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Summary. Two landrace populations of Amaranthus cru-
entus L. were crossed to generate F, populations for
quantitative genetic analyses of variation. Evidence for
significant inbreeding depression in comparisons of F;
and F, generation means suggested some role of nonaddi-
tive gene action for days to first anthesis, leaf length, leaf
width, petiole length, plant height, panicle length, and
panicle weight. A pooled F, population was subjected to
bidirectional mass selection for time of first anthesis (two
cycles) and leaflength (one cycle). Responses to selection
were asymmetrical and the second cycle response for
anthesis time was smaller than for the first cycle. Overall,
selection gains were significant and gave estimates of
heritability in the range of 0.35 to 0.66 for anthesis time
and 0.08 to 0.19 for leaflength. This suggested a large ad-
ditive term in the total genetic variance especially for
anthesis time where early and late flowering selection
lines diverged by 20.5 days.

Correlations between the selected traits (anthesis
time, leaf length) and single plant yield or yield compo-
nents were also studied to evaluate correlated responses
to selection. Selection for optimal flowering time in
amaranth cultivation areas is very likely to result in rapid
yield improvement.

Key words: Amaranth — Selection — Heritability — Mixed
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Introduction

Grain amaranth breeders require preliminary genetic in-
formation to aid in the design of genetic improvement
schemes.

* Present address: The Land Institute, Salina, KS 67401,
USA

Germplasm collections now exist which cover a range of the
available genetic variation in three species (4. cruentus L., A.
hypochondriacus L., and A. caudatus L.). Earlier work (Hauptli
and Jain 1984; Vaidya 1984) has shown that amaranth landraces
have high levels of between family variance within populations
and of between-population variance within species to suggest
that both intra- and inter-population selection would be success-
ful. Hauptli and Jain (1984) observed that plant height, leaf
length and days to first anthesis were relatively important con-
tributors to predicition of single plant seed yield with plant
height and leaf length having positive correlations with yield
while anthesis time was negatively correlated with both yield and
plant height. This suggested that earliness would be an effective
selection criterion for developing short stature, high yielding
varieties. Given appropriate values of heritability and genetic
correlations, along with efficient screening procedures, such in-
direct predictors of yield may produce higher correlated in-
creases in yield than selection for yield directly.

Since grain amaranth species have a mixed mating system
with the capability of controlling pollinations both genetically
and mechanically, a range of plant breeding methods can be
utilized that combine features of classical selfed and outcrossed
systems (Jain et al. 1986). Choice of optimal breeding methods
depend on factors such as heritabilities of selection criteria, the
relative importance of nonadditive genetic variance, and the effi-
ciency of selection systems in terms of time, labor, and cost.

This paper reports a detailed study of variability and
early generation response to selection in an interpopula-
tion crossin 4. cruentus. The objective of this study was to
measure response to mass selectionin a population gener-
ated from crossing two genetically diverse parental popu-
lations. In another paper (Jain and Kulakow, in prep) we
will discuss response to recurrent selection within land-
race populations based on the natural mixed mating sys-
tem.

Materials and methods

Two geographically distinct accessions of A. cruentus were
chosen for crossing in order to maximize differences between
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populations within the species. UC87 was collected by Dr. H.
Hauptli from a farm near San Martin Jilotepeque, Chimal-
tenango, Guatemala (Hauptli et al. 1979). UC192 was an intro-
duction from Tanzania which had been grown out several times
in Davis, California to increase seed. Both populations have been
utilized separately in intrapopulation selection experiments
(Ayiecho 1985; Vaidya and Jain 1986).

Individual greenhouse-grown plants from UC192 and UC87
were crossed pairwise using unemasculated green (rr) UC192
plants as seed parents and red (R-) UC87 plants as pollen
parents. Plants were bagged together before flowering to control
pollination, and the dominant red seedling color allele (R) was
used to identify F, plants (Kulakow et al. 1985). This crossing
method produced a large quantity of F; seed for each cross; the
selfed F, plants produced the F, generation during the winter of
1982.

