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Summary. Embryo-lethal mutants of Arabidopsis 
thaliana were isolated by treating mature seeds with an 
aqueous solution of ethyl methanesulfonate (EMS), 
screening the resulting M-1 plants for siliques con- 
taining 25% aborted seeds following self-pollination, 
and verifying the presence of induced mutations in 
subsequent generations. Thirty-two recessive lethals 
with a Mendelian pattern of inheritance were examined 
in detail. Developmental arrest of mutant embryos 
ranged from the zygotic stage of embryogenesis in 
mutant 53D-4A to the linear and curled cotyledon 
stages of  development in mutants 112A-2A and 130B- 
A-2. These lethal phases did not change significantly 
when plants were grown at 18 ~ rather than at 24 ~ 
Differences between mutant lines were found in the 
color of arrested embryos and aborted seeds, the 
percentage and distribution of aborted seeds in hetero- 
zygous siliques, the size of arrested embryos, and the 
extent of abnormal development. Unusual mutant 
phenotypes included the presence of unusually large 
suspensors, distorted and fused cotyledons, reduced 
hypocotyls, and arrested embryos without distinct coty- 
ledons or hypocotyl tissue. The isolation of eight new 
mutants with a non-random distribution of aborted 
seeds in heterozygous siliques provides further evidence 
that many of the genes that control early stages of  
embryogenesis in plants are also expressed prior to 
fertilization. 
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Introduction 
Arabidopsis thaliana (Cruciferae) has been described 
previously as a model system for the isolation and 
characterization of embryo-lethal mutants (Mialler 

1963; Meinke and Sussex 1979a, b). The patterns of  
abnormal development observed in these recessive 
lethals may be used to study the genetic control of 
embryo development and the regulation of gene ex- 
pression in higher plants. 

The six mutants originally described by Meinke and 
Sussex (1979b) were chosen because developmental arrest of 
the mutant embryos occurred at specific stages of early 
embryo development. Subsequent studies have shown that 
gametophytic expression of these mutant genes can be deter- 
mined by examining the distribution of aborted seeds in 
heterozygous siliques (Meinke 1982). Two mutants (79A and 
124D) with a non-random distribution of aborted seeds have 
been identified in which the mutant genes are expressed not 
only during early embryogenesis but also at some point prior 
to fertilization (Meinke 1982). Developmental interactions 
between the embryo proper and suspensor have also been 
examined in aborted seeds from one mutant (50B) with an 
abnormal suspensor (Marsden and Meinke 1985). The results 
of histological studies with this mutant have provided further 
evidence for the hypothesis that continued growth of the 
suspensor during normal development is inhibited by the 
developing embryo proper. 

The purpose of the present study was to isolate 
additional embryo-lethal mutants with a wider range of 
lethal phases and a greater diversity of embryonic ab- 
normalities. The mutants described in this report differ 
with respect to the stage of developmental arrest, the 
color of arrested embryos and aborted seeds, the 
percentage and distribution of aborted seeds in hetero- 
zygous siliques, and the extent of abnormal develop- 
ment. The diversity of  mutant phenotypes observed 
suggests that many additional aspects of  embryo devel- 
opment in plants may now be amenable to mutant 
analysis. 

Materials and methods 

Embryo-lethal mutants of Arabidopsis thaliana (L.) Heynh. 
strain 'Columbia' were isolated as described previously by 
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Meinke and Sussex (1979b). Approximately 1,500 wild-type 
seeds were soaked for 7 h in a glass vial containing 5.0 ml of a 
0.2% (v/v) aqueous solution of ethyl methanesulfonate (EMS) 
purchased from Sigma Chemical Co. (St. Louis, Mo., USA). A 
small magnetic stirring bar was used to gently agitate the seeds 
throughout the mutagenesis period. All EMS solutions were 
prepared in a well-ventilated hood in order to minimize the 
chance of accidental human exposure to this potent mutagen. 
Glassware and waste EMS solutions were decontaminated 
with mercaptoacetic acid before disposal (Lewis and Bacher 
1968). Mutagenized seeds were washed with water for 12 h 
and then planted in 3-inch pots containing a 12 : 1 : 3 mixture 
of vermiculite, sand, and potting soil. Half of the M-1 plants 
were grown in a constant-temperature growth chamber at 
32~177176 in 16h/8h fight/dark cycles. The remaining 
M- 1 plants were grown at 24 o C + 2 o C in 16 h/8 h fight/dark 
cycles. All plants were watered from below with a nutrient so- 
lution containing 4 g/gal of 7-6-19 All Purpose Hyponex (Hy- 
ponex Co., Copley, Ohio, USA) and 0.25 g/gal of 15-16-t7 
Peat-Lite Special (Peters Co., Allentown, Pa., USA). 

