
T h e o r e t i c a l  a n d  A p p l i e d  G e n e t i c s  46,  6 7 - 7 7  ( 1 9 7 5 )  
�9 by  S p r i n g e r - V e r l a g  1975 

Nuclear and Cytoplasmic Chloroplast Mutants Induced by 
Chemical Mutagens in Mimulus cardinalis" Genetics and Ultrastructure 
D e n n i s  M.  T r a v i s  ~, K e n n e t h  D.  S t e w a r t  a n d  K e n n e t h  G.  W i l s o n  

D e p a r t m e n t  of  B o t a n y ,  M i a m i  U n i v e r s i t y ,  O x f o r d ,  Ohio  (USA)  

S u m m a r y .  The m o d e s  of  i n h e r i t a n c e  of  c h e m i c a l l y  i n d u c e d  c h l o r o p h y l l - d e f i c i e n t  p h e n o t y p e s  in  
klimulu8 cardinal is  r e v e a l  t h a t  t he  c h l o r o p l a s t  i s  c o n t r o l l e d  by  t he  g e n o m e  and  t h e  p l a s t o m e .  T h r e e  of  t he  
c h l o r o p h y l l - d e f i c i e n t  m u t a n t s  in  M. c a r d i n a l i s  a r e  i n h e r i t e d  t h r o u g h  n u c l e a r  r e c e s s i v e  g e n e s  a n d  two a r e  
i n h e r i t e d  t h r o u g h  p l a s t o m e  g e n e s .  One  c h l o r o p h y l l - d e f i c i e n t  m u t a n t  was  s t e r i l e  a n d  c o u l d  not  be  a n a l y z e d  
g e n e t i c a l l y .  U l t r a s t r u c t u r a l  a n a l y s i s  of  t h e  s i x  m u t a n t  t y p e s  r e v e a l s  t h a t  e a c h  p o s s e s s e s  a u n i q u e  d e -  
f e c t i v e  c h l o r o p l a s t  t ype  ( s )  in  c o m p a r i s o n  to t h e  g e n o t y p i c a l l y  a n d  p h e n o t y p i c a l l y  n o r m a l  c h l o r o p l a s t s .  
B a s e d  on  p l a s t i d  u l t r a s t r u c t u r e  i t  s e e m s  r e a s o n a b l e  to a s s u m e  t h a t  t h e  m u t a t i o n s ,  g e n o m e  a n d  p l a s t o m e ,  
a r e  n o n - a l l e l i c  o r  a t  l e a s t  s i g n i f i c a n t l y  d i f f e r e n t  f o r m s  of  t he  s a m e  a l l e l e .  The i s o l a t i o n  of  t h e s e  t y p e s  
of  m u t a n t s  p r o v i d e  s u i t a b l e  m a t e r i a l  n e e d e d  to s t u d y  t h e  e f f e c t s  of  s p e c i f i c  b i o c h e m i c a l  b l o c k s  a n d  t h e  
e l u c i d a t i o n  of  d e v e l o p m e n t a l  p a t h w a y s  l e a d i n g  to c h l o r o p l a s t  b i o g e n e s i s .  The m u t a n t s  a l s o  p r o v i d e  
v a l u a b l e  i n f o r m a t i o n  c o n c e r n i n g  t he  i n t e r r e l a t i o n s h i p  b e t w e e n  t h e  n u c l e i c  a c i d  of  t h e  g e n o m e  a n d  t h e  p l a -  
stome. 

I n t r o d u c t i o n  

In e x p e r i m e n t s  d e s i g n e d  to i n d u c e  a n d  i s o l a t e  a s p e c -  

t r u m  of mutants in the angiosperm Mir~lus cardinalis, 

several chlorophyll-deficient plants were detected (Tra- 

vis and Wilson, 1970; Travis et al., 1971; Travis and 

Wilson, 1972a). Appearance of these mutants was not 

unexpected since chlorophyll mutants are important in- 

dicators of mutagenic activity and are among the most 

common type of mutations detected in higher plants 

(Baur, 1909; Correns, 1909; D'Amato et al., 1962; 

Genebach et al., 1970; Gichner and Veleminsky, 1965; 

Monti, 1968; Murr and Stebbins, 1971; Rhoades, 1946; 

Stadler, 1928; Walles, 1971). Chlorophyll-deficient 

mutants may have their origin in nuclear gene mutations 

or extrachromosomal mutations (Levine, 1972; Preer, 

1971; Sager, 1972; Walles, 1971; Wildman et al., 1973; 

yon Wettstein et al., 1971). Phenotypically these mu- 

tant types range from white or pale yellow to variegated 

white or pale yellow. Many of the nuclear gene control- 

led chlorophyll-deficient mutants die in the cotyledon 

stage when the mutated loci are in the homozygous con- 

dition (Genebach et al., 1970; Velem~nsky et al., 1969). 

The lethal genes may be maintained, however, by isola- 

ting plants in the heterozygous condition. Chlorophyll- 

deficient mutants produced by extrachromosomal mu- 

This study is in part based on a dissertation submit- 
ted by  t he  f i r s t  a u t h o r  in  p a r t i a l  f u l f i l l m e n t  of  t h e  r e -  
q u i r e m e n t s  f o r  a D o c t o r  of  P h i l o s o p h y  d e g r e e  in  t h e  
D e p a r t m e n t  of  B o t a n y ,  M i a m i  U n i v e r s i t y ,  O x f o r d ,  
O h i o .  

tations can be maintained by self-pollinating appropriate 

flowers on variegated branches and collecting the ma- 

ture seeds (Burk et al., 1964; Stewart, 1965). Although 

a large volume of information concerning the nature of 

pigment deficient mutants exists in the literature, the 

highly differentiated protoplasm of higher plant cells, 

with their system of particulate organelles, requires a 

great deal more understanding. 

Chlorophyll-deficient plants provide favorable ma- 

terial for many types of genetic investigations (Board- 

man et al., 1971 ; Gibbs, 1971~ Kirk and Tilney-Bassett, 

1967; Sager, 1972). Biochemical mutants among chlo- 

rophyll-deficient plants can provide meaningful infor- 

mation on the biosynthetic pathways of specific metabo- 

lites. These types of chlorophyll-deficient mutants may 

respond to exogenous sources of specific metabelites 

(Boynton, 1966a; Li and R6dei, 1969; Murr and Steb- 

bins, 1971; R~dei, 1965; Walles, 1963). The response 

of the biochemical mutants to metabolites allows for the 

localization of genetic blocks and thus elucidation of 

gene-controlled biosynthetic pathways. Biochemical mu- 

tations which lead to the abnormal development of chlo- 

roplasts in higher plants have been demonstrated to af- 

fect compounds synthesized only in the chloroplasts, 

e.g., carotenoids, chlorophyll, and some enzymes 

(Bachmann et al., 1967 ; Boynton and Henningsen, 1967 ; 

Heber and Gottschalk, 1963; Walles, 1965). Defective 

chloroplasts are also induced when mutations affect 

compounds which are synthesized in either the cytosol 

or other organelles, e.g., aspartic acid and thiamine 
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( B o y n t o n ,  1966a ;  L a n g r i d g e ,  1955;  W a l l e s ,  1 9 6 3 ) . S o m e  

c h l o r o p h y l l - d e f i c i e n t  m u t a n t s  p r o v i d e  f a v o r a b l e  m a t e r i a l  

f o r  i n v e s t i g a t i n g  t he  g e n e - m e d i a t e d  d i f f e r e n t i a t i o n  of  

c h l o r o p l a s t  d e v e l o p m e n t  at  t he  u l t r a s t r u c t u r a l  l e v e l  

