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&p.1:Abstract Apomixis has never been reported in natural
populations of pearl millet [Pennisetum glaucum (L.)
R.Br.], although many wild relatives of pearl millet are
obligate or facultative aposporous apomicts. Four-nucleate aposporous embryo sacs are formed from somatic
cells of the nucellus that do not undergo meiosis. Two
mutants of pearl millet, female sterile (fs) and stubby
head, have two developmental characteristics in common: a significant reduction in head length compared
with the wild-type and the formation of aposporous embryo sacs. Reproductive development in fs and stubby
head mutants was examined in depth because of the potential for illuminating basic cellular or developmental
factors that may function to alter embryo sac development. Genetic analysis of stubby head showed that this
phenotype is conferred by genes at two loci linked in
coupling within 29 cM. Crosses between fs and stubby
head mutants showed that, despite the similarities in phenotypes, the mutations are at different loci. The mutants
differ from wild-type in their inflorescence structure
from the time of initiation of spikelet primordia through
terminal differentiation of the ovule. Both mutations
could be categorized as meristic, since a change in inflorescence branch or organ number was common and gynP. Ozias-Akins (✉) · J. Alvernaz1
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oecium development varied. We speculate that heterochronic development of the floral meristem and organ
initiation/specification programs may be the underlying
mechanism for phenotypic changes in these mutants
throughout the floral phase.
&kwd:Key words Agamospermy · Apomixis · Apospory ·
Floral development · Mutant · Pennisetum glaucum&bdy:

Introduction
Pearl millet [Pennisetum glaucum (L.) R.Br.] has its
center of diversity in sub-Saharan Africa, where it is extensively cultivated for human and animal consumption
(Brunken et al. 1977). The largest concentration of other
Pennisetum species is also found in Africa (Stapf and
Hubbard 1934). Pearl millet is primarily an out-crossing, sexual, diploid species with a basic chromosome
number of seven. The inflorescence of wild-type pearl
millet is a compound spike on which spikelets are serially arranged in fascicles (usually two spikelets per fascicle). Each spikelet consists of two florets, one staminate and one hermaphroditic. The staminate flower is
sessile and contains three anthers. The bisexual flower is
pedicellate and contains three anthers and one pistil
with a monocarpellate ovary and a bifid stigma. Pearl
millet is protogynous, with stigma exsertion beginning
near the apex of the inflorescence and proceeding both
acropetally and basipetally (Godbole 1927; Daniel and
Shah 1971; Powers et al. 1980). Many wild relatives of
pearl millet are polyploid, usually have a higher basic
chromosome number (x=8 or 9), and are obligate or facultative apomicts that produce aposporous embryo sacs
(Jauhar 1981). Apomixis has never been observed in
natural populations of pearl millet, although two mutants have been induced that form aposporous embryo
sacs similar in structure to those of the apomictic wild
species. These two mutants, female sterile (fs) (Hanna
and Powell 1974; Arthur et al. 1993) and stubby head
(Hanna and Powell 1973), have been described and
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maintained because of their potential to illuminate basic
cellular or developmental factors that may function to
alter embryo sac development.
The stubby head mutant of pearl millet was induced
with thermal neutron radiation followed by exposure to
diethyl sulfate. The stubby head mutant was described as
recessive, with shortened internodes near the inflorescence, multiple flag leaves, and a knob-like inflorescence
in which multiple ovaries, ovules, and embryo sacs per
ovule were observed (Hanna and Powell 1973). Both
meiotic and aposporous embryo sac development were
documented. The functionality of numerically unreduced
embryo sacs was inferred from lack of transmission of a
dominant color marker to stubby head progeny. At least
23% of the progeny did not inherit the color marker
gene, suggesting that syngamy did not occur in some of
the embryo sacs. Preliminary genetic analysis of the
stubby head phenotype indicated complex genetic inheritance.
The fs mutant was induced using thermal neutrons
and described as a monogenic recessive with multiple
embryo sacs. Inflorescences are reduced in size, but no
shortening of the upper internodes was observed as in
stubby head (Hanna and Powell 1974). The fs mutant has
smaller ovules and appears immature at anthesis compared to wild-type plants (Hanna and Powell 1974).
Many of the ovules completely lacked embryo sacs,
whereas 35% of the ovules contained multiple embryo
sacs (Arthur et al. 1993). Pollen tubes rarely grow beyond the base of the stigma into the ovary, an observation that may partially explain the mechanism of sterility.
Although this mutant does not set seed, the pollen is viable and can be used for out-crossing.
The objectives of this study were to determine the
number of genes conferring the stubby head phenotype,
evaluate whether an allelic relationship exists between
stubby head and fs, and describe the floral development
of fs and stubby head mutants, beginning with spikelet
initiation and proceeding through gynoecium development. The characteristics common to both mutants have
been emphasized, since there may be underlying processes that result in the prevailing feature of chromosomally unreduced embryo sacs.

