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Abstract
The marker assisted backcross (MABC) method is the most used to obtain transgenic hybrid and
transgenic inbred lines in maize with few backcrosses (BC) generations. It is possible that the use of
donor parents with greater genetic similarity with recurrent parents can further reduce the number of BC
generation to recover recurrent parent genome. The objective of this study was to evaluate the in�uence
of genetic distance between parents and the percentage of recurrent parent genome recovery, as well as
the similarity of BC plants and recurrent parent. Nine maize BC populations were evaluated, with genetic
distances between donors and recurrent parents ranging from 0.238 to 0.499. In the backcross
generations, molecular markers were used to identify the plants with the highest percentage of recurrent
genome recovery and with greater similarity to the recurrent parent. There was no difference in the
recurrent genome recovery among populations after three BC generations. In the �rst two BC generation
the similarity between BC plants and recurrent parents was positively correlated with the similarity
between donor and the populations recurrent parent. BC populations with higher similarity among parents
could be �nished with two BC generations, and BC populations with lower similarity could just be �nished
after three generation of MABC. The use of donor parents with higher similarity with recurrent parent can
reduce one BC generation in MABC approach.

Introduction
The backcross (BC) method aims to introgression one or few genes in a variety or elite inbreed line, with
subsequent recovery of the recurrent parent genome. The method is usually used to correct elite
genotypes in the traits in which they are de�cient, by crossing with genotypes with traits that are desired
to introduce, called donor genotypes. More recently, the BC method has been used for the introduction of
transgenic events in conventional elite genotypes.

BC method is the main method used to introduce transgenic events in corn. In 2019, 16.3 million ha of
transgenic corn were planted in Brazil, corresponding to 93% of the corn area in the country (Isaaa 2019).
This demonstrates the importance of BC method in corn breeding programs.

One of the limitations of BC method is the long time necessary to complete the process. In some cases,
the elite genotype used as a recurrent parent becomes obsolete at the end of the BC program (Mesquita et
al. 2005).  Using molecular markers to select the plants with the highest proportion of recurrent genome
in each BC generation can reduce the number of BC generations (Hospital 2001; Bouchez et al. 2002;
Wang et al 2020).

The probability of success of a BC program depends, in large part, on the amount of germplasm from the
donor parent that needs to be eliminated in the BC process. Thus, the use of donor parents with more
genetic similarity to recurrent parents could, in theory, facilitate the recurrent genome recovery in these
programs. The genetic similarity between donor and recurrent parents can mean that some chromosomal
segments in the potential donor can be identical by descent or at least identical in state with the recurrent
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parent. These similar chromosomal segments, in essence, don’t need to be recovered in BC projects. With
less background genome to be recovered, it is possible to accelerate the recurrent parent germplasm
recovery (Peng et al. 2013). 

Although the advantage of using donor parents genetically more similar to recurrent parents can be
demonstrated theoretically or by simulation, there are no studies using real data that prove this
advantage. The present study aimed to evaluate the in�uence of the genetic distance between donor and
recurrent parents in the recurrent genome recovery and in genetic similarity between backcrossing plants
and the recurrent parent, in a MABC program.

Material And Methods
Nine BC populations conducted in the LongPing High-Tech research unit in Cravinhos-SP were evaluated
for the realization of this study. To avoid con�icts of interest by using transgenic traits, the target gene
was a corn native gene (Rf4). But the results represent what happen when considering a transgene and
are, therefore, directly applied to backcross programs for introgression of transgenic events.

All populations were obtained with the same donor parent (DP1) containing the male fertility restoration
gene Rf4. The nine recurrent parents (RP) had the recessive allele rf4, and were named RP1, RP2, RP3,
RP4, RP5, RP6, RP7, RP8 and RP9. The recurrent parents and their BC populations were classi�ed in three
groups: Group1: RP genetically close to DP; Group2: RP with intermediate similarity/distance to DP; and
Group3: RP genetically distant to DP. In each group three populations were evaluated (Table 1).

