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Abstract: Perennial germplasm derived from crosses between Sorghum bicolor and either S. halepense
or S. propinquum is being developed with the goal of preventing and reversing soil degradation in
the world’s grain sorghum-growing regions. Perennial grain sorghum plants produce subterranean
stems known as rhizomes that sprout to form the next season’s crop. In Kansas, breeding
perennial sorghum involves crossing S. bicolor cultivars or breeding lines to S. halepense or perennial
S. bicolorn × S. halepense breeding lines, selecting perennial plants from F2 or subsequent populations,
crossing those plants with S. bicolor, and repeating the cycle. A retrospective field trial in Kansas
showed that selection and backcrossing during 2002–2009 had improved grain yields and seed
weights of breeding lines. Second-season grain yields of sorghum lines regrowing from rhizomes
were similar to yields in the first season. Further selection cycles have been completed since
2009. Many rhizomatous lines that cannot survive winters in Kansas are perennial at subtropical
or tropical locations in North America and Africa. Grain yield in Kansas was not correlated
with rhizomatousness in either Kansas or Uganda. Genomic regions affecting rhizome growth
and development have been mapped, providing new breeding tools. The S. halepense gene pool
may harbor many alleles useful for improving sorghum for a broad range of traits in addition
to perenniality.
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1. Introduction
Grain sorghum (Sorghum bicolor) ranks fifth among the world’s cereal crops in area sown. As with
all major cereals, sorghum cultivars currently in production all have an annual growth habit. Recent
efforts to develop perennial grain sorghum germplasm are motivated by perennial crops’ potential for
preventing and reversing soil degradation [1,2]. In the case of sorghum, such benefits could be realized
across highly diverse landscapes, from the U.S. central plains, where sorghum grain is used primarily
for livestock feed and biofuel production, to large regions of Africa and South Asia, where sorghum is
grown primarily by smallholder farm families, with the grain used primarily for human consumption
and vegetative material used to feed livestock.
The process of breeding perennial grain sorghum begins with controlled hybridization between
annual grain sorghum and either of two wild perennial grasses, S. halepense or S. propinquum. The diploid
(2n = 20) species S. bicolor and S. propinquum diverged from a common ancestor approximately 1 to
2 million years BP [3,4]. Sorghum halepense was the result of later natural hybridization between S. bicolor
and S. propinquum followed by a spontaneous doubling of the chromosome number to 40.
A highly invasive species, S. halepense spread widely across the Eastern hemisphere, and, in the
post-Columbian era, the Americas, while S. propinquum is today confined to Southeast Asia [3,4].
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Approximately 8000 year BP people living in the Sahel region domesticated S. bicolor to produce grain
sorghum [5], and the grain eventually came to be distributed throughout Africa and beyond.
Grain sorghum is typically grown as an annual crop, producing a single harvest. However, like all
grasses, grain sorghum can generate branches called tillers that sprout from the base of the plant near
the soil surface, and most sorghum plants are able, under the right conditions, to sprout new tillers
even after the original shoots have elongated, produced mature seed, and senesced. In tropical or
semitropical environments, late tillering creates the potential for a second, or ratoon, crop of grain to be
produced. The grain harvest from the ratoon stand, however, is much smaller than from the originally
sown stand [6], so ratooning of grain sorghum is infrequently practiced. Survival and productivity
of a ratoon crop depends on an adequate supply of soil moisture during the ratoon growing season,
which may extend well beyond the rainy season. Ratoon stands are not known to be maintained for
more than two seasons.
Perennial Sorghum species produce not only tillers but also basal subterranean stems known as
rhizomes. Starchy and punctuated by meristematic buds, rhizomes extend downward and laterally
into the soil. A new growing season begins when the rhizome buds sprout in response to temperature,
moisture, or other signals. Drawing on the rhizome’s energy reserves, the resulting new shoots,
called ramets, emerge and grow rapidly as the rhizome dies and degrades. Plants emerging from
rhizomes rapidly produce vigorous new root systems and grow faster and larger than tillers emerging
from aboveground nodes. In experimental plots, second-season grain yields from rhizomatous
sorghum were similar to first-season yields [7].
Rhizomes are necessary if adequate harvests of sorghum grain are to be obtained over several to
many seasons from a single sowing. However, wild perennial Sorghum species, the sources of genes for
rhizome development, are poorly suited for agriculture. They produce large numbers of thin, flexible
