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ABSTRACT. To investigate the genetic resistance to northern corn leaf blight (Exserohilum turcicum)
disease in the UENF-14 popcorn population and the inclusion of this trait in the analysis, two hundred ten
popcorn half-sib families were evaluated using an incomplete block design with treatments arranged in
replicates "Sets". Regarding the Families within "Set" (F/S) source of variation, enough genetic variability
was found for northern corn leaf blight disease resistance to be explored in the next cycles of the UENF
popcorn breeding program. The open-pollinated UENF-14 variety has a source of resistance to this disease
in its genetic basis, given that it originated from crossing with an American cultivar with yellow grains that
is resistant to disease. These results strengthen the possibility of selecting resistant families across the cycles,
so it is concluded that the selection was effective at maintaining the balance in the occurrence of the disease in the
study population and that the source of resistance is not lost with advancing cycles. The addition of the foliar
disease variable in the analysis is of the utmost importance for the improvement of popcorn as it makes it possible
to aggregate genes for resistance to this disease along with agronomic traits of interest.
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Histo6rico da helmintosporiose em sete ciclos de selecao recorrente na populagao UENF-14

de milho-pipoca

RESUMO. Com o objetivo de investigar a resisténcia a Exserohilum turcicum na populac¢io de milho-pipoca
UENF-14, bem como inclusio desta caracteristica na anilise, duzentas e dez familias de meios-irmaos
foram avaliados usando delineamento em blocos incompletos, com tratamentos dispostos em repetigdes
dentro "Sets". Em relagio 2 fonte de variagio Familias dentro "Set" (F / S), foi encontrada variabilidade
genética suficiente para ser explorada nos préximos ciclos do programa de melhoramento de milho-pipoca
da UENF em relagio 3 doenga helmintosporiose. A variedade de polinizagio aberta UENF-14 tem na sua
base genética fonte de resisténcia a doenga, devido ao fato que a mesma se originou a partir de cruzamento
com a cultivar de graos amarelos Americana, que ¢é resistente a2 doenga. Tais resultados vém reforgar a
possibilidade de sele¢io de familias resistentes através dos ciclos. Portanto, concluiu-se que a sele¢io foi
eficaz em manter o equilibrio da doenga na populagio em estudo e que a fonte de resisténcia nao ¢ perdida
com o avango dos ciclos de selec¢io. A adi¢ao da varidvel doenga foliar na anilise é de extrema importincia
para o melhoramento do milho-pipoca, pois torna possivel agregar os genes para resisténcia a esta doenga
juntamente com as caracteristicas agronémicas de interesse.

Palavras-chave: Exserohilum turcicum, familias de meios-irmios, Zea mays.

Introduction

Popcorn (Zea mays everta Sturt.) is a special type
of maize and a popular snack food in Brazil, where
its consumption has increased over the years, so it
has become an economically attractive crop for
farmers across the country (Mendes de Paula et al.,
2010; Silva, Amaral Juanior, Gongalves, Freitas
Junior, & Ribeiro, 2011; Moterle et al., 2012;
Gongalves et al., 2014). However, official data from
Brazilian government institutions have revealed that

popcorn production remains limited relative to
the potential market for the crop, and the primary
limiting constraint is obtaining cultivars with
multiple favorable agronomic traits (Arnhold,
Mora, Silva, Good-God, & Silva, 2009; Moterle
et al., 2012; Ribeiro et al., 2012; Silva et al., 2013).
There are 48 registered cultivars
(Ministério  da  Agricultura  Pecudria e
Abastecimento [MAPA], 2013), and most of them
belong to the popcorn industry, which is represented

in Brazil
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by packing companies that make the seed stock
available to only a few partner producers.

In contrast to common corn, popcorn plants
generally have smaller, thinner and weaker stems;
are very precocious in the maturation and drying of
grains; produce tillers more often; have higher
susceptibility to diseases and pests; are more prolific,
i.e., have a greater number of ears per plant; and
have fewer and narrower leaves and a small grain
size (Li et al, 2008; Viegas Neto et al., 2012).
Popcorn plants also have a less developed root
system and suffer greater damage by attack from
curcubit beetle worms (D. speciosa) and nematodes,
which makes the plant more susceptible to lodging
and desiccation (Li et al., 2008). This maize crop is
further affected by several leaf diseases, which can
cause significant damage to yield and grain quality.
In particular, popcorn is susceptible to the northern
corn leaf blight, which is caused by Exserohilum
turcicum  (Pass.)  Leonard &  Suggs (sin.
Helminthosporium turcicum Pass.) and is characterized
as one of the main foliar diseases (Carson, 2006;
Harlapur et al.,, 2008; Scapin, Carnelossi, Vieira,
Schwan-Estrada, & Cruz, 2010; Ishfaq et al., 2014).

