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SUMMARY

Phytoplasmas are pathogenic bacteria that reprogram plant host development for their own benefit. Previous
studies have characterized a few different phytoplasma effector proteins that destabilize specific plant tran-
scription factors. However, these are only a small fraction of the potential effectors used by phytoplasmas;
therefore, the molecular mechanisms through which phytoplasmas modulate their hosts require further
investigation. To obtain further insights into the phytoplasma infection mechanisms, we generated a
protein-protein interaction network between a broad set of phytoplasma effectors and a large, unbiased col-
lection of Arabidopsis thaliana transcription factors and transcriptional regulators. We found widespread, but
specific, interactions between phytoplasma effectors and host transcription factors, especially those related
to host developmental processes. In particular, many unrelated effectors target specific sets of TCP transcrip-
tion factors, which regulate plant development and immunity. Comparison with other host-pathogen protein
interaction networks shows that phytoplasma effectors have unusual targets, indicating that phytoplasmas
have evolved a unique and unusual infection strategy. This study contributes a rich and solid data source that
guides further investigations of the functions of individual effectors, as demonstrated for some herein. More-
over, the dataset provides insights into the underlying molecular mechanisms of phytoplasma infection.

Keywords: phytoplasmas, effectors, transcription factors, Arabidopsis, protein-protein interaction, develop-
mental reprogramming.

INTRODUCTION

Among the vast number of plant-pathogenic microorgan-
isms, some have the intriguing ability to manipulate the
development of their hosts in order to increase their own
fitness. A remarkable, well-known example is that of
the rust fungus Puccinia monoica, which alters
the morphology of its host to create pseudoflowers

© 2023 The Authors.

covered by fungal spermatogonia. These pseudoflowers
successfully attract pollinators, which then spread the fun-
gal reproductive cells (Roy, 1993). The complex and
diverse molecular underpinnings through which patho-
gens modify host development have been studied in
recent years (Le Fevre et al., 2015), but we are far from a
complete understanding of most mechanisms.
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Phytoplasmas (Candidatus Phytoplasma), which are
obligate bacterial plant pathogens, represent another
example of a pathogen partially taking over plant develop-
ment, and manipulating the development of their plant
hosts via processes that are yet to be fully understood.
Phytoplasmas have a life cycle that alternates between
plants and specific insect herbivores, such as leafhoppers,
which transmit these bacteria to new plant hosts (Wein-
traub & Beanland, 2006). The insects become phytoplasma
carriers by acquiring these bacteria from the phloem of
infected plants, and once the bacteria colonize the salivary
glands of their insect vectors, they can be introduced into
the phloem of new plant hosts when the insects feed
(MacLean et al., 2011; Sugio, MaclLean, et al., 2011).
Phytoplasma-infected plants often display altered morphol-
ogy (Bertaccini, 2007) that suggest interference with funda-
mental developmental processes. For example, the Aster
Yellows phytoplasma strain Witches’ Broom (C. Phyto-
plasma asteris; AY-WB phytoplasma) induces phyllody
(conversion of flowers into leaf-like structures), virescence
(green coloration of non-green floral tissue) and witches’
brooms (increased proliferation of stems, branches and
leaves), and promotes the attraction of AY-WB leafhopper
vectors to infected plants (Huang et al., 2020, 2021; Huang
& Hogenhout, 2022; MacLean et al.,, 2014; Orlovskis
& Hogenhout, 2016; Pecher et al., 2019; Sugio, Kingdom,
et al., 2011; Sugio, MacLean, et al., 2011). Additionally,
infected plants are often sterile, and thus serve the sole
purpose of feeding and propagating the bacteria.

While this phenomenon alone makes phytoplasmas
very interesting pathogens, they are not merely a scientific
curiosity. Phytoplasma infections are of socioeconomic
importance; these obligate bacteria form a large and
diverse group that began diversifying around 316 Mya,
coinciding with the origins of seed plants and their sap-
feeding insect vectors of the order Hemiptera (Cao
et al., 2020) and are found in most vascular plant species,
often but not always causing dramatic yield losses of crops
and ornamental plants (Strauss, 2009). Plants of high eco-
nomic importance that suffer regular yield losses because
of persistent phytoplasma outbreaks include lime (Don-
kersley et al., 2018), grape (Malembic-Maher et al., 2020),
apple (Franova et al., 2019), and coconut (Gurr et al., 2016).
More erratic outbreaks occur in herbaceous crops, such as
carrot (Frost et al., 2013), maize (Jovi¢ et al., 2009) and
tomatoes (Santos-Cervantes et al., 2008), as well as in
ornamental plants and trees, such as flower bulbs, ash,
and elm (Cortes-Martinez et al., 2008; Herath et al., 2010;
Sinclair et al., 2000). Several phytoplasmas are considered
quarantine pests (EFSA Panel on Plant Health et al., 2020).

