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The Land Institute is developing perennial grains to be grown in prairie-like mixtures. One approach involves the develop-
ment of a perennial grain sorghum by crossing tetraploid Sorghum bicolor with wild S. halepense to combine high seed yield
with overwintering ability via rhizome production. We grew tetraploid S. bicolor, F| hybrid (BCy), and two backcross
generations (BC,; and BC,) in a randomized block design to examine total biomass, seed yield, and allocation to plant parts
within and across generations. Root, rhizome, stem and leaf, and total biomass decreased from the BC, to BC, to S. bicolor
generations, whereas panicle mass, seed mass, and reproductive allocation were lowest in the BC, generation (p < 0.05,
ANOVA). Mean seed mass (g - plant~!) was 39.1 in the BC,, 107.3 in the BC,, 84.1 in the BC,, and 92.7 for the S. bicolor
parent, which translated into yields of 171.9, 471.6, 396.7, and 407.5 g - m~2, respectively. Reproductive allocation varied
from 14.7% in BC, to 28.9% in BC, compared with 33.5% in S. bicolor. Mean allocation to rhizomes was 2.71% in BC,
but negligible in BC, and BC,. There was no relationship between rhizome mass and seed mass within any generation, but
there was a positive correlation between total plant mass and rhizome mass in BC,. We divided the BC,, population into four
groups with respect to rhizome production and found no significant differences among the groups in plant size or seed yield.
Within each generation, reproductive allocation was inversely related to culm mass. The lack of an apparent trade-off between
allocation to rhizome versus allocation to seed within any generation supports the possibility of combining within a population
high seed yield and production of perennating belowground organs.

Key words: backcross, hybrid, perennial grains, reproductive allocation, rhizome, seed mass, Sorghum bicolor, Sorghum
halepense.
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Le Land Institute développe des graminées pérennes pour la culture en mélange dans des sites de type prairie. Une des
approches consiste 2 développer un sorgho a grains, pérenne, en croisant le Sorghum bicolor tétraploide avec le S. halepense
sauvago, afin de combiner le fort rendement on grains avec la capacité d’hivernage par la production de stolons. Les auteurs
ont cultivé le S. bicolor, le F, hybride et les rétrocroisements avec deux descendances (BC, et BC,) dans un dispositif expé-
rimental au hasard, et ils ont examiné la biomasse totale, le rendement en grains et I’allocation des réserves aux diférentes
parties de la plante, A I'intérieur et entre les générations. Les biomasses de la racine, du rhizome, de la tige, de la feuille
ainsi que la biomasse totale diminuent, des descendants de BC, a BC, & S. bicolor, alors que la masse du panicule, la masse
des graines et 1’allocation a 1’appareil reproducteur sont plus faibles dans la descendance BC; (p < 0,05, ANOVA). La
masse moyenne des semences (g - plant~') est de 39,1 chez le BC,, 107,3 chez le BC,, 84,1 chez le BC,, et 92,7 chez le
parent S. bicolor, ce qui se traduit par des rendements respectifs de 171,9, 471,6, 396,7 et 407,5 g - m~2. L’allocation pour
la reproduction varie de 14,7% chez le BC,, 4 28,9% chez le BC,, comparativement 4 33,5% chez le S. bicolor. L’allocation
moyenne au rhizome est de 2,71% chez le BC, mais négligeable chez les BC, et BC,. Il n’y a pas de relation entre la masse
du rhizome et la masse des graines pour une génération donnée, mais il y a une corrélation positive enre la masse totale de
1a plante et la masse du rhizome chez le BC,,. Les auteurs divisent la population BC, en quatre groupes quant a leur produc-
tion de rhizomes, sans pour autant trouver de différences significatives entre les groupes quant a la dimension du plant ou
au rendement en grains. A Uintérieur de chaque génération, I’allocation 2 la reproduction montre une relation inverse avec
la masse du chaume. L’absence apparente de compensation entre 1’allocation au rhizome vs. I’allocation aux semences pour
une génération donnée, confirme qu’il serait posible de combiner, dans une population, une forte production de graines avec
la production d’organes souterrains pérennes.

