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SUMMARY

In recent years, Setaria viridis has been developed as a model plant to better understand the C4 photosynthetic

pathway in major crops. With the increasing availability of genomic resources for S. viridis research, highly

efficient genome editing technologies are needed to create genetic variation resources for functional geno-

mics. Here, we developed a protoplast assay to rapidly optimize the multiplexed clustered regularly inter-

spaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas9) system in S. viridis. Targeted

mutagenesis efficiency was further improved by an average of 1.4-fold with the exonuclease, Trex2. Distinctive

mutation profiles were found in the Cas9_Trex2 samples, with 94% of deletions larger than 10 bp, and essen-

tially no insertions at all tested target sites. Further analyses indicated that 52.2% of deletions induced by

Cas9_Trex2, as opposed to 3.5% by Cas9 alone, were repaired through microhomology-mediated end joining

(MMEJ) rather than the canonical non-homologous end joining DNA repair pathway. Combined with a robust

Agrobacterium-mediated transformation method with more than 90% efficiency, the multiplex CRISPR/Cas9_-

Trex2 system was demonstrated to induce targeted mutations in two tightly linked genes, svDrm1a and

svDrm1b, at a frequency ranging from 73% to 100% in T0 plants. These mutations were transmitted to at least

60% of the transgene-free T1 plants, with 33% of them containing bi-allelic or homozygous mutations in both

genes. This highly efficient multiplex CRISPR/Cas9_Trex2 system makes it possible to create a large mutant

resource for S. viridis in a rapid and high throughput manner, and has the potential to be widely applicable in

achieving more predictable and deletion-only MMEJ-mediated mutations in many plant species.

Keywords: Cas9, CRISPR, multiplexed genome editing, NHEJ and MMEJ DNA repair, Setaria viridis, Trex2

exonuclease, technical advance.

INTRODUCTION

Setaria viridis (green foxtail) is an annual diploid C4 pani-

coid grass with a small genome and the wild relative to

Setaria italica (foxtail millet), an agriculturally important

crop in parts of Africa and Asia (Lata et al., 2013). Although

historically regarded as an invasive weed, S. viridis has

recently been developed as an emerging monocot model

species to investigate bioenergy feedstocks and panicoid

food crops, such as maize, sorghum, sugarcane and

switchgrass, and to better dissect the cellular and bio-

chemical mechanisms of C4 photosynthesis (Brutnell et al.,

2010). Setaria viridis has many features that make it an

attractive model system, including a short life cycle,
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compact stature, reproduction via self-pollination and the

ability to generate a high number of seeds (Defelice, 2002;

Brutnell et al., 2010). Furthermore, the expanding genetic

and genomic resources, including diverse germplasm

accessions, chemically induced mutant populations, high

quality reference genome of the A10.1 variety and the rese-

quenced genomes from more than 600 accessions, make it

possible to conduct large-scale gene discovery and func-

tional genomics in S. viridis (Bennetzen et al., 2012; Zhu

et al., 2017; Huang et al., 2019). Lastly, as another key fac-

tor for a successful model plant system, an efficient

Agrobacterium-mediated transformation method has been

reported in S. viridis, indicating that it is amenable to

genetic engineering techniques (Van Eck, 2018; Huang

et al., 2019; Nguyen et al., 2020).

Genome editing has significant potential to expedite gene

discovery and functional genomics. A key characteristic of

current genome editing technologies is the use of pro-

grammable nucleases, such as meganucleases, zinc finger

nucleases (ZFNs), transcriptional activator-like effector

nucleases (TALENs) or clustered regularly interspaced short

palindromic repeats (CRISPR)/CRISPR-associated (Cas9), to

create double-stranded DNA breaks (DSBs, or single-

stranded nicks in some applications) at targeted loci. The

induced DSBs can be exploited to introduce a variety of

genomic modifications, such as deletions, insertions and

nucleotide substitutions, using one of two main DNA repair

pathways: end joining or homology-directed repair (HDR).

The end-joining pathways, including non-homologous end

joining (NHEJ) and microhomology-mediated end joining

(MMEJ), are mostly used to generate insertions/deletions

(indels) at targeted sites, whereas the HDR pathway is

employed to precisely incorporate desired sequences into

targeted loci by copying genetic information from co-trans-

formed donor templates (Chen et al., 2019).

In recent years, the CRISPR/Cas9 system has become the

reagent of choice to achieve efficient genome editing in

many plant and animal species as a result of its simplicity,

robust activity, versatility and multiplexing capability (Yin

et al., 2017). When adopted in a new plant species, how-

ever, the CRISPR/Cas9 system often requires considerable

optimization in vector construction, transgene expression,

tissue culture and transformation efficiency (Yin et al.,

2017). Additional strategies have been employed to further

improve mutagenesis efficiency. For example, it has been

demonstrated that the use of plants with a deficiency in

the NHEJ pathway, such as the Ku70/Ku80 and Ligase IV

mutants, could significantly enhance the frequency of tar-

geted mutagenesis (Qi et al., 2013). Moreover, the simulta-

neous expression of exonucleases, such as Trex2, with

CRISPR/Cas9 has been shown to enhance the frequency of

targeted mutagenesis up to 2.5-fold in tomato and barley

(�Cerm�ak et al., 2017). As for improving the multiplexing

capability of the CRISPR/Cas9 system, multiplex CRISPR

guide RNA (gRNA) has been tested by expressing from a

single polycistronic cassette by a single promoter. In this

design, the gRNA cassettes can be separated by ribozyme

sites, CRISPR system yersinia ribonuclease 4 (Csy4) recog-

nition sites, or tRNA sequences, which are then processed

to release individual mature gRNAs for targeting (Tsai

et al., 2014; Xie et al., 2015). When used in a new species,

however, these multiplexing systems also need to be

tested and optimized as a result of varied processing effi-

cacy (Minkenberg et al., 2017; Shiraki and Kawakami,

2018).

