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Figure 3.14. Characterization of stable transgenic lines in N. benthamiana.

a, PCR amplification of SICORE, SIFLS3, and SIEIX2 gene fragments using genomic DNA extracted
from leaves of T1 generation. Genomic DNA extracted from wild-type plants serves as a negative
control. b, The protein accumulation of CORE-GFP, EIX2-Myc (in pGWB20::SIEIX2), FLS3-Myc (in
pGWB14::SIFLSS3, pB7FWG2.0::SICORE-eGFP::SIFLS3-Myc, and pB7FWG2.0::SICORE-
eGFP::SIFLS3-Myc::UBQ10-SIEIX2-HA) and EIX2-HA (in pB7FWG2.0::SICORE-eGFP::SIFLS3-
Myc::UBQ10-SIEIX2-HA) in T1 generation leaves was determined by Western blot with the
corresponding antibodies. Total protein from wild type (left side of the marker, M) and proteins from
transient expression of receptors (right side of the marker) served as negative and positive control,
respectively.

3.2.5 Immune response in N. benthamiana transgenic plants

Since immune responses elicited by ligand recognition are typical in pattern-triggered
immunity and can limit and have toxic effects on pathogen progression, it is essential that
defense responses are detectable in PRR transgenic plants upon ligand treatment to
enhance defense and resistance against pathogen infection. In this section, ROS burst,
ethylene production, and hypersensitive response assays are performed with the

corresponding ligands in T2 transgenic lines.
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3.2.5.1 ROS burst in N. benthamiana transgenic lines

To determine whether the expression of CORE, FLS3, and EIX2 in N. benthamiana responds
to csp22, flgll-28, and xylanase, respectively, the selected T2 transgenic lines with these
single receptors and gene cassettes as well as wild-type plants were treated with water
(mock), 100 nM flg22, 100 nM csp22, 100 nM figll-28, or 2 uM xylanase and measured for
oxidative burst in a time course of 45 min. Both transgenic lines and wild-type plants
released ROS upon flg22 induction, while only CORE-expressing lines showed ROS burst
upon csp22 treatment, FLS3-expressing lines upon flgll-28 treatment, and EIX2-expressing
lines upon xylanase treatment. Not surprisedly, there was no ROS response in wild-type
plants and unmatched receptor expression lines upon ligands treatments (Figure 3.15a). The
xylanase, ethylene-inducing xylanase (EIX), which was initially identified to induce ethylene
production (Hanania et al., 1999), has recently reported to elicit ROS burst in tomato (Anand
et al., 2021). These results demonstrate that EIX2 expression can also confer ROS burst
triggered by xylanase in N. benthamiana and gene-pyramiding can perform ROS response

upon ligand treatment without functional interference.

In CORE-FLS3 transgenic lines, csp22 and flgll-28 can trigger ROS burst respectively,
however, whether these two bacterial receptors are able to respond to their ligands at the
same time and cause additive output to csp22 and flgll-28 together than the sinlge ligand
treatment. In the CORE-FLS3 transgenic lines, the leaf discs were treated with 10 nM csp22,
10nM figll-28, or 10 nM csp22 + 10 nM flgll-28, both # 9 and # 13 lines have similar ROS
production so that the # 9 line was chosen for replicating. The results showed that 10 nM
csp22 can trigger ROS burst but weaker, the curve triggered by 10 nM figll-28 was apparent.
Surprisingly 10 nM csp22 + 10 nM flgll-28 can trigger more ROS burst than either sole ligand
(Figure 3.15b). These results certify that two bacterial receptor CORE-FLS3 expression can

lead to more immune output upon simultaneous PAMPs treatment.
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Figure 3.15. ROS burst in N. benthamiana transgenic plants.

a, Leaf discs cut from wild type and transgenic lines were treated with water (mock, as a negative
control), 100 nM flg22 (as a positive control), 100 nM csp22, 100 nM flgll-28, or 2 yM xylanase. The
total oxidative burst was summed up in 45 min. Data points are indicated as dots from three
independent experiments (n=10). Box plots show the minimum, first quartile, median, third quartile,
and a maximum of total ROS burst. Asterisks indicate significant differences to wild type by two-tailed
Student’s t-test (**P < 0.01, ***P < 0.001, ****P < 0.0001). b, The CORE-FLS3 transgenic line # 9 was
treated with 10 nM csp22, 10 nM flgll-28, or 10 nM csp22 + 10 nM fIgll-28. Curves show luminol-

dependent light emission integrated in 64 min. Values and error bars show means + S.D. of three
replicates.

3.2.5.2 Ethylene accumulation in N. benthamiana transgenic plants

To determine the ethylene accumulation induced by csp22, flgll-28 and xylanase in N.
benthamiana plants stably transformed with PRRs, leaf discs were treated with water (mock),
0.5 uM SCP* (as positive control), 2 uM csp22, 2 uM figll-28 or 200 nM xylanase. As the
results showed, all the plants responded to SCP®S, while only CORE-expressing, FLS3-
expressing and EIX2-expressing lines were responsive to csp22, flgll-28 and xylanase
treatment, respectively. While wild-type plants and transformants with unmatched recpetors
had no ethylene response to csp22, flgll-28 and xylanase elicition (Figure 3.16a). These
results indicate that expression of these PRRs in N. benthamiana are able to produce
ethylene specifically upon their cognate PAMPs treatment.
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Since ROS burst activated by csp22 + flgll-28 together is greater than single ligand treatment,
we tested whether ethylene accumulation is also enhanced. CORE-FLS3 transgenic line #9
was treated with 1.5 pM csp22, 1.5 uM flgll-28, or 1.5 uM csp22 + 1.5 uM flgll-28 to verify
this hypothesis. Both # 9 and # 13 lines have similar ethylene production so the # 9 line was
chosen for replication. As the results showed, two ligands added together indeed induced
more ethylene production than single ligand (Figure 3.16b). These results suggest that
CORE-FLS3 expression plants can recognize two cognate ligands synchronously and lead to

much more immune outputs when treated with both ligands compared to one ligand.
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Figure 3.16. Ethylene production in transgenic N. benthamiana.

a, Leaf discs cut from wild type and transgenic lines were incubated with water (mock), 0.5 uM SCPSs
(as a positive control), 2 uM csp22, 2 uM flgll-28, or 200 nM xylanase. Data points are indicated as
dots from three independent experiments (n=10). Box plots show the minimum, first quartile, median,
third quartile, and a maximum of ethylene production. Asterisks represent significant differences to wild
type by two-tailed Student’s t-test (**P < 0.01, ***P < 0.001, ****P < 0.0001). b, The CORE-FLS3
transgenic line # 9 was treated with 1.5 yM csp22, 1.5 uM flgll-28, or 1.5 yM csp22 + 1.5 uM flgll-28 to
measure oxidative burst. Bars represent means + S.D. of three replicates (n=4). Asterisks show
significant differences to treatment of csp22, flgll-28 individually following one-way ANOVA (**P <
0.01).
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3.2.5.3 Hypersensitive Response in EIX2-expressing transgenic N. benthamiana
Leaves of tobacco Nicotiana tabacum cv Samsun develop cell death after injection with
xylanase, whereas infiltration of xylanase in N. benthamiana wild type results in no reaction
(Ron & Avni, 2004). To determine whether the expression of EIX2 in N. benthamiana is able
to execute cell death after xylanase injection, all the transgenic lines and wild-type plants
were infiltrated with 20 uM xylanase. After 7 d infiltration, EIX2-expressing lines showed cell
death upon the infiltration areas (marked in circles), while wide-type plants and other
transgenic plants without EIX2 expression exhibited no visible response to xylanase (Figure
3.17). These observations indicate that the recognition of xylanase by EIX2 leads to cell
death in EIX2- and CORE-FLS3-EIX2-expressing N. benthamiana.