Mots clés : rétrocroisement, hybride, graminées pérennes, allocation a la reproduction, rhizome, masse des graines, Sorg-
hum bicolor, Sorghum halepense.

[Traduit par la rédaction]

Introduction for human or livestock consumption. Another strategy involves

The development of herbaceous perennials as grains may
alleviate some of the environmental problems that can arise
from agricultural practices comprising annual crops grown on
erodible soils (Wagoner 1990; Soule and Piper 1992). Mix-
tures of perennial grains could reduce energy expenditures on
tillage, reduce soil erosion, provide much of their own nitro-
gen fertility, encourage and harbor biological control agents,
and minimize weed growth. One approach involves domes-
ticating wild perennials (e.g., Tripsacum dactyloides, Agro-
pyron intermedium, Desmanthus illinoensis) to produce seeds
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the development of perennial grains via crossing annual crops
with perennial relatives. In this paper, we focus on work to
develop a perennial grain sorghum by crossing tetraploid Sor-
ghum bicolor with wild S. halepense to combine high seed
yield with overwintering ability via rhizome production. The
theoretical arena for this work involves considerations of seed
yield, resource allocation, and effects of enhanced reproduc-
tion on subsequent growth and survivorship.

One of the challenges raised against the feasibility of peren-
nial grains is an assumed trade-off between seed production
and subsequent plant growth and survival. Such a trade-off
between resources devoted to reproduction versus vegetative
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growth would lead to predictions that plants are more likely to
die after reproducing (e.g., Law 1979) and a large reproduc-
tive output in 1 year should be negatively correlated with
growth that year or in the following year (e.g., Sohn and
Policansky 1977). Whether reproduction results in a demo-
graphic cost has been tested in plant populations by examining
correlations between reproduction in 1 year and growth, sur-
vival, and reproduction in the following year (e.g., Piper
1992).

Bazzaz and Ackerly (1992) defined reproductive allocation
(RA) as the proportion of total resources devoted to reproduc-
tion. Overall, RA can increase, decrease, or remain constant
in relation to size variation within a species, depending on the
allometric relationship between reproduction and total bio-
mass (e.g., Samson and Werk 1986; Bazzaz et al. 1987,
Weiner 1988). In many cases, RA is a linear function of total
plant mass.

The purpose of this study was to examine the relationship
between plant size and reproduction, and possible trade-offs
between seed production and perennation in S. bicolor paren-
tal lines, and BC,, BC,, and BC, hybrid and backcross gener-
ations of S. bicolor X S. halepense crosses. To determine
whether costs of reproduction exist, it is important to measure
whether individuals differing in RA, but similar with respect
to age and environment, differ in growth or overwintering
potential (Horvitz and Schemske 1988). Thus, the experimen-
tal population consisted of even-aged individuals. Specifically,
we addressed three questions.

First, how does the pattern of biomass allocation change
among generations varying for rhizome production across
annual to more perennial generations? A major assumption of
allocation theory is that resource allocation among functions is
mutually exclusive, thus generating trade-offs among plant
parts (Bazzaz and Ackerly 1992). This assumption may not be
observed, however, because reproduction itself can lead to an
increase in the total resource supply (e.g., through photosyn-
thesis of reproductive parts) and plant structures can simul-
taneously contribute to more than one function such that
measures of allocation to structures do not always reflect
investment in function. In general, annuals generally have
higher seed output and RA than perennial congeners (Warwick
etal. 1984, 1986; Bazzaz et al. 1987; Hancock and Pritts 1987).

Second, what is the relationship between reproduction and
total biomass? In herbaceous plants, reproduction is often a
direct function of plant size (e.g., Wolfe 1983; Pitelka et al.
1985; Piper 1989). If sorghum hybrid generations vary in
overall growth, this could have important consequences for
seed yield.

