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Abstract Quinoa (Chenopodium quinoa Willd.) is adapted
to the harsh environments of the Andean Altiplano
region. Its seeds have a well-balanced amino acid compo-
sition and exceptionally high protein content with
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respect to human nutrition. Quinoa grain is a staple in
the diet of some of the most impoverished people in the
world. The plant is an allotetraploid displaying disomic
inheritance (2n=4x=36) with a di-haploid genome of
967 Mbp (megabase pair), or 2C=2.01 pg. We con-
structed two quinoa BAC libraries using BamHI (26,880
clones) and EcoRI (48,000 clones) restriction endonuc-
leases. Cloned inserts in the BamHI library average
113 kb (kilobase) with approximately 2% of the clones
lacking inserts, whereas cloned inserts in the EcoRI
library average 130 kb and approximately 1% lack
inserts. Three plastid genes used as probes of high-den-
sity arrayed blots of 73,728 BACs identified approxi-
mately 2.8% of the clones as containing plastid DNA
inserts. We estimate that the combined quinoa libraries
represent at least 9.0 di-haploid nuclear genome equiva-
lents. An average of 12.2 positive clones per probe were
identified with 13 quinoa single-copy ESTs as probes of
the high-density arrayed blots, suggesting that the esti-
mate of 9.0x coverage of the genome is conservative.
Utility of the BAC libraries for gene identification was
demonstrated by probing the library with a partial
sequence of the 11S globulin seed storage protein gene
and identifying multiple positive clones. The presence of
the 11S globulin gene in four of the clones was verified
by direct comparison with quinoa genomic DNA on a
Southern blot. Besides serving as a useful tool for gene
identification, the quinoa BAC libraries will be an impor-
tant resource for physical mapping of the quinoa genome.

Introduction

Quinoa (Chenopodium quinoa Willd.) is an allotetraploid
plant species displaying disomic inheritance (Simmonds
1971; Risi and Galwey 1984; Ward 2000) and belongs to
the Amaranthaceae family in the subfamily Chenopo-
dioideae. Other agronomically important plant species in
this subfamily are spinach (Spinacea oleracea 1.), ama-
ranth (Amaranthus spp.), sugar beet (Beta vulgaris L.)
and a series of Eurasian and American Chenopodium
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species of local importance as seed and vegetable crops
(Partap et al. 1998). Quinoa grain is an important source
of protein for the families of subsistence farmers on the
high Andean plateau (the Altiplano). The seed is also
grown for commercial production throughout the west-
ern regions of South America, including Bolivia, Chile,
Ecuador and Peru for domestic markets and emerging
export markets in Japan, Australia, Europe and North
America.

Renewed interest in quinoa as a cultivated crop is
centered on two important factors. First, the plant is
remarkably well adapted to harsh conditions such as the
low water content and high alkalinity of soils (pH > 8.0)
in the region surrounding Lake Uyuni of the Potosi
Department of Bolivia. Additionally, some varieties of
quinoa can withstand dramatic fluctuations in tempera-
tures (including frequent frost) common at elevations of
3,500-3,850 m above sea level (Risi and Galwey 1984;
Vacher 1998; Prado et al. 2000). Second, quinoa seed is
reported to be one of the most nutritionally well-
balanced plant foods under cultivation. It contains a
higher percentage of protein (7.5-22.1%) (Tapia et al.
1979) than any of the cereal grains and it has an excellent
balance of carbohydrates, lipids, and protein (Risi and
Galwey 1984; Coulter and Lorenz 1990; Chauhan et al.
1999). The FAO recommendations for human nutrition
are exceeded for all essential amino acids in quinoa grain
(Ruas et al. 1999).

Recent studies are leading to a better understanding
of the quinoa genome and the development of an impor-
tant set of genetic tools which can be used to enhance
future breeding efforts. Over 400 simple sequence repeats
(SSR) markers (Mason et al. 2005) have been character-
ized and a subset of these along with AFLP and RAPD
markers have been placed on a preliminary genetic link-
age map (Maughan et al. 2004). The creation of cDNA
libraries from seed and floral tissue has led to the identifi-
cation of 424 ESTs and 51 SNPs (Coles et al. 2005).