EIX2 CORE-FLS3 CORE-FLS3-EIX2

Figure 3.17. Cell death in EIX2-expressing N. benthamiana.
Leaves were infiltrated with 20 uM xylanase and visualized under the UV light using an Amersham
ImageQuant 800 and an integrated Cy5 filter at 7 d post infiltration.

3.2.6 Expression of receptors and pyramiding receptors leads to resistance to
pathogens
Stable transformation of stacking PERU and RLP23 in potato has been successfully
observed to increase resistance to P. infestans compared with either single receptor
transformation (Ascurra et al., 2023). The immune outputs, ROS burst and ethylene
production, are additionally elicited by transferring stacked bacterial receptors CORE-FLS3
when triggered with csp22 and flgll-28 together. We next tested whether CORE-FLS3
expression provides additional resistance to bacteria as compared to single bacterial

receptor transformation.

3.2.6.1 Expression of CORE-FLS3 confers resistance similar to that of single receptor
expression to Pseudomonas syringae pv. tabaci (Pstab) infection

To discover whether the stable transformation of CORE and FLS3 in N. benthamiana was

able to increase resistance to bacteria, 4-week-old transgenic and wild-type plants were

infiltrated with Pstab in the marked circle site of leaves. After 4 d infiltration, bacteria
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proliferation was determined by colony quantities grown on medium and analyzed using
statistics. The results showed that bacterial growth was limited in CORE-expressing and
FLS3-expressing lines compared to wild-type and EIX2 transgenic lines (Figure 3.18a).
However, stacking of CORE-FLS3 lines performed similar bacteria growth instead of less
growth compared to the individual CORE- and FLS3-expressing plants. Cell death caused by
Pstab colonization visualized obvious limitation of bacterial expansion in the injection circle of
CORE-, FLS3-, and CORE-FLS3-expressing plants, while bacterial expansion was spread

much over injection areas in EIX2-expressing lines and wild-type plants (Figure 3.18b).

Interestingly, CORE-FLS3-EIX2 expressing N. benthamiana exhibited significantly less
bacterial growth than lines expressing CORE, FLS3, and CORE-FLS3 upon Pstab infection.
Cell death in CORE-FLS3-EIX2 transgenic plant leaves showed that not only bacteria growth
was restricted in the injection circle, but also quantity of colonization was apparently less
than in other tested plant leaves. These results imply that stacking two receptors recognizing
bacterial patterns cannot confer more resistance than a single receptor. On the contrary,
expression of CORE-FLS3-EIX2 showed additional resistance to Pstab, indicating that the

fungal receptor EIX2 possesses potential function to promote CORE-FLS3 resistance.
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Figure 3.18. CORE- and FLS3-expressing N. benthamiana plants increase resistance to
bacterial pathogen Pstab.

a, N. benthamiana wild type and transgenic lines expressing CORE, FLS3, EIX2, CORE-FLS3, and
CORE-FLS3-EIX2 were infiltrated with 1x104 cfu/ml Pstab. Bacteria quantified in extracts of leaves at
0 and 4 d post-infiltration. Data points are indicated as dots from three independent experiments
(n=10). Box plots show the minimum, first quartile, median, third quartile, and a maximum of log
cfu/cm? leaf tissues. Different letters above the box blot at 4 dpi indicate statistically differences among
homogenous groups following Duncan’s one-way ANOVA (P < 0.05). b, Cell death was photographed
at 4 d post-infiltration under the UV light using an Amersham ImageQuant 800 and an integrated Cy5
filter.

3.2.6.2 Expression of EIX2 in N. benthamiana enhances resistance against Botrytis
cinerea
To investigate whether expression of EIX2 renders N. benthamiana more resistant to fungus
B. cinerea, 4-week-old N. benthamiana wild-type and transgenic plants were inoculated with
B. cinerea B05.10 spores. After 2 day-inoculation, the lesion sizes were significantly smaller
in EIX2- and CORE-FLS3-EIX2-expressing lines, than those in wild-type plants and
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transgenic lines without EIX2 (Figure 3.19). However, entire transgenic lines and wild-type
plants would be colonized and destroyed by B. cinerea, even though remission of infection in
EIX2-expressing plants cannot be continuous either, which was observed after 4-day-
inoculation. These results suggest that expression of EIX2 and CORE-FLS3-EIX2
successfully confer early infection stage resistance to the devastating fungus B. cinerea.
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Figure 3.19. EIX2 transgenic N. benthamiana plants increase resistance to fungal pathogen B.
cinerea.

The transgenic and wild-type plants were inoculated with 2 pl 1x10* spores/ml B. cinerea B05.10
spores on the two sides of midrib avoiding veins. Lesion development was evaluated at 2 dpi and
lesion diameter was measured by Imaged. Data points are indicated as dots from three independent
experiments (n=8). Box plots show the minimum, first quartile, median, third quartile, and a maximum
lesion diameter. Different letters above the box blot indicate statistically significant differences among
homogenous groups following Duncan’s one-way ANOVA (P < 0.05). Disease symptoms were
photographed at 2 dpi.

3.2.6.3 Expression of CORE, FLS3, and EIX2 confers no resistance to Phytophthora
capsici

P. capsici is a typical oomycete plant pathogen that infects many Solanaceous crops and

leads to root rot and brown lesion. To evaluate whether expression of CORE, FLS3, and

EIX2 in N. benthamiana results in resistance to oomycete, transgenic lines and wild-type

plants leaves were inoculated with fresh P. capsici hyphae plugs. After 2 day-inoculation,

lesion sizes were analyzed and showed that there were no significant differences among

transgenic and wild-type plants in the infection process, no matter in the early or late stage
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(Figure 3.20). To further assess the resistance to oomycetes, all plants were infected with
another oomycete Phytophthora infestans. The results were the same as with P. capsici
infection (Supplementary Figure 7.3). Since CORE and FLS3 are receptors recognizing
bacterial PAMPs, and EIX2 is a receptor recognizing a fungal PAMP, it's reasonable that
these transgenic plants confer no resistance to oomycete infection. Thus CORE, FLS3, and

EIX2 can only confer resistance to bacterial and fungal pathogens.
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Figure 3.20. CORE-, FLS3-, and EIX2-expressing lines have no resistance to P. capsici.

The transgenic and wild-type plants were inoculated with 0.5 cm? P. capsici hyphae plugs on the two
sides of midrib. Lesion development was evaluated under UV light, and lesion diameter was measured
by ImageJ at 2 dpi. Data points are indicated as dots from three independent experiments (n=8). Box
plots show the minimum, first quartile, median, third quartile, and a maximum lesion diameter. Letter
ns above the box blot indicates statistically non-significant differences among homogenous groups
following Duncan’s one-way ANOVA (ns P > 0.05).

