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Abstract

Key message A candidate nicosulfuron sensitivity gene Nss was identified by combining bulked segregant analysis and
RNA-seq. Multiple mutations of this gene were discovered in nicosulfuron-sensitive maize compared with the tolerant.
Abstract It has been demonstrated that variabilities exist in maize response to nicosulfuron. Two nicosulfuron-sensitive
inbred lines (HB39, HB41) and two tolerant inbred lines (HB0S5, HB09) were identified via greenhouse and field trials.
Genetic analysis indicated that the sensitivity to nicosulfuron in maize was controlled by a single, recessive gene. To pre-
cisely and rapidly map the nicosulfuron sensitivity gene (Nss), two independent F, segregating populations, Population A
(HB41 x HB09) and Population B (HB39 X HBOS), were constructed. By applying bulked segregant RNA-Seq (BSR-Seq),
the Nss gene was, respectively, mapped on the short arm of chromosome 5 (chr5: 1.1-15.3 Mb) and (chr5: 0.5-18.2 Mb)
using two populations, with 14.2 Mb region in common. Further analysis revealed that there were 43 and 119 differentially
expressed genes in the mapping intervals, with 18 genes in common. Gene annotation results showed that a cytochrome
P450 gene (CYPS81A9) appeared to be the candidate gene of Nss associated with nicosulfuron sensitivity in maize. Sequence
analysis demonstrated that two common deletion mutations existed in the sensitive maize, which might lead to the nicosul-
furon sensitivity in maize. The results will make valuable contributions to the understanding of molecular mechanism of
herbicide sensitivity in maize.

Introduction

Maize is one of the most important sources of energy con-
sumed in the world because of its productive potential, nutri-
tive value and chemical composition. Maize is planted over
35 million hectares per year in China, which is much more
than any other crops. Weeds competition in the fields is one
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cause severe injury to lipids and change of ascorbate—glu-
tathione cycle, with symptoms ranging from severe stunting
of plant growth to death of whole plant (Wang et al. 2018).
Herbicide-tolerant differences in plants are attributed to dif-
ferential metabolism rates (Sprague et al. 1999). Tolerant
maize hybrid DK689 was once demonstrated to be able to
absorb 60-80% of the applied nicosulfuron within 72 h and
metabolize 78-95% of that rapidly (Gallaher et al. 1999).

It is well known that cytochrome P450 monooxygenases
(P450s) play an important role in the phase I metabolism
of herbicides (Siminszky 2006). There were more than 300
cytochrome P450 genes in maize, which were classified into
10 clans and 44 families (Liu et al. 2018). P450s in maize
were demonstrated to be able to metabolize fourteen herbi-
cides of six chemical families through hydroxylations and
demethylations (Barrett 1995). The sweet corn sensitivity
to different P450-metabolized herbicides had been reported
to be regulated by a single recessive cytochrome P450 gene
(Nordby et al. 2008; Pataky et al. 2009). Nicosulfuron injury
to maize can be reduced by its application combined with
isoxadifen, a safener that can enhance the activity of P450
monooxygenases and glutathione S-transferases (Paporisch
and Rubin 2017; Sun et al. 2017).

Newly developed BSR-Seq technology based on RNA-
Seq data can provide both genetic mapping information and
global gene expression information, and it is considered to
be one of the most useful methods for mapping monogenic
traits (Liu et al. 2012b; Chayut et al. 2015). Through BSR-
Seq analysis, an interval on the genetic map which contains
the candidate genes could be defined. Moreover, BSR-Seq
enables the identification of genes differentially expressed
between the mutant and non-mutant pools within the map-
ping interval, and it also provides clues to study the molecu-
lar functions of these genes. Using this approach, many tar-
get genes had been identified in different plant species, such
as wheat (Li et al. 2018; Wu et al. 2018), cabbage (Huang
et al. 2017) and onion (Kim et al. 2015). This study aimed
to rapidly identify the candidate genes associated with the
nicosulfuron sensitivity of maize using bulked segregant
analysis and RNA-seq. In this work, a cytochrome P450
gene was identified to possibly involve in the development
of nicosulfuron sensitivity in maize, which would be help-
ful in illuminating the relationships between nicosulfuron
application and sensitivity in maize.

