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Abstract

Although CRISPR-Cas9 technology has been rapidly applied in soybean genetic improvement, it is difficult to achieve the targeted editing
of the specific loci in the soybean complex genome due to the limitations of the classical protospacer adjacent motif (PAM). Here, we
developed a PAM-less genome editing system mediated by SpRY in soybean. By performing targeted editing of representative agronomic
trait targets in soybean and evaluating the results, we demonstrate that the SpRY protein can achieve efficient targeted mutagenesis at
relaxed PAM sites in soybean. Furthermore, the SpRY-based cytosine base editor SpRY-hA3A and the adenine base editor SpRY-ABE8e
both can accurately induce C-to-T and A-to-G conversion in soybean, respectively. Thus, our data illustrate that the SpRY toolbox can
edit the soybean genomic sequence in a PAM-free manner, breaking restrictive PAM barriers in the soybean genome editing technology
system. More importantly, our research enriches soybean genome editing tools, which has important practical application value for
precise editing and molecular design in soybean breeding.

Introduction
In plant genome editing, CRISPR-Cas9 technology has emerged as
a pivotal tool, holding the potential to revolutionize crop genetic
improvement with its precision gene editing and regulatory capa-
bilities [1]. However, the conventional CRISPR-Cas9 system neces-
sitates specific protospacer adjacent motif (PAM) sequences as
recognition sites, especially NGG PAMs for Streptococcus pyogenes
Cas9 (SpCas9). This requirement not only restricts the selection
of target sites but also affects gene editing efficiency and system
adaptability, posing a major challenge for current genome editing
applications in crop improvement.

Recently, an engineered variant SpRY has largely overcome
these PAM-related limitations [2]. This breakthrough has signif-
icantly enhanced genome editing capabilities, enabling highly
efficient and precise gene editing as well as base editing in human
cells, almost without any PAM restrictions. In particular, the NRN
PAM sites are more efficient than NYN PAM sites (Fig. 1A) [2].
Consequently, SpRY holds the potential to revolutionize plant
genome editing. Now, SpRY has successfully demonstrated its
effectiveness in genome editing within plant species such as rice
[3,4] and Dahurian larch [4]. The emergence of SpRY not only
extends the editing capabilities of the CRISPR-Cas system within

the genome but also paves the way for novel avenues in plant
functional genomics research and crop breeding.

Soybean (Glycine max (L.) Merr.), a vital economic diploid
crop derived from a paleotetraploid ancestor, provides abundant
protein and oil for both humans and animals [5]. At present,
the main reason for restricting soybean production is the lack
of high-yield and high-quality varieties. Traditional breeding
methods have reached their limits in improving soybean yield
and quality and cannot meet the needs of the future growing
population. Therefore, accelerating the application of soybean
biotechnology breeding is a crucial strategy to solve the bottleneck
of soybean production. Despite the opportunities offered by
CRISPR-Cas technology to enhance crucial agronomic traits and
expedite breeding cycles in soybean [6–16], prevailing genome
editing systems still grapple with technical challenges like
low target efficiency, PAM constraints, and complexities of
single-base substitutions, limiting their scope [17–18]. What is
more noteworthy is that there are still many agronomic trait-
related loci that are currently unavailable for precise genome
editing.

Some soybean genes that control important agronomic traits
have been cloned and can be used as targets for gene editing to
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Figure 1. Analysis of SpRY nuclease activity on different PAMs in soybean hairy roots. A Illustration of SpCas9 and SpRY proteins. SpCas9 mainly
recognizes NGG PAM sites, whereas SpRY recognizes N(R/Y)N PAM sites. B Schematic of the soybean SpRY system based on the STU-Cas9 2.0 system.
The single transcript unit is driven by the Pol II promoter, and sgRNAs are released by tRNA processing, enabling singular genome editing. C Overview
of the stepwise process of genome editing in soybean hairy roots using SpRY. D Summary of genome editing efficiency by SpRY at 11 endogenous
target sites in soybean hairy roots. E Deletion size profile of SpRY in soybean hairy roots.

