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INTRODUCTION

The Chinese yam (Dioscorea polystachya, Dioscoreaceae) is an 
important food crop and ingredient in Chinese traditional 
medicine (Ding and Gilbert 2000; Babil et al. 2013; He et 
al. 2014; Chen et al. 2016). This species has a long history 
of  use in East Asia and is extensively cultivated across the 
region (Ding and Gilbert 2000; Kawasaki et al. 2008; Zhou 
et al. 2008; Babil et al. 2013; Chen et al. 2016). Cultivars of  
the D. polystachya are highly genetically diverse, with large 
variations in ploidy among groups; these differences across 
cultivars facilitate D. polystachya cultivation and breeding 
(Zhou et al. 2008; Babil et al. 2013; Chen et al. 2016). The 
vegetative organs of  D. polystachya include adventitious roots 
and cylindric vertical tubers or vertical rhizomes, which may 
reach depths of  1–2 m underground (Moseley et al. 1993; 
Ding and Gilbert 2000; Raman et al. 2014; Yang et al. 2020). 
Dioscorea polystachya have right-twining aerial stems or vines 
with bulblets, aerial tubers, or seed tubers in the leaf  axils 
(Ding and Gilbert 2000; Walck et al. 2010; Matsumoto et al. 

2015). The vertical tubers, or tuber segments and bulblets, 
are used for vegetative propagation in agricultural settings 
(Xie et al. 1993; He et al. 2014; Walck, Cofer and Hidayati 
2010; Liu 2014; Matsumoto et al. 2015).

Several studies have explored the morphology, anatomy, 
and histochemistry of  various Dioscorea species, including 
D. polystachya. The structures investigated have included 
seedlings, vertical tubers, bulblets, adventitious roots, 
aerial stems, and leaves (Martin and Ortiz 1963; Degras 
and Mathurin 1978; Cao and Hu 2003; Zhu et al. 2010b; 
Tajuddin et al. 2013; Degbeu et al. 2019). In D. polystachya, 
as well as D. rotundata, D. sansibarensis, D. alata, D. trifida, 
D. nipponnica, and D. bulbifera, vertical tubers and bulblets 
have tuber-heads with accessory buds that produce new 
individuals (Rao and Tan 1976; Wickham et al. 1981, 1982; 
Hamadina 2012). In these species, tuber heads have a 
suberized periderm, a cortex, and scattered vascular bundles 
throughout the amyliferous parenchyma (Martin and Ortiz 
1963; Xie et al. 1993; Cao and Hu 2003; Zhu et al. 2010b; 
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We investigated the anatomical and histochemical features of Dioscorea polystachya (Dioscoreaceae), an important food crop in China. 
The primary structures of D. polystachya include vertical tubers, adventitious roots, twining aerial stems, and leaves with bulblets. The 
vertical tubers have storage parenchyma with scattered vascular bundles, a cortical meristerm zone, and phellem. The cortical meristerm 
zone acts as a cambium to thicken the tubers. The twining stems and petioles both have a sclerenchyma layer with vascular bundles, 
while the blades have palisade tissues and spongy tissues covered by a cuticle. The roots have stele, an endodermis, and an exodermis. 
The scattered vascular bundles and phellem in the vertical tubers, the sclerenchyma layers and cuticles in the stems and leaves, and the 
endodermis and exodermis in the roots facilitated the adaptation of D. polystachya to terrestrial environments. The cortical meristerm zone 
thickens the tubers, which improves cultivation techniques. These structural features help to clarify the complex taxonomy, evolutionary 
history, and phylogenetic relationships of D. polystachya.
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Hong 2012; Liu 2014). In addition, sclerenchyma layers 
are found under the periderm in D. polystachya, D. balcanica, 
D. bulbifera (Raman et al. 2014), D. alata (Degras and 
Mathurin 1978), and D. esculenta (Wickham et al. 1981). 
Amyloplast sedimentation was observed in the growing 
vertical tubers of  D. polystachya, suggesting that this species 
has graviperception abilities (Kawasaki et al. 2008). Seedlings 
of  D. florilunda and D. zingiberensis consist of  a radicle, an 
epicotyl, adventitious roots, aerial shoots with bulblets, 
and vertical tubers (Martin and Ortiz 1963; Cao and Hu 
2003; Zhu et al. 2010b). A cortical meristerm is present in 
the tuber head and distal vertical tubers of  D. zingiberensis, 
D. rotundata (Cao et al. 2003a,b; Ile et al. 2006; Li et al. 
2010), and D. cayenensis-rotundata (Degbeu et al. 2019). The 
aerial stems of  D. subhastata, D. florilunda, D. hispida, D. alata 
and D. sansibarensis have peripheral collenchyma, cortex, 
vascular bundles, and pith (Martin and Ortiz 1963; Tan and 
Rao 1974; Tajuddin et al. 2014; Sheikh and Kumar 2017; 
Tenorio et al. 2017); shoot tips have three cellular areas 
in D. alata (Barraoc et al. 2014). Roots have an endodermis in 
D. florilunda (Martin and Ortiz 1963). The leaves of  D. alata, 
D. zingiberensis, and D. hispida possess palisade tissue and 
stomata (Zhu et al. 2010a,b; Xiao et al. 2013; Tajuddin et al. 
2014; Sheikh and Kumar 2017).

