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Genetic Architecture of Phosphorus
Use Efficiency in Tropical Maize
Cultivated in a Low-P Soil
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ABSTRACT
Phosphorus (P) deficiency is a major limiting
factor for crop production in several countries.
A better understanding of the genetic com-
ponents of P use efficiency (PUE) is required
to improve crop performance in low-P soils.
To date, no QTLs (quantitative trait loci) were
mapped for PUE using grain yield and other late
phenotypic data in tropical conditions. Thus,
we evaluated the genetic architecture of PUE in
tropical maize (Zea mays L.) using multiple inter-
val mapping for design Il in a population of 140
RILs (recombinant inbred lines) backcrossed
with both parental lines. The parental lines con-
trasted for yield and for PUE, a phenotypic index
that was further decomposed into P acquisition
efficiency (PAE) and P utilization efficiency. Our
results showed that dominance effects were
more important than additive effects for explain-
ing the variations in PUE and its components.
Approximately 80% of the QTLs mapped for
PAE co-localized with those for PUE, indicat-
ing that the efficiency in acquiring P is the main
determinant of PUE in tropical maize. Also, QTLs
for PUE and PAE were located near to candidate
genes previously associated with root develop-
ment. Thus, we present important information to
guide breeding strategies for the development
of maize cultivars more adapted to P deficiency.
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AIZE (Zea mays L.) is the most cultivated cereal in the world.

In the last decade, corn production increased by about 40%,
reaching a total of 840 million tons in 2011 (FAOSTAT, 2013).
The growing demand for food and energy requires the incorpora-
tion of new areas into the agricultural sector as well as increases in
crop yield (FAO, 2010).

Phosphorus (P) is one of the most consumed nutrients for crop
production worldwide (Cordell et al.,, 2009) and the main min-
eral required for maize development in the Brazilian acid savannas
(Fageria, 1998). Approximately half the world’s agricultural lands
are low in P (Lynch, 2011). The soils in those areas show high P
fixation capacity, which elicits P deficiency by restricted P avail-
ability (Collins et al., 2008). Additionally, P fertilizers are costly and
derive from nonrenewable sources (Vance et al., 2003; Cordell et al.,
2009). Thus, there is an urgent need for research efforts aimed at the
development of plants that are more efficient in P uptake as well as
in the mechanisms of its utilization within the plant.
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Difterent concepts have been used to define nutrient
use efficiency in plants (Parentoni et al., 2012). Moll et al.
(1981) defined P use efficiency (PUE) as the ratio between
grain yield and the amount of P supplied to the crop.
This index was decomposed into components related to
the plant’s ability to acquire the nutrient from the soil (P
acquisition efficiency, PAE) and the internal metabolic
processes of this nutrient within the plant (P internal uti-
lization efficiency, PUTIL). On the basis of these indexes,
Parentoni and Souza Janior (2008) showed that variations
in PAE were more important than those in PUTIL for
explaining the variability in PUE in tropical maize germ-
plasm cultivated in low-P soils.

As P has low mobility in the soil, improving root devel-
opment is expected to increase PAE, resulting in better
PUE. In maize, genes controlling root development and
root morphology have been cloned (Lim et al., 2005; Wen
et al., 2005; Brady et al., 2006; Taramino et al., 2007; Hoch-
holdinger et al., 2008), and some of these genes were dif-
ferentially expressed in maize lines contrasting for PAE (de
Sousa et al., 2012). Gamuyao et al. (2012) have shown that
Pstol1 (phosphorous-starvation tolerance 1), a gene encod-
ing a protein kinase, enhances early root development in
rice (Oryza sativa L.), improving P uptake and, ultimately,
increasing grain yield under P deficiency. Thus, these results
reinforce the hypothesis that molecular mechanisms affect-
ing root development may also modulate PAE in maize.