generate more useful new germplasm resources. Three lipoxy-
genases (LOXs), GmLOX1, GmLOX2, and GmLOX3, have been
proved as effective targets to remove the unpleasant beany taste
in soybean seeds, which involves catalyzing polyunsaturated fatty
acids to hydroperoxides [19–21]. GmFAD2-1A and GmFAD2-1B are
commercial targets to significantly increase the content of oleic
acid for superior oil quality, which catalyzes the conversion of
oleic acid to linoleic acid [22–23]. GmFT2a and GmFT5a, two impor-
tant FLOWERLOCUST (FT) genes, have been widely identified and
reported as flowering activators regulating the flowering time to
improve the regional adaptability of soybean [24, 25]. In addition,
the acetolactate synthase (ALS) [26] and 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) [27] genes are the targets of
herbicides widely used for weed control in fields. The generation
of new alleles related to herbicide resistance has important
applications in agriculture. Previous studies have already edited
these genes using CRISPR-Cas9 to create edited plants with
altered or improved phenotypes [10, 25, 28]. Developing soybean
PAM-less genome editing tools will further accelerate the
soybean breeding process through editing the above important
genes.

In this study we applied SpRY to soybean genome editing to
achieve efficient editing at non-PAM sites for the first time, and
developed base editing tools, thereby expanding the applicability
of the CRISPR system in soybean genome editing. The important
agronomic trait genes, such as GmLOXs, GmFAD2-1A/1B, GmFT2a,
and GmFT5a, were selected as target genes to detect SpRY
activity in soybean. Our research will provide a powerful tool
for accurate targeted editing and base editing of arbitrary DNA
sequences in the whole soybean genome. Meanwhile, it will
also have important theoretical and practical application value
for soybean genetic improvement, and lays a theoretical and
technical foundation for precise editing and molecular design
in soybean breeding.

Results
Establishment of PAM-less genome editing
system in soybean
Drawing from the effectiveness of the previously reported single
transcript unit (STU)-Cas9 2.0 system in plant genome editing,
which could use a single Pol II promoter for both Cas9 and
sgRNA expression [29], we adopted the approach to construct the
soybean SpRY system based on the STU-Cas9 2.0 system (Fig. 1B).
Two highly expressed constitutive promoters, GmUBI3 [30] and
GmM4 [31, 32], were employed to drive the expression of the SpRY
nuclease and guide RNA. SpRY’s performance in soybean was
assessed by targeting non-NGG PAM loci associated with agro-
nomic traits in soybean hairy roots (Fig. 1C). The editing efficiency
was evaluated by Sanger sequencing of PCR products. The data
showed that the GmUBI3- and GmM4-driven SpRY systems both
demonstrated effective genome editing at a variety of soybean
loci, achieving efficiencies of up to 57.7% (Fig. 1D; Supplementary
Data Figs S1–S3). Furthermore, SpRY was found to induce frequent
3- to 7-bp deletions at these target loci in soybean (Fig. 1E), which
are consistent with those in rice, and this feature holds promise
for editing regulatory elements and non-coding RNA regions [4].

Evaluation of off-targeting frequency of SpRY in
soybean
Due to the PAM-less properties of SpRY, off-targeting could be
caused by sequence similarity to the targets and the self-editing
of T-DNA [4]. Based on likely off-target sites predicted by Cas-
OFFinder [33], we conducted on-target and off-target test for
the newly developed soybean SpRY systems targeting GGA, TAG,
and GAT PAMs to determine the probability of off-targeting in
soybeans (Fig. 2A).

