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Abstract

Background Grain weight/size influences not only grain yield (GY) but also nutritional and appearance quality and
consumer preference in Tartary buckwheat. The identification of quantitative trait loci (QTLs)/genes for grain weight/
size is an important objective of Tartary buckwheat genetic research and breeding programs.

Results Herein, we mapped the QTLs for GY, 1000-grain weight (TGW), grain length (GL), grain width (GW) and grain
length—width ratio (L/W) in four environments using 221 recombinant inbred lines (XJ-RILs) derived from a cross of
'Xiaomigiao x Jingiaomai 2’ In total, 32 QTLs, including 7 for GY, 5 for TGW, 6 for GL, 11 for GW and 3 for L/W, were
detected and distributed in 24 genomic regions. Two QTL clusters, gClu-1-3 and gClu-1-5, located on chromosome Ft1,
were revealed to harbour 7 stable major QTLs for GY (gGY1.2), TGW (gTGW1.2), GL (gGL1.17 and gGL1.4), GW (gGW1.7
and gGW1.10) and L/W (gL/W1.2) repeatedly detected in three and above environments. A total of 59 homologues of
27 known plant grain weight/size genes were found within the physical intervals of gClu-1-3 and gClu-1-5. Six homo-
logues, FtBRIT, FtAGBI, FtTGWE, FtMADST, FtMKK4 and FtANT, were identified with both non-synonymous SNP/InDel
variations and significantly differential expression levels between the two parents, which may play important roles in
Tatary buckwheat grain weight/size control and were chosen as core candidate genes for further investigation.

Conclusions Two stable major QTL clusters related to grain weight/size and six potential key candidate genes were
identified by homology comparison, SNP/InDel variations and gRT-gPCR analysis between the two parents. Our
research provides valuable information for improving grain weight/size and yield in Tartary buckwheat breeding.
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Background

Tartary buckwheat (Fagopyrum tataricum (L.) Gaertn.)
is a widely cultivated pseudocereal in many mountain
regions of Himalayan countries, China, Korea, Japan,

*Correspondence:

Taoxiong Shi

shitaoxiong@126.com

! Key Laboratory of Information and Computing Science of Guizhou
Province, Guizhou Normal University, Guiyang 550001, Guizhou, China
2 Research Center of Buckwheat Industry Technology, Guizhou Normal
University, Guiyang 550001, Guizhou, China

B BMC

Russia, the USA, Ukraine and Europe [1]. Tartary buck-
wheat has grains similar to true cereals in physical
appearance and high starch content [2]; furthermore, its
grains have high nutritional value and health care func-
tion because of high levels of crude protein [1], resist-
ant starch [3], essential aminoacids and trace elements
[4-6], rutin with multiple phenolic hydroxyl groups
[7-9], dietary fiber and vitamins [2, 10], which have
been identified as “Future Smart Foods” by the Food
and Agriculture Organization (FAO) [10]. Tartary buck-
wheat grains are used to produce buckwheat rice, health
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tea, noodles, porridge, bread, pancakes, sprouts for sal-
ads and smoothies, and even drinks [11]. However, the
grain yields of current Tartary buckwheat cultivars are
low (1700 to 2500 kg-hm™2) [12], and cannot meet the
increasing market demand. Thus, the improvement in
yield potential has been the major task in Tartary buck-
wheat breeding.

Grain yield (GY) is a complex and quantitatively inher-
ited trait associated with multiple yield-related traits.
Thousand grain weight (TGW) is one of the most impor-
tant constituent factors of crop yield. Generally, TGW
exhibited a significant positive contribution to Tartary
buckwheat yield [13-16]. Grain size, including grain
length (GL), grain width (GW) and length-to-width
ratio (L/W), plays a key role in determining grain yield
by affecting TGW. It has been reported that TGW is
extremely significantly positively correlated with GL and
GW and significantly negatively correlated with L/W in
Tartary buckwheat [17]. Grain weight/size also influ-
ences grain protein and starch content [18, 19], appear-
ance quality and consumer preference [20]. Therefore,
genetic study of grain weight/size of Tartary buckwheat
will help to breed high-yield and high-quality varieties
and increase the commercial value of buckwheat rice.

Given the important influence of grain weight/size on
yield and quality formation, studies of quantitative trait
locus (QTL) mapping, gene cloning and functional veri-
fication for grain size/weight genes have gradually deep-
ened in the modern plant Arabidopsis [21] and major
cereal crops in the last decade [21-24]. However, genetic
studies of buckwheat grain-related traits have just started
along with the release of the draft genome [25] in recent
years, which mainly focused on transcriptome analy-
sis during Tartary buckwheat grain development to give
insight into its transcriptional dynamics and find candi-
date genes that may be involved in grain development
[26-30]. The grain weight/size of Tartary buckwheat
has high additive effects and broad sense heritability
[17], indicating the presence of potential stable QTLs.
However, up to date, very few QTLs associated with
grain-related traits have been identified in Tartary buck-
wheat. Three major QTLs or TGW were first detected
on chromosomes Ftl and Ft4 using an RILs population
in our previous study [31]. Three candidate genes sig-
nificantly correlated with TGW and GW were identified
on chromosomes Ft1, Ft3 and Ft4 by genome-wide asso-
ciation studies (GWASs) [32]. A greater understanding of
genomic information and QTLs underlying grain-related
traits is essential for gene discovery and marker-assisted
selection in improving Tartary buckwheat yield. In this
study, QTL mapping for GY, TGW, GL, GW and L/W
was performed in four environments using the availabil-
ity of a high-density SNP linkage map developed from the

Page 2 of 16

RILs population of ‘Xiaomigiao x Jingiaomai 2’ (XJ-RILs
population) [31], and candidate genes for stable major
QTLs were predicted by combining homology compari-
son, sequence variations and qRT-PCR analysis between
the two parents. The QTLs and candidate genes identi-
fied in this study can facilitate future molecular breeding
programs to improve grain weight/size and yield in Tar-
tary buckwheat.

