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ABSTRACT - Lignification is the basic cause of reduced
feeding value in silage maize and other forage crops. QTLs
affecting lignin content and digestibility were thus investi-
gated in a set of 140 RIL descended from the cross be-
tween two flint early lines (Fl1 and F2) using 189 SSR
markers. Fl1 is known as inducing most of the DK265 hy-
brid remarkable intake and digestibility, while F2 is the
French flint reference line. Field evaluation was based on
RIL test-cross experiments (2 years and 3 locations). Geno-
type effects were highly significant and always greater than
genotype x environment interactions. Six QTLs were iden-
tified for agronomic traits including three QTLs for DM
yield, one QTL for DM content and two QTLs for silking
date. Four lignin content QTLs and two cell wall digestibil-
ity QTL were observed from these test-cross experiments.
Lack of systematic colocalizations between QTLs for lignin
content and digestibility confirmed that traits other than
lignin content are involved in cell wall digestibility. Lignin
pathway candidate genes located under all QTL were ob-
tained from Génoplante databases. Genes encoding
phenylalanine ammonia lyase, S-adenosyl-methionine syn-
thase, and caffeoyl-CoA O-methyltransferase enzymes ap-
peared to be possible candidates. Nevertheless, candidate
gene research is currently limited by the non-exhaustive-
ness of mapped genes in maize databases, and by the lim-
ited understanding of the mechanisms involved in regula-
tion and deposition of lignins and related components in
the cell wall. A marker-assisted introgression of a few Fl1
QTLs in elite modern lines would however significantly
improve feeding value of modern germplasm.

KEY WORDS: Zea mays L.; Silage maize; QTL analysis;
Digestibility; Lignin; Candidate gene.

INTRODUCTION

Maize silage makes up 75% of cattle diets used
in milk and meat production. This forage grass in
the European Union currently represents more than
4.6 Mha, including 1.4 Mha in France. Compared to
other forage grasses, the maize plant has high, regu-
lar yields as well as good, consistent digestibility
and intake. Silage maize is used to make forage
stocks for foreseen and unforeseen periods when
there is no growth of meadow grasses.

Owing to the key importance of maize in animal
nutrition, many studies have focused on maize
silage digestibility. These studies have shown large
genetic variations for in vivo and in vitro digestibili-
ty between maize genotypes and have established
that the improvement in dry matter digestibility re-
sulted from an increase in cell wall digestibility
(DEINUM and STRUIK, 1985; DOLSTRA and MEDEMA,
1990; WOLF et al., 1993; COORS et al., 1994; ARGILLIER

et al., 1995; BARRIÈRE et al., 1991, 2004a, 2005). Ligni-
fication is the basic cause of reduced digestibility in
maize silage and lignins have variable negative ef-
fects on polysaccharide degradation by rumen mi-
cro-organisms, depending on their concentration,
cross-linkages with other cell wall components, and
hydrophobicity (GRABBER et al., 2004). In addition to
energy content, voluntary intake is a primary nutri-
tional factor controlling animal production, which is
now considered to be explained in part by cell wall
digestibility and in part by tissue friability during
eating and ruminating processes (BARRIÈRE et al.,
2003a). However, very few studies have been de-
voted to intake because of the considerable difficul-
ties for plant breeders to manage experiments with
cattle.

In previous studies, the DK265 hybrid, registered
in France in 1987, has been proven to have remark-
able feeding qualities with both high cell wall di-
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gestibility and silage intake (BARRIÈRE et al., 2004a).
This cultivar is a three-way hybrid resulting from
the (Dt1 x Dt2) x Fl1 cross. In order to find genom-
ic regions involved in DK265 feeding value, a re-
combinant inbred line (RIL) progeny was developed
from the cross between Fl1 known as inducing
most of the remarkable intake and digestibility of
the hybrid DK265 (BARRIÈRE et al., 2004b) and F2
French reference line. Genetic variations and QTL
analysis were investigated in top-cross experiments
for agronomic traits (yield, dry-matter content, silk-
ing date) and feeding value related traits (lignin
content, in vitro cell wall digestibility) with a correl-
ative search for candidate genes.

MATERIALS AND METHODS

Plant material
A set of 140 RILs was developed by RAGT R2n Druelle

(France) by single seed descent up to the F7 generation from the
cross between the two inbred flint lines Fl1 and F2. Line F2 origi-
nates from the French landrace Lacaune, and the private Fl1 line
originates from a cross between European flint early lines. Fl1
was proven to have good cell wall digestibility both in per se and
top-cross values and the high intake of the Dk265 hybrid was al-
so considered to be mostly related to this line (BARRIÈRE et al.,
2004a). Fl1 had a lower content of cellulose and ADL in the cell
wall than F2 and complementarily higher hemicellulose content
than F2 at silage maturity (data not shown). The Dt1 x Dt2 single
hybrid, which is the female hybrid of DK265, was used in the
top-cross experiments with Fl1 x F2 RIL progenies.

Field experiments, and forage quality evaluation
Field experiments of top-crossed RIL were carried out over 2

years (2002 and 2003) in three locations [Lusignan (France), Dru-
elle (France) and Saerbeck (Germany)]. Each year and location,
top-crossed RIL were evaluated in generalized alpha-lattice de-
signs with 2 replicates. Each experimental unit was a 5.2 m long
single-row plot of 37 plants in Lusignan and a similar double-row
plot elsewhere. Row spacing was 0.75 m, and the resulting den-
sity was 95,000 plants/ha. Irrigation was applied at Lusignan dur-
ing summer to prevent water stress. Silking date was estimated as
day number after July 1st. The plots were machine-harvested with
a forage chopper at silage harvest stage [about 35% of dry matter
(DM)]. A representative sample of 1 kg chopped material per
plot was collected for DM content estimates and biochemical
analysis.

Plant samples were dried in a ventilated oven (65°C). Dry
samples were then ground with a hammer mill to pass through a
1 mm screen, which is a suitable value for planned analyses. For
all plots, plant crude protein (Kjeldahl nitrogen × 6.25), starch
(AFNOR, 1981, Ewers method, EEC ISO 10520.2), soluble carbo-
hydrates (LILA, 1977), neutral detergent fiber (NDF), and acid de-
tergent lignin (ADL; GOERING and VAN SOEST, 1970) contents were
estimated using near infrared reflectance spectroscopy (NIRS,
system 6500 spectrophotometer, with wavelengths spaced every
4 nm from 400 to 2500 nm). Calibration equations were provided
by SHB Libramont (Belgium), and calibration regressions were

validated with laboratory analysis of nearly 40 samples per year
and location. Characteristics of the NIRS calibration have been
previously given in ROUSSEL et al. (2002). Because lignins are con-
stituents of the cell wall, ADL content was expressed as percent-
age of NDF.

Two in vitro cell wall digestibility traits were investigated.
According to STRUIK (1983) and DOLSTRA and MEDEMA (1990), in
vitro NDF digestibility was computed assuming that the non-NDF
part of plant material was completely digestible, as IVNDFD =
[100 x (IVDMD – (100 – NDF))/NDF] with in vitro DM digestibili-
ty (IVDMD) estimated according to AUFRÈRE and MICHALET-DOREAU

(1983). According to ARGILLIER et al. (1995) and BARRIÈRE et al.
(2003b), cell wall digestibility was also estimated assuming that
starch (ST), soluble carbohydrates (SC) and crude proteins (CP)
were completely digestible, as DINAGZ = [100 x (IVDMD – (100
– ST –SC – CP)) / (100- ST – SC – CP)].

Data analysis
Analyses of variance were carried out following the standard

procedure of a fixed model with genotype, environment (= 1 year
and 1 location), block, and interaction effects, as Yijkl = μ + Ej +
Bk.Ej + Gi + Gi.Ej + eijkl, with Yijkl = observed value for a given
trait, μ = grand mean, Ej = environment effect, Bk.Ej = block with-
in environment effect, Gi = genotype effect, Gi.Ej = genotype *
environment interaction, and εijkl = residual error (= σr

2), using
Modli and Splus Softwares (KOBILINSKY, 1983; VENABLES and RIPLEY,
1994).

Molecular marker data and development of the linkage map
In accordance with their bin location, simple sequence re-

peat (SSR) markers were chosen in the maize database
(MaizeGDB, http://www.maizegdb.org) throughout the genome.
Out of these markers, 189 giving different banding patterns in
the two parental lines Fl1 and F2 were successfully used on 140
RILs. The linkage map was developed using CarthaGene soft-
ware (de GIVRY et al., 2005) with a LOD threshold of 3.0 and dis-
tance threshold of 50 cM. The Kosambi function was used for
correction of interference effects.

QTL identification
Because genotype effects were much higher than genotype x

environment interaction effects, QTL mapping was based on
mean values of 140 top-crossed RIL experiments over years
(2002 and 2003) and locations (Lusignan, Druelle and Saerbeck),
using the Composite Interval Mapping (CIM; ZENG, 1994) method
implemented in the PLABQTL computer package (UTZ and
MELCHINGER, 1995, 1996). PLABQTL uses the regression method
(HALEY and KNOTT, 1992) in combination with selected markers
as cofactors. Cofactors were selected by stepwise regression (op-
tion cov SELECT) with an “F-to-enter” and an “F-to-delete” value
of 7. This F value was chosen to keep markers significant at the
1% level. Based on the permutation test method of CHURCHILL and
DOERGE (1994), LOD thresholds equal to 3.0, 3.4, and 4.5 yielded
experiment wise error rates close to 10, 5 and 1%, respectively.
QTL positions were estimated where the LOD score reached its
maximum in the region under consideration. A LOD support in-
terval was constructed for each QTL (LANDER and BOTSTEIN, 1989).
As the question of the interval support is not fully resolved in the
case of CIM, the LOD support intervals must be considered to be
underestimated. QTL with more than 20 cM separating support
intervals were considered to be different. The percentage of phe-
notypic variance ascribed to an individual QTL is estimated in
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PLABQTL with the approximate standard error of KENDALL and
STUART (1961). The additive effects of QTL were estimated as half
the difference between the phenotypic values of the respective
homozygous alleles.

Production of candidate gene lists
For all QTLs, candidate gene lists were based on a bio-

analysis of data available in the Génoplante databank
(http://www.genoplante.com/) and from a few unpublished map
positions available in the Génoplante network. Gene positions
were projected on the Fl1 x F2 map with the Biomercaptor soft-
ware (ARCADE et al., 2004). Only genes related to the lignin path-
way were considered. Most candidate genes were mapped with
RFLP probes during the Génoplante mapping project. It was later
estimated that 22% of RFLP probes were single copy, 67% hy-
bridized from two to five copies, and 10% displayed complex
patterns or smears, indicating highly repeated sequences (FALQUE

et al., 2005; unpublished Génoplante results). These results high-
lighted the specific limits of RFLP, but RFLP probes also made it
possible to map different members of multigene families. Be-
cause several genes mapped in Génoplante databases have been
annotated according to sequence homology investigations with
genes present in other databases, putative gene functions must
be taken carefully before their functional validations.

RESULTS AND DISCUSSION

Linkage map
The Fl1xF2 map has a total length equal to 1856

cM, in accordance with previously published maps
and with results available in the MaizeGDB data-
base. The 10 linkage groups, based on 189 SSR
markers, were formed with a LOD threshold of 3.0
and distance threshold of 50 cM except for the cen-
tromer region of chromosome 4, between umc1317
and bnlg1137, which required a LOD of 2.0 to be
formed. The average distance between two markers
was equal to 10.7 cM and the maximum distance
(43.5 cM) was observed between umc1317 and
bnlg1137 markers.

Mean and genetic variation analysis
Genotype effects and genotype x environment

interaction effects were significant at P < 0.001 or P
< 0.01 for all investigated traits (Table 1). Genotype
effects were much higher than genotype x environ-
ment interactions, nearly 10 times higher for agro-
nomic traits (DM yield, DM content and silking
date), and from 15 to 30 times higher for quality
traits (ADL/NDF, IVNDFD, and DINAGZ).

DM content mean value was nearly 5 percent
units higher than the optimal value for maize silage,
due to exceptionally high temperatures during the
two years of cropping and mostly in 2003 (Table 2).
However, the observed values, ranging between 36

and 45%, were suitable for quality trait investiga-
tions. Average RIL DM yield was a little higher than
the yield of DK265, illustrating the higher combin-
ing ability value of F2 in comparison to Fl1. Average
RIL DM yield was also nearly 3 t/ha lower than the
one of the Mexxal control hybrid, and the most pro-
ductive RIL yielded nearly 1.5 t/ha less than Mexxal,
illustrating yield genetic improvement made be-
tween 1987 (registration of DK265) and 2001 (regis-
tration of Mexxal). Large phenotypic variations
(mean values) were observed in top-crossed RIL for
both agronomic and quality traits. Mean values for
lignin content and cell wall digestibility of the
parental hybrid DK265 were close to RIL means and
nearly centered between the minimal and maximal
RIL values. The two cell wall digestibility traits,
IVNDFD and DINAGZ, had a range equal to 4.9 and
4.8 percent units, respectively. A range of variation
equal to 1 percent unit was observed for ADL/NDF
content, corresponding to a significant variation in
this group of flint germplasm.

3QTL MAPPING IN MAIZE FOR CELL WALL TRAITS

TABLE 1 - Variance analysis of Fl1xF2 RIL progenies in top cross
experiments (** = P < 0.001; * = P < 0.01). MS = mean square.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Trait Genotype Genotype x Residual

MS Environment MS MS
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
DM Yield 32.18 ** 2.95 * 1.93

DM content 76.45 ** 9.35 * 4.88

Silking date 18.72 ** 2.41 * 1.15

ADL/NDF 1.90 ** 0.06 * 0.05

IVNDFD 46.92 ** 1.72 * 1.20

DINAGZ 28.41 ** 1.99 * 1.37
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

TABLE 2. Mean, maximum and minimum values of investigated
traits in Fl1xF2 RIL progenies in top cross experiments, and com-
parison with two control hybrids (silking date was estimated as
day number after July 1st).
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Trait mean mini maxi DK265 Mexxal
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
DM Yield (t/ha) 16.7 14.2 18.6 15.2 20.0

DM content (%) 39.9 36.3 44.8 38.9 43.8

Silking date 17.5 14.6 20.1 17.5 19.1

ADL/NDF (%) 5.5 5.0 6.0 5.6 5.8

IVNDFD (%) 24.4 21.5 26.4 24.2 23.0

DINAGZ (%) 45.8 42.9 47.7 46.5 44.4
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



QTL analyses
Six QTLs were detected for agronomic traits in-

cluding three QTLs for DM yield, one QTL for DM
content and two for silking date (Table 3, Fig. 1).
These QTL were located in isolated positions, ex-
cept a QTL for silking date and a QTL of DM yield
both located in bin 3.05. This locus likely corre-
sponded to the silking QTL described upstream
bnl5.37a marker (bin 3.06) by CHARDON et al. (2004)
and possibly underlying the ZmLD (luminidepen-
dens) gene, mapped in bin 3.05 and involved in
plant flowering. The second silking QTL was also
described by CHARDON et al. (2004) upstream rz599b
marker (bin 4.09), without candidate gene. DM con-
tent QTLs did not colocalize with any of the two
silking QTL, probably highlighting two different ear-
liness mechanisms related to either plant flowering
date or plant ripening rate. DM yield QTLs located
in bins 1.01 and 3.05 explained individually more
than 20% of the observed phenotypic variation with
a favorable allele originating from F2 and Fl1, re-
spectively, with possibilities of large transgressive
segregations.

Four QTLs for ADL/NDF were shown in bins
1.02, 1.05, 2.04, and 4.05. Only two QTL for each
cell wall digestibility traits in bins 2.03 and 6.01
were shown, including the IVNDFD QTL in bin 6.01
which had a LOD value below the 3.0 threshold
value. No QTL for lignin content colocalized with
QTLs of investigated agronomic traits, limiting the

risk of negative relationships between lignin content
and plant maturity or yield traits. Conversely, a
colocalization between DM content and cell wall di-
gestibility QTLs was observed in bin 6.01, with op-
posite effects of parental alleles, possibly related to
the lower degradability of more mature tissues.
Colocalizations between lignin content and di-
gestibility QTLs were observed only in bins
2.03/2.04 (Fig. 1). This colocalization confirmed the
well-known negative link between digestibility and
lignification, supporting several previous studies
(CHESSON et al., 1983; HARTLEY and FORD, 1989; WOLF

et al., 1993; JUNG and BUXTON, 1994; ARGILLIER et al.,
1996; MÉCHIN et al., 1998). It also illustrated the risk
of antagonistic effects between digestibility traits
and traits of interest related to lignification such as
stalk breakage and corn borer resistances. Neverthe-
less, QTLs for ADL/NDF were also found in isolated
position in bins 1.02, 1.05, and 4.05. The absence of
colocalization between QTL for lignin content and
digestibility showed that lignin content may also
vary independently of cell wall digestibility and
confirmed previous observations (MÉCHIN et al.,
2001; ROUSSEL et al., 2002; FONTAINE et al., 2003). Re-
ciprocally, intensity of p-coumaroylation of lignin
syringyl units or importance of ferulate and diferu-
lates cross-linkages between lignin guaiacyl units
and arabinoxylan chains, and between arabinoxylan
chains, were also shown to impact cell wall degrad-
ability (GRABBER et al., 1998; CASLER and JUNG, 1999;
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TABLE 3 - Putative QTLs identified from means of 140 RIL Fl1xF2 in top cross experiments (2 years and 3 locations per year). QTLs are giv-
en when LOD were higher or equal to 3.00 (except 1 colocalizing IVNDFD QTL). Distances are given as cM. Add is the estimated additive ef-
fect of the QTL. Line (+) increases trait values.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Trait Chr Left marker Marker bin Position from to LOD R2 Add Line (+)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

DM yield 1 UMC1071 1.01 30 24 34 7.2 21.1 0.38 F2

DM yield 3 BNLG420 3.05 94 90 98 9.4 26.7 0.47 Fl1

DM yield 4 BNLG1189 4.07 156 148 162 4.0 12.4 0.28 F2

DM content 6 PHI077 6.01 18 12 22 5.8 17.6 0.65 F2

Silking date 3 PHI073 3.05 96 92 102 3.2 10.0 0.30 Fl1

Silking date 4 UMC1740 4.09 190 182 196 3.0 9.4 0.30 Fl1

ADL/NDF 1 UMC1976 1.02 60 50 70 3.4 10.7 0.05 F2

ADL/NDF 1 UMC2025 1.05 142 134 148 4.7 14.3 0.05 Fl1

ADL/NDF 2 UMC1026 2.04 74 68 78 5.9 17.7 0.06 F2

ADL/NDF 4 UMC1317 4.05 96 88 110 6.6 19.7 0.07 F2

IVNDFD 2 DUPSSR27 2.03 66 56 70 3.0 9.4 0.22 Fl1

IVNDFD 6 PHI077 6.01 22 16 28 2.4 7.7 0.18 Fl1

DINAGZ 2 UMC1185 2.03 60 56 70 4.7 14.5 0.23 Fl1

DINAGZ 6 PHI077 6.01 20 6 24 5.7 17.5 0.26 Fl1
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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FIGURE 1 - Linkage map of the Fl1xF2 RIL progeny and QTL localizations based on 140 RIL in top-cross experiments (2 years and 3 loca-
tions per year). QTL are given for LOD equal or higher than 3.00. Values in brackets indicate marker positions in cM from the top of the
chromosome.



GRABBER et al., 2004; BARRIÈRE et al., 2007). In bins
2.03/2.04 and 6.01, in which were found cell wall
digestibility QTLs, the favorable allele was in both
cases brought by the Fl1 line, pointing out areas of
immediate interest in marker assisted selection of
early flint maize lines.

Candidate gene research
In bin 1.02, two genes involved in lignin biosyn-

thesis, a putative laccase (Génoplante data) and a
putative LIM transcription factor (FALQUE et al.,
2005), could be possible candidates underlying the
QTL for ADL/NDF. Laccases along with peroxidases
are involved in monolignol oxidative polymerization
into lignin (BARRIÈRE et al., 2007). The impact of lac-
cases in lignin biosynthesis has not been fully estab-
lished (DEAN, 2005), and the important redundancy
of laccase and peroxidase genes questions the pos-
sibility that these genes could underline lignin con-
tent QTLs. However, a transcriptomic approach
(GUILLAUMIE et al., 2007a,b) has shown greater ex-
pressions of laccases than peroxidases in lignifying
maize tissues. Similarly, in pine wood forming tis-
sues, one transcript encoding a laccase was shown
to be abundant (WHETTEN et al., 2001). Moreover, in
a xylem-subtractive library in eucalyptus, two lac-
cases were expressed at least five times more than
in leaf tissue (PAUX et al., 2004). The LIM transcrip-
tion factor is also a putative candidate since trans-
genic tobacco plants, with a down-regulated LIM
gene (Ntlim1), have indeed showed a 27% reduc-
tion in lignin content (KAWAOKA et al., 2000).

In bin 1.05, no gene involved in lignification,
and likely to explain the QTL for ADL/NDF, has
been mapped in the Génoplante database.

In bins 2.03/2.04, in which colocalized QTLs for
IVNDFD, DINAGZ, and ADL/NDF, two candidate
genes, a putative phenylalanine ammonia lyase
(PAL) (pal2, MaizeGDB, Génoplante data) and a pu-
tative hydroxycinnamoyl-CoA transferase (HCT)
(FALQUE et al., 2005), both involved in the phenyl-
propanoid pathway, have been mapped. The PAL is
a key enzyme catalyzing the entry step of the
phenylpropanoid pathway, allowing the conversion
of phenylalanine into cinnamic acid, and possibly,
due to its tyrosine ammonia lyase (TAL) activity
(ROESLER et al., 1997), the direct production of p-
coumaric acid from tyrosine. When PAL activity is
altered in tobacco, lignin level is significantly re-
duced (BATE et al., 1994) and cell wall digestibility is
significantly enhanced (SEWALT et al., 1997). Similar-
ly, in a comparison of two flint maize lines differing

by their cell wall digestibility, two PAL genes were
under-expressed in the more digestible line (BAR-
RIÈRE et al., 2007), including the pal2 gene mapped
in bin 2.03. In addition, a single nucleotide poly-
morphism inducing a premature stop codon in the
second exon of MZEPAL (pal3, MaizeGDB) was also
associated with cell wall digestibility in maize (AN-
DERSEN et al., 2007). The HCT enzyme catalyzes the
conversion of p-coumaroyl-CoA into shikimate and
quinate esters. HCT also has a reverse activity, cat-
alyzing the conversion of caffeoyl shikimic acid and
caffeoyl quinic acid into caffeoylCoA, after hydroxy-
lation of shikimate or quinate derivatives by a cin-
namate-3-hydroxylase (C3’H) (SCHOCH et al., 2001;
HOFFMANN et al., 2003). A HCT gene silencing in
Arabidopsis thaliana and Nicotiana benthamiana
resulted in major changes in lignin contents and
composition (HOFFMANN et al., 2004).

In bin 4.05, a putative cinnamoyl-CoA reductase
(CCR) (Génoplante data), a PAL (MZEPAL), the
COMT (corresponding to the bm3 mutation,
MaizeGDB), a putative S-adenosyl-methionine syn-
thase (SAMS) (Génoplante data), and a putative LIM
transcription factor (FALQUE et al., 2005) could be
candidate genes underlying the QTL of ADL/NDF.
The role of putative LIM transcription factor and
PAL as candidate genes has been previously de-
scribed in the case of bins 1.02 and 2.03/2.04. CCR
enzymes catalyze the conversion of hydroxycin-
namoyl-CoA esters (p-coumaroyl-CoA, caffeoyl-CoA
and sinapoyl-CoA) into their respective aldehydes
(p-coumaraldehyde, coniferaldehyde, and sinapalde-
hyde) (BARRIÈRE et al., 2007). Tobacco plants trans-
formed with down-regulated CCR gene(s) had a re-
duced lignin content and increased S/G ratio
(PIQUEMAL et al., 1998). The caffeic acid O-methyl-
transferase (COMT) enzyme is involved in the
methylation of 5-hydroxy-coniferaldehyde, and pos-
sibly 5-hydroxyconiferyl alcohol, into sinapaldehyde
and sinapyl alcohol, respectively (BARRIÈRE et al.,
2007). The COMT disruption in bm3 mutants is
known to greatly alter lignin content and composi-
tion, and to considerably improve cell wall di-
gestibility of plants (PORTER et al., 1978; VIGNOLS et
al., 1995; BARRIÈRE et al., 1998, 2004a). SAM is the
methyl donor in reactions catalyzed by SAM de-
pendent methyltransferases (OMT, COMT, and
CCoAOMT) and the methylation of lignin
monomers consumes large amounts of methyl
groups (VAN DER MIJNSBRUGGE et al., 2000). Because
no QTLs for cell wall digestibility were shown colo-
calizing with lignin QTL in bin 4.05, it is difficult to
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consider more preferentially any of these genes as a
better candidate because they are currently known
to have effect on the two traits.

In bin 6.01, a putative Lim factor (FALQUE et al.,
2005), a putative SAMS (Génoplante data), at least
one putative caffeoyl-CoA-O-methyltransferase
(CCoAOMT) (FALQUE et al., 2005), and a putative
sinapyl alcohol dehydrogenase (SAD) (Génoplante
data) could be considered as candidate genes under-
lying DINAGZ and IVNDFD QTLs. Lim factors have
already been considered as possible candidate
genes, because members have also been mapped in
bins 1.02 and 4.05. CCoAOMT, for which at least five
members have been described in maize (BARRIÈRE et
al., 2007; GUILLAUMIE et al., 2007a,b), catalyzed the
hydroxylation of caffeoyl-CoA into feruloyl-CoA, a
key step in monolignol biosynthesis, possibly more
especially in coniferyl alcohol biosynthesis (BARRIÈRE

et al., 2007). According to sequences given by CIVAR-
DI et al. (1999) and to data available in the maize se-
quence database (http://www.maizesequence.org),
CCoAOMT1 is located in maize bin 6.01. However,
CCoAOMT1 was significantly less expressed than
other CCoAOMT, and especially than CCoAOMT2
and CCoAOMT5, in maize lignifiying internodes
(BARRIÈRE et al., 2007; GUILLAUMIE et al., 2007a). Re-
duction of hydroxycinnamaldehydes into monolig-
nols is catalyzed by cinnamyl alcohol dehydrogenas-
es (CAD) which are considered to be active on the
three hydroxycinnamaldehydes, even if two close
orthologs of an aspen specific sinapyl alcohol dehy-
drogenase (SAD) (LI et al., 2001) were also shown in
maize (GUILLAUMIE et al., 2007a).

CONCLUSION

Four QTLs for ADL/NDF and two QTLs for both
IVNDFD and DINAGZ have been identified in the
top-cross of the Fl1 x F2 RIL progeny. QTLs for lignin
content mapped in bins 1.02, 1.05 and 4.05 were de-
scribed in previous studies related to cell wall lignifi-
cation (RALPH et al., 2004; BARRIÈRE et al., 2007). How-
ever, ADL/NDF QTL located in bin 2.03/04, colocaliz-
ing with cell wall digestibility QTLs, seems to be
highlighted for the first time. In addition, a QTL of
cell wall digestibility was also shown in bin 6.01,
with high LOD and R2 values. Based on the investi-
gated traits, candidate genes related to the high feed-
ing value of Fl1 line are likely located in bins 1.02,
2.03/04, 4.05, and 6.01, in which were shown QTL
with favorable alleles originating from Fl1.

A combined approach using a QTL investigation
and a large-scale mapping project makes it possible
to directly find putative candidate genes underlying
QTL. Several genes known to be involved in the
phenylpropanoid pathway have thus been consid-
ered as candidates for improvement in maize cell
wall digestibility. However, this method is limited
by a number of factors including i) the non-exhaus-
tiveness of mapped genes in the databases, ii) the
limited specificity of RFLP probes used in gene
mapping, but this difficulty will disappear with the
use of SNP (single nucleotide polymorphism)
probes, and significantly iii) by the still limited un-
derstanding of the cell wall digestibility limiting
steps, of the mechanisms of regulation and deposi-
tion of lignin and cell wall related components, and
consequently by the ambiguous nature of choosing
candidates when several genes of interest are
mapped in the same locus.

Further investigations are therefore required. The
next future complete maize genome sequence will
also allow an extensive search for candidate genes
underlying QTL. The most promising candidate
genes have to be validated by mutagenesis and/or
reverse genetic approaches. For the improvement of
maize forage quality both for silage and biofuel pro-
duction, once validated, favorable alleles of candi-
date genes can be introgressed in elite lines with a
SNP-based marker assisted selection (MAS). Howev-
er, because only a limited number of QTLs were
shown to distinguish the well known F2 line of
medium-low cell wall degradability and the Fl1 line
of high cell wall degradability, these promising QTL
could be directly used for their MAS-targeted intro-
gression in elite lines.
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ABSTRACT - Genetic variation for carbohydrate content,
lignin content, lignin composition, p-hydroxycinnamic
acid content and digestibility were investigated in a set of
19 maize lines over a two year period (2002 and 2003)
and in two locations (Lusignan and Druelle, France). The
studied set was comprised of old and recent elite lines
representative of cell wall digestibility variations and sev-
eral model lines involved in digestibility and intake
breeding schemes. A large degree of genetic variation for
cell wall composition and digestibility was observed.
Lignin content appeared to be the primary determinant in
cell wall digestibility variation (r2 = 0.77). H and S
monomeric unit contents also appeared to be negatively
correlated with digestibility. The cell wall cross-linkages
with ferulic and diferulic acids were significantly correlat-
ed with digestibility, but with two apparently contrary ef-
fects. A negative correlation was found between etherified
ferulic acid content and cell wall digestibility while a pos-
itive one was found between diferulic acid content and
digestibility. These results strengthened the ambiguity
concerning the real proportion of ferulic and diferulic
acids measured after an alkaline hydrolysis. A negative
correlation was found between p-coumarate content and
digestibility. This result confirmed the efficiency of these
acids as an estimator of feeding value. Finally, a positive
correlation between hemicellulose content and digestibili-
ty showed that cell wall carbohydrate composition could
impact cell wall digestibility. A new ideotype of forage
maize can be designed based on the cell wall correlations
highlighted in this study, but an elite line improved for
feeding value traits (and biofuel production) have to take

simultaneously into agronomic traits. Such an ideotype
will therefore be used by maize breeders as an allele
donor in marker assisted breeding programs.

KEY WORDS: Zea mays L.; Silage maize; Digestibility; In-
take; Lignin; p-Coumaric acid; Ferulic acid.

INTRODUCTION

Extensive research has been devoted to silage
maize digestibility (review in BARRIÈRE et al., 2007),
which has a key role in dairy cow and meat cattle
nutrition. Several studies have shown that the first
factor influencing whole plant digestibility and ener-
gy value was cell wall digestibility (DEINUM and
STRUIK, 1985; DOLSTRA and MEDEMA, 1990; BARRIÈRE et
al., 1991; WOLF et al., 1993; COORS et al., 1994;
ARGILLIER et al., 1995). A maize cell wall is primarily
composed of cellulose and hemicelluloses (mainly
glucurono-arabinoxylans) and, in lower amounts, of
lignins and p-hydroxycinnamic acids. The lignin
polymer is mostly comprised of guaiacyl (G) and
syringyl (S) units, whereas p-hydroxyphenyl (H)
units occur as a quantitatively minor component. p-
Coumaric acid is mainly esterified to S units of
lignin, while ferulic acid is primarily esterified to
arabinosyl residues of arabinoxylans chains. Hemi-
cellulose chains are cross-linked afterwards by difer-
ulic acid bridges. Hemicellulose chains and the
lignin polymer are cross-linked by ester-ether ferulic
and diferulic acid cross-linking. No covalent linkage
has been observed between cellulose and another
cell wall component, but hemicelluloses and cellu-
lose are linked with hydrogen bonds.

