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ABSTRACT

Yield improvement has long been an important task
for soybean breeding in the world in order to meet
the increasing demand for food and animal feed.
miR396 genes have been shown to negatively regu-
late grain size in rice, but whether miR396 family
members may function in a similar manner in soy-
bean is unknown. Here, we generated eight soybean
mutants harboring different combinations of homo-
zygous mutations in the six soybean miR396 genes
through genome editing with clustered regularly in-
terspaced palindromic repeats (CRISPR)/CRISPR-
associated nuclease (Cas)12SF01 in the elite soy-
bean cultivar Zhonghuang 302 (ZH302). Four triple
mutants (mir396aci, mir396acd, mir396adf, and
mir396cdf), two quadruple mutants (mir396abcd and
mir396acfi), and two quintuple mutants (mir396abcdf
and mir396bcdfi) were characterized. We found that

plants of all the mir396 mutants produced larger
seeds compared to ZH302 plants. Field tests showed
that mir396adf and mir396cdf plants have sig-
nificantly increased yield in growth zones with rela-
tively high latitude which are suited for ZH302 and
moderately increased yield in lower latitude. In con-
trast, mir396abcdf and mir396bcdfi plants have in-
creased plant height and decreased yield in growth
zones with relatively high latitude due to lodging is-
sues, but they are suited for low latitude growth
zones with increased yield without lodging problems.
Taken together, our study demonstrated that loss-of-
function of miR396 genes leads to significantly en-
larged seed size and increased yield in soybean,
providing valuable germplasms for breeding high-
yield soybean.

SUMMARY

We created soybean mutants carrying different
combinations of mutations in the six miR396 genes
through genome editing with CRISPR/Cas12SF01
in the elite soybean cultivar Zhonghuang 302 and
demonstrated that miR396 genes are negative
factors for seed size and loss-of-function of miR396
genes increased seed size and yield in soybean.
Keywords: Cas12SF01, CRISPR/Cas, miR396, seed size, soy-
bean, yield
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INTRODUCTION

Soybean (Glycine max) is an important economic crop that
provides 28.7% of vegetable oil and 70.7% of protein
meal in the world. The demand for food will increase in the
future as the global human population continues to grow
(Bodirsky et al., 2015). Therefore, increasing yield is an im-
portant task in soybean breeding. Soybean yield is influenced
by seed weight, which is usually positively associated with
seed size (Hu et al., 2023a). Hence, the identification of key
genes controlling important agronomic traits, such as seed
size, and their utilization in molecular breeding are essential
for soybean yield improvement.

Soybean seed traits, including color, shape, and size, are
a combination of a series of quantitative traits. Seed size can
be described by three main dimensions: length, width, and
thickness (Xing and Zhang, 2010). In the past decade, a
handful of regulatory genes controlling seed size have been
characterized in soybean. GmCIF1 encodes a cell wall in-
vertase inhibitor; knocking-down of GmCIF1 through RNA
interference (RNAI) increases cell wall invertase activities,
leading to heavier seeds (Tang et al., 2017). GmPLATZ en-
coding a zinc-finger transcription factor was identified
through transcriptome analyses of developing seeds, and
was shown to directly activate the expression of GmGA200X
and cyclin genes to enhance soybean seed size and weight
(Hu et al., 2023a). Through co-expression network analysis,
GmJAZ3 was identified as a seed development regulator,
and the GmJAZ3-GmRR18a-GmMYC2a-GmCKXs module
promotes seed size by orchestrating jasmonate and cytokinin
signaling (Hu et al., 2023b). GmPDAT was identified through
genome-wide association studies (GWAS) as a seed size
regulator, and subsequent research revealed that over-
expression of this gene increased seed size, whereas knock-
down of the gene through RNAIi decreased seed size (Liu et al.,
2020). Overexpression of GmMFT increased seed weight,
whereas its mutants exhibited decreased seed weight (Cai
et al., 2023). A study on soybean domestication revealed that
GmSWEET10a and GmSWEET10b promote seed size through
increasing seed sugar and oil contents while reducing protein
content (Wang et al., 2020). The identification of additional
genes regulating seed size will facilitate molecular breeding for
yield improvement in soybean.

