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Abstract Leaf thickness is an important trait in rice
(Oryza sativa L.). It affects both photosynthesis and
sink-resource efficiency. However, compared to leaf
length and length width, reports seldom focused on
leaf thickness due to the complicated measurement
and minor difference. To identify the quantitative
trait loci (QTL) and explore the genetic mechanism
regulating the natural variation of leaf thickness,
we crossed a high leaf thickness variety Aixiuzhan
(AXZ) to a thin leaf thickness variety Yangdao No.6
(YD 6) and evaluated 585 F, individuals. We further
use bulked sergeant analysis with whole-genome rese-
quencing (BSA-seq) to identify five genomic regions,
including chromosomes 1, 6, 9, 10, and 12. These
regions represented significant allele frequency differ-
entiation between thick and thin leaf thickness among
the mixed pool offspring. Moreover, we conducted a
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linkage mapping using 276 individuals derived from
the F, population. We fine-mapped and confirmed
that chromosome 9 contributed the primary explana-
tion of phenotypic variance. We fine-mapped the can-
didate regions and confirmed that the chromosome 9
region contributed to flag leaf thickness in rice. We
observed the virtual cellular slices and found that the
bundle sheath cells in YD 6 flag leaf veins are fewer
than AXZ. We analyzed the potential regions on chro-
mosome 9 and narrowed the QTL candidate intervals
in the 928-kb region. Candidate genes of this major
QTL were listed as potentially controlled leaf thick-
ness. These results provide promising evidence that
cloning leaf thickness is associated with yield produc-
tion in rice.

Keywords Fine-mapping - Leaf thickness - BSA-
seq - Oryza sativa

Introduction

Rice is the most consumable and staple food crop
globally, feeding more than 50% of the world’s pop-
ulation (Godfray et al. 2010). After entering the first
20 years of the twenty-first century, global warming
and the COVID-19 pandemic crisis have become
severe contradictions towards population boosts
and food supplies (Capell et al. 2020). It is widely
recognized that the plant-type improvement is the
skeleton for enhancing the yield potential of rice
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(Khush and Gupta 2013; Qian et al. 2016). In crops,
the leaf is the main organ to perform photosynthetic
processes providing significant carbon resources. In
general, leaf rolling, as well as leaf size, is a critical
component in plant architecture morphogenesis that
significantly affects crop yield and photosynthetic
efficiency (Walter et al. 2009). To investigate the
molecular mechanisms that determine leaf rolling
and size in rice, numerous researches on quantita-
tive trait loci (QTLs) that contribute to these traits
were identified in the past two decades. Several
universal complicated regulation networks were
revealed, including plant hormone signaling path-
ways, miRNAs, and transcription factors (Xu et al.
2018).

Leaf morphology consists of leaf length, leaf
width, and leaf thickness. The top three rice leaves
are the primary source of photosynthetic for grains,
and over 50% of the carbohydrate accumulated in rice
grains is produced by the flag leaves (Jia et al. 2016).
Hence, selecting desirable morphological traits of
functional leaves is often a major task for breeders
in rice breeding programs. Previous studies reported
Narrow Leaf 1(Nall), NARROW AND ROLLED
LEAF 1 (Nrl 1), Nal 2, Nal 3, Nal 8, and Nal 9 focus-
ing on leaf width. In addition, SEMI ROLLED LEAF
1 (SRL I), CURLY FLAG LEAF 1 (CFL 1), ADAXI-
ALIZED LEAF 1 (ADLI), and LEAF INCLINATION
2 (LC2) conferred to leave morphogenesis (Chen
et al. 2019; Cho et al. 2013; Hibara et al. 2009; Hu
et al. 2010; Li et al. 2013; Qi et al. 2008; Wu et al.
2011; Xiang et al. 2012; Zhao et al. 2010). Besides,
the QTLs associated with leaf morphology and roll-
ing also deepen our understanding of this meaning-
ful trait characterization. Li et al. detected two major
QTLs on chromosome 4 and chromosome 8 for flag
leaf length using double haploid (DH) population (Li
et al. 2000). Another group also used the DH popu-
lation to study the genotype-environment interac-
tion and mapped seven QTLs on five different chro-
mosomes from chromosomes 1, 2, 3, 4, 6, 9, and 10
associated with the flag leaf length (Yan et al. 1999).
Three leaf length QTLs on chromosomes 1, 2, and 4
were identified using IR64 derived introgression lines
(Farooq et al. 2010). Jia et al. mapped a total of 19
QTLs for the leaf traits on five chromosomes utiliz-
ing recombinant inbred lines (RILs) of 90 lines (Jia
et al. 2016). These results showed that although the
vital role of leaf traits in rice had attracted significant
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attention, the characterization and identification of
candidate genes are rarely reported.