Lignin is the cell wall component with the most
detrimental effect on cell wall digestibility (JUNG and
DEETZ, 1993; WOLF et al., 1993; LUNDVALL et al., 1994;
MÉCHIN et al., 1998; ARGILLIER et al., 2000; MÉCHIN et
al., 2000). Lignin prevents physical access of the ru-
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men microbial enzymes to cell wall carbohydrates
and thus strongly limits their valorization by cattle
(JUNG et al., 1998). Based on investigations in differ-
ent grass and dicotyledons forage, complementary
factors appeared as involved in digestibility limita-
tion. The role of ratios between lignin H, G and S
monomeric units in maize feeding value is still be-
ing questioned. In maize bm3 mutant plants, which
have a higher digestibility and intake primarily due
to their lower lignin content, the large reduction of
S units in lignins induced a more condensed poly-
mer with a proportionally more inhibiting effect on
cell wall degradability (THORSTENSSON et al., 1992;
BARRIÈRE et al., 2004). Sinapyl alcohol has indeed a
strong tendency to be involved in labile β-O-4 end
wise type coupling upon peroxidasic polymeriza-
tion in plant cell walls. However, the p-coumaroyla-
tion of sinapyl at C might change the course of the
reaction towards the formation of condensed bonds,
such as β-β bonds. Nevertheless, MÉCHIN et al.
(2000) showed a positive correlation between S/G
ratio and cell wall digestibility. The contents in fer-
ulic and diferulic acids, and the correlative covalent
cross-linkages between lignin and arabinoxylans
and between arabinoxylan chains by these acids, al-
so have a negative effect on carbohydrate degrad-
ability (JUNG et al., 1998; GRABBER et al., 1998a,b,
2004, 2005). Results of FONTAINE et al. (2003)
strengthened the interest to use the etherified feru-
late content as a criterion in maize breeding for in-
creased cell degradability. Moreover, cross-linkages
are considered to play a role in cell wall stiffening
(MACADAM and GRABBER, 2002). Because relation-
ships between mechanical properties of maize
silage and times of intake and chewing have been
reported (FERNANDEZ, 2003; FERNANDEZ et al., 2004),
ferulic and diferulic acids cross-linkages were also
supposed to influence intake values (BARRIÈRE et al.,
2007).

In order to have a better understanding of the
effects of each cell wall biochemical trait on feeding
value, the cell wall content in lignins, H, G and S
lignin units, and p-hydroxycinnamic acids have
been investigated in a set of 19 maize lines at silage
maturity stage. This set was comprised of old and
recent elite lines representative of cell wall di-
gestibility variations, including model lines involved
in digestibility and intake breeding schemes. Rela-
tionships between cell wall components and di-
gestibility were thus investigated towards a defini-
tion of an ideotype of maize lines with high feeding
values.

MATERIALS AND METHODS

Plant material
The set of 19 maize lines was composed of four INRA lines,

F271, F2, F564, and F286, which are of increasing cell wall di-
gestibility. F2 is the French reference line of medium cell wall di-
gestibility. Fifteen lines, L01, L08, L15, L16, L19, L21, L24, L25,
L49, L66, L77, L78, L83, L116, and L883, which are of interest for
their variable cell wall digestibility and their potential effect on
hybrid intake, were simultaneously investigated. Ten lines out of
19 were flint, five were dent and four were flint-dent.

Histological analysis
Tissue histology was investigated in the plant internode lo-

cated just below the ear for lines F2, L15, L16, L19, L78, L116,
F271 and F286, which were chosen for their variable cell wall
contents and digestibility. Internodes were sampled at silage ma-
turity, and fixed and conserved in an ethanol / acetic acid solu-
tion (75 / 25). Tissues were sectioned as 70 µm slices and col-
ored with the Fasga solution according to the protocol of TOLIVIA

and TOLIVIA (1987).

Field experiments, and forage quality evaluation
The 19-line field experiments were carried out over two

years (2003 and 2004) in two locations (Lusignan and Druelle,
France). In each location, lines were evaluated in bloc designs
with 2 replicates. Each experimental plot was a 5.2 m long single
row of 37 plants. Row spacing was 0.75 m, and the resulting
density was 95,000 plants/ha. Irrigation was applied in Lusignan
during summer to prevent water stress. The plots were machine-
harvested with a forage chopper at an early silage harvest stage
at about 30% of dry matter (DM) without ears that were eliminat-
ed by hand the day of harvest. A representative sample of 1 kg
chopped material per plot was collected for DM content esti-
mates and biochemical analysis.

Plant samples were dried in a ventilated oven (65°C). Dry
samples were then ground with a hammer mill to pass through a
1 mm screen. For all plants, soluble carbohydrates (LILA, 1977),
Neutral Detergent Fiber (NDF), Acid Detergent Fiber (ADF) and
Acid Detergent Lignin (ADL) contents were estimated according
to GOERING and VAN SOEST (1970). The in vitro dry matter di-
gestibility (IVDMD) was estimated according to AUFRÈRE and
MICHALET-DOREAU (1983). Contents in esterified p-coumaric, ferulic
and diferulic acids were estimated after alkaline hydrolysis of the
cell wall at 25°C, and contents in total ferulic acid were estimated
after alkaline hydrolysis at 170°C (MORRISON et al., 1993). Ether fer-
ulic acid content was estimated as the difference between total
ferulic acid and ester ferulic acid. 4-p-Hydroxybenzaldehyde (Hb),
vanillin (Va) and syringaldehyde (Sg) contents were investigated
after alkaline nitrobenzene oxidation (HIGUCHI et al., 1967). Hb, Va
and Sg contents are considered as estimates of H, G, S lignin unit
contents, despite some p-coumarate and ferulate can also be oxi-
dized into p-hydroxybenzaldehyde and vanillin, respectively. All
these traits were estimated using specific near infrared reflectance
spectroscopy (NIRS) calibrations developed at INRA Lusignan for
samples of plants without ear (NIRS system 6500 spectrophotome-
ter, with wavelengths spaced every 4 nm from 400 to 2500 nm).
Accurate r2 values (coefficients of determination) have been ob-
tained between laboratory analysis and NIRS predictions (Table
1), based on nearly 1300 laboratory analyses for global traits
(IVDMD, NDF, ADF, ADL). These r2 values were similar to those
currently observed for NIRS prediction of these traits on whole
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plant samples. Accurate r2 values between laboratory analysis and
NIRS predictions were also obtained for p-hydroxycinnamates and
released aldehydes, even if still moderate, but reliable, r2 values
were obtained for ferulate derivatives, Va and Sg lignin monomers
(Table 1). In addition, similar r2 accurate values have been ob-
tained for the two 5-5 and 8-O-4 diferulic acids, despite calibra-
tion equations were based on only nearly 500 samples. Calibra-
tion equations were validated for each experimental location by a
laboratory analysis of 40 samples.

Hemicellulose and cellulose contents were then estimated re-
spectively as NDF – ADF and ADF – ADL. Because these com-
pounds are constituents of the cell wall, hemicellulose, cellulose,
and ADL contents were expressed as percentage of NDF. Accord-
ing to STRUIK, (1983) and DOLSTRA and MEDEMA (1990), in vitro
NDF digestibility (IVNDFD) was computed assuming that the
non-NDF part of plant was completely digestible [IVNDFD = 100
x (IVDMD – (100 – NDF))/NDF].

Data analysis
Analyses of variance were carried out following the standard

procedure of a fixed model with genotype, environment, block,
and genotype x environment interaction effects, as

Yijkl = μ + Ej + Bk.Ej + Gi + Gi.Ej + εijkl

with Yijkl = observed value for a given trait, μ = grand mean, Ej =
environment effect, Bk.Ej = block nested in environment effect,
Gi = genotype effect, Gi.Ej = genotype x environment interaction,
and εijkl = residual error, using Modli and Splus Software (KO-
BILINSKY, 1983; VENABLES and RIPLEY, 1994).

RESULTS AND DISCUSSION

Histological analysis
Maize stem internodes (Fig. 1) were typified by

lignified (red) cortex, vascular bundles and central
parenchyma, with a sub-cortical area and a
parenchyma area around vascular bundles made of

unlignified and cellulosic tissues (in blue). A large
variation was observed for the red color intensity of
parenchyma tissues, with likely a lower lignification
in L78, F286, and L116, and conversely a higher lig-
nification in F271, F2, L15, L16 and L19. The
parenchyma around the vascular bundles was also
greatly lignified in F271, with only very few cellu-
losic cells around the bundles, while other lines had
at least two unlignified cell layers around these vas-
cular tissues. The structure of vessels seemed rela-
tively conserved between the different lines. Never-
theless, bundle lignification seemed more intense in
L15, L19 and L78, while it was significantly weaker
in F286. At the same time, the density of peripheric
vascular bundles appeared higher in the three lines
L15, L19 and L78. These histological analyses proba-
bly showed that tissue patterning and lignified tis-
sue organization in maize stems should be consid-
ered in maize breeding for its feeding value.

Biochemical analysis
Variance analysis (Table 2) showed that geno-

type effects were highly significant (P < 0.001) for
all investigated traits. Genotype effect was particu-
larly high for IVNDFD. Genotype x environment in-
teractions were also significant for all investigated
traits. However, genotype effects were higher than
genotype x environment interactions for all studied
traits except for 5-5 diferulic acid which had compa-
rable genotype and genotype x environment inter-
action effects.

A large genetic variation for cell wall composi-
tion and digestibility was observed among the 19

13GENETIC VARIATION IN MAIZE CELL WALL COMPONENT

TABLE 1 - Characteristics of NIRS calibrations developed for cell wall traits in maize plants without ears, at silage stage harvest (for all traits,
number is the numbers of analyzed samples, mean is the average values of analyzed samples, RSQ is the coefficient of determination (r2 val-
ue) between laboratory analysis and NIRS prediction, and SECV is the standard errors of cross validation prediction; DM = dry-matter).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

number Mean RSQ SECV
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
In vitro DM digestibility (IVDMD) 1281 62.9 0.93 1.89

Neutral detergent fiber (NDF) 1282 55.3 0.97 1.16

Acid detergent fiber (ADF) 1281 27.2 0.98 0.75

Acid detergent lignin (ADL) 1290 2.89 0.80 0.35

Esterified p-coumaric acid 1563 15.6 0.87 1.26

Esterified ferulic acid 1561 5.55 0.64 0.52

Total ferulic acid 1499 6.90 0.66 0.54

pHydroxybenzaldehyde 1048 1.43 0.74 0.30

Vanillin 1051 6.38 0.61 1.11

Syringaldehyde 1054 7.22 0.79 1.09

5-5 diferulic acid 516 0.15 0.66 0.03

8-O-4 diferulic acid 514 0.33 0.61 0.05
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



maize lines (Table 3). A difference of nearly 11 per-
centage points was thus observed for cell wall di-
gestibility between lines L08 and F271, which had
the highest and lowest IVNDFD values, respectively.
Six lines (L08, L19, L21, L24, L66 and L116) had a
significantly higher IVNDFD than the control line
F2. Two lines (L883 and F271) had significantly low-
er values. The four lines with higher IVNDFD (L08,
L24, L66 and L116) were flint lines.

The genetic variation for ADL/NDF content
ranged from 3.14% in L24 to 4.82% in F271. Eleven
lines out of 19 had lower ADL/NDF contents than
F2, and no line had significant higher lignin content
than the F2 control. The lines with the highest
IVNDFD also had the lowest ADL/NDF contents.

For lignin structure, based on alkaline nitroben-
zene oxidation, most of the investigated lines had
significantly lower values than F2 for Va and Sg
contents. Nine lines (L01, L08, L49, L66, L116, L883,
F271, F286, and F564) had significantly lower con-
tents for Va than F2, together with very different di-
gestibility values. Sg contents lower than in the F2
line were observed in 14 lines out of 19 (L08, L16,
L19, L21, L25, L49, L66, L78, L77, L83, L116, L883,
F286, and F564). Four lines had higher Hb content
than F2 (L15, L49, L883, and F271) and three lines
had significantly lower values (L08, L66 and L116).
The latter three lines also had significantly lower val-
ues for ester p-coumaric acid content. A low content
for H and p-coumaric acid in cell wall is representa-
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FIGURE 1 - Genetic variation for lignification of parenchyma and vascular tissue in maize below-ear internodes at silage maturity illustrated
with Fasga-colored histological slides (lignified areas are colored in red while cellulosic tissue are colored in blue).



tive of a lignin polymer comprising few condensed
bonds (CABANE et al., 2004; BARRIÈRE et al., 2007). This
lignin structure could partly explain why L08, L66
and L116 belonged to the most digestible lines of the
studied set. Conversely, L15, L49, L883 and F271 had

probably a more condensed lignin structure with
higher H contents and more esterified p-coumaric
acid. The apparent correlation observed between es-
terified p-coumaric acid and Hg contents has to be
considered cautiously, as a part of p-coumaric acid is
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TABLE 2 - Estimated genetic and environmental components, and means of cell wall digestibility, lignin contents and phenolic contents in
the 19 lines set (effects were significant at P<0.001***, P<0.01 ** and P<0.05 *; IVNDFD = in vitro NDF digestibility, NDF = neutral detergent
fiber, ADL = acid detergent fiber, Cell = cellulose, Hcell = hemicelluloses).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Traits
Genotype Gen x Environment Residual

mean-square mean-square mean-square
Means

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
IVNDFD (%) 84.64 *** 18.01 ** 6.32 38.87

ADL/NDF (%) 1.67 *** 0.44 ** 0.14 4.07

Cell/NDF (%) 5.53 *** 1.98 * 1.26 44.15

Hcell/NDF (%) 8.39 *** 2.69 * 1.66 51.78

Esterified p-coumaric acid (mg/g NDF) 7.67 *** 1.76 ** 0.50 10.31

Esterified ferulic acid (mg/g NDF) 0.40 *** 0.11 * 0.07 5.79

Etherified ferulic acid (mg/g NDF) 0.061 *** 0.016 ** 0.008 1.12

5-5 diferulic acid (mg/g NDF) 0.001 *** 0.001 ** 0.000 0.16

8-O-4 diferulic acid (mg/g NDF) 0.003 *** 0.002 ** 0.001 0.36

p-Hydroxybenzaldehyde (mg/g NDF) 0.143 *** 0.025 ** 0.013 1.38

Vanillin (mg/g NDF) 2.020 *** 0.510 ** 0.285 6.64

Syringaldehyde (mg/g NDF) 3.592 *** 0.737 ** 0.269 6.97
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

TABLE 3 - Means of cell wall digestibility, carbohydrate and phenolic contents in the 19 maize lines set (* = significantly higher value than
F2, - = significantly lower value than F2).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Traits           Genotypes L08 L24 L66 L116 L19 L21 F564 F286 L15 L49 L25 L78 L77 F2 L01 L83 L16 L883 F271
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
IVNDFD
(%) 44.18* 43.70* 42.06* 42.04* 40.61* 40.42* 39.86 39.30 39.18 38.65 38.03 37.92 37.73 37.66 37.56 36.47 36.08 33.74- 33.27-

ADL/NDF
(%) 3.48- 3.14- 3.83- 3.85- 3.87- 3.73- 4.11- 3.93- 4.18 3.86- 3.99- 4.22 4.22 4.49 4.63 4.09- 4.19 4.71 4.82

Cell/NDF
(%) 42.63- 44.85 43.44- 43.01- 44.00 43.83 44.11 44.67 44.53 45.79* 43.22- 43.83 44.67 44.60 43.79 44.25 44.70 44.22 44.71

Hcell/NDF
(%) 53.88* 52.01 52.74* 53.14* 52.14 52.45* 51.78 51.40 51.29 50.36 52.79* 51.95 51.11 50.91 51.58 51.66 51.12 51.07 50.48

Ester p-coumaric acid
(mg/g NDF) 8.93- 10.17 8.12- 9.11- 10.52 10.65 10.48 10.49 11.28* 11.17* 9.83 10.00 10.01 10.29 11.20* 10.19 10.61 11.47* 11.46*

Ester ferulic acid
(mg/g NDF) 5.85 6.00* 5.33- 5.69 6.01* 6.06* 5.99* 5.72 5.85 5.92* 5.89* 5.72 5.57 5.60 5.40 5.81 5.93* 5.74 5.85

Ether ferulic acid
(mg/g NDF) 1.08- 1.11- 1.04- 1.08- 1.07- 1.07- 0.99- 0.99- 1.16- 1.05- 1.19 1.12- 1.14- 1.26 1.23 1.25 1.10- 1.17 1.17

5-5 diferulic acid
(mg/g NDF) 0.17* 0.16 0.18* 0.17* 0.17* 0.18* 0.16 0.16 0.16 0.16 0.16 0.16 0.15 0.15 0.15 0.16 0.15 0.16 0.16

8-O-4 diferulic
acid (mg/g NDF) 0.39* 0.37* 0.39* 0.37* 0.38* 0.38* 0.35 0.36 0.35 0.36 0.38* 0.36 0.34 0.34 0.34 0.35 0.33 0.34 0.35

p-Hydroxybenzaldehyde
(mg/g NDF) 1.16- 1.40 1.12- 1.21- 1.44 1.37 1.35 1.37 1.51* 1.54* 1.28 1.34 1.31 1.38 1.46 1.43 1.48 1.51* 1.50*

Vanillin
(mg/g NDF) 6.50- 7.29 5.54- 6.61- 6.90 6.66 5.96- 6.34- 7.18 6.41- 6.71 6.98 7.05 7.19 6.37- 6.96 6.71 6.14- 6.56-

Syringaldehyde
(mg/g NDF) 6.33- 7.36 5.95- 6.51- 6.68- 7.04- 5.91- 6.59- 7.84 6.77- 6.94- 6.82- 6.83- 7.77 7.63 7.24- 7.21- 6.80- 8.16
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



converted into 4-p-hydroxybenzaldehyde similarly as
p-hydroxyphenyl units during nitrobenzene cell wall
oxidation. Little variation for esterified ferulic acid
was shown with a tendency to higher releases in
lines with higher IVNDFD, probably because of
higher intensity of cross-linkages in lines with lower
IVNDFD. Significantly lower contents of etherified
ferulic acid were found in the six lines with higher
IVNDFD (L08, L19, L21, L24, L66 and L116) and in
F564 and F286 which are both progeny of INRA F7
(Lacaune landrace) and Argentina germplasm (Cim-
myt PI186-223). This weaker etherified ferulic con-
tent was also found in lines of lower IVNDFD (L15,
L49, L78, L77 and L16). Little variation was shown for
diferulic acid contents (5-5 and 8-O-4 diferulic acid
contents). Nevertheless, six lines (L08, L19, L21, L24,
L66 and L116), which were shown to have signifi-
cantly higher cell wall digestibility, had significantly
higher releases in diferulic acid than F2. Finally, on-
ly line L66 was significantly different from F2 for all
cell wall investigated traits, while L08 and L116
were significantly different for all traits except for
esterified ferulic acid content.

Correlations between IVNDFD
and cell wall biochemical traits

The highest correlation was found between
IVNDFD and ADL/NDF content, and ADL/NDF con-
tent accounted for 77% of the IVNDFD digestibility
value (Table 4). In agreement with several previous
studies (JUNG and DEETZ, 1993; WOLF et al., 1993;
LUNDVALL et al., 1994; MÉCHIN et al., 1998; ARGILLIER et
al., 2000; MÉCHIN et al., 2000) lignin content thus re-
mains an effective predictor of in vitro digestibility.
However, the use of lignin content in silage maize
breeding program is not fully relevant as the corre-
lation with lignin content has been proven to be
lower with in vivo digestibility (BARRIÈRE et al.,
2003). As previously observed (BUXTON and RUSSELL,
1988; JUNG, 1989; FONTAINE et al., 2003), p-coumaric
acid content was significantly and negatively corre-
lated with cell wall digestibility. This correlation is
probably related to the fact that p-coumarate con-
tent is a relevant indicator of late lignin deposition
(GRABBER et al., 2004; BARRIÈRE et al., 2007). p-
Coumarate content thus illustrated a specific aspect
of lignification as p-coumarate content only ex-
plained 25% of lignin content (Table 4). Hb content
was also correlated negatively with IVNDFD in a
similar range as ADL/NDF content. This result
showed that the impact of the H minor unit on cell
wall properties should not be underestimated. Its

detrimental effect on IVNDFD is probably related to
the fact that this unit increases the frequency of re-
sistant inter-unit bonds (CABANE et al., 2004). The
best linear regression between IVNDFD and investi-
gated traits, with two explanatory variables, was
based on ADL/NDF and Hg contents and explained
84% of IVNDFD variation. While no correlation was
observed between IVNDFD and Va content, a signif-
icant negative correlation was found between cell
wall digestibility and Sg content, correlatively with
the increase in S unit deposition in physiologically
more maturer tissues (BUXTON and RUSSELL, 1988;
CHEN et al., 2002). Nevertheless, G or S unit con-
tents could not be reliably used as a breeding trait
in maize cell wall digestibility improvement. MÉCHIN

et al. (2000) has found a positive correlation be-
tween IVNDFD and the S/G ratio, but GRABBER et al.
(1997) showed that the proportions of H, G and S
units in lignin polymer are probably not direct fac-
tors controlling degradability.

Similarly, significant correlations were also
shown between IVNDFD and ferulate or diferulate
contents (Table 4). Etherified ferulic acid content
was negatively correlated with IVNDFD, strengthen-
ing the probable unfavorable effect of ferulate
cross-linkages on cell wall digestibility (JUNG, 1996;
JUNG et al., 1998; GRABBER et al., 1998b; FONTAINE et
al., 2003; BARRIÈRE et al., 2007). In addition, positive
correlations were shown between IVNDFD and 5-5
and 8-O-4 diferulic acid contents, results seemingly
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TABLE 4 - Estimated correlations between cell wall based on
genotype means in the 19 lines set (correlations with absolute val-
ue lower than 0.46 were not significantly different from the null
value, at P = 0.05; IVNDFD = in vitro NDF digestibility, NDF =
neutral detergent fiber, ADL = acid detergent fiber, Cell = cellu-
lose, Hcell = hemicelluloses).
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Traits IVNDFD ADL/NDF
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
ADL/NDF - 0.88 –

Cell/NDF - 0.41 0.19

Hcell/NDF 0.73 - 0.60

Esterified p-coumaric acid - 0.65 0.54

Esterified ferulic acid 0.09 - 0.37

Etherified ferulic acid - 0.51 0.52

5-5 diferulic acid 0.62 - 0.56

8-O-4 diferulic acid 0.73 - 0.68

p-Hydroxybenzaldehyde - 0.64 0.46

Vanillin - 0.02 - 0.11

Syringaldehyde - 0.50 0.45
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



in contradiction with the supposed unfavorable role
of arabinoxylan cross-linkages in the cell wall.
Moreover, GRABBER et al. (1998a) have shown a neg-
ative linkage between diferulic acid cross-linkages
in cell walls and the enzymatic degradation of non-
lignified cell suspension of maize. The release of
diferulic acid measured after an alkaline hydrolysis
of lignified cell walls have therefore to be consid-
ered as illustrating a different biological phenome-
non. It is indeed not understood how diferulic acid
contents measured after an alkaline hydrolysis re-
flect total diferulic acids present in the cell wall, all
the more as the releasable quantity of diferulic acids
has been considered to range between 25 to 65%
(GRABBER et al., 2004). It is thus be hypothesized
that the amount of diferulates released after alkaline
hydrolysis reflects more a specific physical organiza-
tion of the cell wall than the amount of diferulates
involved in cross-linkages. A higher release of difer-
ulates should thus correspond to more accessible
and degradable cell walls. No correlation was ob-
served between esterified ferulic acid content and
IVNDFD, strengthening the fact that only ferulates
involved in cross-coupling of components have a
detrimental effect on cell wall degradability. Corrob-
orating the importance of p-hydroxycinnamates in
cell wall digestibility variation, the best linear re-
gression between IVNDFD and investigated traits
except lignin content, with two explanatory vari-
ables, was based on p-coumaric and 8-8 diferulic
acid contents and explained 59% of IVNDFD varia-
tion.

The positive correlation between Hcell/NDF and
digestibility could highlight the influence of cell
wall carbohydrate type and organization on feeding
value (Table 4). The non-crystalline structure of
hemicellulose polymer could correspond to more
easily degradable cell walls, even if the correlation
between IVNDFD and cellulose was significantly
lower. A higher Hcell/Cell ratio could similarly cor-
respond to differently organized cell walls with a
correlative higher degradability. Such a different
Hcell/Cell ratio could also correspond to different
tissue organizations and respective importance, giv-
ing a higher whole plant digestibility.

CONCLUSION

Large range of genetic variation in several bio-
chemical components of maize cell walls have been
shown, including traits probably related to both tis-

sue degradability and friability, and correlatively
with digestibility and intake in cattle. A new ideo-
type of forage maize can be putatively designed
based on the cell wall favorable traits shown from
this set of lines. Thus, a maize hybrid of high feed-
ing value should have a low content in ADL/NDF,
the first factor negatively influencing whole plant di-
gestibility. The lignin polymer of this ideotype
should have few H unit contents, with low propor-
tion of p-coumaroylated S units. The ideotype
should simultaneously have low etherified ferulic
acid content as an indicator of limited cross-linkages
between cell wall components. In addition, higher
releasable diferulic acids should be favored as a
probable indicator of favorably organized cross-link-
ages in the wall. Finally, higher hemicellulose con-
tent with correlative lower cellulose content in the
cell wall have to be considered as related to a better
feeding value. Only three studied lines out of 19
(L08, L66 and L116) had such a cell wall pattern,
which were among the four most digestible lines of
the study. Out of these three lines, L08, which had
the highest cell wall digestibility of the studied set,
could be an efficient parent or model line in future
forage maize breeding programs.

However, the possibly of gathering in one line
most of all highly favorable traits for both feeding
value and agronomic value (DM yield, standability,
pest resistance, water conduction and water stress
tolerance) is still an unanswered question. Several
of the QTL involved in corn borer resistance have
been shown in colocalizations with QTL also in-
volved in lignin content and/or cell wall digestibility
(RALPH et al., 2004a; BARRIÈRE et al., 2007). Elite
maize hybrids currently available with higher cell
wall digestibility were always lower yielding, and
mostly often more susceptible to stalk lodging or
breakage. Highly lignified fibers and vessels are
very likely inescapable traits for resistance to dry
conditions, and also possibly to an optimal trans-
port of nutriments and photosynthesis products.
The best breeding strategy will probably be based
on compromise solutions. An elite forage maize line
has to be firstly bred for agronomic traits, with the
introgression of genome location, QTL, or alleles
having the most relevant effect on cell digestibility.
Such targeted improvements will be based on a
larger knowledge of genetic and genomic basis of
phenylpropanoid compounds deposition in each
lignified tissue, and of the regulation of lignified tis-
sue patterning. Breeding will be based on the mark-
er assisted introgression of QTL or alleles involved
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in maize feeding value in lines of high agronomic
values. Moreover, the germplasm bred for higher
cell wall degradability will be fully relevant and
available for the new use of maize stover in biofuel
production.
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ABSTRACT - The adaptation of maize varieties to lower
N-fertilization could become a selection goal for sustain-
able agriculture. The question is then to know whether it
is better to select at low N-input (direct selection) or at
high N-input (indirect selection). To answer this question
with specific material, a recurrent selection was devel-
oped from the same population during two cycles, with
two independent selections: one for adaptation to low N-
input and the other for adaptation to high N-input. Popu-
lations of each cycle were then evaluated with the initial
population both at low and at high N-input. The results
show a greater efficiency of indirect selection than of di-
rect selection. This was interpreted as being due to a low-
er heritability at low N-input, with higher environmental
variance and genotype x environment interaction than at
high N-input. After one cycle of selection, genetic vari-
ance at low N-input was even lower than genetic variance
at high N-input. During the two selection cycles there was
no specific adaptation of the material to the breeding N-
conditions. A low N-input environment appeared as an
unfavourable environment for selection. The response to
grain yield was associated with a decrease in kernel pro-
tein content. However there was an increase in grain pro-
tein yield.

KEY WORDS: Maize breeding; Nitrogen use efficiency;
Response to selection; Low N-input.

INTRODUCTION

Nitrogen (N) fertilization has been a powerful
tool for increasing yield in many plants, especially
cereals. Furthermore, as N fertilizers were relatively
cheap they have been used until recently at a rela-
tively high dose to ensure a high yield. However,
this was accompanied by pollution of ground water

by nitrate leaching. Now the situation is changing
because farmers must reduce the use of inputs for
two types of reasons: i) for environmental reasons,
in order to limit the pollution of ground water and
to reduce energy consumption (because N fertilizers
are costly in energy), and ii) for economic reasons,
due to a decrease in world crop prices, in order to
maintain gross margin per acreage. In Europe, a de-
crease in N-fertilizer use is being stimulated by the
European Community. This decrease will reduce the
yield but not necessarily the margin for the farmer.
However, to maintain the margin it is necessary to
develop varieties with a better N use efficiency, i.e.
yielding more for the same nitrogen fertilization or
yielding about the same as present varieties but
with a lower N fertilization.

For the adaptation of varieties to a lower fertil-
ization, the main problem is to know at what N fer-
tilization conditions it would be more efficient to
select. For cultivation of varieties at low N input is it
more efficient to select at a low N-input, i.e. direct
selection, or at high N-input, i.e. indirect selection?
It would be necessary to take into account the level
of N-fertilization in breeding trials if genotype x N
interactions are strong. Genotype x N interactions
have been shown in different studies (BERTIN and
GALLAIS, 2000; PRESTERL et al., 2003; GALLAIS and
COQUE, 2005, for a review). These interactions show
that it will not necessarily be the same genotype
which will be adapted to high and low N-input.
However the correlation between yield at high and
low N-input appears to be generally high. An aver-
age genetic correlation of 0.75 was estimated by
BERTIN and GALLAIS (2000) and about the same value
was estimated by PRESTERL et al. (2003). In the
PRESTERL et al. (2003) study it appears clearly that the
correlation decreases with the increase in the N-
stress measured by the reduction in yield at low N-
input. This is in agreement with BÄNZIGER et al.
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(1997) who reported a lower correlation coefficient
but for greater N-stress.

Correlation between yield at high and low N-in-
put directly affects the efficiency of indirect selec-
tion. The other parameter which affects response to
selection is heritability at high N-input vs heritability
at low N-input. Heritabilities are dependent on ge-
netic and environmental variances. Environmental
variance is generally increased at low N-input, be-
cause high N-input masks some soil heterogeneity
(BERTIN and GALLAIS, 2000; PRESTERL et al., 2003;
COQUE and GALLAIS, 2007a,b). However, as genetic
variance can be decreased or increased at low N-in-
put, depending on the material, heritability can thus
be increased or decreased. BRUN and DUDLEY (1989),
BÄNZIGER et al. (1997) and BERTIN and GALLAIS (2000)
found a significant higher heritability at high N-in-
put. In the PRESTERL et al. (2003) experiments both
types of heritabilities were equivalent. Unlike these
results, LAFITTE and EDMEADES (1994) and AGRAMA et
al. (1999) found a higher heritability at low N-input.
To have direct selection at low N-input be more ef-
ficient than indirect selection the heritability at low
N-input must be higher than the product of heri-
tability at high N-input and the square of the genet-
ic correlation between high and low N-input (GAL-
LAIS, 1983). In the PRESTERL experiments selection at
high N-input for response at low N-input was ex-
pected to be on average 70% of the expected re-
sponse by direct selection at low N-input. BÄNZIGER

et al. (1997), LAFITTE and EDMEADES (1994) also ob-
served a greater efficiency of direct selection at low
N-input. Unlike these results, CASTELBURRY et al.
(1984) computed a predicted response for direct se-
lection at low N-input lower than that for indirect
selection at high N-input. Selection experiments of
MURULI and PAULSEN (1981), BRUN and DUDLEY (1989),
LAFITTE and EDMEADES (1995) showed the same re-
sult: indirect selection in high N-environments re-
sulted in higher observed or predicted gains at low
N-input than direct selection at low N-input. There-
fore there are contradictory results which can be ex-
plained by the variation, according to the material,
in heritabilities and the genetic correlation between
low and high N-input. Furthermore few studies
have compared observed response.

To evaluate the efficiency of direct selection vs
indirect selection for performance at low N-input,
we have developed, from the same population, a
recurrent selection experiment during two cycles
with two independent selections: one for adaptation
to low N-input and the other for adaptation to high

N-input. The populations resulting from each cycle,
for each condition of selection, were evaluated in
both N conditions (high and low N-input). There-
fore, it was possible to compare direct and indirect
selection both for adaptation to low and to high N-
input.

