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The copy number of a plasmid is linked toits functionality, yet there have
been few attempts to optimize higher-copy-number mutants for use across
diverse origins of replication in different hosts. We use a high-throughput
growth-coupled selection assay and a directed evolution approach to rapidly
identify origin of replication mutations that influence copy number and
screen for mutants thatimprove Agrobacterium-mediated transformation
(AMT) efficiency. By introducing these mutations into binary vectors

within the plasmid backbone used for AMT, we observe improved transient
transformation of Nicotiana benthamiana in four diverse tested origins
(pVS1,RK2, pSaand BBR1). For the best-performing origin, pVS1, we isolate
higher-copy-number variants thatincrease stable transformation efficiencies
by 60-100% in Arabidopsis thaliana and 390% in the oleaginous yeast
Rhodosporidium toruloides. Our work provides an easily deployable framework
to generate plasmid copy number variants that will enable greater precisionin
prokaryotic genetic engineering, in addition to improving AMT efficiency.

Agrobacterium-mediated transformation (AMT) is anindispensable tool
inbothplantand fungal biotechnology for transgene insertioninto target
cells'®. By replacing the native oncogenic genes used by the bacterial
pathogen Agrobacterium tumefacienswith user-defined DNA sequences,
the innate DNA transfer capacity of this bacterium can be exploited for
untargeted DNA insertions into diverse plant, fungal and mammalian
cell lines*”. Initial improvements to AMT involved relocating two DNA
sequences known astheleft and right border (LB and RB) from the native

~200-kb tumor-inducing (Ti) plasmid toasmaller helper plasmid known as
abinaryvector®. Any DNA contained between the LB and RBis mobilized
as a transfer DNA (T-DNA) and inserted into target cells with help from
virulence (vir) genes contained withinthe Ti plasmid, enabling tractable
engineering by cloning different sequencesinto the T-DNAregion'. The
simplicity of changing the transgene target by customizing the sequence
betweentheLBand RB has made AMT animportanttool for agricultural
biotechnology, bioenergy crop engineering and synthetic biology.
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Despite the genetic revolution that AMT initiated, efficient trans-
formationisstillaconsiderable bottleneck for genetic engineeringin
most plant species. Decades of optimization of AMT have identified
induction conditions®, strains of A. tumefaciens* and enhancements
to vir gene expression that have increased AMT efficiency in numer-
ous plant species™. In addition to the transgene-harboring binary
vector, some protocols have used a second introduced plasmid,
termed aternary vector, which overexpresses various genes involved
inAgrobacteriumvirulence toimprove AMT efficienciesinrecalcitrant
plants such as maize". Such work has inspired more recent research to
completely refactor the Ti plasmid that harbors the vir genes®, laying
the groundwork for fine-tuned engineering of individual virulence
components to further enhance AMT. Even with these improvements,
transformation efficiencies remain low for most genetic backgrounds
and limit the scale and throughput of genetic engineering projects,
presenting a need for improved tools to better control and enhance
the AMT process.

While many improvements to AMT have focused on either altering
virgene expression or sequences within the T-DNA*"" relatively little
work hasbeen conducted to engineer the binary vector backbone itself.
Binary vectors consist of a T-DNAregion, abacterial selectable marker
and an origin of replication (ORI) to enable proper replication and
maintenance of the plasmid in Agrobacterium. Within plasmid termi-
nology, the term ORI refers to both the origin of vegetative replication
(oriV, as cataloged by Dong et al.””) where plasmid replicationinitiates
and the coding sequences for specific proteins that bind to the oriV
or host replication factors to regulate plasmid copy number, stability
and partitioning such as Rep, Stb and Par proteins, respectively. In this
manuscript, the term ORI refers to the entire DNA sequence that medi-
ates plasmid replication, whichincludes the oriV and trans-acting fac-
tors such as Rep proteins'. For binary vectors, the ORI, which dictates
both host range and copy number, is known toimpact AMT efficiency
inplants®™. Zhietal. postulated a direct relationship between binary
vector copy number and maize transformation efficiency through a
comparison of three binary vector ORlIs, suggesting that higher copy
numbers could be used toimprove AMTY. A similar comparison of four
ORIs conducted by Oltmanns et al. in Arabidopsis thaliana and a differ-
ent cultivar of maize uncovered amore complicated relationship that
implicated the strain of A. tumefaciens, the ORIl and the plant genetic
background as factors that independently influence transformation
efficiencies'®. Notably, however, neither study evaluated the impact
of copy number variants within the same ORI, making it difficult to
isolate theimpact of copy number alone while controlling for intrinsic
differencesinherent to each ORI. While thereis evidence that different
ORI copy numbers influence AMT efficiency, there has never been an
attempt to systematically modify this variable for the binary vector.
The best attempt to date at direct manipulation of the binary vector
ORI to alter AMT outcomes was by Vaghchhipawala et al., who evalu-
ated asingle higher-copy-number mutant of the pRi ORIl and found no
improvement in stable transformation. Thus, amore comprehensive
screen of ORI variants isneeded to better understand the relationship
among ORI identity, plasmid copy number and AMT transformation
outcomes.

In prokaryotic synthetic biology, it has long been known that
the copy number of a plasmid can dramatically impact engineered
metabolic pathways and the functionality of synthetic circuits®® . As
plasmid copy number influences transgene expression magnitude and
metabolic load, previous work has been conducted to engineer plas-
mid copy number, particularly in narrow-host-range ORIs commonly
used in Escherichia coli such as pMB1 and pSC101 derivatives*->?,
For broad-host-range ORIs that are used within A. tumefaciens, engi-
neering efforts have been extremely limited with only a few mutants
isolated”**°, To evaluate the impact of plasmid copy number across
multiple broad-host-range ORIs used for AMT, a high-throughput
screenisneeded toidentify and characterize numerous copy number

variants. To date, however, no generally applicable method exists
that can be applied to diverse ORIs to systematically screen for copy
number diversity.

To specifically evaluate theimpact of binary vector copy on AMT,
we sought to generate copy number variants in four broad-host-range
origins (RK2, pVS1, pSaand BBR1) that have been widely used in Agro-
bacterium and prokaryotic biotechnology more broadly. To accom-
plish this, we leveraged a high-throughput growth-coupled selection
assay to rapidly identify ORI mutations that influence copy number.
Acrossall four origins, we were able to use a transient expression assay
in Nicotiana benthamiana to rapidly screen for mutants that could
improve AMT efficiency. Using top candidate plasmid variants from
this screen, we were able to notably improve stable transformationin
both A. thaliana and the oleaginous yeast Rhodosporidium toruloides.
Thus, our work demonstrates the impact of binary vector backbone
engineering on AMT across kingdoms, creating an easily deployable
strategy to improve transformation.