Materials and methods

Genetic materials

Two contrasting parents in terms of yield, grain weight
and size were crossed to generate 221 recombinant
inbred lines (XJ-RILs population) [31]. The maternal par-
ent Xiaomiqiao is a Rice-Tartary type with small grains,
thin and loose hull, long vegetative period and low yield,
whereas the paternal parent Jingiaomai 2 is a Tartary
buckwheat type with large grains, thick and adherent
hull, short vegetative period and high yield. Among the
XJ-RILs, the grain hull of 79 lines were the ‘Rice’ type,
and 142 lines were the ‘non-Rice’ type.

Field experiment and trait evaluation

The XJ-RILs population along with the two par-
ents were planted in four environments in Guizhou
Province: Changshun (26°27° N, 106°39’ E) in August
2017 and Baiyi (26°64" N, 106°63’ E) in August
2018, 2019 and 2020. The average temperature was
21.65 °C/14.48 °C, 21.62 °C/14.66 °C, 24.98 °C/16.55 °C
and 19.34 °C/13.48 °C, and the amount of precipitation
was 532.9 mm, 309.3 mm, 294.4 mm and 468.6 mm dur-
ing the growing period in 2017, 2018, 2019 and 2020,
respectively (Additional file 1: Table S1). The experi-
mental field was set up with a randomized block design
with three replications. Each experimental plot consisted
of three rows with 2.0 m in length and 0.33 m between
rows, with approximately 100 grains per row. Field man-
agement was based on the local practices throughout the
growth period.

After maturity, each plot was harvested and threshed
separately by hand. GY was calculated based on the grain
dry weight of each plot. Fully filled dry grains were used
for determining TGW, GL, GW and L/W using a Wan-
shen SC-A seed detector (Hangzhou Wanshen Detection
Technology Co., Ltd.). The mean values of each trait over
three replications were used to analyse data for the indi-
vidual environment. Broad-sense heritability was calcu-
lated following the equation described by Gu et al. [33].

QTL analysis

An ultrahigh density genetic map for the XJ-RILs popu-
lation was exhibited with 4,151 bin markers comprising
122,185 SNPs in our previous study [31]. QTL mapping
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and the estimation of QTL effects for the tested traits
were performed by the composite interval mapping
(CIM) model in Windows QTL Cartographer v 2.5 soft-
ware (https://brcwebportal.cos.ncsu.edu/qtlcart/ WQTLC
arthtm) with default settings. To identify an accurate
significance threshold for each trait, an empirical thresh-
old was determined for CIM using 1000 permutations.
The locus with an LOD value over the empirical thresh-
old determined by 1000 permutations was considered a
QTL, and the confidence interval was estimated using the
2 LOD-drop method. QTLs for the same trait detected
from different environments with overlapping confidence
intervals and the same donor for corresponding alleles
were predicted to be the same QTL [33-35]. QTLs iden-
tified in multiple environments and explained more than
10% of the phenotypic variance were considered major
QTLs. QTLs for different traits with overlapping confi-
dence intervals were considered to be a QTL cluster.

Candidate gene prediction

The physical intervals of major QTL clusters were aligned
to the Tartary buckwheat reference genome [25] to iden-
tify the corresponding genes. To predict the candidate
genes regulating Tartary buckwheat grain weight/size,
a blastn search, with default parameters setting except
the e-value<107% was conducted within the intervals of
major QTL clusters to find the homologues of known
plant grain weight/size genes [21, 36]. The first reported
gene of the blastn search was considered to be the homo-
logue to the searched gene and its function was assigned.

SNP/InDel variations and effect analysis of candidate genes
SNPs/InDels located in the genes within the physical
intervals of the major QTL clusters were extracted from
our previous study [31]. The effect of the extracted SNP/
InDel (synonymous, stopgain, stoploss and splicingloss)
was estimated by annovar (https://annovar.openbioinf
ormatics.org/en/latest/) in the gene-based annotation
model using the default setting and the gene annotation
of Pinkul (http://www.mbkbase.org/Pinkul/).

Expression analysis of candidate genes by qRT-PCR
qRT-PCR analysis was performed to analyse the expres-
sion levels of seven homologues of known grain weight/
size genes with SNP/InDel variations located in exon
or splicing events. The reference cDNA sequences of
these genes were obtained from the Tartary buckwheat
genome sequence database. The qRT-PCR primers were
designed using Primer 5.0 software according to the ref-
erence cDNA sequences (Additional file 1: Table S2).
Grains after pollination (5, 10 and 15 days) were col-
lected from Xiaomiqiao and Jinqiaomai 2. RNA isola-
tion and cDNA preparation of candidate genes were
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performed as described in [31]. qRT-PCR was con-
ducted using SuperReal PreMix Plus (SYBR Green)
(Tiangen, Beijing, China) on a CFX96TM Real-Time
PCR Detection System (Bio-Rad, USA). Each sam-
ple was analysed in triplicate. The relative expression
change of each gene was calculated using the 2744¢t
method.

Results

Phenotypic variations in yield and grain weight/size

The phenotypic values of GY, TGW, GL, GW and L/W
determined in the paternal parent Jingiaomai 2 of the
mapping population were consistently extremely sig-
nificantly higher than those in the maternal parent
Xiaomigiao, except for in 2017, where GW showed no
significant difference between the two parents. In the
XJ-RILs populatin, the values of the five tested traits of
the ‘non-Rice’ type were significantly or extremely sig-
nificantly higher than those of the ‘Rice’ type except GL,
GW and L/W in 2020. The mean GYs of ‘Xiaomiqiao’
and ‘Rice’ type lines in 2020 were dramatically lower
than those in other three environments, mainly due to
the longer vegetative period of ‘Xiaomiqiao’ and a part
of ‘Rice’ type lines but sustained low temperature (less
than 10 ‘C) at the initial maturity stages in 2020 (Addi-
tional file 1: Table S1). Relatively more variation was
observed for the following three traits: GY, TGW and
L/W (Table 1 and Additional file 2: Fig. S1). Wide range
and continuous distributions were observed for all tested
traits both in the ‘non-Rice’ type lines and the ‘Rice’
type lines (Additional file 2: Fig. S1), indicating that
these traits were controlled by multiple loci. Transgres-
sive segregation was observed for the five tested traits
in all environments, except for GL and L/W in 2017,
GL, GW and GY in 2020 (Table 1). TGW, GL and L/W
showed a more-or-less bimodal distribution, suggesting
the presence of potential major QTLs in the X]J-RIL pop-
ulation (Additional file 2: Fig. S1).