Embryo-lethal mutants were identified by screening 
immature siliques of M-1 plants for the presence of aborted 
seeds following self-pollination (Meinke and Sussex 1979a; 
Meinke 1982). Many of the mutant lines were recovered by 
saving the immature siliques used for screening, transferring 
the phenotypically normal seeds present in these siliques to 
petri plates, germinating these green seeds on pieces of filter 
paper moistened with distilled water, and later transplanting 
the young seedlings to soil. In this way it was possible to 
recover mutant lines without returning to the M-1 plant and 
identifying the mutant sector as described by Meinke and 
Sussex (1979 a). The original method of harvesting dry siliques 
from the mutant sector was still required when frozen siliques 
were used for screening or when the phenotypically normal 
seeds present in screened siliques did not germinate. 

Segregation ratios were determined by counting the 
number of normal and aborted seeds in heterozygous siliques 
following self-pollination. The lethal phase for each mutant 
was established by examining several hundred aborted seeds 
and arrested embryos under a dissecting microscope (Meinke 
and Sussex 1979 a, b). Mutant embryos arrested at early stages 
of development were analyzed by squashing aborted seeds in 
a drop of stain and examining the debris under a compound 
light microscope (Meinke and Sussex 1979 b). The distribution 
of aborted seeds in heterozygous siliques was determined by 
mapping the positions of normal and aborted seeds on a piece 
of graph paper as described previously (Meinke 1982). Devel- 
opment of mutant embryos at a low temperature was studied 
by transferring heterozygous plants to a growth chamber 
maintained at 18 ~ 1 ~ with 16 h/8 h fight/dark cycles. 

Results 

Isolation of mutants 

The frequency o f  recessive embryonic lethals recovered 
following EMS seed mutagenesis was significantly 
higher than expected based on the results o f  previous 
mutagenesis studies (Meinke and Sussex 1979b). 
Approximately 99% of  the mutagenized seeds ger- 
minated within 5 days of  planting, and more than 50% 
of  the resulting M-1 plants appeared to be segregating 
for an embryo-lethal mutation. Many of  the M-1 plants 

appeared to have several different mutant  sectors 
located within the main stem (Meinke and Sussex 
1979a). The higher frequency of  induced mutations 
observed in the current study was probably the result of  
differences in either the age o f  the EMS used to 
prepare stock solutions, the amount  of  time required 
for the onset o f  germination, or the efficiency of  uptake 
o f  the EMS during the mutagenesis period. 

Despite the presence of  numerous multiple mutants, 
it was still possible to identify a significant number  o f  
M-1 plants that appeared to be segregating for a single 
mutant gene with a characteristic lethal phase. Each of  
these suspected mutants was then labeled according to 
its pot number  (1-133) and position within the pot 
( A - E  for pots 1-108 and A - T  for pots 109-133). A 
variety of  mutants with different lethal phases were 
chosen for more detailed studies in subsequent genera- 
tions. 

Segregation ratios in heterozygous siliques 

Heterozygous siliques from most of  the 32 mutant  lines 
isolated following EMS seed mutagenesis (Table 1) 
contained approximately 25% aborted seeds following 
self-pollination. The unusually low segregation ratios 
observed in mutants 127AX-A, l13J-4A,  95A-2B, 
109F-5D, l l 2 G - 1 A ,  l15D-4A,  and 126E-B can be 
explained by gametophytic expression of  the mutant  
genes (Tables 3 and 4). The unusually high ratios 
observed in mutants l l 3K-1B,  l l 7 N - 1 B ,  129AX2-A, 
and 111B-5B are more difficult to explain. Numerous 
mutant lines examined in the M-2 generation were 
discarded because they were clearly multiple mutants 
with segregation ratios approaching 50% aborted seeds 
following self-pollination. The slightly high ratios ob- 
served in the four mutants noted above may be the 
result of  a competitive advantage o f  mutant  pollen 
grains, the presence of  two closely-linked mutations 
with similar phenotypes, random variation in a rela- 
tively small sample size, or some other undetermined 
factor. The general conclusion from the data in Table 1, 
however, is that most if not all of  these new mutants 
appear to be segregating for a single recessive gene. 

One of  the initial objectives o f  this study was to 
screen for temperature-sensitive mutants by growing 
M-I plants at a high temperature (32 ~ or 24 ~ and 
then examining subsequent generations for the pres- 
ence o f  aborted seeds in plants grown at a lower tem- 
perature (18 ~ Two different high temperatures were 
chosen: 3 2 ~  1 ~ for plants in pots Nos. 1-108, and 
24~176  for plants in pots Nos. 109-133. Most of  
the mutants included in Table 1 were recovered from 
M-1 plants grown at 24~  because in this particular 
experiment, the plants grown at 32 ~ had unusually 
poor seed set. All mutant  lines were then tested for the 
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presence of  abor ted  seeds in heterozygous plants  grown 
at 18 ~ No temperature-sensi t ive mutants  were found 
because heterozygous siliques still contained approxi-  
mately 25% abor ted  seeds, and  the mutan t  embryos  
were phenotypical ly  indis t inguishable  from those found 
at the higher temperature .  The percentage and distr ibu- 
tion of  abor ted  seeds in mutants  95A-2B  and 126E-B 
were clearly influenced by  temperature ,  but  these 
differences appear  to be caused by changes in the rates 
of  pol len-tube growth rather  than the presence of  an 
altered gene product  that fails to function proper ly  at 
either the high or low temperature .  

