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Abstract The genus Setaria is economically important

because many species are cultivated for grains or forage.

Setaria magna is an American species, native to North

America and introduced in South America. The morpho-

logical aspect of this species is similar to S. italica (foxtail

millet), suggesting its potential value as a crop. The purpose

of this work was to understand the breeding system (self-

pollination vs. open pollination) of S. magna; additionally,

the floral development was described. The results of the

breeding system analysis indicated that S. magna is mainly

autogamous and does not appear to have a self-incompati-

bility mechanism. The floral development observed was

similar to that described for other Paniceae; in most of the

spikelets only the upper anthecium developed fruit, but a

small number of spikelets presented bisexual lower florets.

These spikelets produced two caryopses per spikelet. Thus, S.

magna can produced two types of dispersal units; a few

whitish naked caryopses from the lower anthecium that fall

without their lemma and palea at maturity; and a high number

of brown caryopses protected by the lemma and palea from

the upper anthecium. The presence of a normal embryo sac in

the upper anthecium suggests that S. magna would present

normal sexual reproduction, although we can not reject the

formation of apomitic seeds in the lower anthecium.

Keywords Setaria magna � Paniceae � Breeding system �
Floral development � Autogamy

Introduction

Setaria P. Beauv. is a cosmopolitan genus of the family

Poaceae, subfamily Panicoideae, tribe Paniceae, subtribe

Setariinae (Clayton and Renvoize 1986; Zuloaga et al.

2007). It includes 114 species (Webster 1993), mostly from

tropical and subtropical regions of the world, growing in

open environments or in woodlands (Rominger 1962;

Prasada Rao et al. 1987; Pensiero 1999).

The genus is economically important because many

species are cultivated for grains or forage and are used as

an important food source for wildlife, whereas other spe-

cies are noxious weeds (Martin et al. 1961; Rominger

1962; Prasada Rao et al. 1987; Dekker 2003). Most of the

cultivated species of Setaria are from the Old World, just

as S. italica (L.) P. Beauv. (foxtail millet) that originates

from Asia and is one of the most important cereal and

forage plants. This species has been cultivated across

southern Europe, and remains an essential human food in

some regions of India, China, Korea and Japan (Gao and

Chen 1988; Austin 2004). Moreover, the genus has played

an important role in the New World; Callen (1967) con-

cluded that S. parviflora (Poir.) Kerguélen probably rep-

resented the first cereal in America, although neither the

origin of this species (Pensiero 1999; Kellogg et al. 2009)

nor how its domestication occurred (Austin 2004) is clear.

The successful life histories of locally adapted species of

Setaria and the evolutionary potential of these species
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emphasize the need for accurate predictions of their

behavior (Dekker 2003). Knowledge of the reproductive

biology of this genus is principally limited to the cultivated

species. Several studies have been undertaken in some

valuable American native forage species, but results are

still scarce (Cáceres and Mazzucato 1995; Pensiero et al.

1995, 2005; Schrauf et al. 1998; Caponio and Pensiero

2002).

Among the wild species from the New World, S. magna

Griseb. is one of the most morphologically similar to

foxtail millet; both species are annuals and have an upper

anthecium with a smooth and shining lemma (Pensiero

1999). However, S. magna differs because it is much taller

(as tall as 4 m) and more robust than S. italica, with large,

densely flowered panicles that produce many more and

smaller spikelets.

Setaria magna is native to North America, with the

center of distribution in Florida, radiating northward and

westward along the costal regions, but it is rarely found in

Mexico and Central America (Rominger 1962). This spe-

cies has a special affinity for saline marshes, a habit that

restricts it to coastal areas and brackish marshes of rivers,

generally associated with disturbed areas (Rominger 1962).

The species has been introduced to South America and

reported in Bolivia, Brazil, Colombia, French Guiana,

Venezuela and northern Argentina (Nicora 1968; Boldrini

1989; Pensiero and Judziewicz 1990; Renvoize 1998;

Pensiero 1999; Zuloaga et al. 2003; Nozawa 2006). In

Argentina, S. magna has been cited in a few localities in the

Provinces of Chaco, Corrientes, Formosa, Jujuy and Salta

(Pensiero 1999; Zuloaga et al. 2008).

