
able from that of the Ei mé+ garent, while the patterns of B~1-d, -e, .
~f and ~g showed a maximum of two fragment differences from this parent.

B~1-d and -g displayed fragments characteristic of only the Fl mi+

parent. A band characteristic of the C. mpewusii mi- parent, however,

@

L
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» was detected in the Avarl g;attergs of B~l-e a‘nd -f, thus indicatinq the

CpDNAs of these hybrids to be recombinant.

Smal restricti

The inheritance of parental

rdgmenté\in the’Bl prbgen}«could not be adequately de~-
. A

termined because only dne Band Qisiingpished the Smal ¢pDNA restriction

) patterns.of the panents (see Figure 18.,ardd Table 14).

. Y

o

LY
el

A

Jn cqntrast to thg F hybrlds which all showed recombinant cpDNAs,

“

¢

o

a

[

only two of the severn B hybrzds 1nher1ted cpDNAs recombxnant for paren-

tal: Apal and/or BstEII restrlctlon gites. .

L4

-The presence of restriction

9

. fragments charac erlstlc'of both parents is, in the view of this inves-

~ @

., and from four B

-

A

tigator, the only alld crlterxon for the identification of recomblnant

chNA.

ppDNA mole

terns slightly different from that of the mt+ parent (e.g. cpDNA from

N o

ules not meeting this criterion but displaying pat-

B~l1-d and B~l-g) could be attributed to é&thef recombinantion or to de-~

letion of cpDNA "sequences.

o

L]

i

” v

E. Inheritance of CpDNA Restriction Fragments in Mitotic Segregants

“

Derived from F

v " Although relatively rare, F

inhérited non-Mendelian gené%icﬂmarkers from both parents were recovered,

L

1

1

and B

1

hybrid meiotic products which

and B. Biparental Hybrid Meiotic Products

and it was of interest to scoga‘&he inhexitance of parental cpDNA re-

-

striction fragments in the gene%ically homoplasmic segregants of these

ks
—

“producti. To this end, segregants derived from one F

-~ )

1

BP produéfs {B~1-i through ~1) were selected to represent

%

1

BP product (F-1-k)

each Of the available non-Mendelian phenotypic cdlasses (S, E, + ES)

shown in Table 1l.

Growth rate variation in liquid medium (non-selective)

was noted amolg the segregants derived from the same meiotic products,

* - ~
but no attempts were made to gquantify this variation.

It was clear,

S
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nevertheless, that unusual growth rates were nét assocliated with any
gpecific non-Mendelian phenotypes. )
gh segrégants. Despite the genetic differences among ailﬂfbur
F-l~k segregants (S, E, + ES), the cpDNAs of these segregants displayed
almost identical patterns after digestion with Aval (Figure 21)-and
%fter digestion with BstEIL '(Figure 22). As shown in Table 17, the ma-
jority of the Aval and BstEII bands characteristic of the C.unvewus%i
parent were found in the cpDNA restriction patierns of all four segre-
.. gants. ﬁo bands characteristic of the (. eugametos parent were detec-
ted in any of the BstEII patterns; however, a few bands characyeristic
of this parent were detected in all Aval patterns. Tiis iattér obser;

vation indicates that the cpDNAs from all four sedregants were recombi-—

-]

nant for restriction sites,. .
- ) -

§1 segregants. Unlike F-1-k, each of the four Bl BP meiotic

brcducts B-l-~i, =-j, -k, and -1 gave r@se to at least two segregants dis-
playinq/gtrikingly dissimilar dval (Figures 23 and 24) ox Bst?lx (Fig=-
ures 2@)3%& 26) restriction patterns of cpDNA. Among the seven Legre~
gants with one or the other parental non-Mendelian phehotype (E or §),
six showed Aval and BStEIL patterns quite similar, but never identical

. to that of ‘the parept having the same non-Mendelian phenotype. Of these,

4

the cpDNA patterns from B-l-i(E), -5(S) and -j(E) appeared to be non-

3

recombinant as no bands characteristic of the parent with the 6ppositg

+

non-Mendelian phenotype were detected, while the patterns from B-1-k(S),
~k(E) ard -1(E) revealed cpDNAs recombinant for restriction sites

{Tables 18 and 19). The Aval and BsfEII patterns from the seventh segre-

\
-

gant B-1-i(S) also revealed cpDNA recomhinant for restriction sites.

-

Ip contrast to the patterns from B-1-k(S), ~k(E) and -1(E), however,

.
N v
- ’
.
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S most of the species-characteriséic bands in the pattern from B-l:i(S)
were from the ﬁarent having the o;posite non-Mendelian phenotype., Final~
ly, all six segregants with a non-parental non~Mendelian phenotype (+ ox
ES) displayed reconbinant cpDNAs.

In summary, the Fl and the fouF Bl meiotic products heteroplas-
mic foxr resistance and sensitivity to streptomycin and for resistance
an% sensétivity to erythromycin were mixed for at least cextain cpDNA

. n sequences. The segregation of these sequences during mitotic division

. apparently occurred concurxently with the segregation of non~Mendelian
phenotypes as all 17 analysed mitotic segregants were found homoplasmic
3 ‘for their non~-Mendelian phenotype and homogeneous for their.chNA. The
cpDNAs of the segregants were homogeneous in composition because no
heterogeneity could be detectéd'in the cpDNA restriction patterns and
because the estimates of cpDNA size were comparable to the parental
s

values. Finally, restriction analysis of cpDNA reVealed a much wider

: . .
-, - range ‘of cpDNA sequences for the B itotic segregants than for the F
- 1

1 1
. mitotic segregahts. Indeed, both recombinant and non-recombinant CpDNA |
restriction patterns were observed ambng the Bl segregants whereas only

a few specific recombinant cpDNA restriction patterns were detected among

the Rl segregants.

' .

. ¥. Correlation Between the Inheritance of Non-Mendelian Genetic Markers

1

and the Inheritance of Species-Characteristic CpDNA Restriction

Q\ 2 ¢
Fragments in Hybrid Progeny

To determine if the non-Mendelian genetic markers of (. eugametos

and C, moewusii are located on cpDNA, a searcﬁ‘yas made for some correla-

5

tion between the inheritance of the%e markers and the inheritance of

r
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¢pDNA in the overall hybrid progeny. A parallel inheritance of n;;—
Mendelian genetic markers and characteristic c¢pDNA restriction fragments
from one or the other parent was the kind of correlation being sought.
Only eight of the 34 hybrids examined, however, showed both Aval and
RstEII cpDNA restriction patterns with fragments characteristic of only
one parent (i.e, non-recombinant cpDNA patterns): three of these hy-
brids, recoveYed from genetically homoplasmié products (B~l-a, ~b, ~cj,
revealed intact parental cpDNA restriction patterns, while the others
recovered from genetically homoplasmic products (B~I-4, -g) and from
homoplasmic segregants of heteroplasmic products'[B—l~i(E), -3{8), —j(E)]
revealed patterns slightly differeﬂt from ‘that of either parent. fﬁe

~

characteristic cpDNA restriction fragments and non-Mendelian genetic -

f

markers inherited in each of these eight hybrids were of the same pa-

rental origin. \
< M ! \
Even though the cpDNas from most of the 34 hybrid progeny exam—

ined were recombinant for restriction sites, a strict ccrrelatioﬁ was
found between the inheritance of the streptomycin sensitivé‘marker of
.the C. moewusii parent and the inheritance of an AvaI bamd and a B§tEII
band characteristic of this parent; the presence of these bands was
always a;sociated with tﬁe streptomycin sensitivity while thgir‘absence‘
was always associated with streptomycin resistance. According to the

v

system of band classification employed in Chapter I, the (. moewusii

characterigtic bands correlated with the sf&eptomyﬁin sensitivity are
Aval band number 9 (Figure 10) and BétEII band number 17 (Figure 11).
No correlation was noted between the inheritance of spegies~character—
istic bands and the inheritance of streptomycin resistance, erythromy-

cin resistance or erythromycin semsitivity.

= Melead B ¥R WE
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DISCUSSION

%

i

A. CpDNA Iocation of €. eugamctos_and (. moewusii Non-Mendelian Genetic

Markers
The results presented in this study are entirely consistent with
the hypothesis that the non-Mendelian genetic markers of €. ocugametos
(sp-2) and €. moewusii (er-nML) are located on cpDNA. There are three
lines of evidence which support this hypothesis. First, in each case
where non-recombinant cpDNA restriction patterns were observed in the

hybrid progeny,- the characteristic cpDNA restriction fragments and the

non—-Mendelian genetic markers were inherited from the same parent. Second,

2 bl

meiotic products which inherited non—Mende].lian genetic markers from both
parents were always mixed for certain parental cpDNA sequences; more-
aver, th;zse genetic markers and c¢pDNA sequences segregated concomitantly
during the mitotic growth of biparental products. Thixd, and perhaps
most importantly, the inheritance of particular Aval and BstII restric-
tion fragments charactexristic of the C. moewusii parent was always associ-
ated with the inheritance of the streptomycin sensitive marker fgom
that parent.

It should be pointed out that the non-~Mendelian genetic markers
conferring resistance and sensitivity to a given antibiotic in ‘the
C. eugametos and C. moewusiil parents of interspecific crosses are
a2 priori not necessarily allelic. This is, however, hardly credible as
the chloroplast ribosomal proteins which are thought to be affected by

»

non-Mendelian antibiotic resistance mutations (Gillham et al, 1976) are

probably conserved in the closely related algae (. eugametos and

C. moetusii.
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The failure to establish a correlation between the inheritance
of erythromycin resistance or sensitivity and the inheritance of a paren~
tal cpDNA restriction fragment may be due to the location of these non-
Mendelian genetic markers on fragments common to 0. eugamelos and
€. moewusii, Alteratively, correlations betweeﬁ the inheritance of
these genetic markers and that of species~characteristic cpDNA fragments
may have been disrupted by recombination. Nevertheless, the;e is still
little doubt about the cpDNA location of these markers as thag for
erythromycin resistance (er-nMlL) appeared to ge génetically linked to
that for streptomycin resistance (sr-2) in crosses that involved these
markers in repulsion. 2Among the progeny of biparental hybrid meiotic
products, the parental non-Mendelian phenotypes were observed much more
freguently than the non—-parental non-Mendelian phenotypes. Similar ob-
servations in intraspecific crosses with C. reinhardtii that involved
the non-Mendelian streptomycin resistant and neamine resistant markers
En repulsion represented the first evidence for the linkage of non-
Mendelian genes in this alga (Gillham 1965).

' Hereafter it will be assumed that the non-Mendelian genetic mar-
kers of (. eugametos and C., mpewusii are encoded in cpDNA, even if a
mtDNA location of £hese markers has not been completely ruled out.
Such a mtDNA iocation is unlikely in view of the }act that all 34 hybrids
examined showed (. moewusii characteristic cpDNA restriction fragments
associated with the C, nnewﬁsii streptomycin sensitive marker. It
seemsuimprobable that all these hybriés, many of which revealed exten-
sive cpDNA recombination, would have maintained parental combinations

of certaiﬁ cpDNA and mEDNA sequences. Nevertheless, déta\bf the kind

> €
reported here cannot be conclusive unless the parental mtDNAs can be

1
a

e soatr?
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identified, distinguished and shown‘to be transmitted independently of

J

|

the cpDNA. ’ ‘ |
It seems evident that the C. eugametos-C.moewusii hybrid system o f

will be useful in locating chlc;roplast genetic markers on C. eugametos /
and (. moewdsii cpDNA restriction maps and thus in comparing the relative
positions of chloroplast genetic markers on both physical and genetic (
maps. As shown here for the (. moewusii streptomycin sensitive marker, ,
other chloxoplast genetic markers can be associaéed with species-charac— |

L 4

teristic restriction fragments if they are not localized on fragments

<

® ”Lc;ommon to both parir};t:.s,- The constrxuction of C. euggmetos and C. moewusii
* épDNA restriction maps wpill demand much effort as there are many frag-
o0 ments generated by the restric;tion enzymes which reveal 3:he most dis—
i tinguishing features between the cpDNAs @f thes‘e algae, ‘Nevertheless ’
) once the restriction fragments are ordered in one species, it is likely
that the construction of the other species restriction map will be fa-
cilitated by identification of the homologous cpDNA restriction frag-

o
N

ments in both species.
Finally, it should be noted tha;t because .C'. eugametos and
C. moewusii are obligate phototrophs (Lewin 1950; Wetherell 19§8)’, the
isolation of chloroplast mutations in these species is unfortunately
limited to those not permanently impaired in photosynthetic activity
{e.g. conditional non-photosynthetic and drug resistance mutations).
C. reinhardtii, in contrast, is capable of heterotrophic growth in, the
* 4

dark with acetate as the carbon source and thus non-photosynthetic

chloroplast mutations can be.readily recovered in this species (see

Gillham 1978). ’

o

EEpa——



60

B. Selection of Specific Recombinant CpDNA Sequences for Nucleo-

Chloroplastic Compatibilities ' .

