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Introduction

Plant pathogens are the foremost yield limiting factor for many crops in open field and greenhouse
cultivation systems !, and this trend is expected to increase. Fungal and bacterial pathogens are the
cause of significant tomato crop losses worldwide, generating devastating diseases, in some cases due to
wide host range, relatively limited information on pathogen biology and infection strategies, and their
ability to remain quiescent for long periods of time and become virulent upon changing conditions.
Pesticidal strategies can lack effectivity and are often a source of pollution and detrimental effects to

consumer health 2, with many pesticides becoming increasingly banned worldwide.

Biocontrol of foliar diseases is an alternative, non-toxic means of management of foliar pathogens. A
combination of several modes of action, including induced resistance, has been documented as
responsible for biocontrol. Induced resistance is recognized as an important mode of action to achieve
biocontrol in vegetative tissues 3*. Induced systemic resistance (ISR) caused by various micro-

organisms can protect plants against soil or foliar pathogens °.

One of the most studied commercial biocontrol agents (BCASs) is isolate T39 of Trichoderma
harzianum which can be regarded as a model for commercial biocontrol and the mechanisms
involved. T39 has been shown to control foliar pathogens such as Botrytis cinerea, Pseuperonospora
cubensis, Sclerotinia sclerotiorum and Sphaerotheca fusca (syn. S. fuliginea) under commercial

greenhouse conditions %8,

Induced systemic resistance can be demonstrated by applying a BCA at a location separated from the
plant organ that is challenged by a pathogen. T39 induced plant defence against B. cinerea in tomato,
lettuce, pepper, bean and tobacco: T39 was applied to the soil (in all crops) or to the lower leaves (in
bean) whereas the disease was induced on the upper canopy parts of the plants. Given the spatial
separation of the T39 application from the pathogens, this effect could be attributed to the ISR

imparted by T. harzianum T39 %10,

Given the lack of examples of highly successful BCAs in practical disease management, we may
conclude that the space for current BCA is unlikely to be in the region where satisfactory and stable
disease control could be reached rapidly. The characteristics of BCA are such that slight changes in
the external environment could result in drastic changes in the system dynamics and hence biocontrol
efficacies. This may explain often observed inconsistencies in biocontrol efficacy in practice since

spatio-temporal environmental hetero-geneity is a rule rather than an exception, and can lead to



widespread disease prior to the required colonization or ISR induction by the biocontrol agent.
Generating increased receptivity in the host to immunity activation by BCAs could potentially

improve BCA effectivity and disease control.

As part of its plant colonization strategy, trichoderma spp. can secrete various compounds and
molecules which can effect host priming/ ISR. One of these molecules synthesized by, and secreted
from several species of Trichoderma, including Trichoderma viride and Trichoderma reseii, is a
Family 11 xylanase enzyme known as ethylene inducing xylanase, EIX. The Trichoderma fungal
protein elicitor EIX, induces ethylene biosynthesis, electrolyte leakage, expression of PR proteins and
the hypersensitive response (HR) in specific plant species and/or varieties -4, EIX was shown to
specifically bind to the plasma membrane of responsive cultivars of both tomato and tobacco *°. The
response to EIX in tobacco and tomato cultivars is controlled by a single dominant locus, termed
LeEix 6. The LeEix locus contains two receptors, LeEix1 and LeEix2, both belonging to a class of
leucine-rich repeat cell-surface glycoproteins. Both receptors are able to bind the EIX elicitor while
only the LeEix2 receptor mediates plant defense responses 1617, LeEix1 acts as a decoy receptor and

attenuates E1X induced signaling of the LeEix2 receptor 1819,

Considering that EIX acts to increase plant immunity through binding and downstream signaling of
LeEIX2, and that LeEIX1 can act to block this immunity promoting downstream signaling, we
reasoned that knocking out LeEIX1 might result in stronger immune activation, leading to increased
host response to trichoderma biocontrol agents and enhancement of disease resistance conferred by

trichoderma.

The goal of this work was therefore to increase trichoderma response and disease resistance,
by knocking out LeEIX1.