Genetic analyses based on generation means in maize
revealed that PUE is a complex trait with a prevalence
of dominance over additive effects (Parentoni and Souza
Janior, 2008; Parentoni et al., 2010). Design 111, proposed by
Comstock and Robinson (1952), is an appropriated strategy
to study the genetic architecture of PUE because of its abil-
ity to estimate the average degree of dominance of quan-
titative trait loci (QTLs). However, estimates of variance
components may be biased in the presence of genetic link-
age (Comstock and Robinson, 1952) and epistasis (Melch-
inger et al., 2007) among QTLs. The former is expected to
reduce on several generations of selfing, such as in recom-
binant inbred lines (RILs). Garcia et al. (2008) developed a
multiple interval mapping (MIM) model for design III that
provides more reliable estimates of augmented additive and
dominance effects and also accommodates epistatic interac-
tions among QTLs. By analyzing both backcross progeny
simultaneously, this model can be applied for segregating
populations with any level of selfing (Garcia et al., 2008).

A few QTL studies have been performed for PUE
in maize under field conditions (Chen et al., 2008, 2009,
2011). However, in these studies, the P efficiency indexes
were calculated on the basis of the total weight of plants
harvested on the 21st day after seedling emergence. Phos-
phorus efficiency indexes estimated on the basis of early
traits may have limited application as indirect selection cri-
teria in breeding programs, which will be highly dependent

on the correlation of such traits with grain yield. Quantita-
tive trait loci for grain yield and its components evaluated in
high- and low-P soils were mapped only in temperate con-
ditions (Li et al., 2010), which may not be coincident with
conditions in the tropics. Thus, we applied a very robust
strategy to map QTLs using MIM for design III to dissect
the genetic architecture of PUE and its components on the
basis of grain yield in tropical maize cultivated under low-P
soil. Our results bring new insights for breeding programs
aiming to improve P use efficiency in maize.

MATERIAL AND METHODS

Genetic Material

We used a population composed of 140 RILs, which were
backcrossed with both parental lines L3 and L22, follow-
ing a modification of design III (Comstock and Robinson,
1952; Garcia et al., 2008). Parents and RILs were developed
by Embrapa Maize and Sorghum, Sete Lagoas, Minas Geralis,
Brazil. L3 and L22 were previously classified as P-efficient and
P-inefficient lines, respectively (Parentoni et al., 2010).

Genetic Map
DNA was isolated from young leaves using the cetyltrimeth-
ylammonium bromide (CTAB) method (Saghai-Maroof et al.,
1984). Initially, 60 polymorphic simple sequence repeat (SSR)
markers were genotyped in the RIL population according to
Ninamango-Cérdenas et al. (2003). Additionally, 332 single
nucleotide polymorphisms were mapped in the population
using Kompetitive Allele-Specific polymerase chain reaction,
called KASP assay, from LGC Genomics (www.lgcgenomics.
com, accessed 18 Apr. 2014). Sequence information and physi-
cal position of SNPs are available from Panzea (www.panzea.
org/db/searches/webform/marker_search, accessed 18 Apr.
2014), whereas genetic information for SSRs is found at Maize-
GDB (www.maizegdb.org/locus.php, accessed 28 Apr. 2014).
Sequence-tagged site markers to map genes associated
with root morphology were developed on the basis of poly-
morphisms detected in the parents. For the roothairless gene
(rth1) (Wen et al., 2005), a 22-bp indel was amplified using
the primers 5-TTGCCCACGGCTGGCAAGAG-3" and
5-GGCTCTGTAGCACGCCCCTC-3" and
silver-stained polyacrylamide gel according to Creste et al.
(2001). The same strategy was used for the brittle stalk-2-like pro-
tein 3 gene (Bk2L3) (Brady et al., 2006), which was revealed
by the amplification of a 15-bp indel using the primer pair:
5-GCTGGTTAGATCCCCCGCCCA-3" and 5-GCACTG-
GAGCCACCGACACTG-3". The rootless concerning crown and
seminal roots gene (rtcs) (Taramino et al., 2007) was genotyped as

resolved on

a cleaved amplified polymorphic sequence marker obtained after
digestion with the restriction enzyme Acl of the amplified product
of genomic DNA with the primers 5-CGCGCCATAGCCCG-
CAGTAA-3" and 5'-GATTGGCACGGGCCGGTCAG-3" and
visualized on silver-stained polyacrylamide gels.

