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Fig. 2. Plant height and internode length of RIL88 qp1) (BCeF3) and RIL88gpn1). (A) RIL88(gpn1) (two rows on the left), RIL88 ey (two rows on the right),
and their F; hybrid (two rows in the middle). Plant height of the hybrid is between the two parental lines and slightly shorter than RIL88 qpi11). (B) Plant
height and ear height comparison between RIL88qpy) (left) and RIL88 ) (right). (C) Internode length comparison between RIL88 qp1 (left) and
RIL88 ¢pn1) (right); a greater decrease in internode length from the top of the plant down is observed between near-isogenic lines.

Fig. 3. Scanning electron microscopy examination of the second internodes from RIL88 1) and RIL88(gpy). The second internodes of near-isogenic
lines in mid-elongation stage were subjected to histological analysis. (A, B) Longitudinal view of the parenchyma cells of RIL88qpy1) and RIL88(qpr). (C, D)
Transverse view of the parenchyma cells of RIL88 1) and RIL88geyy). (E, F) Transverse view of the epidermal region of RIL88 1) and RIL88 ey,

an amino acid substitution from arginine (R) to leucine (L) 114G, 117A, and 121B) were obtained and crossed with
(Fig. 4D). RIL88qpu1y and RIL88gpn1), respectively. Significant differ-

To evaluate the allelic effect between the natural variation ences in plant height and ear height between the hybrids were
present and the known br2 mutants, four br2 mutants (114F, observed; the phenotypic defects of the four hr2 mutants
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Fig. 4. Map-based cloning of gph1. (A) Locations of markers used in BC4F, and BCsF, populations. Number of recombinants and crossover rates
between markers are shown before and after the comma. (B) Recombinants identified in BC,F, and BCsF,. White, black, and grey indicate homozygous
RIL88 ;pn1), homozygous RIL88 e+, and heterozygous genotypes. Plant height of recombinant individuals and their progenies in two locations are
shown. T, tall; S, short. (C) Fine mapping of goh7 using the BCgF, population. MHC412 and umc2396 were used as flanking markers to identify
recombinants. Recombinants were sequenced to determine crossover break points, allowing the gph7 interval to be narrowed down to 4.9kb between
SNPs 5968 and 4342. (D) Sequence analysis of the qph7 target region. The qph7 interval locates in exon 5 of the Br2 gene. Five SNPs were identified
within it; only SNP5259 caused an amino acid substitution from arginine to leucine. Nucleotides and amino acids in RIL88 1) and RIL88gpy+) for

polymorphic loci are shown before and after the slash.

were completely compensated by crossing with RIL88qppy)
and only partially reversed by crossing with RIL88p
(Supplementary Figure S7), implying that gphl is allelic to the
Br2 gene and is defective compared with QPHI. Moreover,
in the F, population of 117A and RIL88 ), plant height
and ear height segregated in a 3:1 ratio (gphl/qphl and gphl/
br2-117A4 plants to br2-117A/br2-117A4 plants), indicating
that the gphl allele is dominant to br2-117A (Supplementary
Figure S7). Moreover, although RIL88 ;) is not as short
as the four hr2 mutants, it has comparably low ear height
(Supplementary Figure S7), which is a favourable feature
directly related to lodging resistance.

Subcellular localization of QPH1

In order to detect the subcellular location of QPH1, the full-
length QPH]I protein fused at its C-terminus with the GFP
coding region protein was overexpressed in onion epidermal
cells using the GFP construct not fused to a plant protein as

the control. As revealed by transient expression results, the
untargeted GFP was expressed throughout the whole trans-
formed cell in cytoplasm, nucleus, and membrane. However,
the QPHI-GFP fusion protein was expressed exclusively in
membrane (Supplementary Figure S8); this result is consist-
ent with the known localization of br2 homologues and cel-
lular function of ABC transporters.

