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The lack of efficient delivery methods is a major barrier to clustered regularly interspaced short palindromic repeats/CRISPR-
associated protein (CRISPR/Cas)-mediated genome editing in many plant species. Combinations of morphogenic regulator
(MR) genes and ternary vector systems are promising solutions to this problem. In this study, we first demonstrated that MR
vectors greatly enhance maize (Zea mays) transformation. We then tested a CRISPR/Cas9 MR vector in maize and found that the
MR and CRISPR/Cas9 modules have no negative influence on each other. Finally, we developed a novel ternary vector system
to integrate the MR and CRISPR/Cas modules. Our ternary vector system is composed of new pGreen-like binary vectors, here
named pGreen3, and a pVS1-based virulence helper plasmid, which also functions as a replication helper for the pGreen3
vectors in Agrobacterium tumefaciens. The pGreen3 vectors were derived from the plasmid pRK2 and display advantages over
pGreen2 vectors regarding both compatibility and stability. We demonstrated that the union of our ternary vector system with
MR gene modules has additive effects in enhancing maize transformation and that this enhancement is especially evident in the
transformation of recalcitrant maize inbred lines. Collectively, our ternary vector system-based tools provide a user-friendly
solution to the low efficiency of CRISPR/Cas delivery in maize and represent a basic platform for developing efficient delivery
tools to use in other plant species recalcitrant to transformation.

Since 2013, a revolutionary genome-editing tool,
clustered regularly interspaced short palindromic re-
peats/CRISPR-associated protein (CRISPR/Cas), has
enabled plant researchers and crop breeders to create
mutants of target plant genes easily and efficiently
(Altpeter et al., 2016; Chen et al., 2019). CRISPR/Cas-
based de novo domestication of wild tomato (Solanum
pimpinellifolium) provided a new paradigm for crop

breeding (Birchler, 2017; Rodriguez-Leal et al., 2017;
Lemmon et al., 2018; Li et al., 2018; Zsögön et al., 2018;
Butt et al., 2019). However, this strategy requires high-
throughput gene editing, and the low efficiency of
crop transformation has been a bottleneck. Successful
applications of CRISPR/Cas in plants depend on ef-
ficient delivery of the reagents into cells, and lack of
appropriate delivery methods is the major barrier to
CRISPR/Cas-mediated gene editing in a variety of
plant species (Altpeter et al., 2016). The available de-
livery systems include indirect methods that use Agro-
bacterium tumefaciens or a virus as mediators and direct
methods that use protoplast transfection or particle
bombardment (Svitashev et al., 2016; Liang et al., 2017;
Ran et al., 2017; Liu et al., 2019).
Agrobacterium-mediated delivery is the most popular

method of CRISPR/Cas reagent delivery and accounts
for more than 80% of the reported editing events, cov-
ering almost all model plant species, major field crops,
and vegetable and fruit crops (Ran et al., 2017). Other
delivery methods are suitable for special purposes but
are technically complicated, dependent on expensive
equipment, or require further development (Ran et al.,
2017; Zhao et al., 2017; Demirer et al., 2019; Kwak et al.,
2019; Toda et al., 2019; Zhang et al., 2019). NewCRISPR
tools have almost always been first reported in rice
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(Oryza sativa) rather than in other crop plants, pri-
marily because of the availability of high-efficiency
Agrobacterium-mediated rice transformation (Ran
et al., 2017; Chen et al., 2019; Hua et al., 2019; Ren
et al., 2019; Zhong et al., 2019). For the same reason,
only in rice has high-throughput generation of CRISPR
mutants been realized (Lu et al., 2017; Meng et al.,
2017). Recently, using pollen of maize (Zea mays)
haploid-inducer lines to deliver CRISPR/Cas9 rea-
gents into female gametophytes of different maize
lines, two groups have created haploid maize lines
with homozygous mutations of target genes (Kelliher
et al., 2019; Wang et al., 2019). This strategy pro-
vides a rapid route for maize breeding based on ge-
nome editing but still depends on transgenic maize
lines to produce pollen harboring the CRISPR/Cas9
reagents.

