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Abstract

Anatomical and histochemical studies of ovary and caryopsis of sorghum reveal the importance of the
chalazal complex in transporting nutrients from maternal sources to the filial diploid embryo and triploid
endosperm. The presence of starch, protein, lipid, Ca, K, Mg, and Fe in various tissues at different stages of
development can be revealed by a variety of histochemical techniques. Vascular supply ends at the base of the
ovary and transport occurs through vascular parenchyma, pigment strand and nucellar projection where
symplastic continuity is broken. Nutrients unloaded into an apoplastic placental sac then enter the endosperm
and embryo through the aleurone transfer cells. The later possess characteristic wall ingrowth. The single layer
of aleurone surrounding the endosperm may also help in transport during later stages of grain-filling. Grain-
filling in Cs sorghum is compared with other Csand C; grasses showing the variety of strategies evolved to
transport nutrients into filial tissues. Standardization of terminologies to describe the tissues of the crease
region will help in further research and communication.
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Introduction

The fruit of sorghum, as those of all cereals, is known as a caryopsis. A mature caryopsis consists of a
crushed pericarp and integuments derived from maternal tissues, and two filial structures: a diploid embryo
and a triploid endosperm. As an extra-embryonic tissue and a product of an independent event of fertilization
the endosperm has evolved to provide nourishment to its sibling embryo during germination (Becraft and
Gutierrez-Marcos, 2012). Both the endosperm and the embryo store carbohydrates, proteins, lipids and
minerals; hence their importance in human nutrition and growth of civilizations since the domestication of
cereals, more than ten thousand years ago. Elucidation of the developmental events that result in a mature
caryopsis requires knowledge of the anatomy of tissues and cells, pathways of transport of assimilates, sites of
deposition and genetic regulations at these sites.

The earliest description of the structure of sorghum caryopsis was provided by Winston (1903),
followed by developmental studies of Sanders (1955), Paulson (1968), Rooney and Clark (1968), Wall and
Blessin (1969), Rooney and Sullins (1977), Rooney and Miller (1982), Rooney et al (1983), Maiti (1993) and
Wang et al (2012). Zeleznak and Varriano-Marston (1982) investigated the ultrastructure of sorghum
caryopsis. The role of tissues associated with grain-filling in sorghum was investigated by Quinby (1972) and
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Mannes and McBee (1986). Fluorochromes have been used to localize storage components or trace the
pathways of translocation mostly in wheat, maize and rice (Schumacher, 1933; Peterson et al, 1981; Cook and
Oparka, 1983; Grignon et al, 1989; Oparka, 1991; Wang et al, 1994; Wangand Fisher, 1994 a, b; Wright and
Oparka, 1996; Ebenezer, 1997; Krishnan er al, 2001; Krishnan and Dayanandan, 2003). Here we present
observations on the anatomy of sorghum caryopsis, localization of storage components and pathways of
transport of nutrients during grain-filling,

Materials and Methods

Plant material

Seeds of Sorghum bicolor(L.) Moench used in this investigation were obtained from International Crop
Research Institute for Semi-Arid Tropics (ICRISAT), Hyderabad, India. A popular, post-rainy (dry) season
grain sorghum cultivar ‘M 35-1" (Reddy et a/, 2009; Reddy et al, 2012) was used for most of the study (Figure
la, b). Other cultivars, IS-18164, ‘IS-23509’, IS-32265’, 296-B’ and ‘Framida’ (Figure 1c) were used for
comparative analysis. A steady supply of plants in different stages of caryopsis development was ensured by
sowing seeds at regular intervals in field plots in the Botany Department nursery.

Specimen preparation and histochemical staining

Developing caryopses were removed from the panicles of plants at selected stages beginning from the
day of flowering (DAF) till the end of physiological maturity. Both fresh and formalin-acetic acid - alcohol
(FAA) fixed material was used for the study. Free-hand sections, paraffin-wax embedded and plastic-embedded
sections were used for observation. Procedures outlined in Hawes (1994) were followed for preparing Spurr
resin embedded specimens for Transmission Electron Microscope (TEM) studies. A Reichter-Jung Ultracut
microtome and glass knives were used for obtaining semi-thin (1-2 um) and ultra-thin (60 nm) sections. Ultra-
thin sections were stained using uranyl acetate and lead citrate.

