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(ANNEXURE-I) 

 

S. No. Particulars Amount Approved    

(Rs.) 

Grant Received 

(Rs.) 

     Expenditure 

(Rs.) 

A. Non-Recurring    
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1. Project Fellow 
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+52,587/- 
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ANNEXURE-II 
OBJECTIVES 

1. Inventorization: The territories of North Western Himalayan region shall be surveyed 

thoroughly and sampled to prepare an updated inventory of grass species. 

2. Phytolith analysis: The grass species listed as above shall be put to detailed phytolith 

analysis to add an important anatomical character to the taxonomic description of grasses. 

Quantification of silica content of different parts (root, culm, leaves and inflorescence) of 

each species will be carried out. This will help us to identify grasses of higher silica content. 

3. Elemental analysis: Elemental analysis of phytolith morphotypes in each grass species 

shall be carried out with the help Scanning Electron Microscope/ Energy Dispersive using 

X-ray (Analysis) (SEM/EDX). 

4. Identification keys: Based upon the shapes and sizes of phytolith types, both manual and 

electronic keys for identification of subfamilies, genera and species shall be developed. 

METHODOLOGY 

To achieve the objectives listed above following methods and techniques shall be employed. 

1.   Collection and preservation: 

  Extensive field surveys shall be undertaken to study grass species in their natural habitats. 

To randomize the process of survey and cover the entire expanse of the territory, a grid map of 

the study area shall be prepared. Specimens of each species shall be collected from various 

locations in the study area and dry preserved to prepare herbarium sheets and dry collections for 

phytolith analysis. Accession numbers will be allotted to the species that are not identified in the 

first instance. During the field surveys, notes shall be taken on the economic and ethnobotanical 

significance, distribution range and the flowering and fruiting phenology of the grass species. 

2.   Phytolith analysis 

i) In-situ Location: Phytoliths shall be located in epidermal cells by clearing solution method 

of Clarke (1959). Leaf segments will be washed and immersed in a clearing solution of Lactic 

acid and Chloral hydrate (3:1) and kept at 700 C for 2 days. Cleared segments will be mounted in 

fresh solution and observed under light microscope. 



ii) Dry Ashing Method: The method of Carnelli et al. (2001) shall be followed for dry ashing 

of the material. The material will be rinsed and cut into small pieces and heated to ashes in 

porcelein crucibles in a Muffle Furnace maintained at 470 0C for 48 hours. The crucibles will be 

taken out, cooled and the contents transferred to test tubes. Sufficient amount of Hydrogen 

peroxide (30%) will be added to submerge the contents and the test tubes will be kept at 80 
0C 

for 1 hour. The test tubes shall be taken out from the incubator; the mixture will decanted and 

rinsed twice with distilled water. Hydrochloric acid (10%) will be added to the pellet and 

incubated again for 1 hour. Thereafter, the mixture will be washed with distilled water and 

centrifuged at 7500 rpm for 10 minutes. The supernatant will be decanted and the pallet washed 

twice with distilled water. The centrifugation process will be repeated four times till the pallet is 

clear. Finally, the pallet will be dried for 24 hours at 60 
0 C to a powder form. In this form the 

material will be taken in small bits and mounted on glass slides in DPX for optical microscopy. 

Olympus Micro Image Projection System (MIPS-USB 0262) shall be used for 

microphotography. Photographs would be taken at a uniform magnification for ease of 

comparison. Phytoliths will be classified into types and subtypes according to the International 

Code of Phytolith Nomenclature (Madella et al., 2005). 

3. Morphometry and Statistical analysis 

 Morphometric measurement of various types of phytoliths will be done with Image J 

software (version 1.46r). It is a user-friendly software that allows measurements of overall size 

and other dimensional aspects of microscopic objects from their microphotographs. Phytoliths of 

each type from different grass species in the sample shall be photographed with the help of a 

Micro Image Projection System (MIPS, Olympus) and stored in separate files for various 

species. Thereafter, dimensions of phytoliths will be recorded with the help of the Image J 

software. The software not only records size dimensions but also calculates other morphometric 

parameters viz., aspect ratio, surface area, roundedness and solidity. 

4. Scanning Electron Microscopy 

 Details of shape and surface features of phytoliths shall be studied with the help of 

Scanning Electron Microscopy. Dry ash will be spread uniformly over the stubs with the help of 

double-sided adhesive tape. The stubs will be put under a stereoscope for uniform spreading of 

the ash. Silver paint would be applied on the edges of the stub. The samples would be dried at 

400C overnight. Next day, stubs shall be coated with graphite using a vacuum evaporator (JEOL-



JEE-4X). They would subsequently be coated with gold by a sputter coater (QUORUM) and 

imaged under SEM (CARL ZEISS EVO 40) at an accelerating voltage of 40KV. 

5. Biochemical architecture  

   Elemental analysis of phytoliths shall be carried out with Scanning Electron Microscope-

Energy Dispersive X-ray analysis (SEM-EDX). Infrared spectra of silica powder shall be 

obtained on a Fourier Transform Infrared (FTIR) Spectrophotometer (System92035, Perkin-

Elmer, England). X-ray Diffraction (XRD) studies shall be performed on powder XRD 

diffractometer (Bruker D8 Advance). Similarly, High Resolution Transmission Electron 

Microscopy (HRTEM) and Selected Area Electron Diffraction (SAED) of the samples shall be 

worked out using Transmission Electron Microscopy to reveal the differences in phytoliths at 

atomic level. Facilities for this work are available in Guru Nanak Dev University, Amritsar. 

Achievements from the project 

Intensive work on the grasses was required because of very scare information of grasses 

available in the literature. Phytoliths emerged as a new identification tool for grasses with this we 

can identify grasses as vegetative stage. This in hand information of grasses will further benefit 

to the agricultural for removing weeds at the vegetative stage. Phytolith also play a role in 

monitoring environmental and climate change. 

List of grasses species studied in the present work. 

1. Arundo donax L. 

2. Bracharia ramosa (L.) Stapf.  

3. Brachiaria reptans (L.) Gardn. & Hubb.  

4. Bromus catharticus Vahl  

5. Bromus inermis Leyss. 

6. Cenchrus setigerus Vahl. 

7. Dichanthium annulatum (Forssk.) Stapf. 

8. Digitaria abludens (Roem & Schult.) Veldkamp. 

9. Digitaria ciliaris (Retz.) Koeler  

10. Echinochloa colonum (L.) Link.  

11. Echinochloa crusgalli (L.) P. Beauv.  

12. Lolium temulentum L.  

13. Panicum antidotale Retz.  



14. Panicum maximum Jacq.  

15. Phalaris minor Retz.  

16. Phragmites karka (Retz.) Trin. ex Steud. 

17. Setaria pumila (Poir.) Roem. & Schult. 

18. Setaria verticillata  (L.) P. Beauv. 

19.  Setaria. viridis (L.) P. Beauv.   

20. Sorghum halepense (L.) Pers.  

 

Contribution to the Society 

Apart from taxonomic diversity, grasses occupy a place of privilege both in economy and 

ecology particularly in the tropical/subtropical parts of the globe including the Indian sub-

continent. Even though the alpine-temperate type of grass cover of the North-western Himalayan 

region is a rich repository of grasses, floristic works in the region have not devoted enough 

attention and coverage to the group. In the present work exploration of grasses was done in the 

region and grasses are dominant in this area. The proposed project has both academic and 

applied relevance. Identification of grasses at vegetative stage was very difficult for researchers, 

teachers and students. Phytolith morphotypes play important role in identification of grass 

species at vegetative stage, even single individual morphotype can identify the grass species. The 

taxonomic keys were also made which would help the students and teachers for identification. In 

addition to academic relevance phytoliths play a role in carbon sequestration, environmental 

monitoring and climate change. In addition to this evolutionary relationships of past agricultural 

practices can also be traced through phytoliths lodged in the soil. 

 

Summary of the findings  

Grasses are the dominant elements in the North Western Himalayan Region. Correct and rapid 

identification at the vegetative stage of grasses with the phytolith morphotypes will be helpful in   

programs of weed control and their removal at early stage will helpful in agriculture. Even 

though the full potential of phytoliths in understanding the taxonomy and phylogeny of the 

grasses must come through future research involving an assessment of inter-population and intra-

population variations and construction of representative master profiles for each species, the 

present work has made an initial contribution. We have made plant collections from single 



locations and homogenized the material part-wise but this limitation has been partly made good 

by following a multiproxy and multi-organ approach in carrying out the present work. In the 

larger context of plant systematics, concerted and coordinated efforts of a multidisciplinary 

nature are required to develop integrated and robust phytolith profiles of different groups of 

plants and their application in the characterization and diagnosis of plant taxa. We found in our 

work that the reed grasses Arundo donax L. and Phragmites karka (Retz.) Trin. ex Steud. could 

be diagnosed from each other by the presence of long trapezoids, narrow bilobates, orbicular, 

polylobate, spiral and rugose elongate morphotypes in the former and polyhedral, tracheids, 

cylindric, cross, dendritic,quadrilobate and the rondel types in the latter. The grasses are also 

show marked differences by physicochemical characters of phytolith morphotypes.  The 

taxonomic keys developed on phytolith morphotypes would help grasses identification both by 

students and researchers.  

Whether any Ph.D. Enrolled/produced out of the Project 

Yes, one student has been registered for Ph.D. 
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a  b  s  t  r  a  c  t

Morphological  and  chemical  characterization  of  phytoliths  from  aerial  and  underground  parts  of  Arundo
donax  L. and Phragmites  karka  (Retz.)  Trin.  ex Steud.  was  undertaken  to substantiate  their  taxonomic
demarcation  with  reference  to one  representative  species  of  each  genus.  Thirty  phytolith  morphotypes
including  some  new  ones  were  recovered.  Apart  from  individual  types,  diagnostic  phytolith  assemblages
unique  to Arundo  donax L. included  long  trapezoids,  narrow  bilobates,  orbicular,  polylobate,  spiral  and
rugose  elongate  morphotypes.  Phragmites  karka  (Retz.)  Trin.  ex  Steud.  was  marked  by  an  assemblage  of
polyhedral,  tracheid,  cylindric,  cross,  dendritic,  quadrilobate  and  the  rondel  morphotypes.  Morphometric
data  for  shape  descriptors  were  analysed  by  descriptive  statistics  and  t-test (for  independent-samples)
using  Paleontological  Statistics  (PAST)  software.  Estimation  of  total  silica  content  revealed  higher  values
for  Phragmites  karka  (Retz.)  Trin. ex Steud.  than  Arundo  donax  L. from  most  of the parts.  Elemental  analysis
of  phytolith  morphotypes  from  various  parts  in both  the  species  revealed  the  presence  of  Aluminium
(Al),  Calcium  (Ca),  Chlorine  (Cl),  Copper  (Cu),  Iron  (Fe),  Magnesium  (Mg),  Nitrogen  (N),  Potassium  (K)  and
Titanium  (Ti)  in  small  amounts  in  addition  to major  elements  including  Carbon  (C)  and  Oxygen  (O)  and  Si
(Silicon).  Principal  Component  Analysis  (PCA)  of  elemental  composition  grouped  Arundo  donax  L.  (leaf)
and  Phragmites  karka  (Retz.)  Trin.  ex Steud.  (leaf)  together  in a single  group.  The  Si (wt%)  amounts  varied
significantly  among  various  parts  of  Arundo  donax  L. (p ≤ 0.05),  whereas  differences  with  Phragmites
karka  (Retz.)  Trin.  ex Steud.  parts were  insignificant.  Similarly,  Si (wt%)  between  the  various  parts  of
both  species  showed  significant  differences  (p  ≤ 0.05).  Chemical  characterization  of  silica  from  leaf  and
synflorescence  of  both  the  species  using  X-ray  Diffraction  (XRD)  showed  polymorphic  forms  of  silica  and
zeolites.  Fourier  Transform-Infrared  (FTIR)  Spectroscopy  has  confirmed  the presence  of silanol  group  and
siloxane  linkages  in  all the  samples.

©  2016  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Arundo donax L. (giant reed) and Phragmites karka (Retz.) Trin. ex
Steud. (tall reed) both of subfamily Arundinoideae (family Poaceae)
share distribution in moist (water-logged) habitats in temperate
and tropical parts of the globe.

Grasses are prolific accumulators of Silicon in the form of
biomineralized bodies called phytoliths (Lanning et al., 1958;
Rovner, 1971; Piperno, 1988; Mulholland, 1989; Twiss, 1992; Wang
and Lu, 1993; Chauhan et al., 2011; Ge et al., 2016). Phytoliths
are three dimensional structures of hydrated amorphous silica

∗ Corresponding author.
E-mail addresses: assoodan@gmail.com, assoodan@gndu.co.in (A.S. Soodan).

produced in plant groups including Pteridophytes, Gymnosperms
and Angiosperms (Piperno, 2006). Within angiosperms, they are
most abundant in commelinid monocotyledons, notably the family
Poaceae (Ma  and Yamaji, 2006; Currie and Perry, 2007).

Plants absorb monosilicic acid (H4SiO4) from the soil and poly-
merize it to amorphous silica (SiO2·nH2O) in intercellular and
intracellular locations in various parts of the body (Smithson,
1958; Yoshida et al., 1962; Krishnan et al., 2000). These sil-
ica deposits have been implicated in several biological functions
ranging from mechanical strength and resistance to grazing and
herbivory (Stebbins 1972, 1981; Coughenour, 1985; Epstein, 1994,
1999; Massey et al., 2006), through disease control (Gould and
Shaw, 1983; Mazumdar, 2011) and alleviation of abiotic stress from
metal toxicity, salinity, drought and high temperature (Hodson
et al., 1985; Hodson and Evans, 1995; Lux et al., 2002, 2003; Hattori

http://dx.doi.org/10.1016/j.flora.2016.07.011
0367-2530/© 2016 Elsevier GmbH. All rights reserved.
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Fig. 1. Distribution of sampling sites for Arundo donax L. (b, c) and Phragmites karka (Retz.) Trin. ex. Steud. (d, e).

Table 1
Schemes for classification of phytolith morphotypes.

Phytolith Morphotypes Acronym Madella et al. (2005) Twiss et al. (1969) Lu and Liu (2003)

Bulliform cell BFC + (Cuneiform bulliform cell)a − −
Bilobate BL + (Dumbbell) + (Dumbbell) + (Dumbbell)
Clavate CL + − −
Cross CR + + +
Cubic CUB + − −
Cylindrical CYD + − −
Dendritic DT + − −
Echinate elongate EE + + (Elongate spiny) −
Flat  Tower FT − − +
Globular Echinate GE + − −−
Horned Tower HT + − −
Long Trapezoid LTZ + − −
Nodular Bilobate NBL − + (Complex dumbbell) −
Orbicular ORB + + −
Parallepipedal bulliform cell PBFC + − −
Polyhedral PH − − −
Polylobate PL + (Cylindrical polylobate) + (Regular complex dumbbell) −
Prickle PRK + − −
Quadrilobate QL + − −
Rondel RD + − +
Rugose elongate RE − − −
Rectangular RT + + −
Saddle SD + − +
Smooth elongate SmE  + (Elongate) + (Elongate, Smooth) −
Sinuate elongate SnE − + (Elongate, Sinous) −
Spiral SPR − − −
Scutiform STF + − −
Tracheids TRCHD + − −
Triangular TRN − − −
Trapezoid TZ + (Trapeziform) + (Elliptical) + (Wavy trapezoids)

a Terms in parenthesis give the original names proposed by authors named in the column heads.
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Fig. 2. Morphometric parameters of two prominent phytolith morphotyes from
leaves of Arundo donax L. and Phragmites karka (Retz.) Trin. ex Steud. (a) Bilobate
(VL = Vertical length; WL  = Width of lobe; LS = Length of shank; WS  = Width of shank;
WSE  = Width of scooped end) (b) Bulliform cell (VL = Vertical length; HL = Horizontal
length; LL = Lateral length; LBP = Length of base portion; LNBP Length of non-base
portion).

et al., 2005). They have been reported to check transpiration and at
the same time reduce heat load of exposed parts of the plant body
(Jones and Handreck, 1967; Sangster and Parry, 1971; Krishnan
et al., 2000). Siliceous material collected from hollow internodes in
the culms of some bamboos viz. Bambusa arundinacea (Retz.) Willd.,
Bambusa vulgaris L. etc finds reference as ‘tabasheer’ in Unani sys-
tem of medicine for its therapeutic use in tuberculosis, diabetes,
and malignancy (Singhal et al., 2013).

In grasses, phytoliths are deposited in cell lumina and extra-
cellular spaces of specific cell types, especially leaf epidermal cells
of leaves and reproductive bracts (Bonnett, 1972; Ball et al., 2001;
Holst et al., 2007; Zhang et al., 2011; Rudall et al., 2014; Weisskopf
and Lee, 2014). Phytoliths assume characteristic shapes in the
host cells often moulded by the cell lumen. Some early studies
brought to light the taxonomic significance of phytoliths. Prat
(1936) and Metcalfe (1960) employed phytoliths as one of the
anatomical features in characterization and identification of grass
species. Smithson (1958) compared phytoliths from epidermal cells
of grasses and argued that a combination of six phytolith morpho-
types could distinguish Festucoid from Panicoid grasses. Twiss et al.
(1969) compared shapes of phytoliths in seventeen grass species
and categorized them into four classes and 26 types that were
employed as markers to distinguish the subfamilies, Festucoideae,
Chlorodoideae and Panicoideae. Thomasson (1978, 1980) used epi-
dermal patterning of silica cells as one of the anatomical characters
to classify grasses of the Miocene epoch. Krishnan et al. (2000)
studied shapes and sizes of phytoliths of a large number of Indian
grasses and developed taxonomic keys for species identification.
Rudall et al. (2014) highlighted the heritability of phytolith shapes
and their taxonomic significance. Recently, Shakoor et al. (2014)
and Jattisha and Sabu (2015) have elucidated taxonomic signifi-
cance of foliar phytoliths as diagnostic markers in some grasses of
Punjab (India) and Southern parts of India respectively.

Ball et al. (2009, 2015) suggested a hierarchical approach to
species diagnosis in which the first step involves a search for unique
(marker) phytolith morphotypes produced in a given taxon. The
next stage is to look for unique frequencies of particular phytolith

Fig. 3. In-situ location of phytoliths in leaf epidermis of Arundo donax L. (adaxial surface (a–c) and abaxial surface (d–f)).
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Table 2a
Morphometric measurements of phytolith types in Arundo donax L.

Phytolith Morphotypes Plant Part

Root Culm

Length (�m) Width(�m)  Area (�m2) Perimeter (�m) Aspect ratio (�m) Length (�m) Width (�m) Area (�m2) Perimeter (�m) Aspect ratio (�m)

BFC 76.10 ± 7.44* 41.77 ± 0.91 2288 ± 26.26 205 ± 13 1.71 ± 0.33 – – – – –
BL  – – – – – – – – – –
CL  92.39 ± 24.94 18.83 ± 03.71 1636.48 ± 739.40 208.03 ± 52.82 4.19 ± 0.54 50.98 ± 4.18 10.45 ± 1.86 437.18 ± 44.69 119.21 ± 7.96 4.91 ± 0.89
CUB  22.14 ± 02.13 16.77 ± 01.99 367.56 ± 96.65 75.38 ± 11.12 1.17 ± 0.08 – – – – –
EE  90.72 ± 14.73 11.31 ± 0.50 917.57 ± 164.47 227.17 ± 35.54 7.96 ± 1.25 51.39 ± 6.53 8.81 ± 1.55 466.59 ± 120.74 129.20 ± 18.53 5.14 ± 0.20
FT  – – – – – – – – – –
GE  22.49 ± 03.62 20.02 ± 3.80 457.62 ± 162.27 76.87 ± 13.82 1.24 ± 0.06 – – – – –
HT  – – – – – – – – – –
LTZ  – – – – – – – – – –
NBL  – – – – – – – – – –
ORB  – – – – – – – – – –
PBFC  – – – – – – – – – –
PL  – – – – – – – – – –
PRK  – – – – – – – – – –
RE  – – – – – 34.82 ± 1.89 8.85 ± 1.27 313.47 ± 33.03 92.66 ± 2.77 1.09 ± 0.27
RT  – – – – – 27.63 ± 3.61 8.72 ± 0.83 270.81 ± 56.60 76.99 ± 8.89 2.96 ± 0.30
SD  – – – – – 28.01 ± 2.07 11.22 ± 0.53 263.60 ± 20.90 74.72 ± 5.05 2.32 ± 0.40
SmE  63.08 ± 5.08 10.28 ± 1.30 665.38 ± 74.54 148.08 ± 10.68 5.86 ± 0.77 62.08 ± 9.63 6.92 ± 0.90 392.59 ± 64.02 138.72 ± 18.02 9.60 ± 1.95
SnE  72.95 ± 5.81 10.41 ± 1.12 741 ± 87.98 168 ± 12.45 6.91 ± 0.88 85.78 ± 22.86 12.20 ± 1.04 1149.09 ± 395.3 198.90 ± 48.35 6.09 ± 1.31
SPR  – – – – – – – – – –
STF  45.13 ± 5.04 21.50 ± 1.96 796.61 ± 101.85 120.12 ± 9.49 1.89 ± 0.27 37.34 ± 3.71 17.69 ± 2.11 542.82 ± 99.45 104.52 ± 8.97 1.58 ± 0.16
TRN  19.60 ± 2.72 13.63 ± 2.66 232.91 ± 95.44 64.27 ± 9.74 1.14 ± 0.03
TZ  42.14 ± 6.01 26.19 ± 4.05 962.44 ± 277.77 128.42 ± 16.82 1.56 ± 0.11 35.80 ± 4.68 21.62 ± 4.52 711.66 ± 172.75 110.48 ± 13.06 1.48 ± 0.17

Phytolith  Morphotypes Plant Part

Leaf Synflorescence

Length(�m) Width (�m) Area (�m2) Perimeter (�m) Aspect ratio(�m) Length(�m) Width(�m)  Area (�m2) Perimeter (�m) Aspect ratio(�m)