MATERIAL AND METHODS

Development of the material
The population (C0 population) used was the set of recombi-

nant inbred lines (RILs) used by BERTIN and GALLAIS (2000) de-
rived from the cross of the public flint French line “F2” and a pri-
vate dent line (named “Io”). These RILs have been evaluated
during two years at low and high N-input at the station of Le
Moulon (Gif/Yvette, France). From this evaluation the 20 best
RILs (out of 99) were selected at low N-input (N0) and at high N-
input (N1). N1 corresponded to 175 kg/ha and N0 to the absence
of N fertilization knowing that the soil provided about 60 kg/ha.
The selection criterion was the grain yield corrected by grain
moisture (Hum) in order to avoid favouring late plants. The
equation used was derived by the regression of yield onto grain
moisture [Grain yield - b (Hum%-Hum%

———
)], with the grain yield in

100 kg/ha, Hum%
———

being the average kernel moisture. The select-
ed RILs were then intercrossed during two generations. The first
generation was produced by hand by developing the half diallel
among the 20 selected RILs. The second generation was derived
in isolation, with each single cross as female (detasseled before
anthesis) and a mixture of all single crosses as male, in alternate
rows. This gave 190 families for each of the two C1 populations
(C1N0 for adaptation to low N-input, C1N1 for adaptation to high
N-input). For each family, one random plant was selfed to pro-
duce S1 family per selected plant and crossed simultaneously
with the inbred line tester F252, already used for the evaluation
of RILs. The testcross progenies were evaluated in two locations
(INRA station of Mons and Le Moulon) in 2001 and in one loca-
tion (Le Moulon) in 2002. Progenies from C1N0 were evaluated
at low N-input whereas progenies from C1N1 were evaluated at
high N-input in an incomplete randomised block design with
two replications. The elementary plot was a two-row plot, with 5
m long rows and 80 cm between rows with a final plant density
of 90 000 plants/ha. After evaluation, 20 S1s were selected within
each population to initiate the second selection cycle. However,
as we evaluated the genetic advance at the level of testcross per-
formance which can be considered as an additive trait (GALLAIS,
1991) we did not intercross the S1 selected. Indeed, in the ab-
sence of epistasis, the testcross performance of the populations
of selected plants before and after intercrossing is expected to be
the same, and even in the presence of epistasis, epistasis must be
high to affect the results. Therefore to save time, the C2 popula-
tions were developed only by the mixture of the selected S1s.
The selection at low N-input gives the population C2N0 and the
selection at high N-input gives the population C2N1.

Evaluation of the material
For the evaluation of the genetic advance, the five popula-

tions C0, C1N0, C1N1, C2N0 and C2N1 were crossed to the tester
F252. To produce the C0 x tester progeny, the 99 RILs were
crossed in isolation with the tester, and the same amounts of
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seeds from each RIL were mixed. To produce the C1N0 x tester
and C1N1 x tester progenies, the 190 S1s from each population
were crossed to the tester in isolation and the same amounts of
seeds from each S1 were mixed. The equivalent of the C2N0 and
C2N1 population (see above) was derived by mixing seeds from
the 20 best S1 x tester progenies for each population. The five
testcross progenies were then evaluated during two years (2005
and 2006) in the two locations used for the evaluation during se-
lection, i.e. Mons and Le Moulon, at two N fertilizations (low N-
input N0 and high N-input N1), with 12 replications, with the
same plots as during the tests for selection. To simplify the appli-
cation of N fertilization, each trial within a site was divided into
two independent subtrials, one for the N0 treatment the other for
the N1 treatment. At the Le Moulon location N-fertilization was
N1 = 175 kg/ha and N0 = 70kg/ha. To have a better control of
level N0, the trial was established in a field where the previous
crop was wheat with low N fertilization. Analyses of the soil
showed that it could have provided about 55 kg/ha N. At the lo-
cation of Mons, no soil analysis was done; N1 was 180 kg/ha and
N0 80 kg/ha. At this location, in 2006, for the N0 field the previ-
ous crop was a mustard as green manure. The climatic condi-
tions were relatively good at Le Moulon, whereas at the Mons lo-
cation in 2005, a heavy rain just after sowing the N1 trial has
compacted the soil. The plants in this trial were always stressed
whereas in the N0 field sown three days later plants had good
development.

The main traits considered were grain yield and its compo-
nents (kernel number/m2 and thousand kernel weight), grain
protein content and grain protein yield. For each plot, kernel
number was derived from the ratio of grain yield to kernel
weight. To determine grain protein content a sample of about
300 g of kernels was dried at 70°C during three days and then
ground for NIRS analysis. Two secondary traits: date of silking
and grain moisture were recorded.

Statistical analysis
For the analysis of the selection trials at the C1 level, an

ANOVA was carried out with the GLM SAS procedure with geno-
type effect and genotype x year or genotype x location interac-
tion being declared as random effects, the other effects being
fixed. Variance components were estimated by the VARCOMP
procedure (SAS/STAT, 1990). Heritabilities were derived at the
level of phenotypic means over the environments. Confidence
intervals for heritabilities were derived by using the KNAPP et al.
(1984) method.

For the analysis of the evaluation trials, for each trait an ANO-
VA was carried out with all effects as fixed in order to test the
population effect (i.e. the difference among the five populations
C0, C1N0, C1N1, C2N0 and C2N1) and interactions involving pop-
ulation, i.e population x year, population x location, population x
nitrogen and population x year x nitrogen, population x year x
site, and population x nitrogen x site interactions. In the case of
specific adaptation of populations to their breeding N-environ-
ment, a significant population x nitrogen interaction is expected.
However, the test of interaction between mode of selection and
mode of evaluation was carried out by considering only the pop-
ulations C1N0, C1N1, C2N0 and C2N1, with the submodel

Yijk = m + cyi + selj + (cy*sel)ij + Nk + (N*cy)ik + (N*sel)jk +(cy*sel*N)ijk (1)

where Yijk is the mean of a trait at cycle (cy) i, with the mode of
selection (sel) j evaluated at the nitrogen fertilization (N) k.

RESULTS

Means, variances and heritabilities in C0
and C1 populations

In the evaluation of the C0 population the grain
yield reduction by N-stress was 38.4% (BERTIN and
GALLAIS, 2000). At the level of the evaluation of C1
population for selecting the mother plants of the C2
population, grain yield of C1N0 population was 61.7
q/ha whereas grain yield of the C1N1 population
was 85.8 q/ha (Table 1). These differences in mean
performance according to the N fertilization level
were the result both of the selection at the C0 level
and the N fertilization used for the evaluation of
each population.

From the BERTIN and GALLAIS study (2000) the
heritability in the C0 population was lower at low
N-input (h

2
N0 = 0.53) than at high N-input (h

2
N1 =

0.69). The genetic variance was the same in both N
conditions, but both residual variance and genotype
x year interaction variance were higher with evalua-
tion at low N-input. In the C1 populations heritabili-
ty estimates were 0.37 and 0.67 respectively at low
and high N-input. In these populations, the genetic
variance was significantly lower with selection at
low N-input (C1N0 population) than with selection
at high N-input (C1N1 population) (Table 1). Geno-
type x environment interactions were higher at low
N-input than at high N-input (as with the C0 popu-
lation) whereas the residual variance was about the
same for both populations. Therefore, for different
reasons, heritabilities were lower at low N-input
than at high N-input in C0 and C1 populations.

Tests of population and population x nitrogen
interaction effects

In 2005, due to unfavourable climatic conditions
at the Mons location which affected only the N1 tri-
al in 2005, the mean grain yield of this trial was
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TABLE 1 - Means, variances components and heritability esti-
mates for grain yield in the evaluation of C1 population.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

C1N0 C1N1
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Yield (q/ha) 61.7 85.8

Genetic variance 6.7 16.3

Genotype x environment variance 20.6 11.2

Residual variance 28.2 25.0

Heritability at the level of means 0.37 0.67

Confidence interval for heritabilities (0.10) 0.24-0.48 0.60-0.73
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



lower than that of the N0 trial (Table 2). However,
as generally observed, the grain N-content was low-
er at low N-input. In spite of this, grain protein
yield was higher in the N0 level. In 2006, grain
yields for N0 and N1 levels were quite comparable.
It could thus be more justified to classify the Mons
trials according to their grain yield, and to consider
that a low grain yield corresponds to a low N-up-
take, and thus to a low N-fertilization. Therefore,
three types of ANOVAs were computed for grain
yield, i) an ANOVA corresponding to the N-treat-
ments for the Mons location, ii) an ANOVA where,
for the Mons location the low yielding trial is con-
sidered as the low fertilization trial and reciprocally
the high yielding trial is considered as the high fer-
tilization trial, and iii) ANOVA with only the Le
Moulon location for the two years. For grain yield,
the first two ANOVAs led to the same results for all
effects involving the population factor: population
effect and population x N interaction were highly
significant and population x site x year was only
significant at the 0.05 probability level (data not
shown). The change in the N treatment essentially

affected site x N, year x N and year x site x N inter-
actions. The absence of interaction between the
populations and the N conditions of evaluation
means that the material selected in one N condition
did not show specific adaptation to this condition.
As a whole, for the three traits (grain yield, grain
protein content and grain protein yield), the popu-
lation x N interaction was never significant. The use
of model (1), with only the Le Moulon results,
showed that selection mode was highly significant
for the three traits grain yield, grain protein content
and grain protein yield; cycle effects was highly sig-
nificant for grain yield and grain protein content,
and N fertilization x N selection mode x year was
significant at p < 0.05 for grain yield and grain pro-
tein yield. Other effects were not significant (data
not shown). In case of adaptation to the level of N
fertilization, selection mode x N was expected to be
significant for grain yield. However the significance
of the year x N mode of selection x N fertilization
interaction means that the adaptation of the material
to the breeding conditions varied according to the
year.
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TABLE 2 - Grain yield and grain protein content according to the year, the location and the N-fertilization.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Grain yield (q/ha) Grain protein content (q/ha)
Location N fertilization –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

2005 2006 2005 2006
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Mons “Low” N-input 82.9 80.1 6.81 9.75

“High” N-input 62.0 74.2 8.29 9.64

Le Moulon Low N-input 89.9 44.9 7.09 7.07

High N-input 102.4 82.1 7.85 9.57
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

TABLE 3 - Effects of the selection mode and cycle of selection from the evaluation of the five populations at Le Moulon location during two-years.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Grain yield Grain moisture Thousand Kernel Protein Protein
(q/ha) (%) kernel weight number/m2 content (%) yield (q/ha)

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
C0 population 77.2 27.3 247.0 3109 7.95 6.19
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Mode of selection N0 78.3 27.4 251.0 3092 7.94 6.29

N1 82.6 27.8 251.5 3256 7.81 6.50

Cycle of selection C1 78.2 27.6 252.2 3074 8.01 6.33

C2 82.7 27.7 250.2 3274 7.76 6.47
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Standard deviation1 0.6 0.1 1.0 23.4 0.03 0.05
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1 for selection mode and cycle of selection.



On the whole, besides the effect of the level of
N fertilization used for the evaluation, the two other
main significant effects were the cycle effect and
the mode of selection. For grain yield, the selected
trait, the ANOVA model reduced to the main effects
explained 98.9% of the variation explained by the
complete model. From C0 to C2 (cycle effect) there
was an increase in yield and protein grain yield and
a decrease in protein content (Table 3). The effect
of the mode of selection evaluated in the two-year
trials at the Le Moulon location shows that, as com-
pared to selection at low N-input, selection at high
N-input: i) increased yield, kernel number and pro-
tein grain yield more, ii) decreased kernel protein
content more, iii) had low effect on moisture con-
tent (although it increased more at high N-input)
and had no effect on the thousand kernel weight.

Observed responses to selection according
to traits

The absence of significant population x selection
mode, and selection mode x evaluation mode inter-
action allows the consideration of genetic advance
on the mean of the eight environments (two years,
two locations and two N conditions) as shown in
figures 1, 3 and 4. This also appears in Table 4
which summarizes the genetic advance in two cy-
cles in % of the initial population according to the
selection mode (N0 or N1) on the basis of the two-
year evaluation at the Le Moulon location where N-
treatments were well contrasted.

Grain yield. On an average of eight environ-
ments, grain yield was the trait leading to the high-
est genetic advance with 10.1% of improvement in
two cycles with selection at high N input, and 4.1%
of improvement at low N-input (Fig. 1). However,
when considering only the results of Le Moulon, the
sole location where N-stress was as expected, Fig. 2
shows that at high N-input, the genetic advance be-
tween C1 and C2 was higher than at low N-input.
This shows a tendency for a specific adaptation to
high N-input by selection at N-input, as shown by
the test of the selection mode x evaluation mode x
cycle interaction which was significant at 0.13.

The improvement of grain yield in C2 was asso-
ciated with an increase in the moisture content
(Table 5) which appeared only by selection at high
N-input (+2.5% in relative value). This means that in
spite of the constraints applied to grain yield (cor-
rected by grain moisture), late plants have been a
little favoured but only at high N-input. Thousand
kernel weight showed little change (0.8% for N0 se-

lection and 1.1% for N1 selection). When evaluation
was at high N-input increase in kernel weight was
slightly higher (1.3% for N0 selection and 2.4% for
N1 selection). However this change was mainly be-
tween C0 and C1 while between C1 and C2 there
was no significant change (Tables 3 and 5). Indeed
this means that genetic advance in grain yield was
mainly due to change in kernel number. On aver-
age, kernel number per square meter increased by
2.6% for N0 selection and 7.4% for N1 selection.
With evaluation at high N-input, it increased by
2.8% for N0 selection and 8.6% for N1 (direct) selec-
tion.

Grain protein content. The change in protein
content was the result of a correlated response to se-
lection for grain yield. Whatever the evaluation
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FIGURE 1 - Improvement of grain yield during two selection cy-
cles for adaptation at low N-input (N0) and adaptation at high N-
input (N1) by evaluation in 8 environments (two years x two lo-
cations x two N conditions). Confidence interval is given at 0.05
probability level for the estimated means.

FIGURE 2 - Improvement of grain yield during two selection cy-
cles for adaptation at low N-input and adaptation at high N-input
with evaluation at Le Moulon location in two years at two N fer-
tilization levels. Confidence interval is given at 0.05 probability
level for the estimated means.



mode and the type of selection, direct or indirect,
the response of protein content to selection for grain
yield was negative. On an average of the 8 environ-
ments, with selection at low N-input, protein content
decrease was 1.7% whereas it was 2.9% with selec-
tion at high N-input (Fig. 3). This change was nega-
tively correlated to the change in grain yield.

Grain protein yield. Grain protein yield is the
product of grain yield and grain protein content. As
these two traits changed in opposite ways, lower
genetic advance for grain protein yield than for
grain yield was expected. Indeed at low N-input di-
rect selection led to no improvement. On an aver-
age of the eight environments, in the two cycles,
the increase in protein yield was 2.2% with selec-
tion at low N-input whereas it was 5.9% at high N-
input (Fig. 4).

DISCUSSION

One main conclusion of this study is that for
yield which was the selected trait, there was mainly
additivity of the mode of selection and the mode of
evaluation, with a selection at low N-input being
less efficient than selection at high N-input, whatev-
er the type of N-evaluation. The consequence is that
with evaluation at high N-input, direct selection for

adaptation to this condition is more efficient than
indirect selection with selection at low N-input,
which is generally expected. Reciprocally, with
evaluation at low N-input, indirect selection (i.e. se-
lection at high N-input) for adaptation to this condi-
tion is more efficient than direct selection at low N-
input. This last conclusion is in agreement with the
studies of BRUN and DUDLEY (1989) and LAFITTE and
EDMEADES (1995) but in contradiction with those of
BÄNZIGER et al. (1997) and PRESTERL et al. (2003). The
condition for having direct selection at low N-input
more efficient than indirect selection at high N-input
is h

2
N0 > ρ

2
N0.N1 h

2
N1 where h

2
N0 and h

2
N1 are the heri-

tabilities at low and N-input respectively, ρN0.N1 be-
ing the genetic correlation between performances at
low and high N-input (GALLAIS, 1983). In our situa-
tion, with our material, the heritability for grain
yield was lower at low N-input than at high N-input
both in the C0 (BERTIN and GALLAIS, 2000) and C1
population (h

2
N0 = 0.53 in C0 and 0.37 in C1 vs h

2
N1 =

0.69 in C0 and 0.67 in C1). Furthermore in the
BERTIN and GALLAIS (2000) study, the genetic correla-
tion for yield between low and high N-input was
ρN0.N1 = 0.75. At the level of the first cycle, with the
estimated parameters in C0, a greater efficiency
(+17%) of direct selection at low N-input was thus
expected. This disagreement between predicted and
observed results could be due to genotype x envi-
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TABLE 4 - Observed relative genetic advances for different traits with the two-year evaluation at Le Moulon location.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Evaluation Selection Grain yield (q/ha) Grain protein content (%) Grain protein yield (q/ha)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Low N-input (N0) Direct (N0) 1.7 -1.9 -0.7

Indirect (N1) 7.4 -2.4 4.5

High N-input (N1) Direct (N1) 13.3 -3.5 6.2

Indirect (N0) 4.6 -2.0 2.2
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

TABLE 5. Value of the selected populations for secondary traits evaluated at low and high N-input averaged on 8 environments.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Population Silking date days Grain Moisture % Thousand kernel weight Kernel number/m2

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
C0 201.2 27.6 248.6 3009

C1N0 200.0 27.2 256.6 2848

C1N1 201.3 28.0 254.2 3032

C2N0 201.3 27.6 252.1 3086

C2N1 201.9 28.3 254.6 3232
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Standard deviation 0.1 0.1 0.9 21.2
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



ronment (year and location) interaction. Indeed, for
the first cycle, testcross progenies were evaluated
during two years but only at the Le Moulon loca-
tion. For the second cycle, there were also two
years of evaluation but in two sites (with the Mons
location). As the results show that the realized heri-
tability for selection at low N-input is lower than ex-
pected this could mean that with low N-input there
is also more risk of genotype x year or genotype x
site interaction and thus variances of such effects
could have been underestimated. Heritability for se-
lection at high N-input could also have been under-
estimated, but this is not sufficient to explain the
observed results. Similarly, genetic correlation could

have been underestimated but increasing its value
while maintaining the other values, h

2
N0 = 0.53 and

h
2
N1 = 0.69, is again insufficient to explain the great

difference between the effect of direct and indirect
selection. Therefore, we can conclude that h

2
N1 and

genetic correlation could both have been underesti-
mated, but the more probable cause of disagree-
ment between observed and predicted results was
an overestimation of the heritability at low N-input.
It can be noticed that, in one of the two years of C0
test (1995) heritability was estimated at 0.27 (BERTIN

and GALLAIS, 2000). With h
2
N0 < 0.38 all the other pa-

rameters remaining as estimated, indirect selection
would be expected to be more efficient than direct
selection, as observed. For the second cycle there
was a better agreement between predicted and ob-
served genetic advance. With the parameters esti-
mated and a selection intensity of 10% the predicted
genetic advance was 2.8 q/ha by both direct and in-
direct selection whereas the observed genetic ad-
vance was 3 and 3.5 q/ha respectively for direct and
indirect selection.

For all traits studied there was no significant spe-
cific adaptation to the condition of selection. There
was additivity between the effect of selection and
the condition of evaluation although the selection
mode x evaluation mode x cycle interaction tended
to be significant for grain yield. It is possible that
two cycles of selection was too short to show spe-
cific adaptation or that accuracy of the evaluation
was not sufficient to show the beginning of this
specific adaptation. This could also mean that there
are no specific genes of adaptation to low and high
N input. In the study of BERTIN and GALLAIS (2001),
different QTLs were detected (those detected at low
N-input being a subset of those detected at high N-
input, but for different traits), but this could be due
only to a lack of power at low N-input due to a
lower heritability. In the same material we have
studied the change in the marker frequencies
(COQUE and GALLAIS, 2006). Changes in marker fre-
quencies were more significant for a higher number
of markers for selection at high N-input than for se-
lection at low N-input. This could again be a conse-
quence of a lower heritability of grain yield at low
N-input. In conclusion, low N-input appeared to be
an unfavourable environment for obtaining a re-
sponse to selection. This could be related to the
material used, and at least shows that there is no
general law: for adaptation to a poor environment it
is not always better to select in this environment.
The other conclusion is that cultivation at low N-in-
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FIGURE 3 - Change in kernel protein content due to two cycles
of selection on grain yield at low N-input (N0) and high N-input
(N1) with evaluation in 8 environments (two years and two loca-
tions and N conditions). Confidence interval is given at 0.05
probability level for the estimated means.

FIGURE 4 - Change in grain protein yield due to two cycles of
selection on grain yield at low N-input (N0) and high N-input
(N1) with evaluation in 8 environments (two years x two loca-
tions x two N conditions). Confidence interval is given at 0.05
probability level for the estimated means.



put strongly reduced the genetic advance: even in
relative value it was halved (Table 4, Fig. 2).

The decrease in protein content associated with
the genetic advance in grain yield was expected
considering the negative correlation between grain
yield and protein content which has been observed
in several experiments as a consequence of N dilu-
tion, although not observed by BERTIN and GALLAIS

(2000). In fact as already underlined by DUVICK

(1984) selection for grain yield increases the C/N ra-
tio, i.e. it increases starch content which dilutes N.
The selection for nitrogen use efficiency (NUE) de-
fined as the ratio of grain yield to nitrogen which is
taken up (MOLL et al., 1982), is in fact a selection for
C/N ratio and leads as observed to a decrease in N
content. This has been shown by BARRIÈRE et al.
(2003) at the level of the whole-plant, and by
COQUE and GALLAIS (2007b) at the level of grain.
Thus, considering that maize is used to feed animals
requiring nitrogen complementation, it could be
useful to consider protein content in breeding for
grain yield, at least in order to avoid a decrease in
N content. However, it is quite possible to improve
grain yield and protein content simultaneously (GAL-
LAIS and COQUE, 2005; COQUE and GALLAIS, 2007a,b).
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ABSTRACT - In maize, grain protein yield is the result of
two nitrogen (N) fluxes: N remobilization from stover to
the kernels and N allocation to kernels from postsilking
N-uptake. For the plant breeder it would be useful to
know whether such traits can be evaluated at the line per
se level for a response to selection at the level of testcross
progenies. Using 15N-labeling, genetic variation for N-re-
mobilization and postsilking N-uptake was studied with a
population of recombinant inbred lines (RIL) evaluated
for their per se performance. In a two-year experiment the
results were then compared to those already obtained for
testcross performance. Lines as compared to testcross
progenies showed a marked reduction in N-remobiliza-
tion, higher than the reduction in post-silking N-uptake,
whereas they showed an increase in stover and grain N-
content. Test of epistasis by the comparisons of RIL
means to the parent means was significant both with line
per se and testcross evaluation for grain yield and N-grain
yield. However, this test was significant only for testcross
evaluation for grain N-utilization efficiency, and only for
line per se evaluation for post-silking N-uptake. Heritabili-
ty for post-silking N-remobilization and N-uptake estimat-
ed by the balance method was around 0.50 whereas heri-
tability of the estimates of the proportion of N remobiliza-
tion by the 15N labeling was higher (0.71). N-grain yield
of lines was correlated to both N-remobilization and N-
uptake, whereas it was significantly correlated only to
postsilking N-uptake for testcross progenies. The antago-
nism between N-remobilization and postsilking N-uptake
was lower with line per se evaluation than with testcross
evaluation. Correlations between lines and testcross prog-

enies were generally low. Genetic variability for N-remo-
bilization and post-silking N-uptake appears to be ex-
pressed differently at the level of lines and hybrids. It
does not appear possible to select efficiently for N use ef-
ficiency at the level of lines. However it is possible to se-
lect at low selection intensity for some traits like grain
yield, N grain and stover content, proportion of N-remo-
bilization as determined by 15N labelling, ASI and barren-
ness.

KEY WORDS: Maize; Nitrogen use efficiency; Nitrogen re-
mobilisation; Nitrogen uptake; Line-testcross correlations.

INTRODUCTION

In maize, in order to have the maximum nitro-
gen (N) exportation for a given N-fertilization, im-
provement of grain-protein yield can be an objec-
tive not only for animal feeding but also from the
point of view of nitrogen use efficiency (NUE). N-
grain yield is the sum of two N fluxes: N from
stover remobilization and from postsilking N-up-
take. Although varying according to genotype, envi-
ronmental conditions and methods of estimations,
on average more than 50% of grain N originates
from the stover, the remaining originating from
postsilking N absorption (BERTIN and GALLAIS, 2000;
GALLAIS and COQUE, 2005). Remobilization and post-
silking N-uptake are thus essential components of N
utilization by the plant. Consequently, to develop
varieties with a better NUE, it could be efficient to
improve both of these N sources (GALLAIS and
COQUE, 2005). The difficulty is that N-remobilization
and postsilking N-uptake are not easy to evaluate
on a large number of genotypes. In many experi-
ments they have been estimated by the balance
method, i.e. by comparison of N-amount in stover
and whole-plant at maturity with whole-plant N-
amount at flowering (GALLAIS et al., 2007). However,
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this gives estimates which are biased and with low
accuracy.

To have better estimates of N-remobilization and
of postsilking N-uptake allocated to kernels, GALLAIS

et al. (2006, 2007) have proposed using 15N-labeling
in the field, before and after silking. Applied to a set
of recombinant inbred lines (RILs) evaluated for
their testcross performance, there appeared a signif-
icant genetic variation for postsilking N-remobiliza-
tion and N-uptake. Despite the lower contribution
of postsilking N-uptake to the N accumulation with-
in the kernels, its variation mainly explained varia-
tion in N-grain yield. Therefore, breeding for higher
N-remobilization and/or higher postsilking N-uptake
appears to be possible. The maize breeder is then
interested to know whether it could be efficient to
select for N-remobilization and postsilking N-uptake
or related traits at the level of lines for a response at
the level of testcross progenies. To have selection at
the level of lines more efficient than selection at the
level of testcross progenies, the product of heritabil-
ities for line per se value and the square of the ge-
netic correlation between line per se value and test-
cross performance must be higher than the heri-
tabilities for testcross progenies (GALLAIS, 1983). Ge-
netic variance is expected to be higher at the level
of line per se performance than at the level of test-
cross progeny performance. However, heritabilities
will not necessarily be higher because environmen-
tal variance can be higher (BERTIN and GALLAIS, 2000;
PRESTERL et al., 2003). Genetic correlations between
line per se value and testcross performance are
known to be low for grain yield (HALLAUER and MI-
RANDA, 1981). BALKO and RUSSELL (1980) found little
relationship between lines and their hybrids for
grain yield and N-uptake at low N-input. LAFITTE

and EDMEADES (1995) found no correlation between
line and hybrid grain yield whatever the N condi-
tions. In contrast PRESTERL et al. (2002) and ZAIDI et
al. (2003) observed a significant correlation be-
tween lines and their hybrids for grain yield higher
at low N-input than at high N-input.

We have already studied genetic variation for
post-silking N-remobilization and N-uptake and
their related traits at the level of testcross progenies
from a set of RILs by the use of 15N labeling (COQUE

and GALLAIS, 2007). With the same RIL population,
the objectives of this paper are then i) to use the
15N labeling to obtain a better estimate of the pro-
portion of post-silking N-remobilization and to de-
rive an estimate of the proportion of post-silking N-
uptake allocated to the kernels at the level of lines,

ii) to study differences between the means of line
per se and testcross performances for post-silking N-
remobilization and N-uptake and their related traits
and to test the presence of epistasis at the level of
both types of performances, iii) to study genetic
variation and heritabilities for post-silking N-remobi-
lization and N-uptake and their related traits with
line per se evaluation and to compare these results
with those with testcross evaluation, and finally, iv)
to correlate line per se and testcross performances
for traits related to N utilization. A RIL population
was used for this study because another purpose
was QTL detection for the traits studied.

MATERIALS AND METHODS

Plant material and experimental design
The material studied corresponds to a set of recombinant in-

bred lines (RIL) derived from the same population as studied by
BERTIN and GALLAIS (2000), i.e. from the cross between the flint
F2 line and the dent line Io. The material used for testcross eval-
uation is fully described in COQUE and GALLAIS (2007). Here, we
summarize the overall experimental design. In 2003 a set of 114
RILs was studied for their per se value and 98 RILs for their test-
cross value with inbred line tester F252. In 2004, 218 RILs were
studied for their per se value and 155 for their testcross evalua-
tion. 113 RILs were common to both years for per se evaluation
whereas 67 were common for testcross evaluation. Due to the lo-
gistics of 15N-labeling, the material was only evaluated at the IN-
RA station Le Moulon (Gif/Yvette, France) during two years, 2003
and 2004. N-fertilization was 154 kg ha-1 of N for testcross evalu-
ation and 70 kg ha-1 for line per se evaluation, the soil being able
to provide 50 kg ha-1. In 2004, it was 145 kg ha-1 for testcross
evaluation and 60 kg ha-1 for line per se evaluation, the soil being
able to provide 60 kg ha-1. In both years, each trial was a ran-
domized complete block design with three replications. Plots
were with two rows (5 m long and 0.80 m between rows) for
testcross evaluation and one row for line per se evaluation. The
plant density was 90 000 plants ha-1 after thinning. The weather
for the two years was different, with a very hot three week peri-
od just after silking in 2003.

Traits studied
Grain yield and its components. At maturity all plants of each

plot were harvested to determine the grain yield. A sample of
kernels allowed the determination of the thousand kernel
weight. From this trait, and the grain yield, and taking into ac-
count the exact number of plants harvested, the average number
of kernels per plant was determined.

Traits from the balance method. At silking and maturity, 8 to
10 plants were sampled from each plot. Plants were picked out
from the micro-plots determined for 15N labeling (see below).
For the sampling at silking the whole plants were chopped and a
sample of 700 g of fresh matter was dried at 70°C during three
days. At maturity, ears were separated from the stover. Sampling
of stover was prepared as for whole-plant sampling at silking. Af-
ter drying at 70°C, ears were shelled; cobs were not considered.
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Dried samples were ground and powders were analyzed for N-
content. Thus, such samplings allowed the determination of 1) at
silking: dry-matter yield, whole-plant N-content, whole-plant N-
amount, and 2) at maturity: harvest index (HI), N content in
stover, kernels and whole plant. Whole-plant dry-matter yield
was computed by dividing grain yield by HI. Then N-grain yield
and whole-plant N-yield were derived. Nitrogen harvest index
(NHI) was computed as the ratio of N amount in the kernels
(NK) to total N amount in the aerial part of the plant (Nwhole-

plant). At silking N nutrition index (NNI) was computed as the ra-
tio of the observed N-content to a critical N content correspon-
ding to the minimum N-content allowing the maximum dry-mat-
ter yield according to the method described by LEMAIRE and
GASTAL (1997). The amount of N-remobilization was derived from
the difference between the whole-plant N-amount at silking
(Nsilk) and the stover N-amount at maturity (Nstover). Then the
proportion of N remobilized was estimated by the ratio tremB =
(Nsilk – Nstover)/Nsilk. Postsilking N-uptake (Nup) was estimated by
the difference Nwhole-plant - Nsilk. Nitrogen utilization efficiency
(NUTE) was also computed 1) at the level of the whole plant by
the ratio of whole-plant yield to whole-plant N yield, and 2) at
the level of grain by the ratio of grain yield to whole-plant N
yield (MOLL et al., 1982).

Traits from 15N-labeling. With line per se evaluation, 15N-la-
beling was developed in both years only during vegetative
growth. It is described in detail in GALLAIS et al. (2006). For each
plot, two distant “micro-plots”, each of 12 consecutive plants in a
row were determined at the seedling stage. At the 5th-leaf stage,
on each micro-plot, 0.6 mg 15N per plant was sprayed with a
KNO3 solution at 4.91% 15N atom excess. At silking and maturity,
8 to 10 labeled plants, corresponding to well developed plants,
were sampled. After preparation of samples as indicated above, a
sub-sample of 2.5 mg powder from each plant part was used to
determine 15N-abundance by an elemental analyzer (N-analyser
NA1500 Carlo-Erba, Italy) coupled to an isotope ratio mass spec-
trometer (Optima, Micromass, Manchester, UK) calibrated for
measuring 15N-natural abundance. The atom % excess and the
total N-content per organ (stover and kernels) allows computa-
tion of the 15N quantity in each organ (CLIQUET et al., 1990a,b;
DELÉENS et al., 1994). The proportion (trem1) of remobilized N
from the stover to the kernels was derived from the ratio of ker-
nel 15N-amount to whole-plant 15N-amount (GALLAIS et al., 2007).

With vegetative 15N labeling, the determination of the pro-
portion of remobilized N assumes that there is no postsilking
15N-uptake. If the % of 15N taken up after silking is higher than
about 15%, the estimates of the proportion of N remobilized trem
will be significantly biased and thus a correction is required.
However, the proportion tupK of postsilking N-uptake allocated to
kernels has not been estimated with line per se evaluation; there-
fore, the correction used by GALLAIS et al. (2007) for testcross
evaluation cannot be applied. To estimate the true proportions
trem and tupK we have used the two following relationships

NHI = trem a + tupK (1 – a) (1a)

trem1 = trem (1 – r) + tupK r, (1b)

where a is the % of presilking 15N-uptake and r the proportion
of the whole-plant 15N at maturity which is taken up after silking.
With estimates of NHI, trem1, a and r, the solution of this two-
equation system would give unbiased estimates of trem and tupK.
The problem is that such estimates involve three measurements

at the level of samplings to determine the N-amounts (NK,
Nsilking, Nstover) and three determinations for the 15N-amounts
(within kernels and stover at maturity and whole-plant at flower-
ing). Then such estimates of trem and tupK for a given genotype
are expected to be known with a poor accuracy. The ANOVA on
the pooled data from the two years of experiment for these esti-
mates showed no significant genotypic effect due to a large ex-
perimental error (data not shown), whereas ANOVAs for trem1, r,
NK, Nsilk and Nup showed highly significant genotypic effects.
Therefore, to determine an average proportion tupK of postsilking
N-uptake by using the two-equation system (1), for the estimates
of parameters NHI, a, trem1 and r, we have considered the aver-
ages of all genotypes studied on 3 replications in each trial. In-
deed these averages are known with a high accuracy. “Average”
NHI was derived by the ratio NK mean/Nwhole-plant mean and “av-
erage” % of postsilking N-uptake by the ratio Nup mean/Nwhole-

plant mean.