Initially the crosses between donor parent with all recurrent parents were performed to obtain the F1

generation. The plants of the F1 generation were crossed again with the respective recurrent parents. In
BC1, BC2 and BC3 generations, plants of each population were initially selected based on the analysis of
the presence of Rf4 gene using a speci�c molecular marker for this gene. The plants containing the Rf4
gene were genotyped with 1,065 single nucleotide polymorphism (SNP) markers to estimate the recurrent
genome recovered and the genetic similarity with recurrent parents. In BC1 and BC2 generations, the �ve
plants that possessed the highest genetic similarity with the recurrent parents, after selection for Rf4
gene, were crossed again with the respective recurrent parents. In BC3 generation the �ve selected plants
were used for the �nalization of the converted inbreed lines.

For DNA extraction one 5 mm diameter leaf disk was collected from each plant. The DNA was extracted
using the Fast ID Genomic kit (Genetic ID – Fair�eld, Iowa, USA), following the instructions of the
manufacturer. Initially, the DNA samples were used for the selection of the Rf4 gene, using speci�c
primers and probes, and the TaqMan® method (Holland et al. 1991). The plants containing the Rf4 gene
were genotyped with a panel of 1,065 SNP markers using tGBS (target Genotyping by Sequence)
approach. For this genotyping, the Ion GeneStudio S5 System platform (Thermo Fisher – Waltham,
Massachusetts, USA) was used, following the manufacturer´s instructions. DNA samples from donors
and recurrent parents of each population was also genotyped.



Page 4/14

Once in the genotyping panel there were monomorphic and polymorphic markers between donor and
recurrent parents, two comparison parameters between BC generations plants and recurrent parents were
made: the genetic similarity and the recurrent genome recovery. The genetic similarity (S) was estimated
using the expression:  

The recurrent genome recovery in each BC plant was estimated in the same way as genetic similarity but
using only the polymorphic SNP markers between donor and recurrent parents. In this case it is
considered that the recurrent and donor parents have zero similarity. The recurrent genome recovery
between BC1, BC2 and BC3 plants and the recurrent parents, based only on polymorphic markers,
represents the amount of recurrent genome that was divergent between donor and recurrent parents and
that was already recovered in these plants. The similarity and the recurrent genome recovery were
expressed in percentage, multiplying the estimated value by 100.

The genetic similarity analyses were performed with the aid of the Tassel 5 program (Bradbury et al.
2007). The three groups of population (Table 1) were compared by Analysis of Variance. The genetic
similarity and the recurrent genome recovery were used as variables. The three groups were the
treatments and individual population within groups where the repetitions in a completely randomized
model. The averages of each group were compared by the Tukey test with signi�cance of 5%. The
relationship of genome recovery or genetic similarity of BC plants and the genetic similarity between the
RP and DP was made by using Pearson correlation. The correlations signi�cances were evaluated by
Mantel test with 5,000 simulations, and t-test. The Analyses of Variance, average test and correlations
were performed with the aid of the Genes software (Cruz 1997).

Results
Recurrent genome recovery

After the �rst BC generation the average of recurrent genome recovery of all BC1 populations was 78.29%.
In group 1 the average of recurrent genome recovery was on 78.49%, in group 2 77.36% and in group 3
79.03% (Figure 1). The difference in the recurrent genome recovery observed between groups 2 and 3 was
signi�cant.

By the backcross theory, in the BC1 generation the proportion of the recurrent recovered genome is
expected to be 75% (Borem and Miranda 2005) for all populations. The proportion expected by the
backcrossing theory is based on in�nite size populations, and deviations from that expected can be
observed according to the number of samples evaluated. In the BC1 generation, as there was no
selection, these differences from the expected may have been observed due to the sample size. As real
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populations are always limited in size regarding to theoretical populations or ideal populations, these
deviations could be expected.

The difference in the proportion of the recurrent genome recovery in groups 2 and 3 was signi�cant, but
the difference of this proportion between groups 1 and 3 was not signi�cant, indicating that there is no
relationship between the initial genetic similarity between parents and the proportion of the recurrent
genome recovery in the BC1 generation. This is also demonstrated by the lack of signi�cant correlation
between the average of recurrent genome recovery of BC1 plants with the genetic distances among
parents in each population (Table 2). The deviation of the recurrent genome proportion observed in group
2 regarding group 3 can be associated with the lowest number of plants evaluated in group 2 (Table 1).