In 1982, the original parental accessions along with F; and F,
generations from three crosses were grown in a summer field
nursery. Entries were planted on June 5 in a randomized com-
plete block design with three replications. Plots consisted of
single 3 m rows spaced 76 cm apart. Each block included five
rows of each parental accession, one row of each F, population,
and sixrows of each F, population. At planting, rows were seeded
densely and thinned to 15 cm within row spacing three weeks after
planting. Each plant was scored for the time of first anthesis ex-
pressed as the number of days after planting. Between 58 and 62
days after planting the central ten plants within each row were
measured for the following traits: midseason plant height (desig-
nated plant height 1), leaflength, leaf width, and petiole length of
the largest leaf. )

In 1983, a similar planting was made on June 10 using F; and
F, generations from four crosses, two of which had been planted
in 1982. The field design was the same as in 1983 with one row of
each F, population and five rows of each F, population in each
block. Scoring was as before with leaf and plant height measure-
ments made between 55 and 58 days after planting. Additional
characters included mature plant height (designated plant height
2), panicle length, and panicle weight. Panicle weight, which in-
cludes both weight of seeds and flower parts, is highly correlated
with single plant yield (Ayiecho 1985).

The original F, seed from all five crosses grown in 1982 and
1983 was pooled to form a control population, designated as F,-
CO. Bidirectional selection for days to first anthesis and leaf
length independently was initiated by bulking an equal amount
of seed from five plants selected from each of the six blocks grown
over two years. Plants with the highest and lowest scores were
selected to initiate selection in both directions. Each of the four
selected populations (EARLY-C1, LATE CI; High leaf length,
Low leaflength) comprised a bulk of 30 plants representing a se-
lection intensity of 2.8%.

The fourselected populations (C1) and F,-CO were evaluat-
ed in 1984 using a randomized complete block design with four
replications. All plants were scored as in 1982 along with panicle
weight at maturity. A second cycle of selection for days to first
anthesis was made using the first cycle populations (EARLY-C1
and LATE-C1) to continue the bidirectional selection. An equal
amount of seed from eight plants selected in each of the four
replications was bulked to give a total of 32 selected plants (C2)
or a 6.3% selection intensity.

Both Cl and C2 populations, selected for days to first
anthesis, and F,-CO were evaluated in 1985 using the same ex-
perimental design as the previous year. Days to first anthesis was
scored on all plants. Mature plant height, panicle length, and in-
dividual plant seed yield were scored on 16 random plants in
each replication.

Data from each year were analyzed using an analysis of
variance. Multiple comparisons of means were made using pair-

wise £-tests for each character that showed significant treatment
differences in the analysis of variance. Simple correlation coeffi-
cients were calculated to describe associations between charac-
ters. Stepwise multiple regression was used on the 1983 data to
determine which combination of characters provided the best
predictor of panicle weight. The standard equation for response
to selection, h? =R/iSp, was used to calculate realized heritabili-
ties where h? is the realized heritability, R is the response to selec-
tion, i is the standardized selection differential, and SP is the
phenotypic standard deviation.

Results

Means and standard deviations of characters measured in
1982 and 1983 are given in Table 1. UC192 was signifi-
cantly different from UC87 for days to first anthesis,
petiole length, and plant height. UC192 was later flower-
ing, had longer petioles, and was taller than UC87. The
larger variances for UC192 indicated that selection would
be successful within the population; however, the pre-
dominance of later flowering plants, tall plant height, and
poor head types relative to UC87 indicated that combin-
ing characteristics of the two populations would produce
a more agronomically suitable base population to carry
out selection.

A comparison among the five biparental crosses be-
tween UC192 and UC87, evaluated in 1983 and 1984, pro-
vided several observations. First, there were significant
differences among crosses indicating that the parents
used to make crosses within the parental populations
were genetically different. Second, comparisons of stan-
dard deviations, coefficients of variation, and ranges for
each character indicated that the F, generation had a
larger variance than the corresponding F, generation.
Finally, for each character measured, the F, mean dif-
fered from the F, mean in a systematic way indicating in-
breeding depression in F, generation; each F, was earlier
flowering than its corresponding F,, and for other charac-
ters too, the F, generation had a higher value than the F,
except for panicle length in 1983. Pairwise comparisons of
F, and F, means using pooled F, and F, variance esti-
mates appropriate for each generation were significant at
the 95% confidence level in 44 out 0f48 comparisons with-
in crosses. Table 2 gives the percentage depression of F,
means relative to the respective, F,’s. At complete homo-
zygosity the expected inbreeding depression would be
greater than that observed in the F; and F, comparisons.
The largest amount of inbreeding depression was for pan-
icle weight with F, means 13.6% to 30.5% lower than the
corresponding F; means. Pooled F, and F, means alsoin-
dicated inbreeding depression on a population basis for
all characters expect panicle length.

