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Abstract

Background: The root system provides nutrient absorption and is closely related to abiotic stress tolerance, but it is
difficult to study the roots under field conditions. This study was conducted to identify quantitative trait loci (QTL)
associated with primary root length (PRL) during soybean seedling growth in hydroponic conditions. A total of 103
F, recombinant inbred lines (RILs) derived from a cross between K099 (short primary root) and Fendou 16 (long
primary root) were used to identify QTL for PRL in soybean. The RIL population was genotyped with 223 simple
sequence repeats markers covering 20 chromosomes. Phenotyping for primary root length was performed for 3-
weeks plants grown in hydoponic conditions. The identified QTL was validated in near isogenic lines and in a
separate RIL population.

Results: QTL analysis using inclusive composite interval mapping method identified a major QTL on Gm16
between SSR markers Sat_165 and Satt621, explaining 30.25 % of the total phenotypic variation. The identified QTL,
gRL16.1, was further confirmed in a segregating population derived from a residual heterozygous line (RHLs-98). To
validate gRL16.1 in a different genetic background, QTL analysis was performed in another Fg RIL population derived
from a cross between Union (medium primary root) and Fendou 16, in which a major QTL was detected again in
the same genomic region as gRL16.1, explaining 14 % of the total phenotypic variation for PRL. In addition, the
effect of gRL16.1 was confirmed using two pair of near-isogenic lines (NILs). PRL was significantly higher in NiLs
possessing the gRL16.1 allele from Fendou 16 compared to allele from K099.

Conclusions: The gRL16.7 is a novel QTL for primary root length in soybean which provides important information
on the genetic control of root development. Identification of this major QTL will facilitate positional cloning and
DNA marker-assisted selection for root traits in soybean.
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Background

The root system absorbs water and nutrients from soil
that are essential for plant growth. The phenomenal for-
mation of the robust and extensive root system is ex-
tremely important in crop plants, as it ensures the
adaptability to the surrounding environment and the im-
proved resource acquisition in the low input environ-
ment [1, 2]. However, roots are the hidden part of plants
and have high adaptive plasticity in various environ-
ments. Therefore, the characterization of the root system
requires considerable efforts in field conditions. As a re-
sult, studies on root traits are greatly lagging behind
those on other up-ground plant traits, and relatively lim-
ited genetic studies are reported for soybean root
morphology in field conditions.

Soybean (Glycine max L. Merr.) is the most important
legume crop in the world, providing most vegetable oils
and proteins for human consumption. Due to its bio-
logical nitrogen fixation ability, soybean is also import-
ant in intercropping and crop rotation. Sun et al. [3]
suggested that soybean genotypes with early and fast
root growth, long main roots, and more extensive lateral
roots have high resistance to adversity stress and im-
proved vyield. Studies on various root traits in soybean
have reported genetic variation in root elongation, total
root length, fibrous roots, surface area, root volume, and
root diameter [4-7]. Genetic variability was also re-
ported for root mass in response to various abiotic and
biotic stress, such as flooding [8], aluminum toxicity [9,
10], iron deficiency [11-13], manganese toxicity [14],
phosphorus deficiency [15, 16], and soybean cyst nema-
tode (Heterodera glycines) infection [17, 18]. The large
variation observed in root traits suggested that the im-
provement of soybean by the genetic alteration of root
traits is feasible.

Because screening soybean for root traits in breeding
populations is tedious and expensive due to the difficul-
ties of measuring root characteristics in field conditions,
breeding practices targeting the alteration of root traits
are extremely difficult to perform. Quantitative trait loci
(QTL) analysis allows the identification of the chromo-
somal regions that condition phenotypic variation in the
morphology of roots and identifies the desirable alleles
at these QTLs to be used in marker-assisted selection,
which could facilitate phenotyping-independent root
modification in soybean.