Results

Directed evolution pipeline to diversify plasmid copy number
Asprevious work suggested arelationship between binary vector copy
number and AMT transformation efficiency”, we sought to develop
amethod to systematically select for higher-copy-number mutants
across diverse ORIs. Despite numerous intrinsic differences, many
ORIs use analogous but nonhomologous replication initiation pro-
teins to control plasmid replication and copy number. These nonho-
mologous RepA proteins share ageneral function of bindingincistoa
motif withinthe oriV of the plasmid ORI to recruit various endogenous
bacterial factors to enable plasmid replication®. Previous studies dem-
onstrated that mutations impacting RepA proteins can alter plasmid
copy number for diverse ORIs including pSC101 (ref. 21), BBR1(ref. 20),
RK2 (refs.29,30) and pVSI (ref. 32). To leverage this general property,
theentire repA openreading frame (ORF) was randomly mutagenized
using error-prone PCR (epPCR) for the pVS1, pSa, RK2 and BBR1 ORIs.
These ORIs are derived from unique incompatibility groups and their
respective RepA proteins share nosequence homology (Supplementary
Fig.1). For each ORI, these mutagenized ORFs were then builtinto a
selection vectorand~100,000 colonies were pooled per ORIto create
four mutant libraries within the C58C1 strain of A. tumefaciens.

To select for higher-copy-number variants within these libraries,
we use a directed evolution assay that coupled plasmid copy number
to bacterial antibiotic tolerance (Fig. 1). This survival-coupled selec-
tionidentified wild type (WT)-lethal conditions that were permissible
for growth of the mutant population, enriching higher-copy-number
mutants within this population (Supplementary Fig. 2). For each
selected library, the entire population’s repA ORFs were sequenced
using an lllumina MiSeq alongside unselected library controls to evalu-
atethe selective pressure of each RepAresidue on survival.

This whole-population sequencing approach enabled the quantifi-
cation of mutantenrichment at every residue of diverse RepA proteins
(Fig. 2 and Supplementary Fig. 3). By comparing mutant distribution
frequencies between the unselected and selected population, residues
that contributed to the survival of the mutantsin WT-lethal conditions
canbeidentified. For the RK2 and BBR1ORIs, large fold-change enrich-
ments for specific nucleotide positions within the selected population
were found that reached 63.8-fold and 26.7-fold over the unselected
population. The pVS1 and pSa ORIs had notably lower fold-change
enrichments reaching 7.2-fold and 4.4-fold, respectively. Across the
four ORIs, we observed >2-fold enrichment for 38, 118, 126 and 150
nucleotide positions for pSa, pVS1, BBR1and RK2. Mutations that were
significantly enrichedin the selected population comparedto the unse-
lected control were putatively associated with a higher-copy-number
phenotype (Supplementary Table1).

Mapping selected residues onto a RepA AlphaFold-generated
model showed a significant enrichment of mutation sites on the
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Fig.1|Directed evolution pipeline to generate plasmid copy number variants
using next-generation sequencing. a, Schematic of the repA mutagenesis
method for the four ORIs. A selection vector was designed with a gentamicin
resistance gene driven by a salicylic-acid-inducible promoter to enable selection
inacheckerboard assay. The repA ORF was mutagenized with epPCR and
~100,000 mutants per ORI were pooled to create amutant library. b, Example

checkerboard data from pVSl1 (other ORIl data in Supplementary Fig. 2) along with
adepiction of the population sequencing strategy. Selection conditions within
the checkerboard assay that were only permissible for growth of the mutant
library are shown in purple; conditions that permitted growth for both the WT
and the mutant populations are shown in brown.

predicted dimerization interfaces for all four ORIs (Supplementary
Fig. 4). Some RepA proteins are postulated to regulate plasmid copy
number through a ‘handcuffing’ process in which monomeric RepA
promotes plasmid replication while the dimerized form inhibits fur-
ther polymerase activity, finalizing plasmid copy number®. It has been
hypothesized that mutations that weaken the affinity of RepAtoitself
may reduce dimerization and enable additional replication, resulting
in a higher final plasmid copy number?; the enrichment of selected
residues on the dimerization interface for the four nonhomologous
RepA proteins screened supports this notion. From this dataset, we
chose ~20 residues per ORI that were found to be highly enriched for
a mutation corresponding to an amino acid substitution to further
characterize copy number and AMT performanceinaN. benthamiana
transient expression assay.

ORI copy mutants enhance plant transient transformation
Residues that were found to be significantly enriched in our selec-
tion were cloned into uniform plant expression binary vectors. For a
given ORI, identical binary vectors consisting of a constitutive plant
promoter driving green fluorescent protein (GFP) were created, vary-
ing by one single-nucleotide polymorphism (SNP) within the repA
ORF corresponding to one of the selected mutations. These vectors
were transformed into the EHA105 strain of A. tumefaciens and used to
screen the impact of single repA SNPs in a transient expression assay
inN. benthamiana (Fig.3a). Because the binary vectors for agiven ORI
wereidentical except for asingle SNPin repA, differencesin plant GFP
output were attributed to the impact of this SNP on AMT efficiency.
Atotal of 71 candidates across all origins were screened, and mutants
for allfour ORIs were identified that significantly increased GFP output
relative to their WT forms (Fig. 3b and Supplementary Table 1).

We found the pSa ORI to have the largest fold-change increase in
expression, with the E90K mutant having a 6.9-fold increase in GFP
outputrelativeto WT pSa. Furthermore, pSahad the greatest number
of mutants that showed improvement over the WT form with 13 of the
19 mutants tested having significantly higher expression. This ORI

also had the largest dynamic range of GFP expression, which spanned
28-fold over the 19 total mutants, significantly extending above and
below WT output levels. These results are consistent with the known low
WT copy number of this ORlin Agrobacterium, which potentially ena-
bles large improvements to be made by increasing the copy number'®,

The RK2 origin also showed a substantial increase in plant GFP
output, with the S20F mutant showing a5.4-fold increase in expression.
Notably for this ORI, six of the 19 mutants screened had extremely low
GFP expression coupled with an observed slow growth phenotype,
forming two distinct groups of high-expressing or low-expressing
mutants rather than the gradient of outputs observed in other ORlIs.