Leaf thickness is one of the major leaf morpho-
logical traits and was considered an essential index in
high-yielding cultivation and ideal plant-type breed-
ing (Zhu et al. 2016). It has been investigated that a
thick leaf is positively associated with high chloro-
phyll, leaf nitrogen use efficiency, and photosynthetic
enzymes concentration (Murchie et al. 2002; Jinwen
et al. 2015). However, due to the difficulty of meas-
urement, none of the leaf thickness QTLs had been
identified. Our research group paid attention to the
leaf thickness measurement from 2005. An instru-
ment using a non-destructive way to measure leaf
thickness was subsequently developed for this impor-
tant trait in rice (Chen et al. 2007). Furthermore, the
thickness of the top three leaves from 208 cultivars
was determined, and leaf thickness had a significant
positive correlation with leaf length and leaf width.
These data suggested that thicker leaf was beneficial
to increasing the single leaf area (Liu et al. 2014).
The ideal rice architecture theories indicate that thick,
short, and erect flag leaf would be the typical char-
acters of leaf morphology for high-yielding in rice
(Chen et al. 2005). Similar views were proposed in
other theories of rice ideal type model breeding as
well (Wang et al. 2019; Dastan et al. 2020). Moreo-
ver, some indices such as specific leaf weight (SLW)
and specific leaf area (SLA) were utilized to evaluate
leaf thickness previously, and several QTLs of SLW-
and SLA-associated were discovered (Laza et al.
2006; Zhao et al. 2008; Kanbe et al. 2015). Although
these indices are capable of converting from sev-
eral trait values such as leaf area and leaf dry weight
into statistical data to reflect indirect plant leaf phe-
notypes, it is also possible to bring more significant
errors among these measurements. These reasons hin-
dered us from fine-mapping or cloning a major QTL
associated with leaf thickness in rice.

The combination of bulked segregant analysis
with whole-genome resequencing (BSA-seq) had
been developed and successfully applied in yeast
for the past decade (Ehrenreich et al. 2010; Wenger
et al. 2010). Since then, it has become a popular QTL
mapping tool in crop application (Takagi et al. 2013;
Yang et al. 2013; Lu et al. 2014; Illa-Berenguer et al.
2015). This method is considered an elegant method
to rapidly and effectively identify molecular mark-
ers tightly linked to the causal gene from a couple of
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DNA pools composed of two sets of individuals with
distinct or opposite extreme phenotypes (Sahu et al.
2020). With the rapid development of next-genera-
tion sequencing (NGS) technologies, it is facilitated
to identify genomic regions for target traits using the
combination of BSA and whole-genome resequencing
of DNA pools by high-throughput genotyping. Based
on this concept, several methods have been developed
for rapid QTLs identification such as SHOREmap,
Next-generation mapping (NGM), MutMap, SNP-
ratio mapping (SRM), BSA-seq, and SLAF-seq.
(Schneeberger et al. 2009; Austin et al. 2011; Abe
et al. 2012a; Lindner et al. 2012; Sun et al. 2013;
Takagi et al. 2013). Recently, QTLs associated with
partial resistance to rice blast disease and seedling
vigor were successfully identified using BSA-seq and
verified that QTLs could be successfully detected by
BSA-seq even in an F, generation (Abe et al. 2012b;
Takagi et al. 2013).

To uncover the leaf thickness determination com-
ponent and solve the difficulty of measurements, our
research group previously reported a method to meas-
urement leaf thickness in an accurate way (Liu et al.
2014, 2019). Subsequently, we use this method to
investigate the genetic basis of flag leaf thickness in
rice. During our breeding selection studies, we found
that the Indica rice variety Aixiuzhan (AXZ) con-
tained a thicker flag leaf, while another famous Indica
cultivar Yangdao No.6 (YD 6) showed thinner flag
leaf. These two rice cultivars displayed significant
differences in the thickness of flag leaf. We further
performed hybridization and further fine-mapping
for QTL analysis in this study. BSA-seq detected five
candidate chromosome regions for flag leaf thickness.
The region from 19.10 to 20.03 Mb on chromosome

Fig. 1 Morphology of YD
6 and AXZ. A Plant archi-
tecture of the parental rice
varieties YD 6 and AXZ.
Scale bar, 5 cm. B Flag
leaves of YD 6 and AXZ.
Scale bar, 3 cm. C Average
leaf thickness between

YD 6 and AXZ. Data are
given as the mean+ SD.
*P<0.05; **P<0.01 com-
pared with the correspond-
ing YD 6 using Student’s '
rtest ==

9 is probably the major QTL for flag leaf thickness,
designated as QTL FLAG LEAF THICKNESS 9
(gFLT9). Then, gFLT9 was further validated, and its
candidate region was narrowed down to an interval of
0.928 Mb by QTL fine-mapping. The genetic effect
of gFLT9 was also estimated by the near isogenic line
(NIL). Potential candidate genes were listed and ana-
lyzed. These results provide us novel insight into leaf
thickness in rice and provide a valuable resource for
rice molecular breeding application.

