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Abstract 

Oomycetes, such as Pythium species, contain numerous devastating plant pathogens that inflict substantial eco-
nomic losses worldwide. Although CRISPR/Cas9-based genome editing is available, the selection markers available 
for genetic transformation in these species are limited. In this study, a mutated version of the Phytophthora capsici 
oxysterol-binding protein-related protein 1 (PcMuORP1), known to confer oxathiapiprolin resistance, was introduced 
into the CRISPR/Cas9 system for in situ complementation in Pythium ultimum. We targeted PuLLP, which encodes 
a loricrin-like protein, and showed significant downregulation when the Puf RNA-binding protein-encoding gene 
PuM90 was knocked out. The PuLLP knockout mutants could not produce oospores, indicating a similar biological 
function as PuM90. The reintroduction of PuLLP into the knockout mutant using PcMuORP1 as a selection marker 
restored oospore production. Further comparisons with the conventional selection marker NPTII indicated that PcMu-
ORP1 could be applied at a lower concentration and cost, resulting in a higher screening efficiency. Successive 
subculturing in the absence of selective pressure showed that PcMuORP1 had little long-term effect on the fitness 
of transformants. Hence, it could be reused as an alternative selection marker. This study demonstrates the successful 
implementation of the PcMuORP1 gene as a selection marker in the genetic transformation of Py. ultimum and reveals 
the loricrin-like protein PuLLP as a sexual reproduction-related factor downstream of the Puf RNA-binding protein 
PuM90. Overall, these results will help accelerate the functional genomic investigation of oomycetes.
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Background
Oomycetes are a class of eukaryotic microorganisms 
with similar life cycles and growth habits as filamentous 
fungi (Yin and Hulbert 2018). In general, oomycetes dif-
fer from fungi in many aspects, including genome size, 
vegetative hyphae ploidy, cell wall composition (e.g., cel-
lulose rather than chitin), and the type of mating hor-
mones that they produce (Judelson and Blanco 2005; 
Widyawan et  al. 2015). Owing to lower transformation 
efficiency and homologous recombination frequency, 
it is more difficult to genetically manipulate oomycetes 
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than most amenable true fungi (Judelson 1997). Conse-
quently, functional genomics research on oomycetes has 
been limited. In 2016, the CRISPR/Cas9 system was suc-
cessfully applied in Phytophthora sojae (Fang et al. 2017), 
followed by P. palmivora (Gumtow et al. 2017), P. capsici 
(Wang et al. 2018), P. infestans (Hoogen et al. 2018), and 
Peronophythora litchii (Kong et  al. 2019). These results 
have significantly promoted the study of gene function in 
oomycete pathogens.

Functional genomics investigations of Pythium have 
been even more limited compared to Phytophthora. 
The species within the oomycete genus Pythium cause 
devastating losses to a wide range of crop species glob-
ally, making the genus of great economic and ecological 
importance (Park et al. 2016). To investigate the unique 
biology of Pythium, different genetic strategies, including 
gene silencing, have been adopted (Vijn and Govers 2001; 
Weiland 2003). Gene silencing involves transferring an 
endogenous gene into Pythium in a forward or reverse 
manner, resulting in gene silencing. Using this method, 
the tyrosine-rich protein-coding gene PoStr was success-
fully silenced in Pythium oligandrum, and the resulting 
mutants were significantly defective in oospore forma-
tion, marking the first-time gene silencing had been used 
to study gene function in Pythium (Grenville-Briggs et al. 
2013). Despite these successes, this gene silencing strat-
egy has several drawbacks, including an unpredictable 
degree of gene silencing and instability in some trans-
formants. Moreover, it is also difficult to reliably silence 
several unrelated genes simultaneously (Bargmann 
2001; Kamath et  al. 2001; Alonso et  al. 2003). To pro-
mote functional genomics analysis of Pythium, we suc-
cessfully developed the CRISPR/Cas9 system-mediated 
gene knockout and in situ complementation methods for 
Pythium ultimum recently, providing a robust platform 
for further molecular studies (Feng et al. 2021).