An important genetic tool that is useful for correlat-
ing physical and genetic maps and for the identification
of specific genes is a bacterial artificial chromosome
(BAC) library. Libraries have been developed for a num-
ber of plant species of major and minor economic/agri-
cultural impact; examples include durum wheat (Cenci
et al. 2003), coffee (Noir et al. 2004), pepper (Yoo et al.
2003), and ginseng (Hong et al. 2004). These BAC librar-
ies can facilitate physical mapping, synteny evaluation,
gene cloning and many other types of studies (Monaco
and Larin 1994).

Here, we report the construction of a BAC library
containing 74,496 clones representing approximately 9.0
di-haploid equivalents of the quinoa genome. In charac-
terizing our BAC library we have determined the average
insert size, calculated the frequency of a set of ESTs and
genomic fragments within the library and screened the
library for the genes encoding the 11S seed storage pro-
tein. The knowledge gained from in-depth studies of this
BAC library and the resulting in-depth studies on the
genetics of quinoa will have positive agricultural implica-

tions for the socioeconomic base of the Andean people.
Furthermore, an understanding of a crop with such
unique environmental adaptive characteristics and excel-
lent human nutritive value will enhance our ability to
broaden the base of the world food supply.

Materials and methods

Plant material, DNA extraction and genome sizing

Tissue for the high-molecular-weight (HMW) DNA
needed for the construction of the BAC libraries was
isolated from the first two true leaves and apex of 2—
3-week-old plants of commercially available quinoa
‘Real’ from Bolivia. Because of its commercial nature,
the specific accession of the landrace series known as
‘Real’ is unknown. ‘Real’ is an ecotype consisting of mul-
tiple genotypes with similar seed characteristics from the
Potosi Department of Bolivia. Tissue harvested from
these plants was grown under greenhouse conditions at
Brigham Young University (BYU). The harvested tissue
was immediately frozen and maintained either on dry ice
or in a —80°C freezer until utilized for BAC library con-
struction. Quinoa genome size was determined for the
nuclear DNA content with flow cytometry according to
Arumuganathan and Earle (1991) at the University of
Nebraska Flow Cytometry Core Research Facilities
(FACScan flow cytometer, Becton Dickinson Immuno-
cytormetry system, San Jose, CA).

BAC library construction

Two separate libraries were constructed by digesting
HMW quinoa DNA either with BamHI or EcoRI
and cloning it into the vector pECBACI [7.5 kb (kilo-
base)] (for vector map and sequence, see http://
www.hbz.tamu.edu) according to Zhang (2000) with
minor modifications. Nuclear DNA was obtained from
70 to 100 g of tissue and embeded in 2.5 ml of low-melt-
ing-point agarose plugs. The HMW DNA, embedded in
LMP agarose plugs, was partially digested with BamHI
or EcoRI and size-fractionated twice by separation in
agarose CHEF gels (Bio-Rad Laboratories, Hercules,
CA, USA). The libraries were constructed with approx-
imately 150 ng HMW digested DNA and was used at a
rate of 0.6-1.0 ng/ul in ligation reactions of linearized
de-phosphorylated pPECBACT at the recommended 1:4
molecular weight ratio (vector to HMW DNA). Elec-
troMax DH10B cells (Invitrogen, Carlsbad, CA) were
transformed with ligation mix by electroporation with
a BioRad (Hercules, CA) Gene Pulser at a voltage of
2.5kV, a capacitance of 25 puF, and an impedance of
100 Q, all according to manufacturer’s specifications.
Cells were plated on LB agar containing 12.5 ug/ml chl-
oramphenicol, 15 pg/ml IPTG, and 60 pg/ml X-gal and
incubated at 37°C for 24-36 h. White colonies were
manually picked and transferred directly to 384-well
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microtiter plates containing 50 pul LB freezing medium
with 12.5 pg/ml of chloramphenicol in each well (Zhang
et al. 1996). After incubating at 37°C for 24 h microtiter
plates were placed in a —80°C freezer for long-term
storage.