Bright-field dyes, reagents and fluorochromes for staining tissues and localizing various storage
components were prepared and used following standard histochemical procedures (Fulcher, 1982; Jensen,
1962; Pearse, 1972, 1980; Harris and Oparka, 1994). Fluorescein and 5(6) carboxyfluorescein have been
employed as symplastic tracers for observing the course of movement of assimilates in plants (Grignon et al,
1989; Wright and Oparka, 1996). The dyes were prepared by dissolving 0.1g in minimal volume of 0.3 M
KOH, diluted with water to obtain 1mM and adjusted to 6.3 pH with IM HCI (Conn 1977; Clark 1981).
These fluorescent dyes were introduced into panicles or spikelet-bearing branchlets by dipping the cut ends for
3-5 hours. The movement of the dye was traced by taking free-hand sections of the crease region near the base
of the ovary at various intervals of time and different developmental stages.

Microscopy

Sections prepared for the above experiments were observed and photographed using a Nikon
Microphot-FXA microscope equipped with accessories for bright-field, dark-field, phase-contrast, Nomarski-
DIC and Fluorescence microscopy. Fluorescence was obtained by excitation in the UV (330-380 nm), violet
(380-425 nm) and blue (450-490 nm) wavelengths. Stained ultra-thin sections were examined and
photographed with a Philips CM10 TEM at the Electron Microscopic Unit of the All India Institute of
Medical Sciences, New Delhi.
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Results

Morphology and development of ovary

The sorghum caryopsis develops from an ovary of a sessile and fertile spikelet associated with one or
more pedicellate spikelets but without functional ovaries. These spikelets are found as racemes on ultimate
branches of the rachis. At the time of anthesis, the crassinucellate ovule is the most prominent structure found
inside the ovary. During early stages of development, the ovary is still protected by glumes, lemma and palea at
later stages the caryopsis is partially exposed from the sterile coverings. The caryopsis reaches full maturity in
about 30 days after flowering (DAF). Rapid and programmed changes occur in the structural and chemical
components of the maternal ovarian tissues and the filial tissues (embryo, endosperm). In the present study five
prominent stages were observed as reference points to understand the anatomical and histochemical changes
occurring during grain-filling: anthesis (0 DAF), milky stage (10 DAF), soft dough stage (15 DAF), hard dough
stage (25 DAF) and physiological maturity (30 DAF) (Figure 1a).

Figure 1. (a) Ovary at anthesis and caryopsis after 1, 10, 15, 25 and 30 DAF
The ovary is about 1 mm long and the mature grain about 5 mm long. The small pad of crease tissue region is seen in
all four later stages. (b) Mature spikelets with 30-day-old grains. (c) Spikelets of cv. ‘Framida’ with mature grains.
Colour is due to tannin in pericarp and inner integuments. (d) Free hand transverse section (T.S.) of young ovary
photographed between crossed polarizers. Pericarp, integuments, vascular traces and nucellus are seen. 60x. (e) Plastic
thin section of pre-anthesis ovary stained with Toluidine Blue O showing cellular details. At this level the outer
integument is multilayered. 300x.

(ES, embryo sac; IE, inner integument; NU, nucellus; O, outer integument; OV, ovular vascular trace.)

Other investigators have recognized 8-10 different developmental stages at anthesis the ovary is about 1
mm long, and it reaches a maximum length of 3-5 mm and a volume of about 30 pl between 10-15 DAF. The
dry grain weight of the caryopsis increases from less than 1 mg at anthesis to about 30-35 mg when the grain
(kernel) has reached full maturity. Dry grain weight increases maximally between 15-20 DAF. The import and
distribution of storage material into different tissues of the caryopsis parallel the increase in size and weight of
the grain over a period of 30 days. In general, mature grains of sorghum consist of about 84% of endosperm,
10% of germ and 6% of bran consisting of remnants of ovary wall and integuments. Vannalli e a/ (2008) have
determined the percentage of major grains constituents in M 35-1 cultivar as follows: carbohydrate 82.34,
protein 12.81, fat, 1.22, ash 1.31 and crude fiber 2.32. About 70% the carbohydrates in a starch grain is
amylopectin; the remainder being amylose.
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Structures associated with grain-filling