One drawback of Agrobacterium-mediated plant
transformation is that current methods are generally
suitable only for a limited number of species and de-
pend strongly on the recipient genotypes, especially in
monocots (Altpeter et al., 2016). However, methods of
Agrobacterium-mediated transformation have been im-
proving recently (Lowe et al., 2016; Mookkan et al.,
2017; Anand et al., 2018; Che et al., 2018). Using mor-
phogenic regulator (MR) genes and a ternary vector
system, Lowe et al. (2018) achieved callus-free and
genotype-independent maize transformation. The in-
tegration of these two modules with various CRISPR/
Cas tools could allow more efficient genome editing.
However, the ability of researchers to combine these
modules is restricted by the limited availability of both
original and derived tools in public plasmid repository
platforms, such as Addgene. In addition, the restric-
tions are not favorable for iterative updating of the
CRISPR/Cas delivery system for use in maize and
other plant species.

In this study, we developed a new ternary vector
system to unite the MR and CRISPR/Cas9 modules.
We demonstrate that these tools greatly enhance
Agrobacterium-mediated delivery of CRISPR/Cas9 re-
agents in maize, thus improving the throughput of
genome editing. Our new ternary vector system pro-
vides a basic platform to develop efficient CRISPR/Cas
tools in other plant species recalcitrant to transforma-
tion. In addition, our vectors are designed so that the
single-guide RNA (sgRNA) construction is compatible
with one-step Golden Gate cloning and Gibson as-
sembly, which provides a user-friendly protocol for the
generation of final CRISPR/Cas MR vectors.

RESULTS

Since ternary vector systems and MR genes have
additive effects on maize transformation (Anand et al.,
2018; Lowe et al., 2018), we first constructedMR vectors
and tested their effects on maize transformation. We
then developed a novel ternary vector system to inte-
grate MR modules and tested the combinatorial effects

of the vector system and MR modules on maize
transformation.

Morphogenic Regulators Enhance
Agrobacterium-Mediated Delivery of
CRISPR-Cas Reagents

For more efficient delivery of CRISPR/Cas9 compo-
nents and thus higher throughput of CRISPR/Cas9
genome editing in maize, we first tested an MR-
mediated transformation-enhancing system. We fused
the maize MR gene Wuschel2 (Wus2) to the fluorescent
reporter gene mCherry (Wus2-mCherry or mCherry-
Wus2) to attempt to weaken Wus2 activity because a
high level of Wus2 has negative effects on transformed
cells (Lowe et al., 2016). To lessen the number of ex-
pression cassettes, we further fused the maize MR gene
Baby boom (Bbm) to these fused genes using 2A as a
linker (Zhao et al., 2014). We named these two fusion
genes BWM (Bbm-2A-Wus2-mCherry) and BMW1
(Bbm-2A-mCherry-Wus2). For comparison, we also
generated two additional fusion genes, BMZ (Bbm-2A-
mCherry) and BMW2 (Bbm-2A-mCherry-2A-Wus2;
Fig. 1A), encoding fusion polyproteins that are subject
to self-cleavage between the last two amino acids of
the 19-amino acid 2A linker polypeptide. We fused two
glyphosate-resistance genes, GAT and CP4EPSPS, as a
selection marker for transgenic lines (fGly). We fused
two maize codon-optimized insect-resistance genes,
Cry2Ab and Cry1Ab, as a representative transgene
(Zhao et al., 2014). We also generated a test MR vector
harboring the CRISPR/Cas9 components (pG411BMZ-
1T) and a CRISPR/Cas9 control vector (pG411-1T;
Fig. 1B). The Cre/loxP module was added to allow the
inducible excision of MR genes to produce healthy,
fertile T0 transgenic plants, since ectopic Bbm expres-
sion results in aberrant phenotypes (Lowe et al., 2016).

We transformed maize with the four MR and two
control vectors (Fig. 1A). The transformation efficien-
cies of the MR vectors were greatly increased, specifi-
cally 3.9- to 6.8-fold that of the control vectors
(Fig. 1C; Supplemental Table S1). Moreover, Bbm
alone (vector pBMZ) worked well to improve trans-
formation efficiency.