Sanger sequencing results revealed that while all the three
designed on-target sites were edited, the six predicted off-target
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Figure 2. Off-target assessment of SpRY nuclease in soybean hairy roots. A Summary of off-target sites predicted by CRISPR-GE software. B Sanger
sequencing results of on-target site and off-target sites. All off-target sites showed that no editing event happened. C T-DNA self-cleavage induced by
SpRY in soybean hairy roots. The protospacer is highlighted in blue. The gRNA scaffold is highlighted in red.

sites still maintained the wild-type sequences, indicating that
there were no off-target mutations at these examined sites
(Fig. 2B) Additionally, we found that the soybean SpRY editing
system also exhibited T-DNA self-editing at specific sites (Fig. 2C).
Notably, these sites displayed reduced genome editing efficiency
(Supplementary Data Fig. S4), suggesting a potential correlation
that provides insights into strategies for enhancing the soybean
SpRY system in the future.

Evaluation of multiplex gene editing efficiency of
SpRY in soybean
To further validate SpRY’s multiplex gene editing in soybean,
we constructed two SpRY multiplex vectors targeting six and
four sites, respectively (Fig. 3A). Gene editing activity was also
evaluated in soybean hairy roots. Our results showed that SpRY
is capable of achieving multiplex gene editing in soybean (Fig. 3B;
Supplementary Data Figs S5–S7). On further statistical analysis,
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the average mutation efficiency and biallelic mutation efficiency
of GmUBI3 for single-gene editing were 23.14 and 15.70%, for
six-gene editing they were 27.78 and 17.34%, and for four-gene
editing they were 15.83 and 4.15%, respectively. For GmM4s, the
corresponding average mutation efficiency and biallelic mutation
efficiency were 27.34 and 17.04% for single-gene editing, 21.10 and
14.64% for six-gene editing, 18.35 and 7.50% for four-gene editing,
respectively. Statistical analysis of the data using unpaired t-tests
with two-tailed P-values indicated that the two promoters have
considerable activities in soybeans (Fig. 3C). Notably, both sys-
tems successfully generated hairy roots with biallelic mutations
(Figs 1D and 3B). Meanwhile, we successfully obtained hairy roots
with knockout of the GmLOX1/2/3 genes (Supplementary Data Fig.
S5). We examined the lipoxygenase activity of GmLOX1/2/3 using a
colorimetric assay in the knockout mutation materials. It is possi-
ble that GmLOX1 is highly expressed in seeds, so we did not detect
its activity in soybean hairy roots (Fig. 3D). However, we confirmed
that the activity of GmLOX2 (indicated by the remaining blue solu-
tion) and GmLOX3 (the remaining yellow solution) was absent in
GmLOX1/2/3 knockout soybean hairy roots (Fig. 3D). Overall, both
systems demonstrated effective SpRY genome editing capabilities
in soybean. More importantly, we developed the PAM-less SpRY
multiplex gene editing system based on the STU-Cas9 2.0 system,
which is helpful to study the regulatory pathways for important
agronomic traits genes.

Realization of PAM-less base editing in soybean
The STU system has previously demonstrated the capability to
achieve base editing through various deaminase domains [29].
Hence, we sought to confirm the feasibility of implementing SpRY-
based base editing in soybean. By combining hA3A_Y130F [34]
and ABE8e [35] deaminase domains, we engineered cytosine and
adenine base editors, respectively, both under the control of the
GmM4 promoter for expression (Fig. 4A–D).

We assessed the editing activity of cytosine base editors at
five sites and adenine base editors at two sites using soybean
hairy roots (Fig. 4E). For the cytosine base editor, C-to-T conversion
was detected at the target sequence of GmEPSPS-GAC, GmCCD4-
CAA, GmFT2a-GAT, GmLOX3-TAG, and GmAuxin-AAG based on
the sequencing results (Fig. 4F). The cytosine base editing (CBE)
activity ranged from 5.3 to 36.7%. Among the activities, the editing
efficiency of C to T in the GmCCD4-CAA target site is relatively
high. Furthermore, indels were also detected at the GmCCD4-
CAA site. For the adenine base editor, A-to-G conversion was
detected at the target sequence of GmFAD2-1A-GGC and GmLOX1-
GGA. The adenine base editing (ABE) activity ranged from 5.0
to 5.6%. Although the editing efficiency of SpRY-ABE8e in soy-
bean is very low, the data indicated that SpRY-ABE8e is capable
of efficiently inducing A-to-G conversions toward non-canonical
PAM sites (Fig. 4G). The above results demonstrated that SpRY
can indeed achieve cytosine and adenine base editing. Moreover,
we successfully obtained biallelic C-to-T edits (Fig. 4E). These
findings further expand the potential applications of SpRY in
soybean.

