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Abstract

Background: Aflatoxin contamination caused by Aspergillus flavus is a major constraint to peanut industry
worldwide due to its toxicological effects to human and animals. Developing peanut varieties with resistance to
seed infection and/or aflatoxin accumulation is the most effective and economic strategy for reducing aflatoxin risk
in food chain. Breeding for resistance to aflatoxin in peanut is a challenging task for breeders because the genetic
basis is still poorly understood. To identify the quantitative trait loci (QTLs) for resistance to aflatoxin contamination
in peanut, a recombinant inbred line (RIL) population was developed from crossing Zhonghua 10 (susceptible) with
ICG 12625 (resistant). The percent seed infection index (PSll), the contents of aflatoxin By (AFB;) and aflatoxin B,
(AFB,) of RILs were evaluated by a laboratory kernel inoculation assay.

Results: Two QTLs were identified for PSIl including one major QTL with 11.32-13.00% phenotypic variance
explained (PVE). A total of 12 QTLs for aflatoxin accumulation were detected by unconditional analysis, and four of
them (gAFB1A07 and gAFB1B06.1 for AFB,, gAFB2A07 and gAFB2B06 for AFB,) exhibited major and stable effects
across multiple environments with 9.32-21.02% PVE. Furthermore, not only gAFBT1A07 and gAFB2A07 were co-
localized in the same genetic interval on LG A07, but gAFB1B06.1 was also co-localized with gAFB2B06 on LG BO06.
Conditional QTL mapping also confirmed that there was a strong interaction between resistance to AFB; and AFB,
accumulation. Genotyping of RILs revealed that gAFB1A07 and gAFB1B06.1 interacted additively to improve the
resistance to both AFB; and AFB, accumulation. Additionally, validation of the two markers was performed in
diversified germplasm collection and four accessions with resistance to aflatoxin accumulation were identified.

Conclusions: Single major QTL for resistance to PSIl and two important co-localized intervals associated with major
QTLs for resistance to AFB; and AFB,. Combination of these intervals could improve the resistance to aflatoxin
accumulation in peanut. SSR markers linked to these intervals were identified and validated. The identified QTLs and
associated markers exhibit potential to be applied in improvement of resistance to aflatoxin contamination.
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Background

Peanut or groundnut (Arachis hypogaea L.) is an oilseed
crop with global importance, grown in more than 100
countries with a global production of 47.53 Mt. from an
area of 20.46 Mha [1]. As an excellent and cheap source
of nutrition, peanuts supply abundant nutrients to the
human such as proteins, lipids, carbohydrates, vitamins,
minerals and fiber [2]. However, aflatoxin contamination
caused by Aspergillus flavus and/or Aspergillus parasiti-
cus is an enormous threat to peanut industry and food
safety. Aflatoxins including aflatoxin B, By, G; and G,
(AFB,, AFB,, AFG; and AFG,) are highly toxic and car-
cinogenic substances and hard to be eliminated from
contaminated materials [3—5]. Peanut tend to be infected
by A. flavus covering the whole industrial chain includ-
ing pre-harvest, during harvest, post-harvest drying, in
storage and during transport [6—8]. A lot of prevention
strategies for aflatoxin contamination have been imple-
mented, including using bio-control agents, taking good
agricultural practices and planting resistant varieties [9—
12]. Development of peanut varieties with suitable resist-
ance to A. flavus infection and/or aflatoxin production is
considered to be the most effective and economical ap-
proach. However, breeding for resistance to aflatoxin is
still a challenging task for breeders due to poor unavail-
ability of highly resistance germplasm and understanding
the genetics. Furthermore, the trait phenotyping faces
high environmental influence and variable soil micro-
biome across environments and locations.

Quantitative trait locus (QTL) mapping is a conven-
tional method to investigate the genetic basis of complex
traits. In recent years, numerous QTLs have been identi-
fied in peanut for several important traits such as plant
height [13], pod shape, seed shape [14, 15], drought tol-
erance [16] and resistances to late leaf spot [17], bacter-
ial wilt [18] and rust [19]. Molecular markers closely
linked to QTLs can be identified, validated and deployed
in marker-assisted breeding. The rust resistance was suc-
cessfully improved in three early maturing elite varieties
using four markers linked to a major QTL [19]. How-
ever, limited efforts have been made in identifying QTLs
for complex traits in peanut such as aflatoxin contamin-
ation. Six QTLs for resistance to A. flavus invasion were
detected in three independent recombinant inbred line
(RIL) populations with 6.2-22.7% phenotypic variation
explained (PVE) [20], but so far, no QTL for aflatoxin
accumulation has been reported in peanut. Therefore, it
is necessary to identify QTLs for resistance to both A.
flavus infection and/or aflatoxin accumulation in order
to accelerate the process of peanut breeding by bringing
together favorable alleles.