Simple phenotypic correlations were compared for F,
and F, generations. In most cases, correlations were sig-
nificantly different from zero and moderate to high in
magnitude. The pattern of correlations was similar among
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Table 1. Summary of means and standard deviations for UC192, UC87, F; and F, populations grown in 1982 and 1983. Sample
sizes were approximately 160 for UC192 and UC87; 30 for each F, generation; and 150 for each F, generation

Population Days to first  Leaflength  Leafwidth Petiole Plant Plant Panicle  Panicle
anthesis length height 1 height2 length  weight
1983 1983 1983

1982 1983 1982 1983 1982 1983 1982 1983 1982 1983

UC192 Mean 668 - 195 - 89 - 148 - 1775 - - - -
Stdev 69 - 34 - 18 - 33 - 260 - - - -
UC87 Mean 631 — 191 - 92 - 0.1 - 1630 - - - -
St dev 24 - 24 - 13 - 15 - 207 - - - -
F-1  Mean 578 562 208 254 100 116 138 154 1805 1858 2230 437 94.1
St dev 21 11 25 36 L1 16 18 18 231 280 267 96 438
F-1  Mean 625 593 199 236 94 104 131 150 1643 1731 2143 396 690
St dev 57 38 31 29 14 15 22 20 246 244 318 97 347
F,-2  Mean 607 - 205 - 98 - 120 - 2047 - - - -
St dev 19 - 29 - 16 - 20 - 263 - - - -
F-2  Mean 648 - 192 - 93 - e - 1755 - - - -
Stdev 60 - 32 - 17 - 25 - 369 - - - -
F.-3  Mean 582 570 215 264 106 124 136 152 1880 1959 2357 388 93.3
St dev 24 13 29 38 16 18 23 16 228 277 335 9.1 53.8
F,-3  Mean 598 587 205 228 99 108 131 143 1724 1657 2080 374 647
Stdev 39 26 31 31 18 16 23 19 243 265 303 103 332
F,-4  Mean - 610 - 244 - 116 - 156 - 1910 2453 320 821
St dev - 11 - 26 - 12 - 16 - 225 229 69 354
F,-4  Mean - 619 - 225 - 107 - 147 - 1747 254 340 709
St dev - 3 - 35 - 17 - 21 - 280 310 102 400
F-8  Mean - 589 - 258 - 117 - 163 - 1950 2403 369  9LI
St dev - 34 - 3. - 15 - 18 - 260 282 99 324
F,-8  Mean - 600 - 230 - 106 - 142 - 1545 2099 358 677
St dev - 34 - 30 - 15 - 18 - 260 282 99 324
Fi-all Mean 589 582 209 255 101 118 131 154 1915 1915 2356 379 900
Stdev 25 24 28 34 15 15 22 16 261 267 294 98 434
F-all  Mean 622 600 199 230 95 106 126 145 1700 1693 2143 366  68.0
St dev 56 36 31 32 17 16 24 20 255 266 310 102 352

Table 2. Inbreeding depression (measured in percent of F; means) for all F, versus F, comparisons from five pairwise crosses be-
tween UC192 and UC87

Cross Days to first Leaflength  Leafwidth Petiole Plant height 1 Plant Panicle Panicle
anthesis length height2 length  weight
1983 1983 1983

1982 1983 1982 1983 1982 1983 1982 1933 1982 1983

1 —8.1FF _55%% 43k F3EE 0% 10.3%F 5 1%k 26%* 8. 4%k £T7H* 3.9%% g4k 26.7%*
2 —-6.8%  — 6.3%*% - 5.1%% - 33 - 14.3%% - - -

3 =27 —3.0%%  47%% 136%% 6.6%% 12.9%%  37% 59%* 8.3%% 154* 118 3.6 30.7 **
4 - —15%* - T8¥* — 7.8%* 5.8%* - 8.5 % 8.1%%  30% 13.6%%
8 - -3.6%*  — 10.9%* — 94* 7.2%* - 15.6%* 127+ 34 25.7%*
Total —5.6%F 3. 1% 48%% QRk 50%k ]0.2%* 3 8% S58*%*  10.8%*% 11.6%* 9.0** 34 24.4%*

