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Individual and combined (Plus-hybrid) effect of cytoplasmic male sterility and

xenia on maize grain yield

Sofija Bozinovic!”, Slaven Prodanovic?, Jelena Vancetovic!, Ana Nikolic', Danijela Ristic!,

Marija Kostadinovic!, and Dragana Ignjatovic!

Plus-hybrid effect refers to a combined effect of cytoplasmic male sterility (CMS) and xenia in maize (Zea mays L.) It could
be used in commercial production by growing a mixture of 80% CMS hybrid and 20% of another fertile hybrid. The aim
of this research was to examine individual and combined CMS and xenia effects on two hybrids widely grown in Serbia.
Sterile and fertile versions of ZP 1 and ZP 2 hybrids (three-way; lodent x Lancaster dents) were used as females, while ZP
1,ZP2,7ZP 3,7ZP 4, and ZP 5 (three-way or single cross; Iodent (BSSS) x Lancaster dents) were used as pollinators. All
of them belong to medium maturity group. The trial was set up at one location in Serbia (Zemun Polje) in 2009, 2010, and
2011. Molecular analysis of the five genotypes was done using simple sequence repeat (SSR) primers. Plus-hybrid effect
on grain yield ranged from -6.2% to 6.2%; on thousand kernel weight from -1.7% to 5.2%; on number of kernels per area
from -1.0% to 8.0%. The poor response could be due to a use of three-way instead of single cross hybrids in S type of
sterility. Modified Rogers’ distance between hybrids was in the range 0.211 to 0.378 and was not relevant for the effect,
which depended mostly on the sterile hybrid genotype and the fertile hybrid pollinator ability. This approach should be

more suitable for female hybrids with slightly poorer performance, already being produced on a sterile base.
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INTRODUCTION

Cytoplasmic male sterility (CMS) refers to the maternally
inherited failure to produce or release functional pollen; it
has been widely used in maize (Zea mays L.) hybrid seed
production for its cost effectiveness (Havey, 2004). There
are three types of CMS in maize, CMS-T (Texas), CMS-S
(USDA), and CMS-C (Charrua), differentiated by the
reaction to nuclear fertility restorer genes, mitochondrial
DNA restriction digest patterns, and complements of
low molecular weight plasmids (Sofi et al., 2007). If a
single cross hybrid were to be produced on a CMS base,
the female (seed) parent inbred line should be recessive
homozygous for nuclear fertility restorer genes with a
male-sterile cytoplasm. The male (pollen) parent inbred
line should be a dominant homozygous for nuclear restorer
genes with fertile (normal) or sterile cytoplasm. This cross
would result in a heterozygous single cross F; generation,
which, when planted in the field, would be pollen-fertile.
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Only CMS-S and CMS-C are being commercially used
today, because of susceptibility of CMS-T to Southern
Corn Leaf Blight disease (Laughnan and Gabay-
Laughnan, 1983). Sterile hybrids have somewhat higher
grain yield (GY) than their fertile counterparts, mostly
due to the increase in kernel number per square meter
(KNM) (Weingartner et al., 2002a; 2002b; Kaeser et al.,
2003b; Munsch, 2008). This can be explained by the fact
that, since there is no pollen production, great amounts of
nutrients and energy necessary to form pollen have been
targeted to the grain formation. Also, some authors have
shown that CMS-T and CMS-C type of sterility increase
GY more than CMS-S type, but not significantly (Kaeser,
2003a; Munsch, 2008).

Xeniarefers to the immediate effect of foreign pollen on
non-maternal kernel tissues, and it is especially important
in plants with highly developed endosperm, like maize.
In the maize kernel, half of the genome of the embryo
and one third of the genome of the endosperm is derived
from the pollen. This means that all the traits related to
the embryo and endosperm could potentially be modified
by the pollen parent. The conventional cultivation of
single cross hybrids leads to a pronounced inbreeding
depression because kernels produced in the F; generation
plants are actually F, generation. Cross-fertilization with
another hybrid increases grain heterozygosity, what
probably affects the grain yield increase. Many authors
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showed xenia effect on the kernel and embryo weight
that leads to the increased GY (Bulant and Gallais, 1998;
Weingartner et al., 2002a; 2002b; Munsch, 2008; Liu et
al., 2010). Xenia effect has already being used in Top-
Cross maize production system for production of high oil
corn (Thomison et al., 2002; 2003). It involves planting
a mixture of 90% high yielding sterile hybrid and 10%
special high-oil pollinator that benefits to higher oil
content in mother hybrid kernel.