Markers were tested for an expected segregation ratio of 1:1
using chi-square statistics (p < 0.05), corrected for multiple tests
on the basis of Bonferroni’s method. The genetic map was con-
structed using the MAPMAKER /EXP 3.0b software (Lincoln
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et al., 1992), with a minimum logarithm of odds (LOD) of 3.0
and a maximum distance between adjacent markers of 40 cM.
The Kosambi mapping function (Kosambi, 1944) was used to
convert the recombination fractions into map distance.

Phenotypic Traits
Progenies backcrossed to parental lines were grown on five rect-
angular lattice trials with three replicates, in soil with low P
availability. Each trial was composed of 28 RILs backcrossed to
both parental lines, for a total of 56 progeny per lattice. Each plot
consisted of a 4-m row, with 0.8 m between rows, and 20 plants
per meter. Trials were conducted at Embrapa Maize and Sor-
ghum, Brazil (latitude 19°27" S and 716 m above sea level) during
the summer season of 2010-2011, in a clay, dark red Ferralsols
under Cerrado vegetation. At sowing, 30 kg ha™ of N and 60 kg
ha™ of K,O were applied to the soil, and 30 d after planting, the
soil was further supplemented with 90 kg ha™ of N, supplied as
urea. The total P available in the soil between depths of 0 and 60
cm (Psoil) was 10.14 kg.ha™, as determined by chemical analysis.
Grain yield (GY) was measured by weighing the grains in
each plot, adjusting the weight to the standard 130 g ka™! grain
moisture and converting to kg ha™. Each shoot sample con-
sisted of leaves, stalk, and ear husks of five representative plants
from each plot. Grain and shoot samples were weighed before
drying, and their dry matter was determined by drying until
constant weight in a forced-air oven at 65°C. Subsequently, all
samples were ground, homogenized, and subjected to a nitric
perchloric acid digestion following P quantification with a
inductively coupled argon plasma (ICP) emission spectrometry.
The P content in the grain (Pg) or in the shoot (Ps) was cal-
culated by multiplying grain or shoot dry weight, respectively,
by the P concentration in the corresponding plant component.
The total P content in the plant (Pt) was calculated as Pt = Pg
+ Ps. The PUE index for each plot was calculated according
to Moll et al. (1981), using the formula PUE = PAE - PUTIL,
where PUTIL = GY/Pt and PAE = Pt/Psoil.

Statistical Analysis

Analyses of variance were performed for all traits according to
Comstock and Robinson (1952) using the statistical model:

Yipw = M+ bk(/w) Ty TS0 T iy T Piwy T ity T Gt

where Vi 15 the observation in the progeny i backcrossed with
the parental j in block k in the replication [ and trial w; m is
general mean; by 15 the block effect in replication [ and trial
w(k=1,..,8); M) is the replication effect in trial w (I = 1,
-y 3); s, is the trial effect w = 1,..., 5); g, is the progeny
effect (i = 1, ..., 140); Piu is the inbred parents effect (j = 1, 2);
Zyijiw) is the parent and progeny interaction effect; and €k is the
experimental error. All analyses were performed in the PROC
GLM procedure of SAS (SAS Institute, 1999). The broad-sense
heritability (i*) for each trait was estimated on a mean basis
by i’ =6,/(6,+6./r) where &2 is the genotypic variance
among progeny, §°
of replicates (Hallauer et al., 2010). The phenotypic (7,) and
genotypic correlation (7.) between traits were estimated using

the GENES software (Cruz, 2013).