Ofthe four ORIs used in this study, pVS1 had the highest GFP out-
putinits WT form (Supplementary Fig. 6). As RK2 was used in a pilot
experiment and found to increase GFP expression 5.4-fold above WT
levels for the best mutant, a lower-strength constitutive promoter,
pCL2 (ref. 34), was used to screen pVS1 mutants to prevent saturat-
ing the machine’s GFP channel. A 2.1-fold increase in GFP output was
observed for the best-performing pvVS1 mutant, RI06H. The BBR1 ORI
was also found to have a high level of expressioninits WT form; thus,
the same pCL2 promoter was used to drive GFP expression in planta.
For the 16 BBR1 mutants screened, ten had significantly lower GFP
outputs thanthe WT form, making this the only ORI with amajority of
mutants having decreased expression. The top-performing mutant,
E182V, showed a 1.7-fold increase in GFP output relative to WT BBRI.
As no previous work established the copy number of BBR1in A. tume-
faciens, this result suggests that increasing the copy number may not
be as beneficial for this origin.

Collectively, our results demonstrate that manipulation of the
binary vector ORI greatly expands the dynamic range of T-DNA delivery
to target cells, creating an additional orthogonal variable to regulate
transient expression that is independent of promoter and Agrobac-
terium strain selection. All ORIs screened had mutants with variable
expression levels thatsignificantly increased or decreased GFP output
relativeto WT levels, indicating that the selection of ORI variants canbe
used to dynamically tailor transient expression levels up to 28-fold for
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Fig.2|Enriched residue sites after copy number variant selection. Left,
AlphaFold structures of the RepA proteins from each of the four ORIs screened:
pVS1(a), pSa (b), BBR1(c) and RK2 (d). Right, primary structure of each protein
with eachbox corresponding to asingle residue. The shading of these boxes
corresponds to the fold-change enrichment of a mutation impacting this
residue within the selected population compared to the unselected control. Any

residue that had an enrichment above a cutoff threshold for yielding the top ~20
residues is marked with an ‘X’, representing the sites with the strongest selective
pressure. These residues are depicted as a purple orb on the AlphaFold models.
These models focus on the structured dimerization interface, and unstructured
N-terminal and C-terminal tails were trimmed for compaction. These tails, along
with a quality of model analysis, are depicted in Supplementary Fig. 5.

agiven ORI. The ability for mutants to increase transient expressionin
anadditional strain of A. tumefaciens was also validated using the strain
GV3101 and RK2. Within N. benthamiana, mutants that were assayed
within GV3101 were found to increase or decrease transient expres-
sion levels in the same manner as the EHA105 strain (Supplementary
Fig. 6). The fold-change difference for EHA105, however, was found to
belargerthanfor GV3101, perhaps because of the hypervirulent nature
of EHA10S5. Superior mutants were also tested in stable transformation
systems using GV3101for A. thaliana and EHA105 for R. toruloides, with
bothimproving stable transformation, as discussed later in the manu-
script. Thisdemonstrates the utility of these mutants in two commonly

used strains of A. tumefaciens. Additionally, top-performing mutants,
along with their WT form, were assayed in EHA105 in another transient
expression system, Lactucasativa (Supplementary Fig. 6), and superior
mutantsincreased GFP output for RK2 and pSa. Taken together, these
results demonstrate that engineering the binary vector ORI can enable
user-controlled manipulation of T-DNA transfer, refining our control
over AMT inatransient system.

Growth rate and copy number impact on AMT is origin specific
To determine the relationship between binary vector copy number
and N. benthamiana transient expression efficiency, we used digital
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differences while brown boxes have significantly lower expression levels.

The dashed horizontal line in each plot corresponds to the median GFP output
value for the WT of each ORI. Letters above each box plot correspond to the
significance group as computed by Tukey’s HSD test. The upper and lower
bounds of each box plot represent the 75th and 25th percentiles of the data,
respectively, with the median value depicted as the center line; the whiskers
extend up to 1.5x the interquartile range.

PCR (dPCR) to quantify the plasmid copy number of each construct
(Supplementary Fig.7 and Supplementary Table 1). While growing the
cultures for copy number quantification, we observed that some sam-
pleshad notably different growth rates compared to the WT ORIs. Thus,
we also quantified the growth rates of A. tumefaciens harboring WT or
mutant ORIsinatime-course plate growth assay in both Luria-Bertani
(LB) and a MOPS minimal medium + glucose (Supplementary Figs. 7
and 8). While previous work postulated that increased binary vector
copy numbers would correspond to higher AMT efficiencies because
ofincreased T-DNA delivery to target cells”, our results demonstrate a

more complex relationship amongbinary vector copy number, strain
growth rate and AMT-mediated GFP output (Fig. 4).

Of the ORIs tested in this study, pSa showed the most direct rela-
tionship between plasmid copy number and GFP output. The WT
copy number of 4.5 increased to 49 copies per cell and no plateau was
observed fortheregression line between copy number and GFP output,
suggesting that the copy number can be increased further to enhance
AMT performance. No significant relationship was observed between
copy number and growth rate or between growth rate and GFP output
for pSa, making copy number the only measured variable ofimportance.
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c-f,Regressions displaying the relationship between binary vector copy number
and GFP output from the N. benthamiana assay (left), growth rate and GFP output
(middle) and binary vector copy number and growth rate (right) for RK2
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Fstatistic calculated for a two-sided test. Regressions that were not found to have
significant predictive power (P> 0.05) are plotted as a dashed red line.

Unlike the trend observed for pSa, RK2 exhibited anincreasein GFP
output with higher copy numbers; however, beyond an optimal level,
excessively high copy numbers led to a decline in performance. The
WT RK2 copy number of 1.2 increased to a maximum of 18 copies per
cellinthe 305K mutantbut this construct showed a notably lower AMT
performance. Intermediate copy numbers (thatis, 5-15 copies) showed
the best results for RK2, making the optimal copy number for this ORI
lower than that of pSa, which demonstrates ORI-specific impacts on

AMT that fall outside of copy number alone. The growth rates of RK2
mutants with higher copy numbers exceeded the WT growth rate until
around seven copies per cell, after which the growth rates declined.
There was a direct correlation between growth rate and GFP output,
suggesting a tight relationship among these three variables for this
ORI. The measured RK2 WT copy number of 1.2 was substantially lower
thanthevalue of 7-10 previously reported in the literature**°, We, thus,
conducted averification experiment to determine the WT copy number
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Fig. 5| Binary vector origin mutants improve stable transformation of both
plants and fungi. a, Example plates for the pvVS1and RK2 A. thaliana stable
transformation experiment. The bar graph reports the observed transformation
efficiency (recovered plants/total seeds) with the total number of recovered
plants placed above each bar. For both ORIs, the number of recovered plants was
significantly higher for the mutant compared to the WT form as computed by a
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plates for the R. toruloides stable transformation experiment. A1:10 dilution
plate is shown for the pVS1 examples because of the high colony density for some
R106H mutant plates. The bar graph reports the average number of colonies
observed per plate, with individual points representing the colony number per
independent transformation replicate. For both ORIs, the number of colonies
was significantly higher for the mutant compared to the WT form as computed by
aWelch’s two-sided ¢-test (RK2, P=0.0034; pVS1, P=6.49 x107°).

using three optical densities (ODs; 0.25, 0.5 and stationary phase) and
two extraction kits, and we produced a consistent result of a WT copy
number of around one per cell. (Supplementary Fig. 9). As the RK2 ORI
has undergone progressive truncations over the decades to remove
components that are not absolutely essential for plasmid replication,
our quantification pertains to the mini-RK2 variant consisting of only
theoriV and the trfA repA ORF*.

