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Abstract
Before the Spanish conquest of the ancient Americas, the grain amaranths 
(Amaranthus caudatus L., A. cruentus L., A. hypochondriacus L.) were a 
staple food of the New World. Recently, the grain amaranths have regained 
international attention for their nutritional quality and importance as a 
symbol of indigenous cultures. Here we report the development of a bacterial 
artifi cial chromosome (BAC) library constructed from the cultivar ‘Plainsman’ 
(A. hypochondriacus; 2n = 2x = 32). The library consists of a total of 
36,864 clones with an average insert size of 147 kb with less than 1.8% of 
the clones containing empty vectors. The frequency of BAC clones carrying 
inserts derived from chloroplast and mitochondrial DNA was estimated to 
be 6.9%. Thus, based on a haploid genome size of 466 Mb per haploid 
nucleus, the BAC library coverage is approximately 10.6 times the haploid 
genome content. The genome coverage estimate was empirically confi rmed 
by screening the library with seven low copy amaranth probe sequences. 
The utility of the amaranth BAC library was demonstrated by identifi cation 
and full-length genomic sequencing of the acetolactate synthase and 
protoporphyrinogen oxidase genes—both major targets for several classes of 
important herbicides. The quality of the BAC library for BAC end sequencing 
projects was evaluated by bidirectional end sequencing of 384 random 
clones. End sequences were annotated using BLAST searches and queries to 
plant transposable element databases.

The genus Amaranthus (Caryophyllales: Amaran-
thaceae) encompasses about 60 species with worldwide 
distribution (Sauer 1976). Th ree species of the genus 
produce edible seeds. Th ese grain amaranths (A. hypo-
chondriacus L., A. cruentus L., and A. caudatus L.) 
were important food staples among the ancient civi-
lizations of Central and South America. Th ey remain 
important as a food crop in several areas of modern 
Latin America and have recently received substantial 
attention as an alternative food crop (Bressani et al., 
1992). Among the favorable characteristics of the grain 
amaranths are the quality and quantity of protein 
in the seed. Amaranth seed protein is exceptionally 
high in lysine (generally the fi rst limiting amino acid 
in the cereal grains) with an amino acid composition 
that compares favorably with FAO/WHO standards 
(Becker et al., 1981). Amaranth seed protein content 
ranges from 12.5 to 22.5% on a dry matter basis, with 
an average of about 15%, a value that is notably higher 
than cereal grains (Bressani, 1989; Breene, 1991).

Th e genus also includes several well-known weedy 
species, collectively referred to as “pigweeds,” which 
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are arguably the most damaging weeds in the United 
States. Two pigweeds, redroot pigweed (A. retro-
fl exus L.) and slender amaranth (A. viridis L.), are 
among the most widely distributed weeds in the 
world (Holm et al., 1997), while smooth pigweed 
(A. hybridus L.) and spiny amaranth (A. spinosus L.) 
are ranked among the 18 most serious weeds in the 
world (Holm et al., 1991). Epitomizing their weed 
status, the pigweeds are notorious for their ability to 
develop resistance to herbicides. Biotypes resistant to 
triazine and acetolactate synthase (ALS)-inhibiting 
herbicides have been reported for the majority of the 
major pigweed species present in the United States 
(Heap, 1997). In addition, one or more weedy ama-
ranth species has been reported with resistance to 
dinitroanilines (e.g., trifl uralin [α,α,α-trifl uoro-2,6-
dinitro-N,N-dipropyl-p-toluidine]), bipyridyliums 
(e.g., paraquat [1,1′-dimethyl-4,4′-bipyridinium]), 
and protoporphyrinogen oxidase (PPO) inhibitors 
{e.g., acifl uorfen [5-(2-chloro-α,α,α-trifl uoro-p-
tolyloxy)-2-nitrobenzoic acid]} (Heap, 2004).

Notwithstanding the importance of the grain 
amaranths as emerging alternative crop species and 
the relative importance of the related weedy spe-
cies, only a few molecular investigations have been 
reported for the Amaranthaceae and even fewer 
molecular tools, needed for advanced genomic 
studies, have been developed. Genomic analysis 
tools, such as sequence-based molecular markers 
(e.g., microsatellites), genetic linkage maps, and 
expressed sequence tagged collections have yet to be 
developed for any of the Amaranthus species. One 
tool of particular importance for future genomic 
studies in amaranth is a bacterial artifi cial chro-
mosome (BAC) library. Bacterial artifi cial chro-
mosome libraries are critical for identifying full 
length genomic sequences and correlating genetic 
and physical maps, and for comparative genomics, 
and are the vital fi rst step toward whole genome 
sequencing projects (Monaco and Larin, 1994). 
Bacterial artifi cial chromosome libraries have been 
successfully developed for numerous plant species, 
including economically important crop species, 
secondary or emerging crop species, and model 
organisms (Woo et al., 1994; Yoo et al., 2003; Tom-
kins et al., 2001, 2004; Wang et al., 2005; Stevens 
et al., 2006). Here we describe the construction of 
the fi rst BAC library for the genus Amaranthus. In 
characterizing the library we (i) determined the 
average insert size and organellar DNA content of 
the library, (ii) calculated the haploid equivalence 
of the library using low-copy genomic probes, (iii) 
evaluated the utility of the library for gene discov-
ery by screening the library for two herbicide genes 
targeted (ALS and PPX2L), and (iv) obtained a 

