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ABSTRACT

The lipid transfer protein AZI1 is required for the priming of various systemic defense
responses including: SAR (systemic acquired resistance); ISR (induced systemic resistance); and
the uptake and mobilization of azelaic acid (AZA). Generated from the oxidation of plastid lipids
during infections, AZA primes systemic defenses when applied to leaves or roots and induces
striking changes in root development. These changes require the development- and defense-
associated kinase MPK3, which is also required for SAR, ISR, and sensitivity to AZA. The AZI1
family also influences root development during salt stress and in response to AZA treatment
similar to MPK3, which suggests the AZI1 protein family may serve as downstream coordinators
of MPK3-dependent development and stress responses. Furthermore, MPK3 promotes the
accumulation of AZI1 at plastids during infections, which suggests a critical role for AZI1’s
plastid association in defense signaling.

AZI1 is highly dynamic and traffics along the contact sites among the plastid, ER, and
plasma membranes. Unlike canonical “signal anchored” proteins that target plastid membranes,
AZI1’s normal pattern of plastid association requires a bipartite targeting signal that consists of a
N-terminal hydrophobic domain and an internal proline-rich region. Including AZI1, the AZI1
gene family consists of seven short genes tandemly aligned on chromosome 4. Except for
AZI5/AZI16 and AZI7, which have a shortened or absent PRR, respectively, AZI1 family proteins

show a similar localization pattern as AZI1 and contribute to the priming of systemic immunity.
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CHAPTER 1
OXYLIPIN SIGNALING COORDINATES PLANT DEVELOPMENT AND SYSTEMIC

DEFENSES

1.1 Plants Must Coordinate Growth with Defense when Combatting Stressors

Plant growth is often compromised during stressful or toxic environmental conditions,
which results in substantial losses in crop yield. Many abiotic stresses passively inhibit plant
growth due to the lack of essential factors like water or phosphorous. In contrast to the passive
growth inhibition caused by many abiotic stresses, plant responses to biotic stressors often
involves the coordinated repression of growth alongside the induction of immune responses
(Bartels et al., 2009; Genot et al., 2017; Lu et al., 2003, 2005; Rate et al., 1999; Su et al., 2018;
Vanacker et al., 2001; Zhang et al., 2014; Zhang et al., 2017).

Though much has been revealed regarding the regulation of local and systemic defenses
in plants, little is understood about the molecular mechanisms and factors that coordinate plant
growth with defense signaling. One such mechanism may be found within the downstream
targets of mitogen-activated protein kinase (MAPK/MPK) signaling (Jiang et al., 2022).
Arabidopsis MPK3 and the closely related MPKG6 are key regulators of plant development and
defense signaling (Chai et al., 2014; Sopefia-Torres et al., 2018; Sun and Zhang, 2022). Not only
do these kinases regulate multiple root and shoot developmental pathways, MPK3/MPK6
cascades directly inhibit photosynthesis during infections and contribute to developmental
responses to pathogens (Gudesblat et al., 2007; Shao et al., 2018; Su et al., 2018; Xu and Zhang,
2015; Zhang et al., 2021). Although several downstream components of MPK3/MPK®6 signaling

cascades have been identified, few such downstream signals have been identified which



contribute to systemic developmental and immune signaling pathways regulated by
MPK3/MPKG6. Identification of such a signal could have profound implications for the
development of heartier, more stress-tolerant crops that are better capable of growing during
nonideal conditions (Egamberdieva et al., 2019).

Herein, | briefly describe Arabidopsis root development. I will then present novel
findings regarding the roles of phytohormones and a family of lipid transfer proteins (LTPS) in
various MPK3/MPK6-dependent stress responses and posit that this protein family coordinates

MPK3/MPK6-dependent plant development and defense signaling.

1.2 Root Development is Highly Responsive to Stress and Environmental Cues

As sessile organisms, plants have evolved a high degree of metabolic and developmental
plasticity to survive and grow under shifting environmental conditions. Insects, pathogens,
droughts, and temperature extremes all pose major threats to plant growth and therefore
negatively impact crop yield and global food security. Though photosynthesis requires sufficient
sunlight, plant growth is also heavily impacted by soil conditions. Embedded firmly in the soil,
roots are the main point of contact between plants and their environment. Thus, plant survival
requires that roots be highly responsive to environmental cues and communicate these cues to
aerial parts of the plant.

The model plant Arabidopsis thaliana has an elegant yet developmentally simple root
system that provides structural support for the plants, anchors them in the soil, and serves as the
main route of uptake for water and minerals (Fig. 1.1; Petricka et al., 2012). During
embryogenesis, the early root, or radicle, protrudes from the seed coat then grows downward in

the direction of gravity to establish the primary root. As the primary root grows, secondary (or



Figure 1.1 The Arabidopsis Root System is Highly Responsive
to Environmental Conditions
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Figure 1.1. The Arabidopsis Root System is Highly Responsive to Environmental Conditions

A) The development of Arabidopsis root systems results from the balance of primary and lateral root growth. Left:
a nascent seedling and root 2-4 days after germination. Right: mature seedling and root >7 days after germination.
During germination, the early root protrudes gravitropically from the seed coat to establish the primary root. As
the primary root grows, lateral roots emerge from primordia cell layers (insert) in response to environmental cues.
B) The Arabidopsis root is highly responsive to biotic and abiotic stimuli. Perception of defense-priming
compounds like the oxylipin azelaic acid or growth-promoting bacteria alter primary root growth while promoting
the development of lateral roots. Similarly, abiotic stresses like drought or nutrient-starvation also induce striking

changes in lateral and primary root growth.

lateral) roots of varying length emerge from the sides of the primary and other lateral roots (Fig.
1.1). The length of the primary root along with the number and length of the lateral roots gives

mature root systems distinct branching architectures.



Balancing primary and lateral root growth during development is critical for plants to
effectively anchor themselves in the soil and acquire water and nutrients under various
environmental conditions. Likewise, various root systems have been observed to develop in
response to distinct environmental cues. The root responses to phosphate-starvation or drought
serve as excellent examples (Comas et al., 2013; Crombez et al., 2019; Li et al., 2012).

Phosphates are core components of many essential cellular factors including nucleic
acids, lipids, membranes, and various metabolites. As such, phosphate-deficiency causes a severe
arrest of root growth. Due to their high cycling and low soil mobility, phosphates accumulate
within the topsoil and become increasingly scarce in deeper soil layers (Koevets et al., 2016).
Consistent with this, seedlings grown on phosphate-deficient media develop shallow, wide-
ranging root systems that are well-suited for scavenging from the topsoil (Crombez et al., 2019).

Similar to phosphate starvation, drought also slows root growth. However, drought-
challenged roots display longer, more narrow root systems, when compared to phosphate-starved
plants (Comas et al., 2013). Plants rely on water for photosynthesis, nutrient and mineral
transport, and turgor pressure, which is also essential for root elongation (Blatt et al., 2014).
Because the topsoil is most exposed to air and drying, soil water increases with depth. Thus,
prioritizing root system depth instead of width best promotes survival; such a developmental
pattern would require the general suppression of lateral root growth while allowing primary root
elongation.

Controlling the balance between primary and lateral root growth is essential for plant
adaptability to shifting conditions and requires the complex interplay of signaling cascades
involving several major signaling compounds and phytohormones. One such class of

phytohormones are the auxins. Well-established as major regulators of root growth and



development, auxins, mostly in the form of indole-3-acetic acid (IAA), control root development
through the de-repression of various auxin-responsive genes (Roychoudhry and Kepinski, 2021).
The subsequent generation of asymmetric auxin gradients regulates root differentiation and
controls the balance between primary and lateral root growth. Recent reviews of auxin signaling
and its roles in plant and root development can be found here (Baez and Neumhauser, 2021;
McLaughlin et al., 2021). Though auxin is the primary regulator of root growth, root
development is highly responsive to other biotic stimuli including other phytohormones and even
microbial effectors.

Besides the various abiotic challenges plants encounter in the soil, plants also interact
with a large community of soil microbes. In addition to pathogens and pests, roots nurture
mutualistic interactions with a variety of commensal rhizobacteria that affect root development
(Efthimiadou et al., 2020, Haney et al., 2015). These plant growth-promoting rhizobacteria span
several genera of microbiota exist and enhance plant growth and survival under stress conditions.
Upon colonizing and forming commensal relationships with plant roots, the growth-promoting
rhizobacterium Pseudomonas simiae WCS417 stimulates root growth and the formation of new
lateral roots in Arabidopsis (Pieterse et al., 2014; Banday et al., in rev). Not only does
colonization of roots with P. simiae WCS417 stimulate plant growth and affect root structure, it
also primes the activation of broad-spectrum immune responses in a phenomenon termed
Induced Systemic Resistance (ISR; Fig. 1.2; Berendsen et al., 2012; Efthimiadou et al., 2020,
Haney et al., 2015; Pieterse et al., 2014).

The concurrent stimulation of plant growth and immune signaling implies some degree of
crosstalk between rhizobacteria-induced root development and defense signaling. Furthermore,

this priming of aerial defenses is root-autonomous which also suggests the existence of some
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Figure 1.2. Induction of Arabidopsis Systemic Defenses

Recognition of pathogens and microbial products by plant receptors induces signal cascades that prime broad-
spectrum defense responses to suppress 2° infections. Successful whole-plant priming requires the long-distance
movement of signals produced during a 1° exposure event. Depending on the 1° exposure event, two types of
systemic responses that suppress pathogen growth have been described. Induced systemic resistance (ISR) results
when roots are exposed to growth-promoting bacteria; when leaves encounter pathogens, systemic acquired
resistance (SAR) results. An essential component of SAR and ISR is the lipid transfer protein (LTP) AZI1, which
is also needed for mobilization of azelaic acid (AZA), a SAR-priming metabolite. AZA, generated from plastid
lipid oxidation, is transported out of plastids to reach its site(s) of action. Functional AZI1-GFP traffics among
plastid outer envelope membranes (OEMSs), ER, PM, and intercellular channels called plasmodesmata. AZI1’s
localization pattern is consistent with AZI1 acting in the mabilization of a plastid-derived lipid signal(s) such as
AZA. During infections, AZI1 accumulates in plastids in mechanism dependent upon the defense-associated
kinase MPK3.

molecular link or mobile signal that connects root-based and shoot-based signaling pathways

(Pieterse et al., 2014). Discovery of such a link would have a profound impact on the




understanding of how plants balance defense with development and could aid in the development
of heartier, more disease-resistant crops. Thus, it is paramount to identify the mechanisms and
pathways that serve to link plant development, especially root development, and systemic
defense signaling. Such a mechanism must be active in both immune and developmental
signaling pathways and link underground and aerial signaling responses. Potential signals may
be found within the oxylipins, a class of phytohormones that are widely present in both the plant
and animal kingdoms (de Leon et al., 2015; Fitoussi et al., 2021).

In plants, oxylipins are derived from the oxidation of 18-carbon fatty acids, primarily
catalyzed by 9- and 13-lipoxygenases (LOX), a-dioxygenases, or non-enzymatic oxidation
within plastids (Grebner et al., 2013; Maynard et al., 2021; Vicente et al., 2012; Zoeller et al.
2012). Enzymes and reactive oxygen species (ROS) active within these oxylipin biosynthesis
pathways are induced by biotic and abiotic stressors, prime defenses in response to infections,
and regulate plant growth and reproduction, which further suggests that oxylipins connect
developmental and immune signaling pathways (Carella, 2020; Christensen and Kolomiets,
2011; Fuessner et al., 2009; Savchenko et al., 2014; Vellosillo et al., 2007).

The biosynthesis of oxylipins is closely tied to root development (Haeggstrom and Funk,
2011; Martinez and Campos-Gomez, 2016). Expression of LOX1 and LOX5, which encode 9-
LOX isoforms, decreases in lateral root primordia just before the nascent lateral root emerges
(Liavonchanka and Fuessner, 2006; Vellosillo et al., 2007). Application of the 9-LOX
biosynthesis products 9-Hydroxyoctadecatrienoic acid (9-HOT) and 9-keto-10(E),12(2),15(2)-
octadecatrienoic acid (9-KOT) to plants induces deposition of callose polymers (B-1,3-glucan) in
root and leaf cell walls, the production of reactive oxygen species in roots and leaves, and

waving in roots. Furthermore, lox1 and lox5 knockout mutants show an increased lateral root



density compared to wild-type seedlings and lox1 mutants are hypersusceptible to SAR-priming
pathogens (Vellosillo et al., 2007; Vicente et al., 2012).

Root waving and local defense induction in response to 9-HOT requires the defense-
associated gene NOXY2. noxy2 mutants display reduced/no callose deposition, reduced ROS
production, and no root waving in response to treatment with 9-HOT. These mutants also show
delayed induction of the Pathogenesis-Related 1 and 2 (PR1 and PR2) genes in response to an
immunizing infection (Vellosillo et al., 2012). PR1 and PR2 are markers for the synthesis of
salicylic acid, a critical signal molecule for plant stress and immune signaling (Gao et al., 2015).
When viewed with the negative impact that 9-HOT imparts upon lateral root growth, these
findings show a clear association between the synthesis of defense-priming compounds and the
regulation of root development. However, the root waving response was limited to the area of the
root in contact with the oxylipin (Vellosillo et al., 2007). These results suggest that 9-LOX and
9-HOT signaling is only locally transduced. Similarly, 9-HOT has not been reported to prime
systemic defenses and is thus unlikely serve as a systemic signal which coordinates development
and defense signaling.

Although various oxylipins may have similar effects on plant growth and defense
induction, their effects vary and are transmitted via distinct signaling pathways. noxy2 mutants
display wild-type responses to the oxylipins jasmonic acid (a general repression of root
elongation and lateral root synthesis) and 9-oxononanoic acid (9-ONA; inhibition of root
elongation, increased lateral root density, and loss of root apical dominance; Vellosillo et al.,
2007). In contrast to the local defenses induced by 9-HOT and NOXY2 signaling, the oxylipins

jasmonic acid and 9-oxononanoic acid (9-ONA), primarily through its derivative azelaic acid



(AZA), prime systemic defense responses in addition to regulating root development (Jung et al.,
2009; Vellosillo et al., 2007; Vicente et al., 2012; Bouain et al., 2018).

Although leaf- and root-based immune pathways are marked by the activation of distinct
genes and signals, one shared component is the oxylipin AZA, which is derived from further
oxidation of 9-ONA (Jung et al., 2009; Niu et al., 2011; Pozo et al., 2008). AZA primes systemic
defenses when applied to either roots or leaves, triggers the expression of defense-associated
lipid transfer proteins (LTPs), and modifies root morphology similar to 9-ONA (Bouain et al.,
2018; Jung et al., 2009; Cecchini et al., 2015; Chapter 2, Cecchini et al., 2019). In the following
sections, | explore recent implications regarding the role of AZA in mediating plant development

and systemic defense responses.

1.3 The Oxylipin Azelaic Acid Alters Root Growth and Primes Systemic Immunity

Successful whole-plant immune responses require the long-distance movement or
transduction of defense priming signals produced during an initial microbial exposure event.
Following an initial infection or colonization, various priming signals are produced locally then
mobilized to distal, systemic tissues. Once primed, systemic tissues are able to more quickly and
strongly mount defenses in response a broad spectrum of secondary pathogens. Two distinct
systemic responses, SAR (systemic acquired immunity) and ISR, have been described based on
the types and locations of their initial microbial exposure events (Fig. 1.2). Though SAR and ISR
both prime broad spectrum bacterial resistance in aerial tissues, they are triggered from the
leaves and roots, respectively, and employing overlapping but different signaling compounds.

ISR is induced upon the colonization of roots with certain growth-promoting bacteria like

P. simiae WCS417 and relies on different signaling components than SAR (Berendsen et al.,



2012; Chini et al., 2009; Pieterse et al., 2014; Li et al., 2021; Yu et al., 2022). As mentioned
previously, P. simiae WCS417 also promotes primary root growth and enhances lateral root
length and density, which further suggests a link between root development and immune
responses (Banday et al., in rev; Berendsen et al., 2012; Efthimiadou et al., 2020, Haney et al.,
2015; Pieterse et al., 2014) . Jasmonic acid, which induces striking changes in root morphology,
also is essential for ISR (Berendsen et al., 2012; Chini et al., 2009; Pieterse et al., 2014; Li et al.,
2021; Yu et al., 2022).

The most well-characterized of the oxylipin signals, jasmonic acid and the jasmonate
class of compounds are derived from the 13-lipoxygenase (LOX)-driven oxidation of trienoic
fatty acids. In contrast to 9-LOX and 9-HOT-driven root development, 13-LOX expression
increases just prior to lateral root emergence and jasmonates repress both primary and lateral root
growth without inducing root waving (Vellosillo et al., 2007). Jasmonate signaling also plays
essential roles in developmental processes such as senescence, fruit ripening, tuberization, and
root development (reviewed in Acosta and Farmer, 2010; Berendsen et al., 2012). Jasmonates
regulate adaptive responses to various forms of abiotic and biotic stresses, including microbial
pathogens, insect herbivory, wounding, and photodamage (Chini et al., 2009; Li et al., 2021; Yu
et al., 2022). Although jasmonates are key regulators of ISR and accumulate in leaves infected
with SAR-inducing bacteria, jasmonic acid appears dispensable for the leaf-triggered SAR
(Truman et al., 2007; Attaran et al. 2009). Deeper reviews of the role of jasmonate signaling in
regulating plant defense and development are available (Igbal et al., 2021; Li et al., 2021).

In contrast to the jasmonate-dependent ISR, SAR involves the chemical inducers salicylic
acid and its methylated derivate (SA/MeSA), pipecolic acid, dehydroabietinal, and glycerol-3-

phosphate (G3P; Chanda et al., 2011; Durrant and Dong, 2004; Jiang et al., 2021; Navarova et
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al., 2012; Park et al., 2007). SAR also involves the phytohormone auxin, which further ties plant
development and defense signaling (Truman et al., 2010). Further distinguished from ISR, SAR
is triggered by the infection of leaves with certain pathogenic invaders, such as Pseudomonas
cannabina pv. alisalensis instead of root interactions with growth-promoting rhizobacteria. SAR
can also be induced upon inoculation of the microbe-associated molecular pattern (MAMP) flg22
into leaves (Cecchini et al., 2015). Derived from bacterial flagellin, flg22 is recognized by
pattern recognition receptors, the output of which triggers MAMP-induced SAR (mSAR; Tateda
et al., 2014). Recently, it has been demonstrated that the 9-carbon dicarboxylic acid, AZA, can
prime SAR and SAR-like defenses when applied to the leaves or roots, respectively (Jung et al.
2009; Cecchini et al., 2015; Chapter 2, Cecchini et al., 2019).

In addition to priming systemic defenses, root-application of AZA restricts primary root
elongation, disrupts apical dominance, and promotes lateral root initiation similar to 9-ONA
(Bouain et al., 2018; Chapter 2, Cecchini et al., 2019; Vellosillo et al., 2007). Though 9-ONA
serves as an immediate precursor for AZA, any 18-carbon fatty acids which contain a double
bond at carbon 9 (18:1, 18:2, and 18:3 fatty acids), can serve as precursors for 9-ONA and AZA
(Zoeller et al., 2012). In fact, pathogen infection and exogenous application of 18:1 or 18:2 fatty
acids can induce SAR and biosynthesis of AZA in wild-type plants (Jung et al., 2009; Yu et al.,
2013).

AZA promotes accumulation of G3P during defense priming and functions in a
subsequent positive feedback loop with G3P to promote the more rapid accumulation of salicylic
acid during the induction of SAR (Yu et al., 2013). SAR, AZA-induced SAR, and accumulation
of G3P requires the unrelated LTPs AZI1 (Azelaic Acid-Induced 1) and DIR1 (Defective in

Induced Resistance 1) as well as the Plasmodesmata Localizing Proteins 1 (PDLP1) and PDLP5
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(Jung et al., 2009; Cecchini et al., 2015; Lim et al., 2016; Yu et al., 2013). AZI1 forms
complexes with itself, its close homolog EARLI1 (EARLY ARABIDOPSIS ALUMINUM
INDUCED 1), DIR1, and PDLP1/PDLPS5, which suggests these LTPs form may complexes that
promote the systemic movement of locally produced defense signals like AZA and G3P
(Cecchini et al., 2015; Lim et al., 2016). AZI1 and EARLI1, but not DIR1, accumulates in
plastids during defense signaling, the site of production of AZA, and contributes to the systemic
movement of AZA, which suggests these defense-associated LTPs may have different functions
in priming immunity (Cecchini et al., 2015; Zoeller et al., 2012).

AZI1 and EARLI1 encode short, ~14 kDa proteins that have been assigned to the Hybrid
Proline-Rich Protein superfamily due to their amino acid sequence (Fig. 1.3; Dvotakova et al.,
2007, 2012). azil and earlil mutants show attenuated root morphology responses to AZA and 9-
ONA and do not prime SAR-like defenses in leaves after root-application of AZA like wild-type
plants (Bouain et al., 2018; Cecchini et al., 2015). AZI1 and EARLI1 are also essential for the
priming of ISR in response to P. simiae, which positions the AZI1 protein family as one of the
few shared components between SAR, ISR, AZA-induced defense priming, and the systemic
mobilization of SAR-priming signals (Cecchini et al., 2015; Jung et al., 2009; Lim et al., 2016;
Yu et al., 2013). Therefore, AZI1 and the AZI1 protein family are prime candidates for key

coordinators of plant development and defense.

1.4 The AZI1 Gene Family Promotes Root- and Shoot-based Defense Signaling

Exogenous local application of AZA to leaves induces SAR and the expression of the
AZI11 gene family, seven genes that share a high degree of sequence similarity and are tandemly

arrayed on chromosome 4 (Fig. 1.3; Cecchini et al., 2015; Jung et al., 2009, Yu et al., 2013). As
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Figure 1.3 The AZI1 Gene Family Encodes 7 Highly Similar Proteins
A)
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B . . . . .
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EARLI1 VPSPSVPSPSVPSPNPRPVTPPRTPGSSGN|- CPIDALRLGVCANVLSSLLNIQLGQPSAQPCCSLIQGLV 123
AZI3 VPTPSVPSPSVPSPNPTPVIPPRTPGSSGN[-CPIDALRLGVCANVLSGLLNVQLGQPSPQPCCSLIQGLV 137

AZl4 VPTPSVP TPVTPPRTPGSSGN|-CPIDALRLGVCANVLSGLLNVQLGQPSAQPCCSLIQGLV 132
AZIS ----cccccmmecr e KPKSTGS-CPKDTLKLGVCANVLKDLLKIQLGTPPVKPCCSLLNGLV 84
AZIBE ------ccceeeeccecceeaaa KPKSTGS-CPKDTLKLGVCANVLKDLLKIQLGTPPVKPCCSLLNGLV 84
AZlI7 ~--ceeemecmmmm e TLSCADNTCPRDVLKLSTCSNVL-NLINLKLGAPAMRPCCSILFGLI 71

Lipid Transfer Peptide-like Domain

DLDAA CLCTALRANVLGINLNVPISLSVLLNVCNRKLPSGFQCA-
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AZI7 DLDVAVCLCTALKLSLLGITIDTPIHLNLALNACGGTLPDGFRCPT 117
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Figure 1.3. The AZI Gene Family Encodes Seven Highly Similar Proteins

A) The AZI1 gene family consists of seven short genes (<650bp) genes that are tandemly
arrayed along chromosome 4. B) Alignment and C) diagrams of WT amino acid sequences of
the AZI1-family proteins. Except for AZI7, each of the AZI proteins consists of an N-
terminal hydrophobic domain (HD), an internal proline-rich region (PRR) of varying length,
and a C-terminal lipid transfer protein (LTP) domain that contains a highly conserved 8-
cysteine motif (8CM). Amino acids conserved in >50% of AZI1 family proteins are
highlighted in grey and represent a consensus depicted in bold above the alignment. “X’s”
represent less conserved residues. The amino acids corresponding to the SP-like/HD (red
line), the PRR (blue line), and the 8CM/LTP domain (black line) are indicated. Cysteines
constituting the 8CM are underlined in the consensus sequence. Brown boxes denote the
potential palmitoylation CxC motif. Red boxes denote highly conserved amino acid
sequences within the plastid targeting signal (PRR) of AZI1, EARLI1, AZI3, and AZI4.

members of the Hybrid Proline-Rich Protein superfamily, the AZI1 family proteins are
characterized by a well-conserved structure comprised of an amino (N)-terminal hydrophobic
domain (HD), an internal proline-rich region (PRR), and a C-terminal LTP domain which
contains a highly conserved 8-cysteine motif (8CM; Fig. 1.2; Dvoiakova et al., 2007, 2012).
AZI11’s N-terminal half recapitulates the trafficking pattern of full-length AZI1 and localizes to
plastids in a striking ring-like pattern (Fig. 1.2 and 1.3, Cecchini et al., 2015). The LTP domain is
predicted to facilitate protein-protein and protein-lipid interactions (Finkina et al., 2016; José-
Estanyol et al., 2002; Malinina et al., 2017). EARLI1, a member of the AZI1 protein family, is
highly similar to AZI1 and nearly identical to AZI1 in function (Cecchini et al., 2015). azil and
earlil mutants are deficient for SAR, mSAR, ISR, AZA-induced defense priming, and AZA
uptake and mobilization, which demonstrates a critical role for these proteins in the coordination

of multiple systemic signaling pathways (Cecchini et al., 2015).
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Confocal microscopy and fractionation of leaf tissue using two-phase partitioning on a
Percoll gradient revealed AZI1’s plastid association (Cecchini et al., 2015). AZI1-GFP localizes
to plastids in a ring-like pattern reminiscent of proteins localized to the plastid outer envelope
membrane. Unlike proteins embedded in the inner envelope membrane, outer envelope proteins
are exposed to the cytosol and are therefore susceptible to protease digestion after plastid
purification. AZI1 is largely degraded in thermolysin-treated plastids, which confirms its outer
envelope localization (Cecchini et al., 2015).