BFC 68.26 ± 4.47 51.99 ± 3.72 2375.3 ± 247.73 201.45 ± 8.98 1.39 ± 0.09 – – – – –
BL  27.58 ± 3.06 13.37 ± 1.57 297.90 ± 72.22 90.77 ± 10.03 2.28 ± 0.16 15.57 ± 0.90 8.19 ± 0.52 108.05 ± 12.04 52.60 ± 431 2.23 ± 0.25
CL  58.22 ± 7.55 11.74 ± 1.61 538.11 ± 86.20 134.57 ± 14.62 5.32 ± 1.04 74.25 ± 20.16 9.58 ± 1.63 598.52 ± 162.41 169.95 ± 42.59 7.54 ± 1.86
CUB  13.54 ± 0.48 12.48 ± 0.69 185.77 ± 20.44 55.93 ± 2.09 1.49±0.20 12.10 ± 0.70 11.08 ± 0.72 159.66 ± 29.88 48.57 ± 4.47 1.43 ± 0.07
EE  – – – – – 61.65 ± 6.90 8.48 ± 0.74 479.79 ± 62.26 154.04 ± 20.67 6.55 ± 0.50
FT  26.02 ± 4.48 16.28 ± 2.19 369.30 ± 74.58 77.38 ± 8.36 1.32 ± 0.07 – – – – –
GE  30.95 ± 1.10 25.31 ± 0.63 681.51 ± 39.31 97.71 ± 2.97 1.23 ± 0.03 23.24 ± 3.63 18.88 ± 2.62 384.20 ± 79.39 75.54 ± 8.01 1.26 ± 0.04
HT  18.41 ± 3.01 10.07 ± 1.14 177.41 ± 35.60 61.82 ± 5.75 1.62 ± 0.20 22.82 ± 4.05 10.06 ± 1.12 218.04 ± 41.04 64.04 ± 6.02 2.10 ± 0.40
LTZ  57.24 ± 2.97 16.81 ± 1.54 895.09 ± 101.10 180.64 ± 15.71 2.63 ± 0.13 – – – – –
NBL  28.70 ± 1.37 9.49 ± 0.68 214.42 ± 16.19 82.41 ± 4.56 3.21 ± 0.027 – – – – –
ORB  29.95 ± 2.13 25.03 ± 2.10 614.46 ± 79.12 87.40 ± 5.98 1.21 ± 0.02 11.70 ± 2.52 9.12 ± 3.18 159 ± 74.64 43 ± 9.9 1.15 ± 0.05
PBFC  51.68 ± 7.05 29.92 ± 3.16 1350.02 ± 261.65 157.03 ± 17.71 1.94 ± 0.21 – – – – –
PL  – – – – – 25.22 ± 2.35 9.25 ± 1.32 220.31 ± 28.09 75.81 ± 6.90 2.73 ± 0.30
PRK  – – – – – 26.85 ± 3.46 6.27 ± 0.78 120.28 ± 18.21 66.90 ± 6.59 4.65 ± 0.62
RE  – – – – – – – – – –
RT  – – – – – – – – – –
SD  – – – – – 12.36 ± 1.09 8.98 ± 0.99 131.86 ± 15.88 48.87 ± 3.84 1.72 ± 0.21
SmE  134.87 ± 85.44 11.24 ± 2.50 3493.47 ± 3081.88 299.03 ± 181.23 6.84 ± 1.01 59.59 ± 7.63 6.86 ± 1.36 378.12 ± 103.71 135.30 ± 15.89 9.68 ± 0.58
SnE  83.15 ± 5.30 11.15 ± 1.37 904 ± 143.14 199.83 ± 14.15 7.14 ± 0.75 64.92 ± 5.40 9.42 ± 1.08 654.24 ± 10.21 164.23 ± 11.20 6.72 ± 0.74
SPR  – – – – – 221.16 ± 16.74 9.20 ± 0.32 2413.01 ± 576.91 558.29 ± 59.58 8.02 ± 1.11
STF  – – – – – 61.34 ± 10.36 28.06 ± 4.37 1389.63 ± 411.02 161.77 ± 25.52 1.94 ± 0.23
TRN  – – – – – – – – – –
TZ  37.12 ± 6.20 20.51 ± 1.19 647.14 ± 136.04 103.88 ± 13.74 1.74 ± 0.25 29.46 ± 3.01 19.22 ± 3.31 507.99 ± 100.44 92.07 ± 7.82 1.29 ± 0.10

BFC = Bulliform cell; BL = Bilobate; CL = Clavate; CUB = Cubic; EE = Echinate elongate; FT = Flat tower; GE = Globular echinate; HT = Horned tower; LTZ = Long trapezoids; NBL = Narrow bilobate; ORB = Orbicular; PBFC = Parallepipedal
bulliform  cell; PL = Polylobate; PRK = Prickle; RE = Rugose elongate; RT = Rectangular; SD = Saddle; SmE  = Smooth elongate; SnE = Sinuate elongate; SPR = Spiral; STF = Scutiform; TRN = Triangular; TZ = Trapezoid.
*  = mean ± Standard Error; (–) = Absence of morphotype.
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Table 2b
Morphometric measurements of phytolith types in Phragmites karka (Retz.) Trin. ex Steud.

Phytolith Morphotypes Plant Part

Root Culm

Length (�m)  Width(�m)  Area (�m2) Perimeter (�m)  Aspect ratio (�m)  Length (�m)  Width (�m)  Area (�m2) Perimeter (�m) Aspect ratio (�m)

BFC *112.21 ± 2.04 53.67 ± 0.98 3698.20 ± 186.57 302.15 ± 6.43 2.05 ± 0.06 – – – – –
BL  – – – – – 15.14 ± 0.98 11.49 ± 1.00 186.57 ± 0.08 61.86 ± 1.01 1.31 ± 0.03
CL  155.82 ± 31.93 17.68 ± 2.44 2425.69 ± 686.40 335.52 ± 65.53 8.45 ± 1.86 54.50 ± 5.11 9.22 ± 1.82 547.14 ± 102.49 133.79 ± 9.76 5.24 ± 0.67
CR  – – – – – – – – – –
CUB  13.23 ± 1.21 12.94 ± 1.55 163.36 ± 22.63 52.74 ± 4.16 1.12 ± 0.06 – – – – –
CYD  – – – – – – – – – –
DT  – – – – – – – – – –
EE  93.27 ± 23.89 6.81 ± 1.30 703.27 ± 273.98 214.73 ± 50.61 10.19 ± 1.33 44.18 ± 6.53 5.21 ± 0.44 267.62 ± 34.85 121.66 ± 14.05 7.06 ± 1.26
FT  14.73 ± 0.73 11.30 ± 1.07 130.98 ± 13.98 51.23 ± 3.10 1.55 ± 0.06 15.84 ± 1.14 7.25 ± 0.45 129.94 ± 16.83 50.39 ± 3.07 1.85 ± 0.16
GE  34.61 ± 3.68 29.51 ± 3.08 836.20 ± 156.52 110.61 ± 11.75 1.27 ± 0.04 – – – – –
HT  15.87 ± 0.81 6.57 ± 0.56 136.94 ± 08.71 57.48 ± 2.87 1.96 ± 0.19 14.97 ± 0.89 7.57 ± 0.66 129.94 ± 10.64 54.48 ± 2.33 1.76 ± 0.12
PBFC  14.73 ± 0.73 11.30 ± 1.07 130.98 ± 13.98 51.23 ± 3.10 1.55 ± 0.06 – – – – –
PH  25.27 ± 1.19 21.80 ± 1.88 492.16 ± 73.68 84.55 ± 6.36 1.20 ± 0.07 – – – – –
PRK  – – – – – – – – – –
QL  – – – – – – – – – –
RD  – – – – – – – – – –
RT  48.98 ± 1.73 18.67 ± 1.65 865.21 ± 83.70 131.52 ± 3.12 2.69 ± 0.37 43.74 ± 3.84 17.68 ± 1.81 834.74 ± 159.19 124.67 ± 11.64 2.41 ± 0.24
SD  – – – – – 9.54 ± 0.88 7.25 ± 0.45 75.46 ± 12.16 34.30 ± 3.11 1.39 ± 0.04
SmE  64.21 ± 14.94 7.17 ± 1.15 419.52 ± 83.53 145.24 ± 27.82 10.66 ± 3.66 87.73 ± 21.57 11.03 ± 1.55 1047.11 ± 357 202.19 ± 47.81 7.70 ± 1.11
SnE  – – – – – 76.47 ± 10.81 11.78 ± 1.51 932.88 ± 216.96 188.30 ± 25.94 6.91 ± 0.93
STF  46.04 ± 7.01 7.17 ± 1.15 419.51 ± 83.53 145.24 ± 27.82 10.66 ± 3.66 83.13 ± 23.65 24.82 ± 3.87 2094.88 ± 934.42 212.45 ± 52.26 2.71 ± 0.38
TRCHD  – – – – – 74.03 ± 4.28 16.36 ± 1.64 1300.60 ± 29.86 192.84 ± 4.44 3.36 ± 0.23
TRN  – – – – – – – – – –
TZ  34.04 ± 3.09 24.84 ± 2.97 706.29 ± 152.73 101.84 ± 10.45 1.34 ± 0.11 33.42 ± 2.03 22.30 ± 1.38 686.19 ± 43.80 111.33 ± 4.49 1.41 ± 0.09

Phytolith  Morphotypes Plant Part

Leaf Synflorescence

Length (�m)  Width (�m)  Area (�m2) Perimeter (�m)  Aspect ratio(�m) Length(�m)  Width(�m) Area (�m2) Perimeter (�m) Aspect ratio(�m)

BFC 98.04 ± 1.46 64.37 ± 0.45 4296.12 ± 205.95 285.12 ± 5.98 1.37 ± 0.03 – – – – –
BL  18.26 ± 0.51 12.74 ± 1.12 201.97 ± 19.74 68.46 ± 3.02 1.53 ± 0.16 12.66 ± 1.24 9.05 ± 0.77 95.24 ± 14.93 45.92 ± 3.72 1.69 ± 0.17
CL  42.42 ± 7.83 13.13 ± 2.47 608.44 ± 192.19 111.56 ± 20.82 2.72 ± 0.19 42.42 ± 4.04 10.55 ± 2.99 436.13 ± 138.25 105.73 ± 12.05 4.69 ± 1.31
CR  – – – – – 18.55 ± 1.46 17.44 ± 1.67 257.46 ± 31.62 92.54 ± 10.91 1.21 ± 0.05
CUB  14.24 ± 2.29 10.30 ± 1.73 183.33 ± 54.17 51.33 ± 7.55 1.30 ± 0.06 – – – – –
CYD  52.21 ± 11.94 4.17 ± 0.50 306.52 ± 47.53 114.24 ± 21.82 12.66 ± 2.76 – – – – –
DT  – – – – – 65.68 ± 7.24 6.99 ± 0.61 435.33 ± 86.87 186.73 ± 20.53 7.94 ± 1.52
EE  62.46 ± 6.43 12.07 ± 0.65 1531.99 ± 768.58 197.57 ± 43.78 4.78 ± 0.73 – – – – –
FT  12.13 ± 0.62 8.27 ± 0.45 101.08 ± 6.45 45.39 ± 1.20 1.33 ± 0.06 – – – – –
GE  – – – – – – – – – –
HT  13.49 ± 1.58 9.60 ± 1.38 135.56 ± 22.59 52.49 ± 6.86 1.32 ± 0.09 – – – – –
PBFC  – – – – – – – – – –
PH  – – – – – – – – – –
PRK  96.41 ± 23.62 41.44 ± 11.12 2487.86 ± 746.81 226.37 ± 52.02 2.72 ± 0.36 45.84 ± 4.42 10.89 ± 0.92 428.88 ± 59.54 117.96 ± 9.74 3.74 ± 0.30
QL  – – – – – 14.71 ± 1.27 11.65 ± 1.48 185.89 ± 11.84 70.95 ± 4.39 1.17 ± 0.06
RD  – – – – – 11.34 ± 0.77 7.30 ± 1.08 79.31 ± 12.25 39.03 ± 3.02 1.49 ± 0.08
RT  – – – – – – – – – –
SD  17.96 ± 1.56 13 ± 1.47 235.85 ± 52.94 58.68 ± 7.0 1.19 ± 0.04 12.45 ± 0.51 8.83 ± 0.47 106.84 ± 12.52 43.78 ± 3.10 1.57 ± 0.14
SmE  90.36 ± 15.16 07.29 ± 0.82 641 ± 125.56 199.55 ± 29.83 12.22 ± 1.89 57.25 ± 8.77 10.47 ± 0.82 614.91 ± 141.18 140.29 ± 18.58 5.55 ± 0.73
SnE  52.74 ± 3.74 19.77 ± 3.09 1007.90 ± 91.23 152.22 ± 3.68 2.95 ± 0.70 45.08 ± 4.85 9.12 ± 2.44 418.26 ± 105.76 113.95 ± 9.54 4.59 ± 0.94
STF  43.71 ± 4.90 20.28 ± 4.16 755.85 ± 208.33 119.38 ± 14.33 2.03 ± 0.19 49.16 ± 8.21 20.31 ± 2.53 844.75 ± 258.84 132.97 ± 22.74 2.13 ± 0.09
TRCHD  56.22 ± 5.68 17.75 ± 2.26 847.05 ± 132.50 147.17 ± 10.87 3.06 ± 0.31 – – – – –
TRN  20.66 ± 6.17 13.68 ± 4.22 383.97 ± 247.57 76.99 ± 24.33 1.32 ± 0.09 – – – – –
TZ  36.71 ± 3.22 24.32 ± 2.64 712.63 ± 117.56 110.61 ± 9.83 1.32 ± 0.09 51.51 ± 8.47 34.02 ± 7.23 1562.69 ± 487.23 158.43 ± 24.55 1.33 ± 0.08

BFC = Bulliform cell; BL = Bilobate; CL = Clavate; CR = Cross; CYD = Cylindrical; CUB = Cubic; DT = Dendritic; EE = Echinate elongate; FT = Flat tower; GE = Globular echinate; HT = Horned tower; PBFC = Parallepipedal bulliform cell;
PH  = Polyhedral; PRK = Prickle; QL = Quadrilobate; RD = Rondel; RT = Rectangular; SD = Saddle; SmE  = Smooth elongate; SnE = Sinuate elongate; STF = Scutiform;TRCHD = Tracheids; TRN = Triangular; TZ = Trapezoid.
*  = mean ± Standard Error: (–) = Absence of morphotype.
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Fig. 4. In-situ location of phytoliths in leaf epidermis of Phragmites karka (Retz.)Trin ex. Steud. (adaxial surface (a–c) and abaxial surface (d–f)).

morphotypes. The occurrence of a phytolith type with higher (or
lesser) frequency than the rest of the taxa could be diagnostic
for that taxon. At the third stage, morphometric data of the phy-
toliths are employed for identification. Morphometry characterizes
phytoliths in terms of size dimensions (e.g. length, width, area,
perimeter, etc.) and could be employed alone or in combination
with shape descriptors (e.g. roundness, solidity, form factor, con-
vexity, etc.). Biochemical characterization of phytoliths including
the crystal structure, elemental composition and bonding relation-
ships are additional parameters added in recent literature (Hodson
et al., 2005; Kamenik et al., 2013).

The present study aimed at developing diagnostic phytolith sig-
natures of Arundo donax L. and Phragmites karka (Retz.) Trin. ex
Steud. through an analytical study of the morphological, morpho-
metric, elemental and chemical bonding diversity of phytoliths
produced by underground (root) and aerial (culm, leaf and syn-
florescence) parts of these reed grasses.

2. Material and methods

2.1. Area of study

Arundo donax L. was collected from a large and pure stand at
Badani in district Pathankot (32.34◦N and 75.76◦E) respectively
(Fig. 1b and c). The collection site is located in the Shiwalik foothills
at 332 m (asl) and experiences an annual rain fall of 1113 mm
Phragmites karka (Retz.) Trin. ex Steud. was  collected from an
embankment of river Ravi at Rakh Kohali in district Amritsar
(31.64◦N and 74.83◦E) respectively (Fig. 1d and e). The site located
at 234 m (asl), receives an annual rainfall of 681 mm.  Specimens
were collected at the flowering stage and different underground
(root) and overground (culm, leaf and synflorescence) parts were
separated, cut to size and preserved in 70% ethanol at 4 ◦C.
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Fig. 5. Phytolith morphotypes from various parts of Arundo donax L. 4a (Root): Bulliform (a); Trapezoids (b, c); Globular echinate (d); Scutiform (e); Cubic (f); Sinuate elongate
(g);  Clavate (h–j); Echinate elongate (k). 4b (Culm):Trapezoids (a, b); Triangular (c, d); Clavate (e–g); saddles (h, i); Rectangular (j); Rugose elongate (k); Scutiform (l); Smooth
elongate (m,  n); Sinuate elongate (o); Echinate elongate (p–r). 4C (Leaf):Bulliform cells (a,b); Bilobates (c-g); Narrow bilobates (h, i); Flat towers (j, k); Horned tower (l);
Globular echinate (m,  n); Cubic (o, p); Orbicular (q, r); Clavate (s, t); Trapezoids (u–w); Scutiform (x); Parallepipedal bulliform cells (y, z); Long Trapezoids (Z1–Z3); Sinuate
elongates (z4, z5); Smooth elongate (z6–z8). 4d (Synflorescence): Scutiform (a, b); Trapezoids (c–e); Cubic (f, g); Globular echinate (h, i); Clavate (J); Bilobates (k, l); Saddle
(m);  Polylobates (n, o); Prickle (p, q); Echinate elongate (r, s); Spiral (t) Smooth elongate (u, v).
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Fig. 6. Phytolith morphotypes from various parts of Phragmites karka(Retz.) Trin. ex Steud. 5a(Root): Parallepipedal bulliform cells (a, c); Trapezoids (d–g); Globular echinate
(h);  Cubic (I, j); Polyhedral (k); Rectangular (l); Flat tower (m,  n); Horned tower (o); Smooth elongate (p); Echinate elongate (p); Clavate (q–s). 5b (Culm): Echinate elongate
(a–c);  Trapezoids (d, e); Clavate (f, g); Sinuate elongate (h–j); Scutiform (k, l); Rectangular (m); Tracheids (n, o) Flat tower (p, q1); Horned tower (q2, r); Bilobate (s); saddle
(t).  5c (Leaf): Trapezoids (a, b); Scutiform (c–e); Cylindric (f); Tracheids (g, h); Clavate (i); Sinuate elongate (j); Bulliform cell (k); Echinate elongate (l, m);  Bilobates (n, o);
Prickle (p); Saddle (q); Cubic (r); Triangular (s); Flat tower (t); Smooth elongate (u). 5d (Synflorescence): Scutiform (a, b); Bilobates (c–f); Trapezoids (g–i); Rondels (j–k);
Crosses (l, m);  Quadrilobate (n); Saddles (o–q); Dendritic (r, s); Smooth elongate (t); Prickles (u).
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Fig. 7. Stack bars showing the percentage frequency of different phytolith types in various parts of (a) Arundo donax L. and (b) Phragmites karka (Retz.) Trin. ex Steud. (Values
in  stack bars indicate their respective percentage frequency in different parts) Abbreviations for types are given in Table 1a & b.

2.2. Phytolith analysis

2.2.1. In-situ location
Leaf samples for in-situ location of phytoliths were prepared

according to the method of Clark (1959) with some modifications.
Leaf blades from both fresh and preserved material were washed
thoroughly under running tap water to remove adhering dust and
other artifacts. Leaf segments from mature leaves were boiled in
distilled water for 5–10 min  in test tubes (50 ml). After cooling, leaf
segments were put in ethanol and heated gently (80 ◦C) in a water
bath till they were decolorized. Thereafter, leaf segments were
immersed in a solution of lactic acid and chloral hydrate (3:1 v/v)
and heated again for 20–30 min  in a water bath. Lactic acid softened
the leaf segments for taking epidermal peelings. After clearing, leaf
segments were placed on clean ceramic tiles with the adaxial sur-
face upwards and epidermal layer was peeled off from middle part
of mature leaf blades. Epidermal peelings were taken in a watch
glass and stained in Gentian violet. The watch glass was heated
gently over a spirit lamp for 3–5 min  (in small intervals) for deep
staining. Excess stain was removed and peelings passed through a
dehydration series of Ethanol (30% through 50%, 70%, 90% and abso-
lute ethanol) and were mounted in DPX for light microscopy and
microphotography with a Micro Image Projection System Camera
(MIPS-USB 0262).

2.2.2. Dry ashing method
Carnelli et al. (2001) protocol was employed for dry ashing of

the plant material. About 10–20 plants of each species were dis-
membered into root, culm, leaf and synflorescence and each part
rinsed under tap water thoroughly. The parts were dried, weighed,
cut into small pieces and transferred to porcelain crucibles. The
crucibles were incinerated at 550 ◦C for 4–6 h to ashes in a muffle
furnace. During incineration, the material turned to white ash. The
crucibles were taken out of the furnace, cooled and ash contents
transferred to test tubes. Sufficient quantities of hydrogen perox-

ide (30%) were added to submerge the ash and test tubes were kept
at 80 ◦C for 1 h in a water bath. The mixture was decanted and rinsed
twice in distilled water. Hydrochloric acid (10%) was added to the
pellet and incubated at 80 ◦C for 1 h. Thereafter, the mixture were
washed in distilled water and centrifuged for 15 min  at 7500 rpm.
The supernatant was  decanted off and the pellet was washed twice
in distilled water. The process was repeated (four times) till the
pellet was clear. Finally, the pellet was  dried for 24 h at 60 ◦C to a
powder form and weighed. The silica content (%) was calculated by
the formula: ash content/dry mass × 100.

A small amount (0.05 mg)  of dried ash was  dipped in 10 ml
of Gentian violet in a watch glass. A drop of dry ash mixture in
Gentian violet was put on a glass slide and covered with a cover
slip. The slides were heated gently and excess stain drained off in
the folds of a filter paper. Ten slides were prepared for each sam-
ple. Morphotypes of phytoliths were identified by their shape and
size. Frequency data of different morphotypes were recorded with
the help of a marked observation area (1.24 mm2) on the cover-
slip. Olympus Micro Image Projection System (MIPS-USB 0262) was
employed for microphotography of various morphotypes at a uni-
form magnification (40×). The morphotypes were named according
to the schemes of Twiss et al. (1969), Lu and Liu (2003) and the Inter-
national Code of Phytolith Nomenclature 1.0 (Madella et al., 2005)
(Table 1).

2.3. Morphometry

Morphometric measurements of morphotypes were made in
Image J software (version 1.46r.). The software not only recorded
dimensions but also calculated values of other descriptors of
size (surface area) and shape (aspect ratio, roundness, circularity
and solidity). Besides, the study includes some additional mor-
phometric parameters for two  key phytolith types viz., bilobate
and bulliform cell phytoliths. These parameters included vertical
length, width of lobe, length and width of shank and width of
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Fig. 8. Box-Whisker plots for median, percentile and range of shape descriptors (solidity and roundness) of phytoliths in Arundo donax L.

scooped end for bilobate phytolith and vertical length, horizontal
length, lateral length, length of base portion and length of non-base
portion for bulliform cell phytoliths respectively (Fig. 2a and b).