miR396 is one of the most evolutionarily conserved micro
RNA (miRNA) families in monocots and eudicots. In Arabi-
dopsis, miR396 controls seed size by post-transcriptionally
repressing its target genes, the GROWTH REGULATING
FACTORS (GRFs) (He and Hannon, 2004; Jones-Rhoades
et al., 2006). Overexpression of the miR396 target genes
AtGRF1, AtGRF2 and AtGRF5 in Arabidopsis leads to bigger
seeds (Van Daele et al., 2012). Natural GL2/GS2 alleles were
identified that correspond to OsGRF4 with two-point mutations
at the miR396 binding site; the mutations relieve OsGRF4 from
repression by miR396, so that OsGRF4 can activate brassi-
nosteroid response to increase grain size, resulting in grain yield
increase (Che et al., 2015; Duan et al., 2015; Hu et al., 2015;
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Li et al., 2016). In addition, target mimicry of OsmiR396b
(MIM396) allowed elevated expression of its target gene
OsGRF6, leading to improved grain yield by enhancing the
development of auxiliary branches and spikelets (Gao et al.,
2016). Furthermore, the simultaneous knockdown of miR396e
and miR396f in rice through genome editing increased grain
size and panicle branching, leading to increased grain yield,
especially under nitrogen-deficient conditions (Miao et al.,
2020; Zhang et al., 2020). Although biological functions of the
miR396-GRF module have been described in Arabidopsis and
rice, whether miR396 family genes may function in a similar
manner in soybean remains unknown.

The recently developed clustered regularly interspaced pal-
indromic repeat (CRISPR)/CRISPR-associated nuclease (Cas)
12SF01 is a highly effective gene editing system in plants and
animals (Lv et al., 2024; Duan et al., 2024). In this study, through
systematically mutating the six miR396a/b/c/d/f/i genes in
soybean, we found that the seed length, width, and thickness of
mir396 mutants were all significantly increased. We further
showed that the mir896adf and mir396cdf plants have in-
creased yield and are suited to grow in ecological zones at
relatively high latitude, whereas the mir3896abcdf and
mir396bcdfi plants show increased yield when cultivated in
lower latitude ecological zones. Thus, miR396 was found to be
an important negative regulator of seed size and yield in soy-
bean, making its knockout mutants valuable germplasms for
breeding high-yielding soybean varieties.

RESULTS

Precise gene editing of soybean miR396 family
members using CRISPR/Cas12SF01

The soybean genome contains six miR396 genes (MiR396a,
miR396b, miR396¢c, miR396d, miR396f and miR396i) (Figure S1).
Sequence analyses show that miR396a/i have similar se-
quences, while miR396b/c/d/f are similar (Figure 1A). To dissect
the function of the miR396 genes in soybean, we constructed a
dual single guide RNA (sgRNA)-expression CRISPR/Cas12SF01
vector with CRISPR RNA (crRNA1) targeting miR396a/i and
crBRNA2 targeting miR396b/c/d/f (Figure 1B). The vector was
transformed into the soybean cultivar Zhonghuang 302 (ZH302),
an elite cultivar widely grown in the Huang-Huai River basin and
southern region of China. From the T; to T3 generations, we
identified eight homozygous mutant lines for the six miR396
family members: mir396aci, mir396acd, mir396adf, mir396cdf,
mir396abcd, mir396acfi, mir396abcdf, and mir396bcdfi. These
mutant plants contain deletion mutations in the corresponding
miR396 family members (Figures 1C, D, S2).

The mir396 mutants produce bigger seeds

in Shandong

Because ZH302 is mostly suited for cultivation in growth
zones between the Huang (Yellow) River and Huai River and
southern part of China, we evaluated the performance of the
mir396 mutants in one of the provinces in this region, Jinan of
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mature miR396 sequences:

TTCCACAGCTTTCTTGAACTG/T
GCTCTCTTTGTATTCTTCCACAGCTTTCTTGAACTGCATCCAAAGAGTTC
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CTTTGTATTCTTCCACAGCTTTCTTGAACT
ANV mir396a

