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ABSTRACT KEYWORDS
Amaranthus species are important crops that resist environment stresses Protein content;
(heat, draught, disease and pests). Some species of this genus are culti- Genetic diversity;
vated for their grains or leaves. Some others are useful as colorful orna- SDS-PAGE;
mentals. In addition, it is used in folk medicine, thousands of years ago. | sozymes,
Information on genetic variability and relationships within and among Electrophoretic pattern.

Amaranthus species and their wild relatives is essential for the efficient
utilization of their plant genetic resource collections for propagation,
domestication, and breeding programs as well as conservation of genetic
resources. Therefore, this review is focused on evaluating the genetic
variability between wild and cultivated species and assessing the evolu-
tionary relationships between the cultivated species and their putative
species using biochemical markers. The protein content varied between
the different collections of Amaranthus species. It is ranged from 12.43
to 18.20%. There is also a great variability in protein content within the
accession of the same species. For example the variation in protein con-
tent between the accessions of A. cruentus extends from 13.2 — 18.2%.
Buffer extracts of seed storage proteins of taxa of Amaranthus spp. ana-
lyzed on SDS-PAGE under reducing conditions divided Amaranthus taxa
into two groups; group with n=17 and the other group with n=16, indicat-
ing the relation between the chromosome number and the electrophoretic
pattern. The electrophorectic patterns of the seed proteins of Amaranthus
species were successfully used in the discrimination between
Amaranthus species. 1sozymes, as the second tool of the biochemical
markers, showed low heterozygosity in the New World populations of
Amaranthus. A wide genetic distance was detected between crop and weed
species. Alleles at several loci proved to be diagnostic of the crop and
weed groups. High levels of inter-specific and intra-specific variations
were found between Amaranthus spp. using isozyme markers. Biochemi-
cal data supported a monophyletic origin of grain amaranths, with A.
hybridus as the common ancestor. They also showed genetic variation
among and within the populations of Amaranthus spp. and indicated that
genetic variability within wild was lower than grain species.
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INTRODUCTION

Amaranthus commonly known as “chaulai”, be-
longs to family Amaranthaceae, order
Caryophyllales. It includes about 87 species3.
Some of the Amaranthus spp. are cultivated for their
grains (A.caudatus, A.cruentus and A.
hypochondriacus) or leaves (A.blitum,A.dubiusand
A.tricolor). The cultivated Amaranthus is com-
mercia cropsin many countries of theworld, espe-
cialy Mexico and Peru®. Amaranthus cruentusis
a widespread traditional vegetable in all countries
of tropical Africa. Grain Amaranthus is produced
commercialy in hot and dry areas of the United
States, Argentina and China. Ornamental types of
Amaranthus cruentus characterized by big bright-
red inflorescences can be frequently found in tropi-
cal and subtropical countried®. Amaranthus spp. can
be used as commercial food coloring, asan aterna-
tive for the pigments from red beet (Beta vulgaris
L.)"8. The crops are very promising food crop in
arid region, due its resistance to heat, draught, dis-
ease and pests. In addition, the nutritional value of
both the seeds and leavesis excellent.

There aredifferent centers of domestication and
origin for Amaranthus species. These centers are
widely distributed in North America, Central
America, and the South American®%, “It is esti-
mated that there are 87 species of Amaranthus. 17
in Europe, 14 in Australia, and 56 in America2,
However, the number of species is dtill tentative
because of the paucity of studieson Amaranthussys-
tematics,. Some species, such as A. retroflexus, A.
hybridus, A. powellii, and A. viridis, are cosmo-
politan; being bothintroduced and naturaized plants,
with aweed-like behavior™2, The cultivated spe-
cies, A. cruentus, A. hypochondriacus, and A.
caudatus are considered as pseudocereals, with a
high seed protein content, a balanced amino acid
composition, and ahigh lysine content*31%, They are
cultivated in different regions of South and Central
America, India, and Nepal 24191,

