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Abstract Quinoa (Chenopodium quinoa Willd.) is an
important seed crop for human consumption in the Andean
region of South America. It is the primary staple in areas
too arid or saline for the major cereal crops. The objective
of this project was to build the first genetic linkage map of
quinoa. Selection of the mapping population was based on
a preliminary genetic similarity analysis of four potential
mapping parents. Breeding lines ‘Ku-2’ and ‘0654, a
Chilean lowland type and a Peruvian Altiplano type,
respectively, showed a low similarity coefficient of 0.31
and were selected to form an F, mapping population. The
genetic map is based on 80 F, individuals from this
population and consists of 230 amplified length polymor-
phism (AFLP), 19 simple-sequence repeat (SSR), and six
randomly amplified polymorphic DNA markers. The map
spans 1,020 cM and contains 35 linkage groups with an
average marker density of 4.0 cM per marker. Clustering
of AFLP markers was not observed. Additionally, we
report the primer sequences and map locations for 19 SSR
markers that will be valuable tools for future quinoa
genome analysis. This map provides a key starting point
for genetic dissection of agronomically important char-
acteristics of quinoa, including seed saponin content, grain
yield, maturity, and resistance to disease, frost, and
drought. Current efforts are geared towards the generation
of more than 200 mapped SSR markers and the develop-
ment of several recombinant-inbred mapping populations.
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Introduction

Quinoa (Chenopodium quinoa Willd.) is one of the most
important food crops in the Andean region of South
America, including regions of Bolivia, Peru, Ecuador,
Colombia, Argentina, and Chile. It is a member of the
family Amaranthaceae (formerly Chenopodiaceae), which
also contains the economically important species spinach
(Spinacea oleracea L.) and sugar beet (Beta vulgaris L.).
Quinoa is an allotetraploid (2n=4x=36) and shows disomic
inheritance for most qualitative traits (Simmonds 1971;
Risi and Galwey 1984; Ward 2000). Quinoa is especially
important as a major food stable in the Altiplano (high
plain) regions of Bolivia and Peru (Wilson 1988). The
Altiplano covers 255,000 km? at an altitude of 3,500—
3,850 m above sea level. It has a relatively cold and arid
climate with frequent frosts and annual rainfall ranging
from 80-600 mm/year. In spite of such harsh conditions,
more than two million people reside there, half in rural
areas. Quinoa is remarkably adapted to the high altitudes,
arid and saline soils, and frequent frosts characteristic of
the Altiplano (Risi and Galwey 1984; Vacher 1998; Prado
et al. 2000).

For people who live in the Altiplano region, quinoa is a
traditional, widely consumed, food crop that is a part of
their daily diet. Quinoa grain has an excellent balance of
carbohydrates, lipids, and protein and provides an ideal
balance of essential amino acids for human nutrition (Risi
and Galwey 1984; Chauhan et al. 1999). Quinoa
constitutes the principal source of protein in the daily
diet of many people who inhabit the Andean region,
especially the rural poor. The protein content of quinoa
varies between 7.5-22.1% (Tapia et al. 1979), substan-
tially higher than that of the cereal grains. Oil content in
quinoa ranges from 4.5-8.75%, with the majority of these
oils being oleic (24%), linoleic (52%) and linolenic acids
(4%) (Ruales and Nair 1993; Wood et al. 1993; Fleming
and Galwey 1995). Several anti-nutritional triterpenoid
compounds, called saponins, are found on the pericarp of
mature quinoa seeds; these compounds adversely affect
digestibility and nutrient uptake, although they may play a



positive role in deterring avian predation (Chauhan et al.
1992). The development of saponin-free varieties is
consequently a major breeding goal and one where
marker-assisted selection (MAS) could be highly effective
(Ward 2001). Because of quinoa’s nutritional qualities, its
use as a subsistence staple across the Altiplano, and its
potential as an export crop, increasing quinoa productivity
is viewed as critical for addressing malnourishment
problems in Andean region.