Aflatoxin contamination is a result of interactions
among host plant, toxicogenic fungi and environment, but
these factors are always inconsistent and unpredictable in

Page 2 of 13

field. Additionally, there is a significant G x E inter-
action for aflatoxin contamination, which increased the
difficulties of revealing the resistance mechanism [12].
Considering minimization of environmental impact,
artificial inoculation of seeds with toxicogenic A. flavus
in laboratory is more suitable for QTL analysis compar-
ing with field inoculation.

In our previous study, a RIL population was developed
from a cross involving a susceptible peanut variety, Zhon-
ghualO and a resistant germplasm line, ICG 12625, and a
high-density linkage map was constructed. This genetic
linkage map contains 1219 loci (1175 SSR markers and 42
transposon markers) covering A and B sub-genome and
all 20 chromosomes of peanut genome with map length of
2038.75cM. The A sub-genome contains 583 loci with
map length of 1010.95 cM, while the B sub-genome con-
tains 636 loci with map length of 1027.80cM [13]. In
present study, the phenotypic data including the percent
seed infection index (PSII), aflatoxin B; (AFB,) and afla-
toxin B, (AFB,) contents of 140 individuals were collected
in three consecutive years via inoculation with A. flavus in
laboratory. QTLs for PSII, AFB; and AFB, contents were
identified, and the genetic relationship between resistance
to AFB; and AFB, contents was investigated by condi-
tional QTL analysis. The obtained information would get
insights on the genetic basis of resistance to aflatoxin con-
tamination in peanut.

Methods

Plant materials

A mapping population consisting of 140 RIL lines was de-
veloped form a cross between Zhonghua 10 and ICG
12625 using single seed decent method. The female parent
Zhonghua 10 (A. hypogaea var. vulgaris) is a susceptible
variety to aflatoxin contamination developed by Oil Crops
Research Institute of Chinese Academy of Agricultural
Science (OCRI-CAAS), Wuhan, China. The male parent
ICG 12625 (PI 497597, A. hypogaea var. aequatoriana) is
a resistant germplasm line received from the International
Crop Research Institute for the Semi-Arid Tropics (ICRI-
SAT), Hyderabad, India. The RIL population (F4-F¢) and
the two parents were planted in experimental field of
OCRI-CAAS in Wuhan, China, using a random block de-
sign with three replications in consecutive years from
2013 to 2015. Each plot contained one row, with 10-12
plants in each row, 10 cm between plants within each row
and 30 cm between the rows. Field management followed
the standard agricultural practices.

Phenotyping for A. flavus infection and aflatoxin
accumulation

The toxicogenic A. flavus strain (AF2202) isolated from
peanut was maintained in 20% glycerol (- 80 °C) at CAAS-
OCRI, China. Conidia of AF2202 were taken from the
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stored sample and cultured on fresh potato dextrose agar
medium at 29 + 1 °C for 7 days. Conidia were then collected
and suspended in sterile water containing 0.05% Tween-80.
The concentration of conidia in the suspension was deter-
mined using a haemocytometer.

About 20 g healthy and mature peanut seeds from each
line were selected and surface sterilized with 75% ethanol
for 1 min followed by three washes with sterile distilled
water. Then, 1 ml conidial suspension (2 x 10° conidia/ml)
of A. flavus was added to peanut seeds in a sterile Petri
plate. The plates were incubated at 29 + 1 °C in dark.

The external seed infection was measured by visual in-
spection using the percent seed infection index (PSII),
which was investigated at 7 days after inoculation. Based
on previous studies [21], the invasion level of A. flavus was
defined and classified with minor modifications as Level 0
when no conidium observed on the seed surface; Level 1
when less than 1/3 of the seed surface covered by conidia;
Level 2 when 1/3-2/3 of the seed surface covered by co-
nidia; Level 3 when more than 2/3 of the seed surface cov-

ered by conidia. The formula w x 100% was
used to calculate the PSII, where n, nl, n2 and n3 are the
number of seeds in total, level 1, level 2 and level 3,
respectively.

After investigation of PSII, the peanut seeds were
rinsed with 75% ethanol to remove conidia of A. flavus
on the seed surface, and then dried at 110 °C for 60 min.
Aflatoxin in these seeds were extracted by 55% ethanol
solution and analyzed by high-performance liquid chro-
matography to detect the contents of AFB; and AFB, as
described by Wang et al. [22].

