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Abstract The extent and significance of intraspecific

genome size variation were analysed in quinoa (Cheno-

podium quinoa Willd.), a pseudocereal important for

human consumption in the Andean region of South

America. Flow cytometry, with propidium iodide as the

DNA stain, was used to estimate the genome size of 20

quinoa accessions from Ecuador, Peru, Bolivia, Argentina,

Chile and the USA. Limited genome size variation was

found among the analysed accessions. The differences

between the accessions were statistically significant but the

maximum inter-accession difference between the popula-

tions with the largest and the smallest genome reached only

5.9%. The largest genome was found in population C4

from Chile (mean 3.077 pg/2C) and the smallest in the

Peruvian population P2 (mean 2.905 pg/2C). The variation

was not correlated with collection site; however, the quinoa

accessions analysed in this study belonged to three distinct

geographical groups: northern highland, southern highland

and lowland.

Keywords Chenopodium quinoa � Flow cytometry �
Genome size � Intraspecific variation

Introduction

Among angiosperms genome size variation is now

approximately 2,400-fold, ranging from 0.065 pg/1C of

DNA in Genlisea margaretae Hutch. to 152.23 pg/1C in

Paris japonica Franch. (Greilhuber et al. 2006; Pellicer

et al. 2010). Interest in the genome size has been fuelled

by the fact that nuclear DNA content can affect various

characteristics at the cellular, tissue and organism levels,

and can have important ecological and evolutionary

consequences (Knight et al. 2005). The DNA C-value for

a species is the amount of nuclear DNA in the unrepli-

cated haploid genome of a gamete, and it tends to be

characteristic of a taxon and quite constant within a

species (Swift 1950). However, since the beginning of the

1980s the number of studies showing significant intra-

specific variation in genome size has continued to

increase and the original view of species-specific con-

stancy has been questioned (Michaelson et al. 1991;

Reeves et al. 1998; Schmuths et al. 2004). Numerous

studies have shown variation in C-values in many plant

species ranging from a few to as high as 32% (for

example, in Arabidopsis thaliana (L.) Heynh. and

Helianthus annuus L. respectively) (Michaelson et al.

1991; Schmuths et al. 2004; Doležel and Bartos 2005). In

several cases these findings have been rejected on rein-

vestigation using an improved technical approach

(Greilhuber 2005). However, in recent years there has

been an increase in the number of studies using meticu-

lous methodologies showing intraspecific genome size

variation (Lysak et al. 2000; Schmuths et al. 2004).

Intraspecific genome size variation has particularly been

found among geographically distant populations or

among populations growing in contrasting macroclimatic

conditions. Significant correlations have been found
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between genome size and altitude, latitude, temperature,

precipitation, seed mass, moisture and leaf anatomical

traits; however, these trends may differ in different taxa

(Knight et al. 2005).

Quinoa (Chenopodium quinoa Willd.) is one of the most

important food crops in the Andean region of South

America. Its use as a seed crop extends across a broad area

including parts of Bolivia, Peru, Ecuador, Colombia,

Argentina and Chile. Its grain has an excellent balance of

carbohydrates, lipids and protein which provides an ideal

balance of essential amino acids for human nutrition. The

cultivated plant shows great morphological variability, and

there is an enormous range of diversity including its tol-

erance to heat, cold and soil salinity, resistance to disease,

growth period and other desirable characteristics (Popenoe

et al. 1989). C. quinoa is an allotetraploid species

(2n = 4x = 36) with a quite small genome. Previous

studies have estimated the haploid genome size (1C value)

at between 1.005 and 1.596 pg. Determination based on

Feulgen photometry (1.330–1.596 pg) has suggested a

bigger genome than flow cytometry (1.005–1.500 pg)

(Bennett and Smith 1991; Stevens et al. 2006; Bhargava

et al. 2007; Kolano et al. 2009). The aim of this study was

to verify the presence of intraspecific variation within

C. quinoa and to estimate its range.

Materials and methods

Experimental material

The C. quinoa material used in this investigation was

obtained from several sources, namely 11 accessions

from the Agricultural University La Molina (Lima, Peru),

eight accessions from the USDA North Central Regional

Plant Introduction Station of the US National Plant

Germplasm System (Iowa, USA) and one accession from

the international nursery collection at the Centro Inter-

national de la Papa CIP-FAO (Puno, Peru) (Table 1).