ANOVA showed that genotype, year and geno-
type x year interaction effects were significant for all
five tested traits at P<0.001 (Additional file 1: Table S3).
The broad sense heritability of TGW, GL, GW and L/W
ranged from 79.5% to 84.7%, which was approximately
two times higher than that of GY (37.8%) (Additional
file 1: Table S3).

The Pearson’s correlation coefficients between the five
tested traits are shown in Table 2. An extremely signifi-
cant positive correlation was observed between GY and
TGW in all environments. GY was significantly posi-
tively correlated with GL except in 2020 and significantly
positively correlated with GW except in 2017. TGW was
extremely significantly positively correlated with GW and


https://brcwebportal.cos.ncsu.edu/qtlcart/WQTLCart.htm
https://brcwebportal.cos.ncsu.edu/qtlcart/WQTLCart.htm
https://annovar.openbioinformatics.org/en/latest/
https://annovar.openbioinformatics.org/en/latest/
http://www.mbkbase.org/Pinku1/

Page 4 of 16

(2023) 23:58

Li et al. BMC Plant Biology

AjpAndadsal ‘'50°0 > d pue 100 > d 1e saul| 2dA1,2d14-uou, 3Y3 pue saul| 2dA1,301Y, 9Y3 USMIDY pue ‘sjudied 0M] BY1 USIMIDG 3DUBIRYIP JuedYIUBIS 31ed1pUl , pue

UOI3RLIBA JO JUSIDLYI0)) %D ‘PISIA UlRID 4D ‘Ol3RI YIPIM-03-Yyibua| utein A1/7 ‘YIpIm utess Mo ‘yibus| uresn 79 ‘yybram sutesb-000 L MOL

€9 LSO~ 90 6959¢ 9/01 «xE£9/9F |'LSCL G8lEC G8¢el 06lSFoTeL %«x9 L {LF C90SC SYF¥Lle 0¢0¢
'L L€0- 8¢0- 96¥SC 8YLL «x8CCEFOTEOL 8LEVC 67SL GCSEFO6'1591L «x98LEF 1'/681 eeorFsevel 610¢
0/¢C 610 900 1"c0S¢C €605 «x099E F G L/YL 6'lrlc '19s g0SeFeovel wxl/61FECOCL L'18CF L'6L6 810¢
414 61°0- ¥0°0- ¥'S8/4¢C 'S8 *«xE8LETF L'EVBIL (9744 '19S £08EF08YL *6OPCFOoPEL SL9LFP¥ceol £10¢ (ey/B3) AD
0l el S00 9l¢ 6¢'l 61 0F08°L €Ce oL 8L0F08'L «x/00F€6°L C00F0S'L 0¢0c
Lol 8G°L- 90°0- €8l 6C'L *91'0F 851 6/'L el YIOFESL «»C00F9L L LO0F05'L 610C
801 €S- c00- 98'L LT «8L0F65L 6/l eel VLIOFPSL «x/00F0L'L SO0FSSL 810¢
00l e~ 0C0 @l [T 9L0FPSL S/l 0e'L CL0OFerl «»800F €8'L 9Q00FP¥S'L £10¢ M
99 0£°0- 90 98¢ l6¢C 0C0FLEE 0L'¢ 6T 0C0F0ce »900F €€ 900F£8¢C 0¢0C
'S LC0- Lo e 69¢C «xGL'0FC0¢E JARS 95'¢C EL0F¥8C xxE00F £8C €00F LSC 610¢
'S C0- /€0 75'¢ 08¢ wSLOFLLE Gee SLC Cl'0FL6C »IL0FELE Cl'0F68¢C 810¢
9Y (0j40] [430) e€ve 0L¢C «xEL'0F90€ 0ge 09¢ LI'0FS6C 0L0FV6'C L00F66'C £10¢ (W) M5
€9 80~ 00~ 099 SO'S 6€0F88S G559 00'S 770F98'G »6l'0F6E9 600F LCY 0¢0¢
S8 060~ €lro- LCS 8¢ wV€0F LLY w's LL°E 9 0FEEY «»xEG0FE0S €00F L8E 610¢
€6 L= 100~ ¥9'S Ly «0V'0F 86 VA 04 8E0F ST wxE0FVCS 0E0F oY 810¢
'8 SlL- 120 Se'S 00" «»/E0F 8V Gl'S 06'¢ 0E0Fo6eY el LOFLES 71'0F 091 £10¢ (Ww) 19
6Ll (430 €00~ 86'L¢ €Sl %xE0 L FGCLL 90¢ SELL S6'LF66SL «x8E 1 F 1£0¢ SE0F96¢CL 0c0c
8yl 60~ SC0- e €5°¢ClL xS LFOGLL L¥'0C LU Yo'l F 66 €L w7 0FOr6l 9C0FreCl 610¢
891 LT - g0- 69°¢C 8011 =6/ 1 F866l L1°CC Lol l6'LF 0611 %68 0F 59°0C Il LFCSTl 810¢
(a4} SC0- o0~ 0e'/LC /4591 wEL L FVCLC 6'Ce 88Cl 8L'CFOl/L xx95°0F 80°0¢ (8'0F 891l £10¢ (6) MOL
Xep Ui ueapy Xep ui ueapy ¢ lewoelbuir oeibjwoery
%AD sisouny| SSOUMDYS 2dA3 ad1y-uoN ad£y ao1y
uonejndod s1y-rx sjualed juswuoIAug yesp

SIUDUIUOIIAUS INOJ Ul,Z [eUIORIDUIf X ORIDILIOEIY, JO SSOID 33 WO} paALISP uoneindod sT1y-X 9Y3 Ul s3esl pale|al-ulelb aAy Jo uonnguisip didAlousyd L ajqeL