2.4. Scanning Electron Microscopy (SEM)

Insights into ultra-structural details were gained through Scan-
ning Electron Microscopy (SEM). Dry ash was spread evenly over
the stubs, dried overnight at 40 ◦C, coated with graphite and gold
by a sputter coater (QUORUM) and imaged under SEM (CARL ZEISS
EVO 40) at an accelerating voltage of 40 kV.

2.5. Chemical architecture

Elemental analysis of morphotypes was carried out with
Scanning Electron Microscope-Energy Dispersive X-ray analysis
(SEM/EDX). Infrared spectra of silica powder were obtained on
an Fourier Transform Infrared (FTIR) Spectrophotometer (System
92035, Perkin-Elmer, England) at room temperature using the stan-
dard KBr method. The functional group spectra were recorded over
a wavelength range of 500 cm−1 to 4000 cm−1. X-ray Diffraction
(XRD) studies were performed on powder XRD system (Bruker D8
Advance) using Cu K� radiation (k = 1.5418 Å) in the 2� (Bragg’s
angle) range of 10–70. The data were analysed for presence of dif-
ferent polymorphic structures of silica and other compounds using
the origin pro 8 software and following the notation of Joint Com-
mittee on Powder Diffraction.

2.6. Statistical analysis

Principal Component Analysis of elemental composition data
was carried out with the help of paleontological statistics (PAST)
software (Hammer et al., 2001). Morphometric comparison of mor-
photypes were made by t-test for unpaired data arrays. Silicon
content (Si wt%) of phytoliths as revealed by SEM-EDX analysis

were compared within and between the species using one-way and
two-way analysis of variance (ANOVA).

3. Results and discussion

3.1. Epidermal patterns

After spikelet structure, epidermal cell patterns and cytology are
the most important characters for taxonomic characterization and
diagnosis of grasses (Prat, 1936; Metcalfe, 1960; Srivastava, 1978;
Hilu 1984). Leaf epidermis of grasses is a matrix of several kinds
of longitudinal epidermal long cells and short cells arranged in
diagnostic patterns in the costal and intercostal regions (Metcalfe,
1960). The short cells differentiate into cork cell pairs, microhairs,
macrohairs, prickles and stomata (McWhorter et al., 1993). Ori-
entation and patterning of silica cells among different kinds of
epidermal cells has provided an additional evidence for taxonomic
characterization of grasses (Rudall et al., 2014; Jattisha and Sabu,
2015). Silica cells in grass leaf epidermis are oriented both axially
(parallel) and transversely (perpendicular) to the long axis of the
leaf blade. Fernández Pepi et al. (2012b) reported that leaf epider-
mis  in eight species of the genus Festuca L. namely, F. cirrosa (Speg.)
Parodi, F. contracta Kirk., F. gracillima Hook. f., F. magellanica Lam.,
F. monticola Phil., F. purpurescens Banks & Sol. ex Hook. f., F. pyrogea
Speg. and F. thermarum Phil. had long cells with sinous margins,
separated intermittently with rectangular to irregular (contorted)
short cells that contain crescent shaped silica bodies in the inter-
costal but sinuate trapezoid ones in the costal zone.

Leaf epidermal patterns of some taxa of subfamily Arundi-
noideae (including Arundo spp. and Phragmites spp.) have been
dealt by Renvoize, (1986). The subfamily showed presence of saddle
or dumb-bell shaped to nodular phytoliths with occasional pres-
ence of square or oblong types in varying proportions in 1–4 rows
in the costal zones of both upper and lower epidermis. The cleared
epidermal peelings revealed diagnostic patterns and distribution of
phytoliths that could be employed in diagnosis of the arundinoid
reed grasses under reference. Adaxial surface of Arundo donax L. leaf
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Fig. 9. Box-Whisker plots for median, percentile and range of shape descriptors (solidity and roundness) of phytoliths in Phragmites karka (Retz.)Trin. ex Steud.

Table 3a
Comparison of morphometric parameters of bulliform cell phytoliths of Arundo donax L. and Phragmites karka (Retz.) Trin ex. Steud.

Phytolith morphotypes

Bulliform cells (BFC)

Species Arundo donax L. Phragmites karka (Retz.) Trin ex. stued P-value

Morphometric parameters
Area 2338.5 ± 300.05 4296.1 ± 205.98 0.001*
Perimeter 201.95 ± 10.98 285.12 ± 5.98 0.001*
Vertical length (Length) 69.01 ± 5.39 98.04 ± 1.46 0.001*
Horizontal length (Width) 49.67 ± 3.55 64.38 ± 0.45 0.014
Length of base portion 36.38 ± 6.49 23.55 ± 3.08 0.112
Length of non-base portion 35.99 ± 5.59 77.53 ± 0.62 0.002**
Lateral length 25.32 ± 5.33 24.63 ± 1.07 0.902

*represents significance at p ≤ 0.001 and **represents significance at p ≤ 0.01

Table 3b
Comparison of morphometric parameters of bilobate phytoliths of Arundo donax L. and Phragmites karka (Retz.) Trin ex. Steud.

Phytolith morphotypes

Bilobates (BL)

Species Arundo donax L. Phragmites karka (Retz.) Trin ex. stued P-value

Morphometric parameters
Area 297.90 ± 72.22 201.97 ± 19.74 0.247
Perimeter 90.77 ± 10.03 68.46 ± 3.02 0.077
Vertical length (Length) 27.58 ± 3.06 18.26 ± 0.52 0.034*
Width of lobe 13.36 ± 1.57 12.74 ± 1.12 0.756
Length of shank 9.87 ± 0.94 4.85 ± 0.63 0.004**
Width of shank 5.42 ± 1.21 6.05 ± 0.18 0.643
Width of scooped end 5.81 ± 0.83 6.86 ± 0.42 0.309

*represents significance at p ≤ 0.05 and **represents significance at p ≤ 0.01.

in the costal region revealed 1–4 chains of axially arranged bilobate
phytoliths with narrow shanks, scooped ends and extended lobes,
and were spaced and separated by intervening silica cork cells. It
also revealed intermittent presence of saddle silica cells with a fre-
quency of less than five percent. The intercostal region comprised

of 1–2 rows of bilobate silica cells separated regularly by epidermal
long cells having an echinate outline. It also had 5–6 rows of stom-
ata with low dome which is believed to be an advanced character
(Ellis, 1979; Shouliang et al., 1996). The stomata in each stomatal
file were separated by interstomatal cells (Fig. 3a–c).
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Fig. 10. 3D bar-chart showing the silica content in various parts of Arundo donax L. and Phragmites karka (Retz.) Trin. ex Steud. (g/100 g) (Data points at the top of each bar
represent percentage silica content).

The abaxial surface of the Arundo donax L. had 1–4 rows of bilo-
bate phytoliths arranged axially in the costal region and separated
by silica short cells. But these bilobates had comparatively thick
shanks as compared to the ones on adaxial surface. They were fur-
ther marked out from the adaxial ones in lacking extended lobes
and scooped ends. The intercostal region was marked by 1–2 rows
of bilobate/irregular bilobates in both axial and transverse orien-
tation (Fig. 3d–f). The adaxial surface had a higher frequency of
stomata and was further distinguished by the presence of micro-
hair. As regards the distribution of phytoliths, leaf epidermal profile
of Phragmites karka (Retz.) Trin. ex Steud. presented a different sce-
nario. In the costal region on the adaxial surface leaf blade had 1–3
rows of saddle shaped silica cells with each saddle separated by a
silica cork cell and epidermal long cells with echinate outlines. Sim-
ilar epidermal patterning of saddles occured on the abaxial surface
as well (Fig. 4a–f). The intercostal region on both adaxial and abaxial
surfaces revealed a similar pattern of epidermal cells; both had 2–6
rowed stomatal files of low domed stomata (Fig. 4c, d). But adaxial
surface had a higher frequency of silica cork cells as compared to
the abaxial surface. The margins of adaxial surface of Phragmites
karka (Retz.) Trin. ex Steud. also showed the presence of prickle
hairs with barbs as long as or slightly longer than the base.

3.2. Phytolith morphotypes

Dry ashing yielded about thirty phytolith morphotypes rec-
ognized and classified by their diagnostic shapes and sizes. The
present study has added the ‘spiral’ type to the world catalog of
phytolith morphotypes. The morphotypes were grouped into five
categories namely, long cells, short cells, bulliform cells, prickle
hairs and tracheids. The first four types are known to have an epi-
dermal location while the last one belongs to the vascular system
(Gu et al., 2013). The short cell group included 17 morphotypes
(bilobate, cross, cubic, flat tower, granular echinate, horned tower,
nodular bilobate, orbicular, polyhedral, polylobate, quadrilobate,
rondel, rugose elongate, saddle, scutiform, trapezoid and trian-
gular); long cells included 9 types (clavate, cylindric, dendritic,
echinate elongate, long trapezoids, smooth elongate, sinuate elon-
gate, spiral and rectangular); the bulliform cells only two types.
The first one comprised of bulliform cells (also called as motor
cells, fan cells, cuneiform bulliform cells) and the second type of

parallepispedal bulliform cells. The prickle hairs (prickle) and tra-
cheids (tracheid) were each represented by a single type named in
parenthesis.

Earlier studies in grasses have dealt with documentation of phy-
toliths from overground parts mainly the leaf (Sangster and Parry,
1969; Twiss et al., 1969; Lau et al., 1978; Perry et al., 1984; Hodson
and Sangster, 1988; Ollendorf et al., 1988; Whang et al., 1998;
Krishnan et al., 2000; Dietrich et al., 2003; Ponzi and Pizzolongo,
2003), but also the culm and the synflorescence (Bonnett, 1972; Ball
et al., 1999; Lu and Liu, 2003; Portillo et al., 2006; Ball et al., 2009;
Tripathi et al., 2012). The present study has enlarged the scope
of phytolith analysis in grasses by including phytolith profiles of
underground parts (roots) as well. Between the two  species Phrag-
mites karka (Retz.) Trin. ex Steud. revealed a greater diversity of
phytolith morphotypes (24) with an overlapping representation of
types from root (13), culm (12), leaf (16) and synflorescence (12).
Arundo donax L. also had nearly the same number (23) morpho-
types with similar representation from root (9), culm (10), leaf (14)
and synflorescence (15). Overall, the order of numerical representa-
tion would be leaf > synflorescence > culm > root in both the species
(Tables 2a and 2b).

Some of the morphotypes were common to both the species
while others are found only in one of this pair of arundinoid grasses.
The shared types included the clavate, trapezoid and smooth elon-
agate morphotypes from all their parts (Tables 2a and 2b). As both
these reed grasses belong to the subfamily (Arundinoideae), the
presence of shared types was only to be expected. But phytolith
profiles of these reeds also revealed morphotypes that mark one
species from the other. Marker morphotypes isolated from various
parts of Arundo donax L. include the long trapezoids (Fig. 5c-z1-z3)
and narrow bilobates (Fig. 5c–h, i), from leaf, orbicular (Fig. 5c–q,
r and Fig. 14w)  from both leaf and synflorescence, polylobate
(Fig. 5d–n) and spiral (Figs. 5 d–t and 1 4r) from the synflorescence
and rugose elongate morphotype from the culm (Fig. 5b–k). Sim-
ilarly, Phragmites karka (Retz.) Trin. ex Steud. yielded unique and
diagnostic phytolith assemblages from different parts of the plant
body. They included the polyhedral (Fig. 6a–k) from the root, tra-
cheids (Fig. 6b–n, o and c–g, h) from both culm and leaf, cylindric
(Figs. 6 c–f and 1 5t) from leaf, and cross (Fig. 6d–l and m), den-
dritic (Fig. 6d–t and u), quadrilobate (Fig. 6d–n) and rondel (Figs. 6
d–j and k; 15 u and v) from the synflorescence.
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Fig. 11. SEM-EDX spectra of phytoliths isolated from different parts of Arundo donax L. Root (1-a, 2-b); Culm (3-c); Leaf (4-d) and Synflorescence (5-e).

Dore (1960) and Piperno (1983) reported diagnostic differences
in phytolith profiles from leaves of Arundo donax L. and Phrag-
mites communis (L.) Trin. mainly in the presence of saddles from
Phragmites communis (L.) Trin. in contrast to bilobates and crosses
in Arundo donax L. However, the reported differences between
the phytolith profiles of leaves of this pair of arundinoid grasses
required further confirmation as their findings contradicted the
reports of saddle morphotypes from Arundo donax L. (Metcalfe,
1960) and later Chauhan et al. (2011). Our findings support the
contention that saddles do not diagnose the genus Phragmites spp
from Arundo spp. Although, we did not recover saddles from the
leaf dry ash of Arundo donax L. but they were visualized in-situ in
the leaf epidermis (Fig. 3c). Moreover saddles have been recov-
ered even from the dry ash of culm (5.33%) and synflorescence
(2.01%) of this species. However, saddles were recovered with a
much higher frequencies from leaf (18.39), culm (11.55%) and syn-
florescence (15.72%) respectively of Phragmites karka (Retz.) Trin.

ex Steud. (Fig. 7a and b) lending further credence to earlier reports
that emphasize the relevance of frequency data in taxonomic diag-
nosis and analysis (Jattisha and Sabu, 2012; Szabo et al., 2014; Ball
et al., 2015). The present results do not support the reports of cross
morphotypes from Arundo donax L. (Ollendorf et al., 1988). In our
work, recovery of cross morphotypes from the synflorescence of
Phragmites karka (Retz.) Trin. ex Steud. and their absence from all
the parts of Arundo donax L. both from in-situ visualization as also
dry ash seems to provide a diagnostic difference. The above results
clearly highlight the importance of studying phytolith profiles from
all (underground and aerial) parts before their evaluation and use
in taxonomic diagnosis, as also in studies related to reconstruction
of past vegetation types, where soil phytolith profiles are used to
make interpretations (Gosh et al., 2011; An et al., 2015; Biswas et al.,
2016).
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Fig. 12. SEM-EDX spectra of phytoliths isolated from different parts of Phragmites karka (Retz.) Trin. ex Steud. Root (1-a, 2-b); Culm (3-c); Leaf (4-d) and Synflorescence (5-e).

3.3. Frequency distribution

Arundo donax L. and Phragmites karka (Retz.) Trin. ex Steud.
showed considerable variation in percentage frequency occur-
rences of various morphotypes (Fig. 7a and b). For example,
frequency of bilobates was higher by several orders of magni-
tude in Arundo donax L. leaf (24.85%) and synflorescence (7.72%) as
compared to Phragmites karka (Retz.) Trin. ex Steud. culm (0.99%),
leaf (2.68%) and synflorescence (1.89%) respectively (Fig. 7a and
b). Comparison of the frequency of shared phytoliths types in at
least one part of these reed grasses showed significant differences.
In this scenario, the frequency of flat towers were significantly
lesser in leaves (1.2%) of Arundo donax L. as compared to the leaves
(6.04%) of Phragmites karka (Retz.) Trin. ex Steud. (p ≤ 0.05; �2 test)
Besides the later species also showed their presence in the root
(15.43) and culm (25.4%). Similarly, the frequency of prickles in
the synflorescence of Arundo donax L. was much lesser (6.04%)

than in Phragmites karka (Retz.) Trin. ex Steud (15.43%). in addi-
tion to their presence (2.75%) in the leaves of latter named species
and their absence from the leaves of the former. Both the reed
grasses showed the presence of smooth elongate type of phytoliths
in all their parts but their percentage frequency in culm showed
highly significant differences (p ≤ 0.001; �2 test) with Arundo donax
L. (17.21%) and Phragmites karka (Retz.) Trin. ex Steud. (0.99%),
other body parts showed slightly lesser differences in their per-
centage frequency occurrences (Fig. 7). Similarly, other phytolith
morphotypes revealed significant differences in percentage fre-
quency occurrence (Fig. 7a and b). The diagnostic significance of
frequency data of phytoliths of plant species has been highlighted
in several studies (Honaine et al., 2006; Jattisha and Sabu, 2012;
Szabo et al., 2014; Fernández Pepi et al., 2012b; Ball et al., 2015).
Recently, Huan et al. (2015) highlighted the significance of percent-
age frequency data in discriminating the wild and domesticated rice
plants on the basis of bulliform phytolith signatures.
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Table 4
Elemental composition of phytolith from various parts of Arundo donax L. and Phragmites karka (Retz.) Trin ex Steud.

Species Arundo donax

Plant Part Root Culm Leaf Synflorescence

Elements WT%  AT% WT%  AT% WT%  AT% WT%  AT%

Carbon (C) 27.66 ± 3.78 38.97 ± 3.82 42.86 ± 4.33 53.54 ± 4.06 25.30 ± 1.06 37.41 ± 1.66 28.86 ± 3.17 40.48 ± 3.48
Nitrogen (N) 1.67 ± 1.02 2.46 ± 1.09 2.07 ± 0.95 2.30 ± 0.05 0.66 ± 0.66 0.80 ± 0.80 0.96 ± 0.63 1.67 ± 0.84
Oxygen  (O) 27.65 ± 7.65 36.94 ± 4.31 35.20 ± 1.85 33.52 ± 2.22 32.25 ± 2.15 35.32 ± 2.60 34.29 ± 2.04 38.61 ± 2.41
Silicon  (Si) 27.34 ± 6.90 18.164.73 18.44 ± 3.21 10.22 ± 2.02 38.18 ± 1.86 24.65 ± 2.01 28.64 ± 3.04 16.10 ± 1.27
Chlorine (Cl) 1.69 ± 1.62 0.02 ± 0.02 0.36 ± 0.11 0.16 ± 0.05 2.12 ± 0.52 1.08 ± 0.26 0.20 ± 0.17 0.12 ± 0.08
Potassium (K) 5.77 ± 4.06 1.27 ± 0.65 – – 0.90 ± 0.28 0.42 ± 0.14 2.44 ± 1.42 1.34 ± 0.61
Calcium (Ca) – – – – 0.31 ± 0.12 o.14 ± 0.06 0.03 ± 0.03 0.01 ± 0.01
Aluminum (Al) 1.70 ± 1.56 2.80 ± 1.93 – – 0.22 ± 0.22 0.14 ± 0.14 3.37 ± 2.24 2.72 ± 1.46
Sodium (Na) 9.50 ± 9.05 0.28 ± 0.20 – – – – 0.07 ± 0.07 0.06 ± 0.05
Titanium (Ti) 0.11 ± 0.11 0.04 ± 0.04 – – – – 0.04 ± 0.04 0.02 ± 0.01
Iron  (Fe) 0.24 ± 0.24 0.08 ± 0.08 – – – – 0.27 ± 0.27 0.11 ± 0.09
Copper  (Cu) – – 1.07 ± 0.14 0.26 ± 0.04 – – 0.77 ± 0.20 0.25 ± 0.04
Magnesium (Mg) – – – – 0.035 ± 0.03 0.02 ± 0.02 0.08 ± 0.08 0.08 ± 0.06

Species  Phragmites karka

Plant Part Root Culm Leaf Synflorescence

Elements WT%  AT% WT%  AT% WT%  AT% WT%  AT%

Carbon (C) 22.93 ± 1.02 34.96 ± 1.50 31.92 ± 3.12 42.49 ± 3.16 24.64 ± 2.78 36.68 ± 2.61 32.95 ± 3.83 45.56 ± 5.27
Nitrogen (N) 2.45 ± 1.03 3.13 ± 1.31 5.13 ± 1.11 5.89 ± 1.25 3.60 ± 1.06 4.40 ± 1.26 11.16 ± 6.51 4.09 ± 0.84
Oxygen  (O) 36.07 ± 3.32 39.93 ± 3.05 35.30 ± 1.24 35.68 ± 1.71 34.73 ± 2.84 37.37 ± 3.88 35.86 ± 1.24 36.93 ± 2.80
Silicon  (Si) 32.12 ± 2.28 18.93 ± 2.38 26.95 ± 2.55 15.64 ± 1.71 32.03 ± 0.99 18.70 ± 0.96 23.53 ± 3.85 13.05 ± 2.92
Chlorine (Cl) 0.35 ± 0.18 0.17 ± 0.09 0.22 ± 0.07 0.10 ± 0.03 0.75 ± 0.28 0.33 ± 0.15 0.03 ± 0.03 0.01 ± 0.01
Potassium (K) 2.58 ± 1.00 1.16 ± 0.45 0.42 ± 0.05 0.17 ± 0.02 1.47 ± 0.36 0.64 ± 0.15 0.04 ± 0.04 0.02 ± 0.02
Calcium (Ca) – – – – 1.17 ± 1.17 0.53 ± 0.53 – –
Aluminum (Al) 2.00 ± 2.00 1.30 ± 1.30 0.06 ± 0.06 0.03 ± 0.03 1.17 ± 1.17 1.06 ± 1.06 – –
Sodium (Na) – – – – 0.21 ± 0.21 0.17 ± 0.17 – –
Titanium (Ti) – – – – – – – –
Iron  (Fe) 0.32 ± 0.32 0.10 ± 0.10 – – 0.20 ± 0.20 0.06 ± 0.06 – –
Copper (Cu) 1.18 ± 0.24 0.32 ± 0.07 – – – – 1.41 ± 0.11 0.32 ± 0.05
Magnesium (Mg) – – – – 0.04 ± 0.04 0.03 ± 0.03 – –

WT%  = Weight percentage; AT% = Atomic percentage; The entries in the table indicate mean± Standard error; (—) = Absence of eleme

3.4. Morphometric measurements

Apart from frequency distribution, morphometric data on size
dimensions and shape descriptors of the morphotypes have also
been employed for taxonomic resolution of plant species (Ball et al.,
1993; Ball et al., 1996; Whang et al., 1998; Krishnan et al., 2000;
Portillo et al., 2006; Ball et al., 2009). In the present study, we have
collected data on size parameters (length, width, area and perime-
ter) and shape descriptors like aspect ratio (Tables 2a and 2b),
roundness and solidity of different phytolith morphotypes from
plant parts of both the species (Figs. 8 and 9). A discussion of
results of statistical comparisons of size and shape descriptors
would greatly add to the volume of the paper. Here we include
comparison of only two key morphotypes, namely the bilobates and
bullifrom cells (Figs. 8 and 9). Using t-test for bulliform cell mor-
photype, surface area, perimeter, vertical length showed significant
differences (p ≤ 0.001) and length of non-base portion highly sig-
nificant differences (p ≤ 0.01) between the two species (Table 3a).
Similarly, for bilobate morphotypes, differences in vertical length
(p ≤ 0.01) and length of shank (p ≤ 0.05) was found to be statistically
significant (Table 3b).