Stages of developmental arrest 

Many different stages of  developmenta l  arrest  are 
included among the 32 mutants  (Fig. 1). Some mutants  
such as 109A-1B and 112A-2A have lethal  phases that  
cover a very nar row range of  deve lopmenta l  stages. In 

these cases it is clear that the mutan t  gene is required 
for the complet ion  of  a specific stage of  embryogenesis .  
Other mutants  such as 126E-B, 63A-1A,  and 1 2 2 G - E  
have much broader  lethal  phases that extend over  
several deve lopmenta l  stages. These mutants  are more  
difficult to interpret  because it is not  clear whether:  (1) 
expression of  the mutan t  gene is required throughout  
the lethal  phase, and the var iable  phenotypes  of  
arrested embryos result from the presence o f  a leaky 
mutat ion;  (2) expression o f  the mutan t  gene is l imited 
to the beginning of  the lethal  phase,  but  the muta t ion  is 
not immedia te ly  lethal  and  permits  a var iable  amount  
o f  cont inued development ;  or  (3) the muta t ion  directly 
affects deve lopment  o f  the endosperm tissue and only 
indirectly results in embryonic  lethality. In several  of  
the mutants  with arrested embryos  ranging from the 
globular  to the curled cotyledon stages of  embryo-  
genesis, arrested embryos  at the earliest stages o f  devel- 

Table 1. Segregation ratios for embryo-lethal mutants of Arabidopsis grown at 24 ~ and 18 ~ 

Segregation ratios at 24 ~ Segregation ratios at 18 ~ 

Mutant Seeds % aborted Chi- Seeds % aborted Chi- 
screened seeds square screened seeds square 

53D-4A 1,327 25.5 0.13 504 22.2 1.93 
127AX-A 2,265 23.4 3.18 1,917 22.2 7.96 * * 
113K-IB 1,152 28.0 5.20* 1,129 27.5 3.51 
112E-2A 1,076 26.1 0.83 1,546 25.5 0.17 
113J-4A 2,299 21.0 19.75 *** 1,887 20.8 17.75 *** 
112E-1B 3,299 25.8 1.07 572 25.9 0.19 
lllH-2B-1 2,579 24.1 1.12 505 25.7 0.11 
130B-A-I 927 27.6 3.32 569 25.3 0.02 
111B-5E 1,516 23.1 2.86 527 27.1 1.17 
95A-2B 3,683 23.1 6.01 * 3,439 21.5 22.43 * * * 
57B-4C 1,370 26.3 1.13 502 23.1 0.86 
109A- 1B 1,697 25.3 0.06 563 25.9 0.17 
109F-5D 2,789 20.3 29.77"** 1,824 23.6 1.90 
112G- 1A 2,323 21.5 14.79 *** 1,798 24.0 0.96 
117N-IB 2,791 26.7 4.36* 520 21.7 2.79 
129AX2-A 2,027 29.8 15.10"** 632 38.5 60.25*** 
115D-4A 2,662 18.7 53.76"** 2,013 19.0 38.63"** 
126E-B 2,232 25.2 0.03 2,042 12.2 177.92"** 
109F-1C 1,250 25.8 0.35 808 29.5 8.32"* 
1 ! 5J-4A 1,390 25.6 0.25 509 28.7 3.49 
122G-E 2,526 26.5 3.05 989 24.4 0.18 
63A- 1A 2,365 25.0 0.00 525 25.3 0.02 
111B-5 B 1,049 28.7 7.44 * * 510 24.1 0.17 
115H-1A 1,165 25.8 0.39 523 28.5 3.21 
115C-1C 1,133 26.7 1.74 551 25.8 0.14 
112A-2A 1,107 26.1 0.67 522 26.4 0.50 
130B-A-2 2,672 23.3 3.43 2,851 24.1 0.98 
66C-3A 1,314 25.3 0.07 532 22.9 1.11 
112C-IA 1,357 25.0 0.00 512 26.5 0.59 
114D-1A 1,334 23.9 0.78 525 28.4 3.03 
21C-2D 1,214 23.5 1.42 518 22.2 2.02 
111H-2B-2 1,680 24.6 0.11 524 24.6 0.01 

* Significantly different from 25.0% at P = 0.05; ** at P = 0.01; *** at P = 0.001 
Heterozygous siliques were expected to contain approximately 25% aborted 

pollination 
seeds following self- 
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S t a g e s  o f  N o r m a l  D e v e l o p m e n t  

