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ABSTRACT

Synthetic varieties (SVs) are populations generated by randomly mating their parents. They are a good alternative
for low-input farmers who grow onions, maize, and other allogamous crops since the seed produced by a SV does
not change from one generation to the next. Although SV progenitors are commonly pure lines, in this case a
synthetic (SynTC) whose parents are t three-way line crosses, a very common type of maize hybrid grown in Mex-
ico, is studied. The aim was to develop a general and exact equation for the inbreeding coefficient of a SynTC
ðFf

mSynTCÞ because of its relationship with the mean of economically important traits. This objective arose
due to the need for a more advanced study in terms of determining whether Ff

mSynTC can be applied specifically
and accurately for any number of parents (t), plants per parent (m) and inbreeding coefficient (IC) of the initial
lines (FL). A formula for the IC of the SynTC was derived that, given any values of FL (0 ≤ FL ≤ 1) and t, is specific
for any value of m, not just for “large” numbers associated with the context in which the Hardy-Weinberg law is
stated. It was found that Ff

mSynTC is very sensitive to changes in m when m is not greater than eight, after which
it tends to stabilize very quickly. In summary, unlike previously derived formulas, Ff

mSynTC is exact for any
values of t, m and FL.
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1 Introduction

Synthetic varieties (SVs) of maize (Zea mays L.), also called simply synthetics, are populations
generated by randomly mating their parents, usually unrelated inbred lines. In general, they are highly
heterozygous and heterogeneous populations that show high adaptability even to adverse environmental
conditions such as drought, extreme temperatures, pests, diseases, nutritional problems, etc.

The adaptability of two maize synthetics that had a grain yield of at least 6.0 t · ha−1· cycle−1 was
reported [1]. In a more extensive study on this topic a synthetic variety underwent S1 selection over five
cycles to improve resistance to Striga hermonthica (Delile) Benth, then selection for grain yield under
drought was made. The genetic gain was 423 kg · ha−1· cycle−1 [2]. A relevant difference between a SV
and a hybrid is that the seeds produced by a synthetic must be genetically equal to that of its previous
generation. This is not the case in a hybrid. The grain yield of the population producing the harvested
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seeds is often significantly reduced, due to the change in genotypic array that occurs from the hybrid to the
following generations. This can strongly influence costs, since in the case of the SV it would not be necessary
to buy seeds each production cycle. This cost accounts for up to 20% of the investment in maize production
in Mexico [3].

Synthetic varieties are not only for developing countries, as they also serve, for example, to identify the
genotypes or populations whose crosses generate the offspring that have the desired characteristics [4]. Other
studies evaluated the prediction efficiency of hybrid maize using diallel analysis and the best linear unbiased
predictor (BLUP) [5], methodology described previously [6]. Eight synthetic varieties were sown in a diallel
scheme and the hybrids and their parents were then evaluated in three separate environments, with both
combining abilities and breeding values (BLUPs) being predicted.

Systematic breeding of synthetic maize varieties is carried out by the International Maize and Wheat
Improvement Center (CIMMYT), which breeds open-pollinated varieties for yield potential and tolerance
to adverse biotic and abiotic agents. These varieties are synthetics whose parents are the lines that result
in the process of developing hybrid varieties [7].

Typically, the parents of a SV are inbred lines. However, the use of single and double crosses as
progenitors of this type of variety has been proposed [8]. This modification can reduce costs, labor and
time since already existing hybrids can be used to reduce the number of genetic materials that have to be
formed and evaluated in field experiments to study the usually numerous SVs that can be formed even
with few potential parents.

In particular, the formation of a synthetic variety with t three-way line crosses may be favored by the
greater ease of predicting its yield based on the experimental evaluation of t’ potential parents and the t’
(t’ – 1) crosses between them [9]. The sum of these numbers [(t’)2] is less than what would be generated
if the potential parents were the 3t’ lines with which the t’ three-way line hybrids are formed. It is
assumed that t’ > t. Maize grain yield and other variables of economic importance, on the other hand, are
inversely related to the inbreeding coefficient (IC) [10]. For a panmictic population of diploid individuals,
such as maize, this coefficient is the probability that a random individual has a genotype formed by two
identical by descent genes (they are two genes both derived from the same gene in some ancestor). These
two genes can be visualized as a random sample of two genes taken with replacement of the set formed
by all the genes of the same locus in all the individuals of the population [11].