Expression analysis

The Br2 gene was previously shown to have high expres-
sion in stalk internodes, moderate expression in leaves,
and very low expression in roots (Mutani et al., 2003). To
investigate the underlying mechanism for the reduction in
internode length of RIL88 ) stem tissues of RIL88 )
and RIL88qpy;, from three developmental stages during
elongation, when the phenotypic difference in internode
length starts to be visible, were subjected to qRT-PCR anal-
ysis. The expression of gphl was lower in period A at the
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beginning of elongation, reached a higher level in mid-elon-
gation at period B, and began to decrease in period C before
the end of elongation. T-test showed no significant differ-
ences in expression between RIL88 ;) and RIL88qppy)
in any of the three stages, indicating that the plant height
and ear height difference between the near-isogenic lines is
not caused by the difference in transcription level of gphl
(Supplementary Figure S9).

Association analysis using the gph1 SNPs

Based on the association result of plant and ear height in a
population consisting of 527 inbred lines (Yang et al, 2010b),
SNP5259 is a rare SNP that only exist in five lines and the four
synonymous SNPs (SNP4519, 4999, 5041, and 5320) were
shown not to be associated with phenotype. Due to the
low number of inbred lines that have nucleotide T at posi-
tion 5259, the non-synonymous SNP5259 could not be vali-
dated by association analysis (Supplementary Table S2). The
five inbred lines that harbour SNP5259 (T), 81162, Yel07,
Dan9046, W138, and Zong3 are all temperate lines that
belong to the same heterotic group. All five lines have plant
heights shorter than average: 113, 144, 133, 136, and 153cm
for 81162, Yel07, Dan9046, W138, and Zong3, respectively.
(Data was collected from >50 plants grown in five different
locations; the average plant height of 527 inbred lines was
173cm.)

A total of 192 teosinte entries (data not shown) were also
sequenced and analysed for the gphl confidence interval.
The four synonymous SNPs were found existing in either
homozygous or heterozygous states in teosinte; however,
only the homozygous G allele (wild-type genotype) was iden-
tified for SNP5259, suggesting that the causative mutation
in gphl most likely occurred as part of the temperate maize
breeding program after the domestication of maize. The rare
frequency of SNP5259 (T) also implies that the mutation
occurred very recently and is not widely used in breeding
programs.

Validation of gph1 and its functional site with
Arabidopsis mutant atpgp1-2

To validate the function of ¢gphl and its functional site
SNP5259, site-directed mutagenesis was performed on the
maize gphl allele to mutate SNP5259 (T) to SNP5259 (G).
QPHI, gphl, and mgphl (mutagenized gphl) were cloned
into vector PBI121 and overexpressed with the 35S pro-
moter in Arabidopsis T-DNA insertional mutant atpgpl-2
(AtPGPI, At2g36910, is the homologue of the maize Br2
gene in Arabidopsis), which has reduced plant height and
coleoptile length (Ye et al, 2013). QPHI and mgphl could
restore the plant height and coleoptile length of the atpgpl-
2 mutant to that of the wild type; in contrast, transforma-
tion of atpgpl-2 with the gphl allele led to an intermediate
level of rescue (Fig. 5). No significant difference was observed
between QPHI and mgphl transgenic plants in plant height
and coleoptile length, but a significant difference was detected
between gphl and mgphl transgenic plants (P = 0.0007 for

plant height and P = 0.005 for coleoptile length) (Fig. SAB);
the only difference between mgphl and gphl coding sequence
is the G/T polymorphism at SNP5259; this result is consist-
ent with the hypothesis that SNP5259 (T) is the underlying
causative mutation in gphl. Moreover, statistical analysis
showed that the difference in plant height and coleoptile
length between gphl transgenic plants and the atpgpl-2 con-
trol also reached significant levels (P = 0.00023 and 2.93E-
11), suggesting that gphl is not a complete loss of function
allele (Fig. 5A, B).

Polar auxin transport in RIL88 qpn1), RIL88 qpH1) @nd the
br2 mutant 114F

Because the maize Br2 gene is known to function in polar
auxin transport (Multani et al, 2003), an assay of basipe-
tal transport of [*H] IAA was carried out in the coleoptiles
of RIL88 1), RIL88gpu1y, and the null hr2 mutant 114F.
Results showed that [’H] IAA translocation to the lower sec-
tions of the coleoptiles was significantly reduced in RIL88 ;)
and the br2 mutant 114F compared to RIL88qpy) (Fig. 6).
As the br2 mutant consistently showed increased loading of
auxin into the upper coleoptile near the site of application in
former studies (Multani et al, 2003), the difference was prob-
ably caused by the impaired polar auxin transport in defec-
tive br2 plants. Consistent with the hypothesis that the gphl
allele is partially defective compared with the br2-1174 allele,
a significant difference in [’H] IAA translocation between
RIL88 ,n1y and 114F was detected, indicating that gphl was
not a complete loss of function allele.