Although one example of the CRISPR/Cas9-mediated

gene knockouts has been described in S. viridis, a highly

efficient, multiplexed gene editing system has yet to be

reported (Huang et al., 2019). In the present study, we

developed a protoplast-based transient assay for rapidly

testing and optimizing the multiplexed CRISPR/Cas9 sys-

tem in S. viridis. This system was also used to test the

strategy of co-expression of the Trex2 exonuclease to fur-

ther improve targeted mutagenesis efficiency in S. viridis.

Finally, the optimized system was validated in stable trans-

genic plants to achieve highly efficient and heritable knock-

outs in two tightly linked S. viridis genes. The applications

of this highly efficient, multiplexed CRISPR/Cas9_Trex2

system were discussed with respect to creating a large

genetic mutant resource for S. viridis and achieving unique

mutations in plant species.

RESULTS AND DISCUSSION

Development of multiplexed gene editing using S. viridis

protoplasts

We sought to develop a protoplast-based assay for quickly

assessing the CRISPR/Cas9 system in S. viridis (Figure S1).

Protoplasts were isolated from young leaves of 14-day-old

S. viridis seedlings. Transformation efficiency was tested

using the green fluorescent protein (GFP) reporter driven

by two different promoters: the Cestrum yellow leaf curling

virus (CmYLCV) promoter and the Ubiquitin 2 promoter

from switchgrass (PvUbi2) (Figure S2a). Both constructs

produced robust GFP expression in approximately 80% of

protoplasts at 24 h post transformation (hpt) and with

almost 100% frequency at 48 hpt (Figure S2b).

The S. viridis protoplast assay system was then used to

test and optimize CRISPR/Cas9 constructs targeting

endogenous S. viridis genes, the domains rearranged

methylase 1a (Drm1a), domains rearranged methylase 1b

(Drm1b), male sterile 26 (Ms26) and male sterile 45 (Ms45)

genes, respectively (Figure 1). The coding sequences of

each gene were obtained by BLAST searching (https://phyto

zome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Sviridis_er)

the reference genome of S. viridis accession A10.1 with the

sequences of their maize orthologs, zmDrm1a, zmDrm1b,

zmMs26 and zmMs45 (Table S1). Targeted sequences were
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additionally verified by Sanger sequencing in S. viridis

accession ME034v, the plant variety used in the present

study. CRISPR gRNAs were designed to target the 5’ exons

or the conserved domains in each gene using CRISPOR

(Haeussler et al., 2016). Each target site contains a restric-

tion enzyme site overlapping the CRISPR/Cas9 cut site to

facilitate the cleaved amplified polymorphic sequences

(CAPS) assay for subsequent genotyping analysis

(Figure 1).

To achieve multiplexed gene editing in S. viridis, we

tested two polycistronic gRNA expression systems, the

Csy4-based and the tRNA array-based systems, in proto-

plasts (Xie et al., 2015; �Cerm�ak et al., 2017). Constructs con-

taining gRNAs targeting the Drm1a and Drm1b genes

(Figure S3a) were each co-transformed with Cas9 plasmids

into protoplasts. As depicted in Figure 2a, high indel muta-

tion frequencies were observed at each target site, ranging

from 46% to 82%, indicating that both Csy4 and tRNA-

based systems worked effectively in S. viridis protoplasts.

The Trex2 exonuclease enhances targeted mutagenesis

with unique mutation profiles

We chose the tRNA-based system for multiplexed genome

editing in S. viridis for further development as a result of

its proven efficiency and simplicity (Xie et al., 2015;

Minkenberg et al., 2017). The multiplexing gene editing

constructs, pMG198 and pMG199, were made containing

the Cas9 expression cassette and the gRNA array. Each

construct contained two gRNA sequences that simultane-

ously targeted the Ms26 and Ms45 genes at the selected

gRNA 1 or 2 sites, respectively (Figure S3b). When these

constructs were tested in protoplasts, high indel mutation

frequencies were observed at each target site using next-

generation sequencing (NGS): 45–60% for the Ms26 gRNA1

and gRNA2 sites and 35–37% for the Ms45 gRNA1 and

gRNA2 sites, respectively (Figure 2b). To test whether the

mutagenesis efficiency can be further improved through

co-expression of the Trex2 exonuclease, these multiplexing

Figure 1. The schematic structures of the Drm1a, Drm1b, Ms26 and Ms45 genes. Each black box represents an exon, with gray boxes representing the 5’ and 3’

untranslated regions. Two guide RNAs (gRNAs) were designed to target Drm1b, Ms26 and Ms45, with the distance between gRNAs being 114, 168 and 75 bp

apart, respectively. Individual gRNA targeted sites are shown in each gene, with the restriction enzyme sites underlined and the protospacer adjacent motif

(PAM) in red.
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CRISPR/Cas9 constructs were modified by cloning the

Trex2 coding sequences into the Cas9 expression cassette.