M u t a n t Zygotic Preglobular Early Linear Curled Mature Globular Globular Heart Cotyledon Cotyledon Cotyledon 
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21C-2.D 
I 
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Fig. 1. Develo ~mental arrest of homozygous mutant embryos present in heterozygous siliques from 32 lethal mutants of Arabidop- 
sis thaliana. The stages of embryo development reached by arrested embryos are represented by a solid line beneath the cor- 
responding stages of normal development. Stages that are partially covered by a solid line (e.g. globular stage in 127AX-A) are only 
occasionally reached by mutant embryos. The dashed line in mutant 115D-4A represents an abnormal pattern of development that 
cannot be classified on the basis of external morphology. The lethal phase for mutants 66C-3A, 112C-1A, l l4D-1A, 21C-2D, and 
111H-2B-2 does not occur until the seedling stage of development. Solid lines have been drawn at the mature cotyledon stage of 
development because homozygous mutant embryos complete all of the normal stages of embryogenesis 

opment were more often found in relatively young si- 
liques, whereas arrested embryos at later stages of  devel- 
opment were more common in older siliques. This 
suggests that the broad lethal phases observed in some 
mutants may be the result o f  mutant  genes that are not 
immediately lethal to the developing embryo. 

Mutant embryos also differed in their extent of  
abnormal development (Fig. 2). Examples of  clearly 

abnormal development included the presence o f  an 
unusually large suspensor in mutants 109F-5D and 
I I 2 G - 1 A  (Fig. 2E), fused cotyledons and the absence 
of  a normal hypocotyl in mutant  l 12A-2A (Fig. 
2M-N),  an elongated ("blimp") embryo without a 
distinct hypocotyl or cotyledons in mutant I 1 5 D - 4 A  
(Fig. 2F), and arrested embryos with abnormally- 
shaped cotyledons in many of  the mutants with lethal 



D.W.Meinke: Embryo-lethal mutants of Arabidopsis 547 

phases extending th rough  the heart and cotyledon 
stages of development ' rFig' ,2G-P).  Many of the 
arrested embryos were also significantly larger than the 
icorresponding wild-type embryos (Fig. 2). The largest 
arrested embryos were most often found in the oldest 
siliques. 

Homozygous mutant embryos from mutants 
66C-3A, l l2C-1A, l l4D-1A,  21C-2D, and l l l H -  
2B-2 reached a mature cotyledon stage of develop- 
ment, were phenotypically normal except for their pale 
color, and germinated to produce pale seedlings that 
soon died if not grown on a defined nutrient medium. 

These mutants were included in this study even though 
they are actually seedling lethals rather than embryonic 
lethals because the mutant embryos were clearly dis- 
tinguishable in heterozygous siliques, and both segrega- 
tion ratios and gametophytic expression of the mutant 
genes could be readily determined: 

Color of  aborted seeds and arrested embryos 

Aborted seeds and arrested embryos from each mutant 
exhibited a characteristic range of colors prior to desic- 
cation (Fig. 3). Mutants with lethal phases prior to the 
globular stage of embryogenesis generally contained 

Fig. 2. Development of wild-type and mutant embryos of Arabidopsis thaliana. A-D wild-type embryos at the heart (A), linear 
cotyledon (B), early curled cotyledon (C), and mature cotyledon (D) stages of development. E-P arrested embryos from mutants 
109F-5D (E), 115D-4A (F), 122G-E (G-K), 63A-1A (L), 112A-2A (M-N), and 130B-A-2 (O-P). All embryos are at the same mag- 
nification; scale bar in Fig. 2P = 200 ~m 
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white aborted seeds. This was not surprising because 
normal seeds remain white throughout the preglobular 
stages of development (Meinke and Sussex 1979a). 
Differences in the colors of aborted seeds and arrested 
embryos became apparent in mutants with later lethal 
phases. For example, aborted seeds from mutants 
57B-4C, 109F-5D, and 112G-1A all contained mutant 
embryos arrested at a globular stage of development. 
Aborted seeds from mutant 57B-4C were white, where- 
as aborted seeds from the other two mutants were 
different shades of  pale green. In mutants 115J-4A and 
122G-E, the lethal phase for both mutants extended 

Seed Color a Embryo Color b 

Mutant i 2 3 4 1 2 3 4 5 

53D -4a �9 
127AX-A �9 �9 
113K-1B �9 �9 
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iI3J-4A �9 �9 
II2E-IB �9 �9 �9 

111H-2B-1 �9 �9 �9 

130B-A -1 �9 o �9 
IIIB-5E o �9 �9 

95A -2B �9 �9 

5"71~ -L4~z �9 �9 
109A -1B �9 �9 
109F-5D �9 �9 �9 
112G-IA o �9 o �9 

I17N-IB �9 �9 
129AX2-A �9 �9 
II5D-4A �9 �9 o 
126E-B �9 �9 �9 �9 

109F-IC �9 �9 �9 
II5J-4A �9 �9 
122G-E �9 �9 �9 
63A-IA �9 o �9 

111B-5B �9 �9 
IISH-1A �9 �9 
I15C-IC �9 �9 
i 12A-2A o �9 

130B-A-2 �9 �9 
66C-3A �9 

II2C-IA �9 
I14D-IA �9 
21C-2D �9 

IIIH-2B-2 �9 

O 

O �9 

o 

O 

�9 @ 

aseed Colors: 