As described by Lowe et al. (2016), a desicca-
tion step was introduced during transformation to in-
duce the expression of Cre, which is driven by the
Rab17 drought-specific promoter; in turn, this activated
Cre/loxP SSR, leading to excision of the MR compo-
nents flanked by 34-bp loxP sites (Lowe et al., 2016). We
examined the efficiency of this excision using PCR
amplification. We regarded the lines as complete SSR
lines when the PCR amplification denoting excision
was positive and the two PCR amplifications denoting
no excision were negative. We regarded the lines as
partial SSR lines when the PCR amplification denoting
excision was positive and either of the two PCR am-
plifications denoting no excision was also positive. The
average frequencies of all (partial1 complete) SSR lines
and complete SSR lines relative to the total number of
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transformed lines were 88.8% and 43%, respectively
(Fig. 1D; Supplemental Table S2). These results indicate
that the inducible Cre/loxP SSR components in our MR
vectors work well; the relatively low proportion of
complete SSR lines could be attributed to insufficient
desiccation owing to the high ambient humidity at the
time of these experiments.
To test the editing efficiency of the CRISPR/Cas9MR

vector with an sgRNA targeting the maize CDPK10
gene (Fig. 1B), we transformed maize with this MR
vector together with a control vector containing the
CRISPR/Cas9 elements but without the MR elements.
Consistent with the above results, the CRISPR/Cas9
MR vector conferred much higher transformation effi-
ciency than the control vector (Fig. 1E; Supplemental
Table S3).Mutation analysis of the target gene indicated
that the editing efficiency of the MR vector was
comparable to that of the control vector (Fig. 1E;
Supplemental Table S4). Excision analysis of the

loxP-flanked fragment indicated that the frequencies
of SSR lines and complete SSR lines relative to the
total number of transformed lines were 93.1% and
69%, respectively (Supplemental Table S4). These
results suggest that MR genes do not affect the editing
efficiency of CRISPR/Cas and that CRISPR/Cas
components do not affect transformation enhance-
ment by MR genes.

The Union of a Novel Ternary Vector System and MR
Genes Has Additive Effects on Maize Transformation

To further enhance the Agrobacterium-mediated de-
livery of CRISPR-Cas reagents, we developed a novel
ternary vector system (Fig. 2). In this system, the new
binary vectors were based on a pGreen-like backbone,
and the new virulence helper plasmid pVS1-VIR2 also
served as a replication helper plasmid for these new

Figure 1. MR genes enhanced CRISPR-Cas delivery. A, T-DNA structures of four MR-testing vectors and two control vectors. The
T-DNA region of theMR-testing vectors following Cre/loxP site-specific recombination (SSR) induced by desiccation is indicated.
RB and LB, T-DNA right and left borders, respectively; Ubi1p2, maizeUbi1 promoter with the intron shortened. Terminators used
were pea (Pisum sativum) rbcS-E9 (E9t), pea 3A (3At), Arabidopsis (Arabidopsis thaliana) HSP18.2 (HSPt), and Agrobacterium
NOS (NOSt). Bar, Basta resistance gene; Gly and fGly, glyphosate-resistance genes. Bar, Gly, and fGly were selection marker
genes for transgenic lines. B, T-DNA structures of the CRISPR/Cas9 MR vector, pG411BMZ-1T (before and after desiccation-
induced SSR), and the corresponding control vector, pG411-1T. C, Maize transformation (TN) efficiencies for vectors in A. The
values represent averages of four transformation experiments. D, SSR efficiencies forMR vectors in A. SSR E1 and SSR E2 represent
the frequencies of all SSR lines or complete SSR lines, respectively, relative to the total number of transgenic lines detected. E,
Efficiencies of maize transformation and mutations for the two CRISPR/Cas9 vectors in B. TE, Transformation efficiency. The
values represent averages of five transformation experiments, and the error bars represent SD. A total of 29 pG411BMZ-1T and
15 pG411-1T transgenic lines were used for analysis of mutations, and the mutant lines harboring a wild-type allele were cat-
egorized as chimeric mutants. MuE1, Mutation efficiency for all three types of mutations (homozygous, biallelic, or chimeric) of
ZmCDPK10; MuE2, mutation efficiency for two types of mutations (homozygous and biallelic). The error bars represent SD.
P values were calculated by Student’s t test: *, P , 0.05 and **, P , 0.01.
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binary vectors. The first-generation pGreen vectors
were unstable in Escherichia coli and in Agrobacterium
due to inefficient transcription termination of
the kanamycin-resistance gene (KmR). Inserting
the ampicillin-resistance gene terminator behind the

