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Wild rice (Zizania latifolia Griseb.) is a famous, perennial, emergent vegetable in China. The current work explores the anatomy
and histochemistry of roots, stems, and leaves and the permeability of apoplastic barriers of wild rice.The adventitious roots in wild
rice have suberized and lignified endodermis and adjacent, thick-walled cortical layers and suberized and lignified hypodermis,
composed of a uniseriate sclerenchyma layer (SC) underlying uniseriate exodermis; they also have lysigenous aerenchyma. Stems
have a thickened epidermal cuticle, a narrow peripheral mechanical ring (PMR), an outer ring of vascular bundles, and an inner
ring of vascular bundles embedded in a multiseriate sclerenchyma ring (SCR). There is evidence of suberin in stem SCR and PMR
sclerenchyma cells. Sheathing leaves are characterized by thick cuticles and fibrous bundle sheath extensions. Air spaces in stems
and leaves consist of mostly lysigenous aerenchyma and pith cavities in stems. Apoplastic barriers are found in roots and stems.

1. Introduction

Asian wild rice or water bamboo, Zizania latifolia Griseb,
a member of the same grass tribe, subfamily, and family
(Oryzeae, Ehrhartoideae, and Poaceae) as rice, Oryza sativa
[1], is an important, aquatic plant in which young culms and
rhizomes are edible, and grains, like the North American
species, Z. aquatica [2], are used for food in China. The
perennial stems are comprised of rhizomes with scale leaves,
stolons, and culms with relatively broad leaves.

There have been relatively few studies on the submerged
parts of wild rice which are adapted towetland environments.
An early study on the roots of a North American wild rice,
Zizania aquatica [3], has been followed by relatively little on
anatomy of the roots and stems, including Zizania latifolia
[4–9], although considerable leaf anatomy is known [5]. On
the other hand, the rice plant of the subfamily Ehrhartoideae
has been studied much (e.g., [5, 9–13]), as compared to other
economically important grasses (e.g., [14]).

Important features of similar wetland grasses are the
presence of structural and apoplastic barriers, including
endodermis, exodermis, and epidermis of roots [9, 15–25],
and a sclerenchyma ring (SCR) and peripheral mechanical
ring (PMR) in stems and leaves. Metcalfe [5, page 539] even
reported a culm endodermis with “suberized walls” in O.
sativa. The air spaces in the organs include the aerenchyma
in roots [26, 27] and pith cavities and cortical aerenchyma
in stems that transport oxygen for plant survival under
submerged stress [15, 17, 25].

Except for the much studied Oryza, there is limited
knowledge of thewetland adaptive structural features in other
Ehrhartoideae, specifically, Z. latifolia, that may be important
for its use in the restoration of the degraded wetlands in
the Jinghan Floodplain and Three Gorges Reservoir Region
along the Yangtze River. Thus, we studied the anatomy and
histochemistry or roots, stems, and leaves and the permeabil-
ities of apoplastic barriers in emergent Asian wild rice.
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2. Materials and Methods

Asian wild rice samples or adult plants were collected in
the summer from the Jianghan Floodplain wetland, China.
Roots, culms with leaves, stolons, and rhizomes were sec-
tioned fresh or fixed in FAA [28]. Only fresh roots and
rhizomes were used for apoplastic permeability tests. We
examined sections at 5mm, 10mm, 30mm, 50mm, 70mm,
and 90mm from root tips and aged sections of adventitious
roots and sections from young and aged sections of the
culms, stolons, rhizomes, and leaves. Young stem sections
were obtained from the elongated internodes with pith
parenchyma. Aged stem sections were taken from internodes
with leaf sheaths or scale leaves sloughed offwhere internodal
pith cavities were present.

All roots, stems, and leaves of wild rice samples were
sectioned freehand with a two-edged blade technique under
a stereoscope. Sections were stained with Sudan red 7B
(SR7B) for suberin lamellae [29], berberine hemisulfate-
aniline blue (BAB) for Casparian bands and lignified cell
walls [22, 30], phloroglucinol-HCl (Pg) for lignin [28], and
toluidine blue O (TBO) [22] for cell walls. Specimens were
examined under brightfield and epifluorescence microscopy
and photographed as described by Yang et al. [25].

