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Abstract

Chenopodium quinoa has rather a small
genome (2.973 pg/2C DNA) and 36 mostly
metacentric and submetacentric chromo-
somes. Like many other plants from the
Chenopodiaceae family, it is a polysomatic
species. Quinoa is an allotetraploid and its
diploid parental taxa, which were suggested
by GISH and molecular phylogenetic analy-
ses, belong to the two different evolutionary
lineages that are assigned as genome A and B.
Two families of rRNA gene loci, 35S and 5S
rDNA, were located on the different chromo-
some pairs for most of the analyzed Cheno-
podium species. In the quinoa karyotype, two
pairs of 5S rDNA loci and only one pair of
35S rDNA loci were detected. The nrITS
sequences were of a B-genome ancestry and
the 35S rRNA gene locus was observed in the
chromosome of the B subgenome. The chro-
mosomal localization of other repetitive
sequence, clone 12–13P containing minisatel-
lite repeats, was mainly restricted to pericen-
tromeric regions of all quinoa chromosomes;
however, the obtained hybridization signals

showed variable intensity suggesting a differ-
ence in copy number of the repeat among the
chromosomes of the karyotype. Recent anal-
ysis showed that sequences similar to the 12–
13P clone are also present in other diploid and
polyploid species from Chenopodium s.s..
Hybridization signals of retrotransposons
were enriched in pericentromeric regions of
the quinoa chromosomes and were ordinarily
excluded from the distal parts of the chromo-
somes. Two other repeats (pTaq10 and 18–
24 J) showed also dispersed distribution in
chromosomes of C. quinoa although they did
not show homology to any known mobile
elements. The amplification of the pTaq10
repeat appears to be characteristic for cheno-
pods with the A genome. However, hybridiza-
tion signals of pTaq10 were found on each C.
quinoa chromosome. A second dispersed
repetitive sequence, 18–24 J, was present in
most analyzed Chenopodium s.s. species. In
quinoa genome hybridization signals of 18–
24 J repeat was mainly restricted to the
chromosomes of B subgenome.

The genomes of eukaryotes are composed of
multiple chromosomes. The chromosome is
composed of a linear DNA molecule and asso-
ciated proteins that pack the long DNA thread
into a more denser and compact structure
(Heslop-Harrison and Schwarzacher 2011). The
number and structure of a chromosome comple-
ment (karyotype) is unique for each plant species
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(Heslop-Harrison and Schwarzacher 2011). In
plants, the nuclear DNA contains in addition to
single- or low-copy coding sequences also dif-
ferent classes of repetitive DNAs, which can be
found in hundreds or even thousands units in the
genome (Heslop-Harrison and Schwarzacher
2011). Repetitive DNAs are largely responsible
for the “C-value paradox” (the complexity of an
organism is not associated with the size of its
genome; Hawkins et al. 2008). To date, the sig-
nificance of repetitive DNA, with respect to
structure and function, is still poorly understood,
although biological roles have been suggested for
its specific families, for example, gene regula-
tion, recombination, the maintenance of chro-
mosome structure or a centromere function (Li
et al. 2017).

Chromosomal diversification within genera
has been a focal point of plant evolutionary
studies (Schubert and Vu 2016). There are two
prime reasons for this interest. First, a chromo-
somal change imparts a partial or complete bar-
rier to an interspecific gene exchange. Second,
chromosomal characteristics may provide clues
to the relationships of species. Several mecha-
nisms account for the high variability of number,
length and shape of chromosomes, as well as in
DNA content among eukaryotes (Schubert and
Vu 2016). Polyploidy and dysploidy are con-
sidered to be the most important mechanisms
responsible for high variation in chromosome
number in plant (De Storme and Mason 2014).
Polyploidy refers to the presence of more than
two genomes and is a driving force in plant
evolution that can induce various genetic and
epigenetic alternation leading to reorganization
of the polyploid nuclei (Leitch and Leitch 2008).
It is now believed that a polyploidization event
occurred in all angiosperms at least once in their
history and some evolutionary lineages show
evidence of several such events (Weiss-
Schneeweiss et al. 2013; Jiao et al. 2011; Soltis
and Soltis 2009). Polyploidy may induce a
variety of chromosomal, genic and epigenetic
changes that can take place quickly over a sev-
eral generations and result in diploid-like chro-
mosome pairing, segregation and gene function

(Weiss-Schneeweiss et al. 2013; Soltis and Soltis
2009; Leitch and Leitch 2008). The shape and
size of chromosomes can be modified by struc-
tural rearrangements (e.g., reciprocal transloca-
tions, pericentric inversions, etc.) or by sequence
amplification/loss (Schubert and Vu 2016).
Chromosome rearrangements can also change the
chromosome numbers, a phenomenon called
ascending or descending dysploidy (increase or
decrease in chromosome numbers, respectively;
Schubert and Vu 2016; De Storme and
Mason 2014).