culms (stems) and small quantities of very small, hulled seeds that drop to the ground when ripe.
In contrast, a perennial grain sorghum will need to produce large, threshable seeds on large panicles
(seed heads) supported by robust culms. In breeding perennial grain sorghum, it is first necessary to
bring genes from grain sorghum that confer good grain-production traits into a common pool with
genes from wild perennial species for rhizome development. That is accomplished by hybridizing
the former with the latter to produce populations of plants that carry genes from both parents in
various combinations.
2. Establishment and Genetic Analysis of the Perennial Grain Sorghum Gene Pool
In regions where grain sorghum is cultivated, natural gene flow from S. bicolor into S. halepense is
common [8]. Controlled pollination of annual sorghum with S. halepense, S. propinquum, or S. almum
(a weedy perennial species produced by one or more spontaneous pollinations of the wild annual
S. arundinaceum by S. halepense) has been used in the breeding of forage sorghums [9–11]; however,
hybridization for the purpose of developing perennial sorghum that produces grain for human
consumption has been practiced only recently and not widely. Following publication of Jackson’s [12]
recommendation that a broad range of perennial grain crops, including perennial sorghum, be
developed for use in food-producing polycultures, the first S. bicolor × S. halepense hybridizations
aimed at development of perennial grain sorghum were made by Kansas State University and The Land
Institute (TLI) in Manhattan and Salina, Kansas, respectively, in the 1980s. The resulting populations
were studied through the decade that followed [13].
Meanwhile, at Texas A&M University, Paterson et al. [14] conducted restriction fragment length
polymorphism (RFLP) mapping of quantitative trait loci (QTL) that affect rhizome initiation and
growth in a S. bicolor × S. propinquum F2 population, concluding that loci affecting those traits are
scattered across nine of sorghum’s ten chromosome pairs. Comparative RFLP mapping showed
correspondence between two major rhizome QTL in a rice (Oryza sativa × O. longistaminata) population
and rhizome QTL in Sorghum [15]. Results of those studies would later be built upon and extended by
Kong et al. [16], who used simple sequence repeat (SSR) markers to map rhizome QTL in a recombinant
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inbred line (RIL) population derived from the original S. bicolor × S. propinquum F2 population
and Washburn et al. [17], who mapped QTL for rhizome development and overwintering in an F4
population from the S. bicolor × S. propinquum cross.
Sorghum propinquum-derived populations hold potential for perennial sorghum development in
the tropics and subtropics; however, S. propinquum cannot survive winters in colder climates. Therefore,
when TLI initiated a germplasm development program for perennial sorghum in 2002, parental sources
of perenniality were limited to S. halepense and S. bicolor × S. halepense-derived perennial stocks that
had been maintained in the years since Piper and Kulakow’s research [7,13].
Hybridization between tetraploid perennial Sorghum plants and S. bicolor is complicated by
the difference in ploidy. Thirty-chromosome hybrid seeds produced by crosses between 20- and
40-chromosome sorghum parents are typically inviable; if a viable triploid hybrid is produced, it is
generally highly sterile. Therefore, in TLI’s original S. bicolor × S. halepense crosses colchicine-induced
tetraploid (40-chromosome) S. bicolor inbred lines were used as female parents [13].
There is, however, a second route to producing S. bicolor × S. halepense hybrids. Hadley [18]
demonstrated that predominantly tetraploid F1 hybrids could be produced by fertilizing nuclear
or cytoplasmic male-sterile S. bicolor plants with S. halepense pollen. This occurs because sorghum
plants carrying nuclear or cytoplasmic/nuclear genes for male sterility produce, at a frequency of
less than 1%, unreduced 20-chromosome female gametes. Interspecific hybrids produced in the TLI
perennial sorghum program during the period 2002–2009 were all produced by pollinating male-sterile
inbred lines. Since 2009, we have continued to use male-sterile parents but have also used several
induced tetraploid sorghum lines as female parents. All perennial germplasm developed from these
crosses to date has been tetraploid.
Perennial Sorghum spp. have also been used in developing perennial germplasm for production of
vegetative biomass. Perennial forage cultivars were released decades ago in India (‘Krish’ by [19]) and
Australia (‘Crooble’ by [20]; ‘Silk’ by [21]; and ‘Sucro’ by [22]). More recently, Jessup et al. [11] released
the genetic stock PSH12TX09, a sorghum line perennial in the southern United States that is derived
from a S. bicolor × S. propinquum cross and is intended for use as a parent in breeding high-biomass
cultivars to be used in production of forage or biofuel feedstock.
3. Procedure for Developing Perennial Grain Sorghum Germplasm
At TLI from 2002 to the present, a simple methodology for developing perennial grain sorghum
has been directed at introgressing genes for rhizome production and cold-weather survival from