1 - White or cream with no sign of green 
2 - Very pale yellow-green 

3 - Pale green or yellow-green 
4 - Green 

b E m b r y o  C o l o r s :  
i - White or cream with no sign of green 
2 - Very pale yellow-green 
3 - Initially as 1 or 2 above but turns 

a darker color on drying 
4 - Pale green or yellow-green 

- Green 

Fig. 3. Colors of aborted seeds and arrested embryos prior to 
desiccation. Open circles represent colors that were only oc- 
casionally found. No arrested embryos were found in aborted 
seeds from mutant 53D-4A. Some of the seeds and embryos 
classified as very pale yellow-green appeared white against a 
black backgrond but faintly yellow-green against a white back- 
ground 

from the globular to the curled cotyledon stages of 
development. Arrested embryos and aborted seeds 
from mutant l15J-4A were generally white, whereas 
arrested embryos from mutant 122G-E were usually a 
very pale green color, and the aborted seeds from this 
mutant were even darker green. Individual plants from 
other mutants such as 126E-B and 109F-1C contained 
aborted seeds and arrested embryos that exhibited a 
wide range of colors. The darkest embryos in these 
mutants were often those that had reached the latest 
stage of development. 

Gametophytic expression of the mutant genes 

Gametophytic expression of the mutant genes was 
studied by examining the distribution of aborted seeds 
along the length of heterozygous siliques (Meinke 
1982). In many of the mutants shown in Fig. 1, 
aborted seeds were distributed randomly between the 
top and bottom halves of the silique (Table 2). In the 
remaining eight mutants (127AX-A, 113J-4A, 
95A-2B, 109F-5D, l l2G-1A,  l15D-4A, 126E-B, and 
130B-A-2), gametophytic expression of the mutant 
genes resulted in a non-random distribution of aborted 
seeds (Table 3). Most of these mutants had lethal 
phases during early stages of embryogenesis. The dis- 
tribution of aborted seeds in many of these mutants 
became even more non-random when heterozygous 
plants were grown at 18~ rather than at 24~ 
Siliques from mutant 95A-2B were unusual in having a 
base prevalence of aborted seeds when plants were 
grown at 24 ~ but not at 18 ~ One possible explana- 
tion for this result is that the mutant gene may have a 
positive effect on the growth of mutant pollen tubes 
that becomes noticeable only when plants are grown at 
a relatively high temperature. In the remaining seven 
mutants, significantly more than 50% of the aborted 
seeds were located in the top half of heterozygous 
siliques. All of  these mutants had unusually low 
segregation ratios in the basal five seed positions of the 
silique (Table 4). Segregation ratios in the top five seed 
positions ranged from approximately 25% aborted 
seeds in some mutants to significantly greater than 25% 
aborted seeds in other mutants. These results suggest 
that embryo-lethal mutations differ in their effect on 
pollen development and pollen-tube growth. Addi- 
tional studies designed to test the effect of  the mutant 
genes on gametogenesis are in progress. 

Abnormal development of the suspensor 

Abnormally large suspensors were consistently found in 
aborted seeds from mutants 109F-5D and l l 2 G - 1 A  
(Table 5). Many of these suspensors were sufficiently 
sturdy to remain intact when arrested embryos were 
removed from aborted seeds and examined under a 
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Table2. Random distribution of aborted seeds in hetero- 
zygous siliques from 24 mutant lines of Arabidopsis 

Mutant Siliques Aborted % Chi- 
screened seeds top half ~ square 

53D-4A 20 191 51.8 0.19 
113K-1B 40 491 52.1 0.81 
112E-2A 20 160 49.4 0.01 
112E-1B 20 231 53.3 0.85 
111H-2B- 1 22 263 52.9 0.75 
130B-A-1 20 219 52.1 0.29 
111B-5E 20 225 52.9 0.64 
57B-4C 20 240 47.9 0.34 
109A- 1B 28 306 51.0 0.08 
117N- 1B 21 278 50.7 0.03 
129AX2-A 30 258 48.1 0.31 
i 09F- 1C 21 234 53.0 0.72 
115J-4A 20 233 50.2 < 0.01 
122G-E 44 556 50.2 < 0.01 
63A- 1A 40 490 52.0 0.74 
111B-5B 20 230 47.8 0.35 
115 H- 1A 20 207 49.3 0.02 
115C-1C 20 261 51.3 0.14 
112A-2A 21 265 47.9 0.38 
66C-3A 20 276 50.0 < 0.01 
112C-IA 20 241 52.3 0.41 
114D- 1A 20 244 50.8 0.04 
21C-2D 20 238 53.0 0.71 
111H-2B-2 49 507 50.7 0.07 