( B o y n t o n ,  1966b ;  R o s i n s k i  and  R o s e n ,  1972;  yon  W e t t -  

s t e i n ,  1 9 6 1 ) .  In a d d i t i o n  to p o t e n t i a l l y  p r o v i d i n g  i n f o r -  

m a t i o n  a b o u t  m e t a b o l i t e  b i o s y n t h e s i s  a n d  c h l o r o p l a s t  d e -  

v e l o p m e n t ,  c h l o r o p h y l l - d e f i c i e n t  m u t a n t s  m a y  p r o v i d e  

e x c e p t i o n a l  m a t e r i a l  to  i n v e s t i g a t e  t he  m o l e c u l a r  b i o l o -  

gy of  DNA.  C o n s e q u e n t l y ,  t h e  c o n t r o v e r s y  of  c h l o r o p l a s t  

a u t o n o m y ,  in  c o m p a r i s o n  to s i m u l t a n e o u s  g e n e t i c  inpu t  

f r o m  t h e  n u c l e u s ,  i s  b e i n g  i n v e s t i g a t e d  by  s t u d y i n g  the  

r e l a t i o n s h i p  b e t w e e n  c h l o r o p l a s t  u l t r a s t r u c t u r e  and  i t s  

DNA ( W i l d m a n ,  1 9 7 1 a ;  W i l d m a n  e t  a l . ,  1973;  W o n g -  

S t a a l  a n d  W i l d m a n ,  1 9 7 3 ) .  Th i s  r e l a t i v e l y  r e c e n t  e x p e -  

r i m e n t a l  p u r s u i t  r e q u i r e s  a wide  v a r i e t y  and  a n  a p p r o -  

p r i a t e  a m o u n t  of  c h l o r o p h y l l - d e f i c i e n t  m a t e r i a l .  

U n f o r t u n a t e l y ,  in  t he  m a j o r i t y  of  c a s e s  of  d e t e c t e d  

a b n o r m a l  c h l o r o p l a s t  m o r p h o g e n e s i s ,  r e s u l t i n g  in  c h l o -  

r o p h y l l - d e f i c i e n t  m u t a n t s ,  t h e  b l o c k e d  b i o s y n t h e t i c  p a t h -  

w a y s  h a v e  not  b e e n  i d e n t i f i e d .  U l t r a s t r u c t u r a l  a n a l y s i s  

of  d e f e c t i v e  c h l o r o p l a s t s  u n d e r  n u c l e a r  g e n e  c o n t r o l  h a s  

p r o v i d e d  m u c h  d a t a  c o n c e r n i n g  t h e i r  d e v e l o p m e n t .  H o w -  

e v e r ,  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  a b o u t  t h e  d e v e l o p -  

m e n t  of  c h l o r o p l a s t  m u t a n t s  u n d e r  t he  c o n t r o l  of  t he  p l a -  

s t o m e  ( c h l o r o p l a s t  g e n o m e ) .  F u r t h e r m o r e ,  in  on ly  one  

p o s s i b l e  c a s e ,  a t  t h e  t i m e  of  t h i s  w r i t i n g ,  h a v e  t h e  s t r u c -  

t u r a l  a l t e r a t i o n s  of  d e f e c t i v e  c h l o r o p l a s t s  b e e n  d i r e c t l y  

a t t r i b u t a b l e  to m u t a t e d  c h l o r o p l a s t  DNA in  c o m p a r i s o n  to 

w i l d t y p e  c h l o r o p l a s t  DNA ( W o n g - S t a a l  and  W i l d m a n ,  

1 9 7 3 ) .  B e c a u s e  of  t h e  i n c o m p l e t e  u n d e r s t a n d i n g  on  t he  

n a t u r e  of  c h l o r o p l a s t s ,  i d e n t i f i c a t i o n  and  c l a s s i f i c a t i o n  

of  n e w  p l a s t i d  m u t a n t s  c o n t i n u e s  to be  i m p o r t a n t .  New 

m u t a n t s  m a y  s u b s t a n t i a t e  p r e v i o u s l y  d o c u m e n t e d  i n f o r -  

m a t i o n  a n d / o r  p r o v i d e  a m o r e  s u i t a b l e  m a t e r i a l  f o r  f u -  

t u r e  e x p e r i m e n t s  on  t he  n a t u r e  of  p l a n t  p r o t o p l a s t s .  

In t h i s  p a p e r ,  we r e p o r t  on  t h e  u s e  of  an  o r g a n i s m  

w h i c h  i s  h i g h l y  a d v a n t a g e o u s  in  s t u d i e s  i n v o l v i n g  t h e  

s t r u c t u r e  a n d  f u n c t i o n  of  c h l o r o p l a s t s .  Th i s  p a p e r  p r e -  

s e n t s  g e n e t i c  a n d  u l t r a s t r u c t u r a l  i n f o r m a t i o n  on  the  

n a t u r e  of  n u c l e a r  a n d  c y t o p l a s m i c  c h l o r o p l a s t  m u t a n t s  

in  t h e  a n g i o s p e r m  Mimulus cardinalis. 

M a t e r i a l s  a n d  M e t h o d s  

The c h l o r o p h y l l - d e f i c i e n t  m u t a n t s  d i s c u s s e d  in  t h i s  s t u -  
dy w e r e  i n d u c e d  a n d  i s o l a t e d  f o l l o w i n g  t r e a t m e n t  of  
Mimulus eardinali8 s e e d s  at  t he  LDgs l e v e l  in  0 . 0 1  M 
N - m e t h y l - N ' - n i t r o - N - n i t r o s o g u a n i d i n e  (MNNG)  o r  
f o l l o w i n g  30 m i n u t e  t r e a t m e n t  w i th  O. 1 M n i t r o u s  a c i d  

(NA) (Travis and Wilson, 1970; Travis et al., 1971; 
Travis and Wilson, 1972a; Wilson, 1971). A strain of 
MimuZz~ e~dinalis Douglas, culture number 5031, col- 
lected from Beaver Creek, Siskiyou County, California, 
was selected as the standard (Pollock et al., 1967). The 
seeds collected from the standard wildtype were usedas 
the parental generation (P ~) and these seeds when trea- 
ted with mutagens are referred to as M • generation seeds. 
The subsequent generation seeds are referred to as M2 
generation seeds. Standard wildtype plants were grown 
under greenhouse conditions, in a soilpeat mixture, and 
P• seeds were collected following self-pollination. Mu- 
tagen treated lines were maintained in the same manner. 
However, in some cases, M• mutant plants were propa- 
gated by rooting cuttings Of various mutant branches that 
appeared as growth from lateral buds. 

Inheritance studies began with observations and sub- 
sequent isolation of dominant variegated-chlorophyll mu- 
tants in mature M• generation plants. These mutants 
were tentatively classified as extrachromosomally (cyto- 
plasmically) inherited chloroplast mutants. The search 
for recessive chlorophyll mutants was initiated by self- 
pollinating phenotypically normal Mi plants. Self-pol- 
linated M i plants whichgaverise to approximately one- 
fourth achlorophyllous M2 seedlings were tentatively 
classified as being heterozygous for nuclear recessive 
lethal genes. The various mutants isolated were self- 
pollinated and reciprocally crossed to substantiate their 
mode of inheritance. The M• and M2 generation seeds 
were germinated in two manners, both of which gave si- 
milar results. In the first method, M I seeds, imme- 
diately after treatment with mutagen, were rinsed with 
sterile distilled water and sterilized for one minute in 
10 7o sodium hypochlorite (commercial "Clorox")solution. 
After sodium hypochlorite treatment the seeds were 
rinsed twice in sterile distilled water and plated on Hoag- 
land's medium enriched by addition of 1 ml of micro- 
nutrients per liter of solution (Arditti and Dunn, 1969; 
Henke et al., 1974). The plating medium was solidified 
by addition ofDifco Bacto Agar in concentration of 2 per 
cent (w/v). Petri dishes containing about 30 ml of so- 
lidified sterile medium were overlayed with the treated 
seeds. The standard growth conditions were the incuba- 
tion of seeds in a growth chamber, at 22~ Light at 
about 900 ft-c was provided from cool-white fluorescent 
lamps under a 16:8-h light-dark regime. The alterna- 
tive method was to allow the M I seeds to germinate on 
the surface of a soilpeat mixture under greenhouse con- 
ditions. M2 seeds were always air dried after harvesting 
and germinated in the same manner as Mi seeds. M• 
and M2 plants were counted and classified in the coty- 
ledon stage, as well as the mature plant stage, since seed- 
lings totally deficient in chlorophyll do not survive be- 
yond the cotyledon stage. 