glimpse of the amaranth genome by bidirectionally 
sequencing 384 random BAC clones.

Materials and Methods
Plant Material
Seeds for the A. hypochondriacus cultivar Plainsman 
were kindly provided by D. Baltensperger (Texas 
A&M University, College Station, TX). Plants were 
grown at 25°C with a 12-h photoperiod, in Sunshine 
Mix II (Sun Grow, Inc., Bellevue, WA), supplemented 
weekly with N fertilizer. All plants were grown in 
15-cm pots in greenhouses at Brigham Young Uni-
versity, Provo, UT.

BAC Library Construction
Fift y grams of young leaf material from 30-d-old 
plants were fl ash frozen in liquid N and stored at 
−80°C before nuclei preparation. Purifi ed nuclei 
and partial HindIII restriction enzyme digestion 
(0.4 U for 20 min at 37°C) of the high molecular 
weight (HMW) DNA were performed as described 
by Luo and Wing (2003). Th e partially digested 
HMW DNA was size-fractionated twice by separa-
tion in 1% agarose contour-clamped homogeneous 
electric fi eld (CHEF) gels (Bio-Rad Laboratories, 
Hercules, CA) with a 1- to 50-s linear ramp and 6 V 
cm−1, at 14°C in 0.5× TBE for 20 h to obtain HMW 
DNA fragments ranging in size from 130 to 400 
kb. Th e library was constructed by ligating 180 ng 
of HMW DNA with 20 ng dephosphorylated Hin-
dIII cloning-ready pAGIBAC1 vector at 16°C in an 
overnight reaction as described by Luo et al. (2001). 
ElectroMax DH10B T

1
 phage resistant E. coli cells 

(Invitrogen, Carlsbad, CA) were transformed with 
ligation mix via electroporation as described by Luo 
and Wing (2003). Cells were plated on selective LB 
medium containing 12.5 μg mL−1 of chlorampheni-
col, 80 μg mL−1 X-gal, and 100 μg mL−1 isopropyl 
β-d-1-thiogalactopyranoside and incubated over-
night at 37°C. Transformed colonies were picked and 
transferred robotically to barcode-ordered 384-well 
microtiter plates, grown at 37°C overnight, and 
stored at −80°C. Th e master library and one copy 
are stored at the Resource Center of the Arizona 
Genomics Institute, while a third copy of the library 
is stored at Brigham Young University. Th e library, 
named AH_PBa, is available to the public for a 
nominal processing fee (http://genome.arizona.edu/
orders/ verifi ed 21 Jan. 2008).

BAC Clone Insert Analysis
To determine the insert size distribution and aver-
age insert size of the library, BAC DNA from 384 
randomly selected clones were isolated using Tomtec 
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Quadra 96 model 320 (Tomtec, Hamden, CT) using 
a modifi ed alkaline lysis method. Th e samples were 
then digested with the restriction enzyme NotI and 
electrophoretically separated on 1% agarose CHEF 
gels as described above. Th e insert sizes for each 
clone was determined by comparison with molecular 
weight standards.

BAC End Sequencing
Bacterial artifi cial chromosome DNA for the same 
384 clones used for insert size characterization were 
sequenced bidirectionally (768 sequences) using 
the BES_HR primer in the reverse direction (CAC 
TCA TTA GGC ACC CCA) and the standard T7 
in the forward direction with BigDye Terminator 
v.3.1 cycle sequencing on ABI 3730 xl DNA Ana-
lyzers (Applied Biosystems, ABI, Foster City, CA). 
Base-calling and vector sequence removal were per-
formed using the computer programs Phred (Ewing 
and Green, 1998) and CROSS-MATCH (Ewing et 
al., 1998). High quality BAC end sequences (BESs), 
defi ned as sequences with at least 100 bases of Phred 
quality scores >20, were annotated using BLASTN, 
BLASTX, and queries to plant repeat element data-
bases using RepeatMasker 3.0 (http://www.repeat-
masker.org; verifi ed 21 Jan. 2008).