Plant pathogens produce effectors, proteins to hijack
the host cell for improving the pathogen’s fitness in the
host by different means (e.g., by modulating the host
immune response) (Mattoo et al., 2007). Four different

phytoplasma effectors, SAP54, SAP05, SAP11, and TENGU,
have been characterized, shedding light on the molecular
mechanisms through which phytoplasmas manipulate
their hosts. SAP54 mediates the degradation of MIKC
MADS-box transcription factors involved in floral develop-
ment, inducing leaf-like flowers that resemble phyllody
symptoms of phytoplasma-infected plants (MaclLean
et al., 2014), whereas SAP05 mediates the degradation of
both SBPs and GATA transcription factors, thereby
prolonging the host lifespan and inducing witches’ broom-
like proliferations of leaf and sterile shoots (Huang
et al., 2021). SAP11 binds and destabilizes certain TCP tran-
scription factors involved in axillary meristem outgrowth,
leaf shape determination, and jasmonate signalling, lead-
ing to an altered morphology and decreased plant defense
(Chang et al., 2018; Pecher et al., 2019; Sugio et al., 2014;
Sugio, Kingdom, et al., 2011; Wang et al., 2018). These
three SAP effectors promote the attraction and reproduc-
tion of leafhopper vectors on plants (Huang & Hogenh-
out, 2022; Orlovskis & Hogenhout, 2016; Sugio, Kingdom,
et al., 2011; Sugio, MacLean, et al., 2011). Finally, TENGU
causes dwarfism, witches’ broom, and arrested flower
development. Although its molecular mode of action has
not been clearly identified, this effector downregulates the
expression of auxin response factors ARF6 and ARF8, lead-
ing to decreased jasmonate biosynthesis (Hoshi
et al., 2009; Minato et al., 2014). These alterations caused
by individual effectors reflect the symptoms caused by
phytoplasma infections, and, overall, suggest a trend of
targeting plant transcription factors in order to exploit
the host.

However, these four effectors are only a small part of
the potential effector arsenal of phytoplasmas. Sequencing
of phytoplasma genomes has allowed the identification of
many more candidate effectors that the pathogen might
use to colonize its hosts (Bai et al., 2009), some of which
are preferentially expressed in the plant and others in the
insect (MacLean et al., 2011; Oshima et al., 2011). Given
the precedent of targeting host transcription factors in
order to manipulate plant development, we asked how
prevalent this phenomenon is across phytoplasma candi-
date effectors expressed in plants. In order to identify inter-
actions between candidate effectors and host transcription
factors, we performed large-scale yeast-two hybrid (Y2H)
assays, testing interactions between 21 phytoplasma effec-
tors and a comprehensive library of Arabidopsis thaliana
transcription factors and transcriptional regulators
(Pruneda-Paz et al., 2014). Such an approach is useful to
obtain a systems-level view of host-pathogen interactions
(Rodriguez et al., 2019; Tripathi et al., 2019).

Overall, the resulting protein-protein interaction (PPI)
network shows pervasive interactions of candidate phyto-
plasma effectors with plant host transcription factors, par-
ticularly with those that regulate plant development.

© 2023 The Authors.
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Furthermore, we find that numerous unrelated effectors
interact with multiple TCP transcription factors, known to
be targeted by diverse effector proteins of bacterial, fungal,
and oomycete pathogens (Mukhtar et al., 2011; WeBling
et al., 2014). Compared to other pathogens’ effectors, those
of phytoplasmas target plant growth and development
more intensely.

RESULTS AND DISCUSSION

Widespread interactions between phytoplasma effectors
and A. thaliana transcription factors

To obtain a better understanding of the molecular mecha-
nisms through which phytoplasmas infect and manipulate
their host, we performed a large-scale matrix-based yeast
two-hybrid (Y2H) screening to find putative interaction
partners of 21 phytoplasma effectors in an existing library
containing 1980 A. thaliana transcription factors and tran-
scriptional regulators (Pruneda-Paz et al., 2014). The
library contains a broad and diverse set of host proteins,
which provide comprehensive coverage of A. thaliana
transcription-related proteins. Proteins in the library
belong to 95 different families, with no clear predominat-
ing group (Figure S1). Although in planta activity has not
been validated for all 21 effector proteins under study
(note that some, such as SAP54, SAP11, or SAP05, have
been validated as effectors), such activity has been sug-
gested based on various criteria (Bai et al., 2009; MacLean
et al., 2011). For this reason, and for simplicity, we will
hereafter refer to these putative effectors as effectors.
Seventeen of the effector proteins were chosen from phy-
toplasma strain AY-WB based on significant up-regulation
of the genes encoding these effectors in the phytoplasma
infecting A. thaliana, compared to expression levels of
these phytoplasma genes in the vector Macrosteles quad-
rilineatus (MacLean et al., 2011). The other four selected
SAP proteins represent orthologs of the previously char-
acterized AY-WB SAP11 and SAP54 proteins from other
phytoplasma isolates. Initially, an auto-activation test was
performed for the 21 effector protein used as bait pro-
teins. Autoactivation was only found for SAP06 and
SAP48 on selective SD medium supplemented with up to
15 mm 3-amino-1,2,4-triazole (3-AT). For this reason, these
baits were screened in the Y2H assay with the more selec-
tive Adenine reporter and on a medium supplemented
with higher concentrations of 3AT. For the previously
studied AY-WB SAP11 and SAP54 proteins, we confirmed
various previously found interactions, for example
between SAP11 and TCP2, TCP7 and TCP13 (Sugio
et al., 2014; Sugio, Kingdom, et al., 2011). Likewise, inter-
actions were identified between SAP54 and different MIKC
MADS-box proteins involved in floral organ specification
and determination of flowering time (such as AP1, SEP3,
and SOC1, respectively) (MacLean et al., 2014) and
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between SAP05 and different SBP and GATA transcription
factors (Huang et al., 2021). Note, however, that some
interactions were not confirmed in our matrix-based
screen (e.g., the interaction between SAP54 and the
MADS-box protein AGAMOUS-LIKE 12). The most likely
reason for this is the different setup and more stringent
conditions to select for interactions in this study, which
may lead to false negatives.

