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Abstract The evaluation of recombinant inbred lines
(RILs) per se can be biased by inbreeding depression in
case of allogamous species. To overcome this drawback,
RILs can be evaluated in combination with testers; how-
ever, testers can carry dominant alleles at the quantitative
trait loci (QTL), thus hampering their detection. This study
was conducted on the maize (Zea mays L.) population of
142 RILs derived from the single cross B73 x H99 to
evaluate the role of different testers in affecting: (1) QTL
detection, (2) the estimates of their effects, and (3) the
consistency of such estimates across testers. Testcrosses
(TCs) were produced by crossing RILs with inbred testers
B73 [TC(B)], H99 [TC(H)], and Mol7 [TC(M)]. TCs were
field tested in three environments. TC(B) mean was higher
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than TC(H) mean for all traits, while TC(M) mean was the
highest for plant vigor traits and grain yield. As to the
number of detected QTL, tester Mo17 was superior to H99
and B73 for traits with prevailing additive effects. Several
overlaps among the QTL were detected in two or all the
three TC populations with QTL effects being almost
always consistent (same sign). For traits with prevailing
dominance—overdominance effects, as grain yield, the poor
performing tester H99 was clearly the most effective; fewer
overlaps were found and some of them were inconsistent
(different sign). Epistatic interactions were of minor
importance. In conclusion, the three testers proved to affect
QTL detection and estimation of their effects, especially
for traits showing high dominance levels.

Introduction

Populations of recombinant inbred lines (RILs) are
valuable materials for genetic studies, such as the
detection of quantitative trait loci (QTL), especially
because of the advantages associated with the high level
of homozygosity and homogeneity of the RILs (Burr and
Burr 1991). The high level of RILs homozygosity (close
to 100%) brings about estimates of additive genetic
variance that are higher than estimates obtained in many
other populations (e.g., the additive genetic variance in a
RILs population is expected to be twice as great as that
of a population represented by F,.3 lines). In turn, this
higher genetic variance should lead to a higher herita-
bility and, thereby, to a more powerful QTL detection
(Lande and Thompson 1990). This was the case in the
study of Austin et al. (2000, 2001), who detected more
QTL in the Fg.g population than in the F,.; population
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derived from the same source. Moreover, the high level
of genetic homogeneity within each RIL minimizes the
problems related to the presence of genetic variation;
hence, RILs can be repeatedly reproduced avoiding
troubles associated with changes of allelic frequencies
(mainly due to unintentional selection and to genetic
drift) which can occur when reproducing heterogeneous
lines. As compared to the populations of doubled hap-
loids, directly produced by the source F;, populations of
RILs should also allow a higher mapping resolution
because of the greater opportunity for recombination
during the process of RILs’ development.

However, for cross-pollinated species like maize (Zea
mays L.), the evaluation of RILs per se can lead to results
biased by inbreeding depression, especially for traits
largely affected by dominance. To overcome such a
drawback, the genetic analyses can be conducted by testing
the RILs in hybrid combination, i.e., crossed with testers.
The choice of testers is a crucial issue because they can
affect the genetic variance among testcrosses (TCs)
(Hallauer and Miranda 1988) and, hence, the power of
QTL detection. An interesting approach, that recalls
aspects of applied plant breeding, could be to choose elite
inbred lines to which the best RILs will be eventually
crossed to produce commercial hybrids. In case of maize,
successful hybrids are often represented by crosses
between inbred lines originated from Reid Yellow Dent
germplasm, especially Towa Stiff Stalk Synthetics (BSSS),
and lines of different origin, especially Lancaster Sure
Crop (LSC) germplasm (Hallauer 1990); hence, a proper
tester for a RIL population originated from one gene pool
could be chosen from the complementary one. However,
the tester choice could be more problematic in case of a
RIL population originated from a cross between inbred
lines belonging to the two germplasms. The utilization of
elite inbred lines can also bring about drawbacks associated
with masking effects exerted by the dominant alleles car-
ried by the testers, so that the ability of QTL detection can
largely depend on the testers’ genotypes (Liibberstedt et al.
1997; Austin et al. 2000; Ajmone Marsan et al. 2001).
Therefore, an important aspect concerning QTL analysis in
testcross progenies is the consistency of QTL effects across
testers (Melchinger et al. 1998). The drawbacks in QTL
analysis arising from the confounding effects due to the
different alleles brought in by the testers could be at least
partly overcome using as testers the parental inbreds of the
RILs’ population. This study was conducted on a maize
population of RILs crossed with three inbred lines, i.e., the
two parents of the source single cross and an unrelated
inbred; the objectives were to evaluate the role played by
these three testers with respect to (1) the detection of QTL,
(2) the estimates of their effects, and (3) the consistency of
such estimates across testers.
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Materials and methods
Plant materials

A population of 142 RILs was developed following the
single seed descent procedure for 12 selfing generations
(Fi2.13); the source material was the single cross
B73 x H99. B73 and H99 are inbred lines selected from
BSSS and from Illinois Synthetic 60C, respectively, and
largely differ for both agronomic (Frova et al. 1999;
Frascaroli et al. 2007) and molecular characteristics (Livini
et al. 1992; Lu and Bernardo 2001). TCs were produced by
crossing the 142 RILs with the parental inbred lines B73
[TC(B)] and H99 [TC(H)], and with the unrelated inbred
line Mol17 [TC(M)]. Inbred line Mol17 was derived from
the cross 187-2 x C103 and can be assigned to the same
heterotic group as H99 (i.e., LSC or, more loosely, non-
BSSS), despite H99 and Mol7 have diverse origin and
markedly differ for agronomic (Austin et al. 2000, 2001) as
well as molecular characteristics (Livini et al. 1992; Lu and
Bernardo 2001). In order to have control hybrids, the
unrelated tester Mo17 was also crossed to the two parental
inbreds B73 and H99.