~ Percentage of total aborted seeds positioned in the top half of 
the silique. This should equal 50.0% if aborted seeds are dis- 
tributed randomly along the length of the silique 

dissecting microscope (Fig. 2E). The pattern of ab- 
normal  development in these mutants  was slightly 
different than in mutan t  50B as described by Marsden 
and Meinke (1985). Developmental  arrest of the 
embryo proper in mutants  109F-5D and l l 2 G - 1 A  
occurred at a later stage of development  than in mutan t  
50B, and the abnormal  suspensor contained a relatively 
small number  of unusual ly  large cells arranged in one 
or two files rather than the multiple files of small cells 
characteristic of the abnormal  suspensor in mutan t  50B. 
The abnormal  suspensor was also significantly larger in 
mutant  109F-5D than in l l 2 G - 1 A  (Table5).  The 
isolation of two new mutants  with abnormal  suspensors 
provides further evidence that certain mutat ions cause 
abnormal  growth of the suspensor by interfering with 
continued development  of the embryo proper, thus 
removing an inhibitory effect that the embryo proper 
normally exerts on continued development  of the sus- 
pensor (Marsden and Meinke 1985). 

Unusual mutant phenotypes 

Many examples of unusual  mutan t  phenotypes were 
found among mutants  with later stages of  develop- 
mental  arrest. One of the most consistently abnormal  
embryos was found in mutan t  115D-4A. These mutan t  
embryos were referred to as green blimps because they 
lacked any defined hypocotyl or cotyledons (Fig. 2 F). 
Arrested embryos with similar shapes were occasionally 

Table 3. Non-random distribution of aborted seeds in heterozygous siliques from 8 mutant lines of 
A rabidopsis 

Mutant Temper- Siliques Total % % Chi-square 
ature screened seeds aborted top half a 

seeds 

127AX-A 24 ~ 41 1,993 23.6 58.9 14.66 *** 
18 ~ 40 1,971 22.2 62.3 26.14"** 

113J-4A 24 ~ 43 1,919 21.3 64.5 33.55 *** 
18 ~ 44 1,887 20.8 70.9 67.78 *** 

95A-2B 24 ~ 57 2,290 24.5 40.6 19.62'** 
18 ~ 78 3,206 22.0 51.6 0.63 

109F-5 D 24 ~ C 60 2,644 21.0 62.8 35.89 * * * 
18 ~ C 42 1,824 23.6 56.6 7.28 * * 

112G- 1A 24 ~ 60 3,306 20.7 57.7 13.94 * ** 
18 ~ 40 1,798 24.0 50.3 0.01 

115D-4A 24 ~ 40 1,896 18.8 57.9 8.50** 
18 ~ 40 1,836 19.1 61.5 18.23"** 

126E-B 24 ~ 40 2,056 23.8 65.9 49.03 *** 
18 ~ 40 2,029 12.3 84.0 114.24"** 

130B-A-2 24 ~ 41 2,067 24.1 58.1 12.88 *** 
18 ~ 64 2,851 24.1 57.7 16.07 *** 

** Significantly different from 50.0% at P -- 0.01; ** * at P = 0.001 
a Percentage of total aborted seeds positioned in the top half of the silique. This should equal 50.0% if 
aborted seeds are distributed randomly along the length of the silique 
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found  in o the r  mu tan t s  (e.g. 109F-1  C) wi th  le thal  phases  

that ex tended  beyond  the g lobular  stage o f  deve lopment ,  

bu t  in these  cases the m u t a n t  embryos  were  usual ly  

white  or  pa le  g reen  and  not  m u c h  larger  than  a n o r m a l  
to rpedo-s tage  embryo .  S o m e  o f  the ar res ted  embryos  
f rom m u t a n t  1 1 5 D - 4 A  reached  a length o f  300 ~tm and 

were  a p p r o x i m a t e l y  h a l f  the size o f  a m a t u r e  wi ld- type  

embryo .  
The pattern of abnormal development observed in mutant 

l15D-4A clearly illustrates one problem encountered when 
assigning lethal phases based on normal stages of develop- 
ment. External morphology alone cannot be used to determine 
whether these blimp embryos most closely resemble an 
elongated globular embryo, an early cotyledon embryo with- 

out distinct cotyledons, or a more mature embryo. This 
question could be answered in the future by combining 
histological and biochemical studies on arrested embryos. 
Ultrastructural features such as protein bodies or lipid bodies 
might provide information on the types of cells present, and 
biochemical markers such as seed storage proteins could be 
used to determine whether the mutant embryos are accumu- 
lating specialized gene products that are normally found only 
at later stages of seed development. A similar approach has 
recently been taken in the comparison of zygotic and somatic 
embryos ofBrassica napus (Crouch 1982). 

Mutants  1 1 2 A - 2 A  and  1 3 0 B - A - 2  prov ide  an inter-  

esting compar i son  o f  a b n o r m a l  d e v e l o p m e n t  dur ing  

later  stages o f  embryogenes is .  All o f  the arres ted 

embryos  f rom mutan t  l 1 2 A - 2 A  were  green and  con-  

Table 4. Segregation ratios in the top and bottom 5 seed positions of heterozygous siliques from mu- 
tants with a non-random distribution of  aborted seeds a 

Mutant Temp. Total nos. Segregation Chi- Segregation Chi- 
of seeds ratio: seed square ratio: seed square 
screened positions nos. positions nos. 