Statistical analysis and QTL mapping

Statistical analyses for the phenotypic data of PSII,
contents of AFB; and AFB, were performed with SPSS
Statistics 22.0 statistical software [23]. The broad-
sense heritability for each trait was calculated as:
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H> =02 g/(02 g+02 ge/n+02 e/rn), where 02 g is
genetic variance, 02 ge is the interaction variance between
genotype and environment, 02 e is the residual (error)
variance, r is the number of replications in each environ-
ment and n is the number of environments. The variance
of each component was estimated by restricted maximum
likelihood (REML) method as previous study described
[13]. Correlation coefficients were estimated between each
pair of the three traits. Genotype data was collected and
the linkage map was constructed in previous study [13].

QTL mapping was conducted by composite interval
mapping method in the Windows QTL Cartographer 2.5
software using mean value of each trait in each environ-
ment [24]. The default model (model 6) was selected in
the software. The number of control markers, window size
and walk speed were set as 5, 10 and 2 cM, respectively.
The threshold of LOD for declaring the presence of a
QTL was determined by 1000 permutation tests.

Conditional analysis was also performed by Windows
QTL Cartographer 2.5 software based on conditional pheno-
typic values y(AFB;|AFB,) and y(AFB,|AFB,;), which were
calculated by the mixed-model method using QGA
Station 1.0 software [25].

Results

Phenotypic evaluation of resistance to aflatoxin
contamination

The resistance performance of two parents and the RIL
population was investigated by artificial inoculation with
toxicogenic A. flavus in laboratory across three environ-
ments. Significant differences of PSII and aflatoxin content
between Zhonghua 10 and ICG 12625 were observed
(Table 1 and Fig. 1). ICG 12625 exhibited desirable
resistance with lower infection rate and less aflatoxin
accumulation (Table 1). Transgressive segregation and
continuous distribution in the RIL population for both
PSII and aflatoxin contents were observed in all the envi-
ronments (Table 1 and Fig. 1), suggesting that both the

Table 1 Phenotypic variations of PSI, AFB; and AFB, of two parents and RILs in three trials

Trait Env Parents RIL Population
Zhonghua10 ICG 12625 Range Mean + SD aY H
PSII (%) 2013 9233 +£1.89 7000 + 374" 25.00-100.00 95.28 + 1501 0.16 0.64
2014 93.00 + 2.16 7767 + 047" 40.00-97.50 67.08 = 14.14 0.21
2015 93.00 = 1.41 7333 + 249" 53.33-100.00 90.35 + 899 0.10
AFB; (ug/g) 2013 144.10 + 35.10 8539 +9.77 29.04-812.94 211.09 + 12476 0.59 0.78
2014 143.06 £ 17.07 7756 + 443" 10.34-443.47 144.59 + 83.37 0.58
2015 13358 £ 14.14 86.52 + 1699 15.68-409.87 108.96 + 66.94 0.61
AFB; (Lg/q) 2013 760 £ 048 640 + 148 2.54-56.17 1864 £ 11.15 0.60 0.75
2014 833 £ 035 6.59 + 059 1.59-46.49 1213 £ 859 0.71
2015 763 £ 0.60 6.12 £ 093 0.68-27.18 854 + 570 0.67

PSII percent seed infection index, AFB; aflatoxin B; content, AFB, aflatoxin B, content, Env environment, SD standard deviation, CV coefficient of variation, H
broad-sense heritability; "Difference is significant at p < 0.05 level, “"Difference is significant at p <0.01 level
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parents had favorable alleles for resistance to aflatoxin
contamination. Broad-sense heritability was estimated to
be 0.64 for PSII, 0.78 for AFB; content and 0.75 for AFB,
content (Table 1), indicating these traits were controlled
by genetic factors. Variance analysis across the three trials
also revealed that the genetic, environmental effects and
genotype by environment interaction significantly affected
PSII and aflatoxin contents (see Additional file 1).

Pairwise correlation analyses on PSII, AFB; and AFB,
contents across three environments showed significant
positive correlation (R% 0.81-0.91) (P<0.001) between
AFB,; and AFB, contents across environments (Table 2).
But neither AFB; nor AFB, content was correlated with
PSII (Table 2), suggesting that resistance to Aspergillus
infection and aflatoxin accumulation were independently
regulated in peanut.

Detection of QTLs for resistance to aflatoxin
contamination

Genome-wide QTL analysis was conducted using the
high-density genetic map [13] and the phenotypic data
of PSII, AFB; and AFB, contents obtained from the RILs
during 3 years (2013, 2014 and 2015) in Wuhan. For re-
sistance to aflatoxin contamination, a total of 20 QTLs
were identified in three environments that explained
7.30-21.02% PVE (Fig. 2, Table 3). If QTLs for a particu-
lar trait were detected on the same genomic region in
two or more than two environments, they were consid-
ered as one consistent QTL and designated with the
same name. Therefore, the 20 QTLs were designated as
two for PSII, seven for AFB; and five for AFB, (Table 3).
These QTLs were mapped onto seven LGs, comprising
four LGs of the A sub-genome and three LGs of the B
sub-genome (Fig. 2, Table 3). A maximum of four QTLs
were identified onto LG B07, followed by three QTLs
onto LG B06 (Fig. 2, Table 3). Two QTLs each were
mapped onto LG A03 and A07, as well as one QTL each
onto LG A05, A10 and BO5.

