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Abstract. In alfalfa (Medicago sativa L.), plastids are in- 
herited biparentally. Patterns of plastid transmission 
vary according to the genotypes involved, but there is a 
strong bias in favor of male plastid transmission. Previ- 
ous cytological studies on the male gametophyte of this 
species have not provided an adequate explanation for 
the differences in plastid transmission frequencies among 
genotypes. In the present study, we compared egg cells 
from genotypes classified as strong or weak plastid trans- 
mitters to determine whether plastid transmission 
strength is correlated with egg cell structure before fertil- 
ization. We found that plastids in the mature egg cells of 
the strong female (genotype 6-4) are significantly larger 
than in mature eggs of the weak female (genotype 
CUF-B), and that significantly more plastids are posi- 
tioned in the apical portion of the mature egg cell of 
genotype 6-4 than in CUF-B. Immature eggs in the two 
genotypes show the same pattern as mature eggs with 
regard to plastid number and polarization. Since only the 
apical portion of the egg cell/zygote gives rise to the func- 
tional embryo, these results indicate that the potential 
input of female plastids, in terms of plastid size and num- 
ber, may be an important  factor in determining the inher- 
itance patterns of these organelles in alfalfa. 
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strong, intermediate, and weak male plastid transmitters 
and found that there is no consistent correlation among 
genotypes between the mean number of  plastids per 
generative cell (sperm mother  cell) and the strength of  
male plastid transmission (Zhu et al. 1990, t991a). Like- 
wise, the mean number of  plastid nucleoids (DNA ag- 
gregates) per generative cell correlates poorly with the 
strength of  paternal plastid transmission among geno- 
types (Shi et al. 1991). Analysis of  sperm cells has shown 
that neither the number of plastids nor plastid nucleoids 
are significantly different in the two sperms o f  a pair 
compared with their progenitor,  the generative cell. 
Moreover,  plastid number is essentially the same in each 
sperm cell of  a pair, and no significant changes in plastid 
number were observed up to 17 h after pollen tube 
growth in vitro (Zhu et al. 1992). Thus, cytological stud- 
ies on the male gametophyte of  alfalfa have not  provided 
an adequate explanation for observed variation in the 
patterns of  plastid inheritance among genotypes of  this 
species. 

In the present study, we analyzed unfertilized eggs of 
a strong and a weak female genotype in order to assess 
whether the strength of  potential plastid transmission is 
correlated with egg cell composition prior to fertilization. 
Using quantitative, three-dimensional electron micro- 
scopy, we have concentrated primarily on the number, 
size, and distribution of  plastids within egg cells of  mat- 
ure, receptive flowers. Preliminary results of  this study 
have been published previously (Zhu et al. 199 l b). 

Introduction 

Genotypes of alfalfa (Medicago sativa L.), a species ex- 
hibiting a strong bias with regard to paternal plastid 
inheritance (Smith et al. t986; Lee et al. 1988; Schumann 
and Hancock 1989; Masoud et al. 1990), have been 
characterized according to the strength of  their plastid 
transmission (Smith 1989). We have previously analyzed 
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Materials and methods 

Alfalfa plants for this study were grown and maintained under the 
same conditions as for previous studies (Smith et al. 1986; Smith 
1989; Zhu et al. 1990). Genotypes 6-4 and CUF-B were used 
because of their significantly different patterns of plastid trans- 
mission. Genotype CUF-B is considered a weak female because 
when it is crossed with genotype 301 as the male parent, over 90% 
of the progeny contain only male plastids (Smith 1989). Genotype 
6-4 is classified as a strong female because when it is crossed with 
the same male parent, 41% of the progeny contain only paternal 
plastids (Smith 1989). 



144 T. Zhu et al.: Quantitative, 3D analysis of alfalfa egg cells 

Fig. 1. Near median longisection of the mature egg cell (EC) of 
alfalfa genotype CUF-B showing the nucleus (N), amyloplasts (P), 
osmiophilic bodies (O), mitochondria (M) and the central vacuole 
(V). Note the fewer number and more micropylar position of the 

plastids in the egg cell of this genotype compared to that of Fig. 2. 
CC, central cell; ER, endoplasmic reticulum; PN, polar nuclei; SC, 
synergid cell. The solid line marks the predicted plane of division of 
the cell following fertilization, x 5200; bar= 5 ~tm 
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Fig. 2. Near median longisection of the mature egg cell (EC) of 
alfalfa genotype 6-4 showing the nucleus (N), partially dissolved 
chalazal cell-wall material (CW), plastids (P), mitochondria (M) 
and the large central vacuole (1I"). Note the greater number and 
more chalazal location of the egg-cell plastids of this genotype 