Results

Analysis of leaf morphology in the F, mapping
population and their parental cultivars

To study the genetic basis of leaf thickness of flag
leaf in rice, we found significant differences in
the flag leaf thickness between the parental varie-
ties AXZ and YD 6 (Figs. 1A-C). In comparison
with YD 6, AXZ showed higher values of FLT up
to 313.34+13.90 um, while YD 6 exhibited less
FLT, and reached 258.69+16.08 um. We subse-
quently performed the hybridization and generated
the F, population to observe the distribution of FLT
among the F, population. The variation of FLT in
the F, population is extensive, ranging from 218.44
to 360.68 pm and the medium FLT was 282.92 um.
We observed continuous normal distribution of FLT
in 585 F, progenies, indicating that FLT is a compli-
cated quantitative trait controlled by multiple genes.
In summary, we found two rice varieties that have dif-
ferent flag leaf thicknesses, indicating that potential
QTL existed conferring to flag leaf thickness.

o
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the internal of 32.81-36.97 Mb on chromosomes 1,
26.39-27.57 Mb on chromosomes 6, 19.53-20.76 Mb
on chromosomes 9, 11.98-14.11 Mb chromosomes
10, and 0-2.08 Mb on chromosomes 12, which were
probably QTLs for flag leaf thickness designated as
qFLTI, qFLT6, gFLT9, gFLTI10, and gFLT12, respec-
tively (Fig. 3; Table 2). We also displayed BSA-seq
results for all 12 chromosomes (Fig. S1). The maxi-
mum smoothed allele frequency difference between
H-Bulk and L-Bulk was similar in all cases; the QTLs
in chromosomes 10 and 12 displayed larger credible
intervals, which showed near 2-Mb ranges, while
chromosome 6 and chromosome 9 showed narrowed
credible intervals just around 1 Mb. These results
strongly provided evidence that potential gFLTs exist
in these chromosome regions.

Validation of BSA-seq results and linkage mapping
with F, families

To verify the BSA-seq results among these candidate
qFLT regions and narrow the potential gFLT credible

Table 2 QTLs that were identified for flag leaf thickness from
BSA-seq

QTL Chromosome  Start (Mb) End (Mb) Size (Mb)

qFLTI 1 32.81 36.97 4.16
qFLT6 6 26.39 27.57 1.18
qFLT9 9 18.70 20.76 2.03
qFLTIO 10 11.98 14.11 2.13
qFLTI2 12 0 2.08 2.08

intervals, we further selected 276 F, individuals and
used Map-QTL to calculate the linkage of disequilib-
rium (LOD) of these candidate regions (Table S3).
However, due to the similarity of AXZ and YD 6,
we could not find any applicable InDels (insertions
and deletions) and SSRs (simple sequence repeats) in
chromosome 1. Therefore, 20 newly designed prim-
ers, including InDels and SSRs, were performed to
fine-map the candidate positions in chromosomes 6,
9, 10, and 12(Table 3; Table S2). These data showed
that gF'LT9 has strong LOD values ranging from 6.22
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Fig. 3 Delta SNP index distribution in 12 chromosomes in
rice. All different colors represent the SNP-index values after
filtering. The black lines indicated the corresponding window
SNP-index average values; blue lines indicate 99% credible

intervals, and purple lines indicate 95% credible intervals. The
windows size is 1 Mb which slide distance is 10 kb. The red
circle indicated the candidate intervals on chromosomes. Five
potential gFLT positions are also listed in the figure
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Table 3 Map-QTL analysis of gFLT potential regions. Asterisks are marked as actual molecular marker-assisted selection for the
candidate regions

Number Chromosome Position (cM) LOD mu_A mu_H mu_B Additive Dominance
1% 6 104.519 0.63 251.695 252.286 257.527 —2.9159%4 —2.32468
2 6 105.519 0.77 251.072 252.292 258.069 —3.49871 —2.27878
3 6 106.519 0.91 250.456 252.395 258.508 —4.02607 —2.08706
4 6 107.519 1.05 249.914 252.572 258.820 —4.45292 —1.79547
5 6 108.519 1.17 249.519 252.778 259.010 —4.74558 —1.48684
6 6 109.519 1.28 249.315 252.964 259.097 —4.89096 —1.24255
7% 6 110.273 1.35 249.290 253.072 259.110 —4.90973 —1.12864
8 6 111.273 1.30 249.428 252.822 259.343 —4.95737 —1.56338
9 6 112.273 1.23 249.636 252.632 259.449 —4.90659 —1.91026
10 6 113.273 1.12 249.881 252.548 259.373 —4.74552 -2.07922
11 6 114.273 0.98 250.133 252.602 259.074 —4.47066 —2.00130
12 6 115.273 0.81 250.367 252.802 258.551 —4.09203 —1.65749
13 6 116.273 0.64 250.578 253.122 257.851 —3.63675 —1.09250
14 6 117.273 0.48 250.767 253.509 257.058 —3.14572 —0.403420
15% 6 117.817 0.41 250.865 253.727 256.624 —2.87944 —0.0180301
16* 9 74.832 11.29 237.784 252.784 265.823 —14.0194 0.980455
17 9 75.832 10.76 236.824 252.745 266.007 —14.5917 1.32975

18 9 76.832 8.77 238.176 252.904 264.581 —13.2025 1.52528
19 9 77.152 7.96 239.010 253.025 263.834 —12.4117 1.60316
20% 9 77.216 10.09 237.600 252.984 265.024 —13.7119 1.67228