In transformation methodologies, selection markers 
like antibiotic resistance genes and auxotrophic mark-
ers are essential as they help distinguish transformed 
cells from non-transformed ones. These markers are 
widely used for screening transformants of microor-
ganisms (Dornte et  al. 2020). However, the selection 
markers available for oomycete (including Pythium and 
Phytophthora) transformation is limited, with many rely-
ing on a single marker, the NPTII gene, which encodes 
the enzyme neomycin phosphotransferase II that confers 
resistance to kanamycin, neomycin, and geneticin (G418) 
(Bashir et  al. 2006). A few species, such as P.  infestans, 
can also use the hpt gene that confers resistance to hygro-
mycin (Ah-Fong and Judelson 2011). After successful 
transformation, resistance screening markers will lose 
their resistance selection role in knockout mutants and 
may even have adverse effects on the mutants (Rogge 

and Meyhoefer 2021). Some resistance screening mark-
ers may be expressed at high levels, leading to excess pro-
tein production and abnormal growth (Qi et al. 2015). To 
lose resistance, mutants are typically cultured for sev-
eral generations on antibiotic-free plates until they can 
no longer grow in the presence of antibiotics (Qiu et al. 
2021). However, losing resistance screening markers can 
be difficult and may cause issues for subsequent experi-
ments. Thus, the lack of selection markers in oomycetes 
has impeded the progress of functional gene analyses, 
making it crucial to develop alternative selection markers 
for complementation experiments and multiplex editing 
of genomes (Jiang 2001).

In 2007, DuPont developed oxathiapiprolin, an anti-
oomycete compound that has proven to be highly effec-
tive against most oomycete plant pathogens, including P. 
capsici, P. sojae, Peronophythora litchii, and Py. ultimum 
(Ji et al. 2014; Miao et al. 2016a). The oxysterol binding 
protein (OSBP), a member of the OSBP-related protein 
(ORP) family, is the primary target protein of oxathia-
piprolin in oomycetes (Pasteris et  al. 2016). A recent 
study in Phytophthora revealed that point mutations in 
the ORP1 gene could result in high levels of resistance 
to oxathiapiprolin (Miao et  al. 2016b), which is con-
cerning from a crop protection standpoint. However, 
this discovery also presents an opportunity to develop 
an alternative selection marker for Phytophthora. The 
previous studies have determined that the mutated ver-
sion of the P. capsici ORP1 sequence (PcMuORP1) could 
serve as a candidate selection marker in P. capsici, P. 
sojae, and Peronophythora litchi, and the screening effi-
ciency was compared by calculating the number of 
resistant transformants obtained from the two plasmids 
pYF2.3G-PcMuORP1-N and pYF2.3G-NPT-N expressing 
PcMuORP1 and NPTII, respectively (Wang et  al. 2019). 
However, it remains unknown whether there is a differ-
ence in the efficiency of gene editing, such as gene knock-
out or complementation, when using the two markers 
and whether the use of PcMuORP1 could be extended to 
the Pythium genus.

Oospores, which are produced through sexual repro-
duction in oomycetes, play a crucial role in their sur-
vival, genetic variation, and long-distance transmission 
(Yang et al. 2013; Lava et al. 2013). The notorious oomy-
cete pathogen Py. ultimum is responsible for a variety 
of diseases in a broad range of plant species (Uzuhashi 
et al. 2008). In a previous study, we revealed the mecha-
nism through which PuM90, a stage-specific Puf family 
RNA-binding protein, regulates oospore formation in Py. 
ultimum. PuM90 knockout mutants were significantly 
defective in oospore formation, with empty oogonia or 
larger oospores and thinner oospore walls compared 
with the wild type (Feng et al. 2021).
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Loricrin is a major component of the cornified cell 
envelope in animals and a significant component of plant 
cell walls (Cassab 1998). Loricrin-like protein (LLP), a 
glycine-rich protein and a major component of the plant 
cell wall, plays important role in the development of vas-
cular tissues, nodules, and flowers (Keller 1992). In Phy-
tophthora infestans, the loricrin-like protein PiLLP plays 
a key role in oospore formation. Gene-silenced transfor-
mants of PiLLP were defective in oospore formation and 
blocked at the stage of oospore wall formation compared 
to the wild type (Guo et al. 2017). RNA sequencing (RNA-
seq) analysis of Py. ultimum revealed that the expression 
of the PuLLP gene was downregulated in the PuM90 
knockout mutants, indicating it may play an important 
role in oospore formation. We investigated the biologi-
cal roles of PuLLP in Py. ultimum using PcMuORP1, an 
oxathiapiprolin resistance gene, as an alternative selec-
tion marker for CRISPR/Cas9-mediated genome editing. 
Our study provides novel insights into LLP functions and 
M90-regulated oospore formation, as well as an alterna-
tive selection marker for Pythium transformation.