Figures 2 and 3 illustrate the various organs and tissues associated with the developing ovary. These
diagrams help understand the changes occurring during development and the structures that play a key role in
transport of nutrients into the endosperm and embryo. At anthesis the ovary is slightly elongated and has two
prominent styles. The single ovule, surrounded by an ovary wall, consists of a central nucellus surrounded by
inner and outer integuments (Figure 1d). The embryo sac is embedded within the nucellus. Prior to fertilization
all cells and tissues are maternal in nature and possess diploid nuclei, except the embryo sac, which has haploid
egg and associated cells (Figure le). Five prominent vascular traces terminating at the base of the ovary
constitute the ovular vascular tracers that supply nutrients to the developing caryopsis. Two smaller lateral and
transient vascular traces embedded in the ovary wall supply the style and the stigma and they are not involved
in nutrient transport into the endosperm during grain-filling. One of these traces is shown in the longitudinal
sectional view in Figure 2.

Stylar vascular
bundle

Ovary wall

Ovule

Outer integument

Nucellus

Embryo sac

Chalazal complex

Inner integument

Vascular bundle

Figure 2 Diagrammatic representation of a pre-anthesis ovary showing its organs and tissues. The ovular
vascular trace from the pedicel ends at the base of the ovary

During early stages of floral development, the ovule is erect in position. Artschwager (1949) has shown
that due to unequal growth of the nucellus the ovule become anatropous prior to anthesis. The rectangular
region marked as ‘chalazal complex’ in Figure 2 is a highly complex tissue that plays a major role in supply of
nutrients to the developing embryo and endosperm. Although not clearly distinguishable as separate entities
this region consists of the chalaza where the integuments and the nucellus join with a funicle; a highly reduced
funicle which attaches the ovule to a placenta; and the placenta which is a part of the ovary wall. Typically, a
scar tissue known as the hilum is seen on a mature seed at the point of attachment of the seed to the funicle. A
hilum can be identified even in young ovaries by the differential staining of a region between the vascular tissue
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and the nucellar projection, labeled as the ‘pigment strand’ in Figure 3. This region has also been described as
the ‘black layer’ and ‘dark closing layer’ in literature; the external visualization of the dark closing layer indicates
the time of physiological maturity and the date of maximum dry weight accumulation (Eastin et al, 1973; Giles
et al, 1975). Figure 3 is a diagrammatic representation, in longitudinal section, of a caryopsis about 20 DAF
and still actively importing storage material.

Pericarp

Integuments

Aleurone

Endosperm

Aleurone
transfer cells

Placental sac
Nucellar projection
Pigment strand

Embryo

Vascular bundle

Figure 3. Diagrammatic longitudinal section of a caryopsis about 20 DAF showing embryo, endosperm
and aleurone transfer cells and the differentiated chalazal complex

The pericarp, ovular vascular trace, pigment strand and nucellar projection constitute the maternal tissues. The triploid
endosperm with aleurone layer and aleurone transfer cells, and the diploid embryo constitutes the filial tissues.

The embryo sac region is now filled with a diploid embryo and surrounding triploid endosperm tissue.
The outer most layer of the endosperm consists of aleurone cells. The chalazal complex region reveals, in
addition to the pigment strand, the presence of a nucellar projection and a placental sac. Nutrient transport
from the vascular bundles occurs through vascular parenchyma cells, the pigment strand and the nucellar
projection into the placental sac. Aleurone transfer cells then transport the material into the two major sinks,
the embryo and the endosperm (Figures 3, 7d, 9). The aleurone transfer cells have also been described as the
‘basal endosperm transfer cells’ (Wang er a/, 2012). Becraft and Gutierrez-Marcos (2012) use the term
‘placento-chalazal tissue’ to describe the chalazal complex. The placental sac was studied in detail by Maness
and McBee (1986) and more recently by Wang er al (2012). The placental, also described in literature as
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‘endosperm cavity’, is in fact neither placental nor endosperm in origin. It is a cavity formed by the dissolution
of some layers of cells of the nucellar projection. Unlike in wheat, but as in maize, the major vascular bundles
terminate at the base of the ovary. In wheat it extends thought the length of the ventral side of the ovary. In
wheat, a prominent ventral groove, known as the crease, is visible along the chalazal complex. Since the
vasculature terminates at the base of the ovary in sorghum, the crease region too is restricted to the basal portion
of the developing caryopsis. In fully mature and dry caryopsis this basal region consisting of collapsed cells of
the chalazal complex is described as ‘chalazal pad’ or ‘placental pad’ (Rost et al, 1984).