Field experiments and data analysis

The three populations of TC progenies were field tested in
a larger study including also other materials (i.e., RILs per
se and TCs with the source F;) as described in detail by
Frascaroli et al. (2007). Briefly, the field trials were carried
out in 2002 at three locations in Northern Italy (Bologna,
Cremona, and Milan). In each location, the field layout was
a modified split-plot design with two replications; the three
testers were the main plots and the RILs (combined with
the tester) were the subplots. The population of TC(M)
progenies also included, as controls, the single crosses
B73 x Mol7 and H99 x Mol7, which were entered three
times in each replication. Plots were single rows 4.40 m
long, 0.80 m wide, and included (after thinning) 22 plants
at a density of 6.25 plants m 2. Main plots were separated
by two border rows due to the different levels of plant vigor
expected for the three populations of TCs. The usual field
techniques for maize were followed to achieve favorable
growing conditions (in particular, three to four irrigations
were made in each trial).

The following traits were measured at the single-plot
level in each trial: (1) days to pollen shedding (PS), as
interval between sowing date and PS date (assessed when
50% of plants per plot had extruded at least nine anthers);
(2) plant height (PH) measured at the flag leaf collar on
three competitive plants per plot; (3) kernel moisture (KM)
at harvest; (4) grain yield (GY) adjusted to 15.5% moisture;
(5) kernel weight (KW) adjusted to 15.5% moisture on a
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sample of 100 kernels; and (6) number of kernels per plant
(NK), as ratio between GY per plant and KW.

The analysis of variance (ANOVA) was conducted in
accordance with the modified split-plot design for each
environment (location) and then was combined across
environments. A mixed model was adopted, considering
environments and RILs as random and testers as fixed
variables. Because of the high significance of tester x RIL
interaction, the ANOVA was also conducted separately for
each TC population. Analyses were conducted using SAS
GLM and VARCOMP procedures (SAS Institute 1996),
and least square means over locations were used for sub-
sequent analyses.

For each TC population, the estimates of variance
components for RILs (or genotypes, aé), geno-
type X environment (aﬁe), and error (%) were computed
from expectations of mean squares. Standard errors of
these variance components were calculated according to
Hallauer and Miranda (1988, p. 49). The heritability (h*)
values were calculated across the three environments
(n) and the two replications (r) per environment, as
W = 6§ / (az + aie /n+ a/nr). The h* confidence inter-
vals were calculated according to Knapp et al. (1985).

For the same trait, the relationship between the perfor-
mances of TC pair [i.e., TC(B) vs. TC(H), TC(B) vs.
TC(M), and TC(H) vs. TC(M)] was investigated by simple
phenotypic correlations, using the mean values of each TC
across replications and environments.

Genetic linkage map

The linkage map is an updated version of the map employed
in Frascaroli et al. (2007) and comprises 207 markers
spanning a total of 2,351.8 cM (Kosambi mapping func-
tion). In particular, the new map includes several additional
public SSR (available at http://www.maizegdb.org) as well
as AFLP and molecular markers developed from maize
expressed sequence tentative contigs. The updated map can
be found in the supplementary material (Fig. S1).

Analysis of main-effect QTL

For each trait and TC population, the analysis of main-
effect QTL was conducted on mean values across envi-
ronments. Composite interval mapping (CIM) (Zeng 1994)
was used to identify QTL by means of PLABQTL software
(Utz and Melchinger 1996). Details concerning choice of
cofactors were the same as in Frascaroli et al. (2007). LOD
(=0.217 LR) threshold for declaring a putative QTL for
each trait and TC was defined by 1,000 permutations
(Churchill and Doerge 1994). QTL detected with different
TC or traits were considered as common if their estimated
map position was within a 20 cM distance (Groh et al.

1998). The proportion of variance explained by all QTL
was estimated by the adjusted coefficient of determination
of regression (Ridj) fitting a model that includes all
detected QTL.

Following Melchinger et al. (1998) and Blanc et al.
(2006), the model underlying TC progenies with a given
tester can be written as:

— q C,C
Yy = mpy3 + sTx] + Zpsixg + ei

where Y}, is the phenotypic value of the TC progeny of RIL
i with tester #; mp73 is the mean of TC progenies carrying,
at the putative QTL ¢, the B73 allele provided by the RILs;
s7 (s€) is the estimated effect of substituting the B73 allele
(B) with the H99 allele (H) at the QTL ¢ (or at kth cofactor
¢) in combination with tester f; x? is the conditional
expectation of a dummy variable that assumes value 0 or 1
if the genotype of the RIL i at the QTL ¢ corresponds to the
parent B73 or H99, respectively, given the observed
genotypes at the flanking markers; x{ is a dummy variable
that assumes value 0 or 1 if the genotype of the RIL i at
the kth cofactor ¢ corresponds to the parent B73 or H99,
respectively; e;, is the residual error.

For the putative QTL, additive genetic effects are
expected to be —a and a in the homozygotes for B and H
alleles, respectively, and dominant genetic effect is
expected to be d in the heterozygote. Therefore, in case of
TC(B) the effect of a putative QTL (s7) is expected to be
a + d, being estimated from the difference between the
heterozygote and the homozygote for B allele. In case of
TC(H), the putative QTL effect (s7) is expected to be equal
to a—d, being estimated from the difference between the
homozygote for H allele and the heterozygote. In case of
TCM), s? is the difference between the dominance effect
displayed by the H99/Mo17 allelic combination and that
displayed by B73/Mol7 allelic combination.

Epistatic QTL analysis

A mixed linear model was used to first confirm main-effect
QTL found in the previous analysis and then to map digenic
epistatic QTL. The analysis was conducted with QTLM-
apper (Wang et al. 1999) first without epistasis and then
including epistasis in the model. A significance threshold of
P < 0.001 and R* > 5% was adopted to declare an epistatic
QTL (Wang et al. 1999; Li et al. 2001). Effects and statistics
tests associated with significant main-effect and epistatic
QTL were obtained with the restricted maximum-likelihood
(REML) estimation method, as described by Wang et al.
(1999). For the most interesting interactions, means of
genotypic classes corresponding to the two pairs of allelic
combinations (two parental and two recombinant classes) of
the interacting QTL were obtained. To this purpose, only
TC progenies corresponding to RILs with the flanking
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markers of each interacting QTL having the same phase,
i.e., coming from the same parent (neglecting double
crossovers), were taken into account.

