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Near-isogenic lines for measuring
phenotypic effects of DIMBOA-GIc
methyltransferase activity in maize
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Three O-methyltransferases (BX10a, b, c) catalyze the conversion of 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one
glucoside (DIMBOA-GIc) to 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one glucoside (HDMBOA-GIc) in maize (Zea mays).
Variation in benzoxazinoid accumulation and resistance to Rhopalosiphum maidis (corn leaf aphid) was attributed to a natu-
ral CACTA family transposon insertion that inactivates Bx70c. Whereas maize inbred line B73 has this transposon insertion,
line CML277 does not. To characterize the phenotypic effects of DIMBOA-Glc methyltransferase activity, we created near-
isogenic lines derived from B73 and CML277 that do or do not contain the transposon insertion. Bx10c inactivation causes
high DIMBOA-GIc, low HDMBOA-GIc, and decreased aphid reproduction relative to near-isogenic lines that have a func-
tional Bx10c gene. These results confirm the importance of this locus in maize aphid resistance. The availability of Bx70c near-
isogenic lines will facilitate further research on the function of different benzoxazinoids and DIMBOA-Glc methyltransferase

activity in maize defense against herbivores and pathogens.

Maize (Zea mays), one of the world’s most productive crops, is
used for food, feed, and biofuel production.! More than 90 insect
species are known to attack maize, resulting in losses of 6% to
19% in overall maize productivity.? Therefore, extensive research
has been conducted to identify factors associated with maize herbi-
vore resistance and susceptibility.?

A recently developed maize nested association mapping (NAM)
population was generated by crossing a diverse population of 25
maize inbred lines to the sequenced reference line B73.%¢ This set
of ~5000 recombinant inbred lines (RILs) has been used to geneti-
cally map numerous maize traits, including resistance to the corn
leaf aphid (Rhopalosiphum maidis) and benzoxazinoid accumula-
tion.” Benzoxazinoids, a class of secondary metabolites found pri-
marily in grasses, including maize, wheat, and rye,*’ have been
demonstrated to inhibit growth of fungi, insect herbivores, and
even competing plants.'*!! Nine genes (BxI-Bx9) catalyze succes-
sive steps in the pathway of 2,4-dihydroxy-7-methoxy-1,4-ben-
zoxazin-3-one glucoside (DIMBOA-GIc) from indole-3-glycerol
phosphate.'®'? Maize predominantly produces 2 benzoxazinoids,
DIMBOA-GIc and  2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-
3-one glucoside (HDMBOA-GlIc),'>** with significant variation
among different inbred lines.”

In a recent publication,” we mapped an aphid resistance
quantitative trait locus (QTL) using RILs derived from maize
inbred lines B73 and CML277, identifying 3 genes (BxI0a, b,
¢) encoding O-methyltransferases that convert DIMBOA-GIlc
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to HDMBOA-Glc. In comparison to B73, CML277 has consti-
tutively elevated HDMBOA-Glc content. This phenotype was
attributed to a natural CACTA family transposon' insertion that
inactivates BxI0c (GRMZM2G023325) in B73 and other maize
lines with low constitutive HDMBOA-Glc accumulation. R. mai-
dis progeny production is negatively correlated with DIMBOA-Glc
and positively correlated with HDMBOA-Glc production. In the
current study, we use near-isogenic lines (NILs) derived from B73
and CML277 to further characterize the effects of BxI0c inactiva-
tion on benzoxazinoid accumulation and aphid resistance in maize.