Results
CRISPR/Cas9‑mediated gene knockout of PuLLP
RNA-seq analysis unraveled 623 significantly down-
regulated genes in the PuM90 knockout mutants 

compared to the wild-type strain. One of these genes, 
PYU1_G001136, was identified as encoding a loricrin-
like protein (LLP) and was named PuLLP. At 96  h, 
when mature thick-walled oospores were visible, the 
transcript level of PuLLP showed a significant increase, 
similar to PuM90 (Fig. 1a).

To determine the biological function of PuLLP in 
Py. ultimum, the CRISPR/Cas9 system was used to 
knock it out using NPTII as a selection marker. Two 
sgRNAs (sgRNA1 and sgRNA2; Additional file  1: 
Table S1) targeting PuLLP were designed using online 
tools (Fang and Tyler 2015). Two plasmids, the ‘all-
in-one’ plasmid pYF515 and the donor DNA plasmid 
containing the hygromycin B phosphotransferase 
gene (hph) flanked by 1  kb arms of homology on 
either side of the PuLLP gene, were used to cotrans-
form Py. ultimum (Fig. 1b). Individual G418-resistant 
transformants were isolated and subjected to genomic 
DNA extraction and PCR analyses. We obtained 100 
primary transformants and identified 12 candidate 
mutants based on genomic DNA (gDNA) PCR and 
sequencing (Fig. 1c). One of these candidate mutants 
was randomly selected for further purification using 
the single mycelial fragment isolation method and 
subsequent phenotypic analysis.

Fig. 1 Transcript levels and CRISPR/Cas9-mediated gene knockout of PuLLP. a Transcript levels of PuLLP in the Py. ultimum wild type and PuM90 
knockout mutant strains detected using RNA-seq (upper) and qRT-PCR (bottom) when mycelia were inoculated in V8 liquid medium for 12, 24, 36, 
48, or 96 h. b Schematic diagram of homology-directed repair (HDR)-mediated modification of the PuLLP gene. Top: an ‘all-in-one’ plasmid (pYF515) 
harboring both Cas9 and sgRNA cassettes was co-transformed with a plasmid (pBS-SK II +) containing homologous donor DNA, hph with PuLLP 
flanking sequences. Locations of the primers used to screen the HDR mutants and Sanger sequencing traces of junction regions confirming 
that the PuLLP ORF was precisely replaced are shown. c Analysis of genomic DNA from the wild-type (WT), an empty-vector control line (EV), 
and PuLLP knockout mutants (∆PuLLP) using the primers shown above and actin primers as a positive control
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Determination of oxathiapiprolin concentration 
for Pythium transformation
The potential of PcMuORP1 as a selection marker in 
Pythium was initially evaluated through gene comple-
mentation. To determine a concentration for transfor-
mation, the sensitivity of Py. ultimum to oxathiapiprolin 
was tested. Oxathiapiprolin exhibited a strong inhibitory 
effect on the mycelial growth of Py. ultimum, with  EC50 
and  EC90 values of 1 and 2 µg/mL, respectively (Fig. 2). 
A two-step screening process was utilized to select 
oxathiapiprolin-resistant transformants, using increas-
ing concentrations of oxathiapiprolin; 1 and 2  µg/mL 
were selected as first and second cover concentrations 
for transformation (Table  1). The regenerated proto-
plasts were initially plated on KPYG2 agar, with 1  µg/
mL oxathiapiprolin used. After 2 or 3  days, mycelia 
emerged from the KPYG2 agar, and the medium was 
overlaid with molten V8 agar supplemented with 2  µg/
mL oxathiapiprolin. After 2–3 days of further incubation, 
several discrete colonies appeared. These colonies were 
transferred to fresh V8 agar supplemented with 2 µg/mL 
oxathiapiprolin, and all of them continued to exhibit nor-
mal growth with minimal inhibition.

CRISPR/Cas9‑mediated in situ gene complementation 
using PcMuORP1 as a selection marker
The resistance of the PuLLP-knockout mutant (ΔPuLLP) 
to G418 did not affect the further use of PcMuORP1 as 
a selection marker. For gene complementation, three 
plasmids, pYF2.3G-PcMuORP1-N (Wang et  al. 2019) 
containing PcMuORP1 and sgRNA targeting the hph 
gene, pYF-Cas9-EI expressing the Cas9 protein and the 
open reading frame (ORF) of PuLLP with two mutated 
sgRNA sites (PuLLP-m), and the exploited donor, were 
simultaneously transformed into ΔPuLLP (Fig. 3a). After 
transformation, putative complementation transformants 

were selected using oxathiapiprolin antibiotic plates, 
which yielded 42 resistant colonies. gDNA PCR using 
specific primers was performed to identify oxathiapipro-
lin-resistant transformants (Additional file  1: Table  S1); 
29 transformants produced positive bands, indicating 
that the PuLLP-m ORF was reintroduced (Fig.  3b and 
Table 1).