Table 2 Correlation analysis of PSIl and aflatoxins contents in
RIL population

Environment Trait PSlI AFB, AFB,
2013 PSlI 1

AFB; 0.17 1

AFB, 0.08 081" 1
2014 PSlI 1

AFB; 0.11 1

AFB, 0.11 085" 1
2015 PSlI 1

AFB; 013 1

AFB, 0.11 091™ 1

Abbreviations see Table 1, “Correlation is significant at the p <0.01 level
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There were two QTLs for PSII across three environ-
ments (Table 3). Major QTL gPSIIA10 was identified
as a consistent QTL with 11.32-13.00% PVE, because
it was repeatedly detected in two environments (2014
and 2015). Minor QTL gPSIIA3c was only detected in
2014 (Table 3).

For AFB,; content, a total of seven QTLs were de-
tected comprising two major QTLs and five minor
QTLs, with PVE ranging from 7.30 to 17.87% (Table 3).
Major QTL gAFBIAO7 was identified across all the
three environments and explained 10.62-17.87% PVE
(Table 3). The other major QTL gAFBIB06.1 was de-
tected in two environments with 9.52-16.33% PVE. Minor
QTLs namely gAFBIAOS, qAFBIB06.2, gAFBI1B07.1,
qAFB1B07.2 and gAFB1B07.3 were only detected in single
environment (Table 3).

For AFB, content, five QTLs were detected with a range
of 8.32 to 21.02% PVE, including four major QTLs and one
minor QTL (Table 3). Major QTLs namely gAFB2A07 and
qAFB2B06 were consistently detected in two environments
and showed 10.84-12.19% and 9.32-21.02% PVE, respect-
ively. But other two major QTLs, gAFB2B05 and gAFB2B07,
were only detected in single environment with 11.05—
14.45% PVE in addition to minor QTL gAFB2A03 (Table 3).

Notably, QTLs gAFBIA07 and qAFB2A07 were co-local-
ized into the same genetic interval (CI: 74.30-99.20) on LG
A07. Similarly, gAFBIB06.1 was also co-localized with
qAFB2B06 on LG B06 (CIL: 43.10-58.30) (Fig. 2, Table 3).
These results indicated that each of the two co-localized in-
tervals may simultaneously regulate the resistance to AFB;
and AFB, accumulation.

Conditional QTL mapping

For the purpose of investigating the relationship between
QTLs for AFB, and AFB,, conditional QTL analyses were
performed with conditional phenotypic values y(AFB;|AFB,)
and y(AFB,|AFB;). Seven QTLs for AFB; were identified in
unconditional analysis, whereas six of them failed to be
detected when AFB; content was conditioned on AFB,
content (Table 4). Major QTL gAFBIA07 was only detected
in 2015, while it was not found in 2013 and 2014 in
conditional mapping. Three additional QTLs (gAFBIA0S,
qAFBIB0I1, gAFB1B08) were identified with 12.62—-15.19%
PVE in conditional QTL analysis, but they were only de-
tected in single environment. Of the five QTLs for AFB,
identified in unconditional mapping, three were not de-
tected when AFB, content was conditioned on AFB,; con-
tent (Table 4). Major QTL gAFB2B06 was detected in
2014 with decreased additive effects (16.74% PVE) com-
pared to its corresponding unconditional QTL (21.02%
PVE), however it was not detected in 2013. Minor QTL
qAFB2A03 exhibited slightly enhanced additive effect
(9.42% PVE) compared to that of the unconditional QTL
(8.32% PVE). Overall, major QTLs for AFB, gAFBIA07
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Table 3 QTLs identified for resistance to aflatoxin contamination in the RIL populations across three environments