the perennial gene pool into a germplasm pool that has grain-production characteristics more
similar to those of cultivated S. bicolor. The steps of the introgression cycle are as follows: (a) cross
S. bicolor cultivars or breeding lines to perennial sorghum plants (i.e., S. bicolorn × S. halepense plants
that have survived for more than one year in the field) or to S. halepense; (b) self-pollinate the F1
hybrids to produce large, diverse segregating populations of plants; (c) evaluate F2 populations and
later-generation families in replicated field trials; (d) harvest seed for progeny testing from rhizomatous
plants and families that have exhibited improved agronomic phenotypes, grain yield, and seed size;
(e) leave evaluation plots undisturbed through the winter and dig the rhizomes of selected plants
or families that emerge in spring, basing selection on the previous season’s data and field notes;
(f) transplant the selected perennial plants into a crossing nursery and use them to pollinate S. bicolor
parents; (g) go back to step b.
Note that this is not a closed cycle. When progeny of rhizomatous, but not necessarily cold-hardy,
plants exit the cycle at step d, they can move into one of two streams: further testing on TLI’s
experiment station or field testing by cooperating institutions in warmer climates. Rhizomatous lines
that may not be able to survive winters in Kansas may be strongly perennial in the southeastern
United States or in the tropics. Such populations have so far been field-tested in southern Texas,
southern Alabama, northern Georgia, southern Florida, Puerto Rico, Uganda (Figure 1), Mali, Kenya,
the Republic of South Africa, Indonesia, and southwest China.
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Figure 1. Post-harvest regrowth in a perennial sorghum trial at Serere, Uganda, 2015.
Figure 1. Post-harvest regrowth in a perennial sorghum trial at Serere, Uganda, 2015.
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4. Experimental Results and Progress in Germplasm Development
4. Experimental Results and Progress in Germplasm Development
New crosses are made and newly generated F hybrids are fed into the selection-backcrossing
New crosses are made and newly generated F11 hybrids are fed into the selection-backcrossing
cycle each year. Populations currently under evaluation are derived from zero, one, two, three or four
cycle each year. Populations currently under evaluation are derived from zero, one, two, three or four
backcrosses to S. bicolor. A three-year field trial, conducted by Nabukalu and Cox [7] in 2011–2013,
backcrosses to S. bicolor. A three-year field trial, conducted by Nabukalu and Cox [7] in 2011–2013,
compared 27 perennial families from three stages in the germplasm development program: 2002 (when
compared 27 perennial families from three stages in the germplasm development program: 2002
perennial plants were selected from Piper and Kulakow’s [13] original population for use as parents),
(when perennial plants were selected from Piper and Kulakow’s [13] original population for use as
2006 (when approximately 300 perennial plants were selected from crosses between the 2002 selections
parents), 2006 (when approximately 300 perennial plants were selected from crosses between the 2002
and S. bicolor), and 2009 (after another turn of the selection cycle).
selections and S. bicolor), and 2009 (after another turn of the selection cycle).
This retrospective study showed that grain yield and kernel weight had been improved by
This retrospective study showed that grain yield and kernel weight had been improved by
backcrossing and selection. Mean grain yield of the 2006 selections was 81% greater than that of the
backcrossing and selection. Mean grain yield of the 2006 selections was 81% greater than that of the
2002 parental set (which was, in turn 120% greater than the yield of a S. halepense check entry). The mean
2002 parental set (which was, in turn 120% greater than the yield of a S. halepense check entry). The
yield of the 2009 selections was another 21% above that of the 2006 group, and the highest-yielding
mean yield of the 2009 selections was another 21% above that of the 2006 group, and the highestline in the 2009 group exceeded the 2006 mean by 73%. The highest-yielding experimental line overall,
yielding line in the 2009 group exceeded the 2006 mean by 73%. The highest-yielding experimental
which belonged each year to the 2009 group, had mean yield that was 54% of the yield of a commercial
line overall, which belonged each year to the 2009 group, had mean yield that was 54% of the yield
hybrid grain sorghum check. Seed size did not improve as rapidly. The mean weight of individual
of a commercial hybrid grain sorghum check. Seed size did not improve as rapidly. The mean weight
kernels in the 2009 group, at 8.9 mg, was 150% greater than that of S. halepense but only 25% above the
of individual kernels in the 2009 group, at 8.9 mg, was 150% greater than that of S. halepense but only
2002 group mean. Dividing the mean seed yield of the 27 perennial lines by their mean single-seed
25% above the 2002 group mean. Dividing the mean seed yield of the 27 perennial lines by their mean