According to Ishfaq et al. (2014), northern corn
leaf blight disease is characterized by long elliptical,
greyish green or tan leaf lesions that first appear on
the lower leaves and increase in size and number
until very little living tissue remains, and yield is
reduced due to a lack of carbohydrates for grain
filling. Northern corn leaf blight is a disease that
occurs widely in all regions where susceptible corn,
sweetcorn and popcorn are grown, and it has great
potential to cause damage and has been studied for
years (Rossi & Reis, 2014). Damage to the green leaf
area during grain filling can cause up to a 40%
reduction in grain yield in susceptible hybrids
(Ferguson & Carson, 2007; Wang et al., 2010; 2012).
The use of resistant cultivars has been the primary
control measure of corn leaf diseases (Casela,
Ferreira, & Pinto, 2006; Ferguson & Carson, 2007;
Vieira et al., 2009; Ishfaq et al., 2014; Ayiga-Aluba,
Edema, Tusiime, Asea, & Gibson, 2015), since it
reduces  production costs and  minimizes
management activities and environmental risks.

In this context, recurrent selection is an excellent
breeding strategy for developing disease resistance
since the goal of this method is to gradually increase
the frequency of favorable alleles in a population
with no loss in genetic variability. Recurrent
selection consists of three steps: the development of
progeny, their evaluation, and their recombination.
These steps are carried out cyclically until the
frequency of favorable alleles reaches satisfactory
levels in the population (Hallauer, Carena, &

Ribeiro et al.

Miranda Filho, 2010). Jenkins, Robert, and Findley
Junior (1954) tested the efficiency of recurrent
selection to concentrate polygenic resistance genes
into nine groups of progenies. The results revealed
that, in most groups, two cycles of recurrent
selection were efficient for concentrating resistance
genes that promoted good control of northern corn
leaf blight disease, but in some cases, there was a
reduction in the level of resistance.

As most of the gene action is additive and the
level of resistance is related to the number of
lesions, Hooker (1973) believes that a simple
selection procedure can be effective in isolating
maize lines with polygenic resistance to E. turcicum.
According to the author, recurrent selection has
been shown to be an effective means to concentrate
resistance genes, and Miles, Dudley, Dudley, and
Lambert (1981) found that it is possible to increase
resistance to E. turcicum by any of several recurrent
selection methods. Quantitative resistance to disease
has been rapidly obtained through recurrent
selection, and resistance to E. turcicum can be
achieved with only two or three cycles of selection.

Thus, the Darcy Ribeiro North Fluminense
State University (UENF) has developed a popcorn
breeding program that employs a recurrent selection
strategy, and it is currently in the seventh cycle of
selection of an open-pollinated UENF-14
population. In its genetic base, the UENF-14
popcorn population has been crossed with the
American popcorn variety, which is resistant to
northern corn leat blight (Resh et al., 2015), so the
main purpose of this study was to evaluate the
severity of the disease over seven recurrent selection
cycles (C, to C;) to verify that the alleles that confer
resistance to E. turcicum have been maintained over
the cycles.

Material and methods
Population origin

The UNB-2U open-pollinated population,
currently named UENF-14, originated from the
UNB-2 variety after two cycles of mass selection at
Campos dos Goytacazes, Rio de Janeiro State,
Brazil. The UNB-2 was originated from the UNB-
1 variety, which came from a ‘Composto Indigena’
(Indian compound) selection donated to UNB
(University of Brasilia, Brazil) by ESALQ/USP,
Piracicaba, Sao Paulo State, Brazil. The UNB-1 was
crossed with an American popcorn variety, and
selected plants from that cross were crossed with
yellow grain popcorn, with a high-yield and
Exserohilum  turcicum-resistant genotype. After the
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Northern corn leaf blight disease in the seventh cycle of recurrent selection in popcorn 449

second crossing, mass selection was applied to form
a population of resistant, high yielding plants with
yellow grains. This population was then backcrossed
three times with the American popcorn variety,
eventually originating the UNB-2 open-pollinated
variety (Pereira & Amaral Juanior, 2001; Daros,
Amaral Jtnior, & Pereira, 2002).