is the error variance, and r is the numbers

QTL Mapping

For QTL mapping, we used the adjusted means for experimen-
tal sources (blocks, replicates, and trials) of PUE indexes for 280
backcross progeny, using multiple interval mapping for design
IIT (Garcia et al., 2008), following the statistical model:

m m n L]
* * * *
Yg,' =p; + E :arxiyr + E :Brzg'yr + E :’\{rswi/'rs +§ :Brsoljrx +e s
r=1 r=1

r<s r<s

where Yijis the phenotypic mean of the progeny i (i = 1, 2,...,
140) backcrossed with the inbred parental j (j = 1, 2); ., is the
general mean of all progeny backcrosses with parent j; o, is the
regression coeflicient for augmented additive effect (a*) of QTL
r; 3, is the regression coefficient for augmented dominance
effect (d*) of QTL r; v, and §, are the regression coefficients
for interactions aa + dd and ad + da, respectively; ¢ 1s the resid-
ual effect assumed to be N(O, ozr. ); and

s

. 1 if genotype of QTL r is QQ,
-1 if genotype of QTL r is .4,

xpif =1
Z. = 5

—x,if  j=2

1/2 if the QTL genotype

.18 QRAQ or 9,494,
i 1-1/2 if the QTL genotype,

15 QQq,q.0r 4,4QQ,

* .
w, if
* ifrs

j=1

ijs

—w if j=2

Q.Q and/or Q Q mean that the progeny is homozygous
for the L3 allele, whereas ¢ ¢ and/or q g mean that the progeny
is homozygous for the L22 allele.

Quantitative trait locus mapping was performed using the
MIM model for design III with the software program Windows
QTL Cartographer version 2.5 (Wang et al., 2012). Parameters
for forward regression analysis were used on the basis of the
increase in model likelihood. This procedure was repeated suc-
cessively, adding QTLs on every round until no further QTLs
were added, resulting in a model with r QTLs. As suggested by
Garcia et al. (2008), the models with -1 and r QTLs were com-
pared based on Bayesian information criterion (BIC) (Schwarz,
1978), and the model with the lowest BIC value was selected.
When no further decrease in BIC value was obtained by adding
QTLs to the model, QTL positions were optimized. Akaike
information criterion (AIC) (Akaike, 1974) was used to test the
significance of two-way epistatic interactions between QTLs
(Garcia et al., 2008) in the final model including all QTLs.
Adjustment in QTL position was then performed. Confidence
intervals were established as —1 LOD support interval (Lander
and Botstein, 1989).
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Table 1. Estimates of genetic variance between progeny (33), variance of interaction between progeny and parental inbred
lines (Ggp), phenotypic variance on a progeny mean-basis (52), heritability coefficients on a mean-basis (A?), and backcross
populations means (X)) for all phenotypic traits evaluated in maize (Zea mays L.) under low P availability.

Parameters PUET PAE# PUTILS GY"T SDw*

&S 2139.19 0.007 929.39 263146 202062.58
CItt (1783-2636) (0.006-0.008) (789-1114) (218,559-325,731) (170,722-244,169)
&fw 3926.90 0.012 1238.46 465599 303528.57

o] (3276-4821) (0.009-0.014) (1061-1471) (388,227-575,102) (257,817-363,354)
&25 2799.55 0.01 1612.76 332663 317853.75

o] (2236-3609) (0.007-0.013) (1288-2079) (265,648-428,818) (253,827-409,728)
A2 0.76 0.66 0.58 0.79 0.64

o] (0.69-0.82) (0.55-0.74) (0.44-0.67) (0.72-0.84) (0.52-0.72)

X fiLe st 3357 a 0.74a 456.4 a 3640.8 a 3048.4 b

X rtexLoo™t 261.6 b 0.62b 4211 b 2853.3 b 33270 a

TPUE, phosphorus use efficiency.

*+PAE, phosphorus acquisition efficiency.
SPUTIL, phosphorus utilization internal efficiency.
TGY, grain yield.

#SDW, shoot dry weight.

ttCl, confidence intervals at 95% probability are within parentheses for all parameters.

+ Means followed with different letters, in each column, indicate a significant difference by F test (p = 0.01).