Thetaxonomy of the genus Amaranthus hasbeen
confused by the extremely used range of phenotypic
plasticity among species and the possibleintrogres-
sion and hybridization involving weedy and crop
species'®¥, Amaranthus is often difficult to char-
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acterizetaxonomically, dueto the similarity between
the large number of species and difficulty to see di-
agnostic parts, intermediate (hybrid) forms and the
broad geographical distribution, which is the rea-
son for many synonyms??. The difficulty in distin-
guishing Amaranthus hybridsfrom non hybridsbased
on morphol ogical feature has contributed to the lack
of information in this area. Hybridization among
weedy Amaranthus is hypothesized to adapt more
quickly to cropping system. Little is known about
the genetic or evolutionary origin of grain
Amaranthus, and without such knowledge scientific
breeding, especialy making use biotechnol ogical
methods, isnot possible. Traditionally, Amaranthus
has been divided into two sections: Amaranthusand
Blitopsis Dumort!?22, Carretero?® divided the ge-
nusinto three sections. Later, based oninflorescence
and flower characters, Mosyakin & Robertson(?4l
suggested anew classification in which thegenusis
divided into three subgeneraand nine sections. Many
systematic revisions have been devel oped to clarify
the taxonomy of Amaranthus. Some were based on
leaf anatomy and morphology!®®, pericarp struc-
ture?d, and stem morphol ogy and anatomy?”. Some
other systematic studies have been carried out on
the use of molecular markerg?. 29.14.30. 9],

Germplasm collections of amaranthswill play a
key role for genetic improvement. However, only
limited information is available on intra- and inter-
specific genetic diversity and relationships within
Amaranthus germplasm collections®!. The genus
Amaranthusisstill poorly understood, being widely
considered as a “difficult” genus®?. Because of the
widespread nomenclatural disorder caused chiefly
by repeated misapplication of names™, the taxo-
nomic problemsarefar from being clarified. Dueto
variation of morphological characters, accurate clas-
sification of Amaranthus genetic resources is not
always possible,

The objectives of this review were to evauate
the inter- and intra-specific variability of
Amaranthus species, and their taxonomic and evo-
lutionary rel ationshi ps using biochemical markers.

GENETICVARIABLITY

Genetic diversity
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Genetic diversity is defined as the variation of
individual genotypes within and among species®
1, It isimportant for two reasons. First of al, when
a population of an organism contains a large gene
pool—that is, if the genetic blueprints of individu-
alsin the population vary significantly—the group
hasagreater chance of survivingand flourishing than
apopulation with limited genetic diversity, because
some of the individuals may have inherited traits
making them particularly resistant to disease or tol-
erant of cold, for exampl €49, Or they may possess
other traits that increase their chance for survival.
Plant breeders take advantage of this genetic diver-
sity to improve existing plants and create new vari-
eties. Genetic diversity also reduces the incidence
of unfavorable inherited traits. In a small, isolated
population of organisms, individuals may beforced
to breed with close relatives*#4, When this hap-
pens, the genetic makeup of theindividual sbecomes
more and more uniform, and genetic flaws become
increasingly more common. In summary, genetic di-
versity strengthens a population by increasing the
likelihood that at |east someindividualswill beable
to survive major disturbances, and by making the
group less susceptible to inherited disorders.

Genetic differentiation

The genetic profile of whole populations typi-
cally varies from place to place across a species
range. These differences may arise as the result of
chance occurrences, such as the genetic composi-
tion of dispersing individuasthat create anew popu-
lation (founder effect), or changesin allelefrequen-
cies that result from chance mating in very small
populations (genetic drift)“>4, Differences among
populations can also arise systematically; especially
if the environment in various places exposes indi-
viduals to different optima for survival and repro-
duction (fitness). For these and other reasons, popu-
lations often diverge from each other in their ge-
netic composition. Such divergence is especially
strong and rapid when thereislittle geneflow among
populations (e.g., limited dispersal of seeds or pol-
len, or limited movement of animals across physi-
ographic barriers). Over evolutionary time, such
among-popul ation genetic differences can accumu-
late and result in the devel opment of anew species

(allopatric speciation).

Plant breeders and knowledge of genetic vari-
ability

Knowledge of the amount and distribution of
genetic variability within a speciesis vital to plant
breeders because it is an important consideration
when sel ecting germplasm to beincluded in abreed-
ing program. Also, it is helpful to geneticists man-
aging plant genetic resources and providesinforma
tion for designing sampling protocol §%%3. So, ge-
netic diversity studies are essentia for providing
information for propagation, domestication, and
breeding programs aswell as conservation of genetic
resources for plant species.