The morphometric data of shape descriptors (aspect ratio,
solidity and roundness) assigned quantitative values to shapes of
phytolith morphotypes and made them amenable to comparison
(Tables 2a and 2b, Figs. 8 and 9). For example, aspect ratio more
than unity signifies that a particular morphotype is longer than
wide. It ranged from >1–3 for short cell types whereas for long
cell types, it ranged from >5 to <11 (Tables 2a and 2b). Similarly,
the value of roundness was unity for perfect circles and decreased
with an increase along any of the dimensions. The orbicular phy-
toliths showed roundness values of >0.8 (Fig. 8g and h). Expectedly,

roundness value of elongate types (smooth elongate, sinuate elon-
gate etc), hardly exceeded 0.60 (Figs. 8 e–h and 9 e–h). The data
confirms inverse relationship between aspect ratio and roundness.
Another important shape descriptor was solidity which is a mea-
sure of the ratio between the total surface area to the convex area of
a type. Accordingly, orbicular and convex polygonal (eg. the perfect
rectangles) showed the perfect solidity value of unity which gets
confirmed from Box-Whisker plots that show mean, median and
percentiles at the same position (Figs. 8 c and d and 9 b). Expectedly,
values of solidity were lowest for echinate elongate and dendritic
morphotypes as these types bore surface indentations that increase
surface area without affecting the convex area of these types (Figs.
8 a and b and 9 a, b and d).

3.5. Scanning Electron Microscopy

SEM of phytoliths of Arundo donax L. and Phragmites karka (Retz.)
Trin. ex Steud. in both in-situ and isolated state revealed subtle dif-
ferences in structure (Figs. 14 and 15). For example, the surface of
the trapezoidal phytoliths from root of Arundo donax L. was rough as
compared to those from the root of Phragmites karka (Retz.) Trin. ex
Steud. (Fig. 15a). Similarly, echinate elongate phytoliths of Phrag-
mites karka (Retz.) Trin. ex Steud. (culm) revealed dot like markings
on the upper surface in addition to lateral extensions seen in the
other species (Fig. 15k). Differences were also detected within the
species. For example, the echinate elongate type in Arundo donax
L. showed one sided knobs from root material (Fig. 14e) as com-
pared to two  sided knobs from the synflorescence (Fig. 14v). SEM
has revealed ultra structural differences of rectangular phytoliths
from the root (Fig. 15a) and the culm (Fig. 15g) of Phragmites karka
(Retz.) Trin. ex Steud.; phytoliths isolated from the root had smooth
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Table 5
Comparison of elemental composition of phytoliths as reflected in the previous and present studies.

Macro-elements Micro-elements Number References Material Technique (s)

C Ca K Mg  Na – – – – Fe Mn  Si – – – – – – – – – – 8(8)a Jones and Milne (1963) Avena sativa Colorimetric, Flame
and Atomic
absorption
Spectroscopy

Poaceae
–  Ca K Mg  Na H O – – – – Si – – – – – – – – – – 7(10) Jones et al. (1966) Bambooos

(Poaceae)
X-ray diffraction

–  Ca K – – P – Fe – Si – – – – – – – – – – 5(11) Soni et al. (1972) Cyperus alterni-
folius(Cyperaceae)

Electron
microprobe
analysis

C  Ca K Mg  Na – – – – Fe – Si Al Ti – – – – – – – – 9(13) Bartoli and Wilding (1980) Grasses (Poaceae)
and some woody
coniferous plants

Cold and Hot water
dissolution

–  – – – Na – O P – – – Si – – Cl – – – – – – – 5(14) Lanning and Eleuterius, 1981 Grasses (Poaceae)
and Sedges
(Cyperaceae)

X-ray diffraction

–  Ca K Mg  Na H O P – – – Si Al – Cl S – – – – – – 11(15) Lanning and Eleuterius (1983) Some grasses
(Poaceae) and
dicots

SEM-EDX analysis

–  Ca – Mg  – – – – – Fe Mn  – Al – – – As Cr Cu Ni Pb Zn 11(21) Bujan (2013) Members of
Ericaceae

Energy dispersive
miniprobe
Multielement
analyzer
(EMMA-XRF)

C  Ca K Mg  – H O – N Fe – Si – – – – – – – – – – 9(22) Tripathi et al. (2012) Triticum
aestivum(Poaceae)

Laser Induced
Breakdown
Spectroscopy (LIBS)

–  Ca K Mg  Na – – – – Fe Mn  Si Al Ti Cl – As Cr – – – Zn 33(42) Kamenik et al. (2013) Hordeum Vulgare Instrumental
Neutron Activation
Analysis (INAA)

Ba  Br Ce Co Cs Dy Eu Hf La Rb Sb Sc Sm (Poaceae)
Ta  Tb Th U V W Yb – – – – – –

C  Ca K Mg  – – O – – Fe – Si Al – – – – – Cu – – – 9(42) Anala and Nambisan (2015) Oryza
sativa(Poaceae)

SEM-EDX analysis

C  – – – – – O – – – – Si – – – – – – – – – – 3(42) Nylese et al. (2015) Equisetum hye-
male(Pteridophytes)

Variable pressure
SEM

C  Ca K Mg  Na O – N Fe – Si Al Ti Cl – – – Cu – – – 13(42) Present Study Reed grasses
(Arundo
donax&Phragmites
australis) (Poaceae)

SEM-EDX analysis

a Figures in parenthes is give cumulative number of elements.
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Table 6
Comparison of Silicon (WT%) in different parts of Arundo donax L. and Phragmites karka (Retz.) Trin. ex. Steud.

Treatments Grass species

Arundo donax L. Phragmites karka (Retz.) Trin. ex. Stued

Root Culm Leaf Synflorescence Root Culm Leaf Synflorescence

1. 21.72 12.01 47.67 34.82 34.59 30.62 30.37 30.82
2.  22.39 11.42 41.15 27.37 34.48 27.38 33.20 29.85
3.  21.48 20.86 35.83 29.85 37.82 15.77 30.32 25.79
4.  24.19 27.79 32.88 29.82 28.31 31.34 35.14 10.17
5.  54.83 27.19 38.12 25.25 16.82 32.42 33.45 13.21
6.  19.41 11.40 33.25 24.73 40.71 24.18 29.62 31.36
HSD  13.79 11.607
F-ratio (3, 23) 5.362* 2.034

Two Way  ANOVA

Treatment F-ratio (1, 40): 0.05079
Dose F-ratio (3, 40): 5.42453*
Treatment x Dose F-ratio (3, 40): 2.54036
HSD 14.54822

*represents the significance at p ≤ 0.05.

surface whereas those from the culm had a porous surface. Apart
from ultrastructural details that help to diagnose the species, SEM
has also helped in in-situ location of the types that could not be
visualized under the light microscope. Bulliform cells in the leaf
had deep location and variable contrast making their visualization
under light microscope difficult, but, SEM helped to visualize them
in sufficient details. Surface features like presence of a depression
on their front surface and a somewhat polygonal outline have been
figured out (Fig. 14l and m).  SEM has also revealed structural fea-
tures like depressions on the upper surface, thickness of the shank
etc. in bilobates present in the leaf and synflorescence of Arundo
donax L. (Fig. 14n-p and s). SEM was useful in demarcation of the
rondel (Fig. 15u and v) from other closely related morphotypes viz.,
flat towers (Fig. 15b, h and l) and horned towers (Fig. 15c, n, o, t
and u). It emerges from the present studies that phytoliths in reed
grasses displayed a wide range ultra-structural variations useful for
diagnosis and taxonomic characterization.

3.6. Chemical architecture

3.6.1. Silica content
The amount of silica deposition in the form of phytoliths showed

considerable variation among various parts in both the species.
Phragmites karka (Retz.) Trin. ex Steud. accumulated more silica
than Arundo donax L. in all parts except leaf (Fig. 10). The quantifi-
cation of silica showed that leaves in both the species viz., Arundo
donax L. and Phragmites karka (Retz.) Trin. ex Steud. accumulated
highest percentages of silica (approx. 8.00% and 7.09%) followed
by synflorescence (4.96% and 6.22%), culm (1.64% and 2.91%) and
root (2.06% and 2.63%) respectively in this pair of grass reeds. The
amount of accumulation of silica in underground and aerial parts
(particularly leaf and synflorescence) are believed to be controlled
by a number of extrinsic and intrinsic factors. The former cate-
gory includes ambient temperature and humidity besides edaphic
factors including soil type, soil moisture and availability of silica
which is further controlled by soil pH and the presence of Fe and
Al oxides (Jones and Handreck, 1967; Motomura et al., 2002; Zucol
and Brea, 2005; Honaine and Osterrieth, 2011). On the other hand,
intrinsic factors include phenological state of the plant in the yearly
cycle and changes in the availability of silica transporters result-
ing from metabolic processes related to age and maturity (Parry
and Smithson, 1964; Bertoldi and de Pomar, 1971, 1975; Ma and
Yamaji., 2006; Massey et al., 2006; Fernández Pepi et al., 2012a).
On comparison, aerial parts (particularly, leaf and synflorescence)
were found to accumulate higher amounts of silica than under-

ground parts (roots). The higher amount of silicification in aerial
parts has been correlated with higher evapotranspiration rates in
these parts, such as the leaf lamina and synflorescence bracts. Silica
is brought to various plant parts through the transpiration stream.
As water evaporates in transpiration, silicic acid becomes supersat-
urated to solid hydrated silica and gets precipitated as amorphous
silica in the form of phytoliths (Jones and Handreck, 1965; Rosen
and Weiner, 1994; Raven, 2003).

3.6.2. Elemental composition
SEM-EDX spectra of phytoliths from different parts of Arundo

donax L. and Phragmites karka (Retz.) Trin. ex Steud. revealed their
elemental composition (Figs. 11 and 12). Silicon (Si) carbon (C) and
oxygen (O) emerged as the major constituents of phytoliths. How-
ever, phytoliths from various parts of both the species showed the
presence of other elements namely Aluminium (Al), Calcium (Ca),
Chlorine (Cl), Copper (Cu), Iron (Fe), Magnesium (Mg), Nitrogen (N),
Potassium (K), and Titanium (Ti) in small amounts (Table 4). These
elements are present in the cytoplasm of the host cells and dur-
ing course of silica impregnation are retained and encased within
the phytoliths (Jones and Milne, 1963; Bartoli and Wilding, 1980;
Smith and Anderson, 2001; Ma  and Yamaji, 2006; Bauer et al.,
2011). Jones and Milne (1963) reported eight elements viz.,  C, Ca,
Fe, K, Mg,  Mn,  Na and Si from phytoliths of Avena sativa L. How-
ever, later workers have added several elements through latest
detection method of SEM-EDX (Lanning and Eleuterius, 1983; Anala
and Nambisan, 2015), Energy Dispersive Miniprobe Multielement
Analysis (EMMA-XRF), Neutron Activation Analysis (Kamenik et al.,
2013), Laser Induced Breakdown Spectroscopy (LIBS, Tripathi et al.,
2012) and Variable Pressure Scanning Electron Microscopy (VPSEM,
Nylese et al., 2015) (Table 5). Table 4 brings out the differences
in elemental profiles of phytoliths in the reed grasses under com-
parison. Some elements were restricted to one or the other of the
species while others showed differences in percentage (by weight)
and atomic weight. For example, Titanium was  present in Arundo
donax L. (root and synflorescence) but was absent from all parts
of Phragmites karka (Retz.) Trin. ex Steud. The Si (Wt%) amounts
among various parts of Arundo donax L. showed significant differ-
ences (p ≤ 0.05), while as in Phragmites karka (Retz.) Trin. ex Steud.
it was  found to be insignificant. Similarly, pairwise comparison of
Si (Wt%) amount between various parts of the two species showed
significant differences (p ≤ 0.05; Table 6).

Principal Component Analysis (PCA) of elemental composition
data of different parts for species demarcation showed two  prin-
cipal components, PC1 (64.391) and PC2 (20.213%) that together
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Fig. 13. Principal Component Analysis (PCA) plot showing clustering by elemental composition of plant parts (Si Wt%) (a); Plot of Eigen values% versus components showing the
variance of each component (b) (Ad Rt = Arundo donax root; Ad Cl = Arundo donax culm; Ad Lf = Arundo donax leaf; Ad Syn = Arundo donax synflorescence and Pk Rt = Phragmites
karka  root; Pk Cl = Phragmites karka culm; Pk Lf = Phragmites karka leaf; Pk Syn = Phragmites karka synflorescence).

explained 84.60% of the total variance in the data set (Fig. 13a and
b ). In PC1 the maximum positive loading was shown by Silicon (Si)
whereas Carbon (C) showed the maximum negative loading. Simi-
larly, for PC2 maximum positive loading was shown by Sodium (Na)
and maximum negative loading by oxygen (O). However, PCA anal-
ysis did not distinguish Arundo donax L. (leaf and synflorescence)
from Phragmites karka (Retz.) Trin. ex Steud. (leaf) on the basis of
Silicon (Si) Wt%. PCA grouping of leaf of these species on the basis
of Si Wt%  seems to have resulted from higher content of Silica in
leaf in both the species as compared to other parts.

3.6.3. XRD analysis
Powder diffractograms of phytoliths isolated from leaf and

synflorescence of Arundo donax L. showed peaks characteristic
of various crystalline polymorphic phases of silica ranging from
quartz, coesite, cristobalite, tridymite and other silicates (Fig. 16a).
These phases have identical chemical composition (SiO2) but dif-
ferent physical structures and symmetries. They show distinct
lattice systems ranging from anorthic (triclinic), through mono-
clinic, orthorhombic, hexagonal and cubic. The present studies lend
further credence to the existence of polymorphic silica in plants.
Gonzalez-Espindola et al. (2010, 2014) carried out X-Ray Diffrac-
tion (XRD) analysis of silica extracted from agro-industrial wastes
and the grass species Stenotaphrum secundatum (Walt.) O. Kuntze.

The authors reported the presence of various polymorphic phases
of silica like �-quartz, coesite, cristobalite and tridymite.

Silica shows several polymorphs depending on temperature and
pressure (Holm et al., 1967). A high ashing temperature (600 ◦C)
maintained for 4–6 h could have transformed the amorphous sil-
ica into the crystalline phases. The diffractogram of phytoliths of
Arundo donax L. (synflorescence) showed a unique peak corre-
sponding to orthorhombic ferrierite primitive in addition to the
peaks obtained from leaf phytoliths (Fig. 16b). Ferrierite is a zeo-
lite (Aluminosilicate) that binds a number of cations viz.,  Na+, K+,
Ca2+, Mg2+ etc.  Earlier, Kow et al. (2014) carried out XRD analysis of
phytoliths from the cogon grass (Imperata cylindrica (L.) P. Beauv.).
X-ray diffraction studies broughtout that purity and amorphicity of
silica was  modified significantly by the presence of Potassium (K).

The presence of Al, Na, Ca, Mg,  K in phytoliths from the synflo-
rescence of Arundo donax L. could be deduced from the existence of
a ferrierite phase in SEM-EDX spectra. Phragmites karka (Retz.) Trin
ex Steud. showed lesser number of silica polymorphic phases as
compared to Arundo donax L. X-ray diffractograms of Phragmites
karka (Retz.) Trin ex Steud. (leaf) showed five peaks indicating
quartz, tridymite and other crystalline phases (Fig. 16c) while
diffractograms from the synflorescence showed only three peaks
(Fig. 16d).
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Fig. 14. Scanning Electron Micrographs (SEM) of phytolith morphotypes from various parts of Arundo donax L. (Root): Trapezoids (a, b); Clavate (c); Echinate elongate (d).
Culm:  Sinuate elongate (e); Trapezoid (f); Smooth elongate (g); Triangular (h); Scutiform (i). Leaf: Bulliform cells (j, k); Bilobates (l, m); Parallepipedal bulliform cell (n).
Synflorescence: Spiral (o); Bilobate (p); Horned tower (q, r); Echinate elongate (s) and Orbicular (t).
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Fig. 15. Scanning Electron Micrographs (SEM) of phytolith morphotypes from various parts of Phragmites karka (Retz.) Trin. ex Steud. (Root): Rectangular (a); Flat tower (b);
Horned tower (c); Trapezoids (d); Smooth elongate (e). Culm: Rectangular (f); Flat tower (g); Trapezoid (h); Echinate elongate (i). Leaf; Flat tower (j); Smooth elongate (k);
Horned  tower (l, m);  Saddles (n, o); Echinate elongate (p); Cylindric (q). Synflorescence: Rondel (r, s); Saddle (t); Scutiform (u); Prickle (v).

3.6.4. FT-IR spectroscopy
FTIR spectra of phytoliths isolated from leaf and synflorescence

of both Arundo donax L. (Fig. 17a and b) and Phragmites karka

(Retz.) Trin ex Steud. (Fig. 17c and d) showed a wide peak range
between 3435 cm−1 to 3450 cm−1. These peaks have been ascribed
to H OH stretching frequency of Silanol (Si OH) group and traces
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Fig. 16. X-ray diffraction pattern of phytoliths (a) Arundo donax L. leaf (b) Arundo donax L. synflorescence (c) Phragmites karka (Retz.) Trin. ex. Steud. leaf (d) Phragmites karka
(Retz.)  Trin. ex. Steud. Synflorescence.

of adsorbed water as reported earlier (Gonzalez-Espindola et al.,
2010, 2014; Pijarn et al., 2010; Long-Gui et al., 2011; Kow et al.,
2014; Li et al., 2015). The spectra also showed a peak between
1625 cm−1 to 1635 cm−1 which are known to correspond to H OH
bending modes of adsorbed water molecules (Pijarn et al., 2010;
An et al., 2011; Long-Gui et al., 2011; Gonzalez-Espindola et al.,
2014; Kow et al., 2014). Spectra of phytoliths from different parts
except Arundo donax L. (synflorescence) showed another peak
between 1384 cm−1 and 1385 cm−1 indicative of carbonate min-
eral phases namely calcite, dolomite and aragonite (Fig. 17a, c,
d) in conformity with earlier reports (Gonzalez-Espindola et al.,
2014). The peak between 800 cm−1 to 803 cm−1 detected in all
the spectra corresponded to symmetric vibration modes of Si-O-
Si bond in Siloxane group. This band has also been associated
with the presence of quartz (Kow et al., 2014; Mourhly et al.,
2015). Similarly, all the samples in the present study showed peaks
between 1095 cm−1 to 1100 cm−1 and 468 cm−1 to 470 cm−1 which
have been ascribed to asymmetric stretching vibration and bend-
ing modes of Si O Si (Karunakaran et al., 2013; Mourhly et al.,
2015). Phytoliths isolated from synflorescences of both the species
showed unique peaks between 2145 cm−1 to 2147 cm−1(Fig. 17b
and d). These peaks may  be associated with vibrations of carbon
impurity in the samples. In addition, FTIR spectra of phytoliths from
Arundo donax L. (leaf) showed two more peaks at 2962.94 cm−1 and
1260.65 cm−1(Fig. 17a) which were missing in the leaf spectra of
Phragmites karka (Retz.) Trin. ex Steud. The peak at 2962.94 cm−1

corresponds to the asymmetric stretching modes of aliphatic
methylene group (R2CH2), indicating the presence of aliphatic long
chain hydrocarbons (Long-Gui et al., 2011; Watling et al., 2011).
In another study, plant ash from archaeological sites showed simi-

lar bands that were indicative of thermal degradation of phytolith
occluded carbon (Phytoc) (Watling et al., 2011). Similarly, the
peak at 1260.45 cm−1 corresponds to the presence of Si-CH3 group
(Long-Gui et al., 2011). The present studies have confirmed the
presence of silanol group and siloxane linkages in all the samples.
Even though, carbonate minerals detected in leaf of Arundo donax
L. were shared with leaf and synflorescence of Phragmites karka
(Retz.) Trin. ex Steud. but aliphatic methylene group was present
only in the leaf of Arundo donax L.

4. Conclusion

The reed grasses yielded more than thirty phytolith morpho-
types including the ‘spiral’ which is probably a new addition to
the world phytolith catalog. The reed grasses Arundo donax L. and
Phragmites karka (Retz.) Trin. ex Steud. could be diagnosed from
each other by the presence of long trapezoids, narrow bilobates,
orbicular, polylobate, spiral and rugose elongate morphotypes in
the former and polyhedral, tracheids, cylindric, cross, dendritic,
quadrilobate and the rondel types in the latter. In-situ location
of phytoliths in foliar parts also showed marked diffrerences.
Arundo donax L. showed an axial arrangement of bilobate phytoliths
whereas Phragmites karka (Retz.) Trin ex Steud. revealed trans-
verse arrangement of saddle shaped silica cells. The latter named
species also showed the presence of silica cork cell in the intercostal
regions but they were not found in Arundo donax L. The present
study has also brought out the significance of frequency distribu-
tion data in various body parts and morphometry of phytolith types
in taxonomic characterization. SEM of phytoliths revealed some
differences of diagnostic significance. The total amount of silica was
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Fig. 17. FTIR spectra of phytoliths (a) Arundo donax L. leaf (b) Arundo donax L. synflorescence (c) Phragmites karka (Retz.) Trin. ex. Steud leaf (d) Phragmites karka (Retz.) Trin.
ex.  Steud synflorescence.

higher in Phragmites karka (Retz.) Trin. ex Steud. as compared to
Arundo donax L. Among the parts, leaf of both the species showed
highest amounts of silica followed by the synflorescence, culm and
root. PCA of elemental composition data of phytoliths supported
silica quantification results that leaves have higher silica content
as compared to other plant parts in both the species. Chemical
characterization of phytoliths from leaf and synflorescence using
XRD analysis showed silica in crystalline phases namely, quartz,
coesite, cristobalite and tridymite. Arundo donax L. synflorescence
was marked by the presence of Ferrierite (a zeolite). Similarly, the
FTIR analysis indicated aliphatic methylene groups in leaves of this
species.
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Background and Aims: The role and significance of phytoliths in taxonomic diagnosis

of grass species has been well documented with a focus on the types found in foliar

epidermis and the synflorescence. The present paper is an attempt to broaden the

scope of phytoliths in species diagnosis of grasses by developing phytolith signatures

of some species of the foxtail genus Setaria P. Beauv. through in situ location and

physico-chemical analysis of various phytolith morphotypes in different parts of the plant

body.