The systemic movement of radiolabeled AZA away from the local application site is
significantly reduced in azil and earlil mutants compared to wild-type plants (Cecchini et al.,
2015). Membrane contact sites between organelles and ER, which is continuous with
plasmodesmata, serve as points of lipid exchange between juxtaposed membranes (Pérez-Sancho
et al., 2016). Functional AZI1-GFP traffics among the plastid, ER, and plasma membranes
including plasmodesmata (Cecchini et al., 2015). During infections, both AZI1 and AZA
accumulate within plastids (Cecchini et al., 2015; Zoeller et al., 2012). AZI1’s dynamic
subcellular localization and interactions with plasmodesmal transport proteins (PDLP1/PDLP5)
suggests a pathway by which AZI1 might facilitate the intercellular movement of defense
priming signals like AZA and proposes an important role for AZI1/EARLI1’s plastid targeting
(Cecchini et al., 2015; Lim et al., 2016; Yu et al., 2013). Consistent with this hypothesis, the
defense-associated kinases MPK3 and MPK®6 are essential for the priming of systemic defenses
and may modify AZI1’s plastid targeting region (Fig. 1.2 and 1.3; Beckers et al., 2009; Cecchini
et al., 2015; Pitzschke et al., 2014). Additionally, mpk3, azil, and earlil mutants show reduced

seedling germination, survival, and root growth when exposed to media containing high
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concentrations of NaCl, which further suggests a role for the plastid pool of AZI1/EARLI1 in
defense signaling (Pitzschke et al., 2014; Scott, 2019; Yan et al., 2021).

Though our lab previously reported on the necessity of the PRR for AZI1’s plastid
targeting, we did not assess what functions, if any, the other domains of AZI1 might hold.
AZI1’s architecture differs from known “signal-anchored” plastid envelope proteins, which use
only a hydrophobic N-terminal HD and positively charged protein region (CPR) to target plastid
envelopes (Cecchini et al., 2015; Kim et al., 2011; Lee et al., 2014). AZI1’s N-terminal half
recapitulates the trafficking pattern of full length AZI1 and therefore forms a functional plastid
envelope targeting signal (Fig. 1.2 and 1.3; Cecchini et al., 2015). Except for AZI5, AZ16, and
AZI7, which have a shortened or absent PRRs, AZI1 family proteins show a similar localization
pattern as AZI1 and EARLI1 (Cecchini et al., 2015). Interestingly, AZI1, EARLI1, AZI13, and

AZI4 share two completely conserved regions near the distal ends of their PRRs (Fig. 1.3).

1.5 Project Aims and Overview of Findings

Given the roles of AZI1 and EARLIL in mediating SAR, ISR, and sensitivity to AZA, |
set out to determine how AZI1 and the AZI1 gene family regulate plant defense signaling and
development during AZA signaling.

In the following chapters, | present published work describing the role of AZI1, EARLI1,
MPK3, and MPK®6 in mediating root-based defense priming and developmental responses to
AZA (Chapter 2, Cecchini et al., 2019), published work describing the role of MPK3/MPKG®6 and
conserved protein motifs in AZI1’s normal localization pattern during defense induction
(Chapter 3, Cecchini, Speed et al., 2021), and new data describing the roles of additional plastid

and non-plastid-targeted AZI1 family proteins in mediating SAR and root responses to AZA
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(Chapter 4). | also describe new findings regarding the role of the AZI1 family in mediating leaf
developmental responses to root-applied AZA and the role of the AZI1 family in regulating root
development in response to salt stress (Chapter 4). Finally, | propose that the AZI1 gene family
and the kinases that regulate them are essential components of LTP signaling complexes that
mediate the systemic movement and perception of AZA, regulate root and shoot development in
response to biotic and abiotic stress signals, and mediate the priming of systemic immune

signaling (Chapter 5).
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CHAPTER 2
UNDERGROUND AZELAIC ACID-CONFERRED RESISTANCE TO PSEUDOMONAS

SYRINGAE IN ARABIDOPSIS

Preface
This chapter includes a paper published from collaborative work completed under the

supervision of Professor Jean Greenberg (DOI: 10.1094/MPMI-07-18-0185-R). The article is

included with permission from the publishers. My contributions to the project are as follows:

During my rotation in Jean Greenberg’s laboratory, I identified the relationship between
AZI1/EARLI1’s accumulation in plastids during infection and active MPK3 signaling (Chapter
4; Cecchini et al., 2021). Based on these findings and a literature review, hypothesized that if
AZI1’s infection-driven plastid accumulation was critical for defense signaling, then MPK3 and
MPKG6 should contribute to similar defense responses as AZI1 and EARLI1.

In the following study, | collaborated with Dr. Nicolas Cecchini to treat roots with AZA
or Pseudomonas simiae WCS417 and stimulate root-based defenses before challenging leaves
with Pseudomonas cannabina pv. alisalensis to assess defense priming (Fig. 2.3B; Fig. 4D). |
also collaborated with Dr. Suruchi Roychoudhry to determine the subcellular localization of
AZI1 in roots (Fig. 2.5C and D); I also confirmed biochemically that AZI1/EARLI1 localizes to
plastid membranes similar to as seen in leaves (unpublished; see: Chapter 1, Fig. 1.2).

In collaboration with lead authors Dr. Nicolas Cecchini and Dr. Suruchi Roychoudhry, 1

edited and revised the manuscript, cover letter, and responses to reviewers.
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SUMMARY

Local interactions between individual plant organs and diverse microorganisms can lead to whole
plant immunity via the mobilization of defense signals. One such signal is the plastid lipid-derived
oxylipin azelaic acid (AZA). Arabidopsis lacking AZI1 or EARLIL, related lipid transfer family
proteins, exhibit reduced AZA transport among leaves and cannot mount systemic immunity. AZA
has been detected in roots as well as leaves. Therefore, the present study addresses the effects on
plants of AZA application to roots. AZA, but not the structurally related suberic acid, inhibits root
growth when directly in contact with roots. Treatment of roots with AZA also induces resistance
to Pseudomonas syringae in aerial tissues. These effects of AZA on root growth and disease
resistance depend at least partially on AZI1 and EARLIL1. AZI1 in roots localizes to plastids,
similar to its known location in leaves. Interestingly, kinases previously shown to modify AZI1 in
vitro, MPK3/6, are also needed for AZA-induced root growth inhibition and above ground
immunity. Finally, [?H]-AZA applied to the roots does not move to aerial tissues. Thus, AZA
application to roots triggers systemic immunity through an AZI1/EARLI1L/MPK3/MPKG6-

dependent pathway and AZA’s effects may involve an additional mobile signal(s).
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INTRODUCTION

Plants are capable of inducing systemic resistance programs after local recognition of
microbes effectors or molecular patterns associated with them (Fu and Dong 2013; Spoel and Dong
2012). Systemic responses usually include the establishment of a long-lasting alert state or
“priming” of the defenses, which allows the plant to mount faster/stronger defense responses upon
encountering new pathogens (Hilker et al. 2016; Martinez-Medina et al. 2016; Parker 2009). This
recognition can happen in various plant tissues or organs such as leaves or roots and triggers
different systemic defense programs (Pieterse et al. 2014). Infection of leaves with pathogens
induces systemic acquired resistance (SAR) in distal aerial tissues (Cecchini et al. 2015; Fu and
Dong 2013; Mishina and Zeier 2007), whereas root colonization by beneficial microbes promotes
induced systemic resistance (ISR) in shoots (Pieterse et al. 1996). While SAR is dependent on the
hormone salicylic acid (SA) defense pathway, ISR often relies on the jasmonic acid/ethylene
(JA/ETSs) signaling pathway (Pieterse et al. 2014). Although these defense programs do not share
many components, the primed immunity triggered in aerial tissues is effective against an
overlapping spectrum of invaders (Pieterse et al. 2014).

During the induction of systemic resistance, plants generate signals locally that are capable
of moving to induce defenses in distal tissues (Chanda et al. 2011; Chaturvedi et al. 2012; Chen et
al. 2018; Jung et al. 2009; Navarova et al. 2012; Park et al. 2007; Truman et al. 2007; Wittek et al.
2014). Among those signals, several are hydrophobic or lipid-related molecules, such as the
oxylipin azelaic acid (AZA) (Chanda et al. 2011; Chaturvedi et al. 2012; Jung et al. 2009;
Riedimeier etal. 2017; Truman et al. 2007; Wittek et al. 2014). The exogenous application of AZA
to aerial tissues induces a "primed" state comparable to that seen after SAR induced by pathogen

infection (Jung et al. 2009). AZI1 and EARLIL, two key proteins related to lipid transfer proteins
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(LTPs), are known components of the AZA signaling pathway (Cecchini et al. 2015; Jung et al.
2009). They are both needed for AZA priming induction and for the establishment of SAR.
Furthermore, azil-1 and earlil-1 mutant plants have reduced movement of AZA from local to
distal leaves. AZI1 is also needed for the action of the proposed systemic and/or inter-plant defense
signals glycerol-3-phosphate, dehydroabietinal and pinene-monoterpenes (Chaturvedi et al. 2012;
Riedlmeier et al. 2017; Yu et al. 2013). In leaves, AZI1 and EARLI1 localize in endoplasmic
reticulum (ER), plasma membrane (PM), plasmodesmata (PD) and in the plastid outer envelope
membrane (OEM; (Cecchini et al. 2015)), the site of generation of AZA and other signals (Chanda
et al. 2011; Chaturvedi et al. 2012; Jung et al. 2009; Nandi et al. 2004; Park et al. 2007; Zoeller et
al. 2012). It was suggested that these LTP family proteins could form part of membrane contact
site (MCS) complexes, allowing the movement of lipidic molecules through non-vesicular
transport. MCSs between plastids, ER and PD membranes play key roles in moving non-polar
priming signals to systemic tissues (Cecchini et al. 2015).

Several signals implicated in systemic resistance were proposed to be generated in leaves,
but intriguingly, signals for systemic defense programs have yet to be identified in roots (Pieterse
et al. 2014; Shah 2009). Among possible root signals that are related to various biotic or abiotic
stresses are oxylipins or molecules related to oxylipin metabolism (Constantino et al. 2013;
Fragoso et al. 2014; Ghanem et al. 2012; Grebner et al. 2013; Le6n Morcillo et al. 2012; Nalam et
al. 2013). Interestingly, many oxylipins are known to be generated in roots and several are related
directly to defense against pathogens (Mukhtarova et al. 2011; Nalam et al. 2012; Vicente et al.
2012). In addition, some of these same oxylipins induce root developmental growth arrest and/or
morphological changes when applied to seedlings (Vellosillo et al. 2007). This suggests that

oxylipins mediate a mechanistic link between root development and root defenses. Among the
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oxylipins that induce root architectural changes are AZA and the 9-oxo nonanoic acid (ONA)
(Bouain et al. 2018; Vellosillo et al. 2007). Exogenous ONA induces systemic resistance and can
generate AZA by oxidation (Wittek et al. 2014; Zoeller et al. 2012). Moreover, like AZA, ONA
treatment of leaves induces disease resistance that depends on AZI1 (Wittek et al. 2014).
Although roots can produce AZA (Mukhtarova et al. 2011), it is not known whether AZA
can move from roots-to-shoot or if the AZIZ/EARLIL LTP family proteins affect AZA-induced
signaling after root application, as was observed in leaves (Cecchini et al. 2015). AZI1 and EARLI1
are expressed in roots (Bouain et al. 2018; Hruz et al. 2008). Furthermore, both LTP family
proteins are required for ISR (Cecchini et al. 2015). One possibility is that AZI1 and EARLI1 are
needed for normal AZA movement and/or for systemic signaling triggered from roots as in leaves.
Similarly, factors that modify these proteins may also be needed for root-mediated signaling.
Candidate proteins for modifying AZI1 and EARLIL are the regulatory kinases MPK3/6, which
can phosphorylate AZI1 in vitro (Pitzschke et al. 2014). Moreover, MPK3 is also required for SAR
development and, together with MPKS6, for defense priming triggered by SA (Beckers et al. 2009).
Here, we analyzed if root-applied AZA can induce systemic disease resistance in
Arabidopsis aerial tissues. Moreover, we also studied if AZA can move shootward from the root
and if its action/signaling requires AZI1 and EARLI1 and their potential regulatory kinases. We
show that AZA applied to roots induces both root morphological changes and systemic resistance;
these phenotypes depend on AZI1 and EARLIL as well as on MPK3 and MPKG6. Furthermore, we
show that AZI1 localization in roots resembles that seen in leaves. Interestingly, we did not see a
detectable shootward movement of AZA from roots. Thus, although similar in its effect on disease
resistance, AZA signaling from roots might have important differences compared to its mode of

action in aerial tissues.
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RESULTS
AZA inhibition of root growth depends on both AZI1 and EARLI1

AZA can inhibit root growth in an AZI-dependent manner (Bouain et al. 2018). Other
oxylipins associated with defense against pathogens can also induce root growth arrest and/or
developmental changes (Vellosillo et al. 2007; Vicente et al. 2012). Therefore, we analyzed if
AZA’s effect on the roots is specific and root-autonomous. To do this, aseptic wild-type Columbia-
0 (WT Col-0) plants were grown on solid media supplemented with 40 uM of AZA or
corresponding mock conditions. As a control for specificity, we treated plants with 40 UM suberic
acid (C8), a molecule closely related in structure to AZA that cannot induce disease resistance
(Jung et al. 2009). As shown in Figure 2.1A, seedlings grown on AZA plates showed a drastic
inhibition of primary root growth, accompanied by increased lateral root density compared with
control plants. Developmental defects were not observed in aerial tissues (Fig. 2.1D). Importantly,
AZA induced the same effects on plants in which shoot tissue was isolated from contact with AZA
by using a glass cover slip (see methods section; Fig. 2.2A and B). This indicates that AZA’s effect
is root-autonomous. C8 treatment did not induce any change in root architecture (Fig. 2.1A). Thus,
specifically AZA (and not a related molecule) is able to induce developmental changes in roots.

Since both LTP family proteins AZI1 and EARLI1 are needed for AZA-mediated systemic
signaling (Cecchini et al. 2015; Jung et al. 2009; Yu et al. 2013), we next analyzed the effect of
AZA on the roots of mutants lacking these factors. azil-1 and earlil-1 mutant plants showed
reduced responses to AZA in terms of root growth inhibition as well as increase in lateral root
density when compared to WT Col-0 plants (Fig. 2.1B and C). This differential AZA response is
well illustrated in Figure 2.1D. The results indicate that both AZI1 and EARLI1 are required for

full AZA-mediated developmental responses in plant roots.
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Figure 2.1 Effect of azelaic acid (AZA) on seedling root growth.
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Figure. 2.1. Effect of azelaic acid (AZA) on seedling root growth

Average root length (A and B) and lateral root (LR) density (C) of 12-day-old seedlings grown
on solid ¥ MS agar media supplemented with 40 um AZA or suberic acid (C8) (in 5mM MES
buffer pH 5.7) and control MES (mock) in WT Col-0, azil-1 and earlil-1 plants. The average
of root length or LR density plus/minus standard error from two (A) and four (B and C)
independent experiments (with 10-12 biological replicates each) is shown. Different letters
indicate statistically significant differences (P<0.01, analysis of variance (ANOVA), post hoc
Tukey’s HSD test). D, Representative pictures of the seedlings analyzed for (B and C) grown
on the same plate.
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Figure 2.2 AZA’s effect on root growth is root autonomous.
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Figure 2.2. AZA’s effect on root growth is root autonomous

A, Average root length of 10-day-old Col-0 seedlings grown on solid ¥2 MS agar media
supplemented with 40 um AZA (in 5mM MES buffer pH 5.7) or control MES (mock). Seedling
aerial tissue was isolated from contact with media using a sterile glass cover slip (shown in
white-dashed lines in B). The average of root length plus/minus standard error from three
independent experiments (each with 10-12 biological replicates) is shown. Different letters
indicate statistically significant differences (P<0.01, Student’s t-test). B, Representative
pictures of the seedlings analyzed for (A).

Root-supplied AZA induces systemic resistance to P. syringae

AZA treatment of a few lower leaves induces disease resistance in distal (systemic) leaves
(Jung et al. 2009). Considering this, we examined if application of AZA to roots is also able to
increase disease resistance in aerial tissues. To do this, adult WT Col-0 plant roots were treated
with 1 mM AZA (or mock) solution and leaves were infected with Pseudomonas cannabina pv
alisalensis (formerly called P. syringae pv maculicula (Bull et al. 2010)) strain PmaDG3 one day
later. The growth of PmaDG3 was quantified three days post-infection. We also treated plants
with 1 mM C8 as control. As shown in Fig. 2.3A, plants treated with AZA showed increased
resistance to PmaDG3 compared to mock- or C8- treated plants. This indicates that AZA can

induce systemic resistance when applied to the roots. Interestingly, root AZA treatment did not
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trigger systemic resistance to PmaDG3 in earlil-1 mutant plants compared to the mock treatment
or WT Col-0 (Fig. 2.3B). However, azil-1 plants were still able to induce aerial defenses, albeit at
a lower level than WT plants (Fig. 2.3B). These results indicate that EARLI1 is an essential factor

for root-AZA systemic resistance establishment, while AZI1 is partially needed for full resistance.

Figure 2.3 Root-applied AZA specifically confers systemic disease
resistance to Pseudomonas syringae.
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Figure 2.3. Root-applied AZA specifically confers systemic disease resistance to Pseudomonas

syringae
A, Growth of virulent bacteria PmaDG3 on WT Col-0 plants 3 days post infection

(OD600=0.0003). PmaDG3 was infiltrated in leaves 1 day after roots were treated with control
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Figure 2.3. Root-applied AZA specifically confers systemic disease resistance to Pseudomonas
syringae (cont)

Col-0, azil-1 and earlil-1 treated as in (A). The average of CFU per leaf disc plus/minus
standard error from two independent experiments in (A) and four in (B) (each one with 8
biological replicates) is shown. Graph Y-axes are in logio scale. C, PR1 and LOX2 protein
levels in WT Col-0 and azil-1 and earlil-1 total extracts at different times post infiltration of
PmaDG3 (ODepo=0.01) to test priming in plants previously treated as in (B). The blots stained
with Coomassie blue are presented to show loading. Similar results were observed in four
independent experiments. Lower panel shows LOX2 (Arabidopsis LOX-C; Agrisera AS07
258) antibody validation. LOX2 protein level in WT Col-0, lox2-1 (LOX2 mutant plant),
CS3748 (LOX2 silenced line) and CS3749 (CS3748 control line) total protein extracts.
Antibody was used at 1:25,000 dilution. The blots stained with Coomassie blue are presented
to show loading. D, PR1 and LOX2 levels in (C) relative to the total protein content in each
Coomassie blue membrane lane as quantified by densitometry. The average plus/minus
standard error from four independent experiments are shown.

Root-supplied AZA does not prime PR1 or LOX2 in leaves

To determine if AZA treatment of roots can induce priming in leaf tissue through a similar
signaling pathway as that in aerial tissue (Cecchini et al. 2015; Jung et al. 2009), we analyzed the
levels and kinetics of the pathogenesis-related protein 1 (PR1) accumulation in leaves. After roots
were treated with AZA or a mock treatment, PR1 priming in leaves was analyzed at different times
post infection with PmaDG3 infection. AZA-treated WT plants did not show faster and/or higher
induction of PR1 compared with mock treatment (Fig. 2.3C and D). Additionally, because previous
studies found that LOX2 in leaves is a priming target during ISR (Conrath et al. 2006; Pozo et al.
2008), we analyzed the induction kinetics of LOX2 after AZA root treatment and leaf infections.
We used an antibody specific for LOX2 for these experiments (Fig. 2.3C, lower panel). As
observed in Figure 2.3C and D, we did not detect priming of LOX2. In agreement with these data,
azil-1 and earlil-1 mutant plants did not show PR1 or LOX2 priming (Fig. 2.3C and D).

These results indicate that root application of AZA induces systemic disease resistance

without priming PR1 or LOX2 production in aerial tissues.
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MPK3/6 are needed for root responses to AZA and induced systemic resistance.

MPK3 and possibly MPKG6 can phosphorylate AZI1 in vitro (Pitzschke et al. 2014).
Therefore, we analyzed if MPK3 and MPKG6 have roles in the AZA-induced root developmental
phenotype and/or systemic resistance induction. As shown in Fig. 2.4A and B, AZA-induced root
growth inhibition was reduced in the mutants compared with WT Col-0 plants, while the increase
in lateral root density disappeared. Moreover, both mpk3 and mpké single mutants were
unresponsive to AZA root treatment when analyzed for systemic resistance to PmaDG3 infection
(Fig. 2.4C). These results indicate that MPK3 and MPKG6 are required for AZA-mediated systemic
defense induction from roots.

Since AZA signaling components AZI1 and EARLI1 are needed for normal ISR
establishment (Cecchini et al. 2015), we also tested if MPK3/6 are implicated in this important
systemic defense response. For this, we inoculated WT Col-0, mpk3 and mpk6 roots with P.
fluorescence and after two weeks, analyzed the growth of PmaDG3 after challenging distal leaves.
Compared to WT plants, both mutants were completely ISR defective (Fig. 2.4D).

Taken together, these results indicate that MPK3 and MPKG6 are important components for
root-mediated systemic disease resistance induced by different stimuli.

AZ11 likely localizes to the plastid outer envelope and other membranes in roots

In leaf tissue, AZI1 localizes to endoplasmic reticulum, plasma membrane, plasmodesmata
and the plastid outer envelope, the site where AZA and other oxylipins are produced (Cecchini et
al. 2015; Lim et al. 2016). To discern AZI1’s possible site(s) of action in roots, we examined its
subcellular localization in this tissue in plants previously shown to express functional

dexamethasone (dex)-inducible AZI1:GFP (Cecchini et al. 2015). Roots expressing AZI11:GFP and
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Fiqure 2.4 mpk mutants are compromised in root-mediated
responses to AZA

A B
OMock m40uM AZA  oMock m40 uM AZA
__ 25 €7
£ a a L
s 2 | 26
- 2 I
e 5°
S 15 - c ©4
"6 o
o <3
o 11| |b Fn
o} =
© o 2
G 05 g,
< 1'd
(e -0
8O O O
* & &
C D oMock
OMock @AZA B P. fluorescens
107 3 107 3 a
= 3 a
. a 13 a
- a - a
a a
@106 a|.a10° 3
5 3 S 3
5 ) 5 7
5105 _ 5105
104 _Ll 104 I
NG S O (O
& & & &

Figure 2.4 mpk mutants are compromised in root-mediated responses to AZA

Average root length (A) and lateral root density (B) of 10-day-old seedlings grown on solid %
MS agar media supplemented with 40 um AZA (in 5mM MES buffer pH 5.7) or control MES
(mock) in WT Col-0, mpk3 and mpk6 plants. The average of root length or lateral root density
plus/minus standard error from three independent experiments (each one with 8-10 biological
replicates) is shown. C and D, Growth of the virulent bacteria PmaDG3 on WT Col-0, mpk3
and mpke6 plants 3 days post infection (ODso=0.0003). PmaDG3 was infiltrated in leaves 1 day
after root treatment with control H.O (mock), or AZA (in H20) (C); or after 15 days of mock
(10mM MgSQg4) or P. fluorescence root inoculation (D). The average of CFU per leaf disc
plus/minus standard error from three independent experiments in (C) and (D) (each one with 8
biological replicates) is shown. Graph Y-axes are in logio scale. Plants were grown in peat
pellets. Different letters indicate statistically significant differences (P<0.01, analysis of
variance (ANOVA), post hoc Tukey’s HSD test).
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stained with propidium iodine (PI) to visualize cell borders were analyzed by laser scanning
confocal microscopy (Fig. 5A). GFP signals were evident at cell peripheries (near Pl signals,
likely at the plasma membrane and/or ER) and at autofluorescent structures inferred to be small
plastids. Close-up imaging revealed AZI1.GFP ring patterns that surrounded the small
autofluorescent plastids (Fig. 5B). This fluorescence pattern resembles the AZI1 plastid outer
envelope localization in leaves (Cecchini et al. 2015). To validate the plastid localization, roots of
F1 plants resulting from a cross of the AZI1:GFP line to a line with the root-plastid marker
RecAred (Haswell and Meyerowitz, 2006) were analysed. A pool of AZI1.:GFP protein co-
localized to plastids marked by RecAred (Fig. 5C and D). In the RecAred-expressing line, no GFP
signals were detected, indicating there was no bleed-through of the RecAred signal to the GFP
channel (Fig. 5E).

These results suggest that AZI1 has similar subcellular sites of action in roots and leaves.

Figure 2.5 AZI1 root-subcellular localization in Arabidopsis
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Figure 2.5 AZI1 root-subcellular localization in Arabidopsis

Average root length (A) and lateral root density (B) of 10-day-old seedlings grown on solid %2
MS agar media supplemented with 40 um AZA (in 5mM MES buffer pH 5.7) or control MES
(mock) in WT Col-0, mpk3 and mpk6 plants. The average of root length or lateral root density
plus/minus standard error from three independent experiments (each one with 8-10 biological
replicates) is shown. C and D, Growth of the virulent bacteria PmaDG3 on WT Col-0, mpk3
and mpk6 plants 3 days post infection (ODe00=0.0003). PmaDG3 was infiltrated in leaves 1 day
after root treatment with control H>O (mock), or AZA (in H20) (C); or after 15 days of mock
(10mM MgSQg4) or P. fluorescence root inoculation (D). The average of CFU per leaf disc
plus/minus standard error from three independent experiments in (C) and (D) (each one with 8
biological replicates) is shown. Graph Y-axes are in logio scale. Plants were grown in peat
pellets. Different letters indicate statistically significant differences (P<0.01, analysis of
variance (ANOVA), post hoc Tukey’s HSD test).