Cytological examinations of tissue from the standard 
wildtype and mutant plants were carried out to determine 
distribution of normal and abnormal chloroplasts. Free- 
hand cross sections of fresh material mounted in water 
were examined using a Zeiss Nomarski differential in- 
terference microscope. 

For electron microscopic examination, pieces of 
tissue, approximately 2 • 3 ram, were fixed for three 
hours with cold (ice bath) 5~ glutaraldehyde in 0.2M 
cacodylate buffer at pH adjusted to 7.2 with HCL. Follo- 
wing three rinses in cold O. 2 M cacodylate buffer, the 
material was postfixed for three hours in cold 1% un- 
buffered osmium tetroxide (OsO 4) or cold 2 % unbuffered 
p o t a s s i u m  p e r m a n g a n a t e  (KMnO 4) . The t i s s u e s  w e r e  t h e n  
w a s h e d  t w i c e  in  c a c o d y l a t e  b u f f e r  a t  a b o u t  23 ~ C f o l l o w e d  
by d e h y d r a t i o n  in a g r a d e d  a c e t o n e  s e r i e s  of  2 0 - 4 0 - 6 0 -  
8 0 - 1 0 0 p  a t  m i n i m u m  two h o u r  i n t e r v a l s .  The 100% a c e -  
t o n e  d e h y d r a t i o n  was  r e p e a t e d  t h r e e  t i m e s .  The t i s s u e  
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w a s  t h e n  p a s s e d  t h r o u g h  50 % p r o p y l e n e  o x i d e  in  a c e t o n e  
f o r  1 h o u r  a n d  f i n a l l y  p l a c e d  in  100 7~ p r o p y l e n e  o x i d e  
b e f o r e  e m b e d d i n g .  B o t h  t h e  p o s t f i x e d  OsO 4 a n d  KMnO 4 
m a t e r i a l  w a s  e m b e d d e d  in  S p u r r ' s  low v i s c o s i t y  m e d i u m  
( S p u r r ,  1 9 6 9 ) .  Thin  s e c t i o n s  w e r e  cu t  o n  a S o r v a l l  ( P o r -  
t e r  B l u m )  MT-1 u l t r a m i c r o t o m e  a n d  p o s t - s t a i n e d  w i th  
u r a n y l  a c e t a t e  and  l e a d  c i t r a t e  f o r  5 m i n u t e s  e a c h .  UI-  
t r a s t r u c t u r a l  e x a m i n a t i o n  w a s  w i th  a n  H i t a c h i  H U - 1 2 5 E  
e l e c t r o n  m i c r o s c o p e .  

R e s u l t s  

C h l o r o p h y l l - d e f i c i e n t  M u t a n t  P h e n o t y p e s  

The c h l o r o p h y l l - d e f i c i e n t  m u t a n t s  d i s c u s s e d  in  t h i s  s t u -  

dy a r e  c l a s s i f i e d  in  a m a n n e r  s i m i l a r  to t he  s y s t e m  u s e d  

f o r  b a r l e y  m u t a n t s  ( G a u l ,  1 9 6 4 ) .  S ix  d i f f e r e n t  c h l o r o -  

p h y l l - d e f i c i e n t  m u t a n t  p h e n o t y p e s  w e r e  o b s e r v e d  and  

s t u d i e d  f o l l o w i n g  c h e m i c a l  m u t a g e n e s i s  ( T a b l e  1 ) .  The 

two b a s i c  c h l o r o p h y l l - d e f i c i e n t  p h e n o t y p e  p a t t e r n s  o b -  

s e r v e d  in  t h e  M 1 g e n e r a t i o n  f o l l o w i n g  s e e d  t r e a t m e n t  

w i th  MNNG a r e  "v i r id i s "  and  "str4ata" m u t a n t s .  The 

vir4dis  m u t a n t s  h a v e  s h o o t s  wi th  p a l e  y e l l o w - g r e e n  v a -  

r i e g a t e d  p a t t e r n s .  In a d d i t i o n  to t h e  v a r i e g a t e d  s h o o t s ,  

v i r4d i smutan t  p l a n t s  a l s o  p o s s e s s  p h e n o t y p i c a l l y  n o r m a l  

g r e e n  s h o o t s .  The  p a l e  y e l l o w - g r e e n  v a r i e g a t e d  vir4dis  

s h o o t s  t h e m s e l v e s  p e r s i s t  w i th  a l i f e - s p a n  a n a l o g o u s  to 

t h e  w i l d t y p e  s t a n d a r d .  The s t r a t a  m u t a n t s  h a v e  s h o o t s  

wi th  w h i t e - g r e e n  v a r i e g a t e d  p a t t e r n s .  Str4ata m u t a n t s  

a l s o  p o s s e s s  p h e n o t y p i c a l l y  n o r m a l  g r e e n  b r a n c h e s  on  

t h e  s a m e  p l a n t .  Str4ata t ype  s h o o t s  s u r v i v e  f o r  a m a x i -  

m u m  of two m o n t h s .  Th i s  i s  l e s s  t h a n  o n e - h a l f  t he  l i f e  

of  a n o r m a l  s h o o t .  Of t en ,  striata m u t a n t  p l a n t s  g i v e  

r i s e  to s h o o t s  w i t h  s t e m s  a n d  l e a v e s  t h a t  a r e  c o m p l e t e -  

ly  o r  p r i m a r i l y  albino, r a t h e r  t h a n  b a s i c a l l y  v a r i e g a -  

t e d .  The c o m p l e t e l y  alb ino  s h o o t s  p e r s i s t  f o r  a p p r o x i -  

m a t e l y  two m o n t h s ,  a p p a r e n t l y  due  to  e f f i c i e n t  t r a n s l o -  

c a t i o n  of  p h o t o s y n t h e t i c  m e t a b o l i t e  p r o d u c t s  f r o m  n o r -  

m a l  g r e e n  s h o o t s  of  t he  s a m e  p l a n t .  

In  v i r i d i s  a n d  s t r i a t a  m u t a n t s ,  t he  v a r i e g a t e d  

p a t t e r n s  of  a f f e c t e d  b r a n c h e s  w e r e  c o n s p i c u o u s  o n  l e a v e s ,  

s t e m s ,  p e t i o l e s  a n d / o r  c a l y c e s .  F r e q u e n t l y ,  v a r i e g a t e d  

s h o o t s  of b o t h  m u t a n t  p h e n o t y p e s  g i v e  r i s e  to s h o o t s  of  

a l l  g r e e n  t i s s u e .  New v a r i e g a t e d  b r a n c h e s  o f t e n  d e v e -  

l o p e d  f r o m  p l a n t s  w h e r e  v a r i e g a t e d  s h o o t s  d i e d  o r  g a v e  

r i s e  to  a l l  g r e e n  t i s s u e d  s h o o t s .  

T h e s e  o b s e r v a t i o n s  i n d i c a t e  t h a t  d i f f e r e n t  p l a s t o m e  

t y p e s  s o m a t i c a l l y  s o r t - o u t  d u r i n g  n o r m a l  g r o w t h  and  d e -  

v e l o p m e n t  ( B u r k  e t  a l . ,  1964;  S t e w a r t ,  1965 ;  E p p ,  1 9 7 3 ) .  

C o n s e q u e n t l y ,  h e t e r o p l a s t i d i c  p l a n t s ,  c a r r y i n g  w i l d t y p e  

a n d  m u t a t e d  p l a s t o m e s ,  c a n  p r o d u c e ,  by  v i r t u e  of  s e g -  

r e g a t i o n  at  t h e  c e l l  d i v i s i o n s  in  a p i c a l  m e r i s t e m s ,  c e l l  

l i n e a g e s  of  e i t h e r  h e t e r o p l a s t i d i c  o r  h o m o p l a s t i d i c  n a -  

t u r e .  The h e t e r o p l a s t i d i c  s t r i a t a  a n d  vir4dis  m u t a n t s  

m a y  be  a l s o  d e f i n e d  a s  p e r i c l i n a l  c h i m e r a s  i n a s m u c h  a s  

t h e i r  m o s a i c  p a t t e r n s  s o m e t i m e s  c o m p l e t e l y  s e g r e g a t e  

d u r i n g  m i t o s i s  to s t a b l e  h o m o p l a s t i d i c  c o n d i t i o n s ,  e i t h e r  

w i ld type  o r  m u t a n t  ( T i l n e y - B a s s e t t ,  1 9 6 3 ) .  