3.2.7 Biomass and phenotype of transformation progeny in N. benthamiana

Since immunity often comes with yield penalties, it is crucial to monitor the developing
process and growth transformants (Y. Wang et al., 2016). The T2 generation transformants
were recorded in the following index to evaluate whether there were some defects in growth:

plant wet and dry weight of aerial part, plant seeds weight, and germination of T2 generation
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seeds. All the plants were grown under the same conditions and the plant seeds were
collected from the same number of seed pods. The results showed that all the wet and dry
weights of transgenic lines were similar to that of the wild-type plant (Figure 3.21a). In
addition, the transgenic plants produced a similar amount of seeds as to the wild-type plant
(Figure 3.21b). Moreover, the T2 seeds germinated without deformation or non-germinated
(Figure 3.21c). These results indicate that N. benthamiana plants expressing these receptors

have no growth penalties.
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Figure 3.21. Biomass and phenotype of PRRs transformants in N. benthamiana.
a, Wet and dry weight measurements on transgenic plants transformed with CORE, FLS2, EIX2,

CORE-FLS3, CORE-FLS3-EIX2. Aerial parts of four-week-old plants were weighed wet weight, and
dry weight by dehydration in the oven at 100°C for 20 min, then 70°C for 12 h. Bars represent means
+S.D. of three replicates. b, Seed weight was determined by the weight of seeds derived from three
pods of each transgenic line. Bars represent means +S.D. of three replicates. Letters ns indicate non-
significant differences among homogenous groups analyzed by Duncan’s one-way ANOVA (ns P >
0.05). ¢, Representative germination of seeds from wild type and T2 transgenic lines were
photographed one week after sowing in soil.

In sum, the stable transformation of PRRs CORE, FLS3, EIX2, and gene cassettes CORE-
FLS3, CORE-FLS3-EIX2 mediates defense response and mounts immune resistance to

pathogens in N. benthamiana. Acting as bacterial receptors, CORE-FLS3 expressing lines
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confers synergistic ROS burst and ethylene accumulation by both csp22 and figll-28
elicitation, whereas surprisingly cannot provide additional resistance to Pstab infection.
Unanticipatedly, stable expression of CORE-FLS3-EIX2 inhibits bacterial growth and renders
transgenic plants more resistant to Pstab than single or double bacteria receptor
transformants. The ectopic expression of receptor EIX2 in N. benthamiana provides
resistance to B. cinerea. As for no resistance to Phytophthora, it's logical since there is no
oomycete receptor selected and transferred. This explains why CORE, FLS3, and EIX2 have
no positive effect against oomycete infection and shows specificity of the PRRs used for their

cognate ligands also upon ectopic expression.
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3.3 Mutation of PRRs/co-receptors and evaluation of resistance in Arabidopsis

In PTl, PRRs and co-receptors are implemented for reinforcing immune resistance by
perceiving PAMPs derived from pathogens and controlling signaling transduction
accompanied with downstream immune response cavalcade. As so far, the identified and
well-characterized bacterial PAMP-recognizing receptors in Arabidopsis comprise LRR-RK
FLS2, EFR, XPS, LRR-RP RLP1, RLP32, LysM-RP Lym1/3 and LecRK LORE, fungal-PAMP
recognizing receptors LRR-RP RLP30, RLP42, LysM-RK LYK2/4/5, LRR-RK MIK2 and RK
WAK1/2, and co-receptors SOBIR1 functioning with LRR-RPs and CERK1 with LYKs and
LYMs, are implicated in PTIl and pathogen recognition. Often, these single receptor mutants
are more susceptible to pathogens (Zipfel et al., 2006; Zipfel et al., 2004). It is unclear
whether higher-order mutants (knockouts of more than one receptor) are even more
susceptible to pathogens. Therefore, higher order mutants were generated and their

susceptibilities to different pathogens were studied in this chapter.

3.3.1 Determination of quintuple mutant efr fls2 cerk1 lym3 sobir1

To obtain the quintuple mutant efr fls2 cerk1 lym3 sobir1 in A. thaliana, efr fls2 cerk1 lym3
mutant was set as the female parent to reduce the possible ratio of heterozygous progeny,
and efr fls2 sobir1 mutant was the male parent for crossing. After pollination of efr fls2 cerk1
lym3 stigmas with efr fls2 sobir1 pollen, F1 seeds were obtained in which the genotype
should be homozygous efr fls2 and heterozygous CERK1cerk1 LYM3lym3 SOBIR1sobir1.
Allelic segregation occurred in F2 progeny by self-pollination in which the homozygote ratio
should be 1/64. Therefore, 288 F2 progenies were screened by ethylene assay upon nlp20
treatment and genotyped by PCR with two pairs of CERK1 primers (Supplementary Figure
7.4), 12 plants showing no ethylene production (homozygous sobir1sobir1) and no bands
upon genotyping were subsequently genotyped by PCR with CERK1 and LYM3 specific
primers (Figure 3.22a and b) and phenotyped by measuring ROS burst upon chitin treatment
(Figure 3.22c). Eventually, seven lines (# 6-2, # 6-13, # 6-26, # 15-72, #18-33, # 18-58, # 18-
78, # 18-99) showed no PCR product and no ROS burst, and thus were identified as
homozygous quintuple mutant efr fls2 cerk1 lym3 sobir1. These lines are from 3 independent
crosses and are kept for seed collection. The lines # 6-2, # 15-72, # 18-78 were chosen for

pathogen infection in F3 progeny.
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Figure 3.22. Identification of quintuple mutant efr fls2 cerk1 lym3 sobir1 in A. thaliana.

a, b, The F2 generations without ethylene response to nlp20 were conducted with genotyping.
Genomic DNA extracted from lines and Col-0 (as negative control) were amplified with (a)CERK1 and
(b)LYMS3 primers. The lines marked with red underlines were heterozygotes. The PCR gel images
were adjusted by Imaged to brighten the weak bands. ¢, The F2 lines were treated with 1 yM chitin
(C8, a polymer consisting of eight N-acetylglucosamine units) to measure ROS burst. The lines
without ROS response were homozygotes. The lines marked with red underlines were heterozygotes.
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3.3.2 Quintuple mutants are susceptible to P. syringae pv. tomato (Pst) DC3000
infection

The acquisition of mutant efr fls2 cerk1 lym3 sobir1 indicated that EFR, FLS2, CERK1, LYM3,
and all SOBIR1-dependent RLPs like RLP1, RLP32, RLP30, RLP42, RLP30, RLP23 as well
as all LYKs and LYMs CERK1-dependent like LYM1/3 and LYK2/4/5 were theoretically
abolished in immunity function. To examine whether the quintuple mutant is susceptible to
bacterial infection overwhelmingly, double mutants efr fls2, triple mutants efr fls2 sobir1, efr
fls2 cerk1, quadruple mutants efr fls2 cerk1 lym3, quintuple efr fls2 cerk1 lym3 sobir1 and
Col-0 were sprayed with Pst DC3000. The results showed that bacterial growth in all mutants
was significantly increased after 2 d inoculation compared to Col-0 (Figure 3.23). However,
the three quintuple mutant lines # 6-2, # 15-72, # 18-78 showed no significant difference
compared to the double, triple, and quadruple mutants referring to vulnerability in Pst
DC3000 infection, even though quintuple mutants lost most of bacterial receptors in PTI. The
results show that CERK1, LYM3 and SOBIR1-dependent RLPs do not have as essential
effects on Pst DC3000 resistance as EFR and FLS2 in Arabidopsis.
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Figure 3.23. Quintuple mutants are susceptible to Pst DC3000 infection.

Col-0 and mutants were sprayed with 1x107 cfu/ml Pst DC3000. Bacterial growth numbers were
quantified in extracts of leaves at 2 d post-inoculation. Data points are indicated as dots from three
independent experiments (n=8). Box plots show the minimum, first quartile, median, third quartile, and
a maximum of log1o cfu/cm? leaf tissues. Different letters above the box blot indicate statistically
significant differences among homogenous groups following Duncan’s one-way ANOVA (P < 0.05).