Attempts for the identification of QTLs associated
with various root characteristics in soybean have been
carried out, and several root trait QTLs have been re-
ported [19-24]. Root trait QTLs were also mapped in
varying phosphorous content [25, 26] and under hypoxia
[27]. However, considering the diversity of root traits,
the QTLs identified for root traits in soybean are very
low compared to other agronomic traits. Particularly for
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primary root length (PRL), only a few QTLs are known
[22, 24]. Thus, extensive studies are needed to identify
and characterize QTLs controlling root length traits in
soybean.

Deep rooting may help plants sustain longer during
drought stress by absorbing water from deeper soil
layers. Several studies indicated that deep rooting is
positively associated with soybean yield during drought
stress and might be the underlying mechanism for
drought resistance in tolerant genotypes [28-30]. Uga
et al. [31] cloned and characterized DEEPER ROOTING
1 (DRO1), a rice QTL controlling root growth angle, and
demonstrated that the alteration of the root system
architecture improved drought avoidance in rice. This
study encouraged us to improve soybean drought toler-
ance by altering the root system. The identification of
genotypes with rapidly elongating taproot in normal
growth conditions may allow the determination of their
deep rooting ability, and such genotypes can be used to
characterize the underlying genetic mechanism of deep
rooting in soybean [32]. Based on a preliminary screen-
ing for natural variation in primary root growth of soy-
bean, a Chinese soybean cultivar, Fendou 16, was found
to have rapidly elongating and longer primary roots.
This study was conducted to identify and validate
QTL(s) controlling PRL in soybean during seedling
growth.

Results

QTL mapping for PRL in the K099 x Fendou 16 RIL
population

In hydroponic conditions, a significant difference was
observed for PRL between Fendou 16 and K099 in the
greenhouse experiment at different growth times in the
seedling stage (Fig. la). The difference in PRL between
Fendou 16 and K099 was 17.5 cm at 2 weeks and
46.0 cm at 3 weeks after emergence (Fig. 1b). Although
3-week cultivation could show a big difference in PRL
compared to 2-week cultivation, the latter was employed
in the mapping population phenotyping experiment, as
roots from different genotypes twine together in longer
hydroponic cultivation making it difficult to measure the
length.

PRL in recombinant inbred line (RIL) population
showed continuous phenotypic distributions and trans-
gressive segregation in both directions was observed
(Fig. 2a). QTL analysis by inclusive composite interval
mapping (ICIM) method using 223 SSRs genetic map in
the RIL population revealed a major QTL for PRL be-
tween SSR markers Sat 165 and Satt621 on Gmlé
(Table 1; Fig. 2b). This QTL was detected with a high
logarithm-of-odds (LOD) score of 7.99 and had a large
effect on PRL, explaining 30.25 % of the total phenotypic
variation. The additive effect of the Fendou 16 allele
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Fig. 1 Comparison of root architecture between Fendou 16 and K099 grown in hydroponic conditions after 2 weeks of emergence (a), and
difference in primary root development between Fendou 16 and K099 at different times after emergence (b). Error bars indicate standard
deviation (SD; n=8). **P < 0.01 (Student's t-test)

increased PRL by 3.4 cm. The QTL was designated as
qRL16.1. No significant QTL was identified for total root

98, was used for for QTL analysis. PRL phenotyping and
the SSR markers from the gRL16.1 genomic region were

biomass, plant height and shoot biomass traits.

Confirmation ofgRL16.7 in a RHLs population
A segregating population (n = 97) developed by the self-
pollination of a residual heterozygous line (RHL), RHLs-

genotyped as per the methods described for the K099 x
Fendou 16 RIL population. PRL in RHLs population
showed continuous distribution (Fig. 3). As a result of
QTL analysis, the major QTL for PRL, gRL16.1, was
again detected between SSR markers Sat_165 and
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Fig. 2 Frequency distribution of PRL in RILs (n =103) derived from K099 x Fendou 16 (a), and linkage map of PRL QTL detected on Gm16 in the
RIL population derived from K099 x Fendou 16 (b). Position of gRL16.1 is represented by colored bar on the right of chromosome, inner and
outer interval of the QTL bar shows 1-LOD and 2-LOD support interval. Dotted black line along X-axis shows LOD threshold as determined by
1000 permutation test (P=0.05)
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Table 1 Chromosome, flanking SSR markers, logarithm-of-odds (LOD) score, coefficient of determination (R?), and additive effects of
the QTL identified for primary root length (PRL) in the three mapping populations