Studying the karyotype of selected species
involves analyzing chromosome numbers, cen-
tromere position and the number and position of
secondary constrictions and other chromosomal
markers, e.g., banding patterns and the position
of various DNA sequences that are uncovered by
fluorescence in situ hybridization (FISH).
Using FISH with single-copy (BAC-clones) and
various repetitive DNA sequences (e.g., rDNA or
satellite sequences), detailed physical chromo-
somal maps can be constructed that enable evo-
lutionary patterns and processes to be determined
(Kolano et al. 2013b; Hřibová et al. 2010; Lysak
et al. 2006).

4.1 Genome Constitution
of Polyploid C. Quinoa
and Related Species

Quinoa belongs to Chenopodium sensu stricto
(Chenopodium s.s.; Fuentes-Bazan et al. 2012).
All species of this genus have the basic chro-
mosome number x = 9. The diploid Chenopo-
dium s.s. species (2n = 2x = 18) can be divided
into three evolutionary lineages: (1) American
diploids with the A genome (e.g., C. hians, C.
pallidicaule); (2) the Old World species with the
B genome (e.g., C. ficifolium and C. suecicum)
and (3) C. vulvaria, which was recovered as a
sister taxon to the rest of the Chenopodium s.s.
diploids (Kolano et al. 2015; Walsh et al. 2015).
In Chenopodium s.s., as in most plant groups,
polyploidization has a significant impact on
speciation, and several polyploid species
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representing three different polyploidy levels
(tetraploid e.g., C. berlandieri; 2n = 4x = 36;
hexaploid e.g., C. album, 2n = 6x = 52 and
decaploid e.g., C. frutescens 2n = 10x = 90) have
been described (Kolano et al. 2012b; Jellen et al.
2011; Lomonosova 2005). Polyploidy is gener-
ally classified into two types—allopolyploidy,
which origin involves interspecific hybridization,
and autopolyploidy consisting of more than two
the same genomes. Whether autopolyploids or
allopolyploids are more widespread among
plants is a question that still remains unresolved
(Weiss-Schneeweiss et al. 2013). Quinoa, which
displays a disomic inheritance, is an allote-
traploid, with 2n = 4x = 36 chromosomes
(Fig. 4.1a; Ward 2000). The allotetraploid nature
of C. quinoa and the closely related C. ber-
landieri was supported by molecular phyloge-
netic studies that were based on different plastid
and nuclear markers (nrITS, 5S rDNA NTS;
Flowering Locus T-Like and Salt Overly Sensi-
tive 1) and genomic in situ hybridization (GISH),
which enable the parental subgenomes to be
differentiated in the karyotype of a polyploid
(Kolano et al. 2016; Storchova et al. 2015; Walsh
et al. 2015). A combination of molecular phy-
logenetic analyses and GISH showed that the two
parental taxa of C. quinoa and C. berlandieri
belong to two various genome pools. One of the
parental species contributing the maternal gen-
ome was similar to extant American diploids
(genome A, maternal genome), whereas, the
second ancestral species was similar to contem-
porary species from Eurasia (B genome, paternal
genome; Kolano et al. 2016; Storchova et al.
2015; Walsh et al. 2015). The paternal species
that contributed the B subgenome for C. quinoa
resembled the present C. ficifolium or a closely
related species (Fig. 4.1b), whereas the origin of
the A-subgenome progenitor seems to be more
vague (Kolano et al. 2016; Storchova et al. 2015;
Walsh et al. 2015). The ancestral species of the A
subgenome of C. quinoa and C. berlandieri
possible resembled extant C. standleyanum, C.
incanum or C. fremontii based on molecular
phylogenetic studies (Kolano et al. 2016; Stor-
chova et al. 2015; Walsh et al. 2015). In contrast,
GISH suggested species similar to C. watsonii or

C. nevadense for C. quinoa and C. watsonii for
C. berlandieri as the A-genome progenitors
(Fig. 4.1b; Kolano et al. 2016). B-genome
diploid (C. ficifolium or related species) was
also inferred to be one of the ancestral species of
Eurasian hexaploids (C. album, C. giganteum, C.
pedunculare; Fig. 4.1c; Krak et al. 2016; Walsh
et al. 2015; Kolano et al. 2019).