Third, is there a trade-off between seed and rhizome
production? To distinguish it from RA, reproductive effort
(RE) may be defined as investment of a resource in reproduc-
tion that results from its diversion from vegetative activity
(Bazzaz and Ackerly 1992). RE can be defined physiologically
by examining changes in vegetative biomass resulting from
reproduction (Tuomi et al. 1983; Reekie and Bazzaz 1987a,
1987b). To develop a successful perennial grain sorghum, we
must optimize simultaneously seed yield and rhizome produc-
tion. We are interested in the balance or interplay among these
functions. Here, because we were concerned about traits
linked to overwintering ability, we examined whether there
were negative correlations between such traits as high seed
yield and ability to produce rhizomes, the basis for perenna-
tion in Sorghum halepense and its hybrids.

Materials and methods

Description of crosses and experimental design

Sorghum halepense (L.) Pers., Johnsongrass, is a rhizomatous
perennial that grows up to 3 m tall. The inflorescence is an open
panicle 15—49 cm long bearing spikelets. It is a tetraploid with a
chromosome number of 2n = 40. A native of southern Eurasia to
India, in North America S. halepense is a common weed of road-
sides, ditches, and agricultural fields. It was introduced into the
southeastern United States in the early 1800s (McWhorter 1971) and
by 1900 was a serious weed in much of the U.S.A., reaching southern
Canada (southwestern Ontario) by the late 1950s (Alex et al. 1979).
Weedy traits include extensively creeping rhizomes, which allow
overwintering in temperate climates, large numbers of small seeds,
shattering of seed heads, seed dormancy, vigorous growth rate, and
large variability (Warwick and Black 1983). Horowitz (1973)
reported a mean seed production of 84 g - plant~!, with a maximum
of 243 g - plant™'.

Sorghum bicolor (L.) Moench is a cultivated annual grown from
Texas to South Dakota. Mean dryland grain yield for Saline County,
Kansas, 1980—1992, is 2780 kg - ha™' (range = 680—4850 kg -
ha~'; Kansas State Board of Agriculture 1980—1992). Most crop
varieties are diploid (2r = 20). To increase the likelihood of produc-
ing fertile hybrids we used tetraploid lines of S. bicolor derived from
earlier work by Doggett (1988). Two sets of hybrids were made in
1983 and 1986 using different S. halepense and tetraploid S. bicolor
parental lines. The first set of crosses used a taller grain sorghum par-
ent (‘2004°’) with an open panicle type. These crosses were used to
derive a BCyF; composed of BCyF, plants that had survived one
winter in Salina, Kansas (Jones 1991). This population on average
would be composed of 50% S. bicolor genes and 50% S. halepense
genes. The second set of crosses used a set of tetraploid S. bicolor
parents (‘‘6727°’) with better agronomic qualities including shorter
plant height, increased stalk strength, more compact panicles, larger
seed size, and higher seed yield in previous trials. Two backcross
generations were derived from these hybrids by crossing F,; hybrid
plants to a cultivated recurrent plant then self-pollinating to derive a
BC,F, population with an average of 75% S. bicolor genes and a
BC,F, population with an average of 87.5% S. bicolor genes (Jones
1991). Backcrosses were made without selection for rhizome produc-
tion or overwintering ability.

We grew the two S. bicolor parents, hybrid (BC), and two back-
cross generations (BC; and BC,) in a randomized complete block
design to examine total biomass, seed yield, and allocation to plant
parts. In early May 1992, plants were established from seed in a 24 X
11.8 m field plot on a Tobin silt loam, 0—2% slope (fine-silty,
mixed, Mesic Cumulic Haplustolls). Seedlings were thinned to a
spacing of 25 cm apart within 6 m long rows, with rows 91 cm apart.
There were 12 rows in four blocks; the outer rows were border rows.
In August, we randomly selected and marked 5—10 plants per row
for harvest. At the end of the growing season, but prior to seed shat-
tering, we removed the marked plants from the field, dividing them
into roots, rhizomes, culms (stem and leaves), panicles, and seeds.
Root balls were soaked in 15-L plastic buckets of water, then care-
fully washed to minimize root loss. Plant parts were air-dried in a
greenhouse to constant mass and weighed.