Methods: Clearing solution and dry ashing extraction methods were employed for

in situ location and isolation of phytolith morphotypes respectively. Ultrastructural details

were worked out by Scanning Electron Microscopy (SEM) and Transmission Electron

Microscopy. Morphometric and frequency data of phytolith morphotypes were also

recorded. Biochemical architecture of various phytolith types was worked out through

SEM-EDX, XRD, and FTIR analysis. Data were analyzed through Principal Component

Analysis and Cluster Analysis.

Key Results: In situ location of phytoliths revealed species specific epidermal patterns.

The presence of cystoliths (calcium oxalate crystals) in the costal regions of adaxial leaf

surface of S. verticillata (L.) P. Beauv. is the first report for the genus Setaria. Our results

revealed marked variations in epidermal ornamentation and undulation patterns with a

novel “3” (Lamda) type of undulated ornamentation reported in S. verticillata. Dry ashing

method revealed species specific clusters of phytolith morphotypes.

Conclusions: The study revealed that phytoliths can play a significant role in resolution

of taxonomic identity of three species of Setaria. Each species was marked out by a

unique assemblage of phytolith morphotypes from various parts of the plant body. Apart

from in situ location and epidermal patterning, diagnostic shapes, frequency distribution,

size dimensions, and biochemical architecture emerged as complementary traits that

help in developing robust phytolith signatures for plant species.

Keywords: grasses, morphotypes, phytoliths, Setaria spp., silica, taxonomic demarcation
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INTRODUCTION

The foxtail genus, Setaria P. Beauv., so named by the presence of
sterile bristles that subtend spikelets in a close panicle, belongs
to the “bristle clade” (subtribe Cenchrinae, tribe Paniceae,
subfamily Panicoideae) of the grass family Poaceae (Morrone
et al., 2012). The genus has a labile morphology requiring
additional characters for the resolution of phylogenetic relations
among the 113 odd species of the genus (Clayton et al., 2016
onwards). One of the species, the foxtail millet Setaria italica
(L.) P. Beauv. has been cultivated along with other millets in
dryland farming system since prehistoric times (Madella et al.,
2016; Weisskopf and Lee, 2016). Some other species of the genus
also serve as significant sources of forage and fodder (Aliscioni
et al., 2011; Marinoni et al., 2013). Several studies have attempted
to resolve the infrageneric (Stapf and Hubbard, 1934; Webster,
1987; Pensiero, 1999) and intergeneric (Webster, 1993, 1995;
Veldkamp, 1994; Morrone et al., 2014) relations of the genus.
Molecular studies on the chloroplast gene ndhF have revealed
polyphyletic nature of the genus with three well supported clades
(Kellogg et al., 2009). Even though leaf blade anatomy has
traditionally been employed for taxonomic characterization of
grasses (Prat, 1936, 1948; Metcalfe, 1960; Ellis, 1979, 1984), the
role of anatomical characters in grass taxonomy and phylogeny
has been, so to say, rediscovered in the recent past (Ingram, 2010)
with Setaria P. Beauv. as a model genus (Aliscioni et al., 2016).
Apart from epidermal cell patterns and vasculature, phytoliths in
leaf epidermis and other parts of the plant body have been utilized
for species characterization and taxonomic analysis of grass taxa.

Phytolith studies have been utilized both for characterization
of individual Setaria species (Rovner, 1971; Hodson et al., 1982)
as also for taxonomic demarcation among species within the
genus (Zhang et al., 2011; Layton and Kellogg, 2014; Wang
et al., 2014; Madella et al., 2016) and from related genera (Hunt
et al., 2008; Lu et al., 2009; Out et al., 2014; Wang et al., 2014;
García-Granero et al., 2016; Madella et al., 2016). The ever
increasing role of phytoliths in the resolution of intrageneric and
intergeneric taxonomy of the genus can be ascribed to the simple
fact that even among grasses, Setaria spp. show exceptional
levels of silica accumulation in the form of phytoliths in all
parts of the plant body. During the present investigations, an
attempt has been made to supplement the information available
on the phytolith profiles of three closely related species of the
foxtail grass genus through a multiproxy approach and the
development of phytolith signatures as additional evidence for
their taxonomic demarcation. Analysis of several aspects of
phytoliths from different parts of the plant body of the selected
species was done through a battery of techniques employed in a
logical sequence from in situ location of phytolith morphotypes
in foliar epidermis to advanced level of physico-chemical analysis
involving sophisticated instruments and methodology. In this
context, the present study marks a significant advance toward
developing a comprehensive and robust framework for the use
of data on morphotype diversity, distribution in different parts
of the plant body and their ultrastructural and biochemical
characterization in identification and taxonomic demarcation of
plant taxa.

Silica and Phytolith Production in Plants

Plants absorb monosilicic acid (H4SiO4), which is released
to the soil by weathering of siliceous minerals, by action of
an aquaporin-like channel Low-silicon 1 (Ls1) and a proton
antiporter Low-silicon 2 (Ls2) and polymerizes it into amorphous
silica (SiO2.nH2O) in cell lumens (internal casts), intercellular
spaces, and cell walls (external casts) of the parenchymatous
tissue (Baker, 1959b; Jones and Handreck, 1967; Rovner, 1971; La
Roche, 1977; Bombin, 1984; Piperno, 1988;Mulholland, 1989;Ma
et al., 2011; Ma and Yamaji, 2015). A number of unknown silica
transporters are believed to be involved in directing silica transfer
to different silicification sites (Kumar et al., 2017). Being hard and
resistant to dessication and disfiguration, these amorphous silica
bodies are commonly called phytoliths [phyton (ϕυτoν)= plant
+ lithos (λιθoς) = stone]. As casts (both internal and external)
of plant cells, phytoliths vary in shape, size, frequency, surface
ornamentation and other structural features (Ollendorf et al.,
1988; Piperno, 1988, 2006; Lu and Liu, 2003; Lu et al., 2009;
Zhang et al., 2011; Szabo et al., 2015; Ge et al., 2016). Genetic
control of shape, size and frequency of phytoliths has been
demonstrated in some monocots (e.g., Zea mays L.) and dicots
(e.g., Cucurbita spp. L.) (Bozarth, 1987; Piperno et al., 2000).

Phytoliths have been implicated in several biological functions
including that of providing an endoskeletal framework which
prevents wilting (Parry and Smithson, 1958a) and offering
resistance to herbivory (Rovner, 1971; Stebbins, 1972, 1981;
Coughenour, 1985; Epstein, 1994, 1999), and alleviating biotic
(Jones and Handreck, 1967; Gould and Shaw, 1983; Mazumdar,
2011) and abiotic (Hodson et al., 1985; Hodson and Evans, 1995;
Lux et al., 2003; Hattori et al., 2005) stress. Phytoliths have also
been reported to play a role in checking the rate of transpiration
and at the same time reducing the heat load of plants growing in
exposed habitats (Jones and Handreck, 1967; Sangster and Parry,
1971; Krishnan et al., 2000).

Ecological functions played by phytoliths include a role
in biogeochemical and bio-cycling of silicon in terrestrial
ecosystems (Conley, 2002; Gerard et al., 2008; Borrelli et al., 2010;
Struyf and Conley, 2012) and sequestration of occluded carbon
(Rajendiran et al., 2012; Parr and Sullivan, 2014; Alexandre
et al., 2015; Ru et al., 2018; Yang et al., 2018). Isotopic dating
of phytolith occluded carbon (PhytOC) has been employed to
determine the age of sediments and that of elements of vegetation
trapped in these sediments (Parr and Sullivan, 2014). The use
of phytoliths in dating of plant fossils can be attributed to
the fact that upon death and in situ decay of the plant body,
phytoliths are released into the soil where they stay through the
millenia resisting deformation and destruction by the vagries of
geological and climatic conditions. Their long time persistence
in the soil make them ideal plant microfossils which have been
recovered from sediments as far back as 60 mya in the Cenozoic
(Jones, 1964), including the glacials (Twiss et al., 1969; Fredlund
et al., 1985) and the Holocene (Baker, 1959a; Crawford, 2009).
Phytoliths have been recovered from diverse habitats including
swamps (Baker, 1959a), arid zones (Pease and Anderson, 1969),
humid areas (Jones and Beavers, 1964) and vegetation types
including grasslands and forests (Wilding and Drees, 1973).
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Owing to widespread production across several plant groups
and excellent preservation as microfossils, phytoliths have found
an ever increasing role as proxies in diverse fields of scientific
enquiry including archeaobotany of the centers of civilization
and cultivation (Schellenberg, 1908; Pearsall, 1978; Rovner, 1983;
Piperno, 1984; Shillito, 2013; Gao et al., 2018), paleoecology and
paleoclimatology (Rovner, 1971; Carbone, 1977; Fox et al., 1996;
Piperno, 2006; Albert et al., 2007), the mapping of ancient land
use patterns, and vegetation structure (Gross, 1973; Pearsall and
Trimble, 1984; Fisher et al., 1995). Phytolith profiles of present
day crop species and soil samples of ancient sites have been
compared and calibrated for developing historical calendars for
the origin of agriculture and routes of spread and diversification
of crop species and calculating the crop ratios (Rovner, 1983;
Piperno, 1998, 2009; Pearsall et al., 2003; Albert and Henry,
2004; Fuller et al., 2007; Itzstein-Davey et al., 2007; Tsartsidou
et al., 2007; Hunt et al., 2008; Crawford, 2009; Lu et al., 2009;
Zhang et al., 2010, 2012; Zhao, 2011; Chen et al., 2012; Madella
et al., 2014, 2016; Weisskopf et al., 2014; Out and Madella, 2016;
Weisskopf and Lee, 2016), the food and non-food uses of plants in
crafts and building materials (Ryan, 2011), agricultural practices
(e.g., irrigation, Rosen and Weiner, 1994; Slash-n-burn; Piperno,
1998), paleoagrostology (Piperno and Pearsall, 1998), taphonomy
(Madella and Lancelotti, 2012) and colonization of islands and
distant lands (Astudillo, 2017).

On account of the wide range of availability and ease of
recovery from unused parts of cereals (and other crop species)
and the purity of silica obtained, phytoliths have also found a
role in nanotechnology (Neethirajan et al., 2009; Qadri et al.,
2015). In the contemporary environmental context, phytoliths
are being employed as models for assessment of the effects of
global warming and climate change (Hongyan et al., 2018).

Phytoliths in Grass Systematics
Notwithstanding the above mentioned applications,
phytoliths have found the most significant role in taxonomic
characterization and demarcation of plant taxa. At this juncture
it would be quite instructive to review the landmarks in plant
phytolith research that have provided the framework for the use
of phytoliths in grass systematics as well. After the revisionary
work of (Netolitsky, 1929), attempts were made to identify
the marker morphotypes for plant taxa at different levels of
taxonomic hierarchy. Within grasses, branched cells were
typically associated with Nardus stricta L. (Parry and Smithson,
1958a,b). Twiss et al. (1969) expanded the scope of “marker
morphotype” approach to major groups within the family
through a study of 26 morphotypes of which eight were ascribed
to festucoid group, two to chloridoid, and 11 to panicoid grasses
and the rest (five) had no particular subfamilial affiliation. Soon
afterwards, Rovner (1971) pointed out that a search for “marker”
types for plant taxa would run into difficulty on account of
“multiplicity” of types within a single species (more so for taxa
at higher ranks) and “redundancy” of occurrence of same types
“appearing in related as well as taxonomically unrelated species.”
Rovner (1971) suggested that assemblages or “type-sets” of
phytoliths would provide better taxonomic demarcation among
plant species and soil samples.

Apart from types, Mulholland (1989) presented data on
frequencies of various types to characterize 19 wild grasses
collected from their natural habitats. Piperno and Pearsall (1993)
pointed out that phytoliths from reproductive parts proved
more useful in separating maize (Zea mays L.) from teosinte.
This work focused on an organ-specific approach in using
phytoliths in taxonomic demarcation of grass species. Pearsall
et al. (1995) further narrowed it down to “silicified glumes”
as the most revealing in distinguishing cultivated rice (Oryza
sativa L.) from its wild relatives. Piperno (1998) identified
diagnostic morphotypes of phytoliths for the subfamilies
Pooideae, Arundinoideae, Chloridoideae, and described the
diagnostic and diverse types in the Bambusoideae in great detail.
Several subsequent workers have utilized typology and frequency
(abundance) approachs to phytolith analysis for taxonomic
characterization and demarcation of cultivated and wild grasses
(Piperno, 1985; Zhang et al., 2012; Tripathi et al., 2013).

Rudall et al. (2014) employed the shapes of costal phytolith
morphotypes and their orientation to elucidate phylogenetic
relationships among different grass subfamilies and supported
the recognition of three clades within the family. The APP
(Anomochloideae, Pharoideae, Puelioideae) clade was treated
as the most primitive followed by BEP (Bambusoideae,
Ehrhartoideae, Pooideae) and species rich PACCMAD
(Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae,
Aristidoideae, Danthonioideae) clades. Kealhofer et al. (2015)
carried out phytolith analysis of leaf and synflorescence of
the foxtail millet [S. italica (L.) Beauv.]. In India, Jattisha and
Sabu (2015) brought out the taxonomic significance of foliar
phytoliths as diagnostic markers in some grasses of South India.
More recently, Shakoor et al. (2016) employed phytoliths from
underground (root) and aerial (culm, leaf & synflorescence)
parts for taxonomic demarcation of two reed grasses, Arundo
donax L. and Phragmites karka (Retz.) Trin. ex Stued.

Parry et al. (1984) marked the biochemical dimension
in phytolith characterization by reporting a time dependent
accumulation of some elements (K, Cl, P, and S) along with silicon
in the silicified microhairs from the lemma of the canary grass,
Phalaris canariensis L. and giving evidence of genetic control of
silicification. In recent years, physico-chemical characterization
of phytoliths has been extended to a study of the physical states
(as amorphous vs. crystalline), the mineral composition and the
study of functional groups and their bonding patterns through
sophisticated methods of analysis (Chauhan et al., 2011; Shakoor
et al., 2016).

The work reported in this paper is a part of the ongoing
program of research on the role of phytoliths in the systematic
analysis of grass flora in the area of study. Setaria species selected
for the present investigations showmorphological similarity with
one another as well as the foxtail millet S. italica (L.) P. Beauv. and
are placed closely in keys to species identification of the genus
(Layton and Kellogg, 2014). Setaria viridis (L.) P. Beauv. had an
Asian origin with phylogenetic relations with its domesticated
derivative the foxtail millet, S. italica with which it remains
interfertile (Shi et al., 2008). The second species of the present
sample, S. verticillata is the polyploid derivative of S. viridis (L.)
P. Beauv. (Layton and Kellogg, 2014). The third species, S. pumila
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(Poir.) Roem. & Schult. had an African origin (Rominger et al.,
2003) but shares a wide distribution with S. viridis and growth in
mixed populations and is included in the “S. viridis clade” of the
genus. The foxtail millet, Setaria italica would have been a useful
and desirable addition to the material but it is not cultivated in
the Punjab plains and was thus unavailable for this work. Even
though permanent herbarium sheets of this species were available
in the departmental herbarium, sufficient material could not have
been extracted from them for the present analysis.

MATERIALS AND METHODS

Area of Study
About twenty plant specimens of S. pumila and S. verticillata
were collected from the campus of Guru Nanak Dev University,
(32.64 ◦N and 74.82 ◦E) Amritsar, Punjab (Figures 1a–c). A
similar number of plants of S. viridis were collected from the
campus of Sher-i-Kashmir University of Agricultural Sciences
and Technology, (32.65 ◦N and 74.81 ◦E) Srinagar, Jammu
& Kashmir (Figures 1d,e). The specimens were collected at
flowering and fruiting stage. Taxonomic descriptions and
illustrations of the species were made from fresh material in
the standard formats of grass description proposed by Grass
Phylogeny Working Group (GPWG (Grass Phylogeny Working
Group)., 2001) and GPWG (Grass Phylogeny Working Group
II). (2011) systems and maintained by the online sources
(Clayton et al., 2016; GrassBase—The Online World Grass Flora:
The Board of Trustees, Royal Botanic Gardens [online]. Available
at http://www.kew.org/data/grasses-db.html and 2. Tropicos
(2011) http://www.tropicos.org. Name Search.aspx. 3.eflora of
China: http://www.efloras.org. Missouri Botanical Garden, St.
Louis, MO and Harvard University Herbaria, Cambridge, MA).
The species identity of the specimens was established by
comparison of the vegetative and reproductive morphology
and micromorphometry with standard descriptions available in
works of grass floristics of the world (Bor, 1960; Gould, 1968;
Cope, 1982; Gould and Shaw, 1983; Clayton and Renvoize,
1986; Watson and Dallwitz, 1992; Kellogg, 2015; Soreng et al.,
2017 and the region Sharma and Khosla, 1989; Kumar, 2014).
For preparation of herbarium sheets, three dried specimens for
each of the species have been deposited in the Herbarium of
the Department of Botanical and Environmental Sciences, Guru
Nanak Dev University, Amritsar (Voucher nos. 7373 to 7381).

Phytolith Analysis
About five to ten plants remaining intact after taxonomic
descriptions and dry preservation for hebarium specimens, were
dismembered into underground (root) and above ground (culm,
leaf and synflorescence) parts. The material was homogenized
(part wise) into lots. Some of the material from each lot was
preserved in 70% ethanol at 4◦C for in situ location of phytoliths.
The rest of the material in each lot was washed to clear dust and
adhering soil particles, sundried and stored in plastic jars for dry
ashing and further analysis.

Methodology of the present study followed a logical
and systematic sequence from in situ visualization of the
phytoliths in the leaf epidermis to dry ashing of plant parts

for disarticulation of individual morphotypes for recording
qualitative (morphotypic) data and collection of quantitative
(micromorphometric) data on phytoliths among the species and
their parts. Quantitative assessment also included frequency
distribution of various morphotypes. After data collection at the
level of light microscopy (LM), scanning electron microscopy
(SEM) of morphotypes was carried out to record their surface
ornamentations and three dimensional structures. Transmission
electron microscopy (TEM) was employed to study variations
in texture, interplanar spacing, and crystallinity of various
morphotypes. EDX analysis was employed to study elemental
composition of phytolith morphotypes and the rhizospheric soil.
XRD analysis revealed the physical phases of silica and other
minerals in the phytoliths. Similarly, FTIR analysis was carried
out to know the functional groups of phytoliths from different
plant parts.

In Situ Location
A study of in situ location and epidermal patterning of phytoliths
on both adaxial and abaxial surfaces of the leaf was carried
out according to the method of Clarke (1959) with some
modifications. The leaf segments from mature leaves were boiled
in tubes for 5–10min in distilled water. After cooling down
the tubes, leaf segments were put in ethanol (absolute) and
heated gently (80◦C) in a water bath till they were decolorized.
Thereafter, the segments were immersed in a solution of lactic
acid and chloral hydrate (3:1 v/v) and boiled again for 20–
30min in a water bath. After clearing, they were placed on
clean ceramic tiles with the adaxial surface upwards and the
epidermis was peeled off the middle part of mature leaf blades.
Similarly, peelings from abaxial surface of leaf segments were
obtained. Epidermal peelings were stained in Gentian Violet and
passed through a dehydration series of ethanol (30% through
50, 70, 90% and absolute ethanol) and mounted in DPX for
light microscopy and microphotography with a Micro Image
Projection System (MIPS-USB 0262) mounted on an Olympus
Binocular and connected to a computer for imaging.

Dry Ashing Method
The standard protocol of Carnelli et al. (2001) with some
modifications was employed for dry ashing of the plant material.
The dried and stored material of individual parts was taken from
the plastic jars, further dried in an oven, weighed and transferred
to porcelain crucibles. The material was incinerated at 550◦C
for 4–6 h to ashes. The crucibles were taken out of the furnace,
allowed to cool and ash contents were transferred to test tubes.
A sufficient amount of hydrogen peroxide (30%) was added to
submerge the ash and the test tubes were kept at 80◦C for 1 h
in a water bath. The mixture was decanted and rinsed twice in
distilled water. Hydrochloric acid (10%) was added to the pellet
and incubated at 80◦C for 1 h. Thereafter, themixture was washed
in distilled water and centrifuged for 15min at 7,500 rpm. The
supernatant was decanted off and the pellet was washed twice in
distilled water. The process was repeated till the pellet was clear.
Finally, the pellet was oven dried for 24 h at 60◦C to a powder
form and weighed. The silica content (%) was calculated by the
formula: final ash content/dry mass× 100.
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FIGURE 1 | Distribution of sampling sites in India (a–e): Setaria pumila (Poir.) Roem. & Schult. and Setaria verticillata (L.) P. Beauv. (b,c) and Setaria viridis (L.) P.

Beauv. & Schult. (d,e).

A small amount (ca. 0.1mg) of dried ash was dipped in 10ml
of Gentian Violet in a watch glass and stirred. A drop of this
mixture was put on a glass slide and covered with a cover slip. The
slides were heated gently and excess stain drained off with a filter
paper. Ten slides were prepared for each sample. Morphotypes
of phytoliths were photographed by Olympus Micro Image
Projection System (MIPS-USB 0262) at a uniform magnification
(40X). The phytoliths isolated by the dry ashing method from
underground (root) and aerial (culm, leaf, and synflorescence)
parts showed considerable diversity of phytolith morphotypes
in terms of their shapes and were classified according to
the International Code of Phytolith Nomenclature (ICPN 1.0;
Madella et al., 2005). Some of themorphotypes whose description
was not available in the ICPN nomenclature were classified as per
the schemes presented in Table 1.

Morphometry
Morphometric measurements of phytolith morphotypes were
made using Image J software (version 1.46r.). A total of
5 morphometric parameters of size and shape descriptors
were recorded on a minimum sample size calculated as per
recommendations of the International Committee for Phytolith

Morphometrics (ICPM, Ball et al., 2016) by the formula:

Nmin = Z2
α/2×S2/(ME)2

Where:Nmin = the minimum adequate sample size; Z2
α/2

= 1.64,
which is the square of the two tailed Z value for level of
significance (α) = 0.10; S2 = the variance, and (ME)2 = the
square of the permissible margin of error (in this case 0.05)× the
sample mean. This calculation estimates the minimum adequate
sample size required for 95% confidence that the sample means
are within 5% deviation from actual population means.

Scanning Electron Microscopy (SEM)
For SEM, dry ash was spread evenly over the stubs with the help
of double-sided adhesive tape under the stereoscope. Silver paint
was applied on edges of the stub and the samples dried overnight
at 40◦C. The next day, stubs were coated with graphite using a
vacuum evaporator and later coated with gold by a sputter coater
(QUORUM) and imaged under SEM (CARL ZEISS EVO 40) at
an accelerating voltage of 40 KV.