AZA is not transported from root to shoot

AZA moves from local leaves to systemic tissues in a manner that partially requires AZI1
and EARLI1 (Cecchini et al. 2015; Jung et al. 2009). One possibility is that AZA also moves from
the roots to the shoot with AZI1 and EARLIL playing roles in this movement. To test this
hypothesis, we applied 1 mM of deuterium-labeled AZA (*H-AZA) to WT, azil-1 and earlil-1
seedling roots and quantified the amount of ?H-AZA in treated root and untreated leaf tissue after
24 hrs. Although 2H-AZA was taken up, the ?H-AZA was not detectable in aerial tissues (Table
1). Compared to WT Col-0 plants, azil-1 and earlil-1 mutant plants did not show differences in
the root uptake of 2H-AZA. We also quantified the amount of unlabeled AZA present in the same
samples. Table 1 shows that internal AZA was measured in roots and shoots, indicating that we
were able to detect it in both tissues. We considered the possibility that AZA might cause increased
ONA accumulation in leaves. While we were able to obtain a spectrum for synthetic ONA after
derivatization (Supplementary Fig. 2.1), we were unable to detect ONA in our biological samples.

Possibly ONA levels are below the limit of detection.
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These data suggest that AZA is either unable to move from roots to distal aerial tissue when
exogenously applied (or that the movement is very low) or AZA was transformed to an AZA-
derivative. This contrasts with the high mobility of AZA applied to leaves, which moved both to

other leaves and roots (Cecchini et al. 2015).

DISCUSSION

Signals acting in plant underground tissues and capable of inducing above ground systemic
resistance are scarce. Intriguingly, the SAR signal AZA can be produced in stressed roots (Jung et
al. 2009; Mukhtarova et al. 2011). We showed here that application of AZA to roots effectively
triggers systemic disease resistance in leaves. The effects of root-applied AZA depend on AZI1
and EARLI1, which are also needed for other systemic defense programs (e.g. SAR and ISR).
Additionally, the possible regulators of AZI1, MPK3 and MPK®6, are required for the root-
mediated response to AZA and P. fluorescens (a potent inducer of ISR). Although common factors
are needed for AZA’s disease resistance induction after application to leaves or roots, AZA’s
effects on signaling may be tissue-specific. In particular, AZA applied to roots did not cause
priming of defense markers usually associated with systemic resistance programs and priming
establishment. We also observed that AZA applied to roots does not move upward to aerial tissue.
One idea is that AZA applied to roots might induce the generation or facilitate the movement of
related molecules capable of translocating from roots and triggering systemic resistance.
Considering these and our previous results, we propose that the oxylipin AZA, and AZA-signaling,
is an important and general factor functioning in multiple systemic plant immunity programs.

AZA can induce systemic resistance and priming of the SAR-associated PR1 defense

protein when applied to leaves (Balmer et al. 2015; Conrath et al. 2015; Jung et al. 2009). However,
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when root-applied, AZA is capable of inducing systemic resistance independently of PR1 priming.
Moreover, LOX2, an ISR priming target protein (Conrath et al. 2006; Pozo et al. 2008), is not
primed either. These findings indicate that additional systemic defense/priming target(s) in leaves
may exist for root-applied AZA. A different primed factor is probably explained by the finding
that AZA does not accumulate systemically when applied to roots compared to what was described
in leaves (Jung et al. 2009). As discussed above, there may be a “new” AZA-derived systemic
signal(s) generated in roots. Since pathogen resistance resulting from AZA application to roots
requires the LTP-family proteins AZI1 and EARLIL, it is probable that such a putative systemic
root signal(s) is lipidic in nature. If this is the case, its movement to and/or generation in aerial
tissues might also depend on AZI1/EARLIL LTPs, as was observed for AZA in leaves (Cecchini
et al. 2015). Because a pool of AZI1 is plastid localized, it is possible that this signal(s) could be
related to AZA or precursors of oxylipins that are generated in plastid envelopes (Mukhtarova et
al. 2011; Zoeller et al. 2012). An alternative possibility is that AZA applied to roots causes
induction of a directly antimicrobial product that is translocated to leaves.

Diverse oxylipins can induce defenses (Blée 2002; Prost et al. 2005). Interestingly, many
of these molecules can also induce root developmental changes (Vellosillo et al. 2007). This
suggests that the oxylipins’ developmental effects on roots could be related to defense signaling.
ISR-inducing and other plant-growth promoting rhizobacteria (PGPR) and fungi usually induce
root architectural changes upon colonization. Moreover, these developmental changes are very
similar to those generated by AZA root-treatment: loss of apical dominance and/or abundant lateral
root formation (Contreras-Cornejo et al. 2009; Ortiz-Castro et al. 2011; Spaepen et al. 2014,
Zamioudis et al. 2013). Although this root phenotype induced by beneficial microbes is believed

to be related to the promotion of plant growth, it is not known how root architecture changes relate
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to the induction of systemic resistance to pathogens (Pieterse et al. 2014). One possibility is that
auxin-signaling balances growth and systemic immunity (Stringlis et al. 2017). Here we found that
the same signaling molecule (AZA) activates both phenotypes. It is possible that oxylipins that act
via AZI1/EARLIL are implicated in PGPR responses, connecting growth and systemic defense.
Consistent with this, inoculation with the PGPR Azospirillum brasilense up-regulates the root
expression of AZI1 and induces growth inhibition (Spaepen et al. 2014). Moreover, this root arrest
is diminished in azil mutant plants (Bouain et al. 2018). Future experiments in which oxylipin
profiles are compared during ISR and other root-biotic interactions may shed light on this
hypothesis. We also note that distinct AZA concentrations confer the growth and defense
phenotypes, respectively. It is possible that although the developmental and resistance signaling
pathways share components (i.e. AZI1 and EARLI1), they can have differential
sensitivities/threshold responses to AZA. However, the higher concentration needed for disease
resistance may be due to the technical limitation of adding AZA to peat pots that may make some
of the AZA unavailable to be taken up by the roots.

MPK3 and MPK®6 are important components that contribute to SAR in leaves (Beckers et
al. 2009). These kinases contribute to AZA-induced root architecture changes, and they are also
needed for aerial tissue disease resistance induced by treatment of roots with P. fluorescens.
Notably, MPK3 and MPK6 have important defense roles in roots (Fujimoto et al. 2015;
Sidonskaya et al. 2016). Because MPK3 regulates the abundance of AZI1 under abiotic stress
conditions (Pitzschke et al. 2014), one possibility is that the requirement of these MPKs for
systemic resistance induction is explained by their regulation of AZI1 and/or AZI1 LTP-family
proteins such as EARLIL. In support of this, both azil-1 and mpk3 mutant plants show slight

intolerance to salt stress. Moreover, the salt stress phenotype of mpk3 is partially rescued by
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overexpression of AZI1, suggesting these proteins may act in the same process(es) (Pitzschke et
al. 2014). MPK3 and MPK®6 become activated in response to reactive oxygen species (ROS) (Asai
et al. 2002; Jalmi and Sinha 2015; Kovtun et al. 2000) and upon plastid calcium release during
basal defenses (Guo et al. 2016). Because AZA is generated by plastidic ROS increases (Zoeller
et al. 2012), this raises the possibility that MPKs, AZI1-family LTPs and AZA (or other plastid
oxylipins) are regulated and act in concert when root defense responses are triggered.

Although we did not find AZA accumulating in leaves after root application, AZA can
move to the roots when applied to leaves (Cecchini et al. 2015). Thus, it is possible that the AZA
produced in aerial tissue when systemic resistance is triggered, moves to the underground tissues.
AZA in roots may induce other signal(s), which in turn reinforce the aerial systemic immunity.
This shoot-root-shoot loop in plant defense was previously suggested for other oxylipins (Agut et
al. 2016; Erb et al. 2009; Groen 2016; Nalam et al. 2012). Furthermore, root stresses might control
the activation state of MPK3/6, resulting in AZI1/oxylipin signaling regulation. If this is true,
depending on root conditions, systemic defenses could be more or less reinforced depending on an
integration of the environment. Remarkably, this idea is in agreement with the so-called Darwin
‘root-brain’ hypothesis (BaluSka et al. 2009; Fragoso et al. 2014; Kutschera and Niklas 2009),
which postulates that roots are the sensorial regulatory place where plants make “decisions” that

orchestrate above-ground processes.

METHODS
Plants
Arabidopsis thaliana mutant plants azil-1, earlil-1, mpk3-1, mpk6-2 and lox2-1 were

previously described (Glauser et al. 2009; Jung et al. 2009; Liu and Zhang 2004; Wang et al. 2007,
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Xu et al. 2011). The silenced LOX2 SALK-line CS3748 and its control line CS3749 (Bell et al.
1995) were obtained from the Arabidopsis Biological Resources Center (Ohio State University,
Columbus, OH, USA). azil-1, earlil-1, mpk3-1, mpk6-2 and lox2-1 plants were in the Columbia-
0 (Col-0) background while CS3748 and CS3749 lines in Col gl1. Transgenic plants expressing
AZI1.GFP fusion protein under the control of dexamethasone (dex)-inducible promoter (in the
azil-1 background) (dex-AZI1:GFP) was previously described (Cecchini et al. 2015). F1 plants
from a cross of RecAred background (Col-0 plants expressing red fluorescence protein targeted to
root plastids (Haswell and Meyerowitz 2006)) with dex-AZI1:GFP were used for co-localization
analysis. For ISR and AZA-induced disease resistance assays, sterile seeds were stratified for 3
days at 4°C, grown in Jiffy-7 pellets (Jiffy Products International, Canada) under 12 h day and 12
h night conditions at 20-21°C, 200-230 pmol sec* m?2 light at rosette level, 50-70% relative
humidity and bottom watered with sterile water two times per week (Cecchini et al. 2015; Haney
et al. 2015). For localization and AZA effects on root architecture, sterile seeds were stratified for
2 days at 4°C, germinated and grown in %2 MS (Murashige and Skoog media; Sigma-Aldrich, St.
Louis, MO) (1% sucrose) agar plates in a growth chamber with 16h light (120 pmol sec’* m) and

8 h dark cycles at 21°C.

Azelaic acid treatment of seedlings on plate assays

Seeds were germinated and grown on %2 MS (1% sucrose) agar plates supplemented with
40 uM of azelaic acid (AZA; CoH1604, MW 188.22, Sigma-Aldrich, St. Louis, MO), 40 uM of
suberic acid (C8; CgH1.404, MW 174.2, Sigma-Aldrich) prepared in 5 mM 2-[N-
morpholino]ethane-sulfonic acid (MES) buffer, pH 5.7) or an appropriate volume of MES as

mock-control. 10 mM stock solution of AZA and C8 were prepared in 5mM MES buffer, pH 5.7.
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The plates were placed vertically into a plant growth chamber. Ten to twelve days after
germination, the plates were photographed using a Canon Power Shot A590 digital camera. Root
lengths and lateral root numbers were analyzed using ImageJ.

For the assays where the contact between aerial tissues and the agar media was avoided,
two-day-old seedlings were transferred to new MS plates with 18 x 18 mm sterile glass cover slips
placed on the media. Seedling cotyledons and hypocotyl were then isolated from the agar by being

gently placed on top of the cover slips with only the roots in contact with the media.

2H-Azelaic acid root uptake and movement quantification

Arabidopsis seeds were germinated and grown for 14 days on a ~60 mm diameter disk
mesh (0.375 mm mesh, McMaster-Carr #93185T22, Chicago, IL) placed onto 0.4 % agarose %2
MS (1% sucrose) in 80 ml beakers in sterile conditions. The mesh was then transferred, together
with the seedlings, to 50 x 9 mm plates containing a solution of 1mM deuterium-labeled azelaic
acid (’H-azelaic acid; MW 202.31, Medical Isotopes Inc., Pelham, NH) prepared in 5 mM MES
buffer (pH 5.6). The mesh affixed to the plate borders permitted the roots, but not the aerial tissues
to be in contact with the solution. The plates were put inside a humid chamber and after 24 hours,
roots and aerial tissues were separately collected, weighed and frozen for the metabolite extraction
(Lisec et al. 2006). Extracts were derivatized and subjected to GC/MS analysis to determine the
concentration of labeled ?H-azelaic acid and unlabeled azelaic acid (Jung et al. 2009; Li et al. 2012;
Tschaplinski et al. 2012). A synthetic sample of ONA (a kind gift of Dr. Carmen Castresana,
Centro Nacional de Biotecnologia-Consejo Superior de Investigaciones Cientificas) was used as
standard. For the ONA fragmentation patterns generation, approx. 1 mg was dissolved in 500 pL

of silylation—grade acetonitrile followed by the addition of 500 pL N-methyl-N-
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trimethylsilyltrifluoroacetamide (MSTFA) with 1% trimethylchlorosilane (TMCS) (Pierce
Chemical Co., Rockford, IL) and heated for 1 h at 70 °C to generate trimethylsilyl (TMS)
derivatives. After 2 hours, 0.1 puL of derivatized ONA was injected into an Agilent Technologies
Inc. (Santa Clara, CA) 5975C inert XL gas chromatograph-mass spectrometer fitted with an Rtx-
5MS with Integra-guard (5% diphenyl/95% dimethyl polysiloxane) 30 m x 250 pm x 0.25 pum film
thickness capillary column, with the operating conditions as previously described (Li et al. 2012;

Tschaplinski et al. 2012).

Systemic resistance assays by root application of dicarboxylic acids

Roots of 25~28-day-old plants in Jiffy-7 pellets were submerged for ~30 seconds in 1mM
azelaic acid, 1mM suberic acid or mock (0.13% methanol) solutions. This procedure allows the
treatment of the entire root system without the aerial tissues coming into contact with the solutions.
Azelaic acid and suberic acid stock solutions (750 mM) were prepared in methanol and then diluted
to a final concentration in sterile water. For these assays, a higher concentration of AZA used
compared with plate assays to ensure that sufficient AZA was available to be absorbed by the roots
in case the Jiffy-7 pellet matrix absorbed some of the AZA.

To evaluate systemic resistance, leaves were syringe-inoculated with virulent
Pseudomonas cannabina pv alisalensis (formerly called P. syringae pv. maculicola ES4326 (Bull
etal. 2010)) carrying an empty vector (PmaDG3) (ODes0o=0.0003) (Guttman and Greenberg 2001)
one day after root-treatments. Growth was quantified by dilution plating using 8 leaves from 8
different plants 3 days after PmaDG3 inoculation.

To analyze possible priming of PR1 and LOX2 induction, leaves were inoculated with

PmaDG3 (ODe00=0.01) one day after root treatments and protein samples were obtained at
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different times post infection. At least 3 leaves from 3 different plants were used per time point.
The same amount (weight) of each sample was extracted in loading buffer (125 mM Tris (pH 6.8),
20 % glycerol, 4 % SDS, 5 M urea, 0.01 % bromophenol Blue). For immunoblots, equal amounts
of total proteins were separated by SDS-PAGE. Primary antibodies used herein were against PR1
(Agrisera AS10 687, 1:2,500, validated by Agrisera, Sweden), LOX-C (Arabidopsis LOX2;
Agrisera AS07 258, 1:25,000, validated herein). Secondary anti-rabbit antibody conjugated to
horseradish peroxidase (Thermo Scientific, Waltham, MA) was used at 1:1000. Band signals were

detected by using SuperSignal West Stable Peroxidase (Thermo Scientific).

Induced systemic resistance (ISR)

ISR assays were done as previously described (Haney et al. 2015) with some modifications.
Ten-day old seedlings were first inoculated (on the top surface of the Jiffy pot) with 6 mL solution
of P. fluorescens WCS417r to a final density ODgoo of 0.01 (10° CFU/mL). Then, the entire pots
were submerged for ~30 seconds in the same solution without allowing contact of bacteria with
the leaves. To evaluate the systemic resistance, 15 days after root system inoculations, leaves five
and six were syringe-infiltrated with PmaDG3 (ODeg0o=0.0003). Growth was quantified by dilution

plating using eight leaves from different plants 3 days after PmaDG3 inoculation.

Confocal microscopy

Five day old transgenic Arabidopsis seedlings expressing AZI1:GFP under the dex-
inducible promoter (Cecchini et al. 2015) or expressing both AZI1:GFP and RecAred were
transferred to new plates containing 30 uM dexamethasone. After 24 hours, seedlings were

mounted in water or 40 pg/ml propidium iodide solution (to stain cell walls) and imaged using an
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upright Zeiss LSM710 laser-scanning confocal microscope (Zeiss, Germany). The 488 nm laser
was used for GFP fluorescence (emission: 505 to 530 nm), while the 535 nm laser was used for
propidium iodide and RFP fluorescence (emission: 570 to 620 nm) and the 633 nm laser for plastid
autofluorescence (emission: 650-750 nm). Images were taken using a LD C-Apochromat 40x/1.1
W Korr objective. Sequential acquisition mode was used for acquisition of fluorescence. Images

were processed using ImageJ (http://rsb.info.nih.gov/ij), ZEN 2012 (Zeiss) and Adobe Photoshop

software.
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Table 1. Root uptake and transport of [?H]azelaic acid in WT (Col-0), azil-1 and earlil-
1 plants.

[?°H]-AZA (mean
AZA (mean £ SD)

SD)
Col-0 0.212 +£0.027 ND
shoot azil-1 0.21* + 0.028 ND
earlil-1 0.162+0.011 ND
Col-0 6.96" + 2.68 24.31° + 8.60
root azil-1 7.14° +2.23 23.4° £ 5.62
earlil-1 7.69°+1.71 20.11°+4.24

Amount (ug/g fresh weight) of azelaic acid (AZA) or [?H]azelaic acid ([?H]-AZA) in
shoot or root tissues 1 d after application of 1 mM of [?H]-AZA to roots of 14 day old
plants.

Different superscript letters indicate statistically significant differences (P<0.01, analysis
of variance (ANOVA), post hoc Tukey’s HSD test).

SD = standard error from six biological replicates (each one with ~20 seedlings).

ND = not detected.
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Supplementary Figure 2.1 AZI1 root-subcellular localization in

Arabidopsis
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Supplementary Figure 2.1. AZI1 root-subcellular localization in Arabidopsis

Electron impact ionization (70 eV) fragmentation patterns of trimethylsilyl (TMS) derivatized
9-oxononanoic acid (ONA), including (A) 2 TMS peak A, (B) 2 TMS peak B, and (C) 1 TMS
peak (silylated only on the carboxyl group). The Kovats retention index (RI) and the molecular
ion (M") are included for each peak.
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CHAPTER 3
KINASES AND PROTEIN MOTIFS REQUIRED FOR AZI1 PLASTID

LOCALIZATION AND TRAFFICKING DURING PLANT DEFENSE INDUCTION

Preface
This chapter includes a paper published from collaborative work completed under the

supervision of Professor Jean Greenberg (DOI: 10.1111/tpj.15137). The article is included as-

published with permission from the publishers. I co-authored this work with Dr. Nicolas

Cecchini. My contributions to the project are as follows:

Prior to my rotation with Jean Greenberg as a 1% year PhD student, | performed a
literature review and discovered a potential relationship between the kinase MPK3 and AZI1.
During my rotation, | used two-phase partitioning on a percoll gradient to fractionate leaf tissues
into plastid and total leaf extracts. Upon probing these extracts, | confirmed a relationship
between active MPK3 and the accumulation of AZI1 at plastids and hypothesized that MPK3

might regulate AZI1’s subcellular targeting during defense signaling (Fig. 4e).

Based on its degree of hydrophobicity and similarity to signal anchor transmembrane
peptides, I hypothesized that AZI1’s N-terminal hydrophobic domain was essential for plastid
targeting similar to the PRR (Chapter 1, 1.2). | optimized a two-phase total leaf partitioning
protocol to characterize the contribution of various regions of AZI1’s N-terminal targeting signal
in driving plastid association (Fig. 2D and E). I also optimized protocols for the assessment of
plastid enrichment and contamination (Fig. 2D-F). Finally, I identified the association with non-

signal anchor variants of AZI1 with plastid membranes (Fig. 2E).
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Although the results were preliminary and unpublished, I troubleshot new methods of
treating leaves with pathogen molecular patterns to induce the accumulation of AZI1/EARLIL in

plastids as in Fig. 4A and B.

To help determine if MPK3/MPKG6 co-localized with AZI1/EARLIL in vivo transiently
expressed RFP fusion constructs of each protein in tobacco leaves, | then performed an anti-RFP

western blot to confirm the fusion proteins were still largely intact (Fig. 6C and D).

Dr. Cecchini wrote the first draft of the manuscript. | revised and edited the manuscript in
collaboration with Dr. Cecchini and Dr. Greenberg. After receiving the reviewer’s comments, |
regularly communicated with Dr. Cecchini and | wrote the first draft of the response to the
reviewers. | also revised the manuscript and cover letter in collaboration with Dr. Cecchini and

Dr. Greenberg.
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In this work, we studied how AZI1, a key factor for plant systemic immunity, localizes to
plastids. We show that AZI1 belongs to a unique class of signal-anchored proteins and that the
defense-associated kinases MPK3/6 affect its targeting/trafficking, which in turn might determine

the magnitude of systemic movement of defense signal(s) for resistance and priming induction.

SUMMARY

The proper subcellular localization of defense factors is an important part of the plant
immune system. A key component for systemic resistance, lipid transfer protein (LTP)-like AZI1,
is needed for the systemic movement of the priming signal azelaic acid (AZA) and a pool of AZI1
exists at the site of AZA production, the plastid envelope. Moreover, after systemic defense-
triggering infections, the proportion of AZI1 localized to plastids increases. However, AZI1 does
not possess a classical plastid transit peptide that can explain its localization. Instead, AZI1 uses a
bipartite N-terminal signature that allows for its plastid targeting. Furthermore, the kinases MPK3
and MPKG®, associated with systemic immunity, promote the accumulation of AZI1 at plastids
during priming induction. Our results indicate the existence of a mode of plastid targeting possibly

related to defense responses.

INTRODUCTION
Plants have an innate, non-adaptive, immune system based on the ability to recognize non-
self-molecules (Spoel and Dong, 2012). Pathogen recognition depends largely on two types of

proteins: pattern recognition receptors that reside on the plasma membrane and perceive microbe-
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associated molecular patterns (MAMPs; e.g. flg22 peptide, derived from bacterial flagellin)
(Macho and Zipfel, 2014), and intracellular resistance proteins (R proteins), receptors that
recognize specific effector proteins, or the effector-induced alterations on their targets, that are
injected by pathogenic microbes to promote virulence (Jones and Dangl, 2006; Cesari, 2018). After
pathogen recognition, plants trigger local defense responses, such as reactive oxygen species
accumulation, callose depositions and the activation of key signaling kinases, including MPK3
and MPK6 (MPK3/6) (Gomez-Gomez and Boller, 2000; Chinchilla et al., 2006; Boller and Felix,
2009; Schwessinger et al., 2011). Additionally, pathogen infections can also induce long-lasting
and broad-spectrum systemic resistance (Fu and Dong, 2013; Pieterse et al., 2014). Depending on
the plant tissue involved in the initial recognition, different types of systemic resistance programs
are established. Aerial tissues induce systemic acquired resistance (SAR) (Fu and Dong, 2013),
whereas roots trigger the so-called induced systemic resistance (ISR) that extends to the aerial
tissue (Pieterse et al., 2014). In addition, when a MAMP(s) is/are perceived, it can also induce
systemic resistance termed MAMP-triggered SAR (mMSAR) (Mishina and Zeier, 2007; Cecchini et
al., 2015b).

Systemic immunity programs are typically characterized by an alert or “primed” state,
which allows the plant to efficiently reactivate its defenses (more rapidly and/or strongly) against
a subsequent pathogen attack (Jung et al., 2009; Parker, 2009; Conrath et al., 2015; Martinez-
Medina et al., 2016). For the establishment of systemic immunity after microbial recognition, the
local production of one or more signal molecules capable of moving to distal tissues and priming
defenses is needed. Several systemic signals have been described and many appear to be acting
together during different systemic resistance programs (Park et al., 2007; Truman et al., 2007;

Jung et al., 2009; Chanda et al., 2011; Chaturvedi et al., 2012; Navarova et al., 2012;; Wittek et
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al., 2014; Chen et al. 2018). One of those signals is the lipid-derived azelaic acid (AZA). AZA is
locally generated in plastid envelopes and possibly thylakoid membranes and moves from local
leaves to the systemic tissues (Ren et al., 2008; Jung et al., 2009; Zoeller et al., 2012; Yu et al.,
2013; Gao et al., 2014; Cecchini et al., 2015b). AZA can induce a primed state when exogenously
applied to aerial tissues (Jung et al., 2009; Cecchini et al., 2015b). A key component shared
between SAR, ISR and mSAR programs and the associated priming, is the lipid transfer protein
(LTP)-like AZI1 (AZELAIC ACID INDUCED 1), and its close paralog EARLI1 (EARLY
ARABIDOPSIS ALUMINUM INDUCED 1) (Jung et al., 2009; Cecchini et al., 2015b). AZI1 is
required for the systemic movement of AZA specifically affecting systemic, but not local disease
resistance (Cecchini et al., 2015b). Remarkably, AZI1 is also needed for the action of other
proposed systemic defense signals glycerol-3-phosphate, dehydroabietinal and pinene-
monoterpenes (Chaturvedi et al., 2012; Yu et al., 2013; RiedImeier et al., 2017). Proteins proposed
to posttranslationally alter AZI1 are MPK3/6, which can phosphorylate AZI1 in vitro (Pitzschke
et al., 2014); these kinases have prominent roles in SAR, ISR and defense priming induced by
AZA (Beckers et al., 2009; Cecchini et al., 2019).