RESULTS

Genetic Variation for Phosphorus Use
Efficiency Is Explained by Additive
and Dominance Effects

For all P efficiency indexes (PUE, PAE, and PUTIL), as
well as for GY and shoot dry weight (SDW), highly sig-
nificant differences (p < 0.01) were detected in the com-
bined analysis of variance for progeny and progeny by
parent interactions (data not shown), indicating that
both additive and dominance effects were important in
explaining the genetic variation. Genetic variance (&;)
among RILs differed significantly from zero (p < 0.05)
for all traits (Table 1), confirming the existence of genetic
variability within the population. The averages of all traits
except for SDW were significantly higher for progeny of
backcrosses to L3 when compared with those from progeny
of backcrosses to L22. These results indicate a significant
effect of parental lines on the progeny. Heritability coef-
ficients were high, especially for grain yield and PUE (0.79
and 0.76, respectively), whereas the estimates for PAE,
PUTIL, and SDW ranged from 0.66 to 0.58 (Table 1).

Grain Yield Is Highly Correlated with PUE

A strong positive association was observed between PUE
and GY, with estimates of phenotypic (r,) and genotypic
(f,) correlations of 0.96 and 0.99, respectively (Table 2).
Also, strong positive correlations were observed between
PAE and GY and between PAE and PUE. On the other
hand, PUTIL showed only moderate phenotypic correla-
tion with both GY and PUE, although its genotypic corre-
lation with PUE was strong (Table 2). Moderate correlations
were also observed between GY and SDW. From the two

Table 2. Phenotypic (7,) and genotypic () correlations
among grain yield (GY), shoot dry weight (SDW), phosphorus
use efficiency (PUE), and its components in maize (Zea mays
L.) cultivated in low-P soil.

PUE PAE! PUTIL* SbwW
Traits  1» A A fy fi A fo Ty
GY 0.96* 099 0.85 095 0.56™ 074 042 0.5
SDW  0.38* 043 053" 054 -010 -0.0
PUTIL* 060 081 017 0.54
PAEt  0.89* 093

** Significant at the t test (p = 0.01); significance of genetic correlations were
not tested.

T PAE, phosphorus acquisition efficiency.
#PUTIL, phosphorus utilization internal efficiency.

components of PUE, only PAE was correlated with SDW,
whereas PUTIL was not significantly correlated with SDW.

QTLs for Phosphorus Use Efficiency

and Its Components

The genetic linkage map was constructed with 285 mark-
ers covering 1785.7 cM of the maize genome, with an
average interval of 6.3 cM between adjacent markers (Fig.
1). Linkage groups ranged from 113.1 ¢cM for chromosome
2 to 307.3 cM for chromosome 1.

Because of the strong correlation between GY and
PUE, QTL analyses were performed only for P efficiency
indexes in a low-P soil. Six QTLs were identified for PUE,
six for PAE, and five for PUTIL (Fig. 1 and Table 3). Quan-
titative trait loci for PUE were mapped on chromosomes 1,
3, 4,5, 7, and 8. Together, these QTLs explained 63.49%
of the phenotypic variation for L3 backcross population
(BC,,) and 42.52% for L22 backcross population (BC, ,,).
Quantitative trait loci for PAE were highly coincident
with those for PUE, explaining 60.30 and 38.18% of the
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PZA00910_1
PHMS5529_7 PZA02746_2

PZA01316_1 H PUE H PAE I PUTIL

Figure 1. Genetic linkage map of quantitative trait loci (QTLs) for P efficiency indexes in maize (Zea mays L.), based on backcrosses of
140 recombinant inbred lines with both parental lines. For each chromosome (chr), marker names are indicated on the right and the
genetic distance in centimorgans (cM) is on the left. The colored bars indicate the position of QTLs for PUE (phosphorus use efficiency),
PAE (phosphorus acquisition efficiency), or PUTIL (phosphorus utilization internal efficiency), according to the legend. The bar length

represents the confidence intervals based on one logarithm of odds drop-off.

total phenotypic variation for BC, ; and BC_ ,,, respectively
(Table 4). Also, most QTLs for PUE and PAE showed aug-
mented additive effects (a*), with negative values, indicating
that these QTLs were derived from L22, except for QTL
on chromosome 4 for PUE (¢PUE4) and for PAE (qPAE4).