BAC Library Screening
Th e library was double-spotted onto two high-
density Hybond N+ membranes (Amersham, Pis-
cataway, NJ) with a Q-bot (Genetix, New Milton, 
UK) robot in a four by four pattern according to 
the method described by Luo et al. (2006). Each 
membrane contains 18,432 clones in duplicate in 
six fi elds. Hybridization probes were labeled with 
α-dCTP32 using a Prime-a-Gene kit (Promega, Mad-
ison, WI) and membranes were hybridized using 
standard protocols as described by Sambrook et al. 
(1989). Chloroplast DNA content was determined by 
screening the library with a mixture of three barley 
(Hordeum vulgare L.) chloroplast gene sequences 
(ndhA, rbcL, and psbA), while the mitochondrial 
DNA content was determined by screening the 
library with a mixture of four mitochondrial gene 
sequences (coxE, cob, atpA, atp9) as described by 
Ammiraju et al. (2006).

Genome equivalency was also analyzed by 
screening the library with seven low-copy nuclear 
gene sequences identifi ed from the BES analysis 
(Table 1). Primers designed from the BES were used 
to amplify portions of each of these gene sequence 
from genomic DNA using HotStar Taq Master Mix 
polymerase chain reaction (PCR) kit according to 
manufacture’s protocol (Qiagen, Valencia, CA). Each 
gene probe was labeled as previously described and 

hybridized to both the BAC library and a genomic 
DNA Southern blot. For Southern blot analysis, 
genomic DNA was extracted from A. hypochondria-
cus (Plainsman) plants using the protocol described 
by Todd and Vodkin (1996). Six micrograms of 
genomic DNA was digested separately with one of 
three restriction enzymes (EcoRI, EcoRV, HindIII), 
size fractioned, and transferred to Hybond-N+ 
positively charged nylon membrane (Amersham, 
Piscataway, NJ) using a neutral transfer protocol 
as described by the manufacture. All fi lters were 
hybridized at 65°C and washed under stringent con-
ditions at 65°C in 0.1× saline sodium citrate, 0.1% 
sodium dodecyl sulfate.

ALS and PPO Genes
Polymerase chain reaction primer sequences for 
amplifying the ALS and PPO (PPX2L) genes from A. 
hypochondriacus (Plainsman) were kindly provide by 
P. Tranel (University of Illinois, Champaign-Urbana, 
IL; Table 1). Th e primer sequences were based on 
cDNA sequences for the ALS gene from A. retro-
fl exus, A. powellii S. Wats. (AAK50820, AAK50821; 
McNaughton et al., 2005; Diebold et al., 2003), and 
A. tuberculatus (Moq.) Sauer (ABD52329; Patzoldt 
et al., 2006) for the PPX2L gene. Amplifi ed PCR 
products were labeled and used to screen the BAC 
library as described above. Bacterial artifi cial chromo-
some plasmid from a single positive clone for each 
gene was extracted using a NucleoBond BAC 100 kit 
(Macherey-Nagel, Easton, PA). Genomic sequence of 
the entire ALS and PPX2L genes were obtained via 
primer walking techniques on the respective BAC 
plasmid. DNA sequencing for the primer walking was 
performed at the Brigham Young University DNA 
sequence center (Provo, UT) using standard ABI 
Prism Taq dye-terminator cycle sequencing method-
ology. DNA sequence chromatograms were analyzed 
with the Contig Express program in the Vector NTI 
soft ware suite (InforMax, Frederick, MD).

Results and Discussion
BAC Library Construction and 
Characterization
We constructed a BAC library from A. hypochondri-
acus (Plainsman) which consisted of 36,864 clones 
ordered into 96 384-well microtiter plates. Th e library 
was developed by partially digesting HMW DNA with 
the endonuclease enzyme HindIII, followed by CHEF 
gel electrophoresis size selection for fragments in the 
130- to 220-kb range as described by Ammiraju et 
al. (2006) and Luo and Wing (2003). Th is gel frag-
ment was then subjected to a  second round of CHEF 
gel electrophoresis from which two gel fragments, an 
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A1 and an A2 fragment, were isolated with DNA sizes 
ranging from 120 to 175 kb and 175 to 220 kb, respec-
tively. High molecular weight DNA from both the A1 
and A2 gel fragments were electro-eluted, ligated into 
the pAGIBACI cloning vector, and transformed into 
DH10B E. coli cells. Based on a random initial screen-
ing of 24 BAC clones derived from each of the two gel 
fractions, we estimated the average insert size of the 
A1 fraction to be 128 kb, while that of the A2 frac-
tion 157 kb (Fig. 1a). Th e ligation and transformation 
effi  ciency of the larger A2 fragments was much lower 
than that of the smaller A1 fragments and necessitated 
the picking of colonies from both fractions to com-
plete the full BAC library. Th us, 17,664 BAC clones 
were picked from the A2 fraction, while remaining 
19,200 BAC clones were picked from the A1 fraction.