AZI1 is a membrane protein and a pool of it, together with EARLI1, exists near the site of
AZA production, the plastid outer envelope membrane (Zoeller et al., 2012; Cecchini et al.,
2015b). AZI1 also localizes to the endoplasmic reticulum (ER), plasma membrane (PM) and
plasmodesmata (Cecchini et al., 2015b; Lim et al., 2016). It was proposed that AZI1 forms part of
membrane contact site complexes between plastids and ER membranes, allowing the non-vesicular
transport of AZA and possibly other non-polar signals to systemic tissues (Cecchini et al., 2015b).
After SAR-triggering infections, AZI1/EARLI1 becomes highly enriched at plastid envelopes,

which suggests that plastid targeting is critical for AZI1/EARLI1’s role in signaling (Cecchini et
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al., 2015b). However, AZI1 and EARLI1 do not possess a “classical” predicted or known signal
sequence/motif that can explain their localization. AZI1 motifs can be divided into an amino
terminal hydrophobic domain (HD, which is also a putative signal peptide (SP)), a central proline-
rich region (PRR) with unknown function, and a C-terminal LTP domain (8 cysteine motif; 8CM)
predicted to bind lipids (Figure 3.1a). Proteins like AZI1 that have a PRR plus an 8CM domain
are considered “Hybrid Proline Rich Proteins” (HyPRPs) (Dvorakova et al., 2007). Previously, it
was suggested that AZI1 employs an undescribed N-terminal bipartite signal (SP+PRR) that drives
its plastid targeting (Cecchini et al., 2015b).

Although many proteins that are localized to plastids show no recognizable signals, plastid
targeting mechanisms for nuclear-encoded proteins have been defined to some extent and can be
divided into three groups: 1) targeted proteins with cleavable transit peptides or pre-sequences that
are recognized in the plastid envelope and then imported to the stroma, thylakoids or move back
to inner or outer envelopes (Lee et al., 2017); 2) proteins with no cleavable signal where a
transmembrane domain (TMD) acts as a targeting signal and anchors them to outer envelope
membrane (Kim and Hwang, 2013); 3) and the (less understood) plastidic B-barrel proteins in
which the secondary/tertiary structures constitute the organelle targeting region (Lee et al., 2014).
In addition, TMD-driven plastid proteins can be separated into tail-anchored (C-terminal region
TMD) or signal anchored (N-terminal region TMD) (Kim and Hwang, 2013). Signal-anchored
proteins are flanked by a charged positive region (CPR), usually containing at least three basic
residues, important for the targeting as an ER import evading signal (Waizenegger et al., 2003;
Lee et al., 2011). It was proposed that the degree of hydrophobicity of the TMD determines
whether the region will anchor to plastid, mitochondria or ER membranes. Although there is a

degree of overlap, signal-anchored proteins in which the TMDs show a Wimley and White
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Figure 3.1 Membrane association of AZI1’s N-terminal region
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Figure 3.1. Membrane association of AZI1’s N-terminal region

(@) Scheme of AZI1 deletion variants used in (b). Amino acid positions delimiting different
AZI1 domains are shown in the upper part. Different variants are identified with roman
numerals (left side). In AZI1 variant 1V, both acylation sites were replaced by alanine
(C28/30A). HD: hydrophobic domain / predicted signal peptide, similar to signal peptide,
possible transmembrane domain; CxC: possible acylation sites; CPR: positively charged
region; PRR: proline-rich region; 8CM: lipid transfer domain (8-cysteine motif). (b) Western
blots of microsomal membrane (M) and soluble (S) protein fractions from N. benthamiana
expressing GFP alone or fused to AZI1 variants (a) or DIR1:GFP. Bands were revealed using
anti-GFP antibody. Similar results were observed in three independent experiments. (c)
Western blots of microsomal membrane (M) and soluble (S) protein fractions samples used in
(b). Bands were revealed using anti-H+ATPase and anti-FBP antibodies as an integral
membrane protein and cytosolic markers, respectively. The blots in (b) and (c) stained with
Coomassie blue (CBB) are presented to show loading. The asterisks indicate possible cleavage
products.




hydrophobicity score >0.4 mainly target the ER, whereas those with lower values mainly target
plastids and/or mitochondria (Lee et al., 2011; Lee et al., 2014).

Here, we characterized AZI1 motifs in relation to their impact on subcellular targeting
(with a focus on plastids) and identified pathogen defense components that modulate AZI1
localization. We report that specific features of the AZI1 amino terminus and the defense-
associated kinases MPK3/6 mediate AZI1-plastid targeting and/or intracellular trafficking. Our
results suggest the existence of a mechanism of plastid targeting and trafficking that is active

during defense responses against pathogens.

RESULTS

AZI1 is a signal-anchored protein

The TargetP algorithm (Emanuelsson et al., 2007) predicts that AZI1’s hydrophobic
amino terminus is a signal peptide. However, since AZI1 strongly associates with membranes
(Cecchini et al., 2015b), this domain might be a non-cleavable TMD anchor, as has been shown
for many signal-anchored proteins (Figure 3.1a l) (Jayasinghe et al., 2001; Kim and Hwang, 2013).
In support of this idea, amino acids 31 to 37 (KPSPKPK) in AZI1’s amino terminus constitute a
charged protein region (CPR) that is characteristic of signal-anchored proteins (Figure 3.1a ).

To further analyze the possibility that AZI1’s N-terminal region (AZ1143%16! containing
the HD+CPR) functions as a signal anchor, we tested if it was sufficient to confer membrane
association. We generated a construct where AZ1143%-161 was fused to a GFP construct (Figure 3.1a
I11) and analyzed its localization by fractionation. AZI1 fused to GFP was previously shown to

retain function (Cecchini et al., 2015b). Microsomal and soluble fractions were obtained from
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agroinfiltrated Nicotiana benthamiana leaves and examined by immunoblot. A large pool of the
AZI11238-161:GFP fusion protein was found in the microsomal fraction (M), with only traces present
in the soluble fraction (S) (Figure 3.1b 111). Because AZI1 also possesses two possible acylation
sites after the HD (C28/C30; CSS-Palm 2.0; (Ren et al., 2008)) that could relate to its microsomal
localization, we repeated the analysis using a second construct with these residues mutated
(cysteines to alanines, CxC—>AxA) (Figure 3.1a 1V). Figure 3.1b 1V shows that this variant also
largely partitioned with the microsomal fraction, indicating that these sites do not significantly
affect membrane localization. As previously shown, full length AZI1 or AZI1 without the LTP
domain (8CM) also localized to microsomal fractions (Figure 3.1b | and 1) (Cecchini et al.,
2015b). As controls, the soluble GFP and the soluble/microsomal DIR1:GFP constructs showed
the expected fractionation patterns indicating that we can detect transiently expressed proteins
located to the soluble and membrane fractions of N. benthamiana (Figure 3.1b, right panel)
(Cecchini et al., 2015b). In addition, the distribution of markers for microsomal and soluble
fractions, H*ATPase and FBPase, respectively, indicated that the fractionation worked as
anticipated (Figure 3.1c).

Together, these results strongly suggest that the N-terminal 37 amino acids that include
AZI1’s putative SP (the HD region in Figure 3.1) are sufficient to confer membrane anchoring,

indicating that AZI1 is a signal-anchored protein.

The PRR and TMD are required for the normal pattern of AZI1 plastid envelope targeting
Most signal-anchored proteins targeted to plastid envelopes (or mitochondria) have an N-
terminal TMD Wimley and White hydrophobicity score below 0.4 (Lee et al., 2011). In contrast,

AZI1’s HD displays a 0.58 score, indicative of an ER membrane resident signal-anchored protein
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(MPEx software 3.2, amino acids 8 to 26, http://blanco.biomol.uci.edu/mpex/index.html;

(Jayasinghe et al., 2001; Kim and Hwang, 2013)). Thus, to determine whether other domain/maotifs
are required for AZI1 plastid outer envelope membrane targeting, we generated AZI1 variants for
each one (Figure 3.2a) and fused them to GFP or an HA tag.

To test the subcellular localization of AZI1-GFP variants, we imaged agrotransformed N.
benthamiana leaves by confocal microscopy. The deletions of the PRR motif (AAs 38-77), or
CPR+PRR (AAs 32-77) and CXC+CPR+PRR (AAs 26-77) regions, abolished AZI1’s plastid
targeting (Figure 3.2b, compare | and Il to V, VI and VII). Quantitation of the GFP fluorescence
showed a significant decrease in GFP signal localized to plastid upon deletion of these regions
(Figure 3.2c I, II, V, VI, and VII). Consistent with our previous work (Cecchini et al, 2015b),
fractionation confirmed the loss of plastid targeting for PRR deletion variants V and VI,
quantitation of chlorophyll and immunoblot analysis of BiP2 indicates that chloroplast enrichment
was successful without significant ER contamination (Figure 3.2d). In contrast, plastid location
was largely retained in AZI1 variants upon the loss of the CPR region or putative acylation sites
(Figure 3.2b-d I, V111, and IX). Though non-essential, the CPR may weakly affect plastid targeting
(Figure 3.2c VI1II). We also performed microscopy on two AZI1 versions fused to GFP where the
HD or the HD plus the following acylation sites were deleted (Figure 3.2a, X and XI). Neither
variant displayed AZI1’s characteristic ring-like localization around plastids or clear ER or plasma
membrane localization sites (Figure 3.2b X and XI). Instead, both the AZ114%?%:GFP (X) and
AZI112%30:GFP (XI) fluorescence signal displayed a filamentous pattern as if associated with actin
filaments or microtubules (Figure 3.2b, X and XI). Surprisingly, even though neither variant

displayed AZI1’s ring-like localization around plastids, fractionation revealed that both variants X
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Figure 3.2 Membrane association of AZI1’s N-terminal region
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Figure 3.2. AZI1 protein regions required for its plastid targeting

(a) Scheme of AZI1 deletion and mutant variants used for the localization pattern analysis in
(b) and subcellular fractionation in (d). Amino acids positions delimiting AZI1 domains are
shown in the upper part. Different variants are identified with roman numerals (left). See Figure
la for the definitions of each region. (b) Laser scanning confocal microscopy micrographs
showing localization of GFP-tagged AZI1 variants (a) expressed in N. benthamiana. AZI1
variant IX includes different AZI1 versions where acylation sites were replaced by alanine
(version [Xa:C28A, IXb:C30A, IXc: C28/30A). AZI1 variants X and XI inset panel (at bottom-
right position) shows a close up of the filamentous signal overlapping (“touching’) with plastid
autofluorescence. White arrowheads indicate GFP fluorescence in plastid envelopes (note the
rings of GFP signal in green that surround autofluorescent plastids in blue in the micrographs).
Yellow arrowheads indicate filamentous GFP signal overlapping plastid autofluorescence. Bar
= 10 pm. (c) Quantification of mean GFP signal intensity of AZI1 and its variant constructs
within the plastids. The GFP signal intensity from 20-25 plastids was quantified for each
construct, from 4-5 independent imaging experiments. The bars represent standard errors of
means of these values. Individual data points are shown on the bar chart as scatter-dots. (d-f)
Western blots of plastid (P) and total (T) fractions and total (Pt), envelope (Pe) and soluble (Ps)
plastid subfractions from N. benthamiana expressing GFP- or HA-tagged AZI1 or AZII
deletion and mutation variants. Bands were revealed using anti-GFP or anti-HA antibody as
indicated. Asterisks indicate unspecific bands. The blot stained with Coomassie blue (CBB) is
presented to show loading. 7-10 ug of protein were loaded on blots probed with anti-GFP
antibody and 30 ug of protein were loaded on the blot probed with anti-HA antibody.
Chlorophyll amount (ng) is shown for each fraction to indicate the plastid enrichment. Similar
results were observed in two or more independent experiments. Western blots of the same total
and plastid extracts were also probed with anti-BiP2 to assess the level of ER contamination in
plastid fractions. For the blots containing variants VIII, IXb, and IXc, the lanes containing the
size marker between variants were cropped from the images. For the panels displaying variants
VIII, IXb, and [Xc, the anti-GFP and anti-BiP2 blots were yielded from separate SDS-PAGE
gels.

and XI associate with plastids (Figure 3.2e). Further partitioning of plastids into membrane and
soluble fractions indicates that variant X is plastid-membrane associated (Figure 3.2f). Close
inspection of the confocal micrographs supports the fractionation results, as there were points of
contact between GFP filaments and plastids (Figure 3.2b, X and XI yellow arrowheads, and X and
Xl insets at bottom-right panel). This was also observed in the GFP fluorescence quantitation when
compared to control GFP (Figure 3.2¢ X and XI). We noted that variants X and XI were similar in
apparent mass to AZI1 (Figure 3.2e). It is possible that the higher percentage of proline residues
in AZI1 variants relative to AZI1 causes anomalous migration patterns during SDS-PAGE similar
to what has been previously described for other proline-rich proteins (Hames, 1998). Alternatively,
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higher than expected migration may be due to extra posttranslational modifications related to the
formation into filaments of variants X and XI.

These results corroborate our earlier observations about the importance of the PRR for
plastid targeting (Cecchini et al., 2015b). Furthermore, they show that the HD/TMD is required
for the normal ring-like pattern of plastid membrane association. Together, they indicate that the
motifs required for full AZI1 plastid outer envelope membrane targeting are the HD/TMD plus the

PRR (Table S3.1), suggesting a bipartite signal-anchored protein targeting mechanism.

Loss of the TMD causes AZI1 to stably associate with microtubules

The fluorescence patterns of AZI1-GFP variants that lack the TMD showed strong
similarities to microtubules (MTs) and/or actin filaments (AFs) (Figure 3.2b X and XI; Kang et
al., 2014; Kumar et al., 2018). Therefore, we investigated the effects of Oryzalin (Ozn) and
Latrunculin B (LatB), MT and AF inhibitors, respectively, on the AZI14?%%:GFP filamentous
pattern. As Figure 3.3a (left panel) shows, Ozn but not LatB treatment vastly reduced AZI1%%
30:GFP filaments compared with mock treatment. The effectiveness controls for the inhibitors, on
MT-targeted (RFP-TUBG6) and actin-targeted (LifeAct) markers, showed the expected results
(Figure 3.3a, middle and right panels). Moreover, when we co-expressed AZI122-30:GFP together
with RFP-TUBG, we observed a robust co-localization between GFP and RFP signals (Figure 3.3b,
upper panels). No obvious co-localization was observed between RFP-TUBG and LifeAct markers
(Figure 3.3b, bottom panels). Importantly, live imaging of AZI1:GFP together with RFP-TUBG6
showed that full length AZI11 in vesicle-like structures moved in close association with MT bundles

(Figure 3.3c and Movie S3.1). The proportion of AZI1:GFP colocalizing with RFP-TUBG6
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Figure 3.3 Co-localization of AZI1 variants with the microtubule

network
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Figure 3.3. Co-localization of AZI1 variants with the microtubule network

(@) to (c) and (e) Laser scanning confocal microscopy micrographs showing localization of
GFP-tagged AZI1 variants, microtubule marker (RFP:TUBG6) and filamentous actin marker
(LifeAct:GFP) in N. benthamiana. (a) Micrographs showing the effect of actin (Latrunculine
B, LatB) and microtubule (oryzalin, Ozn) inhibitors or mock treatments on AZI1 variant
XI:GFP, RFP:TUBG6 or LifeAct:GFP localization patterns. (b) RFP:TUBG is co-expressed with
AZI1 variant XI:GFP or LifeAct. (c) Time series micrographs showing dynamic localization
of AZI1:GFP in vesicle-like structures (green arrowhead) moving on microtubule bundle (red
arrowhead; microtubule marker; RFP:TUBG6). Asterisk indicates a plastid. sec, seconds.
Micrographs show GFP (green), RFP (red) and plastid autofluorescence (blue). In (a) and (e)
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Figure 3.3. Co-localization of AZI1 variants with the microtubule network (cont)

Bar = 20 um, (c) Bar = 5 um, and (b) upper panel Bar = 50 um and middle and bottom panel
Bar = 10 um. (d) Scheme of AZI1 variants used in (e) and (f). Amino acid positions delimiting
AZI1 domains are shown in the upper part. Different variants are identified with roman
numerals (left). (f) Western blots of total protein from N. benthamiana expressing GFP alone
or fused to AZI1 variants used in (e). Bands were revealed using anti-GFP antibody. The blot
stained with Coomassie blue (CBB) is presented to show loading.

represents ~16 % of the total signal compared with a ~3 % found in control GFP (Figure S3.1a).
Thus, loss of the TMD anchor induced AZI1 to (more) stably associate with MTs network,
suggesting that there is a close relationship between AZI1 and cell cytoskeleton. We considered
the possibility that the association of AZI114%%>:GFP and AZI114%3C:GFP with discrete contact
points on plastids (Figure 3.3.2b,e) might be due to the accumulation of these AZI1 variants along
the MTs. However, tubulin was absent from plastid fractions, suggesting that these variants
associate with plastids without stable/strong MTs associations (Figure S3.1b).

Next, to analyze which of the AZI1 motifs/regions are required for AZ114%-252-30:GFp
association with MTs, we generated several deletion constructs for AZI1. Partial deletions fused
to GFP were transiently expressed in N. benthamiana to assess the localization patterns (Figure
3.3d). Interestingly, none of the deletions generated showed a filamentous pattern comparable with
AZI112230:GFP (Figure 3.3e), and instead, the constructs localized to the ER/cytoplasm and nuclei.
Western blot analysis indicated that the GFP was not cleaved from the expressed fusion proteins
(Figure 3.3f).

These results suggest that AZI1’s PRR and 8CM regions are required together for the direct

or indirect association with MTs.
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Microtubules are dispensable for flg22-induced enrichment of AZI1 to plastids

To dissect which cellular components are needed for AZI1 targeting, we began by
identifying a defined, strong defense-inducing stimulus other than pathogen infection (Cecchini et
al., 2015b) that might cause enrichment of AZI1 to plastids. Since AZI1 and its paralogue EARLI1
are also needed for mSAR induction, we measured AZIL/EARLI1 levels in total and plastid
extracts after flg22 treatment.

We infiltrated Arabidopsis WT plants with flg22 or H>O (mock) and analyzed the native
AZI1/EARLIL levels in total extracts at different times post-treatment by Western blot. Figure 3.4a
shows that between 3-6 hours post treatment (hpt), the total amount of AZI1 greatly increased in
response to flg22 (+) compared to mock (-). Local AZI1T/EARLIL induction by flg22 treatment
was also pronounced at 12 hpt (Figure 3.4b, total - WT plants). To determine if this AZI1 increase
translated to higher levels in plastids, we treated Arabidopsis with flg22 and analyzed the levels
of AZI1/EARLIL in total and plastid fractions at 6 and 12hpt (Figure 3.4b and S2a, WT plants).
The amount of plastid-localized AZI1/EARLIL increased in flg22-treated samples compared to
mock; at 12 hpt there was a greater fold increase in the amount of AZI1/EARLI1 targeted to
plastids (~10x) relative to the fold increase in the total extract (~3x). Thus, flg22 MAMP treatment
strongly induces AZI1/EARLI1 protein levels and increases their relative enrichment in the plastid
fraction.

Considering the above results and the role of cytoskeletal dynamics for protein trafficking,
we next studied the importance of the cytoskeleton for AZI1 targeting to plastids during MAMP
stimulation. We quantified AZI1/EARLI1 protein levels in Arabidopsis WT Col-0 total and plastid
fractions 6 hpt with flg22 and 3 h post-infiltration with or without inhibitors for microtubules (Ozn)

and actin filaments (LatB), respectively. This set up allowed us to make the inhibitor treatments
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Figure 3.4. Impact of MAP kinase mutations and cytoskeleton
inhibitors on AZI1/EARLI plastid targeting during defense signaling.
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Figure 3.4. Impact of MAP kinase mutations and cytoskeleton inhibitors on AZI1/EARLI
plastid targeting during defense signaling

(a) Western blot of total extracts from WT Col-0 Arabidopsis leaves to test AZI1-EARLI1
protein levels at different times post infiltration with 1 uM flg22 or water (mock). (b) AZI1-
EARLI1 levels in total and plastid fractions from Arabidopsis leaves of WT Col-0, mpk3, and
mpk6 plants 12h post treatment with 1 uM flg22 (+) or water (mock, -). Shown in the graph is
quantitation of AZI1-EARLI1 levels relative to the total protein content in each Coomassie
blue membrane lane, as quantified by densitometry. The highest value in total or plastid
fractions was set to 100 in the relative units. (c) AZI1-EARLI1 protein levels in total and plastid
fraction from Arabidopsis WT Col-0 leaves 6h post treatment with 1 uM flg22 and 3h post-
infiltration with inhibitors of actin filaments (Latrunculine B, LatB), microtubules (oryzalin,
Ozn) or mock. Right graph: ratio of AZI1/EARLI1 in plastids vs total in different treatments,
as quantified by densitometry. Western blot panels separated with vertical line belong to the
same blot. (d) Actin and microtubule cytoskeleton changes in Arabidopsis after inhibitor
treatments. Col/Lifeact-GFP and Col-gl1/GFP-TAUG6 transgenic plants expressing actin or
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Figure 3.4. Impact of MAP kinase mutations and cytoskeleton inhibitors on AZI1/EARLI
plastid targeting during defense signaling (cont)

microtubule markers, respectively, were imaged by laser-scanning confocal microscopy at 6h
post treatment with 1 uM flg22 and 3h post-infiltration with inhibitors of actin filaments
(Latrunculine B), microtubules (oryzalin) or mock. The representative micrographs shown are
Z-series maximum intensity projections. Micrographs show GFP signal (greyscale). Bar =
20pm. (e) AZI1-EARLIL1 protein levels in total and plastid fractions from untreated
Arabidopsis leaves of acd6-1 and acd6-1mpk3-1 mutant plants. Right graph: plastid to total
ratio of AZI1-EARLI1 levels relative to the total protein content in each Coomassie blue
membrane lane, as quantified by densitometry.

The averages +/- standard error from three (b and c) or four (e) independent experiments are
shown. In (b and c), different letters (lower or uppercase) indicate statistically significant
differences (P<0.01, analysis of variance (ANOVA), SNK test (b) or Tukey test (c)). The dotted
line indicates that the total and plastid fractions were analyzed independently in (c). In the graph
in (e), the asterisk indicates statistically significant differences determined by t-test (*P<0.05,
n=4). In (b), (c) and (d) the individual data points are shown on the bar chart as scatter-dots. In
(@), (b), (c) and (e) the blots stained with Coomassie blue (CBB) are presented to show loading.
Bands were revealed using anti-AZI1/EARLI1 polyclonal serum. Red arrow indicates the
AZI1/EARLI1 monomer band. Asterisks indicate unspecific bands.

before the earliest robust increase of AZI1 in plastids (Figure S2a; Figure 3.4a). As shown in Figure

3.4c, Ozn or LatB treatments did not affect the plastid AZI1 levels compared to mock. As efficacy
controls for the inhibitor treatments, we used the same treatment conditions to study transgenic
plants expressing Col/Lifeact-GFP and Col-gl1/GFP-TUAG, actin or microtubules markers,
respectively. Both inhibitor treatments strongly disrupted the respective AF and MT cytoskeletons
(Figure 3.4d).

These results suggest that although AZI1 can traffic in close association with MTs,

disruption of the cytoskeleton does not significantly impact AZI1 targeting to plastids.

MPK3 and MPK6 enhance AZI1/EARLI1 plastid targeting during defense induction
AZ|1’s PRR is a proposed phosphorylation target for MPK3 and possibly MPK6
(Pitzschke et al., 2014), two key signaling factors associated with biotic and abiotic stress

(Rodriguez et al., 2010). Moreover, we recently showed that these kinases are also needed for
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underground AZA-induced priming (Cecchini et al., 2019). Since the PRR is required for plastid
targeting (Figure 3.2), we analyzed if MPK3/6 affect plastid localization of AZI1/EARLIL
proteins.

We treated WT Col-0, mpk3 and mpk6 mutant plants with flg22 or H,O (mock) and
analyzed the levels of native AZIZ/EARLIL in plastids fractions compared to total extracts (Figure
3.4b; Figure S3.2a). Compared to WT, the mpk3 and mpk6 plants displayed decreased levels of
AZI1/EARLIL specifically in plastid fractions 12h after flg22 treatment, but not in mock-treated
plastid fractions or any total extracts (Figure 3.4b). In addition, we also observed a reduction of
AZI1/EARLIL in mpk6 plastids fraction at 6 hpt (Figure S3.2a). Immunoblots with phospho-
antibody show that MPK3/4/6 were still active at both 6 and 12 hrs post flg22 treatment compared
with mock treated plants (Figure S3.2b).

Together, these results strongly suggest that both MPK3 and MPK® are required for robust
AZI1 plastid enrichment during flg22-MAMP defense induction. Supporting this idea, acd6-1, a
plant with constitutively active MPK3 and pattern receptor-mediated immunity (Tateda et al.,
2014), showed a reduced proportion of AZI1J/EARLI1 in the plastid fraction relative to the total
extract when an mpk3 mutation was present (Figure 3.4e). The lower total levels of AZI1 in acd6-
1 versus acd6-1mpk3 may be due to an altered balance of signaling molecules/hormones including

salicylic acid, which is affected by both mutations (Vanacker et al 2001; Zhang et al., 2014).