Anatomy and histochemistry of the caryopsis

The two integuments possess two layers of cells except at the proximal funicle region where they are
multilayered, up to 7 layers in the outer integument. The outer integument is obliterated within 3 DAF. The
inner integument tends to persists up to 10-15 DAF when the endosperm cellularization is complete and the
aleurone cells are differentiating. The cuticular remnants of the integuments constitute the seed coat of the
caryopsis. Cultivars such as ‘Framida’ accumulate proanthocyanidin tannins within the cells of the inner
integument (tegmen) which impart deep red color to the seed coat. (Figure 1c). Tannin can also be localized
by the nitroso reaction (Figure 6j).

At anthesis the ovary wall consists of 12-15 layers of cells. The inner epidermis differentiates into
rounded cells that are elongated parallel to the long axis of the ovary and are known as tube cells (Figure 4h, 9).
Immediately adjacent the inner epidermis is 3-4 layers of cells of the ovary wall that differentiate into cross-
cells. The cross-cells elongate perpendicular to the long axis of the tube cells and develop intercellular spaces
(Figure 9). The cross-cells show intense auto fluorescence in red when excited with blue light due to the
presence of chlorophyll (Figure 4i). By 10 DAF, both tube and cross-cells are well differentiated and cross-cells
possess a number of amyloplasts. Cross-cells are in organic contact with the parenchyma cells associated with
the vascular traces that terminate at the base of the ovary. It is likely that cross-cell photosynthates are
transferred to the developing endosperm and embryo. Waniska (2000) has reported that the tube cells conduct
water during grain germination while the outer cross cells form a layer that impedes moisture loss.

Starch is present in the young ovary wall but not in the nucellus or the integuments (Figure 4a, b). By 3
DAF the nucellus is completely replaced by the enlarging embryo sac enclosing the endosperm; however, starch
accumulation is not noticeable at this stage. In 5-day-old caryopsis starch can be localized in the peripheral
layers of the endosperm while depletion of starch can be observed in the pericarp. At this stage chlorophyll is
still present in several layers of outer and inner pericarp; a middle zone of pericarp has a little or no chlorophyll
(Figure 4c). Chloroplasts with starch are restricted to the cross cells in 10-day-old caryopsis. Between 20-30
DAF the pericarp starch is completely depleted even as the endosperm cells are filled with starch grains (Figure
4d). The crease region with black layer is clearly delineated at this stage (Figure 4e).

The diploid embryo and the triploid endosperm are the two sinks in a caryopsis (Figure 3). Cereal
endosperm consists of four major cell types: central starchy endosperm, aleurone layer, subaleurone layer,
aleurone or endosperm transfer cells, and embryo-surrounding cells (Olsen, 2004). All these cell types except
the embryo-surrounding cells have been described in sorghum. Besides carbohydrates which constitute about
70% of dry grain weight other major nutrients imported into the endosperm and embryo are proteins, lipids
and minerals. All these components can be localized using various histochemical and microscopic procedures
in the endosperm as well as the scutellum, plumule and radicle of the embryo (Figures 5-7). Lipids for example
can be casily visualized using bright field dyes such as Sudan and Oil Red and fluorochromes such as Nile Blue
A, Nile Red and Rhodamine B (Figure 5 b, ¢, f, h, i).
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Figure 4. (a-i) Starch in sorghum ovary

(a, b) Free-hand T.S of caryopsis 1 and 3 DAF. Stained with LKI showing starch in pericarp. Basal ovular vascular
bundles and two lateral vascular bundles are seen in (a). X35, 50. (c) Free-hand T.S. of caryopsis S DAF, unstained and
excited with blue light showing intense autofluorescence of inner and outer pericarp due to the presence of
chloroplasts. 40x. (d) Free-hand T. S. of caryopsis 20 DAF stained with LKI showing abundant starch in endosperm
and near total depletion of starch in pericarp. 40x. (e) Mature caryopsis in T.S. through the embryo region. Unstained
section viewed between crossed polarizers showing starch appearing bright against dark background. Black layer is seen
below the embryo in the crease region. 30x. (f) Simple starch grains squeezed out of 10-dayold endosperm and viewed
between crossed polarizers. Typical Maltese Cross pattern is evident. 380x. (g) EM of an endosperm cell with starch
grains and protein bodies. 2460x. (h) EM of inner pericarp of caryopsis 15 DAF. Tube and cross cells of pericarp and
a few cells of inner integument are seen. Starch is present only in the pericarp cells. 3070x. (i) Autofluorescence of
chlorophyll in cross cells of inner pericarp. T.S. section of caryopsis 10 DAF, excited with blue light. 100x.