Data on absolute and relative biomass between generations were
compared by one-way ANOVA. Relationships among total biomass
and plant parts within generations were examined by multiple corre-
lation. Within-population variability was estimated using coefficients
of variation (CVs).

Results

Differences across generations

Root, rhizome, stem and leaf (culm), and total biomass
decreased from the BC, to BC, generations, whereas panicle
mass and seed mass increased from BC, to BC,, then
declined in BC, (Table 1). Mean seed mass (g - plant—!) was
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FIG. 2. Mean biomass allocation (%) for Sorghum bicolor and three
generations of S. bicolor X S. halepense crosses. The reproductive
portion (panicle) is further divided into seed and accessory reproduc-
tive structures (e.g., pedicels). Bar sections with the same letter do
not differ at p < 0.05 (ANOVA; Duncan’s multiple range test).

39.1 in the BCy (n = 50), 107.3 in the BC, (n = 70), 84.1
in the BC, (n = 89), and 92.7 g in the S. bicolor parental
lines. These translated into yields of 171.9, 471.6, 396.7, and
407.5 g - m~2, respectively. Seed size, measured as 100-seed
mass, increased fivefold from the BC, to BC, generation, and
increased from the BC, to the BC, generation (Table 2).
There was no difference in seed size between BC, and
S. bicolor plants, however.

There was a wide range of rhizome production within the
BC, generation, but rhizome expression was largely lost from
the other hybrid generations. Nevertheless, one BC; plant
produced 8.5 g rhizomes and one BC, plant produced 5.0 g
rhizomes (see Fig. 1).

Reproductive allocation varied from 14.7% in BC, to
30.3% in BC, (Fig. 2). RA was significantly higher in
S. bicolor than in BC,; and BC, generations, which in turn
had significantly higher RA than the BC,,.

There were differences in some variables between the 2004
(parent of BCg) and 6727 (parent of BC; and BC,) S. bicolor
parents. The 2004 line had higher root mass (38.9 vs. 24.2 g,
p < 0.05), reproductive mass (156.6 vs. 94.1 g, p < 0.01),
seed mass (122.8 vs. 62.6 g, p < 0.001), total mass (500.4
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Fic. 3. Mean biomass distribution (g) for four groups of BC,
plants differing in rhizome mass. Bar designations as in Fig. 2. Bar
sections with the same letter do not differ at p < 0.05 (ANOVA;
Duncan’s multiple range test).
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FiG. 4. Mean biomass allocation (%) for four groups of BC,
plants differing in rhizome mass. Bar designations as in Fig. 2. Bar
sections with the same letter do not differ at p < 0.05 (ANOVA;
Duncan’s multiple range test).

vs. 305.0 g, p < 0.05), and RA (36.2 vs. 30.8%, p < 0.05).
The higher seed yield of 2004 was contrary to our previous
experience with these lines.

Within each generation, rhizome mass was the most variable
plant component (Table 3). CVs for all plant parts were high,
however. A similar pattern occurred for variability in percent-
age allocation (Table 4), although overall CVs were lower
than for absolute biomass. Among generations, the BC
population was generally more variable than the other popula-
tions for such important reproductive measures as total seed
mass, mean seed mass, and RA.
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TABLE 1. Biomass distribution (g) for plants of Sorghum bicolor and three generations of
S. bicolor X §. halepense crosses

BC, BC, BC, S. bicolor

Plant part (n = 50) (n = 170) (n = 89) (n = 40)
Seeds 39.1+32.8¢ 107.3+77.5a 84.14+66.0b 92.7+60.9ab
Total reproduction 83.5+57.1b 141.5+89.2a 116.3+84.9a 125.3+74.0a
Culms 408.3+264.6a 349.54+227.3ab  265.2+221.4bc 245.8+194.0c

Rhizomes 15.9422.5a 0.4+1.2b 0.1+0.66 0.0+0.0b
Roots 98.3+88.7a 54.3+37.76 43.0449.0bc 31.6+23.2¢
Total 606.0+398.5a 549.2+319.2a 424.6+323.0b 402.7+277.4b

Note: Values are means + SD. For each variable, means followed by the same letter do not differ at p < 0.05

(ANOVA; Duncan’s multiple range test).