Materials and methods
Plant materials
HB41 and HB39 are nicosulfuron-sensitive maize inbred

lines with homozygous recessive Nss, and HB09 and HB05
are nicosulfuron-tolerant types with homozygous dominant
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Nss (seeds available from Institute of Cereal and Oil Crops,
Hebei Academy of Agriculture and Forestry Sciences,
China). HB41 (Q) was crossed with HB09 (&), and HB39
(?) was crossed with HB05 (), to generate F, populations,
respectively. Then, F, population was self-pollinated to
generate two segregating F, populations (Population A and
Population B). The BC, populations were acquired from a
backcross of HB41 and HB39, respectively.

Greenhouse dose-response of parental lines
to nicosulfuron

A dose-response experiment on the parental inbred lines
(HBOS, HB09, HB39 and HB41) was conducted in green-
house using completely randomized design with three repli-
cates. Five maize seeds were planted 2-3 cm deep in 15-cm
plastic pots and thinned to two uniform seedlings after
emergence. Day temperature was 30+2 °C and night tem-
perature was 22 + 2 °C. Relative humidity ranged from 50 to
90%. Maize plants were well watered and fertilized for rapid
growth. At V3 stage (seeds were planted for about 14 days),
nicosulfuron was sprayed in a volume of 400 L ha™! with a
flat-fan nozzle at 39 cm with spray pressure set at 275 kPa.
Application rates were 6.25, 12.5, 25, 50, 100 g a.i. ha~! for
HB39, HB41, and 62.5, 125, 250, 500, 1000 g a.i. ha™' for
HBO0S5, HB09. All treatments were applied with 0.5% (v/v)
methylated seed oil. The typical symptoms of maize plant
response to nicosulfuron were chlorotic or necrotic leaf and
stunting. At 14 days after nicosulfuron application, the per-
centage of injury leaf area in each plant was visually rated
from O to 100%, and then the values for each treatment were
averaged.

Nicosulfuron sensitivity phenotypic evaluation

The F,, F, and BC, populations, as well as their parental
lines, were evaluated for responses to nicosulfuron in 2015
and 2016 growing seasons in the field of Dishang Experi-
mental Station of Institute of Cereal and Oil Crops, Hebei
Academy of Agriculture and Forestry Sciences. Randomized
complete block design and three replications were adopted.
In all trials, the maize seeds were planted in 8 m rows spaced
30 cm apart. Commercial formulation of nicosulfuron was
applied on the maize plants at four- to five-leaf stages. Nico-
sulfuron was applied at 60 g a.i. ha™! with 0.5% (v/v) meth-
ylated seed oil. A compressed-air backpack sprayer equipped
with a flat-fan nozzle delivering 190 L ha™! of water at
262 kPa was used for application. Symptoms of injury were
evaluated at 7 and 14 days after application, respectively,
with the same evaluated method mentioned above. The
materials having 0-5%, 5-20% or 20-100% injury leaves
were considered as tolerant, moderate or sensitive to nico-
sulfuron (Williams et al. 2005).
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Bulked segregant analysis (BSA) and RNA-seq

Two independent F, mapping populations (Population A and
Population B) were generated for BSR-Seq analysis. Popula-
tion A consisted of 832 plants and Population B consisted
of 891 plants. The aboveground leaf tissues of the two F,
populations were collected at 20 days after planting before
nicosulfuron application. The response of each plant in F,
population was investigated at 7, 14 days after treatment
of 60 g a.i. ha™! nicosulfuron, respectively. Plants grown
normally without any symptoms were identified as the tol-
erant individuals, while the plants showing chlorosis, yel-
low or irregular chlorotic leaf spot and died quickly after
the nicosulfuron treatment were identified as the sensitive
individuals.

Two extreme pools were constructed using equal amounts
of tissues from the same position of plants at same growing
stage. Leaf tissue collected from the most 100 nicosulfuron-
tolerant individuals and the most 100 sensitive individuals
were mixed as tolerant and sensitive pools, respectively.
Total RNAs were extracted from the mixed samples using
an RNAiso Plus RNA extraction kit (Takara, Dalian, China).
The transcriptome sequence was performed on an Illumina
HiSeq 4000 platform (China Golden Marker, Beijing) with
approximately 5 GB of clean data for each pool, and Q30
percentages were more than 85%.

