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ABSTRACT

This work aimed at identifing genetic variability and assesing the
evolutionary relationships between 24 accessions of eight Amaranthus
species, based on the morphological features of the basic chromosome
numbers and numerical characterization of the karyotypes using total
chromosome length (TCL), mean chromosome length (MCL) and mean
centromeric index (MCI). The basic chromosome numbers were anayzed
cytologically by Feulgen staining. They were 16 for all the studied
accessions, except some accessions belong to A. powellii and A. palmeria
which exhibited n=17. The karyotypes of the studied accessions had a
predominance of metacentric chromosomes with some accessions
characterized by subtelocentric chromosomes. The karyptype analysis
showed a variation in the karyotype of the accessions of the same species.
The variation may be considered of adaptive significance. Cluster analysis
showed A. hybridus and A. powelli as a progenitor of Amaranthus species.
The obtained data indicated that A. powelli could be considered the most
advanced species, since it has the smallest chromosome length.
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The genus Amaranthusincludes about 60 species,
someof them being cultivated for more 5000 yearsfor
their grains (A. caudatus, A. cruentus and A.
hypochondriacus) or leaves (A. blitum, A. dubiusand
A. tricolor). Some othersare useful ascolorful orna-
mental §¢.,

The genetic variability between Amaranthus spe-
cieswas confused by the extremely used range of phe-
notypic plasticity among speciesand the possibleintro-
gression and hybridization involving weedy and crop

species™ ., Thishigh genetic variability madetheschol-
arsto use other sources of taxonomictraitsto collect
information about the genetic or evol utionary origin of
grain Amaranthus. Without such knowledge, scientific
breeding, especialy making usebiotechnol ogical meth-
ods, isnot possible. One of thess sourcesisthekaryo-
typeanalysswhichwasused effectively inthe study of
genetic variability between plant species'®,
Chromosomenumbersvary only littlein thegenus
Amaranthus. The two diploid numbers 2n = 32 and
2n = 34 were reported by!?>27, In several cases both
exist within single taxon (e.g. A. albus and A.
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graecizans). Theroleof aneuploidy in chromosome
evolution of the genus Amaranthusisawell-known
fact. It has been suggested that the gametic number
n=17 hasoriginated from n=16 through trisomy. Some
species of the genus Amar anthus are polypl oids (ba-
sic number x=8) and the chromosome number n=17
originated |l ater by trisomy (2n+1)12%, Theevaluation
of the chromosome analysis of A. turicensis hybrid
(2n=34) showed that both parental species(A. cruentus
and A. retroflexus) should hybridizerelatively easily.
However, most of the Amaranthushybridsexhibit rela
tivey highleve of gerility whichwasdready confirmed
by Guptaand Gudu®®¥. Most Amaranthus speciesare
n=160orn=17, but A. dubiusisunusua for havingn
= 32123, Thegrain Amaranthusare pal eo-allotetra-
ploids, asindicated by observations of pairingintheir
hybridg®>%. However Lantaet al.[*34 found that the
species Amaranthus retroflexus, Amaranthus
cruentus and Amaranthus turicensis have the same
chromosomenumber 2n =34. No higher ploidity level
was detected. The chromosomes of al speciesstudied
uniform, short, and monotypic. No marked differences
inchromosome countsand visua aspects (length, cen-
tromere position). Thekaryotypesof Amaranthusspp.
aremanly comprised of many metacentric chromosomes
and few submetacentric ones*9,

A. viridus could be the most advanced species
amongst dl theinvestigated taxd*. It exhibitsthedip-
loid number 2n = 34 and the shortest haploid genome
length with more Karyotypic activity, concerning chro-
mosome length and centromeric position, recorded
amongitsdifferent accessond*. Thismight havebeen
produced asaresult of differencesinthedegreeof chro-
meatin condensation and/or chromosoma changessuch
astrand ocationsand pericentricinversiong.

Sauer™ has proposed the 3 weedy Amaranthus,
namely, Amar anthus powellii, Amaranthus hybridus
and Amaranthus quitensis as putative ancestors of
the cultivated Amaranthus, namely, Amaranthus
hypochondriacus, Amaranthus cruentus and
Amaranthus caudatus respectively. Thisscheme has
been refused by Pa and K hoshoo!®-*8 on the basis of
cytogenetic studies on Amaranthus powellii and
Amaranthus hypochondriacus since the 2 species
havedifferent basic chromosome numbers(n=17 and
n = 16 respectively) and since the hybrid between the
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two wassterile. Further, they have a so suggested that
Amaranthus hybridusisthemorelikely ancestra spe-
ciesfor Amaranthus hypochondriacus.
Theobjectivesof thisresearch areto identify ge-
netic variability and assesthe evol utionary rel ationships
between 24 accessions of eight Amaranthus species.