1-5 from tip 1-5 from base 

127AX-A 24~ 1,994 24.9 < 0.01 12.7 32.52*** 
18 ~ 1,971 23.8 0.27 13.5 27.60*** 

113J-4A 24~ 1,919 31.6 9.72** 13.0 32.27*** 
18~ 1,887 33.6 17.04"** 10.0 52.00*** 

95A-2B 24~ 2,290 21.6 3.55 34.7 27.73*** 
18~ 3,206 22.1 5.69* 22.2 5.31" 

109F-5D 24~ 2,644 28.7 4.11" 12.2 52.03*** 
18 ~ 1,824 26.7 0.54 17.4 12.50"** 

II2G-1A 24~ 3,306 22.7 1.75 17.2 20.42*** 
18~ 1,798 20.3 4.43* 21.8 1.97 

115D-4A 24~ 1,896 21.0 3.20 12.8 31.36"** 
18~ 1,841 28.0 1.76 11.8 70.08*** 

126E-B 24~ 2,066 28.8 2.80 12.8 31.36"** 
18 ~ 2,042 23.3 0.56 0.8 124.16"** 

130B-A-2 24~ 2,067 30.5 6.29* 17.3 12.51"** 
18 ~ 2,851 28.9 5.00" 15.9 27.55"** 

* Significantly different from 25.0% at P=0.05; ** at P=0.01; *** at P=0.001 
a Segregation ratios for the top and bottom 5 seed positions in heterozygous siliques should be 25% 
aborted seeds if there is no gametophytic expression of the mutant genes (Meinke 1982). All siliques 
used in this table contained at least 15 seeds per row 

Table 5. Abnormal suspensors in aborted seeds from mutants 109F-5D and 112G-1A 

Mutant 109F-5D Mutant 112G-1A 

No. of seeds examined 50 44 

Width of suspensor a 
M e a n + S D  50+ 14~m 27_+ 9gm 
Range 30 - 110 gm 20 - 50 ~xm 

Diameter of embryo proper b 
Mean _+ SD 
Range 

108-/- 22 p~m 108+ 25 lxm 
70 - 170 ~xm 80 - 150 gm 

a Wild-type suspensors at a globular stage of embryo development are 12-15 Ixm wide 
b The wild-type embryo proper at a globular stage of development is 40-60 ~tm in diameter 
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tained an unusually small hypocotyl. The cotyledons 
were slightly smaller than normal and were either thick 
but still distinct, fused along one side to form a folded 
structure (Fig. 2 N), or fused along both sides to form a 
conical structure that was open only at the top 
(Fig. 2 M). Developmental  arrest in mutant  112A-2A is 
therefore characterized by reduced growth of  the hypo- 
cotyl and a unique pattern of  morphogenesis in the 
cotyledons. Aborted seeds from this mutant  were not 
easily identified because they were nearly the same 
color and shape as wild-type seeds. 

Arrested embryos from mutant  130B-A-2  con- 
tained a relatively normal hypocotyl but clearly ab- 
normal cotyledons. Many of  the aborted seeds present 
in immature siliques contained arrested embryos with 
reduced cotyledons as shown in Fig. 2 ("O"). These 
unusually small cotyledons were often noticeably paler 
than the corresponding hypocotyl  tissue. Arrested 
embryos present in older siliques generally contained 
larger cotyledons as shown in Fig. 2 ("P"). Some of  the 
mutant embryos in these older siliques differed only 
slightly in morphology from normal embryos. These 
observations suggest that both the pattern of  morpho-  
genesis and the timing of  development o f  the coty- 
ledons are altered in arrested embryos from mutant  
130B-A-2.  In contrast, development o f  the hypocotyl 
appears to proceed normally. 

Discussion 

Embryogenesis in higher plants has been approached 
in part  through the isolation and characterization o f  
lethal mutants. The most extensive studies have dealt 
with defective kernel mutants o f  corn (Mangelsdorf 
1926; Sheridan and Neuffer 1980, 1981, 1982), embryo- 
lethal mutants of Arabidopsis (Mtiller 1963; Usmanov 
and Mtiller 1970; Meinke and Sussex 1979 a, b; Meinke 
1982), and variant cell lines o f  carrot unable to com- 
plete somatic embryogenesis in vitro (Breton and Sung 
I982). The viviparous mutants o f  corn, which in some 
cases do not survive beyond the seedling stage o f  devel- 
opment, have also been studied in detail (Robertson 
1955; Robichaud et al. 1980). Each of  these systems has 
provided valuable information on the genetic control of  
plant embryo development. 

Procedures for the isolation and characterization of 
embryo-lethal mutants ofArabidopsis thaliana were originally 
described by Mtiller (1963). Segregation ratios and stages of 
developmental arrest were determined for 72 mutant lines 
isolated following X-irradiation of mature seeds (Miiller 1963; 
Usmanov and Mtiller 1970). The primary purpose of this work 
and subsequent studies with embryo-lethal mutants of Arabi- 
dopsis (R6dei 1970; Usmanov and Sokhibnazarov 1974) was to 
examine the mutagenic effects of ionizing radiation and 
various chemical treatments on mature seeds. 