Maize synthetics formed with three-way line cross hybrids (SynTC) are interesting because among hybrid
types, three-way line ones are very often cultivated in Mexico and because the gene frequencies of the parent
lines of each three-way line cross hybrid (TC) are not equal. On the other hand, there is a gap regarding the
exact relationship between the true inbreeding coefficient of this synthetic (FSynTC) and the number of plants
representing each parent (m). Except in one case where it apparently appears by mistake [8], this number (m)
is not included in the most recently developed formulas [12]. In this regard, it is herein hypothesized that
because the inbreeding coefficients of an individual generated by self-fertilization and another generated
by crossbreeding differ, and because, in the formation of the SynTC, the random mating between the m
plants representing each parent, the number of self-fertilizations (m) and that of intraparental crosses
[m (m – 1)] are not linearly related, FSynTC must include m in its equation.

It is certainly common to do research on inbreeding, coancestry, etc. in which a “large” population size
and absence of migration, mutation and natural selection are implicitly or explicitly assumed. Of these
assumptions, some are completely beyond the researcher’s control; however, population size is usually
determined in some way by the breeder. Desirably, breeders should have an objective basis to guide their
decisions about the magnitude of m.
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This research aims to derive a general and exact equation for the inbreeding coefficient of synthetics
whose parents are three-way line crossesðFf

mSynTCÞ, general in the sense that it is applicable for any
specific values of t, FL (0 ≤ FL ≤ 1) and, particularly, m.

2 Materials and Methods

This study was based on the model of a locus of a diploid species that reproduces by random mating,
such as maize (Zea mays L.), onion (Allium cepa L.), etc. It is considered that since a synthetic variety
(SV) is generated by a randomly mating of its parents, the resulting population and those of subsequent
generations would have the same genotypic array, unless there is pollen contamination from another
population [7]. According to this consideration, the inbreeding coefficient (IC) of a SV is the probability
that the genotype of a random individual of such a variety is formed by two identical by descent genes.
These two genes can be visualized as a random sample taken with replacement of the set formed by all
the genes of the population’s gametic array [11].

In particular, if the parents are t three-way line hybrids and each parent is represented by m plants,
according to the model of a locus, the gametic array of the SV parents (SynTC) is formed by 2mt genes
whose individual frequency is uniform [1/2mt]. Thus, the IC can be expressed as the probability of the
occurrence of an event in a finite sample space.

To derive the IC of the SynTC, it was assumed that: 1) the IC of the initial parent lines is FL (0 ≤ FL ≤ 1); 2)
these lines are unrelated; 3) each three-way line cross is represented by m plants; and 4) the number of three-
way line hybrids, or parents, is t. Thus, the SynTC must be the population resulting from the random mating of
mt plants. This implies randomly mating plants from any subset of these mt plants. According to this
consideration, only self-fertilization and intraparental mating, the only sources of genotypes consisting of
two identical by descent genes in the formation of the SynTC, will contribute to the IC of the SynTC.

According to the above scenario, the IC of a SV formed by t three-way line crosses, each represented by
m individuals, must be a quotient. The numerator is the sum of products formed by the number of self-
fertilizations plus that of two types of intraparental crosses, both multiplied by their corresponding
average inbreeding coefficient (probability that the two genes of an individual’s genotype taken at random
from the corresponding set are identical by descent). The denominator is the sum of the number of self-
fertilizations and the numbers of intra and interparental crosses generated by the random mating of the t
parents represented by tm plants.

In a population produced by randomly mating t three-way line crosses, each represented bym plants, the
number of resulting self-fertilizations is tm, and the number of intraparental crosses is tm (m – 1), because
each of the m plants representing a parent is directly and reciprocally crossed with each of the remaining
m – 1 plants. Therefore, as each parent is represented by m plants, the number of self-fertilizations plus
the number of intraparental crosses is tm + tm (m – 1) = tm2. Finally, the number of interparental crosses
is t (t – 1) m2 and, consequently, the total number of offspring is (tm)2.