MATERIALAND METHODS

Plant material

Cytologica study was carried out on twenty four
accessionsof Amaranthus species. The studied acces-
sionswere donated by the USAD (United State De-
partment of Agriculture). Therepresented Amaranthus
species are A. hybridus, A. hypochondricus, A.
palmeria, A. quitensis, A. retroflexus, A. spinosus,
A. powellii and A. caudatus belong to three sections.
These speci es have shown worl dwidedistribution pat-
tern. The sections, the origin and the access on number
of theseaccessionsareshownin TABLE 1.

Cytological preparations

For cytological preparations, oneto two cmlong
roots of four days old seedlings of each of thetwenty
four accessionswere detached and pretreated in super
saturated solutionby 1, 4 dichlorobenzinefor 3-4 hours.
Rootswerethen washed briefly inwater andfixedina
mixtureof 3:1 (v/v) ethylea cohol: glacial aceticacid
for 24 hrsand kept in 75% ethanol in arefrigerator until
used,

Cytologicd preparationswerecarried out usngthe
Feulgen squash technique. For Feulgen staining, root
tipswerehydrolyzedin 1 N HCI at 60°C for 8-9 min,
washed indistilled water thenwell dried and stainedin
leuco-basicfuchsinfor at least 2 hrs. a room tempera-
ture. The termina 1-2 mm of the root tips were
sguashed inadrop of 45% acetic acid onaclean dide.
Cover dlips were separated by the freeze-drying
method. Samples were then dehydrated in absolute
ethanol for 2-3 min. For permanent preparationsdides
were mounted in D.P.X. and alowed to dry at room
temperature. Cellswith good spreading of chromosomes
were photographed using aZeiss Ultraphoto micro-
scope equipped with automatic camera. Thenomen-
clature used for the description of the chromosome
morphology wasthat proposed by Levan et al >,
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TABLE 1: Thenumber and theorigin of thestudied accessionsof Amaranthusspecies

Section Species Accession No. Origin Plant name
1 A. hybridus Ames 21188 South africa Ames 21188
2 A. hybridus Pl 605351 Greece RRC 847
3 A. hybridus Pl 636181 USA ,Delaware RRC 1195
4 A. hybridus Ames 23369 Brazil, Goias GPAC 96-1
5 A. hybridus Ames 26852 Portugal, Coimbra Index seminum 110
6 A. hypochondriacus Pl 274279 India,Himachal pradesh RRC 171
7 A. hypochondriacus Pl 337611 Uganda P373
8 A. hypochondriacus Pl 477917 Mexico RRC 1024
9 A. hypochondriacus Pl 540446 Pakistan RRC 1004
10 Amaranthus A. quitensis Pl 511744 Ecuador HH 70
11 A. retroflexus Pl 572263 USA, lowa DB, 8921
12 A. retroflexus Pl 607458 USA, kansas Pop 56
13 A.powellii ssp.bouchonii Ames 5304 USA, Washington RRC 653
14 A.powellii ssp.bouchonii Ames 15707 USA, Cdlifornia AO- 30
15 A.powellii ssp.bouchonii Pl 572261 Germany AMA 57/81
16 A.powellii ssp.bouchonii Pl 572262 France AMA 31/80
17 A. caudatus Pl 166045 India Chuu RRC 175
18 A. caudatus Pl 619264 Nepal RRC 279
19 A. caudatus Pl 511679 Argentina RRC 551
20 A. palmeria Pl 604557 Mexico,puebla Mapes 820
21 g??;ém A. palmeria Pl 607455 USA, kansas Pop 53
22 A. palmeria Pl 607461 USA, kansas Pop 59
23 A. palmeria Pl 632235 USA, Arizona RRC 686
24  saueranthus A. spinosus PI1619234 Indonesia, sumatra RRC 114

Data analysis

For the numerical characterization of the karyo-
types, thefollowingparameterswerecdculated: (1) tota
chromosomelength of thehapl oid complement (TCL);
(2) mean chromosomelength (MCL); (3) mean cen-
tromericindex (MCI). Comparisons of chromosome
morphol ogical features were made by arranging the
chromosomes of each karyotypein pairsin order of
their arm ratio and length as determined from the pho-
tographic prints. Anidiogram for each samplewascon-
structed using thetotal length of each pair of homolo-
gous chromosomesto represent the haploid chromo-
some number. Therel ative position of the centromere
andther variation within thekaryotypewere expressed.
A cluster analysis of the karyotype datawas carried
out to examinekaryotypes milarity among speciesand
sections. A datamatrix 24 OTUs (operational taxo-
nomic units) x 6 variables was constructed. The TCL,
Cl, number of m, sm, and st chromosomesaswell as

the numbers of chromosomeswere considered. The
SY STAT ver. 7 program was used to standardize the
datamatrix, caculatethe average taxonomic distance,
and generate aphenogram. Clustering was performed
using the unweighted pair-group method (UPGMA).