Trait QrLe LGP Enve ce Marker Interval LOD PVE (%)° Additive
PSll qPSIIAO3 A03 2015 2850-30.20 AHGS2058 - AGGS50052 306 7.96 -262
qPSIIA10 A10 2014 4350-44.70 AGGS1425 — ARS710 5.00 13.00 527
2015 43.70-44.30 AGGS1425 - ARS710 440 1132 308
AFB; GAFBIAOS A5 2013 51.10-55.70 AHGS1245 - AGGS0876 317 798 36.02
gAFB1A07 AO7 2013 83.40-99.20 ARS734 - GM2156 550 1457 4900
2014 80.30-91.00 ARS734 - GM2156 598 1787 3596
2015 83.80-98.20 ARS734 - GM2156 470 1062 2568
qAFB1B06.1 B06 2013 42.50-52.90 AGGS1515 - AGGS1587 6.40 1633 ~5207
2014 4570-52.70 AGGS2069 - AGGS1587 390 952 ~2631
GAFB1B06.2 B06 2015 69.50-77.60 AHGS1464 - HAS0969 3 778 -19.13
GAFB1B07.1 BO7 2013 39.20-51.70 AGGS1581 - GM2067 360 848 —4035
GAFB1B07.2 BO7 2013 86.00-86.50 TC3B4 - AHGS2233 310 730 -36.16
GAFB1B07.3 BO7 2014 103.70-104.30 AGGS1081 - ARTE0615 320 746 —2255
AFB, GAFB2A03 AO3 2013 50.19-55.08 AGGS1139 - AHGS2025 345 832 344
qAFB2A07 A07 2014 74.30-84.40 AHGS1454 - HAS1360 396 1084 295
2015 83.50-98.20 ARS734 - GM2156 510 1219 220
GAFB2B0S BOS 2014 4540-5040 AGGS0979 - TC19E1 490 11.05 —349
qAFB2B06 BO6 2013 43.10-50.10 GM2444 - AHGA335472 380 932 -353
2014 4320-5830 GM2444 - AGGS0983 880 21.02 —4M
GAFB2B07 B07 2013 80.80-86.50 TC3B4 - AHGS2233 530 1445 —448

Abbreviations see Table 1, @ QTLs identified in more than one environment were highlighted in bold, ° Linkage group, ¢ Environment, ¢ Confidence interval of

QTLs, € The percentage of the phenotypic variation explained, f Additive value

and gAFBI1B06.1 were severely affected by AFB, con-
tent. Similarly, major QTLs for AFB, gAFB2A07 and
qAFB2B06 were strongly influenced by AFB; content.
These results indicated a strong interaction between re-
sistance to AFB; and AFB, accumulation.

Identification of markers and recombination of QTLs

To evaluate the effect of combined effect of major QTLs
qAFBIAO7 and gAFBIB06.1, co-dominant SSR markers
AGGS2289 (CL: 88.14) and GM1916 (CL 49.65) were
selected as they were located closest to the peaks of QTLs
qAFBIAO7 and gAFB1B06.1 in multiple environments,
respectively (see Additional file 2). The genotypes of
AGGS2289 and GM1916 derived from Zhonghua 10 were
designated as “AA” and “BB”, while the genotypes from
ICG 12625 were designated as “aa” and “bb”, respectively.
Genotypes of gAFBIA07 and gAFB1B06.1 in the RIL popu-
lation were investigated using these two markers. As shown
in Table 5, seeds with genotype AAbb accumulated signifi-
cantly higher AFB; and AFB, than seeds with other geno-
types (aabb, AABB and aaBB) after inoculation with A.
Sfavus in all environments, indicating that introgression of
any of these two QTLs could raise resistance to aflatoxin
accumulation. Moreover, AFB; content in seeds with aaBB
genotype (77.97 ug/g) was significantly less than that in
seeds with aabb genotype (104.31 pg/g) in 2015, which was

the same genotype from resistant parent ICG 12625. Fur-
thermore, there was significantly less AFB, content in seeds
with aaBB genotype (6.24 ug/g) compared to that in seeds
with aabb genotype (12.02 ug/g) in 2014 (Table 5). Com-
bination of resistant alleles of gAFBIA07 and gAFB1B06.1
enhanced the resistance to aflatoxin accumulation in the
RIL population. Two elite RILs namely QT0393 and
QTO0469 exhibited superiority over parents were selected
due to less AFB; and AFB, (Table 6). Both of them were
identified as aaBB genotype, which means that the elite
lines simultaneously possessed the resistant alleles of
qAFB1A07 and gAFB1B06.1 (Table 6). All the results sug-
gested that SSR markers, AGGS2289 and GM1916, could
be applied in genotyping of gAFBIAO7 and qAFB1B06.1,
and the resistance to aflatoxin accumulation could be im-
proved via combining resistant alleles of these two QTLs.
SSR marker AHGA195527 (CI: 44.25) was selected for
genotyping of gPSIIAI10, as it was closest marker to the
peak of this QTL (see Additional file 2). The genotype de-
rived from Zhonghua 10 was designated as “DD”, and that
from ICG 12625 was designated as “dd”. After genotyping
of gPSIIA10 in the RIL population, it was found that PSII
of seeds with dd genotype was significantly lower than that
of seeds with DD genotype across all the environments
(Table 5). Similarly, two RIL lines namely QT0351 and
QT0451 with higher resistance to fungal invasion also
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Table 4 Unconditional and conditional QTLs for aflatoxin accumulation in the RIL population