Functional assessments of qph1 in F, populations of
different genetic backgrounds

To evaluate the effect of gphl under different genetic back-
grounds, four F, populations, 4F1 X 81162, Yel07 X Zheng32,
Yel07 X B73, and Zong3 X Chuang48-2 were constructed by
crossing the three lines containing the rare SNP (T) (81162,
Yel07, and Zong3) with normal inbred lines (4F1, Zheng32,
B73, and Chuan48-2). The four F, populations were planted
in two different locations, Beijing and Hainan (200 indi-
viduals per population in each location). In each replicate,
50 gphllgphl, 100 gphl/QPH, and 50 QPHI/QPHI indi-
viduals per population were phenotyped. In both locations,
a significant difference in plant height and ear height was
detected between QPHI/QPHI and gphl/gphl individuals
and between QPHI/gqphl and gphl/gqphl individuals. Plant
height difference between QPHI1/QPHI and gphl/qphl indi-
viduals in the B73 X Yel07 F, population is shown as an
example (Supplementary Figure S10). Single-factor ANOVA
analysis in 4F1/81162 F, detected a strong dominant effect
for plant height (D/A = 1.3 and 0.9, P = 6.06E-16 and 1.21E-
18 in 09HN and 10BJ, respectively); similar results were also
observed in the other three F, populations. 15-49% and
4-37% phenotypic variation could be explained by gphl for
plant height and ear height, respectively, in different genetic
backgrounds and environments (Supplementary Table S3
and Supplementary Figure 7A). These results show that gphl
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Fig. 5. Validation of gph7 and its functional site through transformation of Arabidopsis homologous mutant atpap7-2. (A) Plant height of the atpgp1-2
mutant transformed with pBI121 empty vector, gph1, mqph1 (mutated qph7), and QPH1. (B) Coleoptile length of the atpgp7-2 mutant transformed with
pBl121 empty vector, gph1, mgph1 (mutated qph7), and QPH1. (C) Plant height of gph7, mgph1 (mutated gph7), and QPH1 transformation plants. **,
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Fig. 6. Transport of [°H] IAA in coleoptiles of RIL88qp1), RIL88gpn1), and the
br2 mutant 114F. CPM, counts per minute. Error bars indicate SD, n=8.

has a consistent effect in reducing plant height and ear height
in multiple genetic backgrounds.

A semi-dwarf mutant N546 (Johnson et al., 1998) has fea-
tures very similar to the br2 recessive lines and a QTL peak for
plant/ear height was detected at the Br2 region in the N546 X
PHBO0 F, population. The N546 Br2 allele is designated br2-
bj; it has a 3.5kb insertion of En/Spm-like transposon 660 bp

upstream of the predicted TATA box and a complete gag/
pol retro-transposon insertion of 4.7kb in exon 5 which trun-
cates the last 153 amino acids of the protein. Mean plant/ear
height for br2-bjlbr2-bj individuals are 88% and 50% of the
heterozygous and wild-type plants, respectively. Consistent
with the predicted reduction or loss of function of this
complex allele, br2-bj behaves as a recessive allele in nine F,
populations constructed by crossing N546 and two of its con-
version lines N501 and N504 (with the br2-bj allele) with nor-
mal lines (PHVRZ, PHHHN, PHVNYV, PHF0D, OHCCW,
and PH128S). In these segregating populations, heterozygous
and wild-type plants showed no significant difference in plant
height; ear height between wild-type and heterozygous plants
showed a significant difference in some crosses depending on
the background (Supplementary Figure S11). Results indi-
cate that br2-bj has different effects on plant height and ear
height in F, segregation populations from gphl.

