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Abstract

The common ancestry of all flowering plants, reflected in
the DNA sequences of those which have been se-
quenced to date, provides opportunities for
‘translational biology’ -- leveraging information and tools
from major crops and botanical models in the study and
improvement of many ‘orphan crops’ that are under-
studied at the genomic level although they are impor-
tant sources of food , medicine, or other ecosystem ser-
vices. We discuss some general approaches for reaping
the benefits of translational genomics in orphan crops
and offer a small sampling of examples of orphan crops
that might benefit from this approach, also noting limita-
tions of the translational approach in understanding
unique features of particular plants. Translational ge-
nomics offers opportunities for many mutually-fruitful
partnerships between African and non-African scientists,
requiring ethical and responsible actions from both
sides which acknowledge the global forces at play in the
arena within which scientists practice.

Keywords: domestication, Nikolai Vavilov, DNA se-
quence, genetic map, translational genomics, medicine

Introduction

Flowering plants, known to botanists as angiosperms,
are the Earth’s dominant vegetation, sustaining human-
ity by providing ‘ecosystem services’ including oxygen,
food, feed, fiber, fuel, medicines, spirits, erosion and
flooding control, soil regeneration, urban cooling and
green-space, wildlife habitat, and other benefits. Tracing
to a common ancestor thought to have existed 140-180
million years ago [1, 2], about 250,000-400,000 angio-
sperm species are thought to exist [3, 4, 5], and a re-
markable average of 2,350 new ones are discovered

each year [6].

A tiny subset of about 200 angiosperms have become
‘domesticated’, over about the past 10,000 years liter-
ally co-evolving with humans to such a great degree that
“ changes in the (crop) population’s genotypes ... makes
them more useful ... and better adapted to human inter-
vention” [7]. Domestication and ongoing improvement
of crop plants ranks among the greatest of human
achievements, permitting small numbers of people to
feed much larger numbers, and freeing the remainder to
pursue science and technology, arts and culture [8]
Even after several centuries of progress, modern plant

breeding is estimated to offer a 35% rate of return on
public research investments [9].

Although often thought of as a Neolithic activity, crop
domestication and improvement is an ongoing process
driven by changing human needs and priorities, and
constraints on agriculture. In particular, growing atten-
tion to the needs of Africa is re-awakening the merits
of further improving native plants already reasonably
well suited to local cultivation, and which have been
subjected to degrees of domestication ranging from
none to advanced. Even those African crops that have
received some scientific plant breeding lag behind
other leading crops -- for example, yields of sorghum, a
staple for large populations in the African Sahel that is
used for feed or ethanol (fuel) production on other con-
tinents, only gained a total of 6% from 1961-1963 to
1999-2001[10, 11], much less than maize, rice, and
wheat and also far outstripped by population growth.

The sequencing and detailed functional analysis of the
genomes of a few select botanical models opens new
doors into comparative biology of flowering plants, with
especially great potential benefits for improvement of
many ‘orphan crops’ that are under-studied at the ge-
nomic level although they feed large populations al-
ready [12] and could feed many more people, in some
cases with less inputs and at less cost than estab-
lished crops.

Many orphan crops are also a first line of defense
against illness. In South Africa, it is estimated that 60%
of the indigenous people consult a traditional healer
(sangoma) as a first attempt to get medical attention
for a variety of illnesses [14]. Given that more than
50% of all drugs in clinical use in the world are derived
from natural products or their derivatives [15], it is
alarming that very little breeding or development of
these plants has taken place even in developing coun-
tries, although a substantial part of their population
are highly dependent on these genetic resources for
basic healthcare. For example, Artemisia afra (wildeals
in Afrikaans, lengana in Setswana) is widely used in
South Africa for the treatment of a variety of ailments
including, coughs, colds, influenza and also fever and
malaria [15]. The isolation of the well known anti-
malaria drug artemisinin from the Chinese equivalent
Artemisia annua highlights the potential application of
these plants in agricultural biotechnology [16]. Encour-
agingly, South Africa’s Department of Science and
Technology has adopted the ‘farmer to pharma’ strat-
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egy which recommends the cultivation of genetically
engineered crops for the production of biopharmaceuti-
cals [17]. Artimisin, could very well be one such biophar-
maceutical.