miR396a:
miR396i  GCCCTGTTTGTATTCTTCCACAGCTTTCTTGAACTGCATCCATAGAGTTC .
miR396b: GTCCTGGTGATGCTTTTCCACAGCTTTCTIGAACTTCTTATGCATCTTAT N%V\’ Ao AV AN mirageabeat
miR396e.  AGTCCTGTTATGCTTTTCCACAGCTTTCTTGAACTTCTTATGCCTAGTGC A WWXKTXCTXME 306
miR3964 CTCCTGGTCATGCTTITCCACAGCTITCTTGAACTTCTTATGCATCTTAT A4 AT A mi
i es06r  AGTCCTGTTATGCTTTTCCACAGCTTTCTTGAACTTCTTATGCCTAATGC A/ WAVVAWAA mir396abcdf
B TATGCTTTTCCACAGCTTTCTTGAACTTCT
— PAtUG - crRNA1 HDVI- PGMUE -chNA2‘HDVI- pSIEF1a I Cas12SF01 IEQt— AN\ PN miR396c
MV WWWWWANNNA mir396abcdf
c CATGCTTTTCCACAGCTTTCTTGAACT
Mutant Type Variety miR396a miR396b miR396¢c miR396d miR396f miR396i miR396d
L R T A R R INTTONN ey
: TATGCTTTTCCACAGCTTTCTTGAACTTCT
mir396adf  ZH302 -1bp  WT WT  -11bp  -1bp WT A A A AW miR3get
mir396cdf  ZH302 WT WT -26 bp -1 bp -2 bp WT
mir396abcd  ZH302 5bp  -1bp  2bp  -11bp  WT wr AV AANVWWN mir3g6abeds
mir396acfi  ZH302  -5bp WT  26bp  WT Abp  -2bp  CTTIGTATTCTTCCACAGCTTTCTTGAACT
mir396abcdf ZH302 -5bp  -69bp  -26bp  -11bp  -2bp WT M ANMANAAANNNANN miR396i
mir396bcdfi  ZH302 WT -3 bp -2 bp -9 bp -2 bp -2 bp /\/\/\/\/\/\/\/\/\/\/\/\/W\/V\/\/\/\/\/\/\/\/\/\/\/\/\/\ mir396abcdf

Figure 1. Targeted mutation of Gma-miR396a/b/c/d/f/i genes by clustered regularly interspaced palindromic repeats

(CRISPR)/CRISPR-associated nuclease (Cas)12SF01

(A) CRISPR RNA (crRNA) target sites for miR396a/i and miR396b/c/d/f members. The crRNA sequences are underlined, and the protospacer-adjacent
motif (PAM) sequences are marked with red boxes. (B) Schematic illustration of the CRISPR/Cas12SF01 binary vector. pAtU6, AtU6 promoter; pGmUS,
GmU6 promoter; pSIEF1a, SIEF1a promoter (Solyc06g005060.2.1); HDV, self-cleaving ribozyme; E9t, terminator. (C) Genotypes of homozygous mir396
mutants generated in the ZH302 background. (D) Sanger sequencing of the mir396abcdf mutant. The PAM sequences are marked with red boxes.

Shandong Province, China. We found that the plant height
was increased by 6.0% and 10.9% in the mir3896abcdf and
mir396bcdfi plants, respectively (Figure 2A, B). All the mir396
mutants had similar numbers of nodes on the main stems as
the ZH302 (Figure 2C). It is apparent that plants of all the
mir896 mutants had more branches than the ZH302 plants,
and plants of the mir896adf, mir396cdf and mir396abcd
mutants produced more total pods per plant as well as more
effective pods per plant than the ZH302 plants (Figure 2D-F).
Interestingly, the number of seeds per plant was increased by
14.7% for mir396adf, but was decreased by 13.1% and
17.8% in the mir396abcdf and mir396bcdfi, respectively
(Figure 2G). Importantly, we found that all of the mir396
mutants had larger seeds than those from ZH302 plants, with
an average increase of 7.6%, 6.4%, and 3.8% in seed length,
width, and thickness, respectively, resulting in an 10.3% in-
crease in 100-seed weight (Figure 2H-K). In the mir396acd,
mir396adf, and mir396cdf mutants, the seed length was
6.1%, 4.8%, and 4.7% greater (Figure 2H), seed width was
5%, 5%, and 3.5% greater (Figure 2I), and seed thickness
was 3.2%, 2.7%, and 1.9% greater (Figure 2J), resulting in a
9.3%, 9.1%, and 4.2% increase in 100-seed weight, re-
spectively (Figure 2K). In addition, the mir396acd, mir396adf
and mir396cdf mutants had an average of 3.9%, 10.2%, and
9.6% increase, respectively, in yield per plot compared with
ZH302 plants (Figure 2L). Although the mir396abcdf and
mir396bcdfi mutants had the largest increases in seed length
(11.6% and 19.0%), width (7.3% and 14%), thickness (4.7%
and 6.9%), and 100-seed weight (14.5% and 22.4%), re-
spectively, compared with ZH302 plants (Figure 2H, K), the
yield per plot was actually decreased by 8.8% and 8.4%,
respectively, compared with ZH302 plants (Figure 2L). It is

www.jipb.net

worth noting that the mir396abcdf and mir396bcdfi mutants
had significant lodging problems at late growth stages, which
may explain, at least partially, the yield decrease.

