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Background
Complete chloroplast genomes provide numerous single nu-
cleotide polymorphisms (snps) that can often discriminate be-
tween closely related plant species [1] and even identify
biogeographic diversification in the same species [2]. Thus,
complete chloroplasts are quickly replacing single and multi-
locus barcoding regions as reference materials of choice for
DNA based taxonomic annotation of plants. The U.S. FDA
has created a database of full chloroplast genomes of plants
found in foods and dietary supplements (Genometrakr CP)
[3], and is beginning the assembly of a concordant database
focused primarily on plants used in animal feed, which will
include toxin producers, common contaminants and their
close relatives; the Center for Veterinary Medicine (CVM)
Complete Chloroplast Animal Feed database. This work is
being conducted in collaboration with the Instituto de Medi-
cina Tradicional (IMET) in Iquitos, Peru. This repository will
be also be used by the National Antimicrobial Resistance
Monitoring System (NARMS) to complement genomic
source tracking and epidemiology of antimicrobial resistance
in pathogens and associated bacteria in animal feed ingredi-
ents and mixtures. The neotropical plant Bixa orellana, also
known as “annatto” (English), ‘achiote’, ‘achiote amarrillo’,
‘achote’ (Spanish) ‘rocou’ (French), ‘urucu’(Brazilian Portu-
guese), ‘orlean’ (German), and Mzingifuri (Swahili)) [4] is
widely used in human and animal food production as a food
colorant and has been identified for inclusion in this database.
Effective means of identifying/authenticating Bixa (and

all plants used in food and animal feed) is valuable for
many reasons including; quality metrics, identification of
potential contaminants, pathogen source tracking, de-
scription of potential antimicrobial resistance, allergens,
and pesticide residues, source tracking of ingredients,
etc. Recently, the use of whole chloroplast genomes as
references (as opposed to DNA barcodes) [1, 3, 5–7] for

plant species identification programs has provided more
comprehensive utility by providing increased numbers of
markers that can be applied to identification and authen-
tication protocols [8, 9]. Identification and development
of assays that confirm the identify of natural products
and complex mixtures, rely on well curated databases of
multiple high quality accessions [3]. With high quality
references, shotgun sequencing and metagenomic ap-
proaches can provide highly accurate environmental fin-
gerprints that include plants, bacteria, fungi, pollen,
insects and mammals that may have been part of a
growing, farming or production continuum for human
and animal food. Source tracking endeavors for the Na-
tional Antimicrobial Resistance Monitoring System
(NARMS) rely on full genome sequences of pathogens
and plasmids. There have been times when the closest
reported pathogen genomes associated with animal
products were linked to fresh produce grown for human
consumption. Thus, the integration of a database of
eukaryotic (plant based) ingredients and associated bac-
teria will increase the epidemiologic capacity of surveil-
lance of conditions, matrices and/or vehicles of
pathogens and antimicrobial resistance in both human
and animal foods.
Whole chloroplast genomes also have demonstrated

utility for phylogenetic reconstruction and inference of
broad scale evolutionary relationships. An interesting
phenomenon in Bixa orellana is the occurrence of mul-
tiple variations of seed pod color (from yellow to green
to magenta) (Fig. 1) [10]. To identify genetic loci that
distinguish color variation in seed pods, nuclear DNA
may be more discriminatory, however full chloroplasts
have demonstrated utility distinguishing not only closely
related species but also biogeographic diversification of
same species. Thus, we hypothesized that an added value

Fig. 1 Variation in seed pod color of Bixa orellana. Stars represent the two samples from the germplasm collection of Bixa orellanafrom the
Facultad de Agronomía - Universidad Nacional de la Amazonía Peruana (UNAP) and the Instituto de Medicina Traditional (IMET), that were used
for full chloroplast sequencing
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to the full chloroplast sequencing for reference materials,
might be - the identification of putative regions that dif-
ferentiate seed pod color variants. For this reason, we se-
lected accessioned individuals with the most diverse
seed pod colors, yellow and magenta (‘red’) (Fig. 1) from
the germplasm collection of the Facultad de Agronomía
- Universidad Nacional de la Amazonía Peruana
(UNAP), Iquitos and the Instituto de Medicina Tradicio-
nal de ES SALUD (IMET) Iquitos, Peru for full chloro-
plast sequencing.
Here, we compare the assembled chloroplast genomes

of ‘red’ and ‘yellow’ Bixa orellana individuals with the
only other existing published Bixa orellana full chloro-
plast accession, comparing gene count, organization and
synteny. A phylogeny based on alignment free kmer dis-
tance metrics is compared to phylogenies using trad-
itional alignment based methods with barcoding regions
matK and rbcL [11] and a five gene MLST approach to
explore monophylly of Bixaceae. In addition to utility for
phylogenic questions and development of identity
markers, we demonstrate that chloroplast genomes can
be used in conjunction with modern bioinformatic
search tools (kmer based) to provide rapid and precise

identification of Bixa orellana (or any other plant) in
modernized Next Generation Sequencing (NGS) ap-
proaches to identification and authentication of ingredi-
ents in complex mixtures such as natural products and
animal feeds.