Quantitative trait loci for PUTIL were mapped on
chromosomes 1, 2, 4, 5, and 7. These QTLs explained
11.08 and 47.75% of the phenotypic variation for BC, , and
BC, ,, respectively. The QTLs for PUTIL were mapped

L22°

at different positions from those for PUE and PAE. All
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Table 3. Quantitative trait loci (QTLs) associated with P use efficiency (PUE) and its components (phosphorus acquisition effi-
ciency [PAE] and phosphorus utilization internal efficiency [PUTIL]). Estimated QTL position and genetic effect, determination
of the closest marker linked to QTL, logarithm of odds (LOD) score, fraction of the PUE and its components accounted for by

each QTL [R%(%)].

QTL Chrt  Position (cM¥) Marker
qPUET 1 258.7 PZA01588_1
qPUE3 3 92.8 PZA02645_2
qPUE4 4 97.4 PZA02289_2
qPUE5 5 130.1 PZA00148_3
qPUE7 7 83.4 PZA00405_6
qPUES8 8 127.3 PZA01857_1
qPAET 1 272.4 PZA00356_8
qPAE3 3 94.7 PzB02044_1
qPAE4 4 97.4 PZA02289_2
qPAE5 5 13141 PZA01796_1
qPAE7 7 81.4 PZA00405_6
qPAE8 8 121.3 PZA01857_1
qPUTIL1 1 200.9 PZA01963_15
qPUTIL2 2 71.5 bnig198
qPUTIL4 4 123.0 PZA00636_7
qPUTIL5 5 120.3 PZA02164_16
qPUTIL7 7 37.4 PZA02018_1

q's g LOD R} (%) R (%)t
-18.35 17.84 6.26 5.78 5.45
-19.54 18.24 7.03 6.34 5.98

23.22 17.45 5.27 7.47 7.05
-14.42 24.44 8.15 714 6.74
-21.20 12.88 5.24 5.45 5.14
-17.06 6.61 3.17 2.95 2.78

-0.0465 0.0096 4.98 5.84 4.88

-0.0285 0.0374 4.73 5.71 478

0.0293 0.0236 2.63 3.66 3.06

-0.0267 0.0415 5.91 6.32 5.28

-0.0584 0.0340 7.51 11.79 9.85

-0.0245 0.0428 5.44 6.23 5.21

15.33 7.29 4.38 9.61 6.42

7.43 11.66 3.79 6.39 4.26
7.51 11.53 3.82 6.46 4.31
6.95 14.27 4.98 8.49 5.67
15.60 4.50 3.66 8.93 5.96

T Chr, chromosome.

+cM, centimorgans.

§ Augmented additive effect.
 Augmented dominance effect.

# R?(%), fraction of the phenotypic variance explained by QTL effects in recombinant inbred lines (RILs) backcrossed to L3.

T R2(%), fraction of the phenotypic variance explained by QTL effects in RILs backcrossed to L22.

Table 4. Summary of parameter estimation of the multiple
interval mapping model for P use efficiency (PUE), P acqui-
sition efficiency (PAE), and P internal utilization efficiency
(PUTIL) in maize (Zea mays L.) RILs (recombinant inbred
lines) backcrossed to parental lines L3 (BC_ ;) or L22 (BC,,,).

Param- BCws BCiz

eters PUE PAE  PUTIL PUE PAE  PUTIL
6‘7T 4111.33 0.02 2602.07 6864.67 0.02 2291.44
6',231 + 11,260.40 0.05 2926.35 11,941.79 0.04 4385.23
6; § 7149.07  0.08 324.27 507712 0.01 2093.79
R*(%)1 63.49 60.30 11.08 42.52 3818 47.75

182, residual variances for backcross J.

+ Gi, phenotypic variances for backcross J.
i

§ 62 , genotypic variances for backcross j.
)

TR =3¢ /52 is coefficient of determination.

QTLs for PUTIL were derived from the P-efficient line,
L3. In general, all QTLs showed augmented dominance
effect (d*) with positive values, indicating that the domi-
nance acted to increase P use efficiency and its compo-
nents. The magnitude of d* was similar to that of a* for
most QTLs, whereas the QTLs gPUES, qPAE1, qPUTILI1,
and qPUTIL7 showed estimates of augmented dominance
effect smaller than augmented additive effect, and only
qPUTILS5 presented d* greater than a* (Table 3).