Gene complementation of PuLLP using NPTII as a 
selection marker was also performed to compare the 
screening efficiency. After culturing the mutants for at 
least ten generations in antibiotic-free plates for more 
than 2 weeks, the mutants could no longer grow on G418 
antibiotic plates. The ORF of PuLLP-m, exploited as 
donor DNA along with pYF515 containing NPTII, Cas9, 
and new RNA templates targeting the hph gene, was 
co-transformed into ΔPuLLP that had lost G418 resist-
ance. Following transformation, putative complementa-
tion transformants were selected using G418 antibiotic 
plates, which yielded 34 resistant colonies. After gDNA 
PCR and amplicon sequencing, 23 independent PuLLP-
m complemented strains were identified from 34 primary 
transformants (Table 1).

PcMuORP1 was also used as a selection marker to 
complement PuM90 in our previously obtained PuM90 
knockout mutant. Using PcMuORP1 as a selection 

Fig. 2 In vitro effects of oxathiapiprolin (upper) and G418 (bottom) on Py. ultimum growth

Table 1 Relative screening efficiency and cost of the selection 
markers PcMuORP1 and NPTII 

Selection 
marker

Concentration 
of first use (μg/
mL)

Concentration 
of second use 
(μg/mL)

Efficiency of gene 
complementation

PuM90 PuLLP

NPTII 30 50 12% 
(10/86)

67% (23/34)

PcMuORP1 1 2 58% 
(54/93)

69% (29/42)
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marker, hph was replaced with a mutated PuM90 ORF, 
and 54 independent PuM90-m complemented strains 
from 93 primary transformants were identified (Table 1). 
Taken together, these results validate the use of the 
oxathiapiprolin-resistance gene PcMuORP1 as an alter-
native selection marker for Py. ultimum transformation.

Complementation of PuLLP restores oospore formation
To verify whether the complemented strains obtained 
using PcMuORP1 as a selection marker had recovered 
some of the phenotypes described below, we analyzed 
the phenotypes of the ΔPuLLP and PuLLP-comple-
mented strains (ΔPuLLP-C) using PcMuORP1 as a selec-
tion marker. The WT strain and empty vector line (EV, 
in which PuLLP knockout was not successful, for com-
parison with the WT; and ΔPuLLP-EV, in which PuLLP-
m was not successfully complemented, for comparison 
with ΔPuLLP) were included as controls. After 7  days 
of growth on V8 liquid medium, WT and EV produced 
oospores, while ΔPuLLP and ΔPuLLP-EV were unable to 
form oospores and instead produced a lemon-like struc-
ture (Fig. 4a).

This lemon-like structure was identified as a chla-
mydospore, rather than mycelium enlargement or 
intersporangium, because the cell wall of the lemon-like 

structure was thick and had a septum at both ends, 
while the mycelia of oomycetes have no septum and the 
cell wall is thin. In addition, several methods were used 
to induce this lemon-like structure to produce zoo-
spores, but internal substances and zoospores were not 
released, indicating that this lemon-like structure was 
not likely a sporangium. The average width and length 
of the chlamydospores were 19.2 and 22.3 μm, respec-
tively, in ΔPuLLP. The average oospore and oogonia 
diameter of the WT strain were 16.0 and 19.7  μm, 
respectively (Fig. 4b, c).

ΔPuLLP-C restored the ability to produce oospores 
and showed no significant differences compared with the 
WT, EV, ΔPuLLP-C, ΔPuLLP, and ΔPuLLP-EV showed 
no significant differences in the rate of mycelial growth 
on nutrient-rich V8 medium (Additional file  2: Figure 
S1a, b) or nutrient-poor Plich medium (Additional file 2: 
Figure S1a, c), indicating that knocking out of PuLLP 
had no effect on vegetative growth of Py. ultimum. All 
hypocotyls of etiolated soybean seedlings inoculated with 
mycelia of ΔPuLLP or ΔPuLLP-EV developed disease 
symptoms, with lesion sizes comparable to WT, EV, and 
ΔPuLLP-C at 24 h after infection (Additional file 2: Fig-
ure S1a, d), suggesting that the deletion of PuLLP did not 
affect virulence. Taken together, the loss of PuLLP leads 