3

CpDNAs from several of the {. cugametos-C. moewusii hybrids

proved £o be recombinant for restriction sites. This physical evidence
Foxr cpDNA recombination is not surprising in light of genetic ev;dence
ind}cating the recéméination of chloroplast markers in crosseés; hrwever,
ﬁhe high proportion of Fl hybrid progeny relative to the Bl hybrida
progeny showing recombinant cpDNAs was unexpected. All randomly selec~

-

ted Fl hybrids revealed recombinant cpDNA restriction patterns, whereas

the majority of randomly selected Bl hybrids revealed cpDNA restriction

kY

patterns identical or highly similar to that of the mt+ parent, (i.e. non-

&

recombinant cpDNA patterns). Furthermore, the Fi progeny compared to

the B1 progeny with recombinant'cpDNAs, on the average, inherited a much
higher proportion of fragments characteristic of the mé- parent.
- Assuming that cpDNA molecules are transmitted primarily by the

mt+ parent in both Fl and Bl genexrations, the exclusive recovery of Fl

L] L

progeny with recombinant cpDNAs suggests thHat incompatibilities between

parental chloroplast genomes and hybrid nuclei can be'reduced or elim-
7

inated in Fl progeny with specific recombinant cpDNAs. Perhaps once

a recombinant*dhloxdplast genome compatible with a combination of

N »
C. eugametos and C, mpewusii’ nuclear genes has been established, further
1 'q
modificatiops are less critical to survival in the subsequenﬁ‘backcross
~

i

generations. The three~ to four-fold differehce in survival noted for
[ ) . Gl .
reciprocal C. eugam%tos X C, mewusit crosses (Cain 1979) supports the

[
hypothesis that nucleo-chloroplastic ingompatibilities are an important
source of lethalit¥ in these crosses.

The inheritance of recombinant cpDNA molecules in randonmly se-

\.

’
e [y

” i »
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lected Fl hybrids may appear inconsistent with the simultaneous.uniparen-
tal inheritance of one ox %wo chloroplast genetic markers from the mi+
parent, It is possible, however, that these harkers are Qy chance local-
ized on mi+ parental cpDNA sequences which sre present in all recombi-

nant. cpDNA molecules, This is consistent with the fact that several

3

CpDNA restriction fragments characteristic of the mé+ parent are common

to the restriction patterns of all Fl hybrid cpDNAs examined, while many

v

other fragments are common ta both parents. The inheritance pattern of .

the common fragments cannot be determined by restription analysis; thus,
. 0

the possibility exists that at least some of these fragments are also .

u

»transmitted uniparentally. The uniparental inheritance of particular

mi+ parental cpDNA sequences may -result from selection against progeny

with the homologous mi~ cpDNA sequences. The disadvantage conferred to .

the progeny inheriting these (. moewusi? sequences may decrease in back- <«
crosses to €. moewusii where the proportion of €. moewusii nuclear genes

increases in the progeny. Thus, an increased inheritance of the strépto—

mycin sensitive and erythromycin resistant markers from the mi- parent,

N s

as was observed, may be expected.

.

The cpDNA restriction patterns observed for the homoplasmic

mitotic segregants derived from Fl and Bl biparental hybrid products are

’

consistent with the idea that specific recombinant cpDNA sequences dre

-
-

reguired in Fl progeny for nucleo-chloroplastic compatibilities but that

recombinant_ cpDNA sequences are less critical for survival of the Bl

progeny. The fbur'El segregants with parental or non-parental non-

Mendelian phenotypes revealed recombinant cpDNAs sharing the same basic

fraémentation pattern, while the 13 Ei segregants anéiysed Ebowed a

wider range of cpDNA sequences, including cpDNA sequences‘hiéﬁly similar

B

[ R,
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to the parental ones {(i.e. non-recombinant cpDNAs). Nevertheless, the

differences observed in the growth zate of B, segregants derived from a

1
given biparental product and containing different proportions of
C. eugametos and €, mocwusi{ cpDNA sequences suggest that nucleo-chloro-
plastic incompatibilities are not comp%gtely eliminated in the Bl progeny.
The (. ?ugametoa~f. moewusii hybrid system appears to offer a,
uniqye opportunity for the study of nucleo~chloroplastic interactions
since one can readily obtain progeny which are recombinant for both chlo—
roplastenninuclear‘genes of two species, It would be interesting, for
example, to examine macromolecules with chloroplast and nuclear coded
subunits (e.q. ribuloséLl,S—bisphosPhahechrpoxylase and chloroplast

ribosomes) to see if certain subunit combinations in hybrid progeny are

never observed and hence a possible source of lethality.

0

C. Inconclusive Results with Regard to the Segregation Mechanism of the

Chloroplast Gemomes

The restriction analysis of ¢pDNA from homoplasmic mitotic segre-
gants derived from biparental hybrid meiotic products did not provide
evidence for,or against;any of the proposed mechanisms for the segregation

of chloroplast genomes in Chlamydomonas. Because nucleo-chloroplastic

v

incompatibilities and selection of recombinant cpDNAs appear to prevail

-

in interspecific crosses, the frequent observation of recombinant cpDNAs
in the hybrid prageny does not necessarily indicate that the Barental

chloroplast genomes recombine extensively in the zygotes and/or thelir

melotic progeny. Hence, the detection of a high proportion of mitotic
¢

segregants with recom@inant cpDNAs provides apparent but unconvincing

» - 3

evidence for segregation mechanisms such as those proposed by Sager and

K
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Ramanis (1976a), Gillham et al. (1974) and Birky (1978), which reguire
the recombination of chloroplast genomes. Despite possible nucleo-chloro-~
plastic incompatibilities, the finding of cpDNAs highly similar to those

of both parents (i.e, non-recombinant cpDNAs) in some B, segregants ‘may

1
be consistent witg the segregation mechanism of chloroplast genomes pro-
posed by VanWinkle-Swift (1980).

Nevertheless, the {. eugametos~C. moewusii hybrid system could
be useful for investigating the segregation mechanism of chloroplast
genomes during vegetative cell division. The observation of an increas-
ing suxvival of the progeny with successive hybrid backcrosses to -
C. moewusii seems to indicate increasing nucleo-chloroplastic compatibil-
ities. Hence, it is conceivable that there are hybrid backcrosses in
»which the selection of gpecific cpDNA sequences may not be necéssary
for survival of the progeny. Hopefully, the parents involved in such
backcrosses would retain'enough differences in their cpDNA fragmentation
patterns to enaﬁle one to determine if recombination between parental

~

cpDNA sequences is required for the pro@pction of homoplasmic progeny

[

during vegetative division of heteroplasmic meiotic products.

D. Comparison of this g;udy with Othexr Studies on the Inheritance of

Organelle DNA in Interspecific Hybrids

The results reported here provide the first physical gvidence

for recombination of cpDNA. Similar evidence for mtDNA re ination in
interspecific sexual crosses with Saccharomyces (Fonty et al. 1978) and
in interspecific parasexual crosses with Nicotiana (Pelliard et al. 1979)

has been’ reported and, as observed for cpDNA in this study, progeny with

recombinant mtDNAs were recovered very frequently. The results presented

+

& .
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here alsa provide&fhe first evidence for cpDNA segregation among the

mitotic progeny of individual cells initially mixed for certain parental

CpDNA sequences. The segregation of mtDNA sequences has been similariy

demonstrated in S&ccharomyces hybrids (Fonty et al. 1978). Belliard et

al. (1978) have shown that parental cpDNAs were recovered from different
ceil lineages of Nieotiana parasexual hybrids initially mixed for physi-
cally distinguishable parental cpDNA sequences, however, they aié not

demonstrate the segregation of opposite parental cpDNA sequences from

e, b s s A St L S8

the same cell lineage. °

-

v P

The observation of recombinant cpDNA in the F1 progeny examined
here is in contrast to the uniparental transmission of HaeIII cpDNA
1)
restriction sites from the mi+ parent in reciprocal (. eugametos X

C. moewusii crosses as-reported by Mets {1979). These differences might

IR e & o = et

/;be explained by the fact that the HaeIll endonuclease,reVeals fewer |

distinguishing features between the two parental cpDNAs than is the case
for the 4dval and BstEII enzymes employed here. Even enzymes producing
similar numbers of distinguishing features can differ in their ability

to detect changes: As shown here, BStEITI has proven more sensitive

’

than Aval in the detection of recombinant cpDNA patterns. Hence, ex-

v

isting recombination may have been missed in the study by Mets (1979).

Alternatively, the nuclear make-up of the hybrid meiotic products which

Mets recovered from iare complete or nearly complete tetrads may havé i ’

been atypical in a way which xeduced the selection pressures proposed

"

to explain the recovery of recombinant cpDNAs detected in progeny of

the more common hybrid zygotes, i.e. those yielding only one viable .
product. .. N

o -~
]

+ To date the inheritance of chloroplast genetic markers and cpDNA

-

“
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3

restriction sites has not been examined extensively in interspecific

crosses when (. moewusii is the mt+ parent. However, it is known that

the inheritance patterns of chloroplast genetic markers differ dra.ma.tical:/j

1y for the two intraspecific crosses, being pr'edominantly uniparental
] 1

through the mi+ parent in crosses with €. eugametos (McBride and McBride
1975; and ‘AL;pendix) and predominantly biparental in crosses with

C. moewusii (Appendix). Thus, a continuation of the types of analyses
reported here, to include the reciprocal C. moewusii mt+ X C. eugametoe
mt~ cross, will be necessary for a fuller understanding of the factors
favouring the recovery of recombinant cpDNA molecules from interspetific

s
hybrid progeny.