While historical research in quinoa genetics and
breeding is limited (see reviews by Risi and Galwey
1984; Fleming and Galwey 1995), modern breeding
programs, supported by private and government agencies,
are quickly becoming established in Bolivia and Peru.
Principal objectives for these programs include traditional
breeding goals for grain yield, disease resistance (Ochoa et
al. 1999), drought tolerance, and saponin content, as well
as the development of molecular markers to manage
germplasm and facilitate traditional plant breeding.

To facilitate the application of molecular tools and to
enhance the knowledge base in quinoa, we report the
development of several molecular markers and a pre-
liminary genetic linkage map for quinoa. Molecular
markers and genetic maps are powerful tools for plant
breeding research programs (Patterson et al. 1991; Staub et
al. 1996). They are particularly important for germplasm
conservation, including core-collection development and
cultivar identification (Diwan et al. 1995; Tanksley and
McCouch 1997). Furthermore, they allow for development
of enhanced breeding methodologies, including MAS and
marker-aided backcross breeding. The molecular markers
and genetic map reported here will be of particular value in
ongoing efforts to genetically characterize germplasm
collections of quinoa and to develop core collections that
can be utilized by traditional breeding programs through-
out the Andean region.

Materials and methods
Genetic material

Four potential mapping parents representing two distinct
ecotypes for quinoa, coastal (‘Ku-2’, ‘NL-6’) and
Altiplano (‘0654°, ‘Chucapaca’) types, were screened
with amplified fragment length polymorphism (AFLP)
markers to assess their genetic diversity and to determine
the most informative crosses for use in developing the
genetic linkage map. The parents selected to develop the
mapping population were ‘Ku-2’ (as the female parent), a
Chilean coastal quinoa accession with green plant color,
and ‘0654’ (as the male parent), a Peruvian Altiplano
quinoa accession with red plant color. The mapping
population consisted of 80 individual F, plants obtained
by selfing a single F; plant. All plants used in this study
were grown in commercial potting-soil supplement with
fertilizer in 25-cm-diameter pots at greenhouses in Provo,
Utah, USA. Greenhouse temperature was maintained at
25°C, and plants were grown under broad-spectrum
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halogen lamps with a 12-h photoperiod. Fleming and
Galwey (1995) reported that plant color in quinoa is
governed by a single gene with three major alleles: Red
(R), dominant to purple ("), which is dominant to green
(). Plant color-inflorescence phenotypes (R vs r) were
determined for the parents, F;, and F, populations.

DNA extraction

Total genomic DNA from all F, individuals as well as
from the parents was extracted from 30 mg freeze-dried
leaf tissue by procedures described by Sambrook et al.
(1989), with modifications described by Todd and Vodkin
(1996).

AFLP protocol

The AFLP analysis was performed essentially as described
by Vos et al. (1995), with minor adaptations for quinoa
DNA. An aliquot of genomic DNA (500 ng) from each F,
plant and parent were digested with the restriction
enzymes Msel and EcoRI. Digested fragments were
ligated with EcoRI and Msel adapters. A preamplification
reaction was performed with primers complementary for
each adapter having one selective nucleotide each,
specifically EcoRI adapter+A and Msel adapter+C. The
preamplification product was diluted 20-fold in 1/10 TE,
and 2 pl was used in the final selective amplification step.
Prior to the selective amplification step, the EcoRI
selective primer was end-labeled with y—[>*P] in a T4
polynucleotide kinase reaction as recommended by the
manufacturer (New England Biolabs, Beverly, Mass.,
USA). The selective primers were complementary to the
adaptor sequence and included three selective nucleotides.
The selective amplifications protocol consisted of one
cycle of 94°C for 30 s, 65°C for 30 s, and 72°C for 60 s.
Then annealing temperatures were lowered 1°C for each of
the nine cycles, followed by 26 cycles of 94°C for 30 s,
56°C for 30 s, and 72°C for 60 s. PCR products (2 pl)
were separated on 5% denaturing polyacrylamide gels
with 7.5 M urea at 110 W constant power on a Sequi-Gen
3000 DNA sequencing unit (Bio-Rad Laboratories,
Hercules, Calif.,, USA) Gels were transferred to 3 MM
paper, covered with plastic wrap, dried, and exposed to
phosphor-imaging screens for 12 h. Imaging screens were
scanned with a Bio-Rad molecular imager FX (Bio-Rad
Laboratories) and saved as digital images for band
analysis. Polymorphic bands were named according to
the selective primers used to amplify them and the size (in
base pairs) of the fragment scored in the polyacrylamide
gel (e.g., EAAC/MCAT-240; see also Fig. 1).