Root and rhizome samples were subjected to apoplastic
permeability tests. Root samples were excised into 30–40mm
long segments, blotted dry with tissue paper, and then sealed
at the ends with coolingmolten sticky wax prior to treatment.
The rhizome samples were excised with nodes at each end of
an internode, but the ends were not sealed. Sections of five
roots and five rhizomes were tested with the apoplastic tracer
berberine hemisulfate. Prepared specimens were bathed in
0.05% berberine hemisulfate for 1 h followed by 0.05Mpotas-
sium thiocyanate for 1 h. Samples were freehand-sectioned
and viewed with UV light as described in Meyer et al. [31],
Meyer and Peterson [32], and Seago et al. [22]; two controls
included unstained sections or were stained only with the
tracer.

3. Results

The wild rice plants are comprised of rhizomes, stolons,
culms, adventitious roots from each of the stems, and leaves
of the culms.

3.1. Adventitious Roots. Young or distal regions of wild
rice adventitious roots have a stele with differentiating
proto- and metaxylem, a cortex with an endodermis, a
midcortex with thick cell walls in inner layers, developing
schizolysigenous aerenchyma, an enlarged outer ring of
cells (not part of the hypodermis), a distinctly biseriate
hypodermis, and an epidermis at 5mm from the apex
(Figure 1(a)). Faint Casparian bands are first visible on
the uniseriate exodermis radial walls, and a lignified, very
small-celled, inner hypodermal sclerenchyma layer (SC) and
protoxylem poles appear at 10mm (Figure 1(b)). Endodermis
Casparian bands appear and the large-celled exodermis then
develops suberin lamellae at 30mm from root tips. Both
the hypodermal SC layer and the cell layers immediately

adjacent to the endodermis stain for lignin and diffuse
suberin (Figures 1(c), 1(d), 1(g), and 1(h)). The endodermal
Casparian bands remain faint at 50mm from the root apex
(Figure 1(e)); the hypodermal SC and exodermis become
thick-walled (Figures 1(e), 1(f), and 1(g)) with lignification
and additional suberization (Figures 1(d), 1(e), and 1(h)).The
Casparian bands of the endodermis become prominent and
suberin lamellae form at 70mm (Figures 1(d), 1(f), and 1(h));
then, secondary wall lignification follows (Figure 1(g)).When
epidermis remains, its small cells have a thin cuticle and
appear to contain diffuse suberin (Figure 1(f) and [33]).

In wild rice adventitious roots, schizolysigenous
aerenchyma in the middle cortex begins at 5mm
(Figure 1(a)), and by 50mm aerenchyma is lysigenous,
characterized by spokes of radial files of cells
(Figures 1(f) and 1(g)). The outermost layer of the mid-
cortex, the layer immediately interior to the SC, has enlarged
cells like the exodermis, but its cells are related structurally
and developmentally by radial files to the middle and inner
cortex. The stele has 8–12 mature protoxylem elements
(Figures 1(d), 1(f), and 1(g)) with two to three metaxylem
elements (Figures 1(a), 1(d), 1(f), 1(g), and 1(h)), and almost
all cells in the stele become lignified as sclerenchyma in aged
roots (Figure 1(g)).

3.2. Stolons, Rhizomes, and Culms with Leaves. Rhizomes,
stolons, and culms have two rings of thickened, lignified cells,
the peripheral mechanical ring (PMR) and the sclerenchyma
ring (SCR); the latter delimits the cortex from the CC (central
cylinder) and is usually associated with vascular bundles
(Figures 2(a)–2(h)). The outer layer of PMR has suberin
lamellae (Figures 2(b), 2(c), 2(e), and 2(g)) without Casparian
bands (Figures 2(a) and 2(b)). The cuticle, SCR, PMR, and
aerenchyma of culms, stolons, and rhizomes of wild rice are
similar. In young culms of wild rice, the cuticle of epidermis
is thick (Figure 2(a)); many cells throughout the cortex and
central cylinder, vascular bundles, SCR, and PMR show
evidence of diffuse suberin (Figure 2(c); [33]). Aged culms
(Figure 2(c)) and stolons (Figure 2(e)) also test for diffuse
suberin in cells of the SCR, vascular bundles, both layers
of cells of PMR (Figures 2(d) and 2(f)), and thick cuticle
(Figures 2(b) and 2(c)). There is evidence of lignin in the
cuticle (Figure 2(h)). Aged rhizomes have evidence of diffuse
suberin in vascular bundles, two layers of cells in the PMR
(Figure 2(g)), and lignified vascular bundles and PMR cells
(Figure 2(h)).

