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Abstract Genome editing using CRISPR/Cas9 has
been highlighted as a powerful tool for crop improve-
ment. Nevertheless, its efficiency can be improved,
especially for crops with a complex genome, such as
soybean. In this work, using the CRISPR/Cas9 tech-
nology we evaluated two CRISPR systems, a one-
component vs. a two-component strategy. In a
simplified system, the single transcriptional unit
(STU), SpCas9 and sgRNA are driven by only one
promoter, and in the conventional system, the two-
component transcriptional unit (TCTU), SpCas9, is
under the control of a pol II promoter and the sgRNAs
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are under the control of a pol III promoter. A multiplex
system with three targets was designed targeting two
different genes, GmIPKI and GmIPK2, coding for
enzymes from the phytic acid synthesis pathway. Both
systems were tested using the hairy root soybean
methodology. Results showed gene-specific edition.
For the GmIPK1 gene, edition was observed in both
configurations, with a deletion of 1 to 749 base pairs;
however, the TCTU showed higher indel frequencies.
For GmIPK?2 major exclusions were observed in both
systems, but the editing efficiency was low for STU.
Both systems (STU or TCTU) have been shown to be
capable of promoting effective gene editing in
soybean. The TCTU configuration proved to be
preferable, since it was more efficient. The STU
system was less efficient, but the size of the CRISPR/
Cas cassette was smaller.

Keywords Genome editing - Low phytic acid -
Single transcriptional unit - Two-component
transcriptional unit

Introduction

Over many years, several methodologies have been
developed for plant genome editing, such as the use of
meganucleases (Adli 2018), zinc-finger nucleases
(ZFNs) (Davies et al. 2017) and TALENs

@ Springer


http://orcid.org/0000-0002-1210-278X
http://orcid.org/0000-0002-1777-7516
http://orcid.org/0000-0002-9416-9952
http://orcid.org/0000-0002-1198-8240
http://orcid.org/0000-0003-0570-7673
http://orcid.org/0000-0001-7847-1134
http://orcid.org/0000-0002-8151-1149
https://doi.org/10.1007/s11248-021-00246-x
https://doi.org/10.1007/s11248-021-00246-x
https://doi.org/10.1007/s11248-021-00246-x
https://doi.org/10.1007/s11248-021-00246-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s11248-021-00246-x&amp;domain=pdf
https://doi.org/10.1007/s11248-021-00246-x

240

Transgenic Res (2021) 30:239-249

(transcription activator-like effector nucleases) (Du
et al. 2016). However, these strategies have short-
comings that limit effective use of these technologies,
such as low editing efficiency, complicated vector
assembly and off-target mutations (Gaj et al. 2013;
Adli 2018). In this context, CRISPR/Cas (Clustered
Regularly Interspaced Short Palindromic Repeats/
CRISPR associated protein) has emerged and become
prevalent because of its simplicity when recognizing
the site to be modified and flexibility of use (Pellagatti
et al. 2015; Wolter et al. 2019).

CRISPR/Cas was originally part of the prokaryotic
immune system (Wiedenheft et al. 2012). This system
is represented by the presence of a Cas endonuclease
with two catalytic domains responsible for the cleav-
age of the double-strand DNA: HNH domain and
RuvC nuclease and a single guide RNA complex
(sgRNA), which is the fusion of a mature crRNA
(CRISPR-derived RNA) and a tracrRNA (trans-acti-
vating RNA), creating a functional structure for
activation of the endonuclease and recognition of the
target sequence (Shan et al. 2013; Barrangou 2015). A
Protospacer Adjacent Motifs (PAM) downstream to
target sequence determines the anchorage location and
the site of the double strand break (DSB) on the DNA
strands (Jinek et al. 2012).

Despite major advances in conventional plant
breeding, the development of improved plant varieties
is proceeding less quickly than necessary, given the
increased demand for food caused by the rapid global
population growth (Gao 2018; Ahmar et al 2020).
Germplasm accesses sometimes have no information
available or absence of natural variations to be used for
the development of events with desirable characteris-
tics (Marathe et al 2018). For some crops, such as
soybean, which have a complex genome (Schmutz
et al. 2010), precise and efficient strategies for gene
function analysis and crop improvement are of great
interest, mainly for breeding programs. The CRISPR/
Cas system has already been used to edit genes in
soybean (Chilcoat et al. 2017; Cai et al. 2018; Bao
et al. 2019; Cheng et al. 2019). However, due to the
relatively long time required to obtain a transgenic
soybean plant, it is important to have a practical
system to validate genome-editing constructs before
generating genetically modified plants. Although there
are several in silico prediction tools for the design/ch-
oice of sgRNA, rapid in vivo experimental studies
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might be more reliable in determining the best target
sequences (Lee et al. 2017; Zhang et al. 2016).

To find the appropriate system to edit the soybean
genome, we evaluated the efficiency of a single
transcriptional unit (STU) strategy for the CRISPR/
Cas9 system compared to a two-component transcrip-
tional unit (TCTU) using the hairy root-based expres-
sion system, evaluating a multiplex sgRNAs. We
chose two genes (GmIPKI and GmIPK?2) coding for
enzymes from the phytate synthesis pathway (Sparvoli
and Cominelli 2015) as a model.