Although the anatomical characters of  the vertical tubers 
and bulblets of  the D. polystachya have been studied (Xie 
et al. 1993; Liu 2014; Raman et al. 2014), aerial stems, 
aerial leaves, and adventitious roots have been little 
investigated, and the few available studies did not use 
modern histochemical staining techniques (Brundrett, et al. 
1988, Brundrett et al. 1991; Xiang et al. 2019; Yang et al. 
2011, 2019a,b, 2020; Zhang et al. 2017; Zhang et al. 2018). 
To address this knowledge gap, we aimed to analyze the 
structural and histochemical features of  the D. polystachya 
during development. We aimed to clarify the growth habits 
of  this species in order to improve cultivation techniques. 
Therefore, in this study, we characterized D. polystachya 
anatomy, including the vertical tubers, bulblets, aerial stems 
and leaves, and adventitious roots. Our results may also 
inform future studies of  this complex taxon, particularly 
with respect to its evolutionary history and phylogenetic 
relationships with congenerics (Ding and Gilbert 2000; 
Zhou et al. 2008; Babil et al. 2013; Chen et al. 2016).

MATERIALS AND METHODS

Plant cultivation and sampling
Dioscorea polystachya samples were collected in Shennongjia, 
Hubei Province, China on 25 October 2019. Fifty bulblets, 
50 vertical tubers, and 50 vertical-tuber segments from 
these plants were cultivated in sand-filled pots beginning 
on 1 March 2020; plants were watered with 1/4 Hoagland 

nutrient solution to keep the sand moist. Plants were grown 
in ambient conditions with an artificial light intensity 
of  approximately 3500 lx and a 14:10 h (light: dark) 
photoperiod; artificial light was provided by LED devices. 
Ambient temperature ranged from 18–32°C, and relative 
humidity was 55–85% (Duan et al. 2020). On 20 March 
2020, we collected 5 samples of  buds, aerial stems, aerial 
leaves, and adventitious roots from each of  the sprouting 
bulblets, vertical tubers, and vertical-tuber segments. On 
6 June 2020, we repeated the sampling process, collecting 
five samples of  each of  the vertical tubers, aerial stems, 
aerial leaves, and adventitious roots growing on each of  
the sprouting bulblets, vertical tubers, and vertical-tuber 
segments. On 6 July 2020, the sampling process was 
repeated, collecting five samples of  each of  the vertical 
tubers produced by each of  the sprouting bulblets, 
vertical tubers, and vertical-tuber segments. These samples 
represented the different developmental phases of  the 
D. polystachya throughout the growing season. Finally, on 
6 October 2020, we collected five samples of  vertical 
tubers, aerial stems, aerial bulblets, aerial leaves, and 
adventitious roots from each of  the sprouting bulblets, 
vertical tubers, and vertical-tuber segments. This sample 
reflected the state of  the D. polystachya in the harvest season. 
Samples were fixed in formaldehyde-alcohol-acetic acid 
(FAA) immediately after collection (Ruzin 1999).