Fig. 3 CRISPR/Cas9-mediated in situ PuLLP gene complementation using PcMuORP1 as a selection marker. a Schematic representation of plasmid 
modification and homologous recombination for PuLLP gene complementation. Cas9 and sgRNA were divided into two plasmids, and the NPTII 
gene was replaced with PcMuORP1. The location of the primers used to validate complementation and Sanger sequencing traces of junction 
regions confirming complementation of the PuLLP ORF are shown. b Analysis of genomic DNA from the wild type (WT), ΔPuLLP-EV (in which 
PuLLP-m was not successfully complemented), and PuLLP-complemented mutants (ΔPuLLP-C) using the primers shown above and actin primers 
as a positive control
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to severe defects in oospore formation, and subsequent 
complementation can compensate for these deficiencies.

Comparison of screening efficiency and cost 
between PcMuORP1 and NPTII
After confirming the successful use of PcMuORP1 as 
a selection marker for the transformation of Pythium, 
further experiments were conducted to compare the 
screening efficiency of PcMuORP1 and NPTII. Each 
transformation experiment introduced equivalent 
quantities of the plasmids to 4.5 ×  106 protoplasts/mL 
of Py. ultimum. The screening efficiency was deter-
mined by calculating the number of complemented 
transformants obtained using the two selection mark-
ers. Using NPTII as a selection marker, ten independ-
ent PuM90-m complemented strains were identified 
from 86 primary transformants (screening rate of 12%) 
(Feng et  al. 2021). On the other hand, using PcMu-
ORP1 as a selection marker, 54 independent PuM90-m 
complemented strains were obtained from 93 primary 
transformants (screening rate of 58%). Moreover, using 
NPTII as a selection marker, twenty-three independent 

PuLLP-m complemented strains were identified from 
34 primary transformants (screening rate of 67%). 
When PcMuORP1 was used as a selection marker, 29 
independent PuLLP-m complemented strains were 
obtained from 42 primary transformants (screening 
rate of 69%). The complementation efficiency of PuLLP 
and PuM90 genes using PcMuORP1 as a screening 
marker was higher than that using NPTII as a screen-
ing marker (Table  1). Overall, the results indicate that 
PcMuORP1 can increase screening efficiency relative 
to NPTII, producing a higher screening rate of comple-
mented transformants in Py. ultimum.

The concentrations of G418 used in the first and sec-
ond cover were 30 and 50  μg/mL, respectively, while, 
for oxathiapiprolin, they were 1 and 2  μg/mL, respec-
tively. Thus, the dosage of oxathiapiprolin was lower 
than that of G418. The price of Dupont™ Zorvec™ 10% 
Oxathiapiprolin was 16 ¥/g, while the price of G418 
(Solarbio) was 1000 ¥/g. Considering the dose and unit 
price of antibiotics, using PcMuORP1 as a marker had 
significantly lower transformation costs than NPTII.

Fig. 4 The deletion of PuLLP disrupts oospore formation. a Morphology of oospores and chlamydospores produced in 7-day-old cultures of WT, 
EV, PuLLP knockout transformants (ΔPuLLP), ΔPuLLP-EV (in which PuLLP-m was not successfully complemented), and complemented transformants 
(ΔPuLLP-C). b, c Statistical analysis of oospore and chlamydospore number from 7-day-old cultures on V8 solid medium (b), and diameter 
from 7-day-old cultures grown in V8 liquid medium (c). Asterisks indicate significant differences compared to WT at P < 0.01
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Stability of PcMuORP1 and NPTII in regenerated 
transformants
To compare the stability of selection markers in transfor-
mants, we selected 15 strains of Py. ultimum that were 
resistant to oxathiapiprolin or G418 and had been com-
plemented with PuLLP. These strains were subjected to 
multiple rounds of vegetative subculturing on V8 plates 
without oxathiapiprolin or G418. We found that eight 
transformants that underwent 9 rounds of subculturing 
and three transformants that underwent 12 rounds were 
unable to grow on oxathiapiprolin plates. Additionally, 
four transformants remained oxathiapiprolin-resistant 
even after 21 rounds of vegetative subculturing on V8 
plates in the absence of oxathiapiprolin (Table 2). In addi-
tion, three, four, and two transformants that underwent, 
respectively, 9, 15, and 18 rounds of vegetative subcul-
turing on V8 plates in the absence of G418 were unable 
to grow in the presence of G418, and six transformants 
remained G418-resistant even after 21 rounds of veg-
etative subculturing on V8 plates in the absence of G418 
(Table 2). These results suggest that the selection marker 
PcMuORP1 is more likely to be lost from transformants 
in the absence of selective pressure and, thus, would have 
minimal long-term effects on the fitness of Py. ultimum 
transformants compared to NPTII.

