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Abstract: The forage Urochloa ruziziensis (R. Germ. and C.M. Evrard) Crins (synonym Brachiaria
ruziziensis) (Poales: Poaceae)) has great potential to be adopted as pasture. However, this forage
is susceptible to spittlebugs, the main insect pest of pastures in Brazil. Thus, the objective of this
study was to select genotypes of U. ruziziensis resistant to Deois schach (Fabricius) and Mahanarva
spectabilis (Distant) (Hemiptera: Cercopidae) through 16 cycles of recurrent selection. The resistance
of 13,114 U. ruziziensis plants to spittlebugs was evaluated in experiments conducted between 2008
and 2023. Each plant was infested with six eggs of the insect pest at stage 5S4 and kept in a greenhouse
for up to 40 days. After this period, surviving nymphs from the second to fifth instars were counted.
The original population of U. ruziziensis (POP01-2008) presented a nymphal survival rate of 63%,
while for the improved population (POP36-2023) the average nymphal survival rate was 32.8%. The
estimated total genetic gain was 15%, and the annual genetic gain was 1%. After 16 selection cycles,
in POP36-2023, approximately 63% of the genotypes (716 plants), had nymphal survival rates equal
to or less than 33% and were considered resistant to D. schach and M. spectabilis nymphs.

Keywords: forage; insect pest; signal grass

1. Introduction

Tropical forages play a fundamental role in Brazilian livestock farming, as they are
used for direct grazing on approximately 100 million hectares, which corresponds to
approximately 90% of the cultivated pastures in Brazil [1]. Therefore, greater efficiency in
exploiting the productive potential of tropical pastures can increase the intensification of
animal production and its productive capacity [2]. Forage grasses of the genus Urochloa
play an important role in this endeavor. These plants are adapted to different types of
soil and have several favorable agronomic characteristics, which make them attractive for
expansion throughout the country [3-6].

The forage grass Urochloa ruziziensis (R. Germ. and C.M. Evrard) Crins (synonym
Brachiaria ruziziensis) Poales: Poaceae) is of African origin and was introduced into Brazil
in 1965 by the Northern Agricultural Research and Experimentation Institute (IPEAN) [7].
This diploid species can be reproduced sexually or through clones and has high potential as
a pasture due to its high nutritional quality and productivity [8]. However, this forage grass
is susceptible to spittlebugs, among which the main species are Deois schach (Fabricius) and
Mahanarva spectabilis (Distant) (Hemiptera: Cercopidae) [6,9-13].
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The spittlebug nymphs feed on xylem in the plant base and produce a foamy substance
utilized for self-defense. The adults live and feed on the aerial portion of the plant [14], thus
reducing the chlorophyll content [15] and the plant’s regrowth capacity [16]. In this context,
Thompson [17] made a crude estimate that the world losses to grass feeding spittlebugs is
about USD 840-2100 million year-1, excluding damage in Africa and Asia, for which no
estimates are possible.

To reduce this negative impact, a combination of control strategies must be carried out
for the efficient management of spittlebugs; several studies have been conducted to expand
these tactics [18]. According to Buitrago et al. [19], the development of new cultivars
through breeding programs that incorporate host plant resistance is a long-term and low-
cost strategy, with the main objective of increasing insect pest mortality in the early stages
of life.

Therefore, the adoption of U. ruziziensis plants resistant to spittlebugs is a promis-
ing technique and the resistance characteristic is of greatest interest in tropical forage
improvement programs [20]. According to Cardona and Sotelo [21], antibiosis is a type or
mechanism of resistance that describes the negative effects of a resistant genotype on the
biology of an insect.

To obtain cultivars resistant to spittlebugs, plant screening must be adopted through
recurrent selection. This method consists of identifying resistant plants that are crossed
or self-fertilized and testing and selecting their progenies; this process is repeated until
populations with adequate levels of resistance are obtained [22,23]. Often, the selection and
crossing process needs to be repeated for generations, as the gains in each generation can
be small due to complex traits and low heritability.

In this context, considering the advantages of adopting U. ruziziensis in cattle feed
and due to the genetic variability within populations of this forage, it is necessary to adopt
recurrent selection to obtain genotypes resistant to spittlebugs. Therefore, the objective
of this study was to select genotypes of U. ruziziensis resistant to the spittlebug species D.
schach and M. spectabilis through 16 cycles of recurrent selection.