TaBLE 2. One-hundred seed mass (g) for
S. bicolor and three §. bicolor X
S. halepense hybrid generations

Generation n 100-seed mass
BC, 18 0.5140.12¢
BC, 18 2.5110.54b
BC, 14 3.5840.40a
S. bicolor 16 3.79+0.78a

NoTE: Values are means + SD. Means followed by
the same letter do not differ at p < 0.05 (ANOVA;
Duncan’s multiple range test).

Reproduction versus total biomass

Within each generation, seed and total reproductive mass
increased with culm mass. Culm mass and seed mass were
positively correlated in each generation (BC,y, r = 0.61; BC,,
r = 0.56; BC,, r = 0.51; S. bicolor, r = 0.77; all p <
0.0001). Reproductive allocation (%), however, was inversely
related to culm biomass in both BC; (r = —0.30, p < 0.05)
and BC, (r = —0.36, p < 0.0001) generations. Consistently,
there was an inverse relationship between percent allocation to
culm and percent allocation to seed (BC,, r = —0.66; BC,,
r = —0.83; BC,, r = —0.88; S. bicolor, r = —0.94; all
p < 0.0001). In all of the generations, seed yield was posi-
tively correlated with plant size (BCy, r = 0.70; BCy, r =
0.73; BC,, r = 0.65; S. bicolor, r = 0.86; all p < 0.0001).
Thus, depending on the generation, anywhere from 42 to 74 %
of the variation in seed yield was attributable to plant size.
Similarly, root mass and seed mass were consistently posi-
tively correlated (BCy, r = 0.70; BCy, r = 0.48; BC,, r =
0.32; 8. bicolor, r = 0.72; all p < 0.001). Within each gener-
ation, the biggest plants produced the largest seed yields.

Seed versus rhizome production

Although rhizome production decreased from the BC, to
BC, generations, there was no inverse relationship between
rhizome mass and seed mass within any generation. Instead,
the main trade-off seemed to be allocation to culm versus seed.
Only in BC, was there an inverse relationship between per-
cent allocation to seed and percent allocation to roots (r =
—0.26, p < 0.05).

Patterns within the BC, generation

Because the BC, generation was the only population that
retained a high rate of rhizome expression, we examined more
closely the patterns of seed yield and rhizome expression

TaBLE 3. Coefficients of variation (%) for biomass distribution in
Sorghum bicolor and three generations of S. bicolor X S. halepense

crosses

BC, BC, BC, S. bicolor

Plant part n=50) (=70 (=289 (n=40)
Seeds 83.9 72.2 78.5 65.7
Total reproduction 68.4 63.0 73.0 59.1
Culms 64.8 65.0 83.5 78.9
Rhizomes 142 343 502 —
Roots 90.2 69.4 114.0 73.4
Total 65.8 58.1 76.1 68.9

TABLE 4. Coefficients of variation (%) for percentage biomass alloca-
tion in Sorghum bicolor and three generations of S. bicolor X
S. halepense crosses

BC, BC, BC, S. bicolor

Plant part n=5) (=70 @ =189 (n =40
Seeds 71.4 48.7 57.4 42.4
Total reproduction 45.6 39.1 439 35.5
Culms 11.3 18.1 20.7 20.3
Rhizomes 104 324 529 —
Roots 32.7 43.1 61.8 30.4
Harvest index* 69.4 49.5 56.0 42.2

*Harvest index = seed mass / aboveground mass.

within the BCy. We divided the BC; plants into four categor-
ies based on rhizome mass: group I (thizome mass < 1.00 g)
were essentially annual plants; group II (rhizomes 1.00—
9.99 g) showed a tendency to produce rhizomes but were
probably only weakly perennial; group III (10.00—-20.00 g)
displayed stronger rhizome expression and were more likely
perennial; and group IV (rhizomes > 20.00 g) were probably
strongly perennial. We compared differences among the groups
by ANOVA.