APPENDIX

BIPARENTAL TRANSMISSION OF NON—HENDELIAN GENES

- IN INTRASPECIFIC CROSSES WITH

, CHLAMYDOMONAS MOEWUSII
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" majority of the zygotes transpitted both the mutant and the

y -
(]

wWhen this invfstigation was undertaken, nonﬂiendelian genetic,
|

markers were available in (. €ugametos (McBride and McBride 1975) but

not in C. moewusii. In order to follow the tra.r}smission o‘if such ;ngrkers

as well as that of cpBNAs in interspecific crosses betwnkc. eugametod

<

and . moewusii, it was necessary to recover non-Mendelian mutants in

-

3

(. moewusii. As reported here, two non-Mendeliah mutants were identi-
N 7 hd
fied in (. moewusti: one resistant to st®eptomycin (ar-nM1) and the

other resistant to erythromycin {(er-nMi}. 1In intraspecific icrosses

involving each of these mutants and the wild-type strain, the great

N

ild-type

. ¢

alleles to the meiotic progeny. This Biparental ‘transmission|pattern

«

of non-Mendelian genes- contrasts with the uniparental transmisgsion pat~

”f:e&.reported for the non-Mendelian denes of (% ’re‘t:.nhardtii (see Gillham

‘
b

1978) and (. eugamé®os (McBride and MrBeide 1975). \

.
N
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o
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MATERIALS AND METHODS -M

v 4 w
LI . . . S T
A. Strains and Culture,Conditions - Ca !
ry " L] . % ™ ‘A |
. . L Lor . . s
The strains and culture conditions employad".n*this studyl are
described in the Materials and Methbds of GChaptér II. . .
. . s i
” ' y ’ L} ;" - ¥
L4 - ‘.‘ - . \ll : > - >
® LT .
B. Recovery of Antibickic Resistant Mutants ' . ,

For the recovery of stréptomyci’n resistant mdtants, Mt+ wild-

type cells of C. moewudii were’ mutagenized by growth in 11qu3,d minimal .

medium containing 10 ug/ml 2-amino-3-phenyl butgnoic acid (APBA) , as T

6. "
described by ‘McBride and McBride (1975). Aaliquots of 10 cells were

therj plated on minimal agu‘med'imupp}emented with 12.5 ug/fnl strep—

M »*

.
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-
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’ ' -

tomycin (from streptomycin sulfate, Pfizer) and incubated at 20°%c
under 400 hE/mzs PAR from cool white fluorescent tubes.
For the recovery of erythromycin resistant mutants, mi+ wild-

type cells of (. moewugii were mutagenized with methyl methanesulfonate

o«

{MMS) by a modification ;f the method described by Hawks and Lee (1976}.
Aliquots of cvells were removed from synchronous cultures at the onset
of the light period, harvested by centrifugation at 1000 x g for 10
ﬁinutes at 25°C and resuspgndednin 30 mM phosphaté buffer pH 6.8 at a
finél concenp;ation of 106 cells per ml. The cell suspension'was/made
30 mM for MMS and then incubated for 30 minutes at 25°% in darkq s.
Under these condiéions, about SOiQof the cg}ls survived., Mutagenized

cells were washed once with minimal medium, resuspended in this medium

to a final concentration of approximately 2 x 105 cells per ml and

1.0~ml aliquots were delivered to each of several tubes. The tubes were

¥ -

kept at 25°C in an incubator flushed with 3% CO, in air and illuminated

2
gontinuously under 1000 uE/mzs.PAR‘from cool white fluorescent tubes.

After 48 hour incuhation during which cell number increased about 40-

3

%o%d, the content of each tube was plated on minimal agar medium con-

taining 25 pg/ml erythromycin (from ex&thromycin lactobioﬂéte, Abbott)

and incubated at 20°C under 400 uE/m?s PAR ff;m cool white fluorescent

subes. | ,

G»Strept;mycin resisfant and e;ythromycin resigtant colonies were

;eco;ereﬁ after two weeks of culturé’on,the ;espective antibiotic media, .
' ¥

The resistance level Of the mutant strains so recovered was determined -~
4 . . . . . . ’
on minimal ‘agar media containing increasing concentrations of streptomy-

c¢in or erythromycin.« -
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C. Procedure for Crosses

The procédure for intraspecific crosses with (. moewusii was
the same as that emploved for interspecific crosses between (. eugametos
and ', moewusii and is described in the Materials and Methods of Chapter

II. Sex of meiotic products was also determined as described in the

.

i «

7)aterials and Methods of Chapter II.

&

D. Genetic Analysis .

To establish whether the antibiotic résistance mutations are in-

herited in a Mendelian or a non-Mendelian fashion in tetrads, crosses:

¥

were made between mi+ streptomycin or erythromycin resistant mutants and
o

the mt- wild~type strain. The inheritance of each resispence allele was

scored after meiotic products had undergone about 20 mitotic divisions

on non-selective medium (primary clone). BAn aliquot of each\primary

clone containing 104-—105 cells was plated on streptomycin or‘ﬁn erythro-

mycin agar medium for the detection of resistant cells. Mendelian inheri-~

tance was revealed by 2:2 segregation of resistance and sensitivity in

-

each tetrad and non-Mendelian inheritance by a consistent departure from

' \

this pattern of seqregation. ,\\

In crosses involving a non-Mendelian antibiotic resistant mutant

and a wild-type’strain, meiotic products that.give rise to resistant \

mitotic progeny may also segregate sensitive progeny but. these are rarely

identified with the technique described above. Detection of a mixture of

resigtant and sensitive cells usuwally requires the testing of subclones
L)

for antibiotic resistance. This method was employed to analyse meiotic

¢

products from crosses between the mi+ wild-type strain and mé- strains

with non-Mendelian streptomycin or erythromycin resistance wmutations.

i e

o s A e
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«

Aftqr meiotic g%bducts had undergone about 20 mitotic divisions on non-
selective mediu& {(primary clone), 50 subclones from each primary clone
containing resistant cells were tested for growth on streptomycin ox
erythromycin agar medium. A meiotic product was considered homoplasmic .
for the resistance allele when all subclo;es grew on thg antibiotic

medium. Alternatively, axheiotic product was considered heteroplasmic

for the resistance and §ensitivity alleles whén some s;bclones\grew and
some did hot. .

+

RESULTS AND DISCUSSION

"

As shown in Table 20, the resistance levels of the streptomycin

and the erythromycin resistant mutants isolated during this study are

significantly higher than the wild-type resistance level of 5 ug/ml for
both streptomycin and erytﬂromycin. The streptomycin resistant mﬁtagts
were recovered with an incidence of l/lO5 viable cells plated on agar

medium after mutagenesis with APBA. The majority of thesé mutants (éO%)

showed a resistance level of 50 ug/ml and rare mutants (10%) showed a

W

resistance level of 250 pg/ml. A mutant representing each of the two re-
sistance classes was crossed to the mt- wild-type strain and the inheri-
tance of the resistance mutations was scored in tetrads. Table 20 shows

that the mutation conferring low level resistance {(8r-50) was inherited

[ -

in a Mendelian fashion while the muBation conferring high level resistance

»
-~

(sr-nMl) was inherited in a non-Mendelian fashion. On the basis of this
+ -t

limited analysis, it appears, as reported fox non-mutagenized C. reimhardtii

’

0

{Sager 1954) and APBA mutagenized . eugameios (McBride and McBride 1975),

that non-Mendeliah streptomycin resistant mutants are recovered with a

[
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lower incidence and display a higher resistance level than Mendelian t
i

i

mutants. .

-

Attédmpts to isolate erythromycein resistant mutants after APBA
14

-

mutagenesis were unsuccessful. After mutagenesis with MMS, however,

T

four "independent mutants were recovered from 7 x 106 mutagenized cells,

As shown in Table 20, only the er-nMl mutant proved non-Mendelian. Thus,

P ENERC N ey

as observed for the streptomycin resistant mutants, the incidence of «

* Mendelian mutants was higher than that of non-Mendelian mutants and like,

" " the non-Mendelian erythromycin resistant muéants of O. reinhardtii g
+  “(Davidson et al. 1978), those-of (. moewusii could not be distinguished !
ﬁ;om the Mendelian mutants Ly their reslstance level alone. \ ?

) When the mé+ sr-nMl and er-nML mutants‘yere crossed to a mi-~ é

¢ ( wild-type strain, the respective resistance glleles were transmitted to %

all four meiptic products in each tetrad analysed; however, some prod-

¥~

s

[ ’ N Cag
ucts were obviously heteroplasmic for the resistance and sensitivity

©

A . -

7

alleles. Suéh heteroplasm%c products were reyealed by the appearance
. e [ % o

:
» ”

. \\of resistant cell clusters within a bacﬁground of dead cells uypon trans-
: o .

fer of the primary clones from'non-selective medium to antibiotic, medium.
g

-

A W g

-

y

0

' a The segregation pattern of the non-Mendelian resistance and sen-

-
.

e

g}tivity alleles was further examined in tetrads obtained from the

] ? c, 3

raciprocal crosses in which the sr-nMl and the er-nMl mutations were as-

- - >

: sociated with.the m{-~ parents. Table 21 shows that all 30 zygotes re-—

¥

- covered from the two crosses, with one exceptjon, were biparental as both
+ b B o N .

i &'
resistance and sensitivity alleles were inherited among the meiotic
“ . ! ¥

vt adeem o damer et

» [}

o

L3

-

, prdéeny. 0Most meiotic products (99/120) were themselves biparental, i.e.
. - ° . °

B

v » . "‘
heteroplasmic for the parental resistance and sensitivity alleles. In-

i

[ o

» - v b
deed, .the most frequent tetrad class was one in which the four meiotic,
‘:‘xe

FOES .

“ A -
“ % . v . e



products were heteroplasmic. Among the homoplasmic products (21/120)
that were detected, all but 'one expressed the sensitivity allele of the
mt+ parent. As shown in Table 22, an analysis of thé frequency of re~

sistant cells in the primary clones derived fromuheteroplasmic meiotic

. products also revealed a biased output in favour of the sensitivity allele

a 5

of the mt+ parent. -

I

&» .
The predominantly biparental transmission of non-Mendelian genes

-

observed here in crosses with C., moewusii contrasts with the transmission

L]

pattern of similar genes in crosses with C. reinhardtii. In this species,

the mt+ parent transmits its non-Mendelian genes to. all four gf the meidtic
LA " *
productﬁ in 90% or more of all #Zygotes; non-Mendelian genes are transmit-

@ 4 -

ted from the mf— parent in up to 10% of the zygotes (see Gillham 1978).

¥ »
Twd kinds of the latter zygotes have been found: those that transmik

v .

non-Mendelian genes from both parents (biparental zygotes) éndAthe rarer

.zygotes that transmit non-Mendelian genes only from the mi~- parent. It

is interesting to note that the soie non-biparental zygote observed here
» . ¥ » E 3

in crosses with.C. moewusii transmitted the non-Mendelian genetic marker

- . .

w

only ?iom the mt+ parent. 'If a Lirger sahple of zygotes had been ana-

e R

lysed, it is' prokdble that zygotes transmitting the non-Mendelian

L]
o

genetic ma;ker gnly from the, mé~ parent also would have bkeen detected.

There is a discrepancy between the laboratory of Sager and that”
L} -
of Gillham and Bbynton, concerning the frequency of non-Mendelians gene
n *

segregation during the¢ meiotic division of biparental zygotes in
< “ N - 4
C. veinhardtii. Gillham (1963) has observed a high frequency 'of non-

Meqaelian;gene segregation during meiosis, whéreas Sager and Ramanis

{1963) found none. In this study with (. moewusii, the segregition of

v

non~-Mendelian dlleles during meiosis was observed, but 1ess‘f}equent1y

. R
LR . ~ . . .,
L] -
L Tui &l

H
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than reported by Gillham.

A second discrepancy between these two laboratories concerns the

.

ratio of cells homoplasmic for a given pair of alleles among the post-
melotic mitotic progeny of biparental zygotes (allelic ratio). Sager.
¢ and Rahanis (1968, 1976a; see also Sager 1972)'have consistently reported

an-allelic ratio of 1l:1 for individual non-Mendelian genes, whereas Gillham,

1

. Boynton and colleagues (Gillham 1963; Gillham et al. 1974) have observed
‘ &
marked deviations from this ratio. As reported here in C. moewusZi,
Co . ]
Gillham, Boynton and colleagues found that biparental zygotes segfggated

o

- progeny expressing mainly the alleles derived from the mi+ parent.
The predominantly biparental transmission of non-Mendelian genes

i in .cxosses with C. mpewusii also contrasts sharply with the exclusively

. +

-y uniparental traﬁsmission of-similar genes in crosses with the closely
- : -
related alga C. eugametos. McBride and McBride (1975) have shown that

g a non-Mendelian mutation conferring resistance to streptomycin (sr-2) and
. - ] " .