The f o u r  b a s i c  p a t t e r n s  of  c h l o r o p h y l l - d e f i c i e n c y  found  

in  M 2 g e n e r a t i o n  p l a n t s ,  s e g r e g a t i n g  f r o m  p h e n o t y p i c a l -  

ly  n o r m a l  M 1 g e n e r a t i o n  p l a n t s ,  a r e  "xantha" 

T a b l e  1. C h a r a c t e r i s t i c s  of  c h e m i c a l l y  i n d u c e d  c h l o r o p h y l l - d e f i c i e n t  m u t a n t s  in  Mimulus ccmdinalis 

C h e m i c a l  
Chlorophyll-deficient m u t a g e n  
m u t a n t  t y p e  u s e d  

G e n e r a t i o n  M u t a n t  D i s t i n g u i s h i n g  
m u t a n t  t i s s u e  D i s t r i b u t i o n  of  m o r p h o l o g i c a l  m u t a n t  
d e t e c t e d  c o l o r  m u t a n t  t i s s u e  c h a r a c t e r ( s )  

Vir id is  MNNG a M 1 P a l e  
y e l l o w  

Striata MNNG M 1 W h i t e  

Xv~tha MNNG M 2 Y e l l o w  

Albina- MG MNNG M 2 W h i t e  

Albina-NA NA b M 2 W h i t e  

Chlorotic MNNG M 2 P a l e  
y e l l o w  

V a r i e g a t e d  p a t t e r n s  on  s t e m s ,  
l e a v e s ,  p e t i o l e s ,  c a l y c e s  

V a r i e g a t e d  p a t t e r n s  on  s t e m s ,  
l e a v e s ,  p e t i o l e s ,  c a l y c e s  a n d  
c o m p l e t e  a l b i n o  s h o o t s  

C o t y l e d o n  s t a g e  

Cotyledon s t a g e  

C o t y l e d o n  s t a g e  

E n t i r e  m u t a n t  p l a n t  

M u t a n t  a n d  n o r m a l  s h o o t s  on  
m a t u r e  p l a n t  

M u t a n t  a n d  n o r m a l  s h o o t s  on  
m a t u r e  p l a n t s  

C o n d i t i o n  i s  l e t h a l  ; p l a n t s  
d i e  in  c o t y l e d o n  s t a g e  

C o n d i t i o n  i s  l e t h a l ;  p l a n t s  
d i e  i n  c o t y l e d o n  s t a g e  

C o n d i t i o n  i s  l e t h a l ;  p l a n t s  
d i e  in  c o t y l e d o n  s t a g e  

P l a n t  p r o d u c e s  o n l y  d w a r f  
s h o o t s  

a M N N G  = N - m e t h y l - N ' - n i t r o - N - n i t r o s o g u a n i d i n e .  
b NA = n i t r o u s  a c i d .  
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" a l b i n a - M G " ,  " a l b i n a - N A " ,  a n d  "chlorotie" m u t a n t s .  

Xantha m u t a n t s  a r e  c o m p l e t e l y  y e l l o w  a n d  d ie  in  t h e  c o t y -  

l e d o n  s t a g e  of  d e v e l o p m e n t .  A l b i n a - M G  m u t a n t s  and  

a l b i n a - N A  m u t a n t s  a r e  c o m p l e t e l y  wh i t e  a n d  a l s o  a r e  

l e t h a l ,  dy ing  in  t h e  c o t y l e d o n  s t a g e .  Xantha,  a l b i n a - M G  

and  a l b i n a - N A  m u t a n t s  s u r v i v e  a f t e r  g e r m i n a t i o n  fo r  a n  

e s t i m a t e d  f o u r t e e n  d a y s .  F o l i a r  l e a v e s  n e v e r  d e v e l o p .  

The c h l o r o t i e  m u t a n t s  r e a c h  m a t u r i t y  and  p r o d u c e  on ly  

m u t a n t  b r a n c h e s .  The b r a n c h e s  of  t he  c h l o r o t i e  m u t a n t s  

a r e  c o m p l e t e l y  p a l e  y e l l o w .  In a d d i t i o n  to t h e  c o m p l e t e  

c h l o r o s i s ,  c h l o r v t i c  m u t a n t  p l a n t s  a r e  m o r p h o l o g i c a l l y  

a b n o r m a l .  They v a r y  f r o m  t h e  s t a n d a r d  w i ld type  i n p r o -  

d u c i n g  p r o f u s e  l a t e r a l  d w a r f  b r a n c h e s  p o s s e s s i n g  e x t r e -  

m e l y  l a n c e e l a t e  l e a v e s .  

Inheritance Studies 

The phenotype ratios of seedlings inherited from crosses 

involving the str~ata and viridis mutants depend on the 

pattern of variegation on the M 1 shoot and are transmit- 

ted only through the maternal parent. All seedlings grown 

from seed obtained from capsules taken from normal 

green shoots were green. All seedlings grown from seed 

obtained from capsules from the all albino shoots were 

white. Variable proportions of green, white, pale yellow, 

and variegated seedlings were obtained from selected 

capsules taken from white-green stx~ata mutant shoots 

o r  pa l e  y e l l o w - g r e e n  v i z ~ d i s  m u t a n t  s h o o t s .  T h e s e  o b -  

s e r v a t i o n s  a r e  c o n s i s t e n t  wi th  t he  c o n c e p t  t h a t  t he  s u b -  

e p i d e r m a l  h i s t o g e n i c  t i s s u e  l a y e r ,  L II ,  g i v e s  r i s e  to  

b o t h  m o s a i c  l e a v e s  and  c a l y c e s  a n d  c o n t i n u e s  in to  t he  

r e p r o d u c t i v e  t i s s u e  f o r m i n g  the  o v u l e s  ( B u r k  et  a l . ,  

1964 ; S t e w a r t ,  1965 ; S a t i n a  and  B l a k e s l e e ,  1941 ) .  Thus  t he  

p h e n o t y p e  of  t h e  s u b t e n d i n g  l e a f  i s  n o r m a l l y  t he  p h e n o t y p e  

of  t h e  r e p r o d u c t i v e  c e l l s .  T h e s e  a s s u m p t i o n s  a r e  s u p p o r t -  

ed  by  o u r  r e s u l t s  s i n c e  the  h e t e r o p l a s t i d i c  b r a n c h e s  of  

s t z ~ a t a  and  v i z 4 d i s  m u t a n t s  p r o d u c e d  t he  e x p e c t e d  o f f -  

s p r i n g  upon  s e l l i n g .  Thus ,  f r o m  s e l f p o l l i n a t i o n s  a n d  r e c i p -  

r o c a l  c r o s s e s  to t he  w i ld type  Mimulus c a r d i n a l i s ,  t h e  

m o d e  of  i n h e r i t a n c e  of  c h l o r o p h y l l - d e f i c i e n c y  in  s t r i a t a  

and  v i r i d i s  m u t a n t s  was  d e t e r m i n e d  to be  n o n - M e n d e l i a n  

(Tab le  2 and  3 ) .  B e c a u s e  the  c h l o r o p h y l l - d e f i c i e n t  c h l o -  

r o p l a s t s  a r e  t r a n s m i t t e d  in b o t h  m u t a n t s  c y t o p l a s m i c a l -  

ly ,  i . e . ,  m a t e r n a l l y ,  t h e s e  c h l o r o p h y l l  v a r i e g a t i o n s  a r e  

a s s u m e d  to be  u n d e r  t he  c o n t r o l  of  t he  p l a s t o m e ,  t h e  

h e r e d i t a r y  m a t e r i a l  l o c a l i z e d  in  t he  p l a s t i d s .  The p r e -  

s e n c e  of  n u c l e a r  m u t a t o r  g e n e s  i n d u c i n g  d e f e c t i v e  c h l o -  

r o p l a s t s  i s  d i s c o u n t e d ,  in  p a r t ,  b e c a u s e  the  c h l o r o p h y l l  

v a r i e g a t i o n s  a p p e a r  in  the  M1 g e n e r a t i o n  ( R 6 d e i ,  1973;  

Epp ,  1 9 7 3 ) .  