The resulting Cas9_Trex2 plasmids, pMG201 and pMG202

(Figure S3b), were then transformed into protoplasts,

respectively. At each target site, an average 1.4-fold

increase in mutagenesis frequency, ranging from 1.1-fold

to 1.7-fold, was observed from the samples with Trex2 as

compared to those without Trex2 (Figure 2b). Thus, our

results demonstrated that co-expression of the Trex2

exonucleases with CRISPR/Cas9 further improved mutage-

nesis frequency in S. viridis.

Increased deletion size was observed in tomato and bar-

ley when Trex2 was employed (�Cerm�ak et al., 2017). How-

ever, a thorough characterization of the mutations induced

by the combination of Cas9 with the Trex2 exonuclease

has yet to be reported using a large data set. In the present

study, the mutation profiles were analyzed from a total of

516,815 NGS reads, and compared between the samples

with and without co-expression of Trex2 (Table S2). In the

samples without Trex2, both insertional and deletional

mutations were observed in all four targeted sites, with

1.6–42.1% insertions, the majority of which were 1-bp

insertions, and 57.1–97.8% deletions (Figure 2c). Among

these deletions, 97.2–98.9% were smaller than 10 bp. Con-

versely, in the samples with Trex2, 94% of deletions, rang-

ing from 92.3% to 96.6%, were larger than 10 bp, with 12%

of them extending over 100 bp (Figure 2c). When they

were further plotted along each targeted region, the dele-

tions from the samples without Trex2 were found clustered

in the 5’ of the protospacer adjacent motif (PAM)

sequences (PAM-distal regions) and within 10 bp of the

DSB site. By contrast, the sequences from the four targeted

Figure 2. Analyses of mutagenesis frequencies and mutation profiles induced by the CRISPR/Cas9 systems. Mutagenesis frequency was calculated by dividing the

total number of modified reads by the total number of reads. (a) Comparison of mutagenesis frequency mediated by the CRISPR system yersinia ribonuclease 4

(Csy4) (blue) and tRNA (beige) based guide RNA (gRNA) processing system. The gRNA sites, Drm1a gRNA 1 and Drm1b gRNAs 1 and 2, were targeted and analyzed

by next-generation sequencing (NGS). (b) Comparison of mutagenesis frequency induced by Cas9 (red) and Cas9_Trex2 (black). The gRNA sites,Ms26 gRNA 1,Ms26

gRNA 2,Ms45 gRNA1 and Ms45 gRNA 2, were targeted and analyzed by NGS. (c) Comparison of mutation profiles induced by Cas9 and Cas9_Trex2. The stacked bar

graph was generated for each gRNA targeted site with either Cas9 or Cas9_Trex2. The deletions are represented on a grayscale according to size, insertions are indi-

cated in red and all other reads (i.e. substitutions, substitutions plus deletions and substitutions plus insertions) are indicated in blue. (d) Comparison of DNA repair

outcomes induced by Cas9 and Cas9_Trex2. The frequencies of distinct DNA repair outcomes as either microhomology-mediated end joining (MMEJ) (blue) or non-

homologous end joining (NHEJ) (gray) were plotted in each sample with Cas9 or Cas9_Trex2.
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sites with Trex2 contained much larger deletions that were

symmetrically distributed on each side of PAM and that

extended up to more than 100 bp (Figure S4). Additionally,

it is worth noting that almost no insertions were observed

in the samples with Trex2 as opposed to up to 42.1% inser-

tional mutations in those without Trex2. This finding sug-

gested that the DNA breaks induced by Cas9_Trex2 could

be repaired differently from those induced by Cas9 alone

to prevent small insertions. Further investigations will be

required to determine the underlying mechanisms.

Interestingly, in the samples with Trex2, some specific

deletions appeared frequently, exemplified by the 48-bp

deletions (3.5% of all deletions) in the Ms26 gRNA2 sample

and the 87-bp deletions (7.4% of all deletions) in Ms45 gRNA

2 (Figure S5). Examination of these particular deletions

uncovered 2, 3 and 4 bp microhomologies at theMs26 gRNA

2 junction sites (Figure S6) and 2, 4, 5 and 6 bp microho-

mologies at the Ms45 gRNA 2 junction sites, indicating that

the microhomology-mediated end joining pathway was

involved in creating these deletions. Although previous stud-

ies have reported that Cas9-induced DSBs can be repaired

through both NHEJ and MMEJ pathways, a recent study

indicated that co-expression of Trex2 with CRISPR/Cas9 pre-

dominately results in DSB repair via the NHEJ pathway in

human cell lines (Bae et al., 2014; Ata et al., 2018; Taheri-

Ghahfarokhi et al., 2018; Allen et al., 2018). To investigate the

contribution of these two major end-joining pathways in our

samples, over 150 000 NGS reads from the samples with

and without co-expression of Trex2 were analyzed based on

the presence/absence of microhomology at the deletion

junction sites. As a result, in the samples with Trex2, a signif-

icant fraction of deletions, with an average of 52.2% (ranging

from 39.9% to 68.4%) appeared to be repaired by MMEJ,

whereas the samples without Trex2 exhibited an average of

only 3.5% of deletions (ranging from 0.11% to 8.1%) repaired

through MMEJ (Figure 2d).