BAC library insert characterization and screening

BAC DNA was isolated from 200 and 280 clones from
the BamHI and EcoRlI libraries, respectively, by an alka-
line lysis method, digested with Notl, and separated on
1% agarose CHEF gels. The insert size was determined
by comparison with a molecular-weight ladder on the gel
and an average insert size was calculated for the set of
clones tested from each library.

Colonies containing individual BACs were double-
spotted in high-density arrays on nylon membranes
using a Genetix Q-Bot at the Arizona Genomics Insti-
tute (Tucson, AZ, USA) as described in Tomkins et al.
(1999b). Radiolabeled probes were prepared from PCR
products by a random priming method using a Prime-
A-Gene® kit (Promega, Madison, WI, USA). Nuclear-
gene probes were derived from cDNAs (Coles et al.
2005) or from genomic DNA for the 5S rDNA and 45S
intergenic spacer (IGS) rDNA probes (unpublished
data). The organellar gene probe was derived from a
mixture of three barley (Hordeum vulgare L.) plastid
genes ndhA, rbeL, and psbA (Chen et al. 2004). Hybrid-
izations and the identification of addresses for positive
clones were performed using the protocol described at
http://www.genome.arizona.edu/information/protocols/
addressnew.html. The hybridized blots were visualized
by exposure to a phosphorescent screen followed by
scanning the screen with a Molecular Imager FX Pro
MultImager System and Quantity One software (Bio-
Rad). The nylon membranes were stripped of probe
between hybridizations by immersion in a boiling 0.1%
SDS solution and allowing them to cool to room tem-
perature.

Southern blotting

BAC DNA containing the 11S seed storage protein
gene was prepared from positive clones identified by
hybridization using a BACMAX"™ DNA purification
kit (Epicentre, Madison, WI, USA). Genomic DNA
was extracted from quinoa plants grown in the green-
house using a protocol reported elsewhere (Saghai-
Maroof et al. 1984). BAC and genomic DNAs were
digested using either HindIIl or EcoRI restriction
enzymes and the fragments were separated on a 0.8%
agarose gel by electrophoresis. The gel was blotted to
Hybond"-N* positively charged nylon membrane
(Amersham, Piscataway, NJ USA) using downward
capillary transfer and the blot was hybridized and
washed according to the manufacturer’s instructions.
Preparation of the 118 seed storage protein gene probe
and visualization of the hybridized blot was the same as
described previously.
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Results

Estimating quinoa nuclear DNA content

The chromosome number for C. quinoa is 2n=4x=36 as
reported by Giusti (1970). These chromosomes are very
small, mostly isobrachial and basically without distin-
guishing features to enable traditional karyotyping (Par-
kinson 2001). Using the flow cytometry method reported
by Arumuganathan and Earle (1991), we determined the
di-haploid genome (1C) for the landrace series quinoa
‘Real’ to be 967 Mbp or 2.01 pg/2C.

BAC library construction

To develop a BAC library that best represents the com-
plete quinoa genome, we partially endonuclease-digested
HMW quinoa DNA with two enzymes, BamHI and
EcoRI. The DNA size-range collected and subjected to a
second size selection was between 130-350 and 150-
400 kb fragments for BamHI and EcoRI, respectively.
For both libraries, we divided the first size selection
smear into three pieces (BamHI approximately 130-195,
195-285, and 285-350 kb; EcoRI approximately 150-
220, 220-330, and 330-400 kb). Subjecting these DNAs
to a second CHEF-gel size selection resulted in a prepon-
derance of the cloned fragments ranging near the
selected size (Fig. 1). The most efficient cell transforma-
tions, in both libraries, were from the smallest size selec-
tion (BamHI approximately 130-195 and FEcoRI
approximately 150-220 kb).