Li et al. BMC Plant Biology (2023) 23:58

Table 2 Pearson’s correlation coefficients among traits in the XJ-RILs
population derived from the cross of ‘Xiaomigiao x Jingiaomai 2'in
four environments

Traits Environment TGW GL GW L/W
GY 2017 03157 01927 0092 0.113
2018 03377 02657  0190" 0.124
2019 03957 0160 0.344" -0.035
2020 0445"  -0002 0.169" -0.087
TGW 2017 04307 0447”7 0.152"
2018 05877 0721" 0.138"
2019 0588"  0539" 0.216"
2020 0024 0397”7 -0.205"
GL 2020 -0.145" 0.893"
2018 0011 0864
2019 0.040 0.833"
2020 05157 0891"
GW 2017 0567
2018 -0.509"
2019 04917
2020 -0.845"

GY Grain yield, TGW 1000-grains weight, GL Grain length, GW Grain width, L/W
Grain length-to-width ratio

" and * indicate significant correlation at p <0.01 and p < 0.05, respectively

GL in all environments, except for GL in 2020. Compared
with GL, higher Pearson’s correlation coefficients were
observed between TGW and GW except in 2019.

QTL mapping for yield and grain weight/size in four
environments
A total of 53 significant QTLs were identified for the five
tested traits across four environments. The LOD values
of all QTLs ranged from 3.30 to 43.59, explaining 3.41%
to 58.79% of the phenotypic variance (R*) (Table 3). QTLs
for the same trait detected in different environments
were considered to be the same if the confidence inter-
vals overlapped and the positive alleles were provided by
the same parent. Finally, 32 QTLs for the five tested traits
were obtained and distributed on chromosomes Ft1, Ft3,
Ft4, Ft7 and Ft8 (Fig. 1). Globally, the largest number of
QTLs (25) was detected on chromosome Ftl. Among the
32 QTLs, 12 QTLs repeatedly detected in two or more
environments were regarded as multi-environmental
QTLs, and the other 20 QTLs detected in only one envi-
ronment were considered environment-specific QTLs
(Table 3 and Fig. 1). Both parental lines contributed the
favourable alleles depending on the QTLs (20 by ‘Jingiao-
mai 2’ and 12 by ‘Xiaomigqiao’) (Table 3).

In detail, 7 QTLs for GY were detected on chromo-
somes Ft1, Ft7 and Ft8 with R? values ranging from
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5.16% to 10.84%. Among these QTLs, a major QTL for
GY (¢qGY1.2), mapped between Block324 and Block428
on chromosome Ft1, was steadily detected in four envi-
ronments with favourable allele derived from the high-
yield parent ‘Jinqiaomai 2} explaining 7.51%-10.84% of
the phenotypic variance; the others were environment-
specific QTLs (Table 3).

For TGW, 5 QTLs were identified on chromosomes
Ftl, Ft4 and Ft8, explaining 5.06%-47.51% of the phe-
notypic variance, four of which were multi-environ-
mental QTLs. A major QTL for TGW, gTGW1.2,
mapped between markers Block331 and Block350 on
chromosome Ftl, were consistently detected in four
environments, explaining 7.58%-47.51% of the pheno-
typic variance. Three minor QTLs for TGW, gTGW1.1,
qTGW4.1 and gTGW4.3, were repeatedly detected in
two environments, explaining 3.41%-4.96%, 5.74%-
5.81% and 7.60%-9.20% of the phenotypic variance,
respectively (Table 3). Expect for gTGW1.1, the favour-
able alleles of QTLs for TGW were all contributed by
the large-grain parent ‘Jinqiaomai 2’

For GL, 6 QTLs were identified on chromosomes Ft1l
and Ft3, with R? values ranging from 4.75% to 41.93%.
Two major QTLs, gGL1.1 and gGL1.4, mapped to Ftl
(Block332-Block411 and Block892-Block911) were
repeatedly detected in four environments, with favour-
able alleles derived from the long-grain parent ‘Jin-
giaomai 2; explaining up t015.97% and 41.93% of the
phenotypic variance, respectively. The other four QTLs
were environment-specific QTLs (Table 3).

For GW, 11 QTLs were identified on chromo-
somes Ft1 and Ft8, with R? values ranging from 3.75%
to 29.70%, five of which were multi-environmental
QTLs. Three major QTLs for GW, gqGW1.7, gGW1.9
and gGWI1.10, mapped to Ftl (Block331-Block373,
Block765-Block851 and Block882-Block914), were con-
sistently detected across three, two and four environ-
ments, explaining up to 29.70%, 11.43% and 16.82%
of the phenotypic variance, respectively. Two minor
QTLs, gqGW1.6 and gGWS8.1, mapped to Ftl (Block313-
Block332 and Block673-Block715), were repeatedly
detected in two environments, explaining 6.05%-6.58%
and 5.39%-6.15% of the phenotypic variance, respec-
tively (Table 3). Among the five stable QTLs for GW,
favourable alleles of gGW1.6, gGWI1.7 and qGWS.1
were contributed by long-grains parent ‘Jinqiaomai 2,
while favorable alleles of gGW1.9 and gGW1.10 were
contributed by the short-grain parent ‘Xiaomiqiao’
(Table 3).

For L/W, 3 QTLs were identified on chromosome
Ftl1  (Block669-Block714, Block889-Block911 and
Block988-Block994), with R* values ranging from
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Fig. 1 The distribution of the QTLs for grain yield (GY), 1000-grain weight (TGW), grain length (GL), grain width (GW), grain length-width ratio
(L/W) and QTL clusters detected in the XJ-RILs population derived from the cross of ‘Xiaomigiao x Jingiaomai 2'in four environments. The red,
green, blue, black, cyan and magenta lines represent QTLs for GL, L/W, GW, GY, TGW and QTLs clusters, respectively. The horizon lines indicate the
peak position, and the vertical lines indicate the confidence interval of QTLs. The interval of the vertical filled rectangle represents the minimal and
maximal peak positions of QTLs repeatedly detected in different environments, and the number in brackets gives the number of environments in
which the QTL detected