Among 27 orphan crops collectively planted to 250 mil-
lion ha/yr and yielding US$100 billion/yr farm gate
value in the developing world, only 4 (barley, sorghum,
cassava, and sunflower) had appreciable numbers of
sequences (>10,000) in Genbank as of 11 Feb 2005
[12]. Pearl millet and tef are prime examples of such
orphan crops having utmost importance in feeding mil-
lions of people [18a, 18b], yet with limited resources in
Genbank. Sorghum recently became the first of these,
and indeed the first plant of African origin, to have its
genome fully sequenced [19]. Efficient methods to lever-
age genomic knowledge for botanical models in the
study and improvement of orphan crops will play a cen-
tral role in translation of genomic discovery research
into increased agricultural development of indigenous
medicinal and food crops by developing countries.

Shared ancestry of all flowering plants in the common
language of DNA

Nearly a century ago, Nikolai Vavilov suggested an un-
derlying commonality to exist in the hereditary informa-
tion of diverse crop plants [20]. Today, based on many
different lines of evidence we believe that all flowering
plants trace to a common ancestor thought to have ex-
isted 140-180 million years ago [1, 2], with most mod-
ern lineages of flowering plants having been established
by the mid-late Cretaceous period [21, 22]. While
Vavilov's observations were based on similarities in the
appearance (phenotype) of different plants, the transi-
tion to DNA-based plant genetics about 25 years ago
has revealed commonality among the hereditary infor-
mation of diverse crop (and other) plants at three levels:

i) Genetic and/or physical mapping. Measuring recombi-
nation and/or physical quantity of DNA between refer-
ence ‘DNA markers’ along the chromosomes of different
species, shows common DNA markers to exhibit paral-
lels in chromosomal affinities (‘synteny’) and orders
along the chromosomes (‘collinearity’). Very strong par-
allels in gene arrangement are generally found among
different species within common genera (for example
Solanum tuberosum, potato and Solanum lycopersicon,
tomato, thought to be separated by only a few million
years of evolution [23]); lesser but still clear parallels
are common among divergent genera within a taxo-
nomic family (for example, Sorghum bicolor, sorghum,
and Oryza sativa, rice, members of the Poaceae family
that are thought to be separated by ~50 million years of
evolution [19]); and ‘islands’ of non-random similarity
remain discernible even among clades such as mono-
cots and eudicots that diverged early in angiosperm
evolution [24, 25]. These parallels can be obscured to
varying degrees in different lineages by polyploidy and
associated gene loss, by structural rearrangement of
chromosomes, and by duplication and/or transposition
(movement) of individual genes or small groups of
genes.
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ii) Whole-genome sequences. Once a daunting task,
requiring an international consortium and many tens of
millions of dollars to sequence the first angiosperm ge-
nome [26], as of this writing primary descriptions of ten
angiosperm genome sequences have been published,
including the eudicots Arabidopsis thaliana [26], Popu-
lus trichocarpa (poplar, or black cottonwood) [27], Vitis
vinifera (grapevine) [28, 29], Carica papaya (papaya)
[30], Cucumis sativus [31] and Glycine max (soybean)
[32]; and the monocots Oryza sativa (rice, including
each of two subspecies) [33, 34, 35, 36], Sorghum bi-
color (sorghum) [19], Zea mays (maize) [37], and
Brachypodium distachyon [38]. Primary descriptions
and/or sequencing are in progress for many more.
Growing evidence shows that cytologically-
distinguishable domains of chromosomes classically
referred to as ‘euchromatin’ and ‘heterochromatin’ are
also distinctive in their DNA content and evolutionary
histories. Euchromatin is relatively rich in genes and
DNA transposons, and relatively poor in rapidly-evolving
elements such as retrotransposons and other repetitive
DNA such as centromere-associated elements. As with
genetic and/or physical maps, parallels among ge-
nomes in euchromatin range from near-identity of gene
arrangements in the respective subspecies of rice to
‘islands’ of non-random similarity between monocots
and eudicots. In contrast, heterochromatin is gene-poor,
rich in repetitive DNA (indeed, accounting for most of
the difference in physical size of some genomes) and is
rapidly evolving in both structure and individual DNA
elements, with little discernible synteny and/or colinear-
ity among taxa [39]. Despite its rapid evolution in DNA
content and order, the physical location of the hetero-
chromatic domains of genomes appears to remain ap-
proximately constant for tens of millions of years [19,
32, 39]. Because heterochromatin is largely recalcitrant
to recombination, it accounts for very little of genetic
maps, often being reflected as clusters of DNA markers
that are poorly resolved, although they may be physically
very far apart.

