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Sorghum Genomics Planning Workshop Parti cipants1

Members of the world wide sorghum (Sorghumspp.)
community, including pr ivate sector and international

scientists as wel l as community representatives from
closely related crops such as sugarcane (Saccharum
spp.) and maize (Zeamays), met in St.Loui s, Missour i,
on November 9, 2004, to lay the groundwork for
fu ture advances in sorghum genomics and, in partic-
ular, to coordinate plans for sequencing of the sor-
ghum genome. Key developments that made this
workshop timely included advances in knowled ge of
the sorghum genome that provide for the develop-
ment of a genetically anchored physical map to guide
sequence assembly and annotation, the growing role
of the sorghum genome as a nucleation point for
comparat ive genomics of diverse tropical grasses in-
cluding many leading crops, and the need for dra-
matically increased sorghum production to sustain
human popu lations in many regions where its in-
herent abiotic stress tolerance makes it an essential
staple. This report reviews current knowledge of the
sorghum genome, a communit y-endorsed schema for
integrating this knowledge into a Þnished sequence,
and early plans for translating the sequence into
sustained advances to beneÞt a worldw ide group of
stakeholders.

WHAT ARE SOM E OF THE UNIQUE
CONTRIBUTIONS TO BIOLOGY AND
AGRICULTURE THAT WILL RESULT FROM
SEQUENCING OF THE SORGHUM GENOM E?

Sorghum (SorghumbicolorL. Moench) is one of the
worldÕs leading cereal crops, providing food, feed,
Þber, fuel, and chemical/biofue ls feedstocks across
a range of environments and production systems.
Worldwi de, sorghum is the Þfth most impor tant cereal
crop (http://app s.fao.org/default.jsp). Its remarkable
ability to produce a crop under adverse conditi ons, in
particular with much lesswater than most other grain
crops, makes sorghum an impor tant ÔÔfailsafeÕÕsource
of food, feed, Þber, and fuel in the global agroecosys-
tem. For example, in arid countr ies of northeast Africa
such as Sudan, sorghum contrib utes about 39%of the
calories in the human diet (http://www .fao.org, 1999
statistics). Increased demand for limited fresh water
supplies, coupled with global climatic trends and
expanding populati ons, suggests that ÔÔdrylandÕÕcrops
such as sorghum will be of increasing importan ce.

As a model organism for tropical grasses that carry
out ÔÔC4ÕÕphotosynthesis, sorghum is a logical com-
plement to the C3 grassOryza (rice), the Þrst monocot
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Cordonnier-Pratt, Stan Cox, Jeff Dahlb erg, John Erpeld in g, Theresa
M. Fult on, Bob Fulton, Lucinda Fult on, A lan R. Gin gle, C. Tom
Hash, Yin ghua Huang, David Jordan, Patricia E. Kl ein, Robert R.
Kl ein, Jurandir Magalh aes,Richard M cCombi e,Paul Mo ore,John E.
Mu ll et, Peggy Ozias-Ak in s, An drew H. Paterson*, Kay Porter, Lee
Pratt, Bruce Roe, Wil li am Rooney, Patrick S. Schnable, David M.
Stelly, M itchell Tuinstra, Doreen Ware, and Uj wala Warek.