Plant material was cultivated under the same conditions

in a greenhouse at the Silesian University (Katowice,

Poland).

Genome size determination by flow cytometry

Fifteen plants per population were analysed; each plant was

measured twice. All analyses were performed by the same

operator when the plant was 4–5 weeks old; a maximum of

five plants per accession were analysed in one working day.

The youngest fully developed leaf sheath was used for the

preparation of the suspension of intact nuclei. The leaves

were chopped with a razor blade in a nucleus extraction

Table 1 Passport data on Chenopodium quinoa accessions used for genome size analysis

Sample ID/name Geographical group Accession no. Country Region Source

A1 Southern highland PI 587173 Argentina Jujuy USDA-NPGS

B1/Real Southern highland N/A Bolivia Oruro CIP-FAO

B2/Chucapaca Southern highland Ames 13214 Bolivia La Paz USDA-NPGS

C1 Lowland PI 614880 Chile Los Logos USDA-NPGS

C2/Pichilemu Lowland PI 634917 Chile Pichilemu USDA-NPGS

C3/Baer Lowland PI 634918 Chile Cajon USDA-NPGS

C4 Lowland PI 614889 Chile Bio–Bio USDA-NPGS

E1 Northern highland Ames 13228 Ecuador Otavalo USDA-NPGS

P1 Southern highland PEQPC-1906 Peru Arequipa AULM

P2 Southern highland PEQPC-1907 Peru Arequipa AULM

P3 Southern highland PEQPA-1893 Peru Arequipa AULM

P4 Northern highland PEQPC-0705 Peru Cajamarca AULM

P5 Northern highland PEQPC-0706 Peru Cajamarca AULM

P6 Southern highland PEQPA-0557 Peru Cusco AULM

P7 Southern highland PEQPA-0361 Peru Cusco AULM

P8 Southern highland PEQPC-0645 Peru Cusco AULM

P9 Southern highland PEQPC-0768 Peru Puno AULM

P10 Southern highland PEQPC-0820 Peru Puno AULM

P11 Southern highland PEQPA-1887 Peru Puno AULM

U1 Lowland Ames 13728 USA New Mexico USDA-NPGS

CIP-FAO Centro Internacional de la Papa, USDA-NPGS-USDA North Central Regional Plant Introduction Station of the US National Plant

Germplasm System, AULM Agricultural University la Molina.
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buffer (Doležel and Gohde 1995), filtered through a 30-lm

nylon mesh and stained with propidium iodide using a

Partec high-resolution DNA kit according to the manu-

facturer’s instructions. Nuclei isolated from the leaves

of Lycopersicon esculentum Mill. cv. Stupicke (2C

DNA = 1.96 pg) (Doležel et al. 1994) were used as an

internal standard. For each sample at least 10,000 nuclei

were analysed. All samples were measured using a DAKO

Galaxy flow cytometer equipped with an air-cooled argon

ion laser. The nuclear genome size of C. quinoa was esti-

mated according to the following formula (Doležel and

Bartos 2005):

C: quinoa 2C nuclear DNA content

¼ C: quinoa G1 peak mean

L: esculentum G1 peak mean
� 1:96 pg

Statistical analysis

The Chi-squared goodness-of-fit test was applied to check

the normality of the distribution of each accession. As

many of them demonstrated a non-normal distribution the

Kruskal-Wallis test followed by a nonparametric post-hoc

test were used to check the significance of differences

between accessions. To test whether genome size variation

was correlated with geographical group Spearman’s rank

correlation coefficient (rs) was used to avoid problems of

data non-normality.