- o - -
another conferring dependence .on neamine (nd) were tramsmitted to all ’

4 - L

»  four meiotic prdducts by the mi+ parent. In a sample of 3000 zygotes, .
- ¥ L ~ . . [4

.

none was found to transm}t the non-Mendelian mutations from the mi-

v
a ”

. . parent. g : ‘ Y o

LN

Variations in the conditions used for crpsses hawe been shown to

.

PN "

affect the non-Mendelian gene transmission pattern“of C. reinhardtit
{Sears 1980a, b; Sears et al. 1980). For this reason, differences
' _ in,the procedures employed for intraspecific crasses with C. reinhardtii,
.- C: moewusit and C. eugametqs may, at least partially, expiain the dis-—
tinctive non-Mendelian gene transmissiqn patterns revealed by these
species. Indeed, during this s}udy, crosses were perfqrmgd with

.

y c. eugamétos using the procedure employed for crosses with C. moewusit

L4 - \ - - - L]
+ < ~ F) ’ .
" 2 ) * )
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and it was found that non-Mendelian genes were not transmitéed exclu~
sively by the mi+ parent- as reported by Mc%ride and McBride. In crosses
between the mi+ wild-type strain of (. eugametos and a mi- strain with
the same sr-2 mutation used by McBride and McBride, 20% of the zygotes
recovered (56/287) transmitted the sr-2 allele to one or mpre-meiotic
products. This proves that genetic differences m&st a}so contribute to

the distinctive C. eugametos and C. moewusii non-Mendelian gene trans-

mission patterns as intraspecific crosses with both species were preformed

‘

13

under the same conditions.

-y

-3




L

TABLE 1.
C. reinhardtii, C. eugametos and (. moewusii.

mihations of these values were made for each species.

of total DNA in each B-fraction is also given.

Total DNA and é—DNA contents of cell lysates prepared from

Two independent deter-
The proportion

A

75

Total DNA B~DNA % B-DNA
q(ug/log cells) (ug/lO9 cells) d
C. reinhardsii ¢ 197 26 13.1
183 20 . 10.9
C. eugametos 218 29 » 13.2
s 252 . 38 15.3
C. moewusii - 195 23 _1li.8
. 234 30 12.9
- »
4{ /
« a
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TABLE 2. Molecular weight of fragments detected after 0.75% agarose
gel eledtrophoresis of FeoRI digests of B-DNA fxom (. eugametos and
C. moewusii. When two or more comigrating fragments are found in a
band, the fragment number is indicated in parentheses. Estimates of
B~DNA size, .bas€éd on the summation of moledular weights of all frag- .
ments, are also given. Fragments of identical mobility in the elecr .
trophoretic pattefas of. C. eugametos and C. moewusii are indicated : g
by 'l-"- 3 » . i
Band Mo. + Molecular Weight {megadaltons) F
0. eugametos C. méewusii
- AN
1 12,0 (2} o+, " 12.0 + .
2 9.1 (2). : 9.0 (3) !
3 7.5 (2) 7.9 }
4 6.7 (2) ° 7.4 %
5 6.3 6.9 (2) :
6 5.9 6.0 (2) 2 ,
7 5.3 + ) 5.4 {
‘8 , 4.8 . 5.3 + ’ \j
9 4.2 (2) . 5.0
10 . “ 4. 4.7 (3)
11 4.0 (2) - 4.5 ’
12 3.6 + - 4.2
13 . 3.4 . 3.8
14 2.7 (2) ) 3.7
15 i 2.4 (2) 3.6 + 4
. 16 \ 2.1 3.3 (2) 1
17 ) 1.8 . /2.6 .
18 ' 1.6 . 2.4
19 1.5 2.1 .
20 5 1.4 1.85
21 1.35 (2) 1.75
22 " 1.25 . 150
23 1.20 . 1.45 (2) 2
24 . 1.05 (2) + 1.40 X .
.25 1.00 : 1.30 %
26 N 0.93 (2) + 1.20
27 0.88 ) 1.05 (2) + .
28 0.80 (2) . 0.97
29 0.66 + 0.93 +
30 0.50 0.87~.
31 0.66 +
32 ' i , 0.49
B~DNA Size W ' . - )
(megadaltons) . 154.15 . 161.32
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TABLE 3. Molecular weight of fragments detected after 0.75% agarose gdl
electrophoresis of Aval digests of B-DNA from C. eugametos and C. .
moewusii. When two or mope comigrafing fragments are found in a band,
the fragment number is indicated in parentheses. Estimates of B-DNA <
size, based on the summation of molecular weights of all fraagments, are
also given. Fragments of identical mobility in the electrophoretic
patterns of (. eugametos and C. moewusii are indicated by +.

\ X
.. Band No. Molecular Weight (megadaltons)
- : C. eugametos C. moewusit
1 20,0 + 20.0’ o+
2 9.6 (2) + . £ 9.6 (2) +
3 7.4 + 8.3
4 7.2 + 7.4 +
5 7.0 7.2 +
6 5.9 5.25 (2) +
7 5.35 4.80 (2)
8 5.25 e 4.30 (2)
9 4.90 4.10
10 4.20 3.70 +
11 3:80 , " 3.65
12 3.70 (2) + 3.60 +
13 3.60 + 3.15 (2)
14 3.10 2.80
15 2.95 2,75
16 . 2.70 2.40 +
17 2.60 2.25 +
18 2.40 + 2.15 (2)
v 19 2.25 + 1.90 (2)
20 2.20 (2) 1.80 ‘
21 2.05 (2) 1.65 +
22 1.95 (2) 1.55 (2)
23 - 1.85 1.45 +
24 1.75 (3) 1.25 °  +
25 1.65 + . 1.20 (3) +
26 ° 1.45 + 1.10 +
27 ) 1.37 1.07 +
28 1.33 0.83 (3)
29 1.25 + 0.68 (2) +
30 1.20 (3) + 0.60 (2) +
31 1.15 (2) 0.40 +
32 1.10 +
33 & 1,07 +
) 34 1.00
35 . 0.86 <2)l
36 0.68 (2)  +
37 0.60 + , .
38 0.45
39 0.40 +
f~DNA Size v !
(megadaltons) 157.35 150.92
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TABLE 4. Molecular weight of fragments detected after 0.75% agarose gel
electrophoresis of BsiEII digests of B-~-DNA from (. eugametos and C.

moewusit.
the fragmefit number is indicated in parentheses,

[y

When two or more comigrating fragments are found in a band,

Estimates of B~DNA size,
based on the summation of molecular weights of all fragments, are also
given. . Fragments of identical mobility in the electrophoretic patterns
of (. esugametos and ., moewusii are indicated by +. )

Band No. Molecular Weight (megadaltons) »
< C. eugametos €. moewusii
1 . 17.0 + . 17.0 +
2 14,0 13.0
3 9.3 (2) + . 9.3 *
4 ) 8.2 + 8.2 +
5 7.9 7.6
6 7.3 (2) + 7.3 (2) +
7 5.2 (2) 5.8
8 4.4 5.6
9s 3.5 + 4.1 (2)
10 , 3.1 (2) 3.5 +
11 . 2.75 (2) 3.4
1z . . '2.70 (2) 3.3
13 * 2.35 + 3.2
14 . 2.13 2.73 (2)
15 2.05 2,65
16 1.95 (2) + 2.35 +
Y ©1.85 (2) 2.25 (2)
18° © 1,65 2.10 (3)
19 1.40 + 1.95 (2) =
20 1.35 (2) + 1.80 (3)
21 ' 1.28 1.75
. 22 . o 1.13 1.55 (2)
23 . J 1.04, 1.40 +
. 24 . 0.95 1.35 +
75 0.75 + 1.25
26 0.72 + 1.20
27 0.67 0.98 (2)
28 . 0.91 (2)
29 . 0.87 (2)
30 . 0.75 +
31 0.72 +
32 ) 0.59
33 . 0.55
f~DNA Size ’,
(megadaltons) 142,12 151.44
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TABLE 5, ‘lecular weight of fragments detected after 0,75% agarose
gel electrophoresis of Smal digests of B-DNA from (. eugametos and C.
moewusii. When two or more comigrating fragments are found in a band,
the fragment number is indicated in parentheses. Estimates of B-DNA
size, based on the summation, of molecular weights of all fragments, are
also given, Fragments of identical mobility in the electropheretic
patterns of (. eugametos and C. moewusii are indicated by +.

-~ "

-
Band Fo. Molecular Weight (megadaltons)
C. eugametos C. moewusit
1 24.0 + 24.0 . +
2 19,0 + A 19.0 +
3 15.9 + 15'9 + . -
4 14.5 (2) + 14.5 (2) +
5 9.5 9.2 +
6 ' + 9.2 + 8.8
7 . 7.5 (2) 7.3 (2)
8 6.9 (2) T 4.7
9 5.1 (2) Q 4.2 (2) +
10 4.2 + s 2.40 +
- 11 4.0 i l.00 +
12 2,70 (2) )
13 2.40 + :
14 1.00 +
- ¢
B~DNA Size .
(megadaltons) 162.6 137.0
&
*
¥
\ 3
¥ » .
»
«* ¥ .
. = )
- - -F
. . .
J k }. » .1
’ £l
’
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TABLE 6. Summary of the . eugametoe and (. moewusii B~DNA sizes {
The size values were estimated from the

EeoRL, Aval, BstEII and Smal B-DNA restriction patterns by summing

the molecular weight of all fragments present in each of these
patterns. An average value of £-DNA size is given for each species.

{(from Talles 2 to 5).

’) -
Endonuclease ; . B-DNA S;‘.ze (megadaltons)
. ‘ C. eugametos C. modwusii
“ECORT 154 " 1e1
&
AdqI ‘ 157 151
BstELI 142 151
Smai — . 163, 137
Average Value 154 150
.’ )
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TABLE 7. Molecular weight, cellular content and copy number per cell
of B-DNA from C. reimhardtii, C. euglmetos and C. moewusii. The
molecular weight of C. reinhardtii B-~DNA.is based on the contour
length of circular molecules as reported by Behn and Hexrrmann (1977)
while those of (. eugumetos and C. moewusii B-DNAs each represent an
average value of the molecular weights estimated from the FeoRI,
Aval, BstEII and SmaIl B~DNA restriction patterns {(see Table 6). The
values of B~DNA cellular content were determined by averaging the
data from Table 1. .

g

Molecular Weight  Content per Cell Copies per

(megadaltons) (grams) cell
. .y -15
C. reinhardéii 134 23 x 10 103
L
—15"
C. eugametos 154 v, 34 x 10 133
. ~15
C. moewusti 150 26 x 10 92 ;

"
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TABLE 8. Expected and observed number of fragments obtained after di-
gestion of the (. eugametos and . moewusii cpDNAs with various restric-
tion endonucleases. The'expected number of fragments was talculated by
% assuming a random sequence of bases for the (. eugametos and C, moewuszz
chNAs, each having 230 x 103 b e-pairs and a G+C content of 41%. The
obsexrved number of fragments was taken from Tables 2 to 5. -

| ‘.