The summary of the population trajectory is
shown in Table 1, which presents the strategies used
during the seven cycles of recurrent selection in the
UENF-14 popcorn population. The
indices and the characteristics used for selection are
also found in Table 1.

selection

Plant material

To obtain the half-sib families, ten lines of each
cycle (C, to Cg) interspersed with 10 lines of the
tester cycle (C,) of the UENF-14 population were
used so that the half-sib families were obtained from
crossings of the recurrent selection cycles (C,, C,,
C,, G;, C,, Cs and Cy) with the tester cycle (Cy). As
they arose, the tassels were eliminated from the line
used as a female parent (C,, C;, C,, C;, C,, C5 and
C,) so that only the lines containing the tester (C,)
were able to produce pollen and pollinate the
experimental field without contamination. Plants
were spaced 0.20 m; there were 0.90 m between
rows, and the lines were 5.0 m long. Three seeds
were planted per hole at a depth of 0.05 m, and at 21
days after emergence, thinning was carried out,
leaving one plant per hole.

Thus, this procedure produced 210 half-sib
families, i.e., 30 half-sib families for each cycle. In
other words, 30 families were obtained from the
crossings between C; x C,, 30 additional families
from the crossings between C, x C; and so on
until the 30 families from the crossings between

the C, x C, intersection. These 210 half-sib
families were evaluated in trials in Campos
(Latitude: 21 44 '47"'S, Longitude: 41 18' 24 " W
and Altitude: 11 m), Rio de Janeiro, Brazil. The
off-season planting was performed on April 18,
2013 (Environment 1) and repeated for the
second crop, for which planting occurred on
September 4, 2013 (Environment 2).

Experimental design

The experimental design was a randomized
block that was repeated in "Sets". Three "Sets"
with three replications were used, and each "Set"
contained 73 treatments, i.e., 70 families of half-
sib and three controls (Beija-Flor, RS-20 and
Bario Vigosa). Each "Set" was composed of
families from each cycle that were numbered
from 1 to 30. Therefore, in "Set" 1, 1 to 10
randomly selected families were clustered with
more controls; families 11 to 20 were grouped in
the "Set" 2 with more controls; and families from
21 to 30 were placed in "Set" 3 along with the
controls.

The lines were cultivated in rows that were 2.40
m long and spaced 0.90 m from each other with 13
plants spaced 0.20 m apart in each row. Three seeds
were sown in each hole at a depth of 0.05 m, and at
21 days after emergence, thinning was carried out
leaving one plant per hole for a combined
population of 60,185 plants per hectare. Fertilization
planting was carried out according to the soil
topdressing was held for
approximately 30 days after planting. The cultural

analysis, and the

treatments were performed according to the needs
of the culture.

Table 1. Strategies, selection indexes and evaluated characteristics in the seven cycles of recurrent selection of the UENF-14 popcorn

population at UENF.
Cycl :(:lr:;;i}; Selection index Evaluated features Reference
C, Se{‘:cats;n : SILK, PH, GY, W100, SV, PE Pereira and Amaral Jtnior, (2001)
C, Full-sib - SILK, PH, GY, PE Daros et al. (2002)
C, S, Smith (1(913333)“‘1 Hazel NSE, PE, NP, BP, PHE, NE, GY Daros ct al. (2004)
c Half-sib Mulamba and Mock PE, GY, W100, NSE, EP, PH, HE, NP, NBP, LP,  Santos, Amaral Junior, Freitas Janior, Rangel, and
3 all=s (1978) PHE, SILK Pereira (2007)
c Fullsib Mulamba and Mock NE, NSE, EP, WP, GY, PE, W100, SILK, PH, HE,  Freitas Jtnior, Amaral Junior, Rangel, and Viana
g i (1978) NP, NBP, LP, PHE (2009)
R Mulamba and Mock Rangel, Amaral Junior, Gongalves, Freitas Janior,
C, Full-sib (1978) PH, HE, NSE, EP, GY, PE and Candido (2011)
. Mulamba and Mock oo
C, Full-sib (1978) NP, NBP, PH, HE, NE, NSE, WE, GY, W100, PE Ribeiro et al. (2012)