Other traits observed. Anthesis and silking dates were ob-
served to compute anthesis-silking interval (ASI) as the difference
between silking and anthesis dates expressed in days. As leaf
senescence is the result of N-remobilization and affects N-uptake
(COQUE and GALLAIS, 2007), it was evaluated at maturity by a visu-
al notation, with a scale between 1 and 5 (1 green, 5 completely
dry). At harvest, percentage of barrenness was also evaluated.

Statistical analyses, heritabilities
and phenotypic correlations

At the level of means, approximate confidence interval on the
trem and tupK estimates by using the two-equation system (1) have
been derived graphically after derivation of the approximate vari-
ance of ratios such as NHI—–/a–, (1 – a–)/a–, trem1

–––/(1 – r–)/(1 – r–), a
bar signifying “mean”. It was also necessary to derive an approxi-
mation of the covariance between the two first and the two last
ratios. For each trait studied, epistasis was tested by the compari-
son of the mean of the RIL population and the mean of its two
parents. For this comparison, a common residual variance was
considered for parents and derived RILs, that estimated for the RIL
population.

For analyzing the data, for each trait Z, the two-year ANOVA
model was the following, for a genotype i, a year j and a replica-
tion k nested within the year j

Zijk = μ + Gi + yj + (Gy)ij + bk(i) + eijk,

where μ is the general mean, G is the genotype random effect
with variance σ

2
G, y is the year effect also considered as random,

(Gy) is the genotype x year interaction with variance σ
2
Gy, b is the

replication effect nested within the year, and e is the residual er-
ror with variance σ

2
e.

Heritability was estimated from the variance components at
the level of two-year means. As genotypic effects were generally
higher than genotypic x year interactions, phenotypic correla-
tions were also computed at the level of two-year means. Corre-
lations between estimates of amounts and proportions of the two
N-fluxes (remobilization and postsilking N-uptake) with related
traits were first studied for per se line performance and then com-
pared to those estimated for testcross performance. In a second
step, we consider the phenotypic correlations rP between inbred
line and testcross performance in order to identify traits evaluat-
ed for line per se value which can explain amount or proportion
of postsilking N-remobilization or N-uptake for testcross perform-
ance. This correlation also allows predicting whether the selec-
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tion at the level of line per se performance for testcross perform-
ance could be more efficient than direct selection for testcross
performance. It would the case if rG hL > hT, where rG is the ge-
netic correlation between line per se and testcross performance,
and hT (hL) is the square root of the heritabilities for testcross
performance (line per se performance) (GALLAIS, 1983). As line
per se and testcross performance were evaluated in independent
trials, the genetic correlation between lines and their testcross
progenies is equal to the phenotypic correlation divided by the
product of the square root of the heritabilities for testcross per-
formance and line per se performance (rG = rP /(hT hL). Therefore,
the condition for having selection at the level of line per se per-
formance more efficient than selection at the level of testcross
performance becomes more simply rP > h

2

T .
Significance of the phenotypic correlations given in the text

are shown with one or two asterisks according to the signifi-
cance level at 0.05 and 0.01 respectively. Due to an effect of dif-
ferences in the date of silking for many traits correlated to N-re-
mobilization, partial correlations were considered by fixing the
date of silking for line per se value when studying correlations
between per se values of lines and by fixing both date of silking
for line per se value and date of silking for testcross progenies
when studying correlations between line per se value and test-
cross performance. When a confidence interval is given for a
mean it is given for the 0.05 probability level.

RESULTS AND DISCUSSION

Results for testcross evaluation have already
been published (COQUE and GALLAIS, 2007).

Means of N-remobilization and % postsilking
N-uptake allocated to kernels estimate
by 15N-labeling

Proportion of remobilized N estimated by 15N-la-
beling (trem1) was higher than by the balance
method, both for line per se and testcross perform-
ance (Table 1). A higher estimated value by the 15N-
method was expected because this method does
not assume, as the balance method does, that all
postsilking N-uptake is allocated to kernels and it
also considers N-remobilization from roots. Howev-
er, an overestimation of the proportion of remobi-
lized N was also due to postsilking 15N-uptake.
Postsilking 15N-uptake was present for testcross
evaluation (28.5% in 2003 and 14.7% in 2004); it
was also present for line per se evaluation (24.8% in
2003 and 9.3% in 2004).

The use of the two-equation system (1) led, for
the year 2004, to an “average” estimated proportion
of postsilking N-uptake allocated to kernels (tupK) of
54%±7% for line per se evaluation whereas it was
82%±5% for testcross evaluation (Fig. 1b). The pro-
portion of N remobilized (trem) was estimated to be
equal to 49%±3% for line per se evaluation and

61%±1.5% for testcross evaluation. In 2003, for line
per se evaluation, the graphical solution of the two-
equation system gives a value tupK close to 1 but
with a large confidence interval (Fig. 1a). For test-
cross evaluation, a value for tupK close to 1 was con-
sidered as highly probable. When tupK1, estimates of
trem by the balance method, neglecting root contri-
bution, are expected to be close to the true value of
the proportion of N-remobilization. The difference
between the unbiased estimate of trem and trem1 is
due the contribution of postsilking 15N-uptake.
Therefore, the estimated proportion of postsilking N-
uptake allocated to the kernels varied according to
the year and type of material. In 2003, a year charac-
terized by a very hot period in summer, in compari-
son with 2004, it was increased both for lines and
testcross progenies. This is consistent with the as-
sumption of a higher proportion of postsilking N-up-
take allocated to kernels under stress conditions
(COQUE and GALLAIS, 2007). TA and WEILAND (1992)
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TABLE 1 - Two-year means of line per se performance and ratio
of line per se performance on testcross performance for some
traits related to N utilization.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Traits
Lines Ratio
per se Line/testcross‡

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Grain yield (100 kg ha-1) 18.5 0.24

N-grain yield (g plant-1) 0.57 0.39

Thousand kernel weight 195.2 0.80

Kernel number 149.7 0.41

Grain NUTE † 25.9 0.59

Whole-plant N-yield (g plant-1) 1.13 0.54

Whole-plant NUTE † 70 0.85

Stover N-yield (g plant-1) 0.56 0.89

Harvest index (HI) 0.36 0.68

Nitrogen harvest index (NHI) 0.50 0.71

Kernel N-content 1.99 1.24

Stover N-content 1.16 1.47

Whole-plant N-yield at silking (g plant-1) 0.72 0.50

%N at silking 1.49 0.94

Nitrogen nutrition index (NNI) at silking 0.74 0.73

N-remobilization (balance) (g plant-1) 0.18 0.21

% N-remobilization (balance) trem 25.8 0.46

% N-remobilization (15N) 46.4 0.69

Postsilking N-uptake (g plant-1) 0.36 0.58

% N-uptake after silking 30.6 1.07

% N-uptake allocated to kernels (tupK) 0.75 0.82
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
† kg grain or total dry-matter per kg N;
‡ ratio line per se mean/testcross progeny mean.



have shown that this proportion increases from the
beginning of grain filling to maturity parallel to leaf
senescence. Our studies using 15N-labeling at silking
and with different stages of harvest tended to show
the same changes (GALLAIS et al., 2006, 2007). The
main problem with the estimates of tupK is that, by
using the two-equation system (1), they are difficult
to determine with accuracy: a low change in the
slope of the two lines on Fig. 1 can lead to a large
variation in the estimate of tupK. It is then required
to have a high accuracy on NHI, % postsilking N-up-

take and % of postsilking 15N uptake. Furthermore
the % postsilking 15N-uptake must be significantly
less than the % of post-silking N-uptake.

Line per se vs testcross performance means
When the means of line per se performance are

compared to those for testcross progenies, grain
yield and the amount of N-remobilization were the
most reduced traits (-76% and -79% respectively). N-
grain yield was less reduced than grain yield itself
because grain N-content for lines was higher than
for testcross progenies (+24%). Stover N-content
was also higher for lines than for testcross proge-
nies (+47%). This can be interpreted as a dilution of
N in dry-matter (LEMAIRE and GASTAL, 1997). Kernel
number was the most reduced yield component (-
59%). The amount of post silking N-uptake was less
reduced (-42%) than the amount of N-remobiliza-
tion. As N-uptake before silking was reduced in
about the same proportion, proportion of postsilk-
ing N-uptake was equal or even higher for lines
than for testcross progenies (+7%). Whatever the
method of estimation, as previously shown, esti-
mates of proportion of remobilized N were lower
for lines than for testcross progenies. A lower pro-
portion of postsilking N-uptake allocated to the ker-
nels (tupK) for lines means that there was an alloca-
tion to the stover to compensate (or partially com-
pensate) for N-stover losses due to N-remobiliza-
tion, as a consequence of protein turnover (GALLAIS

et al., 2006). As the amount of postsilking N-uptake
was highly reduced (-42%), a lower amount and a
lower proportion of N taken up can be allocated to
kernels. Finally, lines had a marked lower grain
NUTE than testcross progenies: 1 kg of N taken up
gave 25.9 kg grain for lines and 43.8 kg for test-
cross.

Test of epistasis
Among the 22 traits related to N utilization con-

sidered in Table 2, on the average of both years, 7
showed significant epistasis with line per se evalua-
tion and 13 with testcross evaluation (Table 3). Only
five traits exhibited epistasis in both evaluations:
grain yield, N-grain yield, N-stover yield, kernel
number and senescence. With line per se evaluation,
epistasis was significant for postsilking N-uptake but
not for N-remobilization whereas with testcross
evaluation, it was not significant for postsilking N-
uptake but significant for the proportion of N remo-
bilized. Thus, genetic variation appeared to be ex-
pressed differently according to the genetic back-
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a)

b)

FIGURE 1 - Graphical determination of % of N remobilized and
% of postsilking N-uptake allocated to kernels (tupK) from the
two-equation system (1) knowing 1) NHI and % of postsilking N-
uptake from balance method (continuous line) and 2) trem1 the %
of remobilized N estimated by the 15N method and % of postsilk-
ing 15N-uptake from 15N method (broken line). Results for line
per se evaluation a) in 2003, b) in 2004. The approximate confi-
dence 0.05 interval for tupK is determined from the approximate
confidence interval for the relationships between %N remobilized
and tupK. In b (year 2004), broken vertical lines give the upper
and lower bounds of tupK estimate (continuous vertical line). In a
(year 2003), as tupK ~ 1, only the lower bound can be shown.



ground. The high significance of epistasis for yield
could be due to the high genetic distance between
the two parental lines. These two lines have a very
good combining ability, leading to an F1 with a
high grain yield. This could be a case where hetero-
sis is partially due to epistasis.

Heritabilities and genotype x year interactions
With line per se evaluation, the proportion of N

remobilized by 15N-labeling was estimated with bet-
ter accuracy (lower cv) than by the balance method.
However, it was estimated with a higher cv than for
testcross progenies (cv 18.7% for line per se evalua-
tion vs 6% for testcross evaluation) (Table 3). De-
spite significant genotype x year interactions, test of
genotype effect (which tests genotypic variance)
was significant for most of the traits studied. Only
for the proportion of postsilking N-uptake was it
not significant. Genotype x year interaction signifi-
cantly affected N-amount at silking and the propor-
tion of N-uptake after silking but had no significant
effect for the amount of N-remobilization and for

postsilking N-uptake whereas the proportion of re-
mobilized N estimated by 15N labeling showed a
significant effect at 0.10.

For most of the traits studied, heritabilities were
generally high (> 0.60) as a consequence of highly
significant genotypic effects (Table 3). However,
heritability was very low (0.11) for the proportion of
postsilking N-uptake. It was around 0.50 for the
amount of remobilization and postsilking N-uptake
estimated by the balance method whereas it was
rather high (0.71), quite comparable to grain yield
heritability, for the proportion of postsilking N-re-
mobilization estimated by the 15N method. This
higher heritability is a consequence of the greater
accuracy in the determination of the proportion of
N-remobilization by the 15N method than by the
balance method (GALLAIS et al., 2007). In compari-
son with testcross evaluation, for most of the traits,
the increase in heritability with line per se evalua-
tion is consistent with what is expected from a
quantitative genetic point of view because homozy-
gosity increases the genetic variance. In both types
of evaluations heritability for the proportion of post-
silking N-uptake was low.

Correlations between traits for line per se
evaluation and comparison
with testcross evaluation

With line per se evaluation, the amount of N-re-
mobilization was positively correlated to the % of N-
remobilization (r = 0.60**) (Table 4). The amount of
postsilking N-uptake was strongly correlated to the
% of postsilking N-uptake which shows that, as with
testcross evaluation, variation of postsilking N-uptake
was greater than the variation in presilking N-uptake.
The amount of N-remobilization was negatively cor-
related to the amount of postsilking N-uptake and to
the % of postsilking N-uptake. These correlations
were similar in their trends to those observed with
testcross evaluation. However, the negative relation-
ship between N-remobilization and N-uptake was
lower. This could be due to the lower sink strength
and lower N-requirement of plants which has been
satisfied by the N taken up from the soil.

On the whole, the amount and proportion of N-
remobilization and postsilking N-uptake were corre-
lated similarly to agronomic traits (grain yield and its
components, stover and kernel N content and yield,
NHI). Grain yield and mainly N-grain yield were
positively correlated to N-remobilization (amount
and proportion) and to postsilking N-uptake. This
was due mainly to an effect on kernel number. How-
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TABLE 2 - T-values for the test of epistasis for line per se and test-
cross performance with the averages of two-years.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Traits Line per se Testcross
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Grain yield 2.67** 8.09**

N-grain yield 4.85** 4.18**

Thousand kernel weight 0.65ns 0.20ns

Kernel number 1.90(*) 3.30**

Grain NUTE 1.03ns 3.78**

Whole-plant N-yield 5.58** 0.94ns

Stover N-yield 3.76** 2.78**

Whole-plant NUTE 0.51ns 2.11*

Harvest index (HI) 0.54ns 3.49**

Nitrogen harvest index (NHI) 0.86ns 4.21**

Kernel N-content 0.45ns 1.73(*)

Stover N-content 0.49ns 2.64**

Whole-plant N-yield at silking 3.08** 0.29ns

%N at silking 0.67ns 1.06ns

NNI at silking 2.54* 0.78ns

N-remobilization amount 1.10ns 1.42ns

% N-remobilization (balance) 0.30ns 2.54*

% N-remobilization (15N) 0.38ns 1.94(*)

Postsilking N-uptake 2.96** 0.77ns

% N-uptake after silking 0.80ns 1.05ns

Anthesis-silking interval (ASI) 0.33ns 1.17ns

Senescence 2.38* 1.95(*)
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
(*),*,**: significant at 0.10, 0.05, and 0.01 respectively; ns: non
significant.



ever, postsilking N-uptake affected significantly the
thousand kernel weight. These results are quite dif-
ferent from those obtained with testcross evaluation.
With testcross evaluation, grain yield and N-grain
yield were not correlated to N-remobilization; they
were correlated only to postsilking N-uptake. With
testcross evaluation, postsilking N-uptake also affect-
ed thousand kernel weight, similarly to line per se
evaluation at high N-input. The effect of postsilking
N-uptake on kernel number has been interpreted as
an effect of N-uptake just after fertilization which re-
stricts embryo abortion (COQUE and GALLAIS, 2007).

Grain NUTE, which was highly correlated to NHI
(r = 0.92**, data not shown), was only correlated to
N-remobilization. Whole-plant N-content at silking,
as expected was positively correlated to the amount
of N-remobilization (but not to trem) and stover N-
content was negatively correlated to N-remobiliza-
tion (amount and proportion) (Table 4). All these
correlations were common to line per se and test-
cross evaluation. With line per se evaluation, as with
testcross evaluation, ASI was negatively correlated
to both N-remobilization and postsilking N-uptake
amount. Barrenness and senescence were also neg-
atively correlated to the amount and proportion of
postsilking N-uptake, as with testcross evaluation.

On the whole there were similarities between

line per se and testcross performance for correla-
tions between traits correlated to N-remobilization
and postsilking N-uptake. The main difference was
a greater role of N-remobilization with line per se
evaluation and a greater role of postsilking N-up-
take for testcross evaluation.

Correlations between line per se and testcross
progeny performance

Correlations between line per se and testcross
performance for main traits correlated to NUE were
generally low (Table 5). Only grain yield, proportion
of N remobilized estimated by the 15N method
(trem1), and N content for stover and kernels
showed significant correlation between lines and
testcross progenies. One can note the negative cor-
relations between kernel N content of lines and
grain yield of testcross progenies and reciprocally
between kernel N content of testcross progenies and
grain yield of lines. This is an expression of the dilu-
tion of N in the kernel dry-matter (LEMAIRE and
GASTAL, 1997) which was observed for both types of
progenies (r = -0.30* for lines and r = -0.33** for test-
cross progenies, data not shown). The consequence
is that N grain yield for testcross progenies was not
correlated to N grain yield for lines. On the other
hand, N grain yield for testcross progenies was sig-
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TABLE 3 - Two-year ANOVA results (genotypic (G) effects and G x year interactions) and heritabilities (h2) for traits related to N utilization,
with line per se evaluation. Units are those of Table 1.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

G† G x year CV % h2 h
2
low

‡ h
2
up

‡

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
N-remobilization (balance) 0.0054** 0.0020ns 88.7 0.52 0.31 0.67

trem (balance) 125.1** 33.6ns 81.1 0.62 0.44 0.73

trem1 (15N) 73.6** 36.2(*) 18.7 0.71 0.57 0.80

Postsilking N-uptake 0.0092** 0.0058ns 47.4 0.51 0.30 0.67

% N-uptake after silking 6.55ns 48.3* 40.2 0.11 0 0.38

N-amount at silking 0.0106** 0.0061* 15.1 0.65 0.50 0.76

Nitrogen nutrition index (NNI) 0.0120** 0.0028* 8.7 0.60 0.43 0.73

N-content at silking 0.0124** 0.0082** 7.2 0.64 0.47 0.75

Whole-plant N-amount† 0.0382** 0.0270** 14.3 0.67 0.53 0.78

Stover N-amount† 0.0173** 0.0072** 20.2 0.74 0.62 0.82

N-grain yield 0.0126** 0.0136** 16.7 0.60 0.41 0.72

Grain yield 30.5** 15.7** 18.5 0.74 0.63 0.82

Kernel N-content 0.0105** 0.0108* 6.6 0.55 0.35 0.69

Grain NUTE 19.9** 14.5** 12.9 0.67 0.52 0.77

Whole-plant NUTE 0.0012** 0.0013** 6.0 0.52 0.30 0.67
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
(*),*,**, significant at 0.10, 0.05, and 0.01 respectively; ns: non significant;
trem: proportion of N remobilized; N-amounts at maturity;
trem1: proportion of N remobilized estimated by the 15N method;
†: Significance of the F for genotypic effect tested by the ratio genotype mean square to genotype x year mean square;
‡: Lower and upper bounds of h2 computed at P = 0.10, according to KNAPP et al. (1985).



nificantly negatively correlated to ASI and percent-
age of barrenness in lines. The negative effect of ASI
has already been observed in both types of proge-
nies (BERTIN and GALLAIS, 2000; GALLAIS and COQUE,
2005; COQUE and GALLAIS, 2007). Furthermore barren-
ness was positively correlated to ASI (r = -0.38**, da-
ta not shown), as in the study of BERTIN and GALLAIS

(2000). The amount and proportion of remobilized
N estimated in testcross progenies by the balance
method were poorly correlated to traits evaluated on
lines. Both showed a negative correlation, although
only significant at 0.10, with the amount of postsilk-
ing N-uptake evaluated on lines, which is consistent
with the antagonism between remobilization and
postsilking N-uptake observed for both types of
progenies. They were also positively correlated to
barrenness of lines. The proportion of N remobilized
estimated by the 15N method (trem1) with testcross

evaluation appeared to be highly correlated to vari-
ous traits with line per se evaluation, in addition
grain yield and N grain yield: the amount and pro-
portion of remobilized N estimated by the balance
method, the proportion of remobilized N estimated
by the 15N method (r = 0.46**) and the NHI (r =
0.47**). Correlation between proportion of N remobi-
lized estimated by the 15N method and NHI was
highly significant with line per se and testcross evalu-
ation. Postsilking N-uptake which has been shown
to be more affected by environment in testcross
progenies (COQUE and GALLAIS, 2007) was only nega-
tively correlated to the barrenness of lines (r = -
0.42**). Senescence observed on lines was poorly
correlated to testcross progeny traits. As expected, it
was positively correlated (at 0.10) to the amount of
remobilization and negatively to the proportion of
post-silking N-uptake.
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TABLE 4 - Partial correlations (for given silking date) between traits characterizing N-remobilization and postsilking N-uptake and traits re-
lated to N utilization, with line per se evaluation.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Traits† Rem B trem1 Nup %Nup
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Silking date - -0.40** - -0.32*
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Grain yield 0.42** 0.52** 0.43** -

Grain N-yield 0.44** 0.38** 0.66** 0.46**

Thousand kernel weight - - 0.38** 0.33**

Kernel number 0.48** 0.33** 0.45** 0.32**

% barrenness - -0.27* -0.35** -0.27*

Grain NUTE 0.59** 0.84** - -

Whole-plant N-yield - - 0.84** 0.51**

Stover N-yield -0.50** -0.60** 0.68** 0.37**

Harvest index (HI) 0.52** 0.92** - -

Nitrogen harvest index (NHI) 0.71** 0.87** - -

Kernel N-content -0.30* -0.44** - -

Stover N-content -0.49** -0.78** - -

Whole-plant N-content -0.34** -0.57** - -

Whole-plant N-yield at silking 0.37** - 0.33** -

N-content at silking - - - -

NNI at silking 0.36** - - -

Anthesis-silking interval (ASI) -0.25* - -0.25* -

Barrenness - 0.26* -0.39** -0.31**

N-remobilization amount (B) 1 0.60** -0.43** -0.51**

%N-remobilization (B) 0.93** 0.66** -0.57** -0.54**

%N-remobilization (15N) 0.60** 1 - -

N-uptake after silking -0.43** - 1 0.86**

% postsilking N-uptake -0.55** - 0.86** 1

Senescence - - -0.32** -0.32**
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
- : non significant at 0.10; *,**, significant at 0.05, and 0.01, respectively.
† Rem: remobilization; B: balance method; trem1: proportion of remobilized N estimated by the 15N method; Nup: amount of postsilking N-
uptake; % Nup: % of postsilking N-uptake.



The higher correlation between lines and test-
cross progenies for the proportion of remobilized N
estimated by the 15N method than by the balance
method could be due to the greater accuracy of the
15N method, but also to its greater physiological sig-
nificance. Barrenness of lines was highly correlated
to postsilking N-uptake, grain yield and N-grain
yield of testcross progenies. Barrenness has already
been shown to be correlated to grain yield
(BÄNZIGER and LAFITTE, 1997; ZAIDI et al., 2003) and
to ASI (COQUE and GALLAIS, 2005). However in our
study barrenness was more informative than ASI,
because while ASI of lines was also correlated to
grain yield and N grain yield of testcross progenies,
it was not correlated to postsilking N-uptake.

On the whole, the phenotypic correlations be-
tween a line per se trait and a testcross trait were
lower than the heritability of the testcross trait show-
ing that direct selection for testcross performance is
expected more efficient than indirect selection at the
level of line per se (Table 5). However this depends
on the testcross trait. As the correlations between
line per se and testcross performance were not sig-
nificant for N-remobilization (amount and propor-
tion of estimated by the balance method) and for

post-silking N-uptake it is not possible to select effi-
ciently at the level of lines for these two traits. In
contrast, for the proportion of N-remobilization esti-
mated by the 15N method, since the correlation be-
tween lines and testcross progenies is of the same
order as the heritability for testcross performance
(0.46 vs 0.52) it would be quite possible to select ef-
ficiently at the level of lines. To improve N-uptake at
the level of testcross it would be efficient to select
against barrenness at the level of lines. Similarly, to
improve N-grain yield at the level of testcross it
would be efficient to select for decreasing ASI and
barrenness at the level of lines.

CONCLUSION

For the traits studied, related to the plant N uti-
lization, our results at the level of means and at the
level of variances and correlations show that genetic
effects are expressed differently in lines and in test-
cross progenies. However, with line per se evalua-
tion correlations between traits appeared similar to
those observed with testcross evaluation. On the
whole, traits correlated to N-remobilization and post-
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TABLE 5 - Partial correlations (for given silking date) between lines and their testcross progenies for traits related to N utilization, and heri-
tabilities for testcross performance.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Testcross progeny traits†

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Line Traits† Grain N grain Remob % remob %N %N
yield yield B B

trem1 Nup % Nup kernels stover
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Grain yield 0.42** - - - 0.39** - - -0.35* -

N grain yield 0.29* - - - 0.38** - - -0.27(*) -

Remob B - - - - 0.40** - - - -

% remob B - - - 0.27(*) 0.46** - - - -0.25(*)

trem1 - - - 0.23(*) 0.46** - - - -0.28(*)

Nup - - -0.26(*) -0.28(*) - - - - -

% Nup - - - - - - - - -

%N kernels -0.26(*) - - - - - - 0.42** -

%N stover -0.22(*) - - - -0.39** - - - 0.39**
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
NHI - - - 0.23(*) 0.47** - - - -0.28*

Senescence - - 0.24(*) - - - -0.24(*) 0.24(*) -

ASI -0.32* -0.41** - - - - - - -

Barrenness -0.38** -0.36** 0.24(*) 0.29* - -0.42** -0.37** - -
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Heritability T‡ 0.54 0.52 0.15 0.27 0.52 0.29 0.25 0.23 0.44
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
-: non significant at 0.10; (*),*,**, significant at 0.10, 0.05, and 0.01, respectively; -: non significant.
†: Remob B: remobilization amount estimated by the balance method; % remob B: % remobilization estimated by the balance method;
trem1: % remobilization by the 15N method; Nup: postsilking N-uptake amount; % Nup: % postsilking N-uptake; %N: N content.
‡: Heritability for testcross performance (from COQUE and GALLAIS, 2007).



silking N-uptake at the level of line per se evaluation
were also those correlated to N-remobilization and
postsilking N-uptake at the level of testcross evalua-
tion. The main differences between line per se and
testcross evaluation were i) a correlation between
the amount of N-remobilization and the amount of
postsilking N-uptake less negative with line per se
evaluation, and ii) a greater role of variation in N-re-
mobilization to explain variation in N-grain yield
with line per se evaluation whereas for testcross
evaluation there was a greater role of variation in
postsilking N-uptake. Consequently, correlations be-
tween N-remobilization or postsilking N-uptake at
the level of testcross progenies and traits measured
at the level of lines were low or not significant. Al-
though they may depend on the tester, these low or
not significant correlations could mean that genes
are regulated differently in a homozygous genetic
background (with line per se evaluation) and in a
heterozygous background (with testcross evalua-
tion), as suggested by tests of epistasis. The detec-
tion of QTLs in both genetic backgrounds could
help to answer this question: they are expected to
be largely different. Although, for the traits studied,
correlations between line per se evaluation and test-
cross evaluation were low, it appears possible to se-
lect at a low selection intensity for some traits at the
level of line per se performance. This is in particular
the case for the proportion of N-remobilization esti-
mated by 15N labeling during vegetative growth, leaf
senescence, ASI, and % of sterile plants. The last
three traits, which are relatively easy to observe for
the plant breeder, could be used as associated traits
in the selection for NUE or N-grain yield. This con-
clusion also appears from the studies of LAFITTE and
EDMEADES (1995); PRESTERL et al. (2002), and ZAIDI et
al. (2003), although line-hybrid correlations depend
not only on the traits studied but also on the materi-
al used and the experimental conditions, in particu-
lar level of N-input.
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ABSTRACT - Ear length (EL), ear diameter (ED), number
of kernel rows per ear (RE), kernel number per row (KR),
and thousand-kernel weight (TKW) are the most impor-
tant yield components (YCTs) of grain yield in maize (Zea
mays L.). Many investigations have been conducted on
grain yield combining ability and the results have been
widely used in maize breeding programs. Limited re-
search has been done on combining ability of maize
YCTs, however, and no reports on the relationship be-
tween grain yield combining ability and YCTs combining
abilities exist. The objectives of this study were to 1) esti-
mate combining abilities of grain yield and of EL, ED, RE,
KR, and TKW; and 2) examine the relationship between
grain yield combining abilities and the combining abilities
of the YCTs. The results showed the GCA effects of ED
and RE were generally better for the CIMMYT lines than
for local lines. The 2GCA MS/(2(GCA MS + SCA MS) ra-
tios for grain yield and for the YCTs were between 0.81
and 0.95, indicating additive genetic effects were more
important for these traits. This study also showed that the
GCA effects of grain yield were related to YCTs’ GCA ef-
fects in an inbred line and the SCA effects of grain yield
were also related to the YCTs’ SCA effects in the same
crosses. Significantly positive grain yield GCA effects usu-
ally were highly correlated with the number of the YCTs
that had significantly positive GCA effect; i.e., a line with
higher grain yield GCA effect generally had more YCTs
having significantly positive GCA effects. Thus, selecting
inbred lines with positive GCA effects in either all or most
of YCTs will have greater chance to obtain crosses with
higher grain yield. The information of GCA and SCA ef-
fects for YCTs is very useful for maize breeders to deter-
mine which maize line should be selected to improve lo-
cal lines and which parent lines should be used for mak-
ing hybrids with greater grain yields.

KEY WORDS: Maize germplasm introduction; Yield com-
ponent trait (YCT); International Maize and Wheat Im-
provement Center, Mexico (CIMMYT); General combining
ability (GCA), Specific combining ability (SCA) analysis.

INTRODUCTION

Genetic diversity is the basis for maize improve-
ment (HALLAUER and MIRANDA, 1988). Introduction of
exotic germplasm was shown to be effective to in-
crease genetic diversity and to improve local maize
varieties (HALLAUER and MIRANDA, 1988; VASAL et al.,
1992; FAN et al., 2002). Genetic background of Chi-
nese domestic maize germplasm is narrow and
maize hybrid yields have not shown improvement
in recent years in China due to lack of new genes
for grain yield and for resistance to certain wide-
spread diseases, insects, and abiotic stresses (LIU et
al., 1997; WANG et al., 1997; ZHANG et al., 2000).
CIMMYT has more than 23,000 maize accessions
(TABA and KRAKOWSKY, 2002). The accessions have
diverse genetic bases and potentially possess valu-
able agronomic traits (e.g., strong root system,
greater tolerance to high temperature, stay-green
late in the growing season, good plant type, better
yield components, higher yield potential, etc.)
which are lacking in Yunnan local germplasms.
Since 1995, many CIMMYT germplasms have been
introduced into Yunnan and have undergone adap-
tation selection (FAN et al., 2002).

Combining ability analyses are widely used in
maize breeding programs to determine GCA and
SCA information from maize populations for genetic
diversity evaluation, inbred line selection, heterotic
pattern classification, heterosis estimation, and hy-
brid development (KAUFFMAN et al., 1982; SUGHROUE

and HALLAUER, 1997; FAN et al., 2002; MELANI and
CARENA, 2005; BARATA and CARENA, 2006). Diallel mat-
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ing models developed by GRIFFING (1956) and GARD-
NER and EBERHART (1966), are the major models used
in combining ability analyses

Researchers from different countries have stud-
ied combining ability via crosses between CIMMYT
germplasms and local germplasms. PEREZ-VELASQUEZ

et al. (1995) evaluated combining ability between
Colombia local lines and exotic maize populations
Suwan1, ETO, and Tuxpeno from CIMMYT via a di-
allel design. They found two crosses, Yucatan ×
Tuxpeno and Yucatan × Suwan1, with the highest
grain yield and combining ability among all cross
combinations. The local line, Yucatan, was shown
to be a promising new germplasm for tropical
maize breeding programs. LI et al. (2001) assessed
combining abilities of 10 germplasms from tropical
and subtropical regions and China. They found that
exotic maize germplasms Pop Stay-Green, Pop43,
and Pop21 had higher GCA effects for grain yield
and showed greater potential for use in commercial
maize hybrid development programs. MENKIR et al.
(2004) used two testers (representing the flint and
dent heterotic patterns) to test 38 tropical maize in-
bred lines. Significant GCA and SCA effects for grain
yield were detected in tested inbred lines. FAN et al.
(2002) used diallel crosses of 10 quality protein
maize (QPM) lines to evaluate their combining abili-
ty. Five of these QPM lines were introduced from
CIMMYT during 1980s and had undergone domesti-
cation and improvement to adapt to local environ-
ments. The other five lines were domestic elite QPM
lines selected within China. Based on SCA and
mean grain yield of crosses, authors classified the
10 QPM lines into four heterotic groups.