Application of SpRY protein in soybean high oleic
acid germplasm generation
To determine whether SpRY was able to produce stably edited
plants in soybean, we transformed the T-DNA vector containing
GmFAD2-1A/1B-GGC sgRNA with high targeting efficiency in hairy
roots into the cultivar ‘Williams 82’ (W82) by Agrobacterium-
mediated transformation. We obtained 30 T0 independent

transformation lines, of which 17 were PCR-validated as transgene-
positive plants. A total of 10 edited plants were obtained by
detecting the GmFAD2-1A/1B-GGC target site. Among these edited
plants, we obtained eight Gmfad2-1a/1b double knockout plants,
one Gmfad2-1a knockout plant, and one Gmfad2-1b knockout
plant. The editing efficiency of SpRY at the GmFAD2-1A/1B-GGC
target sites was 58.8%. Furthermore, we conducted an analysis of
agronomic traits and fatty acid content in the seeds of T2 Gmfad2-
1a/1b homozygous edited plants. We obtained a homozygous
double mutant line, #166-11-3, with a 1-bp deletion at the
GmFAD2-1A and GmFAD2-1B target sites, respectively (Fig. 5A;
Supplementary Data Fig. S8A and B). It is worth noting that
this mutation causes the GmFAD2-1A and GmFAD2-1B proteins
in homozygous double mutant to have six more amino acids
in the C-terminal (Fig. 5A). We observed that the seeds of the
homozygous double mutant were significantly smaller than
those of the wild type (Fig. 5B). Therefore, we compared the seed
length, width and thickness of the mutant and the wild type.
We found that there was a significant difference between them
in terms of seed width (Fig. 5C; Supplementary Data Fig. S8C).
Then, the fatty acid components in the double mutant seeds were
detected by gas chromatography. The results showed that the oleic
acid content of the double mutant #166-11-3 was significantly
increased from 20.6 to 81.4%, while the linoleic acid content
decreased significantly from 56.3 to 2.84%. The other three fatty
acids, palmitic acid, stearic acid, and linolenic acid, also decreased
(Fig. 5D; Supplementary Data Fig. S8D), which is consistent with
the previous reports [10]. This work not only further validates the
ability of SpRY for PAM-less genome editing in soybean, but also
provides new germplasm resources for high oleic acid soybeans.

Discussion
The emerging biotechnology represented by CRISPR-Cas technol-
ogy can efficiently and accurately induce mutations at specific
target sites, making it a powerful tool for crop genetic improve-
ment, and bringing new revolutions for modern crop genetic
breeding [36, 37]. However, compared with other crops, the exist-
ing genome editing system in soybean is still faced with techni-
cal bottlenecks such as PAM sequence restriction, low targeting
efficiency, and inability to accurately achieve single-base replace-
ment, leading to the limitation of its use. What is more noteworthy
is that a ABE base editor has not been reported in soybean.
Therefore, accelerating innovation in soybean genome editing
technology system is one of the preconditions for making full use
of genome editing technology to improve the quality of soybean
and release the potential for increasing soybean yield.