SNP-index and A(SNP-index) analysis

The sequences were mapped against the latest B73 genome
(AGPv4.32) using the software Bowtie version 1.1.2 (Lang-
mead et al. 2009). Single nucleotide polymorphism (SNP)
callings were processed with SAMtools (Li et al. 2009).
Homozygous SNPs between parental lines and high-quality
SNPs (minimum 10 total reads at the position of interest,
minimum of 4 supporting reads, minimum average quality of
20) were selected for SNP-index analysis. For each genomic
position, the proportion of short reads harboring SNPs with
the sequence of one of the parents chosen as the reference
(the so-called SNP-index) is estimated (Abe et al. 2012). A
(SNP-index) was calculated by subtracting the SNP-index
of the sensitive pool from the tolerant pool. The graph of
average values of A(SNP-index) was plotted by calculating
in a 4 Mb window size and 10 kb window step size.

Differentially expressed genes (DEGs) analysis

RNA sequencing reads were aligned to the B73 reference
genome using STAR version 2.4.1d (Dobin et al. 2013),
and transcript quantification was performed using kallisto
version 0.43.0 (Bray et al. 2016). Differential gene expres-
sion analysis was carried out on the kallisto output abun-
dance files using Sleuth (v. 0.28.1) (Pimentel et al. 2017).

Identification of DEGs was conducted according to the
method previously described (Reiner et al. 2003). The
expression fold change was calculated based on the modi-
fied expression value between the tolerant and the sensitive
pools. Statistical significance of differential expression was
determined using multiple testing combined with p value
adjusted by false discovery rate (FDR). In this study, genes
with adjusted p value less than 0.01 and fold change greater
than or equal to 2 were identified as DEGs. Gene ontology
(GO) term annotation was conducted for functional classifi-
cation of DEGs, and further functional enrichment analysis
was carried out using AgriGO (plant GO slim, FDR <0.01)
(Du et al. 2010).

Clone, sequence and phylogenetic analysis

Genomic DNA was extracted from the young leaves of
maize inbred lines using the CTAB method. Two overlap-
ping primer pairs (F1F: ATAGACACTGGTCAGGCTTAG,
FIR: AATCCTATACTT-TGGCGGA; F2F: CTGCGCCTG
CACCCG, F2R: CATACACTCGGCGAAAATCAACTA)
covering full length of the candidate gene were used for
amplification in both nicosulfuron-tolerant and nicosulfu-
ron-sensitive maize inbred lines. PCR conditions were as
follows: 95 °C for 5 min; 35 cycles of 95 °C for 30 s, 55 °C
for 30 s and 72 °C for 50 s; and a final extension at 72 °C
for 10 min. The product was gel purified with AxyPrep Gel
DNA Extraction Kit (Axygen, China) and cloned into the
pMD19-T vector (TaKaRa, Dalian, China) for sequencing.

Alignment of cytochrome P450 protein sequences was
performed by ClustalX program. The phylogenetic tree of
plant cytochromes P450 proteins was constructed with the
MEGA program (version 4.0) by the neighbor joining (NJ)
method with 1000 bootstraps (Tamura et al. 2007).

Results
Genetic analysis of nicosulfuron sensitivity in maize

Dose-response analysis showed that there were significant
differences in the nicosulfuron sensitivity symptoms between
tolerant (HBOS5, HB09) and sensitive inbred lines (HB39,
HB41) of maize (Fig. 1a), which was further confirmed by
our field trials. For HB05 and HB09, no injury symptom
showed when nicosulfuron was applied at 125 g a.i. ha™!
(about 2 X recommended use rates). While for HB39 and
HB41, the injury ranged from 30 to 50% when nicosulfuron
was applied at 6.25 g a.i. ha™! (about 1/10 X recommended
use rates).

The segregation patterns of nicosulfuron sensitivity
trait in the F,, F, and BC, generations from the crosses
of ‘HB39xHBO05’ and ‘HB41 x HB09’ are presented in
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Fig.1 Response of maize to nicosulfuron. a Dose-response of tol-
erant and sensitive maize to nicosulfuron in greenhouse. b Field
responses of the F, population derived from ‘HB41xHBO09’ after

Table 1. All F, offsprings were nicosulfuron tolerant, while
the F, generations of ‘HB39 x HB05’ and ‘HB41 x HB0Y’
segregated 626, 652 tolerant plants and 194, 226 sensitive
plants, with;(2 value of 0.79, 0.26 and p value of 0.37, 0.61,
respectively (Table 1, Fig. 1b). The two BC, generations
segregated 136, 152 tolerant plants and 118, 144 maize
plants, with X2 value of 1.28, 0.22 and p value of 0.26, 0.64,
respectively. The F, and BC, generations segregated to tol-
erant and sensitive in the expected 3:1 and 1:1 ratio. All of
these results suggested that nicosulfuron sensitivity in maize
was conferred by a single recessive gene. Complementation
tests involving the crosses of HB39 and HB41 showed that
the F, progeny was also sensitive to nicosulfuron, which
implies that the nicosulfuron sensitivity in HB39 and HB41
is due to the alleles at a common locus.