Maize grain yield is the expression of a unique
combination of yield components (AGRAMA, 1996).
Ear length (EL), ear diameter (ED), number of ker-
nel rows per ear (RE), number of kernels per row
(KR), and thousand-kernel weight (TKW) are the
most important grain yield components; these yield
component traits (YCTs) are significantly correlated
with maize grain yield (AUSTIN and LEE, 1998). Maize
grain yield combining ability has been studied in-
tensively and the results have been widely used in
maize breeding programs (KAUFFMAN et al., 1982;
FAN et al., 2002; MENKIR et al., 2004; MELANI and
CARENA, 2005; BARATA and CARENA, 2006). Limited re-
search, however, has been reported on maize YCT
combining abilities and the relationship between
grain yield combining ability and YCT combining
abilities. The objectives of this research were to 1)
estimate the combining ability of grain yield and
five YCTs, viz., EL, ED, RE, KR, and TKW; and 2)
study the relationship between grain yield combin-
ing ability and combining abilities of the five YCTs.

MATERIALS AND METHODS

Five Yunnan local maize lines were obtained from the Yun-
nan Academy of Agricultural Sciences and five exotic tropical
and subtropical lines or germplasms were introduced from CIM-
MYT. The sources of lines and some related information are list-
ed in Table 1.

Forty-five crosses were made among the 10 maize lines ac-
cording to Griffing’s diallel method IV (GRIFFING, 1956). During
flowering time, pollen collected from 100 individual plants of
one line was bulked and used to pollinate at least 50 ears of an-
other line. The 45 crosses were evaluated at three locations in
Yunnan province in 2004. A randomized complete-block design
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TABLE 1 - Resources and main agronomic characteristics of the lines included in the study to evaluate crosses between CIMMYT and China
lines.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

No. CIMMYT and Local Lines Resources Grain Texture Grain Color Ecology adaptation
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

1 Pop32 Maize diversity center Flint White Subtropical

2 Pop28 Maize diversity center Dent Yellow Tropical

3 Suwan1 Maize diversity center (Thailand) Flint Yellow Tropical

4 Pop401C2 Maize diversity center Flint White Subtropical

5 Pop402C2 Maize diversity center Flint White Subtropical

6 Zhaotong Waxy Corn (ZWC) Zhaotong,Yunnan Flint Yellow Subtropical

7 Tengchong Yellow Waxy Corn (TYWC) Tengchong,Yunnan Dent Yellow Subtropical

8 Menghai Waxy Corn (MWC) Menghai,Yunnan Flint White Subtropical

9 Qiaojia White Waxy Corn (QWWC) Qiaojia,Yunnan Flint White Subtropical

10 Baoshan Waxy Corn (BWC) Baoshan,Yunnan Flint Yellow Subtropical
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



with three replications at each location was employed for the ex-
periment. The experimental plot consisted of two 5-meter rows
with inter-row distance at 0.75 meter and 22 plants per row. The
inter-row distance of 0.75 meter was used to reduce the competi-
tion between plants in neighboring plots. The overall plant den-
sity was approximately 60,000 plants ha-1. Ten plants from the
middle of each row were sampled and the following traits were
recorded for each cross at each location: grain yield per plant
(Yield) in gram, ear length in cm, ear diameter in cm, number of
kernel rows per ear, kernel number per row, and thousand ker-
nel weight in gram.

The following statistical model was employed for the data
analysis.

Yijkl = μ + αl + bkl + vij + (αv)ijl + eijkl (1)
vij = gi + gj + sij

where Yijkl = observed value from each experimental unit; µ =
population mean; αl = location effect; bkl = block or replication
effect within each location; vij = F1 hybrid effect = gi + gj + sij
(where gi = general combining ability (GCA) for the ith parent; gj
= GCA effect of jth parent; sij = specific combining ability (SCA)
for the ijth F1 hybrid); (αv)ijl = interaction effect between ijth F1
hybrid and location; eijkl = random residual effect. Because the
environments in the three locations were quite different and
were selected to test how environments affected GCA and SCA
effects, the location will be considered as a fixed factor. Thus, all
sources of variations in the model were tested against the experi-
mental error.

The GLM procedure of SAS (SAS version 9.1; SAS INSTITUTE,
2005) was used to execute the general linear model described in
(1). A trait was not analyzed for combining ability unless there
were statistical differences among crosses. GRIFFING Method IV
(GRIFFING, 1956) was employed to analyze GCA and SCA. A spe-
cial SAS software tool for diallel analysis developed by ZHANG et
al. (2005) was used to determine GCA effects, SCA effects, and
their interaction effects with locations.

RESULTS

The analysis of variance (Table 2) revealed the
mean squares for all traits were highly significant
(p≤0.01) for locations, crosses, and crosses x loca-
tion interaction. Because the mean squares of cross-
es were significant, it was further partitioned for the
GCA for parental lines and for the SCA for the
crosses. All GCA and SCA effects for grain yield and
five yield components were highly significant.

The GCA effects of the 10 parental lines for
grain yield and yield components are listed in Table
3. The lines with significantly positive mean GCA
effects for grain yield per plant were: Tengchong
Yellow Waxy Corn (TYWC), Suwan 1, Menhai Waxy
Corn (MWC), Baoshan Waxy Corn (BWC), Pop32
and Pop28, whereas Zhaotong Waxy Corn (ZWC),
Pop401C2, Qiaojia White Waxy Corn (QWWC) and
Pop402C2 had significantly negative GCA effects.

The GCA effects of the 10 parental lines for the
five YCTs are also listed in Table 3. Suwan1 (0.22**),
TYWC (0.21**), Pop32 (0.12**), Pop28 (0.12**), and
BWC (0.05**) had significantly positive GCA effects
for ED, whereas 3 of 5 local lines had significantly
negative GCA effects for ED. For RE, CIMMYT lines,
Suwan1 (0.79**), Pop401C (0.73**), Pop28 (0.45**),
and Pop32 (0.36**), had higher GCA effects than
those detected for local lines. For TKW, local lines
generally had higher GCA effects than CIMMYT
lines. For EL and KR, some lines from both local
and CIMMYT had positive and negative GCA ef-
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TABLE 2 - Analyses of variance of the 45 crosses: Mean squares for the yield and five yield components evaluated at three locations in China.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Mean Squares for yield and yield components†

Source DF ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Yield EL ED RE KR TKW

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Env. 2 185903.98** 29.36** 3.24** 94.04** 861.51** 19368.69**

Rep. 6 879.63** 2.86** 0.08** 0.50* 7.41** 632.36

Crosses 44 2540.77** 13.15** 0.68** 11.00** 51.26** 4607.87**

GCA 9 4872.38** 34.54** 2.33** 35.91** 95.91** 7881.54**

SCA 35 1941.21** 7.65** 0.26** 4.60** 39.77** 3766.07**

Crosses×Env. 88 1631.85** 6.66** 0.18** 1.37** 31.75** 2314.13**

GCA×Env. 18 4682.78** 15.78** 0.29** 1.42** 61.86** 4899.84**

SCA×Env. 70 847.33** 4.31** 0.15** 1.35** 24.01** 1649.23**

Error 264 145 0.46 0.01 0.18 2.38 434.42

CV (%) 14.04 4.51 2.33 3.24 5.36 7.81
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
*, ** Significant at 0.05 and 0.01 probability levels, respectively.
† EL = ear length, ED = ear diameter, RE = number of kernel row per ear, KR = kernel number per row, TKW = thousand kernel weight.



fects. These results indicated that the GCA effects
between local maize and exotic maize lines were
different and the exotic CIMMYT lines were gener-
ally good for ED and RE and that they could be
used for grain yield improvement of Yunnan local
lines.

A histogram (Fig. 1) was plotted with a new
variable, GCA ratio (GR) to graphically show the re-
lationship between grain yield GCA effects and the
YCTs’ GCA effects. To obtain GR for individual
traits, we first calculated the mean of absolute GCA
effects (MAGCA) for individual traits. Then we com-
puted the GCA/MAGCA ratio for grain yield, EL, ED,
RE, KR, and TKW of each line and called them
Yield_r, EL_r, ED_r, RE_r, KR_r, and TKW_r, respec-
tively. The GR removed the variation caused by dif-
ferent units of different traits and the graph of GRs
shows relative importance of each YCT’s GCA ef-
fects to grain yield GCA effects of each line. From
Fig. 1, the relative relationship between grain yield
GCA effect and YCTs’ GCA effects suggested that
the direction of grain yield GCA effects (i.e., posi-
tive or negative) was largely determined by the
number of YCTs’ GCA effects in the same direction.
That is, if a line had significantly positive grain yield
GCA effect, it usually had more YCTs with signifi-
cantly positive GCA effects, and if a line had signifi-
cantly negative grain yield GCA effect, it generally
had a greater number of YCTs showing significantly
negative GCA effects.

The SCA effects for grain yield and the five
YCTs are listed in Table 4. The crosses with signifi-
cantly positive SCA effects tended to have more
YCTs with significantly positive SCA effects, where-
as the crosses with significantly negative SCA ef-
fects had more YCTs with significantly negative
SCA effects. Figures 2-1 and 2-2 illustrate the SCA
effects of grain yield and of the five YCTs through
SCA ratio (SR). The SR was defined as SCA/MASCA
(MASCA is the mean absolute SCA). The calculation
of SR ratio was done with the same method as de-
scribed for GR computation. From these two fig-
ures, the grain yield SCA effects were related to the
YCTs’ SCA effects. As we found for the relationship
between grain yield GCA effects and YCTs’ GCA ef-
fects, the direction (positive or negative) of grain
yield SCA effects was determined by the number
YCTs’ SCA effects in the same direction of the same
cross.

Figure 3 illustrates the grain yield GCA effects of
individual lines and the SCA effects of their crosses
with either significantly positive or negative SCA ef-
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FIGURE 1 - Impact of fyeld component’s GCA effects on grain
yield GCA effects.

FIGURE 2.1 - Impact of SCA effects of yield components on grain
yeld SCA effects in the crosses with significantly positive SCA ef-
fects.

FIGURE 2.2 - Impact of SCA effects of yield components on grain
yield SCA effects in the crosses with significantly negative SCA
effects.



fects in the experiment. Figure 3 suggested that the
magnitude of SCA effect or its direction (i.e., posi-
tive or negative) for a cross could not be predicted
from their parental lines’ GCA effects. This result al-
so implicitly indicated that the practice, in maize
breeding program, of using testers to screen poten-
tial “good” lines for making hybrid still had a
chance of discarding good lines that might have big
favorable SCA effects when they are crossed with
some lines other than the testers.

DISCUSSIONS

Our studies showed that from grain yield and
the YCTs, the genetic background of the introduced
CIMMYT lines was different from that of the local
maize lines. Although the estimates for grain yield
and YCTs’ GCA effects of CIMMYT lines were
greater than the local maize lines (Table 3), most of
the crosses (11 out of 13) with significantly positive
SCA effects were those between introduced CIM-
MYT and local lines (Table 4). In contrast, no cross-
es showed significantly positive SCA effects among
local lines, but a few had significantly negative ef-
fects. When the yield of the 45 crosses are ranked
from the highest to the lowest, among the top 10

crosses with highest grain yield, only one of them
was the cross among local lines and seven of them
represented the crosses between CIMMYT and local
lines (data not shown). These results suggest a nar-
row genetic base of local maize lines and that the
genetic base of exotic CIMMYT lines was different
from the local lines. The chance to obtain higher
grain yield hybrids by crossing local maize lines
with introduced the CIMMYT maize lines was much
higher than from crosses among the local lines. The
results from our study were consistent with the re-
sults from other studies (PEREZ-VELASQUEZ et al.,
1995; MENKIR et al., 2004).

Mean grain yield is the most important criteria
for evaluating a hybrid. We classified all the crosses
into three groups based on GCA effects of parental
lines: Group 1, both parents had significantly posi-
tive GCA effects; Group 2, one parent had signifi-
cantly positive GCA effect and other parent had sig-
nificantly negative GCA effect; and Group 3, both
parents had significantly negative GCA effects. The
calculated mean grain yields per plant for the three
groups of hybrids were 97.72 grams, 83.17 grams,
and 67.71 grams, respectively. This result, combined
with the results in Fig. 1, suggested that for making
a higher grain-yield cross, selection of both parents
with positive GCA effects for grain yield would
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TABLE 3 - Estimates of GCA effects across locations for grain yield and yield component traits for the 10 parental lines from data collected at
three China locations.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Yield Components †

No CIMMYT and local lines Yield ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
EL ED RE KR TKW

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1 Pop32 4.21** 0.32** 0.12** 0.36** 0.58** -2.51

2 Pop28 3.62** -0.27** 0.12** 0.45** 0.96** -20.62**

3 Suwan1 6.77** 0.32** 0.22** 0.79** 0.20 -1.88

4 Pop401C2 -6.61** 0.04 0.04** 0.73** 0.06 -10.54**

5 Pop402C2 -14.29** -1.10** -0.09** -0.69** -1.22** -3.20

6 Zhaotong Waxy Corn -5.53** -1.26** -0.20** 0.002 -2.59** 9.73**

7 Tengchong Yellow Waxy Corn 10.28** 0.42** 0.21** 0.29* 1.17** 11.53**

8 Menghai Waxy Corn 5.59** 0.39** -0.28** -1.34** 0.04 13.93**

9 Qiaojia White Waxy Corn -9.40** 0.23** -0.19** -0.78** -0.23 1.22

10 Baoshan Waxy Corn 5.36** 0.92** 0.05** 0.19** 1.03** 2.34

LSD0.05 2.65 0.15 0.02 0.09 0.34 4.59

LSD0.01 3.49 0.20 0.03 0.12 0.45 6.05
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
*, ** Significant at 0.05 and 0.01 probability levels, respectively.
† EL = ear length, ED = ear diameter, RE = number of kernel row per ear, KR = kernel number per row, TKW = Thousand kernel weight.



44 X.M. FAN, H.M. CHEN, J. TAN, C.X. XU, Y.D. ZHANG, L.M. LUO, Y.X. HUANG, M.S. KANG

TABLE 4 - Estimates of SCA effects of the 45 crosses among 10 lines for grain yield and five yield component traits from data collected at
three China locations.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Yield Components†

Crosses‡ Yield ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
EL ED RE KR TKW

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1×2 8.40* -0.41* -0.008 0.58** -1.37** -5.01

1×3 11.87** 0.44* 0.089** 0.68** 1.89** 3.03

1×4 -5.00 0.87** 0.078* -0.25* 0.98* -13.78*

1×5 -13.90** -1.05** 0.147** 0.43** -1.25** -0.23

1×6 9.00* -0.36 0.003 -0.21 -0.98* 20.69**

1×7 0.18 0.35 -0.160** -0.77** -0.13 6.60

1×8 -6.97 -0.08 0.144** -0.46** -1.71** 23.62**

1×9 -14.50** -0.16 -0.243** -0.35** 0.31 -18.21**

1×10 10.92** 0.41* -0.050 0.35** 2.27** -16.71**

2×3 -10.51** -0.58** 0.108** -0.18 -0.91** 16.88**

2×4 -7.99* -0.58** -0.036 -0.63** -2.31** -2.55

2×5 -22.52** -0.63** -0.300** -0.59** -1.77** -36.67**

2×6 30.24** 1.58** 0.133** 0.41** 3.62** 1.06

2×7 5.42 0.23 -0.040 -0.17 0.64 15.93**

2×8 -13.76** -0.20 -0.047 0.52** -1.14* -18.47**

2×9 6.15 -0.09 0.288** 0.24 1.43** 19.91**

2×10 4.56 0.69** -0.097** -0.18 1.82** 8.92

3×4 -16.20** -1.51** -0.094** -0.26* -2.31** -9.19

3×5 1.86 0.26 0.042 0.44** -0.05 -12.68*

3×6 -2.07 -0.05 -0.158** -0.93** 0.81 -0.24

3×7 -11.65** -0.46* -0.043 0.15 -2.12** -11.79

3×8 20.48** 1.00** 0.106** 0.38** 0.62 13.45*

3×9 -0.11 1.18** -0.082** -0.07 1.13*- -10.51

3×10 6.34 -0.29 0.033 -0.21 0.94* 11.04

4×5 -14.41** -1.38** -0.336** -1.09** -4.27** 5.92

4×6 -6.43 -0.29 -0.014 -0.25* 0.04 -0.68

4×7 16.12** 0.72** 0.090** 0.68** 2.63** -3.48

4×8 9.08* 1.13** -0.094** -0.09 3.06** 3.79

4×9 11.11** 0.43* 0.218** -0.03 0.24 32.38**

4×10 13.71** 0.61** 0.189** 1.92** 1.92** -12.41*

5×6 -15.26** -0.33 -0.100** -0.45** -1.37** 2.86

5×7 22.89** 1.01** 0.149** 0.97** 2.68** -18.82**

5×8 3.48 0.89** 0.042 -0.09 2.63** 12.56*

5×9 16.50** 0.68** 0.221** 0.53** 1.15* 22.48**

5×10 21.36** 0.54** 0.136** -0.15 2.25** 24.58**

6×7 2.15 0.41* 0.082** 0.15 -0.05 15.24*

6×8 -3.29 0.60** -0.003 1.09** 1.77** -29.69**

6×9 5.99 -0.65** 0.032 -0.27* -2.00** 3.88

6×10 -20.32** -0.91** 0.025 0.47** -1.83** -13.13*

7×8 5.28 -0.46* -0.021 -0.60** -0.67 42.71**

7×9 -21.40** -1.65** -0.286** -0.46** -0.74 -33.03**

7×10 -18.98** -0.15 0.229** 0.05 -2.23** -13.37*

8×9 -0.22 -0.86** 0.096** 0.95** -0.48 -37.98**

8×10 -14.07** -2.02** -0.222** -1.70** -4.09** -9.99

9×10 -3.52 1.12** -0.243** -0.55** -1.04* 21.07*

LSD0.05 6.97 0.39 0.06 0.24 0.89 12.06

LSD0.01 9.18 0.52 0.08 0.32 1.18 15.90
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
*, ** Significant at 0.05 and 0.01 probability levels, respectively.
‡ 1,2 ….10 are labels for the 10 lines and can be seen in Table 3.
† EL = ear length, ED = ear diameter, RE = kernel row per ear, KR = kernel no. per row, TKW = Thousand kernel weight.



have a better chance of producing a higher grain-
yield cross. This result also indicated that the prac-
tice of using several testers from different maize
heterotic groups or a synthetic to evaluate the GCA
effects of the tested lines could benefit maize breed-
ers since it can offer GCA information of the lines
tested.

Usually selecting inbred lines with traits comple-
mentary to each other will lead to a better chance
of obtaining a hybrid with higher grain yield. This
phenomenon can be seen in the cross between
CIMMYT line Pop28 and local line ZWC. Their GCA
effects for YCTs seem complementary to each other
(Table 3). This cross gave the second highest yield
(data not shown) in the experiment. Thus, the esti-
mates of grain yield GCA effect as well as YCTs’
GCA effects provides a preliminary information on
inbred line improvement and hybrid development
in a maize breeding program. Consider, for exam-
ple, grain yield and YCTs’ GCA information on
Pop401C2. If its TKW can be improved, we may ob-
tain an inbred line with better grain yield GCA ef-
fect; if we want to make a high grain-yield hybrid
by using Pop401C2, we may have to find another
inbred line with strong positive GCA effect on TKW.
Thus, the information of YCTs’ GCA effects could
be useful in a breeding program for either inbred
line improvement or hybrid development of higher
grain yield.

Theoretically, estimates of additive (σ
2

A) and
dominance (σ

2

D) variances are not valid from a dial-
lel experiment with fixed model (SUGHROUE and HAL-
LAUER, 1997). However, BAKER (1978) showed that
2GCA MS/ (2GCA MS + SCA MS) ratio (GSR) could
be used to indicate whether additive or non-addi-
tive gene effects were more important for control-
ling a trait. We calculated the GSR for the grain
yield and the five YCTs. The GSRs for the grain
yield, EL, ED, RE, KR, and TKW, were 0.83, 0.90,
0.95, 0.94, 0.83, and 0.81, respectively, indicating
that additive gene effects were more important than
non-additive gene effects in controlling these traits.
These GSRs explained why selecting inbred lines
with higher positive GCA effects would have better
chance to get a hybrid with higher grain yield. Data
from this study also showed that SCA effects in
some crosses impacted a cross’s grain yield. For in-
stance, though local line TYWC (Table 3) had better
GCA effects for most of yield components than
ZWC (Table 3), but its cross with Pop28 had lower
grain yield (105g/plant) than the cross between
Pop28 and ZWC (114g/plant) because the cross

lacked high positive SCA effects. This result suggest-
ed the importance of non-additive gene effects in
determining some crosses’ final grain yield. It also
indicated that we might not be able to predict a
cross’s grain yield based only on the GCA effects of
the YCTs in any two inbred lines due to non-addi-
tive gene action. This conclusion also can be seen
from the chart of crosses’ SCA effects and their par-
ents’ GCA effects (Fig. 3).

In conclusion, this study showed that intro-
duced exotic lines from CIMMYT had better GCA
effects for some of the YCTs. Their genetic back-
grounds were different from those of the local
maize lines. Thus, these exotic lines should be
used to improve diversity of maize lines in local
maize breeding program. The grain-yield GCA ef-
fects of individual lines and the SCA effects of their
crosses were directly related to the GCA effects and
SCA effects, respectively, of the YCTs. The higher
number of the YCTs with significantly positive GCA
effects usually led to higher positive grain yield
GCA effects. Thus, selecting inbred lines with posi-
tive GCA effects for all or most of YCTs should
have a higher chance of producing crosses with
higher grain yield. From this point of view, the in-
formation of GCA effects for both grain yield and
the YCTs from other researches should be helpful
in guiding or planning a maize breeding program.
However, a cross’s grain yield cannot be predicted
based only on YCTs GCA effects of any two inbred
lines due to the unpredictable SCA effects in a
cross. Thus, any exotic maize line to be used for
improving local line should be field tested in the
target location.
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FIGURE 3 - Relationship between lines’ GCA effects and cross’s
SCA effect in the crosses with all significant SCA effects.
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ABSTRACT - Head smut caused by Sporisorium reiliana
(S. reiliana) is one of the most important diseases in
many maize-growing countries including China. In this
study, we characterized the genetic diversity in 60 maize
inbred lines related to S. reiliana. Sixty inbred lines were
evaluated for reaction to S. reiliana under field conditions
with artificial inoculation in 2003 and 2004 at Harbin, Hei-
longjiang province, China. After disease evaluation, we
identified 8, 11 and 5 lines from high, moderate and low
resistance to S. reiliana, respectively. 70 SSR markers
were used to investigate the DNA diversity. The average
number of alleles was 3.94 with a range from 2 to 7 alle-
les per locus. A mean polymorphism information content
of 0.58, with a range of 0.237 to 0.811, was observed.
About 30% of the alleles in the inbreds had frequencies of
0.10 or less, and only 2% had frequencies of 0.80 or
more. Some of the high-frequency alleles were in chro-
mosomal regions associated with disease resistance. The
UPGMA analysis showed these 60 inbreds could be classi-
fied into 6 groups (Sipingtou, Lüda Red Cob, PA, PB,
BSSS and Lancaster), which were generally consistent to
their known pedigree information. Differences were ob-
served for the mean of S. reiliana disease incidence
among the six groups with the highest level of 56.4% for
Sipingtou and 21.3%, 19.3%, 12.9%, 14.7% and 1.8% for
PA, Lüda Red Cob, BSSS, PB and Lancaster, respectively.
The Lancaster group was identified as the important
source of resistance to S. reiliana.

KEY WORDS: Zea mays L.; Simple sequence repeats
(SSRs); Genetic diversity; Sporisorium reiliana; Resistance
gene.

INTRODUCTION

Head smut is a soil-borne and systemic disease
of maize (Zea mays L.) caused by Sporisorium reil-
iana (FREDERIKSEN, 1977). It was first described in
maize in early 1900s (POTTER, 1914), and has be-
come a more serious disease since 1970s in both
seed and commercial maize production in many
countries including US, Mexico, Australia, China,
etc. (STOMBERG, 1981; BERNARDO et al., 1992; JIN et
al., 2000). The disease is initiated by infection of
seedlings, either through the roots or coleoptile
(KRUGER, 1962). The mycelium becomes systemically
established in the meristem and eventually pro-
duces large sori that replace the normal ears and
sometimes form in the tassel (HALISKY, 1963). Chem-
ical control of head smut in maize is possible by
seed treatment with fungicides; however for ecolog-
ical and economic reasons host resistance is the
preferred way for S. reiliana management.

Identification of resistant genotypes is essential
for breeding efforts. Wide difference in maize
germplasm resistant to S. reiliana under natural in-
cidence or using artificial inoculations have been re-
ported (KRUGER, 1962; BAGGETT et al., 1983;
STROMBERG et al., 1984; LUBBERSTEDT et al., 1990; DU-
AN et al., 1992; SONG et al., 2000). However, evalua-
tions for resistance to S. reiliana in Chinese maize
germplasm were mainly conducted with local vari-
eties, and most of the germplasm identified as re-
sistant did not have satisfactory agronomic charac-
teristics.

There are many ways to detect genetic diversity
in maize inbreds by analysis of pedigree, morpho-
logical traits, isozymes or molecular markers. Since
1980s, the genetic background of Chinese maize
germplasm has been characterized by examining
percentage of parental lines in their hybrids utilized
in different times, and heterotic grouping has been
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investigated using pedigree information and geo-
graphic origin (ZENG, 1990; WANG et al., 1997). Re-
cently a number of studies in maize indicated that
molecular markers can characterize lines directly
and precisely at the DNA level, which can help
maize breeders efficiently assign them into heterotic
groups and guide them in the choice of parents for
the development of new hybrids (DUDELY et al.,
1991; LIU et al., 1996; SENIOR et al., 1998). Among
the molecular markers, simple sequence repeats
(SSRs) have shown to be highly abundant, polymor-
phic, repeatable and low cost as genetic markers in
many plant species including maize (TARAMINO and
TINGERY, 1996; SMITH et al., 1997; STRUSS and PLIESKE,

1998; LI et al., 2000; YUAN et al., 2001). SSRs’
mapped chromosomal locations help to better sam-
ple and analyze genome. The patterns of genetic di-
vergence by SSRs were consistent with their known
pedigree information (SENIOR et al., 1998; LI et al.,
2003).

Some resistant hybrids for S. reiliana have been
developed through traditional breeding methods
since 1990s in China (SONG et al., 2000; ZHAO et al.,
2002), while new cultivar development is both time
and labor consuming, because the development of
S. reiliana is highly dependent on environmental
effects, and field assessment of the disease is prob-
lematic. Knowledge of genetic diversity in maize in-
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TABLE 1 - Maize inbred lines and their pedigrees used in the study.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Maize lines Pedigreea Originb Maize lines Pedigreea Originb

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Dan340 Baigulü9 ×Pod corn NE Ye 515 (Huafeng100×C103)×Huangzao 4 HHH

Liao138 Derived from OPV Lüda Red Cob NE Qi319 Recycled from hybrid P78599 HHH

ZaC546 Recycled from C103 line NE Jinhuang96 Derived from synthetics CP3C2 HHH

Ji818 Ji63×H84 NE Zhongzi01 Recycled from hybrid P78641 HHH

434 466×Hua94 NE Duohuang29 Recycled from hybrid P78599 HHH

444 A619Ht1×Huangzao 4 NE P138 Recycled from hybrid P78599 HHH

Shen137 Recycled from hybrid 6JK111 NE Qi318 Recycled from hybrid P78599 HHH

Shen5003 Recycled from hybrid 3147 NE X178 Recycled from hybrid P78599 HHH

Shen118 Zhao23×Supersweet corn NE Ye478 Shen5003×U8112 HHH

Tie7922 Recycled from hybrid P3382 NE 803 U8112×Shen5003 HHH

C8605-2 Tie7922× Shen5003 NE Ye 3189 U8112×Shen5003 HHH

Ji846 Ji63×Mo17 NE Lu 2548 Qi205×Ye478 HHH

Ji495 (Mo17×C105)×Mo17 NE HC (Huangxiao162×Zi330/o2)×Tuxpeno HHH

He344 OPV Baitoushuang×Mo17 NE CA156 Derived from Pool33 HHH

Dong91 Derived from OPV Dahuang NE Zheng58 Recycled from Ye478 HHH

Danhuang02 Derived from synthetic Lüda Red Cob NE U8112 Hybrid 3382 × Hybrid 3147 HHH

Tie9010 Kang 1×Dan340 NE 1029 Recycled from hybrid XL80 HHH

E28 A619Ht1×(Lujiukuan)×Lüjiukuan NE Ye 107 Recycled from hybrid XL80 HHH

Zi330 Keli67× Oh43 NE Ye502 Huangzao 4×Dan340 HHH

Huotanghuang (Huotangbai42×Hai1917)×Mo17ht NE Yu 12 Mo17×Yu20 HHH

Moqun17 Recycled from Mo17 NE Ji53 Derived from synthetic Jiqun2 C2 HHH

Mo17 C103× 187-2 US CA165 Recycled line hybrid 3268 HHH

Oh43 US Zong31 Derived from synthetic Zi330 HHH

Huangzao 4 Recycled from Tangsipingtou HHH K12 Huangzao4 × Weichun HHH

CN962 Recycled from Huangzao 4 HHH K14 Shen5005×6917 HHH

Huangye 4 (Yejihong×Huangzao4)×Dunzihuang HHH Han23 Unknown HHH

Wenhuang Huangzao 4× Wenqing1331 HHH SH15 Recycled from hybrid 78599 HHH

DHuang212 D729×Huangzao 4 HHH Hai9-21 Unknown HHH

Lu9801 Ye502×H21 HHH B73 Derived from synthetic BSSS US

H21 Huangzao 4×H84 HHH B84 Derived from synthetics BSSS US
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
a OPV=open pollinated variety; C=cycle.
b NE=Northeast spring maize growing area of China; HHH=Huanghuaihai summer maize growing area of China.



bred lines for S. reiliana resistance is of essentiality
to incorporate disease resistance as well as good
agronomic traits in breeding programs, and could
increase the efficiency of hybrid development, in-
bred recycling and population improvement. The
objectives of the study were to (1) evaluate resistant
responses to S. reiliana in 60 maize inbred lines un-
der field conditions with artificial inoculation; (2)
analyze their genetic diversity by SSRs, and assign
them to heterotic groups and assess the resistance
responses to S. reiliana in each group.

MATERIALS AND METHODS

Plant materials
A set of 60 inbred lines were analyzed in this study. These

lines were developed by different public sector institutions and
most of them are currently used in Chinese maize breeding pro-
gram. Four lines in the US Corn Belt, B73, B84, Oh43 and Mo17,
were included for comparison. The origin and pedigree of these
lines, when known, were presented in Table 1.

Evaluation of maize inbred lines against S. reiliana
Responses of the maize inbred lines to S. reiliana were

recorded by evaluation under field conditions with artificial in-
oculation during August to September 2003 and 2004 at Harbin,
Heilongjiang province, China. The inbreds were planted in a
randomized complete block design with two replicates. Each
plot consisted of two rows with 5m long and 0.67m apart, and
was over-planted and later thinned to 25 plants for each row.
Artificial inoculation was applied by sowing seed together with
0.1% S. reiliana inoculum. The inoculum was collected from the
previous crop season. Field practice was typical of that used in
commercial maize production in the area, except for irrigation.
Just before planting, the plot was irrigated for good germination
and seedling establishment. In order to increase the infection
percentage, irrigation was then avoided during the early stages
(WU et al., 1981; MACK et al., 1984). Individual plants were
scored for S. reiliana sori at crop maturity when disease symp-

toms were fully expressed, and the mean percent disease inci-
dence averaged two replicates per plot was subjected for further
analysis.

SSR assays
Eighty SSR markers, representing 5 to 9 bins per chromo-

some, were selected based on bin location for uniform genomic
coverage (MAIZE GDB, www.agron.missouri.edu). The primers
were synthesized through Sangon Company (Shanghai, China).
Ten SSR markers with poor amplied profiles were excluded in
the data analysis.