3.3.3 Quintuple mutants are susceptible to Botrytis cinerea infection
Since the quintuple mutants not only abrogate bacterial PRRs but also impact fungal PRRs,
whether the resistance to fungal infection is decreased in quintuple mutant lines is

investigated. Double mutants efr fls2, triple mutants efr fls2 sobir1, efr fls2 cerk1, quadruple
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4.1 Stacking PRRs in model plants is a powerful approach for gaining broad-

spectrum resistance

Plant disease can cause loss and damage in crops during the whole growth and
development phase leading to threatened yield and quality. According to a United Nations
report, the global population reached 8 billion in 2022, while the crop losses brought by plant
disease and pests are in the estimated range of 10%-40% in the world. The application of
traditional chemical pesticides is effective in decreasing losses, however, it is followed by
harmfulness to the environment and human health. The disease caused by pathogens can
be controlled with engineering crop resistance, especially in this marvel era in which

biotechnologies are emerging endlessly, and resistance genes are constantly discovered.

In the conventional strategy of resistance breeding, the gained resistance in cultivars is
conferred by the introgression of resistant loci from wild species. To save breeding time and
enhance the accuracy of interested gene expression, QTLs and immune receptors are
generally cloned or modified in crops like wheat, maize, and potato. Plants employ a two-
tiered immune system, PTI and ETI, to fend off pathogen infection. The receptors involved in
these two layers, PRRs and NLRs, are assigned as assets of genetic engineering for inter-

species transformation in plants to provide resistance.

4.1.1 The comparison of PRRs with NLRs in plant breeding

Several examples of ectopic expression of pattern recognition receptor genes leading to
improved resistance have been reported so far. The notable employment of PRRs in genetic
engineering is transgenic expression of Arabidopsis receptor EFR into crops which enhances
resistance to phytopathogenic bacteria. Other PRRs like rice Xa21 and Arabidopsis RLP23
are also well-known for their ectopic expression in crops to reduce symptoms and
colonization in pathogen infection (Albert et al., 2015; Holton et al., 2015; Schwessinger et al.,
2015). Since the PAMPs are frequently conserved among pathogen races, the resistance
conferred by PRRs is theoretically durable. These results indicate that PRRs that recognize
PAMPs derived from a wide range of pathogens are instrumental in increasing resistance

and engineering immunity in plants.

Although disease resistance (R) genes are widely applied for traditional breeding to confer
resistance, NLRs encoded by R genes are challenging in interfamily transfer due to the
interacting and signaling downstream components being different between distinct families.
While there are successful cases as well, transfer of Arabidopsis RRS1/RPS4 is functional
not only in other Brassicaceae plants, Brassica rapa, and Brassica napus, but also in
Solanaceae plants, Nicotiana benthamiana, and Solanum lycopersicum, rendering resistance
to pathogens (Narusaka et al., 2013). To avoid the autoimmune response during the

expression of NLRs, pepper Bs2 is transferred into sweet orange driven by a pathogen-
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inducible promoter to provide immunity (Sendin et al., 2017). As the recognition of specific
effectors by NLRs is the key point in ETI, once the effector genes are mutated or lost, the
resistance conferred by transgenic NLRs is eventually deprived. Hence, the selection of

proper NLRs that can sense core or wide-spread effectors in pathogens is vital for breeding.

Considering these cases, defects of NLRs and abundant availability of PRRs, crop PRRs
SICORE, SmELR, SIFLS3, and SIEIX2 were chosen for testing the hypothesis that ectopic
expression of stacking PRRs is sufficient to gain resistance against pathogens in model

plants.

4.1.2 Gene stacking in breeding requires less labor and time

Even though the interfamily transfer of a single PRR is effective in conferring a certain extent
of resistance against one pathogen species, it is indispensable for breeding to gain broad-
spectrum/robust resistance to pathogens in plants accounting for exposure to a variety of
pathogens. To overcome time-consuming introgression for the combination of R genes or
QTLs, utilization of pyramided resistance genes by genetic engineering in breeding is able to
detect different pathogens or isolates of one pathogen population and able to combine
several genes at the same time to prevent potential loss efficiency caused by pathogen

mutations.

Integrating multiple R genes has not been exclusive for altering crop resistance. For example,
a five-gene cassette consisting of five R genes on one vector transformed into wheat
provided resistance to fungal pathogens (Luo et al., 2021). Recently, a study showed that
stacking PERU and RLP23 in potato confers more resistance against notorious Phytophthora
infestans (Ascurra et al., 2023). Therefore, stacking genes on one vector is an efficient and
effective way to integrate multiple resistance genes and gain higher resistance
simultaneously. During the cloning process, unlike the five-gene cassette mentioned above
without any tag fusion, the PRRs chosen for this study are driven by different promoters and

fused with different tags to prevent gene silencing and undetectable expression.

Another advantage of gene stacking on one vector for transformation is that the combination
of different receptor genes is just like building blocks, every receptor with its promoter and
tag is considered a block for preparation. Combinations can be assembled for any purpose
like stacking receptors recognizing PAMPs that originated from different pathogen species, or
receptors recognizing PAMPs derived from one pathogen species. The rapid and easy
operation enables the stacking of PRRs to facilitate the improvement of disease resistance,
however, in this study, the PRR gene cassettes contain a maximum of 3 receptors (CORE-
ELR-EIX2 and CORE-FLS3-EIX2), whether pyramiding of more PRR genes will affect

expression and immune output is unknown.
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4.2 CORE-ELR-EIX2 gene cassette confers broad-spectrum resistance in

Arabidopsis

The expression of CORE, ELR, and EIX2 which recognize bacterial, oomycete and fungal
PAMPs respectively confer immune responses such as ROS and ethylene production in
Arabidopsis. Expression of stacking gene cassettes, CORE-ELR and CORE-ELR-EIX2,
provides broad-spectrum resistance to infection of Pst DC3000, B. cinerea, and A. laibachii.
It elucidates that the expression of a single receptor and stacked receptors can confer
defense response in Arabidopsis, and the employment of stacking PRRs is sufficient for

engineering broad-spectrum resistance against pathogens.

4.2.1 PRRs do not function boundlessly in heterologous expression

Constitutively expressing CORE, ELR, EIX2, CORE-ELR, and CORE-ELR-EIX2 in
Arabidopsis enables recognition of corresponding PAMPs and enhanced and broad-
spectrum resistance in a ligand-independent way. The activation of defense responses such
as ROS burst, ethylene accumulation, and HR in Arabidopsis transgenic plants by
corresponding PAMPs proves that the immune signaling cascade required by CORE, ELR,
and EIX2 is conserved in these plant species. Without priming by elicitors, transgenic plants

exhibit resistance to Pst DC3000 infection which is an advantage in plant breeding.

Although the selected CORE, ELR, and EIX2 can function well in the ectopic expression of
Arabidopsis, it does not represent that every PRR can achieve this. The alike crop receptors,
SIFLS3 identified from S. lycopersicum binding flgll-28 and PERU from S. tuberosum
sensing Pep-13, were not found as efficient as the receptors stacked in this research.
Introduction of SIFLS3 and PERU respectively in Arabidopsis can not cause any immune

response when treated with cognate ligands flgll-28 and Pep-13 (Supplementary Figure 7.5).