Microscopy and histochemistry
The bulblets produced adventitious roots at about 
0.7–1.8 cm long, while the bud bases and vertical tubers 
produced adventitious roots at about 2.5–21.2 cm long. 
Once roots were produced, root tissues were then sectioned 
freehand under a stereoscope (JSZ6, JNOEC, China), using 
a two-sided razor blade. Root sections were cut at 10 mm, 
20 mm, and 30 mm from the apex. Cross-sections were 
taken of  the buds produced by the sprouting bulblets, 
vertical tubers, and vertical-tuber segments. Cross-sections 
or longitudinal sections were also taken of  the proximal, 
medial, and distal ends of  the vertical tubers produced by 
the sprouting bulblets, vertical tubers, and vertical-tumor 
segments throughout the growth season. Cross-sections 
were also taken of  mature aerial stems, bulblets, petioles, 
and blades. Sections were divided into three identical 
groups, each containing 3–6 identical sections. Each group 
of  sections was stained using a different dye: 0.1% (w/v) 
Sudan red 7B, to test for suberin in the cell walls (Brundrett 
et al. 1991); 0.1% (w/v) berberine hemisulfate-aniline blue 
to test for Casparian bands and lignin in the cell walls 
(Brundrett et al. 1988; Seago et al. 1999); and 0.05% (w/v) 
toluidine blue O to visualize tissue structures (Ruzin 1999; 
Peterson, Peterson, and Meiville 2008). All specimens were 
washed with sterile water 2–3 times, mounted with sterile 
water, and then examined using bright-field microscopy 
under a Leica DME microscope (Germany). Specimens 
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were photographed with a digital camera and a micrometer 
(Nikon E5400, Japan). Specimens stained with BAB 
were viewed under ultraviolet light on an Olympus IX71 
epifluorescence microscope (Japan) with excitation filter 
G 365 nm, absorption filter barrier U-WB (blue light), 
dichromatic mirror DM 500, compensation excitation filter 
BP 450–480, and compensation absorption filter BA 515. 
BAB-stained specimens were photographed with a digital 
camera and a micrometer (RZ200C-21, Ruizhi Corp., 
China) (Yang et al. 2011).

RESULTS

Vertical tubers and bulblets
The vertical tubers and bulblets of  D. polystachya had 
tuber heads with accessory buds covered by scale leaves 
(Fig. 1A). Vertical tubers, vertical-tuber segments, and 
bulblets sprouted twining stems, vertical tubers, and 
adventitious roots (Fig. 1B,C); vertical tubers and bulblets 
died after sprouting, which have mature vegetative organs. 
Vertical tubers had pith with scattered vascular bundles, a 
parenchymal cortex, and phellem; secretory cavities were 
scattered throughout the parenchymal tissues (Fig. 1D–H). 
At a very young stage, the cortex of  the vertical tuber was 
composed of  parenchymal tissues. During the vigorous 
growth stage in the summer, a meristerm zone formed 

along the periphery of  the cortex, and the vertical tubers 
thickened (Fig. 1F–H). The storage parenchymal cells in 
the vertical tubers contained amyloplast and raphides; the 
cortex cells stopped dividing in autumn (Fig. 1I, J). and the 
phellem became suberized (Fig. 1I, inset).

Twining stems and leaves
Twining stems had a sclerenchyma ring internal to the 
cortex, with scattered vascular bundles delimiting the 
central pith (Fig. 2A,B); the twining-stem epidermis had a 
cuticle. The petioles had a sclerenchyma ring internal to a 
chloroplast-containing cortex; the sclerenchyma ring in the 
petioles contained scattered vascular bundles delimiting a 
central pith (Fig. 2C,D). The petiole epidermis had a cuticle. 
The blades had a vein with vascular bundles. The adaxial 
side of  each blade had palisade tissue, while the abaxial side 
of  each blade had spongy tissue; both sides of  the blade 
were covered with by a cuticle (Fig. 2E,F).

Adventitious roots
At about 10 mm from the apex, the adventitious roots 
had a protoxylem with a few central protoxylem and 
metaxylem vessels, a suberized and lignified endodermis 
and exodermis with Casparian bands, a cortex, and a 
rhizodermis (Fig. 3A–C). At about 20 mm from the apex, 
the endodermis contained some suberin and lignin as well 
as passage cells; the endodermis had obvious Casparian 

Fig 1. Anatomy of vertical tubers and bulblets of D. polystachya
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bands, and the pith had obvious metaxylem (Fig. 2B, 
3D–F). At about 30 mm from the apex, the pith had a fully 
developed metaxylem, while the endodermis and exodermis 
had suberin and less lignin (Fig. 3G–I).