Even though the natural populations of S. magna seem

to be locally restricted, its very large panicles with an

elevated number of spikelets indicate high performance in

seed production. This feature, the tolerance for salty soils

and the large amount of biomass produced are some

attractive characters for the cultivation and economic use

of this species. However, our field observations showed

that S. magna does not grow regularly every year; the

natural populations are not frequent or steadily present in

the same location year after year. This characteristic rep-

resents a disadvantage for cultivating this species; in spite

of the huge production of seeds, evidently not all of these

are potentially viable or can germinate in the same way, so

that the behavior of S. magna can be somewhat erratic.

We focused our research on S. magna because of its

morphological resemblance to S. italica, which suggests

that it may have economic value. The work was carried out

with the purpose of understanding the breeding system

of this potential forage or crop species. In addition, we

morphologically characterized the cultivated plants, com-

paring them with wild plants and describing the floral

development.

Materials and methods

To assess information about the localities where S. magna

grows in Argentina, we consulted the following herbarium

collections: BA, BAA, BAB, CORD, CTES, LIL, LP, SF

and SI (Holmgren et al. 1990). Additionally, we examined

the literature to determine the ecological preferences of this

species (Hitchcock 1951; Rominger 1962; Nicora 1968;

Adams 1972; Beetle 1977; Gould 1979; Pohl 1980, 1994;

Boldrini 1989; Pensiero and Judziewicz 1990; Renvoize

1998; Pensiero 1999; Espejo Serna et al. 2000; Barkworth

et al. 2003; Nozawa 2006; Funk et al. 2007).

Field trips around northern Argentina were conducted

during March 2006 and April 2007 to locate natural pop-

ulations. One natural site with S. magna as the dominant

species was situated on the coast of the Arroyo

Santa Lucı́a, Dpto. Mburucuyá, Province of Corrientes

(S 28�0205500, W 58�11037.500). In this population, spikelets

were harvested from randomly chosen plants and kept in

paper bags at room temperature until the time of planting.

Voucher specimens were deposited in BAA, SF and SI

herbaria (Aliscioni et al. 577; 705; 706; 707).

The spikelets were put in plastic boxes with cotton and

absorbent paper saturated with water to germinate in the

greenhouse in August 2007. Between September and

October 2007, seedlings were individually transplanted to

plastic pots with a sterile substrate and kept in the green-

house. In January 2008, an experimental population was

established in the Botanical Garden ‘‘L. Hauman’’ at

the Faculty of Agronomy, University of Buenos Aires

(S 34835026200, W 5882805400).
We evaluated the breeding system under self- and

open-pollination treatments. To enforce self pollination,

inflorescences of randomly chosen plants (n = 28) were

covered with cheesecloth bags before anthesis. The

remaining plants (n = 28) were used to examine the seed

set under open pollination.

Mature inflorescences were harvested, and each one was

individually preserved in a paper bag. Five samples of 100

spikelets each were collected per plant. The selected

spikelets were examined under a stereomicroscope to

determine the presence or absence of a caryopsis; a seed set

(i.e. caryopsis set) was expressed as a percentage. Filled

spikelets from self- and open pollination were weighted

(expressed for 1,000 spikelets). The percentage of filled

spikelets and weight of 1,000 spikelets obtained from both

treatments (self- and open pollination) were compared with

a non-parametric Wilcoxon (Mann-Witney) test for inde-

pendent samples.

The morphology of the spikelets, florets and fruits was

observed using a stereomicroscope. To describe the devel-

opment of florets, entire spikelets of successive growth

stages from cultivated plants were fixed in formalin-acetic
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alcohol. Thereafter, samples were treated with 25–50%

hydrofluoric acid for 24–48 h to dissolve silicates and then

embedded in paraffin wax. Serial sections were made using

a rotary microtome at 10 lm. The sections were stained

with safranin-fast green combinations (D’Ambrogio 1986)

and observed using a Wild M20 optical microscope.

Results

The seed set was 57.7% (288.46 ± 225.93, range 0–491)

and 66.5% (332.32 ± 137.60, range 15–495) for a total of

500 spikelets for each plant under self- and open pollina-

tion, respectively. No statistically significant differences

were found for the seed sets between the treatments

(W = 735.50, p = 0.7299). The filled spikelet weight

(expressed for 1,000 spikelets) was marginally greater

(W = 874, p = 0.0470) in open pollinated plants (0.25 g ±

0.11, range 0.006–0.428) than in self-pollinated ones

(0.23 g ± 0.15, range 0–0.407).