Because we observed a yield increase in the triple mutant
mir396adf and a decrease in yield in the quadruple mutant
mir396abcdf grown in Jinan in 2022, we re-evaluated the
performance of these two mutant plants in the same field in
20283. The mir396abcdf plants were taller than ZH302 plants
(Figure 3A, F). Both the mir396adf and mir3896abcdf plants
produced similarly shaped pods as the ZH302 plants, but
they had bigger seeds than the ZH302 plants (Figure 3B-E).
Although the mir396adf and mir396abcdf plants produced
similar numbers of nodes on the main stems as ZH302
(Figure 3G), they had more branches and total pods per plant
than ZH302 (Figure 3H, ). The mir396adf plants, but not the
mir896abcdf plants, had more effective pods per plant than
ZH302 (Figure 3J). Compared with ZH302, the mir396adf
plants had increased yield whereas the mir396abcdf plants
had decreased yield due to lodging (Figure 3K). We also
determined the protein and oil contents in the seeds of
mir396adf and mir396abcdf plants and found that they had
decreased protein contents, but increased oil contents
(Figure 3L, M). Overall, these results are consistent with the
data collected from the mir896adf and mir396abcdf plants
grown in this region from the previous year.

Plants of the mir396 mutants produce bigger

seeds in Hainan

While multiplying the seeds in Sanya of Hainan Island during
the winter season in 2022, we evaluated the performance of
mir396 mutants in this region (Figure 4A). In Sanya, the plant
height was increased by 7.6%, 8.1%, 19.7%, 26.4%, and
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Figure 2. Phenotypic analysis of the mir396 mutants in Shandong in 2022

(A) Morphology of ZH302 and mir396 mutants at mature stage. Bar =25 cm. (B-L) Quantification of the plant height (B), node number of main stem (C),
branch number (D), total pods per plant (E), effective pods per plant (F), number of seeds per plant (G), seed length (H), seed width (l), seed thickness
(J),100-seed weight (K) and yield per plot (L) of ZH302 and mir396 mutants. Data are means + SD (n = 10-18 in B-G, 100-280 in H-J, 11-25 in K and three
in L). Two-tailed Student's t-tests were used for statistical analysis. Asterisks indicate significant differences compared with ZH302 (*P < 0.05; **P < 0.01).
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Figure 3. The mir896adf and mir396abcdf mutations improve soybean field productivity in Shandong in 2023

(A-E) Morphology (A), pods (B-D), and seeds (E) of ZH302, mir396adf, and mir396abcdf plants at mature stage. Bar = 20 cm (plant height), 2 cm (pod), and
1.cm (seed size). (F-M) Quantification of the plant height (F), node number of main stem (G), branch number (H), total pods per plant (l), effective pods per
plant (J), yield per plot (K), seed protein content (L) and oil content (M) of ZH302, mir896acd and mir396abcdf. Data are means + SD (n =25-29 in FJ,
three in K and 54-67 in L, M). Two-tailed Student's t-tests were used for statistical analysis. Asterisks indicate significant differences compared with ZH302

(*P <0.05; **P < 0.01).