21 9 78.216 10.81 235.936 253.607 264.765 —14.4148 3.25674
22% 9 78.96 10.46 236.373 253.834 263.963 —13.7947 3.66635
23% 9 78.976 10.47 236.265 253.700 264.012 —13.8735 3.56106
24 9 79.332 6.22 241.627 253.588 262.556 —10.4647 1.49633
25°% 9 79.652 7.27 240.574 255.453 263.903 —11.6642 3.21436
26%* 9 81.472 10.09 237.757 253.426 264.462 —13.3523 231674
27% 9 82.358 10.57 236.178 254.691 263.648 —13.7352 4.77795
28* 10 39.755 2.65 249.022 251.176 261.730 —6.35423 —4.20050
29 10 40.755 2.96 249.037 250.793 262.354 —6.65872 —4.90231
30 10 41.755 3.15 249.104 250.598 262.640 —6.76806 —5.27369
31%* 10 42.577 3.22 249.178 250.562 262.648 —6.73490 -5.35079
32 10 43.577 3.01 249.213 250.637 262.410 —6.59867 -5.17417
33 10 44.577 2.77 249.264 250.797 262.040 —6.38814 —4.85545
34 10 45.577 2.51 249.335 251.032 261.556 —6.11042 —4.41331
35 10 46.577 223 249.434 251.324 260.986 —5.77601 —3.88570
36% 10 46.588 223 249.435 251.327 260.979 —5.77207 —3.87959
37 10 47.588 1.95 248.904 252.110 261.401 —6.24892 —3.04272
38 10 48.588 1.58 248.600 253.341 260.885 —6.14239 —1.40149
39 10 49.588 1.20 249.017 254.374 259.859 —5.42141 —0.0638732
40 10 50.588 0.83 250.303 254.539 258.857 —4.27683 —0.0405142
41 10 51.588 0.53 251.832 253.788 258.130 —3.14887 —1.19312
42% 10 52.343 0.43 252.657 252.938 257.790 —2.56653 —2.28602
43 10 53.343 0.81 250.813 254.098 259.025 —4.10566 —0.820808
44 10 54.343 1.52 248.506 254.242 260.651 —6.07285 —0.336643
45 10 55.343 2.28 247.187 253.112 261.956 —17.38422 —1.46003
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Table 3 (continued)

Number Chromosome Position (cM) LOD mu_A mu_H mu_B Additive Dominance
46 10 56.343 2.78 246.948 252.034 261.663 —17.35751 —2.27180
47* 10 56.835 2.86 247.035 251.818 260.926 —6.94530 —2.16258
48* 12 8.775 3.05 244.501 256.096 258.898 —7.19837 4.39606
49% 12 9.222 3.98 243.240 255.481 260.646 —8.70314 3.53825
50 12 10.222 3.57 243.269 257.107 260.517 —8.62363 5.21415
51 12 11.222 2.82 244.450 258.648 259.098 —17.32395 6.87418
52 12 12.222 1.77 247.059 259.116 256.951 —4.94609 7.11101
53 12 13.222 0.76 250.345 257.918 255.178 —2.41646 5.15681
54 12 14.222 0.14 252.901 255.720 254.184 —0.641384 2.17725
55% 12 14.328 0.10 253.091 255.482 254.113 —0.510940 1.87989

to 11.29. Compared to chromosomes 6, 10, and 12,
the LOD values strongly indicated that chromosome
9 is a highly potential candidate QTL that determines
flag leaf thickness in rice.

Identification of agronomic traits of parental varieties
YD 6, AXZ, and two NILs

Previous studies on gene dominance and recessive-
ness analysis showed that the loci from YD 6 with
thinner leaf thickness are dominant loci in compari-
son to loci from AXZ. To further explore the asso-
ciation of flag leaf thickness between YD 6 and AXZ,
two NILs of the BC,F; population were constructed.
Based on the BSA-seq and F, fine-QTL mapping
results, we successfully generated one population
named Thin-NIL (YD 6 allele replaced AXZ allele
in AXZ background) and corresponding control as
Thick-NIL (AXZ allele in AXZ background). Sev-
eral agronomic traits, including flag leaf thickness,
yield-related traits, and photosynthetic traits, were
measured. The flag leaf thickness showed a strong
association with NILs in gFLT9 (Fig. 4A1). We found
that compared to critical agronomic traits among
YD 6 and other materials, the spikelet length, effec-
tive grains per panicle, and thousand seed weight
and yield per plant showed a significant difference.
In contrast, seed setting percentage and yield per
plant showed no apparent difference (Fig. 4A2-A6).
Other important photosynthetic-related traits, such
as soil and plant analyzer development (SPAD) and
net photosynthetic rate (Pn), displayed slight differ-
ences (Fig. 4A7 and A8). These results suggested
that gFLT9 did not contribute to yield-related and