7.50% to 58.79%. Two major QTLs for L/W, gL/W1.2 by ‘Jinqiaomai 2, accounting for 49.36%-58.79% and
and gL/W1.3, were consistently detected in two and  27.25%-29.50% of the phenotypic variation, respectively
four environments with favourable alleles contributed (Table 3).
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Table 4 Five QTL clusters for grain weight/size detected in the XJ-RILs population derived from the cross of 'Xiaomigiao x Jingiaomai

2'in four environments

NO Cluster Chromosome Confidence Flanking markers Physical interval (Mbp) QTL number QTL
name interval (cM)
1 qClu-1-1  Ftl 14.9-229 Block263-Block312  5.03-5.63 2 qTGW1.1% qGW1.4
2 qClu-1-2 Ftl 31.8-378 Block313-Block332  5.64-6.44 2 qGY1.1,qGW1.6*
3 qClu-1-3  Ftl 36.2-46.5 Block324-Block428  6.42-9.15 4 qGY1.2" qTGW1.2", qGW1.7% qGL1.1"
4 qClu-1-4  Ftl 66.7-72.2 Block673-Block715  15.70-17.63 2 ql/W1.1,qGW1.8
5 qClu-1-5  Ft1 86.3-88.9 Block882-Block914  2239-23.79 3 qGL1.4",ql/W1.2", qGW1.10"

", &and # indicate QTLs repeatedly detected in four, three and two environments, respectively

QTL cluster analysis

The 32 QTLs identified for the five grain-related traits
were distributed on 24 chromosomal regions. The QTLs
for different traits with an overlapping confidence inter-
val were used to estimated the presence of QTL clusters.
Finally, we obtained five QTL clusters on chromosome
Ftl, which harboured 8 multi-environmental QTLs
and 5 environment-specific QTLs (Fig. 1. and Table 4).
One major QTL cluster, gClu-1-3, located between
markers Block324 and Block428, harboured four stable
major QTLs (qGY1.2, gTGW1.2, qGW1.7 and qGL1.1)
detected in at least three environments. Another major
QTL cluster (gClu-1-5), mapped between markers
Block882 and Block914, harboured three stable major
QTLs (qGL1.4, qL/W1.2 and qGWI1.10) detected in
three environments. QTL cluster gClu-1-1 harboured
one environment-specific QTL and one multi-environ-
mental QTL repeatedly detected in two environments.
QTL clusters qClu-1-2 and qClu-1-4 only harboured
two environment-specific QTLs. Remarkably, gClu-1-3
harboured QTLs controlling GY, TGW and grain size,
and the elite alleles of QTLs were all from ‘Jinqiaomai
2, indicating that the marker development from the
genomic regions would be useful for marker-assisted
selection (MAS) in the improvement of grain size and
yield in Tartary buckwheat breeding.

Candidate gene idenification in two major QTL clusters

The confidence intervals of two major QTL clusters,
qClu-1-3 and qClu-1-5 for grain weight/size, were
aligned to the current reference genome to identify the
corresponding genes. gClu-1-3 and qClu-1-5 were posi-
tioned at 6.42-9.15 Mb and 22.39-23.79 Mb on chromo-
some Ftl (Table 4), with 337 and 115 annotated genes,
respectively (Additional file 1: Table S4). A total of 38
and 21 homologues of plant grain weight/size genes were
found within the physical interval of gClu-1-3 and qClu-
1-5, respectively (Additional file 1: Table S5). These 59
putative candidate genes were homologues of 27 known
grain weight/size genes (LARGES/OsMKPI, MKK4,

OsMAPK6, SMG2/0OsMKKK10, AHKs, ARF2/MNT,
BRII, D61/0OsBRII, DASH, GSE5/GWS5/qSW5, GSK2,
IKU2, PP2C-1, qGL3/GL3.1/0OsPPKL1, TGW6, ZmGSS5,
ABIS, ANT, Awn-1, GS2/GL2/GLW2/PT2, LP1, MADSI,
RPT2A, AGB1 ABA2, AGPase and CYP78A9), involved
in G-protein signalling, phytohormone signalling and
homeostasis, mitogen-activated protein kinase (MAPK)
signalling, the ubiquitin—proteasome pathway, and some
transcriptional regulators (Table 5).

SNP/InDel variation analysis of candidate genes
Comparative genomics analysis between the two par-
ents was carried out to identify the SNP/InDel vari-
ations in the physical intervals of the stable major
QTL clusters ¢gClu-1-3 and ¢qClu-1-5. The effects
of the extracted SNPs/InDels were analysed (Addi-
tional file 1: Table S6). At the gClu-1-3 interval, two
genes showed at least one InDel variation, including
one homologue of the plant grain weight/size gene
(FtBRII), and 23 genes showed at least one non-synon-
ymous SNP variation between the two parents (Addi-
tional file 1: Table S7), including three homologues of
plant grain weight/size genes, FtPinG0002490200.01
(FtDASH), FtPinG0002488900.01 (FtAGBI) and
FtPinG0002458000.01 (FETGW6) (Table 6). In addition,
an SNP in intron 4 of FtPinG0002495300.01, a homo-
logue of the grain weight/size regulator MADSI, led
to alternative splicing. At the qClu-1-5 interval, three
genes had at least one non-synonymous SNP variation
between the two parents (Additional file 1: Table S6),
including two homologues of plant grain weight/
size genes, FtPinG0001018400.01 (FtMKK4) and
FtPinG0001028600.01 (FLANT) (Table 6).

gRT-PCR analyses of candidate genes

The expression levels of the seven homologues of
known grain weight/size genes with SNP/InDel vari-
ations located on exons or splicing events were ana-
lysed in the two parents during grain development by
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Table 5 Homologous genes of plant grain weight/size-related genes in the physical intervals of the stable major QTL clusters of gClu-
1-3and gClu-1-5