Six epistatic interactions aa + dd and three ad + da were
identified for PUE at low LOD values with prevalence of

positive signals, explaining individually only around 3% of
the phenotypic variation (Table 5). The same number of
epistatic interactions was observed for PAE, also explaining
a small fraction of the phenotypic variation for both back-
crossed populations. For PUTIL, only one epistatic interac-
tion between gPUTIL4 and gPUTIL7 was detected, explain-
ing approximately 1% of the phenotypic variation (Table 5).

DISCUSSION

To improve our understanding of the complex genetic
architecture of PUE, this index was decomposed into
PAE and PUTIL components, considering the total P
content in the plant and the grain yield. All phenotypic
traits showed significant genetic variability and high heri-
tability, which are both important for QTL mapping. As
expected, a high correlation was detected between GY
and PUE, considering that PUE was calculated as the
ratio between GY and the Psoil, which was a constant.
Therefore, when soil fertility is uniform in the experi-
mental area, GY is a valid estimate of PUE, avoiding extra
costs for sampling and analyses of P content in the plant.
All QTLs for PUE were coincident or mapped close
with the ones for PAE, which was expected given the
strong correlation between PUE and PAE. Quantitative
trait loci for PUE and PAE mapped on chromosome 1
(qPUET1 and qPAET) were flanked by root-related genes
rthl and bk213, which were previously associated with
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Table 5. Estimated epistatic effect, logarithm of odds (LOD)
score, and fraction of the phenotypic variance accounted
for by each individual epistatic interaction between quanti-
tative trait loci (QTL) pairs [R> (%)]. PUE, phosphorus use
efficiency; PAE, phosphorus acquisition efficiency; PUTIL,
phosphorus utilization internal efficiency.

Effect!

QTL Pair aa+dd ad+da LOD Ri (%)t R; (%)s
qPUET, gPUE3 53.65 1.23 1.56 1.47
GPUE1, qPUE5S ~ —54.73 1.39 1.66 1.56
qPUET, gPUE5S 55.81 1.55 1.71 1.62
qPUE3, gPUE5 39.21 0.75 0.85 0.80
qPUES, qPUE7 4718 0.84 1.23 116
qPUE4, gPUES ~ —35.53 0.55 0.69 0.65
qPUES, qPUE7 38.75 0.71 0.83 0.78

gPUE3, gPUES
qPUES, qPUE7

37.58 0.78 0.78 0.74
81.45 314 3.64 3.44

qPAET, GPAE4 ~0.033 0.48 0.57 0.68
qPAE1, GPAES 0.053 1.50 1.48 1.77
QPAES, qPAES 0.044 1.03 1.05 1.26
QPAES, qPAET7 0.058 1.37 1.81 217
QPAE4, qPAES 0.037 0.57 0.74 0.88
QPAES5, qPAET7 0.036 0.63 0.70 0.84
QPAES, qPAE7 0047 116 118 1.42

QPAES3, qPAES 0.044 1.08 1.038 1.24
QPAEb, qPAE7 0.068 2.44 2.46 2.95
qPUTIL4, qPUTIL7 ~ 11.93 0.46 0.80 1.20

T Epistatic effects in kg kg™

+ RX(%), fraction of the phenotypic variance explained by epistatic effects in RILs
backcrossed to L3.

§ R}(%), fraction of the phenotypic variance explained by epistatic effects in RILs
backcrossed to L22.

lateral root length (Brady et al., 2006) and with root hair
elongation (Wen et al., 2005), respectively (Fig. 1). Addi-
tionally, this genomic region is known to harbor QTLs
for root development under low-P conditions (Zhu et al.,
2005; Chen et al., 2008, 2009). As P has limited mobility
in the soil, improving root development is expected to
enhance P acquisition, which provides a partial explana-
tion for the co-localization of QTLs for PUE and PAE
with candidate genes controlling root morphology traits.
Furthermore, the parental lines used here diftered in early
root traits (Brasil et al., 2007; de Sousa et al., 2012).