Plus-hybrid effect is the combined effect of
cytoplasmic male sterility (CMS) and xenia in maize
(Weingartner et al., 2002a; 2002b). Implementation of
the effect in commercial maize production is based on
the idea to grow a mixture consisting of 80% of a sterile
hybrid as the female and 20% of another fertile hybrid as
the pollinator. In this way positive effects of CMS and
xenia on grain yield and grain quality could be easily
used. This approach is suitable for the breeding programs
that implement CMS in maize hybrid seed production.
In contrast to conventional hybrid seed production, male
parental line must not carry restorer genes for used type of
sterility in order to get F; sterile hybrid that will be used
as a female component in Plus-hybrid system. Several
researchers determined positive Plus-hybrid effect on
the most important traits in maize (Weingartner et al.,
2002a; 2002b; 2004; Munsch, 2008). Preliminary results
of Weingartner et al. (2002a) revealed that Plus-hybrid
effect on GY over different locations and years was on
average 9%. In addition, for the maximum grain yield to
be obtained hybrids in Plus-hybrid mixture must flower
synchronously. Some authors pointed out that the highest
kernel set is obtained when pollination occurred 3 to 8 d
after the first silks emerge (Kaeser et al., 2003b; Anderson
et al., 2004).

Xenia effect is related to the genetic distance between
the genotypes and cross-fertilization with another hybrid
increases grain heterozygosity, which probably affects
the GY increase (Bulant and Gallais, 1998; Bulant et al.,
2000). On the other hand, Munsch (2008) did not reveal
relationship between genetic distance of hybrids in Plus-
hybrid combination and xenia effect on GY and thousand
kernel weight (TKW). Reif et al. (2005) concluded that
modified Rogers’ distance (MRD) (Wright, 1978) is the
most appropriate for the prediction of heterosis with
genetic distances.

The aim of the research presented herein was to
determine individual, as well as combined (Plus-hybrid)

Table 1. Hybrid characteristics and their use in a Plus-hybrid combination.

effect of CMS and xenia on the grain yield. We wanted
to test this novel system on different genotypes that are
widely grown in Serbia, and in different environment
than in previous studies. Additional goal was to examine
the importance of genetic distance between hybrids for
the expression of this effect. The results could provide
additional information on Plus-hybrid effect in maize
and the possibility of its use in maize production for
food and feed.

MATERIALS AND METHODS

Plant material and experimental design

Sterile (st) and fertile versions of maize hybrids ZP 1
and ZP 2 were used as females, while ZP 1, ZP 2, ZP 3,
ZP 4, and ZP 5 hybrids were used as pollinators. These
genotypes were chosen for the experiment because they
belong to the medium maturity group. Early to medium
hybrids are of greater interest nowadays since they escape
drought, which has become the major limiting factor
for maize grain yield. Also, ZP 1 and ZP 2 were already
available in both sterile and fertile versions. CMS versions
of ZP 1 and ZP 2 hybrids had S type of sterility, while all
the fertile hybrids had normal (N) cytoplasm. All hybrids
were three-way crosses, except ZP 4, which was a single
cross. Early to medium maturity hybrids grown in Serbia
are usually three-way cross so we wanted to examine
these effects on this type of germplasm. Detailed data on
the studied hybrids have been summarized in Table 1.

The trial was carried out at one location in Zemun
Polje (44°51°53” N, 20°18°36” E), Serbia, in 3 yr (2009,
2010, and 2011). Sowing was carried out mechanically
on 26 April 2009, 6 May 2010, and 22 April 2011. The
type of soil was leached chernozem. The following rates
of fertilizers were applied in autumn: 90 kg N ha'!, 90 kg
Pha'!,and 90 kg K ha'!. A total amount of 69 kg N ha'! in
the form of urea was applied to the soil in spring during
the seedbed preparation. Standard cropping practices were
applied to keep the disease-free plots during vegetation.
Harvesting was done manually at physiological maturity.
Meteorological data during growing season are presented
in Table 2.

Field trial was set up according to the randomized
complete block (RCB) split plot experimental design.
There were four main plots (blocks), each for one female
hybrid genotype. The main plots consisted of five subplots
in three replicates representing five pollinator hybrids.

FAO maturity Plus-hybrid
Hybrid Hybrid type Genetic background group Kernel type Cytoplasm type component
7P 1 Three-way Todent x Lancaster 300 Dent CMS-S/N Female/pollinator
ZP2 Three-way Todent x Lancaster 300 Dent CMS-S/N Female/pollinator
7P3 Three-way Todent x Lancaster 300 Dent N Pollinator
ZpP4 Single cross BSSS x lodent 300 Dent N Pollinator
ZP5 Three-way BSSS x Lancaster 300 Dent N Pollinator

CMS-S: Cytoplasmic male sterility in S type; N: normal (fertile) cytoplasm.
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Table 2. Precipitation sum and average monthly temperatures
during maize growing season in 2009, 2010, and 2011 in Zemun Polje.