QTL cluster Homologues of grain weight/
size related genes of Tartary

buckwheat

Plant grain weight/size genes Protein category

Accession number

G-protein signalling

qClu-1-3  FtPinG0002488900.01
qClu-1-3  FtPinG0002472200.01
qClu-1-3  FtPinG0002450600.01
Phytohormone signalling and homeostasis
qClu-1-3  FtPinG0002437500.01
qClu-1-3  FtPinG0002474100.01
qClu-1-3  FtPinG0002452300.01
qClu-1-3  FtPinG0002469700.01
qClu-1-3  FtPinG0001423200.01
qClu-1-3  FtPinG0002492200.01
qClu-1-3  FtPinG0003208300.01
qClu-1-5  FtPinG0001016500.01
qClu-1-5  FtPinG0001017200.01
qClu-1-5  FtPinG0001017300.01
qClu-1-5  FtPinG0001017500.01
qClu-1-5  FtPinG0001026100.01
qClu-1-3  FtPinG0003206400.01
qClu-1-5  FtPinG0001023100.01
qClu-1-3  FtPinG0002490200.01
qClu-1-3  FtPinG0002440300.01
qClu-1-3  FtPinG0002492500.01
qClu-1-3  FtPinG0002493000.01
qClu-1-3  FtPinG0002491700.01
qClu-1-3  FtPinG0002451600.01
qClu-1-5  FtPinG0001017700.01
qClu-1-5  FtPinG0001023600.01
qClu-1-5  FtPinG0001025300.01
qClu-1-5  FtPinG0001010400.01
qClu-1-5  FtPinG0001027100.01
qClu-1-3  FtPinG0002458000.01
qClu-1-3  FtPinG0002461400.01
Mitogen-activated protein kinase signalling pathway
qClu-1-3  FtPinG0002449100.01
qClu-1-5  FtPinG0001018400.01
qClu-1-3  FtPinG0002471900.01

qClu-1-5

FtPinG0001026900.01

AGBT

AHKs

ARF2/MNT
BRI

D61/0sBRIT

DASH

GSES/GW5/qSW5
GSK2

IKU2

PP2C-1
qGL3/GL3.1/0sPPKLT

TGWe
ZmGS5

LARGES/OsMKP1

MKK4
OsMAPK6

GB subunit

Histidine kinases; cytokinin receptors

Auxin response factor
LRR-RLK; brassinosteroid receptor

Endosperm-specific DOF transcription
factor

Calmodulin-binding protein

SHAGGY-likekinase; regulator of brassinos-
teroid signaling kinase

LRR receptor kinase

Phosphatase 2C-1

Protein phosphatase kelch family serine/
threonine phosphatase

IAA-glucosehydrolase
Putative serine carboxypeptidase

Mitogen-activated protein kinase phos-
phatase

Mitogen-activated protein kinase kinase
Mitogen-activated protein kinase

AT4G34460.4
AT4G34460.2

AT1G27320.1
AT2G01830.2
AT2G01830.3
AT5G62000.3
AT4G39400.1

0s01t0718300-02

Medtr2g014060

0s05t0187500-01
05059020750

AT3G19700.1

Glyma17g33690
0s03t0646900-01

0s06t0623700-01
GRMZM2G123815

0s05t0115800-01

AT1G51660.1
0s06t0154500-01
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QTL cluster Homologues of grain weight/
size related genes of Tartary

Plant grain weight/size genes Protein category

Accession number

buckwheat

qClu-1-3  FtPinG0002491900.01 SMG2/0OsMKKK10
qClu-1-3  FtPinG0002491100.01
qClu-1-3 FtPinG0002483600.01
qClu-1-3  FtPinG0002464900.01
qClu-1-3  FtPinG0002456200.01
qClu-1-5  FtPinG0001016300.01
qClu-1-5  FtPinG0001019400.01
qClu-1-5  FtPinG0001025500.01

The ubiquitin-proteasome pathway
qClu-1-3  FtPinG0002435600.01 RPT2A
qClu-1-3 FtPinG0002435400.01

Transcriptional regulators
qClu-1-5  FtPinG0001029500.01 ABI5
qClu-1-3  FtPinG0001427400.01 ANT
qClu-1-5  FtPinG0001028600.01
qClu-1-3  FtPinG0002470000.01 Awn-1(An-1)
qClu-1-5  FtPinG0001027800.01
qClu-1-5  FtPinG0001033800.01
qClu-1-5  FtPinG0001029100.01 GS2/GL2/GLW2/PT2
qClu-1-3  FtPinG0001428200.01 LP1
qClu-1-3  FtPinG0002493300.01
qClu-1-3  FtPinG0002461800.01 MADST
qClu-1-3  FtPinG0002495300.01

Other regulators
qClu-1-3  FtPinG0002466600.01 ABA2
qClu-1-3  FtPinG0002473300.01 AGPase
qClu-1-3  FtPinG0002490800.01 CYP78A9

Mitogen-activated protein kinase kinase
kinase

26S proteasome regulatory particle AAA-
ATPase

bZIP transcription factor
AP2-like family transcription factor

Basic helix-loop-helix transcription factor

OsGRF4

WRKY family transcription factor

MADS-domain transcription factor

0s04t0559800-01

AT4G29040.1

AT2G36270.1

AT4G37750.1

0s04t0350700-01

050290701300

Seita.2G369500.1.p

0s03t0215400-01

qClu-1-3  FtPinG0002490600.01

Short-chain dehydrogenase/reductase AT1G52340.1

ADP-glucose pyrophosphorylase family AT1G74910.2

protein

Cytochrome P450 AT3G61880.1
AT3G61880.2

qRT-PCR. As shown in Fig. 2, all seven genes showed
the lowest expression in the two parents at 15 days
after pollination (DAP), expect FEAGBI and FtBRI in
‘Xiaomiqiao; and significantly different expression was
observed between the two parents during grain devel-
opment stages, expect FtADSH. The expression levels
of FtAGBI1 and FtTGWE6 in ‘Jinqiaomai 2’ were signifi-
cantly or extremely significantly higher than those in
‘Xiaomiqiao’ at 10 DAP but lower than those in ‘Xiaom-
igiao’ at 15 DAP (Fig. 2 b and c). FtANT and FtBRI
showed significantly different expression levels between
the two parents at 5, 10 and 15 DAP (Fig. 2 d and g).
The expression level of FEMADS]I in ‘Jinqiaomai 2’ was
extremely significantly higher than that in ‘Xiaomiqiao’
at 5 DAP, but extremely significantly lower than that in

‘Xiaomiqiao” at 10 DAP (Fig. 2 e). The expression level
of FtMKK4 in ‘Jinqiaomai 2’ was significantly lower
than that in Xiaomiqgiao’ at 5 DAP but significantly
higher than that in Xiaomiqiao’ at 10 DAP (Fig. 2 f).
This suggested that these six differential expression
homologues could be key candidate genes for the grain
development of Tartary buckwheat.