DISCUSSION

The buds that formed on the tuber heads of  D. polystachya 
vertical tubers and bulblets produced twining aerial stems, 
vertical tubers, and adventitious roots, consistent with 
observations in D. alata, D. bulbifera, D. esculenta, D. nipponica, 

D. rotundata, D. sansibarensis, D. trifida, and D. zingiberensis 
(Rao and Tan, 1976; Wickham et al. 1981, 1982; Xie 
et al.,1993; Ile et al., 2006; Hamadina, 2012; Hong 2012; Liu, 
2014). Vertical tubers of  D. polystachya had a central storage 
parenchyma with scattered vascular bundles, a cortical 
meristerm zone, and phellem; the cortical meristerm 
zone ceased dilation and appeared as cortex tissue in the 
autumn. Similar vertical tuber structures were reported in 
D. alata, D. balcanica, D. cayenensis, D. esculenta, D. floribunda, 
D. nipponica, D. rotundata, D. spiculiflora, D. transversa, D. trifida, 
and D. zingiberensis (Martin and Ortiz, 1963; Ayensu, 1972; 

Fig 2. Anatomy of twining stems and leaves

Fig 3. Anatomy of adventitious roots
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Degras and Mathurin, 1978; Wickham et al. 1981, 1982; Cao 
and Hu, 2003; Cao, Lin, and Hu 2003a,b; Ile et al., 2006; 
Li et al., 2010; Raman et al., 2014). As is common in most 
plants, the phellem of  D. polystachya included suberin, but 
not lignin (Fahn, 1990; Evert, 2006; Crang et al. 2019). In 
contrast, D. alata, D. balcanica, D. esculenta and D. polystachya 
have sclerenchyma layers (Ayensu, 1972; Degras and 
Mathurin, 1978; Wickham et al. 1981; Raman et al., 2014); 
however, this was not observed in our samples.

Similar to D. alata, D. belophylla, D. cinnamomifolia, D. hispida, 
D. sansibarensis, and D. zingiberensis, the twining stems and 
petioles of  D. polystachya had a sclerenchyma layer with 
vascular bundles, and the blades had both palisade tissue 
and spongy tissue (Tan and Rao, 1974; Tajuddin et al., 2013; 
Xiao et al., 2013; Sheikh and Kumar, 2017; Tenorio et al., 
2017). However, the twining stems of  D. stegelmanniana, 
D. ovata, and D. campestris had two layers of  vascular bundles, 
with the outer layer containing sclerenchyma, while the pith 
of  D. ovata and D. campestris stems had sclereids, in contrast 
to parenchyma of  D. polystachya (Tenorio et al., 2017). The 
sclerenchyma layer in the stem, which is also found in 
Cardamine hupingshanensis, Cynodon dactylon, Paspalum distichum, 
Phalaris arundinacea, and Zizania latifolia, may increase 
mechanical strength (Yang et al. 2011, 2014; Zhang et al., 
2017; Xiang et al., 2019). The sclerenchymatous tissue in the 
tuber phellem of  D. alata, D. balcanica, and D. esculenta, and 
in the stem pith of  D. ovata and D. campestris, may help the 
plant tissues to adapt to arid environments (Ayensu, 1972; 
Degras and Mathurin, 1978; Wickham et al. 1981; Raman 
et al., 2014; Tenorio et al., 2017). However, D. polystachya lacks 
the sclerenchyma layers under the phellem in the tubers and 
the peripheral collenchyma under the epidermis of  the aerial 
stems (Martin and Ortiz 1963; Tan and Rao 1974; Tajuddin 
et al. 2014; Sheikh and Kumar 2017; Tenorio et al. 2017).