iii) Individual genes and their sequences. Most flowering
plants share most of their basic gene sets with one ano-
ther. A recent comparison of Arabidopsis, poplar, grape,
and papaya yielded estimates of ‘ancestral gene num-
ber’ varying from 10149 for Carica to 13043 for Popu-
lus, a range very similar to the 12,000-14,000 from a
previous estimate based on an independent gene birth
model [40]. Another independent analysis comparing
OrthoMCL-defined gene families (identified based on
overall conservation of inferred protein sequence -
[41]) in an independent genome (sorghum), to those of
Arabidopsis, rice and poplar, likewise suggested 11,502
ancestral angiosperm gene families represented in at
least one contemporary grass and rosid genome [19].
However, duplication of individual genes and entire ge-
nomes has conferred substantial variations among line-
ages in ‘copy number’ of genes that share common an-
cestry, with actual gene numbers in most angiosperm
genomes typically being 2-3x the number of ancestral
gene families. Moreover, genes are classified into com-
mon gene families based on well-conserved features
that are often important to their function - however,
outside these features, and even within them, the se-
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quence (‘spelling’) of individual family members can
range from some with near-identity to others no longer
recognizable as being related to one another.

‘Translational genomics’ - leveraging information and
tools from major crops and botanical models in improve-
ment of less-studied crops

Through the common ‘language’ of DNA, shared ancestry
provides approaches by which to accelerate progress in
improvement of indigenous ‘orphan crops’ by utilizing
information from the growing set of botanical models and
well-studied crops in several ways. Three broad catego-
ries of such approaches follow.

i)

Targeted assays of candidate genes or genomic re-
gions. The collective efforts of agricultural and life
scientists worldwide have revealed the functions of
an appreciable set of plant genes already, and pro-
gress is accelerating. Many genes function in similar
ways in different plants, and the function of a gene in
a botanical model is predictive of its function in crops
that are separated by the model by tens, even hun-
dreds of millions of years of evolutionary history. In a
particularly prominent example, a wheat gene confer-
ring reduced height and increased harvest index of
wheat that contributed to the ‘Green Revolution’ is
clearly recognizable as a homolog of an Arabidopsis
gene conferring insensitivity to the plant hormone
gibberrellin [42], notwithstanding that the wheat and
Arabidopsis genes have experienced ~150 million
years of independent evolutionary history. Hence, an
attractive means for leveraging genomic information
is analogy -- recognition that a trait of interest in a
less-studied crop is similar to a well-known trait in a
well-studied plant, followed by targeted evaluation of
candidate genes. For example, envision that one had
identified in funde (Digitaria exilis, a drought tolerant
West African grain crop that is taxonomically a mem-
ber of the panicoid cereals) a strain with reduced
height and increased harvest index. By crossing the
new strain to a conventional strain and inbreeding
the F1 hybrid, one would expect to find some F2 prog-
eny with the conventional (tall, lower yielding) pheno-
type and others with the desired trait (shorter, higher
yielding). One could very simply test the hypothesis
that a funde homolog of the Green Revolution gene
accounted for the new trait. Briefly, one would scruti-
nize the Green Revolution gene to identify feature of
its DNA sequence that were common to a wide range
of known cereal genes (for example, wheat, rice, sor-
ghum, and maize) and tacitly assume that those
‘conserved’ features were likely to also be shared by
funde. Experience has shown this assumption to be
reasonable, especially when several candidate fea-
tures can be targeted [43]. DNA primers for the now-
ubiquitous ‘polymerase chain reaction’ (PCR) can be
designed and applied to DNA from each member of
the funde population, to test the hypothesis that an
allele from the short, high yielding parent correlates
very closely with the phenotype in the progeny. ldenti-
fication of such a diagnostic marker might be of high
value in permitting a breeder to identify plants that
will exhibit a desired trait at the seedling stage, avoid-
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ing the need to grow undesirable plants to matur-
ity (saving time and space), or to distinguish true-
breeding homozygotes from heterozygotes, cut-
ting generations from the breeding cycle. This
general approach could be applied in principle to
quickly seek diagnostic markers for a wide range
of additional traits, including other aspects of
plant development (flowering time, for example),
resistance or tolerance to biotic (diseases and
pests) or abiotic (drought, soil conditions)
stresses, grain quality, and others.