2. Materials and Methods
2.1. Location

The experiments were conducted at Embrapa Gado de Leite, in the municipality of
Juiz de Fora, Minas Gerais, Brazil.

2.2. Genetic Material

A total of 13,114 U. ruziziensis plants were evaluated for resistance to spittlebugs in
experiments conducted between 2008 and 2023 (Table 1).

A population of half-sib progenies composed of 270 plants of U. ruziziensis belonging
to the Embrapa Gado de Leite forage improvement program provided the genotypes for
the beginning of the tests, with successive annual cycles of intercrossing and selection of
plants for resistance to spittlebugs throughout the period. In each selection cycle carried
out within the breeding program, an average selection intensity was adopted in the range
of 20% of the individuals evaluated.

Periodically, according to the needs of the improvement program, genotypes belonging
to other lines of research in the program, which had been improved and evaluated for
other characteristics of interest, such as productivity and forage quality, were used to
introduce new genes into the genotypes that were being improved in terms of resistance
to spittlebugs.

In all experiments that were carried out, the standard for susceptibility to spittlebugs
was U. decumbens Stapf (synonym Brachiaria decumbens) cv. Basilisk, and the standard for
resistance to spittlebugs was U. brizantha (Hochst. ex A. Rich.) Stapf (synonym Brachiaria
brizantha) cv. Marandu.
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Table 1. Populations of Urochoa ruziziensis evaluated for resistance to Deois schach and Mahanarva
spectabilis from 2008 to 2023, with the experimental design and total number of plants and plants

per year.
Experiment Species of Experimental Number of Number of
P Spittlebug Design Plants Plants/Year
POP01-2008 M. spectabilis RCBD 270 270
POP02-2009 M. spectabilis RCBD 148
POP03-2009 D. schach RCBD 84
POP04-2009 M. spectabilis FABD 552 784
POP05-2010 D. schach RCBD 252
POP06-2010 M. spectabilis RCBD 430
POP07-2010 D. schach RCBD 216
POP08-2010 M. spectabilis FABD 297
POP09-2010 M. spectabilis RCBD 450 1645
POP10-2011 M. spectabilis RCBD 180 180
POP11-2012 M. spectabilis RCBD 102
POP12-2012 M. spectabilis RCBD 216
POP13-2012 D. schach RCBD 78
POP14-2012 M. spectabilis FABD 240 636
POP15-2013 M. spectabilis FABD 640
POP16-2013 M. spectabilis RCBD 128
POP17-2013 M. spectabilis RCBD 240
POP18-2013 M. spectabilis RCBD 120
POP19-2013 M. spectabilis RCBD 408 1536
POP20-2014 M. spectabilis RCBD 414
POP21-2014 M. spectabilis RCBD 240
POP22-2014 M. spectabilis FABD 24
POP23-2014 D. schach FABD 132 810
POP24-2015 D. schach RCBD 315
POP25-2015 D. schach RCBD 428
POP26-2015 D. schach RCBD 368 1111
POP27-2016 M. spectabilis FABD 200
POP28-2016 M. spectabilis RCBD 750 950
POP29-2017 M. spectabilis RCBD 315 315
POP30-2018 M. spectabilis RCBD 300 300
POP31-2019 M. spectabilis FABD 539
POP32-2019 M. spectabilis RCBD 90 629
POP33-2020 D. schach FABD 1673 1673
POP34-2021 D. schach FABD 781 781
POP35-2022 D. schach FABD 357 357
POP36-2023 M. spectabilis FABD 1137 1137
Total plants evaluated 13,114

Federer augmented blocks design = FABD; Randomized complete block design = RCBD.

2.3. Obtaining the Plants

The seedlings of the tested genetic materials were produced in plastic trays containing
commercial substrate (Carolina Soil®—Composition: Sphagnum turf, expanded vermi-
culite, dolomitic calcareum, agricultural gypsum and NPK fertilizer), where the seeds
were deposited and remained for approximately 40 days. The plants were subsequently
transplanted into rearing units that contained a substrate composed of soil, sand, and
manure in a 3:1:1 ratio.
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2.4. Obtaining Pest Insect Eggs

Spittlebugs of the species D. schach and M. spectabilis collected at the Experimental
Field of Embrapa Gado de Leite served as the supply of live material for the tests, which
were carried out in a greenhouse.