The i n h e r i t a n c e  of  a l b i n a -  MG, a l b i n a -  NA and  

xan tha  t ype  m u t a n t s  in  the  M 2 p r o g e n i e s ,  f r o m  p h e n o t y -  

p i c a l l y  n o r m a l  m u t a g e n  t r e a t e d  p l a n t s ,  f i t  c l a s s i c  M e n -  

T a b l e  2.  I n h e r i t a n c e  of  g r e e n ,  v a r i e g a t e d ,  a n d  w h i t e  Mimulus cardinalis s e e d l i n g s  f r o m  b a c k c r o s s e s  
and  s e l f - p o l l i n a t i o n s  of  f l o w e r s  on  c h l o r o p h y l l - d e f i c i e n t  s t r 4 a t a  m u t a n t s  

M a t e r n a l  p l a n t  P a t e r n a l  p l a n t  

Seedlings 

Green Variegated White 

Number Number Number 

Striata ( v a r i e g a t e d )  • Se l f  
Striata ( v a r i e g a t e d )  X 5031 
5031 X Striata ( v a r i e g a t e d )  
Striata ( w h i t e  s h o o t )  • Se l f  
S t z 4 a t a  ( w h i t e  s h o o t )  x 5031 
5031 • S t z ~ a t a  ( w h i t e  s h o o t )  

131 2 128 
194 0 137 
329 0 0 

0 0 168 
0 0 366 

381 0 0 

T a b l e  3.  I n h e r i t a n c e  of  g r e e n ,  v a r i e g a t e d ,  a n d  p a l e  y e l l o w  Mimulus cardinalis s e e d l i n g s  f r o m  b a c k c r o s s e s  
and  s e l f - p o l l i n a t i o n s  of  f l o w e r s  on  c h l o r o p h y l l - d e f i c i e n t  v i z 4 d i s  m u t a n t s  

M a t e r n a l  p l a n t  Paternal plant 

Seedlings 

Green Variegated Pale yellow 

Number Number Number 

Viz~d i8  ( v a r i e g a t e d )  x Se l f  
Viridis ( v a r i e g a t e d )  x 5031 
5031 • Viridis (variegated) 

2 1 172 
6 0 243 

264 0 0 
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d e l i a n  r a t i o s  of  3 n o r m a l  : 1 m u t a n t  (Tab le  4 ) .  B a s e d  o n  

g o o d n e s s - o f - f i t  to a 3 : 1  r a t i o ,  we a s s u m e d  t h a t  t h e g e n e s  

r e s p o n s i b l e  f o r  t he  c h l o r o p h y l l - d e f i c i e n c y  in  b o t h  albina 

and  xantha m u t a n t s  a r e  n u c l e a r  r e c e s s i v e  g e n e s .  N u c l e a r  

g e n e - i n d u c e d  p l a s t o m e  m u t a t i o n s  a r e  d i s c o u n t e d  b e c a u s e  

o f  t h e  M e n d e l a i n  r a t i o s  a n d  t h e  l a c k  of  v a r i e g a t e d  p a t -  

t e r n s .  

One  h u n d r e d p e r  c e n t  of  t h e  p r o g e n y  w h i c h  d e v e l o p e d  

f r o m  s e e d s  o b t a i n e d  f r o m  a s i n g l e  p h e n o t y p i c a l l y  n o r -  

m a l  ( g r e e n )  M 1 l i n e  p l a n t  g a v e  r i s e  to M 2 g e n e r a t i o n  

ch loro t i e  m u t a n t s .  Chlorot ic  m u t a n t s  a r e  s t e r i l e  a t  

m a t u r i t y  p r o h i b i t i n g  g e n e t i c  a n a l y s i s .  

C y t o l o g i c a l  O b s e r v a t i o n s  

The d i s t r i b u t i o n  of  n o r m a l  and  a b n o r m a l  c h l o r o p l a s t s  

w i t h i n  t i s s u e s  and  c e l l  t y p e s  in  m u t a n t  and  w i ld type  s h o o t  

m a t e r i a l  was  d e t e r m i n e d  by  o b s e r v a t i o n s  wi th  a Z e i s s  

N o m a r s k i  d i f f e r e n t i a l  i n t e r f e r e n c e  m i c r o s c o p e  ( T a b l e  1 ) .  

The e l l i p s o d i a l  to ova l  s h a p e d  c h l o r o p l a s t s  o b s e r v e d  in  

a l l  w i ld type  m e s o p h y l l  c e l l s  a n d  g u a r d  c e l l s  a r e  a s s u m e d  

to h a v e  n o r m a l  c h l o r o p h y l l  c o n t e n t ,  s t r u c t u r e  a n d  f u n c -  

t i o n .  The c o n s p i c u o u s  p l a c e s  w h e r e  c h l o r o p h y l l  i s  l a c k i n g  

in  t h e  w i l d t y p e  p l a n t s  i s  o n  t he  c a l y c e s  and  e p i d e r m i s .  

The c a l y x  s u t u r e  a r e a s ,  w h e r e  s e p a l s  a r e  f u s e d ,  a r e  

w h i t e  to p a l e  g r e e n .  C y t o l o g i c a l  e x a m i n a t i o n  s h o w s  a p -  

p a r e n t  n o r m a l  c h l o r o p l a s t s  but  o c c u r r i n g  at  a low f r e -  

q u e n c y .  I n t e r e s t i n g l y ,  t he  c a l y c e s  of a l l  w h i t e  s h o o t s  d e -  

r i v e d  f r o m  s t r i a t a  c h i m e r a  m u t a n t s  e x h i b i t  e n t i r e l y  

g r e e n  s u t u r e s  w h e r e  t h e  s e p a l s  a r e  f u s e d ,  t h e  d i r e c t  a n -  

t i t h e s i s  of  t he  w i l d t y p e  s i t u a t i o n .  C h l o r o p l a s t s  w e r e  o b -  

s e r v e d  in  t h e  g u a r d  c e l l s  of  t h e  e p i d e r m i s .  C h l o r o p l a s t s  

in  o t h e r  e p i d e r m a l  c e l l s  w e r e  not  o b v i o u s  in  any  p l a n t  

e x a m i n e d .  

D e p e n d i n g  upon  t he  t i s s u e  e x a m i n e d  in  e i t h e r  t h e  

striata o r  viridis m u t a n t s  wi th  t h e  l i g h t  m i c r o s c o p e ,  

c e l l s  wi th  a p p a r e n t l y  n o r m a l  g r e e n  c h l o r o p l a s t s  o r  c e l l s  

w i th  s m a l l e r  y e l l o w i s h  to c o l o r l e s s  p l a s t i d s  w e r e  o b -  

s e r v e d .  Single cells with a mixture of normal and ab- 

normal plastids were observed in strata mutant tissue. 

Cells containing normal chloroplasts apparently adjacent 

to cells containing abnormal plastids are also frequent- 

ly observed in sections of white tissue from the strata 

mutants. Normal green chloroplasts were consistently 

observed in guardcells contiguous to the all white 8tz~ata 

tissues of the mesophyll layers. This observation sup- 

p o r t s  o u r  b e l i e f  t h a t  striata m u t a n t s  a r e  h e t e r o p l a s t i d i c  

o n l y  in  t he  s u b e p i d e r m a l  h i s t o g e n i c  t i s s u e  l a y e r ,  L II .  No 

a p p a r e n t  n o r m a l  c h l o r o p l a s t s  w e r e  o b s e r v e d  in  any  c e l l s  

of the albina- MG, albina- NA, xantha and chlorotic 

mutants. 