compared to that of Fig. 1. CC, central cell; ER, endoplasmic 
reticulum; O, osmiophilic bodies; SC, synergid cell; HIP, prolifera- 
tion of central-cell wall. The solid line marks the predicted plane of 
division of the cell following fertilization, x 5200; bar = 5 ~tm 
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Ovules were dissected under moist conditions from mature, 
unpollinated flowers, and fixed in Dalton's OsO4-chromate for 3.5 h 
on ice (Juniper et al. 1970). Fixed ovules were then rinsed in distilled 
water for 1 h (three changes), dehydrated through a graded ethanol- 
acetone series and embedded in Spurr's resin (Spurr 1969). Em- 
bedded ovules were first serially sectioned at 3-4 gm for observa- 
tions using phase-contrast microscopy. Sections containing egg cells 
were then re-embedded (Mogensen 1971) and serial ultrathin sec- 
tions prepared. The ultrathin sections were collected on single-slot 
(1 x 2 mm2), formvar-coated, carbon-stabilized grids, stained with 
uranyl acetate and lead citrate, and then viewed and recorded on 
film with a transmission electron microscope (1200 EXII; Jeol, 
Tokyo, Japan) at 50 kV. 

Data entry and computer reconstruction and quantitation were 
performed as described previously (Young et al. 1987; Zhu et al. 
1990, 1991a), except that for this study the computer images of Figs. 
3-6 were created using the Wavefront software program and a 
Silicon Graphics Personal Iris 4D-25 workstation. Twenty egg cells, 
ten from each of the two genotypes 6-4 and CUF-B, were recon- 
structed. The Wilcoxon two-sample test was used to rank the quan- 
titative data and compare the sums of the ranks for each class (Zar 
1984). A significance level of P<  0.05 was selected for comparing 
values. 

Results 

A l t h o u g h  all  ovules  for  this  s tudy  were col lected f rom 
m a t u r e  f lowers wi th  recept ive  s t igmas,  we found  tha t  no t  
all egg cells were  at  the same stage o f  ma tur i ty .  
Therefore ,  based  u p o n  va r ious  cr i ter ia  as ind ica ted  be- 
low, we p laced  the egg cells in to  two classes:  i m m a t u r e  
and  ma tu re .  Resul t s  for  each  ca t ego ry  are  p resen ted  
separa te ly .  

Mature egg cells 

M a t u r e  egg cells have  several  fea tures  in c o m m o n  be- 
tween the weak  ( C U F - B )  and  s t rong  (6-4)  genotypes ,  
inc lud ing  a cha laza l ly  pos i t i oned  nucleus,  mos t ly  per inu-  
c lear  cy top l a sm,  and  a c o m p l e m e n t  o f  plas t ids ,  mi to -  

chondr i a ,  endop la smic  re t iculum,  r ibosomes ,  vacuoles ,  
and  osmiophi l i c  bodies  (Figs.  1, 2). D i c t y o s o m e s  are  also 
occas iona l ly  present .  A large vacuole  (Figs.  1, 2) is a 
more  c o m m o n  fea ture  o f  geno type  6 -4  (Fig.  2) than  o f  
C U F - B  (Fig.  1), which of ten has  several  small  vacuoles ,  
r a the r  than  a single large one. 

There  are  no significant defferences be tween the ma-  
ture egg cells o f  geno types  C U F - B  and  6-4  with  regard  
to their  vo lume  and  surface a rea  (Table  1). N u c l e a r  size 
(vo lume and  surface area)  is near ly  ident ical  in the ma-  
ture eggs o f  the two geno types  (Table  1). 

The  mean  n u m b e r  o f  p las t ids  per  egg cell is 49% 
grea ter  in geno type  6 -4  than  in C U F - B  (41.3 vs. 27.8 
p las t ids /ce l l ) ;  however ,  this difference is no t  s ta t is t ical ly  
signif icant  due to the high var iance  a m o n g  C U F - B  eggs 
(Table  1). The  vo lume and  surface a rea  o f  ind iv idua l  
p las t ids  are  s ignif icant ly grea ter  in geno type  6 4  than  in 
C U F - B ,  as are  the vo lume  and  surface a rea  o f  all the 
p las t ids  c o m b i n e d  (Table  1). 