KmR open reading frame improved the stability in
E. coli of the modified plasmids, named pGreen2
(Hellens et al., 2000; Thole et al., 2007; Murai, 2013).
The pGreen and pGreen2 vectors were based on the
pSa replication system in Agrobacterium, whereas our

Figure 2. Combinatorial effects of a novel ternary vector system and MR genes on maize transformation. A, Physical map of the
virulence gene cluster cloned from the Ti plasmid of Agrobacterium strain EHA105. The two I-SceI sites, the three mutated AarI
sites (mAarI), and the two mutated BsaI sites (mBsaI) are indicated. B, Physical map of pVS1-VIR2. The I-SceI-flanked fragment
(indicated by the pink double-headed arrow) is the same as that in A. The map of pVS1-SAH2 is similar to that of pVS1-VIR2
except with no I-SceI fragment. The trfA, trfB, and parDE regions from pRK2 function in replication or stability. The pUC ori and
pVS1 regions function in replication in E. coli and Agrobacterium, respectively. SpR, Spectinomycin resistance gene. C, Physical
map of the pGreen3 binary vector backbone. The T-DNA region is flanked by two PI-PspI sites, and only the 2-kb T-DNAwas left
for comparison of the sizes of the backbones. oriV, Replication origin from pRK2; rrnBt, E. coli rrnB terminator. D, Physical map of
the slightly modified pCambia backbone. E, T-DNA structures of four test vectors. F, Maize transformation efficiencies of the
vectors shown in E. Themap of pDsRED is shown in Figure 1A. The values represent averages of two transformations, and the error
bars represent SD. P values were calculated by Student’s t test: *, P, 0.05. G, SSR efficiencies. H, T-DNA structure of pG3GB411-
BWM designed for user-friendly assembly of sgRNA expression cassettes. TaU3t, Wheat (Triticum aestivum) U3 terminator.
See Figure 1 for the other annotations.
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new pGreen-like vectors, named pGreen3, were
based on the pRK2 replication system. The pGreen3
vectors (Fig. 2C) harbor the replication origin of pRK2
(oriV) and depend on replication helper plasmids
(pVS1-VIR2 or pVS1-SAH2) harboring the trfA region
of pRK2 for propagation in Agrobacterium (Fig. 2B).
As discussed later, the advantages of pGreen3 over
pGreen2 vectors include an excellent compatibility
with the pVS1 replication system in Agrobacterium
and a greater stability in E. coli and Agrobacterium.
To test the additive effect on maize transformation of

the combination of the ternary vector system and MR
genes, we constructed two MR binary vectors based on
the pGreen3 backbone and two SSR systems. These two
vectors, named pGreen3-iC and pGreen3-iF, harbored
the Cre/loxP and Flp/Frt SSR systems, respectively
(Fig. 2, C and E). We also constructed two pCambia-
based MR binary vectors named pCambia-iC and
pCambia-iF for comparison (Fig. 2, D and E). Consis-
tent with the above results, all of the MR vectors con-
ferred much higher transformation efficiencies than the
control vector (Fig. 2F; Supplemental Table S5). As
predicted, the results also demonstrated that for theMR
vectors with the same SSR module, the ternary vector
system pGreen3/pVS1-VIR2 conferred much higher
transformation efficiencies than the dual binary system
pGreen3/pVS1-SAH2 and the pCambia binary vectors
(Fig. 2F; Supplemental Table S5). The Flp/Frt vectors
conferred much lower transformation efficiencies than
the Cre/loxP vectors (Fig. 2F; Supplemental Table S5)
for unknown reasons and also seemed to have lower
SSR efficiencies in the dual binary system (Fig. 2G;
Supplemental Table S6).
Since transgenic components would be unnecessary