For all tested effector proteins, multiple new interact-
ing host proteins were identified, and the resulting
pathogen-host PPl network represents 979 interactions,
involving 536 (28%) of the screened host proteins
(Figure 1a; Table S1). The identified interactions have been
submitted to the IMEx consortium (http://www.
imexconsortium.org) through IntAct (Orchard et al., 2014)
and assigned the identifier IM-28211. All of the effectors
displayed at least two interactions, but the distribution of
degrees (i.e., the number of interactions for each protein)
is broad (Figure 1b). Remarkably, two related effectors,
SAP48 and SAP06, interacted with a large number of host
proteins (250 and 242, respectively) from multiple protein
families. Many of these host proteins did not interact with
any other effector we tested, revealing the specificity of the
different SAP proteins (i.e., the interactions that different
effectors establish are clearly distinct) and of the assay
(i.e., it can clearly resolve differences in interactions). How-
ever, given that both SAP06 and SAP48 exhibited autoacti-
vation in our initial screening, interactions with these two
effectors should be interpreted carefully despite the strin-
gent conditions used. Nonetheless, given that SAP06 and
SAP48 are phylogenetically related (42.4% sequence simi-
larity) but have highly dissimilar interaction patterns, it
would be unexpected that all these interactions represent
false positives and could be solely attributed to the
observed autoactivation.

Additionally, a large variation was found in the num-
ber of interactions per host protein. Although 63% of the
interacting host proteins only bind one effector, some of
them are clearly highly targeted (Figure 1c). Remarkably,
many of these highly-targeted host proteins belong to the
TCP transcription factor family (Figure 1a), and the 10 host
proteins with the highest degree are all TCPs. Other
host proteins with a high degree include LBD15, a protein
involved in shoot apical meristem development (Sun
et al., 2013), and two proteins of unknown function: a
homeobox and a NAC transcription factor (AT4G03250.1
and AT3G12910.1, respectively). This high number of inter-
actions suggests important roles of these transcription fac-
tors in phytoplasma infection.

We performed Gene Ontology (GO) enrichment anal-
ysis to determine whether there is an overrepresentation
of host proteins in the network that participate in particu-
lar functions with respect to the library. Aside from gen-
eral, high-level terms, this revealed a highly significant
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Figure 1. Overview of the obtained phytoplasma-Arabidopsis interaction network.
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(a) Clustermap of the interactions, grouping host proteins (horizontal) and effectors (vertical) with similar interaction patterns. Colors indicate family member-
ship of the corresponding host proteins for the 10 most abundant host protein families in the network. Clustering was performed using Jaccard distance as a

metric.

(b) Histogram of candidate effector degrees (the number of interactions detected for each protein).

(c) Histogram of host protein degrees (with counts in log scale).

(d) Significantly enriched biological process Gene Ontology terms in the interaction network, sorted from lowest (above) to highest (below) P-value. Note that

the horizontal axis starts at the statistical significance threshold.

enrichment in different biological process terms related
to plant development (Figure 1d), and in particular in
terms related to the development of phyllomes (i.e.,
organs homologous to leaves or derived from leaves,

such as flowers), which is consistent with known phyto-
plasma infection symptoms. Altogether, this indicates
that the network captures biologically relevant
interactions.
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Multiple unrelated effectors specifically target TCP
transcription factors

To investigate whether phytoplasma effectors interact spe-
cifically with certain protein families, we evaluated
whether particular families are enriched in the network
with respect to the library. We found that only one family,
TCP transcription factors, is significantly enriched in the
network (adjusted P = 0.025). Of the 24 TCPs present in
the A. thaliana genome, which are all present in the
library, 20 are found in the network. Furthermore, these
interactions are distributed over the whole TCP family,
without particular enrichment of a specific class or sub-
class (Figure 2a). TCPs form an ancient, plant-specific fam-
ily of transcription factors, found from green algae to
eudicots (Floyd & Bowman, 2007; Navaud et al., 2007).
Although TCPs were initially linked to plant growth and
development (Martin-Trillo & Cubas, 2010), research in
recent years has uncovered that they also participate in
the plant immune response (Li, 2015; Lopez et al., 2015).
These properties seem to make them important targets for
pathogens. Some TCPs have previously been found to be
targeted by the phytoplasma effector SAP11 (Chang
et al., 2018; Pecher et al., 2019; Sugio et al., 2014; Sugio,
Kingdom, et al., 2011; Wang et al., 2018), and by effectors
from evolutionarily distant pathogens (Mukhtar et al.,
2011; Weliling et al., 2014).

To obtain a more precise picture, we tested whether
individual effectors interact predominantly with specific
host protein families. Strikingly, we find that 15 effectors
(71%) are enriched in interactions with TCPs (Figure 2b).
This set includes SAP54 and its ortholog SAP54zp, wWhose
interactions with TCPs had previously not been identified.
The fact that there is a high level of functional redundancy
within the TCPs (Danisman et al., 2013; Sugio, Kingdom,
et al., 2011), together with their interactions with numerous
phytoplasma effectors, suggests that suppression of TCP
activity is crucial for phytoplasmas, and that it can only be
achieved effectively by targeting many TCPs with multiple
effectors.

However, some effectors display different specificity:
SAPO5 has an overrepresentation of interactions with SBPs
and GATAs, confirming other studies of this effector
(Huang et al., 2021). Furthermore, its set of interactors is
enriched in proteins (all SBPs) involved in anther develop-
ment (adjusted P = 8.2 x 1073). AY-WB-infected Arabidop-
sis plants have abnormal anthers that do not produce
pollen (MacLean et al., 2011). This suggests that SAP05 is
involved in making the infected host sterile. Additionally,
one of the TCP-enriched effectors, SAP21, is enriched in
interactions with bZIPs. Finally, as expected given their
previously described interactions (MacLean et al., 2014),
the SAP54s are enriched in interactions with MIKC MADS-
box proteins.