The previous study by Chari et al (2015) suggested that

Trex2 could increase off-targeting mutation frequency in

human cells and that careful gRNA design was crucial to

reduce this risk. In the present study, the candidate gRNAs

were selected using CRISPOR, with the lowest off-targeting

scores possible (Haeussler et al., 2016). Four top-ranked off-

target sites of Ms26 gRNA1, two sites with 3-bp mismatches

and two sites with 4-bp mismatches, were identified by CRIS-

POR (Table S3). Each site was subjected to PCR amplification

and NGS from the samples with and without Trex2, respec-

tively. As a result, no significant mutation was detected at

all four sites from any sample (Table S3). Although we can-

not rule out the possibility that Trex2 could increase off-tar-

geting in plant cells, this finding confirmed that careful

gRNA design is important to reduce the risk.

Taken together, our results indicate co-expression of the

Trex2 exonuclease with CRISPR/Cas9 can be used as a gen-

eral strategy to increase the efficiency of targeted deletions

in plants. In addition, the high frequency of the MMEJ

events may also increase the predictability of the mutation

outcomes, which is of particular value when precise dele-

tional mutations are preferred. Although the mechanisms

of how Trex2 improves Cas9-induced mutation frequency

and promote MMEJ repair in plants remain to be clarified,

this process likely involves at least two major steps. First,

upon DSB induction at a target site, the Trex2 protein dis-

places the CRISPR/Cas9 complex, allowing for resectioning

of the broken DNA ends in a 3’ to 5’ manner (Mazur and

Perrino, 1999). Next, the resected ends are rejoined

through either NHEJ or MMEJ repair pathway (Figure S7).

As a result, the Trex2-mediated resectioning makes this

DNA repair process more error prone and gives rise to

higher mutation rates with larger deletions. It is not clear

why Trex2 promotes MMEJ over NHEJ repair in S. viridis

but not in human cells. These findings suggested that dif-

ferent organisms may invoke different end-joining path-

ways to repair the resected DSBs. Further investigations

are needed to determine the underlying mechanisms.

Highly efficient multiplexed genome editing in T0

transgenic plants

The multiplex CRISPR/Cas9_Trex2 system tested with the

protoplast assay was then used to create heritable muta-

tions in the two linked Drm1 genes. Three T-DNA constructs

were made by assembling the tRNA-gRNA array cassette

with the Cas9_Trex2 cassette using the Golden Gate assem-

bly method (�Cerm�ak et al., 2017). In these T-DNA vectors,

the tRNA-gRNA array contained up to three gRNAs target-

ing the Drm1a and Drm1b genes individually or collectively

(Figure S8a). Stable transgenesis was carried out using

Agrobacterium-mediated transformation. In total, 85, 26

and 103 potential transgenic plants were regenerated from

86, 29 and 112 mature seed-derived calli in the transforma-

tion groups, pTW037, pTW044 and pTW045, respectively,

exhibiting the high transformation efficiency (> 90%) for

this S. viridis ME034v variety (Table 1). A subset of candi-

date plants was randomly picked from each group and fur-

ther genotyped by genomic PCR using the primers for the

hygromycin marker gene (Figure S8b). The presence of T-

DNA constructs was confirmed in all 30 plants, indicating a

very low escape rate in plant transformation. Notably, the

overall transformation efficiency reported in the present

study is significantly higher than those of previous studies,

in the range 5–15% for the variety A10.1 (Van Eck et al.,

2017; Nguyen et al., 2020). The difference between the

observed transformation efficiencies could be attributed to

the S. viridis variety, ME034v, as used in the present study.

A similar transformation efficiency for ME034v was also

observed in other studies (Zhu et al., 2017; Huang et al.,

2019). Further investigations are required to determine the

underlying mechanism(s) responsible for this difference in

transformation efficiency.
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Next, the transgenic plants were examined at the tar-

geted regions using genomic PCR followed by a restriction

enzyme digestion, namely the CAPS assay (Figure 3a; Fig-

ure S9). As summarized in Table 1, the frequency of plants

with mutations induced by the single gRNA T-DNA con-

struct, pTW037, was 100% in the Drm1a target site. Simi-

larly, 82% and 73% of plants with the double gRNA T-DNA

plasmid, pTW044, carried mutations in the Drm1a and

Drm1b genes, and 100% of plants with the triple gRNA T-

DNA construct, pTW045, had mutations in all three target

sites (Figure 3a and Table 1). Accordingly, the multiplex

CRISPR/Cas9_Trex2 system that was demonstrated to be

highly efficient in the protoplast assay also induced high

frequency mutagenesis in stable transgenic plants.

Inheritance of targeted mutations in T1 progenies

Plants with the triple gRNA T-DNA construct were further

investigated to test the heritability of the mutations

induced in T0 plants. The CAPS genotyping assay indi-

cated that all 11 T0 plants contained mutations in all three

targeted sites at variable frequencies (Figure 3a). To quan-

tify the mutagenesis frequency in each T0 plant, PCR

amplicons spanning each targeted region were sequenced

using next-generation sequencing. Over 20 000 sequencing

reads were generated from each PCR amplicon, and ana-

lyzed to estimate the indel mutation frequency. Consistent

with the results from the CAPS genotyping assay, mutage-

nesis frequencies were observed in each T0 plant ranging

from 3% to 99% in the Drm1a site, from 10% to 99% in the

Drm1b gRNA1 site and from 11% to 99% in the Drm1b

gRNA2 site, respectively (Figure 3b). In general, the muta-

genesis frequencies were positively correlated across all

three target sites. For example, four of 11 plants showing

lower mutagenesis efficiency in the Drm1a target site (un-

der 10%) also displayed lower mutagenesis efficiency in

the two Drm1b target sites (Figure 3b).