photosynthetic-related processes as much as we
expected. Furthermore, we utilized XRM (X-ray
microscope) to observe the cellular difference among
parental plants and Thick-NIL. The results showed
that the YD 6 had narrowed side leaf veins (Fig. 5A;
Fig. S2A-C), the side leaf vein diameter is approxi-
mately 192.23 pm (Fig. 5B). While the side leaf vein
in AXZ is about 246.10 pm, near 28% thicker than
the YD 6 (Fig. 5C). We also performed the virtual
slices observation on the Thick-NIL sample, which
showed that the side leaf vein is 242.91 pm, similar
to AXZ (Fig. 5C). The cell layer of sieve-tube cell in
AXZ and Thick-NIL was near 60% more than that in
YD 6 (Fig. S3A). Statistically, we also observed that
significant difference in collenchyma cell number
and bundle sheath cell number among YD 6, AXZ,
and Thick-NIL (Fig. S3A-C). From these results,
we could discover that the sieve-tube cells in YD 6
are less than that in AXZ and Thick-NIL, especially
when the vertical virtual slices showed that two layers
of sieve-tube cells was missing in YD 6 compared to
AXZ and THICK-NIL. Other tissues, such as collen-
chymas, also displayed cell number difference in all
three samples (Fig. SA-C; Fig. S2; Fig. S3).We sus-
pected that the reduction of collenchyma cell number
also contributes to leaf thickness reduction in YD 6.
In summary, the reduction of sieve-tube cell layer in
YD 6 is the primary cellular reason that caused the
difference in flag leaf thickness compared to AXZ.

To verify our data of gFLT9 in flag leaf thick-
ness determination, we performed a phenotypical
measurement of the BC,F, population among YD
6, AXZ, and the two NILs (Fig. S4). The results
showed that the Thick-NIL and Thin-NIL are well
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Fig. 4 Statistical analysis of YD 6, AXZ, and 2 NILs showed
a strong association with gFLT9 and NILs whole plants and
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(A1), spikelet length (A2), effective grains per panicle (A3),
seed setting percentage (A4), thousand seed weight (AS5), yield
per plant (A6), SPAD (A7), and Pn (A8). B The plant pheno-

associated with the flag leaf thickness in com-
parison to YD 6 and AXZ. Meanwhile, we fur-
ther used two BC;F, populations to fine-map the
qFLT9. Three SNP markers and two Indels were
utilized to narrow our candidate interval from 2.03
to 0.928 Mb. Based on 20 critical exchanges of
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types of Thin-NIL and Thick-NIL. Scale bar, 10 cm. C The
flag leaf phenotypes of Thin-NIL and Thick-NIL. Scale bar,
2 cm. Data are given as the mean=+SD. *P <0.05; **P<0.01;
*#%P<0.001 compared with the corresponding YD 6 using
Student’s #-test

single plants, we fine-mapped the gFLT9 intervals
between markers L4-3 to L1-3 (Fig. 6). To further
verify the existing evidence of gFLT6 and gFLTI0,
we used BC5F, single plants and fixed the other
genotypes in other potential gFLTs for verifica-
tion. According to our BC;F, population results,
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Fig. 5 Cellular phenotypes of flag leaf in YD 6, AXZ, and
Thick-NIL. A Cross-sectional virtual slices of flag leaf in YD
6. (A1) Scale bar, 100 pm. (A1) The yellow rectangle regions
are originally from Fig. S2. The A2 showed the yellow line
direction vertical virtual splice of Al. There are three sieve-
tube cell layers that existed in the leaf vein (green rectangle).
Scale bar, 100 pm. The white arrow indicated the reduced
sieve-tube cell layers in YD 6. The yellow line measured the
diameter of the side leaf vein (A1). The red rectangle indicates
the collenchyma, the green rectangle indicates the sieve-tube
cells, and the blue shape line shows the bundle sheath in Al
and A2. B Cross-sectional virtual slices of flag leaf in AXZ.
(B1) Scale bar, 100 pm. (B1) The yellow rectangle regions are
originally from Fig. S2. The B2 showed the yellow line direc-
tion vertical virtual splice of B1. Five sieve-tube cell layers and
companion cells that existed in the leaf vein (green rectangle).

the gFLT6 and gFLTI0 do not show a significant
difference in leaf thickness (Table S2, Fig. S5).
The results confirmed that the flag leaf thickness

Scale bar, 100 pm. The yellow line measured the diameter of
the side leaf vein (B1). The red rectangle indicates the col-
lenchyma, the green rectangle indicates the sieve-tube cells,
and the blue shape line shows the bundle sheath, and the yel-
low rectangle indicates the vessel cell in B1 and B2. C Cross-
sectional virtual slices of flag leaf in Thick-NIL. (C1) Scale
bar, 100 pm. (C1) The yellow rectangle regions are originally
from Fig. S2. The C2 showed the yellow line direction vertical
virtual splice of C1. Five sieve-tube cell layers and compan-
ion cells existed in the leaf vein (green rectangle). Scale bar,
100 pm. The yellow line measured the diameter of the side
leaf vein (C1). The red rectangle indicates the collenchyma,
the green rectangle indicates the sieve-tube cells, and the blue
shape line shows the bundle sheath, and the yellow rectangle
indicates the vessel cell in C1 and C2

is strongly associated with gFLT9, indicating that
there is a major QTL that existed in chromosome 9
between 19.10 and 20.03 Mb.
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gFLT9 loci