© 2023 The Authors.
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These analyses revealed broad general patterns
shared between different effectors, which led us to evalu-
ate how redundant their interaction patterns are. Overall,
they tend to be very different from each other: the median
similarity is 0.06, where 0 means no overlap in interactions
and non-interactions and 1 complete overlap. Grouping
effectors by interaction similarity reveals, aside from the
expected clusters of orthologous effectors from different
strains, a clear cluster of nine effectors with similar interac-
tion patterns (Figure 2c, highlighted in red in the dendro-
gram), all enriched in interactions with TCPs.

To understand whether these similarities in interaction
patterns might emerge from structural similarities or
homology, we used AlphaFold2 (Jumper et al., 2021) to
predict the structures of all effectors in our library. Protein
structures are more conserved than sequences; thus, the
comparison of protein structures is more sensitive than tra-
ditional sequence comparison and can detect distant
homologies that would otherwise go undetected (Monzon
et al., 2022). AlphaFold2 yielded structures with overall
high confidence (80.95% of structures have a median
pLDDT >75) (Figure S2). We also compared the recently
experimentally solved structure of SAP05 (Liu et al., 2023)
and its predicted counterpart, showing the structures
shows that most structures do not share the same fold
75% TM-score <a high agreement (root mean square
deviation = 0.65) (Figure S2d). Global comparison of the
structures shows that most structures do not share
the same fold (75% TM-score <0.5), ignoring comparisons
between SAP11 orthologs and between SAP54 orthologs
(Xu & Zhang, 2010; Zhang & Skolnick, 2005) (Figure S3a).
This trend of general dissimilarity is found in both the high
interaction similarity cluster (from now on referred to as
HISC) and the rest of the effectors (Figure S3b). Interest-
ingly, despite having similar interaction patterns, these
effectors tend to have both low structure and sequence
similarities (Figure 2d; Figure S4), suggesting that they are,
overall, phylogenetically unrelated.

Although globally the effector structures may be dis-
similar, there may be common structural or sequence ele-
ments to allow them to bind TCPs. We created
embeddings of the structures using Geometricus (Durairaj
et al., 2020), an algorithm that creates representations of
protein structures based on overlapping sequence k-mers
and overlapping spheres. These are aggregated into sha-
pemers, which represent a set of similar structural frag-
ments. We find that the effectors do not clearly cluster into
the HISC and the background according to the shapemers
(Figure S3c). Furthermore, there is a large variety of shape-
mers exclusive to each group, as expected from the overall
dissimilarity between structures. Inspecting the shapemers
exclusive to the HISC shows no clear commonalities
(Figure S3d). Finally, the frequencies of shapemers that are

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), doi: 10.1111/tpj.16546

858017 SUOWWOD 8AIKE8.D 3(qedljdde ayy Aq peusenob ae 3ol VO ‘8sN JO SaInJ 10} A%eiq 1T 8uljuO AB[IM UO (SUOTPUOO-PUR-SWBIALI0O" A3 1M ARIq 1 U1 |UO//SdNY) SUORIPUOD pue SWwe 1 8y} 88S *[£202/2T/.0] U0 Akeidiauluo A8|inm eeuiol|qig yosesssy pue Aisealun usbuiieBe Aq oot [di/TTTT 0T/I0p/w0 A8 |im ARe.q jpuluo//:Sdny WoJy pepeojumod ‘0 ‘XETESOET



6 Miguel Correa Marrero et al.

(a) TCP21 (b) bzZIP
MYB relates
TCP7 Un?nnota[ g
i KC,MAé
100 _ TCP14 Gglike
59'—@TCP15 E2F2DB
- 5 TCP9 migRE
o2-@TCP19 " §§$
18 TCP20 a M-type M):\Pé
sl L 8 TCP6 O PLATY
2 ™ e gl
5 TCP22 il |
au:) 22 TCP16 Pseudg Al RY—B :
g - 23§TCP23 Srghaps| &
0
2 |~ TCP8 9 Sof
$ Bl topu E ngﬁﬁ :
g TCP18 2 £ HoSip
€ TCP12 S giEs
5 6] RE
] S = Tri é
£ 2 G i
ollz RNk 5y
g O SWISNF-BAFGOR
e E° A
5 ¢ FHA
= ZE-HD
o TReL
5 e
e
S\gma7(§—A\|ke
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
—log;0(BH corrected p-value)
(©)
10 @
. @ High interaction similarity cluster
SAP41 — SAP42
® ©SAPA9 — SAPA2
SAP11yss 0.8
SAP11ysp. ™
SAP11 ] .5AP54 — SAP54pnws
gﬁggé > e SAP54 — SAP54zp
SAP13 '% 0.6 .. °. APS4pns — SAPS4gp
SAP42 = .‘ @SAPO6 — SAPA8
SAP27 1S ® .SAPCJ#MM SAP11ys0;
SAP44 @ © @
SAP49 =
SAP35 5 - SAP67 — SAP4S
SAP45 43 0.4 O ey At EL L EEEEEEEE PR
SAP67 > o ©
SAP48 + e ©
mE SAP66 n ®
SAP06 ®
SAPO5 )
SAP21 02
SAP54pnus
L SAP54
-SAP54gp
G- HOMANT OO0V <t &
SadTOAdFTATINTOTOOON =0 ot 0.0
o - T T o T o o o o o T T T - P Ty Py T Q_n—m
A LLLCLCLCLCLLLLLLLLLLS L
ANV ON Vg
<2 < u 0.0 0.2 0.4 0.6 0.8 1.0
b 3

Figure 2. Zooming into specific host-pathogen interactions.