In a similar manner to RK2, increased copy numbers of pVS1
increased GFP output until an optimal number that, if exceeded, saw
declines in transient GFP expression. The WT copy number of 9.5
increased to a maximum of 66 copies and copy numbers between

30 and 40 produced the highest GFP outputs. There was a direct
negative relationship between copy number and growth rate with
high-copy-number mutants growing more slowly on average than
the WT ORI. Unlike RK2, however, there was no observed relation-
ship betweengrowth rate and AMT performance, and slower-growing
mutants outperformed their WT counterparts.

BBR1 was the only ORI that did not follow our hypothesis, and
no relationship was found between plasmid copy number and GFP
output. The WT form of BBR1 replicates at a rather high 52 copies per
cellin Agrobacterium and further increasing this value saw no benefit
to AMT performance. Rather than copy number, growth rate was the
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only measured variable of importance, with faster-growing mutants
tending to outperform their slower-growing counterparts. Interest-
ingly, plasmid copy number had no relationship with growth rate,
implying that the mutants grew at different rates independent of the
copy number of the plasmid. The top-performing mutant, E182V, had
acopy number of eight, demonstrating that lower copy numbers can
potentially outperform the WT form for BBRI.

We also sought to understand whether mutation fold-change
enrichment in our initial screen could predict downstream AMT per-
formance. When we assessed the Pearson’s correlation of mutation
enrichment with tobacco GFP, growth rate and copy number, only weak
correlations between GFP and enrichment and between copy number
and enrichment were found to be significant for the pSa origin alone,
suggesting that the fold-change enrichment within the checkerboard
selection assay is not predictive of any downstream character (Sup-
plementary Fig. 10).

Taken as a whole, our results demonstrate that increased copy
numbersimprove AMT efficiencies for three of the four ORIs screened.
Excessively high copy numberslikely impose some form of ametabolic
burden on a cell as previously described?, resulting in deleterious
effects for pyVS1and RK2 that would likely emerge for higher copies of
pSa. Growth rate of the host bacteria is also an important variable for
somebutnot all ORIs and is the only measured variable ofimportance
for BBR1. Theintrinsic differences between ORIs and their interaction
with host machinery in vivo likely contribute to the unique relation-
ships observed for each ORI. As the four RepA proteins mutagenized
inthis study are nonhomologous and likely influence the dynamics of
plasmid replication differently from one another, we are not surprised
by the distinct relationships among copy number, growth rate and GFP
output observed. Our findings demonstrate that there are no unifying
principlesthat can explain how different ORI copy numbers correlate
with AMT efficiency, highlighting the need for empirical, in vivo testing
of each mutant variant to evaluate what is an otherwise unpredictable
impact on AMT performance.

Mutant ORIs improve plant and fungal stable transformation
To evaluate whether the results from the transient tobacco screen could
be translated into stable transformation systems for both plants and
fungi, stable transformation experiments were conducted for A. thali-
anaandR. toruloides. As pVS1 typically achieves the highest transfor-
mation efficiency of commonly used ORIs, we selected three mutants
and the WT form of pVS1to determine whether this highly efficient ORI
could beimproved. Additionally, the top mutantand WT of RK2 and pSa
were selected to demonstrate potential improvement in other ORlIs.
For the A. thaliana transformation, 20 plants were floral-dipped per
construct and the seeds were bulked into asingle stock. A seed weight
corresponding to ~26,500 seeds was selected on kanamycin medium
and assayed for total plantrecovery. The pVS1R106H mutantincreased
the A. thaliana stable transformation efficiency by 60% over WT pVS1
(Fig.5).RK2 and pSa had more dramatic increases at 2,800% and 280%,
respectively, but with lower total transformation efficiencies than pVS1.
The second-highest-expressing and third-highest-expressing pVS1
mutants were also tested and found to increase stable transformation
by 35% and 24% (Supplementary Fig. 11).

To further validate this result, aconstruct delivering a T-DNA con-
ferring hygromycin resistance along with a constitutively expressed
Ruby reporter was used to floral-dip 20 additional plants for the WT
and R106H forms of pVS1. From an additional 25,000 seeds, the RI06H
mutantimproved the transformation efficiency in this experiment by
103% over WT and the red pigmentation of the plantlets confirmed their
status as transgenic (Supplementary Fig.12).

For the oleaginous yeast R. toruloides, the top constructs from
pVSland RK2were used alongside their WT counterparts. Bothmutants
improved the stable transformation efficiency by 390% (pVS1) and
510% (RK2) compared to their WT ORIs. Taken together, these results

demonstrate thatmutants withincreased T-DNA delivery to target cells,
asidentified inthe N. benthamiana screen, also have increased stable
transformation efficiencies, making N. benthamiana aviable platform
for rapidly screening ORI mutantimpact on AMT.

Discussion

Usingadirected evolution selection assay, this study created and char-
acterized alargelibrary of binary vector copy number variants, surpass-
ing variant levels found for these ORIs in any other bacterial species.
As the four ORIs engineered are from unique incompatibility groups,
these variants will likely be useful for various prokaryotic engineer-
ing efforts. RepA proteins from these ORIs are distinct in their form,
regulation and function withinthe host; therefore, the growth-coupled
mutational pipelineis likely amenable to any ORI that replicates witha
RepA protein, creating a high-throughput tool to engineer numerous
broad-host-range and narrow-host-range plasmids. As plasmid copy
number can dramatically impact genetic engineering in bacteria, the
libraries of characterized copy number mutants will likely serve to
enable more precise genetic control in nonmodel bacteria where no
such variants existed previously.