The �ve plants of each BC1 population with the highest recurrent parent genome recovery was selected
for the next backcrossing generation. Considering only the selected plants, the average of recurrent
genome recovery mean among all populations was 86.73%, and in group 1 the average was 87.29%, in
group 2 was 85.38% and, in group 3, the average was 87.51% (Figure 1). The difference between the
recurrent genome recovery from the selected plants and the average of recurrent genome recovery
observed in whole population is the effect of using molecular markers in MABC to accelerate genome
recovering in BC program. 

The average of recurrent genome recovery in the selected plants from group 1 and group 3 differed
signi�cantly from the average of recurrent genome recovery of the plants selected from group 2. This
difference is not related to the genetic distances among the parents, since the correlation between the
genetic distance and the recurrent genome recovery was not signi�cant (Table 2). The total number of
plants evaluated by markers on group 2 was 253, which is 5.6% lower than group 1 and 8.6% lower than
group 3. As the number of selected plants was �xed in each population, there were different selection
intensities. The lowest proportion of recurrent genome in group 2 is related to the lowest selection
intensity and the lowest average of the recurrent genome on this group (Figure 1). 

In the BC2 generation the average of recurrent genome recovery among all populations was 92.57%. In
group 1 the average was 93.57%, in group 2 was 91.86%, and in group 3 was 92.27% (Figure 1). The
differences of the average of recurrent genome recovery among the three groups in the BC2 generation
were not signi�cant. The correlation between the average of recurrent genome recovery in the BC2

generation and the genetic distances among parents were also not signi�cant (Table 5).

The average of recurrent genome recovery in the BC2 generation (92.57%) was only slightly lower than it
would be expected for the BC3 generation (93.75%). This was possible because the plants used for the
BC that gave origin to the BC2 (BC1 selected plants) already had recovery genome proportion equivalent
to the expected for the BC2 generation (Table 3).

The average of recurrent genome recovery in the �ve selected plants of all populations was 96.18% in
BC2. In group 1 the average of recovery genome in the selected plants was 96.56%, in group 2 was
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96.00% and in group 3 was 95.99% (Figure 1). The differences of the average of recurrent genome
recovery among the three population groups were not signi�cant. The correlation of the recurrent genome
recovery with the genetic distances among the parents was also not signi�cant (Table 2).

In the BC3 generation the average of recurrent genome recovery in plants of all populations was of
96.97%. In group 1 it was 96.90%, in group 2 was 96.89% and, in group 3 was 97.14% (Figure 1). The
differences among these averages were not signi�cant and the correlation between the recurrent genome
recovery and the genetic distances among the parents was also not signi�cant (Table 2).

Taking only the �ve plants with the highest recurrent genome recovery of each population, the average of
proportion of the recurrent genome recovery was 98.92% in BC3. In group 1 the average of recurrent
genome recovery was 98.69%, in group 2 was 98.77%, and in group 3 was 99.29%. These averages was
not statistically different and were not correlated with the genetic similarities among the parents.

In the three groups of populations, it is possible to observe a great variability in the recurrent genome
recovery among plants in the BC1 generation, and gradual decrease of variability as they advance the BC
generations (Figure 1). This variability among plants within the BC populations is the basis for the
markers assisted selection in the BC programs to accelerate the recurrent genome recovery (Guimarães et
al. 2016, Wang et al. 2007, Peng et al. 2013).

Genetic similarity with recurrent genome

The recurrent genome recovery implies the amount of the genome that was divergent between the donor
and recurrent parents and that became similar to the recurrent genitor genome in each BC generation
(Peng et. al. 2013), expressed in percentage. In this case, only the divergent part of the genome is
considered in the similarity evaluation, which means to say that the original similarity between the donor
and recurrent parents was zero. For this reason, it is not expected that the genetic distance among the
parents has in�uence in the recurrent genome recovery, as was observed in this study.

However, it is to be expected that if the recurrent and donor parents are genetically more similar, the total
donor genome recovery, and not percentage, could be faster. Nonetheless, to observe this, it is necessary
to evaluate the genetic similarity between the BC plants and the recurrent parent considering the whole
genome, and not just the proportion of the genome that is different between recurrent and donor parents.
For this reason, it was also estimated in each backcrossing generation the genetic similarity of the plants
with the recurrent parent considering the whole genome, including the monomorphic markers.