Precipitation Average temperature

Month 2009 2010 2011 2009 2010 2011
mm °C
April 27.3 73 440 13.8 15.8 132
May 39.7 274 64.1 19.3 19.9 17.5
June 363 719 167.3 230 210 21.0
July 46.2 31.2 35.6 23.7 24.1 232
August 19.7 36.6 68.2 240 24.1 23.1
September 544 40 68.0 17.0 20.6 17.6
Sum/Average 2236 178 4 4472 20.1 209 19.3

Each subplot consisted of 14 rows 18 m long and 0.75
m apart. The plant density was 66 600 plants ha'!. In two
middle rows of each subplot of one block the same female
hybrid was sown (ZP 1, ZP 2, ZP 1st or ZP 2st), and in
six rows left and right the pollinator hybrid specific for
that subplot was sown. In this way the female hybrid was
completely surrounded with one pollinator. The female
rows were 3.7 m apart from top and bottom end of a
subplot with a total of 100 plants. Fertile female hybrids
were manually detasseled prior to pollen shedding.

Analyzed traits and statistical analysis
Anthesis-silking interval (ASI) was measured for each
subplot, as the difference between days to silking of the
female hybrid (50% plants in a row) and days to anthesis
of the pollinator (50% plants in a row shed pollen). Ears
from two middle rows were harvested manually. Samples
from 20 plants were taken to determine grain moisture at
harvest time, in order to calculate GY (t ha!) at standard
moisture content (14%). Three samples of 200 kernels
were taken from each subplot to determine (TKW) using
the formula:

(A - (Mst% - 14) x A/100)
where A is average 200 kernel mass and Mst% is grain
water content at the time of the measurement.

Kernel number per square meter was obtained by
multiplying average kernel number per ear and number
of plants per square meter. Average kernel number per
ear for each genotype was calculated by multiplying row
number and average kernel number over four randomly
chosen rows. Although this calculation is more theoretical
than practical we considered it could nevertheless provide
us with sufficient comparable information on the studied
effects on this trait. The data on number of ears per square
meter needed for more correct calculation of KNM was
not available.

All field data were analyzed with ANOVA for
randomized complete block split-plot experimental
design. T tests were used to determine significant
differences between the genotypes at the 0.1, 0.05, and
0.01 probability levels.

Estimation of the effects
The CMS effect for hybrids per se: change in a trait of
isogenically pollinated sterile hybrid (pollinated by its

fertile counterpart) compared to the same isogenically
pollinated fertile hybrid. Values were averaged across the
replicates and years for all the traits.
CMSa (%) = (HYBgaxa - HY Briaxa)/HY Braxiia
CMS effect for hybrid combinations: change in a trait
of non-isogenically pollinated sterile hybrid (pollinated
by unrelated genotype) compared to non-isogenically
pollinated fertile hybrid pollinated with the same unrelated
pollinator.
CMSaxs (%) = (HYBsiaxs X HY Briaxe)/HY Braxs
Xenia effect: change in a trait of non-isogenically
pollinated fertile hybrid compared to the same isogenically
pollinated fertile hybrid.
XENa (%) = (HYBriaxs - HY Briaxa)/HY Biiaxa
Plus-hybrid effect: change in a trait of sterile non-
isogenically pollinated hybrid compared to the same
fertile isogenically pollinated hybrid.
PHE4 (%) = (HYBsiaxs - HYBsiaxa)/HY Briaxa

Genetic distance analysis

Simple sequence repeat (SSR) analysis was conducted on
bulked samples of 20 plants per genotype. Young leaves
were freeze-dried and ground to powder with liquid
nitrogen. Genomic DNA was extracted using a mini
CTAB method (Williams et al., 1993). Twenty-nine SSR
loci from the bnlg/umc/phi set were assayed using the
sample of five genotypes. Primers that failed to amplify
consistently in all genotypes or with banding patterns
difficult to score accurately were excluded from the study.
A final set of 21 SSR loci was used for marker analysis of
the genotypes (Table 3).

The amplification reaction was carried out in 25 pL
reaction volume containing 1x enzyme buffer, 2.4 mM
MgCls, 200 pM dNTPs, 0.5 uM primers, 1XxBSA, 1U Taq
polymerase and 200 ng DNA. Amplification profiles were

Table 3. Simple sequence repeat (SSR) markers, map locations, and
their Polymorphism Information Content (PIC).