(A, aleurone; BL, black layer; C, chalazal complex; CC, cross cell; E, endosperm; EM, embryo; NP, nucellar projection;
NU, nucellus; P, pericarp; PB, protein body; PS, placental sac; T, tube cell; VB, vascular bundle.)

858



Ravi Shankar S and Dayanandan P (2020). Not Sci Biol 12(4):852-868

Figure 5. (a-i) Localization of nuclei, protein and lipids
(a) T. S. of caryopsis 15 DAF stained with 4,6-diamidino-2-phenylindole (DAPI), excited with UV light showing
densely packed nuclei in the vascular parenchyma and cells, and distribution of triploid nuclei in endosperm. 100x. (b)
Free-hand T.S. of caryopsis stained with Coriphosphine and excited with blue light. Starch in endosperm fluoresces

yellow while lipids in embryo fluoresce in orange-red. 40x. (c) Mature caryopsis simultaneously stained with .KI and
Sudan IV showing distribution of starch in endosperm and lipids in embryo. 30x. (d) Smear from 25-day-old
endosperm stained with Acridine Orange and excited with blue light. Protein bodies fluoresce yellow-green; larger
starch grains appear greenish. 400x. (e) Protein bodies (aleurone grains) in aleurone cells stained with Barbituric Acid
and excited with UV light. 180x. (f) Lipids in aleurone cells fluoresce yellow when stained with Nile Blue A and excited
with blue light. 180x. (g) Free-hand T.S. of cv. ‘Framida’ stained with LKI, viewed in Nomarski DIC mode. Starch is
present in endosperm. Two layers of sub-aleurone rich protein bodies show no evidence of starch. 150x. (h) Free-hand
T.S. of mature caryopsis stained with Nile Red, excited with blue light. Lipid in aleurone cells and cuticular layers of
outer and inner pericarp all fluoresce in yellow. 170x. (i) Lipids in aleurone cells stained with Sudan Black,
photographed in DIC mode. 140x.

(A, aleurone; CU, cuticle; E, endosperm; EM, embryo; P, pericarp; PB, protein bodies; PS, placental sac; S, starch; SA,
subaleurone; VB, vascular bundle.)

The aleurone and the embryo accumulate large quantities of mineral nutrients. Myo-inositol
hexaphosphate bound to cations such as Ca, K and Mg occur as discrete bodies known as phytin granules.
Alizarin Red can be used both as bright field or fluorescent reagent to localize phytin, while K, Mg and Fe can
be revealed by sodium cobalitinitrite, magneson and Prussian Blue reagents, respectively (Figure 6 a-f, i).
Nuclear DNA in the cells of caryopsis can be localized with 4, 6-diamidino-2-phenylindole (DAPI) (Figure
Sa). Enzymes such as esterase and succinic dehydrogenase are very active in different tissues at different stages
of caryopsis development. Enzymes too can be localized with histochemical procedures (Figure 6g, h). Cell
walls of sorghum pericarp, aleurone, and endosperm exhibit a blue autofluorescence mainly due to the presence
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of esters of ferulic acid (Waniska, 2000). Chlorophyll autofluoresces in red when excited with blue light (Figure
4c, 8a).