Five T0 plants, 12, 15, 84, 86 and 94, showing mutation

frequencies > 50% at all three targeted sites, were chosen to

be self-pollinated and grown to maturity. Ten T1 progenies

from each T0 plant were grown for further characterization.

Using the CAPS genotyping assay, high frequencies of

mutant plants were detected in these T1 populations,

ranging from 50% to 100%, 60% to 90% and 30% to 100% at

three target sites, Drm1a, Drm1b gRNA1 and Drm1b

gRNA2, respectively (Figure S10, Table 2). To further distin-

guish heritable mutations from somatic mutations in these

T1 plants, a genomic PCR was conducted to identify T-DNA

transgene-free plants using primers for the hygromycin

marker gene (Figure S11, Table S4). Because the hygromy-

cin marker gene is close to the left border (LB) region of the

T-DNA, to rule out the possible presence of partial T-DNA

sequences (Collier et al., 2018), the T1 plants were also sub-

jected to the luciferase assay to detect the expression of the

luciferase reporter gene close to the right border (RB)

region. Lack of a fluorescence signal further confirmed the

absence of T-DNA sequences in the T1 plants (Figure S12).

As a result, four of five T1 populations, 12, 15, 84 and 86,

exhibited segregation of the transgene (Table 2). Of 50 T1

plants, 10 transgene-free plants were identified (Table 3,

Table S4). Among the transgene-free plants, six (60%)

showed mutations in at least one of the three target sites,

with one plant (10%) having a mutation at two target sites

and two plants (20%) having mutations at all three target

sites (Table 3). Two transgene-free plants, 12-1 and 12-9,

with mutations in all three target sites were further charac-

terized by NGS (Table 3). As shown in Figure 3c, both NHEJ

and MMEJ-mediated deletions were recovered in these two

mutant plants (Figure 3c). Notably, although the CAPS

assay suggested that heterozygous mutations occurred at

the DRM1b gRNA2 site in these plants (Figure S11), the

NGS data revealed bi-allelic mutations in both plants. Close

examination of these mutations identified a 1-bp deletion at

this target site that did not disrupt the restriction enzyme

(PflMI) recognition site used in the CAPS assay. This finding

suggested that the CAPS assay used to screen the T1 plants

may underestimate the mutagenesis frequency transmitted

to the T1 populations. Taken together, these results clearly

demonstrated that the mutations are transmissible in the S.

viridis mutant plants at high efficiency. This made it possi-

ble to recover homozygous mutants from a relatively small

population of T1 plants and to generate multiple gene

knockout events simultaneously and rapidly, which is par-

ticularly of value with respect to editing tightly linked

genetic loci, as shown in the present study.

Table 1 Summary of T0 plant characterization

Characterization of T0 plants

T-DNA
construct

Number of
calli

Number of plants
regenerated

Number of plants
genotyped

Number of plants with mutations (frequency)

Drm1a
(gRNA1)

Drm1b
(gRNA1)

Drm1b
(gRNA2)

pTW037 86 85 8 (100%)† NA 8 (100%) NA
pTW044 29 26 11 (100%)† 9 (82%) NA 8 (73%)
pTW045 112 103 11 (100%)† 11 (100%) 11 (100%) 11 (100%)

†Frequency of the transgenic plants indicated in parentheses was confirmed by PCR.
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In summary, we have developed a protoplast-based

assay to rapidly test and optimize the multiplex CRISPR/

Cas9 gene editing system in S. viridis. The mutagenesis

frequency can be enhanced by co-expression with the

Trex2 exonuclease, resulting in a unique mutation profile

with larger deletions, no insertions and a high frequency

of MMEJ repaired events. Furthermore, the optimized mul-

tiplex CRISPR/Cas9_Trex2 system can induce targeted

mutagenesis in stable transgenic plants at remarkably high

efficiency. This system allowed us to generate heritable

knockouts in two tightly linked S. viridis genes from a

small number of transgenic plants (10 T0 plants) in a

timeframe as short as 3 months (starting from plant trans-

formation to T1 seedlings). With the efficient Agrobac-

terium-mediated transformation method, this highly

efficient pipeline makes it possible to create a large mutant

collection of S. viridis in a rapid and high throughput man-

ner. Moving forward, it would be interesting to test this

CRISPR/Cas9_Trex2 system, or combinations of Trex2 with

different Cas proteins, in other plants. These new systems

have the potential to be widely applicable for achieving

more predictable and deletion-only MMEJ-mediated muta-

tions in many plant species.

EXPERIMENTAL PROCEDURES

Plant materials, seed germination and plant growth

conditions

Setaria viridis variety ME034v was used in the present study. To
break dormancy and promote seedling germination, freshly har-
vested seeds were incubated at 29०C for 24 h in a 1.4 mM

Figure 3. Characterization of mutations induced by the multiplex CRISPR/Cas9_Trex2 system in T0 and T1 plants. (a) Cleaved amplified polymorphic sequences (CAPS)

genotyping assay. Eleven plants (numbered lanes) were genotyped by genomic PCR and the CAPS assay, with a 1-kb ladder, no genomic DNA control (�) and wild-type

DNA control (WT). PCR amplicons (indicated by the red arrow heads) resistant to the enzyme digestion indicated the occurrence of mutations in the guide RNA (gRNA)

targeted sites. (b) Mutagenesis frequency was determined for each T0 plant by next-generation sequencing. The threshold of the mutagenesis frequency at 50% is indi-

cated by the red line. (c) Genotypes of transgene-free T1 plants in all targeted sites. Sequence alignment is shown between the wild-type reference sequences, indicated

as Ref, and the mutant sequences from Plant 12-1 and 12-9. The gRNA targeted sites are highlighted by the red line with the protospacer adjacent motif (PAM) sequences

indicated in the red boxes and the cleavage sites indicated by the vertical dotted lines. The deleted sequences are indicated by the dashed lines with the size of deletions

indicated on the right. The microhomology sequences are highlighted by the black lines.