Functional assessments of qph1 in six pairs of single-
cross hybrids

Because hybrid maize is used in agriculture, the effect of
gphl was also estimated in hybrid backgrounds. Six pairs of
single-cross hybrids were generated by crossing RIL88qpy)
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and SNP5259 (T)-containing RIL88,,;, with the inbred
lines with or without the SNP5259 (T); effects of gphi/gphl
with gphl/QPHI and QPHI/gphl with QPHI1/QPH]I under
the same hybrid genetic backgrounds were evaluated. Plant
and ear height showed significant differences between each
pair of hybrids (Fig. 7B). In the hybrids derived by cross-
ing Yel07, 81162, Zong3, and W138 with RIL88 ), plant
heights between F, individuals of gphl/qphl were reduced by
10-24%, respectively, compared to their QPHI/gphl coun-
terparts derived from RIL88 qpy;). Reductions in ear height
were also significant, ranging from 26 to 38%. These results
indicate the strong effect of the homozygous recessive gphl/
gphl in reducing plant height and ear height. Moreover, in
B73 and Chang7-2 F, hybrids, due to the incomplete recessive
feature of gphl, significant differences in plant height and ear
height between QPHI/QPHI and QPHI/gphl hybrids were
also detected; phenotypic variations in plant height and ear
height range from 3 to 12% for plant height and 6 to 23% for
ear height, indicating that gphl is able to reduce plant height
and ear height in a heterozygous state. gphl is proved to have
a significant effect on plant height and ear height in hybrids,
and the incomplete recessive feature of gphl allows the plant
and ear height of a hybrid to be modified by introducing it
into only one parent.
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Prospect evaluation of the impact of gph1 on
grain yield

In our previous studies, a pleiotropic effect of gphl causing a
marginal influence on yield and yield components was detected
in RIL, IF,, F,3, and BC,F, populations of Zong3/87-1; this
was probably contributed by the genetic backgrounds (Tang
et al., 2007a, b). To evaluate the potential of gphl in maize
improvement in terms of increasing yield potential, a number
of agronomic traits of the six pairs of F; and four F, popula-
tions derived from ¢gphl-containing lines were measured and
analysed. Most yield components exhibited no significant dif-
ference between gphllgphl, QPHIlqphl, and QPHI/QPHI
individuals in the four F, populations, and significant differ-
ences could be detected in only one biological repeat for a
few traits in some F, populations, indicating that ¢gphl has
no or a slight influence on maize yield under different genetic
backgrounds while maintaining a shorter plant height and
ear height (Supplementary Figures S10 and S12). Likewise,
except for ear kernel weight and 100-kernel weight in 81162
F, and ear weight and days to shedding in Zong3 F; and ear
kernel weight in B73 F;, no additional significant difference
was identified between each pair of the single-cross hybrids,
suggesting that gphl only has a minor impact on yield under
hybrid backgrounds (Supplementary Table S4). These results

m gph1/qph1
® QPH1/qph1
= QPH1/QPH1

10BJ 09HN  10BJ

u xRIL88(qph1)
= xRIL88(QPH1)

B73 Chang7-2

Fig. 7. Plant height analysis of the four F, populations and six pairs of single-cross hybrids. (A) Blue, red, and green represent the plant height of the
gph1/gph1, QPH1/qph1, and QPH1/QPH1 individuals, respectively. Phenotype data were collected from two replicates in Hainan (2009, left) and Beijing
(2010, right). 50, 100, and 50 individuals of gph1/qph1, QPH1/gph1, and QPH1/QPH1 were planted and analysed, respectively, for each population.

(B) Plant height of RIL88 4+ (blue) and RIL88 g1 (red) derived single-cross hybrids; 30-40 individuals were planted and analysed, respectively, in each
genotype class, and data was collected from two replicates for each hybrid. **, significant difference (0.01 level). Data are expressed as mean + SD.
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suggested that gphl could significantly reduce plant height
and ear height with no or very little negative impact on yield
under multiple genetic backgrounds. gphl could affect plant
height and ear height when heterozygous, making it very use-
ful for hybrid maize breeding.