Results and discussion

In the present study, nuclear genome size was analysed in

20 accessions of Chenopodium quinoa. All analysed

accessions were tetraploids with the chromosome number

2n = 4x = 36. Although C. quinoa is an polysomatic

species (Kolano et al. 2009), the histograms of the nuclear

DNA content in young leaves contained a single distinct

peak corresponding to G1 nuclei (2C DNA content) and a

minor peak representing nuclei in the G2 phase (4C DNA

content). Analysis of the distributions showed that more

than 90% of leaf cells were in the G0/G1 phase. No nuclei

with DNA content higher than 4C were observed.

Replicate measurements within each accession were

highly consistent. The standard deviation of genome size in

the accessions ranged from 0.76% to 2.9% of the genome

sizes. The mean 2C nuclear DNA content of individual

accessions ranged from 2.905 pg to 3.077 pg. This corre-

sponds to a 5.9% difference in genome size between the

accessions, with P1 being the accession with the smallest

genome and C4 being the accession with the largest gen-

ome. An overview of genome sizes in all the accessions

investigated is given in Table 2. The mean C. quinoa

genome size was 2C = 2.973 ± 0.043 pg.

The 2C values given here agree with some previously

published values obtained with flow cytometry (Palomino

et al. 2008; Kolano et al. 2009) and they are only slightly

Table 2 Nuclear DNA content

in various accessions of

Chenopodium quinoa

a Accessions with different

letters have significantly

different means (P \ 0.05).

Accession Geographical group DNA content (pg/2C) Significancea

Mean (pg) SD Range

P2 Southern highland 2.905 0.076 2.784–3.020 a

P1 Southern highland 2.909 0.069 2.791–3.022 a

P11 Southern highland 2.931 0.071 2.804–3.017 a,b

P6 Southern highland 2.934 0.058 2.811–3.001 a,b

P3 Southern highland 2.945 0.085 2.826–3.099 a,b,c

P4 Northern highland 2.949 0.069 2.858–3.094 a,b,c

B1 Southern highland 2.950 0.063 2.840–3.042 a,b,c

P8 Southern highland 2.955 0.033 2.881–3.022 a,b,c

C1 Lowland 2.962 0.025 2.897–3.022 a,b,c

E1 Northern highland 2.966 0.070 2.830–3.085 a,b,c

A1 Southern highland 2.977 0.076 2.848–3.092 a,b,c

P7 Southern highland 2.979 0.052 2.897–3.069 a,b,c

P10 Southern highland 2.981 0.059 2.836–3.063 b,c,d

C2 Lowland 2.990 0.080 2.872–3.101 b,c,d

U1 Lowland 2.992 0.066 2.888–3.106 b,c,d

B2 Southern highland 2.995 0.023 2.940–3.032 b,c,d

C3 Lowland 3.013 0.082 2.878–3.151 c,d,e

P5 Northern highland 3.013 0.041 2.940–3.088 c,d,e

P9 Southern highland 3.046 0.031 2.985–3.108 d,e

C4 Lowland 3.077 0.037 2.997–3.154 e
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lower than those estimated using Feulgen cytophotometry

(Bhargava et al. 2007). The data presented here differ

greatly from the results reported by Stevens et al. (2006)

(2C = 2.01 pg), although they also analysed quinoa ‘Real’

as we did (B1). ‘Real’ is an ecotype consisting of multiple

genotypes with similar seed characteristics from the Potosi

Department of Bolivia (Ganadillas 1968) and it is possible

that there are some variations in genome size within this

ecotype. However, differences between our results and

those reported earlier might be also due to the use of dif-

ferent reference standards, sample preparation, staining

protocols and flow cytometers (Doležel et al. 2007).