Table 2 Summary of T1 plant characterization

Characterization of T1 plants

T0
Plant
I.D.

Number
of T1
plants

Number of
transgene-
free T1

Number of plants with
mutations (frequency)

Drm1a
(gRNA1)

Drm1b
(gRNA1)

Drm1b
(gRNA2)

12 10 5 5 (50%) 6 (60%) 3 (30%)
15 10 2 8 (80%) 8 (80%) 9 (90%)
84 10 2 8 (80%) 8 (80%) 9 (90%)
86 10 1 10

(100%)
9 (90%) 10

(100%)
94 10 0 7 (70%) 8 (80%) 10

(100%)
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gibberellic acid and 30 mM potassium nitrate solution (Sebastian
et al., 2014). After 24 h of incubation, seeds were sterilized with
50% bleach for 10 min, followed by five water rinses and
planted on germination media [0.5X MS, 0.5% sucrose, 0.4%
Phytagel (Sigma, St Louis, USA), pH 5.7]. Seedlings were trans-
planted to soil 6 days after germination and grown under a
16:8 h light/dark photocycle at 26°C/22°C (day/night) and 30% rel-
ative humidity, comprising a protocol modified from Huang
et al. (2019).

Guide RNA design and vector construction

The genomic sequences of each targeted gene were obtained by
BLAST searching the S. viridis A10.1 reference genome from the
phytozome database (https://phytozome.jgi.doe.gov). CRISPR
gRNAs were designed to target exons in the 5’ region of the gene
or the conserved domains in each gene. The potential gRNA tar-
geting sites were first identified using CRISPOR, and the first and
second top-ranked sites were then selected based on their off-tar-
get potential and the presence of overlapping restriction enzyme
sites (Haeussler et al., 2016). The targeted sequences were further
verified by Sanger sequencing in the S. viridis variety ME034v.
The conserved domains were identified by comparing the coding
sequences from S. viridis with their orthologs from brachy-
podium, maize and Arabidopsis.

The gRNA constructs were made using the Golden Gate assem-
bly method (�Cerm�ak et al., 2017). The backbone for the tRNA-
based gRNA construct was pMOD_B2103, and the backbone of the
Csy4-based gRNA construct was pMOD_B2303. The Cas9 con-
structs were pMOD_A1110 and pMOD_A1510. The Cas9_Trex2
construct, pMOD_A1910, was made by cloning the Trex2 coding
sequence into the codon-optimized Cas9 expression cassette,
based on the codon usage from wheat (Triticum aestivum). The
GFP reporter constructs, pMOD_C3003 and pMOD_C3013, were
made by cloning the GFP coding sequences under the control of
the CmYLCV and PvUbi promoters with the 35S terminator. All of
the constructs will be deposited to Addgene.

Protoplast isolation and transformation

Protoplast isolation and transformation were performed using a
modified version of the polyethylene glycol (PEG)-mediated
method (Li et al., 2016). In brief, leaves from 14-day young seed-
lings were sliced into small pieces with a razor blade and digested
with the enzyme solution (1.5% cellulase, 0.75% Macerozyme;
Kanematsu USA Inc., Chicago, IL, USA) for 4–5 h on a shaker at
40 rpm. The digested tissues were filtered through a 70-lM nylon
filter (Fisher Scientific LLC, Pittsburgh, PA, USA) into W5 buffer
(2 mM MES with pH 5.7, 154 mM NaCl, 125 mM CaCl2, 5 mM KCl).
Protoplasts were collected and resuspended in W5 buffer with
gentle centrifugation at 100 g for 5 min. The number of proto-
plasts was estimated using a hemocytometer. Approximately
200 000 protoplasts were mixed with DNA plasmids (15 lg per
construct) in 20% PEG buffer and incubated at room temperature
in the dark for 48 h. Transformation efficiencies were monitored
by transforming protoplasts with a plasmid encoding GFP. Three
transformation replicates were performed for each experiment.
After 48 h of incubation, transformed protoplasts from all repli-
cates were pooled to extract genomic DNA (Li et al., 2016).

T-DNA transformation and tissue culture

Agrobacterium tumefaciens-mediated transformation of S. viridis
was performed as described previously with a few modifications
(Van Eck et al., 2017). Callus initiation was first performed by
removing the seed coats and sterilizing seeds with a 10% bleach
plus 0.1% Tween solution for 5–10 min under gentle agitation.
Seeds were plated on callus induction media with the embryos
facing upward. The plates were placed at 24°C in the light for
1 week and then moved to dark for callus initiation. Embryogenic
calli were collected after 4–7 weeks and inoculated with the AGL1
strain harboring the T-DNA construct. Inoculated calli were placed
on co-culture medium and incubated in the dark at 20°C for 5–
7 days. Transformed calli were transferred to the selection med-
ium with 50 mg L–1 hygromycin for 4 weeks at 24°C, then the
selected calli were sub-cultured on plant regeneration media with
20 mg L–1 hygromycin under 16-h light to allow the growth of the
transformed shoots. Elongated shoots were transferred to the root-
ing medium with 20 mg L–1 hygromycin. To maximize the recov-
ery of independent transformation events, when multiple shoots
were regenerated from a single callus during selection, they were
considered as one transformation event group. Only one shoot
from each event group was transplanted to soil and grown to
maturity. The transformation frequency was calculated as the total
numbers of the event group divided by the total numbers of
infected calli.