4.2 Karyotype and Chromosome
Banding

C. quinoa has 36 small and poorly differentiated
chromosomes. Metacentric and submetacentric
chromosomes whose lengths range between
approximately 1–3 µm dominate in its karyotype
(Palomino et al. 2008; Bhargava et al. 2006;
Kolano et al. 2001). Palomino et al. (2008),
basing on chromosome morphology, distin-
guished nine groups of chromosomes supporting
the tetraploid origin of quinoa genome. The
numerous small chromosomes of C. quinoa and
other chenopods make cytogenetic studies that
are based on procedures such as simple chro-
mosome staining followed by karyotype analysis
very challenging. Also, the scarcity of chromo-
some markers has made it difficult to match
chromosomes in homologous pairs. Other tech-
niques, such as chromosome banding, are useful
tools for chromosome identification and they
often permit conclusions about chromosomal
evolution to be drawn (Guerra 2000). Various
banding techniques allow to reveal a series of
consistent landmarks along the length of meta-
phase chromosomes that allow identification of
homologous chromosome pairs. Three different
banding techniques are most often used in plant
cytogenetics: C-banding, double-fluorescent
banding (CMA3/DAPI) and silver staining
(Guerra 2000).

C-banding has been used to stain constitutive
heterochromatin in metaphase chromosomes
(Tanaka and Taniguchi 1975). In plant species
that have relatively large genomes and appre-
ciable amounts of constitutive heterochromatin
(e.g., Triticum or Avena), this technique produces
rich banding patterns that often allows
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identification of single chromosomes and can
display morphological or karyotypic variations,
such as large chromosomal rearrangements and
aneuploidies (Jellen 2016; Gill and Kimber
1974). However, in the C. quinoa karyotype, as
in many other plants with a small genome size,
C-bands and constitutive heterochromatin are
present only in the pericentromeric regions of
chromosomes (Fig. 4.1e). Other types of hete-
rochromatin bands could be demonstrated using
a GC-specific fluorochrome—chromomycin A3

(CMA3). Double-fluorescent staining with
CMA3 and DAPI (4′,6-Diamidino-2-
phenylindole dihydrochloride) allowed to dis-
tinguish GC-rich and AT-rich chromatin region
(Schweizer 1876). Two CMA3

+ bands were
revealed in one pair of homologous chromo-
somes of quinoa (Fig. 4.1d). These CMA3

+

bands co-localized with secondary constrictions
and 35S rRNA gene loci (Kolano et al. 2001).
A similar organization of GC-rich chromatin
(colocalization with 35S rDNA locus) was also
observed in other analyzed chenopods (C. album,
C. ficifolium, C. berlandieri) and appears to be
very often observed in many other angiosperms
(e.g., Amaranthus; Kolano et al. 2001, 2013b;
Guerra 2000; Maragheh et al. 2019). Silver
staining, a marker of the transcriptional activity
of 35S rRNA genes, revealed the presence of two
distally located silver-positive bands in one pair
of quinoa chromosomes. One or two nucleoli
were observed in the interphase nuclei. However,
most frequently, one nucleoli was present
(Kolano et al. 2001). Thus, classical banding
methods have not been very effective as chro-
mosome markers and have allowed to identify
only one pair of homologous chromosomes in C.
quinoa. The elaboration of new chromosome
markers using fluorescent in situ hybridization
(FISH) with various DNA sequences was

necessary for better understanding of chenopod
karyotype structure and evolution.