. ) PR ' 0 ' ‘Number Observéd
! . " Recognition Number
; Endonuclease Sequencs Expected c. euq?metas° C. moewusii
} Za
Avax CPyCGPuG 102 51 45
BgtEIL . . GGTNACC . 35 . ‘\ 36 46
. v . . | \ . . a
Smal . « CCCGGG 17 \ 19 14
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- IABLE 2. List of crosses performed in this study. Hybrid F-l-a ‘, s ®
- ’ was recovered from cross 1 while hybrid B-l-b was recovered from oo
, . cross 3. . R - 9 .
-~ N <
¢ . P - - at
~ v . T - . o " N
. \ ) Cross No. mt+ Parent mt-"Parent s
M . £y - - L3 ] L) »
‘e a " » ' . A 2 — 9
: ’ F . - . ‘ s k
» . Interspecific Crosses -
v e o “ - “
) 1. C. eugametos (sr-2) X C. moewusii (pab-1) . v e
o .’ 0"
» . 0 . N [} .
> 2 C. eugametos (sr-2) X C. 'moewusii (er-nML) N
o s
v, First Generation Hybrid Backcrosses ¢ r oo
g™ - ’ <. o e, » -t
L 3 . PFel=a (spr-2 pab-l) X C. moewusit, , , o . .
. . . n . -l '
. ‘ 4 Coe F-l-a (sr-2 pab-l) X C.‘:Vméew@iz (er-nil)
i . . - . 4 - ‘ »
L. . | S
W . . . - - . -
" Second Gederation Hybrid Backcross .
5 v B-l-b (5r-2) X C. moewusit, (er-nML nic-1)
A N - R v . rd
Q - o
> 4 -~ *
. . f . s o
12 ! S ' « \ oo L
- & °
» w N s
4 ’ ’ ¢ . T LI - '
”
» ° “
¢ v s ' '
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TABLE 10. Viability and inheritance of non-Mendelian genetié markers {(sr-2 and er-nlMl) among meiotic

products recovered from an Lnterspeclflcdgross and from first and second generation backcrosses., The
number of surviving products for each clasSs of non*Mendelian inheritance pattern is given in parepthe-
ses., Fab-1, nic~l and mt are Mendeliar’ genetlc markers. Abbreviations: UP+ = uniparental for the non-
Mendelian erythromycin sensitive marxker of the mé+ parent; UP- = uniparental for the non—Mendellan‘strep—
tomycin sensitive marker of the mt— parent; BP = biparental for the‘non—Meqdellan resistance markers of

the mt+ and, mt- parents. . - - .
: . 0 <\
Cross ’ Viable Products per Tetrad Surviving Non-Mendelian ;éheritance
. S (0. of Tetrads) Products Patterns (Fréquency) -
. 4 3 2 1 0 o up+ 1?? upP-

\ . s
° sopes -

A. Interspecific Cross.
C. eugametos (sr-2 mi+) . ) g . )

X . . 4 .
C. moquusii (er~nMl nt-) 0 o0 3 38 81l 9% 0.96(42) 0.92(1) 0.02(1)

. »

B. First Generation Hybrid Backcross. '’

F-l-a (cr-2 pab-1 mi+) 4 .,
¢, moswusii  (ev-nll mt-) 0 2 }?9 .92 65 19% 0.93(127) 0.06(8) 0.01(1)

.
& B B
- ¢
< -

C. Second Generation Hybrid Backcross .
« . o M

B-1-b (89-2 mt+) : )

. moewusii (e¥-nMl nic-1 mt-) 1 6 13 ' 5 0 53% 0.83(44) 0.17(9) . ©

143}
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e TABLE 1l1. Non=Mendelian phenotypes (parental and non-parental) of sub-
- clones derived from-F., and B, biparental hybrid meiotic products. F-1~k
+ was recovered from-thé cross C. eugametos (sr-2 mt+) X C.- mocwusii
(er-nM1l mt-) while B-1{~i through ~l1) were recovered from the cross
F-l-a (sr-2 pab-1 mt+)- X C. moewusii (er-nMl mb=-)». One hundred subclones
derived from each biparental product were arglysed except for F-l-k ‘
- where 200 subclones were tested: Abbreviations: S = resistant to strep-
© tomycin and sensitive to erythromycin; E = resistant to erythromycin and
sensitive to streptomycin; + = sensitive to streptomycin and to erythro-
. mycin; ES = resistant to streptomycin, to erythromycin and to a mixture

-

’ N of 'streptomycin and erythromycin; H = resistapt to streptomycin and,to . J
erythromyein but sensitive to a mixture of streptomycin and erythromycin.
o * ’ *
Biparental 3 Fregquency of Subclone Phenotypes *
Product Parental Non~Parental -
S E + ES H : . .
¥ ¢ p
F-1-k ' 0.945 0.010 0.040 0.005 0
. B-1-i 0.76 0.01 0.20 0.02 0.0l .°
B~L7j *0.30 , 0.58 0.01 0.02 009
/ ’ .
° B-1-k ° 0.91 0.01 0.08 0- 0
. , ¢ ~ p
B~1-1 MR o 0.99 0.01 0 0
[ s ¢ 5
b’)u &) A‘
n . -~ vy o:yo . » n
" © "‘ ‘ ' -
\ o,
. N 1 :’ 0y , o A&
2
o -t e T -
@, i ‘
@ ~ * t .
. . .
. a ksl a
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TABLE 12. (lassification of bands and fragments detected after agarose gel electro-
phoresis of Aval digests of cpDNA from subclones of ten F. hybrid meiotic products
(F~1~a through -j) and from the C, eugametos cce) and (. fioewusii (C_) parental
strains. Estimates o:’f cpDNA size are also given., The genetic backg%?ounds of the Fl
hybrid subclones are indicated in the legend to Figure 16. Abbreviations: C, and
', bands or fragments = characteristic of the (¢ éugamefos and (. moewusii parental
patterns respectively; Com. = common to both parental patterns; New = absent from

bath parental patterns. , P .

v
Strain " No. of Bands _ No. of Fragments CpD/I/\TA Size
Z - ) } _ Estimate .

¢, C,- Com. New Total C,6 €, Com..New Total ° (megadaltons)

7 1Y *®
c, 17 0 -13 0 30 222 0 17 0 39 , 147
F-l—aN 2713 0o 26 ‘15 3 18 1 * 37 142
F-1-b D 2 13Y o0 24. 5 3 18 1 37 142
Fel-g 12 2 13 0 27 16 ‘3 18 0 37 140
F=1-d 1 3 13 0 26 14 4 18 1 37 145
F=l-g 8 4 13 0 25 12 6 19 0 37 ) 145
F-1-f 8 4 13 1 26- 12 5 19 & 37 .. 143
F-1-g - 2 2 13 .0 27 - 16 2 18 1T 37 - 143
F-1~h 12 2 13 .0 27 - 16 2 -.18 1 37 . . 143
Fr1~i 7 6 12 0 25 11 8 17 0 36 . 144
P-1-5 5 4 13 og 26 13 5 19 0 37 145
c, 0 12 13 25 - "0 18 17 0 " 33 - . 144

N 3 LI - - S N
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TABLE 13. Classification of bands and fragments detected after agarose gel eleg-
trophoresis of BofiBEII digests of ¢pDNA from subclones of ten F. hybrid meiotic
products (Frl-a through -j) and from the C. eugameios (C ) and C. ma@wusii {c)
parental Strains. Estimates of cpDNA size are also given. The genetic backbYounds
of the F. hybrid subclones. are indicated in the legend of Figure 17, Abbreviations:
C, and C bands or fragments = characteristic of the C. eugametos and C. moewusii
parental pdtterns respectively; Com. = common to both parental patterns; New =
absent-from both parental patterns.

7 a

T N n
: -~ a
Strain No. of Bands . No. of Fragments CpDNA Size
2 Estimate
Ce cm Com. New Total Ce Cm Com, New Total {megadaltons)
- . . s
a2 /‘( B -
c, 12 0 9 0 2L 17 0 13 0 30 136
. ) ) ) .
F-1-a g8 4 9 3 24° iz, 7° 13 5 37 _ 150
F~1-b . 9 2 e 3 23 . 13 . 4- 13 6 36 146
F-l-c 9 -1 9 1 20 13 2 13 2 30 - 136
B-1-d 9 4 3 2 24 13 6 13 5 37 147
F-1l-e g8 3 g 2 22 12 5 13 5 35 142 .
. * >
P-1-f 7 3 9 0 19 11 4 13 w 1 29 130
Fel-g 8 4 ¢ 2 - 23 12 6 13 4 35 143
F~l=h 9 3 9 1 22 13 6 13 2 34 143 .
F-1-1 78 .9 1~ .25 10 10 - 13 4 37 140
Fe~1-7 7 5 9° 0 21 100 8 14 2 34 140
c'm ' 017 9 0 26 o & 11 ,0 3% . 143
‘ 8 Y - L4 ‘
. - - .
. L ] ~ ? . .
L4 S, )

* L8
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TABLE 14. Classification of bands and fragments detected after agarose gel elec-
trophoresis of Smal digests of cpDNA from subclones of five F. hybrid meiotic
products (F-l-a,” F~l-c, F-1-d, F~l-e, F-1-f) and from the C. gugametos (C ) and
C. moewusii (Cp) parental strains. Estimates of cpDNA size.are also givef. * The -
genetic bagkgrounds of the Fy hybrid subclones are indicated in the legend of < =
o - Figure 18. Abbreviations: C_and C_ bands or fragments = characteristic of +the N
: " C. eugametos and C. .moewusii‘parentaT patterns respectively; Com. = common  to

both parental patterns; New = absent £¥om both parental patterns. 2 .
, Strain A No. of Bands No. pf Fragments - CpDNA Size
. ! Estimate LI
. . C C: Com. New Total ' € C_ Com. New Total (megadaltons)
. e m e m < s
- i . o B , -
, Ce 5  n G </Q 8\ 0 14 - 10 0 ¢ €] 19 163 .
) F-l-a 13 8 0o 12 14 9 0o 4 138 . H
' Felmc 3 2 8 0] 13 4 2 9 0 15 145 . ’
Fel-d ' 1 3 8 0 1z 1 4 1¢ 0 15 ’ 142
P-l-g 1 3 8 0 1z 1 4 9 0 14 . L3g° . :
- F-1~f 2 2 8. 1 13 32 9 1 15 145 ) .
.. . ) .
. L cm 63 8 [} 11 ' 0 4 10 0 14 137 =
. & - .
, - 4
- ’ e # o ‘
- o ; .
N . ; - o
. , N , 5 .
- 3 ¢ z °
9 ¢ * a ° ¢
- { 5
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°* TABLE 15. Classification of bands and fragments detected after agarose gel elec—
< “trophoresis of Aval digests of cpDNA from subclones of seven B hybrid meiotic
products (B~l~a’through -g) and from the F. hybrid (F-l-a) and (. Hoewusii (C)
’ parental strains. - Estimates of cpDNA size are also given. The genetic backg?:‘ounds
.of the By hybrid subclones are indicated in the legend of Figure 19. Abbreviations:
F-l-a and C_ bands or fragments = characteristic of the ¥, hybrid and C. moewusii
« parental pa%lterns respectively; Com. = common to both parental patterns; New = ab-
sent from both parental patterns. .