Results
Generation of LeEIX1 CRISPR mutants

We generated LeEIX1 knockouts using CRISPR/CAS9. Designing specifics gRNAs to target only
LeEIX1 and not LeEIX2, we obtained >10 mutant tomato lines with different mutations. We analyzed
the different lines for zygosity and were able to obtain two homozygous lines, one with a two base
deletion (1-b5) and the other with a two base deletion and additional insertions (1-1-4), at a PAM site
~330 nucleotides after the LeEIX1 ATG (Figure 1a). Both mutations are predicted to result in a frame
shift causing a stop codon, resulting in a truncated 113 amino acid protein from the N-terminus of the
1031 amino acid full LeEIX1, with leeix1-1-4 additionally having 13 "nonsesnse™ amino acids prior
to the premature stop (Figure 1b). The truncated proteins formed in the mutants contain only the
signal peptide and N-terminal Leucine zipper, and do not have the LRR domains important for ligand
recognition and protein-protein interactions, or the transmembranal domain required for PM insertion
(Figure 1c). Thus, these truncated proteins formed would likely not be inserted in the membrane, or

be able to bind the xylanase ligand or protein interactors- leading to null of LeEIX1 functionality.

(a) guide RNA
| -~ |
A TAAACTTAGCCCTTCTCTGCTTGAGTTGGAGTACTTGAATTACTTGGACCTCAGTGTTAATGA . o
p— CAGGTAAACTTAGECOTTCTCTGCTTGAGTTGGAGTACTTG CTTGGACCTCAGTG G Figure 1: Description of
T ¢ KB p s INERPEEEEED \ NEEEEED s 3B N generated leeix1 lines.
(a) Representation of gRNA/ PAM
_ ACAGGTAAACTTAGCCCTEETCTGCTTGAGTTGGAGTACTTGAATTACTTGGACCTCAGTGTTAATGA site and resultant mutations in the
leeix1-1b5 1 ¢ KEBs P S UA) - Nbc NENENING P Q Cc x » LeEIX1 sequence.
ACAGGTAAACTTAGCCCTESTCTGCTGGTTTAGTAGTACTTGAATTATTTGGACCACETEGTTGTTGA (b) Predicted protein sequence of

the mutants.

(c) Protein domain analysis of
LeEIX1 alongside the mutant

leeix1-1-4 7 c XKEEs P s Ic: NS ¢ P Bhc «

(b)  recixr4 leeix-1b5 truncated proteins.
MDKWKYARLAQFLFTLSLLFLETSFGLGGNKTLCLD MDKWKYARLAQFLFTLSLLFLETSFGLGGNKTLCLD
KERDALLEFKRGLTDSFDHLSTWGDEEDKQECCKWK KERDALLEFKRGLTDSFDHLSTWGDEEDKQECCKWK
GIECDRRTGHVTVIDLHENKFTCSAGASACFAPRLTG GIECDRRTGHVTVIDLHNRFTCSAGASACFAPRLTG
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Verification of agricultural quality of generated mutants

LeEIX1 and LeEIX2 were originally identified using a screen of the S. penellii introgression

populations 31620 Based on our previous knowledge that the introgression line IL-7-5 that lacks ~40

genes on the short arm of chromosome 7, including both LeEIX1 and LeEIX2, has ostensibly normal

development, we surmised that the mutated LeEIX1 lines would likely not have developmental

defects. We analyzed their agricultural quality, finding that the leeixl plants have similar

developmental progression, agricultural quality, yield, and tomato quality, as their wild type M82

background line (Figures 2,3).
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Figure 2: leeix1 mutants have similar agricultural
quality as the background M82 line.

Agricultural and  developmental parameters were
measured in M82 and leeix1 plants.

(a) Harvest index (HI) of plants was calculated as the ratio
between the total mass of fruit yield and the total biomass.

(b) Total soluble sugars were measured using a
refractometer and are expressed as °Brix.

(c) Total fruit weight per plant.

(d) The average total number of tomato fruits produced per
plant.

(e) Analysis of growth and development parameters:
Height, length of nodes 2 and 3 (N2, N3), Number of
leaves, Number of leaves produced in the vegetative stage
(before the first flower), and Number of florets. Average
+SEM of at least four independent replicates is shown,
N=18. No statistically significant differences were observed
among WT and leeix1 (t-test, welch correction).
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Figure 3: leeix1 mutants have similar agricultural quality as the background M82 line- separate analysis of two independent
leeix1 mutant lines.