The cultivated plants of S. magna were up to 3 m tall

and robust, with vigorous culms, rooting at the lower nodes

(Fig. 1a). These plants developed intravaginal basal bran-

ches and axillary branches, all of which ended in inflo-

rescences leading to as many as nine panicles per plant.

The wild plants that grew in their natural environment

differed in producing only axillary branches (Fig. 1b, c).

The inflorescences are dense panicles, cylindrical to

lobulate, densely flowered, up to 40 cm long, with the

rachis densely pilose and the branches bearing the spikelets

subtended by one antrorsely scabrous bristle (Fig. 1d).

The spikelets are bi-flowered, ovoid and glabrous,

2.0–2.3 mm long, disarticulating below the glumes; the

lower glume is 1/3–1/2 of the spikelet length, 3–5 nerved,

and the upper glume is 4/5 of the spikelet length, 7–9 nerved.

The lower anthecium bears a staminate or bisexual floret,

with the lemma slightly exceeding the upper lemma, apic-

ulate, 5–7 nerved, enclosing a hyaline palea equal in length

to the lemma; both the lower lemma and palea are mem-

branaceous. Less than approximately 5% of the mature

spikelets produced a caryopsis in the lower anthecium

(Fig. 1e). The upper anthecium is ovoid, 2.0–2.2 mm long

and 1 mm wide, with the smooth and shiny lemma enclosing

a palea of similar texture; the upper floret is bisexual.

Differentiation and maturation of the spikelets are

basipetal. Pollen development starts at approximately the

same time in both the lower and upper florets, but the

stamens of the lower floret develop later than those of

the upper one.

In all spikelets that were processed in the anatomical

study, the lower and upper florets were initially hermaph-

roditic, but the gynoecium of the lower floret stopped

developing. Thus, at maturity these florets were male

(Fig. 2a).

When the pollen mother cells start to differentiate in the

upper floret, the gynoecial ridge becomes visible (Fig. 2b);

the palea is as long as the stamens, and the lemma is about

1/3 longer, totally covering the floret (Fig. 2c). The

external and radial walls of the epidermis of the lemma and

palea are very thick, becoming crustaceous at maturity

(Fig. 2f). At the same time, the lower floret is totally

covered by a thin lemma and palea, and only immature

anthers can be distinguished. The upper floret subsequently

continues its development; the ovules mature, becoming

hemitropous, bitegmic and tenuinucellate (Fig. 2d). When

the stamens of the upper floret have anthers with pollen in

the three-cell stage, the embryo sac is entirely formed in

the ovule and is of the Polygonum type (Fig. 2e).

Setaria magna can produced two types of dispersal

units: a few whitish naked caryopses from the lower an-

thecium that fall without their lemma and palea at maturity,

and a high number of brown caryopses protected by the

lemma and palea from the upper anthecium (Fig. 1f). Both

types of caryopsis are ovoid to elliptical and about 1 mm

long; the hilum is oval, and the embryo 1/2 or less its

length.

Discussion

The results of the breeding system analysis indicate that

S. magna is mainly autogamous and does not appear to have

a self-incompatibility mechanism. Dekker (2003) pointed

out that the genus Setaria combines self- and open polli-

nation, but that autogamy predominates. Autogamy was

also demonstrated for S. lachnea (Nees) Kunth, S. leucopila

(Scribn. & Merr.) K. Schum., S. macrostachya Kunth,

S. sulcata Raddi (Pensiero et al. 1995; Pensiero et al. 2005),

S. italica (McVicar and Parnell 1941; Li et al. 1945);

S. viridis (L.) P. Beauv., S. pumila (Poir.) Roem. & Schult.

(Mulligan and Findlay 1970; Wang et al. 1995; Dekker

2003), S. pflanzii Pensiero (Caponio and Pensiero 2002),

S. verticillata (L.) P. Beauv. and S. faberi R. A. W. Herrm.

(Dekker 2003). However, Pensiero et al. (2005) showed that

S. fiebrigii R.A.W. Herrm., S. oblongata (Griseb.) Parodi,

S. pampeana Parodi ex Nicora, S. parviflora and S. vulpiseta

(Lam.) Roem. & Schult. probably are predominantly

allogamous, as is S. sphacelata (Schumach.) Stapf &

C.E. Hubb. ex M. B. Moss (Gildenhuys 1950).