Donald Danforth Plant Science Center, St. Louis, Missouri 63132
(B.B.); Orion Genomics, St. Louis, Missouri 63108 (J.A.B., U.W.);
Department of Primary Industries and Fisheries, Brisbane, Queens-
land 4350, Australia (A.B., D.J.); The Insti tute for Genomic Research,
Rockvi lle, Maryland 20850 (C.R.B.); Plant Stress and Germplasm
Development Research Unit, United StatesDepartment of Agriculture
Agricultural Research Service, Lubbock, Texas 79415 (J.B.); Genome
Sequencing Center, Washington University, St. Louis, Missouri 63110
(S. Cli fton, B.F., L.F.); Laboratory for Genomics and Bioinformatics,
Department of Plant Biology, University of Georgia, Athens, Georgia
30602Ð7271 (M.-M.C.-P., L.P.); TheLand Insti tute, Salina, Kansas67401
(S. Cox); National Grain Sorghum Producers, Lubbock, Texas 79403
(J.D.); Tropical Agriculture Research Station, United States Depart-
ment of Agriculture Agricultural Research Service, Mayaguez, Puerto
Rico 00680Ð5470 (J.E.); Insti tute for Genomic Diversity, Cornell
University, Ithaca, New York 14853 (S.K., T.M.F.); Plant Genome
Mapping Laboratory, University of Georgia, Athens, Georgia 30602Ð
6810 (A.R.G., A.H.P.); ICRISAT, Patancheru, AP 502 324, India
(C.T.H.); United States Department of Agriculture Agricultural Re-
search Service, Oklahoma State University, Stillwater, Oklahoma
74075Ð2714 (Y.H.); Insti tute for Plant Genomics and Biotechnology,
Texas A&M University, College Station, Texas 77843 (J.E.M., P.E.K.);
United States Department of Agriculture Agricultural Research
Service, Texas A&M University, College Station, Texas 77843
(R.R.K.); EMBRAPA Maize and Sorghum, 35701Ð970, Sete Lagoas-
MG, Brazil (J.M.); Cold Spring Harbor Laboratory, Cold Spring
Harbor, New York 11724 (R.M., D.W.); United States Department of
Agriculture Agricultural Research Service, PaciÞc Basin Agricultural
Research Center, A iea, Hawaii 96701 (P.M.); Department of Horticul-
ture, University of Georgia, Coastal Plain Experiment Station, Tif ton,
Georgia 31793 (P.O.-A.); Pioneer HiBred International, Plainview,
Texas 79072 (K.P.); Department of Chemistry and Biochemistry,
University of Oklahoma, Norman, Oklahoma 73072 (B.R.); Depart-
ment of Soil and Crop Sciences, Texas A&M University, College
Station, Texas 77843 (W.R., D.M.S.); Center for Plant Genomics, Iowa
State University, Am es, Iowa 50011 (P.S.S.); and Department of
Agronomy, Kansas State University, Manhattan, Kansas 66506 (M.T.)

* Corresponding author; e-mail paterson@uga.edu; fax 706Ð
583Ð0160.

[w ] The online version of this article contains Web-only data.
www.plantphysiol.org/ cgi/ doi/ 10.1104/ pp.105.065136.

1898 Plant Physiology, August 2005, Vol. 138, pp. 1898Ð1902, ww w.plantphysiol.org ! 2005 American Society of Plant Biologists



plant with a fully sequenced genome. Sorghum is
more closely related than rice to major crops of tropical
origin such as maize, sugarcane, and pearl millet
(Pennisetum typhoides), and thus provides a better
roadmap for study of these crops at the DNA level.
C4 plants contribute disproportionate ly to global pri-
mary productivity , in part because of biochemical
and morpholo gical specializations that result in more
efÞcient carbon assimilation and water use at high
temperatures and in water-limited environments. An-
choring of the sorghum maps to thoseof rice (Paterson
et al., 1995,2004),maize (Whitkus et al., 1992;Bowers
et al., 2003),sugarcane(Dufour et al., 1997;Mi ng et al.,
1998),mi llet (Jessup et al., 2003),swi tchgrass (Panicum
virgatum; Missaoui et al., 2005), Bermuda grass
(Cynodon dactylon; C. Bethel and A.H. Paterson, un-
published data), and others provides for the cross-
utilization of results to simultaneously advance
knowledg e of many impor tant crops.

The most recent whole-genome dupl ication in
sorghum was about 70 millio n years ago, pri or to
the divergence of the major cereals from a common
ancestor (Paterson et al., 2004). As such, sorghum
functional genomics enjoys importan t advantages
relative to organisms that retain duplicate d copies
of larger numbers of genes, such as maize, which
reduplicated about 12 millio n years ago (Swigonova
et al., 2004),and sugarcane,wh ich has ind ependently
reduplicated at least twice in the 5 to 10 million years
since its divergence from sorghum (Min g et al.,
1998).