After the �rst backcross generation, the average of genetic similarity between the plants of all BC1

populations with the recurrent parents was 92.15%. In BC1, the average of genetic similarity from group 1
with the recurrent parents was 94.01%, from group 2 was 92.34% and from group 3 was 90.10% (Figure
2). The differences among the average of genetic similarity from each group were statistically signi�cant,
demonstrating the genetic similarity effect between the parents and the genetic similarity of plants in BC1
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with the recurrent parent (Figure 2). The correlation between the average of genetic similarity of each BC1

population and the genetic similarity between the donor and recurrent parents was 0.97 (Table 2).

Considering only the �ve selected plants in all populations, the average of genetic similarity with the
recurrent parents was 95.11% in BC1 (Figure 2). In group 1 the average of similarity was 96.42%, in group
2 was of 94.98% and in group 3 was of 93.92%. Considering only the selected plants, the average of
similarity of group 1 populations with the recurrent parents was statistically superior to the average of
similarity in groups 2 and 3. The correlation between average of similarities of the selected plants in each
population with the genetic similarities among the parents of each backcrossing population was 0.917.

In the BC2 generation the average of genetic similarity of all populations with the recurrent parents was
97.15%. In group 1 the average of similarity was 98.22%, in group 2 was 97.08%, and in group 3 was
96.14% (Figure 2). In BC2 generation, the average of similarity was statistically different only between
group 1 and group 3 (Figure 2). After two BC generation the similarity between the BC plants and the
recurrent parents became closer between the groups. BC populations from group 3 were equal to group 2
populations, and BC populations from group 2 were equal group 1. In BC2 generation the genetic
similarity between the BC plants and recurrent parents were also correlated positively (r=0.94) with the
genetic similarity among the parents (Table 2).

Among the �ve plants with higher similarity the recurrent parent plants in each BC2 population, the
average of similarity was 98.40. In group 1 the average of similarity was 98.95%, in group 2 was 98.48%
and, in group 3, was 97.77% (Figure 2). Among the selected plants there was also signi�cant difference
between the similarity of BC plants with the recurrent parents between groups 1 and 3. The correlation
between the similarity of these selected plants with the recurrent parents and the genetic similarities
among the parents of each population was not signi�cant (Table 2). 

In the BC3 generation the average of genetic similarity from all populations with the recurrent parents
were 98.61%. In group 1 average of similarity was 98.84%, in group 2 was 98.60%, and in group 3 was
98.39% (Figure 2). The differences among this average were not signi�cant, and the correlation between
BC the similarities of plants and the recurrent parents with the genetic similarity among the population
parents was also not signi�cant (Table 3).

Considering the �ve selected plants in each population, the average of similarity with the recurrent
parents was 99.44%. In group 1 this average was 99.40%, in group 2 was 99.37%, and in group 3 the
average of similarity with the recurrent parents were 99.55%. These average of similarity with the
recurrent parents did not differ statistically and were not correlated with the genetic similarity among the
parents.

Discussion
Genome recovery parameter
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Using plants with the highest proportion of the recurrent genome recovery to generate the next BC
generation, the proportion of the recurrent genome recovery in the next generation will be higher than that
expected, and with this the number of BC generations for the recurrent genome recovery can be lower
(Hospital 2001; Bouchez et al. 2002; Wang et al 2020). Once the variability within the populations is has
been reduced at each BC generation, it is possible to use fewer plants in the initial BC generations and
more plants in the �nal generations, for the optimization of resources associated with higher recurrent
genome recovery.

In this study the �ve plants with the highest proportion of genome recovery, in each population and in
each generation, were selected to be used in the next BC generations. The number of selected plants
depends on the number of seeds that is desired to obtain, and this number is related to the number of
genes to be selected before the selection of the recurrent genome recovery. In a backcrossing program, for
each additional gene to be selected for introgression in the elite germplasm the population size is
multiplied by two. In addition, it is necessary to consider some more plants in the case of there is any
problem with the selected plants, and these do not produce the number of seeds expected.