and could be separated from a mutant line once mu-
tations were induced, we defined single-copy T-DNA
integrations as quality events for genome editing. For
MR vectors, we also considered complete SSR as a
factor of quality events. To evaluate the efficiency of
quality events, we analyzed T-DNA copy number in
55 SSR-C and eight SSR-P lines from the combination of
pGreen3-iC and pVS1-VIR2 using droplet digital PCR
(Collier et al., 2017). The results indicated that approx-
imately 73% of SSR-C lines harbored single T-DNA
copies (Supplemental Table S7). Thus, the efficiency of
quality events to produce single-copy and completely
excised T0 plants was approximately 61% (73% 3
83%). The results also indicated that approximately
75% of SSR-P lines harbored single T-DNA copies
(Supplemental Table S7), suggesting that most SSR-P
lines were formed at two-cell or later stages of somatic
embryogenesis and multiple-copy T-DNA integra-
tions were not the main reason for the formation of
SSR-P lines. At two-cell or later stages, the reversible
integration events other than the excision events,
caused by the circular DNA molecules excised at one-
cell stage, may also be involved in the formation of
SSR-P lines.
Finally, we transformed recalcitrant maize inbred

line ND88 using the pGreen3-iC/pVS1-VIR2 ternary

vector system. The transformation efficiency of the
ternary vector system reached an average of 17.2% 6
3.1% according to four experiments transforming a total
of 450 immature embryos. By contrast, the transfor-
mation efficiency of the control vector pDsRED was
only 0.8% 6 1%, which was similarly based on four
experiments transforming 450 immature embryos in
total. Thus, our results suggest that our ternary vector
system in combination with MR modules may enable
high-efficiency transformation of other recalcitrant
maize inbred lines. In addition, we constructed a
pGreen3-based CRISPR/Cas9 MR cloning vector,
named pG3GB411-BWM, to facilitate user-friendly as-
sembly of sgRNA expression cassettes (Fig. 2H). We
also constructed a pGreen3-based CRISPR/Cas9 clon-
ing vector named pG3GB411 as a control for use with
pG3GB411-BWM (Fig. 2H).

DISCUSSION

Callus-free, genotype-independent maize transfor-
mation promises a bright future for high-throughput
genome editing in maize (Altpeter et al., 2016; Lowe
et al., 2016, 2018). However, CRISPR/Cas tools inte-
grated with MR components are still unavailable from
public plasmid repository platforms. This issue led us
to develop a new ternary vector system to combine the
MR and CRISPR/Cas9 components. The integrated
modules facilitate higher-throughput gene editing in
maize and build a foundation for iterative updates of
CRISPR/Cas tools in maize and other plant species. In
addition, since the CRISPR/Cas9 MR vectors
pG411BMZ (Fig. 1B) and pG3GB411-BWM (Fig. 2H) are
compatible with Golden Gate cloning and Gibson as-
sembly of sgRNA cassettes, the tools are very user
friendly in terms of ease of use, efficiency, time, and cost
(Xing et al., 2014).
Our new ternary vector system is composed of

pGreen3 binary vectors and a virulence helper plasmid,
pVS1-VIR2, which also serves as a replication helper
plasmid for pGreen3 vectors. As compared with
pGreen2, pGreen3 vectors have the advantage of com-
patibility with the pVS1 replication system in Agro-
bacterium, which makes them able to constitute a
ternary vector system with the pVS1-derived virulence
helper plasmid. Before developing the pGreen3 vectors,
we had constructed four pVS1-derived helper plasmids
of pGreen2 using the native promoter or a synthetic
Em7 promoter to drive pSa-RepA and by inserting the
two expression cassettes at the same site in two orien-
tations. However, Agrobacterium colonies harboring
pGreen2 and the helper plasmids grew slowly and
poorly, which suggested that pGreen2 was poorly
compatible with pVS1-derived helper plasmids in
Agrobacterium. The results also suggested that the
compatibility of pGreen-like binary vectors with their
replication helper plasmids is complicated and depends
not only on incompatibility groups but also on other
factors, such as plasmid copy number. Since pVS1
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plasmids (approximately 20 copies per cell) have much
higher copy number than pSa (approximately two
copies per cell) inAgrobacterium (Anand et al., 2018), the
presence of the pVS1 helper plasmid may lead to
overaccumulation of pSa-RepA, and accordingly to
uncontrollable propagation of pGreen2, which may
aggravate the instability of pGreen2. This incompati-
bility problem led us to develop the pGreen3 vectors.
Three reasons may account for the much better com-
patibility of pGreen3 with pVS1-derived helper plas-
mids in Agrobacterium relative to that of pGreen2. First,
pRK2 and pVS1 belong to different incompatibility
groups, which means that they can stably coexist in the
same cell. In fact, the coexistence of pVS1- and pRK2-
derived binary vectors appeared to increase the stabil-
ity of pRK2 derivatives (Murai, 2013). Second, pRK2
per se is more stable than pSa (Murai, 2013). Third, the
copy number difference between pRK2 (approximately
10 copies per cell) and pVS1 (approximately 20 copies
per cell) is much smaller than that between pSa (ap-
proximately two copies) and pVS1 (Anand et al., 2018).