weight to obtain a rough estimate of numbers of seeds produced, we concluded that the 2009 selections
single-seed weight to obtain a rough estimate of numbers of seeds produced, we concluded that the
2009 selections and the commercial hybrid check produced similar number of seeds per unit land
area; the difference in their yields was entirely due to differences in weights of individual seeds.
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and the commercial hybrid check produced similar number of seeds per unit land area; the difference
in their yields was entirely due to differences in weights of individual seeds.
Strength of perenniality, while not as strong as that of S. halepense in the 2002 germplasm, did not
decline over selection cycles and remained adequate. Most experimental entries were not as strongly
rhizomatous as the S. halepense check, but they were rhizomatous enough to be perennial. Mimicking
S. halepense and committing up to 70% of its photosynthetic resources to rhizome growth [4] would
be an unnecessary and unproductive waste of resources for a perennial grain sorghum. Despite past
predictions that perennial crops will have lower grain yields than annual counterparts (a concern
that has been allayed by DeHaan et al. [25]), there was no significant association between strength
of perenniality and grain yield in the 2011–2013 experiments. The 2009 perennial selections did,
however, continue to display other traits of the wild progenitor that are undesirable: excessive
tillering and branching throughout the growing season that resulted in non-synchronous flowering
and maturity and waste of resources; excessive plant height; and small, hulled, brown kernels.
Some trait associations, such as between rhizomatousness and aboveground branching, have a logical
anatomical basis, and QTL mapping has shown that some chromosomal regions in S. propinquum
increase both rhizome development and tillering and/or axillary branching; however, two other
QTL were found to affect rhizomes only [16]. In a study of TLI perennial sorghum germplasm
conducted by Nakasagga [26] in Uganda, rhizome number had statistically significant but not strong
positive correlations with tiller number (0.35), head number (0.37), and plant height (0.27), suggesting
that it may be possible to select rhizomatous plants that do not have excessive vegetative growth.
Other undesirable trait associations in the pre-2009 populations, such as between winter survival
ability and small-seededness, had no obvious anatomical or physiological explanation; they may have
resulted from tight genetic linkage, which, we anticipated, could be broken.
Backcrossing and selection have continued in the years since 2009. Further retrospective studies
have not been done, but based on phenotypes of selected plants and data collected since 2016,
there is reason to expect that frequencies of “domestication” alleles continue to increase in the
perennial gene pool. Although excessive aboveground branching remains a problem, perennial
plants with shorter stature; fewer, thicker culms; broader leaves; larger, more compact panicles; and
most importantly, larger seeds are becoming more frequent.
To be suitable for human food, sorghum grain should be relatively large, with a white seed coat.
All of the 2002–2009 winter-hardy selections evaluated in 2011–2013 [7] produced brown seed (which have
not been tested for tannins), with mean individual seed weights ranging from 5.8 to 9.9 mg, compared with
weights of 23 to 28 mg for S. bicolor checks. These weights were typical; of approximately 2000 winter-hardy
plants selected and grown to maturity during the years 2006 through 2013, none had individual seed
weights exceeding 10 mg. Seed sizes have recently improved, however. Among more than 650 surviving
plants selected from nurseries in spring 2016, more than 40 had seed weights exceeding 10 mg; 24 had
seeds larger than 14 mg, 11 larger than 16 mg, and four larger than 18 mg.
Perennial populations under selection by the TLI grain sorghum program have also been evaluated
for biomass production. Among 97 perennial lines evaluated in a trial in southern Italy, ten had
higher biomass yield than a commercial forage-type check hybrid, and three exceeded the yield of a
sterile biomass-type check hybrid; fiber concentrations in the perennial lines were either superior or
comparable to those of the check hybrids [27].
A set of 196 post-2009 rhizomatous TLI selections were field-tested at two locations over two growing
seasons in Uganda in 2015 [28]. The replicated experiment was sown in April, and harvest was completed
by August. Plants were allowed to regrow in September after a short dry season, with a second harvest in
December. Plants produced 88% more rhizomes in the second (regrowth) season than in the first season,
and rhizomes spread further from the base of the plant. Forty-seven percent of families were strongly
rhizomatous in the first season, and that share rose to 91% in the second season, as many of the weakly
rhizomatous plants did not survive. Heavy late-season disease incidence prevented collection of reliable
grain yield data; however, correlations between rhizome numbers of 164 of the families tested in Uganda