Results
Performances of TC populations

The ANOVA (not shown) revealed that differences among
environments (locations) were significant for all traits (at
P < 0.05or P < 0.01) except PH, thus indicating that TCs
were investigated across an appreciable range of growing
conditions. In particular, for GY the location mean ranged
from 6.05 Mg ha™' in Cremona to 9.52 Mg ha™" in Milan,
indicating that medium to high yield levels were attained.
The RIL x environment interaction, even when signifi-
cant, was always much smaller than the mean square due to
RILs; therefore, the analyses were conducted across the
three environments. The tester x RIL interaction was
highly significant for all traits, indicating that the relative
hybrid performance of the RILs markedly varied depend-
ing on the inbred line used as tester. For this reason, the
analysis of RILs’ performance was conducted separately
for each tester.

The mean value of TC(B) was for all traits higher than
the mean value of TC(H) (Table 1), whereas the mean
value of TC(M) was higher than that of the other two TCs
for PH, GY, KW, and NK. The estimate of a§ was highly
significant for all traits and so was the estimate of oée, with
the only exception of PH for TC(H) and of KM for TC(B).
The estimate of O’§ was the highest in TC(H) for all traits
except KM, whereas it was often the lowest in TC(M). The
estimate of age was always smaller than ag,, except for GY
and NK in TC(M). The heritability followed a trend similar
to that of 3.

In the trial of TC(M) progenies, the B73 x Mol7 con-
trol was superior to the H99 x Mol7 control for all traits
(data not shown); in particular, for GY their mean values
were 10.68 and 7.64 Mg ha™', respectively (Fig. 1). The
GY mean value of these two controls was significantly
superior (P < 0.01) to the mean value of TC(M) (9.16 and
8.54 Mg ha™', respectively). Despite the large GY differ-
ence between the two checks, several TC(M) progenies
yielded less than the low-yielding H99 x Mol7 check,
while three progenies yielded more than the high-yielding
B73 x Mol7 check, suggesting that the increasing alleles
were not all provided by the better parent B73. As to the
other traits (data not shown), the comparison between the
mean values of the two checks and of the TC(M) progenies
was not significant; moreover, the range in TC(M) per-
formance markedly transgressed the two checks with the
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Table 1 Estimates of means, variance components, and heritability
of maize testcross (TC) progenies of 142 RILs (from single cross
B73 x H99) crossed with inbred tester B73 [TC(B)], H99 [TC(H)],
and Mo17 [TC(M)] for PS (pollen shedding, as interval from sowing),
PH (plant height), KM (kernel moisture), GY (grain yield), KW
(kernel weight), and NK (number of kernels per plant)

Trait and parameter TC(B) TC(H) TCM)

PS

Mean (days) 74.0 70.7 70.7

o 0.85 4+ 0.21 121 +£0.19 1.13 £ 0.17
a2, 0.75 + 0.14 032 £ 0.10 0.29 + 0.09
o> 1.64 +0.11 1.50 + 0.10 1.37 + 0.09
e 0.62 0.77 0.78

90% CI on h*® 0.52-0.69 0.71-0.82 0.72-0.82
PH

Mean (cm) 206 147 234

o 91.0 + 13.4 1703 £ 219  47.0 £ 9.1
a2, 153+ 62 2.7 (NS) 384+ 74
o> 85.1 £ 6.5 87.9 £ 6.0 859 £5.9
W 0.83 0.92 0.63

90% CI on h* 0.78-0.86 0.89-0.93 0.54-0.71
KM

Mean (%) 28.8 26.5 27.0

a? 247 4+ 0.35 133 +£0.23 1.44 +0.22
a2, 0.21 (NS) 0.68 & 0.16 0.38 & 0.11
o’ 2.80 &+ 0.19 2.14 £ 0.15 1.57 £ 0.11
n 0.82 0.70 0.79

90% CI on h* 0.78-0.86 0.62-0.75 0.73-0.83
GY

Mean (Mg ha™") 7.50 6.33 8.54

e 1.04 £ 0.17 1.30 £ 0.18 0.49 £ 0.13
a2, 0.43 £ 0.09 0.24 £ 0.07 0.83 £ 0.16
o* 1.15 & 0.08 0.99 + 0.07 1.76 + 0.12
W 0.76 0.84 0.46

90% CI on h? 0.69-0.80 0.80-0.87 0.32-0.57
KW

Mean (mg) 321 307 340

a? 208 =+ 58 416 + 59 364 + 54
s 150 £ 24 93 + 21 164 £+ 23
o> 232 + 16 270 + 19 206 + 14
n 0.70 0.85 0.80

90% CI on h? 0.62-0.76 0.81-0.88 0.75-0.84
NK

Mean (no.) 371 328 402

a 2,196 + 363 2,427 + 357 706 + 249
a2, 942 + 230 318 + 171 1,589 =+ 337
o’ 3,018 £207 2,768 & 190 4,112 + 282
" 0.73 0.81 0.37

90% CI on h? 0.66-0.78 0.76-0.85 0.21-0.49

NS not significant

% On a mean basis across three environments and two replications per
environment

® Confidence intervals (CI) calculated according to Knapp et al. (1985)
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only exception of PH. These results thus suggest that for
PH there was mainly an association of the increasing
alleles in one parent (i.e., B73), while for the other traits
the increasing alleles were dispersed in the two parents.

The correlation analysis between the performances of
TC populations (Table 2) showed the highest coefficients
for PS, PH, KM, and KW, especially in case of TC(H)
versus TC(M). In contrast, the lowest correlation coeffi-
cients were obtained for GY and NK; in particular, the
coefficients for these two traits were negative in TC(B)
versus TC(H), though not significantly different from
Zero.