In this study, we achieved PAM-less genome editing in soy-
bean using SpRY nuclease based on the STU-Cas9 2.0 system. By
detecting different PAM sites, it can be proved that SpRY nuclease
can effectively edit soybean endogenous genes in a PAM-free
manner, while Cas9 only shows high editing efficiency at typical
NGG PAM sites compared with SpRY (Supplementary Data Fig.
S9). In addition, our data showed that SpRY nuclease can achieve
efficient targeted editing of a wide range of loci in the soybean
genome with a preference for NRN PAM (NGN and NAN) sites,
which is consistent with results in rice. Among them, at NGN
PAM sites, SpRY roughly exhibited a high editing efficiency and
displayed better editing at NGC PAM sites than at NGA, NGT, and
NGG PAM sites. Moreover, SpRY nuclease is also able to target
editing at the NYN locus in soybean, such as the TCC target site,
while the editing efficiency is relatively not as high as at NRN
sites. Although the editing efficiency of this system in soybean
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Figure 3. Analysis of SpRY-mediated multiplex gene editing efficiency at different PAMs in soybean. A Schematic of the soybean SpRY system based on
the STU-Cas9 2.0 system. The single transcript unit was driven by the Pol II promoter, and sgRNAs were released by tRNA processing, enabling
multiplex genome editing. B Summary of multiplex genome editing efficiency by SpRY in soybean hairy roots. C Statistical analysis of mutation
efficiency and biallelic mutation efficiency of the GmUBI3 and GmM4 systems among the tested target sites in soybean hairy roots. The pale yellow
column represents the mutation efficiency of GmUBI3; the pale green column represents the mutation efficiency of GmM4; the pale yellow striped
column represents the biallelic mutation efficiency of GmUBI3; and the pale green striped column represents the biallelic mutation efficiency of
GmM4. The data were analyzed using the unpaired t-test with two-tailed P value. Each dot represents a biological replicate, P > 0.05, n.s. (not
significant). D Assessment of lipoxygenase activity of multiplex edited hairy roots of the GmLOX1/2/3 by colorimetric assay.

is not as high as that in rice, compared with other Cas variants
introduced in soybean, such as xCas9, SpCas9-NG, XNG-Cas9,
and Cas12a (Cpf1) [17, 18], the SpRY protein can achieve efficient
editing of any site without PAM restriction, greatly expanding
the editing scope of the soybean genome. What is more, there
are no other Cas proteins with this property so far. Meanwhile,
we also tried to use different promoters to improve the editing
efficiency of SpRY based on previous studies [32, 38]. However,
the results showed that there was no significant difference in
editing efficiency between the GmM4 promoter reported to have
high expression activity and the GmUBI3 promoter. This result
indicated that we need to optimize the system in other ways
to improve its editing efficiency in the future. In addition, we

conducted the detection of self-editing of some test targets. It
is worth noting that there seems to be a negative correlation
between editing efficiency and self-editing efficiency in our study.
Although self-editing occurs in soybeans, we did not find strong
evidence for off-target effects of SpRY in soybeans. These results
were consistent with those in rice [4].

Moreover, in terms of base editing, only three articles have
reported the cytosine base editor in soybeans. However, there are
no reports on the application of ABE base editors in soybean.
The editing efficiency of soybean the cytosine base editor based
on previous SpCas9 ranged from 6 to 18.2% [39]. Although using
the SpCas9-NG variant [40] and optimized deaminase [41] can
achieve >60% editing efficiency in hairy roots, soybean cytosine
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Figure 4. Analysis of the SpRY-mediated editing activity of the base editors on different PAM sites in soybean hairy roots. A Schematic of the
SpRY-mediated mechanisms of cytosine base editing. B Schematic of the SpRY-mediated mechanisms of adenine base editing. C Schematic of the SpRY
cytosine base editor systems in soybean. D Schematic of the SpRY adenine base editor systems in soybean. ABE, adenine base editor. E Summary of
base editing efficiency by SpRY at endogenous sites in soybean hairy roots. CBE, cytosine base editor. F Sanger sequencing results of cytosine base
editing by SpRY in soybean hairy roots. Red arrows indicate conversion, and the positions of mutated nucleotides are labeled above with corresponding
numbers. G Sanger sequencing results of adenine base editing by SpRY in soybean hairy roots. Red arrows indicate conversion, and the positions of
mutated nucleotides are labeled above with corresponding numbers.