C h l o r o p l a s t  U l t r a s t r u c t u r e  

The u l t r a s t r u c t u r e  of  m u t a n t  c h l o r o p l a s t s  i s  c o m p a r e d  

to s t a n d a r d  w i l d t y p e  c h l o r o p l a s t s .  C h l o r o p l a s t s ,  a s -  

s u m e d  to b e  g e n o t y p i c a l l y  a n d  p h e n o t y p i c a l l y  n o r m a l ,  

h a v i n g  t he  t y p i c a l  m o r p h o l o g y  p r e v i o u s l y  r e p o r t e d  f o r  

p l a s t i d s  of  h i g h e r  p l a n t s  a r e  found  in  s t a n d a r d  w i l d t y p e  

Mimulus aardinalis m e s o p h y l l  t i s s u e s  ( F i g .  1 ) . T h e  e n -  

c l o s u r e  of  t h e  c h l o r o p l a s t  by  a l i m i t i n g  d o u b l e  m e m b r a n e  

i s  f r e q u e n t l y  c o n s p i c u o u s .  I n t e r n a l  l a m e l l a r  ( t h y l a k o i d )  

m e m b r a n e s ,  in  w h i c h  p h o t o s y n t h e t i c  p i g m e n t s  a r e  a s s o -  

c i a t e d ,  r a r e l y  e x t e n d  a l l  t he  way a c r o s s  t h e  c h l o r o p l a s t .  

T y p i c a l l y ,  t he  l i p o p r o t e i n  l a m e l l a r  s y s t e m  i s  o r g a n i z e d  

i n to  s t a c k s  of  f u s e d  d i s c s  ( g r a n a )  i n t e r c o n n e c t e d  by  

s i n g l e  d i s c s  ( f r e t w o r k ) .  O s m i o p h i l i c  ( l i p i d )  g lobu l i  a r e  

u b i q u i t o u s  in  w i l d t y p e  c h l o r o p l a s t s ,  v a r y i n g  in  s i z e  a n d  

n u m b e r .  Of t en ,  one  o r  two ,  e l l i p s o i d a l  s t a r c h  g r a i n s  

a r e  p r e s e n t .  M o s t  of  t h e  r e m a i n d e r  of  t h e  c h l o r o p l a s t  i s  

c o m p o s e d  of t he  p r o t e i n a c e o u s  m a t r i x  c a l l e d  s t r o m a ,  

t he  l o c a t i o n  of  e n z y m e s  i n v o l v e d  in  c a r b o n  f i x a t i o n .  

Electron microscopic examination of the white tissue 

of striata mutants, ascertained to be cytoplasmically 

T a b l e  4 .  G e n e t i c  a n a l y s i s  of  l e t h a l  c h l o r o p h y l l - d e f i c i e n t  albina-MG, aZbina-NA a n d  xantha m u t a n t  s e e d l i n g s  in  
Mimulu8 eardinalis 

M 1 g e n e r a t i o n  p a r e n t  Phenotype 

M 2 s e e d l i n g s  

G r e e n  W h i t e  (albina) Yel low (x~ntha) 

N u m b e r  N u m b e r  N u m b e r  C h i - s q u a r e  a P v a l u e  a 

Albina- MG X Se l f  G r e e n  585 
Xantha X Se l f  G r e e n  612 
Albina- NA • Se l f  G r e e n  292 

180 0 0.63 0.4 - 0 . 5  
0 216 0.52 0.4 - 0 . 5  

82 0 1.88 0 . 1 5 - 0 . 2  

a 
Tested for goodness-of-fit to a 3:1 ratio. 
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F i g .  1. W i l d t y p e  c h l o r o p l a s t .  M, m i t o c h o n d r i o n .  G l u t -  
OsO~. X 13,000 
Fig.2. Mesophyll plastid of xantha mutant. M, mi- 
tochondrion. Glut-OsO 4 . x 19,000 
Fig. 3. Mesophyll plastid of xantha mutant. Glut-OsO4. 
X 33,500 

F i g . 4 .  M e s o p h y l l  p l a s t i d  of  v i r i d i s  m u t a n t .  G l u t - O s O  4. 
X 2 8 , 5 0 0 .  I n s e r t :  H i g h e r  m a g n i f i c a t i o n  of  " s u p e r - e x t e n -  
d e d "  g r a n u m .  • 5 1 , 5 0 0  
F i g .  5. Two t y p e s  of  m e s o p h y l l  p l a s t i d s  f r o m  xantha m u -  
t a n t .  G l u t - O s O 4 .  x 1 1 , 0 0 0  

i n h e r i t e d ,  r e v e a l e d  two t y p e s  of  a b n o r m a l  c h l o r o p l a s t s  

u l t r a s t r u c t u r e s .  One  of  t he  d e f e c t i v e  c h l o r o p l a s t  t y p e s  

i s  ' ' d u m b b e l l "  s h a p e d  in  c r o s s  s e c t i o n  ( F i g .  9 ) .  The o t h e r  

d e f e c t i v e  c h l o r o p l a s t  t y p e  i s  n e a r l y  a m o e b o i d  s h a p e d  

c o n t a i n i n g  a v a c u o l e - l i k e  s t r u c t u r e  ( F i g .  1 0 ) .  O t h e r t h a n  

a s m a l l  a m o u n t  of  s t r o m a  o r  m a t r i x ,  no i d e n t i f i a b l e  i n -  

t e r n a l  o r g a n i z a t i o n  i s  d e t e c t a b l e  in  s t r i a t a  d e f e c t i v e  

c h l o r o p l a s t s .  The c h a r a c t e r i s t i c  c h l o r o p l a s t  l i m i t i n g  

d o u b l e  m e m b r a n e  i s  o b s e r v a b l e ,  h o w e v e r .  C o m p a r i n g  

t h e i r  s h a p e s  a n d  t h e  p r e s e n c e  i n t e r n a l l y  of  o n l y  m a t r i x ,  

i t  i s  r e a s o n a b l e  to s u g g e s t  o n e  of  t h e  d e f e c t i v e  c h l o r o -  

p l a s t s  m a y  be  d e t e r i o r a t i n g  o r  d e v e l o p i n g  in to  t h e  o t h e r  

d e f e c t i v e  t y p e .  We t e n d  to b e l i e v e  t he  p l a s t i d s  a r e  d e t e r -  

i o r a t i n g ,  r a t h e r  t h a n  d i f f e r e n t i a t i n g ,  s i n c e  a m o e b o i d  

s h a p e d  p l a s t i d s  w e r e  n e v e r  o b s e r v e d  wi th  i n t e r n a l  s t r u c -  

t u r a l  f r a g m e n t s ,  e t c .  We h a v e  not  s e e n  in  t h e  l i t e r a t u r e  

an y  c h l o r o p l a s t  m u t a n t s  b l o c k e d  in  t h i s  s t a g e  of  d e v e l o p -  

m e n t .  I n t e r e s t i n g l y ,  m o r p h o l o g i c a l l y  n o r m a l  m i t o c h o n -  

d r i a  w e r e  o b s e r v e d  in  t h e  s a m e  c e l l s  p o s s e s s i n g  o n l y  

s t r i a t a  m u t a n t  p l a s t i d s .  Th i s  d o e s  not  p r e c l u d e  t h e  p o s -  

s i b i l i t y ,  h o w e v e r ,  of  f u n c t i o n a l  m i t o c h o n d r i a l  m u t a n t s .  