P las t id  d i s t r ibu t ion  wi th in  the m a t u r e  egg cells o f  the 
two geno types  con t ras t s  great ly .  I f  a s epa ra t i on  is m a d e  
a long  wha t  is k n o w n  f rom an  ear l ier  embryo log i ca l  s tudy 
( C o o p e r  1935) to be the a p p r o x i m a t e  d ivis ion p lane  o f  
the zygote ,  the egg can be d iv ided  into  an  apica l  p o r t i o n  
(chalaza l  end o f  the egg) and  a basa l  p o r t i o n  (the rest  o f  
the egg; Figs.  1, 2). The  p las t id  n u m b e r  is s ignif icant ly 
grea te r  in the apical  end o f  the egg o f  geno type  6 -4  than  
in tha t  o f  C U F - B  (Table  1). Wi th in  the egg cells o f  each 
genotype ,  there  is a reverse o rde r  in te rms o f  which 
p o r t i o n  o f  the cell has the mos t  p las t ids  (Figs.  3 -6 ;  
Table  1). In  geno type  6-4 ,  the p las t id  n u m b e r  is grea ter  
in the apical  p o r t i o n  c o m p a r e d  with the basa l  p o r t i o n ;  
whereas  in C U F - B ,  the basa l  p o r t i o n  o f  the egg cell has  
a grea ter  p las t id  n u m b e r  c o m p a r e d  with  the apica l  por -  
t ion (Figs.  3 -6 ;  Table  1). 

M i t o c h o n d r i a  in egg cells were no t  c o m p a r e d  quan-  
t i ta t ively  wi thin  or  between geno types ;  however ,  no ap-  

Table 1. Comparison of quantitative data at different developmental stages of the alfalfa egg cell in two genotypes. Values are means 4. SE 

CUF-B 6-4 Diff. between 

Immature (n = 5) Mature (n = 5) Diff. d Immature (n = 6) Mature (n = 4) Diff. d genotypes 
Immature Mature 

Protoplast 

Volume" 4839.8 4. 441.5 
Surface Area b 1631.3 4. 168.4 

Nucleus 

Volume 311.44. 54.4 
Surface Area 188.4+ 22.9 

Plastids 

Volume 260.3 4. 30.2 
Surface Area 617.8+ 67.5 
Total Number 25.4 4. 4.0 
Apical Number c 8.8• 2.3 
Basal Number 16.64. 2.2 
Vol./P1. 10.7 4. 1.0 
Surf. Area/P1. 25.34. 2.0 

10124.1-t=1470.7 ** 8312.74.977.3 15727.64.2571.2 ** ** n/s 
2800.04. 405.7 ** 2527.04.315.8 3469.64. 324.6 n/s ** n/s 

1063.04. 225.2 ** 591.44.104.0 991.24- 158.0 n/s ** n/s 
461.1+ 77.6 ** 323.44. 34.4 470.84. 47.0 ** ** n/s 

435.34- 99.0 n/s 280.74. 41.6 1185.1+ 225.8 ** n/s ** 
802.0=1= 191.0 n/s 778.7+119.6 2009.34. 308.3 ** n/s ** 
27.8+ 8.0 n/s 55.5 4. 8.8 41.3 4. 2.4 n/s ** n/s 
9.0=t= 2.5 n/s 29.54- 6.5 25.84. 4.8 n/s ** ** 

17.24. 4.4 n/s 25.54. 7.6 15.54- 3.6 n/s n/s n/s 
17.34. 3.3 n/s 5.64. 1.0 28.24. 4.1 ** ** ** 
30.24- 3.3 n/s 14.7-4- 1.7 48.0+ 5.0 ** ** ** 

" Volume is expressed a s  k tm  3 

b Surface area is expressed a s  p_m 2 

r Plastid number in apical and basal part of cells separated by 
presumed nuclear division plane 

d Difference between immature and mature egg cells within 
genotype 
** significantly different; n/s = not significantly different (P< 0.05) 
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Figs. 3-6. Stereoscopic pairs of  computer-assisted reconstructions 
from serial ultrathin sections. Key to color coding: blue= egg nu- 
cleus; green =plastids.  x 1000; b a r =  10 I~m. Fig. 3. Mature  egg cell 
of genotype CUF B showing the external surface. Fig. 4. Same egg 
cell as in Fig. 3, but with a transparent  surface showing the distribu- 
tion of plastids within the egg celt. Note that  most plastids are 

positioned below the presumed plane of nuclear division (see 
Fig. 1). Fig. 5. Mature egg cell of genotype 6-4 showing the external 
surface. Fig. 6. Same egg cell as in Fig. 5, but with a t ransparent  
surface showing plastid distributed around the nucleus. There is no 
obvious difference in plastid number  above and below the presumed 
division plane (see Fig. 2) 
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parent differences in abundance or distribution were ob- 
served. In one representative egg cell of  genotype 
CUF-B,  more than 500 mitochondria were counted. 