Interaction pattern similarity

(a) Phylogenetic tree of all full-length TCP factors in Arabidopsis thaliana. Leaf node color indicates the number of interactions with phytoplasma effectors. Num-
bers at internal nodes indicate bootstrap branching support. Class assignment according to (Gonzélez-Grandio & Cubas, 2016).
(b) Overview of overrepresentation in interactions for different host protein families across individual effectors (indicated by each dot). The vertical dashed line

indicates the statistical significance threshold (adjusted P < 0.05).

(c) Clustermap of effector interaction similarities, measured by Jaccard distance. The cluster of TCP-specific effectors with high interaction similarities is

highlighted in red in the dendrogram.

(d) Relationship between effector interaction similarity and structural similarity (quantified as TM-scores). Effectors belonging to the cluster of sequences with
similar interaction patterns are marked in red; outliers and interesting examples are annotated with the pair they represent. The horizontal dashed line indicates

median structural similarity.

common between the two groups do not show a clear sub-
structure that could explain any common binding mecha-
nism. At most, we can identify two different radius-based
shapemers found in four out of nine effectors in the HISC
and none of the other effectors. An analogous sequence-

based approach using discriminant motif analysis (Bai-
ley, 2011) on the clustered sequences, using effectors with
no specificity for TCPs as a control, yields no statistically

S

ignificant results. From these results, we conclude that it

is very unlikely that there is a similar binding site across

© 2023 The Authors.
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effectors in the HISC. Overall, this indicates a certain
degree of functional redundancy between these effectors.

According to the Red Queen hypothesis, mutually
antagonistic interactions between host and pathogen are
predicted to lead to evolutionary arms races (Van
Valen, 1973). It is known that many pathogens produce
host-mimetic molecules in order to exploit it (Bailey, 2011;
Elde & Malik, 2009; Via et al., 2015), and it has been postu-
lated that phytoplasma effectors mimic the structures of
their targets in order to interact with them (Rumpler
et al., 2015). Conversely, host proteins involved in patho-
gen interactions tend to be under adaptive selection
(Mukhtar et al., 2011; Slodkowicz & Goldman, 2020;
WeRling et al., 2014). Nonetheless, given the large number
of unrelated effectors targeting them, it could be difficult
for targeted TCP host proteins to evolve in a way that pre-
vents interactions with effectors. Changes at the interaction
interface that weaken interactions with an effector might
also weaken physiologically important interactions. Addi-
tionally, multiple unrelated effectors with similar interac-
tion patterns could still be able to interact with the host
protein, rendering such adaptive changes moot. In this
way, phytoplasmas could mount a very effective attack that
hampers the evolution of defense by setting an evolution-
ary trap in sequence space.

Interestingly, orthologous effectors from different
strains have variable interaction similarities. We observe
that interactions with MIKC MADS-box proteins responsi-
ble for floral organ identity, such as AP1 or SEP3, are con-
served across different SAP54s. In contrast, interactions
with MIKCs involved in flowering time are less conserved,
except for interactions with SOC1 (Figure Sb5a). Floral
organ specification mechanisms are strongly conserved
while flowering time is linked to the adaptation of a plant
to its environment. Furthermore, while interactions of
SAP54 and SAP54gz, with TCPs are highly conserved
(Figure S5b), no such interactions are detected for the
SAP54,,,.5 ortholog. Altogether, this strongly suggests co-
evolution with orthologous host proteins, eventually lead-
ing to divergence at the interaction interface.

Phytoplasma SAP11 homologs show binding specificity
towards TCP sub-classes

Phytoplasma SAP11 effectors show interactions with spe-
cific TCP proteins in our screen, and were previously found
to interact with plant TCPs as well (Chang et al., 2018;
Pecher et al., 2019; Sugio et al., 2014; Sugio, Kingdom,
et al., 2011; Wang et al., 2018). Plant TCP transcription fac-
tors group into several (sub)classes that antagonistically
modulate plant growth and development by competitively
binding similar cis-regulatory modules called site Il ele-
ments. Phytoplasma SAP11 effectors were found to show
binding specificities towards TCP (sub)classes, for exam-
ple, SAP114ywps interacts with class Il TB1 and CIN/jaw-

© 2023 The Authors.
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TCPs, whereas SAP11,zs interacts with only TB1 TCPs
(Table S1), and neither interact with class | TCPs (Pecher
et al., 2019; Sugio et al., 2014; Sugio, Kingdom, et al.,
2011). Here, we identified more SAP11 homologs from
publicly available sequence data of diverse phytoplasmas.
The alignment of these SAP11 homologs showed differ-
ences in the protein region known to interact with TCPs
(Figure 3a). To further investigate phytoplasma effector
interaction specificity with TCPs and possible differences
in evolutionary trajectories, we cloned additional SAP11
effectors from diverse phytoplasmas (Tables S2 and S3)
and tested their binding specificities to a selected subset of
A. thaliana class | and Il TCPs by Y2H. The interactions are
provided in Table S4.