Air spaces in culms (Figures 2(b) and 2(c)) and
stolons (Figures 2(e) and 2(f)) consist of pith cavities and
schizolysigeny to lysigenous aerenchyma in the cortex and
central cylinder interior to the SCR. Air spaces in rhizomes
consist of schizolysigeny to lysigenous aerenchyma in the
cortex and pith cavities within theCC (Figures 2(g) and 2(h)).

Leaf sheaths and blades of wild rice have thick cuticles
on adaxial and abaxial surfaces (Figures 2(i) and 2(j)), scle-
renchyma bundles at both ends of bundle sheath extensions,
or ribs and girders, just under epidermis, and schizolysige-
nous to lysigenous cavities or aerenchyma in leaf sheaths and
leaf blades (Figures 2(i) and 2(j)). There is no evidence of
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Figure 1: (a)–(h) Photomicrographs of Zizania latifolia adventitious roots; scale bars = 50 𝜇m. (a) Root 155mm long, sectioned at 5mm
behind tip; endodermis (arrowheads); adjacent endodermal cortical layers with thickenedwalls (asterisk); cortex; schizolysigeny aerenchyma;
hypodermis; epidermis; sclerenchyma layer; protoxylem; metaxylem; staining: TBO. (b) Root 155mm long, sectioned at 10mm; uniseriate
exodermis with weakly Casparian bands (arrows); protoxylem; staining: BAB. (c) Root 155mm long at 30mm; lignified adjacent endodermal
cortical layers (asterisk); uniseriate exodermis with Casparian bands (arrows); uniseriate SC; protoxylem; staining: BAB. (d) Root 155mm
long at 30mm; endodermis suberin lamellae (arrowheads); adjacent endodermal cortical layers suberin lamellae (asterisk); schizolysigeny
aerenchyma; suberized SC and exodermis (arrows); staining: SR7B. (e) Root 155mm long at 50mm; endodermis Casparian bands
(arrowheads); lignified adjacent endodermal cortical layers (asterisk); uniseriate exodermis Casparian bands (arrows); lignified uniseriate
SC; staining: BAB. (f) Root 155mm long at 50mm; endodermis suberin lamellae (arrowheads); schizolysigeny aerenchyma; suberized SC
and exodermis (arrows); staining: SR7B. (g) Root 155mm long at 50mm; lignified endodermis (arrowheads); lignified adjacent endodermal
cortical layers (asterisk); lignified SC and exodermis (arrows); schizolysigeny aerenchyma; lignified stele pith cells; metaxylem; staining: Pg;
inset show protoxylem elements; staining: berberine. (h) Root 155mm long at 70mm; endodermis Casparian bands (arrowheads); lignified
adjacent endodermal cortical layers (asterisk); uniseriate exodermis Casparian bands (arrows); lignified uniseriate SC; lignified stele pith cells;
staining: BAB. cortex, co; epidermis, ep; hypodermis, hy; metaxylem, me; protoxylem, px; schizolysigenous aerenchyma, ae; sclerenchyma
layer, SC; stele, st.
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Figure 2: (a)–(d) Photomicrographs of Zizania latifolia culm (200–280mm long, 5–8 nodes) sectioned at the first internode (young) and at
3th internode (aged); (e)-(f) stolons (900mm long, 8–11 nodes are aged) sectioned at the first internode; (g)-(h) rhizomes (800–910mm long,
20–24 nodes) sectioned at the 5th internode (aged); (i)-(j) leaf sheath and leaf sectioned; scale bars = 100 𝜇m. (a). Young culm; epidermis outer
tangential walls; staining: BAB. (b) Young culm; outer layer of PMRwith suberin lamellae and suberized epidermis (bracket); schizolysigenous
aerenchyma; staining: SR7B; bar = 50 𝜇m. (c) Aged culm; suberized SCR (brace); suberized PMR (bracket); suberized vascular bundle cells;
pith cavity; schizolysigeny aerenchyma; staining: SR7B. (d). Aged culm; lignified vascular bundle cells; lignified PMR (bracket); staining: BAB.
(e) Aged stolon; SCR (brace); suberized PMR (bracket); suberized vascular bundles; pith cavity; schizolysigeny aerenchyma; staining: SR7B;
inset shows suberized PMR (bracket) with suberin lamellae; bar = 50 um. (f) Aged stolon; SCR (brace); lignified vascular bundle cells; lignified
PMR (bracket); pith cavity; schizolysigeny aerenchyma; staining: Pg. (g) Aged rhizome; SCR (brace); suberized PMR (bracket); suberized
vascular bundle cells; pith cavity; schizolysigeny aerenchyma; staining: SR7B. (h) Aged rhizome; SCR (brace); lignified vascular bundle cells;
lignified PMR (bracket); pith cavity; schizolysigeny aerenchyma; staining: Pg. (i) Leaf sheath; cuticle on adaxial surface (arrowhead) and
abaxial surface (arrow) of leaf sheath, suberin lamellae on vascular bundle cells; schizolysigeny aerenchyma; staining: SR7B. (j) Leaf blade;
cuticle on adaxial surface (arrowhead) and abaxial surface (arrow) of leaf blade; vascular bundle; aerenchyma; staining: SR7B. epidermal cell
wall, ew.
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diffuse suberin or suberin lamellae in the sclerenchyma cells
of leaves.