Immature e99 cells 

Comparisons between immature and mature eggs. The 
immature egg cells of  both genotypes resemble mature 
egg cells by having a chalazally positioned nucleus, most- 
ly perinuclear cytoplasm, and a complement of  plastids, 
mitochondria,  endoplasmic reticulum, ribosomes, vac- 
uoles, osmiophilic bodies (Figs. 7-9) and occasional dic- 
tyosomes. Immature egg cells are primarily distinguish- 
able from mature eggs by the presence of  proplastids 
(compare Figs. 7 and 9), and by the generally smaller 
volume and surface area of  the cell, nucleus and central/ 
micropylar vacuole (Figs. 1, 2, 7-9; Table 1). Immature 
egg cells also have a densely staining cell-wall component  
around the chalazal end (Figs. 8, 9), which becomes 
discontinuous at egg maturity (Figs. 1, 2, 7). 

The volume and surface area of  individual plastids do 
not  differ significantly between mature and immature 
eggs in genotype CUF-B.  However, in 6-4, the volume 
and surface area per plastid are significantly greater in 
mature eggs than in immature eggs (Table 1). Likewise, 
the volume and surface area of  all plastids combined are 
not significantly different between young and mature 
eggs in C U F - B ;  but they are significantly greater in 
mature than in immature eggs of  6-4 (Table 1). 

The number of  plastids per egg cell, and the number 
of  plastids within the apical and basal portions of  the egg 
cells are essentially the same in immature and mature 
eggs within each genotype (Table 1). 

Comparisons between 9enotypes. Contrasting features of  
immature eggs between the two genotypes include smal- 
ler cells and nuclei (volume and surface area), as well as 
fewer and smaller plastids in genotype C U F - B  compared 
with 6-4 (Table 1). Plastid distribution in the immature 
eggs parallels that of  mature egg cells; i.e., there is a 
significantly larger plastid number in the apical portion 
of  the immature egg of  genotype 6-4, than in that of  
CUF-B.  In genotype CUF-B,  there are twice as many 
plastids in the basal portion of  the immature egg than in 
the apical portion, whereas in 6-4 the number of  plastids 
is nearly equal in the two cell portions (Table 1). 

Fig. 7. Portion of the mature egg cell of alfalfa genotype 6-4 
showing details of amyloplasts (P), mitochondria (M), and a por- 
tion of the central vacuole (V). Note that dense cell wall material 
between the egg and central cell (CC) is not continuous (arrow- 
heads), x 5800; bar= 5 ~tm 

Fig. 8. Median longisection of the young egg cell (EC) of genotype 
6-4 showing the nucleus (N), dense cell-wall material (CW), pro- 
plastids (P), mitochondria (M) and central vacuole (V). CC = cen- 
tral cell, SC = synergid cell. x 3600; bar = 5 lam 

Fig. 9. Portion of the young egg cell (EC) of genotype 6-4 showing 
the dense cell-wall material (CW) in the chalazal end of the cell, and 
proplastids (P), nucleus (N), mitochondria (M), and endoplasmic 
reticulum (ER), CC = central cell. Note that some proplastids con- 
tain crystal-like structures, x 8000; bar = 2 ~tm 
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Fig. 10. Comparison of plastid number and distribution within two 
portions (apical and basal, see Figs. 1 and 2) of the alfalfa egg cell 
in two genotypes. Values represent data pooled from immature and 
mature egg cells (Table 1). Note that in genotype CUF-B (weak 
female) there are significantly more plastids in the basal end of the 
egg cell than in the apical end; whereas in genotype 6~  (strong 
female) the number of plastids is not significantly different in the 
two portions of the egg cell. It is also apparent that the plastid 
number per egg cell is greater in genotype 6-4 than in CUF-B 

Since there are no significant differences between 
immature and mature eggs with regard to plastid number 
and distribution (Table 1), these data have been pooled 
and are illustrated in Fig. 10. 