This assay confirmed that SAP114yps and SAP11,ss
interacted with specific class Il TCPs, including TB1 and
CIN/jaw-TCPs. SAP11 homologs SAP11p,ypy.7, SAP11 e
and SAP11gp, had similar binding specificity to class Il
TCPs as SAP114ywp did (Figure 3b). Surprisingly, we dis-
covered that some SAP11 homologs (SAP11p,5 SAP115p
LLs SAP11EPWBI SAP11Fabal SAP‘HOY,M, SAP11PLYDY2 and
SAP11s7o111/5231/5284) interacted with class | TCPs but not
with class Il CIN-TCPs, whereas SAP11 homolog SAP11,47p
interacted with members of all three TCP (sub)classes
(Figure 3b). Nevertheless, all tested SAP11s share an inter-
action with class Il TB1 TCPs (Figure 3b). Moreover, in the
phylogenetic analyses of SAP11 homologs, the SAP11 pro-
teins cluster based on their interaction specificities with
TCPs, rather than based on the phytoplasma 16S rRNA
phylogeny (Figure 3d,e). To independently provide evi-
dence that the distinct sequences among the SAP11 homo-
logs (Figure 3a) are involved in TCP binding, we generated
SAP11 chimeras using the SAP11,,3s sequence as a back-
bone (Figure 3c). This showed that the region designated
as TCP-binding (Figure 3a) is indeed involved in determin-
ing the specificity of SAP11 binding to TCP (sub)classes.
Taken together, these data show that SAP11 effectors have
evolved binding specificity for specific (sub)classes of TCP
transcription factors. Therefore, despite the fact that TCPs
were identified as interactors of many SAPs, SAP-TCP
interactions do show specificity.

Analysis of interaction partners predicts effector-induced
phenotypes

In order to study whether interactions with a defined set of
host proteins might be used to predict potential functional
consequences of the effectors, we tested for overrepresen-
tation of particular GO terms in the effector-specific sets of
host interactors (Table S5). As already indicated, terms
related to plant development are highly overrepresented,
and for seven of the SAPs, the top-ranking GO term is
associated with development. However, specificity can also
be found at this level: for example, defense response is the
top-ranking term for SAP45 and SAP49. For the highly
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Figure 3. SAP11 homologs show distinct interaction specificities for CIN and class | TCPs.

(a) Alignment of SAP11 homologs. The dashed line indicates the TCP-binding domain on SAP11 AY W B.

(b) Yeast two-hybrid analysis of the interaction of phytoplasma SAP11 homologs and representative members of the three TCP subclasses in Arabidopsis thali-
ana. SD-LW, yeast synthetic drop-out without leucine and threonine; SD-LWH, yeast synthetic drop-out without leucine, threonine, and histidine; 3AT, 3-amino-
1,2,4-triazol; EV, empty vector.

(c) SAP11-binding specificity to CIN versus class | TCPs is determined by a 50 residue region. Upper panel, schematic illustration of SAP11 homologs or SAP11
chimeras. Lower panel, Y2H analysis.

(d) Known phytoplasmas that contain SAP11 effector genes belong to five distinct 16Sr subgroups. Phytoplasmas clades are color-coded according to their
subgroups.

(e) Phylogeny of SAP11 homologs combined with their binding specificities towards the three TCP subclasses. Numbers on the internal branches indicate the
level of bootstrap support (percentage).
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Figure 4. Phenotypic alterations upon ectopic expression of AY-WB SAP06 in Arabidopsis thaliana Col-0 background.

(a) Effect of ectopic SAP06 expression on growth and development in the vegetative stage, 3, 4, and 5 weeks after germination. To the left, comparison between
Col-0 and a line with a medium level of SAP06 expression; to the right, comparison between Col-0 and a line with a high level of SAP06 expression.

(b) Effect of ectopic SAP06 expression on seed dormancy in the same transformed lines. Germination percentage after incubation at 21°C (left) and 25 °C (right)
upon direct sowing or after storage of seeds at room temperature for 1 or 2 weeks. “*” next to line name indicates statistically significant differences.

reactive SAP06 protein, the analysis of the interactors
revealed enrichment in interactions with multiple proteins
from different families involved in leaf growth and regula-
tion of seed dormancy. Related to the latter biological pro-
cess, the presence of multiple DELLA proteins, which are
well-known repressors of gibberellic acid-induced seed
germination (Ravindran & Kumar, 2019), stands out.

Given that SAP06 displayed autoactivation in our ini-
tial screenings, we first set out to confirm the interactions
with DELLA proteins. We used BiFC in Nicotiana benthami-
ana, a methodology orthogonal to Y2H, to test interactions
with four different DELLA proteins. The experiment con-
firmed all four interactions (Figure S6).

Inspired by these findings and having confirmed the
interactions with DELLA proteins, we tested empirically

© 2023 The Authors.

whether SAP06 has an effect on plant growth and seed
dormancy in line with the expectations based on the out-
comes of overrepresentation analysis. We created trans-
genic A. thaliana plants with ectopic expression of SAP06
and selected two lines with different levels of
SAP06 expression (Figure S7). Phenotyping of these trans-
genic lines during the vegetative stage of development
indeed revealed stunted growth compared to Col-0 control
plants, with an effect proportional to the level of SAP06
expression (Figure 4a; Figure S7). Subsequently, we also
tested whether SAP06 affects the expression of four known
DELLA target genes (Park et al., 2013). We found that the
expression of one of these, PRET, is significantly downre-
gulated in the line with the highest SAP06 expression
(Figure S8). Although the expression changes in the other
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Figure 5. Comparison of protein-protein interaction (PPIl) networks between Arabidopsis thaliana proteins and the effectors of evolutionarily distant pathogens.
(a) Clustermap of interaction patterns in different host-pathogen PPl networks within the subset of screened host proteins shared by all assays. Clustering was

performed using Jaccard similarity as a metric.

