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Phytophthora, a genus of oomycetes, contains many devastating plant pathogens,
which cause substantial economic losses worldwide. Recently, CRISPR/Cas9-based
genome editing tool was introduced into Phytophthora to delineate the functionality
of individual genes. The available selection markers for Phytophthora transformation,
however, are limited, which can restrain transgenic manipulation in some cases.
We hypothesized that PcMuORP1, an endogenous fungicide resistance gene from
P. capsici that confers resistance to the fungicide oxathiapiprolin via an altered target site
in the ORP1 protein, could be used as an alternative marker. To test this hypothesis, the
gene PcMuORP1 was introduced into the CRISPR/Cas9 system and complementation
of a deleted gene in P. capsici was achieved using it as a selection marker. All
of the oxathiapiprolin-resistant transformants were confirmed to contain the marker
gene, indicating that the positive screening rate was 100%. The novel selection
marker could also be used in other representative Phytophthora species including
P. sojae and P. litchii, also with 100% positive screening rate. Furthermore, comparative
studies indicated that use of PcMuORP1 resulted in a much higher efficiency of
screening compared to the conventional selection marker NPT II, especially in P. capsici.
Successive subculture and asexual reproduction in the absence of selective pressure
were found to result in the loss of the selection marker from the transformants, which
indicates that the PcMuORP1 gene would have little long term influence on the fitness
of transformants and could be reused as the selection marker in subsequent projects.
Thus, we have created an alternative selection marker for Phytophthora transformation
by using a fungicide resistance gene, which would accelerate functional studies of genes
in these species.
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INTRODUCTION

The oomycetes are a class of eukaryotic microorganisms that
have similar life cycles and growth habits to the filamentous
fungi. Oomycota contains many pathogens of both plants and
animals (Kamoun et al., 2015; Derevnina et al., 2016) including
the infamous Phytophthora infestans that was responsible for the
Irish potato famine of the nineteenth century and which remains
a severe threat to potato production to this day (Zadoks, 2008;
Fry et al., 2015). Although the oomycetes share many biological
characteristics with the true fungi, they are phylogenetically
distinct, belonging to the kingdom Stramenopila, which also
includes the golden-brown algae, diatoms, and brown algae
(Baldauf et al., 2000; Yoon et al., 2002; Tyler et al., 2006). In
most instances, the oomycetes differ from fungi in many ways
including their genome size, ploidy of vegetative hyphae, cell wall
composition (cellulose instead of chitin), and the type of mating
hormones produced (Judelson and Blanco, 2005). Due to lower
transformation efficiency and homologous recombination rate,
it is more difficult to genetically manipulate oomycetes than the
most of amenable true fungi (Judelson, 1997).

The oomycete genus, Phytophthora, is of great importance
economically and ecologically. For example, it was estimated that
worldwide vegetable production valued at over one billion dollars
is threatened by P. capsici alone each year (Lamour et al., 2012).
To investigate the unique biology of Phytophthora, different
classical and molecular genetic strategies have been adopted,
with gene silencing via RNA interference (RNAi) being most
commonly used in functional studies (van West et al., 1999; Dou
et al., 2010; Liu et al., 2011; Wang et al., 2011; Lu et al., 2013; Tyler
and Gijzen, 2014). Despite these successes, the RNAi strategy
has several drawbacks when applied to Phytophthora species and
some other organisms. For examples, the degree of gene silencing
is unpredictable, and some of the transformants can be unstable.
Furthermore, it is difficult to reliably silence several unrelated
genes simultaneously (Bargmann, 2001; Kamath et al., 2001;
Hannon, 2002; Alonso et al., 2003). The recent development
of the clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated protein 9 nuclease (Cas9) system
which has been employed for a variety of genome editing
procedures in a wide range of organisms (Xie et al., 2015), is
therefore extremely exciting. In 2016, the CRISPR/Cas9 system
was successfully applied in P. sojae (Fang and Tyler, 2016) for
the first time, and subsequently in P. palmivora (Gumtow et al.,
2018), indicating that this method might have broad application
in the genus Phytophthora.

Genetic modification of Phytophthora spp. requires specialized
vectors and can be achieved by several transformation protocols
including PEG-CaCl2-mediated protoplast transformation,
Agrobacterium-mediated transformation, electroporation and
microprojectile bombardment (Judelson and Michelmore, 1991;
Cvitanich and Judelson, 2003; Latijnhouwers and Govers, 2003;
Vijn and Govers, 2003; Wu et al., 2016). Selection markers play
a critical role in any transformation methodology as they allow
the transformed cells to be distinguished from non-transformed
ones, with antibiotic resistance genes and auxotrophic markers
being widely used for screening transformants of microorganisms

(Kanda et al., 2014). However, the range of selection markers
available for Phytophthora transformation is severely limited for
the moment. Indeed, many species depend on just one, the NPT II
gene, which encodes the neomycin phosphotransferase II enzyme
that confers resistance to kanamycin, neomycin and geneticin
(G418) (Bashir et al., 2016). The hygromycin B resistance gene
HPT, which encodes the hygromycin phosphotransferase, was
also frequently used in P. infestans, whereas it was inefficient
in some other Phytophthora species such as P. capsici and
P. parasitica, as very high concentrations of hygromycin B
(at least 400 µg/ml) were required to completely inhibit the
background growth (Bailey et al., 1991; van West et al., 1999).
Furthermore, the use of HTP in P. sojae resulted in very few
transformants being recovered (Judelson et al., 1993), which
indicates that is not efficient for the transformation of P. sojae
either. The lack of appropriate selection markers has hampered
the progress of functional gene studies in Phytophthora, and
the development of alternative selection makers is crucial for
complementation experiments and multiplex editing of genome.