Population QTL Chromosome Flanking markers LOD R? (%) Additive effect
K099 x Fendou 16 gRL16.1 Gm16 Sat_165 — Satt621 7.99 30.25 -3.40
RHLs —98 gRL16.1 Gm16 Sat_165 - Satt621 6.00 24.90 -2.98
Union X Fendou 16 gRL16.1 Gm16 BARCSOYSSR_16_0698 — Sat_151 3.25 14.00 -2.23

Satt621 on Gm16 (Table 1). gRLI6.1 explained 24.9 % of
the total phenotypic variation in this population, and the
additive effect of the Fendou 16 allele has increased PRL
by 2.98 cm.

Validation of gRL16.1 in the Union x Fendou 16 RIL
population

To confirm gRLI6.1 in other genetic background, QTL
analysis was performed in the Fg RIL population (n = 109)
derived from Union x Fendou 16. RILs along with two
parents were evaluated in hydroponic culture, and PRL
was measured from soybean seedlings 2 weeks after emer-
gence. Union showed medium-length primary root differ-
ing from Fendou 16 by about 12.1 cm. The frequency
distribution of PRL in the RIL population is shown in
Fig. 4a. Ten polymorphic SSRs from the genomic region
of gRL16.1 were genotyped in this mapping population for
QTL analysis. A major QTL explaining 14 % of the total
phenotypic variation was detected in the same genomic
region of gRL16.1 (Table 1; Fig. 4b). The additive effect of
the Fendou 16 allele increased PRL by 2.23 c¢m in this
population. gRL16.1 was further confirmed in a different
genetic background making it highly useful QTL for
marker-assisted breeding of root length in soybean.

Validation of the effect of gRL16.7 on PRL in its near
isogenic lines

Two near-isogenic lines (NILs), NILs-F and NILs-K, for
qRL16.1 were developed from the progenies of RHLs-98.

These two genotypes had similar genetic backgrounds
but differed in the gRL16.1 QTL region; thus, they may
be regarded as NILs. PRL evaluation in hydroponic con-
ditions for RHL-NILs revealed that NILs-F (62.8 +
3.37 c¢m) had significantly longer PRL than NILs-K
(45.56 +7.55 cm), confirming the positive effect of
qRL16.1 on PRL (Fig. 5a). Similarly, two contrasting
BC,F; backcross lines, BC4-K and BC4-F, differing at
qRL16.1 in the background of K099, were developed by
backcrossing and marker-assisted foreground selection
for the Fendou 16 allele at gRL16.1 using SSR markers
Sat_165 and Satt621. The evaluation of these two con-
trasting advanced backcross lines in hydroponic condi-
tions revealed that BC4-F (61.5+3.1 cm) had
significantly longer PRL than BC4-K (48.4 + 4.7 cm), fur-
ther confirming the effect of gRL16.1 on primary root
development (Fig. 5b).

Discussion

As the hidden part of plants, roots are difficult to quan-
tify compared to the up-ground traits. Investigation of
the root growth performance in hydroponic conditions
provides an alternative approach to understand root de-
velopment. In a hydroponic culture, the whole root
system can be obtained for detailed evaluation with
minimum efforts. The hydroponic method provides
homogeneous growth conditions for the expression of
root traits, and QTLs identified in this environment re-
flect the intrinsic genetic program of root traits in rice
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Fig. 4 Frequency distribution of PRL in RILs (n = 109) derived from Union x Fendou 16 (a), and linkage map of PRL QTL detected on Gm16 in the
RIL population derived from Union x Fendou 16 (b). Position of gRL16.1 is represented by colored bar on the right of chromosome, inner and
outer interval of the QTL bar shows 1-LOD and 2-LOD support interval. Dotted black line along X-axis shows LOD threshold as determined by
1000 permutation test (P=0.05)

[33]. Previous studies using the hydroponic method re-
vealed several root trait QTLs in maize, rice, and soy-
bean [21, 26, 33—-37]. A series of studies demonstrated
that hydroponics is an efficient method for root mor-
phological investigation and QTL identification.