MPK3 and MPKG6 are required for mSAR induction in Arabidopsis
Considering the requirement of AZI1 and EARLI1 for mSAR (Cecchini et al., 2015b), we
next analyzed if MPK3 and MPKG6 are also needed for this systemic defense program. We

pretreated by infiltrating three lower leaves of WT Col-0, mpk3 and mpk6 plants with flg22 or H.O
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(mock), and 2d later infected plants with virulent Pseudomonas strain PmaDG3 in the same (local)
or systemic leaves. Both MPK3 and MPK®6 were required for systemic resistance induced by flg22,
as judged by the growth of PmaDG3 (Figure 3.5, right graph). mpk3 was completely mSAR
defective and mpk6é displayed a weak and statistically insignificant induction. As previously
reported, local resistance after flg22 treatment was not affected in either mkp3 or mpk6 single
mutant plants compared to WT plants (Figure 3.5, left graph) (Su et al., 2017). However, mock-
treated mpk6 plants showed modestly increased resistance to PmaDG3 relative to the other

genotypes tested.

Fiqure 3.5. flg22 local and systemic disease resistance induction in
Arabidopsis WT Col-0, mpk3 and mpk6 plants.
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Figure 3.5. flg22 local and systemic disease resistance induction in Arabidopsis WT Col-0,
mpk3 and mpk6 plants

Growth of the virulent bacteria PmaDG3 on plants 3 days post infection (ODgoo=0.0003).
PmaDG3 was infiltrated in local or distal leaves after 2 days of the local leaf treatment with
water (mock) or 200 nM flg22. The average of cfu per leaf disc +/- standard error from three
independent experiments (each one with eight biological replicates) is shown. Graph y axes are
in logyo scale. Different letters show significant differences between treatments and/or mutants
(P<0.01, analysis of variance (ANOVA), Tukey test). Individual data points are shown on the
bar chart as scatter-dots.
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These data indicate MPK3/6 are required for mSAR induction, possibly related to their
effect on AZI1/EARLI’s plastid targeting. Because MPK3 and MPK6 are also required for SAR
and ISR (Beckers et al., 2009; Cecchini et al., 2019), our data strongly indicates a key role for

these kinases in plant systemic resistance programs.

AZI1, MPK3 and MPKG®6 co-localize at sites of plastid—ER contacts

It was previously suggested that MPK3 interacts with AZI1 and forms protein complexes
near the cell boundary (Pitzschke et al., 2014). To get deeper insight into the subcellular
localization and possible complex formation between AZI1 and MPK3/6, we analyzed their co-
localization by confocal microscopy.

We co-expressed MPK3:RFP or MPKG6:RFP together with AZI1:GFP by agro-
transformation of N. benthamiana leaves. As shown in Figure 6.1a, both MPK3:RFP and
MPKG6:RFP localized to the nucleus in a spherical pattern and partially co-localized with
AZI1:GFP at perinuclear ER and plastid/stromule—ER contact sites. Some co-localization signals
are likely to be plastid-ER and/or stromule-ER contact sites (Figure 6.1a; bottom panels)
(Cecchini et al., 2015b). No co-localization was found between control soluble GFP and
MPK3:RFP or MPK6:RFP at those places (Figure 6.1b). As expected, control GFP and MPKs co-
localize at nuclei and cytoplasm. Immunoblots to detect MPK3 and MPK6 fusion proteins
established that free RFP was not detectable (Figures 6¢ and 6d).

Next, we assessed putative interactions between AZI1 and MPK3 during defense induction.
Immunoprecipitation (IP) assays were implemented by using Arabidopsis that expressed
functional HA-tagged AZI1 previously shown to complement azil (Cecchini et al., 2015b).

AZI1:HA-expressing plants treated with flg22 or H.O (mock) for 6 hpt were used for
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Fiqure 3.6. AZI1 and MPK3/6 co-localization and complexes.
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Figure 3.6. AZI1 and MPK3/6 co-localization and complexes

Growth of the virulent bacteria PmaDG3 on plants 3 days post infection (ODgoo=0.0003).
PmaDG3 was infiltrated in local or distal leaves after 2 days of the local leaf treatment with
water (mock) or 200 nM flg22. The average of cfu per leaf disc +/- standard error from three
independent experiments (each one with eight biological replicates) is shown. Graph y axes are
in logio scale. Different letters show significant differences between treatments and/or mutants
(P<0.01, analysis of variance (ANOVA), Tukey test). Individual data points are shown on the
bar chart as scatter-dots.

immunoprecipitation with an anti-HA matrix. MPK3 did not co-precipitate with AZI1:HA in either
mock- or flg22-treated samples (Figure 6.1e).
Altogether, these results indicate that although they partially co-localize, AZI1 does not

form stable complexes with MPK3 in Arabidopsis under our assay conditions.

DISCUSSION

Not much information exists about the subcellular targeting/trafficking regulation of
immune components (Ben Khaled et al., 2015; Wang et al., 2016; Gu et al., 2017). AZI1, a key
factor for the plant systemic defenses, shows dynamic levels in plastid envelopes (Jung et al., 2009;
Cecchini et al., 2015b). Interestingly, AZI1 does not have a recognizable “classic” plastid targeting
signal. Here, we discovered and characterized a N-terminal bipartite signature that explains AZI1’s
subcellular location: a predicted signal peptide followed by a PRR (Cecchini et al., 2015b). AZI1’s
putative signal peptide is a non-cleavable TMD that anchors the protein to membranes, placing
this LTP-like protein as a signal-anchored protein. In addition, unlike what was found for other
signal-anchored proteins, the presence of a PRR after the TMD (and not the TMD hydrophobicity
(Kim and Hwang, 2013)) is required for plastid targeting. Together, our data establishes AZI1 as
belonging to a previously undescribed class of signal-anchored proteins. Remarkably, the defense-

associated kinases MPK3 and MPKG®6 are required for the increased targeting of AZI1 to plastids
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in response to flg22. Moreover, our results suggest that AZI1 utilizes the MT network for
intracellular trafficking. Therefore, we propose that after pathogen or MAMP recognition,
MPK3/6 are locally stimulated and, by acting on its N-terminal bipartite signal, enhance AZI1

plastid targeting. This in turn could determine how much systemic defense priming ensues.

AZI1 is a variant of signal-anchored proteins

AZI1 is a signal-anchored protein targeted to plastids. This finding explains our previous
work showing that AZI1 is present in microsomal fractions (Cecchini et al., 2015b). Supporting
this, other reports showed no cleavage of the AZI1 putative signal peptide (Zhang and Schlappi,
2007; Pitzschke et al., 2016). Because traces of AZI1 TMD:GFP were detected in the soluble
fraction (AZI12%-161 and AZ|1C?8/30A A38-161y “\we cannot completely rule out that a very small
amount of AZI1 is capable of entering the secretory pathway. In agreement with this possibility,
using protoplasts and root exudates, the localization of a small proportion of AZI1 was consistent
with its being secreted to plant cell walls (Zhang and Schlappi, 2007; Pitzschke et al., 2016).
Alternatively, soluble traces of AZI1 TMD:GFP in our experiments might be contamination from
the microsomal extraction fractionation.

Most signal-anchored proteins targeted to plastids have relatively low TMD
hydrophobicity indices (Lee et al., 2011). In contrast, AZI1’s TMD hydrophobicity index is higher
and its targeting to/co-fractionation with plastids depends on the presence of the PRR (Cecchini et
al., 2015b; this work). It seems possible that the PRR substitutes for the requirement for a low
degree of hydrophobicity within the TMD as the factor for plastid targeting. Interestingly, the PRR

has features that are shared with bona fide chloroplastic transit peptides (cTPs). These include a
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large number of serine, arginine and proline residues, and overall low peptide complexity (targetP,
(Emanuelsson et al., 2000); (Bruce, 2000; Lee et al., 2018)). Thus, AZI1 may use a chimeric
targeting mechanism with components shared by signal anchor- and cTP-containing proteins. In
this scenario, proteins required for both signal anchor and cTP targeting may also be involved in
AZI1 targeting.

Interestingly, an algorithm trained to find apicoplast (plastid analogue in apicomplexan
organisms) protein targeting signals, a putative SP + cTP (Zuegge et al., 2001), correctly predicts
AZIl’s plastid localization (Cecchini et al.,, 2015b). In addition, because transit
peptides/presequences and the AZI1 PRR exhibit a high content of positively charged residues
(Mackenzie, 2005), the PRR may act as a CPR region (albeit the PRR is longer than the CPRs in
signal-anchored proteins). This would explain our findings that deletion of the AZI1 CPR does not
strongly affect AZI1’s targeting.

AZI1’s predicted S-acylation sites (Ren et al., 2008) are conserved in most HyPRP
members, suggesting an important role for these residues. However, mutation of these sites did not
affect AZI1’s plastid localization. S-acylation often acts as a mechanism to fine-tune proteins
(re)localization and/or stability (Hemsley, 2015; Daniotti et al., 2017). Thus, small differences in
AZI1 trafficking dynamics may have been missed in our experiments. Alternatively, the predicted
acylation sites (cysteine residues) may be involved in the formation of disulphide bonds and the
formation of AZI1-complexes, as previously suggested (Zhang and Schlappi, 2007; Cecchini et

al., 2015h).
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MPK3/6 are needed for defense-related AZI1 plastid targeting and mSAR

As observed after stimulation of R protein-mediated defenses, MAMP treatment greatly
induces the fraction of AZI1 localized to plastids, probably reflecting shared signals and/or
components between the SAR and mSAR programs (Mishina and Zeier, 2007; Cecchini et al.,
2015b). The kinases MPK3 and MPKG6 are known shared factors between R- and PRR-induced
systemic responses and priming (Beckers et al., 2009; Rodriguez et al., 2010; Cecchini et al.,
2019). Remarkably, MPK3 and MPK®6 specifically impact AZI1 targeting and are required for the
increased accumulation of AZI1 at plastids. Thus, it is possible that MPK3/6 act in systemic
defense programs, at least in part, by regulating AZI1’s increased levels in plastids, which in turn
may affect the movement of systemic defense priming signals such as AZA or glycerol-3-
phosphate (Yu et al., 2013; Cecchini et al., 2019; Cecchini et al., 2015b). Moreover, MPK3 and
MPKG6 can promote plastid-associated ROS production (Su et al., 2018), which play an important
role in SAR and could facilitate the generation of AZA in this organelle (Wang et al., 2014; Zoeller
et al., 2012). Considering that MPK3 and MPKG6 are activated in response to diverse abiotic
stresses (Rodriguez et al., 2010; Jalmi and Sinha, 2015), it is also possible that AZI1 is required in
plastids during other environmental conditions. We speculate that in these situations, AZI1 could
facilitate the movement of other signals, like other plastid oxylipins related to stress resistance
(Blée, 2002; Prost et al., 2005; Breuers et al., 2011).

How might MPK3/6 regulate AZI1’s abundance in plastids? Phosphorylation of cTP
residues by STY kinases regulates chloroplast import rate (Martin et al., 2006; Lamberti et al.,
2011). Thus, one idea is that MPK3/6 might impact AZI1 targeting by directly phosphorylating

the PRR. In support of this, AZI1’s PRR has several predicted MAPK-phosphorylation sites and
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MPK3 can phosphorylate the PRR in vitro (Pitzschke et al., 2014). Previous work indicated that
AZI1 might interact with MPK3 in an in planta heterologous system (Pitzschke et al., 2014).
However, although AZI1 and MPK3/6 partially co-localized, stable complexes containing AZI1
and MPK3 in Arabidopsis were not detectable by co-immunoprecipitation. Labile and/or short-
lived interactions between AZI1-MPK3/MPK6 may not permit co-immunoprecipitation in our
conditions. Since MPKs are thought to have many substrates, it is not surprising that stable

complexes were not detectable (Bigeard and Hirt, 2018; Rayapuram et al., 2018).

MTs and AZI1 trafficking

Surprisingly, the loss of the N-terminal TMD causes AZI1 to stably co-localize with
microtubules. AZI1’s PRR and 8CM domain together may directly or indirectly interact with MT
filaments, suggesting that AZI1 uses them for intracellular trafficking. Supporting this idea, full
length AZI1-GFP moves along (or very close to) MT bundles. It is unlikely that AZI1-MT
interactions guide AZI1 to plastids, since MT inhibitor treatment did not affect the abundance of
AZI1 in plastids. MTs play a key role for the extension of stromules (Erickson et al., 2017,
Erickson et al., 2018; Kumar et al., 2018), plastid structures where AZI1 also resides (Cecchini et
al., 2015b). Both stromules and AZI1 enrichment in plastids are highly induced with similar
kinetics by flg22 ((Caplan et al., 2015) and this work). One possibility is that plastid-anchored
AZI1 in close proximity to MTs might help stromules extend to and/or make contact with other
structures in cells. It is also possible that the MT network is required for AZI1 to target non-plastid
subcellular sites like plasmodesmata (PD), which was suggested to be required for AZA transport

and ultimately systemic resistance (Cecchini et al., 2015b). The localization of AZI1 to PD during
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defense signaling may indicate the importance of AZI1’s trafficking among distinct subcellular
compartments for SAR and priming establishment (Lim et al., 2016). Since AZI1 is also required
for the action of other systemic signals generated in plastids like glycerol-3-phosphate,
dehydroabietinal and pinene-monoterpenes (Chaturvedi et al., 2012; Yu et al., 2013; RiedImeier
et al., 2017), it is possible that it also allows small metabolites to reach PDs for simplastic

movement. Future work will address these possibilities.

In summary, AZI1 uses a previously undescribed variant of the signal anchor proteins
mechanism to target plastids. This targeting and/or stability in the plastid pool of AZI1 is impacted
by two key defense associated kinases, MPK3 and MPK®6, probably for a tight modulation during
defense induction against pathogens and possible other stresses. This could be especially important
considering how fundamental plastids are for many types of defense responses (Caplan et al.,
2008; Grant and Jones, 2009; Nomura et al., 2012; Zeier, 2013; Cecchini et al., 2015a; de Torres
Zabala et al., 2015; Medina-Puche et al., 2020). In particular, a timely regulation of the AZI1 pool
in plastids could grant an efficient movement of AZA for the establishment of systemic defenses.
Additionally, since several HyPRPs contain an N-terminal bipartite signal, this targeting
mechanism could also be functional for all of them. It is also conceivable that other non-HyPRP
plant proteins also use a similar N-terminal targeting signal. Supporting this idea, several signal-
anchored proteins with high TMD hydrophobicity and predicted to be retained in the ER, were
reported to be plastid-localized (Lee et al., 2011).

Collectively, this work strengthens the idea that subcellular re-localization of defense
components is a key aspect of plant immune signaling, especially with regards to the phenomena

of priming, in which a well-placed ambush can be the difference between disease and death.
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EXPERIMENTAL PROCEDURES

Plants

All Arabidopsis thaliana plants were 25~28-day-old Columbia (Col) ecotype. mpk3-1, mpk6-2 and
acd6-1 were previously described (Lu et al., 2003; Liu and Zhang, 2004; Wang et al., 2007). acd6-
1mpk3 double mutant and the Col/Lifeact-GFP were generated previously (Smertenko et al., 2010;
Tateda et al., 2014). The transgenic plant Col-gl1/GFP-TUAG6 was obtained from ABRC (CS6551)
(Ueda et al., 1999). Arabidopsis plants expressing HA-tagged AZI1 under dexamethasone (Dex)-
inducible promoter where previously generated (pBAV154:AZI1; (Cecchini et al., 2015b)). Plants
were grown under 12 h day (8:00 am to 8:00 pm) and 12 h night conditions at 20°C, 200-230 umol
sec’t m? light at rosette level and 50-70% relative humidity (Jung et al., 2009). Nicotiana
benthamiana were grown at 24°C and with 16 h day light. Plants were grown for 4 weeks before

Agrobacterium tumefaciens-mediated transient transformation.

Vectors and constructs

All primers and vectors used in this study are described in Supplementary table 1. The vectors and
constructs carrying full length AZI1 as well as the deletion AZI1-variants Il. and VI. were
previously described (Cecchini et al., 2015b). The AZI1 deletion and point mutation variants as
well as the MPK3 and MPKG6 full coding region were cloned from A. thaliana cDNA using PCR
primers linked to specific sequences compatible with the TOPO pENTR® and GATEWAY®

cloning procedure, and introduced into the plant expression vector pBAV150 (Vinatzer et al.,
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2006). MPK3 and MPKG6 were also introduced into pSITE-4NA (CD3-1642/ABRC (Nelson et al.,
2007)). To generate internal deletion and point mutation constructs the proper primers were used
to amplified the fragments to be linked by PCR. When required, a start codon was added in the
forward primers. All these constructs permitted the expression of the transgenes with C-terminal
GFP or HA-tag (pBAV150/pBAV154; (Vinatzer et al., 2006)) controlled by the Dex-inducible
promoter or with C-terminal mRFP1 driven by the 35S promoter (pSITE-4NA). The vector used
for the expression of the actin cytoskeleton marker Lifeact-GFP was previously described
(Smertenko et al., 2010). The microtubule marker RFP-TUBG6 construct was kindly provided by

Dr. Wasteneys (Ambrose et al., 2011).

Subcellular localization

For localization studies, 4-week-old N. benthamiana leaves were infiltrated with Agrobacterium
tumefaciens C58C1 or GV3101 strains carrying the different constructs. In order to express fusion
proteins from the Dex-inducible vectors, 20 uM or 30 uM Dexamethasone (D4902; Sigma-
Aldrich, USA) was infiltrated into leaves 1 d after agroinfiltration. Fractionation and confocal
microscopy studies were done 21 h after Dex. Agrobacterium harboring different constructs were
infiltrated together for co-expression analysis. N. benthamiana leaves were prepared for
microscopy as described (Littlejohn et al., 2010). A Zeiss LSM710 laser-scanning confocal
microscope (Zeiss, Germany) was used to capture GFP fluorescence (excitation: 488 nm;
emission: 505 to 530 nm), RFP fluorescence (excitation: 561 nm; emission: 570 to 620 nm) and
plastid autofluorescence (excitation: 633, emission: 650-750 nm). Images were taken using a LD
C-Apochromat 40x/1.1 W Korr objective using a sequential acquisition mode. For time series

acquisition, images were taken at low resolution scanning and maximum speed mode. Images were
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processed using Imagel (http://rsb.info.nih.gov/ij), ZEN 2012 (Zeiss) and Adobe Photoshop

software.

Quantification of fluorescence

For the analyses of GFP fluorescent intensity of AZI1 and variants in plastids, confocal images
were captured using two channels: plastid autofluorescence (blue, 650-750 nm) and GFP
fluorescence (green, 505 to 530 nm) as described above. Using the Fiji software

(https://imagej.net/), individual plastids were identified in the blue channel and a spherical region

of interest (ROI) was drawn around each plastid such that it incorporated the entire region of
autofluorescence. The intensity of the GFP signal within the ROI was measured. Four or more
images from independent experiments were analyzed for each construct and 4-5 plastids were
quantified per image to calculate the mean plastid GFP fluorescence +/- standard error. To test the
significance across values, one-way ANOVA followed by Tukey’s HSD post hoc tests were
performed. For the analyses of GFP signal that colocalized with RFP-TUBG, confocal image
channels for GFP (green, 505 to 530 nm) and RFP fluorescence (red, 570 to 620 nm nm) were

used. The ImageJ Colocalization plugin (http://rsb.info.nih.gov/ij/plugins/colocalization.html)

was used to generate ROIs from GFP/RFP colocalized signal regions (using thresholds= 50 % and
ratio= 50 %). The intensity of the total GFP signal and within the ROI was measured for each
image. Six or more images from independent experiments were analyzed to calculate the
percentage of GFP fluorescence +/- standard error that colocalize with RFP-TUBG6 with respect to
total. To test the significance, one-way ANOVA followed by Tukey’s HSD post hoc tests was

performed.
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Fractionation

Microsomal fractions were obtained as described in (Zhang et al., 2014). 1 g of N. benthamiana
leaf tissue expressing the different constructs was used for the fractionation. Plastids were isolated
from 1 g of Arabidopsis or N. benthamiana leaves following the protocol described in (Cecchini
et al., 2015b). Chlorophyll content was measured by spectrophotometric analysis as described in
Lamppa (1995). For N. benthamiana transiently expressing AZI1 deletion variants V, VIII, IXc,
and X, plastids were isolated from 1 g of leaves following the protocol described in Cecchini et
al., 2015b with a slight modification. The total/impure plastids were separated at 4°C on two
percoll gradients (80%-40%), initially in 2mL microfuge tubes then again in 4mL polycarbonate
tubes. To enrich for plastid envelopes, purified plastids were frozen in liquid nitrogen to lyse
membranes then thawed on ice. Thawed samples were centrifuged at 13000g, the supernatant was
collected, then the pellet was resuspended in ice-cold dH2O (with protease inhibitor cocktail) and
frozen at -80C o/n to further lyse membranes. The envelope fraction was again centrifuged at
13000g, the supernatant fraction was collected, then the pellet was resuspended in 1X PBS (1%
SDS). Successful fractionation was confirmed by the absence of chlorophyll in the soluble

supernatant fractions.

Western blot analysis and immunoprecipitations
Total proteins or different fractions were separated by SDS-PAGE. Concentrations of protein in
the samples were calculated by Bradford assay (Bradford, 1976). The primary antibodies used for

Western blots were: GFP antibody (Covance MMS-118P, 1:5000), HA antibody (Covance 16B12,
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1:1750), HA antibody (Cell Signaling 14031S, 1:1200) , RFP antibody (Agrisera AS15 3028,
1:2000 or 1:3000), MPK3 antibody (Sigma-Aldrich M8318, 1:3000), MPK6 antibody (Sigma-
Aldrich A7104, 1:3000), phospho-p44/42 MAPK (Erkl1/2) (Thr202/Tyr204) antibody (Cell
Signaling Technologies 9101S, 1:1000) (Bartels et al., 2009; Beckers et al., 2009), H*ATPase
antibody (Agrisera AS07260, 1:7500), cytosolic FBP antibody (Agrisera AS04 043, 1:3000), BiP2
antibody (Agrisera AS09 481, 1:4000), and rat monoclonal tubulin (yol1/34) antibody (gift from
Michael Glotzer, 1:1000). For analysis of native AZI1/EARLIL proteins an anti- AZI1/EARLI1
polyclonal antibody (Zhang and Schlappi, 2007) was used (1:750). The loading buffer for
AZI1/EARLIL western blot samples does not contain reducing agents as described (Zhang and
Schldppi, 2007). Secondary horseradish peroxidase conjugated anti-rabbit or anti-mouse
antibodies (Thermo Scientific) were used at 1:1000. SuperSignal Stable Peroxidase (Thermo
Scientific) was used to detect the bands. To quantify by densitometry the Western blot bands and
Coomassie Blue staining Gel-Pro analyzer™ software was used.

For immunoprecipitations, 5 g of leaves of Arabidopsis WT or transgenic plants expressing
AZI1-HA was used. Input extracts used for the immunoprecipitation were isolated in extraction
buffer (50 mM Tris-HCL pH8.0, 10 % glycerol, 0.5 % sodium deoxycholate, 1 % lgepal CA-630
(Sigma-Aldrich, USA) and complete protease inhibitor cocktail from Roche) as previously
described (Cecchini et al., 2015b). Proteins were immunoprecipitated using an anti-HA affinity
matrix (rat monoclonal 3F10, Roche). Matrix was washed 4 times with extraction buffer and then

resuspended in loading buffer for western blot analysis.

flg22 treatment and systemic resistance induction
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To analyze AZI1/EARLIL levels and localization after flg22 peptide treatment, Arabidopsis WT
and mpk3 and mpk6 mutant leaves were infiltrated with 1 UM flg22 or mock (H20). Total or plastid
fraction protein samples were obtained after different times post-infiltration as indicated in Figure
legends. Plants were treated soon after lights were turned on in the morning.

To evaluate the local and systemic resistance induced by flg22 (MSAR; (Mishina and Zeier,
2007; Cecchini et al., 2015b)), 3 lower leaves were infiltrated with 200 nM flg22 or H>O (mock).
After two days local or distal leaves were syringe-inoculated with virulent Pseudomonas
cannabina pv alisalensis (formerly called P. syringae pv. maculicola ES4326 (Bull et al., 2010))
carrying an empty vector (PmaDG3) (ODeo0=0.0003) (Guttman and Greenberg, 2001). Bacteria

growth was quantified 3 days post infection using 8 leaves from 8 different plants.

Exogenous application of actin and microtubules inhibitors

Solutions of Latrunculin B (20 uM, Sigma-Aldrich, USA) or oryzalin (40 uM, Sigma-Aldrich,
USA) inhibitors were directly infiltrated into leaves with a needleless syringe. In Arabidopsis,
treated leaves were analyzed by microscopy or total and plastid fraction proteins isolated after 3
hs. In N. benthamiana, discs were immediately cut after leaves’ infiltration and floated in the

inhibitor solutions for 16-18 hs before the microscopy analysis.

Statistical analysis
Analyses in this study were done with the software SigmaPlot v11.0 (Systat Software, Inc.).
ANOVA (log-transformed data for bacterial growth curves) followed by the Tukey or Newman-

Keuls (SNK) post hoc test and one-tailed Student’s t-test were used as indicated in Figure legends.
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Figure S1. Quantification of the AZI1.GFP that colocalize with RFP-TUB6 and anti-tubulin
western blot of total and plastid fractions from N. benthamiana expressing AZ11422%.GFP (X),

AZ112730%:GFP (X1), or mock-treated.
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Figure S2. Flg22 treatment affects the levels of AZI1T/EARLI1 and phosphorylation state of
MPK3/MPKG6 in mpk3 and mpk6 mutants.