The adults of the insect pest were collected and transferred to the Entomology Labora-
tory at Embrapa Gado de Leite, separated by species, and placed in cages (30 x 30 x 55 cm).
The forages (Urochloa decumbens to D. schach and Cenchrus purpupeus to M. spectabilis) were
kept inside the cage and served as the insect’s feeding substrate. Furthermore, the base of
the plant and the floor of the cage were covered with hydrophilic gauze, which was used
as an oviposition substrate for the spittlebugs.

Every 4 or 5 days the plants were replaced and the gauze containing the eggs was
removed and subjected to a jet of water over a set of sieves. The extracted eggs were
withheld through a 400-mesh sieve. Then, the eggs were individualized, counted, and
transferred to Petri dishes covered with filter paper and periodically moistened with a 1%
copper-sulfate-based solution. The plates containing the eggs were identified with the date
and the species of spittlebug, grouped in trays, and placed in a climate-controlled chamber
at 25 £ 2 °C with a 12 h photophase and a relative humidity of 70 4= 10% until the eggs
reached the 54 stage, when they were close to the nymph hatching point and were taken
for experiments.

2.5. Conducting the Experiments

To evaluate the nymphal survival of spittlebugs, for experiments carried out between
2008 and 2013, U. ruziziensis plants (the seedlings obtained as described in Section 2.3)
were grown for 60 days in spittlebug rearing units made of PVC measuring 5 cm in
diameter x 8 cm in height. In experiments conducted between 2014 and 2019, plants were
grown in plastic pots measuring 7.5 cm in diameter x 11 cm in height. The plants evaluated
between 2008 and 2019 had the surface layer of soil removed with the aid of a water jet,
ensuring the exposure of the superficial roots of the plants, which were the feeding sites for
the nymphs of these cercopids.

In trials conducted between 2020 and 2023, the seedlings obtained as described in
Section 2.3 were maintained in the same tubes (4 cm in diameter and 14 cm in height) for
60 days, and to stimulate the growth of the roots, which were the feeding sites for the
nymphs of the insect pest, the lower part of the tube containing the plant to be evaluated
was inserted over an empty tube with the same dimensions.

Each plant was infested with six eggs of the insect pest at stage S4, and to prevent
the nymphs from escaping, the pots were properly closed, packed in trays, and kept
in a greenhouse for a period that varied between 30 and 40 days, depending on the
abiotic factors of the experimental period. After this period, surviving nymphs from
the second to fifth instars were counted. The plants tested against insects were never
re-evaluated in subsequent experiments. Only their descendants, obtained by crossing
the genotypes, were selected. The abiotic factors were recorded with the aid of a data
logger and transferred to a computer using HOBOware® version 3.7.17 software (Onset Co.,
Ltd., Pocasset, MA, USA). In the experimental period, the mean temperature was 25.6 °C
(minimum = 15.4 °C, maximum = 45.9 C) and the mean RH was 80.2% (minimum = 29.6%,
maximum = 98.5%) (Supplementary Table S1).

2.6. Experimental Design

The experimental design was completely randomized blocks or Federer-augmented
blocks, depending on the selection cycle (Table 1). Nymphal development was allowed to
proceed without interference until full maturity. The survival of nymphs from the second
to fifth instars was evaluated following the adapted methodology described by Cardona
et al. [24], where the number of live nymphs present in each pot was recorded to calculate
the percentage nymph survival, which was then used to classify the genotypes as resistant
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(£33% survival) or susceptible (>33%). Genotypes considered resistant were selected,
intercrossed, and their progenies propagated by seeds and evaluated in subsequent cycles.

2.7. Statistical Analysis

To compare the nymphal survival of M. spectabilis between years, the data were
tested by analysis of variance and the means were compared using the Scott Knott test
at 5% probability using SISVAR 5.1 software (Universidade Federal de Lavras-Minas
Gerais, Brazil).

Additionally, the data also were analyzed using Henderson’s linear mixed-model
approach [25]. The variance components were estimated using the residual maximum like-
lihood method, with significance verified using the likelihood ratio test at a 5% probability.
BLUE (best linear unbiased estimator) estimates were obtained for the fixed effects, and BLUP
(best linear unbiased predictor) predictions were obtained for the random effects.