Simple-sequence repeat markers

Thirty-nine putative simple-sequence repeat (SSR) loci,
previously identified from an SSR-enriched genomic
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Table 1 Microsatellite primer sequences, core motif, GenBank accession number, amplified fragment length, scoring method, and average

melting temperature

Primer name Core motif GenBank Forward primer sequence

Reverse primer sequence Predicted

Scoring method Annealing

accession (5'—3") (5'-3") product size temperature

number (bp) (°C)
QATG12 (ATC)8 ay458232 ggcaaacacatggatctcaa caaacagcgaagaggtttcc 182 Dominant 59.5
QATG19 (ATC)12  ay458233 ccaaacaaagacaataaggaaacc cgaggttgaaggagattcca 186 Codominant 60
QATG16 (CAT)10  ay458234 ccacactcatctcaaccatce gegatcecggtacatcatttc 170 Codominant 60
QATG9 (GAT)5 ay458235 gactaatgaacggatggaagc cctcecacataaccttectct 150 Dominant 59
QCA19 (CA)10 ay458236 ftttcatcactcgaccgtatage agggtgactgttacacccaaa 181 Dominant 59
QCA2 (CA)20 ay458231 tgaggacacacacacacacac gggaccgtttaattcagcaa 160 Codominant 59
QCA26 (TG)12 ay458230 ttccaatacagcaccacctc tgcaagcatacataagacagtca 187 Dominant 58.5
QCA28 (CA)10 ay458237 tgctcaccctagcatttatacact atgagacggagggagcacta 155 Codominant 59
QCA30 (CA)13 ay458238 tcattggttagatggtggaatg ccctctagtgecataggagtttctg 177 Codominant 60
QCA33 (CA)10 ay452266 cagggcagtccacctctcta accttctagtcctatgttcttgtatgg 219 Codominant 59
QCA37 (CA)16 ay458227 ccgttcttccagaccaattc tcatgagccacttcatacacg 188 Codominant 60
QCA46 (CA)18 ay458239 gcaggtaaatcaacccttge tgcatgataaactaagcagacga 165 Codominant 60
QCA48 (CA)13 ay458240 acaatacatacataacccaatattcaa tggaaatgtcactatgattgga 235 Codominant 58
QCAS1 (TG) 10 ay458241 tgtttcgggtagaaacaccaa tgcaattcaatgcccacata 156 Dominant 60
QCAS (CA)16 ay458228 gtggttcatggctgatectt cttgccatcagggcatatct 185 Codominant 60
QCA56 (CA)12 ay458242 ttggaagagctccacaaggt cctctgaataggataccettetgt 172 Codominant 59
QCAS7 (CA)22 ay458243 tgcaaggaaaccatctttgg tgcctcacagtcacacctaca 163 Codominant 60
QCASS (TG)16 ay458244 ctcgaccagcagggtctg ctagctaggcegttgectgac 183 Dominant 60
QCA63 (CA)11 ay458245 gcagcatcacagagcagaaa ggtgtagattgggagectga 184 Codominant 60
QCA65 (CA)19 ay458246 ccatgcaagggaacatattg aagttcgttggcettgctgta 199 Dominant 59
QCA66 (CA)32 ay458247 agagttcttacataagggaagagt  tttcctttggtagtttcttgtt 176 Dominant 55