Primer Bin Nr of fragments PIC
umc 2235 1.06 5 0.692
umc 1013 1.08 10 0.849
bnlg 198 2.08 6 0.772
umc 1526 2.08 7 0.821
bnlg 1350 3.08 11 0.873
umc 1109 4.10 7 0.789
phi 085 5.06 3 0.527
phi 087 5.06 6 0.776
umc 1019 5.06 7 0.748
phi 126 6.00 3 0.407
umc 1006 6.02 6 0.768
bnlg 1443 6.05 7 0.801
umc 1859 6.06 8 0.832
umc 1695 7.00 10 0.864
umc 1015 7.03 8 0.825
umc 1841 7.03 2 0.239
umc 1782 7.04 9 0.856
umc 1040 9.01 6 0.809
ume 1492 9.04 3 0.555
umc 1507 10.04 5 0.689
umc 1827 10.04 4 0.696
) 133
Average 6.3 0.723
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applied as follows: an initial denaturation at 95 °C for 5
min, followed by 15 cycles each of denaturation at 95 °C
for 30 s, annealing at 63.5 °C for 1 min (-0.5 °C at each
cycle) and extension at 72 °C for 1 min; another 22 cycles
of 95 °C for 30 s, 56 °C for 1 min, and 72 °C for 1 min
were performed.

Amplified fragments were separated in 6% denaturated
polyacrylamide gels and stained with silver nitrate. The
gels were scanned and SSR profiles for each primer were
scored. The probes used detected single loci and each
detected band was assumed to be an allele. Allele frequency
was scored as percentage of individual bands within the
sample. Polymorphism information content (PIC) was
calculated according to Lynch and Walsh (1998).

Genetic distances between populations were evaluated
by the Modified Rogers Distance defined as:

MRD = /ﬁ Y Y (pi— g,

where p;; and g;; are the frequencies of the j* allele at the
i marker in the two entries under consideration, ai is the
number of alleles at the i marker, and m is the number
of markers. The genetic distance matrix according to
MRD was submitted for hierarchical cluster analyses of
unweighted pair group method using arithmetic mean
(UPGMA) and necessary computation were performed
using NTSYS-pc2.1 program package (Exeter Software,
East Setauket, New York, USA; Rohlf, 2000).

RESULTS

Anthesis-silking intervals had values from -2.11 (for ZP
1st x ZP 5) to 4.33 (for ZP 2 x ZP 3) (Table 4). In most
combinations, anthesis of the pollinator occurred before
silking of the female hybrid. Only ZP 1 (both sterile
and fertile) silked before ZP 2 and ZP 5 pollinators shed
pollen. Pollinator ZP 5 shed pollen last of all pollinator
hybrids. ANOVA for ASI showed significant impact of
the year, maternal genotype and pollinator, but the type
of cytoplasm did not have impact on this trait (Table 5).
ANOVA showed that year and hybrid pollinator, as
well as Year x Female interaction and Year x Pollinator
x Female interaction had significant impact on GY (Table
5). TKW was under influence of the year and pollinator,
as well as Year x Female and Year x Female x Cytoplasm
type interactions. All the main factors (year, female
hybrid, pollinator hybrid, and cytoplasm type) influenced
KNM and most of the interactions for this trait were also

Table 4. Anthesis silking interval (ASI) between female hybrids and
pollinator hybrids.

Pollinator hybrid

Female hybrid ZP1 ZP2 ZP3 ZP 4 ZP5
d

ZP 1st 122 -0.67 0.44 0.00 -2.11

ZP 1 0.33 -1.11 0.67 0.56 -1.89

ZP 2st 3.56 222 4.00 3.67 1.00

ZP2 4.11 2.00 433 344 1.00

Table 5. Mean square of ANOVA for anthesis silking interval (ASI),
grain yield (GY), thousand kernel weight (TKW) and kernel number
per square meter (KNM).

Source of variation®  df ASI GY TKW KNM
Year (Y) 212277 15307 1432086  2665893.34™"
Female hybrid (F) 1 457.61™"  0.43ns 15.32ns  2245715.03"
Y xF 2 1.62ns  5.02° 27852 256617.21"
Cytoplasm type (C) 1 0.0Ins  0.83ns 197.15ns 70355.87"
Y xC 2 027ns  0.06ns 259.56ns 95804.73™
FxC 1 027ns  2.02° 19.93ns 107104.18"
YxFxC 2 5347 574%%  826.63" 7128.19ns
Pollinator hybrid (P) 4 71.64™ 213" 1416.62""  285199.62"""
Y xP 8 1291™  1.53ns 615.75" 239607 .45
FxP 4 0.62ns 1.41ns 122.00ns 23538.86ns
CV, % 12.05 8.0 4.69 527

77,7 Significant at the 0.1, 0.05, 0.01, and 0.001 probability levels,
respectively.

significant. The rest of the interactions were not significant
for any of the traits examined, and therefore they are not
presented in the Table 5.

