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Abstract. Hybridization and selection has been one of the methods used to generate
turfgrass cultivars in buffalograss improvement. Three half-sib populations were
developed by crossing three buffalograss female genotypes, NE 3296, NE 2768, and NE
2769, with NE 2871, a male genotype, to 1) investigate the pattern of genetic variability
generated for turfgrass characteristics through hybridization; 2) assess the effect of
parental change on the level of genetic variability generated in a buffalograss diploid
population; and 3) predict the performance of a progeny generated from two heterozy-
gous parents for turfgrass performance. The four parents and 20 random F1 progeny
selected from each population were established in 2006 at the John Seaton Anderson
Turfgrass Research Facility located near Mead, NE. A randomized complete block
design (RCBD) was used with the progeny nested in the crosses. A visual rating scale of
1–9 was used to evaluate the population. Mean population lateral spread, genetic color,
density, and turfgrass quality from early summer to fall ranged from 3.5 to 4.5, 7.1 to 7.9,
6.9 to 8.1, and 5.2 and 6.8, respectively. There were significant differences among the
crosses and the parents for all the traits studied except quality in June and August. The
progeny nested within crosses differed for turfgrass genetic color and quality. Best linear
unbiased prediction (BLUP) indicated a high improvement potential for turfgrass lateral
spread and spring density in NE 2768 · NE 2871 and for turfgrass genetic color in NE
3296 · NE 2871. From these findings, it can be concluded that hybridization breeding is
a worthwhile approach for generating and identifying transgressive segregants for
specific buffalograss traits.

Buffalograss is a warm-season (C4)
grass species that originated in Central Mexico
(Quinn and Engel, 1986; Quinn et al., 1994;
Shaw et al., 1987; Webb, 1941). It is a fine-

leaved, stoloniferous perennial grass species
grown for turf in the Great Plains of North
America (Shearman et al., 2004). Its inherent
sod-forming characteristics (Wenger, 1949)
makes it suitable for golf course, sports,
home lawn, and utility turfs (Riordan et al.,
1993). Buffalograss is a dioecious and self-
incompatible species (Chase, 1979). Out-
crossing is obligate and generates highly
heterogeneous populations. Thus, buffalograss

is highly variable with plants growing side by
side differing in certain vegetative or repro-
ductive characteristics (Wenger, 1949).

The genetic make-up of buffalograss is
complex. It exists in several ploidy levels that
are essentially alike phenotypically and in-
distinguishable from one another (Budak
et al., 2004; Huff et al., 1993; Johnson
et al., 2001; Reeder, 1971). The most prom-
inent difference among ploidy levels is geo-
graphical adaptation (Shearman et al., 2004).
The diploids are thought to be the original
forms from which the upper ploidy levels
evolved and are adapted to the southern re-
gions of buffalograss-growing areas in North
America. The tetraploids are southern and
central-adapted, whereas the hexaploids are
generally more widely adapted, but some,
like ‘609’, are more suited to the southern
range of buffalograss adaptation (Huff et al.,
1993; Johnson et al., 2001). A molecular
study of buffalograss genotypes of different
ploidy levels observed a linear increase in the
number of alleles in the hexaploids as com-
pared with tetraploids and diploids (Budak
et al., 2005). This increased number of alleles
is believed to have contributed to the broad-
based adaptation of the hexaploids.

Early buffalograss improvement efforts
emphasized on selection and hybridization
mostly to develop forage types (Wenger, 1949).
Germplasm collections were found to have
extensive variability from which increased
vigor, green color retention, taller seed stalks,
and increased disease-resistant types could be
selected (Beetle, 1950). However, the level
of improvement that can be achieved through
hybridization is not well known. Recently,
results from a buffalograss pseudo-testcross
progeny study for improved seed production
in Nebraska indicated that seed yield could
be increased up to 10-fold by selective parental
hybridization (Abeyo and Shearman, 2009).
Organelle and nuclear analyses of buffalog-
rasses with different ploidy series indicated
that chloroplast and mitochondrial genomes
are uniparental and variability was mainly
the result of nuclear genome (Budak et al.,
2005; Gulsen et al., 2005). Nevertheless, the
potential amount of buffalograss improvement
for turfgrass quality, pest resistance, and stress
tolerance that may be achieved through hy-
bridization has not been established.