Movie S1. Live imaging microscopy of AZI1:GFP and RFP-TUBG6 expressing N. benthamiana.
Table S1. A summary of the in vivo microscopy and fractionation plastid association data for AZI1
variants.

Table S2. Vectors, constructs and primers list used in this study.
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Figure S3.1. Quantification of the AZI1:GFP that colocalize with RFP:TUB6 and anti-tubulin
Western blot of total and plastid fractions from N. benthamiana expressing AZ114%-%5:GFP (X),
AZI11223%:GFP (XI), or mock-treated

(@) Quantification of the control GFP and AZI1:GFP that colocalize with RFP-TUBG6. The
averages +/- standard error of colocalized vs total GFP signal from one (control GFP) and five
(AZI1:GFP) independent experiments are shown. Different letters indicate statistically
significant differences (P<0.05, analysis of variance (ANOVA), Tukey test). Individual data
points are shown on the bar chart as scatter-dots. (b) Western blot of total extracts from
agrotransformed N. benthamiana tissues expressing AZI1A2-25:GFP (X), AZI1A2-30:GFP
(XI), or mock (infiltration solution only). Bands were revealed using anti-yol34 (anti-tubulin)
antibody. The blots stained with Coomassie blue (CBB) are presented to show loading.
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Supplemental Figure 3.2.
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Figure S3.2. Flg22 treatment affects the levels of AZI1/EARLI1 and phosphorylation state of
MPK3/MPKG6 in mpk3 and mpk6 mutants.

(a) Quantitation of AZI1-EARLIL protein levels total and plastid fraction from Arabidopsis
leaves of WT Col-0 and mpk3 and mpké6 plants 6h post treatment with 1 uM flg22 or mock
relative to the total protein content in each Coomassie blue membrane lane. The highest value
in total or plastid fractions was set to 100 in the relative units. Averages with standard error
from three independent experiments are shown. Different lower or uppercase letters indicate
statistically significant differences (P<0.01, analysis of variance (ANOVA), Tukey test). The
dotted line in the graph indicates that the total and plastid fractions were analyzed
independently. Individual data points are shown on the bar chart as scatter-dots. (b) Western
blot of total extracts from WT Col-0 Arabidopsis samples used in Figure 3a and 3b to test
MPK3/6 activation at different times post infiltration with 1 uM flg22 (+) or mock (-). Bands
were detected wusing phospho-p44/42 MAPK (Erk1/2) antibody that detect
MPK3/MPK4/MPKG6 phosphorylated kinase isoforms.
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Table S3.1. Summary of the in vivo microscopy and fractionation plastid association data for
AZI1 variants.

Plastid localization
Variants Mutated
Regions .m vive fractionation
(microscopy)
AZI1 full length ++ +

(++), (+), (+/-), (-): indicate level of plastids association for each construct.
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Table S3.2. Vectors, constructs and primers list used in this study

Plasmid Parent vector | Description Antibiotic? | Reference
pBAV150 TA7001 Gateway binary plant | KmR?/  CmR | (Vinatzer et
expression vector (Dex | /BASTAR al., 2006)
promoter, C-terminal HA-
tag)
pBAV154 TA7001 Gateway binary plant | Km®/  CmR | (Vinatzer et
expression vector (Dex | /BASTAR al., 2006)
promoter, C-terminal HA-
tag)
Lifeact-GFP pMDC43 CaMV 35S:Lifeact-GFP KmR/HygR (Smertenko
et al., 2010)
RFP-TUBG6 pCAMBIA1300 | UBQ1::RFP:TUB6 KmR/HygR (Ambrose et
al., 2011)
pSITE-4NA- PSITE-4NA 35S::MPK3:mRFP1 (CD- | SpR This study
MPK3 1642)
pSITE-4NA- PSITE-4NA 355-MPK6:mRFP1 (CD- | SpR This study
MPK®6 1642)
pBAV154-AZ|1 pBAV154 Dex:AZI1:HA in a binary | KmR (Cecchini et
vector /BASTAR al., 2015b)
pBAV150-I1. pBAV150 Dex:AZI1:GFP in a binary | KmR (Cecchini et
AZI1:GFP vector /BASTAR al., 2015b)
pBAV150-I1. pBAV150 Dex::AZl1-variant:GFP in | KmR (Cecchini et
AZ|1A77161.GFP a binary vector /BASTAR al., 2015b)
pBAV150-I111. pBAV150 Dex::AZl1-variant:GFP in | KmR This study
AZ|1838-161:GFP a binary vector /BASTAR
pBAV150-1V. pBAV150 Dex::AZl1-variant:GFP in | KmR This study
AZ|1A38- a binary vector /BASTAR
161_C28AIC30A: G FP
pBAV150-V. pBAV150 Dex::AZll-variant:GFP in | KmR This study
AZ|1240-76:GFP a binary vector /IBASTAR
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pBAV150-VI. pBAV150 Dex::AZl1l-variant:GFP in | KmR (Cecchini et
AZ|183276:GFP a binary vector /IBASTAR al., 2015b)
pBAV154-VI. pBAV154 Dex::AZl1l-variant:HA in a | KmR This study
AZI123276:HA binary vector /IBASTAR

pBAV150-VII. pBAV150 Dex::AZll-variant:GFP in | KmR This study
AZ1122876.GFP a binary vector /BASTAR

pBAV150-VIII. pBAV150 Dex::AZl1-variant:GFP in | KmR This study
AZI1183137.GFP a binary vector /BASTAR

pBAV150-1X. pBAV150 Dex::AZl1-variant:GFP in | KmR This study
AZI1°%A.GFP a binary vector /BASTAR

pBAV150-1X. pBAV150 Dex::AZll-variant:GFP in | KmR This study
AZI1°%8A:GFP a binary vector /IBASTAR

pBAV150-1X. pBAV150 Dex::AZll-variant:GFP in | KmR This study
AZ|1C28ANC0AGEP a binary vector /IBASTAR

pBAV150-X. pBAV150 Dex::AZl1-variant:GFP in | KmR This study
AZ112225.GFP a binary vector /BASTAR

pBAV150-XI. pBAV150 Dex::AZl1-variant:GFP in | KmR This study
AZ112230.GFP a binary vector /BASTAR

pBAV150-XII. pBAV150 Dex::AZl1-variant:GFP in | KmR This study
AZ|14230A7T- a binary vector /IBASTAR

161 GFP

pBAV150-XIII. pBAV150 Dex::AZl1l-variant:GFP in | KmR This study
AZI1227T:GFP a binary vector /IBASTAR

pBAV150-XIV. pBAV150 Dex::AZl1l-variant:GFP in | KmR This study
AZ|1A230/A103- a binary vector /IBASTAR

161:GFP

pBAV150-XV. pBAV150 Dex::AZl1l-variant:GFP in | KmR This study
AZ|14252/8103- a binary vector /BASTAR

161 GFP

pBAV150-XVI. pBAV150 Dex::AZl1l-variant:GFP in | KmR This study
AZ114%52,GFP a binary vector /BASTAR
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Primers

Name Sequence (5-3’) Purpose

Actin gPCR F GAGCGGGAAATTGTCAGGGA Purpose

Actin gPCR R GAGCGGGAAATTGTCAGGGA Purpose

AZI1-cacc-FW GAGCGGGAAATTGTCAGGGA Purpose

AZ|1-nostop-RV GAGCGGGAAATTGTCAGGGA Purpose
GAGCGGGAAATTGTCAGGGA Purpose

AZI1_SP+CPR_RV

AZI1 signalP-C- | GAGCGGGAAATTGTCAGGGA Purpose

LTP RV

AZI1 C-LTP FW GAGCGGGAAATTGTCAGGGA Purpose

SP+CPR---Cterm | GAGCGGGAAATTGTCAGGGA Purpose

RV

SP+CPR---AZI1 C- | GAGCGGGAAATTGTCAGGGA Purpose

LTP FW

SP-CxC-CPR--- GAGCGGGAAATTGTCAGGGA Purpose

Cterm RV

SP-CxC-CPR--- GAGCGGGAAATTGTCAGGGA Purpose

AZI1 C-LTP FW

AZI1lw-oCPR_RV GAGCGGGAAATTGTCAGGGA Purpose

AZI1lw-oCPR_FW | GAGCGGGAAATTGTCAGGGA Purpose

AZI1_C28A RV GAGCGGGAAATTGTCAGGGA Purpose

AZI1_C28A FW GAGCGGGAAATTGTCAGGGA Purpose

AZI1_C30A_RV GAGCGGGAAATTGTCAGGGA Purpose

AZI1_C30A_FW GAGCGGGAAATTGTCAGGGA Purpose

AZI1_C28A- GAGCGGGAAATTGTCAGGGA Purpose

C30A_RV

AZI1 _C28A- GAGCGGGAAATTGTCAGGGA Purpose

C30A_FW

AZI1-LTP_FW GAGCGGGAAATTGTCAGGGA Purpose

AZ|1-SP_atg FW | GAGCGGGAAATTGTCAGGGA Purpose
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caccATG_AZI1 GAGCGGGAAATTGTCAGGGA Purpose
woSP woCxC_FW

AZI1 N-term -RV GAGCGGGAAATTGTCAGGGA Purpose
AZI1 307- GAGCGGGAAATTGTCAGGGA Purpose
Q102_RV

AZI1_157-P53_FW | GAGCGGGAAATTGTCAGGGA Purpose
MPK3 FW GAGCGGGAAATTGTCAGGGA Purpose
MPK3RV GAGCGGGAAATTGTCAGGGA Purpose
MPK6 FW GAGCGGGAAATTGTCAGGGA Purpose
MPK6RV GAGCGGGAAATTGTCAGGGA Purpose

a) BASTAR, BASTA (glufosinate ammonium) resistance; CmR, chloroamphenicol resistance;
KmR, kanamycin resistance; SpR, spectinomycin resistance; RifR, rifampicin resistance; TetR,

tetracycline resistance.
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CHAPTER 4
THE ROLE OF THE AZI1 PROTEIN FAMILY IN SYSTEMIC DEFENSE AND

AZELAIC ACID SIGNALING

Preface

This chapter includes a new, unpublished from collaborative work performed with Dr.
Claire Parent that was completed under the supervision of Professor Jean Greenberg. | authored
this chapter alone with helpful comments from Professor Greenberg. My contributions to the
project are as follows:

| developed the CRISPR/Cas9 mutagenesis project and selected the targets with Dr.
Parent. Dr. Parent designed the gRNA adaptors (Table 4.2), locus-specific and sequencing
primers (Table 4.1), and cloned the constructs into the destination vector.

Dr. Parent and | transformed the CRISPR/Cas9 destination vectors into the plants and
selected mutants with Dr. Parent performing the majority of the BASTA treatments and
transformations. Dr. Parent selected and collected seed from T2 plants with the help of Dr.
Zeeshan Banday. | sequenced T3 plants to characterize their mutations in AZI3, AZ14, AZI5, or
AZ16 and collected seed from plants with biallelic mutations.

| performed each of the experiments described herein. Jessica Morgan assisted with one

replicate of the systemic disease resistance assays (Fig 4.2A).

100



4.1 Introduction

Azelaic acid (AZA) is present and active in both aerial and underground plant organs,
primes the induction of SAR-like systemic immune responses when exogenously applied to
either leaves or roots, and restricts primary root elongation while enhancing lateral root density
when applied to roots (Bouain et al., 2018; Cecchini et al., 2015; Chapter 2, Cecchini et al.,
2019; Jung et al., 2009; Yu et al., 2013). Sensitivity to and systemic transport of AZA require the
SAR- and ISR-essential LTPs AZI1 and EARLI1, which are induced by AZA, pathogen
effectors, and infections (Bouain et al., 2018; Cecchini et al., 2015, Chapter 2, Cecchini et al.,
2019; Cecchini et al., 2021; Jung et al., 2009). azi1-1 and earlil-1 plants mutants fail to mount
systemic defenses after the application of AZA to roots and show reduced changes in root
morphology (Chapter 2, Cecchini et al., 2019). Whereas wild-type plants show more severely
inhibited primary root elongation and greatly enhanced lateral root density, loss of either AZI1 or
EARLI1 causes a more moderate reduction in primary root elongation and a weak increase in
lateral root density (Bouain et al., 2018; Chapter 2, Cecchini et al., 2019).

In addition to AZI1 and EARLI1, the AZI1 gene family encodes five additional proteins
that are tandemly arrayed on chromosome 4 and show a high degree of sequence similarity to
AZI1 and EARLI1 (Fig. 1.3). These seven genes encode highly similar proteins that can be
divided into three main domains based on amino acid sequence: 1) an N-terminal HD; 2) an
internal PRR of varying length; 3) and a C-terminal LTP domain, which contains a highly
conserved 8-cysteine motif (Cecchini et al., 2015; Dvotakova et al., 2007, 2012).

AZI1’s N-terminal HD and PRR form a novel bipartite plastid targeting signal which
localizes the protein to plastid envelope membranes (Fig 1.2 and 1.3; Cecchini et al., 2015;

Cecchini, Speed et al., 2021). AZI1’s HD shows a degree of hydrophobicity similar to signal
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anchor proteins and is sufficient to drive membrane association (Kim et al., 2011; Lee et al.,
2014; Cecchini et al., 2015; Cecchini, Speed et al., 2021). Although deletion of the HD disrupts
AZI1’s ring-like association with plastids, only deletion of the PRR completely abolishes AZI1’s
plastid association, which posits the PRR as a plastid targeting signal (Cecchini, Speed et al.,
2021). Furthermore, AZI13, which has a PRR similar to AZI1 and EARLI also targets to plastids
when transiently expressed in tobacco leaves (Cecchini et al., 2015). In contrast, AZI5, AZI6,
and AZI7, which have a very short or no PRRs, do not target to plastids like AZI1, EARLI1, or
AZI3.

The AZI1 family genes and the proteins they encode are highly similar, have coding
regions comprising <700 bases each, and lack introns. Thus, it is likely that they function as
natural variants of each other similar to an allelic series (Fig. 1.3). Furthermore, AZI5 and AZI6
have identical coding sequences and the immune-priming defects in azil mutants can be rescued
by overexpression of EARLI1 (Cecchini et al., 2015). This also suggests a degree of
interchangeability and similar functionality among the (plastid-targeted) AZI1 family proteins
(Cecchini et al., 2015). As such, I hypothesized that the AZI1 family proteins with PRRs similar
to AZI1 are essential for systemic defense priming and signal mobilization. Although null
mutants for azil and earlil exist and permit the analysis of their roles in various signaling and
defense priming pathways, no such mutants exist for AZI3, AZI4, AZ15, AZI6, or AZI7.

Thus, in collaboration with Dr. Claire Parent, | employed a CRISPR/Cas9 mutagenesis
strategy to induce targeted mutations in individual AZI1 family genes. CRISPR/Cas9 systems
employ a bacterial endonuclease to permit the induction of targeted double strand breaks in the
DNA backbone. We employed such a system to introduce mutations into the AZI3, AZ14, AZI5,

and AZI16 gene loci. Herein, | characterize three novel mutants of azi3, one novel mutant of azi4,
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and two novel mutants of azi5azi6 (Fig 4.1). Because the coding regions of AZI5 and AZI6 are
identical, the genes could not be targeted individually.

I assessed these mutants’ ability to prime SAR and respond to root-applied AZA similar
to azil and earlil. Because root-applied AZA can prime defenses in aerial tissues and induces
changes in root morphology, | assessed the impacts of root-applied AZA on the development of
leaf tissues (Bouain et al., 2018; Chapter 2, Cecchini et al., 2019). | also assessed if loss (azil-1)
or mutation (azil family CRISPR mutants) of the AZI1 family proteins affected root

development when exposed to high concentrations of salt.

4.2 Material and Methods

Plants, bacteria, and plasmids

All plants used for infections were 25- to 28-day-old Arabidopsis thaliana in the
Columbia-0 (Col-0; wild-type/WT) background. azil-1 and earlil-1 t-DNA mutants were
previously described. Plants were grown in soil under 12-h day (08:00 to 20:00) and 12-h night
conditions at 20°C, 200—-230pumol s*m2 light at rosette level and 50-70% relative humidity.

Transgenic Arabidopsis were generated by the floral dip method (cite). Transformants
were selected by spraying 10-day-old seedlings grown in soil with BASTA (120mg/L + 0.5%
Silwet-77). BASTA treatment was re-applied every 3-4 days for a total of four treatments. To
determine the genotype of the T3 plants, DNA was extracted from 3 leaf discs collected from an
individual T3 plant using a Cetyltrimetyl ammonium bromide (CTAB)-based method (Clarke,
2009). The target region was PCR-amplified using the appropriate locus-specific primers (Table

4.1), confirmed via agarose gel electrophoresis, cleaned using a QIAquick PCR
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Figure 4.1 Sequence Alighment and Cartoons Diagramming
the azi1 family CRISPR mutants
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Figure 4.1 Sequence Alignment and Cartoons Diagramming

the azi1 family CRISPR mutants
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Figure 4.1 Sequence Alignment and Cartoons Diagramming the azil family CRISPR mutants

A) WT (Top) and mutant (bottom) amino acid sequences of B) AZI3, C) AZI4, and D) AZI5/6 (AZI5 and
AZI6 are identical). The PRR starting at amino acid 32 is underlined in each WT sequence. The HD
comprises amino acids 1-25 in AZI3, AZl4, and AZI5/6. Amino acids 26-32 contain a putative acylation
site in AZI3 and AZI4 (CxC, brown). The PRR is underlined in each WT sequence. Sequences in grey
are not present in the WT protein. Note that the CRISPR allele of AZI4 deletes two highly conserved
regions in the PRR that are indicated by the red boxes in Figure 1.3B.

Purification/Clean-up kit (QlAgen, # 28104) and Sanger-sequenced using the specific
sequencing primers (Table 4.1). To determine allelic heterogeneity, sequencing results were
analyzed using the Degenerate Sequence Decode program (DsDecode; Liu et al., 2015; Ma et al.,
2016). The individual alleles revealed by DsDecode were then re-aligned to the reference
sequences using SnapGene (Insightful Science, snapgene.com) and expasy.org/translate to
determine the amino acid sequence of each allele. Three biallelic mutants of AZI3, one biallelic
mutant of AZI4, and two biallelic double mutants of AZISAZ16 were identified in this screen and
selected for further study. T4 seeds from one individual plant per sequenced T3 line that was

sequenced was used for experiments.

Table 4.1 — Locus-Specific and Sanger Sequencing Primers Employed in the Characterization of
azil Family CRISPR Mutants

Name Sequence (5°-37) length
AZI3 locus primer 1F TGCGCGGAAAAAGATAACGC 20
AZI3 locus primer 1R TAGGCCGCTCCCAAATCCTA 20
AZI13 sequencing primer 1F | AGAGTAAACTGTGTGCGTCGT 21
AZI3 sequencing primer IR | AGTCCTAACCCTACGCCAGT 20
AZI14 locus primer 1F CAACTGCACGTTAAGTAGACCAC 23
AZI4 locus primer 1R ACACTAAAGAAAATACCAATGGCTT 25
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AZI14 sequencing primer 1IF | GAGCATCGATAGGACAGTTTCCG 23
AZI14 sequencing primer 1R | AACCACTGCTACTGATTGTCGAT 23
AZI5/6 locus primer 1F GAAGGCTGAGAGAGACGGGA 20
AZI15/6 locus primer 1R ACCACTCTCTTTTGGCAATACT 22
AZ15/6 sequencing primer

AACTTTAGCCTTTAGGGCGGTG 22
1F
AZI15/6 sequencing primer

AGCCTCTCTTGTCATTTTCCTCA 23
1R
AZIT locus primer 1F TGTTCCCTTAACAGTATTTCCCT 23
AZIT7 locus primer 1R TGCCCAAGAGACGTTCTCAA 20
AZI7 sequencing primer 1F | TGGATGTTAGACAAAACCAATTCA 24
AZI7 sequencing primer 1R | ACCAGCTATGAGGCCTTGTT 20

Nicotiana benthamiana were grown at 24°C and with 16-h day light. Plants were grown

for 4 weeks before Agrobacterium tumefaciens-mediated transient transformation.

Generation of AZI1 Family CRISPR Alleles

CRISPR/Cas9 gene editing technology was used to introduce mutations into AZI3, AZ14,

AZI5, and AZI6 as according to the method described by Ma and Liu, 2016. Two guide RNA

(JRNA) adaptors were designed for each gene of interest to increase targeting and editing

efficiency (Table 4.2). Target adaptors were ligated into a Bsa-1 digested plasmids (Addgene

#66198 and 66201) to construct the sgRNA intermediate plasmid which contained: 1) the

Arabidopsis U6 small nuclear RNA promoter; 2) the binding scaffold for Cas9 nuclease; 3) and

the two target adaptors. The final CRISPR/Cas9 expression vectors were assembled by
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recombining the sgRNA cassettes into Addgene vector 66188, which also contains a BASTA
herbicide resistance gene and a Cas9 gene expression cassette driven by the maize ubiquitin
promoter. All constructs were transformed into and purified from Escherichia coli DH5a cells

and expression vectors were subsequently transformed into Agrobacterium tumefaciens GV3101.

Table 4.2 — sgRNA Adaptors Used to Target AZI13, AZ14, and AZI5/AZ16

Name Sequence (5°-3)
AZI3 -1U3dF | gtcaTTTGGTTGACCTTGACGCTG

AZI3 -1U3dR | aaacATGCACTGCTCTTAGGGCTA
AZI4 -1U3dF | aaacAGGACGGTCCCAAGTCCAAA

AZI4 -1U3dR | aaacAAGTCCAAAGGTCCCGAGTC

AZI5-1U3dF | gtcaAACCTAAGCCCAAGTCCAC
AZI5-1U3R aaacGTGAAGCCTTGTTGTTCGC

Surface Sterilization of Seeds using Chlorine Gas

Seeds were surface sterilized using chlorine gas (Lindsey et al., 2017). ~5uL seed were
added to a pre-labeled 1.5mL Eppendorf tube. 100mL of 7.5% NaOCI (Clorox) were added to a
250mL beaker placed inside a desiccator inside an active fume hood. The 1.5mL tube(s)
containing the seeds was re-labeled over the previous label to reduce bleaching of the label due
to the chlorine gas. The tubes were transferred to the desiccator which contained the 7.5%
NaOCl, then carefully opened. 3mL of 37% HCI (Sigma) were slowly added to the top of the
7.5% NaOCI using a transfer pipette which was used to very gently stir the solution. The lid was
then placed on the desiccator then sealed with parafilm. After 2.5-3hrs, the tubes were closed
using aseptic technique then removed from the desiccator and transferred to a sterile fume hood.

Within the sterile hood, the tubes were relabeled then opened and allowed to vent for 15-30mins.
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After venting, the seeds were plated on ¥2MS (1% sucrose; Sigma Aldrich) agar plates in
100x100mm polystyrene petri dishes (Fisherbrand). After three days of vernalization at 4°C,
plates were transferred to the growth chamber with 16-h light (120 pmol s> m™) and 8-h dark

cycles at 21°C.

Oxylipin Treatment of Seedlings on Plates

For oxylipin treatment assays, 12-15 seedlings germinated from gas-sterilized seeds were
transferred to new %2MS plates (1% sucrose; Sigma Aldrich) supplemented with either 40uM
azelaic acid (AZA) in 5mM MES or 40uM suberic acid (C8) in 5mM MES or 5mM MES alone
(mock) in 120x120mm polystyrene petri dishes (Grenier Bio) two days post-germination. 10mM
stock solutions of AZA and C8 were prepared in 5mM MES buffer at pH 5.7. To limit contact
between the aerial tissues and the media, sterile 18x18mm or sterile 24x30mm glass coverslips
placed on top of the media. The seedlings were gently transferred onto the coverslips such that
only the nascent root was in contact with the media. Images were collected using an Epson
scanner at 10- and 17-days post-transfer for root and leaf growth assessments, respectively. For
fresh weight measurements, individual seedlings were collected and the mass of the aerial tissue
cleaved from the roots was measured using a standard bench scale. Mean data from two (azi3-17,
azibazi6-10) or three (wild-type, azil-1, azi3-16, azi4-2, and azi5azi6-3) independent
experiments is plotted. 1 genotype per plate; n = 11-15 seedlings per plate. Error bars are SEM
and color-coded letters above bars indicate statistical differences by anova, SNK test. p<0.05.

All root lengths and lateral root numbers were measured using ImageJ.

Salt Treatment of Seedlings on Plates
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For basal growth and salt response assays, 7-8 seedlings germinated from gas-sterilized
seeds were transferred to new %2MS plates (1% sucrose) supplemented with either 150mM NaCl
or dH20 in 100x100mm polystyrene petri dishes (Grenier Bio) 7-days post-germination. Images
were collected at 7-days post-transfer using an Epson scanner. Mean data from two independent
experiments is plotted; n = 7-8 seedlings per genotype per experiment. Error bars are SEM and
color-coded letters above bars indicate statistical differences by anova, SNK test. p<0.05.

All root lengths and lateral root numbers were measured using ImageJ.

Disease Resistance Assays

The evaluation of bacterial growth was carried out as described (Jung et al., 2009). To
evaluate basal disease resistance, three lower leaves were infiltrated with Pseudomonas
cannabina pv. alisalensis an avirulent isogenic strain expressing avrRpt2 (PmaDG6) at a
concentration wherein optical density at wavelength of 600nm (ODsoo) = 0.0001 (Guttman and
Greenberg, 2001). Bacterial growth was quantified from 8 discs collected from inoculated leaves
from separate plants 3-days post-inoculation.