The anti-oomycete compound oxathiapiprolin, which was
developed by DuPont in 2007, exhibits extremely high activity
against most plant pathogenic oomycetes, including P. capsici,
P. sojae, P. litchii, and P. nicotianae, as well as Pseudoperonospora
cubensis amongst others (Ji et al., 2014; Miao et al., 2016b). The
mode of action of oxathiapiprolin has been well characterized in
oomycetes, with the primary target protein being the oxysterol
binding protein (OSBP), which is a member of the OSBP-
related proteins (ORPs) family (Pasteris et al., 2016). However,
resistance to oxathiapiprolin has recently been documented
in Phytophthora, with point mutations in the ORP1 protein
resulting in high level of resistance (Miao et al., 2016a, 2018).
Although this discovery was worrying from a crop protection
perspective, it provided a possible opportunity to develop an
alternative selection marker for Phytophthora transformation.
The current study was initiated to determine whether a mutated
version of the PcORP1 sequence (PcMuORP1) could be used as a
reliable selection marker in P. capsici, and if so, whether its use
could be extended to other Phytophthora species. In addition, the
screening efficiency of this novel marker was compared with that
of the traditional marker NPT II.

MATERIALS AND METHODS

Phytophthora Isolates and Growth
Conditions
The P. capsici isolate BYA5 was collected from an infected pepper
sample in Gansu Province of China in 2011, while the P. litchii
isolate ZB2-4 was collected from infected lychee in Guangdong
Province in 2014. The P. sojae isolate P6497 has been widely
used in previous oomycete studies and its entire genome has been
sequenced and published (Tyler et al., 2006).

The three different Phytophthora isolates were all maintained
on solid V8 medium at 25◦C in the dark. Zoospores of P. sojae
were prepared according to a method described by Ward et al.
(1989), with a few modifications. The mycelia from 15 ml cultures
grown in clarified V8 media inoculated with 10 mycelial plugs
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were harvested after 3 days’ dark-incubation at 25◦C, and washed
5 times with sterile water at 20 min intervals. The collected
mycelium was then submerged in 10 ml of sterile water and dark-
incubated at 25◦C for 8–10 h to facilitate sporangium production
and zoospore release. A different method based on the protocol
from a previous study (Pang et al., 2013) was used to produce
zoospores of P. capsici. In this case P. capsici isolates were dark-
incubated at 25◦C on solid V8 medium for 3–4 days before
being switched to a 12 h-light/12 h-dark photoperiod for an
additional 6 days. The plates were then flooded with 10 ml
sterile water and incubated at 4◦C for 30 min, and then at room
temperature for 30 min.

The zoospores of both P. sojae and P. capsici were plated on the
surface of 1% agar plates and dark-incubated at 25◦C for 3–8 h
until most of them had germinated. Single spore purification was
achieved by transferring individual germinated spores to fresh V8
plates, which were then dark-incubated at 25◦C for 3 days.

Fungicide and Antibiotics
Technical grade oxathiapiprolin (96.7%, active ingredient) was
kindly provided by DuPont Crop Protection (Wilmington, DE,
United States), and the ultra-pure grade G418 sulfate and
ampicillin sodium salt were purchased from Amresco (Solon,
OH, United States), while hygromycin B solution (50 mg/ml) was
purchased from QiDi Taili Technology (Beijing, China).

A range of oxathiapiprolin stock solutions were prepared
in dimethyl sulfoxide (0.25, 0.2, 0.1, 0.05, 0.01, 0.005, 0.0025,
0.00125, and 0.000625 mg/ml) and stored in the dark at 4◦C until
required. The antibiotics G418, hygromycin B, and ampicillin
were dissolved or diluted in ultra-pure grade water to prepare
stock solutions (50, 30, 15, 7.5, 3.75, and 1.875 mg/ml for G418;
50, 25, 12.5, 6.25, and 3.125 mg/ml for hygromycin B; 100 and
50 mg/ml for ampicillin), which were stored in the dark at−20◦C.

Nucleic Acid Isolation From
Phytophthora Species
The mycelia from 4 days old plate cultures of P. capsici isolate
BYA5 were harvested and frozen at −80◦C until required. Total
RNA was extracted from the frozen samples using the SV Total
RNA Isolation kit (Promega, Beijing, China) and cDNA was
synthesized using the PrimeScript RT reagent Kit with gDNA
Eraser (Takara, Beijing, China) according to the protocols of the
manufacturers. The DNA isolation from the P. capsici, P. sojae,
and P. litchii wild-type isolates as well as transformants was
performed using mycelia that had been harvested from 4 to 7
days old cultures and frozen at −20◦C. The total DNA was then
isolated using the method detailed in a previous study (Ristaino
et al., 1998). All the cDNA and DNA samples were stored at
−20◦C until required.