Cytoplasmic male sterility did not have significant
impact either on ZP 1st per se or on its combinations with
pollinators, except that ZP 1st x ZP 5 showed decrease
(-3.6%,P <0.1) of KNM in relation to ZP 1 x ZP 5 (Table
6). ZP 2st per se had 4.9% higher yield on average than
its fertile analogue (P < 0.05), while ZP 2st x ZP 1 had
higher yield (6.5% or 0.8 t ha'!) than ZP 2 x ZP 1 (P >
0.05). CMS evidently had higher influence on TKW of ZP
2 per se than ZP 1 per se - ZP 2st had 4.0% higher TKW
than its fertile analogue (P < 0.1). However, ZP 2st x ZP
1 decreased in TKW in relation to ZP 2 x ZP 1 (-3.4%, P
<0.1). Only ZP 2st per se had higher KNM than its fertile
analogue and the increase was 4.7% (P < 0.05).

Grain yield of ZP 1 was influenced only by ZP 5 xenia
(P < 0.1), but negatively by decrease of 5.4% (Table 7).
Three out of four pollinators had increased ZP 2 GY,
but this change was not significant. Xenia did not have
significant impact on TKW of ZP 1 hybrid, although there
was a decrease of about 3.4% under the influence of ZP 5.
However, ZP 1 and ZP 3 raised TKW value of ZP 2 hybrid
for 5.4% (19 g, P < 0.05) i.e. 6.6% (23 g, P < 0.05). ZP
5 influenced KNM of both hybrids, while the rest of the
pollinators did not have significant influence on this trait.

Three out of four Plus-hybrid combinations of ZP 1
hybrid had lower GY than its fertile analogues isogenically

Table 6. Cytoplasmic male sterility (CMS) effect on grain yield (GY),
thousand kernel weight (TKW), and kernel number per square meter
(KNM) for hybrids per se and their crosses with the pollinators.

CMS CMS CMS

Genotype GY effect ~ TKW effect KNM effect
tha’! % g % Nr %
ZP 1stxZP 1 12.87 04 360.99 -0.1 4157.18 04
ZP 1stx ZP2 13.20 0.6 357.14 -33 4215.26 34
ZP 1stxZP3 12.61 0.0 36947 0.7 4098.30 -0.8
ZP 1stx ZP 4 12.66 24 364.53 25 4143.65 -0.2

ZP 1stxZP5 12.12 -0.8 354.61 23 4205.76 -3.6"

ZP2stxZP2 13.14 49 364.76 401 3994.03 4.7
ZP2st x ZP 1 12.99 6.5 357.08 -3.4F 3996.34 19
ZP2stxZP3 13.31 2.8 368.95 -1.3 3883.81 2.7
ZP2stx ZP 4 13.12 2.0 363.44 2.1 3950.95 2.8
ZP2stx ZP 5 12.44 23 358.77 2.8 4121.98 -04

*,"Significant at the 0.1 and 0.05 probability levels, respectively.
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Table 7. Xenia effect on grain yield (GY), thousand kernel weight
(TKW), and kernel number per square meter (KNM) for non-
isogenically pollinated fertile hybrids.

Xenia Xenia Xenia

Genotype GY effect ~ TKW effect KNM  effect
tha' % g % Nr %
ZP 1 xZP2 13.12 1.6 369.60 23 407605 -1.6
ZP1x7ZP3 12.61 24 367.09 1.8 413230 -0.2
ZP 1 x7ZP4 12.97 04 355.72 -14 415338 03
ZP 1 xZP5 12.22 -547 34672 34 4363.18 5.4F
ZP2 xZ7ZP1 12.20 2.6 369.69 54" 3922.14 2.8
ZP2 x7ZP3 12.95 34 373.85 6.6" 378192 09
ZP2 x7ZP4 12.86 2.6 35591 14 3845.26 0.8

ZP2 xZ7ZP5 12.73 1.6 348.88 -0.6 413947 8.5

7,7 Significant at the 0.1, 0.05, and 0.1 probability levels, respectively.
pollinated (Table 8), but only ZP Ist x ZP 5 combination
had significant decrease of 6.2% (P < 0.1). None of the
combinations of ZP 2 hybrid had significantly different GY
from ZP 2 x ZP 2. However, ZP 2st x ZP 3 showed 6.2%
and ZP 2st x ZP 4 4.7% higher grain yield than ZP 2ft x
ZP 2. Also, ZP 2st x ZP 3 had 5.2% higher TKW than ZP
2 isogenically pollinated (P < 0.1), while none of the ZP 1
hybrid combinations showed significant effect for this trait.
There was no significant change in KNM for ZP 1 hybrid,
while two Plus-hybrid combinations of ZP 2 showed
positive effect on this trait by increase of 4.7% in ZP 2st x
ZP 1 (P<0.1)and 8.0% in ZP 2st x ZP 5 (P < 0.01).