*%, *=F, mean is significantly different from F, mean at P=0.01 and P=0.05, respectively, using a pairwise z-test with unequal
variances. Appropriate pooled variance estimates from F, and F, populations were used
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Table 3. Simple phenotypic correlations for pooled F2 data grown in 1983. Only correlations that

were significantly different from zero at P=0.05 are presented

Days to Leaf Leaf Petiole Plant Plant Panicle
first length  width length height 1 height2  length
anthesis

Leaflength -0.15

Leaf width - 0.69

Petiole length 0.09 0.49 0.50

Plant height 1 -033 0.63 0.55 0.40

Plant height 2 - 0.66 0.63 0.55 0.88

Panicle length —-0.50 0.54 0.41 0.22 0.65 0.60

Panicle weight -0.20 0.70 0.62 0.34 0.70 0.70 065

Table 4. The order of independent variables entered in step-
wise multiple regression for prediction of panicle weight based
on pooled F, data from 1983

1. Analysis of eight independent variables with five measured
at flowering and three at maturity

Variable Order entered Model r*
Plant height 2 1 0.49
Leaf length 2 0.59
Stem height 3 0.64
Leaf width 4 0.65
Plant heightl 5 0.66

2. Analysis of five independent variables evaluated at flowering

Variable Order entered Model r?
Plant height 1 1 0.49
Leaflength 2 0.60
Leaf width 3 061
Petiole length 4 0.62

crosses and generations. The relationship between char-
acters is summarized in Table 3 for pooled F, data ob-
tained in 1983. Many of the characters reflect plant size
differences and are consequently highly correlated. Leaf
size measurements were correlated with plant height
which was also correlated with panicle length. Although
plant height measured both at flowering and maturity
had a 0.70 correlation with panicle weight, a yield in-
crease associated with increasing plant height is likely to
increase lodging and reduce harvest index. Leaf length
also showed a high corelation with panicle weightindicat-
ing that this simple measure of leaf size may be used to in-
crease seed yield. Moreover, earliness (= fewer days to
first anthesis) showed a positive correlation with panicle
weight.

Stepwise multiple regression showed that plant height
and leaflength were the variables first entered as the best
predictors of panicle weight (Table 4). Use of characters
measured at the time of flowering resulted in similar r?
values compared to regression analysis that also included

characters measured at maturity. Choice of selection cri-
teria that are scored before reproduction, followed by in-
termating or complete selfing only on the selected indi-
viduals, would increase the expected response to selection
through biparental control. Days to first anthesis was not
one of the first variables to enter the regression equation.
This indicated that plant size measurements were better
predictors of seed yield than the time of flowering. How-
ever, some other factors such as higher heritability of
flowering time and the potential to increase yield without
increasing plant height would support the use of days to
first anthesis as a selection criterion.

Response (o selection

In 1984, F,-CO was grown along with the first cycle of bi-
directional mass selection for days to first anthesis and
leaf length. Means and coefficients of variation (CV) for
days to first anthesis, leaflength, plant height at flowering
and panicle weight are given in Table 5. The estimates of
CV values for days to first anthesis were all less than 10%;
but the values ranged for leaflength and plant height 2 to
16% and for panicle weight 68 to 73%. The large CV for
panicle weight in 1983 was due to increased variation
caused by damage resulting from high winds during the
week prior to harvest. Analysis of variance indicated sig-
nificant differences between populations for each charac-
ter. The population means of EARLY-C1 and LATE-C1
were both significantly different from F,-CO for days to
first anthesis. Selections for days to first anthesis also
showed significant differences from F,-CO for leaflength,
plant height at flowering, and panicle weight. First cycle
selections for leaf length had significantly different leaf
length means compared to F,-CO for other characteris-
tics.