Although several ligation reactions were performed
for both the BamHI and EcoRI libraries only one was
used to construct the BamHI library and three ligation
reactions were used to develop the EcoRI library. Our
transformation efficiency for the BamHI library was
approximately 460 white recombinant clones per 1 pl of
ligation reaction. A total of 26,880 (70x 384 well microt-
iter plates) clones were harvested for this library. When
analyzing the EcoRI library, we found an average of
approximately 552 white recombinant clones per 1 pul of
ligation reaction across the three ligation reactions. A
total of 48,000 (125x384 well microtiter plates) clones
were harvested for this library.

Characterization of the quinoa BAC libraries

We analyzed 200 randomly selected clones from the
BamHI library by digesting the DNA isolated from over-
night cultures of each clone with NotI and electrophore-
sing the resulting products on a CHEF gel. These results
show that the average insert size in the BamHI library is
approximately 113 kb, ranging in size from 21 to 288 kb
(Fig. 1) with approximately 2% (4 of 200 clones) lacking
an insert. The same procedure was repeated for the
EcoRI library and we determined the average insert size
as approximately 130 kb ranging from 8 to >300 kb
(Fig. 1), with approximately 1% (3 of 280 clones) lacking
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Fig. 1 Insertsize distribution of

Distribution of BAC Clone Insert Sizes

200 BamHI and 280 EcoRI ran- 40
domly selected clones of the BamHI
respective quinoa BAC libraries 35 B EcoRI

% of Clones

an insert. We found a high proportion, approximately 44
and 38% of the BamHI and EcoRI libraries, respectively,
to have two or more bands, indicating the presence of
Notl recognition sites within the quinoa DNA insert
(Fig. 2). The combined quinoa BAC libraries have 74,880
clones with approximately 1.5% lacking an insert and an
overall average insert size of approximately 123 kb.

To characterize the combined BAC libraries and facil-
itate clone identification, we prepared high-density
arrays of 73,728 clones on nylon membranes. We hybrid-
ized the membranes to a series of probes representing the
chloroplast genome, rDNA and low-copy DNA
sequences as summarized in Table 1. Hybridization with
a probe representing three barley plastid genes gave
2,035 positive hits, which represents 2.8% of the library
and is consistent with chloroplast DNA content in
libraries reported for other plant species (Zhang et al.
1996; Tomkins et al. 1999b; Luo et al. 2001; Nilmalgoda
et al. 2003). Next, we hybridized the blots with a series of
probes representing the 5S rRNA gene, the 45S rDNA
IGS. The high number of positive clones on the BAC
arrays reflects the expected repetitive nature of the tar-
gets for these probes in the quinoa genome. Finally, we
hybridized the blots using DNA probes representing
sequences predicted to be low-copy within the quinoa

Fig. 2 An ethidium bromide-
stained CHEF gel of 40 random
clones from the quinoa BamHI
library. The inserts were released
from the 7.5-kb pECBACI plas-
mid (noted as common band at
the base of the gel) by digestion
with Notl. In this gel example, 15
clones have clear internal Nozl
cut sites. Lanes I and 2 of the gel
are New England BioLabs Mid-
Range I and II size markers,
respectively. The sizes of the
markers are given in kilobase

<25

76-100 101-125 126-150 151-175 176-200 200-225 >225
Insert Size (kb)

26-50  51-75

genome (probes 4-16 in Table 1). The average number of
positive hits for these hybridizations was 12.2.