Materials and methods
Selection of CRISPR/Cas target sites

The soybean genomic sequences for two inositol-
pentakisphosphate 2-kinase genes (Fig. 1), Gly-
ma.14G072200 and Glyma.12G240900 (GmIPKI
and GmIPK2, respectively), were obtained from
Phytozome (https://phytozome-next.jgi.doe.gov,
Goodstein et al. 2012). The soybean gene models were
based on the Wm82.a2.v1 genome assembly (Schmutz
etal. 2010). These genes were chosen based on the fact
that they are potential candidates for decreased phytic
acid content in seeds. GmIPKI (Glyma.14G072200)
gene is 4158 nucleotides in length distributed in seven
exons. Additionally, it has two paralogs, namely
Glyma.04G030000 and Glyma.06G03010. Although
the gene on chromosome 14 shares similarity at the
transcript level with the rest (85.9% and 85% simi-
larity, respectively), they are different at the DNA
level. We focused on the GmIPKI gene on chromo-
some 14 because it has the highest expression levels in
immature soybean seeds (Yuan et al. 2012), while
Glyma.12G240900 (GmIPK?2) is a much shorter gene
(1630 nucleotides) with a single exon.

All possible Streptococcus pyogenes Cas9
(SpCas9) target sites within the obtained sequences
were identified with Geneious Prime 2019.2.3 (https://
www.geneious.com). Potential off-target effects were
calculated according to the method previously devel-
oped by Hsu et al. (2013). Predicted on-target activity
was estimated with the online software GPP sgRNA
Designer (https://portals.broadinstitute.org/gpp/
public/analysis-tools/sgrna-design) using Azimuth
2.0 (Doench et al 2016, Sanson et al. 2018). Three
target sites were selected for each gene based on their
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Fig. 1 Scheme showing the targeted sequences for IPK1 gene
(a) and IPK2 gene (b) and location of the primers. Blue arrow:
exons; light orange oblong: introns; gray oblong: 5" and 3'UTR

genomic locations, potential off-target score and pre-
dicted on target activity (Table 1).

Vector construction

The binary CRISPR/Cas9 vector p201-EGFP-C9 was
assembled to test the STU and TCTU systems (Fig. 2).
The vector was constructed using the p201-EGFP-C9,
which contains the EGFP (Enhanced Green Fluores-
cent Protein) (Chiu et al. 1996) reporter gene under the
control of the CsVMV promoter (from cassava vein
mosaic virus) (Verdaguer et al. 1996), the nos gene
terminator (An et al. 1985) and the coding sequence
for SpCas9 (Mali et al. 2013), which was obtained as
Addgene plasmid #41815 and is under control of the
GmUbi3 promoter (Chiera et al. 2007) and the PsRbcs
terminator (Schardl et al. 1987). The sgRNAs of the
TCTU configurations are under the control of the
MtU6 promoter from Medicago truncatula (Kim et al.
2013). In the STU system (Wang et al. 2018), each
sgRNA target sequence was combined with the
optimized scaffold (Dang et al. 2015) and separated
by a unique sequence (UNS), and these were used as
linkers to facilitate cloning (Torella et al. 2014).

The CRISPR/Cas9 TCTU configuration cassettes
were assembled and cloned into the p201-EGFP-C9
digested with Spel, generating the final 15,454 bp
vector (MtU6-sgRNA(thrice)-GmUbi-SpCAs9-
RbesT) (Fig. 2a). For assembly of the STU vectors,
the cassettes were cloned into the p201-EGFP-C9
digested with Avrll, generating the final 14,396 bp
vectors  (GmUDbi-SpCAs9-sgRNA(thrice) -RbcsT)
(Fig. 2b).

(untranslated region). L: Location of target. The scheme shows
all primer positions used in this work. The sequence primers are
in the supplementary file. (Color figure online)

Soybean hairy root transformation

The Glycine max cultivar Jack was used in this study.
This variety is the best for somatic embryogenesis and
plant regeneration (Raza et al. 2020). Soybean hairy
root transformation was performed as previously
described by Jacobs et al. (2015) with no selection
pressure. EGFP fluorescence was used to detect
transgenic roots 20 days after transformation. Each
positive root was considered as a single event and used
for downstream analysis. Additionally, PCR was used
to detect changes. A 1322-bp amplicon was expected
for the GmIPKI gene using the primers IPK1-97F:
ACACAATTCCTTTCCCACCA and IPKI-1399R:
AGCAGAGGCTAGATCCTTGA. For the GmIPK2
gene, a 1053-bp amplicon was expected using primers
IPK2-80F: TTGCATTGCTTTGTGTAAGG and
IPK2-1113R: CTGCGACACTAATTCAAGCA.

Detection of CRISPR/Cas9-mediated gene editing

Genomic DNA was isolated from GFP-positive roots
(approximately 2 mm from the root tip) using the
Wizard Genomic DNA Purification Kit (Promega,
Madison, WI, USA). Gene editing patterns were
determined by amplicon sequencing using specific
primers tailed with partial TruSeq Illumina adapter
sequences (Supplementary Table 1). PCR products
from the same sample were pooled and individually
barcoded using indexed universal iTru/iNext primers.
Indexed samples were pooled in equimolar amounts
and sequenced on an Illumina MiSeq using 150-bp
paired-end (2 x 150 PE) mode at the Georgia
Genomics and Bioinformatics Core, University of
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On-target efficacy
score (CRISPRko)5

Off-target
score” (%)

Mismatch
number’

Direction?