Preliminary mapping of Nss gene via BSR-Seq
To map the Nss gene in maize, two independent F, segregat-

ing populations, Population A and Population B, were com-
paratively analyzed using BSR-seq. For each segregating

the application of 60 g a.i. ha™! nicosulfuron. The photographs were
taken at 14 days after nicosulfuron treatment. The sensitive plants
were totally dead, while the tolerant plants grew normally

population, leaf tissues from siblings showing nicosulfuron-
tolerant and nicosulfuron-sensitive phenotypes were col-
lected and mixed into two separate pools and used for RNA
sequencing. RNA-Seq reads were trimmed and aligned to
the B73 reference genome. A total of 8.9, 7.6 Gb and 7.6,
7.5 Gb of raw bases were obtained from the tolerant and
sensitive bulked samples for A and B, respectively, with the
percentage of bases (Q30) over 95%. SNPs were then identi-
fied between tolerant and sensitive pools via comparisons of
RNA-Seq reads to the B73 reference genome. Via analysis,
83,279 and 73,577 SNPs were identified from Population A
and Population B, with 21,485 in common. SNP-index was
calculated for each identified SNP. An average SNP-index
was computed in a 4-Mb interval using a 10-kb sliding win-
dow. By combining the information of SNP-index in the tol-
erant pool and sensitive pool, A(SNP-index) was calculated
and plotted against the genome positions (Fig. 2). Associ-
ated chromosomal regions were identified with |A(SNP-
index)l > 0.5 and Fisher’s exact test p value <0.01. The Nss
gene with a high probability of complete linkage disequi-
librium was located to a 14.2 Mb region on the short arm

Table 1 Genetic analysis of sensitivity to nicosulfuron for the F,, F, and BC, progenies derived from ‘HB39 xHB05’ and ‘HB41 xHB09’ cross

Parent/cross Generation Total number  Observation ratio Expected ratio Ve p value
of plants .
Tolerant Moderate Sensitive

HB39/HBO5 F, 112 112 0 0 - - -
HB39/HBOS F, F, 832 626 12 194 3:1 0.79 0.37
HB39/HB05//HB39 BC, 259 136 5 118 1:1 1.28 0.26
HB41/HB09 F, 127 127 0 0 - - -
HB41/HB09 F, F, 891 652 13 226 3:1 0.26 0.61
HB41/HB09//HB41 BC, 302 152 6 144 1:1 0.22 0.64
HB39/HB41 F, 278 0 0 278 - - -
HB41/HB39 F, 262 0 0 262 - - -
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Fig.2 A (SNP-index) graph from BSR-Seq analysis of 10 maize
chromosomes. Each chromosome was scanned by using a 4-Mb win-
dow containing at least 20 SNPs with a step size of 10 kb. Within
each window, the median linkage probability obtained from a Bayes-

of chromosome 5 (chr5: 1.1-15.3 Mb) in the F, segregating
Population A, which contained 706 genes in the filtered gene
set. The mapping interval detected in Population B was a
little larger, a 17.7 Mb region on the short arm of chromo-
some 5 (chr5: 0.5-18.2 Mb), which contained 837 genes.
The two located regions in Population A and Population B
overlapped 14.2 Mb region. Therefore, we concluded that
the 1.1-15.3 Mb (14.2 Mb) genomic region in chromosome
5 may harbor the candidate Nss gene.