Isolating candidate BAC clones for the 11S protein

An important agronomic feature of quinoa grain is its
high nutritive value, including a high level of protein and
an excellent balance of amino acids. We reasoned that
identification and characterization of seed storage pro-
tein genes from the quinoa genome would be an impor-
tant initial step toward understanding how protein is
stored in the seed. A clone with homology to published
118 seed storage protein genes from other plant species
was obtained from a developing quinoa seed cDNA
library (C. Coleman, unpublished results) and used as a
probe to hybridize the high-density array of quinoa BAC
clones. From this hybridization, we identified ten posi-
tive clones and extracted BAC DNA from four of them.
The BAC DNA from the four positive clones and qui-
noa genomic DNA were endonuclease-digested with
either EcoRI or HindlIl and electrophoresed on an aga-
rose gel for Southern blotting as shown in Fig. 3. The
probe for the blot was prepared by amplifying a portion
of the quinoa 11S gene using gene-specific primers and
one of the BAC clones as template. The genomic DNA




Table 1 Summary of the number of positive clones observed fol-
lowing hybridization of a high-density array of quinoa BAC clones
with various probes

Probe GenBank Probe description or Number of
accession no. putative function positive
signals
1 NA Barley ndhA, rbcL, psbA 2,035
2 NA 5S rRNA 84
3 NA 45S rDNA IGS 907
4 AY562550 118 seed storage protein 10
5 CN782308  Translationally controlled 13
tumor family protein
6 CN782300 Sucrose synthase 18
7 CN782239 Shepherd protein (SHD)/ 14
clavata formation protein
8 CN782189  Osmotin-like protein 8
9 CN782146  Calcium-transporting ATPase 20
10 CN781947  Mago nashi family protein 10
11 CN782099  ATP citrate lyase 11
12 CN782063 Cinnamyl alcohol 7
dehydrogenase
13 CN782259  Early nodulin-related protein 10
14 CN782051 UDP-glucose 4-epimerase 15
15 CN782305 Beta-ketoacyl-CoA synthase 13
16 CN781953 Phototropic-responsive 10

NPH3 family protein

NA not available

used on the Southern blot was extracted from quinoa
cultivar ‘Chucapaca’ (lanes 3 and 4), land race KU-2
(lanes 5 and 6), land race NL-6 (lanes 7 and 8) and breed-
ing line 0654 (lanes 9 and 10). These accessions were cho-
sen for this assay because of their use as parents of
populations used to generate a genetic map of quinoa
(Maughan et al. 2004). Although only one of the BAC
clones is shown on the blot, the four BAC clones from
which DNA was obtained showed identical banding pat-
terns on Southern blots. The blot shows a single band
hybridizing to the 11S probe in the lane containing BAC
DNA digested with either EcoR1 or HindIII (lanes 1 and

12 3 45 6 7 8 910

10 - - e

ad
-

Fig. 3 Southern blot of quinoa BAC DNA containing an 11S seed
storage protein gene compared to genomic DNA from four quinoa
accessions. Lanes 1, 2 BAC clone 82M10; lanes 3, 4 quinoa ‘Chuca-
paca’; lanes 5, 6 quinoa land race KU-2; lanes 7, 8 quinoa land race
NL-6; lanes 9, 10 quinoa breeding line 0654. DNA in lanes 1, 3, 5, 7,
and 9 were digested with EcoRI. DNA in lanes 2,4, 6, 8, and 10 were
digested with HindIII. The blot was probed with a fragment of DNA
containing the quinoa 118 seed storage protein gene amplified from
BAC clone 77L9. The sizes of DNA markers given in kilobase (kb)
are shown on the left
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2). When digested with EcoRI, the size of the single
hybridized band in the BAC DNA lane is similar to
hybridized bands of genomic DNA from Chucapaca,
KU-2 and 0654 (compare lane 1 with lanes 3, 5 and 9).
Likewise, the single hybridized BAC DNA band from
the HindIIl digestion is similar in size to hybridized
genomic bands from Chucapaca and 0654 (compare lane
2 with lanes 4 and 10). At least two bands are present in
each of the lanes containing genomic DNA and they are
polymorphic with respect to the the four quinoa acces-
sions. A banding pattern similar to Chucapaca and 0654
was seen on a Southern blot containing genomic DNA
extracted from the landrace ‘Real’, which was used in the
construction of the BAC library.