Genome position
(WmS82.a2.vl)

GC
(%)

PAM

Guide sequence’

Table 1 Characteristics of selected sgRNAs for GmIPKI and GmIPK2

Name guide
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0.6765
0.5864
0.4512
0.6646
0.5795
0.6359

3.64
1.87

7.11

Sense

Gm14:6063363..6063382

55
50

61

AGG
AGG
GGG
TGG

GCAGCTGACTGGGTTTACAG
GAAAGTGGTCCGCATACGTA

GmIPK1-targetl

Sense

Gm14:6063188..6063207

GmIPK1-target2

Sense

Gm14:6062617..6062636

GTGGCGAGTTGAAGCTGCCA
GGTGTAAAAGGAGAGTTCGG

GmIPK1-target3

4.57

Antisense

Gm12:39951279..39951298

GmIPK2-target1

27
7.96

4
3

Antisense

Gm12:39951158..39951177

65

GGG

GGTCCTCCAGGACCAGGTGA
GCACTTGCAGATGTAGTCCT

GmIPK2-target2

Antisense

Gm12:39951063..39951063

CGG

GmIPK2-target3

1ngNAs were identified using Geneious Prime 2019.2.3

“Direction based on Wm82.a2.v1 gene model annotation

3Minimum number of mismatches between sgRNA sequences and possible off-target sequences

“Top off-target score identified. Off-target score is based on Hsu et al. (2013)

SGPP sgRNA Designer (CRISPRko) based on Doench et al. (2016) and Sanson et al. (2018). Scale from 0 to 1

Georgia. Amplicon sequencing data were analyzed
using AGEseq software (Xue and Tsai 2015).

Results

A single transcriptional unit (STU) system was
compared to the two-component transcriptional
(TCTU) system in soybean using hairy root transfor-
mation. We evaluated two strategies to express
multiple sgRNAs for the genes GmIPK1 and GmIPK2
that code for two different phytic acid biosynthetic
enzymes: GmIPK2 codes for an inositol-polyphos-
phate multikinase, mainly involved in the production
of inositol 1,3,4,5,6-pentakisphosphate,  while
GmIPKI1 codes for an inositol-pentakisphosphate
2-kinase, which phosphorylates inositol 1,3,4,5,6-
pentakisphosphate in position 2, releasing phytic acid
(Sparvoli and Cominelli, 2015). Genomic sequences
of both genes were obtaining from the G. max genome
(assembly Wm82.a2.v1, Schmutz et al. 2010). A total
of 46 SpCas9 target sites were identified for GmIPKI,
22 of them in the coding sequence (CDS), from which
3 target sites were chosen. Targets were located in
exon 1, exon 2 and exon 3, respectively, and were
named GmIPKI1-targetl, GmIPKl-target2 and
GmIPK1-target3. Their potential off-target score
ranged from 1.87 to 7.11% (all below the 10%
threshold) with predicted on-target activity ranging
from 45.12 to 67.65%. All three targets are in sense
orientation. Of the 65 target sequences identified from
the GmIPK?2 gene, 47 targeted the CDS. The three
selected guides for this gene were all chosen in the
anti-sense orientation and separated by at least 75 bp.
Their potential off-target score ranged from 3.27 to
7.96% and predicted on-target activity between 57.96
and 66.46%. Selected targets for GmIPK?2 were named
GmIPK2-targetl, GmIPK2-target2 and GmIPK2-tar-
get3. Details on selected targets are summarized on
Table 1.

Four different p201-EGFP-C9 plasmids, IPK1-
TCTU, IPK1-STU, IPK2-TCTU and IPK2-STU, were
used for soybean hairy root transformation. For each
construct, ten cotyledons from germinating seeds were
transformed (Fig. 3a), and transgenic hairy roots were
confirmed by visual inspection of EGFP florescence
(Fig. 3b). PCR analysis was used for a primary
evaluation to detect changes before Sanger sequenc-
ing; 1322- and 1053-bp amplicons were expected for
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Fig. 2 Schematic diagram of two CRISPR/Cas9 expression
systems: dual promoter system (TCTU) and single transcrip-
tional unit (STU) system. Hairy root vector CRISPR/Cas9 is
used to edit the GmIPKI and GmIPK2 genes with the two
systems: TCTU (a) and STU (b). The Cas 9 endonuclease from
Streptococcus pyogenes (SpCas9) is under the control of the
ubiquitin-3 promoter from glycine max (orange). The cassette of

the GmIPKI and GmIPK2 genes, respectively
(Fig. 3c). Of a total of 15 individual EGFP-positive
roots collected from each transformation, genomic
DNA was isolated, and targeted amplicon sequencing
libraries were prepared to determine CRISPR/Cas9-
mediated gene editing.