SSR marker analysis revealed a total of 133 alleles,
with 6.3 alleles per loci on average (Table 3). The PIC was
in the range from 0.239 (umc1841) to 0.873 (bnlg1350),
with the average value of 0.723.

MRD was in the range from 0.211 between ZP 1 and
ZP 4 t00.378 between ZP 2 and ZP 5 hybrids (Table 9). ZP
4 was genetically most similar to ZP 1 hybrid, while ZP 1
was the most similar to ZP 2 hybrid. ZP 5 was genetically
most distant to both hybrids.

Dendrogram obtained according to MRD clearly
separated ZP 5 hybrid, which is loosely attached to the
rest of the genotypes (Figure 1). ZP 1 and ZP 4 formed a
subcluster with ZP 3 and ZP 2 separately attached to it.

Table 8. Plus-hybrid effect on grain yield (GY), thousand kernel
weight (TKW), and kernel number per square meter (KNM).

Plus-hybrid effect (%)

Genotype GY TKW KNM
ZP 1stx ZP2 22 -1.0 1.8
ZP 1stxZP 3 24 24 -1.0
ZP 1st x ZP 4 =20 1.1 0.1
ZP 1stxZP 5 -6.21 -1.7 1.6
ZP2stx ZP 1 3.7 1.8 4.7
ZP 2st x ZP 3 6.2 5.2°F 1.8
ZP2stx ZP 4 417 3.6 35
ZP2stxZP5 -0.7 23 8.0"

" Significant at the 0.1 and 0.01 probability levels, respectively.

Table 9. Modified Rogers’ distance between hybrids.

Hybrid ZP 1 ZP2 ZP3 ZP4 ZP5
ZP 1 0

ZP2 0.245 0

ZP3 0.275 0.292 0

ZP4 0.211 0310 0216 0

ZP5 0.373 0.378 0.303 0.292 0

DISCUSSION

Anthesis-silking interval

Anthesis-silking interval did not exceed more than 4 d on
average for any of the hybrid combinations. This interval
was adequate to provide optimal pollination and full
kernel set on a female hybrid ear (Westgate et al., 2003).
In most of the combinations, the pollinator hybrid was
pollinating 1 to 4 d before the female hybrid was silking.
Both sterile and fertile versions of ZP 1 silked before ZP
2 and ZP 5 pollinated, which is desirable for obtaining the
highest kernel set (Kaeser, 2003b; Anderson et al., 2004).
On the other hand, when silk is “waiting” for the pollen
too long, it can easily get to the pollination by some other
undesirable genotype. Although difference between ASI
in sterile and fertile versions was noticeable, it was not
significant, meaning that CMS did not affect ASI. Kaeser
et al. (2003b) obtained same results.

CMS effect on grain yield

Only one hybrid per se had average GY increase of 0.6
t ha'! (4.9%). However, this increase was not significant,
meaning that the CMS effect on this trait was negligible.
The S type of sterility terminates pollen production
in later phases than the other two types (Kaul, 1988).
This is probably the reason why our results were not in
agreement with the results showing high yield increase
in sterile genotypes (Weingartner et al., 2002a; Kaeser
et al., 2003a). Munsch (2008) determined both positive
and negative CMS effect on GY (from -8% to 8%) and
revealed that the lowest change occurred with hybrids
in S type of sterility, which is partly in accordance with
our results. Still, the authors showed that these variations
were not significantly dependent on the type of male
sterile cytoplasm. In addition, Uribelarrea et al. (2002)
did not determine positive CMS effect on GY in maize,
which was partially explained by the fact that they used
modern hybrids that have smaller tassels and higher stress
tolerance (Duvick, 2005). This could also be the reason
for poor response of hybrids in our research.

The effect of CMS would probably have been stronger
if sterile hybrids had been compared to their fertile
analogues without detasseling. Regarding this, the effects
of pollen not being produced and type of cytoplasm
(sterile/fertile) were separated, unlike in some other
studies (Uribelarrea et al., 2002; Weingartner et al., 2002a;
Kaeser et al., 2003a). Actually, CMS effect was reduced
just to the effect of sterile cytoplasm and the difference
in mitochondrial DNA between sterile hybrids and their
fertile analogue isogenically pollinated. The fact that
different CMS types have different effect on maize GY
leads us to the conclusion that the effect of sterility refers
not only to the gain of pollen not being produced, but also
to the impact of cytoplasm and its genes. In accordance
with this, the effect of each subtype among the three main
types of CMS should be examined.