ii) Whole-genome searches. While functionally-known
genes may explain some important mutations in
less-studied crops, the majority of differences
among plant genotypes within a species are
thought to be determined by the collective effects
of numerous genes, each one of which has only a
small effect. Such genes, often referred to as
quantitative trait loci, have been the subject of
literally thousands of studies in plants and ani-
mals over the past two decades. While there is
some predictive value of the locations of QTLs for
some traits across taxa, QTL mapping most com-
monly involves searching an entire genome with
DNA markers at closely-spaced intervals to iden-
tify genomic regions that make the largest contri-
butions to the genetic control of a complex trait.

The fact that most flowering plants share most of their
genes, and that gene sequences change relatively
slowly because proper gene function is intolerant of
many changes, provides a means to design the large
numbers of pan-taxon DNA markers that are required
for genome-wide surveys of plant genomes, even in
plants for which no de novo sequence information
exists. As for the single ‘Green Revolution’ gene
above, one can computationally scrutinize tens of
thousands of genes to identify subsets that have is-
lands of sequence shared by a wide range of taxa.
Such islands of conserved provide targets for design-
ing synthetic oligonucleotide primers that can be used
by the PCR to amplify corresponding sequences from
a wide range of taxa, even those lacking sequence
information. Such cross-utilization of genomic tools to
study genetic diversity requires resolution of a funda-
mental conflict between the need to identify genomic
sequences that are conserved (largely or wholly)
across many divergent taxa, and the need to identify
DNA-level differences that reflect diversity at its most
elemental level. The relatively high level of conserva-
tion of the locations [44], but not the sequences of
introns, provides a resolution to this dilemma. The
identification of vast numbers of probable gene and
intron locations in the sequences of botanical models
is routine. 'Conserved intron scanning primers (CISP)’
within relatively conserved exons located near exon-
intron boundaries, can be used to scan introns for
variation suitable for DNA marker identification. per-
mitting systematic sampling of entire genomes for
well-distributed markers, or targeted enrichment of
particular regions containing a gene of interest. This
approach has been particularly well studied in the
monocots, using information from rice and sorghum
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to identify DNA markers useful in pearl millet and other
less-studied cereals [43], as well as in non-cereal
monocots [45]. Variations on the same method have
been applied to many other plant families (legumes,
crucifers, nightshades) and in principle are generally
applicable to all flowering plants, as well as animals.

iii) Deductions about probable gene repertoire and
function. Let us take the funde example a step further.
Let us assume that the trait could NOT be accounted
for by a homolog of the Gren Revolution gene. Accord-
ingly, a whole-genome scan was done and the trait
associated with several genetic markers on a different
chromosome. The genetic markers all show correspon-
dence a small region of same rice chromosome, that
contains a different gene known to confer reduced
height and increased harvest index. In other words, the
initial candidate gene did not explain the phenotype
but other candidates of known function from different
regions of the genome may do so. As the number of
genes for which functions are known increases, natu-
rally the number of candidates to consider in such
comparative studies does, too.

Limitations - Lineage specific genes

Plants are selected to become crops because of some
unique feature(s) that attracted indigenous peoples,
that were able to be improved by either conscious or
unconscious selection. As such, each of our crops be-
comes a sort of botanical model for some extreme fea-
ture of plant growth and development. To understand
and manipulate the features that make a crop unique,
i.e. for which we cannot draw upon analogy to other
plants, will require crop-specific enabling tools, tech-
nologies, and resources; in particular targeting genes
that are substantially different from those of other or-
ganisms. How will we recognize the genes that confer
these features, and how will we determine how they
work?