RESULTS

A summary of the karyotype morphologica char-
acters, obtained from Feul gen stained preparations of
the studied 24 access onsof Amaranthuswas described
inTABLE 2. The stained somatic chromosomesof the
examined accessionsand their idiogramswererepre-
sentedinFigures 1,2.

All the studied access ons had chromosome num-
ber n? = 32 except the two accessions of Amaranthus
palmeria (accessions number Pl 607455 from USA,
kansasand Pl 607461 also from USA, Kansas); two
accessionsof A. powellii ssp.bouchonii (accessions
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TABLE 2: Accession number, karyotypefor mula (KF), total length of the haploid complement (T CL ), mean chromosome
length (M CL), mean centromericindex (M Cl), metacentric (m), submetacetric (sm), subtelocentric (st)

No. Section Species Accession No. KF TCL MCL MCI Ch. no.
A Hybridus Ames 21188 26m + 6sm 12.65 .79 .897 32
B Hybridus Pl 605351 28m + 2sm+ 2st 8.03 .50 .812 32
C Hybridus Pl 636181 28m + 4sm 10.34 .65 .866 32
D Hybridus Ames 23369 24m + 6sm + 2st 7.45 A7 .885 32
E Hybridus Ames 26852 26m + 4sm + 2st 9.25 .58 .873 32
F Hypochondriacus PI 274279 24m + 8sm 8.74 .55 .893 32
G Hypochondriacus PI 337611 28m + 4sm 9 .56 .860 32
H Hypochondriacus PI 477917 26m + 6sm 8.55 .53 .890 32
I Hypochondriacus Pl 540446 24m + 8sm 9.05 .57 .861 32
J Amaranthus Quitensis Pl 511744 16m+ 14sm+ 2st 10.12 .63 794 32
K Retroflexus Pl 572263 28m + 4sm 9.87 .62 .928 32
L Retroflexus Pl 607458 16m+ 12sm+ 4st 9.56 .60 .780 32
M Powellii Ames 5304 22m+ 10sm+ 2st 8 A7 .825 34
N Powellii Ames 15707 30m + 4sm 10.61 .62 .866 34
0] Powellii Pl 572261 30m + 4sm 9.85 .58 435 34
P Powellii Pl 572262 28m + 4sm 7.57 A7 425 32
Q Caudatus Pl 166045 24m + 6sm + 2st 8.9 .56 .832 32
R Caudatus Pl 619264 24m + 8sm 9.73 .61 .844 32
S Caudatus Pl 511679 20m + 6sm + 6st 10.74 .67 799 32
T CentrusaGriseb  Spinosus PI1619234 26m + 8sm 9.35 .55 .833 32
U Palmeria Pl 604557 24m + 6sm + 2st 7.625 A48 .893 32
\% Palmeria Pl 607455 30m + 4sm 9.93 .58 .868 34
w saueranthus Palmeria Pl 607461 30m + 4sm 9.93 .58 .866 34
X Palmeria Pl 632235 24m + 8sm 8.98 .56 .873 32

number Ames 5304, Ames 15707 from USA,
Washigton and Caiforniarespectively) and ons
number Pl 572261 from Germany that have n?= 34.
The karyotypes of the studied accessions had a pre-
dominance of metacentric chromosomes with cen-
tromerein median and submedian region. Somesamples
were characterized by subtel ocentric chromosomessuch
asthe accessionsof Amaranthus hybridus Pl 605351,
Ames 23369 and Ames 26852; accession of
Amaranthus palmeria Pl 604557, accession of
Amaranthus quitensis Pl 511744, accession of
Amaranthus retroflexus Pl 607458, accession of A.
powellii ssp.bouchonii Ames 5304, and accessions of
Amaranthus caudatus Pl 511679, Pl 166045. No
satellite was observed on the karyotype of the exam-
ined accessions, dl having normd structure.