Genomic DNA was extracted from ten upper leaves of 20-
day-old plants of each line using a modified CTAB procedure
(SAGHAI-MAROOF et al., 1984). PCR reactions were performed us-
ing a PTC-200 Thermal Cycler (MJ Research, Watertown, MA).
SSR assays including PCR reaction, gel electrophoresis, and silver
staining was performed following the protocol described by CIM-
MYT Applied Molecular Genetics Laboratory (1998). The
φX174/HaeIII markers served as molecular weight standards, and
were run with the samples in all gels.

Data analysis
The percent disease incidence (%) averaged two replicates

per plot was used to score resistant or susceptible genotypes
with 0 to 1.0 for high resistance (HR), 1.1 to 5.0 for resistance
(R), 5.1 to 10.0 for moderate resistance (MR), 10.1 to 50.0 for sus-
ceptibility (S), and 50.1 to 100.0 for high susceptibility (HS).

Alleles were named based on the positions of the bands rela-
tive to the φX174/Hae III fragments. The fragments amplified by
SSR primers were scored as present (1), absent (0) or missing (9)
for a particular allele and inbred line combination. Genetic simi-
larity (GS) was estimated from the allele data using a simple
matching coefficient such that GS=m/(m+n), where m=the num-
ber of matches and n=the number of mismatches (SNEATH, 1973).
Cluster analysis of 60 maize inbred lines was performed based
on the matrix of GS using Unweight Pair Group Method Using
Arithmetic Averages (UPGMA) clustering algorithm. The discrimi-
natory power of each SSR locus was measured using polymor-
phism information content (PIC) and was determined as de-
scribed by SMITH et al. (1997). PIC= 1-Σfi

2, where fi is the fre-
quency of the ith allele. The GS matrix and cluster were per-
formed with NTSYS-pc version 1.8 software (ROLF, 1992). Differ-
ences between disease incidences to S. reiliana in maize inbred
lines among 6 groups were tested for significance using PROC-
TTEST program of SAS software (SAS Institute Inc., Taleigh, NC).
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TABLE 2 - ANOVA for S. reiliana incidence in the inbred lines evaluated during 2003 and 2004.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

2003 2004 Combined
Source of variation –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

d.f. MS d.f. MS d.f. MS
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Year 1 134.73

Replication (year) 1 11.79 1 257.93 2 1.11

Genotype 59 1406.27** 59 1531.56** 58 2783.79**

Genotype×year 58 142.97**

Error 59 74.78 59 57.79 116 67.89
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
** Significant at P=0.01.
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TABLE 3 - Evaluation of resistance to S. reiliana in 60 maize inbreds.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Lines 2003 RGa 2004 RG Line 2003 RG 2004 RG
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Danhuang02 84.4 HS 93.8 HS 434 20.9 S 6.7 MR

DHuang212 88.4 HS 88.4 HS K14 22.6 S 0.0 HR

Lu9801 79.8 HS 78.6 HS Tie7922 10.0 MR 9.6 MR

Huangzao 4 77.8 HS 75.8 HS Tie9010 13.1 S 0.0 HR

Ye 502 72.9 HS 80.7 HS HC 7.4 MR 4.5 MR

H21 72.6 HS 76.6 HS Zong31 4.5 R 6.9 MR

Wenhuang 55.1 HS 62.2 HS Zheng58 3.1 R 7.7 MR

Hai9-21 54.7 HS 54.0 HS Shen118 5.1 MR 4.4 R

K12 57.3 HS 50.8 HS Dan 340 5.7 MR 2.7 R

Lu2548 51.9 HS 54.4 HS Ji846 5.9 MR 0.0 R

U8112 52.6 HS 47.0 S B73 4.3 R 1.2 R

CN962 43.9 S 53.8 HS Dong91 4.8 R 4.2 R

E28 63.3 HS 22.9 S Shen137 1.4 R 5.8 R

X178 50.2 HS 34.4 S Yu12 2.6 R 3.8 R

444 31.5 S 46.7 S Qi318 1.1 R 4.2 R

Huangye 4 36.8 S 39.2 S 1029 1.2 R 4.7 R

Oh43 32.4 S 34.6 S Huotanghuang 2.4 R 4.5 R

Han23 32.6 S 33.2 S Liao138 1.9 R 2.6 R

Ye515 40.7 S 18.8 S He344 2.2 R 2.2 R

Shen 5003 32.6 S 26.7 S Ji818 2.1 R 2.1 R

803 29.6 S 27.0 S Mo17 1.3 R 2.0 R

CA156 27.0 S 29.2 S P138 0.7 HR 0.6 HR

Ye 3189 23.0 S 27.0 S CN165 0.6 HR 0.8 HR

Ji 53 25.3 S 24.2 S Moqun17 0.0 HR 0.0 HR

Ye 478 23.6 S 20.0 S Duohuang29 0.0 HR 0.0 HR

Zhongzi 01 24.0 S 19.3 S B84 0.0 HR 0.0 HR

Jinhuang 96B 18.3 S 24.2 S Ji495 0.0 HR 0.0 HR

Za C546 14.9 S 20.3 S Qi319 0.0 HR 0.0 HR

Zi 330 12.0 S 13.5 S SH15 0.0 HR 0.0 HR

8605-2 11.4 S 14.1 S

Ye107 13.4 S 10.6 S
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
a resistant genotypes.

TABLE 4 - Comparison of disease incidence to S. reiliana in maize inbred lines among 6 groups.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Difference and significant comparison of DI
Group Mean DIa ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

X̄-1.8 X̄-12.9 X̄-14.7 X̄-19.3 X̄-21.3
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Sipingtou 56.4 54.6** 43.5** 41.7** 37.1** 35.1**

PA 21.3 19.5* 8.4 6.6 2.0

Luda Red Cob 19.3 17.5* 6.4 4.6

PB 14.7 12.9 1.8

BSSS 12.9 11.1

Lancaster 1.8
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
** Significant at p=0.01.  a the mean disease incidence averaged all inbred lines in each group across two years.



RESULTS

Resistance responses to S. reiliana
Experiments carried out at Harbin during 2003

and 2004 for evaluation of responses of the inbred
lines against S. reiliana with artificial inoculation
ensured congenial conditions for heavy disease
build-up in the plots. This was reflected by more
than 80 percent disease incidence in the susceptible
lines Danhuang02 and Dhuang212 during the two
years of evaluation. ANOVA revealed significant dif-
ferences among the genotypes for disease inci-
dence, indicating considerable genetic variability for
the trait (Table 2). In the ANOVA based on com-
bined data over two years, genotype × year interac-
tion was also found but were minor compared to
the variance component for genotypic variation.

The mean disease incidences recorded in each
year was given in Table 3. In general, the genotypes
under study revealed good correspondence in dis-
ease incidence across years, except that 11 lines
(CN962, E28, X178, 434, K14, Tie9010, Zong31,
Zheng58, Shen118, Dan340 and Ji846) did not show
the same percentage of disease incidence. In case
of CN962, E28, X178, Zong31, Zheng58, Shen118,
Dan340 and Ji846 there were no significant differ-
ences in the 2003 and 2004 experiments, while 434,
K14 and Tie9010 showed significant difference in
disease incidence. This leads to a difference in dis-
ease ratings (S, S and S in 2003 in contrast to MR,
HR and HR respectively in 2004). The variation in
percent incidence between 2003 and 2004 datasets
in these genotypes might be attributed to experi-
mental and climatic variability.

About half of the inbred lines currently used in
Chinese maize breeding programs showed suscepti-
bility to S. reiliana, such as Huangzao4, Lu9801, 444,
Ye478. Of the 60 inbred lines tested, 8 (P138, CN165,
Moqun17, Duohuang29, B84, Ji495, Qi319, and
SH15) were rated as HR, and 11 (B73, Dong91,
Shen137, Yu12, Qi318, 1029, Huotanghuang,
Liao138, He344, Ji818 and Mo17 were consistently
recorded as R between years. It is worth to mention
that three lines from U.S. Corn Belt, B84, Mo17 and
B73, expressed strong and consistent resistance reac-
tions against the S. reiliana in both years’ evaluation.

Given the selection pressure for S. reiliana re-
sistance in 21 inbred lines mostly used in the north-
east spring maize growing environments of China,
the disease incidence was 10.38%, significantly low-
er than 33.29% in the 35 lines used in the
Huanghuaihai summer maize area in this study.

Characterization of SSR markers
and allelic diversity

A total of 70 SSR markers was used to detect ge-
netic variation among 60 inbred lines, and produced
276 alleles. The number of alleles per SSR locus
ranged from 2 (phi049) to 7 (phi109188, umc1161,
phi015), with an average of 3.94. The highest aver-
age number of alleles per locus was found in the
hexa-repeat class of SSR loci, but no correlation be-
tween the number of repeats in the SSR and the lev-
el of polymorphism was detected. The polymor-
phism information content at 70 SSR loci in 60 in-
bred lines had a mean of 0.58, and ranged from
0.237 (nc133) to 0.811 (umc1161). About 30% of the
total number of alleles in the 60 lines had frequen-
cies of 0.10 or less, and only 2% (6 alleles) had fre-
quencies exceeding 0.80. Two of these 6 alleles
from phi121 and nc133, were near fixation (fre-
quency > 0.85).

Cluster analysis and characterization
for S. reiliana resistance

Genetic similarity (GS) values among 60 lines
were calculated based on 276 alleles and ranged
from 0.619 between Yu12 vs. 434 up to 1.000 be-
tween 803 vs. Ye3189. The UPGMA algorithm clus-
tered 60 inbred lines into 6 distinct groups, using
the GS values for all pairs of inbred lines except for
4 lines, Dong91, Danhuang02, Tie9010 and E28,
that did not cluster with any other group (Fig. 1). In
general, grouping of 60 inbred lines by SSR markers
was in agreement with their known pedigree infor-
mation (LI et al., 2003). The Lüda Red Cob group
contained Dan340, Liao138, Zi330, Zong31, etc.
Huangzao4 and its derivatives were classified into
Sipingtou group. PA group contained Ye478, 803,
ye3189, Lu2548, etc, and PB group contained Qi319,
Zhongzi01, Duohuang29, SH15, P138, etc, which
were mostly derived from PN germplasm. B73, B84,
Tie7922 and several inbreds from U.S. germplasm
are found in BSSS group. Eight lines, such as Mo17,
Yu12, Huotanghuang, Ji846, etc, were clustered into
Lancaster group.

Regarding allelic distribution in each group, 4, 2,
9, 6, 8 and 9 alleles were unique to the Lüda Red
Cob, Sipingtou, PB, PA, BSSS and Lancaster group
lines tested in this study, respectively. Some of these
unique alleles were distinctive of lines that originated
from a specific breeding program, reflecting the di-
verse origins of these lines. These alleles unique to
each group have potentials to become diagnostic
markers for particular inbred lines used in this study.
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FIGURE 1 - Dendrogram for 60 inbred lines based on a cluster analysis of genetic similarities from SSR data.



The averaged disease incidence for 6 groups
(Sipingtou, PA, Lüda Red Cob, PB, BSSS and Lan-
caster) was 56.4, 21.3, 19.3, 14.7, 12.9 and 1.8, re-
spectively. The Group Sipingtou was significantly
different (P <0.01) from the other 5 groups of resist-
ance to S. reiliana (Table 4).

DISCUSSION

Many efforts have been made to identify resistant
genotypes to S. reiliana in Chinese maize
germplasm. In a survey of 1148 Chinese landraces,
70 landraces were found to be highly resistant to S.
reiliana (DUAN et al., 1992). SONG et al. (2000) found
115 genotypes conferring high resistance to S. reil-
iana in a total number of 673 genotypes. These eval-
uations were mainly conducted with Chinese local
varieties. In this study, 60 inbreds, which represent
current Chinese maize breeding materials, were eval-
uated for response to S. reiliana with artificial inocu-
lation. The two-year disease evaluations resulted in
identification of 8 and 11 inbreds offering HR to R re-
sistance to S. reiliana. Furthermore, the diversity in
60 inbred lines in relation to S. reiliana was investi-
gated. 70 pairs of SSR primers detected 276 alleles,
which clearly separated 60 lines into 6 groups (Sip-
ingtou, Lüda Red Cob, PA, PB, BSSS and Lancaster).
The two-year evaluations for S. reiliana resistance re-
vealed that Sipingtou group was highly susceptible to
S. reiliana with disease incidence of 56.4%, and no
resistant line in this group was identified. In the other
4 groups, 4, 6, 2 and 4 resistant lines were identified
in the groups of Lüda Red Cob, PB, PA and BSSS, re-
spectively, and these resistant lines are useful for
germplasm improvement for resistance to S. reiliana
within the group based on heterotic pattern. It is
worthy mentioning that the group Lancaster contain-
ing a large number of resistant lines was identified as
the important source and possesses a potential to en-
hance resistance to S. reiliana. Moreover, it appears
that selection pressure applied by the breeding ef-
forts in the region for S. reiliana resistance favored
the selection for alleles linked to genetic loci for re-
sistance. Head smut occurs more severe in northeast
spring maize growing area than that in summer
maize area of China. In 21 spring maize inbred lines,
the disease incidence was 10.38%, significantly lower
than 33.29% in 35 summer maize lines. These find-
ings could help maize breeders to incorporate dis-
ease resistance and satisfied agronomic traits in
breeding efforts for resistance to S. reiliana.
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ABSTRACT - The aim of this work was to estimate genet-
ic parameters for traits associated with maize seed quality
of two populations in an interpopulational recurrent se-
lection for this trait. Two populations derived from single-
cross commercial hybrids and currently in Hardy-Wein-
berg equilibrium (1 and 2) were used for these experi-
ments. Initially 169 half-sib progenies were obtained from
each population. All progenies were sown in two isolated
fields. The pollinator from one field was population 1 and
the pollinator was the opposite population on the other
field, all developed under similar conditions. The ears
harvested by hand, in both isolated fields were bulked,
resulting in a “half-sib progeny bulk”. This seed produc-
tion method produced an adequate quantity of same-age-
seed of each intra and inter progenies to use in the seed
quality tests. The seed produced was initially separated
using screens and were evaluated seeds of the same size
in the germination test (GT), speed of germination index
(SGI) and the accelerated aging test (AAT). Each plot con-
sisted of 25 seeds and the design was completely ran-
domized (one way classification) with four replications.
The genetic and phenotypic parameters were estimated
based on the mean square expectations of variance and
covariance analyses. The populations of intra and inter-
populational half-sibs differed in seed quality. The hetero-
sis estimates were of low magnitude 4.5% in the GT,
10.1% in the AAT and 5.7% in the SGI. The largest pro-
portion of the interpopulational additive genetic variance
(σ

2
A12 or σ

2
A21) was explained by the intrapopulational ad-

ditive variance (σ
2
A11 or σ

2
A22). This indicates the lesser im-

portance of dominance and that reciprocal recurrent se-
lection is less efficient than intrapopulational selection for
these traits.

KEY WORDS: Reciprocal recurrent selection; Genetic pa-
rameters; Heterosis.

INTRODUCTION

The use of high quality maize seed is directly re-
lated to the uniformity of the crop, lower incidence
of seed-transmitted disease, high plant vigor and
consequently results in high yields. High seed quali-
ty is an essential factor in agricultural production; it
must be monitored and maintained during the field
production processes and seed processing.

Different tests, especially germination and vigor,
underlie evaluations of the physiological seed quali-
ty (CARVALHO et al., 2006). Nevertheless, information
on the genetic control of traits associated with seed
quality and the possibility of success with selection
is still scarce.

When the traits are controlled by many genes,
selection has to be developed over successive selec-
tion cycles, through recurrent selection (RS) (SOUZA

JÚNIOR, 2001). If the main purpose is the increase of
the average of population “per se” so the recurrent
selection should be intrapopulational. On the other
hand, if the objective is the extraction of inbred
lines to obtain hybrids, the recurrent selection
should interpopulational to increase heterosis of the
two populations. The decision on the selection
strategy depends on the heterosis estimate and/or
other genetic and phenotypic parameters. These es-
timates are available for some maize traits, namely
grain yield (HALLAUER and MIRANDA FILHO, 1988; RA-
POSO and RAMALHO, 2004). Selection experiments
showed that interpopulational recurrent selection is
feasible, and successful selection results can be ob-
tained (SOUZA JÚNIOR, 2001; LOBATO et al., 2005).

There is little information available on the genet-
ic control of seed quality-related traits. Current in-
formation shows that heterosis does occur, although
it is not predominantly of great magnitude (GOMES

et al., 2000; LOBATO et al., 2005; HOECKER et al.,
2006). It is important to thoroughly investigate these
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breeding parameters for seed quality. Therefore, the
objectives of this study were to estimate the genetic
parameters of seed quality-related traits of two pop-
ulations, in order to inform breeders about the pos-
sibility of success when using recurrent selection for
this trait.

MATERIAL AND METHODS

The experiments were conducted at the Department of Biolo-
gy of the Federal University of Lavras, in Lavras, state of Minas
Gerais, Brazil (latitude 21°14’ S, longitude 45°00 W, altitude 910 m
asl). Two populations were used that had been recombined a five
times and were consequently in Hardy-Weinberg equilibrium.
Population 1 had been derived from the single-cross commercial
hybrid DKB 333B and population 2 from hybrid Dow 657.

To obtain the progenies of populations 1 and 2, two isolated
fields were planted. The harvested ears of each individual plant
produced 169 half-sib progenies of each population. Seed of the
inter and intrapopulation progenies from both populations, of
the same age, were obtained from planting mixture of the 169
half-sib progenies of population 1 in equal proportion. Each
progeny was sown in a three meter row, with five plants per me-
ter after thinning and spaced 90 cm between rows. Between
every three rows of progenies from population 1 (female
parental), detasseled, one row of the progeny mixture of popula-
tion 2 (male parental) were sown. In the same field, the proge-
nies of population 2 (female parental), detasseled, were also
sown, and every third row was sown with seed of the progeny
mixture of population 2, the male parental. The 169 inter half-sib
progenies of population 1 were obtained, i.e., the female be-
longed to population 1 (P12) and 169 intra half-sib progenies to
population 2 (P22).

Analogously, a second isolated field was planted. In this sec-
ond field, the female rows, detasseled, were 169 half-sib proge-
nies of population 2 and the male rows were a mixture of the
seed of the 169 progenies of population 1 planted at a 3-1 ratio.
The 169 inter half-sib progenies of population 2 were obtained,
i.e., the female belonged to population 2 (P21) and 169 intra
half-sib progenies to population 1 (P11).

The ears were harvested, husked by hand with 20% of mois-
ture content, and artificially dried at 45°C to approximately 12%
moisture content. Small-scale experimental driers were used for
this purpose, built according to NAVRATIL and BURRIS (1982). The
ears harvested in both isolated fields were bulked, resulting in a
“half-sib progeny bulk”. This seed production method produced
adequate quantity of same-age-seed of each intra and inters
progenies to use in the seed quality tests.

The seed produced was initially separated using screens of
the type 14 x ¾’’ (oblong holes), separating the flat seeds from
the round ones accordingly to their thickness by hand. The re-
tained, flat ones were classified also by hand in screens with
round holes size 20 and 22.

The seed retained in a screen size 22 was used for the physi-
ological quality tests. First, the seeds were treated with fungicides
(500 g/L of Tiabendazol) at a dose of 40 g/100 kg seed, and 800
g/Kg of Captan® at a dose of 120 g/100 kg seeds. The germina-
tion test (GT) was performed in a rolled water-moistened paper
towel type Germitest. The moistened towels weighed 2.5 times

the weight of the dry substrate and 4 replications of 25 seeds
were germinated per sample. Tests were placed at 25°C in germi-
nators (Mangelsdorf). The tests were evaluated at 4 (first count)
and 7 days (final count) after sowing, according to the Rules for
Seed Analysis (Brazil, 1992).

The speed of germination index (SGI) was determined by
germinating four replications of 25 seeds per sample in paper
towels type Germitest. From the fourth day after sowing on-
wards, the daily number of plantlets with a minimum above-
ground height of 2.0 cm, a 5.0 cm main root and two seminal
roots were counted. This information was used for calculating an
index for each sample according to the formula by EDMOND and
DRAPALA (1958), cited by NAKAGAWA (1999).

Four replications of 25 seeds were used in the accelerated
aging test (AAT). Each replication was placed on top of a grated
screen inside a mini aging box. Distilled water was poured into
the box (40 ml) and maintained at 42°C for 96 hours (TAO, 1980).
After 96 hours, the seeds were sown in paper towels in a germi-
nator at 25°C and the normal seedlings counted after 5 days.

The seed quality data were analyzed in a completely ran-
domized experimental design with four replications. For the
analyses the statistical software Sisvar (System of Analysis of Vari-
ance) (FERREIRA, 2000) was used.

Since a large number of seeds was needed to conduct the
seed quality tests, a bulk of seeds of each half-sib progeny was
used. In other words, the half-sib progenies of the populations
were sown in rows for intra progeny seed increase and to obtain
greater seed quantities of the interpopulational progenies. There
were no prior reports of using a similar procedure in the maize
literature. To obtain greater seed quantities the half-sib proge-
nies, be it intra or inter, are normally derived from S1 progenies,
i.e., through selfing of S0 plants. This progeny type, called “half-
sib progeny bulk”, has the drawback that the genetic variance
among progenies (σ

2
P) contains only 1/16 of the additive genetic

variance. More details of that mathematical demonstration is
found in SILVA (2006). This way, based on the mean square error
of the Analyses of Variance, the genetic variance among in-
trapopulational progenies of populations 1 (σ

2
P11) and 2 (σ

2
P22)

and the additive intrapopulational variance for population 1
(σ

2
A11) and 2 (σ

2
A22) was estimated using the formula (σ

2
A11 =

16σ
2
P11; σ

2
A22 = 16σ

2
P22).

Analogously the genetic variance among interpopulational
progenies were estimated considering population 1 (σ

2
P12) or

population 2 as female (σ
2
P21) and the additive inter populational

variance considering population 1 as female (σ
2
A12) and 2 (σ

2
A21)

using the estimator (σ
2
A12 = 16σ

2
P12; σ

2
A21 = 16σ

2
P21).

Based on the analyses of covariance between the intra and
inter progenies, the covariance between the progeny types was
evaluated in the case when population 1 was used as female
(COV(P1P12)) and when population 2 was the female (COV(P2P21)).
The additive genetic variance was partitioned using the formulas
presented by SOUZA JÚNIOR (1993). The estimates of these param-
eters and the associated errors were obtained based on the mean
squares (MS) of the analyses of the variance and mean product
(MP) of the analyses of covariance by the method of weighted
mean squares, or in other words:

β = (X ′V–1X)–1 X ′V–1Y

Where, β is the matrix of the parameters to be estimated; X
the matrix of the coefficients, in this case full rank; V the inverse
matrix of weights, in other words, a matrix of variance and co-
variance associated to the progenies; Y the vector of observations.
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The expected gain in the different populations was estimated
by the formula:

GS = ds h2

where, ds is the differential of selection, i.e., the mean of the 15
intra or inter half-sib progenies with best performance minus the
original progeny mean; h2 is the heritability at the intra or inter-
populational progeny mean level.

RESULTS AND DISCUSSION

The seeds on a maize ear have different sizes.
The differences in seed size in a line or single-cross
hybrid are only of environmental nature. But when
other hybrids or even a population derived from
single-cross hybrids are considered, as in the pres-
ent case, the differences in seed size are of both a
genetic and environmental nature. There are few re-
ports in the literature on the genetic control of grain
size. It is even possible that this trait is strongly in-
fluenced by the maternal parent, in other words, the
size could depend on the pericarp, which is mater-
nal tissue, i.e., has no xenia (BULANT and GALLAIS,
1998; MERCER, 2001). The pericarp could thus be re-
sponsible for the variation in seed size.

The overall germination percentage mean of the
hybrid progenies of these two populations was 88.8%.
This value is higher than that reported in LOBATO et al.
(2005) (78%) for germination percentage at field eval-
uations of these same populations with seed pro-

duced in two seasons, September and December. The
intra progeny germination mean was lower in popula-
tion 1- 82% in relation to population 2 (Table 1).

Heterosis (h) for GT and AAT was observed in
population 1 as well as in population 2. For the
population 1 was 2.63% and for 2 was 6.35% con-
sidering GT. To AAT the values were 5.30% and
14.98%, respectively (Table 1). GOMES et al. (2000)
also reported heterosis for GT and AAT in maize.
The authors found that the mean heterosis among
the 15 single-cross hybrids was 2.65% for GT
ranged from -6.3% to 8.4%, and for the AAT hetero-
sis ranged from 1.9% to 22.3%. HOECKER et al. (2006)
estimated heterosis of 12 single-cross hybrids for
traits expressed soon after emergence. They report-
ed heterosis ranged from -12.1% to 134.3% for the
length of the primary root after three days; from
1.1% to 12.2% for width of the primary root after
three days; -11.1% to 130.0% for density of the later-
al roots after five days and -11.5% to 59.6% for the
number of seminal roots after 14 days.

In the case of the evaluated traits, h2 for the se-
lection in the progeny mean was always higher than
86% for both populations, with a small error associ-
ated to the estimate (Table 1). This observation was
well-evidenced by the estimates of environmental
variances (σ

2
e) compared to the components of ge-

netic variance (Tables 2, 3 and 4). For example, σ
2
e

was always of lower magnitude than the estimated
additive genetic variance (σ

2
A11 and σ

2
A22).
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TABLE 1 - Mean results for germination test (GT), accelerated aging test (AAT), speed of germination index (SGI) and estimates of heterosis,
genetic variance (σ̂

2
P) and heritability (ĥ

2
) of the intra and inter progenies of the populations 1 and 2.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
GT AAT SGI

Pop. 1 Pop. 2 Pop. 1 Pop. 2 Pop. 1 Pop. 2
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Intra Average 20.51(82.04%) 21.99(87.96%) 18.98 17.81 5.98 5.66

Inter Average 21.81(87.24%) 22.60(90.40%) 19.37 21.15 5.76 5.22
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Heterosis (%) 2.63 6.35 5.30 14.98 -1.03 -10.31
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
σ̂

2
P Intra 9.92 12.87 20.24 42.35 1.07 1.14

σ̂
2
P Inter 10.21 3.35 28.58 10.37 0.92 0.51

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

ĥ
2
Intra 95.03 96.49 96.97 98.89 97.09 96.69

LI1/ (%) 93.56 95.46 96.07 98.56 96.23 95.72

LS1/ (%) 96.10 97.24 97.62 99.13 97.72 97.40
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

ĥ
2
Inter 96.05 86.79 97.99 95.01 96.57 92.24

LI1/ (%) 94.88 82.91 97.40 93.55 95.56 89.96

LS1/ (%) 96.90 89.62 98.43 96.09 97.31 93.90
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1/ Lower (LI) and upper limit (LS) of the estimate with P≤0.05, obtained by the expression presented by KNAPP et al. (1985).
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TABLE 2 - Estimates of the components of variances of the normal plantlets in the germination test (%) with progenies of populations 1 and 2.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

POPULATION 1

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Model

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Parameters Complete Without σ
2
τ12 Without σ

2
eτ12 CovA1τ12

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

σ
2
e11

1/ 2.0740 2.0673 2.1110

(1.84; 2.36)2/ (1.83; 2.35)2/ (1.87; 2.40)2/

σ
2
e12

1/ 1.6790 1.6879 1.7110

(1.49; 1.91) (1.49; 1.92) (1.52; 1.95)

Cove112
1/ 0.0755 0.0755 0.0754

(0.07; 0.09) (0.07; 0.09) (0.07; 0.08)

σ
2
A11

1/ 158.6640 219.7800 88.4504

(129.15; 199.64) (189.42; 258.10) (77.48; 101.92)

σ
2
τ12

1/ 70.6409 – –

(59.51; 85. 24)

CovA1τ12
1/ -16. 4982 -24.0825 –

(-13. 47; -20.68) (-20.82; -28.18)

R̂ 21/ 1.00 0.98 0.88

Number of iterations 2 7 8

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

POPULATION 2

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Model

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Parameters Complete Without σ
2
τ12 Without σ

2
eτ12 CovA1τ12

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

σ
2
e22

1/ 1.8730 1.8811 2.058

(1.66; 2.13)2/ (1.66; 2.14)2/ (1.82; 2.34)2/

σ
2
e21

1/ 2.0430 2.0241 2.036

(1.81; 2.32) (1.79; 2.30) (1.81; 2.31)

Cove221
1/ 0.0610 0.0610 0.060

(0.05; 0.07) (0.05; 0.07) (0.05; 0.07)

σ
2
A22

1/ 205.8960 158.4737 58.71

(167.80; 258.69) (136.79; 185.77) (51.35; 67.78)

σ
2
τ21

1/ -51.1990 – –

(-43.50; -61.15)

CovA2τ21
1/ -25.2532 -19.3272 –

(-20.58; -31.73) (-16.69; -22.65)

R̂ 21/ 1.00 0.98 0.7094

Number of iterations 0 6 33

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1/ The intra (σ

2
e11, σ

2
e22) and interpopulational error (σ

2
e12, σ

2
e21), of the covariances between them (Cove112, Cove221), of the intra additive ge-

netic variance (σ
2
A11, σ

2
A22), of the deviations of the additive intra from interpopulational effects (σ

2
τ12, σ

2
τ21) and of the covariances of the ad-

ditive effects with their intra from interpopulational deviations (CovA1τ12, CovA2τ21);
2/ Lower and upper limit of the estimate, respectively, at 95% probability.
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TABLE 3 - Estimates of the variance components of the normal plantlets in the accelerated aging test (%) with progenies of populations 1 and 2.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

POPULATION 1

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Model

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Parameters Complete Without σ
2
τ12 Without σ

2
eτ12 CovA1τ12

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

σ
2
e11

1/ 2.5300 2.5236 2.5581

(2.24; 2.88)2/ (2.23; 2.87)2/ (2.26; 2.91)2/

σ
2
e12

1/ 2.3390 2.3499 2.3887

(2.07; 2.66) (2.08; 2.67) (2.12; 2.72)

Cove112
1/ 0.0935 0.0934 0.0934

(0.08; 0.11) (0.08; 0.11) (0.82; 0.11)

σ
2
A11

1/ 323.8840 603.7509 192.0930

(263.64; 407.53) (520.82; 708.32) (168.54; 220.97)

σ
2
τ12

1/ 289.4570 – –

(240.57; 354.99)

CovA1τ12
1/ -39.0102 -73.9866 –

(-31.75; -49.08) (-63.82; -86.80)

R̂ 21/ 1.00 0.97 0.8035

Number of iterations 0 5 8

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

POPULATION 2

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Model

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Parameters Complete Without σ
2
τ12 Without σ

2
eτ12 CovA1τ12

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

σ
2
e22

1/ 1.9030 1.9057 1.9849

(1.69; 2.16)2/ (1.68; 2.16)2/ (1.76; 2.26)2/

σ
2
e21

1/ 2.1760 2.1688 2.1748

(1.93; 2.47) (1.92; 2.47) (1.93; 2.47)

Cove221
1/ 0.0830 0.0830 0.083

(0.07; 0.09) (0.07; 0.09) (0.07; 0.09)

σ
2
A22

1/ 677.5800 519.8327 172.2260

(552.21; 851.32) (448.81; 609.25) (151.25; 197.91)

σ
2
τ21

1/ -144.6020 – –

(-122.14; -173.92)

CovA2τ21
1/ -91.7655 -72.1627 –

(-74.83; -115.21) (-62.53; -84.21)

R̂ 21/ 1.00 0.98 0.5840

Number of iterations 0 6 6

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1/ The intra (σ

2
e11, σ

2
e22) and interpopulational error (σ

2
e12, σ

2
e21), of the covariances between them (Cove112, Cove221), of the intra additive ge-

netic variance (σ
2
A11, σ

2
A22), of the deviations of the additive intra from interpopulational effects (σ

2
τ12, σ

2
τ21) and of the covariances of the ad-

ditive effects with their intra from interpopulational deviations (CovA1τ12, CovA2τ21);
2/ Lower and upper limit of the estimate, respectively, at 95% probability.
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TABLE 4 - Estimates of the variance components of the speed of germination index in progenies of populations 1 and 2.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

POPULATION 1

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Model

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Parameters Complete Without σ
2
τ12 Without σ

2
eτ12 CovA1τ12

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

σ
2
e11

1/ 0.1280 0.1277 0.1304

(0.11; 015)2/ (0.11; 0.14)2/ (0.11; 0.15)2/

σ
2
e12

1/ 0.1310 0.1314 0.1328

(0.12; 0.15) (0.12; 0.15) (0.11; 0.15)

Cove112
1/ 0.0065 0.0065 0.0065

(0.0057; 0.0073) (0.0057; 0.0074) (0.0057; 0.0073)

σ
2
A11

1/ 17.0760 21.9435 8.3980

(13.90; 21.49) (18.92; 25.75) (7.36; 9.66)

σ
2
τ12

1/ 5.3890 – –

(4.57; 6.45)

CovA1τ12
1/ -1.9220 -2.5289 –

(-1.56; -2.41) (-2.18; -2.96)

R̂ 21/ 1.00 0.99 0.85

Number of iterations 0 5 7

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

POPULATION 2

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Model

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Parameters Complete Without σ
2
τ12 Without σ

2
eτ12 CovA1τ12

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

σ
2
e22

1/ 0.1560 0.1560 1.3010

(0.13; 0.18)2/ (0.13; 0.18)2/ (1.17; 1.4)2/

σ
2
e21

1/ 0.1710 0.17 0.6839

(0.16; 0.19) (0.15; 0.19) (0.61; 0.76)

Cove221
1/ 0.0020 0.0020 0.0020

(0.0017; 0.0022) (0.0017; 0.0022) (0.0017; 0.0022)

σ
2
A22

1/ 18.2237 17.28 -0.0011

(14.8520; 22.8966) (14.924; 20.25) (-0.0010; -0.0013)

σ
2
τ21

1/ -0.9778 – –

(-0.84; -1.15)

CovA2τ21
1/ -2.2790 -2.16 –

(-1.86; 2.86) (-1.87; -2.53)

R̂ 21/ 1.00 0.99 0.50

Number of iterations 0 4933 5

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1/ The intra (σ

2
e11, σ

2
e22) and interpopulational error (σ

2
e12, σ

2
e21), of the covariances between them (Cove112, Cove221), of the intra additive ge-

netic variance (σ
2
A11, σ

2
A22), of the deviations of the additive intra from interpopulational effects (σ

2
τ12, σ

2
τ21) and of the covariances of the ad-

ditive effects with their intra from interpopulational deviations (CovA1τ12, CovA2τ21);
2/ Lower and upper limit of the estimate, respectively, at 95% probability.