To estimate the average insert size of the fi nal 
BAC library, 384 BAC clones (four clones from 
each of the 96 microtiter plates in the library) were 

chosen at random for BAC plasmid isolation, NotI 
digestion, and CHEF gel separation (Fig. 1b). Of the 
384 BAC clones analyzed, two yielded no DNA and 
seven (1.8%) lacked an insert (empty vector). Of the 
remaining 375 BAC clones, the average insert size of 
the clones with inserts was 147 ± 41 kb (SD) with the 
insert sizes ranging from 12 to 354 kb. Ninety-three 
percent of the clones have an insert sizes above 100 
kb. Th e distribution of insert sizes is shown in Fig. 
2. Internal NotI recognition sites within the cloned 
amaranth DNA, identifi ed as two or more insert 
bands on the CHEF gels, were identifi ed in 14% of 
the BAC clones (Fig. 1) and is consistent with the low 
percentage of NotI recognition sites (GCGGCCGC) 
found in BAC libraries of other dicotyledonous spe-
cies (Choi et al., 1995; Noir et al., 2004; Tomkins 
et al., 1999; Hong et al., 2004). In contrast, Stevens 
et al. (2006) reported that BAC clones from quinoa 
(Chenopodium quinoa Willd.), the closest relative 

Table 1. Results of screening the amaranth bacterial artifi cial chromosome (BAC) library. Probes 1 to 7 were 
derived from BAC end sequences that showed high sequence homology to known nuclear genes. Probes 8 
and 9 were derived from primers designed to putative conserved regions of the acetolactate synthase and 
protoporphyrinogen oxidase (PPX2L) genes.

Probe name Primer sequences (5′→3′)
Expected product 

size (bp)
GenBank accession 

no.† (E-value)
Probe function or 
putative function

No. of bands detected by 
Southern hybridization‡

No. of positive 
signals

1 AH-PBa0005_B19 (for) TCGGGCTGTTATGACTTTCC
(rev) AGGAGGCAACGTAACCATTG

648 AAM98245.1
(1.4E-47)

Pentaxin 2 23

2 AH-PBa0020_B19 (for) CTAAAGCACCGAGCAGAGGT
(rev) CTGGGCTAAAGAAGCCAGTG

389 AAM65192.1
(2.5E-20)

Diphosphomevalonate 
decarboxylase

3 27

3 AH-PBa0037_B21 (for) ACCACGTGCAATTTCCCTAA
(rev) AGAGGCAACATCCGACAATC

511 ABE41799.1
(2.2E-13)

Tocopherol cyclase 2 27

4 AH-PBa0015_B19 (for) TTCCCTCCACAATGCTTACC
(rev) ACACCGTAGCGGAGTGTACC

761 NP_568967.1
(5.3E-26)

Pectate lyase family 
protein

2 46

5 AH-PBa0054_B21 (for) ATCCAGATTTGGCTGACAGG
(rev) TACATGGGCTGCATGATGTT

442 NP_179734.1
(4.0E-102)

Coatomer protein 
complex, subunit alpha

1 6

6 AH-PBa0066_B17 (for) TGTCACGGTGCAGAAAGAAG
(rev) CCAAAGTCACCAACATGTGC

586 CAB61983.1
(7.0E-57)

Receptor-kinase like 
protein

2 2

7 AH-PBa0075_B17  (for) GAGATATCGGCCCAGACAAA
(rev) CGTTGGGATTTGGAGAAGAA

451 NM_117537.2
(7.0E-22)

Acylaminoacyl-peptidase 
related protein

2 43

Subtotal average 2 24.0

Genome equivalents 12.4×

8 ALS (for) AGCTCTTGAACGTGAAGGTG
(rev) TCAATCAAAACAGGTCCAGG

444 NA Acetolactate synthase 5 46

9 PPX2L (for) AGAAAACGCAATGCTACTGAG
(rev) ACAACCTCCAGAAAATTTTG

712 NA Protoporphyrinogen 
oxidase

3 42

Average 2.4 30

Genome equivalents 12.3×

10 Chloroplast probe set ndhA, rbcL, psbA 2705

11 Mitochondrial probe set coxE, cob, atpA, atp9 36

Sum 2741

Organellar contamination 6.9%
†Based on GenBank queries using BLASTX limited to the Viridiplantae (taxid: 33090).
‡ The number of bands detected by Southern hybridization of genomic DNA digested with EcoRI, EcoRV, or HindIII. The number of bands reported was the maximum number of detected bands in one 
of the digests.
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of A. hypochondriacus with a 
reported BAC library, showed a 
signifi cantly higher prevalence 
(38–44%) of internal NotI recogni-
tion sites which they attributed to 
the presence of a highly repetitive 
DNA element containing the NotI 
recognition motif. Th e lack of 
NotI recognition sites in A. hypo-
chondriacus, however, suggests 
that if indeed a highly repetitive 
DNA element is responsible for 
the increased number of NotI rec-
ognition sites in C. quinoa, that 
DNA element is not present in 
high abundance in the amaranth 
genome or the amplifi cation of 
the element in the Amaranthaceae 
occurred aft er the evolutionary 
divergence of the chenopods and 
the amaranths.