Sustainability 2018, 10, 172

6 of 8

and grain yields of the same set of families in 2015 replicated trials in Kansas were close to zero, with 24%
Sustainability
2017,above
9, 172 the mean for both traits (Figure 2).
of the families

6 of 8

Figure
versus
mean
number
of of
rhizomes
perper
plant
in
Figure 2.
2. Scatter
Scatterplot
plotofofrelative
relativegrain
grainyield
yieldininKansas
Kansas
versus
mean
number
rhizomes
plant
in Uganda
among
perennial
sorghum
families.
Yield
datawere
weretaken
takenfrom
fromtwo
twobreeding
breeding trials;
trials;
Uganda
among
165165
perennial
sorghum
families.
Yield
data
relative yields were calculated as deviation
relative
deviation of
of the
the entry
entry mean
mean yield
yield from
fromthe
thetrial
trialmean
meanyield,
yield,in
inggm
m−−11
of row.
row. The two variables had a nonsignificant correlation of r = 0.03.
of

In
the Uganda
Ugandastudy,
study,
some
regrowth
elongated
rhizomes
and
other
came
from
In the
some
regrowth
camecame
from from
elongated
rhizomes
and other
came
from
extremely
extremely
shortgrowing
rhizomes
growing from
downward
the
baseand
of the
andupward
then turning
upward
short rhizomes
downward
the basefrom
of the
plant
thenplant
turning
in many
plants.
in
many
plants.
Such
shoots
developed
into
more
vigorous
adult
plants
than
did
ratoon
shoots
from
Such shoots developed into more vigorous adult plants than did ratoon shoots from aboveground
aboveground
tillers
This type
regrowth
has beenmore
demonstrated
extensively
another
tillers [27]. This
type [27].
of regrowth
hasofbeen
demonstrated
extensivelymore
in another
tropicalincrop,
rice.
tropical
crop,
rice.
A
recently
developed
cultivar
of
perennial
rice
(O.
sativa
×
O.
longistaminata),
PR23
A recently developed cultivar of perennial rice (O. sativa × O. longistaminata), PR23 [29], regrows from
[29],
regrows nodes
from and
belowground
nodes
consequently
doesdecline
not experience
theofyield
decline
belowground
consequently
does and
not experience
the yield
characteristic
ratoon
crops.
characteristic
of
ratoon
crops.
In
trials
of
22
perennial
rice
lines
maintained
through
four
growing
In trials of 22 perennial rice lines maintained through four growing seasons in southern China and Laos,
seasons
inthe
southern
and Laos,
had the highest
mean grain
PR23 had
highestChina
mean grain
yield PR23
and consistently
high regrowth
[29].yield and consistently high
regrowth [29].
5. Future Lines of Research
5. Future Lines of Research
The backcross–selection–backcross cycle is continuing at TLI, with heightened emphasis on
The backcross–selection–backcross
cycle while
is continuing
TLI, with heightened
on
increasing
seed size and reducing branching
retainingatperenniality.
Output of emphasis
rhizomatous
increasing
seedcontinue
size andinreducing
branching
while
retaining
Output
of rhizomatous
selections will
two streams:
lines that
exhibit
strong perenniality.
winter survival
and lines
that express
selections
will
continue
two streams:
lines
that exhibit
strong winter survival and lines that express
perenniality
only
underin
warm
temperate
or tropical
conditions.
perenniality
only under
warm temperate
conditions.
The Uganda
field studies
suggestedor
notropical
impediments
to selecting for perenniality in sorghum
The
Uganda
field
studies
suggested
no
impediments
to
selectingthat
forhas
perenniality
in sorghum
populations under tropical conditions. However, perennial germplasm
been developed
under
populations
tropical
conditions.
However,
perennial
germplasm
that pests,
has been
very differentunder
temperate
conditions
is poorly
adapted
to tropical
photoperiods,
and developed
pathogens.
under
different
temperate
conditions
poorly
adapted
to tropical
photoperiods,
pests, and
In East very
Africa,
high-latitude
germplasm
will beis
useful
primarily
in crosses
with locally
adapted germplasm
pathogens.
In
East
Africa,
high-latitude
germplasm
will
be
useful
primarily
in
crosses
with
locally