Transmission Electron Microscopy
TEM micrographs were obtained using a JEOL JEM-2100
operating at 200 keV. Samples were prepared by suspending a
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small quantity of powder (crushed in pestle and motar) in double
distilled water (DDW). The samples were sonicated for 30min
and a drop of material was placed on a carbon coated copper
grid. The grids were dried on filter paper using an electric lamp
and were subsequently analyzed. Structural details as well as the
chemistry of the samples were worked out by High Resolution
Transmission Electron Microscopy (HRTEM) and Selected Area
Electron Diffraction (SAED) of various phytolith types.

Biochemical Architecture
Elemental analysis of phytolith morphotypes and soil samples
were carried out with Scanning Electron Microscope-Energy
Dispersive X-ray analysis (SEM-EDX). Infrared spectra of silica
powder were obtained on a Fourier Transform Infrared (FTIR)
Spectrophotometer (System92035, Perkin-Elmer, England) at
room temperature using the standard KBr method. The
functional group spectra were recorded over a wavelength
range of 500–4,000 cm−1. X-ray Diffraction (XRD) studies were
performed on powder XRD system (Bruker D8 Advance) using
Cu Kα radiation (k = 1.5418 Å) in the 2θ (Bragg’s angle) at a
range of 20–70. The data were analyzed for presence of different
polymorphic structures of silica and other compounds using the
origin pro 8 software and following the notation of the Joint
Committee on Powder Diffraction.

Elemental composition of rhizospheric soil samples was
carried out with SEM-EDX. Soil samples (ca. 5 g) from the
rhizospheric region of the specimens taken for phytolith analysis
were collected and ground into fine powder. Small bits of the
powder were spread uniformly on the stubs and were scanned
using Energy Dispersive X-ray analyzer coupled with the SEM
through Inca software.

Statistical Analysis
Descriptive statistics of morphometric and elemental
composition data was carried out with the help of paleontological
statistics (PAST) software (Hammer et al., 2001). Cluster analysis
of presence/absence data of bilobate classes of phytoliths and
Principal component analysis (PCA) of morphometric and
elemental composition data was carried out using C2 data
analysis software (Juggins, 2003). This software has also been
used for plotting the stratigraphic diagram of the frequency data
of phytoliths. Pearson’s coefficient of association of phytolith
morphotypes of the three species were also calculated employing
computer programs developed for the purpose.

RESULTS AND DISCUSSION

Taxonomic descriptions of grasses include several (vegetative and
reproductive) characteristics that help to characterize and classify
taxa from subfamily down to the species and infra specific levels.
Morphological and morphometrical characters that diagnose
Setaria pumila, S. verticillata, and S. viridis from one another
are presented in Supplementary Table 1. Whereas qualitative
characteristics provide a clear cut account of similarities and
dissimilarities in paired comparisons, quantitative characteristics
show overlapping ranges and cryptic distinctions requiring
additional evidence for taxonomic resolution. In the present

context, phytolith analysis was employed to supplement and
substantiate taxonomic demarcation among the three species of
the genus Setaria P. Beauv.

Epidermal Patterns
Leaf epidermal characteristics play an important role in
taxonomic demarcation of grass taxa due to the unique
arrangement of epidermal long and short cells in the costal and
intercostal regions (Prat, 1936, 1948; Metcalfe, 1960; Ellis, 1979;
Hilu, 1984; Rudall et al., 2014).

The present study has revealed two distinct distribution
patterns of silica cells and associated epidermal cells. The first one
comprises long-short cell alternation in the intercostal region of
the epidermis and the second one includes axial rows of closely
spaced short silica cells in the costal region. These costal rows
of silica bodies are separated from each other by a single short
intervening cell known as the cork cell and are considered highly
diagnostic in grasses (Prasad et al., 2011). The intervening cells
are relatively thin walled, but resemble silica bodies in size and
shape.

The underlying causes for the concentration of the silica
bodies over the veins remain unknown though there is an
apparent positive correlation between silica deposition and
proximity to lignified tissues of the vascular bundles. Indirect
support for this association between lignin and silica deposition
comes from studies indicating a correlation between silica
deposition and lignin metabolism in grasses (Schoelynck et al.,
2010).

Supplementary Table 2 summarizes epidermal patterning and
the distribution of silica cells and other associated epidermal
cells on the adaxial and abaxial leaf surfaces of grass species
under investigation. S. pumila revealed one to three axially
oriented rows of bilobate phytoliths with each bilobate phytolith
flanked by silica cork cell in the coastal region on the adaxial
surface of cleared leaf segments (Figures 2Aa–e). It also showed
the presence of nodular bilobate phytoliths (Figure 2Aa). The
costal rows of silica cells showed the presence of prickle
hairs (Figure 2Ae). The intercostal region on adaxial surfaces
completely lacked silica cells except for occasional prickle hairs
(Figure 2Af) with those on the margin having the length of base
greater than the barb (Figure 2Ag). The abaxial surface of cleared
leaf segments of S. pumila presented a different scenario. The
costal region showed 1–3 bilobate to cross shaped silica cells with
each bilobate/cross pair of silica cells separated by silica cork cells
(Figures 2Ah–j). The intercostal region of the abaxial surface in
S. pumila showed prickle hairs between each pair of epidermal
long cells in alternating axial rows (Figures 2Ak,l). The margins
on abaxial surfaces showed prickle hairs with a much higher base
to barb length ratio than those on the margins of adaxial surfaces.

We have classified bilobate phytolith morphotypes into
eight subtypes based upon the length of their shank (the
interconnecting segment between two lobes) and the shape of the
outer margin of their lobes as proposed by Lu and Liu (2003)
(Supplementary Tables 2, 3 and Figure 2B). The bilobate shape
is highly conserved and has been employed in identification of
grass species (Lu and Liu, 2003; Gallego and Distel, 2004; Fahmy,
2008). The costal region on adaxial surface of S. pumila showed
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FIGURE 2 | (A) In-situ location of phytoliths in leaf epidermis of Setaria pumila (Poir.) Roem. & Schult. Adaxial surface (a–g) and abaxial surface (h–l). (B)

Morphological classification of bilobate phytolith morphotypes (data in Supplementary Table 4). (C) In-situ location of phytoliths in leaf epidermis of Setaria verticillata

(L.) P. Beauv. Adaxial surface (a–i) and abaxial surface (j–k). (D) In-situ location of phytoliths in leaf epidermis of Setaria viridis (L.) P. Beauv. & Schult. Adaxial surface

(a,b) and abaxial surface (c–f).

three structural variants of the bilobate phytoliths, (III, V, and VI)
out of a total eight variants of bilobates recorded from different
parts of Setaria species (Supplementary Table 3 and Figure 2B).
The bilobate and nodular bilobate type of phytoliths with each
lobate pair separated by silica cork cells have been reported in
the costal region of S. pumila (Sharma and Kaur, 1983; Ishtiaq
et al., 2001; Shaheen et al., 2011). However, these authors did not
report structural variations within the bilobates as recorded in the
present investigations.

S. verticillata showed an axial row of phytoliths comprising of
3–6 bilobates, a cross and a nodular bilobate flanked by prickle
hairs, with each phytolith pair separated by silica cork cells in

the costal region (Figures 2Ca–d). The costal region on adaxial
surfaces of S. verticillata had only two structural variants of
bilobate phytoliths (VII and IV as compared to three variants in
S. pumila (Supplementary Table 3). Shaheen et al. (2011) reported
bilobates on adaxial surfaces of the costal region of S. verticillata.
However, this work made no mention of the presence of the
nodular bilobate type of phytolith in the costal region on adaxial
surfaces. The intercostal regions lacked silica cells and prickle
hairs but showed the presence of long hairs (Figures 2Ce,h) in
contrast to S. pumila in which prickle hairs were present and long
hairs were completely absent. The presence of cystoliths (calcium
oxalate crystals) on the adaxial epidermal surface of S. verticillata
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FIGURE 3 | (A) Undulated patterns and ornamentations on the epidermal long cells of Setaria pumila (Poir.) Roem. & Schult. synflorescence. Columellate extensions

(a–c); η-I type (d–g); granulate (h) and n-I type (i) type of epidermal undulation patterns. (B) Undulated patterns and ornamentations on the epidermal long cells of

Setaria verticillata (L.) P. Beauv. synflorescence. η-I (a–c); �-I (d), 3-I (e,f) 3-II (g,h), 3-III (i) and n-I (j), and n-II (k) type of epidermal undulation patterns.

(C) Undulated patterns and ornamentations on the epidermal long cells of Setaria viridis (L.) P. Beauv. synflorescence. �-I (a,b,g), � –II with papillate structures

(encircled) (c–e) and granulate epidermal extensions (f).

leaf as quadrihedrons and hexahedrons has emerged as the most
important diagnostic feature of the species. The cystoliths showed
greater concentration in costal rather than the intercostal regions
(Figures 2Cf,g). Even though cystoliths have been reported from
leaf epidermis in several other grass species (Benecke, 1903;
Sato, 1968; Dayanandan et al., 1977; Sato and Shibata, 1981;
Lerseten, 1983; Prasad et al., 2005), the present study is the first
report of cystoliths for the genus Setaria. The abaxial surface
in the costal regions showed a single axial row of bilobate and
nodular bilobate types of phytoliths (Figure 2Cj). The bilobate
class revealed two structural variants (III and IV). The intercostal
region showed 1–2 stomatal files of high domed stomata

(Figure 2Ck). The margins on abaxial surface showed the
presence of prickle hairs with base lengths greater than the barb
(Figure 2Ci).

S. viridis showed, on the adaxial surfaces 1-4 axial rows
of bilobate and nodular bilobate type of phytoliths in the
costal region with each phytolith pair flanked by silica cork
cells (Figures 2Da,b). Three variants of bilobate phytoliths were
present in S. viridis (II, IV, and V). These phytoliths are flanked by
a pair of prickle hairs in the costal region. The intercostal region
showed prickle hairs between each epidermal long cell pair. In
contrast to S. pumila and S. verticillata, the intercostal regions
of S. viridis occasionally showed a single row of phytoliths.
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S. viridis abaxial leaf surface had 1–3 rows of bilobate phytoliths
with occasional nodular bilobate types in the costal region
(Figures 2Dc,d). The bilobate class included two structural
variants (V andVI). The species had small one celled prickle hairs
in the intercostal regions in addition to prickle hairs with bases
smaller than the barb on the leaf margins (Figures 2De,f).

Epidermal Ornamentation and Undulation
Patterns
The ornamentation and undulation patterns of epidermal
long cells of synfloresence bracts have been put into three
categories viz., �-undulated, η-undulated, and n-undulated
ornamentations (Lu et al., 2009). We propose another undulated
ornamentation which can be represented by the symbol ‘3’
(Greek-Lamda) and further categorize it into three subtypes: 3-
I, 3- II, and 3- III. The 3-type of undulations were classified on
the width of the base and the length of the lateral extensions. If
the width of the base and its length was nearly equal, it was put
as 3-I type and if the length was three times the base of lateral
extensions, it was recognized as 3-II type. Similarly, if the length
of the lateral extension is more than thrice the width of the base
of the extension, it was put as 3-III. The � and η-undulated
ornamentations are generally present on the lemmas and palea
and have been further put into subtypes based on the degree of
undulations as �-I, � -II & �-III and η-I, η-II, η-III respectively
(Lu et al., 2009). n-undulated ornamentations were reported on
the margins of lemmas and paleas (Zhang et al., 2011).

S. pumila showed columellate extensions of epidermal cells
(Figures 3Aa–c) whereas they were absent in the other two
species. In addition to columellate extensions, S. pumila showed
the presence of η-I (Figures 3Ad–g), granulate (Figures 3Ah),
and n-I (Figures 3Ai) type of undulated ornamentations. These
types of ornamentations have been reported in some other
species of Setaria including S. italica, (Lu et al., 2009; Zhang et al.,
2011). In our sample, S. verticillata showed the presence of η-
I (Figures 3Ba–c) �-I (Figures 3Bd), 3-I (Figures 3Be,f) 3 –II
(Figures 3Bg,h), 3 –III (Figure 3Bi) and n-I (Figure 3Bj) and
n-II (Figure 3Bk). S. viridis showed �-I (Figures 3C a,b,g), � –
II (Figures 3Cc–e) and granulate (Figures 3Cf,g). The epidermal
elements also showed the presence of papillae on the surface of
lemmas. Kealhofer et al. (2015) also reported the similar (� –II)
type of epidermal undulated ornamentations in S. viridis.

Phytolith Morphotypes
In the present study, a cumulative total of 58 phytolith
morphotypes were identified with an individual distribution of
38 in S. pumila, 39 in S. verticillata, and 41 in S. viridis. These
morphotypes were grouped into nine broad categories namely,
bulliform cells, epidermal elements, hairs, long cells, short cells,
tabular types, globular types, blocky types, and tracheids (Table 1
and Figures 4–6, 7A–C). The first seven categories are known to
have their origin in the epidermis, blocky types in the endodermis
and the last one in the vascular tissue system (Twiss et al., 1969;
Lu and Liu, 2003).

Except for the blocky and globular types, phytolith
morphotypes have been well reported in family Poaceae
(Twiss et al., 1969; Bonnett, 1972; Prychid et al., 2004). Both

FIGURE 4 | Phytolith morphotypes from various parts of Setaria pumila (Poir.)

Roem. & Schult. (A) (Root): Bilobate class I (a); Bilobate class VI (b,c);

Bilobate class V (d,e); Polylobate (f); Nodular bilobate (g,h); Globular

(Continued)
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FIGURE 4 | polyhedral (i,j), Blocky irregular (k,l); Oblong (m); Trapezoid (n,o);

Rectangular (p,q); Cuneiform bulliform (r); Tabular irregular (s–v); Scutiform

(w). (B) (Culm): Blocky polyhedral (a,b); Trapezoid (c); Globular polyhedral (d);

Echinate elongate (e,f); Sinuate elongate with concave ends (g); Tabular

irregular (h); Sinuate elongate (i–k); Smooth elongate (l,m); Elongate irregular

(n,o). (C) (Leaf): Tabular simple (a); Blocky irregular (b); Rectangular (c);

Globular granulate (d,e); Blocky polyhedral (f); Parrellepedal bulliform cells (g);

Trapezoid (h–l); Globular polyhedral (m); Clavate (n,o); Cuboid (p,q);

Scutiform (r,s); Ovate (t,u); Cylindrical (v,w); Smooth elongate (x). (D)

(synflorescence): Macrohairs (a–e); Cuneiform bulliform (f); Globular polyhedral

(g); Epidermal elements (h); Echinate elongate (i–k); Clavate (i); Trapezoid

(m,n), Tracheid (o), Blocky polyhedral (p,q); Elongate irregular (r,s); Horned

tower (t,u); Blocky irregular (v); Globular granulate (w); Smooth elongate (x,y);

Facetate elongate (z); Sinuate elongate (aa); Columellate elongate (ab);

Stomata (ac); Prickle hair (ad); Bilobate class I (ae); Plates (af,ag).

blocky and globular (spherical) morphotypes are considered
to be characteristic of forest trees (Runge, 1999). Even within
monocots, spinulose to tabular spheres are typically associated
with the arborescent (palm) family, Arecaceae (Kealhofer and
Piperno, 1998) wherein these types are produced in great
abundance (Albert et al., 2007). While the blocky morphotype
has been reported in some grasses (Wang and Lu, 1993; Carnelli
et al., 2004), we have not come across any report of the globular
type in the family. However, in view of the reports of the globular
type from the commelinid families, Zingiberaceae, Marantaceae,
and Strelitziaceae (Tomlinson, 1956, 1961; Kealhofer and
Piperno, 1998; Brilhante de Albuquerque et al., 2013) and the
non-commelinid family Orchidaceae (Sandoval-Zapotitla et al.,
2010), the recovery of the globular morphotype in Poaceae
during the present studies was not entirely unexpected.

The present study marks a significant addition to information
on phytolith profiles particularly from underground (root) parts
of three species of genus Setaria. Most of the previous studies in
grasses have documented phytoliths from above ground parts,
mainly the leaf (Tomlinson, 1969; Twiss et al., 1969; Bonnett,
1972; Krishnan et al., 2000; Lu and Liu, 2003; Prychid et al., 2004;
Fahmy, 2008; Barboni and Bremond, 2009; Rudall et al., 2014;
Shakoor et al., 2014; Jattisha and Sabu, 2015). Only a limited
number of reports are available on phytolith analysis of roots of
plant species (Ezell-Chandler et al., 2006; Das et al., 2014; Soukup
et al., 2014; Shakoor et al., 2016).

A comparison among the three congeneric species of Setaria
revealed that some of the phytolith morphotypes were shared by
all the three species while some others were restricted to only
one or two of the three species in the present study (Table 1).
At one extreme were some morphotypes which had a ubiquity
value of unity, i.e. they occur in at least one plant part in all
the three species. For example, bilobate class V, blocky irregular
and blocky polyhedral were present at least in one plant part in
all the three species and hence carried a ubiquity value of unity
(Table 1). Such morphotypes have the lowest diagnostic value.
Similarly, phytolith morphotypes with a ubiquity value of 0.66
indicates their presence in two out of the three species. These
types could be utilized for taxonomic diagnosis and demarcation
of pairs of species in the present sample from the one lacking
these morphotypes (Table 1). For example, bilobate class III,

FIGURE 5 | Phytolith morphotypes from various parts of Setaria verticillata (L.)

P.Beauv. (A) (Root): Cuneiform bulliform (a,b); Tabular simple (c); Blocky

irregular (d–f); Cuboid (g); Globular echinate (h); Smooth elongate (i); Bilobate

class VII (j); Blocky polyhedral (k–m); Crescent moon (n,o); Parrellepedal

bulliform cells (p,q); Rectangular (r,s); Globular polyhedral (t–v); Elongate with

concave ends (w); Cylindrical (x); Triangular (y); Trapezoid (z). (B) (Culm):

Sinuate elongate (a); Ovate (b,c); Blocky crenate (d,e); Globular psilate (f);

(Continued)
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FIGURE 5 | Trapezoid (g,h); Clavate (i); Scutiform (j,k); Blocky irregular (l–n);

Blocky polyhedral (o); Cuboid (p); Smooth elongate (q); Half-moon (r). (C)

(Leaf): Globular granulate (a,b); Globular polyhedral (c); Rectangular (d,e);

Blocky polyhedral (f); Elongate irregular (g,h); Horned tower (i–k); Tabular

irregular (l); Trapezoid (m–o); Scutiform (p); Bilobate class IV (q); Bilobate

class VII (r); Nodular bilobate (s); Cuneiform bulliform (t–v); Blocky irregular

(w,x). (D) (Synflorescence): Epidermal element with columellate extensions (a);

Cuneiform bulliform (b,c); Blocky polyhedral (d) Smooth elongate (e,f);

Rectangular (g); Cuboid (h); Clavate (i); Acicular (j,k); Polylobate irregular (l);

Rondel (m–o); Cross (p); Globular polyhedral (q,r); Scutiform (s–u);

Columellate elongate (v); Echinate elongate (w); Trapezoid (x–z).

columellate elongate, cross, horned tower, oblong and tabular
simple demarcate S. pumila and S. verticillata from S. viridis in
the present sample. Similar is the case with other morphotypes
with ubiquity value of 0.66 between other pairs of species within
the three congenerics (Table 1).

Phytolith morphotypes with ubiquity value of 0.33 indicates
their presence in only one of the three studied species. Within
the limited context of the present work, these phytoliths
marked the individual species from the other two and
helped in their taxonomic demarcation. For example, bilobate
class I (Figures 4Aa,Da,e) from roots and synflorescences,
polylobate (Figure 4Af) from roots, sinuate elongate with
concave ends (Figure 4Bg) from culms, stomatas (Figures 4Dac)
facetate elongate (Figure 4Dz), and tracheids (Figure 4Do) from
synflorescences have ubiquity values of 0.33 and diagnose
S. pumila from the other pair of species (Table 1). The
“marker” phytolith morphotypes yielded by various parts of
S. verticillata included blocky crenate (Figures 5Bd,e) from
culms, crescent moon (Figures 5An,o) and elongate with
concave ends (Figure 5Aw) from roots, half-moon (Figure 5Br),
epidermal element with columellate extensions (Figure 5Da)
and polylobate irregular (Figure 5Dl) from the synflorescences
(Table 1). Similarly, the “marker” morphotypes from S. viridis
included bilobate class II (Figures 6D-h-j), epidermal element
with short silica cells and stomata, epidermal papillate, and
prickly elongate (Figures 7Cw,y,ad,ac) from synflorescences,
bilobate class VIII (Figure 6Bv) from culms, tabular polyhedral
from the culms and leaves (Figures 6Ce, 7Cl) and carinate
(Figures 6Bt,u, 7Cx) from the culms and the synflorescences
(Table 1). What adds to the diagnostic significance of these
morphotypes is that these were recovered from all the plant
parts ranging from roots to synflorescences. Hence, the present
study reiterates the necessity and significance of analysis of
phytoliths from all the underground and aerial plant parts before
utilizing them for taxonomic diagnosis as suggested in some
earlier studies as well (Kealhofer et al., 2015; Shakoor et al., 2016).
Here, it may be emphasized that these morphotypes “mark”
the individual species only from the other two in the present
study. An unqualified use of the term marker phytolith for the
types recovered from species in the present sample would be an
overstatement implying that these types diagnose these species
individually from rest of the species of the foxtail grass genus
Setaria. The full potential of phytolith types for interspecific
diagnosis can only be realized after phytolith analysis of the entire

FIGURE 6 | Phytolith morphotypes from various parts of Setaria viridis (L.) P.

Beauv. (A) (Root): Blocky polyhedral (a,b); Triangular (c,d); Rectangular (e–g);

Blocky irregular (h); Trapezoid (i–k); cuboid (l,m); Globular psilate (n); Globular

granulate (o–q); Scutiform (r,s); Parrellepedal bulliform cells (t–v); Oblong (w).