Discussion

Molecular mechanism underlying the major plant
height QTL gph1

In this study, we report a rare SNP mutation in the maize
Brachyric2 gene underlying the major plant height QTL gphl.
The maize Br2 (ZmPGPI) gene is an ABC (ATP-binding cas-
sette) transporter which belongs to the MDR (multi-drug
resistant) class of P-glycoprotein (Noh et al., 2001; Multani
et al., 2003) and functions in polar auxin transport as an
efflux carrier. The protein molecule consists of two trans-
membrane domains (TMDs) that provide the translocation
pathway of auxin and two cytoplasmic nucleotide-binding
domains (NBDs) that hydrolyse ATP and drive the transport
reaction (Chang and Roth, 2006; Aller et al., 2009). The two
TMDs span the membrane through the 12 a-helices (six per
domain) and enable membrane insertion and regulation. The
predicted causative mutation of gphl, SNP5259 (T), which
resulted in the arginine to leucine substitution, is located on
the ninth a-helix in the TMD of Br2 and thus affects the effi-
ciency of the transmembrane channel (Fig. 8). As an efflux
carrier, amino acid residues along the transporter channel
are strictly arranged (in this case, all residues are positively
charged); Arg has a hydrophilic and positively charged side
chain, while Leu is hydrophilic and neutral; the substan-
tial change from Arg to Leu in gphl is very likely to have
affected its interaction with negatively charged TAA™ inside
the cell. Moreover, auxin is synthesized predominantly in the
shoot apex, young leaves, and developing seeds (Ljung et al.,
2001) then dispensed to other organs by multiple efflux and
influx transporters (Friml et al, 2002; Zhao et al, 2010). The
results are consistent with the hypothesis that the defective
gphl allele in RIL88,,;,;) impaired basipetal auxin transport,
which led to the auxin insufficiency in lower internodes and
resulted in shortened internodes. Reduced cell division and
changes in vascular bundle development were observed in
RIL88gn1) lower internodes, which is consistent with auxin
deficiency (Galweiler et al., 1998). gphl affects leaf number,
leaf angle, and flowering time minimally compared with plant
height and ear height, suggesting that it has potential for
maize improvement.

Potential application of gph1 in maize improvement

Cereal production went through a dramatic increase due to
the adoption of short cultivars during the last century, known
as the Green Revolution. Underlying genes were later isolated
in rice, wheat, sorghum and several other crops (Galweiler
et al., 1998). Obvious defects in major genes were found to be
responsible for phenotypic variation in most cases, and thus
made them easily manipulated for practical use. In maize,

Functional site

Active sites

Fig. 8. Protein structure simulation of gph7 generated using Pymol. The
six active sites of the protein are shown in yellow; the Arginine to Leucine
amino acid substitution on the ninth a-helix in the transmembrane domain
is indicated in blue. TMs, transmembrane domains; NBDs, nucleotide
binding domains.

however, loss of function mutations of the major plant height
genes often led to serious defects and very large yield loss
(Winkler et al., 1995; Thornsberry et al., 2001), so moderate-
effect QTLs were considered to be excellent alternatives. QTL
mapping has long been conducted to localize maize plant
height regulators with desirable effects, but has rarely resulted
in candidate gene cloning. Several maize genes underlying
quantitative traits have been cloned and validated based on
linkage analysis; examples include Vgtl, Tgal, and DGATI-
2 (Wang et al., 2005; Salvi et al., 2007; Zheng et al., 2008),
but plant height QTLs were rarely cloned (Teng et al, 2012).
Among the plant height factors identified in maize so far, the
recessive br2 gene is considered to have great potential and
efforts have been made to use it practically (Anderson and
Chow, 1960; Djisbar and Brewabaker, 1987). Introgression
of br2 into normal varieties could reduce plant height and
ear height by shortening each internode (Souza and Zinsly,
1985), but unfortunately all the recessive br2 alleles identi-
fied so far cause severe phenotypes and it has not been pos-
sible to use them in breeding. Here, we provide the detailed
phenotypic and molecular characterization of the naturally
occurring mild allele of br2, gphl; it is a very rare SNP muta-
tion that might have occurred recently and hasn’t been widely
used in breeding programs. The cloning of gphl sheds more
light on the molecular nature of natural variation at maize
QTLs; it demonstrates that the naturally occurring allele at a
QTL locus and a strong dwarf mutant are genetic variants of
the same gene. Results of this study revealed gp/hl as a major
plant height QTL that has a moderate effect on plant height
and no or minimal negative effects on grain yield under vari-
ous genetic backgrounds tested, suggesting its potential in
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maize improvement by marker-assisted selection for reduced
plant height and lodging resistance.

Supplementary material

Supplementary data can be found at JXB online.
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