All chromosomeswereclearly discriminated and
their relative size could be determined based on mea-

surementsof mitotic chromosomelengths. Inthestud-
ied Amaranthus spp., acomparison of thetotal chro-
mosomelength (TCL) and the mean vaue of chromo-
somelength (MCL) of thestudied accessionsreveded
that they ranged from 7.45, 0.47 in Amaranthus
hybridus Ames 23369 from Brazil to 12.65, 0.79in
Amaranthus hybridus Ames 21188 from South Af-
rica. However, Amaranthus retroflexus Pl 572263
from USA, lowashowed the highest mean centromeric
index (MCI) 0.928 while Amaranthus powellii ssp.
Bouchonii Pl 572262 from France had the lowest
(MCI) 0.425. A significant intraspecific variation was
observedinthe TLC, MCL and MCl intheaccessions
bel ong to the same species. Thisvariation washighly
detected in A.hybridus, A.caudatusand A. powellii.
A. powdllii PI572262 wasrecorded to havethe short-
est vaueof MCL andthesmalest valueof MCl among
al thestudied ons.
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Figure 1A : The somatic chromosomes of the studied
accessionsin Amaranthusspecies. 1. A. hybridusAmes 21188,
2. A. hybridus Pl 605351, 3. A. hybridus Pl 636181, 4. A.
hybridus Ames 23369, 5. A. hybridus Ames 26852 , 6. A.
hypochondriacus Pl 274279, 7. A. hypochondriacus PI
337611, 8. A. hypochondriacus Pl 477917, 9. A.
hypochondriacus Pl 540446, 10. A. palmeria Pl 604557, 11.
A. palmeria Pl 607455, 12. A. palmeria Pl 607461

Thedendrogram congtructed onthe basisof karyo-
type characters show two major clusters (Figure 3).
Thefirst cluster comprised al theaccessonscarry n?=
34. 1t included three accessions of Amaranthus
powellii Ames 15707, Pl 572261 and Ames 5304 and
two accessions of Amaranthus palmeria Pl 607455
and Pl 607461. These two accessions originated in
USA, Kansas. They seemto begeneticidentical dupli-
cates. The second cluster included all therest of the
studied accessions which carry n? = 32. It separated
one accession of Amaranthus hybridus, Pl Ames
21188 from the other accessions. Thisaccession was
characterized by thelargest TCL and MCL. Therest
of the accessionswere divided into two groups. The
first one included two accessions of Amaranthus
hybridus, Pl Ames 23369 and Pl 605351, one acces-
sion of Amaranthus powellii Pl 572262 and one ac-
cession of Amaranthus palmeria Pl 604557. The sec-
ond group included therest of accessions. Other ac-
cessionsof A. hybriduswere scattered among the sec-
ond cluster. Inthiscluster al thestudied accessions of

Figure 1B : The Somatic chromosomes of the studied
accessionsin Amaranthusspecies. 1. A. palmeria Pl 632235,
2. A. quitensis Pl 511744, 3. A. retroflexus Pl 572263, 4. A.
retroflexusPl 607458, 5. A. spinosus P1 619234, 6. A.powellii
ssp.bouchonii Ames 5304, 7. A.powellii ssp.bouchonii Ames
15707, 8. A.powellii ssp.bouchonii Pl 572261, 9. A.powellii
ssp.bouchonii Pl 572262, 10. A .caudatus Pl 166045, 11. A

.caudatus Pl 619264, 12. A .caudatus Pl 511679
Amaranthus hypochondricus Pl 540446, Pl 337611,
Pl 274279 and Pl 477917 were clustered together.
Moreover, all the studied accessions of Amaranthus
retroflexus Pl 572263 and Pl 607458 were clustered
together.

DISCUSSION

Thegeneticvariability and evolutionary relationships
between eight species of Amaranthus species were
studied based on chromosomefeatures. The studied
species were A. hybridus, A. hypochondricus, A.
palmeria, A. quitensis, A. retroflexus, A. spinosus,
A. powellii and A. caudatus. These species belongs
to three sections; Amaranthus, Centrusa Griseb,
Saueranthus.

Thekaryotpe analysis of Amaranthus caudatus,
A. quitensisand A. hypochondricusexhibited somatic
chromosomenumber 32 (2n=32). Thisagreeswithal
of previouskaryological studieson this species5,
The accessions of Amaranthus spinosus and A.
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A. hybridus Pl 605351 A. hybridus Ames 21188
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A. hybridus Pl 636181 A. hybridus Ames 23369
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Figure2A : Theidiogramsof the specifiesd accessionsin Amaranthusspecies

JHBRRREAARBRAAEE  {OAOBEEBREEABEES

A. palmeria Pl 632235 A. quitensis P1511744

J8B0000EBREEE8ES jooataddgdf 86 o[0

A. retroflexus Pl 572263 A. retroflexus Pl 607458
1868068888888 888  JRRHAEA608a8{08
A. spinosus Pl1619234 A.powellii ssp.bouchonii Ames 5304

1138888580 8REEERE  fABAREABE AAGE8

A.powellii ssp.bouchonii Ames 15707 A .powellii ssp.bouchonii P1572261.