3.3. Permeability Test of Roots and Rhizomes Apoplastic Barri-
ers. The peripheral barrier of wild rice roots is a hypodermis
with uniseriate SC and uniseriate exodermis; the barrier
of rhizomes is the epidermis with cuticle and PMR with
suberin lamellae. Permeability of root and rhizome barriers
was tested with a berberine tracer. The stele, endodermis,
adjacent cortical layers, and hypodermis in roots, and the
epidermis and PMR in rhizomes autofluoresce faintly brown
under UV light (Figures 3(a) and 3(b)).

When segments of root and stem were treated directly
with berberine hemisulfate, cell walls of the endodermis and
hypodermis in roots (Figure 3(c)) and epidermis and PMR
in stems fluoresced faintly brown (Figure 3(d)). Berberine
thiocyanate crystals adhered to root exodermis outer walls
(Figure 3(c)). The hypodermal SC of roots fluoresced yellow
(Figure 3(c)).

The cell walls of root endodermis and SC (Figure 3(e))
and of rhizome epidermal cuticle (Figure 3(f)) fluoresced
bright orange, when root and stem transverse specimenswere
stained with berberine and KSCN; no crystals of berberine
thiocyanate were observed in the aerenchyma of roots and
rhizomes, though sometimes crystals could be found in
ruptured root exodermis cells (Figure 3(e)). Yellow crystals
of berberine thiocyanate formed in cortical aerenchyma
where root exodermis was ruptured (Figure 3(g)) and in
rhizome internodes directly stained by berberine and KSCN
(Figure 3(h)). Pith sclerenchyma of roots fluoresced brightly
(Figures 3(e) and 3(g)) after staining by berberine and KSCN.

4. Discussion

The cortex of wild rice, Z. latifolia, adventitious roots is
characterized by an endodermis through stage III wall mod-
ifications [34] and thick-walled inner cortical cells radially
aligned to the endodermis. The midcortex is lysigenous
aerenchyma and is bordered by enlarged cells peripherally;
the outer cortex is a biseriate hypodermis with uniseriate
sclerenchyma layer (SC) and uniseriate exodermis [9], like
Z. aquatica roots which, however, have a biseriate exodermis
[3]. However, there are considerable apparent differences
in interpretation of the external barrier layers in species
of Zizania. Stover [3, 4] showed an early, very small-celled
epidermis which sloughs off, but Jorgenson et al. [8] illus-
trated what they interpreted as epidermis in Z. palustris,
although the distance behind the root tip was not provided;
it appears to be an old, mature root. It seems that the
outermost layer may be uniseriate exodermis underlain by
sclerenchyma—uniseriate in some illustrations (drawings)
and biseriate in others (photographs in Jorgenson et al. [8];
Tateoka [9] illustrated similar exodermis and sclerenchyma
layers, but also included a thin-walled cell layer between
the sclerenchyma layer and the enlarged outer mid-cortex
layer for Z. latifolia. In the closely related Oryza sativa,
a hypodermis is biseriate with an uniseriate, small-celled
exodermal layer [10, 13] which, like the epidermis, often