Main-effect QTL

QTL analysis was conducted on mean values across
environments and separately for each tester (Table 3). For
PS, the effects of the detected QTL were negative in most
cases and the highest LOD score (18.8) was observed in
TC(B) for a QTL accounting for 34.6% of phenotypic
variance (0'12,); the R* obtained with the simultaneous fit of
all detected QTL was maximum in TCM) (39.4%).
Considering PH, QTL effects were in most cases negative
in TC(H), always negative in TC(M), whereas there was a
balance between negative and positive effects in TC(B).
Both the highest LOD (19.1) for a single QTL
(R* = 27.1%) and the highest R? of the model including
all QTL (59.3%) were observed in TC(H). For KM, QTL
effects were always negative in TC(M), whereas there
was some balance between positive and negative effects
in TC(B) and in TC(H). The highest LOD (10.0) was
detected in TC(B) (R* = 10.9%), while the highest R* of
the model including all QTL (34.5%) was observed in

30
TC(M)
£ 20
o) H99 x Mol7 B73 x Mo17
& I I I
g 10 : : |
~ 1 1 1
1 1 1
I I I
- : {
530 638 746 854 9.62 10.70 11.78

Grain yield (Mg ha')

Fig. 1 Frequency distribution for GY of TC(M) population in
comparison with check hybrids B73 x Mol7 and H99 x Mol7
(dashed arrows); the dashed line indicates the mean of the two check
hybrids. The highest continuous arrow indicates the mean of the 142
TC(M) progenies. The class interval is equal to the standard error
from the combined analysis of the three TC(M) trials

Table 2 Phenotypic correlations for each trait between pair of TC
populations of 142 RILs crossed with inbred tester B73 [TC(B)], H99
[TC(H)], and Mo17 [TC(M)] investigated across three environments

Trait TC(B) vs. TC(H) TC(B) vs. TC(M) TC(H) vs. TC(M)
PS 0.46%* 0.54%%* 0.65%*
PH 0.41%* 0.51%%* 0.69%*
KM 0.54%%* 0.67%* 0.56%%*
GY —0.13 (NS) 0.17%* 0.41%%*
KW 0.51%%* 0.69%* 0.67%*
NK —0.08 (NS) 0.14 (NS) 0.30%*

NS not significant
* ** Significant at P < 0.05 and P < 0.01, respectively

TC(M). The analysis of GY identified seven QTL in
TC(B), 11 in TC(H), 6 in TC(M), and 18 on the whole,
with effects ranging from —0.98 to 0.89 Mg ha™'. These
effects were almost always positive in TC(B), almost
always negative in TC(H), whereas there was the same
number of negative and positive effects in TC(M). The
QTL with the highest LOD (11.9) was mapped in TC(B)
(R*> = 12.4). When considering all detected QTL, R? was
25.1% in TC(B), 56.5% in TC(H), and 32.2% in TC(M).
For KW, QTL effects were mainly negative, especially in
TC(H) and TC(M). The highest LOD (13.2) was esti-
mated in TC(H) and the highest R? of the model including
all QTL (65.7%) was in TC(M). As to NK, QTL effects
were always positive in TC(B) and always negative in
TC(H); both the highest LOD score (9.3) for a single
QTL and the highest R? of the model including all QTL
were found in TC(H).

In summarizing across traits the findings reported in
Table 3, 31 QTL were detected in TC(B), 43 in TC(H),
40 in TC(M), and 74 on the whole. In addition, the
effects of these QTL were more frequently positive in
TCB) (19 out of 31), whereas they were more fre-
quently negative in TC(H) (37 out of 43) and in TC(M)
(28 out of 40).

Based on the data presented in Table 3, it can also be
noted that 42 QTL were detected in only one TC, whereas
the other 32 were common to at least two TCs. As eight
of these 32 QTL were common to all the three TCs, the
whole number of overlaps was 48, obtained by summing
24 overlaps between two TCs and 24 overlaps concerning
the eight QTL common to all three TCs. As reported in
Table 4, 44 of these overlaps (corresponding to 92%)
were consistent, i.e., had effects of the same sign. The
whole number of overlaps across traits was 12 for TC(B)
versus TC(H), 15 for TC(B) versus TC(M) and 21 TC(H)
versus TC(M). When overlaps were considered across
TCs, the highest number was observed for KW (20) with
most of these overlaps showing consistent effects. Eleven
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Table 3 Parameters of putative main-effect QTL estimated from TC populations of 142 RILs crossed with inbred tester B73 [TC(B)], H99
[TC(H)], and Mo17 [TC(M)] for the traits investigated across three environments