3 Results

We will consider any values of t, FL and m in a SynTC to derive its IC ðFf
mSynTCÞ. For this, the

information in Tab. 1 will be used. This contains the ICs of the offspring of each cross and self-
fertilization produced by randomly mating plants whose genotypes are the eight that generate, with the
same probability, a three-way line cross of the form (A1A2�B1B2)�C1C2. Genotypes A1A2, B1B2 and
C1C2 correspond to the three parent lines of the three-way line cross. The IC of the lines was assumed to
be FL. This implies that, for example, if the probability (P) that A1 and A2 are identical by descent (≡) is
FL, P (A1 ≡ A2) = FL. Obviously, as the lines are unrelated, the genes of the genotypes of the offspring
produced by the three-way line cross are not identical by descent. Consequently, the self-fertilization
of each plant produced by a three-way line cross has an inbreeding coefficient equal to 1/2. Therefore,
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if N1 (m) is the total number of self-fertilizations resulting from the random mating of each parent, the
contribution to Ff

mSynTC (C1) of the t parents must be:

C1 ¼
N1

1

2

� �

m2t
(1)

The 56 intraparental crosses in Tab. 1 (not including the 8 self-fertilizations) have an average probability
of generating genotypes with identical by descent genes equal to (2 + 3FL)/14. This is the coancestry between
different individuals of the genotypic array of a three-way line cross. These 56 intraparental crosses involved
in this coancestry, however, are not the only ones ifm > 8. The total number of intraparental crosses like those
in Tab. 1 of each parent depends on m (Fig. 1); as m grows and approaches a multiple of 8, the rate at which
the number of intraparental crosses of the type in Tab. 1 increases. This is because the “sides” of the new
corresponding tables are getting bigger. However, when m goes from 8 to 9, from 16 to 17, from 24 to
25, etc., the number of intraparental crosses considered does not change (Fig. 1). This is because when m
= 9, 17, 25,…, according to this visualization of the tables, a Tab. 1-type intraparental cross is not
expected to occur, but a self-fertilization and 16, 32, 48, … intraparental crosses of a second type,
respectively. The difference between the two types of intraparental crosses may be more evident if we
consider that those in Tab. 1-type tables form tables that have the structure of a full 8 � 8 diallel.
Intraparental crosses of the second type do not correspond to a diallel because, according to this
visualization, they are in tables that do not include self-fertilizations.

Table 1: Inbreeding coefficient of the offspring produced by randomly mating the eight genotypes that form
the genotypic array of the three-way line cross (A1A2 � B1B2) � C1C2. The inbreeding coefficient of the
lines is FL (0 ≤ FL ≤ 1)

Genotypes Genotypes

A1C1 A1C2 A2C1 A2C2 B1C1 B1C2 B2C1 B2C2

A1C1 2

4

1þ FL

4

1þ FL

4

2FL

4

1

4

FL

4

1

4

FL

4
A1C2 1þ FL

4

2

4

2FL

4

1þ FL

4

FL

4

1

4

FL

4

1

4
A2C1 1þ FL

4

2FL

4

2

4

1þ FL

4

1

4

FL

4

1

4

FL

4
A2C2 2FL

4

1þ FL

4

1þ FL

4

2

4

FL

4

1

4

FL

4

1

4
B1C1 1

4

FL

4

1

4

FL

4

2

4

1þ FL

4

1þ FL

4

2FL

4
B1C2 FL

4

1

4

FL

4

1

4

1þ FL

4

2

4

2FL

4

1þ FL

4
B2C1 1

4

FL

4

1

4

FL

4

1þ FL

4

2FL

4

2

4

1þ FL

4
B2C2 FL

4

1

4

FL

4

1

4

2FL

4

1þ FL

4

1þ FL

4

2

4
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To determine the contribution of the Tab. 1-type intraparental crosses to Ff
mSynTC when m is not a

multiple of eight, the existence of the two types of such crosses will be considered because their average
inbreeding coefficients differ. The first type is formed by all the direct and reciprocal crosses exemplified
in Tab. 1, not including self-fertilizations. Clearly, the number of progenies of this type in each repetition
of Tab. 1 is 56. If bm8c is the number resulting from rounding down m/8 to the nearest whole number,
regardless of the resulting decimals, the number of direct and reciprocal intraparental crosses, not
including self-fertilizations, in Tab. 1-type tables of each parent is bm8c56. If m is not a multiple of 8, the
remaining Tab. 1-type intraparental crosses form an incomplete table. The number of intraparental crosses
of this incomplete table in each three-way line hybrids is:

m

8
�
jm
8

k� �
8

h i2
� m

8
�
jm
8

k� �
8 (2)