It is essentially impossible to generate
inbred buffalograss lines by self-fertilization
because buffalograss is a self-incompatible,
dioecious species (Brewbaker, 1957). Hence,
the genotypes available for breeding are al-
ways heterozygous. The advantage of planned
hybridization of heterozygous genotypes needs
to be extensively studied for subsequent ex-
ploitation for the improvement of various
traits in the breeding program.

This study was conducted to evaluate half-
sib populations with the following objectives:
1) investigate the pattern of genetic variability
generated for turfgrass characteristics through
hybridization breeding; 2) assess if change in
one parent has an effect on the level of genetic
variability generated in a buffalograss diploid
population; and 3) predict the performance of
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a progeny generated from two heterozygous
parents for turfgrass performance.

Materials and Methods

Parental genotypes and generation of half-
sibs. Three diploid female genotypes (NE
3296, NE 2768, and NE 2769) and one diploid
male genotype (NE 2781) were selected for
use in this study based on their sex expression,
turfgrass quality, and chinch bug resistance.
The three female genotypes were pollinated
with the male to generate three half-sib pop-
ulations. The crosses were made in isolation
from other sources of buffalograss pollen in
the greenhouse at University of Nebraska–
Lincoln, East Campus in Lincoln, NE, that
was maintained at 33 �C maximum and 16 �C
minimum temperatures, ± 2 �C, and a photo-
period of 15:9 h (light:dark) with supplemen-
tal light provided by Philips 400-W metal
halide bulbs (MH400/U; Day-Brite Lighting,
Tupelo, MS).

The pots of the female and male parents
were arranged next to each other on the bench
for effective pollen transfer to the female
inflorescences. The burs were hand-harvested
from each female parent and then kept in
a seed storage room at 40 �C and 40% relative
humidity. The caryopses were removed from
the burs using 1- to 2-s pulses of an electric
coffee grinder (Krups GX4100 Coffee Grinder;
Cookware Inc., Boston, MA) adapted from
Riordan et al. (1997). The caryopses were
germinated on trays filled with a soil mix of
sand–soil–peat–perlite in 2:1:3:3 ratios (v/v)
covered with a thin soil layer (�3.0 mm)
distributed over them. A seed establishment
blanket (Master Gardner Co., Spartanburg,
SC) was used as a mulch to cover the top
of the tray to avoid the disturbance of the
germinating seed while watering. The tray
was hand-watered daily to keep the soil and
the geminating seed moist.

When the seedlings reached the four- to
five-leaf stage, they were transplanted to 15 cm
diameter · 15 cm deep pots containing a 35%
peat:32% vermiculite:9% soil:24% sand (v/v)
soil mixture. Soil was saturated every 2 weeks
with nutrient solution (21N–3.5P–15K)
containing 200 mg�L–1 nitrogen, 35 mg�L–1

phosphorus, and 150 mg�L–1 potassium. The
greenhouse was maintained at 25 ± 1 �C with
supplemental light supplied by Phillips 400-W
metal halide lamps with a photoperiod of
15/9 h (light/dark). Stolons from the plants
grown in the pots were cut into pieces con-
taining one node each and planted in 5.0 cm
depth · 5.0 cm width cells filled with the soil
mix described previously.

Field establishment and management. The
three half-sib populations represented each by
20 progeny and the four parents were planted
in the field in May 2006 at the John Seaton
Anderson Turfgrass Research Facility located
near Mead, NE. Two-month-old, vegetative
plugs of each progeny and the parental geno-
types were planted in a Tomek silty-clay loam
(fine smectitic mesic Pachic Agriudolls). Plugs
were planted 60 cm apart. The experiment was
laid out with three crosses and four parents as

seven treatments in a RCBD with three repli-
cations. Twenty progeny were nested within a
cross of parental genotypes, whereas 20 clones
were nested within the parental plots.