(b) Boxplot of the number of interactions of effectors within the common host protein subset. Notches indicate the width of a 95% confidence interval of the

median degree, determined by 1000 bootstrap resamples.

(c) Comparison of host protein degrees between phytoplasma and Pseudomonas syringae (left), Hyaloperonospora arabidopsidis (center), and Golovinomyces
orontii (right). Host proteins highly targeted by phytoplasma but not by individual pathogens are highlighted. Also TCP14 is highlighted, which appeared to be a

target of effectors of all investigated pathogens.

three measured genes do not meet the criteria for statisti-
cal significance, DELLA target genes generally seem to be
downregulated in the line with the highest SAP06 expres-
sion. Performing further phenotyping analyses, we found
statistically significant altered levels of seed dormancy as
well in the transgenic line with high ectopic SAP06 expres-
sion (Figure 4b; P-value of SAP06#8 model coefficient =
3.7 x 107'% log-likelihood ratio P-value of the logistic
regression = 1.2 x 107'8). All together, the different obser-
vations of stunted vegetative growth, increased seed dor-
mancy, and significant downregulation of PRE7,
consistently point to stabilization of the DELLA proteins
upon interaction with SAP06. An effect on seed dormancy
due to a phytoplasma infection has been previously noted
in the form of vivipary in tomato (Wei et al., 2019). How-
ever, in that case, less dormancy and premature germina-
tion were observed, while here in Arabidopsis we see
more seed dormancy as a result of the ectopic SAP06
expression. Note, however, that this is a phenotype upon
artificial ectopic expression of a single effector protein in
comparison to a phytoplasma infection in the previous
study. Hence, our results reveal a potential function of the
SAP06 effector protein and it is very well possible that
SAPO06 interacts with DELLA proteins to interfere with other
functions, such as immunity, and the balance and trade-off
between immunity and growth (Daviere & Achard, 2016).
Nevertheless, these findings highlight how the PPl network
can be interpreted to generate insights into the function of
individual effectors.

Phytoplasma has developed specific strategies to target
host development

Prior research has determined PPl networks between A.
thaliana proteins and the effectors of different, evolution-
arily distant pathogens: the bacterium Pseudomonas syrin-
gae, the fungus Golovinomyces orontii, and the oomycete
Hyaloperonospora arabidopsidis (Mukhtar et al., 2011;
Welling et al., 2014). These studies found that effectors
produced by pathogens from different kingdoms target
overlapping sets of plant proteins, indicating the existence
of a conserved host-pathogen interface. This includes pro-
teins involved in defense response, but also, for example,
auxin and salicylic acid signaling. In order to determine
whether phytoplasma fits this picture, we compared our
PPl network to the networks determined by Mukhtar
et al. (2011) and WelRling et al. (2014) using the common

© 2023 The Authors.

subset of host proteins screened in all assays (Figure S9a).
As expected, the subset of host proteins that interacts with
effectors from all pathogens (including phytoplasma) is
enriched in proteins involved in stress and defense
response (Figure S9b). Remarkably, a high number of inter-
actions with TCP14, which promotes disease resistance
(Yang et al., 2017), is conserved across all pathogens. How-
ever, clustering of all effectors according to their interac-
tion patterns separates most phytoplasma effectors from
the others (Figure 5a). Clearly, phytoplasma effectors tend
to have far more interactions with this subset of proteins
than other species’ effectors (Figure 5a,b). This indicates
that phytoplasma effectors diverge in their interaction pat-
terns from effectors secreted by other pathogens.

Due to possible technical variability caused by differ-
ences in the exact screening conditions, we focused our
network comparison on host proteins that are highly tar-
geted by phytoplasma effectors but did not interact with
the effectors of other, individual pathogens. We find that
there is little variation in this set of proteins across patho-
gens (Figure 5c). This set contains a core of 12 proteins
that remains constant. This highly targeted core is
enriched in many terms related to the regulation of devel-
opment and phyllome development (Figure S9b). The core
includes multiple TCPs (including all of the CIN/jaw-TCPs)
and other development-related proteins from different
families, such as SEP1 and LBD15. It also includes the flow-
ering time regulator VOZ2 (Yasui et al., 2012). We repeated
the analysis using the larger subset of host proteins shared
between our assay and the one performed with G. orontii
effectors, reaching the same conclusions (Figure S10).
Although previous studies have found a certain level
of enrichment in targeting development-related proteins
in H. arabidopsidis, the intense focus on targeting
development-related proteins in phytoplasmas is unprece-
dented. Furthermore, we find only one protein within this
specific subset of A. thaliana proteins (TCP20, Figure S10c)
that does not interact with a phytoplasma effector but
interacts with effectors of a different pathogen. Put
together, these observations indicate that phytoplasma has
developed idiosyncratic molecular mechanisms that specif-
ically target development in order to alter its host.

CONCLUSIONS

We have experimentally determined interactions between
phytoplasma effectors and A. thaliana transcription factors
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and transcriptional regulators. Many of the assayed effec-
tors have not been previously studied either in vitro or in
planta, and this work presents insights into their putative
molecular mode of action. We find that interactions with
host transcription factors enriched in development regula-
tion are pervasive among phytoplasma effectors. Further-
more, compared to other phytopathogens, phytoplasmas
appear to have unique targets.

The determined network can be used to predict the
functional consequences of specific effectors, and our
interaction data and findings can be further utilized to for-
mulate mechanistic hypotheses regarding individual effec-
tors. Future molecular data on phytoplasma, such as
proteomics quantification of protein abundance upon
infection, can be integrated with the presented PPl network
and predicted effector structures to advance our systems-
level view of phytoplasma pathogenesis and yield further
insights.