The individual analyses for each experiment considering the fixed control and random
genotypes of the U. ruziziensis were carried out using the Ime4 package [26] in R version
4.2.2 software (R Core Team) [27] according to the following statistical model:

y=1p+ XiBt + Zyup + Zoug + e, 1)

where y is a vector of data; y is a constant associated with the data; j; is a vector of fixed
effects of the population of regular genotypes and of the control; and uy, is a vector of block
effects, where u;, ~ N (0, Ihag). Ij is an identity matrix of order b, where b is the number
of blocks and sz is the variance associated with the block effect; 1 is a vector of the effects

of regular genotypes, where ug ~ N (O, Igagz). I; is an identity matrix of order g, where

g is the number of regular genotypes of U. ruziziensis and U§ is the variance associated
with the effect of regular genotypes; ¢ is the vector of errors, where e ~ N (O, In(fez). I, is
an identity matrix of order 1, where 7 is the amount of useful data and ¢? is the variance
associated with the experimental error; 1, X, Zy,, Z¢ represents the vectors of 1 s of order n,
which are the design matrices of the effects B, uy, g, respectively.

The following parameters were estimated from the individual analyses: the selective

accuracy on genotype average (rgg) using the estimator [28]: Tig = A /11— I%V, where
3

PEV is the average variance of the prediction error associated with the genotype BLUP;
the coefficient of experimental variation (CV,) using the estimator (Pimentel-Gomes 2000)

CV, = \/y@, where ¥ is the overall mean of each experiment; and the generalized heritability

(h?) of [29] on the genotype mean, given by hg, =1 - {%} , where vpyp is the average

variance of the prediction error of the difference between the BLUPs of two genotypes.
Genetic progress was then estimated using the method of the Vencovsky et al. [30],

which is based on genotypes from the breeding population in two successive years. The

average genetic gain (GG) per year relative to the previous year was estimated using the

following equation:

o (@ -7) -, - 7)

GG = pr—T

()

where y7; and . are the averages of the regular genotypes in years i and j, respectively,
wherej=i+1andy, and ycj are the averages of the genotypes of the U. ruziziensis in years
i and j, respectively.

In addition, a graphical analysis of the percentage of genotypes associated with
nymphal survival that where in the range 1 (17%), 2 (33%), 3 (50%), 4 (67%), 5 (83%), and
6 (100%) live nymphs was carried out for the experiments conducted each year. With
this information, for each year, the frequency of genotypes was divided into 2 groups of
plants for consideration, one composed of plants that showed nymphal survival equal
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to or less than 33% and the other with nymphal survival greater than 33%, following to
the classification adapted established by Cardona et al. [24] for those genotypes that were
considered resistant and susceptible, respectively.

3. Results

A discrepancy was observed in the nymphal survival of spittlebug nymphs fed on
U. brizantha and U. decumbens plants, which were used as the resistant and susceptible
controls, respectively. According to all the experiments, the average genotypic value for
nymphal survival of the insects that fed on the cultivar Marandu (U. brizantha) was 55.18%
of that observed when the host was the cultivar Basilisk (U. decumbens) (Table 2). The only
exception was when the experiment was conducted in 2019, when the average genotypic
values for nymphal survival were similar.

Table 2. Average genotypic values for nymphal survival of spittlebugs on Urochoa ruziziensis geno-
types and resistant and susceptible control plants and estimates of genetic gain each year (year/year)
or considering the first evaluation cycle (year/first year) in the period from 2008 to 2023.

Average Genotypic Value + SE Genetic Gain (%)

Year Genotypes (?f Standard Year/Year Year/First Year
U. ruziziensis Resistant Susceptible
2008 6373 £24 35.00 + 8.03 66.67 + 10.54 * *
2009 43.45+ 3.0 34.38 &+ 6.57 60.90 + 4.60 —31.81 —31.81
2010 50.80 + 4.0 22.04 £ 5.68 50.10 + 4.99 16.91 11.53
2011 39.05 £ 6.5 26.67 £9.87 58.62 £ 11.48 —23.14 —18.45
2012 50.75 £ 6.4 4521 £ 6.34 56.71 £ 5.44 29.96 18.36
2013 5891 £4.1 30.93 +4.49 60.43 +4.74 16.09 12.81
2014 51.42 £ 6.5 25.83 £ 2.69 66.76 £+ 3.41 —12.72 —11.76
2015 60.84 £2.5 55.79 £ 7.48 76.60 + 5.83 18.32 14.78
2016 40.55 £ 3.9 40.00 £7.18 75.00 % 9.69 —33.36 —31.84
2017 29.67 £5.2 36.67 £ 13.33 63.33 £ 6.24 —26.81 —17.06
2018 37.00£7.6 0.00 £ 0.00 26.67 £ 19.44 24.68 11.49
2019 51.55 + 8.4 46.69 £ 5.08 46.28 £+ 5.01 39.32 22.83
2020 18.02+1.2 19.57 +4.10 35.51 +4.64 —65.05 —52.62
2021 23.67 £ 1.4 9.77 £2.93 25.29 +4.58 3141 8.88
2022 4240 £25 37.88 £+ 8.44 57.58 £ 11.32 79.11 29.39
2023 32.83+£22 14.35 +5.79 4491 £7.04 —22.59 —15.03
Average 43.41 +£4.24 30.05 £6.13 54.46 +7.44
Genetic gain —1.00 —15.00