Note that this expression is reduced to zero whenm = 9, 17, 25,… Furthermore, it is clear that its second
term is the size of one side of the incomplete table (less than eight), which is also equal to the number of terms
that form its diagonal. Therefore, the total number of intraparental crosses of the type in Tab. 1 of each parent
(N2) is:

N2 ¼
jm
8

k
56þ m

8
�
jm
8

k� �
8

h i2
� m

8
�
jm
8

k� �
8 (3)

According to the information in Tab. 1, the average inbreeding coefficient of the 56 progenies of
intraparental crosses is (2 + 3FL)/14. This is also the average of the 7 intraparental crosses of any row and
of any column of the same Tab. 1. With this result and that of Eq. (3), the contribution of the
intraparental crosses of the type in Tab. 1 to Ff

mSynTC (C2) must be:

0

16

32

48

64

80

96

112

128

144

160

176

192

208

224

240

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

N
2

Number of plants in each three-way line cross (m)

Figure 1: Relationship between the number of plants in each three-way line cross (m) and the number (N2)
of intraparental crosses (without selfpollinations) among the 8 plants of each complete set of the 8 genotypes
forming the genotypic array of a hybrid. If m/8 is not a whole number, the additional corresponding
intraparental crosses must be considered in the same way
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C2 ¼
N2ð2þ 3FLÞ

14
m2t

(4)

The second type of intraparental crosses is partly formed by crosses whose offspring can form complete
tables (when m = 16, 24, 32,…), whose genotypic content is the same as in Tab. 1. The only difference is that
these tables do not have self-fertilizations; instead, they have crosses between two different plants that have
the same genotype. It is thus clear that the average inbreeding coefficient of the 64 progenies of each table of
this second type is equal to that of Tab. 1. This average is 3(1 + FL)/16. The total number of intraparental
progenies of this second type (N3) is the sum of those in complete tables (n31) plus those in the tables left
incomplete when m is not a multiple of 8 (n32). Evidently:

n31 ¼
jm
8

k2
�
jm
8

k� �
64; (5)

and

n32 ¼ 2
m

8
�
jm
8

k� �
8
jm
8

k
8 (6)

Therefore N3 = n31 + n32.

Since the average inbreeding coefficient in each row or column of a complete table is 3(1 + FL)/16, the
average inbreeding coefficient of the progenies that form the incomplete tables is also 3(1 + FL)/16.
Therefore, the average inbreeding coefficient of the offspring of both complete and incomplete tables
(FfSynTC) for a parent (three-way line cross) is 3(1 + FL)/16; that is:

Ff SynTC ¼ 3ð1þ FLÞ
16

And for t three-way line crosses ðFf
t SynTCÞ the formula is:

Ff
t SynTC ¼ 3ð1þ FLÞ

16t
(7)

Notably, the total number of intraparental crosses of the second type of one parent (N3) and m are non-
linearly related (Fig. 2). For example, according to Eqs. (5) and (6), form = 1, 2, 3,…, 8, N3 = 0; however, for
m = 16, 24, 32, …, N3 = 128, 384, 768, …, respectively. According to Eqs. (5)–(7), the contribution of these
crosses to Ff

mSynTC (C3) is:

C3 ¼
N3

3ð1þ FLÞ
16

� �

m2t
(8)

In summary, according to Eqs. (1), (4) and (8), the formula for Ff
mSynTC is:

Ff
mSynTC ¼

N1
1

2

� �

m2t
þ
N2ð2þ 3FLÞ

14
m2t

þ
N3

3ð1þ FLÞ
16

� �

m2t
(9)

where:
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N1 ¼ m

N2 ¼
jm
8

k
56þ m

8
�
jm
8

k� �
8

h i2
� m

8
�
jm
8

k� �
8

N3 ¼
jm
8

k2
�
jm
8

k� �
64þ 2

m

8
�
jm
8

k� �
8
jm
8

k
8

Note, if m is a multiple of 8, the number of complete tables (C) is a whole number, and:

N1¼ 8C (10)

N2¼ 56C (11)

N3 ¼
jm
8

k2
�
jm
8

k� �
64 ¼ 64CðC � 1Þ (12)

and

m¼ 8C (13)