To evaluate systemic resistance, two lower leaves were syringe-inoculated with avirulent
PmaDG6 at ODeoo = 0.01. Two days later, the inoculated leaves were excised then two systemic
(and uninoculated) upper leaves were inoculated with the virulent pathogen P. cannabina
without avrRpt2 (PmaDG3) at ODs0o=0.0001 (Guttman and Greenberg, 2001). Growth was
quantified from discs collected from eight leaves from eight separate plants for each genotype

assessed 3-days post-inoculation.

Plotting and Statistical Analysis
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All root and leaf growth-related graphs were plotted and statistics were performed using

GraphPad Prism Version 9.3.1. Pathogen infection graphs and statistics were performed using

RStudio (Figure S4.1 and S4.2).

4.3 Results

4.3.1 Characterization of azil family CRISPR mutants

Given the roles and localizations of AZI1 and EARLI1 in systemic immunity priming, |
investigated whether AZI1 family proteins with (predicted) similar localization patterns would
show similar pro-immunity functions. To test for possible differential roles of the AZI1 family
proteins in AZA signaling and systemic defense priming, we induced targeted mutations in AZI3,
AZI4, and AZI5/AZ16. We used two guide RNAs (JRNAS) per gene to increase editing
efficiency. To identify allelic variances, | employed a combination of Sanger sequencing
followed by analysis using DsDecode (Liu et al., 2015; Ma et al., 2016). Using this method, |
identified three lines with mutations in AZI3, one line with mutations in AZI4, and two lines with
mutations in AZI5 and AZI16 (Fig. 4.1).

Each of the azi3 mutations partially deletes the 8-cysteine motif conserved among the
AZI11 family proteins and the greater HyPRP family (Fig. 1.3B and C; Fig. 4.1A). Alleles azi3-
11b and azi3-17a have identical mutations wherein amino acids 146-182 have been deleted. azi3-
11a and azi3-17b consist of similar but distinct frameshift mutations. azi3-11a has a mutation
resulting in the deletion of wild-type amino acids 146-182 and the addition of new amino acids
146-149. azi3-17b has a mutation resulting in the deletion of wild-type amino acids 147-182 and

the addition of new amino acids 147-149. Both azi3-16 alleles have frameshift mutations
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resulting in the deletion of wild-type amino acids 162-182 (azi3-16a) and 160-182 (azi3-16b)
and the addition of 11 and 14 new amino acids, respectively.

The azi4-2 mutant has similar biallelic mutations resulting in the loss of wild-type amino
acids 72-92; azi4-2b contains an additional T71K mutation (Fig 4.1B). In both cases, this region
encompasses 20 amino acids that are highly conserved within the plastid targeting regions of
AZI1, EARLI1, and AZI3 (Fig. 1.3B; Cecchini et al., 2015; Chapter 3, Cecchini, Speed et al.,
2021).

The azibazi6 double mutants contain the most severe mutations from the wild-type
sequences. Both mutants display total deletions of the 8-cysteine motif within the LTP domain
(Fig. 4.1C). azi5azi6-3 is comprised of biallelic frameshift mutations resulting in the loss of
wild-type amino acids 14-129 (azi5azi6-3a) and 15-129 (azi5azi6-3b) and the addition of 39 and
38 new mutant amino acids, respectively. azi5azi6-10 has biallelic frameshift mutations resulting
in the loss of wild-type amino acids 44-129 and the addition of 8 (azi5azi6-10a) and 4 (azi5azi6-
10b) new amino acids. These mutations remove most of the targeting signal (HD) from azi5azi6-
3, whereas azi5azi6-10 has an intact targeting signal (Cecchini et al., 2015; Chapter 4, Cecchini,

Speed et al., 2021).

4.3.2 Plastid-Targeted AZI1 Family Proteins Contribute to Priming of Systemic Defenses

To determine if AZI3, AZI4, and AZI5/AZI16 contribute to SAR, | primed systemic
defenses as previously described (Jung et al., 2009). Three lower leaves were inoculated with the
avirulent pathogen P. cannabina PmaDG6 or 10mM MgSOs infiltration solution alone (mock).
Later, the inoculated lower leaves were removed and two upper leaves were challenged by

secondary inoculation with the virulent pathogen PmaDG3 (P. cannabina lacking AvrRpt2).
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Figure 4.2. The Plastid-Targeted AZI1 Family Proteins Contribute to SAR

A) SAR assay showing the growth of virulent bacteria PmaDG3 in systemic leaves of WT, azil (negative
control), azi3, azi4, and azi5/azi6 mutants and B) response gain of SAR due to PmaDG6 immunization
in (A). The plants were immunized in three lower leaves with avirulent pathogen PmaDG6 (ODeoo =
0.01) or mock. Two days later, the immunized leaves were removed and two upper, systemic leaves
were infected with the virulent pathogen PmaDG3 (ODsoo = 0.0001). Bacterial growth was sampled from
the systemic leaves. C) Local bacterial growth assay showing the growth of avirulent bacteria PmaDG6
in local leaves of WT, azil, azi3, azi4, and azi5/azi6 mutants. Three lower leaves were infected with
avirulent pathogen PmaDG6 (ODsoo = 0.0001) and bacteria were sampled from the same leaves three
days later. In (A), the mean CFU of two-six experiments with eight leaves per WT or mutant line is
plotted; error bars show SEM. In (B), error bars represent variation among replicates. In C) the mean
CFU is plotted from two experiments with seven-eight leaves per WT or mutant line per experiment;
error bars show SEM. Color-coded letters above bars indicate statistical differences by anova, SNK test.
p<0.05.

Consistent with previous findings, azil-1 failed to mount SAR after the initial priming infection
(Fig. 4.2A). In comparison, systemic wild-type leaves showed significantly enhanced bacterial
resistance after the priming infection.

Similar to azil-1, mutation of AZI3 (which targets plastids similarly to AZI1) or AZI4
(which has a PRR similar to AZI1) resulted in an attenuated SAR response wherein bacteria-
primed plants showed a similar degree of bacterial colonization as mock-treated plants (Fig
4.2A). In contrast, neither of the azi5azi6 mutants showed a noticeable SAR defect. To quantify
the magnitude of each immune response due to the initial immunization, | calculated the
response gain to SAR using a mathematical model derived by Jiang et al., 2021. Compared to
wild-type, only azil, azi3 and azi4 mutants showed significantly reduced response gains in SAR
(Fig. 4.2B). The lack of SAR in azi3 and azi4 may be due to an inability to recognize the SAR-
inducing pathogen PmaDG6 as opposed to a general defect in defense priming. Therefore, | also
assessed each mutant’s basal/unprimed bacterial resistance and found that azi3 and azi4
displayed wild-type levels of basal disease resistance (Fig. 4.2C). Interestingly, the azi5azi6-10

double mutant appeared to show a weaker basal disease resistance than wild-type.
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These results suggests that the AZI1 protein family may weakly contribute to local
defense signaling and that the non-plastid-targeted AZI1 family proteins are dispensable to

systemic defense signaling.

4.3.3 The AZI1 Gene Family Requlates Root Growth During AZA Signaling

The full root and shoot responses to AZA require AZI1 and EARLI1, which poises the
AZI1 protein family as critical components of such a root-to-shoot developmental signaling
mechanism (Bouain et al., 2018; Jung et al., 2009; Cecchini et al., 2015, Chapter 2, Cecchini et
al., 2019, Cecchini, Speed et al., 2021). However, our findings that the non-plastid targeted
AZI5/AZI16 are dispensable for SAR presents the possibility that the AZI1 family proteins may
have differential functions in AZA signaling as well (Fig. 4.2)

To test if the plastid-targeted and non-plastid-targeted AZI1 family proteins contribute to
root-based AZA signaling, | measured the impacts of prolonged root exposure to AZA in the
azil family mutants (Fig. 4.3-4.9). As a measure for oxylipin specificity in the root morphology
response, | separately exposed roots to the 8-carbon oxylipin suberic acid (C8), which is
structurally similar to AZA but does not prime systemic defenses (Jung et al., 2009). As
performed previously, 2-day-old seedlings grown on ¥2MS media were gently transferred to fresh
%MS plates supplemented with either 40uM AZA, 40uM C8, or 5mM MES (Fig 4.3; Chapter 2,
Cecchini et al., 2019). To limit contact between the aerial tissues and the media, the seedlings
were placed on glass coverslips such that only the root was in contact with the media (Fig 4.3A).

Figures 4.3-4.8 demonstrate that exposure of roots to either AZA or C8 severely limits
primary and lateral root growth however, AZA causes a much greater inhibition of primary root
elongation than C8 in wild-type seedlings (Fig 4.4A and B). In contrast, AZA and C8 had more

similar impacts on lateral root elongation (Fig. 4.4C and D). The azil, azi3, azi4, and azi5azi6
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mutants showed similar primary root length after either lipid treatment, which could be
suggestive of both an attenuated sensitivity to AZA and/or a heightened response to C8. Due to
the similar impacts of AZA and C8 on primary root growth, I directly compared the primary root
length on either compound to measure the relative sensitivity to either oxylipin (Fig. 4.4B and
D). Measured in arbitrary units, RS = 1 when the root growth on AZA is equivalent to the root
growth on C8 and suggests equal levels of sensitivity to AZA and C8. An RS < 1 occurs when
there is greater growth on AZA than C8 and suggests greater sensitivity to AZA than to C8;
when RS > 1, plants appear more sensitive to C8 than AZA.

As suggested from the primary root lengths, wild-type seedlings showed a much greater
sensitivity to AZA than C8 (RS < 1; 4.4B). In contrast, each of the azil family mutants showed a
greater sensitivity for C8 than AZA (RS > 1). Though the impact on lateral root elongation is
more subtle, loss or mutation of the AZI1 family genes generally decreased the relative
sensitivity for AZA similar to the effect seen on primary root development (Fig 4.4B and D).
These data show that AZA inhibits primary and lateral root elongation and suggests that the AZI1
gene family may regulate developmental specificity for oxylipins. The greater degree of primary
root growth inhibition and the greater relative sensitivity to AZA than C8 seen in wild-type
plants also suggests that similar but distinct oxylipins may induce the formation of distinct root
structures in a manner dependent on the AZI1 gene family.

To further assess the role of the AZI1 family proteins in AZA-induced root development,
| assessed the impact of AZA and C8 treatment on the initiation of new lateral roots (Fig 4.5).
wild-type seedlings showed a significant increase in lateral root density in response to either
treatment (Fig 4.5A). However, similar to the response seen in the primary root, AZA causes a

much greater increase in lateral root density than C8 treatment. This heightened response to AZA
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Figure 4.3. Root-applied Oxylipins Severely Inhibit Root Growth
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Figure 4.3. Root-applied Oxylipins Severely Inhibit Root and Shoot Growth

A) 2-days after germination on ¥2MS agar, WT, azil, azi3, azi4, and azi5azi6 seedlings were gently
transferred to onto sterile coverslips placed on new ¥2MS agar supplemented with either 40 uM azelaic
acid (AZA) or 40 pM suberic acid (C8) in 5mM MES or 5mM MES alone (mock) so as to limit contact
between the aerial tissues and media. B) Select WT azil, azi3, azi4, and azi5azi6 mutants 10 days after
transfer onto sterile coverslips on 2MS agar supplemented with either 40 uM azelaic acid or 40uM
suberic acid in 5mM MES or 5mM MES alone (mock). 11-15 seedlings per plate; example seedlings
from 1 of 3 replicates shown. Images collected with an Epson brand scanner. Select images shown;
similar results were observed among different mutations for the same gene.
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Figure 4.4. The AZI1 Gene Family Affects the Root Elongation
Response to Oxylipin Treatment
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Figure 4.4. The AZI1 Gene Family Affects Root Elongation in Response to Oxylipin Treatment

The mean length of each primary root A) or lateral root C) of WT and azil family mutant seedlings was
measured days after transfer to sterile coverslips on ¥2MS agar supplemented with either 40 uM azelaic
acid (AzA) or 40 uM suberic acid (C8) in 5mM MES or 5mM MES alone (mock) as in Figure 9. B) Primary
root length or D) individual lateral root lengths on the AzA plates were divided by the primary or lateral
root lengths on C8 to calculate the relative sensitivity to either compound. Relative Sensitivity =
Length”?A/Length®®. Mean data from two (azi3-11, azi3-17, azi5/azi6-10) or three (WT, azil-1, azi3-16,
azi4-2, and azi5/azi6-10) independent experiments is plotted; n = 11-15 seedlings per genotype per

experiment. Error bars are SEM and color-coded letters above bars indicate statistical differences by
anova, SNK test. p<0.05.

118




Figure 4.5 Root-Applied Oxylipins Increase Lateral Root Density
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Figure 4.5 Root-Applied Oxylipins Increase Lateral Root
Density

A) Mean lateral root density of WT and azil-family mutant
seedlings was measured 10 days after transfer to sterile
coverslips on ¥2MS agar supplemented with either 40 uM
azelaic acid (AzA) or 40 uM suberic acid (C8) in 5mM MES
or 5mM MES alone (mock) as in Figure 4.3. B) Mean lateral
root density on the AzA plates was divided by mean lateral
root density on C8 to calculate the relative sensitivity to either
compound. F) Mean lateral root length on AzA was divided
by mean lateral root length on C8 to calculate the relative
sensitivity to either compound. Relative Sensitivity =

LengthAZA/LengthCB. Mean data from two (azi3-11, azi3-17,
azi5/azi6-10) or three (WT, azil-1, azi3-16, azi4-2, and
azi5/azi6-10) independent experiments is plotted; n = 11-15
seedlings per genotype per experiment. Error bars are SEM
and color-coded letters above bars indicate statistical
differences by anova, SNK test. p<0.05.
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relative to C8 involves the AZI1 gene family (Fig 4.5B; Bouain et al., 2018; Chapter 2, Cecchini
et al., 2019). In contrast to wild-type seedlings, the azil family mutants showed much weaker
inhibition of lateral roots in response to AZA. In fact, the azi3, azi4, and azi5azi6 mutants
showed an increased inhibition of overall lateral root growth when grown on C8 compared to
AZA (Fig. 4.6A). Wild-type seedlings showed a similar response to either compound when
viewing the overall impact on lateral root growth (Fig 4.6A and B). To assess the individual
impacts of AZA and C8 on root growth, I normalized the total root growth after either lipid
treatment against the total root growth after the mock treatment to measure the fold change in
root growth and thus the level of growth inhibition caused by either compound (Fig 4.6C).
Deeper analysis of the fold repression in lateral root growth induced by either compound reveals
that azi3, azi4, and azi5azi6 show a much greater level of responsiveness to C8 than wild-type,
while showing similar overall responses to AZA. Though azil-1 still weakly responds to AZA,
its greater apparent relative sensitivity to AZA than C8 is due to a lessened response to C8 rather
than a heightened response to AZA. (Fig 4.6B and C).

Although their specific impacts on primary and lateral root development vary slightly,
AZA and C8 have overall similar effects on root growth (Fig 4.7). Both compounds restrict
primary root growth and increase lateral root density however, AZA causes a much greater effect
than C8 in either case. Collectively, this suggests that AZA-treated plants may show a slight
increase in the development of lateral roots relative to primary root development in comparison
to plants treated with C8. Consistent with this expectation, AZA and C8 cause differential shifts
in the balance between primary and lateral root growth (Fig 4.8). Furthermore, loss (azil-1) or
disruption (azil family CRISPR mutants) resulted in a decreased sensitivity to AZA and

increased responsiveness to C8 (Fig 4.7B and C).
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A root’s total growth results from the balance of two developmental factors: 1) the
initiation of new lateral roots; and 2) elongation of existing primary and lateral roots. Measuring
the percentage of total root growth that is due to lateral root growth (% LR) reveals that AZA,
but not C8, significantly increases the % LR in wild-type plants (Fig. 4.8A). In fact, C8 slightly
reduces % LR (Fig. 4.8C). Comparing the relative sensitivity of the mutants and wild-type for
AZA and C8 reveal that the mutants generally show a lessened relative sensitivity for AZA when
it comes to lateral root induction (Fig. 4.8B). In contrast, each of the azil family mutants shows a
significantly reduced induction of lateral rooting in response to AZA. The azil family CRISPR
mutants also showed a strong reduction in lateral rooting after C8 treatment in contrast to the
weak response displayed by wild-type plants.

Since root-applied AZA affects root development and primes aerial defenses, prolonged
activation of AZA-induced (defense) signaling might impact shoot growth (Fig 4.3-4.8; Jung et
al., 2009; Cecchini et al., 2015; Chapter 2, Cecchini et al., 2019). Thus, | assessed the impact of
root-applied AZA and C8 on shoot growth (Fig 4.9A-D). Changes in shoot growth caused by the
oxylipin treatments were subtle and difficult to detect by eye, however the leaves of wild-type
roots exposed to AZA and C8 appeared slightly smaller than the leaves of mock-treated roots
(Fig. 4.9A). Quantification of fresh leaf mass confirmed that prolonged root exposure to either
treatment significantly inhibited leaf growth, though wild-type leaves showed a greater relative
sensitivity for AZA than C8 (Fig. 4.9B and C). In contrast, each of the azil family mutants also
showed reduced leaf mass after either treatment and a greater relative sensitivity for C8 than for
AZA (Fig 4.9C). Additionally, each of the CRISPR-generated mutants showed a heightened
level of growth repression due to C8 when compared to either wild-type or the azil null mutant

(Fig. 4.9D).
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Collectively, these SAR and AZA signaling results indicate that the AZI1 family
mediates both developmental responses to defense-priming signals and the transmission of root-

autonomous developmental cues to aerial tissues.

4.3.4 The AZI1 Gene Family Requlates Root Growth During Salt Stress

My data show that mutation of either AZ13 or AZI4, which target and are predicted to
target to plastids, respectively, attenuates SAR similar to azil (Fig 4.2). In contrast, the azi5azi6
double mutants show no noticeable defect in their ability to mount SAR after an immunizing
infection. | also found that root-application of AZA negatively impacts shoot growth (Fig. 4.9).
However, all azil family mutants assessed show an attenuated response to root-applied AZA
(Fig 4.4-4.8). Additionally, several azil family mutants demonstrate increased lateral root
growth in the presence of salt when compared to wild-type seedlings, which suggests a role for

the AZI1 family in the control of lateral root growth during stress (Fig 4.10-4.16).

Excessive soil salinity induces osmotic stress and blocks the absorption of water and
nutrients, and thus reduces photosynthesis, energy, lipid, and protein metabolism, which restricts
plant growth and crop yields (Zhao et al., 2021). Exposure to high salt concentrations both
induces bleaching in leaves and inhibits root growth in Arabidopsis seedlings (Pitzschke et al.,
2014; Yan et al., 2021). AZI1 and EARLI1 are reported to promote seedling survival during salt
stress (Pitzschke et al., 2014). The kinase MPK3, which is required for SAR, ISR, and root and
shoot responses to AZA, also promotes seedling survival during salt stress (Yan et al., 2021).
Given the impact of the AZI1 family proteins, and their regulatory kinases, in plant salt tolerance
and defense-associated root development, | assessed if the AZI1 family genes also impacted root

growth in response to the abiotic salt stress (Fig. 4.10).
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Figure 4.6 Root-Applied Oxylipins Inhibit Overall Lateral Root Growth
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Figure 4.6 Root-Applied Oxylipins Inhibit Overall Lateral Root Growth

A) The total amount of lateral root growth in WT and azil-family mutant seedlings was measured 10
days after transfer to sterile coverslips on ¥2MS agar supplemented with either 40 uM azelaic acid (AzA)
or 40 uM suberic acid (C8) in 5mM MES or 5mM MES alone (mock) as in Figure 4.3. B) Total lateral
root length on azelaic acid was divided by total lateral root length on suberic acid to calculate the relative
sensitivity to either compound. C) Total lateral root length on each lipid treatment condition was divided
by primary root growth on MES to calculate the normalized response to either compound. Relative

Sensitivity = LengthAZA/LengthCB. Mean data from two (azi3-11, azi3-17, azi5/azi6-10) or three (WT, azil-
1, azi3-16, azi4-2, and azi5/azi6-10) independent experiments is plotted; n = 11-15 seedlings per
genotype per experiment. Error bars are SEM and color-coded letters above bars indicate statistical
differences bv anova. SNK test. p<0.05.
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Fig 4.7 Disruption of the AZI1 Gene Family Increases the Root
Response to Suberic Acid
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Figure 4.7. Disruption of the AZI1 Gene Family Increases the Total Root Response to Suberic Acid

A) Total root growth of WT and azil-family mutant seedlings was measured 10 days after transfer to
sterile coverslips on ¥2MS agar supplemented with either 40 pM azelaic acid (AzA) or 40 uM suberic
acid (C8) in 5mM MES or 5mM MES alone (mock) as in Figure 4.4. B) Total root growth on azelaic acid
was divided by total root growth on suberic acid to calculate the relative sensitivity to either compound.
Mean data from two (azi3-11, azi3-17, azi5/azi6-10) or three (WT, azil-1, azi3-16, azi4-2, and azi5/azi6-
10) independent experiments is plotted; n = 11-15 seedlings per genotype per experiment. Error bars

are SEM and color-coded letters above bars indicate statistical differences by anova, SNK test. p<0.05.
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Figure 4.8 AzA Treatment Promotes a Bias for Lateral Root Growth
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Figure 4.8 AzA Treatment Promotes a Bias for Lateral Root Growth

A) The seedling bias toward lateral root development (% LR) was measured as the total amount of
lateral root lengths (Fig 4.6) divided by the total root length (Fig 4.8). Root lengths in WT and mutant
seedlings were measured 10 days after transfer to sterile coverslips on ¥2MS agar supplemented with
either 40 uM azelaic acid (AzA) or 40 puM suberic acid (C8) in 5mM MES or 5mM MES alone (mock) as
in Figure 4.3. B) % LR after growth on azelaic acid was divided by % LR after growth on suberic acid to

calculate the relative sensitivity to either compound. Relative Sensitivity = LengthAZA/LengthCB. C) LR %
after growth on either lipid treatment condition was divided by primary root growth on the mock treatment
to calculate the normalized response to either compound. Normalized Responsiveness =
LengthL'p'd/LengthMEs. Mean data from two (azi3-11, azi3-17, azi5/azi6-10) or three (WT, azil-1, azi3-
16, azi4-2, and azi5/azi6-10) independent experiments is plotted; n = 11-15 seedlings per genotype per
experiment. Error bars are SEM and color-coded letters above bars indicate statistical differences by
anova, SNK test. p<0.05.
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Fig 4.9 Root-AppIied Oxylipins Inhibit Shoot Growth
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Figure 4.9 Root-Applied Oxylipins Inhibit Shoot Growth
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Figure 4.9 Root-Applied Oxylipins Inhibit Shoot Growth

A) Representative images of WT, azil, azi3, azi4, and azi5azi6 mutant seedlings after 17-days of root
exposure to oxylipins. B) Mean leaf fresh weight of WT and azil-family mutant seedlings was measured
17 days after transfer to sterile coverslips on ¥2MS agar supplemented with either 40 uM azelaic acid
(AzA) or 40 uM suberic acid (C8) in 5mM MES or 5mM MES alone (mock) as in Figure 4.3. C) Leaf
fresh weight on AzA was divided by leaf fresh weight on C8 to calculate the relative sensitivity to either

compound. Relative Sensitivity = LengthAZA/LengthCB. D) Leaf fresh weight after exposure to azelaic acid
(left) or suberic acid (right) was divided by leaf fresh weight on MES to calculate the normalized response

Lipid/LengthMES. Mean data from two (azi3-11,

to either compound. Normalized Responsiveness = Length
azi3-17, azi5/azi6-10) or three (WT, azil-1, azi3-16, azi4-2, and azi5/azi6-10) independent experiments
is plotted; n = 11-15 seedlings per genotype per experiment. Error bars are SEM and color-coded letters

above bars indicate statistical differences by anova, SNK test. p<0.05.

Fig 4.11A and B demonstrate the near-complete abrogation of root growth caused by salt
stress and suggests that mutation of some AZI1 family genes, especially AZI3 and AZ14, may
partially enhance total root growth during salt stress. Salt stress appears to less severely impact
primary root growth (Fig 4.12) than lateral root growth (Fig 4.13). Wild-type seedlings display a
~40% reduction in primary root growth when salt stressed (Fig 4.12B); in contrast, the total

lateral root length is reduced to <10% of the unchallenged growth (Fig 4.13B). Similar to the
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response to AZA, loss (azil-1) or mutation (azil family CRISPR mutants) of the AZI1 proteins
attenuates the lateral root response to salt which results in greater root growth during salt stress.
Further analysis of lateral root development revealed that the (slightly) greater root growth
demonstrated by some mutants during salt stress was primarily due to an increased lateral root
synthesis during salt stress relative to wild-type (Fig 4.14B); primary root length and later root
density were only weakly impacted by salt stress or mutation to the AZI1 gene family (Fig. 4.12B
and 4.15). Interestingly, the azil family CRISPR mutants, especially azi4-2, showed a slight
decrease in the elongation of unchallenged lateral roots.