Figure 6. Phytin, minerals, tannin, enzyme activity in sorghum caryopsis

(a) Microtome section of mature caryopsis stained with Safranin and Fast Green. Between crossed polarizers aleurone
grains appear bright in cells of the scutellum. 200x. (b) Free-hand T.S. of mature caryopsis stained with Alizarin Red.
Phytin appears red in embryonal cells. 30x. (c) Free-hand T.S. of mature caryopsis stained with Alizarin Red, excited
with blue light, revealing phytin granules in the aleurone cells. 160x. (d) Distribution of magnesium, localized by
Magneson Reagent in sorghum cv. IS-18161. 40x. (e) Abundant potassium in the embryo, localized by Sodium
Cobalitinitrite Reagent. 40x. (f) L.S of caryopsis showing the distribution of magnesium in embryo region localized by
Magneson Reagent. 40x. (g) High activity of esterase is noticed in vascular region, chalazal complex, endosperm transfer
cells, outer endosperm layers and pericarp tissue in 10-day-old caryopsis. 50x. (h) Esterase activity compartmentalized
in outer and inner pericarp and aleurone and subaleurone layers, but not in the inner integument. 190x. (i) Localization
of iron with Potassium Ferro cyanide-HCL reagent in embryo region. 50x. (j) Caryopsis of cv. ‘Framida’ section 10
DAF and stained with Nitroso reaction revealing presence of tannin in outer pericarp and inner integument layers.
250x.

(A, aleurone; AT, aleurone transfer layer; E, endosperm; EM, embryo; IN, inner integument; P, pericarp; RA, radicle;
SA, subaleurone layer; SC, scutellum; V, vascular region)

Transport pathway in sorghum

Grain-filling studies in cereals and legumes have established that there is no symplastic continuity
between the maternal and filial tissues and that apoplastic transport accounts for the movement of storage
material into the sink organs, embryo and endosperm (Maness and McBee, 1986; Krishnan and Dayanandan,

860



Ravi Shankar S and Dayanandan P (2020). Not Sci Biol 12(4):852-868

2003; Wang et al, 2012; Bihmidine er a/, 2013). The path and mode of transport of material can be
investigated by examining the structure as well as movement of dyes through vascular and other tissues.

The crease region is located where the pedicel ends and the ovary begins and where the ovular vascular
bundles terminate (Figures 2, 3, 7, 9). The chalazal complex has been shown to possess high activities of
expression of genes involved in carbohydrate metabolism, especially cell wall invertase (Chourey er af, 2008).
Symplastic transport of sucrose, water, amino acids and minerals from the vascular tissues into the apoplastic
placental sac should pass through the vascular parenchyma cells, pigment strand, chalaza and nucellar
projection (Figure 3, 7a, d, 9). From the placental sac apoplastic transfer loads the nutrient material into the
aleurone transfer cells. A placental sac is clearly visible by 4-5 DAF due to the dissolution of some cells of the
nucellus (Figure 7c). The remaining cluster of nucellar cells constitutes the nucellar projection. The structural
features of the placental sac and the associated tissues are clearly distinguishable in caryopsis 10 DAF (Figure
7a, d). Cellularization of the endosperm is already nearing completion by 3 DAF followed by further cell
divisions and wall thickening. Aleurone transfer cells appear about 5 DAF in the outermost layer of endosperm
adjacent the placental cavity. This outer layer is continuous with the single layer of aleurone cells that occurs
throughout the rest of the endosperm (Figures 3, 9). One or two layers of aleurone transfer cells undergo cell
wall invagination and multiple folding resulting in extensive network (Figure 7c-¢). By about 25 DAF the
aleurone transfer cell wall thickenings lack integrity and show more intense staining, By this stage deposition
of starch in the endosperm has progressed from the center to the cells adjacent the aleurone transfer cell and
transport of material into sinks is almost complete.

Anatomical and histochemical features of the chalazal complex of the crease region duringactive grain-
filling period, 15-20 DAF, are illustrated in figures 9. Starting from about ten DAF the aleurone transfer cells
accumulate carbohydrates, soluble proteins and show strong esterase activity. Towards the end of maximum
grain-filling period, about 25 DAF, lipids are present in the pigment strand, aleurone layer and embryo; no
significant amounts of lipids occur in the aleurone transfer cells. The nucellar projection layers are reduced to
2-3 by 15 DAF. The placental sac is obliterated due to the growth of the embryo, a portion of which now lies
next to the black layer. By about 30 DAF, grain-filling is complete and the crease region appears black because
of the deposition of tannin (Figure 7g). The black layer includes cells of the pericarp and the chalazal complex,

including the lipid -containing pigment strand.