Trait and bin Flanking markers TC(B) TC(H) TC(M)
LOD  R**® b LOD  R? s LOD  R? s
PS (days)
1.07 bnlgl025—dupssri?2 4.2 53 -0.5 39 8.4 —0.6
2.02 bnlg1092—-E38M6109 4.9 6.5 —0.8
7.02 bnlg2203-phi008b 11.0 19.8 1.3 5.7 44 0.5
8.03 umc1904-bnl9.08 18.8 34.6 —1.8 3.6 10.1 -0.8
8.05 phil21-bnlg666 11.1 25.5 —-1.3 15.2 22.7 —1.2
Total® 35.0 2.6 33.8 3.1 394 3.1
PH (cm)
1.04 dupssr26—-E35M4910 6.4 11.8 6.5
1.07 bnlg1025—dupssri?2 124 11.1 —6.4 19.1 27.1 —-12.2 37 9.7 —5.4
2.04 bnlgl125—-dupssr27 6.0 34 34
2.08 mmc0271-bnlg198 10.2 10.8 —6.5 6.5 14.9 —8.2 8.6 18.3 —17.8
2.09 csu6b4a—bnlg469b 8.2 5.6 —4.3 5.6 8.2 5.7
3.02 bnlg1325-umc2071 4.5 6.4 —-5.2 7.4 12.5 —6.1
3.04 umc42b-bnlg602 7.3 0.5 —1.6
3.05 bnlg420-bnlg1505 8.0 4.7 38
3.06 dupssr23—umcl1730 6.4 5.7 -5.6
4.10 umc1503-bnlg589 8.8 6.4 4.6
5.05 TC315883-bnl5.40 49 11.6 —6.4
7.04 umc1029—-umc1944 5.6 33 35
8.01 umc1075-AZM4_59852 3.2 6.0 =5.0 6.0 9.7 =53
8.03 umc1904-bnl9.08 5.6 1.2 —-2.1 7.0 4.0 —4.7
8.05 bnlg666-bnlgl62 4.0 8.9 7.7 6.6 26.0 —10.5
10.03 bnlg1451-umc1962 7.6 9.8 7.0
Total 29.5 44.7 59.3 59.4 47.5 41.5
KM (%)
1.07 bnlg1556-bnlg1025 7.4 19.1 —-1.2
2.08 TC326717-dupssr25 4.8 13.3 1.2 2.4 7.6 0.8
2.09 csu6b4a—bnlg469b 10.0 10.9 1.2
5.03 bnlg105-bnlg557 4.7 7.3 -0.9 39 12.5 -0.9
8.03 umcl904-bnl9.08 5.1 9.9 -1.0 34 9.0 —-0.8
8.05 phil21-bnig666 5.0 29 —-0.4
9.07 bnlg619-umclli37 5.5 7.5 —-0.7
Total 30.2 34 14.9 1.7 34.5 4.0
GY (Mg ha™")
1.04 bnlg2295—dupssr26 55 6.4 0.60
1.06 TC344182—umcl035 3.6 5.0 0.66 35 2.0 —0.31
2.04 bnlg381-phi083 4.3 2.8 0.36
4.03 umc2176—umcl1963 4.8 5.0 —-0.39
5.04 dupssrl0-dupssr7 7.9 7.8 —-0.47 6.0 10.5 —0.66
6.01 phi075-bnlg1371 11.9 124 0.89 9.2 4.5 0.49
6.07 phi070-TC315926 6.0 5.6 0.50
7.02 phi034-bnlg398 4.9 1.5 0.20
7.03 umc1015-bnlg434 53 10.2 0.72
7.04 umc1251-umc1029 7.9 4.9 0.53
8.01 umc1075-AZM4_59852 53 9.8 —0.54
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Table 3 continued
Trait and bin Flanking markers TC(B) TC(H) TC(M)
LOD  R** s LOD  R? s LOD  R? s
8.03 bnl9.08-phil21 3.7 35 0.70 2.6 1.4 —0.42
8.05 phil21-bnlg666 4.9 4.6 —0.80 8.9 8.3 —0.98 2.3 3.6 —0.69
8.08 umc1268—-E35M4901 5.6 7.8 —0.51
9.04 bnlg430-bnlg1209 6.3 16.6 —-0.92
9.07 umcl137-bnlgl129 4.1 6.8 —0.43
10.03 bnlg1451-umcl1962 5.9 7.1 —0.67
10.04 umc2003-TC334690 6.2 8.0 —0.56
Total® 25.1 4.87 56.5 5.98 32.2 3.15
KW (mg)
1.04 bnlg2295—dupssr26 5.2 13.7 14.2 7.0 9.9 11.5
1.08 dupssr12-TC316139 6.7 16.6 —154
2.04-2.07 E38M6101-E35M4908 3.6 34 =75 5.8 9.3 12.0
2.08 mmc0271-bnlg198 6.9 4.6 -84 8.5 274 —24.7
2.09 dupssr25-bnlg1520 7.4 20.1 18.6
3.04 phi029-bnigl638 4.9 11.8 13.4
3.05 bnlg420-bnigl505 10.8 23.2 18.4
4.07 bnlg1621a—dupssr34 8.3 3.1 —8.8
4.08 E38M6104—phi093 4.2 12.3 14.5 34 7.8 13.3 7.2 14.7 14.0
5.03 bnlg105-bnlg557 5.0 9.7 —11.5 54 18.8 —17.1 6.1 17.9 —16.4
5.05 TC315883-bnl5.40 13.2 14.7 —16.9 3.1 9.5 —13.5
5.08 umcl792-php20523b 6.5 29 6.1
8.01 umcl075-AZM4_59852 2.2 6.0 —-9.0 2.0 7.9 -9.8 5.5 13.5 —14.1
8.03 E38M6107-umcl1904 3.7 5.6 —-9.6 4.8 1.9 -53 3.6 7.0 —9.8
8.05 phil21-bnlg666 4.3 7.2 —12.5 7.8 6.0 —10.7 6.9 18.7 —18.6
10.03 umc1962—umc2016 4.9 5.0 —7.6 3.5 8.8 —10.2
Total 374 84.8 43.0 111.5 65.7 197.2
NK (no.)
1.06 TC344182—umcl035 4.1 6.2 —28 2.7 2.1 —12
2.04 bnlg381-phi083 3.6 1.3 -9
4.03 ncl35-umc2176 9.3 12.0 -55
5.04 dupssrl0—dupssr7 5.2 6.7 —-26
6.01 phi075-bnlg1371 5.5 14.0 43 8.2 13.8 27
7.03 umc1408—umcl 134 4.8 9.8 32
7.04 umcl251-umcl029 34 1.4 8
8.02 bnlg1194—umc1304 5.9 7.6 —28
8.03 E38M6107-umc1904 6.1 8.5 30 3.0 7.0 =22
8.07 umc1149-npi268a 7.3 33 —-19
10.04 umc2003-TC334690 6.4 114 -36
10.07 umcl196-bnlg1360 3.6 2.8 13
Total 22.5 104 29.9 192 16.1 91

Values in roman typeface: “significant QTL”, i.e., with LOD reaching the threshold for P < 0.10 determined by 1,000 permutations (threshold
corresponded to a minimum value of LOD = 3.3)

Values in italics: “suggested QTL”, i.e., with LOD reaching the threshold for P < 0.30 (minimum LOD = 2.0) and mapping approximately at

the same position in more than one TC

4 Proportion (%) of phenotypic variance explained by the QTL
® Average effect of substituting the allele of B73 with the allele of H99, see “Materials and methods” for genetic effects

¢ Proportion (%) of the total phenotypic variance obtained by simultaneous fit of all putative QTL for the trait and sum of the s-effect absolute

values
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Table 4 Number of overlaps between putative QTL common to at
least a pair of TC populations and consistency of their effects for each
trait

Trait TC(B) vs. TC(H) TC(B) vs. TC(M) TC(H) vs. TC(M) Total

c* i c i c i c i
PS 0 0 1 0 3 0 4 0
PH 4 0 2 0 5 0 11 0
KM 1 0 1 0 1 0 0
GY 1 1 2 1 2 0 2
KW 5 0 6 0 8 1 19 1
NK 0 0 1 1 1 0 21
Total 11 1 13 2 20 1 44 4

* ¢ and i are common QTL with the same sign (consistent) or dif-

ferent sign (inconsistent), respectively

overlaps were noted for PH and all of them were con-
sistent. Fewer overlaps were found for PS, KM, GY, and
NK; only for the former two traits, overlaps were always
consistent.