The copy number libraries created in this study enable us to study
the impact of binary vector copy number on AMT at a resolution not
previously possible. We demonstrated that single SNPs in a binary
vector backbone can vary transient expression levels by 28-fold for
agiven ORI within tobacco, demonstrating a large gradient of T-DNA
delivery to target cells. We demonstrated that the results from this
tobaccotransient expressionscreen canbetranslated toimprovements
in stable transformation efficiency in both plants and fungi. Thus,
engineering single SNPs into the binary vector backbone can notably
improve AMT efficiency, presenting an easily deployable method for
enhancing downstream transformation.

For such transformations, single T-DNA insertions are often
desired and previous studies determined that different ORIs that rep-
licate at varying copy numbers alter the average number of T-DNA
insertions per cell'®. Thislibrary should enable a user to titrate variable
amounts of T-DNAintoacellto find the ideal copy number for both opti-
mized transformation efficiency and desired insertion number. Future
work should focus on characterizing the large range of copy numbers
(nearly two orders of magnitude) to determine the relationship among
binary vector copy number, stable transformation efficiency and qual-
ity event generation.

From agene-editing perspective, the number of repair templates
deliveredtoacellisthought tolimit the efficiency of homology-directed
repair (HDR)*>*. Transient delivery of increased levels of repair tem-
plate using ahigher-output mutant along with Cas9 or another targeted
nuclease may enhance HDR efficiencies, and higher-copy-number
mutants from each ORI can be used as tools to evaluate this. Further
extensions of this work through stacking individual mutations and
exploring different amino acid substitutions at enriched residues
should enable an even greater range of copy numbers and AMT perfor-
mances, providing aroute for further optimization. Thisis particularly
true for pSa, which did not have an observed plateau for GFP output
with higher copy numbers, suggesting that this number can be raised
even further to improve AMT. Taken as a whole, we have created a
toolkit of copy number variants derived from single repA SNPs that can
successfully tailor plant transient expression levels and improve stable
transformation in plant and fungal systems, expanding and refining
our control over the critical process of AMT.
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Methods

Media, chemicals and culture conditions

Routine bacterial cultures were grown in LB Miller medium (BD Bio-
sciences). E. coli was grown at 37 °C and A. tumefaciens was grown at
28 °C shaking at 200 rpm unless otherwise noted. Cultures were sup-
plemented with kanamycin (50 mg L™; Sigma-Aldrich), gentamicin
(30 mg L™; Thermo Fisher Scientific), spectinomycin (100 mg L™;
Sigma-Aldrich) or rifampicin (100 mg L™; Teknova) when indicated. All
other compounds unless otherwise specified were purchased through
Sigma-Aldrich.

Strains and plasmids

All bacterial strains and plasmids used in this work are listed in Sup-
plementary Table 2. All strains and plasmids created in this work are
viewable through the public instance of the Joint BioEnergy Institute
(JBEI) registry (https://public-registry.jbei.org/folders/847). All strains
and plasmids created in this work can be requested from the strain
archivist atJBEl with asigned material transfer agreement. All plasmids
generated inthis paper were designed using Device Editor, whichis part
ofthe DIVA suite version 6.1.2 and Open Vector Editor software version
18.3.6, while all primers used for the construction of plasmids were
designed using j5 software version 3.4.0 (refs. 37-39). Plasmids were
assembled by Gibson assembly using standard protocols*’, Golden
Gate assembly using standard protocols* or restriction digest followed
by ligation with T4 ligase*”. Plasmids were routinely isolated using the
QIAprep spin miniprep kit (Qiagen) and all primers were purchased
from Integrated DNA Technologies (IDT). Plasmid sequences were
verified using whole-plasmid sequencing (Primordium Labs). Agro-
bacteriumwas routinely transformed by electroporation as described
previously using al-mm cuvette and a 2.4-kV, 25-uF, 200-Q pulse®.

Mutating RepA proteins using epPCR

Foreach originusedinthis study, the RepA or RepA-like protein wasran-
domly mutagenized using epPCR*". Briefly, the RepA ORFs were ampli-
fied with a high-fidelity Phusion polymerase (New England Biolabs
(NEB), M0530S) using primers to add Bsal restriction sites to the 5’ and
3’ends of the product. Bands of the proper size were gel-purified (Zymo
Research, D4007) and theresulting product was used as atemplate. An
epPCR master mix was made, containing MnCl, and unequal nucleotide
ratios (10 mM TrisCl pH 8.3, 50 mM KCl, 7 mM MgCl,, 1 mM deoxycy-
tidine triphosphate, 1 mM deoxythymidine triphosphate, 0.2 mM
deoxyadenosine triphosphate, 0.2 mM deoxyguanosine triphosphate,
0.5mM MnCl,, 1 uM forward and reverse primers, 20 pg pl™ purified
RepA template and 1 pl of Taq polymerase (Thermo Fisher Scientific,
EP0401) per 50-pl reaction). For each reaction, a 12-cycle amplifica-
tionwas runto constrain the mutation numberin each product strand
to around 1-3 mutations. The appropriate bands were excised and
gel-extracted and the resulting product was digested with Bsal and
cleaned by column purification (NEB, T1030S)

Constructing mutant libraries
To make selection vectors, agentamicin resistance gene (gentamicin-
3-acetyltransferase) driven by a salicylic-acid-inducible promoter
was originally cloned into pGingerBS-NahR* and then variants were
created for each of the pVS1, pSa and RK2 origins using a Gibson-like
assembly with NEBuilder HiFi DNA assembly (NEB, E2621L). The entire
vector except the RepA protein was then amplified in a Phusion PCR
reaction with primers containing PaqClrestriction overhangs designed
to have complementary sticky ends with the epPCR products from
above. These PCR products were gel-purified and digested with PaqCl
before being column-purified and ligated with the digestion product
from the epPCRs using T7 DNA ligase (NEB, M0318S).

After 30 min of room temperatureincubation, theligation reaction
was column-purified and 1 pl was electroporated into E. coli per reac-
tion (NEB, C3020K). Followingal-hrecoveryinthe supplied medium,

the electroporated samples were placed into 50 ml of LB + spectino-
mycin. A1:100 dilution was made for each flask and was plated onto
solidified LB + spectinomycin to allow for an estimate of library size.
Around five flasks were prepared for each originto create alibrary size
of at least 100,000 independent transformants. After an overnight
growth at 37 °Cshaking at200 rpm, 5-ml aliquots from each flask were
miniprepped (Qiagen, 27104) and all samples from each origin were
combined into single tubes, comprising the mutant vector library of
~100,000 mutants.