Choromosome 9

// 1 1 l L/ 0.2 Mb
77 | | | /7
'\ Leaf thickness (mm)
12-2-7 12-2-7 —
12-2-22 . 4 § 12-2-22 —
[
12-5-15 e S §' 12-5-15 —
[
12-8-4 —me—— 1254 -
T T 1
YD 6 genotype === Heterozygotes genotype AXZ genotype 020 0.25 0.30 0.35
Leaf thckness (mm)
Field position N“p”{::]‘i; of C9-8 L4-3 L3-1 L1-3 C9-16  Progeny test '?::::gge)s
18707960 bp 19108181 bp 19649687 bp 20036593 bp 20589389 bp

12-2-7 14 H A A A A A 0.26+0.012
12-2-22 14 A A A A H A 0.26+0.011
12-5-15 14 H B B B B B 0.28+0.024
12-5-22 14 A A A A B A 0.25+0.012
12-5-23 14 B B B B A B 0.28+0.020
12-7-19 14 H B B B B B 0.28+0.017
12-8-4 14 B B B B H B 0.29+0.015
12-8-22 14 B B B B H B 0.28+0.010
12-9-14 14 H H H H A H 0.28+0.025
5-3-4 21 H B B B B B 0.27+0.013
5-3-6 21 A A A A H A 0.25+0.017
5-3-8 21 B B B B H B 0.27+0.016
5-3-10 21 H H H H A H 0.26+0.016
5-4-14 21 B B B B H B 0.27+0.015
5-7-4 21 H A A A A A 0.24+0.016
5-7-5 21 H B B B B B 0.28+0.020
5-7-6 21 H B B B B B 0.27+0.016
5-7-18 21 H H H H B H 0.25+0.019
5-8-9 21 H B B B B B 0.27+0.018
5-9-17 21 H B B B B B 0.26+0.019

Fig. 6 Fine-mapping of gFLT9. Twenty key exchanges were
selected from a total 192 BC;F, population. Two Indels and
three SNP markers were used for fine-mapping. The table
summarized all 20 exchanges genotypes and phenotypes of

Candidate gene identification of qFLT9

The fine-mapping of gFLT9 had narrowed and con-
firmed that chromosome 9 from 19.10 to 20.01 Mb
is the candidate region associated with gFLT9. We
considered that the leaf thickness has not only sig-
nificantly altered between two parental varieties, the
leaf length, and leaf width also exhibited differences
partially. We also checked the known and published

@ Springer

leaf thickness. Two different field populations, 12 and 5, were
used for the progeny test (each number of plants is 14 and 21,
respectively)

leaf-related QTLs and single mutated genes, no leaf-
related genes were fallen into this region so far (Xu
et al. 2018) (Table S4). We further analyzed the can-
didate regions of gFLT9 and listed all the candidate
genes below (Table S5). Furthermore, we also listed
several most potential genes and their expression pat-
terns. We further chose the 13 most possible candi-
date genes and listed their expression patterns in the
supplemental data (Fig. S6 and 7). In general, 130
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candidate genes were listed in these regions, includ-
ing 41 genes, are annotated as expressed protein, six
F-Box transcription factor genes as gene clusters, and
three Beta-Glucosidase in a gene cluster. In summary,
the candidate genes that determined gFLT9 fell into
these potential regions.

Discussion

Plant leaf morphology had been long investigated that
associated with yield production and photosynthetic
efficiency. Based on the source-sink theory, leaves
are the most crucial energy source provider, and the
traits focusing on them hugely influence yield devel-
opment and nutritional quality (Smith et al. 2018).
In the past decades, quite many QTLs and single
genes that determine leaf morphology have been
investigated (Xu et al. 2018), boosting the theories
and application in building upregulation networks of
source-sink in crops. Leaf length and width-related
genes in rice have been studied broadly, while sel-
dom studies that relied on leaf thickness were per-
formed previously. We investigated the leaf thick-
ness by using a leaf thickness measurement machine
since last decade (Liu et al. 2014). In this study, we
combined traditional fine-mapping methods and
high-throughput BSA-seq data; we also narrowed
the first leaf thickness QTL in chromosome 9 in rice,
filling the research blanks on the leaf morphological
determination.