[lumina MiSeq paired-end sequencing technology
yielded a total of 376,180 paired-end clean reads from
GmIPKI and GmIPK?2 amplicon-seq libraries. Subse-
quent analysis showed that 180,971 (48.11%) and
195,209 (51.89%) paired-end reads were obtained
from GmIPKI and GmIPK2, respectively. CRISPR/
Cas-induced gene modification patterns were analyzed
using AGEseq software (Supplementary Table 2 and
Supplementary Table 3). The STU system showed
very low editing rates for the GmIPK1 gene, with wild-
type sequences detected on 99.1% of the reads. Six of
15 samples had no edits, while 5 only had < 2%
editing at 2 of the 3 sites. Editing occurred mainly in
four different events. GmIPK1-STU-#04 reads with a
1-bp deletion were found in all three sites at a low but
detectable level (< 0.3%). The sequence between
GmIPK1-Target 1 and GmIPK1-Target 3 (751 bp)
was deleted in 156 of the reads (3.99% and 5.40%)
(Fig. 4). GmIPK1-STU-#06 only displayed modifica-
tions for GmIPK1-Target 3, with a 5-bp deletion
detected in 19% of the reads. Modifications were
identified in all three sites of the GmIPK1-STU-#08
event (Fig. 4). A 2-bp deletion was detected in
GmIPK1-Target 1 with a frequency > 87%. At the
same time, a 4-bp deletion sequence was observed in
18.52% of the reads of GmIPK1-Target 3. Finally, a

R [Recs 7 - csvevr FEGER] NosT

the EGFP reporter gene is under the control of the CsVMV
(cassava vein mosaic virus) promoter (light green) and T-nos
terminator (nopaline synthase). In the TCTU system each
sgRNA is driven by the U6 promoter from Medicago truncatula
separated for a UNS sequence. In the STU system the sgRNAs
are only separated for the UNS sequence

reduced percentage of the reads mapped to GmIPK1-
Target 2 harbored modifications, with nearly 4% of the
reads showing a 3-bp deletion and another 3%
showing a single base insertion. For GmIPK1-STU-
#09, a 749-bp deletion comprising the sequence
between GmIPKI1-Target 1 and GmIPKI1-Target 3
was observed.

Higher indel frequencies were observed when the
TCTU system was tested on the GmIPKI gene
(73.20% reads carried a mutation) (Fig. 4). Different
sgRNA sequences led to a wide collection of muta-
tions, ranging from small deletions (1 to 12 bp) or
insertions (only 1 bp) to large deletions that removed
the sequences between two sgRNAs. Only two events
(GmIPK1-TCTU-#02 and GmIPK1-TCTU-#14) har-
bored no modifications. The most commonly found
mutations for both STU and TCTU are as follows: for
IPK1-Target 3-751 bp, —4 bp and —1 bp; for
GmIPK1-Target 2 —1 bp (STU), —3 and —7 bp only
in TCTU; for IPKI1-Target 1-751 bp, —3 bp and
—4 bp (only for the TCTU). As previously detected in
IPK1-STU samples, deletions of about 751 bp (com-
prising the sequence between GmIPK1-Target 1 and
GmIPK1-Target 3) are frequently present in IPKI-
TCTU samples (8/15). Additional gene segment
deletions between GmIPK1-Target 1 and GmIPK1-
Target 2 (GmIPKI-TCTU-#04 and GmIPK1-TCTU-
#06), GmIPK1-Target 2 and GmlIPKI-Target 3
(GmIPK1-TCTU-#05) were detected as well. Average
editing frequencies of 89.30%, 69.13% and 79.39%
were estimated for GmIPKI1-Target 1, GmIPKI-
Target 2 and GmIPKI1-Target 3, respectively.
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However, some single events such as GmIPKI-
TCTU-#09, GmIPKI1-TCTU-#12 and GmIPKI1-
TCTU-#15 show editing levels > 95% in all three
sites.

For the GmIPK2 gene (Fig. 5), the STU system
delivered overall 96.38% of wild-type sequencing
reads. GmIPK2-Target 1 and GmIPK2-Target 3
showed similar editing rates (12.71% and 13.76%,
respectively). In contrast, GmIPK2-Target 2 presented
an almost undetectable editing rate of 0.04%. The
most identified modification was a deletion of about
215 bp between the GmIPK2-Target 1 and GmIPK2-
Target 3 target sites. This modification was present in
all 15 events evaluated using the STU system with
frequencies up to 54.08%/33.71% (event GmIPK2-
STU-#11). No plants were identified without CRISPR/
Cas9-mediated edits. Smaller deletions (1 or 2 bp)
were also common modifications identified on IPK2-
STU events. Again, the TCTU system induced a much
higher number of modifications than the STU system
(79.33% and 96.38%), but the differences between the
STU and TCTU systems were less pronounced for
GmIPK?2 than for GmIPK 1. Despite all events showing
some kind of edition, GmIPK2-Target 2 had the lowest
editing rate with only a 0.67% rate (10 out of the 15
events showed only wild-type reads). The most
frequent edit was the excision of the fragment between
GmIPK2-Target 1 and GmIPK2-Target 3. Another
large deletion, i.e., between GmIPK2-Target 1 and
GmIPK2-Target 2, was only detected in event

GmIPK2-TCTU-#05. Events GmIPK2-TCTU-#08
and GmIPK2-TCTU-#04 presented a higher editing
rate, ranging between from 60.85% and 41.57%. Only
IPK2-TCTU-#04 presented any editing on GmIPK2-
Target 2. GmIPK1-TCTU-#02 library had some issues
and was sequenced at low depth coverage, resulting in
no sequencing information available on the GmIPK1-
target 2.