to produce populations from which perennial lines can be selected [29]. An interim outcome in developing
adapted
to produce
populations
fromratooning
which perennial
lines can
be would
selected
An
a tropicalgermplasm
perennial sorghum
would
be an improved
grain sorghum.
Aims
be [29].
for more
interim
developing
a tropical
perennial
sorghum
be an season
improved
grain
vigorousoutcome
regrowthinand
higher yields
in the second
(and
possiblywould
subsequent)
thanratooning
are achieved
by
sorghum.
Aims
would
be
for
more
vigorous
regrowth
and
higher
yields
in
the
second
(and
possibly
current annual cultivars when ratooned [30].
subsequent)
season
than are
by current
annualdata
cultivars
ratooned 250
[30].BC1 F1 -derived
Meanwhile,
analyses
ofachieved
phenotypic
and genomic
from when
approximately
Meanwhile,
analyses
of
phenotypic
and
genomic
data
from
approximately
250in
BC
1F1-derived
lines of a S. bicolor × (S. bicolor × S. halepense) population studied during 2013–2017
Georgia
and
lines
of a[31]
S. bicolor
× (S. bicolor
× S. halepense)
population
studied
during
2013–2017
in Georgia and
Kansas
are identifying
genetic
markers for
perennial
habit and
other
traits. Marker-assisted
Kansas [31] are identifying genetic markers for perennial habit and other traits. Marker-assisted
selection could increase the efficiency of the germplasm-development program, especially if it can be
used in breaking possible tight linkage between loci governing rhizome development and loci
affecting important agronomic traits such as seed size.

Sustainability 2018, 10, 172

7 of 8

selection could increase the efficiency of the germplasm-development program, especially if it can be
used in breaking possible tight linkage between loci governing rhizome development and loci affecting
important agronomic traits such as seed size.
Introgression of S. halepense germplasm into the grain sorghum gene pool may open up opportunities
that go well beyond perenniality. The interspecific hybridity and polyploidy of S. halepense, along with its
dispersal and adaptation to an extraordinary variety of environments on every continent, suggests that its
gene pool may harbor many alleles useful for improving S. bicolor for a broad range of traits [3,4].
Diploid progeny recently produced by hybridization between diploid annual and tetraploid
perennial parents could potentially be useful for developing diploid perennial sorghum for both
temperate and tropical environments. More intensive genetic and cytological studies and more
extensive field testing, however, are just beginning. Questions include the following: Does chromosome
elimination occur during formation of gametes in the male parent or after fertilization? Are some
chromosomes eliminated preferentially, and if so, which ones? Most importantly, do the diploid
populations identified to date segregate for perenniality, and, if not, can perennial diploids be produced
by hybridizing male-sterile inbred lines with the most strongly perennial S. halepense accessions?
Fifteen years of hybridization and selection have produced a large, diverse sorghum gene
pool that segregates for perenniality and many other plant traits. Breeding will continue, aimed at
simultaneously increasing the frequencies of gene complexes conferring perenniality and those conferring
high productivity and improved human-food quality. Evaluation in a broader range of environments and
development of a marker-assisted selection system will be emphasized.
Author Contributions: Stan Cox wrote the original draft manuscript and led and carried out the perennial
sorghum breeding program at The Land Institute. Pheonah Nabukalu conducted much of the research and
breeding work. Andrew H. Paterson and Wenqian Kong conducted the genomic field research in Georgia.
Shakirah Nakasagga led and conducted the field research in Uganda. All authors read, edited, and approved the
final manuscript.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.