The stele in the D. polystachya roots have protoxylem 
and metaxylem, and the endodermis and exodermis are 
both one layer, each containing Casparian bands, suberin 
lamellae, and small amounts of  lignin. This root structure 
is common in other perennial plants, including Camellia 
sinensis, C. dactylon, Hydrocotyle sibthorpioides, P. arundinacea, 
Z. latifolia, and Alternanthera philoxeroides (Evert, 2006; 
Yang et al., 2011,2014,2015; Hu et al., 2016; Zhang et al., 
2017; Crang et al. 2019). In contrast, the exodermises of  
C. dactylon, P. arundinacea, and Z. latifolia have two or more 
layers. The endodermis, exodermis, cuticle, and phellem 
act as barriers, blocking water and ions from penetrating 
the tissue, but allowing passage to individual cells (Enstone 
et al. 2003; Yang et al., 2011,2014,2015; Zhang et al., 2017; 
Zhang et al. 2018), the barries in the D. polystachya consist 
of  cuticle, phellem, endodermis and exodermis.

CONCLUSIONS

Dioscorea polystachya plants consist of  vertical tubers, 
adventitious roots, twining aerial stems, and leaves with 
bulblets. The vegetative propagules of  the vertical tubers 
and bulblets have tuber heads with buds. Anatomically, the 
vertical tubers contain storage parenchyma with scattered 
vascular bundles, a cortical meristerm zone, and phellem. The 
cortical meristerm zone acts as a cambium in the dicotyledon 
to thicken the tubers. Twining stems and petioles have a 
sclerenchyma layer with vascular bundles, and blades have 
differentiated tissues. The roots have primary xylem, as well as 
an endodermis and exodermis with Casparian bands, suberin 
lamellae, and lignin. These structural features help to clarify 
the complex taxonomy, evolutionary history, and phylogenetic 
relationships of  D. polystachya. The structural features such 
as scattered vascular bundles and phellem in the vertical 
tubers, the sclerenchyma layers and cuticles in the twining 
stems and leaves, and the endodermis and exodermis in the 
roots facilitated the adaptation of  D. polystachya to terrestrial 
environments. The cortical meristerm zone thickens the 
tubers and may provide a basis for improving agricultural use.

ACKNOWLEDGMENTS

This work was supported by the Major Program on 
Technology Innovation of  Hubei Province (2019ACA162), 
Hubei Province Key Laboratory of  Conservation 
Biology for Shennongjia Golden Monkey Opening Fund 
(SNJGKL202002), and Engineering Research Center of  
Ecology and Agriculture Use of  Wetland, Ministry of  
Education opening fund, Yangtze University (KFT202004).

Author contributions
All authors contributed to this study design, conception and 
data collection. Cunyu Zhou and Hanyu Gong characterized 
the morphological, anatomical and histochemical alternations 
and wrote the manuscript. Xia Zhang, Youzhi Li, Chongnan 
Zhao, Huanhuan Xiong, Teng Li and Mengdi Zhang assisted 
stain solution preparation. Zhiguo Jiang and Chaodong Yang 
prepared cross sections and analyzed the root anatomical 
structures and histochemical components. Cunyu Zhou 
supervised the experiments and revised the manuscript. All 
authors read and approved the final manuscript.

Conflict of interests
The authors declare there are no conflicts of  interest related 
to this article.

REFERENCES

Ayensu, E. S. 1972. Anatomy of the Monocotyledons. VI. Dioscoreales. 
Clarendon Press, Oxford.



Zhou, et al.

84  Emir. J. Food Agric ● Vol 34 ● Issue 1 ● 2022

Babil, P., S. Knodo, H. Iwata, S. Kushikawa and H. Shiwachi. 2013. 
Intra-specific ploidy variations in cultivated Chinese yam 
(Dioscorea polystachya Turcz.). Trop. Agr. Dev. 57: 101-107.

Barraco, G., I. Sylvestre, M. Collin, J. Escoute, M, Lartaud, J. L. Verdeil 
and F. Engelmann. 2014. Hiseocytological analysis of yam 
(Dioscorea alata) shoot tips cryopreserved by encapsulation-
dehydration. Protoplasma. 251: 177-189.

Brundrett, M. C., D. E. Enstone and C. A. Peterson. 1988. A berberine-
aniline blue fluorescent staining procedure for suberin, lignin and 
callose in plant tissue. Protoplasma. 146: 133-142.

Brundrett, M. C., B. Kendrick and C. A. Peterson. 1991. Efficient lipid 
staining in plant material with Sudan red 7B or Fluorol yellow 088 
in polyethylene glycol-glycerol. Biotech. Histochem. 66: 111-116.