The recurrent genome recovery in the BC1 generation was slightly superior to the theoretically expected.
The selected plants with the use of molecular markers in the BC1 generation already had the proportion of
the recurrent genome recovery equivalent to that that would be expected in the BC2 generation (Table 3).
Consequently, the average of recurrent genome recovery in the BC2 generation was already equivalent to
the expected in the BC3 generation. The selected plants in the BC2 generation already presented recurrent
genome equivalent to the expected in the BC4 generation. The average of recurrent genome recovery in
the BC3 generation did not differ much from the average of selected plants in the BC2 generation, but the
average of recovery of the BC3 selected plants was closer to the expected in BC6 than that expected in
BC5 (Table 3).

In average, the plants selection with the highest proportion of recurrent genome in each generation equals
the gain in the recurrent genome recovery of an additional BC generation. Thus, each marker-assisted BC
generation is equivalent to two BC conventional generations. In this study, the selected plants in BC1 were
equivalent to the BC2 generation, the selected plants in BC2 were equivalent to the BC4 generation and the
selected plants in BC3 were equivalent to the BC6 generation (Table 3).

All the evaluated populations could be �nalized with three marker-assisted backcrossing generations,
with more than 98% of recurrent genome recovery. Seven of the nine evaluated populations presented at
least one plant in the BC3 generation with more than 99% of the recurrent genome recovery. The
exceptions were the RP1xDP1 population of group 1, which had maximum recovery of 98.28%, and the
DP6xRP1 population of group 2, which had maximum recovery of 98.25%.

 

Genetic similarity parameter
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The variability within the BC populations reduced rapidly from one BC generation to another (Figure 2). In
BC1 generation, without selection, the populations derived from more similar parents presented lower
variability than the populations derived from less similar parents. The selection by molecular markers
contributed to reduce the variability within BC populations, because among the selected plants the
variability is lower, with higher average. Because there is greater variability among the plants derived from
less similar parents, the gain by markers assisted selection is higher in these populations. In BC2

generation the similarity between BC plants and recurrent parents was closer among the groups, and in
the BC3 generation the genetic similarity among BC plants was equal for all the populations, independent
of the genetic similarity among the parents.

By the results observed in both, the recurrent genome recovery and in the evaluation of genetic similarity
between the BC plants and the recurrent parents, it was possible to recover the recurrent parent genotype
with three marker-assisted BC generations. The genetic similarity of the selected BC plants at the end of
three MABC generations was superior to 99%, and the recurrent genome recovery close to 99%,
independent of the genetic similarity among the parents.

In all three populations from group 1, we obtained plants with genetic similarity to recurrent parent above
99% with just two generations of BC. The lowest similarity considering each �ve selected plants
individually in these three populations was 98.74%. These three populations could have been �nalized in
the BC2 generation. 

Two of the three populations from group 2 also had average similarity of the �ve selected plants with the
recurrent parent above 98.5% and could be �nalized with two BC generations. However, one population
from group 2 and all three populations from group 3 could not be �nished on BC2. This demonstrates
that the use of donor parents with high genetic similarity with recurrent parents can reduce the number of
BC generations from three to two in a MABC program.

Considering the evaluation of recurrent genome recovery, taking in account just the percentage of
divergent genome recovered in each BC generation, it was not possible to observe any difference among
the groups. And there could be no recommendation of �nalizing some populations after two BC
generations, even with some populations already having plants very close to recurrent parents.

In the recurrent genome recovery evaluation, it is considered only the genome regions that is contrasting
among the parents used in the initial crossing. However, the recurrent genome recovery evaluation
without considering the genetic similarity based on the evaluation of the whole genome, and not only in
the contrasting regions, can lead to interpretation errors, and the result of the BC program may not be as
expected.

Considering the example of two BC populations, one with genetic similarity among the parents of 0.80
and another with genetic similarity of 0.50. Also considering the corn genome with around 1,700 cM. The
parents of the �rst population differ in 340 cM, while the parents of the second population differ in 850
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cM. When the �rst population has recovered 98% of the recurrent genome, it will have recovered 332.2 cM,
remaining 6.8 cM of the donor parent in the converted plants. When the second population has recovered
98% of the recurrent genome, it will have recovered 833 cM, remaining 17 cM of the donor parent in these
plants, i.e., 2.5 times more donor parent germplasm than in the �rst population. 