Strain - No. of Bands . - No. of Fragments - CpDNA Size
- % 2 Estimate
F~1l-a C‘m Com. New Total P-l-a Cm Com. New Total (megadaltons)

e

F-l-a 1T 0 15 0 26 16 0 21 .0 37 142

B-1~-a . il 0 15 0 26 T 16 0 21 0 37 142 . .
B-1~b 11 o0 15 0 26 1 0 21 0 37 142

B-l-c L. o0 15 o0 26 s 0 21 o0 37 ° 142,

B-1-d i1 0 15 0 26 16 0 21 0 37 142

Bel-e i1 1 15 o 27 15 1 21 0 ' 37 42 .
B-1~f 11 1 15 0 27 15 1 21 -0 37 142 ‘

" B-1~g i1 0 15 0 26 & o0 21 o0 37 142° »
c, 0 10 15 0 25 0 14 21 0 35 144

rs

68 %
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TABLE 16. Classification of bands and fragments detected after agarose gel elec-
.‘Erophoresis of BstEIT digests of cpDNA from subclones of seven B, hybrid meiotic

products {B-l-a through ~g) and from the ¥. hybrid (¥F-l-a)sand C. moewusii (C ) .
parental strains. Estimates of cpDNA size are also given. The genetic backglw':nounds

of the B, hybrid subclones are indicated in the legend of Figure 20. Abbreviations:

F-1-a and C bands or fragments = characteristic of the F, hybrid and (. moewusii :
parental patterns respectively; Com. = common to both parental patterns; New = ab- .
sent from both parental patterns. ' . - N
PR ’ &
Strain ‘No. of Bands No. of Fragments CpDNA Size
Estimate .
F-l~g Cm Com. New Total F-l-a c:m Com. New Total (megadaltons) .
R -
F=l~a 11 0 13 0 24 ‘16 0 2L * 0 37 150
B-1-a 11 0. 13 0 24 6 o0 "20 0 37 150
B‘-la—b 11 0 13 4] 24 16 0 21 0 37 . 150
B~1~c 11 0 13 0 24 16 ] 21 0 37 150
B~1-d 10 0" 13 1 24 14 0 20 1 35 147
B~1-e 10 0O 13 0" 23 14 0 21 -0 35 e 14
B-1-£f 10 0 13 1 24 14 0 20 i 35 . 147 - .
B-1-g 9 0 . 13 1 23 13 Ee} 21 1 . 35 146
'Cm 0 13 13 0 26 0 16 20 0 . 36 143
a [ ° ©
. . . o
. s - N N
. n - - .
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TABLE 17. Classification of bands and fragments detected after agarose gel electrophoresis
of Aval and BstEIIL digesté of ¢pbNA from four homoplasmic mitotic segregants derived from
an F. biparental hybrid meiotid product (F-l-k). The classification of bands and fragments
obtained for the Aval and BstEII digests of cpDNA from the 0. eugametos C (S) and C.
moewusit Cm (B) parental strains are also shown for comparison with the pFogeny. Estimates
of cpDNA size are given.. The genetic backgrounds of the F. segregants are indicated in the
legend of Figure 21. Abbreviations: Ce and Cm bands or fragments = characteristic of the
-C. eugametos and C. moewusii parental patterns respectively; Com. = common to both parental
® patterns; New = absent from both parental patterns.

H

Enzyme Strain °° - No. of Bands_ No. of Fragments CpDNA Size - N
. Estimate
Ce Cm Com. New Total Ce Cm Com. New Total (megadaltons)
1 - ~ ®
N s - \ -
Aval Ce (s) lt:7 0 13' 0 30 22 0 17 0 39 147
14 .
F~1-k(S) 3 8 13 0 24 - 3 12 17 2 34 141
- F-1-k (E) 2 10 13 0 25 2 14 17 0 33 138
R Pel-k(+) 2 10 .13 0 25 2 14 17 0 33 138
F~l-k(ES) " 3 9 13 0 25 3 13 17 0 33 138
c,, (E) 0°12 13 0 .25 0 18 17 0 35 144
BStEIT c, (8) 12 0o 9 o 21 17 o 13 .0 30 136
T P-1~k(S) 0 lSQ 8 0 23 -0 20 12 1 33 132
° . F~1~k(E) 0 16 9 0 25 0 23 13 o 36 140
F-1~k (+) 0 16 8 0 24 0 23 11 1 35 137
F~1-k (ES) o 15 9 o 24 _ 0 20 .14 0 34 136
Cm(E) < 0 17 ° 0 26 0 25 11 0 36, 143

16 -
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TABLE 18. Classification of bands and fragments detected after agarose gel elec-
trophoresis of Aval digests of ‘¢cpDNA from homoplasmic mitotic segregants derived
‘from four B, biparental hybrid meiotic products (B-l~i through -1). The clasgi-
. fication of bands and fragments obtained for the Aval ngtS of cpDNA from the
Fy hybrid[F-1-a(s)] and C. moewusii [C_(E)] parental stwfins are also shown for .
“comparison with the progeny. Estimates of cpDNA size are given. The genetic
backgrounds of the B, segregants are indicated in the le%ends of Figures 23 and
- 24. BAbbreviations: "F-l-a and C_ bands or fragments = characteristic of the F : - €

hybrid and €. moewusii parental i‘)‘atterns respectively; Com. = common to both .

parental patterns; New = absent from both parental patterns.

Strain No. of Bands No. of Fragments :  CpDNA Size
Estimate

/ F-l-a C, Com. New Total F-l-a. Cm Com. New Total (megadaltons)

/ il

>
* L]

F-l-a(8) 11 0 15 0 26 « 16 -0 21 a 37 142 .

¢ B=1~1(8) 3 7 15 0 25 . 6 .9 21 0 36 143 .

B-1-i(E) 0* 10 15 0. 25 0 13 21 0 34 142

B=l~i (+) 4 . 6 15 0 25 8 7 23 0 38 151

B~1-i(ES) 7 2 14 1 24 9 3 22 1 35 140

B-1-3(S) 11 o0 15 0 26 16 ©0 21 o0 37 142

B-1-3(E)* 0 10 15 0 25 0 13 21 0 34 142

B-1-j (+) 4 7 15 0 26 8 8 21 0 37 147

B~-1-3(ES) . -1 8 14 0 24 1 11 22 ° 9 34 .141

B-1-k(8) 11 1 15 Q 27 15 1 22 0 38 146

B-1-k(E) 3 7.. 15 0 25 4 9 23 1 37 149

B-1-k () 3 7 15 o 25 6 9 23 0 38 151

B-1-1(E) 1 8 15 1 25 1 10 22 1 34 142

B-1-1(+) 4 6 15 .0 25 7 8 21 0 36 143 ©
- N

c_ (E) 0 10 15 0 25 0 14 21 0 35 144

e
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TABLE 19. Classification of bands and ‘fragments detected after agarose gel elec-
trophoresis of B$tEII digests of cpDNA from homoplasmic mitotic segregants derived
frém four B, biparental hybrid meiotic products (B-l1-i through ~1). The classifi~-
cation of bands and fragments abtained for the BstEII digests of cpDNA from the F
hybrid [F-l'-a.(s)] and C. moewusii [c (E)] parental strains are also shown for com=
parison with the progeny. Estimates of cpDNA size are given. _The genetic backgrounds
of the B, segregants-are indicated in-the legends of Figures 25 and 26. Abbreviations:
F-l-a ana'c bands or fragments = charadteristic of the F, hybrid and C. moewusii
parc—.\ntalvpa@terns5 respedtively; Com. = commpon to both parental patterns; New = absent
from both parental patterns. -

3

- *

Strain No. of Bands No. of Fragments CpDNA Size
. . . PY Estimate
F-l~a cr;t Com. New Total F-1-a® Cm Com. New Total {(megadaltons)
S _é‘ L4

F-1-a(S) 1L o0 13 o 24 17 0 20 0 37 150

CB-l-i(S) . 1 10 13 0o 24 2 11 20 1 34 145 v
B-1~i(E) ~ 0 12 13 1 26 D 14 20 2 36 145
B-l-i(+) %0 12 13 1 26 0 14 19 2 35 145

. B-1~i(ES) 6 6 13 "1 26 8 7 19 2 36 144 :
B-1-7 (sf. 9 0 13 0 22 13 0 21 0 34 141
B-1~7 (E) 0 11 12 3 26 0 13 17 5 35 141,
B-I~j(+) ° 1 12 12 2 < 27 2 14 18 5 39 155

* B-1-j (ES) 3 6 13 1. 23 4 7 20 2 33 141
B-1-k(8) 10 0 13 .0 23 15 0 21 0 36 140°

. B-1-k(E) .3 8 13 1 25 3 10 22 3 38 155 °
B~1~K{+). 3 8 13 :+ 1 25 4° 10 22 2 38 155
B-1-1(E)"- 3 9 13 1 26 3 11’ 20 2 36 147
B-1-1(+) 1 11 1 36 150 >

13 0 25 2. 13 20

~

Cm(E) 0 13 13 0 26 0 16 20 0 36 143

. €6
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TABLE 20. Inheritance pattern of the antibiotic resistance mutations
recovered in (. moewusii. Crosses were made between each antibiotic
resistant mit+ strain and the wild-type mé—~ strain. Mendelian inheri-
tance was revealed by 2:2 segregation of resistance and sensitivity

in tetrads while non-Mendelian inheritance wag revealed by all foutr -
meiotic products displaying resistance. ‘a1l tetrads showed'2:2 segre-

gation &f the Mendelian alleles at the mt locus. -

LI

¥

Mutant Resistance Inheritance ,,’ Number of
Strain Phenotype ALattern Tetrads
sr-50 - streptomycin Mendelian N . 5
(50 pg/ml) .o
sr-nMlL streptomycin Non-MendeTian - 15
. (250 ug/ml) . ? .
er~100a erythromycin Mendelian ‘ 5 °
(100 pg/ml) -
B Yy
er-100b . erythromycin Mendelian 5
’ (100 ug/ml) . .
er-400 erythromycin Mendelian T e
' (400 ug/ml) '
er~nMl erythromycin Non-Mendelian 7

(%OO pg/ml)

YT

| e

o LR e b
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TABLE 21. Segregation of antibiotic resistance and se! ;1'.1::i.v;i_.ty~
alleles of non-Mendelian genes in'tetrads recovered fr¥mt two,

C. moewusii crosses. The number of tetrads displaying each type
of segregation is given in parenthesesy All tetrads showed 2:2

. segregation of the Mendelian alleles at the mf locus. Abbrevia-

tions: S = meiotic product homoplasmic for the sensitive allele
derived from the mi+ parent; -R = meiotic product Mpomoplasmic for
the resistant allele derived from the mt- parentf H = meiotic

product heteroplasmic for the resistance and s sitivity alleles.

r

) e

Tetrad Types - Frequency of Tetrads
er-nMl* mt+ sr-niL” ‘mt+
X, . X o
¥ ! er-nMl mt- sr-nMl mit-
0S:0R:4H" 0.58 (8) . 0.69 (L1)
1S:0R:3H , - " 0.07 (1) 0.1  (3)
25:0R:28 " ‘A 0.1a 7 (2), - 0.06 (1)
& N 4
35:0R:1H ' : i 0.14 (2) 0
\ [N ! . - “
45:0R:0H . 2 ) 0 0.06 ° (1)
08:1R:3H “ : L0007 (L) ., 0o -

956
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TABLE 22, Frequency of antibiotic resistant cells in primary
clones derived from heteroplasmic rMeiotic products which were

Jfecovered from two C. moewusii crosses.