Collectively, the enhanced lateral root elongation and stunted primary root growth seen in
salt-stressed azil family mutants results in an increased bias towards lateral root formation
compared to wild-type plants during salt stress (Fig. 4.16A and B). These data suggest the AZI1
gene family may restrict lateral root development during salt stress. When viewed with the roles
of the AZI1 genes in prioritizing lateral root development over primary root growth during AZA
signaling, these data suggest the AZI1 family mediate root morphological responses to biotic and

abiotic stress signaling by affecting the development of lateral root systems.
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Figure. 4.10 High Salt Concentrations Severely
Impact Root Growth

7-day-old
seedlings
immediately
after transfer

150mM

No NaCl NaCl

14-day-old
seedlings —
7-days post-
transfer

WT

No NaCl

azi1-1 azi4-2

azi3-17 azi5azi6-3

129



Figure. 4.10 High [Salt] Negatively Impacts Plant Growth

Surface-sterilized seedlings were germinated in unchallenging conditions on ¥2MS agar. 7-days-post-
germination, 7-8 seedlings were transferred from the germination plates to new ¥:MS agar plates either
supplemented with 150mM NaCl (NacCl) or dH,0 (No NacCl). Images were collected at 7-days-post
transfer using an Epson scanner and root lengths were assessed using ImageJ. Two technical replicates

per experiment. Select images shown; similar phenotypes observed among different mutations for the
same gene.

Figure 4.11 The AZI1 Gene Family Limits
Root Growth During Salt Stress
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Figure 4.11 The AZI1 Gene Family Affects Root Growth During Salt Stress

A) Total root growth of WT and azil-family mutant seedlings measured 10 days after transfer to ¥2MS
agar supplemented with 150 mM NacCl as in Figure 4.10. B) The change in total root length from Day O
to Day 7 in the unchallenged and salt-challenged seedlings is plotted. C) To measure the level of root
growth inhibit induced by osmotic stress, total root length in the osmotically-challenged plants is plotted
as a percentage of the total root length in the unchallenged plants. Mean data from two independent
experiments is plotted; n = 7-8 seedlings per genotype per experiment. Error bars are SEM and color-
coded letters above bars indicate statistical differences by anova, SNK test. p<0.05.
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Figure 4.12 Salt Stress Inhibits Primary Root Growth
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Figure 4.12 Salt Stress Inhibits Primary Root Growth

A) Primary root length of WT and azil-family mutant seedlings was measured 10 days after transfer to
.MS agar supplemented with 150 mM NacCl as in Figure 4.10. B) To measure the level of root growth
inhibition caused by osmotic stress, primary root length in the osmotically-challenged plants is plotted
as a percentage of the primary root length in the unchallenged plants. Mean data from two independent
experiments is plotted; n = 7-8 seedlings per genotype per experiment. Error bars are SEM and color-
coded letters above bars indicate statistical differences by anova, SNK test. p<0.05.

Discussion

Immune and stress responses generally negatively impact plant growth. For example, the
gain of function mutant, acd6-1 has constitutively active immune signaling and displays a
severely dwarfed growth phenotype (Rate et al., 1999; Zhang et al., 2014, 2017). Furthermore,
acd6-1 also has constitutively active MPK3 signaling and accumulates AZI1/EARLI1 in plastids
similar during actual infections (Zhang et al. 2014, 2017; Chapter 3; Cecchini et al., 2021).

In recent years, the importance of AZI1 and EARLI1 to plant biotic and abiotic stress
responses has been clearly documented. However, analysis of the other AZI1 family genes, and

their association or non-association with plastids, has been limited due to the lack of stable
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Arabidopsis mutants for AZI3, AZI4, AZI5/AZI16, or AZI7. Herein, we used CRISPR/Cas9-
based mutagenesis to demonstrate that similar to AZI1 and EARLI1, the other AZI1 family
genes also contribute to AZA signaling, systemic defenses, and root development.

We have recently published evidence for a role of the plastid targeting of AZI1 and
EARLI1 during systemic defense priming (Chapter 2, Cecchini et al., 2019, Cecchini, Speed et
al., 2021). Here, I report additional findings that the non-plastid-targeted AZI1 family proteins
(AZI5/AZ16) are dispensable to SAR, whereas the plastid-associated AZI3 and AZI4 contribute
to systemic defenses in leaves. Even small deletions encompassing only one of the cysteines
within the 8-cysteine motif of the azi3 mutants is sufficient to impair SAR, which supports some
critical function of the 8-cysteine motif (Fig. 4.1B, Fig. 4.2). In contrast to the azi3 mutations,
the azi4-2 mutations delete a region within the distal end of the PRR that is completely
conserved within AZI1, EARLIL, AZI3, and AZI4. That deleting this region from AZI14 disrupts
SAR suggests some critical role of this region in the function of the AZI1 family proteins. It is
unlikely that deletion of this small region abolishes plastid targeting, however this region may be
modified during defense signaling and could contribute to protein-protein interactions and/or the
enhancement of AZI1/EARLI1’s plastid targeting during defense signaling (Cecchini et al.,
2015; Chapter 3, Cecchini, Speed et al., 2021; Lim et al., 2016; Pitzschke et al., 2014; Jack

Riley, Greenberg lab — informal communications).

132



Figure 4.13 The AZI1 Gene Family Limits Lateral
Root Growth during Salt Stress
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Figure 4.13 The AZI1 Gene Family Inhibits Lateral Root Growth during Salt Stress

A) Total lateral root length of WT and azil-family mutant seedlings was measured 10 days after transfer
to ¥2MS agar supplemented with 150 mM NaCl as in Figure 4.10. B) To measure the level of root growth
inhibition caused by osmotic stress, total lateral root length in the osmotically-challenged plants is
plotted as a percentage of the total lateral root length in the unchallenged plants. Mean data from two
independent experiments is plotted; n = 7-8 seedlings per genotype per experiment. Error bars are SEM
and color-coded letters above bars indicate statistical differences by anova, SNK test. p<0.05.

Figure 4.14 The AZI1 Gene Family Limits Lateral Root
Elongation during Salt Stress
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Figure 4.14 The AZI1 Gene Family Inhibits Lateral Root Elongation during Salt Stress
A) The length of individual lateral roots in WT and azil-family mutant seedlings was measured 10 days
after transfer to 2MS agar supplemented with 150 mM NaCl as in Figure 4.10. B) To measure the level
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Figure 4.14 The AZI1 Gene Family Inhibits Lateral Root Elongation during Salt Stress (cont)

of root growth inhibition caused by osmotic stress, individual lateral root lengths in the osmotically-
challenged plants is plotted as a percentage of the total individual lateral root length in the unchallenged
plants. Mean data from two independent experiments is plotted; n = 7-8 seedlings per genotype per
experiment. Error bars are SEM and color-coded letters above bars indicate statistical differences by
anova, SNK test. p<0.05.

regulate them during defense signaling (Chapter 2, Cecchini et al., 2019). Here | showed that the
root developmental responses to AZA also involve both the plastid-associated (AZI3 and AZ14)
and non-plastid-associated (AZI5/AZ16) AZI1 family proteins. | further demonstrated that root-
applied AZA limits growth in aerial tissues similar to its effects on root development and leaf
defenses and that this aerial growth inhibition also requires the AZI1 gene family.

That local and systemic developmental responses to root-autonomous AZA requires the
non-plastid associated AZI1 family proteins, which are not essential for SAR, suggests several
possibilities for the roles of the AZI1 family proteins (and their plastid targeting) in coordinating
AZA’s regulation of plant defense and development: 1) the plastid targeting of the AZI1 family
proteins is essential for SAR and defense signaling but not developmental responses to AZA; 2)
the plastid targeting of the AZI1 family proteins is non-essential for SAR, defense signaling, and
developmental responses to AZA; or 3) the AZI1 family proteins have overlapping but distinct
functions. In the third case, the plastid-targeting of only a threshold amount of certain AZI1
family members may be required for systemic defense signaling and/or developmental responses
to AZA.

In each of these cases, however, the impact of the root-applied AZA on aerial growth
without shootward movement suggests the generation or existence of some second signal that
transmits the effects of AZA signaling from roots to shoots. Whether this signaling involves the
canonical AZA-G3P signaling pathway or some novel signaling components remains to be

discovered. Our previous findings that root-applied AZA primes aerial defenses in a SAR- and
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ISR-independent mechanism also suggests that locally applied AZA may stimulate the
generation of a second systemic signal in roots, possibly due to some antimicrobial product
generated during AZA signaling. However, our present findings that the developmental impacts
of AZA are transmitted from root to shoot in an AZI1 family-dependent manner suggests that

this signal is most likely lipidic in nature.

Figure 4.15 The AZI1 Gene Family Weakly Impacts Lateral Root
Density during Salt Stress
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Figure 4.15 The AZI1 Gene Family Weakly Impacts Lateral Root Density during Salt Stress

A) To measure the initiation of new lateral roots, the number of lateral roots per centimeter (LR density)
of primary root in WT and azil-family mutant seedlings was measured 10 days after transfer to ¥2MS
agar supplemented with 150 mM NacCl as in Figure 4.10. B) To measure the level of root cell initiation
inhibition caused by osmotic stress, LR density in the osmotically-challenged plants is plotted as a
percentage of the LR density in the unchallenged plants. Mean data from two independent experiments
is plotted; n = 7-8 seedlings per genotype per experiment. Error bars are SEM and color-coded letters
above bars indicate statistical differences by anova, SNK test. p<0.05.

Interestingly, | found that C8 also impacts root development and has similar but slightly
different effects than AZA. | also found that the azil family mutants often showed both a
reduced response to AZA and a greater response to C8 when compared to wild-type. AZI1 and
EARLIL interact with DIR1 and defense-associated plasmodesmata proteins to promote defense

signaling and the systemic movement of defense signals (Cecchini et al., 2015; Lim et al., 2016;
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Yu et al., 2013). It is likely that these and other yet to be discovered proteins contribute to an
LTP-based signaling complex that confers responsiveness to several lipid signals. The AZI1
family proteins may confer specificity for AZA to such a complex; loss of these proteins may
thus reduce sensitivity to AZA and increase the response to similar lipid compounds.

| also showed that the AZI1 genes negatively impact lateral root development during salt
stress. Salt stress largely inhibits plant growth through the generation of negative osmotic
pressure that inhibits water uptake from the salt. Though some information is known about the
development of roots under osmotic stress induced by drought, it is unknown if similar root
phenotypes would develop from salt-induced osmotic stress as high salt concentrations generally
completely arrest plant growth and development. Here, | assessed the impact of salt on root
development by transferring 7-day-old seedlings to the salt condition instead of germinating the
seedlings on salt. Surprisingly, | found that the azil family mutants typically showed greater root
growth on the salt condition than wild-type seedlings and that this effect was largely due to
increased lateral root elongation in the azil mutants. | also found that several azil family
mutants, azi4-2 in particular, showed a decrease in the basal length of individual lateral roots
when compared to wild-type.

Our data indicate that the AZI1 family proteins regulate the root responses to stress,
likely by impacting lateral root development. Though AZA and high salt concentrations both
limit root growth, AZA more strongly inhibits primary root growth relative to the development
of lateral roots. In contrast, salt stress more strongly inhibits lateral root growth than primary root
growth. That both these effects on lateral root development involve the AZI1 family proteins
suggests a role for this gene family in regulating the balance between primary and lateral root

growth during stress.
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Figure 4.16 The AZI1 Gene Family Reduces the Bias for Lateral
Root Development During Salt Stress
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Figure 4.16 The AZI1 Gene Family Lowers the Commitment to Lateral Root Development During Salt
Stress

A) To measure the impact of osmotic stress on commitment to lateral root development, the total lateral
root growth is plotted as a percentage of the total root growth (% LR) of WT and azil-family mutant
seedlings measured 10 days after transfer to 2MS agar supplemented with 150 mM NaCl as in Figure
4.10. B) The change in % LR from Day O to Day 7 in the unchallenged and osmotically-challenged
seedlings is plotted. C) To measure the level of inhibition of lateral root development induced by osmotic
stress, % LR in the osmotically-challenged plants is plotted as a percentage of the %LR in the
unchallenged plants. Mean data from two independent experiments is plotted; n = 7-8 seedlings per
genotype per experiment. Error bars are SEM and color-coded letters above bars indicate statistical
differences by anova, SNK test. p<0.05.

The kinases MPK3 and MPKG®6 regulate root growth during basal and stress conditions as
well as plant survival during osmotic stress (Lu et al., 2020; Shao et al., 2020; Yan et al., 2021;
Zhu et al., 2019). That MPK3 and MPKG6 affect the plastid targeting of AZI1 and EARLI1, are
essential for the same immune and developmental responses as the AZI1 gene family, and
regulate root growth during stress signaling suggests that the AZI1 family proteins contribute to
the MPK3/MPKG6-mediated coordination of root growth and defense signaling (Cecchini et al.,
2015; Chapter 2, Cecchini et al., 2019; Chapter 3, Cecchini et al., 2021).

| also found an increased local pathogen susceptibility in azi5azi6-10, but not the

azibazi6-3 mutation. azi5azi6-10 retains the entirety of its HD and (small) PRR in contrast to
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azibazi6-3 which retains less than half of its HD. In light of our recent findings that AZI1’s HD
is sufficient to confer membrane association, it is possible the azi5azi6-10 gene product has a
dominant negative effect on local defenses by interfering with proteins that normally interact
with the AZI1 family proteins (Chapter 3, Cecchini, Speed et al., 2021). Consistent with this
possibility, the azi3, azi4, and azi5azi6 partial deletion mutants often showed a greater response
to C8 than the azil-1 null mutant. Genetic analysis of azi3, azi4, and azi5azi6 CRISPR alleles via
crossing or transformation into wild-type plants could clarify the mechanisms of their effects on
SAR and AZA signaling.

It remains to be determined if AZA-induced root development contributes to defense
signaling. It has been recently proposed that AZA contributes to the control of the tomato
rhizosphere through a root-based systemic signaling mechanism termed SIREM (systemically

induced root exudation of metabolites; Korenblum et al., 2020).

ACKNOWLEGDEMENTS

This research was supported by National Science Foundation grant 1051456904 to JTG. DJ
Speed was supported by National Institutes of Health training grant T32 GM007183, the Ford
Foundation Predoctoral Fellowship, and the Howard Hughes Medical Institute Gilliam
Fellowship for Advanced Study. I thank Claire Parent for selecting the CRISPR target sites and
cloning the CRISPR constructs. | thank Zeeshan Z. Banday for helpful discussions and for
plotting the bacterial resistance data. | thank Jessica Morgan for assistant with one of the SAR

experiments.

138



Supplemental Figure 4.1: R Script for SAR

» library(ggplot2)
library(dplyr)
setwd("~/Desktop”)
filename <- "SAR-rdata/DJ]dataSAR_allcombined.txt”
my_data <- read.delim (filename, header=TRUE)
my_data$Samples<-factor({my_data$Samples, levels = c("samplel mock”,"samplel DG6","sample2 mock"™, "sample2 DG6"))
my_data$genotype<-factor(my_data$genotype, levels = c("WT","mutantl”,"mutant2™))
clean_data <- my_data ¥»%

group_by (Samples, genotype) X»%

summarize{mean_cfu = mean(cfu), sd_cfu = sd(cfu), count = n(), se cfu = (sd_cfu/(sgrt(count))))
ggplot(clean_data, aes(x=genotype, y=mean_cfu, fill = Samples, group= Samples)) +

geom_bar(stat="identity"”, color="black"”, position = position_dodge(width = ©.7), width = 8.6)+

theme_bw()+

scale_y loglB(breaks = scales::trans_breaks("logl®”, function(x) 18%x),

labels = scales::trans_format(“logl@", scales::math_format(18".x))) +

scale x discrete(labels=c("WT mock ‘nin WT DG6","mutantl mock ‘n\n mutantl DG6","mutant? mock ‘\n\n mutant2 DG6")) +

scale_fill manual(values=c("white", "grey", "white", "grey", "white", "grey"))+

geom_errorbar(aes(ymin = mean_cfu-se_cfu, ymax = mean_cfu+se_cfu),

position = position_dodge(width = 8.7), width = 8.2)+
theme(axis.text.x = element_text(angle = 98, size = 1@, hjust =1, vjust = 8.5), axis.text.y = element_text(size=18),
axis.ticks.length.y = unit(.28, "cm"),
axis.ticks.length.x = unit(.15, "cm"), axis.title.x = element_blank())+ ylab{expression(log[18]~CFU/leaf~disc))

#HE anova snk.test
library(agricolae)
model<-aov(cfu~Samples, data=my_data)
out <- SNK.test(model,"samples”, console=TRUE)
print(SNK.test(model, "samples”, group=FALSE))

Supplemental Figure 4.2: R Script for SAR Response Gain

» library(ggplot2)
library(dplyr)
setwd("~/Desktop")
filename <- "SAR-rdata/DJ]data_SAR_response gain.txt”
my_data <- read.delim (filename, header=TRUE)
my datafsamples<-factor(my datafsamples, levels = c("samplel”,"sample2"))
my_data$genotype<-factor{my data$genotype, levels = c("WT","mutantl”,"mutant2"))
clean_data <- my_data %>¥%
group_by(samples) %»>%
group_by(genotype) %»%
group_by(error) %%
summarize(mean_gain = mean{gain), sd_gain = sd{gain), count = n(), se_gain = (sd_gain/(sqrt(count))))
View(clean data)
ggplot{clean_data, aes(x=genotype, y=mean_gain, fill = genotype)) +
geom_bar(stat="identity", color="black", position = position_dodge({width
theme_bw()+
scale x_discrete(labels=c("WT","mutantl”, "mutant2"))+
scale fill manual(values=c({"black”,"black”,"black"))+
geom_errorbar(aes(ymin = mean_gain-error, ymax = mean_gain+error), width

1]
=

.7), width = 8.8)+

[}
]

.2)
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CHAPTER S

CONCLUSION

In the preceding chapters, | showed that the AZI1 gene family is required for root
responses to AZA, AZA-induced defense priming, SAR, and ISR (Cecchini et al., 2019;
Cecchini, Speed et al., 2021). Together with collaborators, I demonstrated that AZI1’s HD and
PRR form a bipartite targeting signal that localizes AZI1 to plastid envelopes. We also revealed
that the kinases MPK3 and MPK®6 are essential for the priming of root-triggered (ISR) and leaf-
triggered (SAR), AZA-induced defense priming, increases in lateral root density due to AZA
treatment (Chapter 2, Cecchini et al., 2019; Chapter 4). Our findings that MPK3 and MPKG6 also
promote the accumulation of AZI1 and EARLI1 at plastids, the site of defense signal production,
during infections presents the possibility that the AZI1 protein family serves as a downstream
target of MAPK signaling that coordinates the defense and development activities of MPK3 and
MPK®6 (Fig. 5.1; Chapter 3, Cecchini et al., 2021).

MAPK cascades contribute to a wide array of developmental and stress responses (Chai
et al., 2014; Sopefia-Torres et al., 2018; Yan et al., 2021; Zhu et al., 2019). These highly
conserved cascades amplify signals from plasma membrane receptors to stimulate various
downstream response pathways (Sun et al., 2022; Xu et al., 2015). In general, the perception of
stimuli by cell surface or cytosolic receptors causes activation of MAPKKKs (MAPK Kkinase
kinases) which phosphorylate and activate MAPKKs. The subsequent activation and
phosphorylation of MAPKSs like MPK3 and MPK®6 induces the downstream modification of
many substrates and the regulation of the requisite signaling pathways like pathogen (PTI)- and

effector (ETI)-triggered immune signaling (Jones and Dangl, 2000; Rodriguez et al., 2010).
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PTl and ETI activate the kinases MPK3 and MPKG6 and induce expression of the AZI1
gene family, which are also required for normal responses to pathogen infection (Beckers et al.,
2009; Jung et al., 2009; Cecchini et al., 2015; Chapter 2, Cecchini et al., 2019; Chapter 3;
Cecchini et al., 2021). That MPK3 and MPKG6 are required for the normal localization of
AZI1/EARLIL during infections, suggests that the plastid targeting of AZI1 proteins may be
important for their defense signaling ability. Consistent with this expectation, the non-plastid-
targeted AZI15 and AZI6 appear dispensable for SAR. In contrast, even partial deletion of AZI3
or AZI4, which target to plastids (AZI3) and have PRRs similar to AZIZ//EARLI1 (AZI3 and
AZI4) is sufficient to disrupt SAR. Additionally, AZI1, EARLIL, AZI3, and AZI4 are
upregulated upon infection with SAR-inducing bacteria, colonization with ISR-promoting
bacteria, or treatment with the MAMP flg22, whereas AZI5 and AZI6 are downregulated in
response to P. simiae or flg22 treatment (Gupta et al., 2017; Jung et al., 2009; Stringlis et al.,
2018; Chapter 3, Cecchini, Speed et al., 2021; Howard et al., 2013; Mohr and Cahill, 2007;
Qutob et al., 2006; Thilmony et al., 2006; Zamioudis et al., 2014).

Interestingly, although the AZI4-2 variant proteins occur within the PRR, | expect the
azi4-2 mutants to localize to plastids (Banday et al., in rev; Jack Riley, Greenberg lab - informal
communications). Each of the azi4-2 alleles has a deletion encompassing 2 short amino acid
motifs conserved within the PRRs of AZI1, EARLI1, and AZI3 (Fig. 1.3; Fig. 4.1B). Though the
function of these motifs remains to be determined, it is possible they contribute to the MPK3-
dependent accumulation of AZI1/EARLIL at plastids during infections (Chapter 3, Cecchini et
al., 2021). Modification of this region by MPK3 may alter AZI1’s interactions with defense-
associated proteins or chaperones that might affect its subcellular targeting (Cecchini et al.,

2015; Kim et al., 2011; Lee et al., 2014; Lim et al., 2016; Pitzschke et al., 2014). In support of
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this possibility, AZ114%-25:GFP, which still contains the PRR, stably associates with microtubule
filaments (Chapter 3; Cecchini, Speed et al., 2021). Salt stress activates a Protein Tyrosine
Phosphatase 1 (PTP1)-MPK3/MPKG6 signaling cascade that promotes microtubule
depolymerization in cortical cells, which are critical to cell elongation (Bartels et al., 2009).
Given AZI1’s potential interactions with microtubules and our findings that the AZI1 gene
family negatively regulates lateral root growth during salt stress, AZI1 may function as a
downstream component of PTP1-MPK3/MPK6-dependent microtubule depolymerization.
Additional regulatory components of MPK3- and AZI1-dependent lateral root growth may be
found within the YDA-MKK4/MKK5-MPK3/MPKG6 signaling cascades (Shao et al., 2020; Yan
etal., 2021; Zhu et al., 2019).

The YDA-MPK3/MPKG® signaling cascade is activated during PT1 and ETI and regulates
floral organ abscission and broad-spectrum resistance to fungi (Sopena-Torres et al., 2018). yda,
mkk4mkk5, and mpk3mpk6 mutants show a short root phenotype associated with reduced
expression of auxin-responsive genes, PLT1 and PLT2, which control root cell differentiation
(Santuari et al., 2016; Shao et al., 2020).

Recently, it was shown that this cascade also directly regulates lateral root development,
which suggests this signaling cascade may coordinate defense signaling with development (Zhu
et al., 2019). Analysis of mpk3mpk6 and mkk4mkk5 mutants revealed a significant reduction in
lateral root growth due to defects in MPK3/MPK®6-dependent pectin degradation at the site of
lateral root emergence (Zhu et al., 2019). Identical lateral root emergence and floral abscission
defects are observed due to loss of function mutations in HAE/HSL2 or IDA, a receptor-like
kinase and the gene encoding its ligand, respectively. Overexpression of MKK4 in an ida or

hae/hsl2 background activates MPK3/MPKG® in roots and rescues the lateral root defects seen in
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these mutants and exogenous application of IDA to roots stimulates activation of MPK3/MPKG6
in ida but not hae/hsl2 mutants. Collectively, this data suggests that MKK4/MKK?5 and
MPK3/MPKG6 function downstream of IDA and HAE/HSL2 in YDA-mediated lateral root
development (Fig 5.1).

Hybrid Proline-Rich Proteins and other non-specific LTPs are widely distributed among
plants and promote bacterial resistance and tolerance to abiotic stress similar to the AZI1 family
(Liu et al., 2016). In tomato, the 8-cysteine motif-containing HyPRP1 and DEAL have been
recently identified as regulators of disease, salt, drought, and extreme temperature responses
(Debbarma et al., 2021; Saikia et al., 2020; Saradadevi et al., 2021; Weyman et al., 2021).
Determining how the AZI1 protein family interacts with other downstream targets of YDA-
MKK4/MKK5-MPK3/MPKG® that regulate plant growth during like the salt-responsive
ARR1/10/12 (Arabidopsis Response Regulators) could greatly elucidate how the AZI1 protein

family coordinates plant development with defense (Yan et al., 2021).
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Fig. 5.1 The AZI1 Gene Family May in MPK3/MPK6-dependent
Control of Root Development during Stress
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Figure. 5.1 The AZI1 Gene Family May in MPK3/MPK6-dependent Control of Root Development during
Stress

AZI1 and EARLI1 are essential components of several defense and developmental pathways that
involve activity from the YDA-MKK4/MKK5-MPK3/MPK6 signaling cascades. YDA-MKK4/MKK5-
MPK3/MPKG®6 signaling activates defense genes and generates reactive oxygen species that prime the
production of defense and development signals like AZA. AZA triggers the expression of AZI1 and
EARLI1 which promote systemic AZA signaling and primes responses to biotic and abiotic stresses.
The precise placement of AZI1 within YDA-MKK4/MKK5-MPK3/MPK6 signaling cascades and how it
interacts with known YDA-MKK4/MKK5-MPK3/MPK6 signals like the ARRs proteins remains to be
determined.

Note: AZI1 = AZI1, EARLI1, AZI3, and AZl4; AZI5 = AZI5, AZI6, and AZI7.
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