4.3 Genome Size

Genome size (typically measured in picograms or
as the total number of nucleotide base pairs in
megabases) is one of the fundamental biological
characters of all living organisms. The DNA 1C-
value for a species is the amount of nuclear DNA
in the unreplicated haploid genome of a gamete
(Greilhuber et al. 2005). Genome size varies
approximately 2,400-fold in angiosperms, rang-
ing from 0.065 pg/1C of DNA in Genlisea
margaretae to 152.23 pg/1C in Paris japonica
(Pellicer et al. 2010; Greilhuber et al. 2006).
Chenopodium s.s. consists of plants with small or
very small genomes, which range between
0.47 pg/1C DNA (diploid C. vulvaris) and
3.22 pg/1C DNA (decaploid C. frutescens;
Mandak et al. 2016; Kolano et al. 2015; Bhar-
gava et al. 2007). The analysis of genome size in
a phylogenetic background enabled to hypothe-
size about the direction and trends of genome
size evolution during the diversification of the
diploid species of Chenopodium s.s. The distri-
bution of genome sizes in this genus reflects the
phylogenetic grouping into three different evo-
lutionary lineages. The Eurasian diploids (gen-
ome B) have 70% larger genomes than the
diploids from the Americas (genome A). The
smallest genome size among Chenopodium s.s.
was estimated for C. vulvaria (Kolano et al.
2015).

There is very little data on the evolution of the
genome sizes of polyploid chenopods. The mean
C. quinoa genome size is 2C = 2.973 pg (Kolano
et al. 2012a). Polyploidization can generate quick
and often directional changes to the subgenomes

b Fig. 4.1 Somatic metaphase chromosomes of (a, b, d–
k) Chenopodium quinoa and (c) C. album; a DAPI
staining (from Kolano et al. 2001); b double GISH with
gDNA isolated from the B-genome diploid C. ficifolium
(green) and the A-genome diploid C. watsonii (red);
c GISH with gDNA isolated from the B-genome diploid
C. ficifolium; d differential fluorescent staining with
chromomycin A3, CMA3

+ bands indicate large GC-rich

regions of chromatin (from Kolano et al. 2001); e C-bands
indicate constitutive heterochromatin; f FISH with telom-
eric repeats; g GISH/FISH with gDNA isolated from C.
ficifolium (green), 35S rDNA (yellow) and 5S rDNA
(red); h FISH with the 12-13P repeat; i FISH with the rt
clone of Ty1-copia retrotransposons; j FISH with dis-
persed repetitive sequence pTaq10; k FISH with dispersed
repetitive sequences 18–24 J. Scale bar = 5 µm

4 Quinoa Cytogenetics 55



of allopolyploids that often result in genome
downsizing (Leitch and Bennett 2004). This
phenomenon, reported for many polyploid
angiosperms, is usually due to the elimination of
repetitive sequences or duplicated genes (Leitch
and Bennett 2004). However, the genome size of
the allotetraploid C. quinoa and other analyzed
polyploid chenopods (C. berlandier and C.
album) fit almost perfectly into the estimated
additive values of the hypothetical parental spe-
cies (Kolano et al. 2016; Mandák et al. 2012).

Although genome size is known to be quite
constant feature of a species there are more and
more studies showing significant intraspecific
variation in this characteristic (e.g., Tanacetum
vulgare or Arabidopsis thaliana; Schmuths et al.
2004; Keskitalo et al. 1998). An intraspecific
genome size polymorphism also exists in C.
quinoa (Kolano et al. 2012a). A statistically
significant variation in genome size was found
among the 20 accessions of C. quinoa collected
in Peru, Bolivia, Ecuador, Argentina and Chile.
The greatest intraspecific difference found
between those accessions with the largest gen-
ome size and the smallest genome size was
nearly 6%. The largest genome had the accession
from Chile (1.539 pg/1C) and the smallest was
found in the Peruvian accession (1.452 pg/1C).
The intraspecific variation in genome size found
in C. quinoa was rather small when compared to
that observed in Tanacetum vulgare (27%;
Keskitalo et al. 1998); however, it is consistent
with other studies that investigated genome size
polymorphisms in species that have small gen-
omes, such as A. thaliana (Schmuths et al. 2004).
The intraspecific polymorphism in genome size
was reported to be correlated with various eco-
logical conditions prevailing in specific areas
(e.g., altitude or latitude and longitude; Knight
et al. 2005). The cultivated populations of quinoa
groups into two main clusters—the Andean
highland and the coastal lowland from Chile
(Christensen et al. 2007). No correlation was
observed between the genome size and the geo-
graphical origin of the accessions (although the
quinoa accessions analyzed in this study belon-
ged to both the highland and lowland groups),
possible due to the relatively large variation of

genome size revealed among the highland quinoa
populations collected on the Altiplano near Lake
Titicaca in Bolivia and Peru (Kolano et al.
2012a).