Genotyping and mutant identification

Mutant identification and characterization were performed using
two methods: genomic PCR with restriction enzyme digestion
(CAPS assay) and Illumina paired-end read amplicon sequencing
(Illumina, San Diego, CA, USA) (NGS assay). PCR was performed
with GoTaq Green Master Mix (Promega Corp., Madison, WI,
USA) in accordance with the manufacturer’s instructions, with an
annealing temperature of 58°C and an extension time of 1 min.
Amplicons were then subjected to restriction enzyme digestion
using an enzyme that overlaps with the CRISPR/Cas9 cleavage
site. PCR amplicons made with the corresponding primers were
subjected to Illumina paired-end read amplicon sequencing by
Genewiz Inc. (South Plainfield, NJ, USA). The raw NGS reads were
analyzed using CRISPRESSO2 (Clement et al., 2019).

Table 3 Summary of transgene-free T1 plant characterization

Genotype characterization of transgene-free T1 plants

Plant
ID Drm1a Drm1b target 1 Drm1b target 2

12-1 Homozygous
(�2 bp/–2 bp)†

Bi-allelic (�14 bp/
–2 bp)†

Bi-allelic
(�15 bp/–
1 bp)†

12-9 Bi-allelic (�9 bp/–
3 bp)†

Heterozygous
(�2 bp/WT)†

Bi-allelic (�6 bp/
–1 bp)†

12-15 WT‡ WT WT
12-17 WT WT WT
12-22 WT WT WT
15-88 WT WT Heterozygous
15-95 WT WT Heterozygous
84-18 WT WT Heterozygous
84-27 WT WT WT
86-13 heterozygous WT Heterozygous

†Genotypes were confirmed by next-generation sequencing. The
size of the deletion is indicated in parentheses.
‡WT, wild-type sequence without mutations.
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T-DNA transgene detection was conducted using two methods:
genomic PCR amplification of the hygromycin gene that is close
to the T-DNA left border and a luciferase assay to detect the
expression of the luciferase reporter gene that is next to the T-
DNA right border. The luciferase assay procedure was conducted
using the Bio-GloTM Luciferase Assay System (Promega Corp.) in
accordance with the manufacturer’s instructions. All the primers
used in the present study are listed in Table S5.

Characterization of mutation profiles

Mutations in the NGS reads were characterized into three cate-
gories: deletions, insertions and others (including substitutions
and substitutions with insertions or deletions). The mutagenesis
efficiency of each mutation type was estimated by dividing the
total number of modified reads by the total number of reads. To
minimize the problem caused by sequencing errors from NGS,
mutation reads that only occurred once in the NGS data were not
included in the calculation. To quantify the mutations derived
from NHEJ or MMEJ repair pathways, each distinct deletion read
was categorized into three separate sequences: (i) the left flanking
sequence; (ii) the deleted sequence; and (iii) the right flanking
sequence. Mutation reads were considered as MMEJ products
when > 2 bp of homology was identified at the junction site
between left and right flanking sequences. Mutation reads without
microhomology sequences at the junction sites were classified as
NHEJ events.
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Figure S1. Setaria viridis protoplast assay pipeline to test genome
editing reagents. Following protoplast isolation from young leaves
of 14-day-old plants, genome editing reagents can then be trans-
formed into protoplasts to evaluate editing efficacy. At 48 hpt,
genomic DNA from individual candidate plants is extracted, then
subjected to cleaved amplified polymorphic sequences (CAPS)

and NGS analysis. The different levels of shading in the edited
samples from the CAPS assay represent different levels of editing
efficiencies in individual samples.

Figure S2. (A) The schematic structure of the GFP reporter plasmids
used in the protoplast. The GFP coding sequence (green boxes) was
driven by either the CmYLCV (plasmid ID pMOD_C3003) or the
PvUbi2 promoter (plasmid ID pMOD_C3103) labeled as the gray
boxes with the HSP terminator (red boxes). The illustration is not to
scale. (B) Mesophyll protoplast cells isolated from young leaves and
transformed with the GFP reporter plasmids, pMOD_C3003 and
pMOD_C3013. GFP expression was assayed at 24 and 48 hpt. Scale
bars (white bars) in each protoplast sample = 400 µm.