Analysisof geneticvariability

Genetic variability diversity can be analyzed
within population (intrapopul ation: among individu-
als), within species (intra-specific: among popula
tions) and among species (inter-specific) levels.
Measuring genetic diversity ams to revea poten-
tially useful variability by screening a fraction of
al possible loci of the genome®-*8, There are nu-
merous methodsavailableto achievesucham. Their
employment depends on thetype of information re-
quired.

Estimations of genetic variability are based on
morphological, cytological, biochemica and molecu-
lar traits. However, the estimation of genetic vari-
ability based on morphol ogical and cytological traits
has the disadvantages of being influenced by both
environmental and genetic factors and may there-
fore not provide an accurate measure'>*sY,

Biochemical traits
Protein content

The highest protein content in Amaranthus spe-
cieswasrecorded for A. cruentus accessions (17.32
+ 0.82%) followed by A. caudatus (17.24+0.65%)
and A.hypochondriacus (16.89+0.80% )32 62631,
However, thereis avariation in protein content be-
tween the different collections. Whereas, Segura-
Nieto et al.l® published, that the range of protein
content is following: A. cruentus 13.2 — 18.2%, A.
hypochondriacus 17.9% and A. caudatus 17.6 —
18.4%, the range of the total protein content into
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Czech collection is from 12.43 to 17.33%2. The
results of protein content in Czech collection were
similar to the results of other authors investigating
various Amar anthus genotypes®!.

Proteins (SDS-PAGE)

Proteins are the post-transcriptional and trans-
lational products of an organism’s DNA, and form
structural and enzymatic componentsof cells. Their
size and amino acids sequence are the direct results
of transcription and transl ation of the nucl eotide se-
guences of the genegd®%l, Hence, any observed
variation in protein systemsis considered as amir-
ror for genetic variations, specifically seed proteins
which reflect the genetic history of the speciesand do
not affect with the environmental fluctuationg™ 72,

Electrophoretic techniques have been widely
used asarapid and accurate test to identify and char-
acterize different cultivars and genotypes of plants.
Genotype identification by electrophoretic protein
fingerprinting was used to assessthe uniformity, pu-
rity and agronomic meritd”>7, Sammourt™ reported
that polyacrylamide gel techniques allow usto; (1)
identify variation among the taxa of each species,
(2) screen the purity of the ever expanding number
of cultivars, (3) verify whether or not two or more
morphologically identical accession in the collec-
tion was also electrophoretically identical, (4) ex-
ploit theimportant traits of landracesand wild rela-
tivesto provideincreasing crop production and sta-
bilizing yield. Electrophoretic analysis of native or
denatured seed storage proteins was used to pro-
videinformation concerning the genetic variability,
which represent a source of information for assess-
ing genetic and taxonomic relationships at the spe-
cieslevel and below!"®®%, For example, it has been
successfully used to clarify the taxonomy of
Poaceael®Y, Cucurbitaceael®?, and Fabaceae!®!.
Gardiner et al.® and Gardiner & Fordel®>® stated
that electrophoresis can aso be used to character-
ize the seed protein profiles of species and culti-
vars, compare cultivars of different geographical
origin, and provide taxonomically useful descrip-
tors that are substantially free from environmental
influence. Hence, this method has been used to study
cultivated plants, such as Vitis viniferal®, Lolium
rigidum®. Hevea brasiliensis®!, and cornt®,

Moreover, buffer extracts of seed storage proteins
of 44 taxa of Amaranthus spp. were analyzed on
SDS-PAGE under reducing conditions in which
Amaranthus L. Taxacan bedivided into two groups.
Group onewith bas ¢ chromosome number x=17 and
the other groupwith basic chromosome number
x=16192, This data undoubtly indicated the rela-
tion between the chromosome number and the el ec-
trophoretic pattern. The data also confirm the sepa-
ration of A. cruentus from A. hybridus and A.
sylvestris and A. sylvestris from A.Graecizans.
Zheleznov et al.[®¥ studied variation within genus
Amaranthus using SDS-PAGE and reported that (1)
therange of variation in protein content in seed both
among wild and cultivated forms of Amaranthusis
ratherwide, (2) Amaranthus seed proteinsare highly
nutritiveand, on thewhole, consist of easily digested
albuminsand globulins (more than 50%of total pro-
tein), 20.8% of alkali-soluble proteins-glutelins,
which are close to albumins and globulins by their
nutritive value, and only of 12% of akali-soluble
proteins prolaminesthat are poor in essential amino
acids, (3) by means of polyacrylamide gel electro-
phoresis (buffer pH 3.2) it was shown that the seed
proteins of the studied amaranth species are hetero-
geneous and consist of 38 bands. By decreasing elec-
trophoretic mobility these bands were convention-
ally assigned to 4 zones, (4) the study of electro-
phoretic patterns of seedproteinsisvery promising
for establishment of phylogenetic rel ationship among
the species of genus Amaranthus.