In c o n t r a s t  to t h e  s t r i a t a  m u t a n t s ,  t h e  f ine  s t r u c t u -  

r a l  o r g a n i z a t i o n  of  t h e  a b n o r m a l  c h l o r o p l a s t s  o b s e r v e d  

in  t h e  p a l e  y e l l o w - g r e e n  t i s s u e  of  n i t ,  d i s  m u t a n t s  i s  

c o n s i s t e n t l y  t h e  s a m e  ( F i g .  4 ) .  Th i s  s u g g e s t s  a s i n g l e  

t y p e  of  m u t a t i o n  m a y  h a v e  t a k e n  p l a c e  a t  a s p e c i f i c  p l a -  

s t o m e  l o c u s .  F u r t h e r m o r e ,  t h i s  s i n g l e  d e f e c t i v e  c h l o -  

r o p l a s t  t ype  m a i n t a i n s  i t s  i d e n t i t y  t h r o u g h  c y t o p l a s m i c  

t r a n s m i s s i o n .  Th i s  s i t u a t i o n  i s  i n t e r e s t i n g  s i n c e  t h e  

s a m e  m u t a g e n  d o s e  c a u s e d  a c u t e  d e l e t e r i o u s  e f f e c t s  in  



D . M .  T r a v i s  e t  a l .  : N u c l e a r  a n d  C y t o p l a s m i c  C h l o r o p l a s t  M u t a n t s  in  Mimulus cardinal is  73 

F i g . 9 .  C o t y l e d o n  p l a s t i d  f r o m  striata m u t a n t .  P ,  p l a s -  
r id  - V, c e l l  v a c u o l e  - CW,  c e l l  w a l l .  G l u t - K M n O ~ .  
• 2 6 , 0 0 0  
F i g .  10.  C o t y l e d o n  p l a s t i d  f r o m  s t r i a t a  m u t a n t .  P ,  p l a s -  
t i d  - CV,  v a c u o l e - l i k e  p l a s t i d  i n c l u s i o n  - CW, c e l l  w a l l .  
G l u t - K M n O ~ .  • 2 3 , 0 0 0  

F i g .  6 .  C o t y l e d o n  p l a s t i d s  f r o m  albina-MG m u t a n t .  M,  
m i t o c h o n d r i a -  P ,  p l a s t i d s .  G l u t - O s O 4 .  • 2 0 , 5 0 0  
F i g .  7.  M e s o p h y l l  c h l o r o p l a s t  f r o m  ohlorot ie  m u t a n t .  
G l u t - O s O ~ .  • 2 5 , 5 0 0  
F i g . 8 .  C o t y l e d o n  p l a s t i d s  f r o m  a l b i n a - N A  m u t a n t .  
P ,  p l a s t i d s  - C1, c o n c e n t r i c  l a m e l l a e .  G l u t - O s O ~ .  • 1 5 , 0 0 0  

s o m e  c h l o r o p l a s t s  in  t he  striata m u t a n t s .  O b v i o u s l y  t h e  

c o n c e n t r a t i o n  of  c h e m i c a l  m u t a g e n  t a k e n  in  by  s e e d  e m -  

b r y o s  i s  u n e q u a l .  The d e f e c t i v e  c h l o r o p l a s t  of  t h e  v i r i d i s  

m u t a n t  e x h i b i t s  s e v e r a l  p a r a l l e l  p r i m a r y  l a m e l l a r  l a y e r s  

a n d  up  to s i x  " s u p e r - e x t e n d e d "  g r a n a  e x t e n d i n g  a l m o s t  

t he  e n t i r e  l e n g t h  o f  t he  c h l o r o p l a s t .  C o n s e q u e n t l y ,  f r e t -  

w o r k  i s  n e a r l y  l a c k i n g .  O s m i o p h i l i c  g lobu l i  a r e  p r e s e n t .  

S t a r c h  g r a i n s  a r e  a b s e n t  u n d e r  t he  s a m e  c o n d i t i o n s  in  

w h i c h  t h e y  a r e  p r e s e n t  in  t h e  w i l d t y p e  c h l o r o p l a s t .  A p -  

p a r e n t l y ,  s y n t h e t i c  e n z y m e s ,  o r  t h e i r  s u b s t r a t e s ,  f o r  

s t a r c h  s y n t h e s i s  a r e  no t  p r e s e n t  in  t h i s  d e f e c t i v e  p l a s t i d  

t y p e .  

The a lb ina -MG t y p e  m u t a n t  o b s e r v e d  in  M 2 g e n e r a -  

t i o n  i n  a 3 : 1  r a t i o ,  e x h i b i t e d  b a s i c a l l y  o n e  t y p e  of  a b -  

n o r m a l  c h l o r o p l a s t  ( F i g .  6 ) .  No n o r m a l  c h l o r o p l a s t  w e r e  

f o u n d .  The t i s s u e  s a m p l e  i s  f r o m  t h e  c o t y l e d o n  s i n c e  t h e  

alb ina-MG m u t a n t  i s  no t  v i a b l e ,  d y i n g  in  t h i s  s t a g e .  The 

u l t r a s t r u c t u r e  of  t h e  d e f e c t i v e  a$bina-MG t y p e  c h l o r o -  

p l a s t  s h o w s  o n l y  s l i g h t  e v i d e n c e  of  p r i m a r y  l a m e l l a r  

s t r u c t u r e ,  s u r r o u n d e d  by  a d e n s e  m a t r i x ,  a n d  no o t h e r  

i d e n t i f i a b l e  i n t e r n a l  s t r u c t u r e .  The a lb ina -MG m u t a n t  

i s  b l o c k e d  in a n  e a r l y  s t a g e  of  d e v e l o p m e n t  of  c h l o r o p l a s t  

s t r u c t u r e .  They a r e  not  m u c h  l a r g e r  t h a n  a c c o m p a n y i n g  

m i t o c h o n d r i a  of  the  s a m e  c e l l .  They a r e ,  h o w e v e r ,  s t r u c -  

t u r a l l y  u n r e l a t e d  to t h e  albina-  MG c h l o r o p l a s t s  ( F i g .  6 ) .  

The a l b i n a - N A  m u t a n t ,  l i k e  t h e  a~bina-MG m u t a n t ,  e x -  

h i b i t e d  n u c l e a r  r e c e s s i v e  i n h e r i t a n c e .  H o w e v e r ,  t he  u l -  

t r a s t r u c t u r e  of  albina-NA p l a s t i d s  s u g g e s t  t h e i r  d e v e l -  

o p m e n t  to  be  m o r e  a d v a n c e d  t h a n  t h a t  o f  t h e  aZbina- MG 

p l a s t i d .  A l b i n a - N A  p l a s t i d s  a r e  s o m e w h a t  a m o e b o i d  

s h a p e d  p o s s e s s i n g  o s m i o p h i l i c  g l o b u l i  a n d  p r i m a r y  l a -  

m e l l a r  s t r u c t u r e s  ( F i g .  8 ) .  S o m e  of  t h e  d e f e c t i v e  p l a s -  

t i d s  h a d  e v i d e n c e  of  d e g e n e r a t i v e  l a m e l l a r  s y s t e m s  in 

t h e  f o r m  of  c o n c e n t r i c  t h y l a k o i d s  ( R o s i n s k i  a n d  R o s e n ,  

1 9 7 2 ) .  The n u c l e a r  r e c e s s i v e  xantha m u t a n t ,  w h i c h  l i k e  

t h e  albina m u t a n t s  d i e s  in  t h e  c o t y l e d o n  s t a g e ,  e x h i b i t s  

t h r e e  t y p e s  of  u l t r a s t r u c t u r a l  o r g a n i z a t i o n  in i t s  d e f e c -  

t i v e  c h l o r o p l a s t s .  One  t ype  of  d e f e c t i v e  xantha c h l o r o -  

p l a s t  c o n t a i n s  a d e n s e  " s u p e r - g r a n u m "  m a d e  up of  a 

f u s i o n  of  a l m o s t  a l l  t h e  t h y l a k o i d s  in  t h e  p l a s t i d  ( F i g .  3, 

5 ) .  A s e c o n d  xantha d e f e c t i v e  c h l o r o p l a s t  s h o w s  o s m i o -  

p h i l i c  g l o b u l i  s u r r o u n d e d  by  t h e  m a t r i x  w i th  no  o t h e r  i d e n -  



74 D . M .  T r a v i s  e t  a l .  : N u c l e a r  and  C y t o p l a s m i c  C h l o r o p l a s t  Mu t an t s  in  Mimulus oardinalis  

tifiable structures. The undu la t i ng  shape of the whole 

chloroplast also sets itself apart from the normal phe- 

notype (Fig.5). The last defective xc~tha chloroplast 

type possesses several lamellae extending parallel to 

one another, approximately one-third the length of the 

plastid. None of the thylakoids are stacked into grana. 

Osmiophilic globuli are present (Fig. 2). The sterile 

chlorotic mutants exhibit nearly normal ultrastructure 

at the chloroplast level. One conspicuous difference is 

the presence of one to several abnormally large starch 

grains within the plastids (Fig. 7). Consequently, the 

distortion of the chloroplast is probably due to the large 

amount of stored starch. 

Discussion 

The biogenesis and autonomy of chloroplasts are more 

easily investigated using chlorophyll-deficient mutants. 