The growth environmental condition in hydroponics is
different from field soil conditions for root development.
QTLs or genes expressed in specific environmental con-
ditions, such as drought stress and iron deficiency stress,
which occur in field soil conditions, cannot be detected
in hydroponic conditions. In this study, a major QTL for
PRL in soybean was identified and validated in hydro-
ponic conditions, but of course, the validation of the ef-
fect of gRL16.1 in field soil conditions is necessary for
using this QTL in soybean breeding for root trait
improvement.

Root trait QTLs have been reported in soybean in pre-
vious studies [7, 19-24, 26, 27, 36]. However, only a few
studies have reported PRL mapping [22, 24-27]. Mana-
valan et al. [22] reported that the Satt315-I locus on
GmO08 contains an essential QTL contributing to early
root and shoot growth in soybean, which explained
12.2% of the phenotypic variation for taproot length in
an interspecific backcross-derived inbred line popula-
tion. Prince et al. [24] mapped two QTLs for taproot
length on GmO08 and Gm20. These two QTLs explained
16.2 % of the phenotypic variation for taproot length in
an interspecific RIL population. Nguyen et al. [27] de-
tected three QTLs associated with root length in hypoxic
conditions on Gm12 to Gm14 in specific environments.

Liang et al. [25] identified two QTLs for root length in
low phosphorous conditions, explaining 14.4—18.8 % of
the phenotypic variation. Cai et al. [26] identified two
and seven QTLs for taproot length in high and low
phosphorous conditions, respectively. One QTL for tap-
root length in the low phosphorous condition was iden-
tified on Gm16 at 6.6 Mb position. In total, there were
only 18 root length QTLs registered in the SoyBase
(https://www.soybase.org), but no QTL was reported in
the genomic region of gRL16.1 on Gm16. The QTL de-
tected in this study is a novel QTL conditioning root de-
velopment in soybean. Further studies on the interaction
of gRL16.1 with other root growth QTLs will reveal the
genetic mechanism for root development in soybean.
Fendou 16 and K099 showed a difference in PRL by
about 20 cm in the evaluation condition employed in
this study. In contrast, PRL between the contrasting pair
of NILs and advanced backcross lines for gRL16.1 was
only about 17 and 13 cm, respectively. This gRL16.1
could not explain the whole variation observed between
Fendou 16 and K099. QTL analysis showed that gRL16.1
only explained 30.25 % of the total variation in the K099
x Fendou 16 RIL population. Therefore, other QTLs/
genes might be involved in conditioning PRL in soybean,
which are not detected in this study. In the Union x
Fendou 16 population, gRL16.1 was detected between
markers BARCSOYSSR_16_0698 and Sat_151, explain-
ing 14 % of the phenotypic variation. The lower pheno-
typic variation explained by gRLI6.1 in this population
may be attributed to a lesser difference in the root
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Fig. 5 Effect of the gRLT6.1 allele on PRL of two contrasting RHL-
NILs, NILs-F and NILs-K, after 2 weeks of emergence (a), error bars
indicate SD (n = 8). Effect of the gRL16.1 allele on PRL of two
contrasting advanced backcross lines, BC4-F and BC4-K, after 2
weeks of emergence (b), error bars indicate SD (n =6). **P < 0.01
(Student’s t-test)

length of the parents and the involvement of other
QTLs. It will be very interesting to identify the causal
gene underlying the novel root QTL gRLI6.1. Low re-
combination was observed among the markers in the
mapped QTL genomic region compared to their physical
distance. Despite the small genetic distance between
flanking markers (3.1 cM), the genomic region of
qRLI16.1 is 2.1 Mb. Such a region is too large for identi-
fying candidate genes. The ongoing fine-mapping of
qRL16.1 might further narrow down the genomic region
and enable us to identify a candidate gene for this QTL.
The plant root system is composed of primary root,
lateral roots, and root hairs. In this study, only PRL was
investigated because, compared to lateral roots and root
hairs, PRL is relatively easy to be measured. The primary
root growth is less sensitive to nutritional effects than
lateral roots and hairs [38]. In this study, no correlation
was observed between PRL and total root biomass (data