A curious finding in virtually all eukaryotic genomes
sequenced to date is ‘lineage-specific’ genes, for which
an ortholog cannot be discerned in closely related spe-
cies. Among 18447 ‘deduced ancestral loci’ in Arabi-
dopsis, poplar, grape, papaya and rice [46a], 3680
(20%) were specific to only one species. Among Or-
thoMCL gene families in sorghum, 3,983 (24%) appear
to be absent from the dicot genomes sequenced to
date; and 1,053 (6.4%) appear to be absent from the
other monocot genome, rice. One might expect line-
age-specific genes to be relatively frequent in angio-
sperms due to recurring polyploidization/diploidization
cycles [46a] that do increase regulatory and may in-
crease morphological complexity [46b]; and to transpo-
sition of gene segments that may evolve new genes
[47, 48], albeit rarely [49]. Nonetheless, recent analy-
ses of well-groomed mammalian genomes [50] report
higher lineage-specific gene frequencies than found in
sorghum versus rice.

Lineage-specific genes are a tantalizing target for early
functional analysis because they may perhaps relate to
features that differentiate closely related taxa, but cau-

ATDF JOURNAL Volume 6, Issue 3/4 2009

tion is especially warranted in selecting such genes for
analysis. Rapid gene evolution may be due to a lack of
structural or functional constraint (indicating a lack of
important function) or to strong positive selection for
functional divergence (indicating important new func-
tion), possibilities that can be distinguished statistically
[51, 52, 53, 54]. Genes under strong positive selection
in Drosophila, mammals, and several other species are
vital to reproductive success, cell-cell recognition, and
cellular response to pathogens [e.g., 45, 55, 56]. How-
ever, identifying lineage-specific genes is inherently er-
ror-prone. Transposable-element associated genes have
been a major contributor to inflated gene number esti-
mates and false positive inferences of lineage-specific
angiosperm genes [57]. Whole-genome shotgun se-
quencing approaches (often including many gaps), and
occasional errors in accurate inferences of intron-exon
boundaries, each may artifactually truncate or elongate
gene models. Indeed, gene annotations of virtually all
angiosperm genomes, even Arabidopsis which has been
scrutinized by hundreds of scientists for nearly a decade,
remain works in progress and different annotations of
even one genome invariably differ. While much may be
learned from functional analyses of lineage-specific
genes, their careful manual annotation should precede
investments in their analysis. Each additional genome
available to study using comparative approaches further
improves power to expose false-positive cases of appar-
ent lineage-specific genes, for example by gross phyloge-
netic incongruities in inferred gene sets [19].

Exemplary opportunities to increase knowledge of Afri-
can crops

While a host of indigenous and introduced crops would
benefit from comparative approaches to their improve-
ment, below and in Figure 1 we briefly offer a few exem-
plary cases. For example, Cleome gynandra, a leaf vege-
table from South Africa, and Moringa oleifera, introduced
from India but widely grown in Africa and referred to in a
prominent US National Academies report [58] as “a sort
of supermarket on a trunk”, are both members of the
plant order Brassicales which includes the fully-
sequenced models Arabidopsis thaliana, Carica papaya,
and Brassica rapa (turnip). In addition, extracts from the
leaves of Cleome spp. have demonstrated insecticidal,
repellent, antifeeding properties [59,

60a] displaying their potential use as additives in insect
control agents [60b].

Digitaria exillis, noted above, is a panicoid cereal as are
fully-sequenced sorghum and maize, and Setaria italica
(Foxtail millet) for which sequencing is in progress. Tel-
fairia occidentalis, a leaf vegetable, is a member of the
Cucurbitaceae, closely related to the fully-sequenced
cucumber.

Numerous nitrogen-fixing legumes are important indige-
nous crops, perhaps reflecting the relatively nitrogen-
poor soils of much of Africa, including Tylosema escu-
lenta, Vigna unguiculata, and Lablab purpureus, all of
which might derive considerable benefit from the fully-
sequenced genome of Glycine (soybean), and expected
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Figure 1. Examples of orphan crops and their relationships to botanical models and/or other crops which have information

that might be utilized for translational genomics.
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sequences for Medicago (alfalfa), Lotus, Phaseolus
(common bean), and Arachis (groundnut or peanut).
The large seeds of Tylosema esculanta (marama bean
in English, ombanui in Herero) are eaten in South Af-
rica, Botswana and northern Namibia. This is seen as a
significant crop for arid regions [61] with comparable
protein content to existing crops. It is also being devel-
oped in Texas, Australia and Israel [15]. Sutherlandia
frutescens (cancer bush in English, musa-pelo in Seso-
tho) is a widely used indigenous medicinal crop in
South Africa, Botswana, Lesotho and Namibia [62]. In
vitro studies indicate anticancer activity [63], and
antidiabetic effects [64].