Chlorophyll-deficient mutants are normally inherited fol- 

lowing three types of  mutation phenomena: (I) plastome 

mutation, (2) genome inducing-plastome mutation, and 

(3) genome mutation. The following basically illustrates 

these three mutation phenomena. Mutant chloroplasts, in 

some higher plants, are transmitted through the mater- 

nal, paternal, or biparental cytoplasm, segregate in non- 

Mendelian manner, and show no linkage to nuclear genes. 

The initial site of mutations in these type mutants is in the 

chloroplast DNA itself (Stewart, 1965 ; Burk et al., 1964 ). 

These chloroplast mutants are normally detected follow- 

ing observation of variegated plants in the F I genera- 

tion. Not all variegated plants arise, however, from ini- 

tial mutation at the chloroplast DNA level. This is illus- 

trated by the genome inducing-plastome mutation pheno- 

menon. Certain variegated Zea mays, Arabidopsis, and 

Oenothera plants pertain to this situation (R~dei, 1973 ; 

Epp, 1973; Rhoades, 1946). Probably the most thorough- 

ly investigated is the inheritance of the "IOJAP" mutation 

in corn. In IOJAP the homozygous condition of the mutant 

gene causes ultrastructurally defective and colorless chlo- 

roplasts. The leaf variegated IOJAP mutants arise due 

to initial mutation in nuclear DNA, as ascertained from 

Mendelian segregation ratios and linkage to known chro- 

mosomal genes. Interestingly, the nuclear gene mutation 

somehow subsequently causes a permanent mutation in the 

chloroplast genome. The end result is that the mutant 

chloroplasts are inherited via the cytoplasm, in non-Men- 

delian ratios. Consequently, this type of cytoplasmical- 

ly inherited chloroplast mutant arises through nuclear 

mutator genes and not plastome genes. Many explanations 

have been examined to explain the genome inducing-plas- 

tome mutation, or nuclear mutator gene, system. One 

suggestion is that chloroplast DNA-polymerases are 

coded in the nucleus and require chloroplast DNA as a 

template. Also, many chlorophyll-deficient mutants 

are inherited following true classical Mendelian genetics, 

i.e., three to one ratios. These are nuclear recessive 

inherited mutants and normally 25 % of the offspring ex- 

hibit various degrees of chlorosis (Walles, 1965; yon 

Wettstein et al., 1974). 

Chloroplast biogenesis in Mimulus oa~dinalis is ge- 

netically controlled by both the nuclear genome and the 

plastome. This is clearly evidenced by the results of this 

study which show the chemical induction of chloroplast 

mutants exhibiting different ultrastructures and modes 

of inheritance. In our experiments only plastome mutants 

and genome mutants were detected. Nuclear mutator sy- 

stem mutants were not isolated. The observation that 

Mimulus chloroplasts are partially autonomous is con- 

sistent with the data in the literature for other higher 

plants (Wildman, 1971a; yon Wettstein, 1961; von Wett- 

stein et al., 1971). Furthermore, from a perusal of the 

literature, the ultrastructure of some of the defective 

chloroplasts described in this paper appear to be unique. 

This suggests, as yon Wettstein had predicted (1961), 

and others have shown (Boynton, 1966b), that past sur- 

veys of chloroplast mutants cannot be considered ex- 

haustive. Our mutants appear to add to the growinglist. 

Evidence on the development of chloroplasts lending, 

or not lending, support concerning the degree of inde- 

pendent extranuclear continuity ofplastids can be obtained 

by use of mutant chloroplast systems, such as the ones 

obtained in this study. For example, yon Wettstein et al. 

(1974) recently demonstrated that nuclear genes hold a 

decisive control over chloroplast biogenesis in barley. 

In at least three of the Mimulua chlorophyll-deficient mu- 

tants, the nuclear genes serve as the controlling factor 

for normal chloroplast inheritance. Based on plastid ul- 

trastructure it seems reasonable to assume that the mu- 

tations are non-allelic or at least different forms of the 

same allele. In two of the mutants, inheritance is clear- 

ly cytoplasmic with the structure of the abnormal chlo- 

roplasts due to specific heritable defects in the plastome. 

The initial recognition of cytoplasmic genes (chloroplast 

genes) in M. cardinalis followed the observation of phe- 

notypes with leaf variegation. Substantive identification 

of chloroplast gene mutants followed the outcome of re- 

ciprocal crosses and observation of somatic sorting-out 

phenomena. Based on crosses using 8triata mutants 
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the pattern of chloroplast inheritance is via the mater- 

nal cytoplasm. Maternal inheritance, in lieu of paternal 

and/or biparental inheritance, was ascertained when on- 

ly white progeny resulted from crosses of all white 

8tr~ata female parents and normal green male parents. 

As ascertained by Mendelian segregation ratios, both 

aZbina and the x~ntha type mutant plastids are under 

the control of nuclear genes. The stz~ata and uiz~di8 

mutants, which exhibit sorting-out phenomena in various 

tissues, give rise to progeny in non-Mendelian ratios 

and possess defective plastids which are under plastome 

control. Furthermore, evidence that the biogenesis of 

chloroplasts in Mi~lus is under beth plastome and ge- 

nome control, is seen in two situations. First, in the 

wildtype plant green chloroplasts are found in the suture 

areas of calyces arising from all green shoots but greater 

numbers of green chloroplasts are observed in the suture 

areas of calyces arising from all albino shoots of the 

strata mutant. In the second case, virtually no normal 

plastids are observed in specific mesophyll cells of the 

striata mutant; normal chloroplasts are found in the 

guard cells contiguous to them. Certainly, however, nei- 

ther of these last two Situations exemplify a sorting-out 

phenomenon. It seems, rather, they may represent al- 

tered development or regulatory functions. If these are 

such mutants, the mutant genes could act by over produc- 

tion or limiting the production of some necessary meta- 

belite. 

The epidermis in Mi~lus and many other plants lack 

conspicuous normal chloroplasts, while guard cells and 

sutures of the calyx in Mimulus have chloroplasts. Apos- 

sible explanation of the normal plastid containing cell is 

that the original mutation arose in a subepidermal meris- 

tematic cell and that all of the epidermal cells have the 

genetic potential to develop chloroplasts. The significant 

increase in number of chloroplasts in the sutures may 

indicate that some type of feedback mechanism control- 

ling the number of plastids is compensating for lack of 

photosynthate from the subepidermal tissues. Normal 

epidermal tissue with genetically determined white me- 

sophyll underneath should provide a very sensitive test 

for assaying potential developmental regulators. 

The presence of mixed plastid types in the same cell, 

which has previously been reported for other plants, 

leads to the suggestion that (I) they are different final 

products, or (2) they are different stages in develop- 

ment, i.e., one giving rise to the other. It was not pos- 

sible to distinguish between these hypotheses using avail- 

able techniques but it seems reasonable to assume that 

each hypothesis may be valid, depending on the mutant 

being studied. 

Evidence does exist, therefore, for strict nuclear 

and cytoplasmic control of chloroplasts within particular 

tissues of the Mi~lus mutants. Since the activity of the 

mutant gene or genes in two of the mutants is strictly 

cell limited, an altered regulatory function is hypothe- 

sized. Thus, thereis in our Mi~lus chloroplast mutants 

the possibility of studying the effect of specific biochemi- 

cal blocks, the elucidation of developmental pathways 

leading to chloroplast biogenesis, and gene regulation. 

One significant enigmatic situation concerning these 

mutants, as well as all other chlorophyll-deficient mu- 

tants, does exist. Although we assume the cause for a 

chloroplast abnormality must reside in the nuclear DNA 

or chloroplast DNA, unequivocable evidence at the bio- 

chemical level is lacking. It is now reasonable to expect 

that comparative biochemical studies, which have al- 

ready begun (Wong-Staal and Wildman, 1973; Travis, 

1974; Travis et al., 1972b), using wildtype and abnor- 

mal chloroplasts, will provide evidence locating mutations 

at the genome or plastome DNA level. If location of mu- 

tations at the DNA level is to be accomplished a varie- 

ty of chlorophyll-deficient mutant systems, similar to 

ours, with nuclear and cytoplasmic inheritance, must be 

isolated and investigated. 
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