Agricultural and developmental parameters were measured in M82 and leeix1 plants of lines 7-4 and 1b5.
(a) Harvest index (HI) of plants was calculated as the ratio between the total mass of fruit yield and the total biomass.

(b) Total soluble sugars were measured using a refractometer and are expressed as °Brix.
(c) Total fruit weight per plant.

(d) The average total number of tomato fruits produced per plant. Average +SEM of at least three independent replicates is shown,
N=8. No statistically significant differences were observed among WT and leeix1 lines except in the case of Brix, where line 1-4 had
increased soluble sugars (t-test, Welch's correction, ***p<0.001).

leeix1 mutants display stronger disease reduction in response to T. harzianum treatment than their
WT counterparts

To examine whether T. harzianum mediated biocontrol was improved in leeix1 mutants, we treated
WT and leeix1 plants with T. harzianum T39, and infected the plants with the necrotrophic fungi B.
cinerea or S. sclerotiorum 3 days after the first treatment. leeix1 plants displayed greater reduction in
disease levels following T39 treatment than WT plants (Figures 4, 5).
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Figure 4: leeix1 mutants have improved disease resistance in response to T. harzianum.

WT M82 and leeix1 plants were challenged with B. cinerea (10X¢ spores /mL) (a-b) and S. sclerotiorum (mycelial plugs from 5 day old
plates) (c-d).

(a,c) Relative disease area was calculated as the lesion area measured 5 days after inoculation in each genotype treated with T39 as
compared to mock-treated controls.

(b) Representative images of B. cinerea symptomatic leaves.

(d) Representative images of S. sclerotiorum symptomatic leaves. (a) Average +SEM of 6 independent replicates comprising 7 plants
each is shown, N=85. (c) Average +SEM of 3 independent replicates comprising 7 plants each is shown, N=20. In both cases, asterisks
represent statistical significance of T39 treatment over control in a one way analysis of variance with a Bonferroni post-hoc test,
p<0.0165, and letters represent statistical significance between the WT and leeix? T39 treated samples in a one way analysis of
variance with a Bonferroni post-hoc test, p<0.03.
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fungal pathogen Oidium neolycopersici

(Figure 6).
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Figure 5: leeix1 mutants have improved B. cinerea disease resistance in
response to T. harzianum- separate analysis of two independent leeix1
mutant lines.

WT M82 and leeix1 plants of lines 1-4 and 1b5 were challenged with B. cinerea
(10X6 spores /mL). Lesion area was measured 5 days after inoculation in each
genotype treated with T39 as compared to mock-treated controls. Average
+SEM of 3 independent replicates is shown, N=7. Asterisks represent statistical
significance of T39 treatment over control, and letters represent statistical
significance between the WT and /eeix1 T39 treated samples, in unpaired two-
tailed ttests (p<0.05). No significant difference between the two leeix1 mutant
lines was observed.

Similar results were also observed with the biotrophic

Figure 6: leeix1 mutants have improved disease
resistance to Oidium neolycopersici in response to T.
harzianum.

WT M82 and leeix?! plants were challenged with O.
neolycopersici (104 spores/ mL).

(a) Relative disease area was calculated as the necrotic
area measured 10 days after inoculation in T39 treatments,
as compared to mock-treated controls. Average £SEM of
3 independent replicates comprising 4 plants each is
shown, N=12. Asterisks represent statistical significance of
T39 treatment over control, and letters represent statistical
significance between the WT and leeix?1 T39 treated
samples- in a one way analysis of variance with a
Bonferroni post-hoc test, p<0.025.

(b) Representative images of O. neolycopersici
symptomatic leaves.

leeix1 mutants have stronger defense response activation in response to Trichoderma harzianum

treatment than WT plants

What is the basis for the increased disease resistance we observed in our leeix1 mutants? To examine

whether leeix1l mutants had stronger immune responses to trichoderma than control plants, we

examined defense responses following treatment with the trichoderma derived elicitor Ethylene

Inducing Xylanase (EIX), in leeix1 mutants and control plants. leeix1 plants displayed greater

10
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Figure 7: leeix1 mutants have improved defense responses to the
Trichoderma elicitor Xyn11/ EIX.