{0880388 8888288 ORRRRRHECEHECAAHS

A.powellii ssp.bouchonii Pl 572262 A .caudatus Pl 166045

jBEBO0BEABEERRES  RRRREREBERAAAH

A .caudatus Pl 619264 A .caudatus P1511679
Figure 2B : Theidiogramsof the specifiesd accessionsin Amaranthus species
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Figure 3 : Dendrogram showed the phylogenetic relation-
shipsamong the studied speciesof Amaranthususing aver -
agelinkage method

retroflexus had 2n=32. Thisdata supported the opin-
ion of Pandy®Y who reported that 2n of Amaranthus
spinosusand A. retroflexus was 32 but does not agree
with the results of Ge et al.!%2%" and Song et al.*4
who showed that these speciesmay carry 2n=30 or 32
or 34. The contradication in the data between Pandy!®Y,
and Ge et al .2 and Song et al.*4 may be dueto the
variationintheorigin of theseaccessions. Onthe other
hand, our analysis showed that some accessions of
Amaranthus powellii and A. palmeria had 2n=32
agreeing with Pandy® and some other had 2n=34
agreaing with Sauer™, Thisdataindicated that the stud-
ied accessions cover awiderange of habitates.

Our resultsindicated that chromosome morphol -
ogy (most chromosomeswereeither metacentricor sub-
metacentric) of the studied accessionswereuniform.
Thisfinding supported the conclusion of Hamoud et
al.¥ and Song et al [, that most of speciesdisplayed
uniformity in chromosome morphol ogy. Furthermore,
thekaryotypeanadyssshowed avariationinthekaryo-
typesof different accessions of thesamespecies. This
variation may be considered of adaptivesignificance. It
implicatesthat these specieshave somekinds of karyo-
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typic activity, concerning chromosomelength and cen-
tromeric position, recorded among itsdifferent acces-
sions. Thismight have been produced as aresult of
differencesinthedegree of chromatin condensation and
/or chromosomal changes such astrand ocationsand
pericentricinversiong® ™,

A. powdlii could be consdered themost advanced
speciesamong dl theinvestigated taxa. It exhibited the
smallest mean chromosomelength with more karyo-
typic activity, concerning chromosome number, chro-
mosome length and centromeric position, recorded
among itsdifferent accessons. Thisdatacontradct the
dataof Hamoud et al.[*¥ who reported that A. viridus
could be the most advanced species amongst
Amaranthus species. It exhibitsthediploid number 2n
= 34 and the shortest haploid genomelengthwithmore
Karyotypic activity, concerning chromosomelength and
centromeric position, recorded among its different
accessions.The Mean chromosome length of A.
powellii (0.47mm) issmaller than that of A. viridus
(0.69)“4, The contradiction between thedatamay be
duetothat Hammoud et al/! did not include A. powellii
inhisstudy.

In cluster analysisof karyotypic charactersof the
accessions of Amaranthus species, two magjor clus-
ters were observed. The left cluster showed that A.
powellii Amesisthe coreto most of speciesand the
seconeoneexhibited that A. hybridusAmesisthecore
to most of species. Thisfinding supported partly the
hypothesisof Sauer™ of that A. hypridusandA. powelli
and Amaranthus quitensis are the progenitor of
Amaranthus species. However the Amaranthus
guitensiswasgrouped in the second cluster where A.
hypridusisthe progenitor of these species. Thismay
be dueto itsbeing an ancestor to most of other species
asA. cruentus according to Michagl!™3, ancestor to A.
hypochondriacus according to Sauer™, Pal and
Khoshoo®, also ancestor to A. caudatus according
to Chan and Sunt>™,

It washoticed that access onsof some species, such
as A. hypochondriacus and A. retroflexus were
groupedinthesameclugter. Thisfinding wasattributed
tothat these accessionsare geographically located on
thesamelatitude. Thisinterpretation indicated that the
variation analyzed by cluster anadyssisdetermined not
only by geneticfactorsbut rather by environmental dif-
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ferences.

Thedendrogram a so showed that both accessions
number PI607455 and Pl 607461 belong to A. pal meri
had 100% genetic similarity. Thisresult may declare
them asgeneticidentica duplicates. Thus, oneof them
could be selected for the core collection used in the
breeding programs. However, thisfinding should be
undergo further analysisfor awider range of the ge-
nome using thevast polymorphic screening molecular
markers.
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