Identification of DEGs and potentially SNPs
in the mapping regions

Based on the latest B73 genome (AGPv4.32), a total of
136 and 1918 genes were identified to display significantly
differential expression (fold change >?2 and FDR <0.01) in
the tolerant and sensitive pools of Population A and Popu-
lation B, with 33 genes in common. A total of 2355 and
2682 SNPs were detected in the mapping regions of Popu-
lation A and Population B, respectively, with 581 SNPs

A(SNP-index)
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ian BSA analysis across all the 20 SNPs was determined and plotted
against the middle physical position of the window. a Population A; b
Population B. The mapping interval was marked with the shade rec-
tangle

in common. GO slim term analysis showed that DEGs
in Population A and Population B were all significantly
(p <0.05) enriched to cellular homeostasis (GO: 0042254)
and response to external stimulus (GO: 0009605) within
biological process, and catalytic activity within molecu-
lar function (G0O:0003824) (Fig. 3a). Further analysis
showed that there were 43 and 119 DEGs in the 14.2 and
17.7 Mb mapping intervals, respectively, with 18 genes
in common (Fig. 3b). A total of 30 potentially deleterious
SNPs were detected in the candidate genes in both popula-
tions (Table 2). Among these 18 identical DEGs, only one
cytochrome P450 gene, designated as Zm00001d013230,
was hypothesized to be associated with nicosulfuron
metabolism in maize (Table 3). In our previous study, we
found that the expression level of Zm00001d013230 in
tolerant maize was much higher than that in the sensitive
and could be induced by nicosulfuron in both the tolerant
and sensitive maize (Liu et al. 2015). Considering that
cytochrome P450s are heme proteins and play an impor-
tant role in detoxification of herbicides, we concluded

@ Springer
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Fig.3 Analysis of differentially expressed genes (DEGs). a GO slim
term enrichment analysis of the DEGs in Population A and Popuation
B. The size of the dot is relative to the ratio of DEGs number in that

Zm00001d013230 is the primary candidate for the nico-
sulfuron sensitivity gene (Nss).

Clone, sequence and phylogenetic analysis
of Zm00001d013230

Sequence analysis of Zm00001d013230 in the genome
of the maize inbred line B73 revealed that it encodes a
cytochrome P450 named as CYP81A9. BLAST results
showed that the deduced amino acid sequence of CYP81A9
was highly similar to that of CYP81A12 (84% identity
and 78% similarity) and CYP81A21 (84% identity and
77% similarity) from Echinochloa phyllopogon (Iwakami
et al. 2014). The CYP81A9 sequence also showed similar-
ity to the other CYP81 family proteins (Fig. 4a), such as
CYP81AS, CYP81A6, CYP81A7, CYP81AS8 (Pan et al.
2006), CYP81B1 (Cabello-Hurtado et al. 1998), CYP81B2,
CYP81C1 (Yamada et al. 2000), CYP81D8 and CYP81D11
(Narusaka et al. 2004). The CYP81A9 gene was then isolated
from the genomic DNA of nicosulfuron-tolerant and nico-
sulfuron-sensitive maize via PCR amplification. The protein
sequences involved in 521 amino acids in inbred lines HB0O5
and HBOQ9 are identical to that in B73 once confirmed to be
tolerant to sulfonylurea herbicides (Green and Ulrich 1993).
Compared with nicosulfuron-tolerant lines, nicosulfuron-
sensitive inbred line GA209 was once reported to contain a
392-base pair insertion that resulted in a frameshift and an
open reading frame of only 338 amino acids (Jerald et al.
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GO term. P value values were color-coded. BP, biological process;
MF, molecular function; CC, cellular component. b Venn diagram of
the DEGsS in the two F, mapping populations (color figure online)

2008). Compared with the tolerant lines, the conserved
cytochrome P450 monooxygenases heme-binding motifs
‘FXXGPR X CxG’ were identified in HB39 and HB41, and
three deletion, one insertion and several point mutations
were also confirmed (Fig. 4b).

Discussion

Nicosulfuron is the most frequently utilized postemergence
herbicide in maize fields in China because of its high her-
bicidal activity. Its injury symptoms are often observed in
maize fields, such as stunting of the plant, crinkled leaves
and bleaching near the whorl. Several types of maize such
as sweet corn, waxy corn and popcorn were sensitive to
nicosulfuron, which has been reported in the past 20 years
(Wang et al. 2018; Williams et al. 2005). In this study, two
nicosulfruon-tolerant inbred lines (HB0O5, HB09) and two
sensitive inbred lines (HB39, HB41) were identified among
more than 300 inbred lines used for field maize breeding in
China. Inheritance analysis results showed that the nicosul-
furon sensitivity was conditioned by a single recessive gene,
which was consistent with previous researches (Kang 1993;
Nordby et al. 2008).