excises from mature roots [10], leaving the SC as the outer
layer of the root. It is not uncommon in Poales, as root tissues
complete maturation, for the epidermis to be sloughed off,
leaving the exodermis as the outermost layer, or even for both
epidermis and exodermis to be sloughed off, leaving the SC
as the outermost layer of adventitious roots (e.g., [22, 35]).
Such appears to be the situation in Z. palustris; Jorgenson
et al. [8] noted that there were no root hairs or epidermal
cells on roots, but nevertheless they labeled epidermis cells
in their photographs; clearly, an unsubstantiated exodermis is
the outermost layer of its mature roots on which iron plaque
is found. There are some discrepancies, either in species
differences or in interpretations, which may be influenced by
the distance behind the root tip for the tissues studied.

The outermost layer of mid-cortex in Z. latifolia is also
enlarged but is clearly aligned to the rest of the mid-cortex.
Stover [3, 4] also illustrated an aerenchyma with schizoge-
nous and lysigenous cortex, but with no enlarged outermost
mid-cortex layer, while Jorgenson et al. [8] illustrated such
an enlarged layer. In Oryza, the outermost layer of the mid-
cortex is also like that of Z. latifolia [13].

Stover’s photographs [4] revealed that Z. aquatica had
14–16 protoxylem and protophloem poles and 6–8 large
metaxylem elements with a parenchymatous pith, and the
illustrations in Jorgenson et al. [8] showed 5 metaxylem
elements and 12–14 protoxylem elements. We found fewer
protoxylem poles (8–12) and metaxylem (2-3) elements in Z.
latifolia and a sclerenchymatous pith.

With two important exceptions, the stem characteristics
of the various Ehrhartoideae are similar; it should be noted
that leaf lamina traits have been studied the most [5]. For
stems, Metcalfe [5], Esau [34], and Fahn [36] cited Oryza as
an example of a grass stemwith two rings of vascular bundles,
the outer ring of smaller bundles and the inner ring of larger
bundles, as we found in Z. latifolia [37, 38]. However, unlike
Z. latifolia, and except for Metcalfe’s report [5, page 341] that
fiber cells, or “peripheral scl.” like our PMR, underlie the
epidermis, there is no obvious SCR in Oryza [37, 38] or in
most other genera of the subfamily [5]; this appears to be a
major difference within the Ehrhartoideae. Yet, Metcalfe [5,
page 539], who noted a “sclerotic ring” associated with the
inner ring of vascular bundles, stated that the culm base had
“an endodermis of rounded cells with suberizedwalls,” but we
could not detect Casparian bands with our epifluorescence
techniques, which were not utilized by Metcalfe [5]. In our
study, however, we detected suberin lamellae in the outer
layer of PMR in stems, and we observed diffuse suberin in the
cells of the well-defined SCR and PMRmulticelled rings.The
leaves of Z. latifolia have the structural features dominated
by the large air spaces and the nonsuberized sclerenchyma
extensions of veins, termed ribs and girders by Metcalfe [5].