In 1985, the first and second cycles of bidirectional
mass selection for days to first anthesis were grown along
with F,-CO. Seed yields were depressed in this season due
to a severe infestation by leafhoppers, Empoasca sp.
Means and CV’s for days to first anthesis, mature plant
height, panicle length, and seed yield are given in Table 6.
Each character had a characteristic CV range of 7-7.5%
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Table 5. Summary of means® and coefficients of variation for F2-CO and first cycle of bidirectional
mass selection for days to first anthesis and leaf length, grown in 1984. Approximatety 500 plants

evaluated per population

Population Days to first Leaflength® Plant height® Panicle
anthesis weight
Mean C.V. Mean C.V. Mean C.V. Mean C.V.
(days) % (cm) % (cm) % (cm) %
EARLY-C! 574a 6.7 222a 150 160.8 ab 15.3 454¢ 702
LATE-C1 69.9 89 226b 117 1579a 138 303a 728
F,-CO 61.3 7.6 232c¢ 156 166.1c 142 376b 677
High leaflength 616b 95 237d 126 166.7¢ 137 360b 728
Low leaf length 615b 92 219a 14.1 1640 bc 138 362b 722

* For each character, means followed by different letters are significantly different at P=0.05 using

pairwise -tests
b

Leaf length and plant height were measured 58—62 days after planting

Table 6. Means* and coefficients of variation for Cycle 8, Cycle 1 and Cycle 2 bidirectional mass

selection for days to first anthesis grown in 1985

Population Days to first® Plant height 2¢ Panicle length® Panicle yield®

anthesis

Mean C.V. Mean C.V. Mean Ccv. Mean C.V.

(days) % (em) % (cm) % (ecm) %
EARLY-C2 543a 7.0 186.2a 157 413a 220 98a 533
EARLY-CI 56.1b 75 204.8b 112 42.1a 202 10.2 39.2
F,-CO 6l.lc 72 2046b 84 378b 208 90a 421
LATE-C! 69.3d 72 2006b 9.2 318¢ 19.0 67b 465
LATE-C2 748¢ 70 2030b 86 292¢ 25.2 56b 509

* For each character, means followed by different letters are significantly different at P=0.05 using

pairwise /-tests
® Approximately 370 plants evaluated per population
¢ 64 plants evaluated per population

for days to first anthesis, 8.4-15.7% for plant height,
19-25.2% for panicle length, and 39.2-53.3% for seed
yield. Analysis of variance indicated significant differ-
ences between populations for all characters. Pairwise t-
tests showed each population to be significantly different
for days to first anthesis. Plant height in the EARLY-C2
generation was lower than other populations. Panicle
length in both selection cycles for early flowering was
greater than F,-CO, and both selection cycles for late
flowering had significantly shorter panicle length. Seed
yields of both early selection cycles were greater than F,-
CO although the differences were not significant.

A summary of the responses to selection observed in
1984 and 1985 is given in Table 7. In all comparisons, the
selected populations were significantly different from F,-
CO. The selection responses for late flowering and low
leaf length were greater than for selection in the opposite
direction, indicating greater proportion of additive genet-
ic variance that would be present for the recessive pheno-
type of the character. This asymmetry is also consistent
with the observed inbreeding depression for both charac-

ters. Response to selection for leaf length was low relative
to the response for days to first anthesis. Realized herit-
ability values for high leaflength and low leaflength were
0.08 and 0.19, respectively. Low heritability for leaflength
was likely due to a greater environmental variance as in-
dicated by the estimates of CV and lower genetic variation
dueto arelatively smaller difference between the parental
populations.

Selection for days to first anthesis showed a high re-
sponse to selection in both directions. Selection for early
flowering decreased the population mean on an average
5.6% per cycle while selection for late flowering increased
the mean by 11.2% per cycle. This corresponded to a
change in the population mean compared to F,-CO of 2.6
standard deviations for two cycles of early selection and
4.8 standard deviations for two cycles of late selection.
After two cycles of selection EARLY-C2 and LATE-C2
means diverged by 20.5 days.

An important purpose of selection for time of flower-
ing or a plant size character like leaflength is to determine
if selection response indirectly affected seed yield. Simple
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Table 7. Summary of response to bidirectional mass selection for days to first anthesis and leaf length (cm)

Population Selection Selection response Realized % gain Response in
differential heritability units of s.d.
1984 1985 1984 1985 1984 1985 1984 1985
EARLY-C2 -52 - -18 - 0.35 - -32 - -2.6
EARLY-CI -79 -43 -5.0 054 063 -70 -82 -15 -19
LATE-C1 12.6 8.3 8.2 066  0.65 135 13.4 2.9 3.0
LATE-C2 11.2 - 5.5 - 0.49 - 79 - 48
High leaflength 6.4 0.5 - 008 - 2.1 - 0.1 -
Low leaflength -72 -14 - 0.19 - ~-6.4 - -04 -

correlations in the base population indicated that selec-
tion for early flowering or high leaflength would increase
yield. The low realized heritability for leaflength and the
high CV’s for panicle weight in 1984 did not indicate any
change in seed yield associated with selection for leaf
length. Correlation between leaf length and panicle
weight (r=0.54) in the population selected for high leaf
length was highly significant.