The genetic similarity evaluation between the BC populations plants with recurrent genitor offers more
accurate information for the BC programs management and de�ning the moment to end the BC cycles
and to �nish the inbreed line conversion. For this, it is necessary to use a number of markers that
acknowledge the whole genome, so that the genetic similarities are estimated with high accuracy.

The use of donor parents genetically closer to the recurrent parents can reduce the number of BC
generations necessary to recover the amount of recurrent desired genome, as it is the case of group 1
populations used in this study.

With three marker-assisted BC generations the effect of the genetic distance between the donor and
recurrent parents is nulli�ed, and all the populations can reach the genetic similarity close to or above
99% with the recurrent parent.

Even considering genetic similarity close to 99%, it is important to observe that there can still be
signi�cant differences among the BC plants and the recurrent parent, because 1% of the corn genome
can contain hundreds of genes. Therefore, it is important to maintain �nishing procedure via
conventional breeding techniques before choosing the best version for each converted genotype (Mumm
and Walters 2001; Mumm 2013).
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Tables
Table 1. Genetic similarity between donor and recurrent parents in nine backcrossing populations, based
on 1,065 SNP markers. 
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Parent Similarity BC Generation

BC1 BC2 BC3

All BC Plants

BC and RP Similarity 0.9704++** 0.9400++** 0.9003++**

Genome Recovery 0.5035 0.2079 -0.3451

Selected BC Plants

BC and RP Similarity 0.9170++** 0.4545 0.4723

Genome Recovery 0.3126 0.2437 0.5766

Recurrent
Parent
(RP)

Donor
Parent
(DP)

Group1 Similarity
between RP
and DP

Average RP and
DP Similarity per
Group

Num
Plants
BC1

2

Num
Plants
BC2

2

Num
Plants
BC3

2

RP1 DP1 1 76.20% 74.00% 88 30 86

RP2 DP1 74.40% 91 48 48

RP3 DP1 71.40% 89 48 81

RP4 DP1 2 66.50% 68.30% 84 41 80

RP5 DP1 69.30% 89 31 85

RP6 DP1 69.10% 80 46 99

RP7 DP1 3 54.80% 54.70% 86 26 79

RP8 DP1 59.20% 95 30 82

RP9 DP1 50.10% 95 86 78
1Group 1, 2 and 3 means levels of similarity between recurrent and donor parents: 1: Greatest similarity. 2:
Intermediate. 3: Greatest Distance.

2Number of plants used in Marker-Assisted Backcrossing for similarity or genome recovering selection,
after selected for target trait.

Table 2. Correlation of the genetic similarity between backcrossing populations parents and BC
populations similarity average and with the genome recovery average in each BC generation.

** Signi�cant at 1% probability by t test

++Signi�cant at 1% probability by
Mantel test based on 5,000 simulations

Table 3. Observed genome recovery in
marker-assisted backcrossing and
equivalency with theoretical backcross
genome recovery.
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Observed BC
Generation

Genome
Recovey

Theoretical BC
generation

Expected Genome
Recovery

BC1 78.29% BC1 75.00%

BC1 selected plants 86.73% BC2 87.50%

BC2 92.57% BC3 93.75%

BC2 selected plants 96.18% BC4 96.88%

BC3   96.97% BC5 98.44%

BC3 selected plants 98.92% BC6 99.22%

 

 

Figures

Figure 1

Recurrent parent genome recovery in three Marker-Assisted Backcrossing generations. BC Selected
contains the data of the �ve plants in each group and generation with higher recurrent genome recovery.
Group 1: Average similarity between donor and recurrent parents = 74%, Group2: Average similarity
between donor and recurrent parents = 68.3%, Group3: Average similarity between donor and recurrent
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parents = 54.7%. Same letters in each generation means same genome recovery average by Tukey's test
at 5% probability.

Figure 2

Similarity of corn backcrossing plants in three Marker-Assisted Backcrossing generations with recurrent
parent. BC Selected contains the data of the �ve plants in each group and generation with higher
similarity with recurrent parent. Group 1: Average similarity between donor and recurrent parents = 74%,
Group 2: Average similarity between donor and recurrent parents = 68.3%, Group 3: Average similarity
between donor and recurrent parents = 54.7%. Same letters in each generation means same similarity
average with recurrent parent by Tukey's test at 5% probability.