Page 6 of 9

not shown). Moreover, no QTL of total root biomass
was detected in the gRL16.1 region. This result implied
that the PRL variation might be due to the fraction of
total root length and root volume; that is, longer primary
root plants might have few lateral roots, whereas shorter
primary root plants might have more lateral roots.
Prince et al. [7] identified four loci associated with the
lateral root number and distribution of root thickness in
diameter class I with a major locus on Gm16. Two single
nucleotide polymorphism variations in a gene
(Glymal6.141800) present near this locus were associ-
ated with higher lateral root numbers. The gene re-
ported by Prince et al. [7] is somewhat far from the QTL
position detected in this study. The validation of the re-
lationship between gRL16.1 and Glymal6.141800 will
enable us to understand the mechanism of primary root
and lateral root development.

Uga et al. [31] demonstrated that the alteration of the
root system architecture improved drought avoidance
using DROI, a rice QTL controlling the root growth
angle. This study provided a good example of improving
drought tolerance through the alteration of the root sys-
tem. Steele et al. [39] demonstrated that introgression of
four root length QTLs into an upland rice cultivar sig-
nificantly increased yield in a favorable environment.
Several studies in soybean also indicated that deep root-
ing might be the underlying mechanism of drought re-
sistance for tolerant genotypes and is positively related
to yield during drought stress [28-30]. Fendou 16, the
parental soybean variety used in this study, was origin-
ally selected from a landrace genotype which was
adopted in a semi-arid area in the middle region of
Shanxi Province, China. Based only on data in this study,
it cannot be concluded that the long primary root trait
in Fendou 16 contributed to its adaptation to drought
conditions. Our ongoing study would reveal the effect of
PRL on drought tolerance in field conditions.

Conclusions

A major QTL for PRL in soybean was identified and val-
idated in hydroponic conditions. This study provides an
important resource for the alteration of the root system
in a soybean breeding program, and for positional clon-
ing of genes controlling root traits. Fendou 16 and the
lines developed from it, such as root length NILs, are
important materials for studying soybean root develop-
ment and their interaction with nutrition availability,
drought, soil acidity, and other abiotic stress.

Methods

Plant materials

A RILs population consisted of 103 F; RILs was used in
this study. The RIL population was derived from a cross
between soybean cultivars K099 (short primary root)
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and Fendou 16 (long primary root). Fendou 16
(PI574476A) is a soybean cultivar from Shanxi, China,
and K099 is a Korean soybean cultivar. K099 was pro-
vided by the National BioResource Project (Lotus japoni-
cus and G. max; https://www.legumebase.brc.miyazaki-u.
acjp/). The RIL population was developed from the F,
generation by the single-seed descent method without
any selection during the generation advance processes.

To confirm the QTL detected in the Fendou 16 x
K099 RIL population, a segregating population was de-
veloped by self-pollinating a RHL, RHLs-98, which was
selected from RILs-98 of the Fendou 16 x K099 RIL
population. A total of 97 plants generated by self-
pollinating RHLs-98 were used for QTL analysis for
PRL.

To confirm the QTL in other genetic background, an-
other Fg RIL population (7 =109) derived from a cross
between Union (PI548622) and Fendou 16 was used for
QTL analysis for PRL. Union is an American soybean
cultivar with medium PRL.