MICs Determination
The P. capsici isolate BYA5, P. sojae isolate P6497 and P. litchii
isolate ZB2-4 were dark-incubated at 25◦C for 3 days, and
mycelial plugs taken from the periphery of actively growing
colonies were transferred to fresh V8 agar modified with series
of concentration of fungicide and antibiotics (0.25, 0.2, 0.1,

0.05, 0.01, 0.005, 0.0025, 0.00125, and 0.000625 µg/ml for
oxathiapiprolin, 50, 30, 15, 7.5, 3.75, and 1.875 µg/ml for G418;
100, 50, 25, 12.5, 6.25, and 3.125 µg/ml for hygromycin B), and
3 replicates were made for each treatment. After 3 days’ dark-
incubation at 25◦C, the mycelial growth was checked. The lowest
concentrations that totally inhibited the mycelial growth were
considered as minimum inhibitory concentrations (MICs).

Transformation of Phytophthora Species
The plasmids described in the current study were used to
transform the different Phytophthora species using the PEG-
CaCl2 mediated protoplast method described previously (Dou
et al., 2008; Fang and Tyler, 2016), but with a few modifications.
Briefly, 2 days old P. capsici (or 3 days old P. sojae, or 2 days old
P. litchii) mycelial mats cultured in liquid pea broth medium,
were rinsed with ultra-pure water and suspended in 0.8 M
mannitol with gentle shaking. After 10 min incubation at 25◦C
the mycelia were transferred to 20 ml of enzyme solution [0.4
M mannitol, 20 mM KCl, 20 mM MES, pH 5.7, 10 mM CaCl2,
0.75% Lysing Enzymes from Trichoderma harzianum (Sigma
L1412: St Louis, MO, United States) and 0.75% Cellulysin R©

Cellulase (Calbiochem 219466: San Diego, CA, United States)]
and incubated at room temperature for approximately 35 min
(40 min for P. sojae, 35 min for P. litchii) with gentle shaking
(55–60 rpm). The mixture was then filtered through two layers
of Miracloth (EMD Millipore Corp., 2913897: Billerica, MA,
United States) and the resulting protoplasts were collected by
centrifugation at 530 g for 4 min in a 50 ml centrifuge tube. After
being washed with 30 ml of W5 solution (5 mM KCl, 125 mM
CaCl2, 154 mM NaCl and 173 mM glucose), the protoplasts
were resuspended in 5–10 ml of W5 solution and placed on ice
for 30 min before being collected by centrifugation at 530 g for
5 min in a 50 ml centrifuge tube and resuspended at 106–107/ml
in MMg solution (0.4 M mannitol, 15 mM MgCl2 and 4 mM
MES, pH 5.7). The transformation itself was performed using
1 ml of protoplast suspension with 40–50 µg of DNA for single
plasmid transformations or 20–30 µg of DNA for each plasmid
for co-transformations. The protoplast-plasmid mixtures were
incubated on ice for 20–30 min, before 1740 µl of fresh PEG
solution (40% PEG 4000 m/v, 0.2 M mannitol and 0.1 M CaCl2)
was gradually added. The tubes were then shaken gently and
incubated on ice for another 20–30 min before the protoplasts
were mixed with 20 ml of pea broth containing 0.5 M mannitol
and dark-incubated at 18◦C for 20–24 h to allow regeneration.

Screening of Phytophthora
Transformants
The regenerated protoplasts were collected by centrifugation at
700 g for 5 min, and resuspended in 35 ml of molten (42–
45◦C) pea broth agar (1.5% agar, 0.5 M mannitol) amended
with the appropriate selective agent: 0.005 µg/ml (or higher)
oxathiapiprolin or 30 µg/ml G418 when NPT II was used as
the selection marker. The medium containing the regenerated
protoplasts was then divided among three Petri dishes and dark-
incubated at 25◦C for 3 days to complete the first round of
screening. Each plate was then covered with molten (42–45◦C)
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V8 medium (1.5% agar) amended with a higher dose of the
selective agents: 0.01 µg/ml (or higher) for oxathiapiprolin or
50 µg/ml for G418, and incubated for a further 3 days under
the same conditions. The colonies that appeared after this second
round of screening were transferred to fresh V8 plates amended
with 0.01 µg/ml (or higher) oxathiapiprolin or 50 µg/ml G418
for the third round of screening. 50–100 µg/ml ampicillin could
be used to avoid bacterial contamination in each screening step.