Nicosulfuron sensitivity gene in maize was firstly mapped
to the short arm of chromosome 7 via B-A translocational
analysis (Moreno 1999). Then, it was located on the short
arm of chromosome 5 using microsatellite markers and
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Table 2 Potentially deleterious

. Candidate gene
SNPs of the candidate genes

SNP position (bp)

Reference base R-bulk base S-bulk base

responsive to nicosulfuron
sensitivity in Population A and
Population B

Zm00001d012923
Zm00001d013078

Zm00001d013109

Zm00001d013113
Zm00001d013159

Zm00001d013173

Zm00001d013230

Zm00001d013257

Zm00001d013325

Zm00001d013420

Zm00001d013571

1,996,450
4,419,472
4,419,510
4,783,105
4,783,477
4,876,876
5,561,500
5,561,539
5,822,513
5,822,567
5,822,840
5,822,997
6,782,221
6,782,344
7,187,987
7,188,184
8,686,482
8,686,637
8,686,911
10,938,180
10,938,219
10,938,941
10,941,781
10,941,808
14,480,095
14,480,106
14,480,179
14,480,259
14,480,327
14,480,336

Q

H o000 00000000000 000000-33>»
o000 000000000000 00000-+4
aaoa-a4gdr»» 0390390000 » 900> Q>»»>» 03000

was reported to condition maize response to multiple
P450-metabolized herbicides (Nordby et al. 2008). In the
present research, we adopted the newly developed BSR-Seq
technology to map the Nss gene in maize using two inde-
pendent F, segregating populations. SNP-index analysis
showed that the Nss gene was located on almost the same
mapping intervals on the short arm of chromosome 5 in both
populations, with 14.2 Mb region in common.

Sequencing depth, density of polymorphisms and num-
ber of individuals included in the mutant and non-mutant
pools are considered to be the most important factors that
affect the size and precision of the mapping interval (Liu
et al. 2012b). In our study, we collected the tissues from 100
individuals for each pool and adopted two independent F,
segregating populations to increase the probability of locat-
ing Nss gene correctly. Precise and thorough evaluation of
phenotypes is the prerequisite for mapping candidate gene
associated with target trait. Nicosulfuron sensitivity identi-
fication of maize plants can be influenced by environmental

factors such as temperature, humidity and plant growing
stage. We precisely recorded the response of each plant in
Population A and B after nicosulfuron treatment. Individu-
als had no injury symptoms, together with those showed
nicosulfuron injury symptoms and finally died were selected
for BSR-Seq analysis. The two identical mapping intervals
in population A and B indicated that our measurement for
nicosulfuron sensitivity in maize was reliable.

Cytochrome P450 monooxygenases are well known for
their involvement in the metabolism of xenobiotics includ-
ing herbicides (Nelson and Werck-Reichhart 2011). In the
mapping interval of population A and B, we identified
18 differentially expressed genes in common, including
CYP81A9 which was considered to be the candidate gene
for conferring nicosulfuron sensitivity in maize. Many
CYPS81 subfamily genes in other plants have been reported
to be involved in herbicide metabolism. Expression of the
rice CYP81A6 gene was testified that it confers tolerance
to bentazon and sulfonylurea herbicides (Liu et al. 2012a).
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Table 3 Differentially expressed genes in the mapping interval in Population A and Population B

Gene ID ORF protein Location

Zm00001d012923 RNA helicase3 Chr5: 1,993,895-2,003,080
Zm00001d013078 Transmembrane BAX inhibitor motif-containing protein Chr5: 4,419,199-4,421,924
Zm00001d013109 Calcium-dependent protein kinase Chr5: 4,781,512-4,784,720
Zm00001d013113 Exppl protein Chr5: 4,876,757-4,878,827
Zm00001d013118 Drought and salt tolerance protein Chr5: 5,048,884-5,049,726
Zm00001d013159 Alpha-tubulin 3 Chr5: 5,560,312-5,563,194
Zm00001d013173 CF9 Chr5: 5,822,165-5,823,286
Zm00001d013211 Uncharacterized protein Chr5: 6,614,734-6,624,150
Zm00001d013212 Peroxidase Chr5: 6,625,547-6,627,076
Zm00001d013230 Cytochrome P450 Chr5: 6,781,804-6,783,662
Zm00001d013257 Cytochrome b5 Chr5: 7,187,559-7,188,963
Zm00001d013289 Bax inhibitor 1-related protein Chr5: 7,919,330-7,920,532
Zm00001d013294 Uncharacterized protein Chr5: 7,976,659-7,989,206
Zm00001d013325 ATP synthase F1, delta subunit family protein Chr5: 8,686,466-8,687,585
Zm00001d013377 Uncharacterized protein Chr5: 10,017,114-10,019,924
Zm00001d013420 ATP binding protein Chr5: 10,937,700-10,942,109
Zm00001d013506 Myelin-associated oligodendrocyte basic protein Chr5: 12,949,143-12,955,205
Zm00001d013571 Protein with zinc finger (Znf) domains Chr5: 14,479,967-14,481,511