Self-pollination in Setaria occurs in wild, weedy and

crop species, ensures both long-term stability and novelty,

and contributes to a highly diverse collection of locally

adapted genotypes and phenotypes ready to exploit any

opportunities (Dekker 2003).
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Our results showed that filled spikelets were marginally

heavier in open pollination plants. Others authors corre-

lated weight with germination, dormancy and survival of

the seedling, depending of self- or open pollination treat-

ments. Pensiero et al. (2005) observed that some species of

Setaria do not present significant differences in this feature

between filled spikelets coming from both self- and open

pollination, and that the spikelets are more heavy in open-

pollination plants in allogamous species such as S. fiebrigii,

S. oblongata, S. pampeana and S. vulpiseta. Similar rela-

tions were cited for other families of plants (Hamilton and

Mitchell-Olds 1994; Maloof 2000; Navarro and Guitián

2003). Our results disagree because, although the spikelets

were marginally heavier in open pollination, S. magna was

autogamous. Therefore, the higher spikelet weight cannot

be explained solely by the breeding system, and in Setaria

this is probably a plastic character not associated with the

reproductive system.

The morphological characters observed in live plants of

S. magna match those of the examined herbarium speci-

mens and descriptions from the literature (Nicora 1968;

Rominger 1962; Pohl 1980; Boldrini 1989; Pensiero and

Judziewicz 1990; Renvoize 1998; Pensiero 1999; Nozawa

2006), but the observed architectural pattern of the culms

Fig. 1 Morphology of Setaria
magna. a Base of the principal

culms rooting at the lower

nodes. b General aspect of a

plant in its natural habitat

showing axillary branches.

c Base of a cultivated plant

showing basal branches (tillers).

d Mature inflorescence.

e Spikelet with lower and upper

caryopses developed.

f Caryopsis. (Le) lower in

embryo view, (Lh) lower in

hilum view, (Ue) upper

in embryo view, (Uh) upper

in hilum view
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varies. Several authors (Pensiero and Judziewicz 1990;

Pensiero 1999; Nozawa 2006) described S. magna as

having unbranched culms; however, we observed plants

that were highly branched. Cultivated plants showed more

ramifications than wild plants because of the development

of basal (tillers) and axillary branches; plants growing in

their natural habitat only developed axillary branches. The

number of branches directly influences biomass production

and the number of caryopses that the plants produce, and

is relevant to determining whether a species could be a

potential fodder resource. Doust and Kellogg (2006)

mentioned that Setaria viridis (green millet) produced

more than three times as many branches at low density as at

high density because weed species are more responsive to

environmental differences than domesticated plants.

Branch production is controlled by a complex interplay of

environmental inputs, hormonal responses and genetic

activity (McSteen and Leyser 2005).

The general pattern of floral development observed in

S. magna was similar to that described for other species of

the tribe Paniceae: Panicum repens L. (Le Roux and

Kellogg 1999), Megathyrsus maximus (Jacq.) Simon &

Jacobs (Panicum maximum) and Urochloa plantaginea

(Link) R. D. Webster (Reinheimer et al. 2005). In these

Fig. 2 Light micrographs of

sections of spikelets of Setaria
magna. a Longitudinal section

of spikelet showing initially

hermaphroditic lower and upper

florets. b Longitudinal section

of upper floret at pollen mother

cell and gynoecial ridge stages.

c Longitudinal section of

spikelet showing basipetal

differentiation. d Longitudinal

section of a mature ovules.

e Longitudinal section of an

embryo sac. f Transverse

section of a mature spikelet with

a developed caryopsis in the

upper anthecium. (dG) Upper

gynoecium, (dS) upper stamen,

(es) embryo sac, (gr) gynoecial

ridge, (m) micropyle, (lP) lower

palea, (lL) lower lemma, (pG)

proximal gynoecium, (pmc)

pollen mother cells, (pS)

proximal stamen, (uC) upper

caryopsis, (uL) upper lemma,

(uP) upper palea
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species, however, cell death is always observed in the

gynoecium primordium of the lower florets, which thus

develop as male.

The spikelets of S. magna that we processed to study the

floral development resulted in all cases in male lower flo-

rets. Therefore, we could not observe the development of

the ovules and embryo sacs in the lower anthecium.