PCR Analysis and Sequence Alignment
All the polymerase chain reactions conducted in the current
study, except those performed during plasmid construction, were
performed using EasyTaq DNA Polymerase and 25 µl reaction
mixtures containing 12.5 µl 2x Master Mix (Tsingke, Beijing,
China), 0.5 µl Forward Primer (10 µM), 0.5 µl Reverse Primer
(10 µM), and 500–1000 ng template DNA. The PCR itself was
conducted using a Bio-gener GT9612 thermocycler (Bio-gener,
Hangzhou, China) and the following program: initial denaturing
at 94◦C for 4 min, followed by 34 cycles of denaturing at 94◦C
for 30 s, annealing at 55–62◦C (depending on the primer) for 30 s
and extension at 72◦C for 1 min for each 1 kb fragment, with a
final extension at 72◦C for 10 min. The resulting PCR products
were visualized by agarose gel electrophoresis and sequenced
by Tsingke (Beijing, China). Multiple sequence alignments
were prepared using the DNAMAN 9.0.1.116 software package
(Lynnon Biosoft, Quebec, QC, Canada).

Statistical Analysis
The data collected in the current study were subjected to analysis
of variance using DPS software ver. 7.05 (Zhejiang University,
Hangzhou, China). Differences between means were determined
using Duncan’s multiple range test at P = 0.05.

RESULTS

Gene Complementation in P. capsici
Using PcMuORP1 as the Selection
Marker
The oxathiapiprolin target protein PcORP1 consists of 957
amino residues. Previous research has shown that a single
point mutation at residue 769 (G769W), which corresponds a
nucleotide substitution of guanine to thymine at nucleotide 2305
(G2305T) in the coding DNA sequence (CDS), can result in high
level of fungicide resistance in P. capsici (Miao et al., 2016a). The
G2305T mutation was successfully introduced into the PcORP1
CDS derived from cDNA (Supplementary Methods S1), and
the mutated version of PcORP1 CDS, was hereafter referred to
as PcMuORP1.

The potential of PcMuORP1 as a selection marker was initially
evaluated via gene complementation. For this purpose, the
PcDHCR7 gene of P. capsici, which encodes a homolog of 7-
dehydrocholesterol reductase in the sterol synthesis pathway
(Desmond and Gribaldo, 2009), was first replaced by the G418
resistance gene NPT II (Supplementary Methods S2). The
resultant isolate KD1-1 was a homozygous transformant in which

the NPT II gene replaced the PcDHCR7 gene and was thus
insensitive to G418. Therefore, further genetic manipulation of
KD1-1 was impossible without the use of an alternative selection
marker. Thus we used KD1-1 as a rigorous model to test the
potential of PcMuORP1 as a selection marker for CRISPR/Cas9-
mediated gene complementation in P. capsici.

For the gene complementation, three novel plasmids,
pYF2.3G-PcMuORP1-N (Modified from plasmid pYF2.3G-N,
Figure 1A and Supplementary Methods S1), which contained
the sgRNA and the selection marker PcMuORP1; pYF-Cas9-
EI (Simplified from vector pYF2-PsNLS-hSpCas9 by removal of
the NPT II gene, Figure 1B and Supplementary Methods S1),
which expressed the Cas9 protein; and pB-PcDHCR7 (Created
from vector pBluescript II KS+, Figure 1C and Supplementary
Methods S1), which served as the homologous replacement
template, were simultaneously transformed into protoplasts of
KD1-1. After the transformation, putative complementation
transformants were selected using oxathiapiprolin, which yielded
hundreds of resistant colonies. PCR using PcDHCR7-specific
primers (ReD-F and ReD-R1, Supplementary Table S2) was
then conducted to further screen the oxathiapiprolin-resistant
transformants to identify those that had been successfully
complemented. A further round of PCR was conducted to
distinguish homozygous transformants on the basis that the
PcDHCR7 gene (1367 bp) is longer than the NPT II gene
(795 bp). A total of 18 independent oxathiapiprolin-resistant
transformants, each of which had undergone single spore
purification, were evaluated using the parental isolate KD1-1
as the negative control and the wild-type isolate BYA5 as the
positive control.

DNA electrophoresis revealed that three of the 18
oxathiapiprolin-resistant transformants had been successfully
complemented (lanes 11, 13, and 15, Figure 1D), two of which
were homozygous (lanes 11 and 13, Figure 1D). Gene sequencing
of the complemented transformants showed that the genome
editing was totally accurate. In addition, the PcMuORP1 gene
were also successfully used as the selection marker in knock-out
projects of different genes such as PcERG3, which encodes a
homolog of sterol C5 desaturase in P. capsici (Desmond and
Gribaldo, 2009; Supplementary Methods S2 and Supplementary
Figure S1). Taken together these results validated the hypothesis
that the oxathiapiprolin-resistance gene PcMuORP1 could
be used as an alternative selection marker during P. capsici
transformation, and also demonstrated that site-specific
complementation of gene deletions could be achieved using
the modified CRISPR/Cas9 system. For convenience of sgRNA
expressing plasmid construction, an all-in-one backbone plasmid
pYF515-PcMuORP1 (Supplementary Table S1) containing
PcMuORP1, Cas9 and sgRNA expressing cassettes was created
(Supplementary Methods S1 and Supplementary Figure S2).