23.4% in the mir396acd, mir396cdf, mir396abcd, mir396-
abcdf, and mir396bcdfi, respectively, but was not sig-
nificantly altered in the mir396aci, mir396adf, and mir396acfi
mutants compared to ZH302 (Figure 4C). As observed in
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Shandong, the number of nodes on the main stems did not
change in any of the mir896 mutants (Figure 4D), suggesting
that the increased overall plant height in the mir396acd,
mir396cdf, mir396abcd, mir396abcd, mir396abcdf, and
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Figure 4. Phenotypic analysis of the mir396 mutants in Hainan in 2022
(A) Morphology of ZH302 and mir396 mutants at mature stage. Bar =5 cm. (B) Seeds of ZH302 and mir396 mutants. Bar = 1 cm. (C-L) Quantification of the
plant height (C), node number of main stem (D), seed length (E), seed width (F), seed thickness (G), 100-seed weight (H), seed weight per plant (l), seed
protein content (J) and oil content (K) of ZH302 and mir396 mutants. Data are means + SD (n =9-23 in C, D, H, and I, 120-340 in E-G and 40-50 in J, K).
Two-tailed Student's t-tests were used for statistical analysis. Asterisks indicate significant differences compared with ZH302 (“P < 0.05; **P < 0.01).

mir396bcdfi mutants are not caused by differences in node
number on the main stem. As observed in Shandong Prov-
ince, all of the mir396 mutants produced larger and heavier
seeds compared to the seeds of ZH302 plants (Figure 4B, |),
with an average increase of 13.2%, 10.7%, and 6.3% in seed
length, width, and thickness, respectively, resulting in an
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8.8% increase in 100-seed weight (Figure 4E-H). Among the
mutants, mir396abcdf and mir396bcdfi exhibited the largest
increases in seed length (17.1% and 19.4%), seed width
(14.1% and 15.6%), seed thickness (9.9% and 10.3%), and
100-seed weight (13% and 14.8%),
thermore, we determined the protein and oil contents in the

respectively. Fur-
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mir396 mutant seeds and found that the mutants had less
protein but higher oil contents compared to ZH302 seeds
(Figure 4J, K). Taken together, these results are consistent
with most of the data collected from the mir396 mutants
grown in Shandong Province, with the exception that the two
quintuple mutants mir396abcdf and mir396bcdfi performed
much better in Hainan than in Shandong (e.g., the two mu-
tants had increased plant height and yield, and had no
lodging problems in Hainan).

Increased expression of GRF genes in mir396abcdf
and mir396bcdfi seeds

To explore the effects of the mir896abcdf and mir396bcdfi
mutations on gene expression in soybean, we performed
RNA sequencing (RNA-seq) analysis with seeds from
mir396abcdf, mir396bcdfi, and ZH302 at the R6 growth stage
when the seeds were still green but fully filled. The RNA-seq
results showed that there were 1,947 up-regulated genes and
1,479 down-regulated genes in the mir396bcdfi mutant, and
812 up-regulated genes and 676 down-regulated genes in
the mir396abcdf mutant (Figures 5A, B, S3A; Tables S1, S2).
The RNA-seq analysis also indicated that 623 and 473 genes
were overlapping up-regulated or down-regulated genes,
respectively, for mir896abcdf and mir396bcdfi (Figure 5A-C).
Furthermore, a hierarchical clustering heatmap of the ex-
pression of 24 GRFs was divided into two clusters. The ex-
pression of the 13 cluster 1 GRFs was up-regulated in
both mir396abcdf and mir396bcdfi compared with ZH302
(Figure 5D). Among the 24 GRFs, it has been shown through
miRNA cleavage assays that GRF6, GRF8, GRF9, GRF10,
GRF11, GRF12, GRF13, GRF15, GRF16, GRF17, and GRF19
are targets of miR396 family members in soybean (Noon
et al., 2019). We carried out quantitative reverse transcription
polymerase chain reaction (QRT-PCR) analysis on some of
the GRFs and the results indicated that the expression of
GRF1, GRF2, GRF4, GRF8, GRF10, GRF13, GRF14, GRF18,
and GRF23 was increased in the mir396abcdf seeds and the
expression of GRF2, GRF4, GRF8, GRF10, GRF13, GRF14,
GRF18, GRF19, and GRF23 was increased in the mir396bcdfi
seeds (Figure 5E). These results suggest that our RNA-seq
data are reliable. Among the deferentially expressed genes in
the mir396abcdf and mir396bcdfi mutants, a large number of
them are involved in sugar metabolism, lipid metabolism, and
seed development (Figures 5F, S3B-D). The altered ex-
pression of the genes in the mir396abcdf and mir396bcdfi
mutants may partially explain the altered plant height and
seed size in these two mutants.