NP = number of plants per plot; SV = volume of one hundred seeds; NBP = average number of broken plants; PH = average plant height; HE = average height of the insertion of
the first ear; NE = average number of cars; NSE = average number of sick ears; WE = mean weight of ears; GY = grain yield; W100 = mean weight of 100 grains; PE = popping
expansion; SILK = silk emergence; PHE = poorly hulled cars; EP = average number of ears attacked by pests; LP = average number of lodged plants; and WP = average weight of ears

with pests.
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Evaluated characteristics

Given that the experimental area had been
successively planted with corn for many years, there
was no pathogen inoculation, so the discase
occurred spontaneously in the course of crop
development.

The reaction of the genotypes to the foliar
disease was monitored by estimating the severity of
symptoms. Two estimation modes were adopted:
measuring the percentage of the entire plant
showing symptoms and measuring the percentage of
the leat’ immediately below the first ear showing
symptoms, which were termed the severity in the
plant and the severity in the leaf, respectively.

The severity of the disease based on the plant
was estimated by modifying the scale notes adopted
by Agroceres (1996), where the scale ranged from 1
to 9, and note 1: 0.5% severity; note 2: 1% severity;
note 3: 10% severity; note 4: 30% severity; note 5:
50% severity; note 6: 70% severity; note 7: 80%
severity; note 8: 90% severity; and note 9: 100%
severity. The evaluation was performed by an
appraiser once each season using six competitive
plants per plot after the plants flowered.

The assessment of northern corn leaf blight
severity on the leaf was performed once in both the
1st and 2nd seasons using six competitive plants per
plot after flowering. The diagrammatic scale
proposed by Lazaroto, Santos, Konflanz, Malagi, and
Camochena (2012) was used, which included
severity ranges according to the following estimated
percentages of the leaf area affected by the disease:
0.5, 1.0, 2.5, 6.5, 15.5, 30.0, and 54.0%. These
percentages were attributed to notes from 1 to 7,
according to the observed severity.

Genetic x Statistical analysis

The variance analysis of the data was performed
according to the statistical model Yy = p + A; + S,

+ AS; + R/AS,, + F/S; + AF/S; + ¢, where # s
the average; A; is the fixed effect of the ith
environment; S; is the effect of the jth “Set”; AS; is
the effect of the interaction between the
environments and the “Sets”; R/AS;; is the effect of
the kth repetition within the interaction between the
ith environment and jth “Set”; F/S; is the random
effect of the ith family within the jth “Set” (NID, 0,
6’gs); AF/S; is the effect of the interaction between
the environments and families within the jth “Set”;
and ey, is the experimental error (NID, 0, 6°). Based
on the proposed model, the variance analysis was
performed using SAS® (SAS 9.1, SAS Institute,
2002, Cary, NC, USA).
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environment

The genetic, phenotypic and

components were obtained, where
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x 100 is the percentage heritability based on the
family averages;

~ Clg
v CVe
is the estimator of the variation index, where Vg is
the genetic variation coefficient, and CVe is the
coefficient of experimental variation.

Results and discussion

Through analysis of variance, significant differences
were found in the Environment (E) source of variation
between the two traits (Table 2), and the significance of
this source of variation shows that the environments
were distinct enough to promote differences in the
evaluated characteristics. This result was expected since
the pathogen has good survivability in crop residues,
and its dissemination occurs by transport conidia over
long distances by wind. Furthermore, moderate to high
temperatures and high humidity favor the proliferation
of the disease (Palaversic et al., 2012); the infection
caused by Exserohilum turcicum is favored by mild
temperatures ranging from 20 to 25°C and relative
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humidity above 90%, conditions that are ideal for the
development of epidemics (Cota, Silva, & Costa, 2013).
From Table 2, it can be seen that the mean observed
for the first environment was higher for the disease
severities on both the plant and the leaf. This result
corroborates the prediction, considering that average
temperatures were lower at the time of the experiment.
In contrast, during the period corresponding to
Environment 2, higher temperatures were prevalent,
which are not considered optimal for the development
of the disease, so the disease severity was lower.