Discussion

Genetic improvement in grain yield and quality has
always been a permanent goal for Tartary buckwheat
breeding. However, yield is a complex trait that is
highly influenced by multiple yield-related traits and
the environment. Evaluation of the yield-related traits
of genetic populations or germplasms is an essential
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Table 6 Annotation of non-synonymous SNP/InDel variations identified in homologues of plant weight/size genes within the
physical interval of the stable major QTL clusters of gClu-1-3 and qClu-1-5

QTL cluster Chr Homologues of Plant grain Oritation Transcript ID Position bp Exon  Mutation/ Mutation/
grain weight/size weight/size Nucleotide Protein
related genes of genes
Tartary buckwheat

qClu-1-3 Ft1  FtPinG0001423200.01  BRI1 FtPinG0001423200.01. 6,599,812 exonl: ¢.1903- p.W635fs

T01 1906del
qClu-1-3 Ft1  FtPinG0002490200.01  DASH FtPinG0002490200.01. 6,985,415 exonl ¢c.C490G p.H164D
T01
qClu-1-3 Ft1  FtPinG0002488900.01  AGBI1 FtPinG0002488900.01. 7,033,486 exon5 ¢.T635C; p.1212T; p174T
TO1 cT221C
qClu-1-3 Ft1  FtPinG0002458000.01  TGW6 FtPinG0002458000.01. 8,026,188 exon3 c.C697G p.Q233E
TO1
qClu-1-5 Ft1  FtPinG0001018400.01  MKK4 FtPinG0001018400.01. 23,023,413  exonl CcA1311T p.R437S
TO1
qClu-1-5 Ft1  FtPinG0001028600.01  ANT FtPinG0001028600.01. 23,484,040  exon2 c.G521A p.G174D

TO1

step in Tartary buckwheat breeding, genetic research
and functional genomics research. In this study, the
genetic variations in five grain-related traits, GY,
TGW, GL, GW and L/W, were investigated in mul-
tiple environments using an RILs (XJ-RILs) popu-
lation derived from a cross between two Tartary
buckwheat varieties, Xiaomiqiao and Jinqiaomai2,
who have large differences in yield, grain weight and
grain size. A wide range and continuous distribution
was observed for each of the five tested traits in the
XJ-RILs population, suggesting that these traits were
quantitative traits and controlled by multiple genes.
The broad sense heritability of TGW and the three
grain size traits, GL, GW and G/W, were over 79.5%
and approximately two times higher than that of GY
(37.8%), which was consistent with previous studies
[17, 37], indicating that grain weight/size traits are
relatively stable and less susceptible to environmen-
tal influences than GY. GY exhibited a significant
positive correlation with TGW, and TGW showed
strongly positive correlations with GL and GW and a
significantly negative correlation with L/W. Thus, an
increase in TGW and grain size has potential for Tar-
tary buckwheat yield improvement. Moreover, higher
Pearson’s correlation coefficients were observed
between TGW and GW than GL, which was in agree-
ment with previous results in the bioparental popula-
tion of Tartary buckwheat [17], suggesting that GW
contributed more to the increase in TGW. The above
mentioned results indicated that TGW and grain size
with high heritability could be selected as indicators
in Tartary buckwheat high-yield cultivar breeding;
however, these traits cannot be selected alone due to
the larger correlation among them.

QTL mapping for yield-related traits would provide
a theoretical basis for functional gene discovery and
molecular marker-assisted breeding of high-yield and
high-quality Tartary buckwheat varieties. However,
only a few QTLs/genes for yield-related traits have
been identified in Tartary buckwheat until now. In this
study, a high-density SNP linkage map of the XJ-RILs
population developed from an earlier study result [31]
was applied in QTL mapping. In total, 32 QTLs for
five yield-related traits were detected in four environ-
ments located on chromosomes Ftl1, Ft3, Ft4, Ft7 and
Ft8, including 7 for GY, 5 for TGW, 6 for GL, 11 for
GW and 3 for L/W. These QTLs were first identified,
except for four QTLs for TGW (qTGW1.1, gTGW1.2,
qTGW4.1 and qTGW4.2) reported in our previous
study [31]. Using GWASs, Zhang et al. [32] identi-
fied a candidate gene FtPinG0404616900 (46,356,831—
46,357,343 bp on chromosome Ft3) significantly
affecting both TGW and GW and candidate genes
FtPinG0280000714 (29,286,254-29,289,3094 bp on Ftl)
and FtPinG0100980400 (2,824,410 to 2,825,743 bp on
Ft4) associated with TGW and GW, respectively. How-
ever, these three candidate genes were not located in the
physical region of QTLs identified in this study. Seven
SSR markers were found to be associated with HGW
(100-grain weight) by association analysis in two envi-
ronments [38], among which SXAU1120, SXAU1130
and SXAU4246 were located in the physical region of
the minor QTLs gGL1.2/qGY1.3, qGY1.4 and gTGW4.1,
respectively. Seven stable major QTLs obtained in this
study were gathered into the QTL clusters gClu-1-3 and
qClu-1-5 on chromosome Ftl. gClu-1-3 spanning from
6.42 Mb to 9.15 Mb harboured four stable major QTLs,
including ¢GY1.2, qTGW1.2, qGWI1.7 and qGLI.1.
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Fig. 2 The expression of the seven homologues of grain weight/size genes in the parental lines Xiaomigiao and Jingiaomai 2

Several genes/loci underlying easy dehulling reported
in previous studies [31, 39-41] were not collocated
with the candidate genes/markers for grain weight/size
identified by association analysis [32, 38], but were all
located in the physical interval of gClu-1-3. This indi-
cated that the genes underlying easy dehulling tended
to have pleiotropism or physiological association with
yield and grain weight/size, which can be further tested
and verified by the fine mapping of gClu-1-3 and will lay
a theoretical foundation for breeding high-yield Tartary
buckwheat varieties with large grains and easy dehull-
ing using MAS. qClu-1-5 spanning from 22.39 Mb to
23.79 Mb harboured three stable major QTLs for grain
size (qGL1.4, gL/R1.2 and gGW1.10). The two genomic
regions may play an important role in regulating grain
weight/size, which are of high importance in gene
identificaton underling yield-related traits and marker
development assisted breeding of high-yield Tartary
buckwheat varieties.