The Sorghum genus is also notewor thy because it
includes one of the world Õsmost noxious weeds,
Johnsongrass(Sorghumhalepense). The rapid dispersal,
high growth rate, and durab ility that make Johnson
grass such a troublesome weed are actually desirable
in many forage, turf, and biomass crops that are genet-
ically complex. Therefore, sorghum offers novel learn-
ing opportunit ies relevant to weed biology as well as
to improvement of a wide range of other forage, turf,
and biomass crops.

Finally, sorghum Þlls a key gap in biogeography,
with the African origin of S. bicolorcomplementing the
Asian origin of rice, Am erican origin of maize, and
Middle Eastern origin of the Triticeae (wheat, barley,
and others). Sorghum has made uni que contributions
to understanding the genetic basis of cereal domesti-
cation, wh ich appears to have occurred ind ependently
on these differ ent continents by the impositio n of
many parallel selective pressures to divergent taxa
(Patersonet al., 1995).In addition , a Þnished sorghum
sequence wil l be valuable for determination of the
provenance of differ encesbetween rice and maize in
sequence repertoir e and organization. SpeciÞcally,
phylogenetic ÔÔtriangulationÕÕusing parsimony-based
approaches to compare sorghum, maize, and rice wil l
permit one to infer whether polymo rphisms among
these species are recent (for example, speciÞc to
maize), or ancient (for example, shared by maize and
sorghum but differing from rice).

WHAT IS THE NATURE AND ORGANIZATION
OF THE SORGHUM GENOM E?

Estimates of the physical size of the sorghum
genome range from 700 Mb based on Cot analysis
(Peterson et al., 2002)to 772Mb based on ßow cytom-
etry (Arumu ganathan and Earle, 1991).This makesthe
sorghum genome about 60% larger than that of rice,
but only about one-fourth the size of the genomes of
maize or human. GC content is estimated at 37.7%
(Peterson et al., 2002).Because sorghum is a predom-
inantly self-pollinated plant, most genotypes are ho-
mozygous, including each of the three genotypes for
which extensive genetic maps, bacterial artiÞcial chro-
mosome (BAC) resources, and physical maps have
been constructed.

DNA renaturation kinetic analysis (Peterson et al.,
2002)shows the sorghum genome to be comprised of
about 16%foldback DN A, 15%highly repetitive DN A
(with indiv idual families occurring at an average of
5,200copies per genome), 41%midd le-repetitive DN A
(average 72 copies), and 24% low-copy DN A. About
4% of the DNA remained single stranded at very high
Cot values and is assumed to have been damaged
(thus, the other percentagesareslight underestimates).

Building on a rich history of genetics researchsup-
ported by a wide range of sources, recent Nationa l
Science Foundation (NSF)-funded activities have
signiÞcantly advanced current knowledge of the
sorghum genome.High-d ensity maps of one intra spe-
ciÞc S. bicolor (Klein et al., 2000; Menz et al., 2002)
and one interspeciÞc S. bicolor3 Sorghumpropinquum
(Chittenden et al., 1994; Bowers et al., 2003)crosspro-
vide about 2,600 sequence-tagged sites (based on
low-cop y probes that have been sequenced), 2,454
ampliÞed fragment length polymorphisms, and approx-
imately 1,375 sequence-scanned (based on sequences of
genetically anchored BAC clones) loci. More than
800 markers mapped in sorghum are derived from
other taxa (hence serve as comparative anchors),
and addition al sorghum markers have been mapped
directly in other taxa or can be plotted based on se-
quence similarit y. The two maps share one common
parent (S. bicolorBTx623) and are essentially colinear
(F. Feltus, G. Hart, K. Schertz, A. Casa, S. Kresovich,
P. Klein, P. Brown, and A.H. Paterson, unpubli shed
data). Recent cytological characterization of the in-
dividual sorghum chromosomes has provided a gen-
erally accepted numbering system (Kim et al., 2005).