* Initial plant population—no data to estimate gain. For genetic gain, negative values (—) indicate a reduction in
the survival of the insect pest and positive values (+) indicate an increase in the survival of the insect pest in the
evaluated population.

The general averages, considering all the experiments carried out during the study
period, for the genotypic value for nymphal survival of D. schach and M. spectabilis nymphs
were 43.41% when fed on the different genotypes of U. ruziziensis and 30.05% and 54.46% for
the resistant and susceptible controls, respectively. Even though it is considered resistant,
the Marandu cultivar provided conditions for the development of insects (Table 2), but the
average survival rate was less than 33%.

In each of the experiments conducted in different years, variability was observed
between the genotypes of U. ruziziensis that arose from different selection cycles (F = 124.6;
p < 0.0001, df = 15). In the first trial, carried out in 2008, a 41 to 100% variation in the
nymphal survival of the insect pest was observed, with an average of 63.72% for the
genotypic value for nymphal survival, which was the highest average for the period from
2008 to 2023, characterized as a population of plants susceptible to spittlebugs (Table 2,
Figure 1).
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Figure 1. Average genotypic value for the nymphal survival of spittlebugs in genotypes of Urochloa
ruziziensis, the resistance standard, and the susceptible standard evaluated over 16 cycles of recur-
rent selection.

In successive experiments conducted over the years, a reduction in nymphal survival
was observed, demonstrating the success of the selection of U. ruziziensis plants, given
that the improved plants were unfavorable to the development of insects in each cycle.
The lowest averages (F = 124.6; p < 0.0001; df = 15) for nymphal survival were observed
in assessments carried out in 2020 and 2021, followed by 2017, 2018, and 2023 (Table 1,
Figure 1). Although the average genotypic value for the nymphal survival of the improved
genotypes was always lower than that of the initial plant population, the sets of plants
evaluated in 2010, 2012, 2013, 2015, 2018, 2019, 2021, and 2022 showed increases in the
average genotypic value of nymphal survival in relation to the population tested in the
previous year (Table 2, Figure 1).

According to the data from the first and last years, there was a reduction of 51.49%
in the genotypic value of survival spittlebug nymphs that fed on U. ruziziensis plants. In
other words, the original population presented a genotypic value of 63.73%, while for the
improved population this value was 32.83% on average (Table 2, Figure 1).

Given the genetic variability of U. ruziziensis, it was possible to estimate the genetic
gain from selection using the genotypic value for the nymphal survival of spittlebug
nymphs (Table 2). The heritability (h2g) was estimated and varied from 38.40 to 12.20
for the genotypic values of nymphal survival in the U. ruziziensis genotypes tested be-
tween 2008 and 2023. The selective accuracy values were moderate to high in 80% of the
evaluated population.

Excluding the environmental component present in the evaluations, the estimate of
the genetic gain with the selection of plants less favorable to the development of spittlebug
nymphs was 15%, with a 1% gain per year (Table 2).

The increase in the number of individuals with the desired phenotype was also
observed graphically, as shown in Figures 2 and 3. In the first evaluation, which was
carried out in 2008, no plants were observed in the 16.7 and 33% nymphal survival classes.
In contrast, according to the data from the 2023 population assessments, the majority
of the tested plants exhibited this phenotype, that is, low insect survival. More than
50% of the plants evaluated in the first 8 years of selection, that is, between 2008 and
2015, had nymphal survival greater than 33%. In populations evaluated between 2016
and 2023, excluding only the population evaluated in 2019, more than 50% of the tested
genotypes had nymphal survival rates less than 33%, reinforcing the greater possibility of
identifying and selecting resistant materials in improved populations due to the increase in
the frequency of resistance genes to spittlebugs (Figure 2). Recurrent selection contributed to
a considerable increase in the number of genotypes resistant to the insect pest, considering
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that after 16 selection cycles in POP36-2023, approximately 63% of the genotypes, a total of
716 plants, had nymphal survival equal to or less than 33% (Figures 2 and 3).
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Figure 2. Annual frequency distribution of genotypes (%) of Urochloa ruziziensis with nymphal
survival greater than 33% (susceptible) or equal to or less than 33% (resistant) between 2008 and 2023.
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Figure 3. Frequency distribution of genotypes (%) of Urochloa ruziziensis with nymphal survival
greater than 33% (susceptible) or equal to or less than 33% (resistant).