Grain development is one of the most important
determining factors of final grain yield and quality for-
mation in cereal crops, which was also verified by the
colocalization of QTLs for GY and grain weight/size in
this study and previous reports [42, 43]. A better under-
standing of the molecular mechanisms of grain develop-
ment and identification of genes related to grain weight/
size will contribute to the improvement of crop yield
and quality. To date, many genes regulating grain devel-
opment have been identified, and several recent reviews
have highlighted the possible molecular mechanisms
and regulatory networks of grain weight/size control in

model plants and crops [21, 23, 36]. The two parents of
the mapping population in this study, ‘Xiaomiqiao’ and
‘Jinqiaomai 2, were resequenced with approximately
20-fold coverage in our previous study [31]. Therefore,
we combined QTL mapping, homology searches of
known plant grain weight/size genes and comparative
sequence analysis to predict and narrow the number of
candidate genes within the physical interval of the two
major QTL clusters detected in this study. A total of
59 candidate genes were identified as the homologues
of 27 known plant grain weight/size genes within the
physical interval of QTL clusters qClu-1-3 and qClu-
1-5, involving the mitogen-activated protein kinase
(MAPK) signalling pathway (LARGE8/OsMKPI1, MKK4,
OsMAPK6, SMG2/OsMKKK10), phytohormone per-
ception and homeostasis (AHKs, ARF2/MNT, BRII,
D61/0OsBRI1, DASH, GSE5/GW5/qSW5, GSK2, IKU2,
PP2C-1, qGL3/GL3.1/OsPPKL1, TGWS6, ZmGSS),
some transcriptional regulators (ABIS, ANT, Awn-1,
GS2/GL2/GLW?2/PT2, LP1, MADSI), the ubiquitin—pro-
teasome pathway (RPT2A), G-protein signalling (AGBI)
and other regulators (ABA2, AGPase, CYP78A9) [21,
36]. BRI1 encodes the brassinosteroid (BR) receptor
BRASSINOSTEROID INSENSITIVE 1, and BRs were
reported to positively regulate seed size in both Arabi-
dopsis and rice [36, 44]. In this study, FtBRI1 showed
one InDel variation between the two parents, and the
relative expression of FtBRII in the large-grain parent
‘Jinqiaomai2’ was significantly higher than that in the
small-grain parent ‘Xiaomiqiao’ at 5, 10 and 15 DAP,
which was consistent with previous reports [36, 44].
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Five homologues, FtAGBI, FtANT, FIMKK4, FtDASH
and FtTGWS6, showed at least one non-synonynous
SNP variation between the two parents. In addition,
one splicing event was identified in FtMADSI. AGBI
encodes the G-protein B-subunit (GP), and agbl-I
plants express similar fruit phenotype in Arabidopsis
[45]. Loss-of-function or suppression of rice GB (RGBI)
decreases grain size [46]. ANT, a member of the AP2-
like family transcription factor, positively promotes
seed and organ growth by mediating cell proliferation
in Arabidopsis [47]. MKK4 encodes a mitogen-activated
protein kinase kinase and positively regulates grain size
in rice [48]. Consistently, FEAGBI, FtANT and FtMKK4
showed significantly or extremely significantly higher
expression levels in the large-grain parent ‘Jinqiaomai
2’ than those in the small-grain parent ‘Xiaomigiao’ at
10 DAP in this study. MADSI encodes a MADS-domain
transcription factor, and a loss of function of OsMADS1
causes splicing defects and leads to long grains [49].
MADS-box transcription factor genes have been shown
to regulate growth and determine the easy dehulling
of Tartary buckwheat grains [28, 40]. Consistently, the
expression of FtMADSI in the long-grain parent ‘Jin-
qiaomai 2’ was extremely significantly lower than that in
the short-grain and easy dehulling parent ‘Xiaomiqiao’
at 10 DAP in this study. TGW6 encodes IAA-glucose
hydrolase and negatively regulates endosperm devel-
opment and grain weight in rice [50]. In contrast, the
expression of FtTGW6 in the large-grain parent ‘Jin-
qiaomai 2’ was extremely significantly higher than that
in the small-grain parent ‘Xiaomiqiao’ at 10 DAP in
this study. qRT-PCR data indicated that the differen-
tial expression of FtBRII, FtAGBI, FtTGW®6, FtANT,
FtMKK4 and FtMADSI at the early grain develop-
ment stage may lead to the grain weight/size difference
between the two parents. Further studies are needed to
elucidate the function of the six differential expression
homologues in Tartary buckwheat grain weight/size
control.

Conclusion

In this study, we identified 32 QTLs for grain yield and
grain weight/size distributed on 24 genomic regions in
four environments using an RILs population. Two QTL
clusters, qClu-1-3 and qClu-1-5, located on chromo-
some Ft1, were revealed to harbour 7 stable major QTLs
for yield and grain weight/size, which will promote
marker development for high-yield breeding and gene
fine mapping. Within the physical intervals of gClu-1-3
and gClu-1-5, we searched 59 homologues of 27 known
plant grain weight/size genes. Six homologues, FtBRII,
FtAGBI, FtTGW6, FtANT, FtMKK4 and FIMADSI, with
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non-synonymous SNP /InDel variations and significantly
differential expression between the two parents, may play
important roles in Tatary buckwheat grain weight/size
control and were selected as core candidate genes for fur-
ther investigation.

Abbreviations
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RILs Recombinant inbred lines
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DAP Days after pollination
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