(a) Ethylene induction after EIX elicitation in M82 and leeix1 was
measured using gas-chromatography. M82 average ethylene
production is defined as 100%, average + SEM of 3 independent
experiments comprising 4 plants each is presented, N=12. Asterisks
represent statistical significance in t-test with Welch's correction (****,
p-value <0.0001).

(b) Conductivity of M82 and leeix! samples immersed in water
supplemented with EIX for 24 h was measured. Average + SEM of 3
independent replicates comprising 4 plants each is shown, N=12.
Asterisks represent statistical significance in t-test with Welch's
correction (**, p-value <0.01).

(c) ROS production of WT M82 and leeix1 was measured immediately
after EIX application every 4 minutes using the HRP-luminol method.
Average + SEM of 3 independent experiments comprising 4 plants
each, with 2 technical replicates, is shown, N=24 per time point.
Asterisks represent statistical significance in multiple t-tests (one per
time point), *p<0.05, **p<0.01.

(d) Shows total ROS production, **p<0.01 in t-test with Welch's
correction, N=24.

responses to EIX, generating significantly higher

levels of Ethylene (Figure 7a) and ion leakage (Figure 7b), as well as reactive oxygen species (ROS,

Figure 7c-d) in response to EIX treatment.

To further characterize the immune response in leeix1 plants, we examined defense gene expression

in response to T39 treatment as well as botrytis infection, in WT and leeix1 plants. T39 appears to

effect similar expression of the genes PR1a, Pti5, PI-2 and beta-glucanase in WT and leeix1 plants

(Figure 8), while defense gene expression in response to botrytis is reduced in leeixl mutants as

compared with WT in several cases.

11



Figure 8: leeix1 mutants have similar T39

induced gene expression and reduced

defense gene induction in response to B.

cinerea.

Gene expression analysis of pathogen

responsive genes was measured by RT-gPCR in
a M82 and leeix1 plants 24 h after application of
T39 by sail drench, or plant spraying of B.
cinerea (10Xé spores /mL). Relative expression
normalized to control M82. Average +SEM of
L R three independent experiments is shown.
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Trichoderma harzianum leaf colonization is similar in WT and leeix1 mutants

Biocontrol of microorganisms can be a result of induced systemic resistance, as was reported
previously in several cases including for T39 "%2L or, alternatively, can also be the result of
microorganism colonization of the plant and direct or chemical effects of said colonizing
microorganisms on the attacking pathogens. Additionally, BCA colonization of the plant may be a
requirement for the induction of ISR. We examined T39 colonization of tomato leaves, finding no
difference in colonization between WT and leeixl (Figure 9), leading to the conclusion that
colonization is not a requirement for induction of ISR in our system, as was previously reported for

several BCAs/ trichoderma strains 72122,

12
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Figure 9: leeix1 mutants are colonized with T39 to similar levels as M82 WT.

CFU amount of T39 in leaf tissue was measured 5 days post inoculation in 3
independent experiments, graph represents average CFU per leaf +SEM of three
independent experiments, N=12. No significant differences among samples were found

Leeix1 responds similarly to Additional Trichoderma strains

To further characterize the improved receptivity to biocontrol we observed in our leeix1 mutants, we

examined two more trichoderma isolates in their ability to both induce resistance and colonize plants.

Another isolate of T. harzianum, TCIM, was selected, as well as an isolate of a different species of

trichoderma, T. longibrachiatum, known as Ti166. Both isolates have proven biocontrol activity 3.

Based on our experience with different species of trichoderma, we expected the activity of TCIM and

TI66 to likely be lower than that of the outstanding T39 isolate. As expected, all 3 trichoderma isolates

showed improved biocontrol activity against B. cinerea in leeixl as compared with the WT M82
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background (Figure 10a), while no differences in

colonization were observed (Figure 10Db).

Figure 10: Improved biocontrol and similar colonization of
different trichoderma strains in leeix7 mutants.