Selection for days to first anthesis resulted in signifi-
cant changes in panicle weight in 1984 with a 20.7% in-
crease in panicle weight for EARLY-C1 and a 19.4% de-
crease in panicle weight for LATE-C1. In 1985, seed yield
was measured directly. Despite the general depression of
seed yield for all populations, EARLY-C1 and EARLY-
C2 selections had increased single plant yields of 13.3%
and 8.8%, respectively, compared to F,-CO, but these dif-
ferences were not statistically significant. LATE-CI and
LATE-C2 selections were significantly lower in yield
compared to F,-CO, with a yield depression 0f 25.6% and
37.8% respectively. The lowest yielding LATE-C2 popula-
tion was 45% below the highest yielding EARLY-C1 pop-
ulation.

Simple correlations between days to first anthesis and
panicle weight were significant for both F,-CO and
EARLY-C1 populations in 1984. The correlation in the
EARLY-C1 population was —0.09 compared to -0.24 in
F,-CO. The decreased correlation would indicate that one
cycle of selection for early flowering capitalized on most
of the negative correlation between time of flowering and
yield in the Davis environment. The mean days to first
anthesis would approximate an optimal time of flowering
for the planting date and location used in this study. In
1985, EARLY-C1 was highest yielding. This population
showed a significant negative correlation of —0.36 with
seed yield. The correlation in EARLY-C2, however, was
not significant.

Although single plant yield showed a high positive
correlation with plant height, high yielding and tall acces-
sions tend to have severe lodging problems when grown at
high plant densities. EARLY-C2 in 1985 had a mature
plant height that was 9% lower than F,-CO indicating that

some reduction in plant height can be achieved through
earlier flowering without decreasing seed yield.

Discussion

In this study, the varation generated in an interpopula-
tion cross between two A. cruentus populations of dif-
ferent geographic origin was described. Significant varia-
tion was observed for all nine characters measured. Five
separate biparental crosses showed significant variation
among crosses indicating that the parental populations
were variable. Within each cross, the F, generation
showed increased variability compared to the F; .

In most pairwise F,~F, comparisons, significant in-
breeding depression was observed indicating some role of
nonadditive gene action. Each character had a character-
istic level ofinbreeding depression with the greatestlevels
of upto 30% observed for panicle weight. Similar observa-
tions of heterosis and inbreeding depression have been re-
ported for cotton, buckwheat, and sorghum (Meredith
1979; Marshall 1979; Kirby and Atkins 1968). The rela-
tive importance of additive and nonadditive variation
and its effect on heritabilities of selected characters in
grain amaranth requires further study. Large amounts of
pseudo- or true over-dominance would argue in favor of
development of varieties that maintain significant levels
of heterozygosity. Even if dominant gene action accounts
for the observed heterosis, early breeding efforts are un-
likely to combine most of the favorable dominant genes
into one pure line variety. This further argues for the use
of heterogeneous and heterozygous varieties.

As grain amaranth breeding programs are estab-
lished, it will be useful to know which breeding methods
and selection criteria will give the greatest short term
gainsin seed yield. In the long term, it will be important to
know what conditions will allow efficient and sustained
responses to selection. As a mixed mating crop, a wide
range of breeding methods are feasible. Breeding meth-
ods in amaranth can vary from pedigree methods that
lead to development of pure lines to population improve-



ment schemes that maintain selections in variable bulk
populations. Numerous breeding methods are available
that combine features of maintenance of selections as
lines versus bulks and encourage more or less recombina-
tion between selected materials (Simmonds 1979). The
mixed mating system of amaranth requires knowledge of
natural outcrossing rates to determine the amount of iso-
lation and pollen control needed to achieve a particular
breeding system that would vary from selfpollination in
the development of pure lines to high outcrossing in the
development of random mating populations. F,-CO used
in this study had mean outcrossing rats of 34%, 21% and
24% in the three successive years 1982, 1983 and 1984
(Jain and Kulakow, in prep.).