The observation of SIFLS3 transgenic lines in Arabidopsis without ROS burst induced by
flgll-28 is consistent with previous research (Hind et al., 2016). The research shows that
SIFLS3 can recruit AtBAK1 dependent on flgll-28 treatment and enhance ROS burst when
co-expressed with AtBAK1 in VIGS-silenced NbBAK1 plants. Hence, it's intriguing that
SIFLS3 employs AtBAK1 in vitro, whereas the stable transformation of SIFLS3 has no
immune outputs in Arabidopsis. There is another study that reports that the comparison of
SIFLS3 kinase activities with SIFLS2 has shown that the TM and KD regions are important
for kinase activity and ROS response (Roberts et al., 2020). Probably, SIFLS3 functions in
another signal pathway different from that utilized by AtFLS2 in Arabidopsis, which may
account for the evolution of SIFLS3 in Solanaceous families while it is absent in

Brassicaceae.
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PERU is an LRR-RK in potato that recognizes the Pep-13 ligand produced by oomycete
species (Torres Ascurra et al., 2023). Upon Pep-13 treatment, PERU recruits SERK3A, an
ortholog of AtBAK1, in N. benthamiana and conducts immune response. However, we
observed that the stable transformation of PERU in Arabidopsis leads to no ethylene
production even though PERU protein accumulation is detectable. Potentially these results
indicate that in the distinct families, both SIFLS3 and PERU cannot interact with molecular
components and/or downstream signaling which are conserved specifically. The co-receptors
SOBIR1, RLK BAK1, and other RLCKs are crucial for mounting downstream immune
response therefore cognate co-receptors or signaling components may be easily accessible
for binding to PRRs intimately and transducing signals. The reason why SIFLS3 and PERU

have no defense response in transgenic Arabidopsis remains to be elucidated.

4.2.2 ROS burst triggered by xylanase in Arabidopsis is EIX2-independent

Unlike the ROS burst triggered by xylanase in N. benthamiana is EIX2-dependent, xylanase
can elicit ROS production in Col-0 plants with two phases which are always associated with
ETI. However, ROS burst elicited by xylanase remains in eds1, pad4, adr1 triple, nrg1 double,
and helperless mutants. Then the leucine-rich repeat family protein mutant library, sobir1
mutant and efr fls2 cerk1 lym3 quadruple mutants were treated with xylanase. The rip6 and
rip13 mutants show no ROS production upon xylanase while sobir1 mutant retains ROS

burst.

In Arabidopsis, multiple LRR-RPs, but not all, like RLP23, RLP30, RLP32, and RLP42
function with the co-receptor SOBIR1 leading to no immune response in the sobir1 mutant
upon cognate PAMPs treatment (Albert et al.,, 2015; Fan et al., 2022; Zhang et al., 2014;
Zhang et al., 2013). However, the ROS burst elicited by xylanase is abolished in rlp6 and
rip13 mutants but not in sobir1 mutant indicating that SOBIR1 is not required for the ROS
response to xylanase. It might be possible that some RLPs in Arabidopsis function in a
SOBIR1-independent manner, or, alternatively that RLP6 or RLP13 are not genuine xylanase

receptors and only associated with the recognition of xylanase.

The protein xylanase from Trichoderma viride is ordered from company Sigma-Aldrich and is
contaminated with cellulase, B-glucosidase, and -xylosidase with contaminant activities of <
1%, < 0.1%, and < 0.1%, respectively. To identify the immunogenic pattern in this mixture,
HPLC purification should be employed to distinguish which components display

immunogenic activity.

4.2.3 Broad-spectrum resistance conferred by perception of conserved PAMPs
PAMPs play key roles in microorganism subsistence and plant innate immunity. Cold shock
protein, purified from M. lysodeikticus, comprises epitope csp22 which is sensed by CORE in

tomato and present widely in bacteria including Pseudomonas species for adapting to cold
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stress (Craig et al., 2021; Felix & Boller, 2003). In oomycetes, elicitin is a structurally
conserved protein in Phytophthora, Pythium, Pseudoperonospora, Hyaloperonospora, and
Albugo species which is recognized by ELR in potato leading to cell death (Kharel et al.,
2021; Links et al., 2011). Endoxylanase, termed as ethylene-induced xylanase (EIX) and
belonging to glycosyl hydrolase family 11 ,exists in many fungi including Botrytis, is isolated
from fungus Trichoderma viride and perceived by EIX1 and EIX2 in tomato (Frias et al.,
2019). As conserved structures or components of pathogen cell walls or survival strategies,
PAMPs are settled to exist in pathogens with little possibility of mutation which facilitates
identification by PRRs. To take advantage of this character, interfamily transfer of PRRs can
enhance potential resistance to one pathogen species or even several species. Stable
transformation of RLP23 in potato confers broad resistance to fungi and oomycetes due to
the microbial protein NLP found in these pathogen species (Albert et al., 2015; Béhm et al.,
2014). Moreover, stacking PRRs that recognize distinct pathogen species in crops is the
speedy way to simultaneously possess broad-spectrum resistance against plenty of infection.
In this work, pyramiding CORE-ELR-EIX2 in Arabidopsis can confer resistance against Pst
DC3000, A. laibachii, and B. cinerea infection which demonstrates that the strategy of

stacking PRRs is feasible for fending off a broad range of pathogen infections.

4.3 CORE-FLS3-EIX2 confer enhanced resistance to Pstab in N. benthamiana
compared to CORE-FLS3

In this thesis work, we observed that bacterial-PAMP-recognising receptors CORE and FLS3
expressing plants conferred resistance to Pstab in N. benthamiana. However, the expression
of CORE-FLS3 in N. benthamiana conferred similar resistance to Pstab infection as a single
CORE- or FLS3-expressing plants. These two bacterial-PAMP-recognising receptors stacked
with one fungal-PAMP-recognising receptor, CORE-FLS3-EIX2, enhanced resistance in
transgenic plants compared with CORE-, FLS3-, and CORE-FLS3-expressing lines about a

10-fold difference in bacterial populations.

4.3.1 Additional immune outputs do not in parallel with robust resistance

In CORE-FLS2 expressing N. benthamiana line # 9, ROS burst and ethylene production
elicited by csp22+flgll-28 were much higher than after either single ligand treatment. This
phenomenon is observed as well in another recent study that PERU-RLP23 transgenic
potato when treated with Pep-13 and nlp20 together showed an additive response in ROS
and ethylene production (Ascurra et al.,, 2023). However, the simultaneous application of
bacterial ligands, IF1 and elf18, caused neither additive nor synergistic ethylene response
compared with individual treatment of IF1 or elf18 in Arabidopsis (Fan et al., 2022). These
results suggest that some PAMPs can produce additive effects whereas certain PAMPs

cannot in synchronized treatments.
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In PTI, PRRs contribute to the recognition of PAMPs and participate in the formation of
receptor complexes with co-receptors SOBIR1 and BAK1, activating downstream signaling
by RLCKs and integrating multiple networks for immune outputs. The multi-layered immune
system is subject to regulation by BRI1, U-box E3 ligases, and other regulators to maintain
the balance between resting and defense status. ROS burst, as signaling molecules,
activation of NADPH oxidase RBOHD is required for ROS production and subject to Ca?'-
dependent protein kinases, RLCKs like PBL13 and BIK1 (Zhou & Zhang, 2020). However,
the entire pathway controlling ROS production is currently unknown. Thus, the simultaneous
processing of both ligands resulting in additive effects is still waiting to be revealed. Further
experiments studying signaling pathways in PTI will help uncover the relationship between

ligand treatment and immune outcomes.

Although the additive effects conferred by csp22+figll-28 treatment in the CORE-FLS3
expressing line # 9 is observed in this work, the resistance to bacterial infection is identical
between stacking two bacterial receptors and one bacterial receptor. This suggests that the
final level of disease resistance is not correlated to immune responses, at least in Pstab
infection. In this result, the hypothesis that stacking of two bacterial PRRs CORE and FLS3
confers more resistance than one receptor expression is not experimentally achieved.
However, in another research, stacking PERU and RLP23 was demonstrated that double
receptors transformants show more resistance to P. infestans infection (Ascurra et al., 2023).
To achieve the synergistic effects in disease resistance by stacking PRRs, selection of PRRs

and further studies to uncover how PRRs act in stacking are crucial for crop breeding.