As expected, if m is a multiple of 8, according to Eqs. (10)–(13), Ff
mSynTC (Eq. (9)) reduces to the

equation for an IC matching that of Eq. (7) derived here for this case. This formula for the IC of the
SynTC was also found in another study [12]. Such a formula, however, does not have the necessary
generality to be applied with complete accuracy when m is small or is not a multiple of 8, although the
differences may be small. For example, for m = 8, t = 1 and FL = 1, the IC is 3(1 + FL)/16 = 0.375,
while for m = 9, it is (Eq. (9)) [9 (1/2) + 56 (5/14) + 16 (6/16)]/81 = 0.3765. In addition, if m < 8 and
0 ≤ FL ≤ 1, the inbreeding coefficient of the synthetic thus formed ðFf

pSynTCÞ must be what results from
considering that the contributions to inbreeding come only from self-fertilizations and intraparental
crosses that are only of the type shown in Tab. 1. Therefore, what remains is reduced to the equation that
results from removing the third term of Eq. (9). The resulting equation is equal to:

0

64

128

192

256

320

384

448

512

576

640

704

768

832

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

N
3

Number of plants in each three-way line cross (m)

Figure 2: Relationship between the number of plants representing each three-way line hybrid (m) and the
number of intraparental crosses (N3) each involving 2 plants from different complete or incomplete sets of
8 plants whose genotypes are those forming the genotypic array of a three-way line hybrid
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Ff
pSynTC ¼ 1

2mt
þ ðm� 1Þð2þ 3FLÞ

14mt
(14)

Clearly, in this case (m < 8 and 0 ≤ FL ≤ 1), N1 =m, N2 =m (m – 1) and N3 = 0. For example, if FL = 1, t =
1 and m = 4 (four self-fertilizations and 12 intraparental crosses of the Tab. 1-type), the IC is (Eq. (14)) 1/8 +
3 � 5/56 = 0.3929.

Eqs. (9) and (14) show that the IC of SynTC does depend on m and that the relationship between the two
is inverse. Additionally, Tab. 2 shows that: 1) the decrease in Ff

mSynTC due to increases inm is more intense as
FL gets smaller, 2) the largest changes in Ff

mSynTC occur in the m-value range from 1 to 8; and 3) from
m = 8 the differences between the Ff

mSynTC values are marginal.

Regarding the methodology used in this research, it is not unique to problems like the one solved here.
Another, probably more complex, methodology for the case of a synthetic developed with double crosses has
also been proposed [13].

4 Discussion

An inbreeding coefficient of a synthetic variety whose parents are t three-way line crosses made with
pure lines (FL = 1) was derived [3]. The inbreeding coefficient (FMSynTC) obtained is (3m + 1)/(8tm) = 3/
8t + 1/8tm. If the conditions for which this author derived FMSynTC (FL = 1 and m is a multiple of 8) are

Table 2: Inbreeding coefficient (IC) of synthetic varieties generated with t three-way line hybrids developed
with unrelated lines with five ICs (FL) and represented by 16 plant numbers (m)

m FL

0.000 0.500 0.750 0.875 1.00

1 0.50 0.50 0.50 0.50 0.50

2 0.32 0.38 0.40 0.42 0.43

3 0.26 0.33 0.37 0.39 0.40

4 0.23 0.31 0.35 0.37 0.39

5 0.21 0.30 0.34 0.36 0.39

6 0.20 0.29 0.34 0.36 0.38

7 0.19 0.29 0.33 0.35 0.38

8 0.19 0.28 0.33 0.35 0.38

9 0.19 0.28 0.33 0.35 0.38

10 0.19 0.28 0.33 0.35 0.38

11 0.19 0.28 0.33 0.35 0.38

12 0.19 0.28 0.33 0.35 0.38

13 0.19 0.28 0.33 0.35 0.38

14 0.19 0.28 0.33 0.35 0.38

15 0.19 0.28 0.33 0.35 0.38

16 0.19 0.28 0.33 0.35 0.38

∞ 0.1875 0.281 0.328 0.351 0.375
Note: The ICs of the synthetic varieties are obtained by multiplying the values in the table by (1/t).
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applied to Ff
t SynTC (Eq. (7)), then based on Eqs. (9), (11), and (13) for this case:

Ff
t SynTC ¼

m
1

2

� �

m2t
þ 56Cð2þ 3FLÞ

14m2t
þ 64CðC � 1Þ3ð1þ FLÞ

16m2t

¼ 1

2mt
þ 56ð2þ 3FLÞ

ð8mtÞð14Þ þ 8ðC � 1Þ3ð1þ FLÞ
16mt

¼ 1

2mt
þ 2þ 3FL

2mt
þ ðm� 8Þ3ð1þ FLÞ

16mt

¼ 1

2mt
þ 5

2mt
þ 6ðm� 8Þ

16mt

¼ 3m

8mt

¼ 3

8t

This means that, effectively, FMSynTC has a bias equal to 1/(8tm) [3]. This bias is due to the fact that this
inbreeding coefficient was derived using the formula:

FMSynTC ¼ 1

2mt

� �
½1þ 2mðt � 1ÞrO;B þ 2ðm� 1Þr0O;W þ FO� (15)

where:

r
0
O;W ¼ coancestry between plants representing a three-way line hybrid

FO = parents’ inbreeding coefficient

rO,B = coancestry between individuals of different hybrids

Because the lines are unrelated, FO and rO,B were correctly considered equal to zero. In a previous study
[3], however, it was considered that if F = 1, r

0
O;W = 3/8. According to the derivation made in a more recent

study [12], the coancestry between individuals representing each parent (rO,W) is:

rO;W ¼ 3mð1þ FLÞ � 8

16ðm� 1Þ (16)

This formula, accordingly, does not include the coancestry of an individual with itself that is the IC of the
offspring generated by self-fertilization. In a previous study [3] it was included, although it was already
included in Eq. (15) in the form (1 + FO)/(2mt). According to Eq. (16), if FL = 1, rO,W reduces to the form:

rO;W ¼ 3m� 4

8ðm� 1Þ ¼
3

8
� 1

8ðm� 1Þ (17)

This implies that r
0
O;W has a bias equal to 1

½8ðm�1Þ�.

According to the data in Tab. 1, the inbreeding coefficient of the progenies of the intraparental crosses of
the first type, which is equal to the coancestry between the genotypes that form the genotypic array of a three-
way line cross (rO,W), is:

rO;W ¼ 2þ 3FL

14
(18)
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If in addition FL = 1, this coancetry reduces to 5/14. This result also corresponds to that of Eq. (17)
when m = 8.

The IC of the SynTC, however, is expected to be higher than the IC of the synthetic whose parents are the
3t parent lines of that SynTC. This is because by randomly mating the parents the maximum frequency of
genotypes that are not formed by identical by descent genes is only generated when the frequencies of
the genes are the same. This does not occur in the formation of SynTC because the gene frequencies of the
three lines of each three-way line hybrid are not uniform. The frequency of the genes contributed by each
of the two lines that form the single cross is half of that contributed by the third line. The size of m is
also important in this context. Gene frequencies should tend to stabilize as m is larger and consequently
the IC as well. The opposite should happen as m is smaller. The interesting aspect is to determine when
stabilization starts.

5 Conclusions

An equation was derived for the inbreeding coefficient of a synthetic developed with three-way line
maize hybrids (Ff

mSynTC). Unlike the equations previously proposed for the specific case in which the
initial parent lines are pure, it has the flexibility to quantify the general and exact inbreeding coefficient
of the synthetic whose parents are t three-way line hybrids. Ff

mSynTC is general because it is applicable
regardless of the number of parents, the level of inbreeding of the lines and, particularly, the number of
plants representing each three-way line cross (m). And it is exact because it has no biases or inaccuracies
due to small m values and errors of interpretation. Furthermore, Ff

mSynTC does include the number of
plants per parent (m). This number has its greatest effects when it is less than eight and its relationship
with Ff

mSynTC is inverse. For values of m greater than eight, the differences between the inbreeding
coefficients are marginal.

Authors’ Contributions: Conceptualization: Alejandro Ibarra-Sánchez and Juan Enrique Rodríguez-Pérez
Data curation: Juan Enrique Rodríguez-Pérez and Jaime Sahagún-Castellanos. Formal analysis: Jaime
Sahagún-Castellanos. Funding acquisition: Aureliano Peña-Lomelí. Investigation: Alejandro Ibarra-
Sánchez. Methodology: Alejandro Ibarra-Sánchez. Project administration: Clemente Villanueva-Verduzco.
Resources: Aureliano Peña-Lomelí. Supervision: Aureliano Peña-Lomelí, Clemente Villanueva-Verduzco
and Jaime Sahagún-Castellanos. Validation: Aureliano Peña-Lomelí. Writing original draft: Alejandro
Ibarra-Sánchez and Clemente Villanueva-Verduzco. Writing review and editing: Juan Enrique Rodríguez-
Pérez, Aureliano Peña-Lomelí and Jaime Sahagún-Castellanos.