Discussion

Although CRISPR technology has been revolutioniz-
ing gene edition since its discovery, new advances
have made this system even more efficient (Fiaz et al
2019). Traditionally, the CRISPR/Cas9 system uses a
combination of two types of promoters, one from the
class II Pol promoter that regulates Cas endonuclease
expression and other from the class III that regulates
the sgRNA (Tang et al. 2019). Some limitations have
been become apparent after it was developed because
of the poor characterization of pol III promoters in
some organisms (Sun et al. 2015) and uncoordinated
activity of Cas9 and sgRNA expression, given they are
being driven by different promoters (Tang et al. 2019),
or repetitive use of the sequence that might cause
variation of expression levels and transgene silencing
(Ma et al. 2015). The CRISPR/Cas9 system can be
simplified even further without compromising its
efficiency. A more compact system such as the STU

Fig. 3 a Hairy-root process and detection of fragments
Preparation of the cotyledons, showing the cut for inoculation
(outlined in red); b roots grown in MS medium under EGFP
flashlight; ¢ detection of the fragment of the GmIPKI gene by
PCR on agarose gel under UV light, expected fragment of
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1233 bp. Lines 1-6: IPK1-STU, lines 7-11: IPK1-TCTU, +:
plant control. d Detection of the fragment of the Gm/PK2 gene
by PCR on agarose gel under UV light, expected fragment of
1053 bp. Lines 1-5: IPK1-STU, lines 7-10: IPK1-TCTU, +:
plant control. M: 1-kb ladder LIBPBio



Transgenic Res (2021) 30:239-249

245

A

IPK1-STU-#02

5,955,756

TGTGCATCAACCCTGGCAGCT TCAACTCGCCACGCAGGACGTT

100%
99.3%

CCTFGGAGCC'I'I'ACGTATGCGGACCACI'I'I'CCCAATCTACA‘ 100%

TTCCTTGGAGCCTTACGTATGCGGACCAC 'CCCAATCTACA 99.6%

5,960,022
J

™~ S5’UTR [

150bp

TGCTCCTTCCCCTEGTARACECAGTCAGETGEGTCTTCCTCT "100%
TGCTCCTTCCCCTETGTAAACCCAGTCAGETGEGTCTTCCTCT 100%

TGTGCATCAACCCTGGC-~-TTCAACTCGCCACGCAGGACGTT  0.7%  TTCCTTGGAGCCT-ACGTATGCGGACCACTTTCCCAATCTACA 0.2%
TTCCTTG-AGCCTTACGTATGCGGACCACTTTCCCAATCTACA 0.1%
TTCCTTGGAGCCTTACGTATGCGGACCACTTTCC-AATCTACA 0.1%

IPKL-STU-#03 TGTGCATCAACCCTGGCAGCTTCAACTCGCCACGCAGGACGTT 100%  TTCCTTGGAGCCTTACGTATGCGGACCACTTTCCCAATCTACA 100%  TGCTCCTTCCCCTERGTARACCEAGTEAGETGEGTCTTCCTCT 100%

IPKL-STU-#04 TGTGCATCAACCCTGGCAGCTTCAACTCGCCACGCAGGACGTT 94.3%  TTCCTTGGAGCCTTACGTATGCGGACCACTTTCCCAATCTACA 99.9% TGCTCCTTCCCCTETGTAMACCCAGTCAGETGEGTCTTCCTCT 95.8%
TGTGCATCAACCCTGG-AGCTTCAACTCGCCACGCAGGACGTT  0.3%  TTCCTTGGAGCCT-ACGTATGCGGACCACTTTCCCAATCTACA 0.1%  TGCTCCTTCCCCTETGTAASCECAGTCAGETGEGTCTTCCTCT  0.2%
TGTGCATCAACCOT = e e e e - - - = == 5.4% mmmmmmmmmmmmm e eemo—eeoe ND -----e--- - ACCCAGTCAGETGCGTCTTCCTCT  4.0%

IPK1-STU-#08 TGTGCATCAACCCTGGCAGCTTCAACTCGCCACGCAGGACGTT 81,5%  TTCCTTGGAGCCTTACG-TATGCGGACCACTTTCCCAATCTACA93.0% TGCTCCTTCCCCTETGTAAACCCAGTCAGETGEGTCTTCCTCT 12.5%
TGTGCATCAACCCTGG=~--TTCAACTCGCCACGCAGGACGTT 18.5%  TTCCTTGGAGCCTTACG----GCGGACCACTTTCCCAATCTACA 4.0% TGCTCCTTCCCCTETG==AACCCAGTCAGETGEGTCTTCCTCT 87.5%

TTCCTTGGAGCCTTACGGTATGCGGACCACTTTCCCAATCTACA 3.0%

IPKL-TCTU-#12 TGTGCATCAACCCTGGCAGCTTCAACTCGCCACGCAGGACGTT 1.9%  TTCCTTGGAGCCTTACGTATGCGGACCACTTTCCCAATCTACA  4.5% TGCTCCTTCCCCTERGESEECCCAGTCAGETGEGTCTTCCTCT 53.3%
TGTGCATCAACCCTGG----TTCAACTCGCCACGCAGGACGTT 49.4%  TTCCTTGGAGCCTTACG=-=-=-- ACCACTTTCCCAATCTACA 95.5% TGCTCCTTCCCCTENGES=ACCCAGTCAGETGEGTCTTCCTCT 46.7%
TGTGCATCAACCCTGG-AGCT TCAACTCGCCACGCAGGACGTT 48.7%

IPK1-TCTU-#13 TGTGCATCAACCCTGGCAGCT TCAACTCGCCACGCAGGACGTT 98.4%  TTCCTTGGAGCCTTACGTATGCGGACCACTTTCCCAATCTACA 100% — TGCTCCTTCCCCTETGTAAACCCAGTCAGETGEGTCTTCCTCT 88.1%
TGTGCATCAACCCTGG==========mmmeeen - e e e o mem 1.6%  mmmmmm e e ND  m-eee-------- ACCCAGTCAGETGEGTCTTCCTCT 11.9%