4. Discussion

Although U. ruziziensis has good nutritional quality and is accepted by livestock, this
forage species was practically abandoned by rural producers at the end of the last century.
Among the main reasons for this abandonment was its susceptibility to spittlebugs [31].
In the early 2000s, however, U. ruziziensis began to be cultivated again, its planted area
annually expanding, and is currently the main forage species used in integrated cultivation
systems involving crops, livestock, and forestry (ILPF) [31]. As it is fully diploid and sexual,
unlike other species of the genus, the generation and use of genetic variability is more viable.
This approach facilitates and favors genetic improvement, which has achieved considerable
gains for different traits of forage importance, based on the phenotypic recurrent selection
strategy. Even for resistance to spittlebugs, the main pest that attacks this forage in Brazil,
the results of the selection cycles were promising [32].

With this plant improvement strategy, it is possible to evolve from a population of
plants susceptible to spittlebugs to an improved population in which more than 60% of
the plants are considered resistant to the insect pest (Figures 2 and 3). Cardona et al. [24]
studied the resistance of the genus Urochloa to spittlebugs and established that plants with a
nymphal survival percentage less than 33% should be considered resistant to this pest. This
category includes, for example, the cultivar Marandu (U. brizantha), which is considered a
standard of resistance to spittlebugs in Brazilian growing conditions. In the first assessment
of resistance to spittlebugs, which was carried out in 2008, 100% of the genotypes showed
nymphal survival greater than 33%. After 16 selection cycles, approximately 63% of the
plants showed nymphal survival less than 33% and were considered resistant to spittlebugs
(Figures 1-3).

The average genotypic values for nymphal survival obtained for the Basilisk and
Marandu cultivars reinforced the idea of them being representative cultivars of susceptibil-
ity and resistance to spittlebugs, respectively, and demonstrated that these cultivars were
suitable for use as standards in our study (Table 2, Figure 1). These results reinforce the
efficiency of the evaluations and the ability of the methodology to detect differences in the
genotypic value for the nymphal survival of spittlebug nymphs in host Urochloa plants
over 16 cycles of recurrent selection.

Similar results showing increases in resistance to spittlebugs for Urochloa species
via recurrent phenotypic selection have already been reported by other authors [33—40].
Employing this same improvement strategy, Miles et al. [34] managed to identify promising
Urochloa plants in terms of resistance to spittlebugs, starting from the fifth selection cycle.
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In the current work, in the second selection cycle, it was verified that almost 20% of the
evaluated genotypes were considered resistant to spittlebug nymphs, and from the eighth
selection cycle onward, at least 50% of the evaluated materials showed nymphal survival
less than 33% and were therefore considered resistant. In this context, it is important to
highlight the unprecedented fact of this research, in which 16 cycles of recurrent selection
of U. ruziziensis were conducted, increasing the reliability of the genotypes selected as
resistant to spittlebugs.

According to Miles et al. [34], there is a need for subsequent cycles to increase favorable
alleles for resistance to spittlebugs. This increase in favorable alleles within the improved
population makes it possible, in practice, to more easily identify individuals who present
the desired phenotypic characteristics as they become more frequent. This fact is evidenced
in the present work, in which in subsequent cycles of recurrent selection, the evaluated
genotypes promoted a considerable reduction in the survival of D. schach and M. spectabilis
nymphs. The recurrent selection strategy has been used successfully in several crops
with varied objectives, always aiming to increase the allelic frequency and, consequently,
favorable genotypes within the improved population [41-44].

The heritability was considered moderate-to-high according to the classification pro-
posed by Resende 2002 [45]. Heritability indicates the degree by which individuals pass
their traits over the generations and can also imply something about the genetic control of
traits. In this sense, a high heritability value indicates that there is a good chance of genetic
gain from selection [46].