In a reciprocal recurrent selection program, the
point of interest is the additive genetic variance
among interpopulational progenies (σ

2
A12 or σ

2
A21).

Using the formula presented by SOUZA JUNIOR (1993)
these variance were partitioned and it was verified
here that the σ

2

τ12 and σ
2

τ21 (genetic variances of the
deviations from the inter and intrapopulational addi-
tive effects) must be non-significant, since in nearly
all cases, their removal did practically not alter the
fitting of the model. The CovA1τ12 or CovA1τ12 (genet-
ic covariances of the intrapopulational additive ef-
fects with the deviations from the inter and in-
trapopulational additive effects) were, however,
negative in all cases and of far lower magnitude
than σ

2
A11 or σ

2
A22 (Tables 2, 3 and 4). This is in line

with the low heterosis manifested for these traits in
the crosses, i.e., the additive effect explained the
greatest part of the variation for these traits.

The estimates of the expected gain with selec-
tion (GS) are presented in the Table 5. Thus it was
inferred that intrapopulational recurrent selection is
efficient for the evaluated traits. This results agree
with that was explained before, i.e, the largest pro-
portion of the interpopulational additive genetic
variance (σ

2
A12 or σ

2
A21) was explained by the in-

trapopulational additive variance (σ
2
A11 or σ

2
A22). This

evidences the lesser importance of dominance and
indicates that the reciprocal recurrent selection is
less efficient than the intrapopulational for these
traits. SOUZA JÚNIOR (2001) stated that neither the in-
tra nor the interpopulational recurrent selection can
improve the “per se” performance of both popula-
tions and simultaneously raise the heterosis be-

tween them. An alternative would be an intermedi-
ary scheme between these two selection strategy. In
this proposal one population, for example 2, would
be used as tester of population 1 and of itself. The
described strategy improves population “per se” and
heterosis.

REFERENCES

ARIAS C.A.A., 1995  Componentes de variância e covariância
genética relacionados à seleção recorrente intra e interpopu-
lacional no milho (Zea mays L.). 139 p. Tese (Doutorado em
Genética e Melhoramento de Plantas) - Escola Superior de
Agricultura Luiz de Queiroz, Piracicaba, SP.

BRAZIL, 1992  Ministério da Agricultura. Regras para análise de
sementes. Brasília: SNAD/DNPV/CLAV, 365 pp.

BULANT C., A. GALLAIS, 1998  Xenia effects in maize with normal
endosperm: Importance and stability. Crop Sci. 39: 1517-1525.

CARVALHO M.L.M., J. DE B. FRANÇA NETO, F.C. KRZYZANOWSKI, 2006
Controle de qualidade na produção de sementes. Inf. Agrop.
27: 52-58.

FALCONER D.S., T.F.C. MACKAY, 1996  Introduction to quantitative
genetics. London: Longman Malaysia. 463 p.

FERREIRA D.F., 2000  SISVAR: sistema de análise de variância. Ver-
são 3.04, Lavras: UFLA/DEX. 1CD-ROM.

GOMES M. DE S., E.V.R. VON PINHO, R.G. VON PINHO, M.G.C.
VIEIRA, 2000  Efeito da heterose na qualidade fisiológica de
sementes de milho. Rev. Bras. Sem. 22: 7-17.

HALLAUER A.R., J.B. MIRANDA FILHO, 1988  Quantitative genetics in
maize breeding. 2.ed. Iowa State Univ. Press, Ames. 468 pp.

HOECKER N., B. KELLER, H-P. PIEPHO, F. HOCHHOLDINGER, 2006
Manifestation of heterosis during early maize (Zea mays L.)
root development. Theor. Appl. Gen. 112: 421-429.

61GENETIC CONTROL OF SEED QUALITY-RELATED TRAITS

TABLE 5 - Gain estimates in the germination test (GT), accelerated aging test (AAT) and speed of germination index (SGI) tests.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Population Mo1 GS1 GS/Mo x 1001

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
GT P11 20.51 3.72 18.14

P12 21.81 2.43 11.14
P22 21.99 2.27 10.32
P21 22.60 2.06 9.11

AAT P11 18.98 5.14 27.08
P12 19.37 4.92 25.40
P22 17.81 6.29 35.31
P21 21.15 3.72 17.59

SGI P11 5.78 -1.48 25.60
P12 5.76 -1.56 27.08
P22 5.66 -1.32 23.32
P21 5.22 -1.10 21.07

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1 Original progeny means (Mo), gain estimates of the selection (GS), and gain estimates/original means (GS/Mo).



LOBATO P.N., R.G. VON PINHO, E.V.R. VON PINHO, M.A.P. RAMALHO,
2005  Qualidade fisiológica e sanitária de sementes de híbri-
dos duplos de milho utilizando a geração F1 e F2 de híbridos
simples. Rev. Bras. Milho e Sorgo 4: 8-18.

MERCER J.R., 2001  Implicações do fenômeno Xênia nos progra-
mas de melhoramento de milho. 53 p. Dissertação (Mestrado
em Genética e Melhoramento de Plantas) – Univ. Federal de
Lavras, Lavras, MG.

NAKAGAWA J., 1999  Testes de vigor baseados no desempenho
das plântulas. pp. 2.1-2.21. In: J. de B. França Neto, F.C.
Krzyzanowski, R.D. Vieira (Eds.), Vigor de sementes: con-
ceitos e testes. Londrina.

NAVRATIL R.J., J.S. BURRIS, 1982  Small-scale dryer designer. Agron.
J. 74: 159-161.

RAPOSO F.V., M.A.P. RAMALHO, 2004  Componentes da variância
genética de populações derivadas de híbridos simples de
milho. Rev. Bras. Milho e Sorgo 3: 402-413.

SILVA N.O., 2006  Controle genético de características associadas à
qualidade de sementes de milho. 92p. Tese (Genética e Mel-
horamento de Plantas) - Univ. Federal de Lavras, Lavras, MG.

SOUZA JÚNIOR C.L., 1993  Comparisons of intra-interpopulational
and modified recurrent selection methods. Rev. Bras. Gen.
16: 91-105.

SOUZA JÚNIOR C.L., 2001  Recurrent selection and heterosis. pp.
247-256. In: J.C. Coors, S. Pandey (Eds.), Genetics and ex-
ploitation of heterosis in crops. Madison, WI.

TAO J.K., 1980  Vigor “referee” test for soybean and corn. Proc.
Assoc. Off. Seed Anal. 54: 40-58.

62 N.O. SILVA, M.A.P. RAMALHO, A.T. BRUZI, É.V.R. VON PINHO



ABSTRACT - Crop growth and yield are highly related to
the fraction of radiation intercepted (FRI) by a crop. Digi-
tal image analysis for FRI measurement in soybean
(Glycine max [L.] Merr.) presents problems for tall crops
like maize (Zea mays L.). Our objectives were to (i) de-
velop a digital-image-analysis method for maize; (ii) de-
termine the conditions in which the method could be
used; and (iii) compare the variability of this method with
the variability of measurements using a quantum line sen-
sor. A laboratory experiment simulated four known FRI
values (using green paper) for six crop heights from 0.25
to 1.5 m. In a field experiment, FRI values were generat-
ed over several weeks by treatments of row spacing (0.5
and 1.0 m) and plant population densities (2 to 30 plants
m-2). Measurements of FRI using a quantum line sensor
were compared with those made with digital images tak-
en from the soil surface with the lens facing up. Results
from the laboratory experiment indicated that when the
distance between the camera and the simulated canopy
was less than 0.75 m, the error in estimating FRI increased
markedly, but there was no effect of row spacing. The
FRI estimations were more accurate when FRI values
were averaged from pictures taken in the row with those
taken between rows. Results from the field experiment in-
dicated that the digital-image method gives similar results
to those of the quantum line sensor but is inherently less
variable. We conclude that the method for estimating FRI
from digital images taken below the canopy can be used
in maize taller than 0.75 m and with row spacings be-
tween 0.5 and 1.0 m.

KEY WORDS: Maize; Radiation interception; Digital im-
age.

INTRODUCTION

Crop growth rate and grain yield are generally
positively related to the amount of radiation that the
crop intercepts (WATSON, 1947, 1952; MONTEITH,
1977), but measuring radiation interception is diffi-
cult. GALLO and DAUGHTRY (1986) developed a
method to estimate FRI by measuring the photosyn-
thetically active radiation (PAR) below the canopy
with a quantum line sensor and expressing that as a
fraction of incident PAR. Although this method has
been widely used, it has the disadvantage that
measurements can only be made near solar noon
when the sun is unobstructed by clouds (PURCELL,
2000). Measurements using the quantum line sensor
also vary with changes in latitude and day of year.
Another problem is that the quantum line sensor
samples a relatively small area which makes it vul-
nerable to variations in the distribution of the radia-
tion interception, unless a large number of measure-
ments are taken per plot.

By mounting a camera approximately 1.5 m
above the ground, PURCELL (2000) found for soybean
grown in narrow (0.19 m) rows that the fraction of
green pixels per picture frame had a one-to-one
agreement with FRI as measured by a quantum line
sensor. The digital-image technique described by
PURCELL (2000) had several advantages over the line-
quantum-sensor method including that measure-
ments could be made at any time of day, special-
ized equipment was not required, and the method
was quick and could be easily modified for batch
analysis of stored images (KARCHER and RICHARDSON,
2005).

Digital image analysis has been used in short-
statured crops other than soybean to estimate FRI
including wheat (Triticum aestivum L.; CAVIGLIA et
al., 2004), lettuce (Lactuca sativa L.; KLASSEN et al.,
2003), turfgrass (RICHARDSON et al., 2001), and maize
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during the early stages of crop development (ED-
WARDS et al., 2005). Nevertheless, as crop height ap-
proaches the camera, the method loses precision
(KLASSEN et al., 2003). For tall crops, this could be
overcome by taking pictures from greater heights,
but increasing the height is difficult in experimental
plots of reduced size. The development of a
method to estimate FRI from the analysis of pictures
taken from the soil surface with the lens pointing
up would provide a solution to this problem and
have applications in tall crops, such as maize. Be-
cause of the greater area sampled, this method
would likely require fewer measurements per plot
than the quantum line sensor. Additionally, analysis
of digital images for estimating FRI has not been
systematically evaluated for row spacings greater
than 0.19 m (PURCELL, 2000). Therefore, it is also im-
portant to determine the conditions for which this
technique could be used.

We hypothesized that in a tall crop (such as
maize) the digital-image technique could be used
by directing the images from the soil surface toward
the sky and have good agreement with the method
using a line-quantum sensor. Furthermore, we hy-
pothesized that the digital-image technique would
likely have less variability than the method using a
quantum-line sensor because the area sampled is
substantially greater with a digital image. With these
hypotheses in mind, the objectives of this work
were to (i) determine the feasibility of estimating
FRI from the analysis of digital images taken from
the soil surface; (ii) determine the conditions in
which this method of estimation could be used; and
(iii) compare the variability of the estimations of FRI
of the method with that of the quantum line sensor.

MATERIALS AND METHODS

Three experiments were conducted at the University of
Arkansas (Fayetteville, AR). Experiment 1 was conducted in the
laboratory with the objective of determining how estimation of
FRI using digital images was affected by row spacing and the dis-
tance between the camera and the canopy. Experiment 2 and 3
were conducted in the field with the objective of comparing esti-
mates of FRI from digital images taken at the soil surface with
FRI measurements made with a quantum line sensor. An adition-
al objective of Experiment 3 was to compare the error associated
with FRI estimations made from quantum line sensor measure-
ments and those obtained from the digital images. For all the ex-
periments digital images were taken with a Fujifilm (model A210,
Fuji Photo Film Co., LTD., Tokyo, Japan) camera at a resolution
of 0.3 megapixels and stored in joint-photographic-experts-group
file format.

Experiment 1
Simulated canopy coverage levels were generated in the lab-

oratory with pieces of rectangular green paper placed in regular
patterns simulating row spacings of 0.5 and 1.0 m. The green pa-
per covered known fractions of the floor surface (0.2, 0.4, 0.53,
and 0.8). The floor color was beige, which provided good con-
trast with the green paper for image analysis. Digital images
were taken (with the camera facing down) at six heights from
0.25 to 1.5 m in 0.25-m-increments. For each combination of
floor-coverage level, simulated row spacing, and height (4x2x6),
two images were taken in different placements directly over the
row and two other images were taken at different positions di-
rectly between two rows. Digital images from the simulated
canopy were analyzed to determine the fraction of green pixels
relative to the total pixels per frame using SigmaScan Pro (Ver-
sion 5.0.0, SPSS, Inc., Chicago, IL). The analysis of digital images
was automated using a macro developed by KARCHER and
RICHARDSON (2005).

Experiment 1 simulated images taken in the field with the
camera on the soil surface facing up. An assumption in this
analysis is that leaf surface occurs primarily in a single plane. Al-
though this assumption is never met in field crops, the analysis
provides an initial assessment of the importance of distance be-
tween the crop surface and the camera. The different heights
where the pictures were taken represent heights where most of
the leaves are located; the pieces of green paper represent the
canopy as seen from below, and the floor represents the sky.

Estimated FRI values from digital-image analysis were re-
gressed against known FRI values (based upon the fraction of
green paper covering the floor) for each of the different heights
and row spacings using a general linear model (SAS, Version 9.1,
Cary, NC). The analysis was performed for the pictures taken
over the row, for the pictures taken between two rows and for
the averaged value of the two positions.

Experiment 2
Measurements of FRI were made on 25 plots that were part of

a larger field experiment evaluating yield response to population
density of maize hybrids differing in maturity. Maize hybrids with
relative maturities ranging from 80 to 119 days were sown in 0.5-
and 1.0-m rows on 18 April 2005 at Fayetteville, AR (36° 5’ N lati-
tude). There were five seeding densities ranging from 2.4 to 36
seed m-2, and the soil was a Captina silt loam (fine-silty, mesic
Typic Fragidult). Plots consisted of four rows that were 7.6 m in
length, and row direction was east-west. Irrigation was applied by
an overhead sprinkler system when the estimated soil-water
deficit reached 25 mm as determined by the Arkansas irrigation
scheduling program (http://www.aragriculture.org/computer_pro-
grams/irrigation_scheduling/default.asp, verified 10 April 2007).

On 6 June, 14 June, and 28 June 2005, FRI measurements
were made with a quantum line sensor (Model CI-150, CID, Inc.,
Vancouver, WA) when plants had reached the 9-leaf, 13-leaf, and
silking stages (~19 leaf), respectively. On each date, FRI meas-
urements were made on 15 plots with 0.5-m rows and 10 plots
from 1.0-m rows. Measurements were made within one hour of
solar noon in full sunlight by measuring PAR above the canopy
and at three positions beneath the canopy of each plot perpendi-
cular to the row direction. The PAR measurements beneath the
canopy were averaged and expressed as a fraction of the PAR
above the canopy.

On the same day that PAR measurements were made and in
the same section of the plot, images were also taken with a digi-
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tal camera that was placed on the soil surface and pointed to-
wards the sky. In each plot one picture was taken between
plants in-the-row and another picture was taken from the middle
of two rows. For all digital images, the long axis of the picture
frame was directed parallel to the row direction. There were no
senesced leaves in the crop when measurements were made.

In some cases, deep shadows within the canopy interfered
with quantifying green pixels. Therefore, images were analyzed
using the intensity-threshold option (rather than the color-thresh-
old option) of the SigmaScan Pro software. When using the in-
tensity-threshold setting, the software converts the original im-
ages into grey scale, and leaves appear dark against the light-col-
ored background of the sky. For each date, one image from be-
tween rows and one image from in-the-row were evaluated to
determine the limits for the intensity-threshold settings. Depend-
ing on the brightness of the image, intensity thresholds from 0 to
90 (for dark pictures) and from 0 to 220 (for light pictures) were
used. Separate settings were determined for pictures taken in-
the-row and those taken between rows.

Once settings were determined that correctly separated plant
material from the background of the sky for the representative
pictures, remaining images for that date were analyzed using the
macro described by KARCHER and RICHARDSON (2005) with the
modification that the intensity-threshold option was used rather
than the the color-threshold option. Batch analysis was effective
for conditions in which the brightness of the sky was constant
(e.g., uniform cloud cover or cloudless). For conditions in which
the background of the sky changed rapidly, a small percentage
of pictures (5 to 10%) required individual settings for image
analysis. The estimation of FRI for each plot was obtained by av-
eraging the FRI values of the image taken from between plants
in the row and from the image taken from the middle of two
rows. Agreement between the two methods for estimating FRI
was assessed using regression analysis.

Experiment 3
In 2006, measurements were made at Fayetteville on two

dates specifically to compare variability of light-bar and digital-
image techniques. For all plots used in 2006, row spacing was 1
m and plot dimensions, soil type and irrigation management
were similar to that described for Experiment 2 in 2005.

At the first measurement date (30 June 2006), plots measured
were part of a larger maize-population experiment that had been
planted on 12 May 2006. The hybrid chosen to evaluate at this
date was ‘Pioneer 31N28’ that had been seeded at populations of
2, 4, 8, 20, or 30 seeds m-2. On 7 July 2006, the Pioneer hybrid
‘P35Y55’ was seeded at densities of 2, 4, 8, and 16 seed m-2.
Comparative measurements between the light-bar and digital-im-
age methods for plots established at the second sowing date
were made on 10 August 2006.

For both measurement dates in 2006, a 1-m section of plot
was selected. In that section of the plot, 11 measurements were
made with the line-quantum sensor starting at position 0 and
progressing every 10 cm to position 10. Measurements were
made at the soil surface, perpendicular to the row, and an addi-
tional measurement was made above the crop canopy to calcu-
late FRI. Immediately following light-bar measurements, digital
images were made in the same portion of plots in which light-
bar measurements were made. A pair of digital images was made
(as described for Experiment 2) at the 30-, 50-, and 70-cm posi-
tions that were used in the light-bar measurements. At each posi-
tion, a pair of digital images was made with one image taken be-

tween the rows and with one image taken in the row. The frac-
tion of green pixels in each image was determined as described
for Experiment 2.

For the light-bar measurements, variability was assessed by
determining the mean, standard deviation (SD), and coefficient
of variation (CV) of FRI based upon 3, 5, or 11 observations
made within the 1-m section of each plot. An analysis was first
made by considering all of the individual observations made
within each plot (mean, SD, and CV of the 11 observations). The
11 observations within a plot were then arranged by grouping 3
(or 5) consecutive observations together beginning at position 0
and extending to position 10 (e.g., [0, 1, 2], [1, 2, 3], … [8, 9, 10]).
Groupings at the end of the 1 m plot were combined sequential-
ly with those at the beginning of the plot (e.g., [9, 10, 0], [10, 0,
1]) to reach a total of 11 unique combinations. For each plot, the
11 observations (individual observations or means from group-
ings of 3 or 5 observations) were used to determine the mean,
SD, and CV for each plot. Once SD and CV for each plot were
determined, the average SD and CV were calculated over all
plots.

For the digital-image analysis, variability was assessed simi-
larly to the light-bar measurements. The fraction of green pixels
from a pair of images (i.e., between row and in-the-row) was av-
eraged for the 1-m section of each plot at positions 30, 50, and
70 cm. Three unique combinations of average values based upon
two or three pairs of images were used to determine an overall
average of the fraction of green pixels, SD, and CV for each plot.
Once SD and CV for each plot were determined, the average SD
and CV were calculated over all plots.

RESULTS AND DISCUSSION

Experiment 1
Regression of the relationship between the ob-

served coverage values (from digital image analysis)
and the known values (quantum line sensor) was
significant in all cases (P < 0.01). For both the 0.5
and 1.0-m row spacings there was a marked in-
crease in the root mean square error (RMSE) and a
decrease in r2 values as the distance between the
camera and the simulated crop (i.e., floor) progres-
sively decreased (Table 1). For both 0.5 and 1.0-m
row spacings, analysis of error (actual FRI - estimat-
ed FRI) clearly indicates a substantial increase in er-
ror when the distance between the camera and the
simulated canopy was less than 0.75 m (Fig. 1). This
would represent a crop where most of the leaves
are at a height of 0.75 m for pictures taken from be-
low. At a close range, if the lens is pointing at a
green area, the coverage was overestimated; con-
versely, if the lens was not pointing at a green area,
the coverage was underestimated. The trend to un-
derestimate FRI (positive values in Fig. 1) was due
to a skewed underestimation of canopy coverage
estimates for images taken between rows relative to
images taken in the row, especially at low heights.
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Data from Table 1 and Fig. 1 indicate that the
distance between the camera and the height where
most of the leaves are located should be at least
0.75 m. If the distance between the camera and the
height where most of the leaves are located is less
than 0.75 m, the coverage error will likely be

greater and FRI will be underestimated. For these
conditions, a quantum line sensor may be used to
estimate FRI or pictures may be taken from above
the canopy as described for soybean (PURCELL, 2000)
and for maize during the early stages of develop-
ment (EDWARDS et al., 2005).

Images taken directly over the simulated row or
between the simulated rows were also regressed
separately (data not shown). Combining data over
all heights, RMSE values of the regression for im-
ages taken directly over the simulated row (0.120)
or between the simulated rows (0.171) were sub-
stantially greater than RMSE values from regression
based on the average of both positions (0.063).
Hence, for pictures taken from the soil surface, the
average of FRI values taken from positions between
plants in the row and from between two rows is
preferable to FRI values obtained from either posi-
tion alone.

Experiment 2 and 3
Overall, FRI estimates from digital images

scanned with the intensity threshold agreed very
well with those scanned using color threshold set-
tings (y = 1.1x - 0.04, r2 = 0.97). For plots that were
approaching complete radiation interception and in
deep shadows, leaves were not identified well using
the color threshold settings. For most conditions,
however, either the intensity threshold or color
threshold gave similar results (data not shown).
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FIGURE 1 - Error between actual and estimated values of simu-
lated canopy coverage versus height from which digital images
were made. Actual values of simulated canopy coverage were
determined from the fraction of area covered by green paper on
the laboratory floor for simulated row spacings of 0.5 and 1.0 m.
Estimated values of simulated canopy coverage were determined
by digital-image analysis. Data points represent the average of
canopy coverage values taken directly over the row and between
two rows.

TABLE 1 - Results from the regression analysis to test the relationship between the real value of coverage and the estimated value of coverage
from the analysis of digital images for the different row spacings and distance from the camera to the green papers. Data correspond to the
average of the values obtained from pictures taken over the row and between two rows.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Row spacing m Height m Intercept ± SE Slope ± SE r2 RMSE
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

0.5 0.25 0.112 ± 0.037 0.624 ± 0.071 0.929 0.043

0.5 0.50 -0.039 ± 0.021 1.073 ± 0.041 0.991 0.025

0.5 0.75 -0.011 ± 0.013 0.971 ± 0.025 0.996 0.016

0.5 1.00 0.003 ± 0.012 0.921 ± 0.022 0.997 0.013

0.5 1.25 -0.023 ± 0.006 1.026 ± 0.011 0.999 0.007

0.5 1.50 0.001 ± 0.003 0.945 ± 0.006 0.999 0.004

1.0 0.25 0.133 ± 0.046 0.436 ± 0.086 0.810 0.053

1.0 0.50 0.073 ± 0.040 0.724 ± 0.076 0.938 0.047

1.0 0.75 -0.003 ± 0.011 0.999 ± 0.021 0.997 0.013

1.0 1.00 -0.047 ± 0.007 1.114 ± 0.012 0.999 0.008

1.0 1.25 -0.030 ± 0.002 1.069 ± 0.005 0.999 0.003

1.0 1.50 -0.123 ± 0.005 0.995 ± 0.010 0.999 0.006
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
RMSE, root mean square error.



The regression analysis between the values of
FRI estimated from the digital images taken from
beneath the canopy and the estimated values of FRI
from quantum line sensor measurements was highly
significant (P <0.0001, df = 84) with an r2 value of
0.83 (Fig. 2). Although there appeared to be a ten-
dency for increased variability for the lowest plant
population (2 plants m-2), excluding these data did
not increase the r2 value or decrease the Root Mean
Square Error (RMSE; data not shown).

The tendency to have greater error observed in
the plots from the lowest plant populations could
be due to a greater sensitivity to spatial variability of
FRI measurements using the quantum line sensor
since we made three measurements per plot. The
field of view (m) for the camera that we used in-
creased linearly in both length (y = 0.94x - 0.0004,
r2 =0.99) and width (y = 0.69x - 0.0004, r2 = 0.99) as
a function of the distance (m) between the soil sur-
face and plane where the majority of leaves was lo-
cated. The area integrated by digital image analysis
was thus considerably greater for a crop with a ma-
jority of its leaves at a height of 1.5 m (1.44 m2)
compared with a crop with the majority of leaves at
a height of 1.0 m (0.66 m2). The areas measured by
the digital images were greater than the areas meas-
ured using the quantum line sensor and, thus, less
prone to sampling error.

Results from Experiment 3, with uniform distri-
bution of plants, showed that one single measure-
ment with the quantum line sensor presented 71%
greater variability (SD or CV%) than a set of two
digital images (one from the row and one from be-
tween rows). Averaging five consecutive measure-
ments with the quantum line sensor greatly de-
creased the variability of the FRI estimation. The
values obtained from averaging five measurements
with the quantum line sensor were 22% less vari-
able than one set of pictures. Nevertheless, when
two sets of pictures from the same plot were aver-
aged the variability of the FRI estimation was the
least (36% less variation than the average of five
quantum line sensor measurements) (Table 2).

Possibly, the three radiation interception meas-
urements made in Experiment 2 and 3 with the
quantum line sensor beneath the canopy were in-
sufficient to estimate the variability in FRI for widely
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FIGURE 2 - Fraction of the radiation intercepted (FRI) estimated
from digital image-analysis (one set of two images; one in the row
and one in between rows) versus FRI measurements made with a
quantum line sensor (average value of three measurements).
Closed symbols correspond to plots with plant populations be-
tween 4 and 30 plants m-2 and row spacings of 0.5 and 1.0 m.
Closed circles correspond to data from 2005. Closed squares cor-
respond to data from 2006. Open symbols correspond to plots
from 2005 with plant populations lower than 4 plants m-2; all data
were included in the regression analysis. The wide solid line is the
linear fit. The thin solid line represents the 1:1 agreement.

TABLE 2 - Standard deviation (SD) and coefficient of variation (CV) of the estimations of fraction of radiation interception using the quan-
tum-line sensor or digital-image analysis methods. For each plot, variation was compared among individual measurements and by averag-
ing 3 or 5 measurements within a plot.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Source n† SD CV%
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Quantum line sensor (individual measurements) 11 0.056 7.317

Quantum line sensor (average of 3 measurements) 11 0.038 4.968

Quantum line sensor (average of 5 measurements) 11 0.026 3.480

Digital images (one set of two pictures) 3 0.033 4.044

Digital images (average of two sets of pictures) 3 0.016 2.022
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
†n = number of estimations analyzed (and averaged) per plot. A total of 30 plots was analyzed to determine the SD and CV.



spaced plants and may account for considerably
more of the variation in Fig. 2 than measurements
from digital-image analysis. As mentioned before,
making two sets of digital images (two in the row
and two in between rows) per plot and averaging
the estimations from them provides an accurate
(one-to-one agreement with the quantum line sen-
sor) and precise (the least variable estimation of
FRI) estimation of FRI. The variability of the estima-
tions should be tested under uneven plant distribu-
tions, however, to determine the applicability of the
technique to those conditions.

CONCLUSIONS

Experimental data collected from the three ex-
periments generally supported our hypothesis. That
is, the method developed to estimate the fraction of
radiation interception in tall crops, like maize, from
digital images taken from the soil surface with the
camera facing up showed good agreement with the
estimations made with the quantum line sensor.
Furthermore, the digital image technique had sub-
stantially less variation than did the method using
the quantum line sensor. We conclude that the digi-
tal image method may be used when the majority of
leaves of the crop are at a height greater than 0.75
m and that row spacing had no substantial effect on
the precision of the method.
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ABSTRACT - Oat-maize addition lines are plants of oat
(Avena sativa L.) (C3 photosynthesis) that include one or
more chromosomes from maize (Zea mays L.) (C4 photo-
synthesis). Addition lines are available for every maize
chromosome 1 through 10. These oat-maize addition lines
and derivative radiation hybrid lines may be useful to de-
termine the extent to which individual maize chromo-
somes contribute to C4 photosynthesis and for the identi-
fication of the precise chromosomal regions involved in
C4 photosynthesis. Investigations have been conducted
that focused on the expression of two C4 enzymes in
these oat-maize addition lines. RNA blot analysis showed
C4-associated phosphoenolpyruvate carboxylase (PEPc)
mRNA expression in oat-maize addition lines containing
maize chromosome 9 and 6 + 9, and C4-associated pyru-
vate orthophosphate dikinase (PPDK) mRNA expression
in oat-maize addition lines containing chromosome 6 and
6 + 9. Protein immunoblotting with poly clo nal antibodies
against PEPc and PPDK in leaf protein extracts further
showed the translation of the detected mRNA. Indirect
immunocytological tests on microtomed tissue using mon-
oclonal antibodies against PEPc and PPDK showed gene
expression for PEPc in mesophyll cells of OMA 9 and not
in oat, and PPDK in mesophyll cells of OMA 6 and not in
oat. Assays with leaf protein extracts showed elevated
PEPc and PPDK enzyme activities in the oat-maize chro-
mosome 9 and 6 lines, respectively. The CO2 compensa-
tion point of oat-maize addition line 9 was comparable to

normal oat (C3). The CO2 compensation points of oat-
maize addition lines 6 and the 6 + 9 combination were
significantly lower than normal oat, but the lines still re-
sponded more like C3 than C4 photosynthesis with the
difference possibly due to oat genotype background ef-
fects.

KEY WORDS: CO2 compensation point; C4 photosynthe-
sis; Oat-maize addition lines; Phosphoenolpyruvate car-
boxylase; Pyruvate orthophosphate dikinase.

INTRODUCTION

In C3 plants, such as oat, CO2 assimilation is
achieved through the direct carboxylation of ribu-
lose-1,5-bisphosphate (RuBP) mediated by the en-
zyme RUBISCO. RUBISCO also oxygenates RuBP,
resulting in the eventual loss of fixed CO2 through
the process of photorespiration. Under current at-
mospheric conditions, photorespiration can de-
crease the photosynthetic potential of C3 plants by
40% (MATSUOKA et al., 2001). Photosynthetic sup-
pression is increased when CO2 levels in the leaves
is decreased by stresses that promote closure of the
stomata, such as drought or high temperature (TAIZ

and ZIEGLER, 2002). C4 plants, such as maize, avoid
the inefficiency of photorespiration by concentrat-
ing CO2 in the bundle sheath cells where RUBISCO
is located.