Next, 1l of theselibraries per reaction were then electroporated
into A. tumefaciens C58C1 electrocompetent cells. Using the same
method as above with 50-ml recovery flasks, cells were recovered at
30 °Covernight shaking at 200 rpm and enough flasks were prepared
to obtainalibrary size of around 150,000 mutants. Then, 5 ml of cells
from each flask were combined and made into glycerol stocks for use
in the higher-copy-number selection screen.

Selecting higher-copy-number mutants from constructed
libraries

A checkerboard assay was used to select for higher-copy-number
variants. The mutant libraries described above for each ORI contain
A. tumefaciens C58C1 cells that each harbor a selection vector com-
prised of a constitutively expressed spectinomycin resistance gene,
asalicylic-acid-inducible gentamicin resistance gene and the ORI of
interest with arepA gene that was subjected toepPCRtoinduce random
mutations. A 1-ml glycerol stock of each of the mutant libraries was
grown in 50 ml of LB + spectinomycin (50 mg L™) overnight at 30 °C
shakingat 200 rpm along with a culture of the WT strain for each ORI.
Spectinomycin was added to maintain the plasmid within the popula-
tion during this overnight growth before the actual selection began
with gentamicin.

Foreach ORI, 100 mlof LB + spectinomycin was inoculated with
saturated culture from the mutant library or WT control in a 1:200
ratio and 500 pl of this solution was added to each well of a 96-well
block. Gentamicin was then added to all wells in the block following
a serial dilution row-wise from rows A to H with a dilution factor of
2, starting from 3,000 mg L™ and ending with 23.4 mg L™. Salicylic
acidwasthenaddedtoallwellsin the plate following a serial dilution
column-wise from columns1to12 with adilution factor of 2, starting
from5 pMin column 12 and ending with 2.44 nMin column 1. This cre-
ated 96 unique selection conditions within the block corresponding
to different gentamicin and salicylic acid concentrations, enabling
selection of the population over a large dynamic range of selection
conditions.

The resulting 96-well blocks were then covered in vent film and
incubated overnight at 30 °C shaking at 200 rpm. Growth was deter-
mined by calculating the OD,, of each well the following day using a
Genesys 50 (Thermo Fisher Scientific) and the mutant population was
compared to its WT counterpart to determine gentamicin-salicylic
acid combinations that were lethal to the WT ORI but that permitted
growth of the mutant population. Two selection conditions that were
WT lethal per ORIwere chosenand grownintriplicate in10-ml cultures
of LB + spectinomycin + gentamicin + salicylic acid inoculated with a
fresh glycerol stock of the mutant population. A culture containing
just WT plasmid was also prepared for each selection condition as a
negative control. Additionally, a triplicate of cultures containing the
mutantlibrary without gentamicin + salicylicacid selection were grown
asanunselected control.

The following selection conditions were used: pVS1, 750 mg L™
gentamicin + 5 pM salicylic acid and 375 mg L™ gentamicin + 156 nM
salicylic acid; pSa, 1,500 mg L™ gentamicin + 5 uM salicylic acid and
750 mg L™ gentamicin + 625 nM salicylic acid; BBR1, 2,250 mg L' gen-
tamicin + 5 pM salicylic acid and 1,000 mg L™ gentamicin + 78 nM
salicylic acid; RK2, 1,500 mg L™ gentamicin + 5 uM salicylic acid.
The overnight cultures were grown at 30 °C shaking at 200 rpm and

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://public-registry.jbei.org/folders/2528

Article

https://doi.org/10.1038/s41587-024-02462-2

plasmid-prepped according to a modified Qiagen protocol (https://
www.qiagen.com/us/resources/resourcedetail?id=95083ccb-9583-
489e-b215-99bd91c0604e&lang=en).

These samples were then used for the following Tagmentation
procedure to barcode the RepA ORFs to allow for identification of
enriched mutations within the selected population relative to the
unselected control.

Sequencing mutant library survivors to identify enriched
RepA mutations

The extracted plasmids fromthe selected populations were sequenced
using anlllumina MiSeq to identify enriched mutations that may have
contributed totheirsurvivalin WT-lethal conditions. The entire RepA
ORF +150 bp upstream and downstream was PCR-amplified and
gel-purified. Purified samples were then fragmented into random
600-bp pieces and barcoded using the lllumina bead-linked transpo-
son Tagmentation kit (Illumina, 20060059) according to the protocol
provided by the manufacturer. The concentration of the barcoded
fragments was then measured using a Qubit fluorometer with the Qubit
dsDNA HS assay kit (Invitrogen). Library size analysis was conducted
using a Bioanalyzer (Agilent Technologies). To enhance the quality of
Illumina reads for regions with low variations in the conserved PCR
amplicons, 20% PhiX Control v3 DNA (Illumina, FC-110-3001) was added
to the library. The libraries were evenly pooled and the library, along
with the PhiX mixture at aconcentration of 18 pM, was loaded onto the
MiSeq platform using the MiSeq Reagent Kit v3 (paired-end, 2 x 300-bp
reads; [llumina).

Mapping of lllumina reads was performed as described previ-
ously*®. Briefly, quality control for the reads from this run was per-
formed using FastQC version 0.11.8 and MultiQC version 1.10.1. Read
trimming was performed using trimmomatic version 0.39 (ref. 47).
Trimmed reads were aligned to their corresponding reference file
using Bowtie version 2.4.5 (ref. 48). Mutations in sequencing reads were
identified using pysamstats version1.1.2 and pysam version 0.18.0. All
code from this work is publicly available on GitHub (https://github.
com/shih-lab/origin_story) and all sequencing reads are available on
the National Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) under BioProject accession PRJNA1031697.

Building plant GFP expression vectors with enriched RepA
mutations from the MiSeq data

To construct GFP expression vectors, promoters of variable strengths
derived from the PCONS suite of constitutive plant promoters were
used**. Expression vectors containing a GFP construct driven by the
constitutive plant promoters pCM2 (for RK2 and pSa) or pCL2 (pVS1
and BBR1) along with a 35S::KanR component for stable-line selec-
tion were made using Gibson assembly. RK2 was run as a pilot for this
project using the stronger pCM2 promoter to drive GFP. Because of
the high GFP output of the WT forms of pVS1 and BBRI, a very large
fold-change increase in GFP expression could potentially saturate
the GFP channel of the plate reader; as such, the weaker pCL2 was
used for these origins. As pSa had a weaker starting WT expression,
pCM2was used for this origin. To demonstrate the performance of the
highest-performing mutants expressed from the same promoter for
all origins, anadditional set of vectors were cloned with pCM2::GFP for
pVS1and BBR1(SupplementaryFig. 6). For the Ruby vector described
inSupplementary Fig.12, the strongly expressing pCH5 promoter was
used to drive the Ruby reporter®.,