A starter fertilizer (18N–20P–0K) was
applied at 60 kg nitrogen (N) per hectare at
planting time. Post-establishment fertilizer
was also applied at 60 kg N per hectare using
sulfur-coated urea (46N–0P–0K) in July 2006
and in mid-June and mid-July in 2007. Irri-
gation was applied at 25 mm per month
including rainfall. Oxadiazon [2-tert-butyl-4-
(2, 4 dichloro-5-isopropoxyphenyl)-D-1, 3, 4-
oxadiazolin-5-one] was applied at 3.14 kg/
a.i./ha for pre-emergent weed control. Quin-
clorac (3, 7-dichloro-8-quinolinecarboxylic
acid), was applied at 0.84 kg/a.i./ha to each
treatment plot for post-emergent weed con-
trol. The plots were maintained at 5-cm mow-
ing height weekly and clippings were removed.

Data collection and analysis. In 2006,
only lateral spread data were collected. Ge-
netic color was recorded on 8 May 2007,
density was evaluated early in the summer
(3 July 2007), and turfgrass quality data
were collected on 12 June, 14 Aug., and 16
Oct. 2007. A visual rating scale of 1–9 was
used for all the traits considered with 1 = light
tan and 9 = dark green, 1 = 0% to 10%, and
9 = 80% to 100% stand density and 1 =
poorest, 5 = acceptable, and 9 = best for color,
density, and quality, respectively.

Mixed model analysis (SAS Version 9.1;
SAS Institute, Cary, NC) was used to detect
differences among the half-sibs and their
parents and to estimate the BLUPs (Henderson,
1975) for the progeny in full-sibs. In the
mixed model analysis, the parents and the
crosses were considered as fixed effects,
whereas the progeny within the crosses was
considered random, because they were ran-
domly selected from a population of sibs as
indicated in the model:

Y ijk ¼ m þ Ri þ Ai þ eij

þ BðAÞkðiÞ þ eijk :

where i designates the replications (i = 1–3), j
designates the crosses and parents (j = 1–7),
and k the progeny (k = 1–20). Furthermore, k

(i) indicates that progeny are nested within
crosses.

To predict the prospect of identifying
superior progeny by hybridizing two or more
genotypes, the progeny population, both at
full-sib and half-sib levels, needs to be eval-
uated. This step requires further analysis to
predict if a cross will generate the intended
variability for the traits of interest. Best linear
unbiased prediction has been used in plant
breeding for the estimation of random ef-
fects of a mixed model (Dutkowski et al.,
2002; Piepho et al., 2008; White and Hodge,
1989; Xiang and Li, 2003). In this experi-
ment, the parental crosses were considered
as fixed and the progeny as random effects.
The BLUP corresponds to the conditional ex-
pectation of the random effect given observa-
tion on the corresponding random factor in
the experiment (Panter and Allen, 1995). This
procedure enables the estimation of overall
progeny performance from a cross by using
a few random progeny and is a feasible method
in predicting the significance of hybridization
breeding.

Results and Discussion

There were highly significant (P < 0.01)
differences among the crosses and the parents
for all the traits studied except for quality
evaluated in June and August (Table 1). The
progeny nested within crosses differed only
for turfgrass genetic color and turf quality
observed in October. The significance for
turfgrass quality in October indicated the
genetic variability of the progeny for green
color retention in the fall, which is an impor-
tant characteristic for warm-season turfgrass.

The targets of selection in the breeding
process are the transgressive progeny. Based
on the direction of improvement sought for
a particular trait, the target of selection can be
either the lower or the upper extremes of the
variability. Therefore, variability within the
progeny of a full-sib family must be evaluated
for improvement potential over the parental
values. This circumstance requires further
analysis to compare the progeny at the full-
sib level and each with their parental means

Table 1. Analysis of variance of buffalograss half-sib populations and their parents for turfgrass lateral
spread, genetic color, spring density, and quality at the John Seaton Anderson Turfgrass Research
Facility located near Mead, NE, 2007.