4.3.2 Potentiated effect of EIX2 in resistance to Pstab through CORE-FLS3-EIX2
Although expression of CORE-FLS3 confers no statistically significant difference in the
growth of bacteria compared to plants expressing either CORE or FLS3 in Pstab infection,
surprisingly, the involvement of another fungal receptor EIX2 leads to CORE-FLS3-EIX2
transgenic lines exhibiting significant resistance to bacterial infection compared to either
single CORE/FLS3 or CORE-FLS3 expression in N. benthamiana, while expression of
individual EIX2 confers no resistance to Pstab infection. These results indicate that EIX2 has
a potential effect on enhancing bacterial resistance when co-expressed with CORE and
FLS3.

In plant immunity, PTI and ETI potentiate each other mutually to produce a more robust
immune response and resistance against pathogen infections is supported by several
research reports (Chang et al., 2022). It is possible that in PTI, as recognition receptors of
distinct pathogen species, they share same pathways and interact with each other to
generate increasing resistance. A research reports that activation of FLS2 by flg22 priming

can induce juxtamembrane phosphorylation of CERK1 in the presence of BAK1, which
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increases fungal resistance (Gong et al., 2019). This result reveals the crosstalk between
sensing of bacterial PAMPs by PRRs and fungal resistance associated with CERK1.
Likewise, flg22 perception also functions in antiviral signaling by inducing phosphorylation of
NIK1 which regulates antiviral immunity as an RLK (Li et al., 2019). These reports
demonstrate that the interactions of PRRs or PRRs with other RLKs potentiate plant defense

against more classes of pathogen.

Plants deploy cell-surface and intracellular immune receptors to detect pathogen-derived
PAMPs or effectors and activate plant immunity. It is intricate that the deployment of
recognition receptors with signaling pathways and networks is integrated to generate
immune outcomes rather than isolate activation. Incremental evidence reveals that PTI and
ETI are required for each other and the crosstalk between PTI and ETI, PRRs and PRRs
contributes to enhancing plant immunity. Stacking PRRs may not result in additive immunity
because one receptor might be already sufficient to potentiate ETI. Plant innate immunity as
an integration surveillance system employs all components to produce response and the

important mechanism of potentiation remains to uncover in future work.

4.4 Loss of the majority of identified PRRs/co-receptors in Arabidopsis results in

susceptibility to pathogen infection

To mutate most of the identified PRRs/co-receptors involved in PAMPs perception, quadruple
mutants efr fls2 cerk1 lym3 and triple mutants efr fls2 sobir1 are crossed and quintuple
mutants efr fls2 cerk1 lym3 sobir1 are characterized. Ideally, if more receptors are mutated,
Arabidopsis would be more susceptible to disease invasion. However, the pathogenicity
assays show that in Pst DC3000 infection, quintuple mutants are identically vulnerable to
double mutants efr fls2, whereas B. cinerea inoculation quintuple mutants are more

susceptible than double and triple mutants, efr fls2 and efr fls2 sobir1.

4.41 Quintuple mutants efr fls2 cerk1 lym3 sobir1 are as susceptible as double
mutants efr fls2 against Pst DC3000 infection
In Arabidopsis, PTl employs LRR-RKs FLS2, EFR and XPS1, LRR-RPs RLP1 and RLP32,
LecRK LORE, and LysM-RK LYM1/3 to perceive a range of PAMPs from bacteria involving
bacteria secreted peptides, lipids, peptidoglycans, and polysaccharides (W. L. Wan et al.,
2019). However, these identified pairs constitute a rather restricted list of PRRs/PAMPs
based on the total number of LRR-RKs and LRR-RPs existing in Arabidopsis species. There
are 226 LRR-RKs and 59 LRR-RPs in A. thaliana, so the discovered receptors are a drop in
the bucket (Ngou et al., 2022). Quintuple mutants efr fls2 cerk1 lym3 sobir1 do not exhibit
anticipated overwhelming susceptibility to Pst DC3000 infection, which may be due to the

abundance of bacterial receptors undiscovered in Arabidopsis.
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The comparable susceptibility between quintuple mutants and double mutants (efr fis2)
reveals that FLS2 as a bacterial receptor plays a dominant role in plant immunity. Flagellin
widely exists in bacteria and contributes to bacterial movement in the flagellum for survival.
In mammals flagellin is recognized by the Toll-like receptor TLR5, and in plants flg22 and
flgll-28 derived from flagellin are sensed by FLS2 and SIFLS3, respectively (Chinchilla et al.,
2006; Hayashi et al., 2001; Hind et al., 2016). The widespread flagellin receptors in plants
indicate that the vital role of PAMP flagellin and FLS2 is an incomparable bacterial receptor.
There is no other receptor like FLS2 that is widely distributed and elicits a robust immune
response. It is therefore reasonable that FLS2 is a dominant bacterial receptor and exerts
crucial effects on stomata during Pseudomonas infection compared to other bacterial
receptors (Zeng & He, 2010). However, in this thesis work, the bacterial infection is tested
with Pst DC3000 only, it is not known whether FLS2 acts as a dominant receptor for other
phytobacteria or whether other bacterial receptors function intensely in other bacterial

infections.

As a plant surveillance system, PTI utilizes cell surface PRRs to monitor the invasion of
different pathogens. PRRs on the cell surface execute alarms, so the primary function is to
warn the plant of approaching danger. This may be the reason why pyramiding CORE-FLS3
in N. benthamiana leads to similar resistance as single receptor CORE- or FLS3- expressing
plants. Alarmed against a pathogenic species, once launched, the plants transduce signals
and take immune actions. As for the number of alarms that sound, there may not be a

significant difference.

4.4.2 Lack of CERK1 in Arabidopsis results in susceptibility to B. cinerea infection

Different from the LRR-RK type receptor FLS2, LysM type receptor CERK1 was associated
with recognition of chitin in Arabidopsis and found in many other plants like rice, maize as
well as Solanaceous plants (Yang et al., 2022). Similar to flagellin, chitin is an indispensable
and highly conserved component in fungal cell walls which is released from fungal cell walls
during fungal infection (Lenardon et al., 2010). In this thesis work, mutations of CERK1 lead
to a significant susceptibility to B. cinerea infection which is vividly reflected in the diameter of
the lesion. If FLS2 is regarded as a dominant bacterial receptor during Pst DC3000 infection,

CERK1 is referred to as an incredibly crucial receptor/co-receptor during B. cinerea infection.

Based on the absence of FLS2 or CERK1 in mutant plant defense, we can conclude that the
fundamental character of PAMPs in pathogen survival or in the infection cycle process
determines the wide distribution and highly effective resistance of corresponding receptors in
plants. Over millions of years, as plants moved from aquatic environments to lands,
terrestrial plants were exposed through the interaction with microbes, leading to co-evolution

between the plant and pathogen. Plants are constantly attacked by microbes, so the plant
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immune system has evolved two layers of strategies to fend off invasion. On the extracellular
aspect, recognition of PAMPs via PRRs in PTI signals to the host cell. This recognition
results in the co-evolution of PRRs and PAMPs in which the PRRs sense essential and
highly conserved components that are widespread in microbial species, while PRRs that
perceive PAMPs that occur rarely or in pathogens from isolated regions tend to exist in some
plant species only or are eventually lost. This co-evolution can enhance the function of
dominant receptors in plant defense and select functional diversification of PRRs in plant
species. This is perhaps an explanation for the different responsiveness to IF1 or PG in
Arabidopsis or Brassica accessions (Fan et al., 2022; Zhang et al., 2021). The deployment of
dominant receptors like FLS2, CERK1, and other receptors in plants facilitates the
recognition of main PAMPs which can be used to engineer robust and broad-spectrum

resistance against disease.