Single SNPs were introduced into the RepA coding sequence
using PCR with the SNP of interest designed into a primer overhang.
Proper PCR band lengths were verified in a high-throughput manner
using an Agilent ZAG (zero-gel electrophoresis). PCR products were
column-purified and assembled using NEBuilder HiFi DNA assembly
(NEB, E2621L). The resulting assemblies were transformed by heat
shock into XL1-Blue E. coli and grown overnight at 37 °C on solidified

LB + kanamycin plates. Single colonies were selected, grownin a4 ml
of LB + kanamycin liquid culture and miniprepped; then, the integrity
of the plasmid sequence including the proper SNP was verified using
whole-plasmid sequencing from Primordium Labs (https://www.pri-
mordiumlabs.com/). Verified plasmids were then transformed into
the EHA10S strain of A. tumefaciens by electroporation and selected
on plates of solidified LB + kanamycin (50 mg L™) and rifampicin
(100 mg L™) at 28 °C shaking at 200 rpm.

Screening origin mutantsin N. benthamiana
A previously established method for transiently expressing genes in
N. benthamiana was used to screen the impact of the mutant ORIs in
planta®.Single colonies of transformed EHA105 were selected and used
toinoculate 5 mlof LB + kanamycin and rifampicin for overnight growth
at 28 °C shaking at 200 rpm. The following morning, 10 ml of fresh
LB + kanamycin + rifampicin was added to each vial and the cultures
were grown for 2 h. An aliquot from each culture was taken and used
to measure the OD,,,. Then, 10 ml of each culture was centrifuged at
3,200gfor 15 min. The supernatant was removed and cells were diluted
to an 0D, 0f 1.0 using an appropriate volume of tobacco infiltration
buffer (10 mM MgCl,,10 mM MES and 200 pM acetosyringone (added
fresh), pH5.7). Resuspended cultures were allowed toinduce for2 hat
room temperature while gently rocking.

N. benthamiana was grown at 25 °C under long-day conditions
(16 h of light, 8 h of darkness) of 150 pmol m™s™ photosynthetically
activeradiation (PAR; wavelength:400-700 nm). Sunshine no. 4 grow-
ing mixture supplemented with Osmocote was used as the planting
medium. For each origin mutant, six 4-week old N. benthamiana plants
were syringe-infiltrated on the fourth and fifth leaves from the top of
the plant. Infiltrated plants were watered and returned to the growth
room for 3 days. After this 3-day period, four leaf discs of infiltrated
tissue per leaf were taken using a standard 6-mm hole puncher and
these discs were placed abaxial side up into a 96-well culture plate filled
with 320 pl of water such that the discs were floating on the surface.
These 96-well plates were then assayed for GFP fluorescence using
a BioTek Synergy H1 microplate reader set for conditions of 483-nm
excitation and 512-nm emission. GFP fluorescence readings for each
disc were analyzed in R to compare mutant performances compared
tothe WT origins.

L. sativatransient expression assays

Buttercrunch lettuce plants were grown in 18-cell flats at 25 °C under
long-day conditions of 150 pmol m™s™ PAR using the same Sunshine
no. 4 + Osmocote planting medium. Then, 5-week-old plants were
infiltrated with a blend of two EHA105 strains consisting of the same
GFP binary vector strains as the tobacco experiments and a strain
harboring abinary vector for the P19 gene. P19is a viral gene that sup-
presses plant gene silencing and coinfiltration of this construct aidsin
transient expression, particularly inmore recalcitrant backgrounds®.
These two strains were grown overnight at 28 °C shaking at 200 rpmand
were brought toan OD,,,0f 1.0 and mixed inal:1ratio before inducing
inthe tobaccoinfiltration medium mentioned above for 2 h. The fifth
leaf of each plant wasinfiltrated and a 4-day incubation period at 25 °C
was used before isolating leaf discs for GFP quantification.

Copy number quantification

Plasmid copy number was determined using nanoplate dPCR. A QlAcu-
ity EvaGreen PCR kit (Qiagen, 250111) was used for all dPCR reactions.
Samples were transferred into an 8,500-partition 96-well QlAcuity nan-
oplate andloadedinto a QIAcuity One system.dPCR reactions were con-
ducted with astandard protocol (2 min at 95 °C followed by 40 cycles of
15sat95°C,15sat56 °Cand15sat72 °C). The nanoplate wasimaged with
anexposure duration of 150 ms and gain of 2. Images were analyzed with
the QlAcuity Software Suite. The concentration of plasmids were calcu-
lated using Poisson statistical methods by the QIAcuity Software Suite.
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For each biological replicate, two dPCR reactions were run, one target-
ing the single-copy rpoB gene found within A. tumefaciens C58 and one
targeting the kanamycin resistance (KanR) gene located on the binary
vector. The final copy number was determined as the ratio of KanR to
rpoB copies, which served as ameasurement of the number of plasmid
counts to genomic counts respectively. The following primers were
ordered from IDT and used for the dPCR reactions: KanR forward,
GATCATCCTGATCGACAAGACCGG; KanRreverse, CTGCCGAGAAAG-
TATCCATCATGGC; rpoBforward, GAGTACCGGAATCTCGTCAAAGCC;
rpoBreverse, CGAAGATCTCTACGGCAACTACCTGG.

Growth rate quantification

Thegrowthrates ofall WT and mutant strains were evaluatedinboth a
richLB medium and a minimal salts medium (MOPS minimal + 10 mM
glucose)™. For each, a glycerol stock was used to inoculate a 10-ml
culture of LB that was grown overnight at 28 °C shaking at 200 rpm.
Thissaturated culture was spun down and resuspended in either MOPS
minimal salts + 10 mM glucose or LB medium at a concentration that
was 1:200 of the original saturated stock. Next, 150 pl of this bacterial
culture was added to each well of a 96-well clear plate in quadrupli-
cate (Falcon, 353072) and the cultures were grown shaking linearly at
1,000 cpmat 28 °CinaBioTek Synergy Hl plate reader. The OD,, was
measured every 6 min for 24 h; using the datafromthe plate reader, the
growth rate for each culture was calculated using the GrowthCurver
packageinR. Thegrowthrateinthisstudyis reported as doublings per
hour, whichis 60 divided by the doubling time.