base editors are still limited by the PAM sites. Fortunately, we
have effectively solved the bottleneck in this study. Testing of the
SpRY-hA3A base editor developed in this study for five target sites
in soybean hairy roots demonstrated that the PAM-less cytosine
base editor could perform C-to-T base editing, and the editing
efficiency could reach 36.7% at GmCCD4-CAA sites, while the
editing efficiency at the other four target sites was relatively low
(5.3–10.0%). This result is consistent with the observation of Gao’s
group that the activity of hA3A is limited in soybeans [41]. We also
made the SpRY version of ABE8e, which showed detectable A-to-
G editing at relaxed PAM sites in soybean hairy roots. Although
the efficiency of A-to-G base editing is generally much lower
than C-to-T base editing, our study breaks the lack of ABE base

editors in soybean, providing optional tools for the improvement
of important agronomic traits in soybean.

Furthermore, we successfully induced mutations in GmFAD2-
1A and GmFAD2-1B using the SpRY system. Although the GmFAD2-
1A/1B-GGC target sites for GmFAD2-1A and GmFAD2-1B were
located at the C terminus, we obtained homozygous double
mutants with oleic acid content increased from 20.6 to 81.4% in
this study. This result showed that C-terminal modification using
the SpRY system affected the protein function of GmFAD2-1A and
GmFAD2-1B. The reason for this result may be that the C terminus
of the protein plays an important role in regulation of the
protein activity or stability [42]. In summary, our work confirmed
that SpRY protein can achieve PAM-free genome editing in
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Figure 5. SpRY induced GmFAD2-1A/1B mutation in soybeans. A Schematics of GmFAD2-1A and GmFAD2-1B and genotypes of GmFAD2-1A/1B double
mutant T2 line #166-11-3. B Seeds of wild-type ‘Williams 82’ and GmFAD2-1A/1B double mutant T2 line #166-11-3. C Statistical analysis of seed width
between wild-type ‘Williams 82’ and GmFAD2-1A/1B double mutant T2 line #166-11-3. D Fatty acid contents of seeds in wild-type ‘Williams 82’ and
GmFAD2-1A/1B double mutant T2 line #166-11-3. Data were analyzed using the unpaired t-test with two-tailed P value. Each dot represents a biological
replicate. ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001.

soybean and provides new germplasm resources for soybean
quality improvement breeding. The above results show that
SpRY-mediated soybean genome editing system can effectively
compensate for the sites that cannot be edited by traditional
SpCas9, expanding the scope of soybean genome targeted editing,
and providing effective tools for soybean whole-genome research.
Although the editing efficiency at certain sites is relatively low,
it is consistent with the characteristics of SpRY protein itself
with preference for NR PAM sites. In summary, we successfully
introduced a PAM-less SpRY genome editing system rooted in the
STU-Cas9 strategy, amplifying its versatility through multiplex
editing and proficient cytosine and adenine base editing. The
SpRY toolbox surmounts PAM barriers in soybean, presenting
a formidable tool for soybean gene discovery and molecular
breeding.

Materials and methods
Plant materials and transformation
The soybean cultivar ‘Williams 82’ was used for transformation.
The T-DNA vector was firstly transformed into Agrobacterium
rhizogenes strain K599 for hairy root induction, and the hairy root
induction procedure was as previously described [43]. Half of the
hypocotyl was removed with a scalpel, and then the seed was cut
along the umbilici to make the wound at the cotyledon node. The
wounded cotyledons were placed in infection solution for 3 h.
After infection, the explants were placed on solid co-cultivation
medium (0.321 g/L B5 salt, 0.112 g/L B5, 0.59 g/L MES, 30 g/L
sucrose, 8 g/L agar, 100 mg/L acetosyringone , pH 5.4). and cultured
in the dark at 22◦C for 3 days. After 3 days of culture, the explants
were washed four or five times with sterile water and liquid
induction medium (3.21 g/L B5-salt, 0.59 g/L MES, 30 g/L sucrose,

100 mg/L Timentin, 100 mg/L cefotaxime, pH 5.6) to ensure that
the Agrobacterium was cleaned. The washed explants were trans-
ferred to induction medium and cultured under 14 h light and
10 h dark at 26◦C. After 12 days of induction, soybean hairy roots
emerged, which can be used for gene editing identification. Stable
Agrobacterium-mediated soybean transformation was performed
as previously described [9].