(a) Resistance to gray mold after treatment with various trichoderma
strains. Plants were treated with trichoderma by irrigation with water
containing 107 spores, and were inoculated after 3 days with drops (10
ul) of 5x105 botrytis suspension) produced from a ten-day old PDA plate.
leeix1 mutants have a more significant reduction in gray mold disease
than the wild-type M82 after treatment with all trichoderma strains.
Graph shows the mean and standard error of four experiments, (N =
18). The letters denote statistical significance in a one way ANOVA with
a Tukey post hoc test, p <0.0002.

(b) CFU amount of different trichoderma strains in leaf tissue was
measured 5 days post inoculation in 3 independent experiments, graph
represents average CFU per leaf +SEM of three independent
experiments, N=12. No significant differences among samples were
found (t-test).
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Discussion

This work was based on the idea that removing a plant receptor that blocks immune responses in
response to trichoderma treatment, will increase these immune responses and, thus, result in improved
biocontrol. In order to ensure that the mutant lines generated will be agriculturally valuable, we used
Crispr/cas9 technology, to preserve the ability of outcrossing the transgene to generate non-GMO
mutants. We generated several lines of leeix1 mutants in this manner. In order to work with fixed
lines, following our initial screens on the mutants generated, we selected two homozygous lines with
different mutations to continue our work with (Figure 1). Agricultural quality of these lines, which
was expected to be similar to WT M82 based on the knowledge available for the introgression line
IL7-5 2% which lacks the LeEIX1 gene, was found to be unaffected (Figures 2,3), with the exception
of an increase in soluble sugars in line 1-1-4. The underlying causes for this increase in soluble sugars
are not known, and will be investigated in future work aimed a deciphering the effects of trichoderma
on tomato agricultural quality. We subsequently observed that there are no significant differences

between the two selected leeix1 mutant lines (Figures 3,5).

We examined biocontrol responsiveness by assaying disease levels with 3 different pathogens in
leeix1 mutants following trichoderma treatment. While gray mold, white rot, and powdery mildew
disease levels were reduced in the background WT M82 following trichoderma treatment, the

reductions were more significant in all cases in the leeix1 mutants (Figures 4-6).

Trichoderma biocontrol works primarily by inducing resistance in the host plant "2, Molecular
analysis of the underlying cause for increased trichoderma receptivity in leeix1 mutants revealed that
these mutants respond more strongly to the trichoderma elicitor EIX (Figure 7). Gene expression
analysis indicated that while defense genes are activated to similar levels in leeixl mutants as
compared with WT M82 plants following trichoderma treatment, subsequent B. cinerea inoculation
results in significantly lower induction of defense genes. This indicates that induced resistance in
leeix1 mutants is more effective, as evidenced by defense assays (Figure 7) and reduction in disease
levels (Figures 4-6). This confirms that the mechanism of action for leeix1 increased receptivity

to trichoderma biocontrol is likely more efficient/ stronger induced resistance.

We also examined the possibility of a colonization based mechanism, finding no evidence of
preferential colonization of leeixl mutants by trichoderma (Figure 9). Given that we observed an
increase in induced resistance in the leeix1 mutants, which is known not to depend on colonization,

this was expected 2.
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To examine the breadth of the increased responsiveness of leeixl mutants to trichoderma based
biocontrol, we examined two additional isolates, TCIM and Ti166, and observed similar results to
those obtained with T39. In all three cases, disease reduction was improved in the leeixl mutants
following trichoderma treatment, and colonization was found unaffected (Figure 10). T39 was more
effective in reducing disease than the other two trichoderma isolates we examined. T39 is known to
be a potent biocontrol agent 8°, while the other two isolates we used were less investigated, and never
examined in tomato. Thus, it is possible that a host specificity mechanism governs plant receptivity
to trichoderma and the resultant induced resistance, or that T39 specifically possess characteristics
that render it an improved plant immunity inducer. This could potentially be an interesting question

to be investigated in future work.

The proposal work has successfully concluded, and we have obtained tomato lines with an improved
response to trichoderma biocontrol which stems from increased induced resistance. We now hope to
submit a continuation proposal, which will focus on (1) testing leeix1 mutant plants, from which the
cas9 transgene has been outcrossed, in field trials, to examine if their improved trichoderma response
can translate to improved yield in agricultural conditions following trichoderma treatment; and (2)
examining whether this improved induced resistance is trichoderma-specific, or can be applied to

additional biocontrol agents and immunity inducers.
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