A further advantage of pGreen3 vectors is that they
are more stable than pGreen2 vectors. We frequently
encountered a problem with some Agrobacterium colo-
nies harboring the helper pSoup and our pGreen2-like
vectors (Xing et al., 2014); these colonies grew slowly in
liquid media, although they grew normally on agar
plates. This problem suggests that the pSa replication
system, which is necessary for pGreen2 vector propa-
gation in Agrobacterium, is much less stable than other
replication systems. In fact, pCH30 and pCH32, which
harbor the pSa replication system, are not stable in
Agrobacterium in the absence of selection (Hamilton,
1997). In comparison with the pGreen2 vectors, our
pGreen3 vectors grew normally in solid and liquid
media, demonstrating that pGreen3 vectors are more
stable than pGreen2.

Since the virulence helper plasmid pVS1-VIR2 har-
bors trfA, trfB, and parDE fragments from pRK2
(Fig. 2B), the propagation and stability of pGreen3 in
Agrobacterium are able to be maintained. In addition,
pVS1-derived vectors per se are very stable (Murai,
2013; Anand et al., 2018). Thus, the virulence helper
pVS1-VIR2 and the pGreen3 binary vectors constitute a
novel and stable ternary vector system. Since the ad-
ditional virulence genes help to transfer large T-DNAs
(Hamilton, 1997), this ternary vector system may be
especially useful for the delivery of T-DNAs harboring
MRmodules (greater than 8 kb). Thus, the combination
of ternary vectors and MR-based transformation-
enhancing modules may provide a basic platform for
the development of high-throughput gene-editing tools
in a variety of plant species. The spectinomycin-
resistance helper plasmid is also compatible with the
kanamycin-resistance pRi binary vectors such as
pRi101 (TaKaRa Bio), BIBAC (Hamilton, 1997; Zhang
et al., 2017), and TAC (Lin et al., 2003). Thus, the viru-
lence helper plasmid can be combined with other bi-
nary vectors to produce additional ternary systems.
Since the combination of pVS1 virulence helper

plasmids and pRi binary vectors is more efficient than
other combinations (Anand et al., 2018), it will be in-
teresting to compare our ternary vector system with this
optimal combination. Since the vir gene cluster in the
helper plasmid pVS1-VIR2 is flanked by two I-SceI sites
(Fig. 2, A and B), the fragment can be easily transferred to
other vectors with different Agrobacterium replication
systems by digestion with I-SceI. This feature facilitates
the generation of more ternary vector systems. In addi-
tion, the spectinomycin resistance of the helper plasmid is
compatible with the gentamycin resistance of some
Agrobacterium strains, such as GV3101/pMP90. This fea-
ture can therefore offset the incompatibility problem
posed by gentamycin-resistance virulence-helper plas-
mids, such as pPHP71539 (Anand et al., 2018), and thus
provides an important alternative.

Altogether, our ternary vector system-based plat-
form, in combination with appropriate MR genes and
promoters, will facilitate the development of high-
efficiency tools for Agrobacterium-mediated delivery of
CRISPR-Cas reagents and thus enable high-throughput
genome editing in a variety of plant species.

CONCLUSION

We developed a novel ternary vector system that, in
combinationwithMRs andCRISPR/Casmodules, may
facilitate higher-throughput genome editing in recalci-
trant plant species. The compatibility of the sgRNA
construction with one-step Golden Gate cloning and
Gibson assembly provides a user-friendly protocol for
the generation of final CRISPR/Cas binary vectors. The
vectors are available from Addgene and/or Molec-
ularCloud (GenScript) for sharing with academic in-
vestigators for noncommercial research.