Condition QTL Environment Marker interval Unconditional QTL PVE (%)? Conditional QTL PVE (%)°
AFB;|AFB,© GAFBIAOS 2013 AHGS1245 - AGGS0876 7.98°
gAFB1A07 2013 ARS734 - GM2156 14.57¢
2014 ARS734 - GM2156 17.87¢
2015 ARS734 - GM2156 10.62 9.14f
gAFB1B06.1 2013 AGGS1515 - AGGS1587 16.33¢
2014 AGGS2069 - AGGS1587 9.52¢
gAFB1B06.2 2015 AHGS1464 - HAS0969 7.78°
gAFB1B07.1 2013 AGGS1581 - GM2067 8.48°
gAFB1B07.2 2013 TC3B4 - AHGS2233 7.30°
gAFB1B07.3 2014 AGGS1081 - AhTE0615 7.46°
gAFBTAO8 2014 TC9B8 - AHGA316376 12.62°
gAFB1B01 2014 AGGS2497 - AHGA159068 13.449
gAFB1B08 2015 AGGS1664 - AGGS0189 15.199
AFB,|AFB,¢ GAFB2A03 2013 AGGS1139 - AHGS2025 832 9.42f
gAFB2A07 2014 AHGS1454 - HAS1360 10.84°
2015 ARS734 - GM2156 12.19¢
gAFB2B05 2014 AGGS0979 - TC19E1 11.05¢
gAFB2B06 2013 GM2444 - AHGA335472 9.32°
2014 GM2444 - AGGS0983 21.02 16.74"
gAFB2B07 2013 TC3B4 - AHGS2233 14.45¢

Abbreviations see Table 1, @ The percentage of the phenotypic variation explained by additive effect of unconditional QTL, ® The percentage of the phenotypic
variation explained by additive effect of conditional QTL, © AFB, conditioned on AFB,, dAFBz conditioned on AFB;, ¢ The unconditional QTL could not be detected
in conditional analysis,  The conditional QTL with increased or decreased PVE% to the unconditional QTL, ¢ The additional QTL identified in conditional analysis

harbored the dd genotype of gPSIIA10 (Table 6). These re-
sults indicated that introgression of the QTL gPSIIAIO
could enhance the resistance to PSII in peanut.

Validation of markers
In order to estimate the precision of SSR markers,
AGGS2289 and GMI1916, these markers were used to

Table 5 Phenotypic effect of QTLs gAFBTA07, gAFB1B06.1 and qPSIIA

profile the Chinese mini-mini core collection of peanut
germplasm. A total of 99 accessions were genotyped with
AGGS2289 and GM1916 markers. As a result, six acces-
sions were found to possess AAbb genotype and four ac-
cessions with aaBB (Table 7). These ten accessions were
inoculated with A. flavus in laboratory, and aflatoxins con-
tents were detected after 7 days incubation. Both AFB; and

10 in the RIL population

Trait Genotype 2013 2014 2015

AFB; (ug/g) AADbb 29883 + 77.38° 196.24 + 86.95° 156.56 + 57.84°
aabb 18164 + 76.88° 13469 + 46.89° 10431 + 52.32°
AABB 180.15 + 77.38° 119,60 + 59.92° 84.87 + 4091
aaBB 14767 + 7599 102.16 + 5541° 7797 + 4091°

AFB, (ug/g) AADbb 26.10 + 12.79° 1963 +9.19° 1323 + 534
aabb 17.98 + 9.05° 12,02 + 6.06° 7.78 +512°
AABB 1644 + 862° 891 + 528> 7.75 + 533°
aaBB 1404 + 7.73° 6.24 + 397° 556 + 3.15°

PSII (%) DD 8179 + 12.96° 7097 + 14.98° 9285 + 6.79°
dd 7773 + 27.11° 62.86 + 12.71° 87.73 + 10.19°

Abbreviations see Table 1, Genotype the genotype of RIL lines, AA genotype of SSR marker AGGS2289 from Zhonghua 10, aa genotype of SSR marker AGGS2289
from ICG12625, BB genotype of SSR marker GM1916 from Zhonghua 10, bb genotype of SSR marker GM1916 from ICG 12625, DD genotype of SSR marker
AHGA195525 from Zhonghua 10, dd genotype of SSR marker AHGA195527 from ICG 12625; a,b,c and d means followed by different letter are statistically different
at p < 0.05 based on ANOVA and Tamhane’s T2 multiple-comparison
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Table 7 Accessions identified by markers AGGS2289 and GM1916
in Chinese mini-mini core collection of peanut germplasm

Genotype Code AFB; (ug/9) AFB; (ug/g)