All Oxathiapiprolin-Resistant Colonies
Contained the PcMuORP1 Transgene
A three-step screening process was used to select oxathiapiprolin-
resistant transformants using increasing concentrations of
oxathiapiprolin (0.005–0.25 µg/ml). When the regenerated
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FIGURE 1 | Plasmid modification and complementation of the PcDHCR7 gene. (A) Replacement of the eGFP gene in pYF2.3G-N by the fungicide resistance gene
PcMuORP1 to generate the novel plasmid pYF2.3G-PcMuORP1-N. HH, hammerhead (HH) ribozyme; HDV, HDV ribozyme. (B) Removal of the NPT II expression
cassette from pYF2-PsNLS-hSpCas9 to form pYF-Cas9-EI. (C) Schematic representation of the homologous recombination that restored the PcDHCR7 gene in
place of the NPT II gene in P. capsici isolate KD1-1, showing the location of the primers used to validate complementation had occurred and to differentiate
heterozygous and homozygous transformants. F1, ReD-F Forward primer; R1, ReD-R1 Reverse primer; R2, ReD-R2 Reverse primer. (D) DNA electrophoresis of
PCR products amplified from transformants. Top: The F1/R1 primer set confirms complementation has occurred in lanes 11, 13, and 15. Bottom: The F1/R2 primer
set confirms homozygous complementation in lanes 11 and 13. M, DNA Marker; Lanes 1–18, oxathiapiprolin-resistant transformants; Lane 19, Parental isolate
KD1-1 used as a negative control; Lane 20, Wild-type isolate BYA5 used as a positive control; Lane 21, Blank control.

protoplasts were initially plated in pea broth agar, 0.005 µg/ml
oxathiapiprolin was used. After 2 or 3 days, mycelia were
observed emerging from the pea broth agar. At that point,
the medium was overlaid with molten V8 agar, amended with
0.2 µg/ml oxathiapiprolin. After 2–3 days further incubation,
a multitude of discrete colonies appeared. Those colonies were
transferred to fresh V8 agar (with 0.25 µg/ml oxathiapiprolin),
and all of them were observed to continue to grow well with
hardly any inhibition (Figure 2A). This suggests that, in future,
an even higher concentration of oxathiapiprolin could be used to
increase the stringency of the screening process, if necessary.

PCR was conducted to validate whether the transformants
selected during the screening process contained functional
copies of the PcMuORP1 selection marker. The primers used
were designed to avoid false-positives amplified from the
endogenous PcORP1 gene, with the forward primer Resg-
ORP1-F being located in the Ham34 promoter, and the
reverse primer Resg-ORP1-R within the PcMuORP1 gene
itself (Supplementary Table S2). We tested 22 randomly
selected transformants from the three-step screening process
used in the complementation experiment described above.
The results of the PCR analysis were definitive, with all
of the 22 transformants yielding PCR products of the
correct length, whereas the parental isolate KD1-1 used as

a negative control, did not yield any product. Thus, all of
the 22 P. capsici transformants, but not the parental isolate
KD1-1, harbored the PcMuORP1 resistance gene (Figure 2A).
Taken together these results provide clear confirmation that
the combination of oxathiapiprolin and the PcMuORP1
resistance gene provides an extremely effective method for
selecting transformants in P. capsici, producing a successful
screening rate of 100%.

The Application of PcMuORP1 as a
Selection Marker in Other Phytophthora
Species
The potential of the oxathiapiprolin-resistance gene PcMuORP1
as a selection marker for the transformation of other
Phytophthora spp. was investigated using two representative
species, P. sojae and P. litchii. The first, P. sojae, is a destructive
pathogen of soybean that can cause substantial economic losses
to oil crop production and has emerged as a model oomycete
species for several areas of research (Tyler, 2007). The second
species, P. litchii, causes downy blight disease in lychee resulting
in significant damage to fruit production (Kao and Leu, 1980;
Jiang et al., 2017). The investigation was initially focused
on P. sojae isolate P6497, which was transformed using the
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FIGURE 2 | Transformant screening on oxathiapiprolin-amended media, and PCR confirmation that transformants contained the PcMuORP1 selection marker.
(A) Three plasmids co-transformation for P. capsici. (B) One plasmid transformation for P. sojae. (C) One plasmid transformation for P. litchii. Left: Colonies resulting
from the second screening with V8 medium containing 0.2 µg/ml oxathiapiprolin in the case of P. capsici, and 0.01 µg/ml in P. sojae and P. litchii. Middle: Colonies
resulting from the third screening on V8 medium containing 0.25 µg/ml oxathiapiprolin in the case of P. capsici, and 0.01 µg/ml in P. sojae and P. litchii. Right: PCR
confirming 22 randomly selected transformants contained the PcMuORP1 selection marker. Lanes 1–22, oxathiapiprolin-resistant transformants; Lane 23, Parental
isolates used as negative controls; Lane 24, Blank control.

pYF2.3G-PcMuORP1-N plasmid carrying the oxathiapiprolin-
resistance gene PcMuORP1. The results of the transformation
were similar to those obtained in P. capsici, with hundreds
of oxathiapiprolin-resistant transformants being recovered
from the three-step screening process (Figure 2B). A range of
different oxathiapiprolin concentrations (0.005–0.1 µg/ml) were
evaluated, with even the lowest concentration providing effective
screening. Furthermore, PCR analysis of 22 randomly selected
oxathiapiprolin-resistant P. sojae transformants confirmed that
all of them contained the PcMuORP1 transgene (Figure 2B),
indicating that PcMuORP1 is an effective selection marker for
the transformation of P. sojae with a successful screening rate
of 100%. Identical results were obtained when exactly the same
experiments were performed with P. litchii (Figure 2C). Taken
together, these results indicate that PcMuORP1 could be an
extremely effective selection marker for the transformation of a
broad range of Phytophthora species.