Materials and methods
Genetic analysis
Inflorescences of male parents were bagged with glassine bags to
collect pollen and inflorescences of female parents were bagged
prior to stigma exsertion. Controlled crosses were made using
the collected pollen. Inflorescences on selfed individuals were
bagged prior to stigma exsertion and allowed to self-pollinate.
Ten F2 populations segregating for the stubby head mutation in
Tift 23B (Burton 1969) background were produced from 1972 to
1995. In 1991 and 1994, homozygous stubby head and fs were
used as the male parents in crosses with Tift 23DB, a recessive,
dwarf pearl millet inbred. Tall F1 plants (heterozygous for dwarf
and therefore certain to be F 1s) were self-pollinated to produce
F2 seed and reciprocally pollinated (Stubby Head/stubby head
×Fs/fs or Fs/fs×Stubby Head/stubby head, herein referred to as

double-cross). Successful crosses were confirmed by 3:1 segregation of tall to dwarf plants in F2 and double-cross populations.
Backcross plants (BC 1) were produced from crosses on twenty
Stubby Head/stubby head plants pollinated with stubby head pollen. Twelve and ten F3 populations were produced in 1992 and
1995, respectively, by self-pollinating wild-type F 2 plants. Seed
from 6–12 stubby head inflorescences in each F 2 population
were planted along with F 3 populations. All progeny were classified phenotypically as wild-type, stubby head, fs, or stubby
head/fs.
Chi-square analysis was performed on data from F2, F3, and
BC1 populations. One (3:1), two (15:1) and three (63:1) unlinked
recessive genes, complementary-duplicate interaction with any
two of the three genes (54:10), and two complementary with one
inhibitory gene (55:9) models were used to test the data (Deokar
and D’Cruz 1962).
Floral development
Wild-type pearl millet (Tift 23BE) and stubby head and fs in Tift
23B genetic background were grown in the greenhouse or in the
field. Wild-type and mutant inflorescences from basal tillers were
harvested at the first sign of stigma exsertion. Inflorescences were
fixed in FAA (10% formalin, 50% ethanol, 5% acetic acid in distilled H2O) for 48 h, after which they were stored in 70% ethanol
until analysis.
Two sampling methods were used to gather the following data: head length, number of spikelets per fascicle, number of florets per spikelet and number of floral organs per floret. The first
sampling method was applied to greenhouse plants in which inflorescences (11 wild-type, 5 fs, and 5 stubby head) were divided
into 0.5 cm sections. Six sections equidistant from each other
were sampled acropetally and four fascicles per section were
used for data collection. The first data set included number of
fascicles per section, maximum head diameter, and anther type
(normal, dwarf, fused). The second sampling method relied on
random number generation, taking into account the maximum
mean head length of any genotype and the mean number of fascicles per unit length. This sampling method was applied to fieldgrown plants (25 heads wild-type, 25 fs, and 13 stubby head).
Fascicles were removed from each head in an acropetal spiral,
and 6–12 fascicles (dependent upon the total number of heads
sampled) matching the position of 6–12 random numbers for
each head were collected for analysis. The second data set included a designation for pistil type (single pistil, multiple pistils,
tooth-like pistillode, cruciform pistillode, or filamentous pistillode).
Microscopy
Representative pistils were cleared in methyl salicylate by the
method of Young et al. (1979) to better distinguish ovule morphology. Dissected floral tissues were dehydrated to absolute ethanol
and critical point dried in a Tousimis Samdri 780A apparatus for
scanning electron microscopy. A Hummer X (Anatech) sputter
coater was used to deposit a 45 nm Au/Pd layer on the samples.
Mounted specimens were observed with a Philips 505 scanning
electron microscope saturated at 20 kV.
Data analysis
Data were analyzed using PROC GLM of SAS (SAS Institute,
Cary, N.C.) for analysis of variance to determine variability
among heads within a genotype and among genotypes for each
measured character. The square root method for linkage determination (Stansfield 1969) was used on non-transformed F2 data to
estimate gene linkage distances.
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Results
Gross inflorescence morphology
The most obvious phenotypic difference between the
mutants and wild-type pearl millet was shorter head
length for the mutants which persisted over greenhouse
and field environments. The stubby head mutant consistently produced heads about 35% longer than the fs mutant (Fig. 1). One other feature of stubby head that differed from fs and wild-type plants was the considerable
amount of bare rachis, often 1–2 cm, at the inflorescence
tip. Extensive bending or distortion of the terminal internodes and peduncle was common to most stubby head
plants. The fs mutant did not show distortion of the peduncle and upper internodes or any decrease in internode
length for the upper internodes. Fascicle density and
head diameter were identified as two other significant
differences between mutants and wild-type pearl millet
(Fig. 2). Fascicles in fs were consistently more loosely
arranged relative to wild-type, whereas stubby head
plants displayed the opposite condition, with tightly
packed fascicles.