Source df
Lateral
spreadz

Genetic
colory

Spring
densityx

Qualityw

(June)
Quality

(August)
Quality

(October)

Replication (R) 2 22.57 0.57 6.71 10.77 8.6 7.58
4 parents and 3

crosses (C)
6 9.37* 5.51* 9.71* 2.99 NS 1.52 NS 5.53*

R*C (error a) 12 3.10 1.16 2.95 1.89 1.02 1.67
Progeny(cross) 133 0.90 NS 0.18* 0.77 NS 0.64 NS 0.54 NS 0.65**
Error (b) 266 0.86 0.14 0.84 0.56 0.46 0.40
Total 419
zLateral spread is measure of lateral growth of genotypes as visually evaluated using a 1–9 scale (1 = least,
9 = most).
yGenetic color is the measure of greenness of the genotypes as visually evaluated using a 1–9 scale (1 =
straw brown, 9 = dark green).
xSpring density is the measure living plants or tillers per unit area of the genotypes visually evaluated using
a 1–9 scale (1 = least dense, 9 = most dense).
wQuality is based on visual rating scale of 1–9 with 1 = poorest, 5 = acceptable, and 9 = best.
*Significant at P = 0.05; **significant at the P = 0.01; NS = nonsignificant.
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or the best parental value for each of the
traits. It was evident that some progeny out-
performed their parents for the traits considered,
indicating the significance of hybridization and
selection for improvement over the parental
means.

The parental genotypes NE 2769 and NE
2768 had very competitive lateral spread.
None of the progeny means was better than
these two parental genotypes. The four paren-
tal genotypes NE 3296, NE 2768, NE2769,
and NE2781 (male parent) had a mean genetic
color scale of 7.1, 7.9, 7.9, and 7.3, respec-
tively. Genetic color improvement was ob-
served only for the NE 3296 · NE 2781 cross
(Table 2). Spring density is another impor-
tant trait for warm-season turfgrasses, espe-
cially those growing in regions where they
remain dormant from early fall through late
spring. Improvement in spring density was
observed for the progeny of the cross in-
volving NE 3296 as the female parent (Table
2). This improvement was over the female
and not the male parent. The three maternal
genotypes, NE 3296, NE 2768, and NE 2769,
had mean spring density ratings of 7.1, 7.3,
and 7.4, respectively. To extend the appealing
look of the turfgrass, early spring green-up
and green color retention in the fall are two
important characteristics sought in warm-
season turfgrass improvement.

Turfgrass quality is one of the most diffi-
cult traits to measure quantitatively and the rel-
ative ratings are based on a combination of
uniformity, color, density, texture, and growth
habit (Beard, 1973). It also considers pests re-
sistance and environmental stress tolerance.
Thus, it takes into account aesthetic and func-
tional aspects of the turfgrass (Morris and
Shearman, 2009). In late spring or early sum-
mer, it was difficult to differentiate the quality
performance of the parents and the crosses. In
mid-June, NE 3296 had an average turfgrass
quality rating 5.7, which was the lowest rating
as compared with the quality performance
of the other parental genotypes and progeny
families (Table 2). In mid-August, only NE
2768 had an average quality rating of 6.8,
which was significantly higher than the qual-
ity performance of other parental genotypes
and progeny families. Mid-October turfgrass
quality ratings were reduced for all the geno-
types and families with the range between 5.2
and 6.1 (Table 2). The maternal genotype, NE
2768, had a high average quality rating of 6.1.
This result indicated variation for green color
retention and growth among the genotypes.
NE 2768 also showed consistent turfgrass
quality performance over the growing sea-
son, and none of the progeny or other parental
genotypes outperformed it.

The relative performance for other traits
also needs consideration when selecting among
genotypes or within progeny. The two parental
genotypes, NE 2768 and NE 2769, that had the
best lateral spread exhibited average genetic
color and spring density. The mean turfgrass
quality rating was highest (6.5) in August but
reduced to 5.6 in October (Table 2). This re-
duction is because light quality and quan-
tity and temperature reduction directly affect

chlorophyll decomposition and regeneration
of warm-season grasses in the fall. As a result,
the warm-season grasses reduce their photo-
synthetic rates and drift into dormancy. In this
study, only diploids were evaluated, which, as
previously mentioned, are southern-adapted.
Late in November, when most other higher
ploidy-level buffalograsses were dormant at
the research site, the diploids were still grow-
ing, and they experienced severe winter injury
and had considerable stand loss by the next
spring.