The small size of the sorghum genome facili tates its
use as a tropical grass model. Whil e the maize and
sugarcane genomes are similar in size to the human
genome, the sorghum genome is approximately 75%
smaller, variously estimated at 690 to 760 Mb. BAC
librarie s are available for BTx623(about 123 coverage
from HindIII and 83 from BamHI), S.propinquum(13Ð
143 coverage from EcoRI [approximately 73 ] and
HindIII [approximately 73 ]) and IS3620C (approxi-
mately 93 coverage from HindIII). A total of 69,545
agarose-basedÞngerpri nts from BTx623BACs are also
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anchored with 139,434hybridizatio n loci from 5,147
probes (about 2,000of wh ich are genetically mapped).
In parallel, 40,957 agarose-based Þngerprints from
S. propinquum are anchored with 148,758hybrid iza-
tion loci from 5,683probes (2,000genetically mapped).
Each of these has been assembled into WebFPC-
accessible physical maps (http://www .stardaddy.
uga.edu/ fpc/ bicolor/ WebAGCoL/ WebFPC/ and
http:/ / www.stardaddy.uga.edu/ fpc/ propinquum/
WebAGCoL/ WebFPC/ ). Additional resources include
20,000 high inform ation content Þngerprint (HICF)
Þngerprints (from genetically mapped contigs) and
six-di mensional BAC pools (53 deep) from BTx623,
and 10,000 HICF Þngerprints and six-di mensional
BAC pools (53 deep) from IS3620C.Targeted HIC F
of addition al contig-terminal BACs is in progress to
Þll gaps. About 456 S. propinquumand 303 S. bicolor
BAC contigs (41% of BACs, 80% of single-copy loci)
appear to be wel l anchored to euchromatic regions,
with the percentage of the genome attributa ble to eu-
chromatin likel y to rise appreciably with additional
anchoring. The Þnding that 41% of BACs are already
anchored to euchromatin while only 24% of the sor-
ghum genomic DNA is single or low copy (with an
overall kinetic complexity of 1.643 108; Peterson et al.,
2002) suggests that euchromatin includ es a mixtur e
of low-copy and repetitive DN A.

A detailed report of the Sorghum Genomics Plan-
ning Workshop, sponsored by NSF, is available as
supplemental data. The goals of the worksh op were
to (1) obtain a status report on the development and
accessibility of sorghum genomeresearchinformati on,
technologies, and infrastructure; (2) identify future
pri orities and needs for sorghum genomics research;
(3) better organize the sorghum community; and (4)
foster sorghum improvement.

Prior to the meeting, a survey was conducted to
establish pri ority needs of the broader user commu-
nity. The Þndings of the survey, obtained from the
inp ut of approximately 60 respondents among 140
members of the internati onal sorghum (and closely
related sugarcane)communities polled, areattached to
the report. Topics includ ed in the worksh op were
those identiÞed as key issues by the user commun ity.
In summary, thesecan beclassiÞed into four focus areas,
mapping, sequencing, germplasm, and database/
bioinformatics, each of wh ich is addressed below.

An interim Sorghum GenomicsSteering Committee
waschargedwi th thedevelopment of theÔÔwhitepaperÕÕ
outli ning key prioriti es for sorghum genomics for the
next 5 to 10 years,aswell asdevising a mechanism for,
and carrying out, an election process to maintain and
enhancecommunity activities and impact.

While a natural long-term goal is a high-quality
assembled sequence that is Þnished to Bermuda stan-
dards, this is likely to be accomplished in stages that
buil d on one another.

The whit e paper (see supplemental data) details
a three-stage strategy, also noting that aspects of the
three stages are proceeding to somedegree in parallel.

Stage 1: Gene Space Characteri zation

The sorghum genespace is presently represented by
approximately 200,000expressedsequencetags (ESTs)
that have been clustered into approximately 22,000
uniscripts, representing more than 20 diver se librarie s
from several genotypes.Genome annotation will ben-
eÞt from additional ESTsequencing, emphasizing full-
length clones. This also represents an opportun ity to
sample both physiological and genetic (single-nucleo-
tide polymo rphism) diversit y by draw ing these ESTs
from diver se genotypes.