IPK1-TCTU-#14 TGTGCATCAACCCTGGCAGCTTCAACTCGCCACGCAGGACGTT 100%  TTCCTTGGAGCCTTACGTATGCGGACCACTTTCCCAATCTACA 100% — TGCTCCTTCCCCTETGTAAACCCAGTCAGETGEGTCTTCCTCT 100%

IPK1-TCTU-#15 TGTGCATCAACCCTGGCAGCTTCAACTCGCCACGCAGGACGTT 0.9%  TTCCTTGGAGCCTTACGTATGCGGACCACTTTCCCAATCTACA 3.5% TGCTCCTTCCCCTETGTAAACCCAGTCAGETGEGTCTTCCTCT  0.3%
TGTGCATCAACCCTGGC-~~TTCAACTCGCCACGCAGGACGTT 25.0%  TTCCTTGGAGCCTTACG---GCGGACCACTTTCCCAATCTACA 96.2% TGCTCCTTCCCC-FEEsss ACCCAGTCAGETGEGTCTTCCTCT 32.9%
TGTGCATCAACCCTGG-~~~TTCAACTCGCCACGCAGGACGTT 24.4%  TTCCTTGGAGCCTTACG==-==-=- ACCACTTTCCCAATCTACA 0.3% TGCTCCTTCCCCTEMS==AACCCAGTCAGETGEGTCTTCCTCT 31.1%
TGTGCACCAACCCTG-~--GCTTCAACTCGCCACGCAGGACGTT  0.2% TGCTCCTTCCCC-CRENSES CCCAGTCAGETGEGTCTTCCTCT  0.1%
TGTGCATCAACCCTGGC-==--TCAACTCGCCACGCAGGACGTT  0.2% TGCTCCTTCCCC-GHENNES CCCAGTCAGETGEGTCTTCCTCT  0.1%

TGCTCCTTCCCCACTRESSRECAGTCAGETGEGTCTTCCTCT  0.1%
TGTGCATCAACCCT===================moommomeo L e e ND oo - - ACCCAGTCAGETGEGTCTTCCTCT 35.4%

Fig. 4 Comparison of the single transcriptional unit (STU) and
two-component transcriptional unit (TCTU) CRISPR/Cas9
gene editing systems in soybean hairy roots for the GmIPKI
gene. a Schematic illustration of the GmIPKI gene (Gly-
ma.14G072200). All exons are represented by solid green
arrows, and introns are represented as lines. Both the 5’ and 3’
untranslated regions (UTR) are depicted as gray boxes.
GmIPK1-Target 1, GmIPK1-Target 2 and GmIPK1-Target 3
are represented by blue, pink and yellow arrows, respectively.

design would enhance flexibility and simplify gRNA
construction. In this context, we evaluated the effi-
ciency of editing two soybean genes by using
CRISPR/Cas9 with the sgRNA in two different
configurations, i.e., the conventional (TCTU) and
simplified (STU) strategies. It was possible to reduce
the CRISPR/Cas9 expression cassette from 7050 bp in
the TCTU system to 5990 bp in the STU system, a
reduction of > 1000 bp. Given that each sgRNA has
120 bp, the remaining 1000 bp is equivalent to
approximately eight new sgRNAs in a simplified
design, which means eight new targets for other genes
in a multiplex system.

In this work, when we compare the systems, the
TCTU and STU gave gene-specific results, but both
were able to create indels from DSBs. These included
deletions ranging from 1 to 10 bp for IPK2. For IPK1,
the deletion size varied from 1 to 12 bp. They also

b CRISPR/Cas9 induced mutations by the STU and TCTU
systems. Wild-type sequences are in green, deletions are shown
as dashes, and SNPs are shown in black. The targeted sequences
are highlighted in blue, pink and yellow, and the PAM is
underlined in red. Percentages next to the sequences indicate the
number of reads mapped over the total number of reads
sequenced for a given target within each sample. ND: Not
detected. (Color figure online)

included 1-bp insertions that were detected for both
genes. In addition, we obtained a 752-bp deletion in
GmIPK]1 gene when the fragment between GmIPK1-
Target 1 and -Target 3 was deleted. For the GmIPK2
gene, the largest deletion was 217 bp, which is the
distance between GmIPK2-Target 1 and -Target 3.
Overall, the major difference is that the TCTU system
consistently gave higher editing frequencies for both
genes. This difference in frequency may simply
indicate that the TCTU is the superior system. The
STU system employed here was based on reports by
Wang et al. (2018) and Mikami et al. (2017) wherein
Cas9 multiplexed gRNAs were shown to achieve
editing efficiencies from 50 to 94%. An advantage of
relying on the plant endogenous processing machinery
to cleave the RNA is that it simplifies gRNA construct
assembly. Other approaches have used the Cys4 RNA
cleaving system (Cermak et al. 2017), exogenous
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A 41,389,096