N

Frequency of

Number of Primary Clones

Resistant Cells + . +
in Primary Cloneg eI’-nMZ}L( nb+ sr—nM;L( i+
er-nML mi- sr-nML mi-
% rd

<0.02 12 19
0.02~0.09 7 . 9
0.10-0.19 6 T
0.20-0.29 L 8
0.30-0.39 4 3
0.40-0.49 . 2 4
.0.50-0.59 > 4 0
0.60~0,69 3 1
0.70~-0.79 1 2
0.80-0.89 \ « 2 0
0.90-0.99 . o2 2
Total: 44 55

3
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. . FIGURE 1: Electrophoretic patterns in 0.75% agarose gel of EcORI and i
- ., s LA
. L BamAT digests of B-DNA (cpDMA) from C. reirnhardtii. “On the, ol
sv right of the UV fluorescence photographs are shown the micro- "
. § densitometer traces of these photographs. The bands are . f
¥ E)
3 . €
: numbered according to the classification of Rochaix (1978). .
A scale-of absolute walues of fragment mobility is given
’ P ¢ for these electrophoretic separations. * .
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FIGURE 2: Tvypical calibration curve relating the molecular weight and

the electféphoketi; mobility in 0.75% agarose gel of BamHI

o C)

g

s
(o) anhd EcoRI (e) restriction fragments of R-DNA (cpDNB) ) .
. L

; from C. reinhardtii. The molecular weight values of the

. fragments are those reported by Bochaix (1978).
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FIGURE 3:
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Microdensitometer‘%raijﬁ of UV absorption photographs taken

after equilibrium CsCl’ density gradient centrifugation of:
. 1 ~ , .
whole cell RNA fromiC. reinhardtii (c.), C. moewusii (Cm)

~

and O. eugametos (Ce). The density of the DNA cahponents

i

is based on their position relative to phage SP8 marker

a

pNA (p = 1.742 g/ml). ) '
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FIGURE 4: Microdensitometer traces of UV absuorption photographs taken
& » after equilibrium CsCl den,sity gradient centz;ifugation of
R-DNA preparations from C. retnhardtii €, C. moewusii (C )
- P and C. eugametos (Ce). Each of the DNA sampies was obtained
\ ‘ w by collecting the B~DNA band from preparative equilibrium
CsCl density-gradients of whole cell nuclei¢ acid., The

density of thie 8~DNAs and the‘'a~DNA contaminants is based on A

their position relative té-phage SP8 marker DNA (p = 1.742

*

g/ml).. . o
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FIGURE 5: Electrophoretic patterns in 0.75% agarose gel of B-DNA prep~
arations from C. rveinhardtii (cr), C. eugametos (ce) and
C. moewusii (. Edch of these DNA samples was obtained . (

by collecting the B-DNA band from preparative equilibrium N

W W R Smcdbad bt e W e

~ CsCl density gradients of whole cell nucleic acid. The
amounts of DNA applied to the gel were 5,\;0 and 5 ug for'
the Cr' ce and Cm samples, respectively. The molecular >
weight of DNA in the fain? bands is based on the electropho- | .
’ ‘L ' ' retic mobility of reference fragments from the BamHI and the ’*¢~‘\
FeoRrI digests of C. reinhardtii B-DNA. The average molecular

weight of the main DNA componenté (1érger than 25 megadaltons)

proved to be too high for a reasonable estimate of size.
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FIGURE 6:

-

107

©
s wa

v - #
Microdensitometer traces of UV absorption photographs taken

after equilibrium CsCl density gradient centrifugation of

the following €. moewusii DNA samples: (A) whole cell DNA;

[y - "

(B) DNA enriched fo*the 1.707 g/ml corqponen‘t by fractiona- -1

tion of preparative CsCl gradients,containing whole cell
1, {
nucleic acid; (C) DNA further enrichdd for the 1.707 g/ml T

-
4

component by fractionation of preparative CsCl gradients

containing netropsin sulfate and the (B) DNA sample;
(D) 1.700 g/ml DNA (B~-DNA) fraction removed from preparative

CsCl gradients containing netropsin sulfate and the (B) DN& -

sample. The density of the DNA components is based on their

-
position relative to phage SP8 marker DNA (p = 1.742 g/ml).




H .
.
f
N s
.
€
N
%
«
®
N
>
.
d
P
.
’ '
. 5
»
!
S N
o
»
.
-
’ B
oy
0 .
LS
R
]
<
»
0
"
»
- "
. -
- v )
/ o
°
N .
.
‘ s v
v
-
-~ ’
.
-
& » . L
L} v
.
. »
-
'
»
-
s
w = ®
v
v
k
»

ty

14

u

1.700 1707 1718 - 1742 .

-

Density (g/ml) - -

+

-

108

<

e

Bem s

i e



109

B et

-

FIGURE 7: 'UV flugrescent bands of ¢, moewusii DNA components (1,700,

EY
FI -

1}

i * . ° 1.707 and 1.718 g/ml) after preparative equilibrium CsCl

density gradient centrifugation in the presence of 2.5 ug/ml
8

ethidium bromide. Tube (A) contains whole cell nucleic acid

‘: while tube (B) contains netropsin sulfate (6 1g/ng DNA) and

" the DNA collected between the 1,700 and 1.718 DNA bands of

\ 3
'replicaJ(A) tubes. Both tubes were centrifuged under the

Ao

" same conditions (IEC A~321 rotor, 43,000 rpm, 48 hours, 18°C).
,The Fluorescence seen at the bottom of tube (A) is that of

peileted ethidium bromide-RNA complexes.
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FIGURE ' 8:"

Al

N

Electrophoretic patterns in 0.75% agrose gel of the following
» L4

C. moewuaii DNA samples: (A) DNA fraction enriched for the

1.707 g/ml componeént; (B) and (C) 1.700 g/ml DNA (B-DNA)

fraction. These two DNA fractions were recovered from

r

preparative CsCl gradients containing netropsin sulfate (see
Figure °7J, esamples ¢ and D), The amounts of DNA applied to the
gel were 0.5, 0.5 and 5.0 ug for the (a), *(B) and (C) samples

respectively, The molecular weight of DNA in the faint bands

1 . e

which are visible in san;ple {¢) -is based on the electropho-
retic mobility of reference fragments from the BamHI and the
EeoRI digests of (. reinhardtii B-DNA. The molecular weight

of, the main DNA component (larger than 25- megadaltons) of

both fractions“lﬁrcved to be "too high for a reasonable estimate

°

°
H o

of size. :
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FIGURE 9: Electrophoretic patterns in 0.75% agarose gel of EQoRT

-

digests of 'B-DNA from . eugqmetos (c,) and C. moewusii (C ). .

The bands of each pattern are numbered sequentidlly in de- .

-

. - - creasing order of molecular weight. Increasing line thick- .

Y
°

‘ " nesses|in the schematic diagrams represent bands containing

&
* - -

one, two or three fragments. The molecular weight scale is

5

-

? based pn the electrophoretic mobility of reference fragments . /
\ )

from the BamHt and the EcoRI digests of C, reinhardiii B-DNA.

v
H a 1

RS
@ a

-




ol -

143"



‘u

FIGURE 10:

Electrophoretie patterns in 0.75% agarose gel of 4val digests
of B-DNA from C. eugametos ‘(ce) and C. .moewusii (C). The ‘
bands of each pattern are numbered sequenéially in decreas-
ing o;der of molecular weight. Increasing }ine thicknesses
in the schematic diagrams represent bands containing one,

two or three fragments. The dashed line represents the

band of the 3.9 megadalton DNA é;néaminating the B-DNA

preparation of C. moewusii. The molecular weight scale is

based on the electrophoretic mobility of refeience.fragments

from the BamHI and the EcoRI digests of C. rveinharditii B-DNA.
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FIGURE 11:

H7

o
R P SO

Electrophoretic patterns in 0.75% agarose gel of BsiEII

~ -

digests of B-DNA from (. eugametos (C e) and €, moewusii (cm) .
The bands of each pattern are numbered sequentially in de- N

creasing order of molecular weight. Increasing line thick-
: -

nesses in the schematic diagrams. xépresent bands containing
a4

-

-

one, two or three fragments. The molecular weight scale is’
based on the electrophoretic mobility of reference fragments

from the BamHI and the EcoRI digests of C. reinhardtii

B-DNA. ” o

3
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FIGURE 12:

v

-

Electrophoretic patterns in 0.75% agarose gel of Smal
digests of B-DNA from C. eugametos (C,) and C. moewustii ()~
The bands of each pattern'are numbered sequentially in de-

creasing order of molecular weight. Increasing line thick-

¢ ¢

nesses in the schematic diagrams represent bands containing

-

one, two or three fragments. The dashed line represents the
i

band of the 3.9 megadalton DNA contaminating the B-DNA
preparation of (. moeuwusii. The molecular weight scale is

based on the electrophoretic mobility of reference fragments

from the BamHI and the EcoRL digests of (. reiwnhardiii B~DNA.
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FIGURE 13: Electrophoretic patterns in 0.75% agarose gel of the B~DNA

o

from C. eugametos (ce) and C. moewusii (Cm) after digestion

AY

&
with various restriction endonucleases (BamHI, BglI, PetI,
- - )
: ) Bglit, Sali, SstIl and HindIiII). The molecular weight

scale is based on the electrophoretic mobility .of reference

»
fragments from the BamHI and EcoRI digests of C. reinhardtii °

-

B8~DNA. \
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FIGURE l4: Electrophoretic patterns in 1.5% agarose gel of HpaIll and
Mspl digests of B~DNA from C. eugametos (c,) and
C. moewusii (C ). The m?ifﬁuiar weight scale is based on
m

the electrophoretic mobility of reference fragments from

- the BamHI and the EcoRI digests of C. reinhardtii B-~DNA. .
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FIGURE 15,

. . . 125

o
\ .

Schematic representation of various ways the multiplicity

of a progeny band can differ from that of the parént(s).

s

The fragments contained in progeny bands were classified as

»

indicated. Increasing line thicknesSses represent bands

containing one, two or three fragments.
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Parents Progeny Classifiéat ion .
mt+ mt-

— B —— mt+ characteristic fragment
—_— ' m— mt- characteristic fragment
o + new fragment @
DU —_— m— 2 common fragmerits
..(f
- G 2 common fragments

+ new fragment

4




)
of\

ay

. FIGURE 16. Electrophoretic patterns of 4var digests of cpDNA from sub-

PRI

Y

clones of ten Fl hybrid meiotic products (F-l-a through ~3)

and from the (. cugametos (Ce} and C. mocwusit (Cm)~parenta1

N

strains. ¥-1 (-a through ~f) were recovered from the cross

a

C. eugametos (sr-2 mt+) X C. moewusii (pab-1 mé-) while F-1

(-g through -j) were recovered from the cross (. cuganetos

« v

(sr-2 mt+) X C. macéusii {er-uML mt-). The Auax cpDNA  °
restriction pattern of C. mocwusii (ﬁabLl mé~) was indistin-
guishable from that of . moewusii (er-nM1L mt;). All cpDNA
digests were not run on the same gel; Qinor differences in
mobility of the patterns are corrected'in the schematic
diagrams. The 3.9 megadalﬁbn DNA band visible in the
C. moewusii digestion pattern (see arrow) is not répresentqg
) ]
in the schematic diagrams because this DNA is not congidered
to’be a digestion product of cpDNA (see Chapter I). Increas-
v ing line thiykne§§es represent bands containing one, two or
three f;agments. The‘molecular weig?t scale is based on the
‘ electrophoreticrmobility of reference fr;gments’from the :

/ 2

BamHI and the EeoRI digests of (. reinhardtii cpDNA.
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FIGURE 17.

By

129

Electrophoretic pati:e:fns of BstEII digests of cpDNA from
subclones of ten Fl ﬁybrid éeiotic products‘(F-lja through

-3) and from #he C. eugamegtos (c,) and C. moewusii (Cm)

parental strains. F-l1 (~-a through —f) were reocovered from

the; cross C. eugamatos (sy-2 mbt+) X C. moewusii (pab-1 mt-) ‘
while F~1 {-g through ~j) were recovered from the cross

C. eugamct;s (8r~2 mt+) X C. moewusii (er-wmML mit-). The

BatEIT cpDNA restriction pattern of ¢, moewusii (pag—l mg-) )

was indistinguishable from that of C. moewusii (er-nMi mt-). .
All cpDNA digests’ were not run on the same gel; minor dif~"
ferences in mobility of the patterns are corrected in the

schematic diagrams. Increasing line-thicknesses represent

ot

[

bands containing one, two or three fragments. The molecu~

lar weight 'scale is based on the electrophoretic mobility of

reference fragments from the BamHI and the EcoRI digests of « .

v

C. reinhardtii cpDNA. ’
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FIGURE 18, Electrophoretic patterns of SmaI digests of cpDNA from sub-

clones of five Fl hybrid meiotic products (F-l-a, F-l-c,
F-l-d, F-l~e, P-1~f) and from the (. eugametos (ce) and

Bl

- O moewusit (Cm) parental strains, The F. products were re-~

1
A1 . s
covered from the cross (. eugametoc (sr-2 mit+) X C. moewusti

“

(pab-1 mi=~). ALl cpDNA digests were not run on the same

gel; minor differences in mobility of the patterns are cor-
rected in the schematic diagrams. The 3.9 megadalton DNA
band visible in theQC. moewusit digestion pattern (see arrow)
is not represented in the s.hematic diagrams because this
DNA is not considered to~bg a digestion product of cpDNA

N - (see Chapter I). Increasing line thicknesses represent

1
bands containing one, two or three fragments. The molecular

1

weight scale is based on the electrophoretic mobility of

reference fragments from the BamHI and the FeoRI digests of

o

. C. veinhardtii cpDNA.
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FIGURE 19. Electrophoretic patterns of Aval digests of cpDNA from

r

hybrid meiotic products (B~l-a

1

. through -g) and from the Fl

(Cm) parental strains. B-1 (~a through -c) were recovered

subclones of seven B

hybrid (F-1-a) and C. moewusii

from the cross F-l-a (sr-2 pab-l1 mt+) X C. moewusii (mt-)

N - 3

while B~1 (~d through ~?Y’Were recovered from the cross : g
\ .