The Families within "Set" (F/S) source of
variation was found to be significant for both of the
evaluated characteristics (p < 0.01), demonstrating
sufficient genetic variability to be explored in the
next cycle of the UENF popcorn breeding program
in regard to northern corn leaf blight disease. The
UENF-14 open-pollinated variety has a source of
resistance to this disease in its genetic basis, given
that it originated from the crossing of an American
cultivar with yellow grains that is resistant to disease
(Resh et al.,, 2015). In this context, the population
appears to have been stable for this variable throughout
the recurrent selection process, which was confirmed
by means of boxplots (Figures 1 and 2).

Further, intuitive selection for greater disease
resistance was conducted once the highly affected
plants were not selected for recombination.
Moreover, there is no denying that the families
that were greatly affected by the disease had lower
productivity, so this variable was selected for
indirect selection. Because it is a characteristic of

great importance for the improvement of this
population, it would be interesting to include
productivity in the model/selection index for new
cycles to select families that add favorable alleles
for this trait. Another possibility is the selection of
families that add favorable alleles for grain yield
and expansion capacity, which are achieved over
the recurrent selection cycles, and exhibit a
considerable level of resistance to northern corn
leaf blight.

For the Environment versus Families within
"Set" (ExF)/S source of wvariation, there were
significant differences in the evaluated characteristic
at the 5% level of probability. The significance of the
(ExF)/S interaction indicates that the evaluated
families behaved distinctly in both of the
environments, but the significance is a question of
probability. With greater degrees of freedom, there is
also greater sensitivity, allowing for the detection of
significant differences. As the cycles unfold, the set
of treatments in each cycle is much smaller, which
reduces the statistical power because higher
interaction values are required to determine
significance. Thus, greater attention should be paid
to the wunfolding as it can determine if the
significance of the main effects and interactions
occurred within each level. Significance was not
observed for most characteristics in the unfolding,
except for C,, so it is possible to select for superior
families independent of the environment because
the interactions over the cycles were not significant.

Table 2. Estimates of the mean squares, averages and percentages of the experimental coefficients of variation from two characteristics
evaluated in 210 half-sib families in the UENF-14 popcorn population at Campos dos Goytacazes, Rio de Janeiro State in 2013.

Fv GL

Mean Square

N SP”
Environment (E) 3 124.94** 33.11%*
Set (S) 2 0.0624™ 0.1987™
ExS 6 0.0488™ 0.2127™
Replications (R)/E x S 24 0.1290** 0.5030%*
Families (F)/ S 207 0.0391** 0.1825%*
C, 27 0.0329™ 0.2195%*
C, 27 0.0419** 0.1561™
C, 27 0.0351™ 0.1755™
C, 27 0.0305™ 0.1049™
C, 27 0.0446** 0.2200*
Cs 27 0.0282™ 0.1429™
C, 27 0.0413** 0.1957*
Contrast 18 0.0688** 0.2764**
(ExF)/S 621 0.0279* 0.1532*
C, 81 0.0264™ 0.1483™
C, 81 0.0236™ 0.1434™
C, 81 0.0218™ 0.1186™
G, 81 0.0317™ 0.1280™
C, 81 0.0424** 0.2377*
C; 81 0.0258™ 0.1359™
C, 81 0.0304™ 0.1471™
Contrast 54 0.0057™ 0.0576™
Residue 1618 0.0226 0.1211
Original average (Oa) 2.58 0.53
Oa (Env 1) 3.65 1.21
Oa (Env 2) 1.50 0.12
CV (%) 8.74 37.50

VSL = disease severity on the leaf; SP = disease severity on the plant; ™ = Significant at the 1% level of probability by F test; * = Significant at 5% the level of probability by F test; ™ = Not significant
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Figure 2. Boxplot — Severity of disease on the leaf in
environments 1 and 2 and the averages of environments 1 and 2.