However, in the mature material we distinguished a small

number of ‘‘double spikelets’’ that produced cariopses from

both the lower and upper anthecium.

The presence of spikelets with bisexual lower florets that

develop fruits is an unusual character for the tribe Pani-

ceae. This tribe is characterized by the presence of two-

flowered spikelets, but with the lower floret staminate or

sterile (Nicora and Rúgolo de Agrasar 1987). Cocucci and

Anton (1988) postulated that these florets originated from

the reduction of a bisexual floret. Spikelets with a bisexual

lower floret have been noted in Setaria lachnea (Pensiero

et al. 1995), Ocellochloa irregularis (Swallen) Zuloaga &

Morrone (Panicum irregulare) and exceptionally in

Dichanthelium sabulorum (Lam.) Gould (Panicum sabu-

lorum) (Cialdella and Vega 1996). Clayton and Renvoize

(1986) mentioned the same character for the monotypic

genus Dissochondrus (Hillebr.) Kuntze, a genus of Pani-

ceae phylogenetically related to Setaria (Zuloaga et al.

2000).

We observed the presence of normally developing

embryo sacs in the upper florets. Although these data do

not provide complete evidence, they suggest that probably

the seeds produced would not be apomictic. However,

apomixis cannot be rejected in S. magna because the

development of lower florets when they are bisexual was

not observed in this study. Caponio and Pensiero (2002)

reported the absence of apomixis in S. pflanzii. Contrarily,

apomixis was reported in S. leucopila, S. macrostachya,

S. villosissima (Scribn. & Merr.) K. Schum. and S. texana

Emery (Chapman 1992; Emery 1957a, b).

Regarding the types of ovule and embryo sac observed

in the upper florets of S. magna, they are the same as those

described for S. cordobensis R.A.W. Herrm., S. leiantha

Hack. and S. pflanzii (Cáceres and Mazzucato 1995;

Caponio and Pensiero 2002), and correspond to the most

common types for the family Poaceae.

In the mature inflorescences, we observed spikelets with

one caryopsis and a few spikelets with two caryopses in the

same inflorescence. Similarly, Pensiero et al. (1995) found

spikelets in S. lachnea with two fertile anthecia, each

containing a caryopsis. Nevertheless, most of the species of

the genus produce only one caryopsis per spikelet because

the lower floret is reduced to male as in S. parviflora and

S. sphacelata, or is sterile with a rudimentary palea as in

S. viridis and S. verticillata (Pensiero 1999). In these one-

caryopsis species, the spikelets disarticulate from the

pedicel and fall off entirely; the dispersal unit thus includes

glumes that may provide protection to the caryopsis from

predators before incorporation into the soil seed bank

(Dekker 2003). Schrauf et al. (1998) demonstrated in

S. lachnea that the main cause of dormancy is the presence

of inhibitors in the glumes.

Individual panicles on a single parent plant can produce

seeds with different requirements for germination; this

attribute was demonstrated in S. faberi by Dekker et al.

(1996). The two types of caryopses in S. magna also pro-

duce two kinds of dispersal units with differential germi-

nation behavior; a small stock of naked caryopses would

have earlier germination, whereas a larger stock is pro-

tected by dormancy but could germinate when the glumes

are degraded and the environmental conditions are

appropriate.

Thus, our observations suggest that the erratic behavior

of the natural populations of S. magna may explain the

production of huge, dormant, protected upper caryopses

that will probably not germinate in the next year because of

the presence of inhibitors in glumes. Nevertheless, the

population remains in the area because of the small number

of lower naked, not dormant caryopses, but this will be

smaller in the following years. Probably, after of a period

of time the stock of the upper caryopses can germinate

because the glumes are degraded, and if the environmental

conditions are appropriate, the population can resurge,

being bigger and increasing the natural area.

Other evidence to support this hypothesis might be the

different colors of the lower and upper caryopses because

darker caryopses (as the upper one in S. magna) seem to be

more dormant than lighter colored ones (Dekker 2003).

Information on reproduction is required for future work

on genetic improvement and management of potential

valuable species. Some of the observed characteristics in

S. magna, especially its predominant autogamous repro-

ductive system and the high seed set with dormant and not

dormant seeds, make it a promising species for future

domestication and introduction to cultivation.
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