The SDS-PAGE of urea-soluble seed proteins
issuitablefor distinguishing both speciesand culti-
vars of Amaranthus. Samples of the seven species
examined were divided into three groups. Byprotein
patternsA.tricolor (leafy type of Amaranthus) clearly
differs from other species. The study suggested a
closer similarity between A.caudatus and A.cruentus
species than between the pairs of species A.
hypochondriacus/A. caudatus and A.
hypochondriacus/A.cruentus. Only slight differ-
ences were seen amongcultivars, especially of grain
amaranths. An evaluation of crossing rate onthe ba-
sis of electrophoregrams of urea-soluble proteins,
which were extracted from singular seeds is pro-
posed by Drzewiecki®.

The taxonomic complexity in the genus
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Amar anthus was studied based on the seed protein
profiled®!. A range of peptides varying from 64 to
12 kDa, with alarger number of protein bands ob-
served between 25.1 and 12 kDa. The similarity
analysis based on the SDSPAGE profile was found
to baauseful character for thediscrimination of spe-
cies in Amaranthus, except for A.cruentus and
A.hypochondriacus, for which a hybrid population
wasfound.

The study of Janovskal® on the seed protein pro-
files of 15 Amaranthus accessions from the Czech
Gene Bank using both SDS-PAGE and chip electro-
phoretic profiles exhibited that (1) chip electro-
phoretic techniqueis highly sensitive and produces
wider range of bands; and (2) the obtained data con-
firmed the classification of Amaranthus species stud-
ied. Theanalysisof thetotal seed proteinsused very
efficiently to assess the genetic differences in two
grain populations of Amaranthus retroflexus col-
lected from field of the Maize Research Institute
ZemunPolje, Serbid®. It was found that (1) two
populations have different protein profile; (2) 18
protein fractionswere obtained by protein analysis,
(3) the populations differed in the four protein frac-
tionsof different molecular weight; and the seed pro-
tein electrophoresis are useful for genetic determi-
nation of A.retroflexus populations and identifica-
tion of biotypeswith atypical morphology.

Srivastava & Roy®® examined the genetic di-
versity and relationships among 12 cultivated and
wild Amaranthus species using protein markers.
High level of genetic diversity was common within
species contrary to genetic uniformity within most
accessions. On average, the polymorphism reached
42.60% among the cultivars but rose to 46.88% in
the wild counterpart. The seed protein content var-
ied in the 11.80-17% range and seeds of amaranth
proved highly nutritive. The SDS-PAGE analysis
indicated that such proteins in case of amaranths
were highly heterogeneous with 8-18 bands. Based
on the electrophoretic mobility, such bands were
assigned four zones (A, B, C and D).

| sozymes

Isozymes were defined as structurally different
molecular formsof an enzymewith quaitatively, the
same catal ytic function. Isozymes originate through

amino acid alteration, which cause changes in net
charge, or the spatia structure (conformation) of the
enzyme molecul esand al so, therefore, their electro-
phoretic mobility. After specific staining theisozyme
profile of Individual samples can be observed®.
Data derived from electrophoretic gels consists of
the number and relative nobilities of various enzyme
forms, which with appropriate genetic analyses, be-
cometransformed into single or multi loci genotypes
for each individual’®%2, Reasons are many for the
popularity of electrophoretic data, but foremost
among these is that isozymes provide a series of
readily scored, single gene markerd'®l, Enzymesthat
are coded by different alleles of a distinct locus or
those coded by separate loci frequently show dif-
ferent electrophoretic mobilities.