Genotyped RILs of the NAM population are on average 3.6%
heterozygous, making it possible to find individual lines that are
still heterozygous for almost any desired genomic interval. Such
heterozygotes can be self-pollinated and genotyped to create het-
erogeneous inbred families (HIFs).” Five RILs derived from a
B73 x CML277 cross, Z005E0109, Z005E0153, Z005E0174,
Z005E0176, and Z005E018, were predicted to be heterozygous in
a region containing the Bx10a,b, ¢ genes (Fig. 1). To genotype the
BxIOcalleles, genomic DNA wasamplified by PCR using the follow-
ing 3 primers: forward, 5-"AGCACGGCAACAACCTTGG-3';
reverse for the transposon insertion allele
5'-CGCGGTGGTGAGAACCGTTT -3'; and reverse for the
functional gene, 5-AAGTGCACGTTGCCATCAGATGGAG
-3', as described previously.® Heterozygosity at the BxI0c gene could
be verified only for ZO05E0109 and Z005E0174, and the latter was
chosen for further experiments. As Z005E0174 was predicted to
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Figure 1. Generation of near-isogenic lines for the Bx10a, b, c locus. (A) Genotype data for ZO05E0174, a
recombinant inbred line derived from B73 x CML277, are shown (marker data were downloaded from
www.panzea.org). (B) Genotype of Bx10a, b, ¢ near-isogenic lines derived from Z005E0174, with the
area of the genome that differs between the 2 near-isogenic lines, Bx10cNIL-B73 and Bx10cNIL-CML277,
marked in green. The approximate Bx10g, b, ¢ position on chromosome 1 is marked with an arrow.

Table 1. Genotyping SNPs of near-isogenic lines derived from Z005E0174 on chromosome 1 to 4.

be heterozygous for regions of chro-
mosome 1, 2, 3, and 4 (Fig. 1A), it
was selfed for 3 generations, prior to
selecting sibling lines with the B73
or CML277 alleles, respectively, at
the BxIOc locus. Single nucleotide
polymorphism (SNP) markers in the
other previously heterozygous regions
of chromosomes 1-4 (Fig. 1A) were
genotyped by PCR amplification
and Sanger sequencing (Table 1)
to confirm that these regions of the
genome are homozygous for the B73
or CML277 alleles in the NILs (illus-
trated graphically in Figure 1B). In
addition to the predicted SNPs from
www.panzea.org, our DNA sequenc-
ing identified 5 other SNPs in the
amplified regions that are polymor-

phic between B73 and CML322

1 2 3
SNP Name SNP location PCR amplification primer sequence (5'- 3) B73 | CML277 | Bx10cNIL-B73 Bx10cNIL-CML277
AGCCATCGAT AGTCGAAACG
PZA01271.1 Chr1: 16,581,396 C T T T
TAGGCACGAATTTGCTTGAA
TCCAAGCGTATGCTCAAGAA
PZA02032.1 Chr1:17,746,383 T C C C
GCACAATAGC GAGATGGTCA
TAATCCTGGCG ATGAGATCC
Chr2: 93,103,729 T C T T
TTTGCCAAGC TCCTCCATAC
GAACCTCGCATGGTTGAGAT
Chr3: 156,790,281 A T A A
AGGGCACTTG GTTCCAGATA
GCTCATCAGG CTTTTGGAAG
PZA00828.2 Chr3: 158,896,370 T A T T
GCACAAGCCA CCCACTATTT
GCTCATCAGG CTTTTGGAAG
Chr3: 158,896,399 A T A A
GCACAAGCCA CCCACTATTT
CCACGGTTACAGCACTAGCA
PZA01396.1 Chr3:166,377,572 A G G G
GTCCAACCCG AAACTGAAAA
CCACGGTTACAGCACTAGCA
Chr3:166,377,629 A T T T
GTCCAACCCG AAACTGAAAA
CAACACGCGTTATTGGACAC
PZA03459.1 Chr4:135,157,951 C T T T
GCCAGAACTGGACGAGTAGC
CCAAACCAAG CACCGTCTAT
PZA02114.1 Chr4: 155,907,930 A G G G
CCAGAAGGAG AGGGAGAACC
CCAAACCAAG CACCGTCTAT
Chr4: 155,908,028 T C C C
CCAGAAGGAG AGGGAGAACC
Marker names from www.panzea.org, if previously described; ?Base pair position in maize genome assembly (AGP version 2); *PCR conditions that were

applied for all reactions: 95 °C for 3 min followed by 34 cycles of amplification (95 °C for 30's, 0 °C for 30 s, and 72 °C for 30 s) and 72 °C for 10 min; *CML277

allele at this locus is different from information provided at www.panzea.org
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(Table 1). The CML277 allele of one SNP A DIMBOA-GIc B HDMBOA-Glc
was found to be different from that which was H,CO 0-Gle H,CO o-6le