Our studies revealed that the alteration reason of
leaf thickness between AXZ and YD 6 is because
of the cell layer difference on bundle sheath on the
branch veins of flag leaf (Fig. 5). From the BSA-seq
data, we scanned five potential intervals associated
with flag leaf thickness traits in rice, including chro-
mosomes 1, 6, 9, 10, and 12. Due to the lack of suf-
ficient Indels and SSRs in chromosome 1, we failed
to verify the gFLTI authenticity by the fine-mapping
method. Hence, we further used BC,F, fine-mapping
method to verify the other gFLTs and confirmed that
the gFLT9 is the major QTLs in flag leaf thickness,
and gFLT6 and gFLTI10 do not contribute to flag leaf
thickness in rice (Fig. S5). However, our data do not
exclude the possibility that gFLTI2 is also associ-
ated with flag leaf thickness (Table S2). Fine-map-
ping studies towards gFLTI2 would be carried out
to verify its QTL genetic effect. More studies, such

as overexpression and CRISPR-Cas9 gene editing of
the candidate genes, would provide more informa-
tion on gFLT9. After fine-mapping, we are convinced
that gFLT9 is the major QTL for flag leaf thickness
in rice; subsequently, after verification and clone of
qFLT9, we would investigate the human selection
evidence. Our NILs and parent varieties agronomic
trait statistical analysis also indicated that gFLT9 did
contribute to leaf thickness, spikelet length, effective
grain per panicle, and thousand seed weight. How-
ever, the most important agronomic trait related to
yield, that is, yield per plant, did not show a positive
association towards gFLT9, indicating that gFLT9 or
leaf thickness did not provide a strong novel trade-off
to yield production (Fig. 4). This result also partially
explained that there was no any single known leaf-
related gene in these regions that had been reported
before.

To investigate the potential candidate gene of
qFLT9, we listed all the possible genes (Table S5).
The gene list had excluded re-transposon proteins as
well as hypothetical proteins. From the gene list, we
found several interesting phenomena related to the
candidate genes. First, we observed that an F-box
containing gene cluster (From OsFBX 332 to OsFBX
337) existed in this interval. Interestingly, OsFBX332
and OsFBX336 transcriptional expression levels
are very similar. Both of them represented higher
expression levels in leaf tissue rather than other tis-
sues (Fig. S6). There are about 687 potential F-box
proteins in rice controlling the degradation of cel-
lular proteins in rice (Paterson et al. 1993). Some of
them encoded phytohormone important signaling
transduction regulators, such as TIRI, COIll, GID2,
and MAX2 (Tao et al. 2017; Guo et al. 2021; Liu
et al. 2021; Patil et al. 2021). Moreover, a small beta-
glucosidase cluster is also presented in the candidate
region. Additionally, previous studies on Os4BGlul4
indicated that beta-glucosidase in rice functioned
as a negative regulator of seed longevity (Ren et al.
2020). In the expression data, LOC_0s09g33690
(Os9bglu32) displayed significantly high expression
in the leaf, marking it as the highly potential candi-
date gene of gFLT9 (Fig. S7). Surprisingly, a criti-
cal rice grain size and number determination gene,
OsSPLIS, was found in the interval of gFLT9 (Yuan
et al. 2019). Besides these genes, several mitochon-
dria and chloroplast-related genes are also repre-
sented in the interval. Previous studies also uncovered
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that several genes located in mitochondria contrib-
ute to leaf morphological development (Chen et al.
2019; Huang et al. 2020). Disrupting mitochondria’s
normal functions would also cause cell development
delays as well as cell metabolomics changes. Two
mitochondria carrier proteins (LOC_0Os09g32200 and
LOC_0s09g33470) showed high expression levels in
leaf tissues. Based on former studies on leaf morphol-
ogy, chloroplast mal-function led to leaf morphology
alteration (Table S4). These potential genes are worth
considering contributing to flag leaf thickness. We
would continuously narrow the interval of gFLT9 and
eventually clone the candidate gene for further analy-
sis, combining rice genetic analysis, including over-
expression and CRISPR/Cas9 gene-editing, to verify
the gFLT9 candidate gene. More cellular and molecu-
lar functional studies would be carried out for gFLT9
studies.

Leaf morphology contributes to source-sink ener-
getic balance. However, for an extended period, leaf
thickness is neglected due to measurement difficul-
ties. Several papers had been published to use SLW
to represent leaf thickness, and several QTLs related
to SLW in rice had been discovered in chromosome
6 near PSM388 ~PSM136 position (Jiang et al. 2010;
Li et al. 2010). We hope our methods benefit rice leaf
morphology and molecular breeding applications,
expand to other crops, such as maize and wheat,
would also investigate the leaf thickness, and discover
more QTLs associated with leaf thickness.

Conclusion

In conclusion, we used BSA-seq to screen four poten-
tial genomic regions associated with flag leaf thick-
ness in rice. Three featured alleles were subsequently
excluded from the parents by the F, and NIL popula-
tion via linkage mapping; the only potential region in
chromosome 9 was narrowed to a 928-kb region con-
taining 130 candidate genes (Table S5). We further
discussed the potential candidate genes for gFLT9.
gFLT9 functioned in bundle sheath cell number dif-
ference (Fig. 5). Despite further genetic evidence
needed be performed for solid evidence, the applica-
tion of regional molecular markers would also benefit
molecular breeding in rice. Our mapping resolution
was high enough to identify strong candidates for
flag leaf thickness in rice conclusively. Nevertheless,
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these results provide an early step towards revealing
the genetic and molecular mechanisms underlying
leaf thickness in rice. As far as we know, this is the
first report of flag leaf thickness QTL in rice. Our dis-
covery provides novel insight into molecular breeding
towards ideal phenotype architecture in rice.