Vector construction
The vector was constructed based on the backbone of pZHZ593
(Supplementary Data Fig. S10). The backbone contains the
Basta marker for soybean transformant selection. The promoter
GmM4 was a gift from Yuefeng Guan’s laboratory [32]. The DNA
sequences of SpRY-STU, SpRY-STU CBE, and SpRY-STU ABE were
synthesized by Genscript (Nanjing, China). All DNA fragments
were constructed into the pZHZ593 backbone by the Golden Gate
reaction. GmUBI3-derived SpRY-STU (pGEL678, Addgene #207511),
GmM4-derived SpRY-STU (pGEL679, Addgene #207512), SpRY-STU
CBE (pGEL680, Addgene #207513), and SpRY-STU ABE (pGEL681,
Addgene #207514) were generated (Supplementary Data Fig. S11).
For T-DNA vector construction, the oligos were synthesized by
Sangon Biotech (Shanghai, China) and annealed for the Golden
Gate reaction followed by DH5a Escherichia coli transformation. All
constructs were Sanger-sequenced.

Sanger sequencing and data analysis
Genomic DNA was extracted by the CTAB method [44]. Transgene-
positive hairy roots were first identified using specific primers
(Supplementary Data Table S1). Then, the DNA fragments
flanking the target sites were amplified using target-site-specific
primers (Supplementary Data Table S1). All the target sites were
shown in the Supplementary Data Table S2. The PCR products
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were Sanger-sequenced and the results were analyzed using
online software DSDecodeM (http://skl.scau.edu.cn/) [45]. The
data were further analyzed using Microsoft Excel and GraphPad
Prism 9.0 software. Differential analysis was performed using the
unpaired t-test with two-tailed P value.

Lipoxygenase activity assay
Lipoxygenase activity was measured by a colorimetric assay as
described previously with minor modifications [28]. Soybean hairy
roots were separately ground into powder. Then, 1 ml of lipoxy-
genase extract solutions 1, 2, and 3 were added to 20, 40, and
20 mg soybean hairy root powder to extract LOX1, LOX2, and
LOX3, respectively. The samples were then mixed and incubated
for 15 min. The clear supernatant was collected after centrifuga-
tion (12 000 rpm, 5 min, 4◦C). One milliliter of substrate solution
was separately added to 0.5 ml of the supernatant obtained
from centrifugation as described above, mixed, and incubated for
15 min. The solution color was observed and recorded. Solution
color remaining blue meant that there was no LOX1 and LOX2
activity. Solution color remaining yellow meant there was no LOX3
activity. A lighter or faded solution color indicated the presence of
lipoxygenase activity.

Detection of fatty acid components in soybean
seeds
Twenty seeds of T2 homozygous GmFAD2-1A/B double mutant
plants and control soybean variety ‘Williams 82’ were selected
and ground into powder using a frozen mixing ball grinder. Two
hundred milligrams of soybean seed powder was placed in a 2-ml
centrifuge tube with 1 ml of sodium methanol and incubated in a
50◦C water bath for 35 min. Then, 1 ml of n-hexane was added and
centrifuged at 2000 revolutions/min for 5 min. The supernatant
was placed in a special chromatographic sample bottle for gas
chromatographic detection. The experiment was performed with
three biological replicates. The contents of fatty acids in seeds
of Williams 82 and T2 homozygous double mutant #166-11-3 are
shown in Supplementary Data Fig. 8.
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