Relative Screening Efficiency of the
Selection Markers PcMuORP1 and NPT II
Having established that PcMuORP1 could be successfully used
as a selection marker for the transformation of a range of
Phytophthora species, a further series of experiments were
conducted to compare the screening efficiency obtained with
PcMuORP1 gene relative to the conventional selection marker
NPT II. The first step in the investigation was to construct an NPT

II plasmid equivalent to the pYF2.3G-PcMuORP1-N plasmid
(Supplementary Methods S1), where the selection marker NPT
II would be under the control of the same promoter, Ham 34.
The investigation was conducted using the three Phytophthora
species evaluated previously, with parallel experiments being
conducted to transform the two plasmids pYF2.3G-PcMuORP1-
N and pYF2.3G-NPT-N into the protoplasts of P. capsici, P. sojae,
and P. litchii.

Each transformation experiment involved introducing
equivalent quantities of the plasmids to 1 ml samples
of protoplasts, which were standardized to the following
concentrations: 4.5 × 106 per milliliter for P. capsici, and
1.5 × 106 per milliliter for P. sojae and P. litchii. The resulting
transformants were screened with oxathiapiprolin in the case of
pYF2.3G-PcMuORP1-N and G418 in the case of pYF2.3G-NPT-
N. Given that the selective pressure used in early screening stage
may influence the transformants recovered, we determined the
minimal inhibitory concentrations (MICs) of oxathiapiprolin
and G418, as well as hygromycin B, for the three Phytophthora
species (Table 1). For the screening efficiency comparison, the
concentrations of oxathiapiprolin and G418 for first round of
screening were set to 0.005 and 30 µg/ml, respectively. In this
way, the early selective pressure of oxathiapiprolin was almost
the same for P. sojae, and higher for P. capsici, and lower for
P. litchii, compared with that of G418 (Table 1).

The screening efficiency was evaluated by calculating the
number of resistant transformants obtained from the two
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TABLE 1 | MICs determination of oxathiapiprolin and two antibiotics to three
Phytophthora spp.

Phytophthora sp. Isolate MIC (µg/ml)a

Oxathiapiprolin G418 Hygromycin B

P. capsici BYA5 0.00125 (4) 15 (2) >100

P. sojae P6497 0.0025 (2) 15 (2) 25

P. litchii ZB2-4 0.00125 (4) 3.75 (8) 25

aThe MICs were determined by mycelium growth evaluation on V8 medium
modified by series of concentration of fungicide and antibiotics; selective pressure
factors relative to MICs are shown in parentheses when 0.005 µg/ml oxathiapiprolin
(or 30 µg/ml G418) was used for transformant selection.

different plasmids. Four technical replicates were prepared for
each treatment and the entire experiment was conducted three
times using different batches of plasmid DNA. The numbers of
transformants resulting from the three-step screening process
were counted from each treatment and the data collected
were subjected to analysis of variance to determine statistical
differences between the treatments. The results clearly indicated
that PcMuORP1 increased screening efficiency relative to NPT
II, producing a higher number of transformants in all three
Phytophthora species (Figure 3). This effect was particularly
pronounced in P. capsici, which yielded very few transformants
when NPT II was used as the selection marker. Even though the
current study validated NPT II as an effective selection marker
for the transformation of P. sojae and P. litchii, it also showed
that PcMuORP1 could almost double the efficiency of screening
in these species (Figure 3).

Stability of PcMuORP1 in Regenerated
Transformants
Once the screening process is completed, the selection marker
becomes obsolete and sometimes reduces the fitness of
transformants (Scutt et al., 2002). The stability of the selection
marker in P. sojae was evaluated by subjecting 21 of the 22
oxathiapiprolin-resistant P. sojae transformants described above
to 10 rounds of vegetative subculture on V8 plates in the
absence of oxathiapiprolin, with the other isolate maintained
on oxathiapiprolin-amended V8 medium, as a positive control.
In addition, single zoospore progeny from 8 of the same 22
transformants (4 spores from each of the 8 transformants),
were assessed for oxathiapiprolin resistance, while the parental
transformants maintained on oxathiapiprolin-amended V8
medium were used as positive controls. The passaged cultures
and the single zoospore isolates were evaluated for growth
inhibition on oxathiapiprolin-amended V8 media (0.01 µg/ml
oxathiapiprolin), and by PCR analysis to determine whether they
still contained the PcMuORP1 transgene. Two primer pairs were
used for the PCR assay: Resg-ORP1-F/Resg-ORP1-R, which were
specific to the PcMuORP1 transgene, and Ps-Actin-F/Ps-Actin-R
(Supplementary Table S2), which were designed to amplify the
actin gene to verify the integrity of the DNA samples. The results
revealed none of the 21 passaged transformants were still able to
grow in the presence of oxathiapiprolin, and that all of them had
lost the PcMuORP1 transgene (Figure 4). Similar results were

obtained for the 32 single zoospore progeny: none of them still
harbored the PcMuORP1 transgene (Supplementary Figure S3).
However, it should be noted that the experiment evaluating the
loss of the selection marker during asexual reproduction was
performed in the absence of selective pressure, so it is uncertain
whether the process of asexual reproduction alone is sufficient
to result in the loss of the marker. Taken together these results
indicate that the selection marker PcMuORP1 is easily lost from
transformants in the absence of selective pressure, and that it
would therefore have little long term effect on the fitness of
P. sojae transformants.