Discussion
The CRISPR/Cas9-mediated gene-editing system has 
recently been used in Pythium (Feng et  al. 2021). The 
development of alternative selection makers for the 
CRISPR/Cas9 system is crucial for complementation 
experiments and multiplex editing of the genome. How-
ever, selection markers available for Pythium transfor-
mation are limited (Kennett 2003). In this study, we 
established a CRISPR/Cas9 system with PcMuORP1 as 
a screening marker in Pythium. Furthermore, we also 
complemented the PuLLP gene in the knockout mutant, 
revealing that PuLLP plays an important role in the 
oospore formation of Pythium.

Although the ORP family has been reported in many 
organisms, such as Homo sapiens and Saccharomyces 
cerevisiae (Vesa 2013; Mark et  al. 2018), their functions 
are still unknown in oomycetes. The ultra-high activity 

of oxathiapiprolin in many oomycetes suggests that the 
target protein of this fungicide, ORP1, is vital to the sur-
vival of these species (Lacey et al. 2021). Recently, point 
mutations in the ORP1 protein have been found to cause 
resistance to oxathiapiprolin in Phytophthora (Miao 
et al. 2018). This discovery has provided an opportunity 
to develop an alternative selection marker for Phytoph-
thora transformation. While a previous study evaluated 
the potential of oxathiapiprolin as a means of selection 
during Phytophthora transformation, it found that PcMu-
ORP1 could produce a higher number of transformants 
than NPTII (Wang et  al. 2019). However, the efficiency 
in gene editing, such as gene knockout or complemen-
tation, has not yet been compared. Our results have 
extended the application of PcMuORP1 in the Pythium 
genus and revealed it to be a reliable selection marker in 
gene editing. The present study demonstrated that, when 
compared to NPTII, PcMuORP1 not only increased the 
number of transformants but also improved complemen-
tation efficiency (PuM90: 58% and 12%; PuLLP: 69% and 
67%). Therefore, using different gene combinations as 
selection markers in Pythium will allow for multiple gene 
deletions.

Although selection markers play an important role 
in transformation, they may also impair the fitness of 
transformants and even pose a risk to the environment 
or human health (Scutt et al. 2002; Vicentin et al. 2022). 
For example, high expression levels of selection markers 
can result in an excess of redundant proteins in the cell, 
thereby increasing the metabolic burden of the trans-
formants (Khan and Maliga 1999). Selection markers 
can also lead to difficulties in subsequent experiments 
(Charles et al. 2002; Marcel et al. 2020). The present study 
found that the PcMuORP1 gene is easily lost when selec-
tive pressure is absent. The loss of the selection marker 
could be useful because it allows the reuse of the same 
marker in subsequent transformations, facilitating gene 
complementation or multiplex editing (Wang et al. 2019). 
In addition, the pure product of oxathiapiprolin is unnec-
essary and the price of the active ingredient oxathia-
piprolin in DuPont’s Zorvec™ was 16 ¥/g, that is much 
cheaper than the G418 powder from Solarbio (1000 ¥/g). 

Table 2 Stability of the selection markers PcMuORP1 and NPTII in regenerated transformants

* In each case, 15 Py. ultimum transformants were inoculated on V8 plates without selection pressure. After three generations, the transformants were transferred back 
to the plates amended with oxathiapiprolin or G418 to determine whether the transformants lost resistance

Selection marker Number of mutants losing resistance
in every three  generations*

Number of mutants 
maintaining 
resistance

3 6 9 12 15 18 21

PcMuORP1 0 0 8 3 0 0 0 4

NPTII 0 0 3 0 4 2 0 6
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Considering the dosage and unit price of antibiotics, the 
transformation cost of PcMuORP1 as a screening marker 
is lower than that of NPTII.

Compared to G418, the mycelia of Py. ultimum were 
denser on medium containing oxathiapiprolin; the myce-
lial growth rate was also reduced, and the expansion area 
was smaller. This might be due to the higher sensitivity 
of Py. ultimum to oxathiapiprolin. The morphology of the 
mycelium is conducive to the selection of single colonies, 
which reduces the number of steps required for single 
mycelium fragment separation and the time and labor 
needed for transformation. Only PcMuORP1 was used 
for gene complementation in this study. Further investi-
gations are required to determine the use of PcMuORP1 
for other genetic manipulations, such as gene silencing 
and overexpression, as well as the subcellular localization 
of proteins.