Study of Searsia pendulina (White karee), formerly
Rhus pendulina, might benefit from analogy to the rela-
tively small genome of members of the genus Citrus
(orange). The fruits of S. pendulina are mixed with the
gum of Acacia karoo to form a high energy
(1202 kJ/100 g) confection [65]. Several other aster-
ids, Fockea angustifolia, Cyphia volubilis, and Ar-
temisia afra might benefit from a planned genome
sequence for Helianthus (sunflower), and to a lesser
degree the fully-sequenced genomes of more distantly-
related tomato and potato.

Several corm-producing members of the Asparagales
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Babiana dregei are highly regarded as staple foods in
the drier parts of Southern Africa [65]. Other tuber spe-
cies that are consumed during periods of drought in-
clude several Fockea species such as F. angustifolia
medulis and to a lesser extent F. camaru and crispa.
The watery, white flesh is consumed by inhabitants of
the Kalahari desert when no surface water is available
[15]. While these may benefit from the albeit limited
EST resources available for the Asparagales taxon saf-
fron crocus, the lack of genomic information for this
clade points to the need for greater investment in its

genomic characterization.
What else might be out there? (species and alleles)

About 250,000-400,000 angiosperm species are
thought to exist [3, 4, 5], and a remarkable average of
2,350 new ones are discovered each year [6]. The vast
majority of such newly-identified species are either con-
fined to small areas, or are exceedingly rare, although
one recent discovery in Eastern Ethiopia dominates the
vegetation over at least 8000 km?2, an area nearly the
size of the island of Crete [66]. This area has been sel-
dom visited by botanists because of its inaccessibility
and general unrest, and the newly-named plant, Acacia
fumosa, does not seem to have any noteworthy uses,
but it begs the question of what else might be found in
such ‘terra incognita’ [67]. Even plants that lack obvi-
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ous uses to researchers and non-native people may
harbour sources of novel ‘versions’ (alleles) of genes
with effects that are useful or informative, and which
are ever-more accessible to discovery through genom-
ics.

More immediate opportunities lie in the deeper explora-
tion of the gene pools of indigenous African plants, and
greater utilization of their full genetic potential. A few
better-studied crops of African origin, such as sorghum,
are well represented in the world’s ‘gene banks’, and
many of the extant alleles in the species will be discov-
ered in due course by ‘resequencing’ projects. Nonethe-
less, there are various known gaps and probably addi-
tional unknown gaps in collections that warrant further
sampling. Moreover, association of rare alleles with their
functions would be expedited by access to greater num-
bers of genotypes containing the alleles. Many of the
‘orphan’ crops lack large-scale collections, or even any
collections. Indigenous communities accumulate im-
measurable knowledge of the various uses of the flora
and fauna they have co-existed with for millennia, and
the documentation and cataloging of such indigenous
knowledge may lead to identification of new ecosystem
services and their causal genes.

A further challenge is that restrictions on flow of germ-
plasm due to intellectual property issues and the privati-
sation of agricultural biotechnology often hinder what
could be very fruitful partnerships between African and
non-African scientists to bring the full spectrum of bio-
technologies to bear on these crops. Transfer of cutting
edge/ frontier technologies which would empower re-
searchers in developing countries to advance independ-
ently has often lagged transfer of germplasm from de-
veloping to developed countries [68]. With the privatiza-
tion of agricultural biotechnology, scientists in technol-
ogy rich (developed countries) and gene rich (developing
countries) find themselves under the cooperation—
comptition paradox [69]. Indigenous people have in the
past cooperatively exchanged germplasm and informa-
tion on plant use with researchers and managers, with
little reciprocal exchange in technology that would allow
the development of profitable products from such
plants. The way forward requires ethical and responsible
actions from both sides which acknowledge the global
forces at play in the arena within which scientists prac-
tice.
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