Fig. 1 Length of wild-type and mutant pearl millet heads grown
under either greenhouse or field conditions. Bars Standard deviation from the mean&ig.c:/f

Genetics of the stubby head mutation
As expected, F1 plants from stubby head crossed with
Tift 23DB produced wild-type, fertile inflorescences
confirming recessive genetic control. Seed from the 17
double-cross matings (104–162 seeds per mating) produced plants with no inflorescences that could be characterized as the mutant, stubby head/fs. Nine of these double-crosses were Fs/fs × Stubby Head/stubby head and
produced 1215 plants, of which 1187 (97.7%) were wildtype and 28 (2.3%) fs. Eight reciprocal double-crosses
(Stubby Head/stubby head × Fs/fs) produced 1099 plants
of which 1096 (99.7%) were wild-type and three (0.3%)
stubby head. A low rate of selfing apparently occurred,
since a few mutant phenotypes were recovered, but these
mutants were always for the recessive gene carried by
the maternal parent.
Observed data from F2, F3, and BC1 crosses with
stubby head did not fit any of the expected genetic models. Linkage analyses of F2, F3, and BC1 segregation data
best fit a two-locus model linked in coupling by 29 cM
(Table 1). Data from 27,497 plants from ten different F2
populations resulted in a wild-type to stubby head segregation ratio of 7:1 with a range of 5:1 to 9:1.
Spikelet morphology and morphometric analysis
of organ number and type
The gross features of both mutants were established soon
after inflorescence initiation. The spikelet primordia in
wild-type plants were initiated acropetally (Fig. 3a). At a
similar stage of development in stubby head inflorescences, acropetal differentiation was comparable to that

Fig. 2 Maximum head diameter and fascicle density (number per
0.5 cm section) of wild-type and mutant heads of pearl millet
grown in the greenhouse. Bars standard deviation from the mean&ig.c:/f

of wild-type; however, there was a more extensive, undifferentiated rachis terminating the inflorescence. The
rachis was broader, and the spikelet primordia appeared
smaller and more irregular (Fig. 3b). In contrast, fs plants
differentiated spikelet primordia along the rachis more
synchronously than wild-type, even incorporating the
apex of the rachis prematurely into branch primordia
(Fig. 3c).
All three genotypes produced fascicles with predominantly two spikelets (Fig. 4a). The second most frequent
category for the mutants was a single spikelet per fascicle (stubby head) or three spikelets per fascicle (fs). The
fs mutant was the most aberrant genotype for this characteristic; 32% of the fascicles had more or fewer than two
spikelets with a maximum of six spikelets. Based on the
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Table 1 Chi-square analysis of stubby head pearl millet; 29 cM-linked, two-locus model&/tbl.c:&
Number of plants