The mean heritability for clones from the initial population was 38.40% for the average
genotype value for nymphal survival, showing that the variability of plant resistance traits
against D. schach and M. spectabilis can be transferred to subsequent generations. Also,
these results indicate the efficiency of selection within U. ruziziensis for plant resistance
traits. Similarly, Silva et al. [47] reported a high heritability for the resistance traits of U.
ruziziensis against Collaria oleosa (Hemiptera: Miridae).

According to Juhdsz et al. [48], accuracy refers to the correlation between the expected
genetic values and the true genetic value of an individual. The higher the accuracy to a
given individual, the higher the reliability of the assessment and the expected genetic value,
as well as the higher the gain from selection. In the current work, we estimated a value
above 60% for the genotypic values of nymphal survival in the U. ruziziensis genotypes
tested, reinforcing the reliability of the results.

The estimated gain from selection is influenced, among other factors, by the her-
itability of the trait under consideration and the intensity of selection applied to each
cycle [42,49-51]. In all selection cycles carried out within the breeding program, an average
selection intensity was adopted, in the range of 20% of the individuals evaluated. This
association led to an estimate of genetic gain with selection of 1% per year, that is, a 15%
gain in the period evaluated (Table 2), indicating that within the improved population,
there is, over time, an increase in the frequency of favorable alleles related to resistance to
cercopid nymphs favoring their selection in future cycles.

Recurrent phenotypic selection is a method that allows the insertion of new sources of
variability throughout breeding cycles [42,50]; this method is efficient for the improvement
of forage plants and can be verified in the working population of U. ruziziensis under
evaluation in this work. The genetic improvement of any plant species aims to increase
different characteristics to obtain a product that meets demand, and different characteristics
generally increase in each species. These different characteristics can occur at the same time
or in isolation [50,52].

When selection is carried out for different traits at the same time, normally, the gains
obtained for each trait are smaller than they would be if they were carried out individually,
even if heritability is high [50,52]. The improvement of U. ruziziensis aims to obtain cultivars
that combine high production, high biomass quality, and tolerance to the main abiotic
stresses, such as drought, cold, and toxic aluminum, and biotic stresses [32]. As a result,
the estimated gains from selection for resistance to the insect pest in this work were not
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linear over the years (Figure 1). Although unfavorable, these results were expected within
the breeding strategy used, as recurrent selection was not based solely on resistance to the
insect and there was interest in introducing other alleles into the population.

It was observed that in years in which greater emphasis was placed on the selection
of plants resistant to spittlebugs, the gains obtained for this characteristic were more
pronounced, which was the case for populations evaluated between 2008 and 2009, 2016 and
2017, and 2019 and 2020. Conversely, when selection did not prioritize this characteristic or
new genotypes were inserted into the working population aiming to increase the genetic
variability, the gain estimates for resistance to spittlebugs were unfavorable and there was
an increase in the nymphal survival of the insect pest. Similar results for a reduction in the
average number of populations improved by the introduction of genetic variability from
germplasm banks or other sources have been commonly noted in different crops [52,53].

According to Souza Sobrinho et al. [31], improved forages contribute to the food
security of livestock by reducing the chances of limited forage availability due to pest
attacks and by providing alternative cultivars, thereby reducing the genetic vulnerability
that occurs when cultivating large areas with just one or a few forage species/cultivars. It
is therefore suggested that the improved population in the current research be subjected to
a new stage, in which it will be cloned and subjected to attack by the insect pest in order
to confirm the resistance of U. ruziziensis, guaranteeing the producer a reduction in the
problems caused by pasture leathoppers.

It can be observed from the results of this work that the gains from selection for
resistance to pasture spittlebugs in U. ruziziensis are considerable and of great relevance
for this forage species. Therefore, the strategy adopted by the U. ruziziensis breeding
program is efficient, resulting in gains for most of the characteristics evaluated throughout
the cycles. In the current improved population (POP36-2023), new cultivars that combine
important forage characteristics, such as resistance to spittlebugs, are expected, which
seemed impossible or at least unlikely a few years ago.

5. Conclusions

Thus, after 16 cycles of recurrent selection, it became possible to identify 716 genotypes
of U ruziziensis with nymphal survival rates less than 33%, that is, those resistant to D. schach
and M. spectabilis, enabling the development of a cultivar resistant to these spittlebugs.
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