Cao, Y. F. and Z. H. Hu. 2003. Studits on the morphogenesis of 
rhizome from seedling and the accumulation of dioscin of 
Dioscorea zingiberensis. Acta Bot. Boreali-occidentalia Sin. 23: 
1154-1162.

Cao, Y. F., R. Lin and Z. H. Hu. 2003a. Studies on the developmental 
anatomy of rhizome in Dioscorea zingiberensis. Acta Bot. 
Boreali-occidentalia Sin. 23: 297-303.

Cao, Y. F., R. Lin and Z. H. Hu. 2003b. Studies on the developmental 
anatomy of rhizome of Dioscorea zingiberensis and its 
histochemistry. J Wuhan Bot. Res. 21: 288-294. 

Chen, Y. Z., X. Z. Zhou, Y. S. Lin, L. N. Ma and J. Y. Tang. 2016. 
Characteristics and genetic diversity of various yam (Dioscorea 
polystachya). Fujian J Agric. Sci. 31: 945-949.

Crang, R., S. Lyons-Sobaski and R. Wise. 2019. Plant Anatomy: A 
Concept-Based Approach to the Structure of Seed Plants. 1st ed. 
Springer, Gewerbestrasse, Switzerland.

Degbeu, K. C., A. Coulibaly, T. A. Fabrice and N. G. Amani. 2019. 
Histological study of the polarity of yam tuber (Dioscorea spp.) at 
the beginning of tuberization. Asian Food Sci. J. 12: 1-15.

Degras, L. and P. Mathurin. 1978. Anatomy of the tuber as an aid in 
yam biology study. In: R. Costo (Ed.), 15th Annual Meeting of the 
Caribbean Food Crops Society, Petit-Bourg.

Ding, Z. Z. and M. G. Gilbert. 2000. Dioscoreaceae. In: Z. Y. Wu, P. H. 
Raven and D. Y. Hong. (Eds.), Flora of China, Caryophyllaceae 
through Lardizabalaceae. Vol. 24. Science Press, Beijing, and 
Missouri Botanical Garden Press, St. Louis MO, pp. 276-296.

Duan, J. X., Q. X. Duan, S. F. Zhang, Y. M. Cao, C. D. Yang and X. D. Cai. 
2020. Morphological, physiological, anatomical and histochemical 
responses of micropropagated plants of Trichosanthes kirilowii to 
hydroponic and soil conditions during acclimatization. Plant Cell 
Tissue and Organ Culture. 142(3): 1851.

Enstone, D. E., C. A. Peterson and F. Ma. 2003. Root endodermis 
and exodermis: Structure, function, and responses to the 
environment. J. Plant Growth Regul. 21: 335-351.

Evert, R. F. 2006. Esau’s Plant Anatomy: Meristems, Cells, and Tissues 
of the Plant Body: Their Structure, Function, and Development. 
3rd ed. Wiley-Interscience, Hoboken, New Jersey, USA.

Fahn, A. 1990. Plant Anatomy. Pergamon Press, Oxford, UK.
Hamadina, E. I. 2012. Origin of vines, feeder roots and tubers in yam 

(Dioscorea spp.): The tuber head or the primary nodal complex? 
Niger. J Agric. Food Environ. 8: 67-72.

He, W. Y., X. H. Mu and H. Mu. 2014. Standardized production and 
cultivation techniques of Lichuan yam. Vegetables 9: 46-47

Hong, S. W. P. 2012. Characterization of Corydalis (Papaveraceae s. l.) 
and Dioscorea (Dioscoreaceae) species: 1. Root anatomical 
characters. Int. J. Biol. 4: 1-9.

Hu, L. J., C. D. Yang, L. Y. Yuan, Z. X. Liu, C. H. Deng, W. S. Tan 
and X. Zhang. 2016. Study on the anatomy and barrier structure 

spatial-temporal developmental characters of adventitious root 
of Camellia sinensis cv. Lichuanhong. Hubei Agric. Sci. 55: 
3662-3665.

Ile, E. I., P. Q. Craufurd, N. H. Battey and R. Asiedu. 2006. Phases 
of dormancy in yam tubers (Dioscorea rotundata). Ann. Bot. 97: 
497-504.