In the present study, PuLLP-knockout mutants were 
unable to produce oospores, whereas in P. infestans, 
PiLLP-silenced transformants formed many immature 
oogonia, but some of these oogonia were unable to form 
oospores. Gene silencing results in reduced expression of 
the target gene; thus, low expression of PiLLP may cause 
P. infestans to produce abnormal oospores. PiLLP knock-
out was not performed in P. infestans, and the phenotype 
of gene deletion will require further exploration (Guo 
et al. 2017). In this study, the knockout of PuLLP had no 
effect on the vegetative growth and pathogenicity of Py. 
ultimum, and similar results were observed with PuM90 
knockout mutants. These findings suggest that PuM90 
and PuLLP may function specifically in oospore forma-
tion in Py. ultimum. The transcriptional level of PuLLP 
was decreased in the PuM90 knockout mutant, but how 
PuM90 regulates PuLLP expression remains unclear.

Many Pythium pathogens have a great economic and 
ecological impact. However, many aspects of Pythium 
biology, particularly plant–pathogen interactions, are 
largely unknown. Although the genome sequences of 
many oomycete species are available (Tyler et al. 2006; 
Lévesque et al. 2010; Tian et al. 2011), the lack of avail-
able selection markers hinders genome editing. A broad 
range of selection markers, categorized according to 
their modes of action, including antibiotic resistance, 
herbicide resistance, and auxotroph-saving genes, are 
available for the transformation of a variety of differ-
ent organisms (Miki and Mchugh 2004; He et al. 2004; 
Kanda et  al. 2014). Fungicide resistance genes are 
rarely utilized, despite the detailed characterization of 
resistance mechanisms for many fungicides, includ-
ing carbendazim, tebuconazole, boscalid, phenamacril, 
zoxamide, mandipropamid, and oxathiapiprolin, have 
been characterized in detail (Fujimura et al. 1994; Blum 
et al. 2010; Meng et al. 2016). The development of these 

fungicides and their related resistance genes as selec-
tion markers could greatly expand the options avail-
able for the transformation and functional genomics of 
oomycetes and true fungi.

Conclusions
In this study, we have created an alternative selection 
marker for Pythium transformation using a fungicide-
resistance gene. This alternative marker was compatible 
with the CRISPR/Cas9 system and was used to confirm 
the significance of a loricrin-like protein in oomycete 
sexual reproduction. Furthermore, the use of PcMu-
ORP1 resulted in significantly higher screening effi-
ciency compared to NPTII. The stability of the marker 
was assessed, and it was found that it could be easily 
lost from transformants without selective pressure. 
This suggests that the marker is unlikely to have a long-
term impact on the fitness of transformants and could 
be used as a selection marker in subsequent experi-
ments. Overall, this study describes a new selection 
marker and data for Pythium functional gene research, 
advancing our understanding of sexual reproduction 
and development in organisms within this genus.

Methods
Strain source and culturing
The Pythium ultimum var. ultimum strain F18-6, used 
as the wild type (WT) strain, was isolated from soil 
from a soybean field in Shandong Province, China 
(Feng et  al. 2020). All strains employed in this study 
were routinely grown on 10% V8 agar medium at 25°C 
in the dark. For growth rate analysis, strains were cul-
tured on V8 and Plich media at 25°C in the dark. Plich 
medium is a minimal medium with low nutritional 
content containing 0.5 g  KH2PO4, 0.25 g  MgSO4·7H2O, 
1  g asparagine, 1  mg thiamine, 0.5  g yeast extract, 
10 mg β-sitosterol, 25 g glucose, and 15 g agar per liter 
(Latijnhouwers et  al. 2004; Kliegman et  al. 2013). The 
diameter of each colony was measured at 24  h post-
inoculation, and the average diameter was determined 
from two measurements taken at right angles to each 
other. To allow for explicit observation of the oospores, 
five 5 mm × 5 mm hyphal plugs were cultivated in 8 mL 
of V8 broth in 90  mm Petri dishes for 7  days at 25°C 
in the dark. Oospores stained with lactophenol-trypan 
blue (10  mL lactic acid, 10  mL glycerol, 10  g phenol, 
and 10  mg trypan blue dissolved in 10  mL distilled 
water) were randomly selected for examination under 
an inverted microscope (Zeiss). Experiments were 
performed in triplicate for each assay and repeated 
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independently three times. Results were compared 
using a t-test in Microsoft Excel.