Ratio

Chi-square (*P>0.05)

Wild-type

Stubby head

Total

Observed

Expected

df

X2

F2 populations
Total
heterogeneity

24089

3408

27497

7.1:1

6.9:1

1
231

1.506*
821.873

F3 populations
Total (set 1)
heterogeneity

464

480

944

1:1.0

1:1.3

1
11

15.711
66.819

Total (set 2)
heterogeneity

260

361

621

1:1.4

1:1.3

1
9

Pooled (sets 1 and 2)
heterogeneity

724

841

1565

1:1.2

1:1.3

1
21

79

48

127

1.7:1

1.8:1

1
11

BC1 populations
Total
heterogeneity

0.206*
9.142*
7.796
84.081
0.279*
5.967*

&/tbl.:

Fig. 3a–c Young inflorescences of (a) wild-type, (b) stubby head,
and (c) female sterile pearl millet at the time of spikelet primordia
initiation. Scale: 1cm=140 µm&ig.c:/f

analysis of deviation from the expected number of two
spikelets per fascicle, variation within a genotype was
non-significant, whereas variation among the three genotypes was highly significant (greenhouse F=8.61, P≤0.001;
field: F=19.89, P≤0.001).
Each of the two-floret spikelets in wild-type plants
comprised a single staminate floret with three anthers
and one bisexual floret with three anthers and a single
pistil. Greater than 90% of the field-grown wild-type
spikelets contained two florets, although this percentage
was less in greenhouse-grown plants (Fig. 4b). Highly
significant differences among wild-type inflorescences
were seen for this characteristic (florets/spikelet) in both

environments (greenhouse: F=4.25, P≤0.001; field:
F=2.43, P≤0.001). However, the variation among the
three genotypes for the presence of two florets per spikelet (greenhouse F=26.69, P≤0.001; field F=16.09,
P≤0.001) was much greater than within genotype variation (fs/field, fs/greenhouse, and stubby head/greenhouse
were non-significant; stubby head/field F=3.47, P≤0.001).
When only a single floret was present in a wild-type
spikelet, the floret was hermaphroditic (containing fullydeveloped pistils). Staminate florets in a two-floret
spikelet of wild-type pearl millet had an aborted pistil,
designated a pistillode. Therefore, as the number of florets per spikelet varied, the proportion of hermaphroditic
and staminate flowers changed. Both mutants had three
florets in approximately 10% of their spikelets and the
third floret usually was staminate. The fs plants also deviated from the wild-type due to a high percentage
(80%) of staminate florets (indicated by the absence of a
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Fig. 4 a Percentage of fascicles with 1, 2,...6 spikelets in wildtype (WT), female sterile (fs), and stubby head (sthd) pearl millet
under two environments, greenhouse (GH) and field (FLD). b Percentage of spikelets with 1, 2, or 3 florets&ig.c:/f

pistil, Fig. 5a). In stubby head plants, usually at least one
of the florets from a multiple-floret spikelet had a well
developed pistil. The pistil of wild-type plants most frequently had two stigmas, but three stigmas were occasionally observed in greenhouse-grown material. One or
three stigmas were more common in greenhouse-grown
fs than in field-grown material (Fig. 5a). Stubby head
plants had a relatively high percentage of pistils with
three to four stigmas.