Epistatic QTL

Most of main-effect QTL detected with PLABQTL were
also detected with QTLMapper when epistasis was not
included in the model and QTL effect estimates were
similar with the two methods; the few QTL not in com-
mon were those with the lowest R® values (data not
shown). The analysis of epistasis conducted with
QTLMapper led to the detection of 29 interactions across
all the investigated traits (Table 5). The epistatic effects
were in many instances smaller than the main effects
previously seen in Table 3. Across testers, interactions
varied from a minimum of two for NK and three for GY
to a maximum of seven for PS. For GY, in particular, one
interaction was detected in TC(B) and two interactions in
TC(M). To have a better insight into these two interac-
tions detected in TC(M), the mean values of the two
parental and of the two recombinant genotypic classes
were taken into account (Fig. 2). Only those progenies
with markers flanking each epistatic interval coming from
the same parent were considered (see “Materials and
methods”). The number of sampled progenies was on
average about 20 per genotypic class; it follows that the
information given by the corresponding mean values
should be considered just as an indication of the type of
epistatic interactions being analyzed. Despite this limita-
tion, mean values provided a clear trend, as the two
parental classes (and especially the one recalling B73)
exceeded the two recombinant classes, thus accounting
for the positive sign of both interactions.
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Most of the detected interactions involved marker
intervals with non-significant main effects; the exceptions
concerned four interactions for PS, two for PH and KM,
and one for KW and NK. Across traits, ten interactions
were detected in TC(B), 11 in TC(H), and 8 in TC(M); the
positive interactions were three for TC(B) and six for both
TC(H) and TC(M), corresponding to 30% [(TC(B)], 55%
[(TC(H)], and 75% [(TC(M)] of the interactions detected
for each of the three TCs.

Discussion
Performances of TC progenies

The higher mean value exhibited by TC(B) over TC(H) for
all investigated traits was consistent with the well-known
greater lateness, size and productivity of B73 as compared
with H99 (Frova et al. 1999; Frascaroli et al. 2007). The
superiority of TC(M) over both TC(B) and TC(H) for traits
related to plant vigor and yield can be at least partly
explained as the TCs with the unrelated tester Mo17 are
expected to have an inbreeding coefficient (F) close to
zero. In contrast, the F' value of both TC(B) and TC(H) is
expected to be, on average, equal to 0.5 and, hence,
inbreeding depression can reduce their performances for
traits with important dominance effects.

The highest values of 0§ and of h” observed with the low
performing tester H99 for most traits is consistent with the
genetic theory (Hallauer and Miranda 1988, p. 271), as this
tester is likely homozygous for the unfavorable recessive
allele at several loci and, hence, is expected to reveal a
greater genetic variation among TCs, especially for traits
with a high level of dominance.

For GY, the mean of check hybrids (i.e., the cross of
each parental inbred and Mol7) exceeded the mean of
TC(M) with a difference that should mainly represent the
net effect of epistasis across loci. In fact, the average allelic
frequencies of check hybrids are expected to be substan-
tially the same as those of TC(M), whereas differences
should be found for genotypic frequencies between the
checks (involving crosses with parental genotypes only)
and TC(M) (involving crosses with both parental and
recombinant genotypes). Therefore, the lower GY value
observed in the TC(M) can be ascribed to the dissipation
(as a result of recombination) of those favorable allelic
combinations previously accumulated in the two parents
and determining positive epistatic interactions with tester
Mol7. As to the other traits, the lack of significant dif-
ferences between the check hybrids’ mean and TC(M)
mean suggested either the lack of important epistatic
interactions or the presence of interactions of opposite sign
canceling each other.
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Table 5 Epistatic QTL detected in the three TC populations of 142 RILs crossed with inbred tester B73 [TC(B)], H99 [TC(H)], and Mol7