dicted 700 OI 500 - O\A[
predicted at www.panzea.org. \@N . o

To measure benzoxazinoid content of the 600 I i 400

. . H 1 OCH,

selected NILs, the tip (approximately 5 c¢m) % 500 | l T [
of the third leaf was collected, extracted, T 400 i 300 - J_
and analyzed by HPLC as described pre- o >
viously,” with minor modification of the = 300 * = 200 - *
extraction solvent (500 WL methanol/water/ 200
formic acid, 30:69.5:0.5, v/v). The levels of 100 1001
DIMBOA-Glc (Fig. 2A) and HDMBOA- 6 ~ ND o : , ,
Glc (Fig. 2B) were quantified using authen- Bx10cNIL-B73  Bx10cNIL-CML277 Bx10cNIL-B73  Bx10cNIL-CML277

tic standards. DIMBOA-GIlc was observed

in Bx10cNIL-B73, but not in BxI10cNIL-
CML277. HDMBOA-GIc was present in

both lines, but was significantly less abun-

Figure 2. Benzoxazinoid content in Bx70c NiLs. Concentration of (A) DIMBOA-Glc and (B)
HDMBOA-Glc, as detected by HPLC. Mean + SE; n = 10-11; *P < 0.05, Wilcoxon rank-sum test; N.D.
= not detected; FW = fresh weight.

dant in the Bx10cNIL-B73.This is similar to
the benzoxazinoid levels observed in the B73
and CML277 NAM parental lines,” indicating that the Bx10a, b,
¢ locus is the major determinant of the DIMBO-Glc:HDMBOA-
Glc ratio in these maize lines.

We examined the effect of the Bx10a, b, ¢ locus on R. maidis
progeny production. Plants were used for aphid bioassays at the
age of 2 weeks (V2-V3 stage). Ten adult aphids were confined on
each of the seedlings using microperforated polypropylene bags
(15.25 cm x 61 cm; PJP Marketplace). After one week, Bx10cNIL-
CML277 had significantly higher numbers of aphid progeny than
Bx10cNIL-B73 (Fig. 3).

As suggested by our prior genetic mapping,” the current
maize NIL experiments demonstrate a large effect of the Bx/0a,
b, ¢ locus on R. maidis reproduction and benzoxazinoid con-
tent. Although it is likely that differences in the methylation
of DIMBOA-GIlc to make HDMBOA-GIc are caused by the
presence or absence of a BxI0c transposon insertion, we cannot
rule out the possibility that the phenotype is caused by as yet
unknown variation in the function of BX10a and/or BX10b,
which also have DIMBOA-Glc methyltransferase activity in
vitro.” Further crosses to select genetic recombination between
these 3 genes will be necessary to determine their respective in
vivo functions.

The large differences in benzoxazinoid content among
inbred lines,” as well as the herbivory-induced methylation of
DIMBOA-Glc to make HDMBOA-GIc,'® suggest divergent
functions of these metabolites in maize defense. However, in
the absence of mutations specifically affecting DIMBOA-Glc
to HDMBOA-GIc conversion, it has been difficult to assess the
relative roles of these benzoxazinoids in maize defense. Thus,
the NILs described here provide an important new resource for
studying the relative importance of constitutive DIMBOA-Glc
and HDMBOA-GIc levels in maize defense against a wide vari-
ety of herbivores and pathogens in the laboratory or in the field.

Although the relatively low level of inbreeding in the NAM
population could be a liability for genetic mapping projects, it
facilitates the rapid generation of near-isogenic lines. We have
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Figure 3. Aphid progeny production on Bx10c NILs. The number of R. mai-
dis progeny produced per adult over one week is shown. Mean + SE; n =15,
Bx10¢cNIL-B73; n = 12, Bx10cNIL-CML277; *P < 0.05, Wilcoxon rank-sum test.

taken advantage of natural variation in the Bx/0c locus to create
NILs that can be used to study maize-insect interactions. The
function of other maize defense-related genes could be studied
in a similar manner without the use of targeted mutagenesis
or the complications associated with doing field studies with
transgenic maize plants.
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