Most QTLs for PUTIL were not coincident with those
for PUE and PAE, reflecting a possible complementation
of P internal utilization and P acquisition mechanisms for
PUE. This result is also in agreement with the low phe-
notypic correlation between PUTIL and PAE. Indeed,
both indexes are controlled by different mechanisms.
Phosphorus acquisition efficiency is related to modifica-
tions in root architecture and morphology, organic acids
exudation (Lynch and Brown, 2001), and association with
mycorrhizae (Bucher, 2007). However, the mechanisms
controlling PUTIL comprise the P transport within the
plant, the remobilization and distribution of internal P,
which are important to maintain the plant metabolism in
low P concentrations (Parentoni et al., 2012).

All QTLs for PUE, PAE, and PUTIL showed posi-
tive augmented dominance effects, and most of them with
magnitude similar to that of their corresponding additive
effects, indicating a complete dominance for these QTLs.
This suggests that dominance of favorable alleles can be
the cause of heterosis for these traits, in agreement with
published data using generation means (Parentoni and
Souza Janior, 2008; Parentoni et al., 2010). Moreover,
our estimates of additive and dominance variances can be
considered more accurate once we used a RIL population,
which dissipated linkage disequilibrium across genera-
tions of selfing, reducing pseudo-overdominance effects,
as proposed by Comstock and Robinson (1952).

Most QTLs for increasing PUE and PAE were derived
from the P-inefficient line, L22. This result was unex-
pected, since the other parental line, L3, was previously
characterized as P-efficient, and the RIL population back-
crossed with L3 presented superior phenotypic means for
both traits. Interestingly, the genetic variance and the pro-
portion of phenotypic variance explained by QTLs for PUE
and PAE were higher for the RIL population backcrossed
with L3 (Table 4), a population where the alleles donated
by L3 were mainly in homozigosity. Thus, this backcross
may have favored the expression of dominant alleles from
L22, which were in heterozygosis with those donated by
L3, leading to the expression of dominance effects. A simi-
lar situation was observed for PUTIL, a trait with all favor-
able QTLs derived from L3. For this index, the population
backcrossed with L22 showed superior genetic variance
and proportion of phenotypic variance explained by QTLs
(Table 4). This hypothesis is supported by the prevalence of
dominance effects, which were detected in a large propor-
tion of QTLs mapped for all P efficiency indexes.

With the advances in methods to dissect the genetic
architecture of complex traits, identifying epistatic interac-
tions between QTLs has received more attention (Garcia
et al., 2008; Schon et al., 2010; Ku et al., 2012). Differ-
ent epistatic interactions were detected for P efficiency
indexes, providing an additional level of complexity to the
genetic inheritance of these traits. Our estimates of epis-
tasis showed predominance of positive values explaining
small fractions of the phenotypic variation. Garcia et al.
(2008) demonstrated that only negative, additive by addi-
tive (aa) epistasis increases heterosis in a similar manner to
dominance effects. If aa is important for heterosis and most
of its effects are negative, values of aa + dd estimates would
be predominantly negative, because when dd is positive
the effects tend to cancel each other and are difficult to
detect. Our results suggest that, although aa epistasis might
be present in our analysis, it is unlikely to contribute to
heterosis for P efficiency in maize because of their signs.

Finally, our work makes an important contribution
to designing breeding strategies for improving PUE in
maize, since our QTL analysis of PUE indexes was based
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on grain yield. In contrast, most published QTLs associ-
ated with PUE in maize were based on measurements of
shoot dry weight in plants at their initial stages of devel-
opment (Chen et al., 2008, 2009, 2011; Maia et al., 2011).
These studies do not address the genetic relationship
between early PUE indexes and grain yield as examined
in our work. Furthermore, we provide information on
the genetic control of PUE in maize cultivated in tropi-
cal conditions, which was not explored in other studies.
As QTLs for PAE and PUTIL were mapped in differ-
ent genomic regions, both QTLs can be used as targets
for marker-assisted selection to pyramid complementary
mechanisms of P use efficiency.
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