Further experiments were conducted to investigate the
stability of the PcMuORP1 transgene in P. capsici. In this
case PCR analysis of the three complemented transformants
described above and their parental isolate revealed that
although the P. capsici transformants lost the PcMuORP1
transgene in the same way as the P. sojae transformants, the
complemented PcDHCR7 gene was retained in the asexual
progeny (Supplementary Figure S4). These results indicate that
the loss of selection markers in the absence of selection pressure
might happen in several different Phytophthora species, but it
would have no influence on target gene editing.

DISCUSSION

The current study was initiated to evaluate the potential of
oxathiapiprolin, which targets the ORP1 protein, as a means of
selection during Phytophthora transformation. Although proteins
belonging to the ORP family have been reported in many
organisms including Homo sapiens and Saccharomyces cerevisiae
(Olkkonen, 2013; Charman et al., 2017; Zhao and Ridgway,
2017), their functions remain unknown in oomycetes. However,
the ultra-high activity of the fungicide oxathiapiprolin against
oomycetes indicates that the target protein ORP1 must be
vital to the survival of these species. The results of the study
demonstrated that PcMuORP1 was a very reliable selection
marker for the transformation of P. capsici and two other
Phytophthora plant pathogens: P. sojae and P. litchii, which
belong to different clades of Phytophthora (Kroon et al., 2012; Ye
et al., 2016). It is likely that oxathiapiprolin, which has a relatively
wide inhibition spectrum, could be employed as a novel and
versatile selective agent for the transformation of a wide range
of oomycete species beyond Phytophthora.

The current study also demonstrated that PcMuORP1 was
compatible with the CRISPR/Cas9 system, with the three
novel plasmids pYF2.3G-PcMuORP1-N, pYF-Cas9-EI, and pB-
PcDHCR7 being used to successfully reintroduce the PcDHCR7
gene into the KD1-1 isolate in which it had been replaced
by NPT II. This result indicates that under the control
of appropriate promoters, PcMuORP1 may be an extremely
versatile selection marker that could be used for a wide
range of genetic manipulations including gene silencing, gene
overexpression, and the subcellular localization of proteins.
Furthermore, previous research has shown that during co-
transformation only 4–13% of P. sojae transformants screened
by G418 contained the non-selectable plasmid (Dou et al., 2008),
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FIGURE 3 | Screening efficiency in three Phytophthora species using two different selection markers, PcMuORP1 and NPT II. (A) Transformant colonies of P. capsici
(top), P. sojae (middle) and P. litchii (bottom) screened using either oxathiapiprolin or G418, respectively. a: Transformant colonies (PcMuORP1) after 3 days of culture
on V8 medium amended with 0.01 µg/ml oxathiapiprolin during the second screening, b: Subcultured colonies from the second screening after 2 days (3 days for
P. sojae and P. litchii) of culture on V8 medium amended with 0.01 µg/ml oxathiapiprolin during the third screening, c: Transformant colonies (NPT II) after 3 days of
culture on V8 medium modified with 50 µg/ml G418 during the second screening, d: Subcultured colonies from the second screening after 2 days (3 days for
P. sojae and P. litchii) of culture on V8 medium modified with 50 µg/ml G418 during the third screening. (B) Numbers of transformants recovered from 1 ml of
protoplasts (4.5 × 106 per milliliter for of P. capsici; 1.5 × 106 per milliliter for P. sojae and P. litchii). Values represent the mean ± SD of three biological replicates
derived from three independent experiments (n = 4), and asterisks denote significant difference from NPT II. ∗p < 0.05.
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FIGURE 4 | Stability of the PcMuORP1 selection marker in P. sojae. (A) Growth of the 21 P. sojae transformants from 10 successive rounds of vegetative subculture
in the absence of selection pressure on V8 media amended with 0.01 µg/ml oxathiapiprolin after 3 days dark-incubation at 25◦C. The last isolate which could grow
in the presence of oomyceticide was the one maintained on oxathiapiprolin-amended V8 medium. (B) PCR analysis for the detection of the PcMuORP1 gene. Top:
PcMuORP1-specific primers. Bottom: Actin-specific primers. Lanes 1–21, 21 P. sojae transformants after 10 successive rounds of vegetative subculture in the
absence of selection pressure; Lane 22, Wild-type isolate P6497 used as a negative control; Lane 23, P. sojae transformant maintained on oxathiapiprolin-amended
V8 medium; Lane 24, Blank control.

indicating that the addition of PcMuORP1 as an alternative
selection marker could greatly improve the success rate of co-
transformation experiments.