CYP8I1BI in Helianthus tuberosus was confirmed that it can
catalyze ringmethyl hydroxylation of chlortoluron (Cabello-
Hurtado et al. 1998). CYP8IA12 and CYP81A21 in Echi-
nochloa phyllopogon were associated with its resistance to
bensulfuron-methyl and penoxsulam (Iwakami et al. 2014).

It has been known that the maize sensitivity to certain
P450-metabolized herbicides is largely controlled by a
single CYP gene of Nsfl, while only a few reports showed
there was a 392-base pair insertion in the NsfI gene, which
resulted in a non-functional CYP alleles and the sensitivity
to multiple P450-metabolized herbicides (Williams et al.
2006; Jerald et al. 2008). Our results showed that the Nss
gene appeared to be the mutation of Nsf/ and the 392-base
pair insertion was not found in both sensitive inbred lines,
so we concluded that there were some other reasons relative
to nicosulfuron sensitivity in maize. As sequence alignments
showed that there were two common deletion mutations in
all the sensitive inbred lines, future work needed to con-
firm which mutations caused the nicosulfuron sensitivity in
maize.

@ Springer

To date, the majority of attention has been focused
on target-site herbicide resistance mechanisms in plant,
while less is known about the non-target-site herbicide
resistance acquisition mechanisms in crops and weeds.
Cytochromes P450 monooxygenases played one of the
most important role in the non-target-site resistance
mechanism, and many CYP genes can be used for her-
bicide tolerance engineering (Werck-Reichhart et al.
2000). In this study, a candidate cytochrome P450 gene
CYPS81A9 was identified to be involved in nicosulfuron
metabolism in maize, and several mutation sites were also
found in nicosulfuron-sensitive maize. It has been demon-
strated that maize plant would be killed by spraying nico-
sulfuron at a regular application dosage when researchers
suppressed the expression of CYPS8I/A9 gene via RNA
interference technology (Li et al. 2013), which strongly
confirmed the close relationship between CYPS8IA9 and
nicosulfuron sensitivity in maize. Further transgenic
research would be conducted to elucidate the function of
CYPS81A9, and it will provide a new insight into its pos-
sible interactions with herbicides at the molecular level.
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Fig.4 Analysis of the cytochrome P450 CYP81A9. a The phyloge-
netic relationship between CYP81A9 and other CYP81 family pro-
teins in plants. Sequences were aligned by ClustalX and analyzed
using the MEGA 6.0. Phylogenetic tree was constructed by the par-
simony method with 1000 bootstrap replicates. Database accession
numbers are as follows: Echinochloa phyllopogon (CYP81A12,
BAO73908.1; CYP81A21, BAO73910.1), Zea mays (CYP81A9,
ACG28028.1), Oryza sativa (CYP81A5, OSINBb0048A17.17;
CYP81A6, OSINBb0048A17.18; CYP81A7, OSINBb0048A17.19;

CYP81A8, OSINBb0048A17.4), Helianthus tuberosus (CYP81B1,
CAA04116.1), Nicotiana tabacum (CYP81B2, BAH84782.1;
CYP81C1, BAH84784.1) and Arabidopsis thaliana (CYP81DS8,
0A099970.1; CYP81D11, OAP05302.1). b Alignment of the
deduced amino acid sequences of CYP81A9 from nicosulfuron-toler-
ant and nicosulfuron-sensitive maize. The red rectangle represents the
conserved heme-binding motifs in cytochrome P450 monooxygenases
(color figure online)
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