Dye movement

By tracing the movement of 5(6) carboxyfluorescein and fluorescein through the spikelets, assimilate
pathways can be inferred. The pattern of movement of fluorochromes supplied for 2-5 h through the basal cut
ends of tertiary spikelets at different stages of caryopsis are shown in figure 8. Both the fluorochromes show
similar pattern of movement in the crease region and adjacent pericarp tissues. In unstained caryopsis 5 DAF
the pericarp autofluoresces in red due to the presence of chlorophyll. Vascular traces, nucellar projection and
endosperm tissues fluoresce in green (Figure 8a). It is not clear if the movement into pericarp is due to diffusion
at this carly stage of caryopsis development (Figure 8d). The pattern of dye movement is better defined in 10-
15 DAF caryopses when the rate of grain-filling is at its maximum (Figure 8b, ¢, ¢). At this stage fluorochrome
movement into pericarp tissue is limited to the region immediately surrounding the chalazal complex including
the phloem and the aleurone transfer cell layers. Dye movement continues even 25 DAF in caryopsis that is
nearing physiological stage of maturity. For the next 5 days dye can be observed in the aleurone and aleurone
transfer cells (Figure 8f, g). The placental sac is intact and there is dye movement from the aleurone transfer
cells to all the aleurone cells. At all stages of transport, the pigment strand and the placental sac remain non-
fluorescent indicating rapid transport by pumping through the pigment strand and emptying out from the
placental sac.
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Figure 7. Anatomy and histochemistry transport structures

(a) Low magnification view of caryopsis 10 DAF showing the position of embryo and endosperm in relation to
placental sac and aleurone transfer layer. 40x. (b) Free-hand transverse sections excited with blue light. Chlorophyll
autofluoresces in red in pericarp region. Yellow fluorescence between chalazal and nucellar projection is due to the
presence of lipids in the pigment layer. 180x. (c) T.S. of 5-day-old caryopsis. Cells between nucellar projection and
aleurone transfer cells are lysed to create the placental sac. Aleurone transfer cells show wall thickenings. 320x. (d) 15-
day-old caryopsis; thin plastic section near crease region showing large placental sac and aleurone transfer cells. 100x.
(e) TEM view of cell wall ingrowths in periclinal walls of aleurone transfer cells in caryopsis 8 DAF. 10,500x. (f) T.S.
of caryopsis 25 DAF revealing prominent pigment layer (yellow fluorescence due to lipids) as the placental sac begins
to shrink. Lipid in aleurone layer also fluoresces. Stained with Nile blue A, excited with blue light. 40x. (g) 30-day-old
unstained caryopsis section showing black layer. 30x. (h) 20-day-old grain in wax embedded L.S. showing the small
placental sac between embryo and chalazal complex. 40x.

(A, aleurone; AT, aleurone transfer cell; BK. Black layer; CH, chalazal complex; CR, crease region; E, endosperm; EM,
embryo; N, nucleus; NP, nucellar projection; P, pericarp; PS, placental sac.)
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Figure 8. Transport of fluorochromes in caryopsis

All are free-hand fresh sections. (a) T.S. of control caryopsis, 5 DAF, showing intense autofluorescence of chlorophyll
in pericarp when excited with blue light. Vascular bundles lack chlorophyll. 75x. (b) L.S. of caryopsis, 10 DAF, showing
fluorescence of fluorescein after 2 h of transport. Excited with blue light. The dye accumulates in the vascular traces
that terminate at the base of the caryopsis. 40x. (c) After 3 h of transport fluorescein has moved through phloem region
and part of the pericarp on cither side of the placental sac in 10-day-old caryopsis excited with blue light. 40x. (d) T.S.
of caryopsis, 5 DAF, showing fluorescence in chalazal complex and adjacent pericarp tissues after transport of
fluorescein for 3 h and excited with blue light. 50x. (e) T.S. of caryopsis, 15 DAF, showing intense fluorescence of 5
(6) carboxyfluorescein (CF) in the vascular trace region and aleurone transfer cells after 5 h of movement. Excited with
blue light. 50x. (f) T.S. of caryopsis, 30 DAF, showing fluorescence of CF in cells of the aleurone layer and aleurone
transfer cells. Excited with blue light after 5 h of dye transport. 50x. (g) L.S. of caryopsis, 30 DAF, showing fluorescence
of CF in basal and chalazal complex region, aleurone transfer cells, and aleurone cells after Sh of transport. Excited with
blue light. 50x. (A, aleurone cell; AT, aleurone transfer layer; C, chalazal complex; E, endosperm; NP, nucellar
projection; P, pericarp; PS, placental sac.)