Organellar Content 
and Size Estimation
To estimate the level of contami-
nation of the library with organ-
ellar DNA and to further our 
ability to identify specifi c DNA 
sequences in the library we roboti-
cally prepared double-spotted 
high density DNA arrays of the 
library on nylon membranes. To 
calculate the level of organel-
lar DNA contamination in the 
library, we probed the membranes 
with a series of chloroplast and mitochondrial genes 
(Table 1). Based on the hybridization signals, we 
calculate the chloroplast DNA contamination of the 
library to be 6.8% (2507 clones) and mitochondrial 
DNA to be 0.1% (36 clones). Based on an organellar 
contamination of 6.9% and an estimate of 1.8% non-
recombinants (no inserts; see above), we calculate 
that the BAC library contains approximately 33,657 
clones that are derived from nuclear DNA and 
2543 that are derived from organellar DNA (mostly 
cpDNA). Spinach (Spinacia oleracea L.; AJ400848), 
the closest relative of A. hypochondriacus with a 
completely sequenced plastid genome, has a chloro-
plast genome size of 151 kb (Schmitz-Linneweber 
et al., 2001). Th us with an average BAC insert size 
of the A2 fraction being 157 kb, it is possible that 
some of the large cpBAC clones (e.g., clone AH-Pba0-
009-b23 estimated to be 151 kb) in the library may 
contain entire chloroplast genomes and may prove 

to be particularly useful for studying the amaranth 
chloroplast genome.

Since A. hypochondriacus has a diploid genome 
DNA content of 0.95 pg, which corresponds to a 
haploid genome size of 466 Mb per haploid nucleus 
(Bennett and Smith, 1991), the predicted nuclear 
genome coverage of the BAC library is 10.6× genome 
equivalents. Th us, there is greater than a 99% prob-
ability that any specifi c A. hypochondriacus DNA 
sequence is present in the library (Liu, 1998). To 
empirically test the library for coverage we screened 
the library with seven probes developed from BESs 
that showed high sequence homology (E-value > 
1.0E-10; BLASTX searches against the nonredundant 
GenBank database) to known nuclear genes (Table 
1). Probes for the hybridization analysis were PCR 
amplifi ed from genomic DNA. Each of these PCR 
amplifi cations produced a single, strong amplifi cation 
product (as visualized on agarose gels) and Southern 

Figure 1. NotI digestion of bacterial artifi cial chromosome (BAC) DNA isolated 
from an amaranth library. (A) An ethidium bromide–stained contour-clamped 
homogeneous electric fi eld (CHEF) gel of 24 random BAC clones from the A1 
(left) and A2 (right) gel fragments. Average insert size of the A1-derived frag-
ments was 128 kb, while the average insert size of the A2-derived fragments 
was 157 kb. BAC clones with internal NotI recognition sites are identifi ed with 
an asterisk. (B) An ethidium bromide–stained CHEF gel of 48 random BAC 
clones from the fi nal amaranth BAC library. The fi rst and last lanes in both fi g-
ures contain size markers, given in kilobases.
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blot hybridization to genomic DNA confi rmed that 
these sequences are present in one to three copies 
in the A. hypochondriacus genome (Table 1; probes 
1–7). Th e average number of bands detected in the 
Southern blots was two, while the average number of 
BAC clones that hybridized to these probes was 24.9, 
suggesting that the genome equivalents represented 
by the BAC library is ~12.4×. While this estimate is 
slightly higher than that predicted based on average 
insert size and number of BAC clones, it is probably 
slightly biased upward since the probes used for the 
analysis are derived from BAC clones known to be 
in the library. In all cases the BAC clone from which 
the probe sequence was derived showed a positive 
hybridization signal. Th e discrepancy may also be 
due to an overestimation of the genome size (466 Mb 
per haploid nucleus) or it may refl ect the presence of 
duplicated loci for some of the genes in the amaranth 
genome, consistent with its paleo-allotetraploid evolu-
tion (Pal and Khoshoo, 1974). Th us, we believe that 
10.6× genome equivalents for the BAC library is a con-
servative estimate.