The main reasons for the intraspecific and
interspecies genome size polymorphism are
polyploidy, the presence of B chromosomes and
a different amplification of the repetitive DNA
sequences (Hawkins et al. 2008). All of the
analyzed C. quinoa accessions were tetraploid
with 2n = 4x = 36 chromosomes and there were
no B chromosomes in the analyzed accessions.
Thus, the main reason for intraspecific genome
size polymorphism could be an amplification or
reduction in the copy number of the repetitive
DNA sequences in the genomes of the analyzed
quinoa accessions (Greilhuber 2005).

4.4 Repetitive Sequence
Organization and Evolution

Angiosperms vary in the proportion of DNA
repetitive sequences in their genomes. Species
with small genomes have a relatively small
amount of repetitive DNAs, whereas in larger
genomes, such as Zea mays, at least 85% of the
genomes are repetitive sequences (Ibarra-Laclette
et al. 2013 Schnable et al. 2009). Repeti-
tive DNA elements can be divided into two
major groups based on their genomic organiza-
tion—dispersed and tandem repeats. Dispersed
repetitive DNA elements are distributed
throughout the whole chromosomes, intermin-
gled with other sequences although some regions
of chromosomes can show reduced or increased
number of copies. The second group includes
sequences that are organized in tandem repeating
units in which the monomers are arranged adja-
cent to each other to form tandem arrays (Kubis
et al. 1998).

4.4.1 Tandem Repetitive Sequences

Tandem repetitive sequences include rRNA
genes, telomeric repeats and a very heterogenic
group of satellite DNAs (Kubis et al. 1998). C.
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quina, as many angiosperm species, has
arabidopsis-type telomeric sequence. After
probing with telomeric repeats, small but discrete
signals were observed in all chromosome ends
however the hybridization signals had various
intensities, revealing the copy number variation
among the chromosomes of the same comple-
ment (Fig. 4.1f).

rRNA genes are the most extensivly studied
repetitive sequences in Chenopodium s.s. The
35S and 5S rDNA units consist of conserved
genic regions encoding for 35S rRNA (18S–
5.8S–25S rDNA) and 5S ribosomal RNA (5S
rDNA) and fast evolving transcribed and non-
transcribed spacer regions that are arranged as
tandem arrays at one or more loci (Volkov et al.
2004). The coding sequences of rRNA genes as
evolutionarily highly conserved regions are most
often used as chromosome markers in cytoge-
netic analyses of non-model organisms (Weiss-
Schneeweiss et al. 2013;). On the other hand, the
non-coding sequences of rRNA genes evolve
very quickly and they are often used in phylo-
genetic analyses (Álvarez and Wendel 2003).
Combining a phylogenetic analysis with cyto-
genetic studies allows to improve the under-
standing of the evolution of 35S and 5S rDNA
loci organization. Our studies indicated that the
35S rDNA and 5S rDNA sequences are orga-
nized in a low number of loci, mostly in the
subterminal position of the chromosome arm in
Chenopodium species (Kolano et al. 2015;
Kolano et al. 2012b). An analysis of the chro-
mosomal organization of rDNA loci in a phylo-
genetic context showed that the ancestral states
for the diploid Chenopodium s.s. taxa were one
35S rDNA locus and one 5S rDNA locus per
haploid chromosome set, both located in subter-
minal positions on different chromosomes. This
pattern was also observed in several extant
diploids from Chenopodium s.s. (e.g., C. wat-
sonii or C. nevadense; Kolano et al. 2016;
Kolano et al. 2015). The number of 5S rDNA
loci increased from ancestral state (one locus) to
two in the common ancestor of the B-genome
diploids since most of them have two 5S rDNA
loci (Kolano et al. 2015). Although all of the A-
genome diploids had one locus of each rRNA

gene, rearrangements of rDNA loci were found
in some species. The pattern of 5S rDNA loci
observed in two South American species, C.
pallidicaule and C. petiolare, is likely the results
of translocation from subterminal to interstitial
position in chromosomes. The repositioning of
the 35S rDNA locus to the chromosome with a
subterminally located 5S rDNA appears to be
most likely explanation of the chromosomal
organization of rDNA loci revealed in C. stand-
leyanum (Kolano et al. 2015, 2016).