Wild-type pearl millet invariably formed three anthers
in each floret and only rarely produced one, two or four
anthers. Both mutants had a considerable percentage of
florets with an aberrant number of anthers (Fig. 5b). Up
to six anthers per floret were observed in fs, and the increase in anther number was not associated with complete loss of an organ in the gynoecium whorl. Anthers
of fs plants occasionally were dwarf, fused or twisted.
The number of florets with three anthers showed nonsignificant variation among heads within a genotype, although highly significant variation among genotypes was
observed (greenhouse F=28.91, P≤0.001; field: F=309.56,
P≤0.001).
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Fig. 5 a Percentage of pearl millet florets with different gynoecium types: wild-type (WT) pistillode, filamentous or cruciform
(fili or cruc) pistillode, multiple pistils, a single pistil with one or
more than two stigmas (stig=1or>2), and a single pistil with two
stigmas (stig=2). The expected pattern for staminate florets, a
tooth-shaped pistillode, is shown on the left-hand side of each
group. The expected pattern for hermaphroditic florets, a single
pistil with two stigmas, is shown on the right-hand side of each
group. If all spikelets contained two florets, the percentage of florets with pistillodes should equal the percentage of florets with
pistils (50:50) b Percentage of florets with 1, 2,...6 anthers. Other
abbreviations are as given in Fig. 4&ig.c:/f

Gynoecium development
The wild-type pistillode was less than 100 µm in diameter and resembled a molar tooth (Fig. 6a,b). Pistillodes
of fs and stubby head plants often developed beyond
the normal stage of abortion into cruciform or filamentous structures (Fig. 6c–f). Hermaphroditic florets of
wild-type pearl millet produced a single pistil with a
well-developed ovary (Fig. 7a). In contrast, stubby head
frequently produced florets with multiple pistils
(Fig. 7b) with different levels of fusion (basal only to
fused up to the stigma branches). The fs mutant frequently had immature pistils or pistillodes that replaced
well-developed pistils in multiple-floret spikelets
(Fig. 7c,d).
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Fig. 6a–f Pistillode types common to wild-type (a, b), female
sterile (c, d), and stubby head
(e, f). a, b Tooth-shaped; c, e
cruciform; d, f filamentous.
Scale: 1 cm=120 µm&ig.c:/f

Discussion
Recessive mutations are most frequently recovered from
mutagenesis experiments (Brunner 1995). Both mutant
phenotypes of pearl millet are controlled by recessive
genes and fs was shown to segregate as a single gene
(Hanna and Powell 1973, 1974). We now report that the
stubby head phenotype is controlled by genes at two or
more loci linked in coupling by 29 cM. Stubby head and
fs mutants have been shown to produce multiple embryo
sacs (Hanna and Powell 1973, 1974). It was therefore
possible that one of the mutated genes controlling stubby
head was allelic to fs. If fs and stubby head were allelic,
the double-cross progeny should have segregated 3:1 for
the mutant (stubby head/fs). Based on the recovery of a
wild-type pearl millet phenotype from double crosses between heterozygotes of each mutant, we conclude that
the genes controlling stubby head and fs are not allelic.
The typical structure of two spikelets per fascicle and
two florets per spikelet was variable in pearl millet in
both our observations and those of Godbole (1927). In
cultivar Deccan, 16% of the fascicles contained only one
spikelet and 10% contained three. Only 1% of the fascicles contained more than three spikelets, a characteristic
we did not observe with wild-type Tift 23BE material.
Daniel and Shah (1971) also found fascicles with 1–2
spikelets, but not 3, in an unnamed pearl millet hybrid.
Within a spikelet of variety Deccan, Godbole (1927) observed no more than two florets. Our observations of
wild-type spiklets were consistent with this pattern, although greater variation occurred in the fs and stubby
head mutants in which up to three florets per spikelet
were observed.
Wilson (1996) found a recessive, single-gene mutant
in pearl millet where the hermaphroditic floret was trans-