Table 3 shows that there is heritability for

disease severity on the leaf ranging from 19.86 to
49.33%, and the severity of the disease on the
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plant ranges from 0 to 44.95%. The zero
heritability value obtained in this experiment
was due to the lack of genotypic variance
between individuals in the Cj cycle. It is highly
probable that this event is due to the use of
inbred S, families in the previous cycle (C,),
which may have led to the narrowing of the
genetic basis of the selected individuals. In the
same table, it can be seen that the values of the
variation index are greater than one unit. These
results strengthen the possibility of selecting
resistant families across the cycles so that the
inclusion of this variable in the analysis would
add additional information and result in the
release of the variety with the highest level of
resistance to northern corn leaf blight.

Ayiga-Aluba et al. (2015) assessed the response to
two cycles of S, recurrent selection for northern
corn leaf blight in a population of an open-
pollinated maize variety. They found that moderate
heritabilities, desirable selection differentials and
significant improvements in northern corn leaf
blight disease resistance indicate that recurrent S,
selection was effective in improving that study
population. This result confirms the importance of
assessing the severity of this disease in breeding
programs through recurrent selection.

Furthermore, in Table 3, we see that the
heritability values fluctuate greatly, which reveals
that the target characteristic
significant environmental effects, so more robust

suffers from

methods to improve selection of superior families
are necessary. According to the boxplot graphics,

the same consideration should be made as noted
above; there is wvariation due to disparate
individuals (outliers) with both higher and lower
levels of disease.

Therefore, it is concluded that the selection
was effective at maintaining the balance in the
occurrence of the disease in the study population
and that the source of resistance is not lost with
advancing cycles. The addition of a foliar disease
variable in the analysis is of the utmost
importance for the improvement of popcorn as it
would be possible to aggregate genes for
resistance to this disease along with agronomic
traits of interest, allowing the selection of
resistant and productive families in advanced
cycles. Thus, the development of a new variety of
popcorn will be possible so that farmers will be
able to find high productivity and resistance to
one of the major diseases that affect the culture in
the same cultivar.

Conclusion

The results obtained in this study strengthens
the possibility of selecting resistant families across
the cycles, so it is concluded that the selection was
effective at maintaining the balance in the
occurrence of the disease in the study population
and that the source of resistance is not lost with
advancing cycles. Thus, the addition of the foliar
disease variable in the analysis is of the utmost
importance for the improvement of popcorn as it
makes it possible to aggregate genes for resistance to
this disease along with agronomic traits of interest.

; o osti : ; A : : A : : A2 . ;
Table 3. Genetic parameters: estimates of phenotypic variance ( o'i), genotypic variance ( o-é), residual variance (G ), variance in the

genotype-versus-environment interaction (6-GA ), heritability based on the family averages (h*%), genetic variation coefficient (CVg ),

variation index ( j ) and additive variance (?) in the severity of the disease on the plant and on the leaf. Evaluated in 210 families in the

UENF-14 popcorn population at Campos dos Goytacazes, Rio de Janeiro State 2013/2014.

5 > 2

sL” OA_; 6-(2; 6.;2 6-(2;/4 h 2 X Crg I\= O-a
c, 0.0055 0.0017 0.0038 0.0006 3151 2121 243 0.0069
c, 0.0070 0.0032 0.0038 0.0002 46.06 1182 135 0.0129
C 0.0059 0.0021 0.0038 0.0000 35.61 1974 226 0.0083
c, 0.0051 0.0013 0.0038 0.0015 25.90 0.00 0.00 0.0053
c, 0.0074 0.0037 0.0038 0.0033 4933 21.60 247 0.0147
C, 0.0047 0.0009 0.0038 0.0005 19.86 10.64 122 0.0037
C. 0.0069 0.0031 0.0038 0.0013 4528 2182 250 0.0125
sp &, o d; e ‘x re L o
C, 0.0366 0.0164 0.0202 0.0045 1483 251 007 0.0656
c, 0.0260 0.0058 0.0202 0.0037 242 341 0.09 0.0233
C 0.0293 0.0091 0.0202 0.0000 31.00 286 008 0.0363
C, 0.0175 0.0000 0.0202 0.0012 0.00 258 0.7 0.0000
c, 0.0367 0.0165 0.0202 00194 4495 383 0.10 0.0659
C, 0.0238 0.0036 0.0202 0.0025 1526 1.90 0.05 0.0145
- 0.0326 0.0124 0.0202 0.0043 38.12 3.62 0.10 0.0497

SL = Severity of the disease on the leaf; SP = severity of the disease on the plant.
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