Figure S3. (A) The schematic structures of the plasmids for testing
the Csy and tRNA-based gRNA processing systems. In the Csy4
system, the Cas9 expressing plasmid, pMOD_A1510, contained
the Cys4 coding sequence (dark blue box) with the Cas9 coding
sequence (blue box) separated by the P2A sequence (yellow box)
under the ZmUbi promoter (grey box). The gRNA expressing plas-
mids, pTW003, pTW005, and pTW006, contained a single gRNA
sequence (light blue box) flanked by the Csy4 recognition sites
(purple boxes) under the control of the CmYLCV promoter and the
35S terminator (red box). In the tRNA system, the Cas9 expressing
plasmid, pMOD_A1110, contained only the Cas9 coding sequences
driven by the ZmUbi promoter. The gRNA expression plasmids,
pTW001, pTW002 and pTW004, contained a single gRNA
sequence (light blue box) flanked by the tRNA sequences (light
green boxes). (B) The schematic structures of the plasmids for the
multiplexed Cas9 and Cas9_Trex2 systems. The plasmids,
pMG198, pMG199, pMG201 and pMG202, were constructed to
contain three components: the Cas9 or Cas9_Trex2 expression
cassette, the tRNA-based multiplexing gRNA cassette and the GFP
reporter. The illustration is not to scale.

Figure S4. Distribution of deletions spanning the 400 bp to 500 bp
of the gRNA targeted regions induced by either Cas9 (red) and
Cas9_Trex2 (blue). The deletion frequency was calculated by divid-
ing the total number of deletions at each nucleotide by the total
number of deletion reads.

Figure S5. Comparison of the size distribution from deletions
induced by Cas9 or Cas9_Trex2. The number of reads for each
deletion size was estimated for four gRNA sites from the Ms26
and Ms45 genes, respectively. The examples of MMEJ-mediated
deletions are indicated by the black arrows.

Figure S6. Example of the MMEJ-mediated deletions. The CRISPR
gRNA target sites are indicated by the black double lines, with the
PAM sequences outlined by black boxes. The CRISPR/Cas9 cleav-
age sites are indicated by the red arrows. The microhomology
sequences are underlined in the wild-type sequences, with the
deleted sequences highlighted in red.

Figure S7. Model for DNA repair after a CRISPR/Cas9_Trex2-in-
duced DSB. After Cas9 (light blue circles) binds the target genomic
DNA and cleaves DNA creating a DSB, the Trex2 protein (yellow
circles) then resections the exposed DNA 3’ to 5’. The resected
DSBs are repaired by either MMEJ, as indicated by the heavy-
weighted arrow heads, or the NHEJ pathway, as indicated by the
light-weighted arrow heads. The gRNA targeted site is highlighted
in red, with the 3-bp PAM sequence underlined in black. The
microhomology sequences are indicated by the black boxes. The
junction site in the MMEJ repaired sequence is indicated by the
blue line, whereas the junction in the NHEJ repaired sequence is
indicated by the vertical red line.

Figure S8. (A) The schematic structures of T-DNA binary plasmids
for stable transgenesis. Each T-DNA plasmid contained three com-
ponents: the Cas9_Trex2 expression cassette, the tRNA-based
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multiplexing gRNA cassette and the luciferase reporter. Within
each construct, pTW037, contained one gRNA targeting Drm1b,
pTW044 contained one gRNA targeting Drm1a and one gRNA tar-
geting Drm1b, and pTW045 contained one gRNA targeting Drm1a
and two gRNAs targeting Drm1b. (B) Genomic PCR genotyping to
detect the presence of the T-DNA in T0 plants. Two controls were
included in this experiment: one without genomic DNA (indicated
as H2O) and the other with wild-type S. viridis genomic DNA (indi-
cated as WT).

Figure S9. Genomic PCR genotyping of T0 plants with the CAPS
assay. The samples from left to right are a 1-kb ladder, a no-genomic
DNA control (indicated as H20), a control with wild-type genomic
DNA (indicated as WT) and individual T0 samples. PCR amplicons
(as indicated by the red arrow heads) resistant to the enzyme diges-
tion indicated the occurrence of mutations in the targeted sites.

Figure S10. Genomic PCR genotyping of T1 plants with the CAPS
assay. The samples from left to right are a 1-kb ladder, no-ge-
nomic DNA control (H20) and wild-type genomic DNA control
(WT). The remaining samples correspond to individual T1 plants.

Figure S11. Genomic PCR genotyping for segregation of the
T-DNA transgenes in T1 plants. The samples from left to right are
a 1-kb ladder, no-genomic DNA control (H20), and wild-type geno-
mic DNA control (WT) and individual T1 samples. The weak DNA
bands present in lanes 3, 50 and 52 probably resulted from DNA
overflowed from the adjacent lanes. Lanes 3 and 50 represent the
samples from transgene-free wild-type control plants. Lane 52 rep-
resents the sample from T1 plant 12-1. An absence of T-DNA from
this plant was confirmed by the luciferase assay independently.

Figure S12. The luciferase assay for transgene-free plant screen-
ing. In this 24-well plate, each well contained the leaf samples col-
lected from individual T1 plants. The plate layout was organized
as A1 and A2, transgenic controls: A3, WT transgene-free plant;
A4, 15-28; A5, 15-41; A6, 15-45; B1, 15-56; B2, 15-95; B3, 12-16; B4,
86-130; B5, 84-18; B6, 84-12; C1, 86-13; C2, 94-33; C3, 94-32; C4, 94-
8; C5, 86-6; C6, 94-34; D1, 94-35; D2, 94-36; D3, 94-48; D4, 86-7; D5,
86-2; D6, 12-20. T1 plant samples without the luciferase activity,
15-95, 84-18 and 86-13 were highlighted by yellow circles.

Table S1. Summary of the targeted genes.

Table S2. Summary of next-generation sequencing reads for each
targeted site.

Table S3. Summary of off-targeting analyses on MS26 gRNA 1
using NGS.

Table S4. Summary of T1 plant genotypes.

Table S5. Summary of primer information.
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