4.5 The developmental tendency of PRR stacking in resistance breeding

In this thesis work, the stacking CORE-ELR-EIX2 confers broad-spectrum resistance to
infection in Arabidopsis and the expression of CORE-FLS3-EIX2 in N. benthamiana leads to
enhanced resistance to bacterial infection, demonstrating that pyramiding PRRs in breeding
is indispensable and a possibility in breeding for enhanced resistance. However, there are
still some approaches to improve this strategy. To overcome possible incompatibilities during
interfamily transfer, application of chimeric receptors with swapped kinase domains can
transduce signaling and more efficiently elicit immunity. Examples for this are chimeric
receptors like EFR and XA21, ReMAX and EIX2 that confer recognition of elf18 or eMAX in
Arabidopsis or N. benthamiana (Holton et al., 2015; Jehle et al., 2013).

According to this work, EIX2 confers limited immunity to Arabidopsis and N. benthamiana, at
an early stage only. However, in nature the harassment of pathogen and infection process
lasts constantly. One of the major goals in plant breeding is to create cultivars with durable
resistance to more pathogens. Since NLRs in ETI possess reinforced resistance, the
combination of PRRs and NLRs constitutes a mechanism for broad-spectrum resistance to
multiple pathogen species and durable resistance to important effectors. Due to host-
pathogen co-evolution, the studies on PRRs and NLRs not only provide insights into how
plants can perceive microbe components or secreted effectors, but also present such an
abundant source of PRRs and NLRs in different plant species that can be combined to

improve and strengthen disease resistance.

Transgenic expression of PRRs in model plants confers resistance under laboratory
conditions. However, the ultimate goal is to test the sustainability of transgenic plants in the
field under natural and complex conditions. Transgenic expression of EFR in tomato was

evaluated for bacterial disease resistance and total field yield (Kunwar et al.,, 2018). The
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phyllosphere of plants, including leaves, flowers, stems, fruits, and pollens, is colonized by
numerous microbes containing commensals and pathogens. The phyllosphere microbiota
homeostasis depends on host-microbe, microbe-microbe, and environmental interactions,
furthermore, the disruption of this community by mutants or transgenic plants may lead to
altered microbiota levels and even affect plant and human health. Higher-order mutants in
receptors, particularly the rbohD mutant, caused alteration of phyllosphere microbiota in
Arabidopsis (Pfeilmeier et al., 2021), and transgenic expression of Bs2 in tomato impacted
on phyllosphere communities, whereas EFR did not (Bigott et al., 2023). However, how the
phyllosphere microbiota is influenced by mutants and transgenic plants overexpressing one

or more PRRs needs to be further studied.
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5 Summary

Interfamily transfer of PRRs into plants has been proven to gain enhanced resistance to
pathogen infections. Therefore, PRR stacking is considered a promising strategy for
engineering immunity in crops. In this study, PRRs from crops, SICORE, SmELR, SIEIX2,
and SIFLS3, were chosen for stacking and transferred into model plants A. thaliana and N.
benthamiana, EFR, RLP23, and RLP42 were transferred into tomato and potato, conferring
resistance to pathogens. Higher-order mutants lacking multiple PRRs in Arabidopsis were

generated and were susceptible to pathogen infection.

In this study, constructs of SICORE, SmELR, SIEIX2 as well as stacking receptors SICORE-
SmELR, SICORE-SmELR-SIEIX2 were generated and transferred into A. thaliana. SICORE-,
SmELR-, and SIEIX2-expressing Arabidopsis exhibited ROS burst, ethylene production, and
HR to cognate PAMP activation and enhanced resistance to pathogens Pst DC3000, A.
laibachii, and B. cinerea, respectively. Stacking of SICORE-SmELR and SICORE-SmELR-
SIEIX2 in Arabidopsis showed similar immune responses to plants expressing a single
receptor and broad-spectrum resistance to these three pathogen species. Constructs of
SICORE, SIFLS3, SIEIX2 as well as pyramid receptors SICORE-SIFLS3, SICORE-SIFLS3-
SIEIX2 were generated and transferred into N. benthamiana. Expression of SICORE, SIFLS3,
and SIEIX2 in N. benthamiana exhibited ROS burst, ethylene accumulation, and HR to
cognate PAMP elicitation and increased resistance to pathogens Pstab and B. cinerea but
not to P. capsici. SICORE-SIFLS3-expressing N. benthamiana showed identical resistance as
SICORE/SIFLS3-expressing plants to Pstab infection instead of additional resistance,
however, expression of SICORE-SIFLS3-SIEIX2 contributed more resistance to Pstab than
plants expressing SICORE/SIFLS3 or SICORE-SIFLS3. Stable transformation of EFR,
RLP23, and RLP42 conferred ethylene production in tomato and potato upon cognate PAMP

treatments, and resistance to pathogens remained to be tested.

The quintuple mutant efr fls2 cerk1 lym3 sobir1 was generated by crossing and exhibited
similar susceptibility in Pst DC3000 infection compared to double mutant efr fls2 and triple
mutant efr fls2 sobir1, while was significantly colonized by B. cinerea in comparison with

double and triple mutants.

These findings of broad-spectrum resistance conferred by PRRs stacking can support that
pyramiding PRRs in plants is an effective approach to achieving broad-spectrum resistance

in disease control and crop breeding.
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6 Zusammenfassung

Es wurde nachgewiesen, dass der familienibergreifende Transfer von PRRs in Pflanzen zu
einer erhdhten Resistenz gegen Pathogeninfektionen fiihrt. Daher wird die Stapelung von
PRRs als vielversprechende Strategie zur Entwicklung der Immunitat in Nutzpflanzen
angesehen. In dieser Studie wurden PRRs aus Nutzpflanzen, SICORE, SmELR, SIEIX2 und
SIFLS3, fir die Pyramide ausgewahlt und in die Modellpflanzen A. thaliana und N.
benthamiana Ubertragen, EFR, RLP23 und RLP42 wurden in Tomaten und Kartoffeln
Ubertragen, was ihnen Resistenz verleiht gegen Krankheitserreger. Es wurden Mutanten
héherer Ordnung erzeugt, denen mehrere PRRs in Arabidopsis fehlen und die anfallig far

eine Pathogeninfektion sind.

In dieser Studie wurden Konstrukte von SICORE, SmELR, SIEIX2 sowie den
Stapelrezeptoren SICORE-SmELR, SICORE-SmELR-SIEIX2 generiert und in A. thaliana
Ubertragen. SICORE-, SmELR- und SIEIX2-exprimierende Arabidopsis zeigten einen ROS-
Burst, eine Ethylenproduktion und eine HR, die mit der PAMP-Aktivierung und einer erhdhten
Resistenz gegen die Krankheitserreger Pst DC3000, A. laibachii bzw. B. cinerea
einhergehen. Die Stapelung von SICORE-SmELR und SICORE-SmELR-SIEIX2 in
Arabidopsis zeigte ahnliche Immunreaktionen auf Pflanzen, die einen einzelnen Rezeptor
exprimierten, und eine Breitbandresistenz gegen diese drei Krankheitserregerarten.
Konstrukte von SICORE, SIFLS3, SIEIX2 sowie der Pyramidenrezeptoren SICORE-SIFLS3,
SICORE-SIFLS3-SIEIX2 wurden generiert und in N. benthamiana Ubertragen. Die
Expression von SICORE, SIFLS3 und SIEIX2 in N. benthamiana zeigte einen ROS-Burst,
eine Ethylenakkumulation und HR, die mit der PAMP-Auslésung und einer erhdhten
Resistenz gegen die Krankheitserreger Pstab und B. cinerea, jedoch nicht gegen P. capsici,
einhergehen. SICORE-SIFLS3-exprimierende N. benthamiana zeigten eine identische
Resistenz gegeniber Pstab-Infektionen wie SICORE/SIFLS3-exprimierende Pflanzen
anstelle einer zusatzlichen Resistenz. Allerdings trug die Expression von SICORE-SIFLS3-
SIEIX2 zu einer starkeren Resistenz gegen Pstab bei als Pflanzen, die SICORE/SIFLS3 oder
SICORE-SIFLS3 exprimierten. Eine stabile Transformation von EFR, RLP23 und RLP42
fuhrte bei verwandten PAMP-Behandlungen zu einer Ethylenproduktion in Tomaten und

Kartoffeln, und die Resistenz gegen Krankheitserreger musste noch getestet werden.