Materials and methods
Plant materials and growth conditions

The mapping population of BC,F;, BC,F, gen-
eration and F, population were developed from the
cross of YD 6 and AXZ (both of them are Indica
cultivars, YD 6XxAXZ). The plants were cul-
tivated at the experimental field of Guangzhou
(113.377426 E, 23.162136 N), Huizhou (113.592206
E, 23.186376 N), and Huangliu (108.798075 E,
18.504724 N) from 2015 to 2020. The plants were
spaced by 16.5 cm within a row, and rows were
19.8 cm distance. Field management followed stand-
ard agricultural practices.

Flag leaf thickness and other related trait
measurement

Previously, a leaf thickness measurement machine
was reported for leaf thickness measurement in rice
(Liu et al. 2014, 2019). We measured the flag leaf
thickness in the center of the flag leaf 120 days after
germination (DAG). Each individual measured three
replicates. For other agronomic traits, individuals
were harvested and all grains were counted for three
biological replicates. More than 200 mature spikelets
were weighed with an electronic micrometer balance,
with the measurements used to calculate a thousand
weights of the seeds. We used a multi-function plant
measuring instrument MultispeQ (PhotosynQ, USA)
to obtain the SPAD. We used Li-6400XT (LI-COR
Biosciences, USA) for photosynthetic traits to obtain
the relevant data (Rochaix 2011).

Selection of bulks and sequencing of DNA pools

A total of 585 F, individuals were cultivated and
their flag leaf thickness data was measured to sepa-
rate into two bulks; each bulk contained 30 individu-
als. After extracting DNA from samples using CTAB
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methods (Paterson et al. 1993), all DNAs were prop-
erly mixed with equal concentration, forming a final
DNA pool representing all samples. Together with
the parent samples, the four DNA pools (YD 6, AXZ,
H-Bulk, and L-Bulk) were submitted to Hengchuang
Gene Co. Ltd. for library preparation and sequenc-
ing. PCR-free libraries were created by mechanically
shearing DNA samples and ligating adapters and
PolyA tails, using reagents equivalent to those in the
TruSeq library preparation kit (Illumina, San Diego,
California). DNA samples were further qualified by
agarose gel electrophoresis analysis, Nanodrop detec-
tion for purity, and Qubit accurate measurement.
The DNA library was diluted to 1 ng/pl and subse-
quently detected by Agilent 2100. After qualification,
BSA-seq was performed by Illuminax 10 pair-end
sequencing.

BSA-seq data analysis

Raw reads were filtered and trimmed from both ends
using fastq v 0.20.0 with default parameters (Chen
et al. 2018). Trimmed reads were then aligned to the
Oryza sativa genome (Kawahara et al. 2013) with
bwa v 0.7.12 using the MEM algorithm and default
parameters (Li and Durbin 2009). SAMtools were
used to sort out and index bam files (Li et al. 2009).
The minimum alignment mapping quality was set
to 20, and the consensus-caller method was used.
The results were preserved as VCF files and sub-
sequently filtered with VCFtools version 0.1.17 to
remove InDels and SNPs with more than two alleles
(Danecek et al. 2011). GATK and SnpEff were used
to detect and verify InDels (McKenna et al. 2010;
Cingolani et al. 2012). For the visualization of allele
frequencies, allele frequency means for each pool
were estimated in 1-Mb sliding windows with a
10-Kb increment. To analyze and visualize the SNP
frequencies, QTLseqr software was used (Mansfeld
and Grumet 2018).

Fine-mapped cloning of qFLT9

The Thin-NIL was generated by hybriding YD
6xXAXZ. Selected from 192 individuals in BC,F;
populations, the most thin leaf thickness line car-
ried YD 6 DNA fragment on chromosome 9. The
Thick-NIL was generated from the same populations
in BC,F; populations, the line carried AXZ DNA

fragment on chromosome 9 and its phenotype dis-
played the most thick leaf thickness. The BC;F; and
BC;F, populations were generated by YD 6 X AXZ.
To fine-map the gFLT9, we designed several new
molecular markers from predicted SSRs (simple
sequence repeats) and InDels. Three SNP mark-
ers were identified and performed in sequencing for
qFLT9 fine-mapping. The gFLT9 was finally mapped
to a 928-kb region on chromosome 9. A 2 X PCR mix
was used to amplify the DNA fragments (Tiangen
#KT207). Primer sequences are given in Table S1.

X-ray microscopic observation

YD 6 and AXZ flag leaves were collected and fixed in
FAA (50% ethanol, 5% glacial acetic acid, 5% formal-
dehyde) for 12 h at 4 “C. After the tissue was dehy-
drated in a graded ethanol series, the samples were
thoroughly desiccated in an automated Critical Point
Dryer (Leica EM CPD300). Samples were observed
with a Zeiss Xradia 515 Versa X-ray microscope.
Dragonfly software was used to generate the visual
image slices.

Gene expression analysis

qFLT9 candidate gene list was collected through
MSU rice annotation database (http://rice.uga.edu/);
the candidate gene expression data was collected and
analyzed from rice expression database (http://expre
ssion.ic4r.org/index) (Xia et al. 2017).
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