formed into vegetative leaves surrounding a meristematic
region. Plants of fs and stubby head do not appear to be
homeotic mutants since there is no apparent substitution
of one organ for another within the inflorescences, i.e.,
the loss of an anther was not correlated with the gain of a
pistil in an individual flower or vice versa. The frequent
change in organ number relative to wild-type pearl millet
would suggest the categorization of these mutants as
meristic and/or heterochronic (Negrutiu et al. 1991).
Altered inflorescence development was apparent in fs
and stubby head mutants from the early stages of inflorescence initiation. Normal counterparts to the defective
or missing gene products in the fs and stubby head mutants either are required throughout inflorescence development or only during floral initiation for the induction
of a cascade of genes that affect floral meristem function
but do not specify organ identity programs. It is possible
that heterochronic interaction between the program for
apical meristem maintenance and the programs for
spikelet, floret, and floral organ initiation altered determination of the final number of organs and even the
number of embryo sacs. Since the meristem is dynamic,
any variation in cell division rate, plane, or number of
meristematic cells could influence the final pattern and
spatial orientation of floral organs (Irish 1996). Striking
differences in size of inflorescence and carpel meristems
were observed particularly in stubby head. Meristem size
previously has been correlated with an increase in floral
organ numbers in the solanifolia mutant of tomato
(Chandra Sekhar and Sawhney 1987), periclinal chimeras of tomato (Szymkowiak and Sussex 1992), and in
clavata mutants of Arabidopsis (Leyser and Furner 1992;
Crone and Lord 1993). If positional information is missing or heterochronically altered, other default developmental events could occur, affecting the final structure of
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Fig. 7a–d Pistil types observed in wild-type (a), stubby head (b),
and female sterile (c, d) pearl millet at anthesis. Scale:
1 cm=285 µm&ig.c:/f

the ovule and the megagametophyte. For example, in
bel1 mutants of Arabidopsis, the integument develops
aberrantly and no embryo sac forms from the differentiated archesporial cell (Robinson-Beers et al. 1992). The
BELL gene has been cloned (Reiser et al. 1995) and the

gene product has been proposed to be a negative regulator of the carpel specification gene, AGAMOUS (Ray et
al. 1994). Another example of aberrant integument development is in a recessive female-sterile mutant of tetraploid alfalfa (Medicago sativa L.) where the inner integument appears to be absent while development of the
outer integument is arrested causing the nucellus and female gametophyte to degenerate (Bingham and Hawkins-Pfeiffer 1984).
In the staminate floret of wild-type pearl millet, formation of the gynoecium is suppressed, such that a pistillode 35–40 µm high typically is formed, although a
feebly-developed carpel wherein a 2–3 layered wall surrounds a small group of cells is not uncommon (Daniel
and Shah 1971). The fs and stubby head mutants resembled each other but differed noticeably from wild-type
plants in the level of gynoecium suppression in male
flowers. We observed carpel-like structures that developed beyond the typical wild-type pistillode to form cruciform or filamentous structures. The control of sex expression in pearl millet, in which the gynoecium in the
proximal flower of a pair typically aborts, is unknown.
Sex expression in maize normally is differentially suppressed so that terminal inflorescences become male and
axillary inflorescences become female. The growth regulator, gibberellic acid, is known to feminize male tassels
of maize, and several tassel seed mutants have been isolated which eliminate the suppression of gynoecium development in the tassel (Irish 1996). In fs and stubby
head mutants, gynoecium abortion in staminate flowers
appears to be delayed and, as a consequence, abortion
often does not occur until carpel walls have begun to
form.
Timing of gene expression may play a role in naturally-occurring apospory wherein meiotic and aposporous
embryo sacs may form in the same ovule or on the same
plant of many species: thus, the degree of apomixis in
facultative systems often is unpredictable (Asker and Jerling 1992). Inflorescence and floral development appears
to be a process involving several semiautonomous programs (Veit et al. 1993; Trull and Malmberg 1994). We
cannot speculate at this time about why two genetically
independent pearl millet mutantions that affect final gynoecium structure would both result in aposporous embryo sac initiation. Clearly, the ovule structure of both
mutants differs from that of wild-type pearl millet. Cell
division and differentiation appear to cease too early in fs
and too late in stubby head, resulting in immature and
protruding ovules, respectively. In both cases, we suspect
that positional information mediated by cellular signaling for archespore differentiation and embryo sac development may be modified, thereby resulting in sporadic
failure of meiosis and participation of normally quiescent, somatic nucellar cells in embryo sac development.
&p.2:Acknowledgements This work was supported by USDANRI
grants 91–37304–6577 and 93–37304–9363, and by the Rockefeller
Foundation.
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