The only significant difference among these groups was in
absolute and percentage rhizome production (Figs. 3 and 4).
Larger plants produced more rhizome mass and allocated a
greater percentage of their biomass to rhizomes, but other
plant parts did not differ among groups. This analysis showed
that biomass devoted to seed did not decline significantly with
increased biomass devoted to rhizome. There was no signifi-
cant difference in seed yield between ‘‘annual type’’ and
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“‘perennial type’’ BC, hybrids. Instead, rhizome production
was associated with increased overall growth.

Discussion

Biomass allocation across generations

The results demonstrate some differences in biomass alloca-
tion between more ‘‘perennial type’’ (plants that produce more
rhizomes) and ‘‘annual type’’ (plants that produce few or no
rhizomes) sorghum and sorghum hybrids. From the BC,
generation to the S. bicolor parents, RA more than doubled,
percent culm declined somewhat, and percent belowground
(roots plus rhizomes) biomass in the annual types (BC,, BCy,
S. bicolor) was one-half that in the BC,. Moreover, the
annual types featured higher seed yield and larger seeds, the
increase in seed yield seeming to arise primarily from lower
allocation to culms. Retention of rhizomes by some BC, and
BC, plants was a positive trait in these generations, although
overall rhizomeg production was rare in these populations.

Our results were similar to those of Warwick et al. (1984,
1986) on annual versus overwintering S. halepense biotypes in
Canada. In their studies, total plant mass was similar between
biotypes. Annual type plants, however, produced larger seeds
and allocated greater percentage biomass to reproduction (21
vs. 11%) and culms. In contrast, overwintering types devoted
more biomass, absolutely and relatively (28.6 vs. 18.9%), to
underground organs.

Overall, masses of inflorescences, culms, rhizomes, and
total plant were smaller for the BC, of the present study than
for field-grown perennial S. halepense reported by Warwick
et al. (1986). Mean root mass, however, was nearly identical
in the two studies. Percentage allocation to root and rhizome
was lower in our BC; plants than in their perennial S. hale-
pense (15.3 vs. 41.9%). In their study, annual populations had
higher panicle biomass and RA (17.8 vs. 11.3%).

Seed size of our BC, was somewhat higher than that
reported by Warwick et al. (1984) for overwintering types of
S. halepense from southern Ontario (0.51 4+ 0.12 vs. 0.38 +
0.27 g/100 seeds). Seed size is directly related to both grain
quality and, in many species, likelihood of seedling establish-
ment (e.g., Schaal 1980).

Much information on population distribution is masked by
looking at means only, especially for such highly variable
populations as our BC,. Warwick et al. (1984) found that
nonoverwintering populations of S. halepense were more
homogeneous than overwintering types. This was similar to
our result for BC relative to the other sorghum generations.

Our work to develop a perennial grain sorghum depends on
the lack of a strict trade-off between high seed yield and over-
wintering ability. Reekie and Bazzaz (1987a, 1987b) reported
an inflorescence biomass of Agropyron repens ranging from 0
to 10% of total biomass. Inclusion of reproductive support
structures increased RA to 20—40%. In one of the six geno-
types they examined RE was negative in several treatments,
suggesting that there was an increased supply of photosynthate
as a result of reproduction.

Proportion of reproductive biomass allocated to seeds varies
widely. Lloyd (1988) reported seed and fruit allocation rang-
ing from 34 to 83% (to >90% in females of dioecious species)
of total reproductive biomass. In our study, seed allocation as
a percentage of reproductive mass ranged from 46.8% in BC,
to over 70% in the other three populations.

Reproduction versus total biomass

In some perennial species, RA increases with plant size
(Pifiero et al. 1982; Oyama and Dirzo 1988; Schat et al.
1989). In other species, however, RA is constant across plant
sizes (Ackerly and Jasiensky 1990). In either case, most varia-
tion in reproductive output is due to variation in plant mass.
Reproductive allocation is only one component of fecundity,
however, and to link allocation and reproductive output it must
be considered in relation to plant size.