Die Funffachmutante efr fls2 cerk1 lym3 sobir1 wurde durch Kreuzung erzeugt und zeigte
eine ahnliche Anfalligkeit bei Pst DC3000-Infektionen im Vergleich zum Doppelmutanten efr
fls2 und dem Dreifachmutanten efr fls2 sobir1, wahrend er im Vergleich zu Doppel- und

Dreifachmutanten signifikant von B. cinerea besiedelt wurde.
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Diese Ergebnisse der durch die Stapelung von PRRs hervorgerufenen Breitbandresistenz

kénnen belegen, dass die Pyramidenbildung von PRRs in Pflanzen ein wirksamer Ansatz zur

Erzielung einer Breitbandresistenz bei der Krankheitsbekampfung und Pflanzenziichtung ist.
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Supplementary Figure 7.1. ROS burst caused by xylanase in Arabidopsis mutants.
Leaf discs from Col-0, 54 rip mutants, sobir1, and efr fls2 cerk1 lym3 mutants were treated with MilliQ
water (mock, as a negative control) and 5 uM xylanase. ROS productions are visualized by luminol
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kinetic curves. The mutants rip6 and rip13 (in red font color) have no ROS response to xylanase
treatment.
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Supplementary Figure 7.2. CORE-expressing Arabidopsis plants enhance resistance to Pst
DC3000.

Col-0 and transgenic lines expressing CORE, ELR, EIX2, CORE-ELR, and CORE-ELR-EIX2 were
sprayed with 1 x 107 cfu/ml Pst DC3000. Bacteria were quantified in extracts of leaves at 3 d post-
infiltration. Data points are indicated as dots from three independent experiments (n=8). Box plots
show the minimum, first quartile, median, third quartile, and maximum of logio cfu/cm? leaf tissues.
Different letters above the box blot at 3 dpi indicate statistically significant differences among
homogenous groups following Duncan’s one-way ANOVA (P < 0.05).
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P value summary ns
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Supplementary Figure 7.3. CORE-, FLS3-, and EIX2-expressing N. benthamiana plants have no
resistance to P. infestans.

The transgenic and wild-type plants were inoculated with 0.5 cm?2 P. infestans hyphae plugs on the two
sides of the midrib. Lesion development was evaluated under UV light, and lesion diameter was
measured by Imaged at 2 dpi. Data points are indicated as dots from three independent experiments
(n=8). Box plots show the minimum, first quartile, median, third quartile, and a maximum lesion
diameter. Letter ns above the box blot indicates statistically non-significant differences among
homogenous groups following Duncan’s one-way ANOVA (ns P > 0.05).
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Supplementary Figure 7.4. Screening analysis of F2 progeny in the ethylene production assay
and genotyping.

a, Leaf discs cut from F2 progeny plants were incubated with water (mock),1 uM nlp20. The 47 lines
marked by red rectangles and bold texts have no ethylene production to nlp20 treatment and were
utilized for subsequent genotyping screening. b,c, PCR amplification of CERK1 gene fragments using
genomic DNA extracted from F2 lines leaves with CERK1 gene primers. (b)Firstly the 47 lines were
screened by one pair of CERK1 gene primers and 23 lines in red color without bands. (¢)These 23
lines were conducted by PCR amplification with another pair of CERK1 gene primers and 12 lines in
blue color without bands were executed with next screening. The genomic DNA of Col-0 served as a
negative control.
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Supplementary Figure 7.5. Characterization of PERU receptor stable transgenic lines in A.
thaliana.

a, PCR amplification of PERU gene fragments using genomic DNA extracted from T1 generation
leaves transformed with PERU. The genomic DNA of Col-0 served as a negative control. b, The
protein accumulation of PERU-GFP in T1 generation leaves was determined by Western blot with the
a-GFP antibody. Total protein from Col-0 (left side of marker, M) served as negative controls. ¢, Leaf
discs from Col-0 and transgenic lines were treated with MilliQ water (mock, as a negative control), 1
MM flg22 (as a positive control), 100 nM Pep-13 and incubated on a shaker for 4 h before
measurement.
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8 Abbreviations

ADR1
BAK1

BIK1
BIR1

BKK1
BRI1
BSK1

CERK1
CNL
CORE
Csp
DAMPs

DMSO
DNA
DTI

EDS1
EFR
EIX
EIX1/2

ELR
ETI
ETS
FLS2
FLS3
HR
INF1

LORE
LRR
LYK4/5
LysM
LYM1/3

MAPK
mM

Activated Disease Resistance 1
BRI1-associated Kinase1

Botrytis-induced Kinase 1
BAK1-interacting Receptor-like
Kinase 1

BAK1-like Kinase 1
Brassinosteroid Insensitive 1
BR-Signaling Kinase 1

Chitin Elicitor Receptor Kinase 1
Coiled-coil NLR

Cold Shock Protein Receptor
Cold Shock Protein

Damage Associated Molecular
Patterns

Dimethylsulfoxide
Deoxyribonucleic Acid
Damage-associated Molecular
Pattern-triggered Immunity
Enhanced Disease Susceptibility 1
Elongation Factor EF-Tu Receptor
Ethylene-inducing Xylanase
Ethylene-inducing Xylanase
Receptor1/2

Elicitin Response Protein
Effector-triggered Immunity
Effector-triggered Susceptibility
Flagellin Sensing 2

Flagellin Sensing 3
Hypersensitive Response
Phytophthora infestans Elicitin 1

Lipooligosaccharide-specific
Reduced Elicitation
Leucine-rich Repeat

LysM Containing Receptor-like
Kinase

Lysin Motif

LysM Protein 1/3

Mitogen Activated Protein Kinase
Millimolar

MS
NLR

nM
NRC

NRG1
PAD4
PAMPs

PCR
PDA
PERU
PGN
PRRs

PTI
QTL
RBOHD

RLCKs

RLK

RLP
RLP1/ReMAX

RNA
RNL
ROS
Rpm
RT
RXEGH1
SA

SAG101
SCPss
SERK
SOBIR1
TBS

TNL
WT

84

Murashige and Skoog
Nucleotide-binding Leucine-rich
Repeat

Nanomolar

NLR Required for Cell Death

N Requirement Gene 1
Phytoalexin Deficient 4
Pathogen Associated Molecular
Patterns

Polymerase Chain Reaction
Potato Dextrose Agar

Pep-13 Receptor Unit
Peptidoglycan

Pattern Recognition Receptors

Pattern- triggered Immunity
Quantitative Trait Loci

Respiratory Burst Oxidase
Homolog Protein D

Receptor Like Cytoplasmic Kinases
Receptor Like Kinase

Receptor Like Protein

Receptor of eMAX

Ribonucleic Acid
RPW8-NBS-LRR
Reactive Oxygen Species
Revolutions Per Minute
Room Temperature
Response to XEG1
Salicylic Acid

Senescence Associated Gene 101

Small Cysteine-rich Protein Sclerotinia
sclerotiorum

Somatic Embrygenesis Receptor-
like Kinase

Suppressor of BIR1

Tris-buffered Saline

TIR-type Sensor NLR

Wildtype
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