library (P.J. Maughan et al., unpublished data) were
screened for polymorphism in the parents of this cross.
Twenty-one polymorphic SSR loci (Table 1) were
amplified with DNA from individuals of the F, popula-
tion, according to standard PCR conditions as described
by Yu et al. (1994) at 2.5 mM MgCl,. All SSR
amplifications were performed with a touchdown ampli-
fication protocol as follows: 94°C for 1 min, followed by
five cycles of 94°C for 30 s, 55°C for 30 s (decreasing 1°C
every cycle), and 72°C for 1 min; ten cycles of 94°C for
30 s, 50°C for 30 s, and 72°C for 1 min; five cycles of
94°C for 30 s, 50°C for 30 s (decreasing 1°C every cycle),
and 72°C for 1 min; ten cycles of 94°C for 30 s, 45°C for
30 s, and 72°C for 1 min; and hold at 72°C for 5 min. PCR
products were separated on 3% Metaphor agarose gels
(Cambrex Bio Science, East Rutherford, N.J., USA), run
in 0.5x TBE. PCR products were visualized by ethidium-
bromide staining and UV transillumination.

«Fig. 1 Linkage map of Chenopodium quinoa. Cumulative distances

are in centiMorgans and are indicated on the leff side of the linkage
groups. Microsatellite markers are in boldface. RAPD markers are
underlined. All other markers are amplified length polymorphism
(AFLP) markers. AFLP markers are named as described in Materials
and methods. Loci marked with * or ** showed significant
distortion a P<0.05 and P<0.01, respectively

RAPD procedures

A total of 60 random decamer primers (primer sets C, F
and G, Operon, Alameda, Calif., USA) were screened for
polymorphism between the parents of this cross, according
to procedures described by Williams et al. (1990) with
modifications as described by Ruas et al. (1999). RAPD
markers were given the prefix “O-,” followed by the
Operon primer set and number. DNA amplification was
performed in a total volume of 15 pl. Amplified products
were separated on a 1.4% agarose gel run in 0.5x TE
buffer and visualized by ethidium-bromide staining and
UV transillumination.

Data analysis and map construction

The majority of AFLP and RAPD markers were scored as
dominant markers, whereas the majority of SSR markers
were scored as codominant markers. Only unambiguous
markers were scored. Genetic similarities, based on simple
matching coefficients, were analyzed phenetically with the
computer program NTSYS-pc, version 2.1 (Rohlf 2000).
Linkage groups and map construction were accomplished
with the computer program JoinMap, version 3.0 (van
Ooijen and Voorrips 2001). Linkage groups were
determined as markers linked with a minimum LOD
score of 3.5. The order of the markers of each linkage
group was determined by JoinMap’s default parameters
(LOD>1.0, recombination threshold = 0.4, ripple value =
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Table 2 Similarity matrix based on simple matching coefficients of
potential parents

Chucapaca NL6 0654 Ku-2
Chucapaca 1.000
NL6 0.245 1.000
0654 0.576 0.327 1.000
Ku-2 0.229 0.866 0.304 1.000

1, jump threshold = 5, Kosambi mapping function) for all
linkage groups.

Results and discussion
Population selection

Eighty-eight AFLP primer combinations were screened for
polymorphism among the four potential mapping parents
(‘Ku-2’, ‘NL-6’, ‘0654°, and ‘Chucapaca’). Analysis of
the AFLP gels for all primer combinations identified a
total of 597 polymorphic bands across the four potential
parents. The average number of bands detected for
individual primer pairs ranged from a low of 19 to a
high of 52, with an average of 6.8 polymorphic bands per
primer combination. The similarity coefficients (Table 2)
ranged from 0.23 to 0.87, with the least genetic similarity
between the Bolivian accession ‘Chucapaca’ and the
Chilean accession ‘Ku-2’, and the greatest similarity
between the two Chilean coastal accessions ‘NL-6" and
‘Ku-2’. These findings agreed well with the previous
morphological and isozyme studies, which separated the
quinoa germplasm into two distinct fundamental elements,
Chilean coastal types and Andean Altiplano types (Wilson
1988; Risi and Galwey 1989). In this manuscript we report
the mapping results of the cross of ‘Ku-2’, a Chilean
accession, and ‘0654, an Altiplano type from Peru.