BAC End Sequencing
To examine the quality of the library for sequencing 
and to get a glimpse of the A. hypochondriacus genome, 
we bidirectionally end sequenced 384 BAC clones 
which produced 728 reads with an average length of 
747 high quality bases (Phred quality >20) calls per 
sample for a total of 563 kb of sequence data. Th e BESs 
have been submitted to GenBank under accession 
numbers ER914893 to ER915620. Th e G+C content was 
35%. Sequence data screened with the computer pro-
gram RepeatMasker v.3.1.6 using the Arabidopsis repeat 

database revealed 15,998 bp 
(2.84%) of the sequence was 
retroelements, while a much 
smaller amount (408 bp) 
were DNA transposons. Th e 
vast majority of the retroele-
ments were classifi ed as Ty1/
Copia-like LTR elements, 
while hobo-Activator ele-
ments were the most com-
mon DNA transposon (Table 
2). Th e fraction of predicted 
repeat sequences identifi ed 
is low for a complex genome 
and suggests that Amaranthus 
may possess unique repeated 
sequences not detected by 
comparisons to the Arabi-
dopsis repeat database.

RepeatMasker also iden-
tifi ed 65 simple sequence 

repeats (SSRs), which included 7 mono-, 15 di-, 23 
tri-, and 10 tetra-nucleotide repeats with the domi-
nant nucleotide repeat motif in each class being the 
(A)

n
, (AT)

n
, (AAT)

n
, and (ATTT)

n
 motifs, respec-

tively (Table 2). Th e average number of repeat unit 
(n) within each SSR locus was ~17, but varied from a 
low of three for a TGGGGG hexa-nucleotide repeat 
(ER915595) to a high of 177 for a TA dinucleotide 
repeat (ER914984). Both perfect and imperfect 
SSR motif patterns were identifi ed. Currently no 
sequence-based genetic markers exist for A. hypo-
chondriacus, thus the discovery of SSRs are of par-
ticular interest. Simple sequence repeats are highly 
polymorphic, exhibit codominant inheritance, and 
are simple to assay using PCR (Morgante et al., 
2002). Simple sequence repeats have been the marker 
system of choice for developing genetic linkage 
maps and should prove particularly useful elucidat-
ing the evolutionary origins of the grain amaranths 
from their putative progenitor species (A. hybridus, 
A. quitensis H.B.K., and A. powellii). Th e observed 
abundance of AT-rich repeat motifs is consistent 
with previous reports of motif abundance in other 
dicotyledonous plant species, including other spe-
cies of the Amaranthaceae family (Beta vulgaris L., 
Mörchen et al., 1996; spinach, Groben and Wricke, 
1998; C. quinoa, Mason et al., 2005) and suggests 
that future eff orts at large scale development of SSR 
markers from enriched libraries should focus on AT-
based motifs (e.g., AT and TAA).

BLASTN searches against the Arabidopsis chlo-
roplast genome (GenBank ID AP000423) using the 
high-quality BESs, masked for low complexity and 
repeat sequences, identifi ed 97 sequences derived 

Figure 2. Insert size distribution of 374 randomly selected bacterial artifi cial chromo-
some (BAC) clones.



Maughan et al.: Construction of an Amaranth BAC Library  S-91

from 49 BAC clones as likely chloroplast-derived 
(E-value > 1.0E-6). In all cases where a BES showed 
signifi cant homology to the Arabidopsis chloroplast 
genome, its paired BES also showed signifi cant 
homology to the chloroplast genome, suggesting 
that these clones were not nuclear introgressions of 
chloroplast DNA. Based on these BLAST results, the 
level of chloroplast-derived sequences in the library 
may actually be as high as 12.8%, suggesting that if 
the library is used for high throughput applications 
(e.g., fi ngerprinting for physical map construction), 
a round of re-arraying for the removal of redundant 
chloroplast clones may be economically benefi cial.

To search for coding sequences within our BES 
collection, we screened 631 nonredundant BESs 
without homology to the chloroplast genome against 
the Arabidopsis RefSeq protein database. Of these, 
173 (27%) were homologous to at least one protein 
sequence (E-value > 1.0E-6), of which 40 (19%) were 
annotated as “unknown” or “hypothetical” proteins. 
Th e remaining 458 BESs were then screened against 
the RefSeq and the nonredundant (nr) protein data-
base for all green plants (Viridiplantae) where an 
additional 41 (6.5%) BESs had detectable homologs 
to at least one protein sequence (E-value > 1.0E-6). 
Th us a total of 214 (34%) of the BES had detectable 
homologs in the RefSeq protein database. Based on 
an estimated genome size of 466 Mb per haploid 
nucleus for A. hypochondriacus, and on the aver-
age Arabidopsis gene length of 2 kb (Arabidopsis 
Genome Initiative, 2000), a cautious estimation of 
the total cDNA coding capacity for A. hypochon-
driacus is 158 Mb and a total gene content is 79,021 
(Lai et al., 2006). We note that this estimate is tenta-
tive, as it assumes several key variables, including 
accurate prediction of genome size and average gene 
length, as well as the successful identifi cation of all 
homologs via BLASTX searches of GenBank.