Discussion

We have created a BAC library representing the genome
of the Andean crop plant C. quinoa and made it publi-
cally available through the Arizona Genomics Institute
(Tucson, AZ, USA). The library contains a total of
74,880 clones of which approximately 70,955 contain
nuclear-genome inserts based on our estimation of 1.5%
clones lacking an insert and 2.8% containing plastid
DNA. With an average insert size of approximately
123 kb, it is estimated that the combined quinoa library
represents 9.0 di-haploid equivalents of the 967 Mbp qui-
noa genome. The quinoa BAC library consists of two
separate libraries constructed using DNA fragments gen-
erated from different restriction enzyme digests. It has
been shown that the use of restriction endonucleases
which differ in the GC content of their recognition
sequences, such as EcoRI (GAATTC) and BamHI
(GGATCCQ), can improve the overall representation of
the genome in the library (Chen et al. 2004).

When we probed high-density arrays of the library
with low-copy DNA sequences, the average number of
positive clones identified was 12.2, which is slightly
higher than the estimated genome coverage of the
library. This discrepancy may be due to an underestima-
tion of the genome coverage of the library or it may refl-
ect the presence of duplicate genetic loci for some of the
genes in the quinoa genome, consistent with its allotetra-
ploid genome (Simmonds 1971; Risi and Galwey 1984;
Ward 2000). The probes we used for the array hybridiza-
tions were chosen based on our ability to obtain PCR
amplification products that appeared as single bands fol-
lowing agarose gel electrophoresis. Furthermore, DNA
sequencing of the PCR products used as probes yielded
no ambiguities, suggesting that each represents a single
genetic locus. Although this procedure does not preclude
cross-hybridization of our probes to DNA targets repre-
senting a duplicated locus, we believe that it significantly
reduces the probability of such. Only two of the thirteen
low-copy probes hybridized to 18 or more clones on the
arrays (Table 1, probes 6 and 9) and the number of posi-
tive hits for just two other probes (7 and 14) was closer to
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eighteen than to nine. Thus, we believe that 9.0 genome
equivalents for the combined quinoa BAC libraries is a
conservative estimate.

When probed with 45S and 5S rDNA sequences from
quinoa, the library was found to contain 907 and 84
clones, respectively (Table 1), which represent the single
45S rDNA locus and two 5S rDNA loci in the quinoa
genome (Kolano et al. 2001). Because each monomeric
45S rDNA repeat is approximately 9 kb long and each
monomeric 5S rDNA repeat averages slightly over
300 bp (unpublished data), we conclude that there are
approximately 1,500 tandem repeats at the 45S rDNA
locus and approximately 4,000 tandem repeats at the two
5S rDNA loci.

A surprising feature of the quinoa library is the rela-
tively high number of cloned inserts that contain NotI
restriction enzyme recognition sites. Our finding of one
or more internal NotI sites in 44% of the clones from the
BamHI library and 38% of the clones from the EcoRI
library differs from the relatively low number of clones
containing internal NotI sites reported for BAC libraries
prepared from other dicotyledonous species. An exami-
nation of dicot BAC library literature using ether gel
photos and/or reported data suggest that the average
dicot internal Notl site ranges between > 0 and 11%.
These data are from nine BAC libraries; Arabidopsis
(Choi et al. 1995), coffee (Noir et al. 2004), cucumber
(Nam et al. 2005), ginseng (Hong et al. 2004), melon
(Luo et al. 2001), Medicago truncatula (Nam et al. 1999),
pepper (Yoo et al. 2003), potato (Chen et al. 2004), and
soybean (Tomkins et al. 1999b; Danesh et al. 1998). The
14-26% of clones containing internal Notl sites in a cit-
rus and a lettuce BAC library are the highest reported
for any dicotyledonous species (Deng et al. 2001; Frijters
et al. 1997). For libraries of monocotyledonous Poaceae
species, including wheat (Cenci et al. 2003) the D genome
of durum wheat (Moullet et al. 1999), maize (Tomkins
et al. 2002), rice (Zhang et al. 1996; Yang et al. 1997), sor-
ghum (Woo et al. 1994), and sugarcane (Tomkins et al.
1999a) the proportion of BAC clones containing inserts
with internal Notl sites ranged from 72 to 91%. Two
exceptions are for a wheat library reported by Nilmal-
goda et al. (2003) to have 41% of its clones containing
internal Nol sites and a barley library reported by Yu
et al. (2000) which shows only 54% of clones with inter-
nal Notl sites. Thus, the level of internal NotI sites in the
quinoa library reported here is higher than that reported
for other dicotyledonous species but does not reach the
level reported for many of the monocotyledonous cereal
grains.