Abou t 500,000methyl- Þltered (MF) reads that pro-
vide estimated 13 coverageof the MF-estimated gene
space (Bedell et al., 2005) have been assembled into
contigs (SAMIs; http://ma gi.pl antgenomics.iastate.
edu/ ). Another reduced-representation strategy, Cot-
based cloning and sequencing (CBCS),was Þrst dem-
onstrated in sorghum in 2001 (as noted in GenBank
accessionsAZ921847ÐAZ923007)and furth er detailed
subsequentl y (Petersonet al., 2002).Thismethod offers
the potential to furth er enhance gene space coverage
beyond that offered by ESTs and MF, in a complemen-
tary manner as demonstrated for maize. Sequencing
of the low -copy DNA to similar levels of coverage, by
MF- and CBCS-basedmethods, is viewed as a logical
intermediate step toward efÞciently capturing the se-
quencecomplexity of sorghum. Primary sequencing of
genomic DNA should be focused on the inbred geno-
type BTx623(see below), to foster sequenceassembly.

Stage 2: Gold-Standard Physical M ap

Most genomic resources for sorghum have been
developed using a U.S. inbred, BTx623, whic h was
selected as a focal point for genomic sequencing and
wh ich enjoys about 203 genome coverage by two sets
of BACs cloned using two differ ent restriction en-
zymes. However, a gold-standard physical map wil l
necessarily integrate data from mult iple genotypes to
help resolve genomic instabilities or other genotype-
or species-speciÞcfeatures that interfere with cloning
and/or sequencing. As such, our integrated physical
map will comprise detailed alignment among BTx623,
S. propinquum, and S. bicolor accessionIS3620C. This
wi ll not only provide for Þlling gaps,but also advance
application to studies of unique aspects of plant bi-
ology for which these diver se genotypes represent
botanical models.

Stage 3: Finished Sequencing

Sorghum is a relatively complex genome, but with
a smaller overall genome size and less repetitive
DN A than many of its relatives, such as maize and
sugarcane. While the physical map wil l provide the
meansto conduct BAC-by-BAC Þnishedsequencing of
a minimum tiling path, ongoing technological and
computatio nal improvements may offer compelling
efÞciencies to whole-genome shotgun (WGS)-based
approaches, or more probably to hybrid approaches
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that integrate aspects of BAC-based and WGS ap-
proaches.A high-quality genetically oriented physical
map provides a robust guide for assembly by either
BAC-based or WGS approaches, and the commun ity
remains open to considering a range of options for
completion of the sequence based on economics and
the state of the art as funding becomes available. In
addition , it is noted that the relationship between the
physical map and the sequence may be iterative ; for
example, targeted physical anchoring of WGS contigs
may expedite assembly and closure.

Database Resources/Bioinformatics

Whil e existing Web-based resources focus on com-
parative structural and evolutionary genomics (http:
//cggc.ag tec.uga.edu/), functional genomics of the
transcripto me (http:/ /fungen.bo tany.uga.edu/), and
genomics of the uniqu e abiotic stress responses of
sorghum (http:/ /sorgblast2.tamu.edu /), the commu-
nity recognizes a growing need to develop a uniÞed
sorghum database much like Maize GDB or rice-
centric Gramene.This databasemay be centralized or
federated but should maintain critical links to the
individual groupsÕdatabases,thus taking advantage
of the respective strengths of individual groups in
annotation and curation of data that they have Þrst-
hand knowle dge of and that is of pr imary importan ce
to them. In addition , the establishment of a ÔÔSorghum
Portal,ÕÕwith links to relevant Web resources, is re-
commended. Finally, data also need to be accessible in
formats compatible with usageby scientists in regions
where Internet access remains unavail able or too slow
to efÞciently dow nload genomic data sets.