In each of the sorghum generations, both reproduction and
seed mass were positively correlated with plant size. Thus,
depending on the generation, anywhere from 42 to 74 % of the
variation in seed yield was attributable to plant size, indicating
that seed yield is a linear function of plant size for these plants.
Reproductive allocation, however, was inversely related to
stem biomass in both BC; and BC, generations, suggesting a
potential for selection to improve RA without appreciable loss
of biomass. Our results were similar to those of other studies
showing a simple linear relationship between plant size and
reproductive output (Samson and Werk 1986; Hartnett 1990;
Thompson et al. 1991; Piper 1992).

Variation in RA is oftentimes less than variation in biomass,
such that reproductive mass is strongly correlated with plant
size. Here, this was consistently true, with CV for RA ranging
from 35.6% (in S. bicolor) to 45.1% (in BCy) but CV for
total biomass ranging from 58.1% (in BC,) to 76.1% (in BC,).

Seed versus rhizome production

Production of rhizomes is the sole means by which Johnson-
grass and sorghum hybrids can remain perennial in temperate
latitudes. Therefore, a major concern in developing an over-
wintering grain sorghum is the feasibility of combining good
agronomic quality (high seed yield, shatter resistance, large
seeds, compact inflorescences, stalk strength) with the ability
to persist year to year. Thus, it is promising that there was no
apparent trade-off between allocation to rhizome versus allo-
cation to seed within any of the hybrid generations. Independ-
ence of rhizome expression from undesirable traits would
allow the combination of overwintering ability with crop-like
characteristics. It is imperative in the breeding effort that a
perennial sorghum hybrid not retain the aggressive weedy
attributes of S. halepense.

The hope for the project lies with the hybrids that produced
large amounts of rhizomes. It is encouraging that a few
individuals of the BC; and BC, generations expressed rhi-
zomes. Unfortunately, we do not know the minimum mass of
rhizome that will enable a plant to overwinter. Moreover, this
critical mass is likely to vary with environment, year, and
location. Because of the need for destructive sampling of
plants in this study, we were unable to measure overwintering
ability in plants of known rhizome mass. Another study of this
BC, generation, however, showed that 57% of plants over-
wintered and that likelihood of overwintering is directly
related to rhizome production (P.A. Kulakow, unpublished).

It is worth noting that the extrapolated mean seed yield of
even the BC, generation was 62% of the 1980—1992 average
dryland grain sorghum yield for Saline County. The impor-
tance of perennial hybrid sorghum in addressing the issue of
high seed yield in herbaceous perennials is clear in demon-
strating the possibility for such plants, grown with few inputs,
to yield similarly to annual grains. It remains to be discovered
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whether high yield in overwintering lines can be sustained
over several growing seasons.

The various theories proposed to explain resource allocation
patterns assume that vegetative and reproductive processes
compete for a common pool of resources and that an increase
in one activity necessarily results in a proportional decrease in
the other activity. Several studies, however, have failed to
demonstrate such a cost of reproduction. For example, Pitelka
et al. (1985) found that rhizome growth was not reduced by
flowering in Clintonia borealis, although flowering in that
species is plant size dependent. Similarly, in a study of Agro-
pyron repens by Reekie and Bazzaz (1987b), reproduction
failed to reduce growth and even enhanced growth in some
cases where resources were most favorable. Jackson (1990)
detected no differences in growth between high and low seed
yielding forms of Tripsacum dactyloides. These results sug-
gest that, in some perennial species at least, increased repro-
ductive output may not always be associated with a significant
decline in future growth or reproductive success (see also
Piper 1992).

Minerals may be as important a measure of reproductive
allocation as biomass as it is likely that allocation of a mineral
to one organ will come at the expense of its allocation to
another. Patterns of mineral allocation may not reflect patterns
of carbohydrate allocation (e.g., Pate et al. 1991). Benech
Arnold et al. (1992) found that allocation of most macro-
nutrients changed with biomass allocation to seeds of both
S. bicolor and S. halepense, but not to S. halepense rhizomes.