Results
Sequence assembly
An assembled chloroplast genome was produced for
both yellow and red Bixa orellana accessions (Fig. 2).
The assembled size of the chloroplast was 158,823 and
158,918 for the yellow and red accessions respectively
(Table 1). The synteny and gene content of the two ac-
cessions reported here was identical to that of NC_
041550. The three Bixa accessions contained 129 total
genes, with 85 protein coding genes, 36 tRNA and 8
rRNA (Table 1 & Table S2). The 129 genes in Bixa rep-
resented a gain of four genes relative to Theobroma, due
to rpl2 being captured (and therefore duplicated) by the
Inverted Repeat in Bixa, as well as gain of rpl22, trnG-
GCC in the LSC, and ycf15 in the Inverted Repeat. Bixa
did not have the transfer-rna trnG-UCC, which was
present in Theobroma, resulting in a net gain of 4 genes

Fig. 2 Chloroplast genomes were annotated with the Verdant online chloroplast assembly tool (http://verdant.iplantcollaborative.org/plastidDB/).
The existing reference for Bixa, NC_041550, was added to the Verdant database prior to upload and analysis of our sequences. The resulting gff
files were downloaded and used to annotate the assembled Bixachloroplast genomes. Stars indicate the 6 bp deletion at bp 75,526 relative to
yellow Bixaand a snp at bp 86,493 of ‘red’ Bixa
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basal within the order. This differs to the APG IV assess-
ment (www.mobot.org/MOBOT/research/APweb/)
which places Thymelaeaceae basal to both Dipterocarpa-
ceae and Bixaceae.

Kmer based applications for identification
We combined our two assembled Bixa chloroplast ge-
nomes with all the chloroplast genomes for Malvales
found within the NCBI Refseq repository (Table S1).
This combined reference sequence data set was then
used to format a searchable kmer based reference data-
base with the software Genome2-ID https://www.dna4
tech.com/portal/genome2-id/. There were three refer-
ence Bixa chloroplast genomes available (the two pre-
sented here and NC_041550). We evaluated the
accuracy of using whole chloroplast genomes by prepar-
ing three separate databases where all combinations of
two Bixa chloroplasts genomes were included, and then
used the whole genome shotgun/skim data from our two
samples (SRR10320715 and SRR10320716) as well as
data from available SRA accessions (SRR7941588 -

SRR7941591) as input to test if the kmer software would
correctly and unambiguously identify the raw data as
that of Bixa orellana. The use of three databases allows
us to avoid the circularity of testing the same data used
in chloroplast assembly against its own assembled
chloroplast genome (referred to as a ‘take-one-out’ strat-
egy). We observed a 100% accuracy in assigning Bixa se-
quence data to Bixa reference chloroplast genomes (e.g.
Figure 4). When Bixa sequence data was combined with
other data, we again observed that Bixa could be found
even when combined at a level of only 0.3% of all se-
quence data in a query (Fig. 4).

Discussion
As we work towards a higher resolution understanding
of the total ecology and biochemistry of food and the
complex intersection it has with mammalian microbiota
and states of health and disease, the organization of tools
and methods to describe the full spectrum of ingredients
in food and animal feeds is crucial. Depending on the
question at hand, there are times when chemical

Fig. 4 Percentages of sequences (out of 2.2 million; ie; 220,000 = 10%, etc.) on the x axis, and number of kmers that match the query taxa on the
y axis. Bixawas successfully identified in a mixture of Oryza sativa30%, Zea mays30%, Gossypium hirsutum30%, Pseudomonas aeruginosa3.3%,
Salmonella enterica3.3%, and Escherichia coli3.3%; at 5, 2.5, 1.25, 0.6, 0.3% and at some poorly supported levels of 0.03%, and was lost in all
subsequent “dilutions”. Shown here is successful identification of Bixaat 1.25, 0.63, 0.3 and 0.03%. (There is almost perfect overlap of all three Bixa
genomes so it appears as only one line)
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