The six mutants described by Meinke and Sussex 
(1979a, b) were isolated for experimental studies on the 
genetic control of embryogenesis in plants (Meinke 1982; 
Marsden and Meinke 1985). Emphasis was placed in these 
studies on mutants with lethal phases that covered early stages 
of embryo development. The 32 additional mutants described 
in this report expand the range of lethal phases and abnormal 
phenotypes that may now be used in the analysis of plant 
embryo development. Some of these new mutants appear to 
be simila~ to those described previously by Mtiller (1963). 

Eight new mutants (127AX-A, l l 3 J -4A,  95A-2B, 
I09F-5D,  l l 2 G - 1 A ,  115D-4A, 126E-B, and 130B- 
A-2)  with a non-random distribution o f  aborted seeds 
in heterozygous siliques have now been identified. The 
isolation and characterization of  these mutants, when 
combined with the results o f  previous studies with 
mutants 79A and 124D (Meinke 1982), demonstrate 
conclusively that many of  the genes that perform 
critical functions during early stages o f  embryogenesis 
in plants are also expressed prior to fertilization. 
Gametophytic expression of  these mutant  genes 
appears to alter the ability of  mutant  pollen tubes to 
fertilize ovules at the base o f  the silique (Meinke 1982). 
The distribution o f  lethal genes in plant populations 
may therefore be determined in part by the ability of  
pollen tubes carrying the mutant  allele to participate in 
fertilization (Mulcahy 1979). The results o f  studies with 
embryo-lethal mutants of  Arabidolvsis suggest that 
gametophytic expression may be more common among 
genes that regulate early rather than late stages o f  
embryogenesis. Additional mutants with a non-random 
distribution of  aborted seeds will need to be identified 
before this conclusion can be established. The analysis 
of  segregation ratios in radiation-induced mutants o f  
Arabidopsis (Dellaert 1980) suggests that many  other 
mutant  genes are expressed during both the haploid 
and diploid stages of  development. 

There may be several reasons why no temperature-sensi- 
tive ("ts") lethals were found among the 32 mutants examined 
in this study. It is possible that the restrictive (24~ and 
permissive (18~ temperatures may not have been suffi- 
ciently different to allow the identification of "ts" mutants. 
Similar temperatures have been used to isolate "ts" mutants of 
Caenorhabditis elegans (Herman and Horvitz 1980; Isnenghi 
et al. 1983) and Drosophila melanogster (Suzuki et al. 1976), 
but it may be necessary in future studies with Arabidopsis to 
use a higher restrictive temperature even though this often 
results in reduced seed set. Temperature-sensitive embryo- 
lethal mutants of Arabidopsis may also have unusually low 
segregation ratios or highly variable phenotypes when grown 
at the restrictive temperature and may therefore only rarely be 
chosen for subsequent studies. There is no obvious physiologi- 
cal reason why the frequency of temperature-sensitive lethals 
in higher plants should be significantly lower than in animal 
systems. Several temperature-sensitive seedling lethals have 
even been described in Arabidopsis (Langridge 1965; Li and 
R6dei 1968). It is therefore likely that temperature-sensitive 
embryonic lethals of Arabidopsis are present following EMS 
seed mutagenesis and are simply difficult to identify among 
M-I plants. 
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Many of  the abor ted  seeds and arrested embryos 
described in this repor t  were either pale green or white. 
The disrupt ion o f  chlorophyll  synthesis in these mu- 
tants must  be an indirect  result of  the mutat ion and not 
the cause of  deve lopmenta l  arrest because mutant  
embryos of  Arabidopsis deficient in chlorophyll  and 
carotenoid pigments  are still able to complete  all of  the 
normal  stages o f  embryogenesis  (R6dei 1970; Koorn-  
neef  e ta l .  1983). The question then becomes why 
embryo- le thal  muta t ions  differ in their  effect on the 
accumulat ion o f  photosynthet ic  pigments.  Relatively 
little is known about  the relat ionship between morpho-  
genesis, photosynthesis,  and the accumulat ion of  
chlorophyll  and carotenoid  pigments  in immature  
green seeds. It is apparen t  from the mutants  described 
in this repor t  that developmenta l  arrest of  mutant  
embryos is often accompanied  by a disrupt ion of  
chlorophyll  synthesis in the arrested embryo,  mutant  
endosperm tissue, and  surrounding materna l  tissues. It 
is par t icular ly  surprising that these mutat ions  differed 
in their effect on cells of  the seed coat because these 
cells are genotypical ly  heterozygous for the recessive 
allele. Addi t iona l  studies are p lanned  to determine  how 
embryo- le thal  mutants  of  Arabidopsis may be used to 
study the deve lopmenta l  regulat ion of  chlorophyll  syn- 
thesis during embryogenesis  in plants. 
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