[TC(M)] for the traits investigated across three environments

Trait and TC population Bin Marker interval i Bin Marker interval j LOD ss;"
PS (days)
TC(B) 3.04 bnlg1638-bnlgl019a 5.02 umcl587-bnlgl105 4.5 -0.5
8.05 phil21-bnlg666 10.07 dupssr37-umcl196 53 —-0.5
TC(H) 1.04 bnlg2295—-dupssr26 7.05 umc1295-php20690a 7.3 -0.5
1.08 dupssri12-TC316139 7.02 umc1986-phi034 5.8 0.3
5.05 dupssr7-bnl5.71a 6.06 phi070-TC315926 44 —-0.4
TC(M) 1.08 bnlg1025—dupssri2 7.02 phi008b—bnlg657 3.8 04
5.04-5.05 dupssr10—dupssr7 8.05 phil21-bnlg666 21.3 04
PH (cm)
TC(B) 2.07 TC333426-phil27 2.08 TC326717-dupssr25 4.2 -3.5
7.02 E35M5507-umc1986 10.02 php200075a-bnlgl451 52 —4.0
TC(H) 1.08 dupssri2-TC316139 4.1 umcl101-umcl503 14.9 3.6
8.07 npi268a—umc1268 8.09 npi438b—dupssri4 4.9 39
TC(M) 3.04 nc030-phi029 4.1 umc1503-bnig589 5.6 -33
7.04 umcl944—-umcl295 8.02 bnlg1194—umc1304 10.4 3.8
KM (%)
TC(B) 2.04 dupssr27-bnig381 2.09 csu64a—bnlg469b 10.1 0.6
7.02 umcl986-phi034 9.03 bnlg1401-phi065 6.2 -0.5
TC(H) 1.04-1.06 E35M4910-E35M4902 7.02 E35M5507-umcl986 4.9 0.5
2.04 bnlg125-dupssr27 7.02 bnlg398-bnlg2203 6.7 0.5
TC(M) 1.11 bnlg504-phi064 7.03 bnlg339-umcl718 4.9 -0.5
2.04 bnlg125—dupssr27 9.07 dupssr29-bnlg619 4.8 0.4
GY (Mg ha™")
TC(B) 7.03 umc2329-umc2331 10.06 TC334690-bnl10.13a 7.9 —0.36
TC(H) - - - -
TCM) 1.03 bnlg439-phiO01 1.04 bnlg2295—-dupssr26 3.8 0.39
1.04-1.06 TC298302-TC344182 4.08-4.09 E38M6104-phi093 5.6 0.41
KW (mg)
TC(B) 1.08 bnlg1556-bnlg1025 5.04 bnlg557-dupssrl0 11.1 6.6
2.07 TC320663-TC333426 6.01-6.05 dupssrl18—umcl014 5.6 -7.2
TC(H) 2.04 bnlg381-phi083 4.05 nc005-umci1511 4.8 —6.5
2.07 TC320663-TC333426 6.01-6.05 dupssrl8—umcl014 5.0 —-5.6
7.02 phi034—bnig398 9.07 bnlg1525-bnl5.09a 39 8.6
TC(M) - - - -
NK (no.)
TC(B) 5.09 umcl04b—bnlg386 6.01 bnlg1371-E38M6103 7.3 20
TC(H) 2.07 TC333426—phil27 3.06 umc1400-dupssr23 4.9 —16
TC(M) - - - -

The intervals corresponding to main-effect QTL or adjacent to them are reported in bold

* Estimates of epistatic effects: a positive ss;; value indicates that the parental allelic combinations at interacting loci show mean values higher

than recombinant allelic combinations

The significant and positive correlation coefficients
observed between TCs for PS, PH, KM, and KW is likely
due to their prevailing additive control (Frascaroli et al.
2007), as the relative performances of TCs is expected to
change just mildly from one tester to the other. In case of
traits with main dominant control (i.e., GY and NK), the

relative performances of TC progenies are expected to
markedly change from one tester to the other, depending on
the testers’ genetic constitution, thus explaining the looser
correlation between TCs for GY observed in this and in
other studies (Melchinger et al. 1998; Austin et al. 2000;
Ajmone Marsan et al. 2001). The highest correlation
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Fig. 2 Mean values for GY in TC(M) of the genotypic classes
involving the two QTL (1 and 2) with alleles of B73 (B) and H99 (H).
Parental genotypic classes are BB, and H,H,; recombinant genotypic
classes are B|H, and HB,. a Interaction involving bins 1.03 and 1.04.
b Interaction involving bins 1.06 and 4.09. Vertical bars indicate the
standard error of each mean

coefficients found across traits between TC(H) and TC(M)
can be explained by considering that H99 and Mo17 belong
to the same heterotic group.

Main-effect QTL

Despite the limited size of our mapping population, the
number of QTL detected in this study was quite high and
comparable to that detected in other TC studies with larger
samples (Stuber et al. 1992; Melchinger et al. 1998; Austin
et al. 2000; Ajmone Marsan et al. 2001). This finding can
be ascribed to the large genetic variation among TCs, as
they were produced with RILs obtained from a cross
between two inbred lines belonging to different breeding
groups. The highest number of QTL was detected in those
trait—tester combinations characterized by high A* esti-
mates. A positive association between heritability values
and number of detected QTL was also observed in other
QTL studies (Beavis et al. 1994; Liibberstedt et al. 1997,
Melchinger et al. 1998; Austin et al. 2001).

The most effective tester for QTL detection across all
traits was the low performing parental inbred H99, whereas

@ Springer

the high performing parental inbred B73 was the least
effective. However, a distinction should be made between
traits with prevailing additive control and traits with pre-
vailing dominance—overdominance control with respect to
the relative ability of the three testers to detect QTL. In fact,
for the group of traits with prevailing additive genetic
control (i.e., PS, PH, KM, and KW), Mol7 was slightly
better than H99; in contrast, for the two traits with pre-
vailing dominant genetic control, i.e., GY and NK, H99
revealed a clear superiority, allowing the detection of the
higher number of QTL; similar findings were observed for
the R? of the simultaneous fit of all detected QTL. These
findings can be explained by assuming that the high per-
forming parental inbred B73 and the unrelated inbred Mo17
carry, especially for GY and NK, favorable dominant alleles
at several loci, thus reducing the ability to detect QTL.

The effects of the detected QTL were more often posi-
tive in TC(B) and negative in TC(H) and TC(M); such
contrasting findings were particularly evident for GY and
NK. Since QTL effects were estimated in TC(B) as the
difference between the heterozygote and the homozygote
for the B alleles at each locus, the prevalence of positive
effects can be explained by assuming that for the detected
QTL, the increasing allele in hybrid combination was more
often provided by H99, regardless of gene action (additive,
dominance, and overdominance); alternatively, it could be
assumed that the increasing allele was that of B73, but only
in case of overdominance. As to TC(H), the prevalence of
negative effects for the detected QTL can be ascribed to
increasing alleles provided either by B73, regardless of
gene action, or by H99 in case of overdominance. On the
whole, these findings thus support the hypothesis that
parental inbred B73 does not carry all the increasing alleles
in hybrid combination, despite the great superiority of
TC(B) over TC(H) for agronomic performance. In TC(M),
the prevalence of negative effects can be accounted for by
assuming, again, that the increasing alleles in combination
with Mol7 alleles were mainly from B73.

Of the 42 QTL detected in only one TC population, 20
were also identified by Frascaroli et al. (2007) who found
that 16 of them were characterized by a dominance ratio
close to 1. This finding is consistent with the genetic the-
ory, since the dominant alleles carried by the tester are
expected to exert a masking effect reducing the genetic
variance within a TC population; hence, the QTL for which
there is variation in the RIL population can be identified
only in the TC population of the tester carrying the
recessive alleles.