ALS and PPO Genes
An interesting feature of the Amaranthus genus is 
that it includes several well-known weedy species 
which are arguably the most damaging weeds in 
the United States. Many of these weedy Amaran-
thus species have developed genetic resistance to 
important herbicides, including those that target 
ALS and PPO genes. Resistant and susceptible 
classes of cDNA sequences for the ALS gene have 
been reported from A. retrofl exus and A. powellii 
(McNaughton et al., 2005; Diebold et al., 2003), 
while cDNA sequences for the PPO gene have been 
reported for A. tuberculatus (Patzoldt et al., 2006). 
While all previous work analyzed cDNA sequence, 
we used the A. hypochondriacus BAC library to 
identify genomic sequence of these herbicide target 

enzymes, including 5′ untranslated region (UTR), 
coding, intron, and 3′ UTR portions. Using prim-
ers derived from conserved regions of the cDNA 
sequences (Table 1) from these weedy species we 
amplifi ed homologs of ALS and PPO (e.g., PPX2L 
isoform) genes from A. hypochondriacus and used 
these homologs to screen the BAC library. From 
this hybridization, we identifi ed 46 and 42 posi-
tive BAC clones for the ALS and PPX2L genes, 
respectively. Southern hybridizations using these 
same probes against genomic DNA from A. hypo-
chondriacus identifi ed fi ve bands for the ALS probe 
and three bands for the PPO probe, suggesting that 

Table 2. Summary of the plant repeat element 
content of 728 high-quality (563,867 bp) amaranth 
bacterial artifi cial chromosome (BAC) end sequences 
as determined using the RepeatMasker (V. 3.1.8) 
and the default RepDB for Arabidopsis.

Class Element† No. of 
elements‡

Length (bp) 
and % of sequence

Retroelements SINEs 0 15,998 (2.84%)

LINEs

L1/CIN4 5

LTR elements

Ty1/Copia 25

Gypsy/DIRS1 7

DNA transposons Hobo-Activator 3 408 (0.07%)

En-Spm 1

MuDR-IS905 1

Total interspersed repeats 42 16,406 (2.91%)

Simple sequence repeats

Mono- (T)n 6

Other§ 1

Di- (AT)n 14

Other§ 1

Tri- (TAA)n 12

(CAT)n 2

(GAA)n 2

(TGG)n 3

Other§ 4

Tetra- (TAAA)n 6

(TTAA)n 3

Other§ 1

Penta- (TTTTA)n 2

Other§ 5

Others NA 4

Total number of SSRs 66 4296 (0.76%)
†SINE, short interspersed nuclear elements; LINE, long interspersed nuclear elements; LTR, 
long terminal repeat; NA, not applicable; SSRs, simple sequence repeats.
‡Most repeats fragmented by insertions or deletions were counted as one element.
§Each SSR motifs in the other category was found a single time.
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multiple copies of these sequences reside within the 
A. hypochondriacus genome (Table 1).

To sequence the ALS and PPX2L genes, a posi-
tive BAC clone for each gene was selected and primer 
walking was used to sequence directly off  the BAC 
DNA. On the ALS BAC clone, we sequenced a total 
of 3299 bp, which included 561, 2010, and 728 bp of 
5′ UTR, coding/intron, and 3′ UTR DNA sequences, 
respectively. Using the cDNA sequences from A. ret-
rofl exus (AF363369), A. powellii (AF363370), and A. 
tuberculatus (ABM53018) as references, the A. hypo-
chondriacus ALS gene was predicted to be intronless 
and translate into a protein of 669 amino acids with 
a molecular weight of 72.87 kDa. Comparing the A. 
hypochondriacus ALS coding sequence with the ALS 
sequences of these three weedy Amaranthus species 
showed that the ALS gene is highly conserved, with 
72 nucleotide changes which altered only 19 amino 
acids, 11 of which are in the chloroplast transit pep-
tide region (Table 3). McNaughton et al. (2005) 
identifi ed fi ve amino acid changes that characterized 
the change from ALS susceptible to resistant in A. 
retrofl exus and A. powellii. Th e A. hypochondriacus 
sequence contains all fi ve of these amino acids in the 
susceptible state of the protein and would presum-
ably be susceptible to ALS-targeted herbicides. Th e 
genomic sequence for the ALS gene has been submit-
ted to GenBank (EU024568).