Discussion

Developmental, ultrastructural, physiological and molecular studies and microperfusion techniques
have established the development of ovary and caryopsis in cereal grasses including sorghum (Maness and
McBee, 1986; Wang et al, 2012). These studies have also revealed the lack of symplastic continuity between
maternal and filial tissues and the importance of cells and tissues involved in transfer of solutes to the diploid
embryo and the triploid endosperm (Felker and Shannon, 1980; Porter ez al, 1987; Wang and Fisher, 1994a
and b; Krishnan and Dayanandan, 2003; Olsen, 2004, 2007; Kladnik ez a/, 2006; Jain et al, 2008; Sabelli and
Larkins, 2009; Becraft and Gutierrez-Marcos, 2012). Programmed cell death (PCD) seems to be an integral
part of caryopsis development that is initiated immediately after pollination affecting integuments and ending
in chalazal complex and endosperm cells. Becraft and Gutierrez-Marcos (2012) have suggested the PCD is
linked to a raise in ethylene production and the end of starch accumulation.

Figure 9 of the crease region in sorghum based on the present study shows the important structures
involved in transport of storage material over a period of about 30 DAF.

Grasses seem to have evolved different strategies for transport of storage material into the caryopsis, only
a few of which is now known to us, mainly through the study of cereal grasses. The vascular bundle supplying
nutrients terminate at the base of the ovary in sorghum and other C4 grasses such as maize, teosinte and Job’s
tears. In contrast, Cs grasses like wheat, barley, rice and bamboo (Bambusa arundinacea) possess vascular
bundles that traverse the entire length of the ovary (Krishnan and Dayanandan, 2003). While an apoplastic
placental sac is present in sorghum, wheat and barley such a cavity is not obvious in maize, rice. However, a
small placental cavity has been reported in bamboo (Jonathan, 1999); and the presence of such cavities may be
revealed when more cultivars of maize and rice are examined (Hoshikawa, 1984). In all grasses investigated
transport into embryo and endosperm requires the mediation of specialized cells. In rice and bamboo, the outer
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epidermis of the nucellus remains intact and helps in transport. Cell walls of the nucellar epidermis in rice are
provided with rib-like thickenings (Krishnan and Dayanandan, 2003). Nucellar epidermis is not involved in
transport in sorghum. Dye movement into the single aleurone layer observed in the present study suggests that
it might be an additional minor pathway of transport in sorghum. In this case the aleurone layer might be
analogous to the assimilate-transporting nucellar epidermis of rice. In sorghum and other grasses some
endosperm aleurone cells develop wall thickenings characteristic of transfer cells and aid in transport. Transfer
cells have also been observed in nucellus, outer and inner pericarps and nucellar projection (Rost er al, 1984).
An embryo-surrounding region (ESR) consisting of endosperm cells with unique cytological features and
distinct gene expression reported in maize and other plants (Becraft and Gutierrez-Marcos, 2012) has not been

investigated in sorghum.

Endosperm

Aleurone transfer cell

Placental sac
Aleurone
Integuments

D % > : -

g T \\g“..‘-a‘ e Nucellar projection
NN TN 3
@fs & ‘-::.‘..0."‘ LR Tube cell
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Pigment strand

Xylem

Phi

Pericarp

Figure 9. Diagrammatic representation of a portion of basal region of sorghum caryopsis seen in transverse
section during rapid grain-filling stage (15-20 DAF)

Pericarp and basal ovular vascular bundles are shown. Chalazal region has differentiated into pigment strand and
nucellar projection leading to the placental sac. Aleurone transfer cells occur next to the placental sac. Diagram is based
on the various anatomical and histochemical techniques used in this study.

Conclusions

Understanding the structures involved in grain-filling is of agronomic importance. It has been shown
that dry grain weight is correlated with ovary volume at anthesis and that larger ovaries have higher rates of
filling during caryopsis development and contains more endosperm cells and starch granules than normal-sized
ovaries (Yang ez al, 2009). There is a need to examine the transport structures, pathways and mechanisms in
more species of grasses in order to understand how a broad spectrum of grain-filling strategies might have
helped in the evolutionary of the grass family. There is also need to adopt standardized terminologies to describe
the chalazal complex (placenta-chalazal region), crease region (chalazal pad, placental pad), pigment strand
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(dark and black layer), placental sac (endosperm cavity) and aleurone transfer cells (endosperm transfer cells,
basal endosperm transfer cells).
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