Funding Statement: The authors received no specific funding for this study.

Conflicts of Interest: The authors declare that they have no conflicts of interest related to report regarding
the present study.

References
1. Farid, M., Musa, Y., Nasarudolin, R. I. (2019). Selection of various synthetic maize (Zea mays L.) genotypes on

drought stress condition. Earth and Environmental Science, 235, 1–6. DOI 10.1088/1755-1315/235/1/012027.

2. Badu-Apraku, B., Ilfie, B., Talabi, A., Obeng-Bio, E., Asiedu, R. (2018). Genetic variances and heritabilities of
traits of an early yellow maize population after cycles of improvement for striga resistance and drought
tolerance. Crop Science, 58, 2261–2273. DOI 10.2135/cropsci2017.10.0628.

3. Márquez-Sánchez, F. (2010). Inbreeding coefficient and mean prediction of maize of three-way lines hybrids.
Maydica, 55, 227–229.

4. Saboor, A., Ulla, H., Shahurar, D., Fahad, S., Khan, N. et al. (2018). Heritability and correlation analysis of
morphological and yield traits in maize. Journal of Plant Biology Crop Research, 2, 1–8. DOI 10.33582/2637-7721.

42 Phyton, 2022, vol.91, no.1

http://dx.doi.org/10.1088/1755-1315/235/1/012027
http://dx.doi.org/10.2135/cropsci2017.10.0628
http://dx.doi.org/10.33582/2637-7721


5. Oliveira, G., Buzinaro, R., Revolti, L., Giorgenon, C., Charnai, K. et al. (2016). An accurate prediction of maize
crosses using diallel analysis and best linear unbiased predictor (BLUP). Chilean Journal of Agricultural
Research, 16, 294–297. DOI 10.4067/S0718-58392016000300005.

6. Bernardo, R. (2010). Breeding for quantitative traits in plants, vol 1, pp. 369. Woodbury, USA: Stemma Press.

7. Masuka, B., Magorokosho, C., Olsen, M., Atlin, G., Bänziger, M. et al. (2017). Gains in maize genetic
improvement in Eastern and Southern Africa II. CIMMYT open-pollinated variety, breeding pipeline. Crop
Science, 57, 180–191. DOI 10.2135/cropsci2016.05.0408.

8. Márquez-Sánchez, F. (2011). Maize synthetics from a mixture of single, three-way, and double cross hybrids using
inbreeding coefficients and mean prediction. Maydica, 56, 341–342.

9. Wright, S. (1922). The effects of inbreeding and crossbreeding on guinea pigs. no. 1090. USA: US Government
Printing Office.

10. Busbice, T. (1970). Predicting yield of synthetic varieties. Crop Science, 32, 271–274. DOI 10.2135/
cropsci1970.0011183X001000030017x.

11. Sahagún-Castellanos, J., Rodríguez-Peréz, J. E., Escalante-González, J. L. (2013). Yield prediction and inbreeding
of maize synthetics generated with lines and single crosses. Classic Probability. Revista de la Facultad de Ciencias
Agrarias, 45(2), 75–84.

12. Ibarra-Sánchez, A., Rodríguez-Pérez, J. E., Sahagún-Castellanos, J. (2019). General inbreeding coefficient of
maize synthetics derived from three-way line hybrids. Terra Latinoamericana, 37, 479–485. DOI 10.28940/
terra.v37i4.545.

13. Rodríguez-Pérez, J., Peña-Lomelí, A., Villanueva-Verduzco, C., Sahagún-Castellanos, J. (2019). General and
exact inbreeding coefficient of maize synthetics derived from double crosses. Agrociencia, 53, 235–244.

Phyton, 2022, vol.91, no.1 43

http://dx.doi.org/10.4067/S0718-58392016000300005
http://dx.doi.org/10.2135/cropsci2016.05.0408
http://dx.doi.org/10.2135/cropsci1970.0011183X001000030017x
http://dx.doi.org/10.2135/cropsci1970.0011183X001000030017x
http://dx.doi.org/10.28940/terra.v37i4.545
http://dx.doi.org/10.28940/terra.v37i4.545

	General and Exact Inbreeding Coefficient of Maize Synthetics Derived from Three-Way Line Hybrids
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