Roots and stems of wild rice, Z. latifolia, are also similar
to those of other grasses we have studied [25], except that
the sclerenchyma rings in Z. latifolia are narrower than
in Cynodon dactylon and Paspalum distichum, for example.
With regard to barrier layers, wild rice endodermis is typical
of grass roots, for example, [14, 25]. The root hypodermis
seems superficially similar to Glyceria maxima [24], but the
exodermisof Glyceria maxima has thickened secondary cell
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Figure 3: Apoplastic barriers permeability tests on roots and rhizomes collected from grow in wetland with berberine tracer. Roots segments
sectioned at 30mm to 60mm from the tip of 130mm long roots and sealed ends. The aged rhizome (as stem representative for culms and
stolons have similar structure and histochemistry) samples excised with one internode and two end nodes and not sealed ends; except where
noted, scale bars = 100 𝜇m. (a) Roots with aerenchyma; thickened adjacent endodermal cortical layers (asterisk), endodermis (arrowhead)
and exodermis (arrow) cell walls faintly brown; unstained; bar = 50 𝜇m. (b) The epidermis and PMR of rhizomes faintly brown (arrow);
unstained. (c) Roots with aerenchyma; thickened adjacent endodermal cortical layers (asterisk), endodermis (arrowhead) and exodermis cell
walls (arrow) fluoresced yellow; crystals of berberine thiocyanate (cross) enter into exodermis or out of it; berberine stained; bar = 50 𝜇m. (d).
The epidermis andPMRof rhizomes fluoresced yellow (arrow); berberine stained. (e) Rootswith aerenchyma; thickened adjacent endodermal
cortical layers (asterisk), endodermis (arrowhead), and exodermis cell walls (arrow) fluoresced yellow; crystals of berberine thiocyanate
(cross) enter into exodermis or out of it; berberine and KSCN stained. (f) The epidermis and PMR of rhizomes fluoresced yellow (arrow);
berberine and KSCN stained. (g) Roots with ruptured exodermis; crystals of berberine thiocyanate enter into aerenchyma (arrowhead) and
exodermis (arrow); berberine and KSCN stained; bar = 50 𝜇m. (h) The transverse sections of rhizomes internodes; crystals of berberine
thiocyanate (arrowhead) adhere to aerenchyma and pith cavity; berberine and KSCN stained.
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walls without a sclerenchyma layer. Air space tissues in wild
rice roots have mostly radial lysigeny [26], typical of many
other wetland species (e.g., [26, 27, 39, 40]).

Wild rice stems have lignified PMR, with unique suberin
lamellae and diffuse suberin that is somewhat unlikeCynodon
dactylon, Paspalum distichum, and Hemarthria altissima;
grasses can have suberin lamellae in their stems [36] and
leaves (e.g., [41]), and an inner hypodermal layer with suberin
lamellae was found in Pontederia cordata roots [42]. Wild
rice stems also have lignified vascular bundle cells, again with
some evidence of suberin, but they are only lignified in Cyn-
odon dactylon, Eremochloa ophiuroides, Paspalum distichum,
and Hemarthria altissima. Wild rice culms and stolons have
SCR with lignin and apparent suberin, but in C. dactylon, E.
ophiuroides, Paspalum distichum, and H. altissima the SCR is
only lignified [25] and in other grasses like Glyceria maxima,
there is a SCR connecting the inner ring of vascular bundles
[5], unlike the othermembers of the Ehrhartoideae.Wild rice
stems are unlike Typha because they have no exodermis and
endodermis with Casparian bands [43]. A thickened cuticle
is also present in wild rice epidermis as well as in Typha,
Cynodon dactylon, and other stoloniferous grasses that we
have been studied [25, 43], but diffuse suberin in epidermal
cell walls appears to be unusual [33].

Schizo-lysigeny to lysigenous aerenchyma in wild rice
stem and leaf cortex is normal and makes wild rice similar
to Cynodon dactylon, Eremochloa ophiuroides, Hemarthria
altissima, and Miscanthus sacchariflorus [25–27, 40]. These
constitutively formed air spaces [12] obviously store and
transport oxygen to organs in hypoxic environments [15, 17,
39, 44].

Finally, the impermeable barriers in roots and stems
in wild rice are manifested by the blockage of berberine
tracers in root endodermis/exodermis and stem PMR.These
barriers allow the adaptability of these plants to wetland
environments, as is typical of other wetland plants like C.
dactylon, E. ophiuroides, H. altissima, Phragmites australis,
Paspalum distichum, andTypha [16, 22–25, 31, 43, 45–48].The
apoplastic barriers in wild rice plant would efficiently hinder
oxygen and solute exchange under water stress (e.g., [32, 49–
54]). The deposition of suberin and lignin wall materials and
the early maturation of exodermis in wild rice roots have
also been reported variously in many species (e.g., [13, 22–
26, 52]).

In conclusion, the structures and histochemistry of these
perennial and rhizomatous grasses enhance our understand-
ing of the biological features of the Ehrhartoideae of the
Poaceae and otherwetland species adapted to aquatic habitats
and provide clues to the selection of plants useful in the
restoration of the degraded Jianghan Floodplain and riparian
zone of the Three Gorges Reservoir Region of the Yangtze
River.
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