4.
5.
6.
7.
8.

9.
10.

Glover, J.D.; Reganold, J.P.; Bell, L.W.; Borevitz, J.; Brummer, E.C.; Buckler, E.S.; Cox, C.M.; Cox, T.S.;
Crews, T.E.; Culman, S.W.; et al. Increased food and ecosystem security via perennial grains. Science 2010,
328, 1638–1639. [CrossRef] [PubMed]
Crews, T.E.; Cattani, D.J. Strategies, Advances and Challenges of Breeding Perennial Grain Crops. Sustainability
2018. Available online: http://www.mdpi.com/journal/sustainability/special_issues/Grain_Crops (accessed on
11 January 2018).
Sezen, U.U.; Barney, J.N.; Atwater, D.Z.; Pederson, G.A.; Pederson, J.F.; Chandler, J.M.; Cox, T.S.; Cox, S.;
Dotray, P.; Kopec, D.; et al. Multi-phase US spread and habitat switching of a post-Columbian invasive,
Sorghum halepense. PLoS ONE 2016, 11, e0164584. [CrossRef] [PubMed]
Paterson, A.H. Genomics of sorghum. Int. J. Plant Genom. 2008. [CrossRef] [PubMed]
Wendorf, F.; Close, A.E.; Schild, R.; Wasylikowa, K.; Housley, R.A.; Harlan, J.R.; Królik, H. Saharan
exploitation of plants 8000 years BP. Nature 1992, 359, 721–724. [CrossRef]
Duncan, R.R.; Moss, R.B. Comparative yields of ratoon cropped temperately and tropically adapted grain
sorghum hybrids. Crop Sci. 1987, 27, 569–571. [CrossRef]
Nabukalu, P.; Cox, T.S. Response to selection in the initial stages of a perennial sorghum breeding program.
Euphytica 2016, 209, 103–111. [CrossRef]
Arriola, P.E.; Ellstrand, N.C. Crop-to-weed gene flow in the genus Sorghum (Poaceae): Spontaneous
interspecific hybridization between johnsongrass, Sorghum halepense, and crop sorghum, S. bicolor.
Am. J. Botany 1996, 83, 1153–1159. [CrossRef]
Guo, J.H.; Skinner, D.Z.; Liang, G.H. Phylogenetic relationships of sorghum taxa inferred from mitochondrial
DNA restriction fragment analysis. Genome 1996, 39, 1027–1034. [CrossRef] [PubMed]
Pritchard, A.J. Cytological and genetical studies on hybrids between Sorghum almum Parodi (2n = 40) and
some diploid (2n = 20) species of sorghum. Euphytica 1965, 14, 307–314. [CrossRef]

Sustainability 2018, 10, 172

11.
12.
13.
14.

15.

16.

17.

18.
19.
20.
21.
22.
23.

24.
25.
26.
27.

28.
29.

30.
31.