The three-step screening process was found to be extremely
stringent and had a 100% success rate, with all of the resulting
oxathiapiprolin-resistant transformants being found to contain
the PcMuORP1 transgene. Furthermore, the screening was
effective even at low oxathiapiprolin concentrations, which could
reduce the cost of transformation. In addition, PcMuORP1 was
found to greatly improve the yield of transformants compared
to the conventional selection marker NPT II. This effect was
especially pronounced in P. capsici where a eightfold increase
in the number of transformants obtained was observed. Indeed,
only a few colonies emerged from the second screening with G418
in spite of being under a lower selective pressure, and of those that
did, most failed to grow during the third screening (Figure 3A).
These results indicate that NPT II is not a very efficient
selection marker in P. capsici, similar to what was observed when
HPT was used as a selection marker in P. sojae, where some
P. sojae transformants failed to grow in the third round of the
hygromycin B screening (Judelson et al., 1993). Furthermore,
the MIC data confirmed that P. capsici was insensitive to
hygromycin B (Table 1). Taken together, these results confirm
that PcMuORP1 is a competent selection marker for P. capsici
transformation and that it could therefore greatly improve the
progress of functional gene studies in this important pathogen.
In addition, the PcMuORP1 selection marker almost doubled the
screening efficiency in P. sojae and P. litchii. A previous study

evaluating the screening efficiency of the selection marker NPT
II in P. sojae found that 30–100 transformants could be produced
during the second screening, and that 80% of these survived the
third screening (Dou et al., 2008). These Figures are in broad
agreement with those obtained in the current study. The higher
performance of PcMuORP1 would therefore not only reduce
labor and time, but also further reduce the cost of transformation,
and potentially increase the yield of genome editing experiments.

Although selection markers play a critical role in the
transformation process, they can sometimes impair the fitness
of transformants, and in some cases pose a danger to the
environment or human health (Scutt et al., 2002). For example,
sometimes high expression levels of selection markers can lead
to an excess of redundant proteins in the cell, which can
increase the metabolic burden of the transformants (Khan and
Maliga, 1999). These risks are particularly prevalent during
plant transformation, and several strategies have been developed
to eliminate the permanent expression of selection markers
in transgenic lines, including the application of site specific
recombination systems, transcription activator-like effector
nucleases (TALENs), and zinc finger nucleases (ZFNs) (Yau and
Stewart, 2013). The current study found that the PcMuORP1
gene was easily lost in the absence of selective pressure and in
the progeny resulting from asexual reproduction. Similar results
have been reported in a previous study, which noted the easy
loss of drug (G418 and hygromycin B) resistance in asexual
progeny of transformants of P. parasitica (Gaulin et al., 2007).
The reason why the selection marker was so easily lost from
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the transformants assessed in the current study is uncertain,
but possibly it resulted from there being no integration of the
plasmid into the genome or that the integration was unstable.
However, given that the only purpose of the selection marker is
to screen transformants this is not of particular concern. Also,
the results in the study demonstrated that the loss of the selection
marker would not impair the target gene editing. In fact, this loss
of the selection marker could be advantageous as it allows the
reuse of the same marker in subsequent transformation projects
facilitating complementation or multiplex editing.

A large number of oomycete pathogens have a great economic
and ecological impact as a result of the effects they exert on their
hosts. However, many aspects of oomycete biology, including
plant pathogen interactions, are poorly understood, which makes
it difficult to manipulate their behaviors in integrated pest
management programs. Although, the genome sequences of
more than 20 oomycetes have already been published, with many
others in the process of being sequenced (Tyler et al., 2006; Tian
et al., 2011; Fang et al., 2017), genome editing is sometimes
impeded due to the lack of available selection markers. A broad
range of selection markers, which can be categorized according
to their modes of action (Bashir et al., 2016), are available for
the transformation of different organisms, including antibiotic
resistance genes, herbicides resistance genes and auxotroph
saving genes (Miki and McHugh, 2004; Kanda et al., 2014; Hu
et al., 2016). However, the use of fungicide resistance genes is
rarely employed, even though the resistance mechanisms of more
and more fungicides have been characterized in detail, including
carbendazim, tebuconazole, boscalid, phenamacril, zoxamide,
mandipropamid, and oxathiapiprolin (Fujimura et al., 1994;
Blum et al., 2010; Cai et al., 2015, 2016; Wang et al., 2015; Zheng
et al., 2015; Miao et al., 2016a, 2018; Lichtemberg et al., 2017). The
development of these fungicides and their related resistance genes
as selection markers could greatly expand the options available
for the transformation of oomycetes and true fungi.

CONCLUSION

We have created an alternative selection marker for Phytophthora
transformation by utilizing a fungicide resistance gene. The novel
marker was compatible with CRISPR/Cas9 system and could be
used in a broad range of Phytophthora species. Furthermore, the
marker resulted in 100% positive screening rate and much higher
screening efficiency compared with NPT II. Stability test of the

marker showed that it could be lost easily from the transformants
under no selective pressure, which indicates that the PcMuORP1
gene would have little long term influence on the fitness of
transformants and could be reused as the selection marker in
subsequent projects.
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