The genome sizes of most C. quinoa accessions were

not normally distributed. Therefore, the nonparametric

Kruskal-Wallis test was used to evaluate the differences in

genome size among the analysed accessions. Significant

differences (P \ 0.05) in genome size were found between

C. quinoa accessions. Statistical analysis using a multiple

comparison test revealed significant differences between

the four accessions with the largest genomes (B3, P5, P9,

C4) and the four accessions with the smallest genomes (P2,

P1, P11, P6) (Table 2). The remaining populations had

very similar genome sizes and clustered into overlapping

groups.

Intraspecific variation of up to 43% has been found in

Prospero autumnalis L., which corresponds with the kar-

yological heterogeneity of the species (Ebert et al. 1996).

Similarly, variation of up to 27% has been found among

Finnish genotypes of Tanacetum vulgare L. (Keskitalo

et al. 1998). Considering these findings, the intraspecific

variation revealed in C. quinoa (5.9%) should be regarded

as limited; however, it is in agreement with the findings of

a number of recent studies which showed genome size

variation in species with rather small genomes; for exam-

ple, A. thaliana (Schmuths et al. 2004) and Sesleria albi-

cans Kit. ex Schult. (Lysak et al. 2000).

The differences in nuclear DNA content among quinoa

accessions do not seem to be caused by aneuploidy because

the chromosome numbers in all the analysed C. quinoa

accessions were identical. The main reason for a such

variation may be an increase or decrease in the copy

number of repetitive DNA sequences, especially retro-

transposons, which is known to be a frequent source of

genome size variation in angiosperms (Bennetzen et al.

2005). Several studies have shown a correlation between

genome size variation and different ecological conditions

that predominate in particular areas (e.g. altitude or lati-

tude/longitude). However, the results are not straightfor-

ward and the relationship between intraspecific variation

and environment is still not clear (Knight et al. 2005). For

example, a negative correlation has been observed between

genome size and latitude in A. thaliana (Schmuths et al.

2004), whereas no such correlation was found in S. albi-

cans (Lysak et al. 2000).

Quinoa is cultivated in distinct geographical and eco-

logical areas that range from sea level in Chile (368S) to

over 4,000 m a.s.l. in the Andes near the equator. Wilson

(1988) indicated, based on morphological data combined

with data from six isozyme loci, that the accessions of

quinoa cluster into two main groups: Andean highland and

coastal lowland. This division was later supported by the

work of Christensen et al. (2007) who additionally sug-

gested that the highland group should be divided into

northern highland (northern Peru/Ecuador) and southern

highland (southern Peru/Bolivia/northern Argentina) sub-

groups. Most of the quinoa accessions analysed in this

study belonged to the southern highland group (12 acces-

sions), but the northern highland group (3 accessions) and

lowland group (5 accessions) were also included. Acces-

sion U1, collected in the USA, according to Christensen

et al. (2007), appears to originate in the coastal Chilean

region and was included in the lowland group. The lowland

accessions tended to have larger genomes than most of the

highland accessions. However, Spearman’s test for corre-

lation showed no correlation between genome size and the

geographical origin of the accessions. This may have been

due to the relatively high diversity of genome size observed

among the southern highland quinoa accessions. There was

4.85% difference in genome size among southern highland

accessions, with P2 being the accession with the smallest

genome and P10 being the accession with the largest

genome, and the Kruskal-Wallis test showed that the dif-

ferences were statistically significant.

A high level of genetic diversity among the southern

highland group of quinoa accessions when compared with

the northern highland and lowland accessions has been

indicated previously (Wilson 1988; Christensen et al. 2007;

del Castillo et al. 2007). These authors suggested that the

Peruvian and Bolivian southern highlands represent the

centre of diversity for quinoa. A recent study based on

RAPD markers has indicated that the high variation among

the C. quinoa population in southern Peru and Bolivia

might be due to population isolation, which is not simply

linked to distance, but more probably to climatic and

orographic barriers. Additionally, this population structure

is also reinforced by the limited exchange of seeds among

farmers (del Castillo et al. 2007).

In conclusion, only a limited amount of intraspecific

genome size variation was found in C. quinoa and the

variation was not correlated with geographical origin.
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