Kawasaki, M., M. Taniguchi and H. Miyake. 2008. Dynamics of 
amyloplast sedimentation in growing yam tubers and lts possible 
role in graviperception. Plant Prod. Sci. 11: 393-397.

Li, L. H., L. L. Tan, Y. X. Wu and Y. F. Cao. 2010. Studies on the 
developmental anatomy of rhizome in Dioscorea nipponica. J. 
Qingdao Agr. Univ. (Nat. Sci.). 27: 46-51.

Liu, W. 2014. Studies on the Morphological Anatomy and the 
Physiological and Biochemical Changes during the Formation 
of Microtubers in Dioscorea opposita cv. tiegun. Dissertation of 
Master, Henan Normal University, Zhenzhou, China.

Martin, F. W. and S. Ortiz. 1963. Origin and anatomy of tubers of 
Dioscorea floribunda and D. Spiculiflora. Bot. Gazette. 124: 
416-421.

Matsumoto, R., H. Kikuno, O. S. Pelemo, M. O. Akoroda, A. J. Lopez-
Montes and H. Shiwachi. 2015. Growth and productivity of 
tubers originated from vine cuttings-mini-seed tuber in yams 
(Dioscorea spp.). Trop. Agric. Dev. 59: 207-211.

Moseley, M. F., E. L. Schneider and P. S. Williamson. 1993. 
Phylogenetic interpretations from selected floral vasculature 
characters in the Nymphaeaceae sensu lato. Aqua. Bot. 44: 
325-342.

Peterson, R. L., C. A. Peterson and L. H. Meiville. 2008. Teaching 
Plant Anatomy through Creative Laboratory Exercise. NRC 
Press Ottawa, Ontartio, pp. 52-53.

Raman, V., A. M. Galal, B. Avula, S. Sagi, T. J. Smillie and I. A. Khan. 
2014. Application of anatomy and HPTLC in characterizing 
species of Dioscorea (Dioscoreaceae). J. Nat. Med. 68: 686-698.

Rao, A. N. and A. S. Tan. 1976. Shoot apex and bulbil development 
in Dioscorea sansibarensis Pax. Bot. J. Linn. Soc. 72: 285-298.

Ruzin. S. E. 1999. Plant Microtechnique and Microscopy. Oxford 
University Press, New York.

Seago, J. L. Jr., C. A. Peterson, D. E. Enstone and C. A. Scholey. 
1999. Development of the endodermis and hypodermis of 
Typha glauca Godr. and T. angustifolia L. roots. Can. J. Bot. 77: 
122-134.

Sheikh, N. and Y. Kumar. 2017. Foliar epidermal, stem and petiole 
anatomy of Meghalayan Dioscorea L. (Dioscoreaceae) and 
its systematic implication. Bangladesh J. Plant Taxonomy. 24: 
53-63.

Tajuddin, S., N. Mat, A. G. Yunus and S. A. R. Bahri. 2013. Anatomical 
study of stem, petiole, leaf, tuber, root and flower of Dioscorea 
hispida Dennst. (Dioscoreaceae) by using optical microscope, 
SEM and TEM. J. Agrobiotech. 4: 33-42.

Tan, A. S. and A. N. Rao. 1974. Studies on the developmental 
anatomy of Dioscorea sansibarensis Pax (Dioscoreaceae). Bot. 
J. Linn. Soc. 69: 211-227.

Tenorio, V., R. S. Couto, E. S. B. de Albuquerque, A. M. L. Medeiros, 
F. R. de Oliveira, J. M. A. Braga and R. C. Vieira. 2017. Stem 
anatomy of neotropical Dioscorea L. (Dioscoreaceae) and its 
importance to the systematics of the genus. Plant Syst. Evol. 
303: 775-786.

Walck, J. L., M. S. Cofer and S. N. Hidayati. 2010. Understanding 
the germination of bulbils from an ecological perspective: A case 
study on Chinese yam (Dioscorea polystachya). Ann. Bot. 106: 
945-955.

Xiao, B. M., Y. F. Liu, F. Peng and L. M. Lin. 2013. Study on the 



Zhou, et al.

Emir. J. Food Agric ● Vol 34 ● Issue 1 ● 2022 85

morphological and tissue-chemistry characters of Dunyeshuyu’s 
stem and leaf. Chin. J. Ethnomed. Ethnophar. 22: 27-28.