(B) (Culm): Globular polyhedral (a–e); plates (f,g); Triangular (h); Cuneiform

bulliform (i); Rondel (j); Smooth elongate (k); Rectangular (l–n); Blocky

irregular (o,p); Blocky polyhedral (q,r); Globular echinate (s); Carinate (t,u);

(Continued)
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FIGURE 6 | Bilobate class VIII (v); Clavate (w,x); Trapezoid (y–z1); Cuboid (z2,

z3); Elongate irregular (z4). (C) (Leaf): Blocky irregular (a–d); Tabular polyhedral

(e); Clavate (f); Echinate elongate (g,h); Sinuate elongate (i); Smooth elongate

(j); Pickle hair (k); Globular granulate (l–o); Scutiform (p–s); Cuboid (t–v);

Trapezoid (w–y); Ovate (z,z1); Bilobates class VII (z2) Bilobates class VIII (z3);

Plates (z4,z5). (D) (Synflorescence): Cuneiform bulliform (a–c); Blocky

polyhedral (d–g); Bilobate class II (h–j); Blocky irregular (k,l); Parrellepedal

bulliform cells (m–o); Globular polyhedral (p–r); Ovate (s,t); Smooth elongate

(u,v); Acicular (w); Prickle hair (x); Globular psilate (y,z); Cylindrical (z1).

genus. Similarly, “marker” types for the genus and suprageneric
levels can only be identified by profiling all the taxa included in
these ranks.

SEM of phytoliths of the three congenerics of Setaria
revealed subtle differences in topography of phytolith
morphotypes which was not clear in light microscopy
(Figures 7A–C). SEM has helped to distinguish and
segregate particular phytolith morphotypes into sub-types.
For example, the globular morphotype was further resolved
into globular crenate (Figure 7Cr) globular granulate
(Figures 7Aa,d,Bi), globular echinate (Figures 7Al,Co,p),
globular polyhedral (Figures 7Aq,r,Bh,Ca,h,z), and globular
psilate (Figures 7Be,Ck) morphotypes based on the type
and degree of surface ornamentations. Similarly, the tabular
morphotype was segregated into tabular polyhedral (Figure 7Cl),
tabular irregular (Figure 7Cq) and tabular polyhedral
(Figure 7Ct). Earlier studies grouped all broad and multisided
structures into trapezoid category (Piperno, 1988, 2001; Pearsall,
2000). But recent studies have distinguished two more categories
within the trapezoid morphotype viz., blocky polyhedral and
blocky irregular morphotypes (Traoré et al., 2014). We have
also recognized blocky irregular (Figures 7Ab,o,Bj,r,Cb) and
blocky polyhedral (Figures 7Af,k,Ba,b,Cc,d,n,ab) morphotypes.
Additionally, SEM has revealed the interlocking patterns
between epidermal elements (Figures 7Cv,w,y). It has also
revealed the presence of silica short cells embedded with the
epidermal elements (Figure 7Cw).Thus, SEM has been employed
as an effective tool in elucidation of ultrastructural features of
phytolith morphotypes and their classification into subtypes that
have further helped in demarcation of the grass species under
reference.

The coefficient of association of phytolith morphotypes
based on Pearson’s association revealed highest association
among overground parts (Supplementary Table 4). The strongest
association was found among the leaf and synflorescence of
S. pumila and S. viridiswhereas S. verticillata showed significantly
lower values of association (Supplementary Table 4). The
highest values of coefficient of association between leaf and
synflorescence could be attributed to the anatomical similarities
of leaf and synflorescence bracts that produce phytoliths.
Similarly, insignificant association between the underground
and overground parts could be explained by the anatomical,
histological and physiological differences among these plant
parts and hence the phytolith morphotypes produced by
them.

Clustering of species on the presence/ absence data of bilobate
classes, using Jaccard’s similarity index was carried out. S. pumila
belongs to one clade of Setaria whereas the other two species
belong to the other clade (Doust and Kellogg, 2002). A similar
trend was observed in clusters from the totality of morphotypes
(Figure 8). S. pumila stood apart from the other two species
as it has 33% similarity of phytolith profile with S. verticillata
and 28.57% with S. viridis. However, S. verticillata and S. viridis
showed 42.85% similarity and were grouped together (Figure 8).

Frequency Distributions and Morphometric
Measurements
Several studies in the past have utilized data on morphotypes
for taxonomic characterization and identification of plant species
(Twiss et al., 1969; Lau et al., 1978; Hodson and Sangster,
1988; Ollendorf et al., 1988; Whang et al., 1998; Krishnan
et al., 2000; Ponzi and Pizzolongo, 2003; Piperno, 2006).
However, recent studies have enlarged the scope of phytolith
research by including data on morphometric measurements and
frequency distributions of phytolith morphotypes for taxonomic
demarcation of species down the taxonomic hierarchy from
family, genus, and species levels (Strömberg, 2009; Jattisha and
Sabu, 2012; Tripathi et al., 2013; Szabo et al., 2014; Shakoor et al.,
2016; Ball et al., 2017; Out and Madella, 2017).

Setaria spp. showed considerable differences in the frequency
distribution of various phytolith morphotypes (Figure 9). The
most frequent in all the three species were the trapezoids.
However, they differ significantly within and between the species
with 19.47% frequency in S. pumila, 14.38% in S. verticillata and
7.91% in S. viridis (p ≤ 0.05; χ2-test). Acicular morphotypes
present in both S. verticillata and S. viridis differed many
fold in terms of their percentage frequency with 15.17% in
the former and 2.18% in the later species. Bilobate classes
also differ significantly with respect to frequency distributions.
For example, bilobate class III were present in the leaves of
S. pumila and S. verticillata with highly variable percentage
frequency values of 9.44% and 3.10% respectively (p ≤ 0.05;
χ2-test). Similarly, bilobate class IV occurred in the leaves
of S. verticillata and S. viridis with a percentage frequency
of 8.10 and 4.39% respectively (p ≤ 0.05; χ2-test). Similarly,
other phytolith morphotypes revealed significant differences in
percentage frequency providing a definite clue that frequency
of occurrence of phytolith morphotypes provides an additional
evidence for taxonomic characterization apart from qualitative
differences in phytolith types (Figure 9).

Apart from frequency distributions, morphometric data
on size dimensions and shape descriptors of morphotypes
also revealed significant differences between the species
(Supplementary Tables 5A–C). In the present analysis, we
included data on size parameters (length, width, area and
perimeter) and one shape descriptor, the aspect ratio. Further,
length and width of the shank of bilobate types have been
employed as additional characteristics to classify the bilobates
into various subtypes in order to further supplement taxonomic
diagnosis of species (Supplementary Table 3). The use of
multivariate statistical approaches like principal component
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FIGURE 7 | Scanning Electron Micrographs (SEM) of phytolith morphotypes from various parts of: (A) Setaria pumila (Poir.) Roem. & Schult. Root: Globular granulate

(a) Blocky irregular (b); Bilobate class V (c). Culm: Globular granulate (d) Cuneiform bulliform (e). Blocky polyhedral (f); Trapezoid (g); Leaf: Trapezoid (h,i);

(Continued)
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FIGURE 7 | Blocky irregular (j); Blocky polyhedral (k); Globular echinate (l); Elonagate irregular (m). Synflorescence: Prickle hair (n); Blocky irregular (o); Epidermal

element with undulated ridges (p); Globular polyhedral (q,r); Trapezoid (s); Prickle hair (t). (B) Setaria verticillata (L.) P.Beauv. Root: Blocky polyhedral (a,b); Cuneiform

bulliform (c); Trapezoid (d); Globular psilate (e). Culm: Scutiform (f); Elongate irregular (g). Leaf: Globular polyhedral (h); Globular granulate (i); Blocky irregular (j);

Blocky polyhedral (k). Synflorescence: Echinate elongate (l); Crenate elongate (m); Columellate elongate (n); Blocky papillate (o); Trapezoid (p); Acicular (q); Blocky

irregular (r); Rugose elongate (s). (C) Setaria viridis (L.) P. Beauv. Root: Globular polyhedral (a); Blocky irregular (b); Blocky polyhedral (c,d); Trapezoid (e,f). Culm:

Trapezoid (g). Globular polyhedral (h); Epidermal element with undulated ridge (i); Blocky irregular (j); Globular psilate (k); Tabular polyhedral (l). Leaf: Trapezoid (m);

Blocky polyhedral (n); Globular echinate (o,p); Tabular irregular (q); Globular crenate (r); Bilobate class V (s); Tabular polyhedral (t). Synflorescence: Trapezoid (u);

Epidermal element (v); Epidermal element with silica short cells & stomata (w,y); Carinate (x); Globular polyhedral (z); Triangular (aa); Blocky polyhedral (ab); Prickly

elongate (ac); Epidermal papillate (ad); Scutiform (ae).

FIGURE 8 | Clustering of three species of Setaria P. Beauv. based on

presence/absence data of bilobate phytolith morphotypes. [SP, Setaria pumila

(Poir.) Roem. & Schult.; SVC, Setaria verticillata (L.) P. Beauv.; SV, Setaria viridis

(L.) P. Beauv.].

analysis has been recommended and employed in earlier studies
for taxonomic demarcation of species (Benvenuto et al., 2015;
Pearsall, 2015; Ball et al., 2016).

Joint PCA analysis of morphometric parameters of phytoliths
from different parts of the three species led to overcrowding of
the data and did not help in diagnosis of species. However, PCA
analysis of morphometric parameters of phytoliths from different
parts individually proved useful in taxonomic demarcation of
the species. PCA analysis of root phytoliths clearly separated
the three species on the basis of surface areas of different
morphotypes (Supplementary Figures 1a,b). S. pumila was
demarcated on the basis of surface areas of blocky irregular
and tabular irregular, S. verticillata by blocky polyhedral and
S. viridis by area of trapezoid morphotypes as revealed by
PCA results of component 1 and 2 (Supplementary Figure 1a).
However, the PCA plot between component 1 and 3 revealed
more clear demarcation than obtained from components 1
and 2 (Supplementary Figures 1b). PCA analysis of phytolith
morphotypes of culm of the three species brought about the

taxonomic demarcation of species on the basis of the area of
smooth elongates for S. verticillata, and tabular irregular for S.
pumila (Supplementary Figure 2). Similarly, PCA analysis of leaf
and synflorescence phytolith morphotypes of the three species
lent further support to taxonomic analysis of the three species
of Setaria (Supplementary Figures 3, 4).

Transmission Electron Microscopy
TEM allows visualization and microstructural examination
through a combination of high magnification and resolution.
It helped to distinguish various physical states including
amorphous from the crystalline and helped to study their
atomic planes, (columns of atoms in crystals). TEM images
of phytolith morphotypes from leaves and synflorescences of
S. pumila and S. verticillata showed macroscopic clusters and
agglomerates of silica that were not distinguished into particles at
nanoscale regime (Figures 10Aa–d,Ba–d,Ca–c,Da,b). However,
phytoliths from leaves and synflorescences of S. viridis revealed
silica particles of spherical and cubic morphologies of nanoscale
regime and were clustered (Figures 10Ea,b,Fa,b). The presence
of spherical and cubic nanoparticle clusters in the latter species
clearly demarcates it from the other two congenerics. Gonzalez-
Espindola et al. (2014) reported clusters and agglomerates of
phytoliths as well as spherical particles of nanoscale regime
from the leaves of the grass species Stenotaphrum secundatum.
Palanivelu et al. (2014) reported agglomerated particles of
silica nanoparticles from rice hulls collected from different
geographical locations.

High resolution transmission electron microscopy (HRTEM)
revealed the presence of ordered interplanar atomic layers
of Si–O, Si–O–Si bonds in all the species except in the
leaf phytoliths of S. verticillata (Figures 10Ae,Be,Dc,Ec,Fc),
which did not possess regular ordering of local clusters
of Si–O and the silica bodies were completely amorphous
(Figures 10Bd,e). HRTEM analysis of phytoliths from leaves
of S. pumila and S. viridis revealed microcrystalline structures
with an interplanar distance (d-spacing) of 0.1 nm which
was indicative of the presence of tetragonal cristobalite
polymorph of silica (Figures 10Ae,Fc). Similarly, silica from the
synflorescences of all the three species revealed microcrystalline
structures with a difference of interplanar distance which
was 0.08 nm for S. pumila and S. viridis and 0.083 nm
for S. verticillata. These distances correspond to tetragonal
stishovite polymorphs (Figures 10Be,Dc,Fc) whose formation
was favored by the presence of localized crystallization
centers such as extraneous cations dispersed throughout
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FIGURE 9 | Stratigraphic diagram showing percentage frequency of different phytolith morphotypes. (Description of phytolith morphotypes from Table 1).

FIGURE 10 | Continued.
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the siliceous phytoliths (Mann and Perry, 1986). The link
got substantiated and explained by the presence of cations
like Al2+, Ba2+, Fe2+,Ca2+,Cu2+, Mg2+, Na+, and K+ as

FIGURE 10 | Continued.

revealed by SEM-EDX analysis of phytoliths (Supplementary
Table 6).

Selected area electron diffraction (SAED) reveals the
chemical composition of different mineral phases by their
different patterns generated by the impact of X-rays and fast
moving electrons. Phytoliths from the leaves of S. pumila and
S. viridis revealed well defined single crystalline lattices that
could be resolved to hexagonal and orthorhombic lattices of
SiO2. (Figures 10Af,Ed) that were continuous and unbroken
in the former but lacked grain boundaries in the latter (cf.
Reid et al., 2011). The amorphous structure of phytoliths
was revealed by an absence of SAED patterns (Figure 10C).
Similarly, phytoliths from synflorescences of S. pumila revealed
single crystal lattices corresponding to SiO2 (with cubic,
tetragonal and orthorhombic morphologies) and zeolites
with a cubic lattice system (Figure 10B). The SAED pattern
of synflorescences of S. verticillata and S. viridis showed
well defined rings confirming their polycrystalline nature
(Figures 10Dd,Fd). The SAED patterns of phytoliths from
S. verticillata correspond to orthorhombic ferrierite and
tridymite and anorthic SiO2 polymorphs. Similarly, SAED
patterns of silica from S. viridis correspond to orthorhombic
ferrierite and tridymite (Figure 10Fd). Apart from taxonomic
resolution, the formation of nanoscale silica particles during dry
ashing of the plant material has applications in nanotechnology,
particularly synthesis of metal silicates (Neethirajan et al., 2009;
Qadri et al., 2015).

Biosilica Content
Grasses deposit silica in varied amounts in different plant parts
ranging from 1 to 11% (Jones and Handreck, 1967). In the
present study, the three species of Setaria revealed considerable
differences in terms of ash and silica content in their parts
(Supplementary Figure 5). The species showed higher values
of ash and silica in their foliar parts with 21.06% ash and
11.62% silica in S. pumila, 19.87% ash and 9.23% silica in S.
verticillata and 16.43% ash and 6.24% silica in S. viridis. The
ash and silica content in other parts were in the order of,
synflorescences>roots>culms. Higher amounts of silica in the
leaves and synflorescences of grasses are well reported (Lanning
and Eleuterius, 1981, 1987, 1989). The differential amounts of
silica within and between different parts of the plant body have
been correlated to the differences in the targeted cellular sites of
silicification. For example, in roots endodermal cells have been
proved to be the usual targets of silicification while in the aerial
parts of the plant body different epidermal cells and associated
structures as well as the cells of vascular bundles, and the spaces
between the cortical cells are believed to be the targeted sites of
silicification (Kumar et al., 2017; Kumar and Elbaum, 2018).

Our results indicated significantly higher silica content in the
leaves of the presently studied Setaria species as compared to
some other species of the genus. For example a much lower
amount (6.06%) was reported in S. magna Griseb. (Hodson et al.
(1982)) and other members of tribe Paniceae (1.04% for Panicum
reptans L., 3.7% for Digitaria macroblephara (Hack.) Paoli) and
related tribes (1.34% for Imperata cylindrical (L.) Raeusch. and
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FIGURE 10 | Transmission electron microscopy of Phytoliths (A,B): Setaria pumila (Poir.) Roem. & Schult. Leaf (A) (a–d) Clusters and agglomerates of silica (e)

HRTEM (f) SAED patterns (Figures in parenthesis indicate hkl values and for description of alphabets refer Supplementary Table 8) and Synflorescence (B) (a–d)

(Clusters and agglomerates of silica (e) HRTEM (f) SAED patterns (Figures in parenthesis indicate hkl values and for description of alphabets refer Supplementary

Table 8). (C,D) Setaria verticillata (L.) P. Beauv. Leaf (C) (a–c) Clusters and agglomerates of silica (d–e) HRTEM (f) SAED patterns and Synflorescence (D) (a–b)

Clusters and agglomerates of silica (c) HRTEM (d) SAED patterns (Figures in parenthesis indicate hkl values and and for description of alphabets refer Supplementary

Table 8). (E,F) Setaria viridis (L.) P. Beauv. Leaf (E) (a,b) Spherical silica particles (c) HRTEM (d) SAED patterns (Figures in parenthesis indicate hkl values and for

description of alphabets refer Supplementary Table 8) and Synflorescence (F) (a,b) Cubic and agglomerated silica (c) HRTEM (d) SAED patterns (Figures in

parenthesis indicate hkl values and for description of alphabets refer Supplementary Table 8).

2.7% for Themeda triandra Forssk.) of the subfamily Panicoideae
(Lanning and Eleuterius, 1989; Quigley and Anderson, 2014).

The variation in silicification rates in underground and aerial
parts (particularly leaf and synflorescence bracts) are known
to be controlled by a multitude of extrinsic (availability of
silica and water in the soil) and intrinsic factors including
the extent and nature of silicon transporters and channels,
sink strength and the functional anatomy of various plant
parts (Motomura et al., 2002; Ma and Yamaji, 2006; Honaine
and Osterrieth, 2011). Besides these factors of control, higher
levels of silicification in leaf laminae and the synflorescence
bracts of aerial plant parts have been correlated with higher
evapotranspiration rates in these parts. Once absorbed, silica
is transported via xylem to various plant parts through the
transpiration stream. As water evaporates during transpiration,
silicic acid solutes are progressively concentrated resulting in
super-saturated concentrations of Si(OH)4 and deposition in
tissues as amorphous silica in the form of phytoliths; the extent
of supersaturation being controlled by the concentration of silicic
acid in soil water (Jones and Handreck, 1965; Rosen andWeiner,
1994; Raven, 2003; Exley, 2015).

Elemental Composition
Thoughmainly siliceous in nature, phytoliths deposit many other
elements in addition to silicon and oxygen in varying proportions
during the course of their development (Shakoor et al., 2016).

The elemental composition of phytolith morphotypes is reported
to be controlled by species characteristics, geochemistry and
prevailing environmental conditions (Bujan, 2013; Kamenik
et al., 2013; Hodson, 2016). However, the elemental composition
of phytoliths in association with their morphology has proved
useful for taxonomic diagnosis of species. Elemental composition
has been shown to be stable enough to serve as definitive evidence
of palaeo-environments by providing clues to the type of the soil
in which a given species grew (Kamenik et al., 2013; Hodson,
2016).

The presence of different elements in phytolith morphotypes
of the present samples reflect the availability of elements in
the soil (Supplementary Table 7). However, the present study
revealed some species-specific elements as well. The elemental
composition of rhizospheric soil samples from the three sampling
sites (Figure 1) revealed a cumulative number of fourteen (14)
elements (aluminum (Al), carbon (C), calcium (Ca), copper (Cu),
iron (Fe), magnesium (Mg), sodium (Na), phosphorous (P),
potassium (K), oxygen (O), silicon (Si), sulfur (S), titanium (Ti),
and zinc (Zn). Species wise characterization of the soil revealed
11 elements (Al, Ca, C, Fe, Mg, O, K, Si, Na, Ti, and Zn excluding
Cu, P, and S from the cumulative list) from sampling sites of S.
pumila, 10 elements (excluding Cu, P, S, and Zn) from the soil
supporting S. verticillata whereas the rhizospheric soil samples
from the S. viridis sampling site revealed 12 elements (excluding
Na and Zn from the cumulative list).
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FIGURE 11 | SEM-EDX spectra of phytoliths isolated from different parts: (A) Setaria viridis (L.) P. Beauv. Root (1-a); Culm (2-b); Leaf (3-c); and Synflorescence (4-d).

(B) Setaria verticillata (L.) P.Beauv. Root (1-a); Culm (2-b); Leaf (3-c,4-d), and Synflorescence (5-e). (C) Setaria pumila (Poir. Roem. & Schult. Root (1-a); Culm (2-b);

Leaf (3-c); and Synflorescence (4-d).

SEM-EDX analysis of the phytolith morphotypes from
different parts of the three species revealed a cumulative total
of 16 elements with 12 in S. pumila 14 in S. verticillata and
11 in S. viridis (Figures 11A–C and Supplementary Table 6). A
comparison of elemental composition data of soil samples and
phytolith morphotypes revealed that soil geochemistry controls
the composition of phytoliths. However, some elements were
present in phytolith samples in traces but were not detected
in soil samples. For example chlorine (Cl) was detected in
phytoliths from all parts of S. pumila and S. verticillata. Similarly

barium (Ba), copper (Cu), and sulfur (S) were detected in the
latter named species and rubidium (Rb) and sodium (Na) in S.
viridis. This unexpected difference in elemental composition of
soil samples and phytoliths could be attributed to some sort of
“accumulation” of these elements in the living cells producing
phytoliths. Most importantly, some elements were unique to
one or the other species: barium (Ba), phosphorous (S), and
sulfur (S) were detected in S. verticillata and rubidium (Rb)
in S. viridis Principal Component Analysis (PCA) of elemental
composition data from different parts of the three congeneric
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FIGURE 12 | PC analysis of elemental composition of data of phytolith

morphotypes of Setaria spp. SPR, Setaria pumila root; SPC, Setaria pumila

culm; SPL, Setaria pumila leaf; SPS, Setaria pumila synflorescence; SVCR,

Setaria verticillata root; SVCC, Setaria verticillata culm; SVCL, Setaria

verticillata leaf; SVCS, Setaria verticillata synflorescence; SVR, Setaria viridis

root; SVC, Setaria viridis culm; SVL, Setaria viridis leaf; SVS, Setaria viridis

synflorescence.

species led to demarcation of S.‘verticillata from the other two
congenerics with the first two components explaining 97.12%
(85.12% component 1+ 15% component 2) variation in the data
set (Figure 12). The present study has revealed higher atomic
and weight percentage values for carbon (C), oxygen (O), and
silicon (Si) in phytoliths whereas other elements were present
in considerably lesser amounts. The occlusion of carbon in
phytoliths has been compared to its sequestration in cellulose and
lignin (Parr and Sullivan, 2005). However, EDX analysis revealed
the element form of carbon in phytoliths rather than the organic
form.