Discussion 

Whether the young eggs, as described in this study, have 
the potential to be fertilized is not known at this time. 
Conceivably, they could develop further after pollination 
and be receptive by the time pollen tubes arrive ap- 
proximately 24 h after collections were made in this study 
(Cooper 1935; our data, not  shown). Alternatively, the 
presence of  young, unreceptive eggs in mature flowers 
could be a factor leading to the high rate of  ovule abor- 
tion in alfalfa (Cooper et al. 1937; Sayers and Murphy 
1966; Dane and Melton 1973). PostpoUination and post- 
fertilization studies are needed to answer these questions. 

The mature egg cells of  the weak (CUF-B)  and strong 
(6-4) genotypes of  this study have many structural fea- 
tures in common, and they are typical of  angiosperm eggs 
in general (Willemse and van Went 1984). Among egg- 
cell characteristics that differ between the two genotypes, 
it would appear that the number, distribution, and size 
of  the plastids are the most likely features to have an 
influence on the patterns of  plastid inheritance. 

The mean number of  plastids per mature egg cell is 
33 % higher in genotype 6-4 than in CUF-B,  but due to 
the great variability in plastid number within genotype 
C U F - B  (Table 1), this number may not be critical. Rath- 
er, the number of  plastids positioned within the apical 
portion of the egg cells may explain the difference in 
plastid inheritance between the genotypes. Co oper (1935) 
has shown that the alfalfa zygote, which has the same 
cytological organization as the egg, divides to form a 
two-celled embryo consisting of  a smaller apical cell and 
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a larger basal cell. Subsequent embryogenesis results in 
the functional embryo being derived f rom the apical cell 
only, while the basal cell contributes to the suspensor, 
which eventually degenerates. Postulating the future divi- 
sion plane of  the cell (Figs. 1, 2) allows us to predict the 
number  of  plastids that  would most  likely be included in 
either the apical or basal cell of  the two-celled embryo in 
each genotype. Using this assumption, our data show 
that  the mean number  of  plastids in the apical end of  eggs 
of  genotype 6-4 is significantly greater than in C U F - B  
eggs, regardless of  developmental  stage (Table 1). More- 
over, plastid size (volume and surface area) is significant- 
ly larger in mature  eggs of  genotype 6 4 than in those of  
C U F - B .  Since plastid number  and distribution show the 
same basic differences between genotypes in immature 
and mature  eggs (Table 1), these distinctions between 
genotypes are apparent ly  established early and are main- 
tained during egg development.  We found no evidence 
that  the smaller number  of  plastids within the eggs of  
genotype C U F - B  compared  with 6-4 is the result of  
plastid degradation, as has been suggested to occur in the 
eggs of  Daucus muricatus (Hause 1991). 

The results of  this study further support  our earlier 
suggestion (Zhu et al. 1991b) that the greater potential 
for plastid input of  genotype 6-4, in terms of both num- 
ber and size, may  be an important  factor leading to the 
more dominant  female influence on plastid inheritance in 
this genotype compared  with that of  C U F  B (Smith 
1989). Other factors may play a role in determining 
plastid-inheritance patterns among alfalfa genotypes, 
such as: (1) differing multiplication rates between male 
and female plastids and between plastids of  certain 
genotypes during zygote and embryo development (Chiu 
et al. 1988; Schumann and Hancock  1989; Hause 1991), 
(2) preferential plastid (e.g. male, female genotype) de- 
generation during embryogenesis (Hause 1991), and 
(3) the degree of  mixing between male and female plastids 
within the zygote and embryo cells (Tilney-Bassett and 
Almouslem 1989). Ongoing studies in this laboratory are 
addressing these possibilities. 

Although not a focus of  this study, it is of  interest to 
note that the number  of  mitochondria  within alfalfa egg 
cells is enormously greater than that in alfalfa sperm 
cells, which have fewer than an average of ten mitochon- 
dria per cell (Zhu et al. 1992). In the present study, over 
500 mitochondria  were counted in one egg cell of  
genotype C U F - B ,  and the observation of an apparently 
equal abundance of  mitochondria  in all eggs of  this study 
indicates that the likelihood of  any significant paternal 
mitochondrial  inheritance is minimal at best. This sup- 
ports the findings of  Schumann and Hancock  (1989) that 
mitochondrial  inheritance is strictly maternal  in alfalfa. 
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