164 CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 75(2) APRIL-JUNE 2015



zpP 1|

7P 4|

V'S

ZpP2

7P

T
0.21 0.24

T T J
0.30 0.34

Coefficient

Figure 1. Dendrogram of the hybrids computed based on the modified Rogers’ distance.

Considering only ZP 2 hybrid, higher GY was due
to higher TKW (4.0%) and KNM (4.7%). Some authors
determined that higher KNM was responsible for higher
grain yield of the sterile hybrids, while TKW did not have
significant effect or even was negatively correlated with
GY (Weingartner et al., 2002a; Kaeser et al., 2003b).
Munsch (2008) obtained similar results (9% increase in
kernel number), except that hybrids in T type of sterility
had significant kernel weight decrease of 8% compared to
its fertile analogue.

Xenia effect on grain yield

Several authors have shown that xenia effect on GY can
be highly significant positive (Bulant and Gallais, 1998;
Weingartner et al., 2002a; 2002b), but this was not in
agreement with the results obtained in this research (effect
was from -5.4% to 3.4%). Some authors also obtained
variations in this effect: in the study of Munsch (2008)
xenia effect was from -2% to 15%, while in Liu et al.
(2010) it was from -16% to 12%. The year of examination
and sterile cytoplasm did not modify xenia effect on this
trait in our study, the same as in the study of Weingartner
et al. (2002a).

Significant xenia effect on TKW was obtained under
the influence of two pollinators. These results are in
accordance with those obtained by Bulant and Gallais
(1998) and Weingartner et al. (2002a; 2002b). ZP 5 hybrid
had significant impact on KNM increase (4.7% and 8.0%)
in both female hybrids. Weingartner et al. (2002a) also
determined that one pollinator increased KNM of 6%,
while Liu et al. (2010) did not obtain KNM increase under
xenia effect. The impact of xenia on number of kernels
has not been explained so far, but it can be partially
explained with good flowering synchronization between
female and pollinator hybrids in this study. It is noticeable
that significant increase in KNM was obtained when
pollinator was ZP 5 hybrid, which was the pollinator
flowered the latest. Compared to female hybrids, ZP 5
pollinated 2 d after ZP 1 and 1 d before ZP 2 silked, while

all the other pollinators shed pollen 1 to 3 d earlier than ZP
5. This confirms the statements that maximum kernel set
is obtained when pollination occurs after silking (Kaeser
et al., 2003b; Anderson et al., 2004).

One of the reasons for poor xenia effect on the examined
traits could be the way xenia was calculated in our study.
Weingartner et al. (2002a) and Munsch (2008) calculated
xenia effect as the difference between non-isogenically
pollinated sterile hybrid and isogenically pollinated sterile
hybrid, which means that they did not separate xenia and
CMS effects. The way xenia was calculated in our research
is more reliable, because CMS could have modified the
effect of xenia on some traits. The other reason for poor
response to xenia could be the genetic constitution of the
female hybrids. Bulant and Gallais (1998) determined that
the average increase in kernel weight was twice weaker
when a single cross, instead of an inbred line, was used as
a female. Kernel heterozigosity level of three-way cross
hybrids is higher, while the inbreeding depression by self
fertilization is lower than in single cross hybrids and the
response to cross fertilization is less than expected. Both
female hybrids in our research were three-way crosses,
thus failing to respond stronger to xenia.

Plus-hybrid effect on grain yield

While Weingartner et al. (2002a) and Munsch (2008) got
significantly positive Plus-hybrid effect on GY (9% and
7% on average, respectively), this significant positive
effect was absent in our study (0.7% on average). ZP
2 hybrid generally had stronger and more positive
responses to the effects examined (3.5% on average) than
ZP 1 (-2.1% on average). This confirms previous findings
that genotypes of CMS, as well as pollinator hybrids are
determinant for the studied traits (Weingartner et al.,
2002a; Munsch, 2008). The same was for TKW and KNM
traits, where all Plus-hybrid combinations of ZP 2 showed
increased values. Increase of kernel weight and kernel
number was also obtained by Weingartner et al. (2002a)
and Munsch (2008).
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Xenia effect strongly depends on the genotypes used as
a female and as a pollinator (Liu et al., 2010). The same
applies to the Plus-hybrid effect. When ZP 1st was used
as a female and ZP 2 as a pollinator there was a slight
GY increase of 2.2%. Otherwise GY increase of 3.7% was
obtained. When kernel weight is observed, ZP 1 hybrid
was better when used as pollinator than as CMS hybrid.
This suggests that when selecting hybrids for a Plus-
hybrid mixture, it would be necessary to examine their
reaction and choose the right variant, particularly because
hybrid pollinator per se is included in the mixture. It is
also noticeable that the combined effect of CMS and
xenia is not straightforward and easily predicted. It is not
a simple cumulative effect of these two factors, but there
are a lot of other factors and interactions that influence
gain from a Plus-hybrid mixture. Similar conclusions
were obtained in the study of Weingartner et al. (2002a).