Of the 28 QTL detected in more than one TC population
and showing consistent effects (i.e., of the same sign), 18
were also identified by Frascaroli et al. (2007) and all of
them were characterized by a prevalence of additive
effects. Again, this finding is consistent with the genetic
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theory (for details see Melchinger et al. 1998) because,
with prevailing additive gene action, the heterozygote is
intermediate between the two homozygotes and, hence, the
effect of allele substitution can be revealed in more than
one TC population. The frequent overlaps of QTL showing
consistency of sign in TC(H) versus TC(M) can account for
the positive and highly significant correlations detected
between these two TC populations, especially for the four
traits with prevailing additive effects. These findings are
consistent with the facts that H99 and Mo17 belong to the
same heterotic group and that both combine well with
BSSS inbred lines such as B73. Also the studies of Beavis
et al. (1994), Schon et al. (1994), Liibberstedt et al. (1997),
and Melchinger et al. (1998) pointed out that the number of
QTL consistently detected with different testers was in
accordance with the size of the correlation coefficients
among the performances of the TC populations. The QTL
with the largest effects were often detected across two or
even all three testers. Consistent effects were detected in all
three TCs for eight QTL; six of these QTL were also
detected by Frascaroli et al. (2007) and all of them were
characterized by a prevalence of additive effects, further
stressing the importance of such effects to attain QTL
consistency across testers. In particular, this was the case of
a QTL for GY located in bin 8.05, which was detected, too,
in the same RIL population as evaluated per se (Frascaroli
et al. 2007). These findings thus imply that selection for
this QTL in the material herein investigated can lead to
better yield performance both per se and in hybrid com-
bination. This is also in agreement with the study of Austin
et al. (2001) who found that QTL with consistent effects
across testers are the ones more frequently detected when
testing inbred progenies per se.

The four QTL for which the overlap was inconsistent
were also identified in the study of Frascaroli et al. (2007)
and all of them were characterized by overdominance.
Overdominance is a reasonable explanation for the incon-
sistent effects across testers of these QTL because the allele
substitution gives rise to a positive effect in one TC and to
a negative effect in the other, the heterozygote being
superior to both homozygotes. Our data did not allow the
distinction between true- and pseudo-overdominance;
however, there is an increasing evidence in the literature
showing that much of the heterozygote superiority in maize
is mainly due to pseudo-overdominance (Crow 2000).

Epistatic QTL

Some caution should be used as to the interpretation of the
epistatic interactions here reported because the size of the
investigated population was smaller than that recommended
for this type of analysis (Mihaljevic et al. 2005). Both the
number and the size of epistatic interactions were smaller

than the number and size of the main-effect QTL. These
findings thus imply a minor contribution of epistasis to the
whole genetic variation, as shown by several studies of
classical quantitative genetics (see for a review Hallauer and
Miranda 1988). Nevertheless, the presence of even a mild
epistasis could have led to some bias in the estimates of QTL
effects, especially for those QTL showing inconsistent
effects from one tester to the other. The most complex traits
such as GY and NK revealed the fewest interactions; a
plausible reason for this unexpected finding could be related
to their low heritabilities and thus to the low-resolution
power in the analyses. For grain yield, very few interactions
were detected, too, in the study of Mihaljevic et al. (2005)
conducted on four maize populations of lines at different
inbreeding levels. According to Wolf and Hallauer (1997),
grain yield is affected throughout the plant life cycle by
environmental factors which can give rise to various types of
environment X epistasis interactions, hence reducing the
ability to reveal epistasis across environments.

A substantial balance was observed among testers as to
the ability to detect epistatic interactions. Considering
TC(M) in more detail, the two interactions found for GY
were positive, indicating a superiority of the two parental
allelic combinations (especially the ones recalling B73).
These findings thus corroborate the hypothesis that the
superiority of the check hybrids as compared with TC(M)
population is due to epistatic interactions. The presence of
allelic combinations fixed in the two parents leading to
favorable interactions with Mo17 is not surprising because,
at least for the ones involving the B73 and Mol7 genetic
backgrounds, positive epistatic effects for GY were already
shown (Wolf and Hallauer 1997). One of the two interac-
tions found in TC(M) for GY involved QTL in adjacent
bins, i.e., 1.03 and 1.04. Epistatic effects of linked QTL
were studied by Cockerham and Zeng (1996) who analyzed
materials arising from B73 x Mol7; in particular, they
found significant epistasis for grain yield involving regions
close to the ones we found, i.e., bins 1.05-1.07. The other
interaction detected in the present study in TC(M) for GY
concerned bins 1.06 and 4.09; it is noteworthy that an
important epistatic interaction for grain yield involving
chromosome segments overlapping these two bins was
found, too, by Blanc et al. (2006) working with different
materials. As to the other traits, the hypothesis that the non-
significance between the check hybrids’ mean and TC(M)
mean was due to epistatic effects of opposite sign was
validated at least for PH and KM.

Conclusion

In conclusion, the three testers proved to markedly influ-
ence the QTL detection and the estimate of their effects in
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the RILs population herein examined; in addition, such an
influence varied depending on the investigated trait. For
traits with mainly additive control, the unrelated inbred
Mo17 was slightly more effective than the poor performing
parental inbred H99 and both exceeded the high perform-
ing parental inbred B73. In contrast, for traits characterized
by prevailing dominance—overdominance gene action, H99
was notably the most effective, whereas Mol7 was the
least effective. The three testers allowed the detection of a
few epistatic interactions, rarely involving QTL with main
effects.

Several QTL were detected in two or three TC popu-
lations, showing consistent effects, especially in case of
QTL with prevailing additive gene action; the reliability of
their estimates across testers suggests that these QTL can
be suitable for the application of marker assisted selection
(MAS). Only in few instances the QTL effects were
inconsistent; for these QTL, MAS should be conducted by
referring to a well-defined and specific tester, so as to fully
exploit the potentiality of the allelic and non-allelic inter-
actions with the tester’s genetic background.
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