The rDNA loci pattern in allopolyploid spe-
cies are showed to evolve quickly and often the
number of rDNA loci in an allopolyploid is not
the sum of the loci of its ancestral species
(Weiss-Schneeweiss et al. 2013). Polyploids
often show genome rearrangements that involve
the loss/acquisition of the 35S rDNA repeats or
the silencing of rDNA sites as well as interlocus
recombinations and complete or near-complete
repeat replacements (Sochorová et al. 2017;
Weiss-Schneeweiss et al. 2013; Kovarik et al.
2004). The direction of the conversion and
homogenization of 35S rDNA can be incline
toward the one of the ancestral taxa and may vary
in the allopolyploids of the same parentage but
independent origin (Sochorová et al. 2017;
Weiss-Schneeweiss et al. 2013; Kovarik et al.
2004).

Neither C. quinoa nor closely related C. ber-
landieri showed an additive number of rRNA
gene loci; but they both experienced a reduction
in the number of 35S rDNA loci (Fig. 4.1g). C.
quinoa has one locus of 35S rDNA in a subter-
minal position of chromosome (Maughan et al.
2006). Similarly, most analyzed C. berlandieri
accessions also exhibited only one subterminally
located locus of 35S rDNA (this species showed
limited polymorphism in 35S rDNA loci number
and some accession had two loci of 35S rDNA;
Maughan et al. 2006). In both C. quinoa and C.
berlandieri, only the 35S rDNA loci placed in
the chromosomes of the B subgenome (paternal
parent) were observed. The nrITS sequences
were also of a B-genome ancestry (Fig. 4.1g;
Kolano et al. 2016). The 35S rDNA loci from the
maternal A subgenome was lost in these two
allotetraploid (Kolano et al. 2016). A different
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pattern of 35S rDNA loci evolution was
exchibited by the Eurasian allohexaploids C.
album and C. giganteum. The number of 35S
rDNA loci in their genomes seems to be equal to
the sum of the loci of their ancestral taxa.
However, sequence analysis indicated that nrITS
was in most analyzed accessions the subject of
homogenization and that only one maternal type
of nrITS existed in this hexaploid taxa (Krak
et al. 2016; Kolano et al. 2019).

Unlike 35S rDNA, the interlocus homoge-
nization of 5S rDNA has not been yet described
for any polyploid systems that were studied
(Weiss-Schneeweiss et al. 2013; Weiss-
Schneeweiss et al. 2012). However, the number
and position of 5S rDNA loci may be changed in
the karyotype of a polyploid relative to its puta-
tive ancestral taxa (Weiss-Schneeweiss et al.
2012; Clarkson et al. 2005). The number of 5S
rDNA loci in analyzed American allotetraploids
(C. quinoa and C. berlandieri) and Eurasian
allohexaploids (C. album and C. giganteum)
seems to be additive as compared with their
ancestor species and the 5S rDNA NTS
sequences have not undergone homogenization
(Kolano et al. 2016, 2019). In the C. quinoa
karyotype, the chromosomes of B subgenome
bear the subterminal locus of 5S rDNA like in the
B-genome diploids. The second 5S rDNA locus
in the A subgenome was observed in an inter-
stitial position in place of subterminal position
observed in its hypothetical ancestor species
(Fig. 4.1g). The observed incongruence can
suggest two scenarios: (i) different species (re-
lated to C. watsonii or C. nevadense) which
possessed an interstitial 5S rDNA locus could
have been the ancestral taxon or (ii) the local-
ization of 5S rDNA was changed in chromo-
somes of A subgenome of C. quinoa after
polyploidization. In C. berlandieri karyotype the
localization of the 5S rDNA loci was unchanged
compared to its putative diploid parents (Kolano
et al. 2016).

A clone 12–13P containing minisatellite
repeats, was localized in pericentromeric regions
of all quinoa chromosomes using FISH. The
obtained hybridization signals showed variable

intensity, thus suggesting a differences in copy
number of the repeats among the chromosomes
of the karyotype (Fig. 4.1h; Kolano et al. 2011).
The minisatelite repeats from 12–13P showed a
high sequence similarity to the Beta corolliflora
minisatellite pBC1447 (Gao et al. 2000). Min-
isatellites are short, usually 10 to 100 bp, tan-
demly repetitive sequences, which are
predominantly localized in the subterminal or
pericentromeric regions of chromosomes
(Shcherban 2015; Gao et al. 2000). Recent
analysis showed that sequences similar to the 12–
13P clone were present in the genomes of most
diploid and polyploid species that belong to all
Chenopodium s.s. lineages, while they were
absent in the remaining lineages of Chenopodium
sensu lato (Chenopodiastrum, Oxybasis, Blitum,
Dysphania, Lipandra). This suggests that the 12–
13P sequence may be specific to Chenopodium s.
s. (Orzechowska et al. 2018). In all analyzed
species hybridization signals of 12–13P were
present in pericentromeric regions of all chro-
mosomes (Orzechowska et al. 2018).