Xiang, J. Q., J. J. Ming, H. Q. Yin, Y. F. Zhu, Y. J. Li, L. Long, Z. Y. 
Ye, H. Y. Wang, X. E. Wang, F. Zhang, Y. K. Yang and C. D. 
Yang. 2019. Anatomy and histochemistry of the roots and 
shoots in the aquatic Selenium hyperaccumulator Cardamine 
hupingshanensis (Brassicaceae). Open Life Sci. 14: 318-326.

Wickham, L. D., L. A. Wilson and H. C. Passam. 1981. Tuber 
germination and early growth in four edible Dioscorea species. 
Ann. Bot. 47: 87-95.

Wickham, L. D., L. A. Wilson and H. C. Passam. 1982. The origin, 
development and germination of bulbils in two Dioscorea 
species. Ann. Bot. 50: 621-627.

Xie, D. R., P. J. Yang, X. Z. Cao and P. Y. Zhang. 1993. Discussion 
on the development and morphological essence of bulbil in 
Dioscorea zingiberensis. J. Northwest A. F. Univ. 21: 77-80.

Yang, C. D., S. F. Li, L. Yao, X. R. Ai, X. D. Cai and X. Zhang. 2015. A 
study of anatomical structure and apoplastic barrier characters 
of Hydrocotyle sibthorpioides. Acta Pratacult. Sin. 24: 139-145.

Yang, C. D., X. L. Yang, X. Zhang, C. Y. Zhou, F. Zhang, X. E. Wang 
and Q. F. Wang. 2019a. Anatomical structures of alligator weed 
(Alternanthera philoxeroides) suggest it is well adapted to the 
aquatic-terrestrial transition zone. Flora. 253: 27-34.

Yang, C., X. Zhang, T. Wang, S. Hu, C. Zhou, J. Zhang and Q. Wang. 
2019b. Phenotypic plasticity in the structure of fine adventitious 
Metasequoia glyptostroboides roots allows adaptation to aquatic 
and terrestrial environments. Plants. 8: 501.

Yang, C. D., X. Zhang, J. K. Li, M. Z. Bao, D. J. Ni and J. L. Jr. Seago. 
2014. Anatomy and histochemistry of roots and shoots in wild 
rice (Zizania latifolia Griseb.). J. Bot. 2014: 181727.

Yang C. D., X. Zhang, J. L. Jr. Seago and Q. F. Wang. 2020. 
Anatomical and histochemical features of Brasenia schreberi 
(Cabombaceae) shoots. Flora. 263: 151524.

Yang, C. D., X. Zhang, C. Y. Zhou and J. L. Jr. Seago. 2011. Root 
and stem anatomy and histochemistry of four grasses from the 
Jianghan Floodplain along the Yangtze River, China. Flora. 206: 
653-661.

Zhang, X., L. Hu, C. Yang, C. Zhou, L. Yuan, Z. Chen and J. L. Jr. 
Seago. 2017. Structural features of Phalaris arundinacea L. in 
the Jianghan Floodplain of the Yangtze River, China. Flora. 229: 
100-106.

Zhang, X., C. D. Yang and J. L. Jr. Seago. 2018. Anatomical 
and histochemical traits of roots and stems of Artemisia 
lavandulaefolia and A. selengensis (Asteraceae) in the Jianghan 
Floodplain, China. Flora. 239: 87-97.

Zhou, Y. Q., C. E. Zhou, H. L. Yao, Y. J. Liu and H. T. Tu. 2008. 
Application of ISSR markers in detection of genetic variation 
among Chinese yam (Dioscorea opposita Thunb) cultivars. Life 
Sci. J. 5: 6-12.

Zhu, Y., Z. L. Xu, Q. Wang and M. Zhao. 2010a. Comparative anatomy 
of vegetative organs of Dioscorea zingiberensis in different 
ploidies. Subtrop. Plant Ence. 39: 34-39.

Zhu, Y., Z. L. Xu, H. Yu, Q. Wang and Y. Y. Shi. 2010b. Seed 
germination and anatomy of Dioscorea zingiberensis C.H. 
Wright. Jiang Agric. Sci. 4: 148-151.