41,391,331

Jack (wt)
IPK2-STU-#01

IPK2-STU-#02

IPK2-STU-#03

IPK2-STU-#04

IPK2-TCTU-#05

IPK2-TCTU-#06

IPK2-TCTU-#10

IPK2-TCTU-#15

CCTTCTTCAGGCACTTGCAGATGTAGTCCTCGGAGTCTCCCAG 100%

3'UTR X [

CCTTCTTCAGGCACTTGCAGATGTAGT CCTCGGAGTCTCCCAG 95.6%

CCTTCTTCAGGCACT TGCAGATGTAGT ===~~~ ~-========~ 4.4%
CCTTCTTCAGGCACTTGCAGATGTAGTCCTCGGAGTCTCCCAG 86.4%

CCTTCTTCAGGCACTTGCAGATGTAGT ===~ -=========== 12.3%
CCTTCTTCAGGCACTTGCAGATGTAG= = ===============
CCTTCTTCAGGCACT TGCAGATGTAGTCCTCGGAGTCTCCCAG 75.7%
CCTTCTTCAGGCACTTGCAGATGTA--CCTCGGAGTCTCCCAG  1.0%

CCTTCTTCAGGCACT TGCAGATGTAGT:!
CCTTCTTCAGGCACT TGCAGATGTAGC
CCTTCTTCAGGCACTTGCAGATGTAGTCCTCGGAGTCTCCCAG 87.9%
CCTTCTTCAGGCACTTGCAGATGTA-TCCTCGGAGTCTCCCAG  0.8%
CCTTCTTCAGGCACTTGCAGATGTAGT ===~~~ ~-=======-=-~ 11.3%
CCTTCTTCAGGCACTTGCAGATGTAGTCCTCGGAGTCTCCCAG 44.0%
CCTTCTTCAGGCACTTGCAGATGTA-TCCTCGGAGTCTCCCAG 34.4%
CCTTCTTCAGGCACTTGCAGATGTA--CCTCGGAGTCTCCCAG 0.8%

CCTTCTTCAGGCACTTGCAGATGTAGT === === ========== 20.8%
CCTTCTTCAGGCACT TGCAGATGTAGT CCTCGGAGTCTCCCAG 51.6%
CCTTCTTCAGGCACT TGCAGATGTA--CCTCGGAGTCTCCCAG 29.6%
CCTTCTTCAGGCACT TGCAGATGTAGT === === -========= 18.9%
CCTTCTTCAGGCACT TGCAGATGTAGTCCTCGGAGTCTCCCAG 33.8%
CCTTCTTCAGGCACTTGCAGATGT---CCTCGGAGTCTCCCAG  2.6%
CCTTCTTCAGGCACTTGCAGATGTAG-CCTCGGAGTCTCCCAG 1.8%

CCTTCTTCAGGCACT TGCAGATGTAGT === === ====== ===~ 61.8%
CCTTCTTCAGGCACT TGCAGATGTAGTCCTCGGAGTCTCCCAG 51.1%
CCTTCTTCAGGCACT TGCAGATGTA--CCTCGGAGTCTCCCAG  2.4%

'C‘CG CAGAGGAGGTCCTCCAGGACCAGGTGAGGGTGGGGACCGG

CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGG TGGGGACCGG
CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGG TGGG-ACCGG

CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGG TGGGGACCGG

CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGGTGGG-ACCGG
CCGCAGAGGAGGTCCTC-AGGACCAGGTGAGGG TGGGGACCGG

CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGGTGGGGACCGG
CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGGTGGG-ACCGG
CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGGTGGGGACCGG
CCGCAGAGGAGGTCCTCCAGGAC- - --TGAGGG TGGGGACCGG
CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGGTGGG-ACCGG
CCGCAGAGGAGGTCCTCCAGGACCAGGT - === -========-=
CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGG TGGGGACCGG
CCGCAGAGGAGGTCCTCCAGGACCAGG -~ ~GGGTGGGGACCGG
CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGG TGGGGACCGG
CCGCAGAGGAGGTCCTCCAGGA===== ===~ GTGGGGACCGG
CCGCAGAGGAGGTCCTCCAGGACCAGGTGAGGGTGGG-ACCGG
CCGCAGAGGAGGTCCTC-AGGACCAGGTGAGGGTGGGGACCGG

100%

150bp.

CCTTCTTCAGGCACTTGCAGATGTAGT ===~~~ ========== 46.5%

Fig.5 Comparison of the single transcriptional unit (STU) and
two-component transcriptional unit (TCTU) CRISPR/Cas9
gene editing systems in soybean hairy roots for the GmIPK2
gene. a Schematic representation of the GmIPK2 gene
(Glyma.12G240900). All exons are represented by solid green
arrows, and introns are shown as lines. The 5’ and 3’ untranslated
regions (UTR) are shown as gray boxes. GmIPK2-Target 1,
GmIPK2-Target 2 and GmIPK2-Target 3 are represented by
blue, pink and yellow arrows, respectively. b CRISPR/Cas9