The difference in the frequency of the GC-rich Notl
recognition site (GCGGCCGC) between monocot and
dicot species is commonly attributed to the difference in
the overal GC content of the genome, which is report-
edly higher for monocot species than for dicot species
(Salinas et al. 1988; Kawabe and Miyashita 2003). How-
ever, a survey of 100 quinoa EST sequences and 35 qui-
noa genomic sequences reveals that the overall GC
content for these quinoa sequences is approximately 43%

(data not shown), which is similar to that reported for
other dicot species (Kawabe and Miyashita 2003). Thus,
the elevated frequency of Notl recognition sites in the
quinoa genome must be attributed to a cause other than
high GC content in the genome, such as the presence of a
highly repetitive element containing the NotI recognition
motif.

The utility of the quinoa BAC library for gene identi-
fication is demonstrated by the isolation of specific BAC
clones that encode a homolog of an 11S seed storage
globulin gene. Four BAC clones identified from the
library were shown to have a single 4 kb EcoRI fragment
and a single 12 kb HindIIl fragment containing 11S
globulin gene sequences based on Southern hybridiza-
tion (Fig. 3). These 4-kb EcoRI and 12-kb HindIII frag-
ments are approximately the same size as fragments of
genomic DNA derived from the highland quinoa Chuca-
paca and 0654 as seen on the same Southern blot. The
relatively small size of the EcoRI fragment and the
absence of any other hybridizing fragments, suggests
that the 11S globulin gene is present as a single copy at
the locus contained within these BAC clones. Additional
fragments visible in the lanes containing genomic DNA
from the highland germplasm already mentioned and the
lowland land races, KU-2 and NL-6, suggest that the
quinoa 118 globulin gene that we have cloned is likely
part of a multigene family. Mutliple copies of 11S globu-
lin genes in other species have been reported, such as in
pea (Domoney and Casey 1985; Domoney et al. 1986),
bean (Talbot et al. 1984) and fava bean (Wobus et al.
1986; Heim et al. 1989). Furthermore, the pattern of
hybridized bands differs between the four quinoa varie-
ties represented on the Southern blot, suggesting that the
118 loci may be used as markers which can be placed on
the emerging genetic linkage map.

The quinoa BAC library is an important genomic
resource which can be utilized for the improvement of
crop production for subsistence farmers on the Altiplano
and commercial growers throughout the Andean region.
One of our immediate goals for these libraries is the
assembly of contigs for generation of a physical map.
The physical map will be an important step in unraveling
the allotetraploid ancestry of C. quinoa to better under-
stand its relationship with wild relatives that are found
throughout the region where quinoa and its domesti-
cated tetraploid Mexican cousin, C. berlandieri ssp. nut-
taliae, are cultivated. Moreover, physical mapping will
allow us to do synteny studies utilizing the DNA
sequence information from other crops. We envision that
the genomic resources developed for quinoa may be use-
ful in comparative analyses with closely related species of
economic importance such as sugar beet, spinach, ama-
ranth and an array of other domesticated Chenopodium
species from Eurasia (Partap et al. 1998).
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