Marker segregation

Of the 88 AFLP primers combinations screened for
polymorphism between the mapping parents, 68 were
polymorphic and highly reproducible based on duplicated
samples. These 68 primer combinations produced a total
of 4,280 amplification products, of which 284 (6.6%) were
polymorphic, easily scored, and reproducible on the F,
population. The number of polymorphic markers per
primer combination segregating in the F, population
ranged from a low of one to a high of nine. On average,
4.2 polymorphic markers were scored per primer combi-
nation and 3.4 polymorphic markers per primer combina-
tion were placed on the map. Twenty-six (8%) of the
markers were identified and scored as segregating
codominantly. Of the dominant AFLP markers, 160
(53%) were specific to ‘0654’ and 144 (47%) were
specific to ‘Ku-2’. All AFLP markers were tested for
segregation distortion from the expected Mendelian ratio

(3:1 or 1:2:1) with the chi-square test. Out of the 284
AFLP markers tested, 12 (4.2%) loci showed distorted
segregation at P<0.05, and two (0.7%) loci showed
distortion at P<0.01, fully within expectations for random
sampling error. Thus, there was no evidence of statistically
significant deviation from a disomic segregation model in
the data set. Interestingly, Ward (2000) reported erratic
multivalent pairing and tetrasomic inheritance for two
monogenic morphological traits in quinoa. Indeed, tetra-
somic segregation of “erratic multivalents” (Ward 2000)
would lead to distorted segregation ratios and may also
contribute to the low levels of segregation distortion seen
in our data set. The low level of segregation distortion for
AFLP markers observed in this study is comparable to that
observed in allotetraploid mapping experiments with
AFLP markers in cotton (Lacape et al. 2003), durum
wheat (Lotti et al. 2000), and Brassica juncea (Pradhan et
al. 2003) and suggests that the AFLP markers are heritable
and should be reliable for genetic analysis in C. quinoa.

From the 21 SSR markers identified as polymorphic in
this population, 13 produced simple monogenic banding
patterns and were easily scored in a codominant fashion
(Table 1). Most of the other SSR markers yielded
amplification products with complex banding patterns
that made scoring the marker in a codominant fashion
problematic. In these markers, a single, unambiguous, and
clearly segregating band was scored in a dominant fashion.
One possible explanation for these complex banding
patterns is the presence of duplicate chromosome regions
(Rae et al. 2000), a relic of quinoa’s probable allotetraploid
origin. Indeed, our laboratory has identified several SSR
markers (not utilized in this study) that clearly amplify two
codominantly segregating loci, presumably orthologous
loci from each of the ancestral genomes of quinoa (P.J.
Maughan et al., unpublished data). Such markers will be
valuable tools in identifying the putative diploid ancestors
of C. quinoa. Of the SSR markers tested, only QCA2
deviated significantly (P<0.05) from its expected Mende-
lian ratio (1:2:1).

Of the 60 RAPD primers screened, six (10%) produced
reproducible polymorphic markers and were included in
the linkage analysis. One polymorphic marker (band) was
scored from each of the six RAPD primers, with an
average of 3.8 prominent bands per RAPD reaction. One
RAPD marker (O-F10) was scored in a codominant
fashion, while the remaining five RAPD markers were
scored as dominant markers. None of the RAPD markers
deviated significantly (P>0.05) from their expected seg-
regation ratios. Plant color was scored as a dominant
phenotypic marker for each F, plant [red vs green (R/7)]
and did not deviate from expected segregated ratios
(P>0.05).

In this study, AFLP markers were shown to be reliable
and efficient in generating a linkage map of quinoa. SSR
markers were very informative and reliable, but less
efficient than AFLP markers and often produced complex
dominant and/or multilocus banding patterns which
detracted from their utility for genetic mapping. Jeuken
et al. (2001) described a similar situation with SSR



markers in an interspecific cross of lettuce (Lactuca sativa
x L. saligna). In that study only 4 out of 12 SSRs could be
scored codominantly. RAPD markers, while attractive due
to their technical simplicity, typically are less efficient and
prone to reproducibility issues.