MATERIALS AND METHODS

Vector Construction

Detailed descriptions of the vector construction are provided in
Supplemental Materials and Methods S1. All primers used in this study are
listed in Supplemental Table S8. Annotated sequences of the vectors described
in this study together with their DNA samples are available from Addgene
and/or MolecularCloud (GenScript) for sharing with academic investigators
for noncommercial research. The synthetic Bbm andWus2 genes were based on
the sequence of B73. The sgRNA expression cassette was generated as previ-
ously described (Xing et al., 2014).

Maize Transformation and Analysis of the
Transformation Efficiency

We used Agrobacterium tumefaciens strain EHA105 for the pCambia-based
binary vectors. For Agrobacterium strains EHA105 and LBA4404 harboring the
helper plasmids pVS1-SAH2 and pVS1-VIR2, respectively, we added 150 mg
L21 spectinomycin and 25 mg L21 rifampicin to the growth medium. Once we
introduced the pGreen3 binary vectors into the engineered Agrobacterium
strains, we added 100mg L21 kanamycin (instead of spectinomycin) and 25 mg
L21 rifampicin to the growth medium. We used maize (Zea mays) ND73, a B73-
derived inbred line, for maize transformation unless otherwise specified.
Maize transformation followed published protocols with minor modifications
(Lowe et al., 2016). For selection of transgenic lines, we supplemented the
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growth medium with 25 mg L21 glyphosate for fGly or Gly selection marker
genes or 3mg L21 bialaphos for the Bar selection gene.We confirmed transgenic
lines by PCR using primers fGly-IDF/-IDR, Bar-IDF/-IDR, and Gly-IDF/-IDR
for the fGly, Bar, and Gly selection genes, respectively. We regarded PCR-
positive plants as transgenic lines. We calculated transformation efficiency as
the frequency of regenerated transgenic lines relative to the number of imma-
ture embryos used for transformation.

Analysis of SSR-Based Excision

Weused four primers (Up-loxP1-F,Dn-loxP1-R,Up-loxP2-F, andDn-loxP2-R),
located upstream or downstreamof the first or second loxP site, to detect excisions
of theMRmodules in pBWM, pBMZ, pBMW1, pBMW2, and pG411BMZ-1T. We
usedUp-loxP1-F andDn-loxP2-R for PCR amplification (535 bp) to detect T-DNA
undergoing excision. We used two PCR amplifications to detect T-DNA under-
going no excision: one (322 bp)with the primers Up-loxP1-F andDn-loxP1-R, and
the other (748 bp) with the primers Up-loxP2-F and Dn-loxP2-R. To detect exci-
sions of the MR modules in pGreen3-iC/iF and pCambia-iC/iF, we replaced the
Dn-loxP2-R primer with Dn-loxP2-R2 and amplified the three PCR fragments
using the primer pairs Up-loxP1-F/Dn-loxP2-R2 (519 bp), Up-loxP1-F/Dn-loxP1-
R (473 bp), and Up-loxP2-F/Dn-loxP2-R2 (383 bp), respectively. To detect exci-
sions of the MR modules in pG3GB411-BWM-derived vectors, we replaced the
Dn-loxP2-R with Dn-loxP2-R3 and amplified the three PCR fragments using the
primer pairs Up-loxP1-F/Dn-loxP2-R3 (657 bp), Up-loxP1-F/Dn-loxP1-R
(473 bp), and Up-loxP2-F/Dn-loxP2-R3 (521 bp), respectively.

Analysis of Mutations

To analyze mutations of CDPK10, we amplified a fragment surrounding the
target site of CDPK10 by PCR using gene-specific primers CDPK10-F/R. We
submitted purified PCR products for direct sequencing with primer CDPK10-F.
Biallelic, heterozygous, and chimeric mutations with multiple superimposed
sequencing chromatograms were analyzed using the Web tool DSDecode (Liu
et al., 2015).

Accession Numbers

Sequence data from this article can be found in Supplemental Data Set S1.
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