ribozymes (Gao et al. 2015; Tang et al. 2016) and the
polycistronic tRNA-gRNA gene system (Xie et al.
2015) to release individual gRNAs, and these
approaches may circumvent the low frequencies
obtained here with the STU system. A similar
simplified transcriptional unit CRISPR system (STU)
was tested in rice and showed editing rate efficiencies
between 29 and 38%, and the efficiency remained the
same when compared to the traditional system. Point
mutations were observed at the cleavage site or at most
two bases ahead (Tang et al. 2016). With additional
optimization, the mutation rate was close to 50%
across six targets (Tang et al. 2019). Different
endonucleases were tested with the STU configuration
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CGGCGAGAGAGGTETARRAGGAGAGTTCEETGGAGCCGCGGET  100%
99.8% CGGCGAGAGAGGTGTAAAAGGAGAGTTCGGTGGAGCCGCGGGT — 95.4%
0.2%
---------- ND --------- - B T EGG T GGAGCCGCGGGT 4.6%
100%  CGGCGAGAGAGGTGTAAAAGGAGAGTTCGGTGGAGCCGCGGGT — 90.8%
CGGCGAGAGAGGTGTAAAAGGAGES==CEETGGAGCCGCGGGT  0.5%
ND  ----------EEEEEEEEEEEm—ms TEGGTGGAGCCGCGGGT  7.9%
---------- ND  --------- - ICGG T GGAGCCGCGGGT 0.8%
99.6% CGGCGAGAGAGGTGTAAAAGGAGAGTTCGGTGGAGCCGCGGGT — 76.9%
0.3% CGGCGAGAGAGGTGTAAAAGGAG====CGGTGGAGCCGCGGGT 1.2%
0.1%
ND TEEGTGGAGCCGCGGGT  21.7%
ND TEGETGGAGCCGCGGGT  0.2%
99.8% CGGCGAGAGAGGTGTAAAAGGAGAGTTCGETGGAGCCGCGGGT  90.0%
0.2%  CGGCGAGAGAGGTGTAAAAGGAGES=SCGGTGGAGCCGCGGGT  0.4%
ND  ----------ESSEEEEssmmsses MEGGTGGAGCCGCGGGT 9.6
96.5% CGGCGAGAGAGGTGTAAAAGGAGAGTTCGGTGGAGCCGCGGET — 69.5%
1.8% CGGCGAGAGAGGTGTAAAAGGAG====CGETGGAGCCGCGGGT 8.2%
0.3%
1.4% GETGGAGCCGCGGGT  3.2%
ND ----------FESsssssssssssas MEGGTGGAGCCGCGGGT  19.1%
34.7% CGGCGAGAGAGGTGTAAAAGGAGAGTTCGETGGAGCCGCGGGT  31.1%
65.3% CGGCGAGAGAGGTGTAAAAGGAGE===CGGETGGAGCCGCGGGT  58.5%
ND ----------EEEEEEEEEEEEE TCEGTGGAGCCGCGGGT  10.4%
98.6% CGGCGAGAGAGGTGTAAAAGGAGAGTTCGETGGAGCCGCGGGT  53.7%
0.5% CGGCGAGAGAGGTGTAAAAGGAGAGTTEGGTGGAGCCGCGGGT  0.6%
0.5%
0.4%
ND —------mmcmmmmmmmem e TCGGTGGAGCCGCGGGT  45.7%
100% CGGCGAGAGAGGTGTAMAAGGAGAGTTCGGTGGAGCCGCGGGT  56.4%
ND ----------EESESEEESssE=mEs TCGGTGGAGCCGCGGGT — 43.6%

induced mutations in both STU and TCTU systems. Wild-type
sequences are in green, deletions are shown as dashes, and SNPs
are shown in black. The targeted sequences are highlighted blue,
pink and yellow, and the PAM is highlighted and underlined in
red. Percentages next to sequences indicate the number of reads
mapped over the total number of reads sequenced for a given
target within each sample. ND: Not detected. (Color
figure online)

(FnCpfl, LbCpfl or Cas9) using a multiplex system,
and the efficiency was > 50% (Wang et al. 2018).
The successful activity from the CRISPR/Cas9
complex activity is associated with target sequence
characteristics (Doench et al. 2014), but we are not
aware of reports describing preferences based on
target position within a multiplex system. Notably, the
entire fragment between targets 1 and 3 was more
frequently removed for the GmIPK2 gene (smaller
gene) as all events from both STU and TCTU had this
deletion in frequencies up to 60.8% for event 4 from
the TCTU system. For the GmIPKI gene, the entire
segment between targets 1 and 3 (approximately
715 bp long, depending on the cut) was lost in 4 of 15
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events with the STU system and 8 of 15 events for the
TCTU system. Edits for target 2 of the GmIPK2 gene
were rare. The GmIPK?2 is the smaller gene, and the
proximity of the target sites (101 bp between target 1
and 2, 76 bp between target 3 and 2) might have led to
interference with the Cas endonucleases.

In diploid cells, three zygosities are possible,
monoallelic, heterozygous diallelic (more commonly
referred to as biallelic) and homozygous diallelic
(Luttgeharm et al. 2017). Knowing the nature of the
mutations helps understand the efficiency of each
system. In our hands, biallelic editing is rare for the
STU system, although event 8 for GmIPKI had an
87.5% biallelic editing frequency for target 1, con-
sisting of a 2-bp deletion. For GmIPK I with the TCTU
system, all three targets were biallelic for events 4 and
9, while events 6 and 8 were monoallelic for targets 1
and 3. Event 10 was also biallelic for targets 1 and 3,
but monoallelic for target 2. Diallelic edits were
predominantly heterozygous. None of the targets in
the GmIPK2 gene resulted in diallelic edits with either
system.

In conclusion, the TCTU and STU systems were
effective in editing soybean genes coding for enzymes
from the phytic acid synthesis pathway, though the
higher editing frequencies obtained with the TCTU
system make this the preferred technology. This
technology will be the foundation for efficiently
editing genes in the soybean genome as well as
production of low phytic acid genotypes.
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