Appl i cations to BeneÞt Worldw ide Stakeholders

Mu ch of the value of a sorghum sequencewould be
realized through better understanding of the levels
and patterns of diver sity in extant germplasm, which
can contri bute both to functional analysis of speciÞc
sorghum genes and to determi nistic improvement of
sorghum for speciÞcneeds and environments. Exten-
sive ex situ sorghum germplasm collections exist
within the U.S. Nationa l Plant Germplasm System
and the International Crops Research Institute for the
Semi-Arid Tropics. An informal meeting of breeders
and geneticists at Cornell in September 2004 laid the
groundwork for development of ÔÔcoreÕÕsorghum pan-
els (inclu ding wild species,landraces, and elite geno-
types), wh ich wi ll capture asmuch genetic diversit y as
possible while minimi zing redundancies. These pan-
els are expected to be suitable for association genetics-
based approaches that explore relationships between
phenotypes and haplotype variati on at candidate
genes directly, or for markers distributed either through-
out the genome (genome-wide association tests) or
closely linked to a target locus. Plans were also out-
lined for development of about 25 recombinant in-
bred line popu lations initia lly needed to foster joint

quantitat ive trait loci-association geneticsstudies. The
germpl asm planning group met again on February
21, 2005, to furth er advance a recommendation to be
circulated to the broader sorghum community for
feedback.

Africa is recognized as the center of origin and
divers ity for sorghum, the source of about 50% of the
accessions in the world collections, and the location
of much in situ divers ity lacking from existing collec-
tions. Sorghum is thus an attractive vehicle for engage-
ment of the African scientiÞc communit y in genomics
and its applicatio ns, in particul ar regardin g documen-
tation and analysis of in situ divers ity that is presently
inaccessible to Western scientists. Howe ver, the prob-
lems of limite d communications infr astructure, slow
Internet connectivity , and lack of informati on technol-
ogy support wil l present special challenges. Periodic
data dissemination in CD form at, together with the
development of simpliÞed database structures that
use off-the-shelf software but are cross-compatible
with more sophisticated structures such as the
planned centralized database (above), wil l be essen-
tial. Implementation of these new capabilities wil l
beneÞt from the engagement of institutions such as
the Consultati ve Group on International Agricultur al
Research Centers, the International Sorghum and
Millet Collaborativ e Research Support Program, the
Rockefeller and Syngenta foundatio ns, and others.

To sustain coordination and communic ation, the
initial Sorghum Genomics Executive Committee will
coordinate the identiÞcation and election of its succes-
sors, to comprise a 15-member committ eewith at least
Þve and two seats Þlled by non-U.S.and private sector
members, respectively, to serve 3-year terms on a stag-
gered basis (Þve new members per year). The elected
committ ee wi ll establish guidelines for future com-
mittee actions; collect, collate, and disseminate infor-
mation; organize consortium meetings;and serve asan
advocacy group for eachcountry and areaof research,
with emphasis on cohesivenessof the community and
importan ce of the crop.

SYNTHESIS

As a model organism for tropical grasses that
carry out C4 photosynthesis, sorghum is a logical
complement to the C3 grass Oryza, the Þrst monocot
plant wi th a near-completely sequenced genome. The
relatively small genome of sorghum is likely to be
appreciably less complex to assemble than the larger
and more repetitive genomes of other major C4 crops,
such as maize and sugarcane.Detailed physical maps
provide a foundatio n upon wh ich to overlay sequence
assemblies, linkin g them to a rich history of genetics
and genomics research based on inclusion of geneti-
cally mapped sequence-tagged sites in the physical
map. Sequencing of sorghum will Þll a key gap in
plant biogeography in view of its African origin , per-
mitting phyl ogenetic trian gulation of key events in
cereal evolution and in particu lar leading to new
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insigh ts into parallel but independent domestication
of the cereals.Its remarkable ability to produce a crop
und er adverseconditio ns, in particu lar with much less
water than most other grain crops, makes sorghum an
impor tant failsafe source of food, feed, Þber, and fuel
in the global agroecosystemwith special relevance to
Afri ca. Moreover, sorghum genome analysis offers
novel learning opportun ities relevant to weed biology
as wel l as to improvement of a wide range of other
forage, turf, and biomass crops. The infrastruct ure to
link a Þnished sequence to a rich history of genetics
research, toward resolution of a wide range of chal-
lenges facing a worldwi deset of stakeholders, is largely
in place.
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