Biomineralization of silica in plants is known to ameliorate
metal (Al, Cu, Fe) and salinity stress (Okuda and Takahashi,
1962; Matoh et al., 1986; Cocker et al., 1998; Yeo et al.,
1999). The deposition of metals like Al, Cu, Fe in phytoliths
possibly alleviates the toxicity associated with these elements.
Similarly, salinity stress seemed to be ameliorated by the
bioaccumulation of silicophytoliths as revealed by K, Ca, and
Mg in phytoliths (Anala and Nambisan, 2015). The segregation
and compartmentalization of phytoliths embodying Si and other
minerals has made isolation of these elements possible (Raven,
1983). Thus, deposition and immobilization of these toxic
elements in the silicification process may be a strategy of plant
species to get rid of these materials via their transport along the
transpirational route and final occlusion in phytoliths.

X-Ray Diffraction Analysis
Silica exists in diverse polymorphs and sub-morphs; crystalline
forms include alpha and beta-quartz, cristobalite, tridymite,

coesite, keatite, and stishovite. Amorphous silica has the same
composition as SiO2 but has a random structure of the crystal
lattice. The presence of both types in our specimens can
be attributed to the transformation of amorphous silica into
different crystalline polymorphs during dry ashing of thematerial
(Holm et al., 1967).

Powder diffractograms of phytoliths isolated from
underground and aerial parts of Setaria showed peaks
characteristic of different crystalline polymorphic phases
(Figures 13A–C). The most frequent phases were silicon dioxide
(SiO2) from all the parts of the species (except the leaf of S.
verticillata) and quartz (except in leaves and synflorescences
of S. verticillata. The other phases present in all the three
species (at least in one of the parts) included zeolites, tridymite,
stishovite, ferririte, coesite and cristobalite (Figures 13A–C and
Supplementary Table 8). However, stishovite was diagnostic of
roots and leaves of S. pumila whereas ferririte was restricted
only to the roots of S. viridis, suggesting a role in taxonomic
diagnosis as already reported for some of the grass species
(Gonzalez-Espindola et al., 2010, 2014; Shakoor et al., 2016).

The polymorphic phases have been known to have an
identical chemical composition (SiO2) but different physical
properties and lattice symmetries. They show distinct lattice
systems ranging from anorthic (triclinic), through monoclinic,
orthorhombic, hexagonal, cubic, and tetragonal. The present
studies lend further credence to the existence of polymorphic
silica in plants (Ollendorf et al., 1988; Piperno, 1988, 2006;
Lu and Liu, 2003; Lu et al., 2009; Zhang et al., 2011; Szabo
et al., 2015; Ge et al., 2016). The diffractogram of phytoliths
of S. viridis (root) and S. pumila (root and culm) showed a
unique peak corresponding to ferrierite and zeolite respectively.
(Figures 13A,C). Ferrierite is a zeolite (aluminosilicate mineral)
that binds a number of cations viz., Na+, K+, Ca2+, Mg2+ etc.
The presence of these phases can be explained by elemental
composition data.

Further, the FTIR analysis revealed a peak of Aluminosilicate
minerals in these species, thus supporting our XRD results
(Figures 14A,C). Earlier, Kow et al. (2014) confirmed the shift
from amorphous to crystalline phases of silica in cogon grass
(Imperata cylindrica (L.) P. Beauv.) in the presence of potassium
(K). Similarly, the presence of other minerals like, Na, Ca, Mg,
K etc. in phytoliths from the different parts of these congeneric
species could afford a possible explanation (acting as a controlling
factor) for the presence of different crystalline polymorphic
phases of silica. Such an association is further indicated by the
presence of only amorphous silica in the phytoliths from the
culms of S. verticillata that harbor a smaller number of elements
(only 4 besides C&H) as compared to phytoliths from other parts
of the plant body (Figure 13B and Supplementary Table 7).

FT-IR Spectroscopy
FTIR spectroscopy of silica from different parts of Setaria
spp. revealed several peaks that could be assigned to different
structural units of silica with varied vibrational degrees of
freedom (Figures 14A–C and Supplementary Table 9). The peaks
between 445.67–472.00 cm−1, 637.48–699.54 cm−1, 712.70–
801.08 cm−1, 1080.06–1094.44 cm−1, 1602.17-1616.24 cm−1,
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FIGURE 13 | XRD diffraction spectra of phytoliths isolated from different parts of Setaria spp. (A) Setraia pumila (B) Setaria verticillata (C) Setaria viridis (for description

of peak points, refer to Supplementary Table 8).

FIGURE 14 | FTIR spectra of phytoliths from different parts of Setaria sps. (A) Setaria pumila (B) Setaria verticillata (C) Setaria viridis (for description of peak points,

refer to Supplementary Table 9).
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1628.50–1641.66 cm−1, 2339.32–2366.49 cm−1, and 3346.27–
3597.36 cm−1 present in all the three species (Figures 14A–C
and Supplementary Table 9) have earlier been variously ascribed
to deformation vibration of O–Si–O group (Bertoluzza et al.,
1982), symmetrical vibration of Si–O–Si (Gopal et al., 2004),
symmetric vibration of Si–O (Brinker et al., 1990), asymmetric
vibration of Si–O–Si (Karunakaran et al., 2013; Mourhly et al.,
2015), inplane stretching vibration of C-C (Ou and Seddon,
1997), deformation vibration of H–O–H (Socrates, 2001),
inplane stretching vibration of Si–C (Socrates, 2001) and O–
H/Si–OH bonds (Brinker et al., 1990) bonds. Peaks between
530.39–563.18, 1164.92, 1218.93, 1323.08–1332.72, 1743.21–
1933.14, 2825.52, and 3006.82–3271.05 cm−1 characteristic of
S. verticillata (L.) P. Beauv. (Figure 14B and Supplementary
Table 9) could be ascribed to stretching vibration of O–Si (SiO2

defect) (Brinker et al., 1990), asymmetric vibration of Si–O–
Si (Duran et al., 1986), inplane stretching of free Si–O (Chmel
et al., 2005), symmetric deformation vibration of Si–R (Socrates,
2001), deformation vibration of R (alkyl group), symmetric
vibration of C–H (Gunzler and Gremlich, 2002), and stretching
vibration of O–H bonds (Brinker et al., 1990). Similarly,
peaks at 1463.02 and 1701.84 cm−1 characteristic of S. viridis
(Figures 14C and Table 10) could be ascribed to asymmetric
and symmetric deformation vibrations of hydrocarbons (–CH3-
CH2)– (Watling et al., 2011) and inplane stretching vibrations of
Si–C bonds.

CONCLUSIONS

Within the context, scope and parameters of reference samples
used in the present work, the three congenerics of Setaria
revealed a degree of similarity in phytolith profiles but each was
found to be well demarcated from the other in the group by
“unique” morphotypes and their characteristic assemblages and
structures. The bilobate morphotypes aptly illustrate phytolith-
assisted taxonomic demarcation of the three species. In the
present study, eight variants of the bilobate morphotype were
recognized on the basis of the length of the shanks (the
interconnecting segment between the lobes) and the shape of
the outer margin of the lobes. S. pumila showed three of the
eight structural variants of the bilobate phytoliths (III, V, and
VI) in the costal region on the adaxial surfaces. In the same
location, S. viridis also showed three of these variants (II, IV,
and V) whereas S. verticillata had only two of them (VII and
IV). Thus bilobate classes were found to be highly conserved
and useful for identification of grass species. Quadrihedral and
hexahedral cystoliths (calcium oxalate crystals) on the adaxial
epidermal surfaces of S. verticillata emerged as another diagnostic
feature of the species (a first report for the foxtail grass genus
Setaria)S. verticillata was also marked out by the presence of a
new undulation type, (the 3-lambda with three variants viz. 3-I,
3-II, and 3-III) in the long epidermal cells.

Besides qualitative differences, the present samples of
the three species also revealed interspecific variations in
frequency distribution and morphometric measurements of
various morphotypes. For example, the frequency of trapezoids

was significantly different in these species: 19.47% in S. pumila,
14.38% in S. verticillata, and 7.91% in S. viridis (p ≤ 0.05; χ2-
test). Acicular morphotypes were present in both S. verticillata
and S. viridis but differedmany fold in their percentage frequency
(15.17 and 2.18% respectively).

Principal Component Analysis of morphometric parameters
of phytoliths from different parts of the plant body proved useful
in taxonomic demarcation of the species. PCA of root phytoliths
clearly separated the three species on the basis of the surface
area of different morphotypes. S. pumila was demarcated on
the basis of the surface area of blocky irregular and tabular
irregular, S. verticillata by the surface area of blocky polyhedral
and S. viridis by the area of trapezoid morphotype.

TEM revealed three valuable distinguishing parameters
of phytoliths namely, micro-structural details, degree
of amorpho-crystalline nature and inter-atomic planer
distances in crystalline samples. Secondly, ultramicroscopy
has proved useful in comparing and collating phytolith
profiles from different parts of the plant body to develop
phytolith signatures for each species. SAED patterns revealed
by TEM showed the polycrystalline nature of silica in the
synflorescences of S. verticillata and S. viridis whereas single
crystal systems were reported in other parts of the three
species. Thirdly, indexing of SAED patterns revealed silica
polymorphism. The polymorphs of silica revealed by TEM
were further confirmed by XRD patterns, particularly the
ferrierite in S. viridis (root) and zeolite in S. pumila (root and
culm).

The elemental composition of phytolith morphotypes from
different parts of the present samples of the three species
has revealed a cumulative total of 16 elements with 12
in S. pumila 14 in S. verticillata and 11 in S. viridis.
A comparison of elemental composition of soil samples
and phytolith morphotypes revealed that soil geochemistry
controls the composition of phytoliths. Powder diffractograms
of phytoliths revealed a number of polymorphic phases
of silica. Stishovite was diagnostic of roots and leaves of
S. pumila whereas ferririte was restricted only to the roots
of S. viridis, thus strengthening a case for their role in
taxonomic diagnosis as already reported for some other grass
species.

FTIR analysis has revealed diversity of functional groups
and their modes of vibrations with some groups being
exclusively species specific. S. verticillata showed stretching
vibration of O–Si (SiO2 defect), asymmetric vibration of
Si–O–Si, inplane stretching of free Si–O bond, symmetric
deformation vibration of Si–R, deformation vibration of R (alkyl
group), symmetric vibration of C–H and stretching vibration
of O–H bonds. Similarly, groups characteristic of S. viridis
include asymmetric and symmetric deformation vibrations of
hydrocarbons (–CH3-CH2) – and inplane stretching vibrations
of Si–C bonds.

The multiproxy approach employed in the present work has
led to anatomical and physico-chemical characterization of the
phytoliths produced by the present samples of three related
species of the foxtail genus Setaria Phytolith analysis seems
to confirm the comparatively isolated position of S. pumila
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in the present triumvirate of species. S. pumila was marked
by two unique bilobate types compared to only one each
in the other two species, the absence of polycrystalline silica
in the synflorescences and the presence of the polymorphic
silica as stishovite in the roots and the leaves. Clustering of
species using Jaccard’s similarity index for presence/absence
data of the entire data set of phytolith morphotypes also
revealed that S. pumila had a low similarity (33%) of
phytolith profiles with S. verticillata and S. viridis (28.57%).
However, S. verticillata and S. viridis showed much higher
similarity (42.85%) and were grouped together (Figures 8). A
plausible explanation may lie in the difference in the centers
of origin of S. pumila (Africa) and the other two species
(Asia).

Even though the full potential of phytoliths in understanding
the taxonomy and phylogeny of the foxtail grass genus
(Setaria) must come through future research involving an
assessment of inter-population and intra-population variations
and construction of representative master profiles for each
species, the paper has made an initial contribution. We have
made plant collections from single locations and homogenized
the material part-wise but this limitation has been partly made
good by following a multiproxy and multi-organ approach
in carrying out the present work. In the larger context
of plant systematics, concerted and coordinated efforts of a
multidisciplinary nature are required to develop integrated and
robust phytolith profiles of different groups of plants and
their application in the characterization and diagnosis of plant
taxa.
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Abstract: Poa albertii Regel, a native to Central Asia, has been described from North-Western Himalayan region and 

annotated to the latest system of grass classification. A detailed taxonomic description in the latest format, along with 
illustrations and Scanning Electron Micrograph of diagnostic features is provided to diagnose P. albertii Regel from 
allied species. 
 

Keywords: Grasses, Poa, Himalayas, Taxonomy. 

 

Introduction 

Poa L. Salkimotu Cabi and Dogan, 2012) is the type 
genus of the grass family Poaceae Barnhart. The 
genus includes more than 550 species distributed 
worldwide (Gillespie and Soreng, 2005). A majority 
of species occur in temperate to alpine regions. 
Species identification in the genus is rendered 
difficult by the existence of polymorphism and high 
incidence of polyploidy, apomixis and hybridization 
(Stebbins, 1950; Clausen, 1961; Tzvelev, 1983; 
Hunziker and Stebbins, 1987; Kavousi et al., 2015). 
Clayton and Renvoize (1986) concluded that Poa 
was an extremely uniform genus for which 
infrageneric classification was difficult to achieve. 
The affinities of nearly half of the species are 
unknown while rest of the species has been put in 
informal groups (Soreng et al., 2009). 
 
Despite difficulties mentioned in the preceding part, 
Poa has attracted the attention of several 
agrostologists including Bor (1970) who reported 13 
species of the genus from Iran. Other reports 
include Cope (1982) from Pakistan (33), Chen et al., 
(2006) from China (156), Press et al., (2000) from 
Nepal (32), Noltie (2000) from Bhutan including 
some parts of Sikkim and Darjeeling (29) with the 
species number given in the parenthesis. More 
recently, Soreng and Peterson (2012), provided a 
revisionary account of the genus from Mexico with 
new reports resulting from latest delimitation of 
species within the genus. 
 
Despite wide distribution in the Himalayas, 
taxonomic works in the genus have been marked by 
unusually long intermissions. Stapf (1896) studied 
the genus for Hooker's ‘Flora of British India’  

 
followed by Duthie (1883, 1906), Bor (1941, 1960), 
Stewart (1945), Raizada et al., (1983), Babu (1977) 
and Naithani (1985). Rajbhandari (1991) published a 
taxonomic monograph of the genus Poa from the 
Himalayan region. The author included fifty two 
species with a key for their identification. Recently, 
Nautiyal and Gaur (2017) reported 45 species (and 
2 subspecies) of the genus Poa spp. from 
Uttarakhand (India) with a key based on 
morphological characters. Olonova, et al (2017) has 
scrutinized the dwarf species of Poa section Stenopoa 
of the Himalayan region and demarcated ten species 
of which Poa attenuata Trin., Poa glauca Vahl and Poa. 
albertii Regel were put in a closely related group 
within the section. 
 
The present paper validates P. albertii Regel through 
detailed taxonomic description supported by 
illustrations of diagnostic parts and a key to 
taxonomic demarcation. 
 

Materials and Methods  

Occurrence and Type Location: The species is 
common in alpine grazing meadows (3000-5200 m 
asl.) of the north-western Himalayan region. The 
species was collected from Nyoma (district Leh) in 
the cold desert of Ladakh. The site of collection is 
located at 33°12′197′′N to 78°39′243′′E at an 
elevation of 4203m asl and experiences a cold 
temperate climate. The species was collected on July 
4, 2014 (Fig. 1) during explorations of the north-
western Himalayan region for diversity of grasses. 
Herbarium sheets of preserved specimens have 
been deposited in the Herbarium of the 
Department of Botanical & Environmental 

http://dx.doi.org/10.21746/aps.2018.7.3.1
mailto:assoodan@gmail.com
http://dx.doi.org/10.21746/aps.2018.7.3.1


Mudassir Ahmad Bhat et al., Annals of Plant Sciences 7.3 (2018) pp. 2096-2100 

 http://dx.doi.org/10.21746/aps.2018.7.3.1   Page | 2097 

Sciences, Guru Nanak Dev University, Amritsar 
(voucher nos 7373 to 7375). 
 

 
 

 
Fig. 1. a) Distribution of Poa albertii Regel b) North- Western Himalayan region c) Collection site of Poa 
albertii Regel. 
 
Methodology: Stereoscopic examination of the 
specimens was followed by taxonomic description 
and identification with the help of taxonomic 
literature (Bor 1960) and online sources viz., e-
floras of China, Pakistan, and Online Grass Flora of 
the world. Illustrations were prepared manually by 
drawing the vegetative and floral parts, tracing and 
inking the drawings followed by scanning with HP 
Scanjet G3110 scanner. Information on the 
distribution in temperate and tropical Asia has been 
included to indicate the places and areas that show a 
sizeable occurrence of the species (e-flora of China). 
Spikelet formula has been written in the format 
proposed by Allred and Columbus (1988) with 
some modifications. The spikelet diagram has been 
prepared in the software (Adobe Photoshop 7.0) by 
employing symbols improvised from time to time 
(Schaffner 1916, Arber 1934, Singh 1999, 
Subrahmanyam 2004, Craene 2010, Kumar 2014). 
In the diagram, lateral compression of the spikelets 
has been shown by drawing wedge shaped glumes 
followed by fertile florets indicated by horizontal 
solid lines and dashed lines represent reduced 
florets. Essential whorls have been indicated by 
three anthers with a unilocular ovary in the centre. 
A bifid style is also indicated. Surface features of 
caryopses were visualised and imaged through 
stereoscopic examination and Scanning Electron 
Microscopy (ZEISS-EVO LS10) operated at an  

 
accelerating voltage of 15 kv at appropriate 
magnifications.  
 
Taxonomic account  
Etymology: The generic name is a direct adoption 
of the feminine Greek noun, ‘poa (πόα)= grass, 
fodder’. With no change of spelling, generic name ‘ 
Poa’ is treated as a feminine noun even after 
adaption as a generic name because it has an 
established gender in the source language. Specific 
epithet is commemorative of the Swiss botanist, 
Albert Regel. The first name of the author has been 
put in the genitive case of a Latin noun employing 
the inflectional termination ‘i’ of the genitive case. 
As specific epithet commemorates a gentleman (not 
a woman), it is treated as a masculine epithet which, 
consequently, does not show gender accord with 
the feminine generic name. 
 
Synonyms: Poa albertii var. triflora Regel 
Gamayunova, A. P. 1956. Poa. 1: 221–238. In Fl. 
Kazakstana. Poa crymophila Keng Tzvelev, N. N. 
2001. Poa IN: Pl. Cent. Asia 4: 156–177. Poa 
roshevitzii Golosk. Filatova, N. S. 1969. Poa. 92–97. 
In N. S. Filatova Ill. Oprd. Rast. Kazakh. Poa 
mustangensis K.R. Rajbhandari, 1880. Act. Hort. 
Petrop. 7: 611. Poa arnoldii A. Melderis, 1978. Enum. 
Fl. Pl. Nepal, 1: 142. Poa rangkulensis Ovchinnikov & 
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Chukavina, lzvest. 1956. Otdel. Estestven. Nauk 
Akad. Nauk Tadzhik. SSR. 17: 41. 
 
Taxonomic description: Perennial; Culm erect, 
10-30 cm long. (Fig. 2a) Leaf blades 2.0-5.0 cm 
long, 1.0-1.5 mm wide. Ligule membranous, 1.5-2.0 
mm long (Fig.2b). Inflorescence an open panicle, 4-
8 cm long. Spikelets solitary, tinged with purple, 2-3 
floreted, pedicelled, laterally compressed, 4.0-5.0 
mm long (Fig. 2c). Disarticulation of spikelets 
above the glumes. Glumes unequal, (Fig.2d) lower 
glume lanceolate, 2.5-3.5 mm long, 1 keeled, 3 
veined, apex acute (Fig. 2e). Upper glume, 3.0- 4.0 
mm long, 1 keeled, 3 veined, 1.1-1.2 length of lower 
glume, 0.9-1.0 length of the fertile lemma (Fig.2f). 
Fertile lemma lanceolate, 3.0-4.5 mm long, lemma 
bigger than the glumes, 5 veined, keel shortly 
pubescent for half of its length, marginal veins for 
one third, other parts glabrous (Fig. 2g). Palea 
shorter than the lemma, keels scabrid (Fig. 2h). 
Lodicules 2, anthers 3, 1.2-1.5 mm long, stigmas 2. 
(Fig. 2i). A single fertile floret (enclosing the 
caryopsis) with rachilla segment and occasionally by 
a reduced floret as well is the dispersal unit (the 
diaspore). The diaspore is light yellow to purple in 
colour (Fig. 2 j-l). Caryopsis 1.0-1.5 mm long, 

reddish-brown, adherent pericarp, ovate to obovate 
with a slight lateral compression, hilum punctiform, 
stylopodium present(Fig. 2 m-n), surface reticulate 
with undulating striations (Fig. 2o-r). Common, in 
alpine grazing meadows, between 3000–5200 m 
elevation. 
 
Flowering & Fruiting: June-September 
 
Asia-Temperate: China; China North-Central, 
China South-Central, Inner Mongolia, Tibet, 
Xinjiang, Qinghai. Middle Asia; Kirgizistan, 
Tadzhikistan, Kazakhstan, Uzbekistan. Mongolia; 
Mongolia. Russia, Iran West Asia; Afghanistan.  
 
Asia-Tropical: Indian Subcontinent; Eastern 
Himalaya, Nepal, Pakistan. 
 
Spikelet formula: 
    R1   : Reduced floret 1 
    F5

   : 2-3 fertile florets, lemma 5 veined 
    ---  : Disarticulation above the glumes 
    G3

  :  Lower glume 3 veined 
    G3

  :  Upper glume 3 veined 
    Pan:  Inflorescence, a panicle 
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Table 1. Diagnosis of Poa albertii Regel from related species 

Species 
Ligule length 

(mm) 
Spikelet length 

(mm) 
Number of fertile 

florets 
Callus surface 

Surface between lemma 
veins 

Poa albertii Regel 1.0-3.5 3.0-6.0 2-3 Glabrous Glabrous 
Poa attenuata Trin. 1.0-2.5 2.5-4.5 2-5 Webbed Moderatly pubescent 
Poa glauca Vahl 1.0-2.0 3.8-7.0 2-4 Glabrous or webbed Glabrous or pubescent 
Poa koelzii Bor 1.0-3.0 4.0-6.0 2-5 Glabrous Densely pubescent 
Poa lahulensis Bor 2.0-4.0 5.0-7.2 2-4 Glabrous or sometimes hairy Sparsely pubescent 

 
Identification key: 
1. Plants densely tufted ……………………….Poa attenuata 
1b. Plants tufted moderately …………………..2 
2a. Lemma glabrous between the veins………..Poa albertii 
2b. Lemma pubescent between the veins…………3 
3a. Callus glabrous or webbed…………….Poa gluaca 
3b. Callus usually glabrous …………4 
4a. Ligule 1-3 mm long …………………..Poa koelzii 
4b. Ligule 2-4 mm long…………….....Poa lahulensis 
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