Linkage analysis

Genetic segregation in the F, population was analyzed for
a total of 313 loci, including 284 AFLP loci, 21 SSR loci,
six RAPD loci, and one morphological locus. Of the 313
loci, 275 (88%) were grouped at a minimum LOD score of
3.5. Thirty-eight loci remained unassigned, including one
SSR marker (QATG16) and the plant-color locus (R/F).
Ordering of markers within groups identified an additional
19 loci (18 AFLP and one SSR marker) that showed
suspect linkages (REC value >0.60) and thus were
removed from the final groups. Unassigned markers
were not unexpected and have been found in many
previous genome-mapping experiments (Atienza et al.
2002; Sharma et al. 2002). Thus, the final map consists of
a total of 230 AFLP, 19 SSR, and six RAPD markers;
spans 1,020 cM; and contains 35 linkage groups. The
linkage groups were temporarily numbered from highest to
lowest based on the number of linked markers, pending
cytogenetic confirmation. The number of markers per
linkage group ranged from a low of two (0.8%) to a high
of 22 (8.6%; linkage group 1). Linkage distance spanned
by individual linkage groups ranged from a low of 0 cM
(linkage group 35) to a high of 95 ¢cM (linkage group 1).
Out of the 35 groups, 25 contained at least three linked
markers. The average linkage distance between pairs of
markers among all groups was 4.5 cM, considering only
one marker in regions with cosegregating markers, and
4.0 cM, taking all markers into account. The largest gap
(22.5 cM) is located on linkage group 23. Eight additional
gaps (>15 cM) are located on linkage groups 1, 7, 11, and
26-30. All of these intervals have LOD score values above
the threshold LOD. The vast majority of intervals (86%)
were less than 10 ¢cM in length.

The number of linkage groups reported in this study is
higher than the haploid chromosome number of C. quinoa
(n=18). However, many of the smaller linkage groups will
undoubtedly coalesce with other linkage groups when
additional markers are added to the map. The requirement
for large numbers of markers or integrated mapping
populations to reduce the linkage group number to haploid
chromosome numbers has been seen in many mapping
experiments (Jeuken et al. 2001; Sharma et al. 2002). The
excess of linkage groups when compared to the haploid
chromosome number suggests that several areas of the
genome remain undetected with this set of markers.
Indeed, employing the method of Hulbert et al. (1988), we
predict the total length of the quinoa map to be
approximately 1,700 cM. Thus, this map covers approxi-
mately 60% of the total quinoa genome. Of the species
related to quinoa, sugar beet (Beta vulgaris L., 2n=2x=18)
has the best-characterized genetic map. Sugar beet is a true
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diploid member of the Amaranthaceae family and has a
haploid chromosome number of nine (half that of quinoa).
The total length of the several dense linkage maps reported
in sugar beet range from 621 c¢cM (Halldén et al. 1996) to
815 c¢cM (Barzen et al. 1995), roughly half the size
predicted for the total length (1,700 cM) of the quinoa
genetic map and between 61% and 80% of the genetic
map we report for quinoa (1,020 cM). Considering the
probable allotetraploid origin of quinoa, a genetic map
roughly twice the size of those for diploid members of the
family is not unexpected.

Although AFLP markers were used as the backbone of
the quinoa linkage map, several sequence-tagged SSR
markers were developed and added to the map. These 19
SSR markers are distributed across 14 of the quinoa
linkage groups. BLASTN and BLASTX searches of the
GenBank database revealed that four of the mapped SSR
markers had significant DNA sequence similarity to other
plant genes. QCAS contains the entire sequence of exon
13 of the NADP-specific isocitrate-dehydrogenase gene,
and intron sequences on both ends of the exon. QCA26
contains part of exon 11 and part of intron 11 of a gene
homologous to the Arabidopsis thaliana At2 g47210 gene,
which encodes a hypothetical protein. QCA37 contains
part of exon 5 and part of intron 5 of a gene homologous
to the A. thaliana F6I1.13 gene, which encodes an
unknown protein. QCA?2 is significantly similar to the A.
thaliana MVII1I.11 gene, which encodes an unknown
protein. Interestingly, the exon/intron boundaries in the
quinoa QCA2 sequence differs from those in the proposed
Arabidopsis sequence in that an apparent intron in the
quinoa sequence spans, but lacks homology to, a region
labeled as part of an exon in the Arabidopsis sequence.
GenBank sequence accession numbers for all of the
polymorphic SSR markers are provided in Table 1.