8 of 8

Jessup, R.W.; Klein, R.R.; Burson, B.L.; Murray, S.C.; Washburn, J.D.; Heitholt, J.J.; Foster, J.L. Registration of
Perennial× Line PSH12TX09. J. Plant Regist. 2017, 11, 76–79. [CrossRef]
Jackson, W. New Roots for Agriculture; University of Nebraska Press: Lincoln, NE, USA, 1980.
Piper, J.K.; Kulakow, P.A. Seed yield and biomass allocation in Sorghum bicolor and F1 and backcross
generations of S. bicolor × S. halepense hybrids. Can. J. Bot. 1994, 72, 468–474. [CrossRef]
Paterson, A.H.; Schertz, K.F.; Lin, Y.-R.; Liu, S.-C.; Chang, Y.-L. The weediness of wild plants: molecular
analysis of genes influencing dispersal and persistence of johnsongrass, Sorghum halepense (L.) Pers.
Proc. Natl. Acad. Sci. USA 1995, 92, 6127–6131. [CrossRef] [PubMed]
Hu, F.Y.; Tao, D.Y.; Sacks, E.; Fu, B.Y.; Xu, P.; Li, J.; Yang, Y.; McNally, K.; Khush, G.S.; Paterson, A.H.
Convergent evolution of perenniality in rice and sorghum. Proc. Natl. Acad. Sci. USA 2003, 100, 4050–4054.
[CrossRef] [PubMed]
Kong, W.; Kim, C.; Goff, V.H.; Zhang, D.; Paterson, A.H. Genetic analysis of rhizomatousness and its
relationship with vegetative branching of recombinant inbred lines of Sorghum bicolor × S. propinquum.
Am. J. Bot. 2015, 102, 718–724. [CrossRef] [PubMed]
Washburn, J.D.; Murray, S.C.; Burson, B.L.; Klein, R.R.; Jessup, R.W. Targeted mapping of quantitative trait
locus regions for rhizomatousness in chromosome SBI-01 and analysis of overwintering in a Sorghum bicolor
× S. propinquum population. Mol. Breed. 2013, 31, 153–162. [CrossRef] [PubMed]
Hadley, H.H. Chromosome numbers, fertility and rhizome expression of hybrids between grain sorghum
and johnsongrass. Agron. J. 1958, 50, 278–282. [CrossRef]
Krishnaswamy, N.; Raman, V.S.; Chandrasekharan, P. An interspecific hybrid of grain sorghum and Johnson
grass—S. halepense (2n = 20) × S. roxburghii (2n = 20). Curr. Sci. 1956, 25, 195–197.
Davis, J.G.; Edye, L.A. Sorghum almum Parodi, a valuable summer growing grass. J. Aust. Inst. Agric. Sci
1959, 25, 117–127.
Commonwealth Scientific and Industrial Research Organisation (CSIRO). Sorghum spp. hybrid (forage sorghum
hybrids) cv. Silk. J. Aust. Inst. Agric. Sci. 1978, 44, 219–221.
Commonwealth Scientific and Industrial Research Organisation (CSIRO). Sorghum spp. hybrid (sweet Sudan
grass hybrids) cv. Sucro. J. Aust. Inst. Agric. Sci 1978, 44, 218–219.
Cox, S.; Nabukalu, P.; Paterson, A.H.; Kong, W.; Auckland, S.; Rainville, L.; Cox, S.; Wang, S. High proportion
of diploid hybrids produced by interspecific diploid × tetraploid Sorghum hybridization. Genet. Resour.
Crop Evolut. 2017. [CrossRef]
Dweikat, I. A diploid, interspecific, fertile hybrid from cultivated sorghum, Sorghum bicolor, and the common
Johnsongrass weed Sorghum halepense. Mol. Breed. 2005, 16, 93–101. [CrossRef]
DeHaan, L.R.; Van Tassel, D.L.; Cox, T.S. Perennial grain crops: A synthesis of ecology and plant breeding.
Renew. Agric. Food Syst. 2005, 20, 5–14. [CrossRef]
Nakasagga, S. Characterization of Sorghum bicolor × Sorghum halepense hybrids for the rhizome production
trait in Uganda. Master’s Thesis, Makerere University, Kampala, Uganda, 2017.
Habyarimana, E.; Lorenzoni, C.; Redaelli, R.; Alfieri, M.; Amaducci, S.; Cox, S. Towards a perennial biomass
sorghum crop: A comparative investigation of biomass yields and overwintering of Sorghum bicolor × S. halepense
lines relative to long term S. bicolor trials in northern Italy. Biomass Bioenergy 2017. [CrossRef]
Nakasagga, S.; Biruma, M.; Tusiime, G.; Nabukalu, P.; Cox, S. Rhizome Development in Sorghum bicolor ×
S. halepense Families in the Tropical Ecosystem of Uganda. Afr. J. Agric. Sci. 2018, in press.
Zhang, S.; Hu, J.; Yang, C.; Liu, H.; Yang, F.; Zhou, J.; Samson, B.K.; Boualaphanh, C.; Huang, L.; Huang, G.
Genotype by environment interactions for grain yield of perennial rice derivatives (Oryza sativa L./Oryza
longistaminata) in southern China and Laos. Field Crops Res. 2017, 207, 62–70. [CrossRef]
Paterson, A.H.; Cox, T.S.; Kong, W.; Navarro, M. Multiple-harvest sorghums toward improved food security.
Perenn. Crops Food Secur. 2014, 90, 90–102.
Kong, W. Transmission Genetics of Sorghum to Johnsongrass Gene Transfer. Ph.D Dissertation, University
of Georgia, Athens, GA, USA, 2017.
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