Fungicide and antibiotics
Dupont™ Zorvec™ (10% oxathiapiprolin dispersible oil 
suspension), which is used for crop oomycete disease 
control, was purchased from a pesticide store. Ultra-
pure grade G418 sulfate and ampicillin sodium salt were 
purchased from Beijing Solarbio Science & Technology 
Co., Ltd. To determine the sensitivity of Py. ultimum to 
oxathiapiprolin, Zorvec™ was dissolved in dimethyl sul-
foxide and added to V8 medium at 0, 0.25, 0.5, 1, 2, and 
4 μg/mL. Three replicates were generated for each treat-
ment. After incubation in the dark for 2  days at 25°C, 
mycelial growth was assessed. G418 and ampicillin were 
dissolved or diluted in ultra-pure grade water to prepare 
stock solutions (50 mg/mL) that were stored in the dark 
at −20°C.

Targeted gene deletion and complementation
Gene deletion mutants were generated using the 
CRISPR-mediated gene replacement strategy (Fang and 
Tyler 2015).  sgRNAs were designed using the web tool 
at http:// grna. ctegd. uga. edu. Two plasmids, including the 
‘all-in-one’ plasmid pYF515, containing Cas9, sgRNA, 
and selection marker NPTII, and the donor DNA plas-
mid pBS-SK II + , which contained the entire hph gene, 
flanked by 1  kb of homology arms flanking the target 
gene, were used for PEG-mediated protoplast trans-
formation (Fig.  1). For complementation, the knockout 
mutants were transformed using NPT II or PcMuORP1 
as a selection marker. The entire gene coding region with 
a mutated single guide RNA (sgRNA) site, inserted into 
two 1.0 kb fragments flanking the target gene, was used 
as donor DNA. Polyethylene glycol (PEG)-mediated pro-
toplast transformation was used to transform Py. ulti-
mum (Li 2013). Putative transformants were selected 
by growth on 10% (v/v) V8 medium containing G418 or 
oxathiapiprolin and screened via polymerase chain reac-
tion (PCR) (Additional file 1: Table S1) and analyzed by 
Sanger sequencing. The primer set F2/R2 was used to 
screen for the deletion of hph from the genome of resist-
ant transformants. The primer sets F1/R1 and F4/R4 
were used to detect HDR events.

Quantitative PCR
Total RNA of Py. ultimum was extracted using the 
EZNA Total RNA Kit I (Omega). cDNA was synthe-
sized from 1–5 μg total RNA with the PrimeScript First 
Strand cDNA Synthesis Kit (TaKaRa Bio Inc.), following 
the manufacturer’s instructions. Quantitative PCR was 
performed in 20 μL reactions containing 20  ng DNA/

cDNA, 0.2 mM primers for the target or reference gene, 
10 μL SYBR Premix ExTaq (TaKaRa Bio Inc.), and 6.8 μL 
double-distilled water. PCR was performed using an 
ABI Prism 7500 Fast Real-Time PCR System (Applied 
Biosystems Inc.) with the following conditions: 95°C 
for 30  s; followed by 40 cycles of 95°C for 5  s and 60°C 
for 34  s; and finally, 95°C for 15  s, 60°C for 1  min, and 
95°C for 15  s. For the gene expression assay, the actin 
gene (PuACTA  = PYU1_T009609) of Py. ultimum was 
used as a constitutively expressed endogenous control. 
To quantify relative PuLLP expression, the Py. ultimum 
genes PuACTA  and PuLLP were quantified via quantita-
tive PCR, and expression levels were calculated using the 
 2−[Ct(Ct(PuLLP)−PuACTA] method (Lin et al. 2018). The prim-
ers used in this study are provided in Additional file  1: 
Table S1. Means and standard deviations were calculated 
using data from three replicates.

Pathogenicity assay
Pathogenicity assays were performed after hyphal plug 
inoculation of hypocotyls of etiolated soybean seedlings 
of the Williams cultivar, as this cultivar is compatible with 
Py. ultimum. Soybeans grown in a greenhouse at 25°C 
with a light/dark cycle of 16 h/8 h for 4 days were used 
for hypocotyl infection. Hyphal plugs (5 mm in diameter) 
were inoculated onto hypocotyls and incubated at 25°C 
in the dark for 24 h before imaging and sampling. Each 
strain was tested on at least five plants, and the length of 
the disease spot was used to quantify virulence. All assays 
were repeated independently at least three times.
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