C4 plants organize two types of photosynthetic
cells, mesophyll and bundle sheath cells. Initial car-
bon fixation occurs in the mesophyll cell through
the carboxylation of phosphenolpyruvate (PEP) me-
diated by the enzyme phosphoenolpyruvate car-
boxylase (PEPc), which creates an intermediate
compound, oxaloacetate (OAA), that is converted to
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malate. Malate is transferred to the bundle sheath
cells where a compartment for the concentration of
CO2 is organized by cell walls that are resistant to
the diffusion of CO2 (FURBANK et al., 1989). Malic
enzyme (ME) decarboxylates malate to pyruvate
and CO2 in the bundle sheath cells. Pyruvate is then
transferred back to the mesophyll cells where it is
acted upon by pyruvate orthophosphate dikinase
(PPDK) to form PEP and continue the cycle.

Oats x Maize Addition (OMA) lines are disomic,
self-fertile additions of individual maize (Zea mays
L.) chromosomes to an oat (Avena sativa L.) back-
ground (RIERA-LIZARAZU et al., 1996; KYNAST et al.,
2001, 2004). The 10-fold simplification of the maize
genome afforded by the separation of the ten indi-
vidual maize chromosomes in an oat background
has been a valuable tool for understanding the
structure and function of individual maize chromo-
somes. Polymorphisms or +/- relationships between
oat and maize has allowed the OMA lines to func-
tion as a tool for mapping maize gene sequences to
maize chromosomes, with resolution to the sub-
chromosomal level coming from Radiation Hybrid
(RH) lines produced by the irradiation of OMA lines
(RIERA-LIZARAZU et al., 2000; OKAGAKI et al., 2001; KY-
NAST et al., 2004; ZHANG et al., 2005). Expression of
maize genes has been shown to cause novel pheno-
types in the recipient oat. MUEHLBAUER et al. (2000)
found that expression of a maize Liguleless 3 gene
located on chromosome 3 of maize resulted in a
novel liguleless phenotype in the chromosome 3
OMA line. Maize genes have also been shown to be
silenced in the OMA lines. Expression of the CENH3
gene on chromosome 6 of maize was not detected
by RT-PCR in OMA chromosome 6 addition lines,
and neither was CENH3 protein detected in these
OMA lines (JIN et al., 2004).

The OMA lines described above have potential
to help clarify the process of C4 photosynthesis and
perhaps mediate the transfer of C4 photosynthesis
from maize to oat. Individual OMA lines may be
used to dissect the genetics of the C4 pathway of
maize and identify maize chromosomes and chro-
mosome regions that are important in C4 photosyn-
thesis. The RH lines provide a means to eliminate
undesired maize chromatin and stabilize transmis-
sion of maize fragments of interest. Crosses be-
tween these lines can be used in the directed com-
bination of multiple chromosome regions found to
be important in C4 photosynthesis. The work pre-
sented here moves toward these goals. The objec-
tives of this work were to: (1) verify expression of

maize PEPc and PPDK genes at the mRNA level in
appropriate OMA lines, (2) confirm the presence of
PEPc and PPDK proteins in OMA lines, (3) deter-
mine the activity of these two key enzymes in OMA
lines, (4) hybridize oat x maize chromosome 6 and
9 addition lines to recover PEPc and PPDK in the
same oat plant, (5) verify expression of maize PEPc
and PPDK in the F1 following the cross of OMA6 x
OMA9, and (6) determine the CO2 compensation
points in the OMA 6, 9, and 6 + 9 plants.

MATERIALS AND METHODS

Plant materials
Seeds from OMA lines were obtained from the University of

Minnesota Department of Agronomy and Plant Genetics, Saint
Paul, Minnesota. These lines, along with two different oat back-
ground strains (Sun II and Starter-1) and normal maize (Seneca
60) used as parents in making the addition lines, were germinat-
ed and grown in the Saint Mary’s University of Minnesota green-
house at 28°C with high pressure sodium lamps and a regimen
of 16 hr light/8 hr darkness.

Individual oat plants containing both maize chromosomes 6
and 9 were recovered from reciprocal crosses between disomic
OMA lines. Plants from OMAd6.18, which contain maize chromo-
some 6, and OMAd9.01, which contain maize chromosome 9,
were crossed to produce F1 offspring with one copy each of
maize chromosomes 6 and 9. DNA was extracted from F1 plants
positive for maize chromatin using the DNeasy Plant Mini Kit
(Qiagen, Inc., Valencia, CA, USA). The identity and apparent in-
tact state of individual maize chromosomes were determined by
Polymerase Chain Reaction (PCR) assays with eight markers
spanning maize chromosome 6 and eight markers spanning
maize chromosome 9 on the 2004 IBM2 neighbors maize genetic
map.

PCR analysis
The presence of maize DNA in the OMA lines was confirmed

by testing genomic DNA from 6 mm diameter circular samples of
leaf tissue by PCR. These determinations were conducted with
the use of the RED Extract-N-Amp Plant PCR kit according to the
supplier’s recommendations (Sigma Chemical Co., Saint Louis,
MO, USA). Plants were screened for the presence of maize DNA
sequences by using maize-specific primers for the long terminal
repeat of the highly dispersed retrotransposon Grande 1 (MON-
FORT et al., 1995) as described in other literature (ANANIEV et al.,
1998).

RNA gel blot analysis
Plants of OMA lines with individual additions of maize chro-

mosomes 1 through 7 and chromosome 9, along with Sun II oat
and Seneca 60 maize, were grown for 17 days under a 16 hr
light/8 hr darkness regimen. Total RNA was isolated from each
plant using approximately 0.9 g fresh tissue with Tri Reagent
(Molecular Research Center, Inc., Cincinnati, OH, USA) following
the manufacturer’s instructions. Approximately 24 µg of each
OMA line and 12 µg Seneca 60 control RNA was denatured and
size-fractionated in a 1.5% agarose-formaldehyde electrophoresis
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gel (0.2 M MOPS pH 7, 80 mM sodium acetate, 10 mM EDTA) for
4 hr at 72 volts.

Three plants from an OMA line with maize chromosomes 6,
three plants from an OMA line with maize chromosome 9, and
three F1 plants shown to have both maize chromosomes 6 and 9,
along with ‘Starter’ oat and ‘Seneca 60’ maize were grown for ap-
proximately five weeks under an 11 hr light/13 hr darkness regi-
men. Total RNA was isolated from approximately 1 g of fresh leaf
tissue with Tri Reagent (Molecular Research Center, Inc.) follow-
ing the manufacturer’s instructions. Approximately 10 µg of total
RNA from each OMA and the oat and maize controls was loaded,
denatured, and size-fractionated in a 1.5% agarose-formaldehyde
electrophoresis gel for 4 hr at 72 volts.

RNA gels were visualized using a Gel Doc system (Bio-Rad,
Hercules, CA, USA). Capillary RNA transfer was carried out on a
sponge using MSI Magnagraph nylon membrane (Osmotics, Inc.,
Minnetonka, MN, USA) and 20X SSC (0.3 M sodium citrate, 3 M
sodium chloride) as the transfer buffer. The transfer was allowed
to proceed for approximately 18 hr. The post-transfer membrane
was dried for 3 hr at room temperature, rinsed in 6X SSC for 5
min and baked for 1 hr at 80°C in a vacuum oven.

RNA hybridization
A probe for PEPc mRNA was designed from a 601 bp maize

DNA fragment coding for exon 8 of the C4-specific pepcZm1
gene using the primer set 5’-ACA AGA GGC AGG AGT GGC T-
3’, 5’-TCC TCC CCG AAG CAG AAC T-3’. Probing with exon 8 of
pepcZm1 was shown to detect the C4-specific member of the
gene family (SCHAFFNER and SHEEN, 1992). A cDNA clone for
PPDK (csu314) was provided by the University of Missouri - Co-
lumbia RFLP Laboratory. PEPc and PPDK cloned inserts were
separated from the plasmid vector using the Bio-Rad
Freeze/Squeeze purification kit and radioactively labeled (40 ng)
according to the manufacturer’s instructions with [α-32P] dCTP us-
ing Random Prime Label Kit (Invitrogen, Carlsbad, CA, USA). Un-
incorporated [α-32P] was removed from the labeled probe using
Bio-Rad Biospin 6 columns. The first-use RNA blots were washed
in 2X SSC with 0.2% SDS for 1 hr at 60°C, placed in hybridization
bottles with 14 mL QuikHyb buffer (Stratagene, Inc., LaJolla, CA,
USA), and incubated for 30 min at 68°C. The purified probe was
added to 500 µL ddH2O with 100 µL salmon sperm DNA (10
mg/mL), denatured in a boiling water bath for 10 min, and
added to the hybridization bottle. Hybridization was allowed to
proceed for 1.5 hr at 68°C. Blots were washed 2 times for 15 min
in 2X SSC/0.1% SDS at room temperature and once for 30 min in
0.1X SSC/0.1% SDS at 60°C. The membrane was wrapped in
plastic and exposed to X-AR (Kodak, Rochester, NY, USA) film
with intensifying screen at -80°C.

Enzymes for antibody production
PEPc enzyme was obtained from BioVectra (Prince Edward

Island, Canada). Maize PPDK enzyme generated by recombinant
techniques was provided by C. Chastain, Moorhead State Univer-
sity, Moorhead, MN, USA.

Mice and immunizations
Female BALB/c mice (strain AnNCrlBr) were obtained from

Charles River Breeding Laboratories (Wilmington, MA, USA).
Mice, 6-10 weeks old, were immunized with an intraperitoneal
injection of enzyme (75 µg PEPc or PPDK in phosphate buffered
saline) (PBS) emulsified in an equal volume of complete Fre-
und’s adjuvant (Sigma Chemical Co.). Two weeks later, the mice

were challenged with 75 µg of the same enzyme emulsified in an
equal volume of incomplete Freund’s adjuvant (Sigma Chemical
Co.).

Polyclonal antibodies
Blood was collected by periorbital puncture from PEPc-

primed mice 4 weeks post-immunization. Serum was obtained
from the blood samples and was used as polyclonal antibody
specific for PEPc in Western blot assays. Polyclonal antibody
(from rabbit) specific for maize recombinant PPDK was provided
by C. Chastain, Moorhead State University, Moorhead, MN, USA.

Hybridomas and monoclonal antibodies
Spleens were removed from PEPc-primed and PPDK-primed

mice 3 or 4 days after challenge with PEPc or PPDK in PBS, re-
spectively. B cells were fused with P3X63Ag8.653 myeloma cells
using polyethylene glycol 1500 (Whittaker, Walkersville, MD,
USA) as previously described (KEARNEY et al., 1979). Hybridomas
secreting PEPc-specific or PPDK-specific monoclonal antibodies
were identified by indirect ELISA and then subcloned in limiting
dilution.

ELISA
The binding of monoclonal antibodies to PEPc or PPDK was

determined by indirect ELISA. Briefly, enzyme (10 µg/mL PEPc or
PPDK in PBS) was adsorbed for 3 hr to Nunc-Immuno MaxiSorp
microliter plates (Gibbon Scientific, Coon Rapids, MN, USA). The
plates were washed with PBS containing 0.1% Triton X-100; then
5% horse serum in PBS (25 µL) was added to the wells, followed
by fluid collected from the hybridoma cultures (25 µL). Mono-
clonal antibody binding to the plate-adsorbed enzyme was de-
tected using goat anti-mouse IgG coupled to horseradish peroxi-
dase (Sigma Chemical Co.) and a colorimetric substrate.

Protein extracts
An adaptation of a previously described method (DRINCOVICH

et al., 1998) was used to obtain protein extracts. Fresh leaf tissue
(0.8 g) was taken from plants at mid-day and immediately
ground in a mortar and pestle with 2 g sand and liquid nitrogen.
After the tissue was pulverized into a powder, 6 mL extraction
buffer and 18 µL proteinase inhibitor cocktail (Sigma Chemical
Co.) were added. The extraction buffer contained 50 mM Hepes-
KOH (pH 7.5); 1 mM MgCl2; 1 mM MnCl2; 5 mM DTT; 2 mM
phenylmethanesulfonyl fluoride (PMSF); 2% (w/v) insoluble PVP.
The tissue was ground until thoroughly macerated, filtered
through a layer of miracloth, and centrifuged at 10,000 X g for 15
min. The supernatant was decanted into microfuge tubes and
stored at -20°C until used. Concentrations were determined with
the Bradford assay.

Immunoblotting
Enzyme (5 µg PEPc or PPDK) and protein extracts (5-10 µg)

obtained from plant leaf tissue were denatured in sample buffer
containing sodium dodecyl sulfate and beta-mercaptoethanol and
were separated by 10% SDS-PAGE. Bio-Rad prestained SDS-PAGE
protein standards were run on each gel. The proteins were elec-
trophoretically transferred to Immunobilon P membrane (Milli-
pore Corp., Bedford, MA, USA). The membrane was blocked for
one hr with TBST-1% BSA (10 mM Tris, pH 7.5 with boric acid;
150 mM NaCl; 0.5% Tween). The membrane was then incubated
at room temperature overnight with polyclonal antibody specific
for PEPc (diluted 1:4,000) or PPDK (diluted 1:20,000) in TBST-1%
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BSA. After washes with TBST-1 (5 x 10 min), the membrane was
incubated for 4 hr with goat anti-mouse IgG conjugated to horse-
radish peroxidase (Sigma Chemical Co.) for detection of PEPc or
goat anti-rabbit IgG conjugated to alkaline phosphatase (Sigma
Chemical Co.) for the detection of PPDK. Both secondary anti-
bodies were diluted 1:4,000 in TBST-1% BSA. After washes with
TBST-1 (4 x 10 min), the PEPc-antibody complexes or PPDK-an-
tibody complexes were visualized using appropriate colorimetric
substrates.

PEPc enzyme assay
The PEPc reaction mixture for each test included the follow-

ing solutions, all made in 100 mM bicene buffer, pH 8.5: 100 µL
50 mM MgCl2; 100 µL 100 mM NaHCO3; 100 µL 20 mM PEP; 100
µL 1.6 mM NADH (made fresh); 50 µL MDH (385 units). A quan-
tity of 20 µL leaf extract was added to the reaction mixture in a
cuvette, inverted several times, and placed into a spectropho-
tometer. Measurements were taken every 30 s for two to three
min at 340 nm.

PPDK enzyme assay
PPDK enzyme activity was determined in leaf tissue extracts

(HATCH and SLACK, 1968). A mixture of the following substances
was prepared in a 3 mL cuvette: 600 µL stock reagent mixture
made fresh consisting of equal volumes of each of the following:
50 mM dithiothreitol; 0.1 M MgSO4; 50 mM NaCO3; 0.25 M Tris-
HCl buffer, pH 8.3; 15 mM sodium pyruvate; 25 mM K2PO4; 50
mM NH4Cl; and the addition of 10 µL (0.3 units) PEPc; 25 µL
NADH solution (5 mM); 10 µL MDH (0.8 units); 25 µL protein ex-
tract; and 305 µL distilled water. After mixing, the reaction was
begun by adding 25 µL ATP (50 mM). After one minute, meas-
urements were then taken at 340 nm for the following two to
three min.

Microtome sectioning of leaf tissue
Leaf tissue from all OMA lines, Seneca 60 maize, and back-

ground oat strains was collected from adult plants. The tissue
was frozen in liquid nitrogen, and small segments of the middle
leaf were embedded in O C T medium (VWR Scientific, West
Chester, PA, USA). The tissue was sectioned at -30°C with a Mi-
crom HM505E cryostat microtome (Microm, Kalamazoo, MI,
USA). Cross-sections of leaf tissue were placed on Tissue-Tack
microscope slides (Polysciences, Inc., Warrington, PA, USA). The
tissue was microtomed at a thickness of 12 to 18 µm. In other
cases, leaf tissue was first fixed in Farmer’s solution (3 parts 95%
ethyl alcohol: 1 part glacial acetic acid) and embedded in Para-
plast Xtra (VWR Scientific Products, Chicago, IL, USA). The tissue
was microtomed at room temperature with a thickness of 8 to 12
µm.

In situ immunocytological tests
Cross-sections of leaf tissue were fixed in 2% paraformalde-

hyde in 1X PBS buffer for 30 min, rinsed in 1X PBS and followed
with three consecutive three-min washes in 0.02 M glycine. The
primary monoclonal antibodies against the PEPc and PPDK en-
zymes were diluted with 1% BSA, 0.1% Triton-X in 1X PBS to a
concentration of 5 µg/mL and applied in 20 µL quantities to each
tissue section for one hr in a humidified chamber. Following a
wash in 1X PBS, 20 µL (10 µg/µL) of the secondary antibody,
goat anti-mouse IgG conjugated to colloidal gold particles was
applied for one hr and further enhanced with a silver preparation
for 20 to 30 min (AutoProbeTM LM and IntenseTM, Amersham

BioSciences, Piscataway, NJ, USA). Paraffin-embedded leaf sec-
tions were first heated at 60°C for one hr and placed in the fol-
lowing solutions before applications of the primary and second-
ary antibodies: 2 treatments of xylene for 10 min each; 2 treat-
ments of absolute alcohol for 10 min each; 95%, 90%, 80%, 70%
ethyl alcohol for 5 min each; 2 washes of distilled water for 5
min each; 2 washes of 1X PBS for 5 min each. Primary and sec-
ondary antibodies were used as stated above.

Gas exchange measurements to determine CO2
compensation points

Three plants each of the wild-type maize and oat as well as
the oat + 6, oat + 9, and oat + 6,9 maize chromosome addition
lines were measured using a portable gas-exchange system (LI-
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FIGURE 1 - PEPc expression in maize Seneca 60, oat cultivars
SunII and Starter, and OMA lines containing maize chromosomes
1-7 and 9. PEPc mRNA is detected in maize and in oat-maize ad-
dition lines containing maize chromosome 9. The RNA blots
were probed with a 601 bp DNA fragment coding for exon 8 of
pepcZm1. The ethidium bromide-stained agarose gel (bottom)
shows the relative loading of RNA.

FIGURE 2 - PEPc expression in maize Seneca 60, the oat cultivar
Starter, and OMA lines containing maize chromosomes 6 and 9.
The ethidium bromide-stained agarose gel (bottom) shows the
relative loading of RNA.



6400, LI-COR, Inc, Lincoln, NE, USA) to determine the leaf CO2
compensation points. Dark-adapted leaves were placed inside a
2 cm2 cuvette attached to the gas exchange system at 400 mol
CO2 mol-1 air and at 500 mol m-2 s-1 light using the integrated
red-blue light source. When the leaf area was not sufficient to fill
the entire chamber, the area of leaf within the chamber was cal-
culated based on the leaf width. Leaf temperatures were held
constant at 25°C throughout the experiment. Conditions were
held constant until steady-state gas-exchange was achieved, usu-
ally within 20 min after placement in the chambers. After steady-
state conditions were reached, CO2 concentration in the cuvette
was decreased stepwise from 400 mol CO2 mol-1 air to 300, 250,
150, 100, 50 and 0. The CO2 compensation points were calculat-
ed by fitting the data to the RUBISCO-limited photosynthesis
model (FARQUHAR et al., 1980) and solving for the intercellular
CO2 concentration when net photosynthesis was zero.

RESULTS

RNA and protein blot analysis
Maize C4-specific PEPc mRNA was detected in

maize and the OMA lines containing maize chromo-
some 9 or chromosomes 6 + 9 (Figs. 1 and 2).
PPDK mRNA was detected in maize and the OMA
lines containing maize chromosome 6 or chromo-
somes 6 + 9 (Figs. 3 and 4). Protein immunoblotting
with polyclonal antibody was used to test for PEPc
and PPDK proteins in extracts from Seneca-60
maize, Sun II oat, and OMA lines with individual
additions of maize chromosomes 1 through 7 and 9
(Figs. 5 and 6). The PEPc subunit (100-105 kDa)
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FIGURE 3 - PPDK expression in maize Seneca 60, oat cultivars
SunII and Starter, and OMA lines containing maize chromosomes
1-7 and 9. PPDK mRNA is detected in maize and in OMA lines
containing maize chromosome 6. The RNA blots were probed with
a 800 bp PPDK cDNA clone (csu314). The ethidium bromide-
stained agarose gel (bottom) shows the relative loading of RNA.

FIGURE 4 - PPDK expression in maize Seneca 60, the oat cultivar
Starter, and OMA lines containing maize chromosomes 6 and 9.
The ethidium bromide-stained agarose gel (bottom) shows the
relative loading of RNA.

FIGURE 5 - Protein immunoblots using anti-PEPc polyclonal anti-
body against protein extracts obtained from leaf tissue of Seneca-
60 (maize), Sun II oat, and OMA lines with maize chromosomes 1
through 7 and 9 (designated OMA 1-7 and 9). The PEPc subunit
was detected at 100 kDa in significant amounts in maize and the
OMA line with maize chromosome 9. Two different PEPc enzyme
preparations were used in each of two protein immunoblots. The
background band in Sun II indicates that the light bands in other
OMA lines are probably due to the oat background.

FIGURE 6 - Protein immunoblots using anti-PPDK polyclonal an-
tibody against protein extracts obtained from Seneca-60, Sun II
oat, and OMA lines with maize chromosomes 1 through 7 and 9
(designated OMA 1-7, and 9). The PPDK subunit was detected at
95 kDa in maize and the OMA line with maize chromosome 6.



was detected in protein extracts derived from maize
leaf tissue but was not readily detected in oat ex-
tract (Fig. 5). The PEPc subunit was also detected in
protein extract from the OMA line with chromo-
some 9, and very little was detected in extracts from
the other OMA lines tested. As shown in Fig. 6, the
PPDK subunit (95 kDa) was detected in maize pro-
tein extract, but not in oat extract. The PPDK sub-
unit was also detected in protein extract from the
OMA line with chromosome 6.

Enzyme assays
An assay for PEPc activity was conducted with

protein extracts of leaf tissue from Seneca-60 maize,

Sun II oat, OMA line with maize chromosome 9,
and OMA line 3. The results of these tests are
shown in Fig. 7A. ANOVA statistics showed PEPc
enzyme activity in maize to be significantly greater
than in all other extracts tested (p < .001), including
OMA line 9. However, OMA line 9 compared to oat
and other OMA lines showed a significantly greater
PEPc activity (p = .03). PEPc activity was found to
be 14.6-fold higher in C4 maize leaf tissue than in
C3 oat leaf tissue. Total protein content in maize,
oat, and the OMA lines were essentially the same in
these tests (Fig. 7B). The results of the enzyme as-
says for PPDK activity are shown in Fig. 7C. ANOVA
statistics comparing maize, oat, and OMA lines 6
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FIGURE 7 - Enzyme and total protein assays carried out with protein extracts of leaf tissue. (A) PEPc enzyme assay with extracts from
maize, oat, and OMA lines 9 and 3 (designated OMA 9 and 3); (B) Total protein assay of the same extracts used in the PEPc enzyme assay;
(C) PPDK enzyme assay with extracts from maize, oat, and OMA lines 6 and 9; (D) Total protein assays of the same extracts used in the
PPDK enzyme assay. The n number for each test was 5 to 10.



and 9 showed significant deviations (p < .001). Both
maize and OMA line 6 showed significantly greater
PPDK enzyme activity than oat and other OMA lines
(oat-maize chromosome 9 addition line shown in
this case). PPDK activity was found to be 17.8-fold
greater in C4 maize leaf tissue than in C3 oat leaf
tissue. Total protein content in leaf extracts of
maize, oat, and OMA lines are shown in Fig. 7D.

In situ immunocytological tests
Immunocytological tests were carried out with

monoclonal antibodies against PEPc and PPDK pro-
teins (Figs. 8 and 9). Microtomed cross-sections of
leaf sections were subjected to the primary antibod-

ies against PEPc or PPDK in each case, followed
with a secondary antibody conjugated to colloidal
gold particles and then enhanced for microscopy
with a silver enhancement technique. PEPc and
PPDK proteins were detected in maize mesophyll
cells surrounding the bundle sheath cells where ex-
pected in C4 plants, and not in mesophyll cells of
oat tissue. PEPc was also detected in mesophyll
cells of OMA line 9 and not in other OMA lines
used as controls. PPDK was detected in OMA line 6
and not in other OMA lines.

CO2 compensation tests
Maize and oat control lines showed CO2 com-
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FIGURE 8 - Immunocytological tests carried out on microtomed cross-sections of leaf tissue using a monoclonal antibody against PEPc en-
zyme. The dark brown-black color indicates binding of the primary antibody to PEPc enzyme. (A) Seneca-60 maize; (B) Sun II oat; (C)
OMA line with maize chromosome 9; (D) OMA line with maize chromosome 3. In (A), note that the color change occurs in the mesophyll
cells and not in the bundle sheath cells surrounding the vascular bundles.

FIGURE 9 - Immunocytological tests carried out on microtomed cross-sections of leaf tissue using a monoclonal antibody against PPDK en-
zyme. The dark brown-black color indicates binding of the primary antibody to PPDK enzyme. (A) Seneca-60 maize; (B) Sun II oat; (C)
OMA line with maize chromosome 6; (D) OMA line with maize chromosome 9. The cells in (B) and (D) are barely visible with bright field
microscopy due to a lack of antibody binding. In (A), note that the color change occurs in the mesophyll cells and not in the bundle
sheath cells surrounding the vascular bundles.



pensation points typical of C4 and C3 photosynthe-
sis, respectively. Oat lines with maize chromosomes
(3, 4, 6, and 9) showed CO2 compensation points
typical of C3-type photosynthesis, with values
above 60 mol mol-1 (data not shown). In a second
trial, the OMA line with maize chromosomes 6 + 9
yielded significantly lower CO2 compensation
points relative to the oat control plants (p = .008)
(Fig. 10). The OMA line with chromosome 6 versus
oat control plants also yielded lower CO2 compen-
sation points (p = .05). However, these values were
still substantially higher than the maize control.
Contributions of the oat genetic background in the
oat-maize chromosome 6 and 6 + 9 lines may also
be involved in these CO2 compensation results. De-
spite the changes in CO2 compensation points for
the 6 and the 6+9 addition lines, there was no effect
on activated RUBISCO among the oat control or ad-
dition lines (data not shown).

DISCUSSION

The basic concept of how an entire alien chro-
mosome acts within the genome of another species
is of biological interest. In the case of the OMA
lines, one of the first questions to be tested was
whether key C4 enzymes express in specific maize
chromosome addition lines of oat. The enzymes
PEPc and PPDK were studied by RNA blots, protein
immunoblotting, enzyme assays, and in situ im-
munocytological techniques.

In this study, RNA blot analysis of mRNA re-
vealed expression of a maize PEPc gene, and im-
munoblotting of leaf extracts with PEPc-specific
polyclonal antibodies showed high levels of PEPc
subunits in the OMA 9 addition line. These results
support the placement of the gene for PEPc on
maize chromosome 9. An addendum note (GRULA

and HUDSPETH, 1987) refers to work by Wright and
Helentjaris that showed the gene pep 1 to be locat-
ed near the centromere on the long arm of chromo-
some 9. Subsequent reports have more definitively
mapped the pep1 locus to chromosome 9 (HELENT-
JARIS et al., 1988; WEBER and HELENTJARIS, 1989). In
addition, RNA blot analysis and protein immunoblot
results in this report support data of other re-
searchers for the location of the gene PPDK (pdk-1)
to chromosome 6 (HELENTJARIS et al., 1988; GLACKIN

and GRULA, 1990).
PEPc can have non-photosynthetic functions in

non-photosynthetic cells (GRULA and HUDSPETH,

1987). These researchers also concluded that the C4
photosynthetic enzyme PEPc is encoded by one
gene in maize. The existence of three different PEPc
isoenzymes has been reported, a C4-type, an
anaplerotic type (involved in non-photosynthetic
pathways), and a root-form (KAWAMURA et al., 1990,
1992). The Maize Genetics Data Base (http://www.
maizegdb.org) shows a PEPc gene (pep 1) encoding
the C4 isoenzyme mapping to 9.03, and another
PEPc gene (pep 4) encoding the anaplerotic C3
isoenzyme mapping to chromosome 7.02. Two oth-
er PEPc genes (pep 2 and pep 3) hybridize with a
non-C4 PEPc gene probe and may be duplicate
genes mapping to chromosomes 4 and 5. In this
study, the probe used for the RNA blot analysis of
PEPc mRNA was designed from a maize DNA frag-
ment encoding exon 8 of the C4-specific pepcZm1
gene (SCHAFFNER and SHEEN, 1992). Two PPDK
isoenzymes have been found in maize (GLACKIN and
GRULA, 1990). The Maize Genetics Data Base reports
that a PPDK probe hybridized to a region of chro-
mosome 6 and weakly to another region on chro-
mosome 8.

An active area of research is the manipulation of
C4 photosynthetic enzymes by transgenic tech-
niques in attempts to transform C3 plants into C4
plants. Agrobacterium has been used to introduce
the maize PEPc gene into rice, a C3 plant (KU et al.,
1999; JIAO et al., 2002). The transgenic rice plants
showed a two- to three-fold increase in PEPc activi-
ty. However, it was reported that the introduction of
the PEPc gene from maize into rice did not show a
significant increase in CO2 fixation in the transgenic
plants (FUKAYAMA et al., 2003). Transgenic PEPc ex-
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FIGURE 10 - CO2 compensation points for 6, 9, and 6 + 9 combi-
nation OMA lines and the maize and oat controls. Different let-
ters above each bar represent CO2 compensation points that are
statistically different (p < 0.05) based on analysis of variance.



pression in tobacco also did not increase photosyn-
thetic activity (HUDSPETH et al., 1992). In the investi-
gation reported here, PEPc activity was found to be
5.0-fold higher in the oat-maize chromosome 9 ad-
dition line than in the oat background line. PPDK
activity was found to be 17.6-fold higher in oat-
maize chromosome 6 addition line than in the oat
background line. Whole chromosomes containing
maize transcription factors as well as promoters
rather than individual genes are represented in the
OMA lines and conceivably could result in an in-
creased activity of C4 enzymes.

Kranz leaf anatomy (presence of bundle sheath
cells) is not obligatory for carrying out C4 photosyn-
thesis as reported for Hydrilla vertiicillata (MAGNIN

et al., 1997). Other researchers have come to the
same conclusion with studies of Borszczonia aralo-
caspica (VOZNESENSKAYA et al., 2001) and Bienertia
cycloptera (VOZNESENSKAYA et al., 2002). Some re-
ports indicate that C4 photosynthesis could take
place in a single, though highly modified, cell (VOZ-
NESENSKAYA et al., 2003; EDWARDS et al., 2004). Also,
C4 photosynthesis can take place in the stems and
petioles of some C3 flowering plants (HIBBARD and
QUICK, 2002). The consensus by these researchers is
that C4 photosynthesis may not require the devel-
opment of two distinct cell types, that is, bundle
sheath and mesophyll cells. Therefore, how much
the Kranz anatomy aids in C4 photosynthesis is still
a question of interest.

All OMA lines showed CO2 compensation points
more typical of C3 photosynthesis; however, the
lines with the addition of chromosome 6 from
maize, with or without chromosome 9, showed low-
er compensation points relative to the oat control
(Fig. 10). One possible explanation would include
changes in the absolute amount, or activation state,
of the primary photosynthetic carbon-assimilating
enzyme in C3 photosynthesis, RUBISCO. However,
no differences were observed in the activation state
of RUBISCO among any of the OMA lines. These
results suggest that the changes in CO2 compensa-
tion point may be driven by some factor other than
expression of this enzyme. It is possible that the ad-
dition of the chromosome 6 might act to facilitate
diffusion or concentrate CO2 within the leaf that
would decrease photorespiration, and that the
changes are minor due to a lack of Krantz-type
compartmentalization typical of C4 photosynthesis.
Also, the presence of two whole maize chromo-
somes might have introduced negative effects. On
the other hand, the introduction of chromosomes

with important regulating genes might affect the re-
sult. Genetic crosses have been initiated to integrate
other maize chromosomes along with segments of
chromosomes 6 and 9 to possibly add some addi-
tional needed components. While speculative at this
point, these results suggest that further investigation
is needed to elucidate the mechanism underlying
the CO2 compensation point response.

In these investigations, the location of the gene
for the PEPc enzyme in maize was confirmed to be
located on chromosome 9. The location of the gene
for the PPDK enzyme in maize was confirmed to be
located on chromosome 6. Both enzymes were
shown to be active in the leaf tissue of OMA lines
with the specific maize chromosome (6 or 9). Some
downward change of the CO2 compensation point
occurred in OMA 6 and OMA 6 + 9. The results
demonstrate that oat plants containing alien maize
chromosomes can exhibit C4 enzymatic characteris-
tics.
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