There are several reasons why one should not automatically
assume a trade-off between growth and reproduction. For
example, extra resources may be taken up or produced prior
to or during reproduction for the sole purpose of reproduction,
green flowers and fruits can contribute photosynthate to their
own development, or reproduction and vegetative growth may
be limited by different resources altogether (Tuomi et al. 1983;
Willson 1983; Watson 1984). Overall, growth seemed the best
predictor of sizable rhizome production in our sorghum
hybrids. One or more of these mechanisms may explain why
we found no negative correlations between reproduction and
rhizome production within the BCy generation.

Prognosis

This work stands apart from other work on resource alloca-
tion in two important ways. First, the populations we studied
were highly variable genetically. Although it was useful to
compare means of the BCy, BC;, and BC, populations, varia-
tion within generations was probably just as important, espe-
cially as the BC; and BC, generations did not produce
appreciable amounts of rhizomes. Hence, much of the interest-
ing results on patterns of rhizome production were imbedded
within the BC; generation. An apparent paradox that has
characterized this work is that there is no obvious trade-off
between perennation and seed yield within generations based
on correlations, but perennation has been lost except in a por-
tion of the BC, plants. The second distinguishing feature of
this work is the practical objective of combining the perennial
habit and high seed yield. We are addressing both how much
seed yield is enough and how much rhizome production will
allow overwintering; we expect that there are ideal ratios
among plant parts that must be achieved. If hybrids have
higher total biomass than grain sorghum, as occurred here,
then lower allocation percentages could be tolerated.

TABLE 5. A comparison of a perennial sorghum ideotype with the
parent and hybrid to meet the goals of high seed yield and overwinter-
ing ability

Parent
S. halepense to rhizomes (%) 30—-40%
S. bicolor to seed (%) 30—40%
Hybrid
Rhizome mass needed for overwintering (g) 80t
Desirable seed yield (g) 100
Mass attained by hybrids (g) 500—-600%
Ideotype
Plant mass (g) 500
Seed mass (g) 100
Rhizome mass (g) 80

*Benech Arnold et al. (1992).
fP.A. Kulakow (unpublished).
fPresent study.

Benech Arnold et al. (1992) found that total biomass of
S. halepense is higher than for S. bicolor. If one subtracts rhi-
zome mass the difference between the two is much less. Their
results, coupled with the results of our study, suggest that
perennation may be achieved partly through increased bio-
mass. Our empirical results, combined with published results
of others, led us to explore whether a perennial grain sorghum
is theoretically feasible (Table 5). Thirty to 40% of total bio-
mass is devoted to reproduction in S. bicolor or to rhizomes
in S. halepense (Benech Arnold et al. 1992). Perhaps total
energy devoted to these two functions would be shared in
hybrids. We considered the total biomass achievable in
hybrids, sufficient seed production (100 g - plant~! = 440 g -
m~2 at a density of 4.4 plants - m~2), and rhizome mass
needed to assure overwintering for a perennial sorghum ideo-
type (Table 5). The model suggests that a high-yielding peren-
nial is a realistic selection goal.

Warwick et al. (1984) found that both overwintering and
annual type S. halepense produce rhizomes but in much differ-
ent patterns. There may be a simple switch between these two
physiological patterns or a continuous range of expression that
is subject to strong selection that resulted in the two contrast-
ing types. Our situation is similar in that many of our hybrid
individuals produced rhizomes but in insufficient quantity to
be perennial. Such plants have already lost this physiological
switch that allocates a significant portion of biomass to rhi-
zomes. The plants to focus on are the exceptional BC,
individuals that have not completely lost this modulation of
rhizome production within the sufficient range, the ‘‘overwin-
tering type’’ hybrids.

The idea, that as one breeds to increase seed yield in a
perennial species energy devoted to overwintering structures
will decrease, appears to be an oversimplification and it may
be possible to achieve relatively high seed yields in some
perennials. Once stable high seed yield has been selected, a
logical next step in perennial grain research is to examine
ways of maintaining sufficient yields via intercropping and
field management.
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