AAbb Zhh1507 45969 + 27.17 3864 + 139
Zhh4809 26478 + 7.21 2052 + 243
Zh.h3364 21092 + 3226 15.16 + 0.55
Zhh3216 18412 + 3132 19.12 + 046
Zhh6275 166.66 + 853 1454 + 2.95
7hh3689 15351 + 26.28 1494 + 362
Mean 239.95 + 10465 2048 + 843"

aaBB Zhh1498 2635 + 143 1.88 + 060
Zhh2193 8637 + 1232 11.56 + 4.70
Zhh2888 80.32 + 443 1064 + 490
Zh.h6070 82.86 + 147 1121 + 562
Mean 6897 + 2470 823 + 402

Abbreviations see Table 1 and Table 5, Code Code of Chinese mini-mini core
collection of peanut germplasm, ‘Difference is significant at p < 0.05 level,
“Difference is significant at p < 0.01 level

AFB, contents in lines with aaBB genotype (68.97 ug/g
of AFB; and 8.23 pug/g of AFB,) were significantly less
than those with AAbb genotype (239.95 ug/g of AFB;
and 20.48 pg/g of AFB,) (Table 7). In particular, the ac-
cession Zh.h1498 only accumulated 26.35 pug/g of AFB;
and 1.88 pg/g of AFB,), which might be an excellent re-
source for improving the resistance to aflatoxin accumula-
tion. Therefore, these two validated markers would be
potentially very useful in identifying breeding lines with
resistance to aflatoxin accumulation.

Discussion

Aflatoxin contamination is a global challenge for peanut in-
dustry and consumers. Genetic enhancement for resistance
to aflatoxin is regarded as the most cost-effective approach
to reduce contamination risk in this crop. There are several
reports on peanut resistance to aflatoxin contamination,
but most of them are using transcriptome and proteome
analysis to reveal the mechanism of resistance [26—31]. This
study is the first systematic report using linkage analysis to
reveal the QTLs for two types of resistance i.e., resistance
to A. flavus infection and aflatoxin accumulation in peanut
based on multi-environment phenotyping. Although there
was only one previous study on QTL mapping for resist-
ance to fungal invasion which was conducted using the
phenotyping data generated for single environment [20].
Six QTLs related to Aspergillus flavus invasion were identi-
fied in their study, but the specific position information of
these QTLs was not provided. We still mapped our
markers of resistance to A. flavus infection on A10 to their
QTLs, but none of them was located in QTLs they identi-
fied. Realizing the complexity of the trait, the current study
was designed for generating multi-environment phenotyp-
ing data which, upon analysis, detected two QTLs for
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fungal invasion and 12 QTLs for aflatoxin accumulation
were identified. The multi-environment phenotyping data
allowed to identify one major QTL for PSII which was
consistently detected on LG Al0 in two environments.
Coincidentally, in RNA-seq analysis of peanut seeds in-
fected by A. flavus, relative abundance of expression of
genes was significantly higher in pseudomolecule A10
[29]. Two consistent and major QTLs for AFB; were
identified on LG A07 and LG BO06. Similarly, two con-
sistent and major QTLs were also detected for AFB,
onto the same genetic intervals of LG A07 and LG B06.
Identification of these QTLs started to lift the veil of
genetic mechanism controlling resistance to aflatoxin
contamination in peanut.

Resistance to fungal infection and aflatoxin accumulation
found independent to each other

So far, there were very few reports on the relationship
between resistances to A. flavus infection and aflatoxin
accumulation in peanut. A previous report stated no sig-
nificant relationship between these two resistance mech-
anisms and inherited independently [32]. Another report
observed very low correlation and indicated to be gov-
erned by different genes [33]. Recently, an A. flavus strain
with green fluorescent protein (GFP)-expression was used
to monitor fungal growth by infection of ten peanut lines.
No direct correlation was found between fungal infection
and aflatoxin accumulation, which revealed that aflatoxin
accumulation depended on genotypes of seeds but not A.
flavus fungal growth [34]. In present study, no significant
correlation was observed between resistance to fungal
infection and to aflatoxin accumulation by inoculation in
laboratory (Table 2). Furthermore, the major QTL for PSII
was mapped on LG A10, while the major QTLs for AFB,;
and AFB, were identified on LG A07 and LG B06 (Fig. 2).
Major QTLs for resistance to fungal invasion and to afla-
toxin accumulation were distributed on different chromo-
somes. Although one minor QTL for PSII and one minor
QTL for AFB, were identified on LG A03, they were lo-
cated at the different genetic intervals (Table 3). These re-
sults further confirmed that resistance to fungal infection
and to aflatoxin accumulation in peanut were inde-
pendent of each other. The similar phenomenon was
also observed in other studies [32, 33]. As mycotoxins
are produced by complex secondary metabolic path-
ways of fungal, and fungal infections could be affected
by carbon sources, nitrogen sources and secondary me-
tabolites of host plants. For example, ethylene in host
plant could affects the colonization and infection of As-
pergillus flavus but not aflatoxin production in maize
[35]. Peanut seeds which are resistant to fungal infec-
tion but still accumulate large amounts of aflatoxins
may because that their host environments are more
conducive to toxin production.
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Strong interaction detected between two major QTLs for
AFB, and AFB,