A. thaliana stable transformation

A. thaliana was transformed using the floral dip method of transfor-
mation as previously described®. Arabidopsis seeds were sprinkled
over the surface of wet Sunshine no. 4 growing mixture and allowed to
grow for 12 days. After this period, 18-pot flats were prepared with wet
Sunshine no. 4 growing mixture with Osmocote and five Arabidopsis
seedlings were transplanted per potinan X pattern. Flats were grown
at 22 °C under short-day conditions (8 h of light, 16 h of darkness) of
150 pmol m™ s PAR. After 3 weeks, the flats were moved to a 22 °C
chamber with long-day lighting conditions of the same intensity. The
first floral meristem from each plant was excised to promote axil-
lary shoot growth. After three more weeks, all plants began flower-
ing with multiple inflorescences and these were used for the floral
dip procedure.

The top-performing origin, pVS1, and lower-expressing origins
RK2and pSawere selected for an analysis of impact of enhanced binary
vector copy number onstable transformation. The same plasmids used
inthe tobacco screen were used for this experiment as they contained
a35S::KanR component that allows for the selection of T1 plants with
kanamycin. These plasmids were electroporatedinto the A. tumefaciens
strain GV3101and selected on solidified plates of LB + rifampicin, kana-
mycinand gentamicingrown for 3 daysat30 °C. Then, 300-ml cultures
of each strain were grown overnight at 30 °C shaking at 200 rpm in
LB + rifampicin, kanamycin and gentamicin. These cultures were cen-
trifuged for 20 min at 3,200g and the supernatant was discarded and
replaced with 300 ml of floral dip medium consisting of 5% sucrose
with 0.02% Silwet (50 g of sucrose and 200 pl of Silwet brought to 1L
with water).

Pots containing five A. thaliana plants were gently inverted and
the inflorescences were submerged into the Agrobacterium solution
for15 swithlight agitation. All pots dipped in the same construct were
then laid sideways in an empty planting tray and were covered with a
plastic lid that had been misted with water. Plants were left at room
temperature overnightin this humidity chamber before being returned
toanupright positioninthe22 °Clong-day chamber. Then,1 week after
theinitial floral dip, this process was repeated with the same plants to
further expose newly grown buds to the bacteria. For each construct,
four pots containing a total of 20 plants were dipped; following the

second dip, a single stake was placed into one pot and the numerous
inflorescences were gently tied together in asingle mass. Next, 2 weeks
after the second dip, a paper bag was used to cover the inflorescence
heaps andthe plants were movedtoadryingrack todieand desiccate.
Following desiccation, seeds were sifted multiple times to separate
them from any silique debris. Then, 200 mg of seeds per sample were
measured and placed into tubes for the plating experiment. Seeds were
thensterilized by first submerging in 70% ethanol for 1 min followed by
shaking in a solution of 50% bleach from a12.5% sodium hypochlorite
stock with adrop of Triton-20 surfactant for 7.5 minbefore rinsing with
sterile water three times. Amoderately dense layer of seeds that were
distributed in close but not overlapping proximity to each other was
spread onto the surface of selection plates consisting of Murashige
and Skoogsalts +1g L"MES brought toa pH of 5.7 along with 50 mg L™
kanamycinand 200 mg L timentin to kill residual A. tumefaciens and
8 g L™ agar for solidification. Each 200 mg of seeds approximately
covered 6 5-inch plates. The plates were then wrapped in vent tape,
placedintoalong-day 22 °C chamber and allowed to grow for 3 weeks
before quantification of successfully growing nonchlorotic plants.

R. toruloides transformation
To constructaR. toruloides expression vector, the plasmid JPUB_013523
(ref. 54) was modified to contain the WT or mutant forms of the pVS1
or RK2 ORIs (R106H and S20F mutants, respectively). Origin vari-
ants from this base vector were created using Gibson assembly and
were electroporated into the EHA1OS strain of A. tumefaciens. Single
colonies were used to inoculate LB + kanamycin and rifampicin for
overnight growth at 28 °C shaking at 200 rpm. AMT of R. toruloides
was conducted as previously described™.

Selection was conducted on plates containing nourseothri-
cin; for each transformation, plates with a 1:10 dilution along with a
full-concentration plating of remaining cells were made. Plates were
incubated at 30 °Cfor 2 days and thenimaged using a AnalytikJena UVP
GelSolo followed by colony count quantification using Fiji (https://
imagej.net/software/fiji/downloads).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Next-generation sequencing data are publicly available from the NCBI
SRA under BioProjectaccession PRJNA1031697. All plasmid sequences
used in thisstudy were published on theBEI publicrepository (https://
public-registry.jbei.org/folders/847). Source data are provided with
this paper.

Code availability
All code used for next-generation sequencing data analysis can be
found on GitHub (https://github.com/shih-lab/origin_story).
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Sample size

Data exclusions

Replication

Randomization

Blinding

6 tobacco plants were used for the infiltration experiments with data taken from 2 independent leaves with 4 leaf punches per leaf for a total
of 48 independent data points per plant. Sample sizes were chosen based on known variation between leaves and plants in N. benthamiana
and for statistical rigor to detect potential differences between samples, and this size exceeds the standards set by other leading studies in
the field that use N. benthamiana as a screening tool (PMID: 35951698, 37348464, 37558215). Sample sizes for this study meet or exceed the
standards in the field for transient tobacco assays. Sample sizes for Arabidopsis were set at the ~25,000 seed threshold for statistical rigor to
be able to recover hundreds of transformation events to determine if differences were present, and this size was set to meet or exceed
precedence of comparing transformation efficiency in the literature (e.g. PMID: 23581821). At least 15 plants were used per construct to
allow for an assay of transformation efficiency over multiple individuals. 10 independent transformations were conducted for
Rhodosporidium experiments for statistical robustness due to known variation in this transformation protocol and from previous literature
(e.g. PMID: 32024522, https://doi.org/10.1039/C9GCO0920E)

No data was excluded

6 plants per construct were used for all tobacco infiltration experiments. Experiments that determined stable transformation efficiency were
repeated at least twice on separate dates with 2 floral dips conducted on each plant per replicate. A total of at least 15 independent plants
were used per construct for the Arabidopsis experiments. 10 independent transformation replicates were conducted for the Rhodosporidium
experiments. Data from replicates are reported are were successful.

Plants were randomly selected for infiltration (N. benthamiana and Lactuca sativa) or floral dip (Arabidopsis thaliana).

No blinding was used for the plant experiments due to the nature of characterizing a large number of ORI variants. As no information about
potential ORI performance was known a priori, blinding was not utilized.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq

Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Plants

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[ ] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents




Plants

Seed stocks Col-0 seeds for Arabidopsis were obtained from the ABRC.

Novel plant genotypes No novel plant genotypes were used in this study. Only WT plants were assayed for all experiments.

Authentication NA
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