The most economical breeding methods for amaranth, at
least in its current development as a newly rediscovered crop
species, must rely on natural pollination that does not necessarily
demand controlled selfing of panicles or enforced cross-pollina-
tion. In this study, mass selection was initiated in a pooled F,
population from five crosses made between UC192 and UC87. In
a self-pollinated system, this would be a bulk-pedigree type of
breeding method since it relies on selection of individual plants
that are propagated as bulk populations. In population improve-
ment terms, this breeding method would be a form of mass selec-
tion that practices an intermediate level of parental control de-
pending on the balance of self- and cross-pollination. The re-
sponse to selection is characterized by increased additive genetic
variance due to selfing and continued recombination due to out-
crossing. In early generations from a cross, the variation generat-
ed from the maximally heterozygous F, would often provide
enough variation to sustain a selection response in early genera-
tions if heritabilities and desirable genotypic correlations are
high. For example, Frey (1967) showed that mass selection for
high seed width in oats resulted in an sustained increase in seed
weight for five generations. Redden and Jensen (1974), however,
showed that response to early generation mass selection for tiller
number in wheat and barley was enhanced by intercrossing
selected plants rather than allowing natural self-pollination. The
enhanced response from outbreeding, they argued, was due to
breakup of linkage blocks that increased heritability for tiller
number. Meredith and Bridge (1971) also argued that inter-
mating will increase the probability of recovering desirable re-
combinants. Although the mixed mating system in grain ama-
ranth may affect early generation response to selection, it would
have even greater role in the long term response to selection in
hybrid populations (as used in this study) as well as within land-
race populations. Based on population genetic theory and mod-
els ofartificial selection, in fact, we suggest that mixed selfing and
random mating species with outcrossing rates in the range of 10
to 30% offer an optimal population dynamic process of selection
based on linked gene systems and certain low levels of recombi-
nant novel variation.

Two cycles of selection for time of first anthesis re-
sulted in a large selection response with realized herit-
abilities ranging from 0.35 to 0.66. Response to one cycle
of selection for leaf length was significant but with low
heritabilities of 0.08 for high leaf length and 0.19 for low
leaf length. Days to first anthesis had high enough herit-
ability to be selected in early generations. The decline in
the response to selection in the second cycle (h*>=0.35 to
0.49) compared to the response in the first cycle (h*>=0.54
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to 0.66) indicated an apparently rapid approach to a
selection plateau although this would have to be con-
firmed by further selection cycles. The reduced response
could be due to declining genetic variance such as would
happen if time of anthesis was controlled by a few major
genes. Major gene determination of the time of flowering
was shown in another study involving accession UC192
(Kulakow and Jain 1985). The lack of a decline in coeffi-
cients of variation for days to first anthesis in the selected
versus control cycles did not indicate a decline in vari-
ance. Natural selection could oppose selection for de-
layed flowering because very late flowering plants often
fail to produce seed before the autumn season cuts off the
growing season. This would not be true for early flowering
selections, however, which also showed a decline in selec-
tion response.

Early generation response to selection for time of
anthesis had the indirect effect of changing panicle weight
in 1984 and single plant yield in 1985. Early flowering
plants tended to be higher yielding than late flowering
plants confirming the earlier observations of Hauptli and
Jain (1984). Although the negative correlation of days to
first anthesis and single plant yield was only moderate in
this cross, compared to high positive correlations between
plant size traits like leaf length of plant height and yield,
the high heritability of days to anthesis was sufficient to
result in a correlated response in single plant yield. This
was especially evidentin terms 0f 26% and 38% decreased
yield of late flowering selections. Earlier flowering may
increase yield due to severalinterrelated factors including
avoidance of cooler fall temperatures, increase of harvest
index through reduction in plant height and leaf number,
lengthening of the reproductive period, decreased lodg-
ing due to decreased plant height, reduction in water use
by shortening the growth cycle, and avoidance of the
stress of pest infestations and decrease epiphytotics. In
any location which is new to grain amaranth cultivation,
determination of and mass selection for optimal time of
flowering may substantially increase seed yield.
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