Significant positive correlation was detected between
AFB; and AFB, contents (Table 2). It was interesting to
note that the one major QTL each for AFB, (JAFB1A07)
and AFB, (gAFB2A07) were found co-localized on LG
A07. Similarly, the QTL, gAFB1B06.1 for AFB; was also
found co-localized with the QTL gAFB2B06 for AFB, on
LG BO06 (Fig. 2, Table 3). Additionally, conditional QTL
analysis indicated that when AFB; content was condi-
tioned on AFB, content, gAFBIA0O7 and qAFBI1B06.1
failed to be detected in 2013 and 2014 (Table 4). Even in
2015, gAFBIA0O7 was detected but with decreased addi-
tive effects compared to its corresponding unconditional
QTL (Table 4). When AFB, content was conditioned on
AFB; content, gAFB2A07 was unable to be detected in
all environments (Table 4). The QTL, gAFB2B06, was
absent in 2013, but present in 2014 with reduced PVE
(Table 4). These results indicated strong interaction be-
tween AFB; and AFB, contents in peanut, and resist-
ance to AFB; and AFB, may be controlled by the same
genomic regions/genes. Hence, it is possible to simul-
taneously improve the peanut resistance to AFB; and
AFB, accumulation.

Combination of major QTLs gAFB1A07 and qAFB1B06.1
provides effective strategy for improving resistance to
aflatoxin contamination

Major QTLs gAFBIAO7 and gAFB1B06.1 were additively
interacted with each other. In the RIL population, intro-
gression of any resistant allele could improve the resist-
ance to aflatoxin accumulation (Table 5). When resistant
alleles of these two QTLs were combined together, RILs
accumulated less aflatoxin compared to those with single
resistant allele of gAFBI1A07 (Table 5). Moreover, RIL
lines, QT0393 and QT0469, which accumulated less af-
latoxin compared to resistant parent ICG 12525, had
both the resistant alleles from these two QTLs (Table 6).
Additionally, in the Chinese mini-mini core collection,
accessions with both resistant alleles accumulated signifi-
cantly less aflatoxins compared to accessions without any
of them (Table 7). The above results suggest that combin-
ation of the resistant alleles of gAFB1A07 and qAFB1B06.1
is an effective strategy for improving resistance to aflatoxin
contamination in peanut.

It is worth mentioning that no significant difference
was observed between aflatoxin contents in RILs with
both resistant alleles and those with single resistant allele
of gAFB1B06.1 (Table 5), because aflatoxin accumulation
could be easily affected by multiple factors, even in con-
trolled laboratory conditions [36, 37]. There was also no
significant difference between aflatoxin contents in RILs
with gAFBI1AO7 and them in RILs with gAFB1B06.1
(Table 5). But the resistant parent ICG 12625, which
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only possessed resistant allele of gAFBIA07, accumulated
significantly less aflatoxin compared to the susceptible
parent Zhonghua 10 which only had resistant allele of
qAFB1B06.1 (Table 1), implying that there must be add-
itional genes responsible for the resistance in ICG 12625.

Linked SSR markers, AGGS2289 and GM1916, exhibited
potential deployment in molecular breeding for
improving aflatoxin resistance

Linked SSR markers namely AGGS2289 and GM1916 were
used to genotype gAFBIA07 and qgAFB1B06.1, from which,
four peanut resistant accessions were successfully identified
in the Chinese mini-mini core collection (Table 7). SSR
markers, AGGS2289 and GM1916, identified in this
study could be used in improving aflatoxin resistance
breeding. In addition, more breeder-friendly markers linked
to QTLs gAFB1A07 and gAFB1B06.1 would be developed
in the future to facilitate breeding for resistance to aflatoxin
contamination.

Conclusions

The present study identified one major QTL for resistance
to PSII and two important co-localized intervals associ-
ated with major QTLs for resistance to AFB; and AFB,.
Combination of these intervals could improve the resist-
ance to aflatoxin accumulation in peanut. SSR markers
linked to these intervals were identified and validated. The
major QTLs, co-localized intervals and SSR markers iden-
tified in this study showed great value for improvement of
resistance to aflatoxin contamination in peanut. Addition-
ally, this study laid the foundation for revealing genetic
basis of resistance to aflatoxin contamination and further
research on fine mapping and candidate gene discovery.
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