Development of NILs

Two NILs, NILs-F and NILs-K, were selected from the
progenies of self-pollinated RHLs-98. Homozygous
plants with the Fendou 16 and K099 genotypes at the
mapped QTL region were respectively selected from the
progenies of RHLs-98 based on the genotypes of simple
sequence repeat (SSR) markers Sat_165 and Satt621.
NILs-F had the Fendou 16 homozygous genotype, and
NILs-K had the K099 homozygous genotype at the
mapped QTL region. In addition, two advanced back-
cross lines, BC4-F and BC4-K, possessing contrasting al-
leles at the mapped PRL QTL region in the background
of K099, were developed by backcrossing {((((K099 x
Fendou 16) x K099) x K099) x K099) x K099} and fore-
ground selection using markers Sat_165 and Satt621.
BC4-F had the Fendou 16 homozygous genotype and
BC4-K had the K099 homozygous genotype at the
mapped QTL region in the BC4F; generation. These two
pairs of contrasting NILs were used to confirm the effect
of PRL QTL.

Evaluation of PRL

Hydroponic cultivation was used to evaluate soybean
PRL in this study. In brief, soybean seeds for each geno-
type were sown in a 14 x 14 cm pot filled with vermiculite.
About one week's seedlings were transferred into a plastic
container filled with 0.5x Hoagland’s culture solution. The
seedlings were supported by Styrofoam plates measuring
90 x 60 x 3 cm with 64 holes, each measuring 2.5 ¢cm in
diameter and placed 8.5 x 4.5 cm apart. The soybean seed-
lings were put in the Styrofoam holes and supported by a
sponge bar to keep the roots suspended in the solution.
Hoagland’s culture solution was constantly circulated by
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an air pump to supply oxygen to growing soybean plants.
Ambient light in the greenhouse was supplemented by
high-pressure sodium light for 14 h/day, and the
temperature was maintained at 25°C + 2°C. About 2 weeks
after transplantation, all soybean plants were measured for
PRL (cm), total root biomass (dry weight basis), plant
height (cm), and shoot biomass (dry weight basis). Three
plants for each RIL were used for trait measurement in
K099 x Fendoul6 and Union x Fendou 16 RILs. PRL was
measured from cotyledonary node to main root tip and
plant height was measured from cotyledonary node to
shoot tip, using a ruler. Shoot and root tissues were dried
in an oven at 60°C for 72 h, and dry weight was measured
in mg. For RHLs population, individual plant of the segre-
gating population was analysed for PRL. For NILs, eight
plants of each, NILs-F and NILs-K, and six plants of each,
BC4-F and BC4-K, were used for evaluation of PRL.

DNA marker analysis

Total DNA was extracted from young leaves collected
from soybean plants according to the CTAB method
[40]. The soybean SSR markers were selected from each
linkage group based on the genetic maps of Song et al.
[41], Hisano et al. [42], and BARCSOYSSRs [43]. For the
K099 x Fendou 16 RIL population, a total of 223 SSR
markers, which showed polymorphism between the two
parents, were genotyped in the RILs for QTL analysis.
For the Union x Fendou 16 RIL population, 10 poly-
morphic SSR markers were genotyped for the confirm-
ation of the identified QTL.

Polymerase chain reaction (PCR) amplification for
SSRs was performed in a final volume of 20 pl with 10
ng template DNA, 10 pmol of each primer, and 10 pl
Quick Taq™ HS DyeMix (Toyobo, Tokyo, Japan). PCR
was conducted for 35 cycles for 30 s at 94°C, 30 s at
56°C, and 30 s at 72°C and ended after a 5-min exten-
sion at 72°C. The PCR products were separated on 8.0 %
polyacrylamide gel and stained with ethidium bromide.
The band pattern was visualized on a Pharos FX™ Mo-
lecular Imager (Bio-Rad, Tokyo, Japan).

QTL analysis

SSR mapping was performed using the MapDisto ver-
sion 2.0 software [44]. Loci were assigned to linkage
groups based on a logarithm-of-odds (LOD) score of >3
and a recombination frequency of < 0.45. Map distances
(cM) were calculated using the Kosambi’s mapping
function. QTL analysis was performed by the inclusive
composite interval mapping method using the QTL
IciMapping software [45]. The QTL’s significance was
estimated from a 1,000 permutations test by random
sampling of the phenotypic data. The map positions of
QTL on the linkage map was depicted using MapChart
software [46].
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