Allelefrequency data are used to obtain anum-
ber of measureswhich include averagelevel of het-
erozygosity (which estimatesthe probability that two
allelestaken at random from the population are dif-
ferent), average level of polymorphism (which is
the condition of polymorphic gene and characters,
where the polymorphic gene has at least two aleles
and polymorphic character hastwo or more qualita-
tively distinct morphs) and mean number of aleles
per locugi®l,

Isozyme analysis has been used for over 60 years
for various purposes in biology, e.g., to delineate
phylogenetic rel ationships, estimate genetic variabil-
ity and taxonomy identify cultivars and genes, and
study population genetics and devel opmental biol-
ogy!"s 7104 1t was also utilized in plant genetic re-
sources management and plant breeding. Furthermore,
isozymes analysis was used in control of breeding,
estimation of out-crossing, testing purity and in spe-
cies delimitation and conservation’®17, Finally
isozyme technique may be used by plant breedersto
generate, evaluate, and select desired genotypesin
early stage of the breeding program, which saves
time, money and efforts of the breedergl,

World Amaranthus along with
21weedyNewWorld populations were assayed us-
ing nine enzymatic systems. In the New World popu-
lations, heterozygosity was low, and polymorphic
loci ranged fromO to 44%. Diversity index H2 was
partitioned into the intra- and inter-population as
well astheinter-specific components of variability.
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Thecrop versusweed genetic distanceswasthelarg-
est, whereas theintra- and inter-popul ation compo-
nents of H2 were about equal. Genetic structure of
all three species of the New World amaranths to-
gether can be described as a collection of distinct
populations, each more or | ess a heterogeneous col -
lection of highly homozygousindividuas. TheNorth
Indian popul ations showed relatively less allozyme
variability with the most common alleles same as
those of Mexican landraces. Alleles at severa loci
proved to bediagnostic of the crop and weed groups,
and of the three individual crop species. Genetic
distances based on pool ed gene frequencies showed
the three crop species to be generally more closely
related than they were to their putative weedy pro-
genitor species, respectively (with the exception of
the weed-crop pair A.quitensis and A. caudatus).
Thisimpliesasingle domestication event involving
A. hybridus asthe common ancestor rather than three
separate domestication events. Close similarity be-
tween A. caudatus and A. quitensis might have re-
sulted from trans-domestication based on a weedy
or semi-domesti cated specieshaving migrated from
Meso- America to SouthAmerica. Some evidence
of recent introgression and/or segregation of crop-
weed hybrids between A.caudatus and A.retrofl exus
isavailable in the form of rare individuals in crop
popul ationswith crop al ozyme genotypes except for
asinglehomozygousweedyall€ele.

Genetic variation and genetic relationships of a
total of 23 species and 60 populations of cultivated
and wild amaranths were performed using isozyme
marker’®, High levels of inter-specific and intra-
specific variation were found between the investi-
gated species and populations. 132 alleles were de-
tected for 15 enzymes.

Tota genediversity for grain amaranthsand wild
species was 0.39 and 0.72 respectively. The poly-
morphism assays clarified therelationships of grain
amaranths (A. caudatus, A. cruentus, A.
hypochondriacus) and their putative ancestors (A.
hybridus, A.powelii, and A. quitensis), and the re-
sults point toward amonophyletic origin of thegrain
amaranths. In addition, the genetic diversity and re-
lationships of other species of amaranths were de-
termined.

Genetic diversity and relationships of 23 culti-

vated and wild Amaranthus species were examined
using isozyme marker. A total of 30 loci encodingl5
enzymes were resolved, and allwere polymorphic
at the inter-specific level. High levels of inter-ac-
cessional genetic diversity were found within spe-
cies, but genetic uniformity was observed within
most accessiong?,

ludina et al.**Y examined the €electrophoretic
patterns of fiveisozymes systemsin total, 52 popu-
lationsand two varieties (Cherginskii and Valentina).
Allozyme variation of this material was low. Irre-
spective of species affiliation, 26 populations and
two varieties were monomorphic for five enzymes,
a dlight polymorphism of three, two, and one en-
zymeswasreveal ed inthree, nine, and fourteen popu-
lations, respectively.
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