4.4.2 Disperse Repetitive Sequences

Disperse repetitive sequences primarily include
transposable elements (DNA transposons and
retrotransposons; Bennetzen and Wang 2014).
Retrotransposons that multiple their copy number
when transpose to new genome locations are
particularly abundant in plant genomes and it has
been clear for some time that these transposable
elements have the major impact on plant genome
size variation (Lisch 2013). To date, the chro-
mosomal organization of the conserved domain
of the reverse transcriptase (rt) of the LTR
retrotransposons (both Ty1-copia and Ty3-
gypsy) has been analyzed in the C. quinoa gen-
ome (Kolano et al. 2013a). The number of copies
of the particular LTR retroelement families can
differ remarkably from a few copies to thousands
of copies in plant genomes (Du et al. 2010). C.
quinoa has a relatively small genome and among
isolated retrotransposon sequences only one
family of Ty1-copy retrotransposons was highly
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amplified. All of the other analyzed rt clones
were present in the quinoa genome in a low
number of copies (Kolano et al. 2013a).

Previous surveys of LTR retrotransposons
divided the Ty1-copia elements isolated from
plant genomes into four major evolutionary lin-
eages (Tork, Sire, Oryco and Retrofit). Among
Ty3-gypsy retrotransposons six major evolution-
ary lineages were distinguished (Del, Reina,
Galadriel, CRM, Athila and Tat; Llorens et al.
2009). To date, four Ty1-copia lineages were
found in the quinoa genome but among isolated
clones dominate elements from Tork and Retrofit
lineages. Most of the elements from the Ty3-
gypsy superfamily that have been identified
belong to Del lineage (Kolano et al. 2013a). The
chromosomal organization of retrotransposons
varies and depends on the retrotransposon fami-
lies and the host species. The retrotransposons in
the C. quinoa chromosomes showed an uneven
distribution (Fig. 4.1i). Relatively strong
hybridization signals were observed on approxi-
mately half of the chromosomes, whereas the rest
of the chromosomes had only a very weak or no
signal. The hybridization signals of retrotrans-
posons were mainly observed in the pericen-
tromeric regions of the chromosomes and were
usually not detectable in the distal parts of the
chromosomes. In the interphase nuclei, the
hybridization signals were mainly observed in the
heterochromatic regions (Kolano et al. 2013a).

Following the insertion of a retrotransposons
into a genome, nucleotide substitutions accumu-
late in the elements and they undergo fragmen-
tation over time. These sequences have
a dispersed organization in a genome, similar to
the transposable elements; however, their
nucleotide sequences show a very low or no
similarity to the transposable elements (Menzel
et al. 2008; Kubis et al. 1998). Two sequences
with disperse organization and without homol-
ogy to known retrotransposons were described in
the C. quinoa genome. One of these, pTaq10,
was spread throughout the 36 chromosomes
(Fig. 4.1j). Discrete hybridization signals
(although weak) were shown in the pericen-
tromeric, interstitial or terminal localizations on
the chromosome arms (Kolano et al. 2008a).

Hybridization signals of the pTaq10 clone were
present in the interphase nuclei, particularly in the
heterochromatic regions. Although such localiza-
tion of pTaq10 may suggested that these repeats
were present in genomes of both hypothetical
ancestors of C. quinoa, however our recent studies
suggested that pTaq10 is present only in species
with the A genome and that it is not present in the
B-genome diploids (Orzechowska et al. unpub-
lished). FISH analyses indicated that the
hybridization signals for 5S rDNA and pTaq10
partly overlapped, thus suggesting partial co-
localization of these two repetitive sequences in
some chromosome regions. Fiber-FISH, allowing
mapping with higher resolution, showed that in
C. quinoa chromosomes most of the 5S rDNA
arrays were free of pTaq10 repeats, except for a
part of the interstitial 5S rDNA locus where
pTaq10 and 5S rDNA repeats co-localized
(Kolano et al. 2008a). This interstitial 5S rDNA
locus is placed very close or even partly overlaps
with the pericentromeric heterochromatin, which
implies that at least part of the locus is transcrip-
tionally inactive (Kolano et al. 2008a).