DISCUSSION

As an important crop for food, protein, oil and animal feed,
the yield and quality of soybean are critical for global food
security. Growth and development of soybean is often re-
stricted by the ecological zones of its cultivation. Soybean
plants in ecological zones with low latitude tend to flower
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early in response to the short-day photoperiod, leading to
relatively low yield. Because of the variation in photoperiod in
natural daylight conditions in the field, the cultivars adapted
for high latitude usually perform poorly in lower latitude
ecological zones and vice versa. Therefore, breeding for
soybean varieties with increased yield and better adaptation
to grow in broader ecological zones is of vital importance. In
this study, we engineered soybean plants with differential
adaptation to ecological zones with low latitude and high
latitude through precise genome editing of the miR396
family genes using CRISPR-Cas12SF01. The triple mutants
mir396adf and mir396cdf are suited for the ecological zones
with relatively high latitude in the Huang-Huai River region of
China, while the quintuple mutants mir396abcdf and
mir396bcdfi are more suited for the ecological zones with
lower latitude like the Hainan Island of China. We speculate
that additional mutations in miR396b and miR396i made the
quintuple mutants (mir396abcdf and mir396bcdfi) different
from the two triple mutants (mir396adf and mir396cdf). It is
possible that certain GRFs targeted by miR396b and miR396i
and other proteins that interact with these GRFs may play an
essential role in mediating adaptations to ecological growth
conditions.

We observed significant increase in seed size in all of
the mir396 mutants generated in this study: the triple mu-
tants mir396aci, mir396acd, mir396adf, and mir396cdf,
quadruple mutants mir896abcd and mir396acfi, and quin-
tuple mutants mir396abcdf and mir396abcdfi (Figures 2-4).
This observation suggests that all of the miR396 family
members are involved in regulating seed size in soybean.
We performed RNA-seq analysis with the two quintuple
mutants (mir396abcdf and mir396bcdfi) to explore poten-
tial alterations of gene expression when five of the six
miR396 family members are mutated (Figure 5). Our RNA-
seq analysis revealed changes in the expression of genes
with diverse biological functions including sugar metabo-
lism, seed development and oil metabolism. Consistent
with the loss-of-function of miR396, the expression of most
of the GRFs is increased in the two quintuple mutants
(mir896abcdf and mir396bcdfi). Although the precise mo-
lecular function of the miR396-GRFs module in soybean
remains to be elucidated, our work demonstrated a great
potential for genome editing of miR396 genes to improve
soybean seed size and yield, and to broaden its growth
zones without yield loss.

MATERIALS AND METHODS

Plant materials and growth conditions

The soybean cultivar Zhonghuang 302 (ZH302) was used in
this study. Soybean plants were grown in fields in Sanya
(Hainan Province, China) from January to May 2022 and in
Jinan (Shandong Province, China) during normal soybean-
growing seasons (typically from June to October) in 2022 and
2023. When it is necessary, the soybean plants were also
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Figure 5. Differentially expressed genes (DEGs) in the seeds of ZH302, mir396abcdf and mir396bcdfi

(A, B) Overlapping DEGs between mir396abcdf and mir396bcdfi. (C) Heat map of the up DEGs in seeds of ZH302, mir396abcdf and mir396bcdfi.
(D) Transcript levels of GRF1-24 in the mir396abcdf and mir396bcdfi as determined by RNA-seq analysis. The heat map was conducted using TBtools
software (Chen et al., 2020). (E) Relative transcript levels of some of the GRFs in the ZH302, mir396abcdf and mir396bcdfi. Values are means + SD (n = 3).
Two-tailed Student's t-tests were used for statistical analysis. Asterisks indicate significant differences compared with ZH302 (‘P < 0.05; **P < 0.01). (F) Top
20 of pathway enrichment. The X-axis indicates the rich factor corresponding to each pathway, and the Y-axis indicates name of the Kyoto Encyclopedia of
Genes and Genomes pathway. The color of the point represents the P-values of the enrichment analysis. The size and color of bubbles represents the

number and degree of enrichment of DEGs, respectively.
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cultivated in a growth chamber with a photoperiod of 14h
light (~1,000 umol m™2s~")/10 h darkness at 25°C.