Relevance of genetic distance between hybrids for
Plus-hybrid effect

Genetic distance estimation based on SSR analysis
between hybrids used in this study is in accordance
with the data on the origin of hybrids. Also, dendrogram
grouped the most similar hybrids into the same clusters. It
seems that genetic distance is not relevant for prediction
of the degree of xenia effect in the Plus-hybrid system,
which is in accordance with results obtained by Munsch
(2008). ZP 5 was genetically the most distant hybrid from
both female hybrids, but Plus-hybrid combinations with
this hybrid for all the traits, except KNM, were the worst.
Genetic difference between genotypes in a Plus-hybrid
mixture is desirable, but not relevant for the xenia effect,
especially if three-way crosses are used. Many factors
could influence genetic distance values, such as the
number of markers used and distribution of the markers
in the genome (Munsch, 2008). In total, 21 markers were
used in the study, and according to Souza et al. (2008)
16 markers are enough for genotype analysis. Munsch
(2008) analyzed 30 genotypes using 20 SSR markers and
revealed 71 alleles, which is much less than the number of
alleles obtained in this research. Further, the markers were
distributed on nine out of ten maize chromosomes. Most
probably, additional markers would not have changed the
results of the genetic distance between hybrids.

Data on the relation between the genetic distance
of inbred lines and heterosis of F; generation are
contradictory. Betran et al. (2003) and Mladenovi¢ Drinié
et al. (2012) found positive correlation between genetic
distance of inbred lines and resulting heterosis, but some
studies showed weak or no correlation (Xu et al., 2004,
Kiula et al., 2007).

Since all the hybrids in this study originate from the
same seed company a guess is that they have high genetic
similarity and therefore heterozigosity level of kernels due
to a xenia effect could not be strongly expressed. Maybe
interrelation between xenia effect and genetic distance

for the hybrids from different seed companies should be
examined. However, Munsch (2008) studied relevance of
genetic distance for predicting xenia effect using hybrids
from seven different seed companies and MRD values
were in the range from 0.048 to 0.146, which is quite
less than in our study. This could be a reflection of the
common origin of European maize, breeding to maintain
large genetic diversity within the gene pool, and probably
exchanges of material among breeding companies. It is
also known that heterosis expression in kernels of three-
way cross hybrids (which were used as females in our
research) is weaker than in single crosses or inbred lines
(Bulant and Gallais, 1998). The hypothesis that genetic
distance between hybrids can be used for the prediction
of xenia effect could not be confirmed in our experiment.
This effect was more dependent on pollinator ability and
female genotype. However, for a definite conclusion,
a number of SSR loci examined should be higher with
single cross hybrids being used instead of three-way.

CONCLUSIONS

Cytoplasmic male sterility (CMS) did not show relevant
impact on the two studied hybrids, with only one of them
having positive but not significant change in grain yield.
Xenia showed significant impact on thousand kernel weight
of one hybrid and kernel set of both hybrids, but not on the
grain yield itself. Plus-hybrid effect on grain yield was not
significant and positive as expected. Moreover, one hybrid
had negative response for most of the examined traits. We
can assume that Plus-hybrid effect would be more positive if
sterile hybrids in C or T type of sterility were used instead of
S type. In addition, it can be assumed that single crosses are
more suitable to be used as female sterile hybrids than three-
way crosses. Optimal flowering synchronization between
female and pollinator hybrid is of great importance and the
highest kernel set can be obtained when pollination occurs
after silking. Genetic distances between hybrids were of no
relevance for xenia effect in the Plus-hybrid mixture in this
study. The reason for this could be genetic constitution of
the hybrids or relatively high genetic similarity between the
genotypes used. Plus-hybrid effect is not easily predicted as
it is not the result of simple cumulative effects of individual
CMS and xenia effects. Finally, Plus-hybrids could be worth
for commercial maize production, but we would recommend
it for genotypes with slightly poorer performance per se that
have already been produced on a sterile base rather than
for modern hybrids with higher performance. More studies
including a greater number of hybrids at multiple locations
and years must be performed.
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