_F-l-a (sv-2 pab-1 mt+) fg c. mogwusii (er-nM1 mt-). The ‘
/ Aval cpDNA restriction patterh of (. moewusii (mt~) was :
indigtinguishable from that of (. poewusii {er-nML mt-) .
{
All cpDNA .digests were not run on the same gel; minor 4if- , g
ferences in mobility of the patterns are corrected in the
schemgtic diagrams. The 3.9 megadalton DNA band visible . .
in the C. moewusii digestion pattern (see arrow) is not re-
presented in thé schematic diagrams because th?s DNA is not
considerq@tto be a digestion product of chNA (see Chapter I).
Increasing line thicknesses rébresent bands containing one,
two or three”fragments. The molecular weight scale is based

on the electrophoretic mobility of reference fragments from

. the BamHI and the EcoRI digests of (. .reimhardtii cpDNA.
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FIGURE 20.

Electrophoretic patterns of BstEII digests of cpDNA from

subglones of seven Bl hybrid wmeiotic products (B~l-a through

hybrid (F-1-a) and C. moewusit (Cm)»

-

-g) and from the Fl

parental strains. B-1 (-a through -c) were recovered from

) "

the cross F-l-a (sr-2 pab—f mt+) X C. moewusii. (mt-) while

Y

B-1 (-d through -g) were recovered frem the cross F-l-a
(sr-2 pab-1 mt+) X C. moewusii (er-nML mb-). The BStEIT ,
cpDNA restriction pattern of (. moewusii (m#—) was indis-
tinguishable from that of C. moewusii (er-nMl mt-). All

cpDNA digests were not run on the same gel; minor differences

1

in mobility of the patterns are corrected in the schematic
‘l 4

. 7 . . . "
diagrams. Increasing line thicknesses represdpt bands con-

taining one, two or three fragments. The molecular weight

scale is based on the electrophoretic mobility of reference

-

fragments from the BamHI and the EFcoRI digests of

EY

C. reinhardtii cpDNA.
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FIGURE 21. Electrophoretic patterns of Aval digests of cpDNA from

™ N .
four homoplasmic mitotic segregants derived from an Fl

Hiparentalnhybrid meiotic product {(F-l1-k). ' This ﬁybrid

. product was recovered from the cross C;'eugametos {sr-2 mt+)

X C. moewusii (er-nMl mt-). The non-Mendelian phenotypes

v,

of the segregants analysed were parental (S, E) or non=-
)
, parental {4+, ES). The electrophoretic patterns of Aval
digests of cpDNA from the (. eugame%os [ce(s)] and C.
, moewusit [Cm(E)] parental strains are also shown for com-
parison with the progeny. All cpDNA digests were not run
on the same gel; minor differences in mobility of the pat-
terns are corrected ig the schematic diagrams. The 3.9
megadalton DNA band visible in the C. moewusii digestion
pattern (see arrow) and in some hybrid'patterns is not re~
presented in the schematic diagrame because this DNA is not
considered to be a digestion product of cpDNA (see Chapter I).
Increasing line thicknesses represent bands containing one;
two or three fragments. The meolecular weight scale is based
on the electrophoretic mobility of reference fragments from
the BamHI and the EcoRI digests of (. reinhardbtiti céDNA.
abbreviations: S = resistant to %ﬁreptomycin and sensitive

¥ .
to erythromycin; E = resistant to erythromycin and sensitive

to streptomcyin; + = sensitive to streptomycin and to eryth-
romycin; ES = resistant to streptomycin, to erythromycin and

to a mixture of erythromycin and streptomycin.
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FIGURE 22. Electrophoretic patterns of BstEIT digests of cpDNA from

Y

fouf;homoplasmic mitotic segregants derived from an Fl bi-
.parénﬁél hgbrid méiqpic product (é—l—k). This hybrid
product was recovered from the cross (. cugametos (sy-2 mi+)
X C. moewusi{i (er-wMl mt-). The non-Mendelian phenotypes

) of the segregants analysed were parental (8, E) ox non-
parental (+, ES). The electrophoretic patterns of BsfEII
digests of chNgffrom\Ehe C. eugamebos [QE(S)] and CO. -
moewusiL [Cm(E)] parental strains are 'also shown for com-

, parison'with the progeny. All cpDNA digests were not run

oﬁ the same gel; minor differences in mobility of the pat-
A

¢ \

terns are corrected in the schematic diagrams. Increasin
l1ine thicknesses represent bands containing oﬁe, two or
# three fragments. The molecular weight scale is based on
the electrophoretic mobility of reference fragments from
gke BamHYI and the EeoRI digests of C. reinhardtii cpDNA.

Abbreviations: S = resistant to streptomycin and sensitive

resistant to erythromycin and sensitive

It

to erythromycin; E

»

to streptomycin; + = sensitive to streptomycin and to

1

erythromycin: ES = resistant to streptomycin, to erythro~

-

. mycin and to a mixture of erythromycin and streptomycin.
\

-,

o et e s R
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FIGURE 23. Elee%rophoretic patterns of Aral digests of cpDNA from

homoplasmic mitotiv segregants derived from two B1 bi-
&

parental hybrid meiotic products (B-1-i and B~1-j). These

©

'

hybrid products were recovered from the cross F-l-a ($r-2
pab~1 mé+) X C. moecwusii {er-nMl mi-). The non-Mendelian
phenotypes of the segregants analysed were parental (S, E)
or non-parental (+, E8). The electrophoretic patterns;of
] Avral digests of cpDNA from the Fl hybrid [F—l-a(s)] and
C. moewusit [Cm(E)] parental strains are also shown for
comparison with the progeny. - All c¢pDNA digests were not

o

run on the same gel; minor‘*differences in mobility of the

o
a

patterns are corrected in the schematic,diagrams.' The 3.9

megadalton DNA band visible in the C. mqgwusii digestion

IS

pattern (see arrow) and in some hybrid patterns is not re-

-

presen%ed in the scheﬁatic diagrams because this DNA is not

: ' consideréa to be a digestion product of.cpDNA (see Chapter I).
Increasing line thicknesses represent bands &thaining one,
two or three fragments. The molecular weight scale is based
on the electrophoretic mobility of reference fragments from
the BamHI and the EéoRI digests of €. reinhardtii cpbNA.
Abbreviations: 'S = resigtant to streptomycin and sensitive

.

resistant to erythromycin and sensitive

n

1

to er§thromycin; E

]

to streptom%;ig; +
=

to a mixture of erythromycin and streptomycin.

sensitive to streptomycin and to eryth-

a romycin; ES esistant to streptomycin, to erythromycin and
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Electrophoretic patterns of Aval digests of'chNA from
homoplasmic mitotic segregants derived from two B1 bi~

parental hybrid meiotic preoducts (B-l-k and B-1-1)., These

’

hybrid products were recovered from the oross F-l-a (sr-2

" L

rab-1 mbtt) X C. moewusii (er-nM1 mi-). ‘The non-Mendelian

phenotypes of the segregants analysed were éarental (S, B)
¢

oxr ncn—parental,(+, ES). 'The electrophoretic patterns off
Aval digests of ¢pDNA from the F1 hybrid [F—l—a(s)] and

£, moewusit tcm(E)I parental strains are also shown for

DY

comparison with the progeny. All cpDNA digests were not
run on the same gél; minor differences in mobility of the
patterns are corrected in the schematic diagrams. Th; 3.9

megadalton DNA band visible in the C. moewusii digestion

s

pattern (see arrow) and in some hybrid patterns is not re-

-

presented in the schematic diagrams because this DNA is not

Increasing line thicknesses represent bands containing one, .
two or three fragments. The molecular weight gcale is based

on the electrophoretic mobility of reference fragments from

the BamHI and the FeoRT digests of (. reinhardtii cpDNA.

Abbreviations: S = resistant to streptomycin and sensitive

1]

to erythromycin; E

to streptomycin; + = sensitive to streptomycin and to eryth-

-

. romycin; ES = resistant to streptomycin, to erythromycin and

»

to a mixture of erythromycin and streptomycin.

1

&

considered to be a digestion product of cpDNA (see Chapter I).

resistant tq erythromycin and sensitive

L]
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FIGURE 25. Electrophoretic patterns of BstBII digeéts of cpDNA féom
homoplasmic mitotic segregants derived from two Bl biparental
’ hybrid me&iotic productg {B-1-i and B-1-j). These hy?rid
prdducts were recovered from the cross F~l-a (sr-2 pab-l1 mt+)
X C. moewusii (er~nML mt-). The non-Mendeliam phenotypes
of the segregants analysed were parental (S, E) or non-par-
engal (+, ES): The electrdphoretic patterns of BsTEIL

digests of cpDNA from the F. hybrid [F-l-a(s)] and C.

1
moewusit [Cm(E)] parental strains are also ;hown for com-
parison with the progeny. All c¢pDNA digests were not run >
*on the same gel; minor differences in mobility of the pat-
terg; are corrected in the schematic diagrams. Increasing ,
line thicknesses represent bands containing one, two or three
fragments. The molecular weight scale is based on the elec-

trophoretic mobility of reference ‘fragments from the BamHI

and the FeoRI digests of (. reinhardtii cpbNA. BAbbreviations:

5 .= resistant to streptomycin and sensitive to erythromycin;
E = resistant to erythromycin and sensitive to streptomyecin;
+ = sensitive to streptomycin and to erythromycin;

ES = resistant to streptomycin, to erythromycin and to a

mixture of erythromycin and streptomycin.
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FIGURE 26, Electrophoretic patterns of BaTEII digests of cpDNA from

homoplasmic mitotic segregants dérived from two Bl biparental
hybrid meiotic produ?ts (B~1-k and B-1-1l)., These hybrid °*
products were recovered from the cross F-l-a (sr-2 pgb-1 mt+)
X C. moewusii (er-nML mt-). The non-Mendelian phenotypes

of the segregants analysed were parental (S, E) or non-

parental (+, ES). The electrophoretic patterns of BstEII

digests of cpDNA from the F, hybrid [F-l—a(S)] and C.

1
moewusii [c,(8)] parental strains are also shown for com-
parison with the progeny. A1l cpDNA digests were nbt run on
‘e same gel; minox differences in mobility of the patterns
are corrected in the schematic diagrams. Inéreasing line ,
thicknesses represent bands containing one, two or three
fragments. The molecular weight scale is based on the
electrophoretic mobility of reference Mragments from the

BamwHI and the EcoRI digests of (. reinhardtii cpDNA. *

Abbreviations: S = resistant to streptomycin and sensitive

\

It

to erythromycin; E = resistant to erythromycin and sensitive

to streptomycin; + = sensitive to streptomycin and to

erythromycin; ES = resistant to streptomycin, to erythro-

mycin and to a mixture of erythromycin and streptomycin.
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ADDENDUM

Since the completion of this thesis research the preliminary
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