Protoporphyrinogen oxidase converts protopor-
phyrinogen IX to protoporphyrin IX and is the last 
common enzyme in the tetrapyrrole biosynthetic 
pathway that produces heme and chlorophyll (Beale 
and Weinstein, 1990). Th ree diff erent nuclear PPO 
genes are known to function in A. tuberculatus (Pat-
zoldt et al., 2006). Th e PPX1 gene codes for a plas-
tid-targeted PPO isozyme, the PPX2 gene encodes 
a mitochondria-targeted PPO isozymes, while the 
PPX2L gene encodes both plastid- and mitochon-
dria-targeted PPO isoforms due to the presence of an 
alternate in-frame initiation codon (Patzoldt et al., 
2006). Resistance to the PPO-targeted herbicides has 

only been documented in the PPX2L gene (Patzoldt 
et al., 2006). Using a PPX2L probe, we identifi ed a 
PPX2L-containing BAC clone and sequenced the 
PPX2L gene from A. hypochondriacus. From this 
clone we sequenced 16,391 bp, which included 2233, 
11,716, and 2442 bp of 5′ UTR, coding/intron, and 
3′ UTR DNA, respectively. Th e complete genomic 
sequence for the PPX2L gene has been submitted to 
GenBank (EU024569). Using the cDNA sequence 
for PPX2L from A. tuberculatus (DQ386117) we 
aligned our genomic DNA and predicted the pres-
ence of 18 exons comprising 1608 bp of coding 
sequence (including the stop codon) and 10,108 bp 
of intron sequence. Th e average exon size was 89 
bp and ranged from 37 to 174 bp, while the average 
intron size was 595 bp and ranged from 68 to 2696 
bp. When translated, the coding sequence generated 
a protein of 535 amino acids with a molecular weight 
of 58.75 kDa. In agreement with the observations of 
Patzoldt et al. (2006) and Watanabe et al. (2001) 
we observed a putative alternative start site (Met31) 
at amino acid position 31. Characteristic of chlo-
roplast targeting sequences, the N-terminal exten-
sion sequence (fi rst 30 amino acids) did not contain 
any acidic residues (Asp or Glu) but was enriched 
with Ser and Th r. Th e computer program ChloroP 
predicted the chloroplast targeting sequences was 
contained within the fi rst 30 AA sequence (Emanu-
elsson et al., 1999). Comparison of the A. hypochon-
driacus PPX2L coding sequence with susceptible 
(DQ386117) and resistant (DQ386116) isoforms of 
the PPX2L gene from A. tuberculatus identifi ed 55 
nucleotide changes which altered 16 amino acids 
(Table 4). Included in these nucleotide diff erences 
is a 3-bp deletion (ΔG210) in the ninth exon which 
deletes a glycine residue in resistant A. tubercula-
tus biotypes and is believed to be responsible for 
PPO-targeted herbicide resistance. As expected, 
the PPX2L gene from A. hypochondriacus does not 
have the ΔG210 mutation and is susceptible to PPO-
targeted herbicides.

Table 3. Summary of sequence variation in the acetolactate synthase (ALS) gene among four Amaranthus 
species. Italicized amino acid positions lie within the chloroplast transit peptide region. Amino acid deletions 
are designated with a dash. Sequences were aligned using ClustalW.

GenBank 
accession no.†

Species
Amino acid position

4 6 7 11 12 17 29 38 44 84 89 174 270 321 346 419 423 479 622

AAK50820 A. retrofl exus T S N S S N I T L S E L Y E H Q K V A

AAK50821 A. powellii T S N S S N I T L S E L Y E H Q K V T

ABM53018 A. tuberculatus T – Q S S N L A L F D F F K Q R N I A

EU024568 A. hypochondriacus N S N F Y Y I T P S E L Y E H Q K V A

Consensus T S N S S N I T L S E L Y E H Q K V A
†All accession sequences are from ALS-herbicide susceptible biotypes.
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Conclusions
To our knowledge this is the fi rst BAC library 
reported for the genus Amaranthus (Caryophllales: 
Amaranthaceae). Th e genus encompasses over 60 
species with worldwide distribution and includes 
grain crops, ornamentals, and many damaging 
weedy species. Th e BAC library presented here con-
tains approximately 10 genome equivalents and has 
an average insert size of 147 kb. Th e utility of the 
library for identifying full-length genomic clones for 
genes of interest from across the genus was demon-
strated by identifying, sequencing, and character-
izing two herbicide-targeted genes (ALS and PPX2L) 
that have been overcome in the weedy Amaranthus 
species. Th e next goal of the project is to use the BAC 
library to develop a physical map of the amaranth 
genome. Th e development of a physical map should 
help us elucidate the genetic basis for several traits 
of particular interest within the genus, including C

4
 

photosynthesis, monoecious and dioecious sex dif-
ferentiation, and extreme abiotic stress tolerance.
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