Vector construction and transformation

The sgRNAs were designed through the online software
CRISPR-GE (Xie et al., 2017). The CRISPR/Cas12SF01 binary
vector contains the following cassette: pAtU6::crRNA1 (har-
boring DR and sgRNA1 that targets miR396a and miR396i),
pGmUG6::crRNA2 (harboring DR and sgRNA2 that targets
miR396b, miR396c, miR396d, and miR396f), pSIEF1a::
Cas12SF01 including the E9t terminator, and in planta se-
lection marker p35S::BAR. The binary vector was introduced
into Agrobacterium tumefaciens (strain EHA105). The soy-
bean mir396 mutants were generated by the Agrobacterium
tumefaciens-mediated cotyledon node transformation (Paz
et al.,, 2006) and homozygous mir396 mutant plants were
identified by genotyping PCR reactions and subsequent se-
quencing of the relevant PCR products. All primers for vector
construction and PCR analysis are listed in Table S3.

Measurements of oil content and protein content in
soybean seeds

Measurements of oil content and protein content were per-
formed at the Yazhou Bay Seed Lab (Sanya, Hainan, China).
Uniform dry seeds of ZH302 and the mir396 mutants were
collected from Hainan and Shandong provinces (China) and
measured in a multifunctional near-infrared system (NIRSTM
DS 2500F, FOSS, USA) to determine the oil content and
protein content. NIRSTM DS 2500F was preheated for at
least 30 min before use, and the instrument remained closed
during the experiment to ensure the stability of the scan.
During spectral acquisition, the uniform dry seeds were
evenly distributed in the sample container to ensure that no
spaces were generated, which can cause interference of
objective factors such as spectral scattering.

DNA and RNA extraction, and RNA-seq and qRT-PCR
analyses

Genomic DNA was isolated from leaves at the V2 stage by
the cetyltrimethylammonium bromide method as previously
described (Mavrodiev et al., 2021).

For RNA-seq analysis, total RNA was extracted from seeds
of ZH302, mir396abcdf and mir396bcdfi plants at the R6 stage.
There were three biological replicates. The RNA-seq library
preparation and sequencing were performed in Genewiz
Company (Suzhou, China). Hisat2(v2.2.1) was used to map the
clean data to the soybean reference genome (Williams 82 As-
sembly 4 Annotation, Wm82.a4.v1). DESeq. 2 (V1.26.0) was
used to identify differentially expressed genes (DEGs) with a
fold change >2 and a false discovery rate <0.05. Gene On-
tology (GO) annotation was performed by GOSeq (v1.34.1).

For gRT-PCR analysis, RNA samples from soybean seeds
were extracted using FastPure Plant Total RNA Isolation Kit
(Catalog No. RC401-01; Vazyme, Nanjing, China). First-
stranded complementary DNA (cDNA) was synthesized with
PrimeScript RT reagent Kit (Catalog No. RR047A; TaKaRa
Biochemical Technology. Beijing, China, and potential
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genomic DNA contamination in RNA samples was removed
by the gDNA Eraser component in this kit prior to cDNA
synthesis). Quantitative RT-PCR was performed using SYBR
Green | Master Mix on an Applied Biosystems-QuantStudio™
3 Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA, USA). Gene expression was normalized using the refer-
ence gene GmTubulin (3-Tubulin, Glyma.17G258300). The
primers used for qRT-PCR are listed in Table S3.

Trait measurement and plot field tests

The seed length and width were measured using an SC-A
grain analysis system (Wseen Company, China). The seed
thickness was measured by an electronic digital display
Vernier caliper. Fully filled grains were used for measuring the
100-seed weight.

In 2022, plants of the ZH302 and mir396 mutants were
grown in fields in Jinan under natural conditions. The area per
plot was 15m? with three equal-sized plot replications and
six rows were planted in each plot, and the yield was tested
with plants collected from the middle four rows. The length of
each plot was 6 m, and the row spacing and plant spacing
were 40 and 12 cm, respectively. After 3 weeks, the seedlings
were manually thinned to achieve an equal density of 14,000
individual plants per 666.7 m?.

In 2023, plants of the ZH302, mir396adf and mir396abcdf
mutants were grown in fields in Jinan under natural con-
ditions. The area per plot was 150m? and 15 rows were
planted in each plot with three equal-sized plot replications.
The length of each plot was 25m, and the row spacing
and plant spacing were 40 and 12 cm, respectively. After
3 weeks, the seedlings were manually thinned to achieve an
equal density of 14,000 individual plants per 666.7 m?.

Data availability statement

The RNA-seq data were deposited in the National Center for
Biotechnology Information Sequence Read Archive (BioProject:
PRJNA1084194).
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