Another dispersed repetitive sequence with no
homology to any known retroelements is clone
18–24 J, which is highly amplified in only half
of the quinoa chromosome complements (18
chromosomes; B subgenome; Fig. 4.1k). Similar
results were obtained in the related species C.
berlandieri and the Eurasian hexaploid C. album
(Kolano et al. 2011). Such a localization could
suggest that 18–24 J is specific to one parental
genome of these species. However, a recent
study on the 18–24 J repeat, which comprised a
putative ancestral species of C. quinoa, revealed
the presence of the 18–24 J repeat in the B-
genome diploids as well as in most of the A-
genome diploids. Moreover, this repeat was also
present in genomes of species which are more
distantly related to quinoa (C. vulvaria and
Lipandra polysperma; Orzechowska et al. 2018).
The pattern of the 18–24 J chromosomal local-
ization in C. quinoa and the related allotetraploid
C. berlandieri might be explained in two ways.
First, the level of the 18–24 J repeat amplifica-
tion in the A-genome ancestral species may have
been very low, as has been observed in the case
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of some putative ancestral species of the A sub-
genome (e.g., C. watsonii; Kolano et al. 2016;
Storchova et al. 2015; Walsh et al. 2015; Orze-
chowska et al. 2018). On the other hand, 18–
24 J repeats may have been eliminated from the
A subgenome during the evolution of the
allopolyploid genomes, because another putative
ancestral species, C. nevadense, has shown a

high amplification of 18–24 J (Kolano et al.
2016; Storchova et al. 2015; Walsh et al. 2015;
Orzechowska et al. 2018). A preferential elimi-
nation of various repetitive sequences (retroele-
ments, rDNA) was reported for a number of
allopolyploids, e.g., tetraploid Nicotiana taba-
cum or Melampodium species (Weiss-
Schneeweiss et al. 2012; Kovarik et al. 2004).

Fig. 4.2 Comparison of the
endopolyploidy patterns in
quinoa seedlings; a shoot
apex; b young leaf;
c cotyledons; d hypocotyl;
e differentiated part of a root;
f root apex (based on data
published in Kolano et al.
2009)
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4.5 Chenopodium quinoa Is
a Polysomatic Plant

Polysomaty concern the plant organ/tissue which
consists of cells which differ in ploidy levels
(endopolyploid cells; Traas et al. 1998).
Endopolyploidy is a term that described the
outcome of the multiplication of nuclear DNA
without cell division and plays an important role
in determining cell fate and in interactions with
symbiotic and pathogenic organisms (De
Veylder et al. 2011). In single plant, different
organs can vary in patterns of endopoly-
ploidization. Some species revealed endopoly-
ploid cells in most organs, whereas in other taxa,
endopolyploidyzation is very limited and present
only in few organs. Moreover, endopolyploidy
patterns are usually correlated with plant devel-
opment (Maluszynska et al. 2012).

C. quinoa, similar to many other species from
Chenopodiaceae (e.g., C. album, Spinacia oler-
acea, Beta vulgaris), is a polysomatic plant
(Kolano et al. 2008b, 2009; Barow and Meister
2003). Endopolyploid nuclei appear very early in
quinoa plant development, already in matured
embryo radicle (Kolano et al. 2009). During
successive seedling development, the pattern of
endopolyploidization differed between organs
and changed over time (Fig. 4.2). The highest
level of endopolyploidization was present in the
hypocotyls and primary roots of quinoa seedlings
whereas in the leaves and the shoot apex the
endopolyploid cells were absent (Fig. 4.2;
Kolano et al. 2009). The lack of endopoly-
ploidization at the shoot apex, reported for many
angiosperms, could be one of the mechanisms
that protect the genetic stability of the germ line
(Maluszynska et al. 2012; Kudo and Kimura
2001). The high degree of endopolyploidyzation
in hypocotyls and primary roots possible is
connected with large amount of vascular tissue in
these organs (Kolano et al. 2009). The increase
of endopolyploidy observed in root and hypo-
cotyl during germination and seedling develop-
ment seems to be correlated with their quick
elongation and with vascular tissue development
(Alarcón and Salguero 2017; Kolano et al. 2009).
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