There were both positive and negative
values indicating the importance of a particu-
lar progeny in relation to other progeny
within a full-sib family (Fig. 1). The BLUP
analysis is used to broaden the inference
range to the F1 segregating population from
which to select a progeny of interest. From
this random sample, an interpretation can be
made for the entire population of a particular
cross and predicts which cross combination
can bring about a significant improvement for
a trait or combination of traits.

There were progeny with improved lat-
eral spread characteristics, which offer im-
proved establishment rate and sod-forming
potential (Fig. 1). Cross NE 2768 · NE 2781
had low positive improvement potential based
on the mean prediction values. This evidence
strengthens the importance of selection for
parental genotypes to make a cross that gen-
erates good genetic variability for effective
selection. For spring density, considerable
positive and negative predictions could be
made for the NE 2768 · NE 2781 cross. A
significant level of predicted positive im-
provements was found for genetic color in
the cross NE 3296 · NE 2781. The other two
crosses had low predictor values.

In conclusion, results from this experiment
indicate that crossing genotypes to generate
variability is a worthwhile practice to improve
turfgrass quality characteristics in buffalo-
grass. Hybridization of two distinct genotypes
can generate significant genetic variability for
the traits that are of particular interest from
which genotypes combined two or more

Table 2. Mean separation of buffalograss half-sib populations and their parents for turfgrass genetic color,
spring density and quality conducted at the John Seaton Anderson Turfgrass Research Facility, near
Mead, NE, 2007.

Cross/parent
Lateral
spreadz

Genetic
colorx

Spring
densityw

Qualityv

(June)
Quality

(August)
Quality

(October)

NE 3296 3.8 by 7.1 e 7.1 bc 5.7 cd 6.3 b 5.6 b
NE 3296 · NE 2781 3.9 b 7.5 c 8.1 a 6.4 a 6.5 ab 5.3 cd
NE 2768 4.5 a 7.9 a 7.3 b 6.2 abc 6.8 a 6.1 a
NE 2768 · NE 2781 3.9 b 7.6 bc 6.9 c 5.9 cd 6.5 ab 5.7 b
NE 2769 4.5 a 7.9 a 7.4 b 6.1 bc 6.5 ab 5.5 bc
NE 2769 · NE 2781 3.7 bc 7.7 b 7.1 b 6.1 bc 6.5 ab 5.3 d
NE 2781 (male) 3.5 c 7.3 d 7.8 a 6.3 ab 6.3 b 5.2 d
zA visual rating scale of 1–9 was used for all the traits considered with 1 = light tan and 9 = dark green, 1 =
0% to 10% and 9 = 80% to 100% stand density, and 1 = poorest, 5 = acceptable, and 9 = best for color,
density and quality, respectively.
yAny two means within a column followed by the same letter are not significantly different from each other
(P # 0.05).
xGenetic color is the inherent color of the genotype based on a visual rating scale of 1–9 with 1 = straw
brown and 9 = dark green.
wDensity is a visual rating on a 1–9 scale of living plants or tillers per unit area with 1 = least and 9 = most.
vQuality is based on visual rating scale of 1–9 with 1 = poorest, 5 = acceptable, and 9 = best.

Fig. 1. Best linear unbiased predictor (BLUP) for turfgrass lateral spread (LSpread), spring density
(SDensity), and genetic color (GColor) for 20 selected progeny from three half-sib populations of
diploid buffalograss evaluated at Mead, NE, 2007.
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improved traits can be selected. As true for
other plant breeding programs, careful pa-
rental selection is needed before crossing to
generate sufficient genetic variability. Be-
cause most of the loci are heterozygous as
a result of outcrossing characteristics of buf-
falograss, it is imperative to include parental
genotypes that have diversity in their genetic
make-up for the traits needing improvement.
Based on the BLUP analysis for lateral spread,
the NE 2768 · NE 2781 cross gave the
greatest level of variability and subsequently
better potential improvement for establish-
ment and sod-forming characteristics. This
same cross is expected to bring about a sig-
nificant improvement in spring density. For
genetic color, the cross NE 3296 · NE 2781
would be expected to make an improvement
over the best parent. From the result of this
investigation, it can be concluded that prog-
enies generated from crossing two distinct
heterozygous genotypes can generate a supe-
rior progeny. This breeding system enables
buffalograss breeders to use the partial het-
erosis prevailing in such outcrossing species.
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