The SSR markers reported in this study constitute an
initial set of standard landmarks that can be easily
transferred from population to population and can be
used as anchor points for future map comparison.
Moreover, these SSR markers will be wvaluable in
characterizing quinoa germplasm as well as elucidating
the evolutionary relationship and the possibility of genetic
exchange between quinoa and the other cultivated Che-
nopodium species, including C. berlandieri ssp. Nutalliae
(cultivated in Mexico, commonly referred to as Hauzontle)
and C. pallidicaule (cultivated in Bolivia and Peru,
commonly referred to as Caiihua).

Nuclear DNA content

The nuclear content estimated by flow cytometry indicates
that C. quinoa ‘Surimi’ has a total haploid nucleus DNA
content of 967 Mbp/1C (K. Arumuganathan, personal
communication). This is ~6.7 times the size of A. thaliana
and approximately two times the size of rice, but slightly
larger than other member of the Amaranthaceae family,
including beet (714 Mbp/1C), sugar beet (758 Mbp/1C),
and spinach (989 Mbp/1C) (Arumuganathan and Earle
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1991). Based on this estimate, we calculate 1 cM in quinoa
genetic map is approximately 568 kb. However, caution
must be used when relating genetic distance to physical
distance as the relationship is usually non-linear, even over
short distances within the same chromosome (Lashermes
et al. 2001).

AFLP marker clustering

Non-random distribution and clustering of markers at the
centromeres and surrounding heterochromatic regions of
the genome has been reported by several researchers using
AFLP markers based on the restriction endonucleases
Msel and EcoRI (Keim et al. 1997; Qi et al. 1998;
Vuylsteke et al. 1999). Extensive clustering was not
apparent in this genetic map of quinoa (Fig. 1). The lack of
noticeably clustered markers may simply be an artifact of
the relatively low number of AFLP markers (230) on the
map. Several of the linkage groups show regions of higher
marker density (linkage groups 1, 3, 4, and 8) and may,
with additional markers, form more pronounced clusters.
Although clustering of AFLP markers is a general
characteristic, several researchers have reported the uni-
form distribution of AFLP markers for several crop
species (Jeuken et al. 2001; Vilanova et al. 2003). Jeuken
et al. (2001), suggested that if clustering is a result of
variants in repetitive elements at the centromeres, the lack
of clustering in some species may be the result of a simpler
centromeric repeat patterns or that the centromeres of in
these species could be of reduced size compared to the
other species, leading to smaller regions with suppressed
recombination rates.

Conclusions

We report the use of AFLP, SSR, and RAPD markers to
construct the first genetic linkage map of C. quinoa, an
important under-researched food crop of the Andean
region of South America. The development of this genetic
linkage map is an important step towards the genetic
characterization and initiation of MAS for recalcitrant
agronomic traits in quinoa. Such qualitative traits as
resistance to downy mildew (Peronospora farinosa f.sp.
chenopodii), the most important disease of quinoa, and
saponin-free quinoa (both major quinoa breeding objec-
tives) should be readily amenable to genetic mapping
studies and MAS protocols.

In conjunction with building a genetic map, we have
developed several sequence-tagged SSR markers. In
contrast to AFLP markers, the low cost, ease of use,
highly polymorphic nature, and abundance of SSR
markers make them especially useful as a marker system
for the analysis of under-researched crops in developing
countries. Once developed, SSRs are easily maintained
and shared among laboratories through the publication of
primer-pair sequences. These SSRs will undoubtedly be
valuable tools for integrating future genetic maps, under-

standing genome organization and elucidating genetic
relationships within the genus Chenopodium.
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