Remarkably, our analysis shows that many effectors
interact with TCP transcription factors, almost all of
which are targeted, but with specificity. This indicates
that suppressing the activity of TCPs, which resemble a
crossroad between development and immunity, is crucial
for the infection strategy of phytoplasma. Furthermore,
while many of these TCP-specific effectors have similar
interaction patterns, they bear little sequence similarity to
each other. This functional redundancy between very dif-
ferent sequences could make it difficult for the affected
host proteins to evolve to avoid these interactions since
they are targeted by multiple seemingly unrelated effec-
tors, while they have to maintain their physiological
interactions.

Phytoplasmas have coevolved with seed plants and
their insect sap-feeding vectors (Cao et al., 2020), depend-
ing on both these hosts for spreading and likely have opti-
mized strategies to modulate both organisms and their
interactions. This study serves as a stepping stone for a
more global understanding of phytoplasmas and how they
interact with and manipulate their hosts.

MATERIALS AND METHODS
Yeast-two hybrid assays

The sequences corresponding to the mature versions (without sig-
nal peptides as predicted by Bai et al., 2009) of 21 selected phyto-
plasma effector proteins were amplified from the genomic DNA of
plants infected by aster yellows witches’ broom phytoplasma (AY-
WB) and cloned into pDONR207. Obtained fragments were
sequenced for verification. The SAP11 homolog of maize bushy
stunt phytoplasma (C. Phytoplasma asteris; MBSP) was amplified
from MBSP-infected maize plants (Orlovskis et al., 2017). Phyto-
plasma SAP54 genes from rapeseed phyllody phytoplasma (RP)
and peanut witches’ broom phytoplasma (PnWB) and SAP11 from
various phytoplasmas were identified from phytoplasma genome
sequences in the public domain, and the sequences correspond-
ing to the mature protein without signal peptide were synthesized

(General Biosystems, Durham, NC, USA) and cloned into
pDONR207. The effector DNAs were sub-cloned from pDONR207
into the Y2H bait vector pDEST32 by Gateway-based recombina-
tion. The resulting effector bait plasmids were transformed into
yeast strain PJ69-4 mating type Alpha, followed by a test for auto-
activation of reporter genes, as described previously (de Folter &
Immink, 2011). Subsequently, matrix-based Y2H screenings were
performed following the protocol in de Folter & Immink, 2011.
Each bait was screened against the Arabidopsis transcription fac-
tor collection, consisting of 1980 clones (Pruneda-Paz et al., 2014).
For the baits that did not exhibit autoactivation, incubation was
done on SD medium lacking Leucine, Tryptophan, and Histidine
and supplemented with either 1 or 5 mm 3-AT, respectively. For
SAP06 and SAP48, which showed autoactivation up to 15 mm 3-
AT, the incubation was done on SD medium lacking Leucine,
Tryptophan, and Histidine and supplemented with either 20 or
25 mm 3-AT, or SD medium lacking Leucine, Tryptophan, and Ade-
nine, respectively. Yeast growth and hence, protein interaction
events were scored after incubation of yeast at 20°C for 6 days.
The interactions are provided in MIAPE (Minimum Information
About a Proteomics Experiment) compliant format (Table S1).

For further analyses of SAP11 interactions with TCP transcrip-
tion factors, sequences corresponding to the mature proteins
(without signal peptides) of various SAP11 homologs or SAP11
chimeras were synthesized by General Biosystems and subcloned
into the pDESTGBKT7 vector (Tables S2 and S3). Representative
TCP genes were cloned into the pDESTGADT7 vector. These plas-
mids were transformed into the yeast strain AH109 for testing PPI
using the Matchmaker Gold system (Takara Bio, Kusatsu, Japan).
Yeast transformation and growth were performed as described by
Pecher et al. (2019), and the SAP11-TCP interactions were studied
in at least three independent experiments.

BiFC in N. benthamiana

BiFC constructs were generated by Gateway cloning of the full-
length ORFs of the Arabidopsis genes encoding the putative
SAP06 interactors into the pDEST-SCYCE(R)GW vector and the
synthetic plant codon-optimized ORF of the mature SAP06 protein
(without signal peptide) into the pDEST-SCYNE(R)GW vector
(Gehl et al., 2009). For this purpose, the coding sequences of
SAP06, GAI (AT1G14920), RGA1 (AT2G01570), RGL1 (AT1G66350),
and RGL3 (AT5G17490) in the pDONR207 vector were used in the
Gateway LR reaction. Leaves from 4-week-old N. benthamiana
plants were transiently infected as described previously (Diaz-
Granados et al., 2020), followed by confocal imaging to check for
cyan fluorescent protein signal 3 days after infection. As positive
control, the combination SCYCE-GpRBP1 + SCYNE-StUPL3 was
included (Diaz-Granados et al., 2020), and as negative control the
combination SCYCE-GpRBP1 + SCYNE-SAP06.

Host protein family annotation

We assigned each host protein to a particular family by first check-
ing PlantTFDB, a comprehensive database of plant transcription
factors (Jin et al., 2017). However, not all host proteins could be
found in this database. The host library is based on proteins from
different resources (Pruneda-Paz et al., 2014), including PInTFDB
(Perez-Rodriguez et al., 2010), which is more general and contains
not only transcription factors, but also other transcriptional regu-
lators. Therefore, we used PInTFDB to assign families to each host
protein absent in PlantTFDB. In total, we were able to assign 1830
of the 1980 proteins to a unique family (1434 found in PlantTFDB
and 396 in PINTFDB). The remaining proteins are marked as
unannotated.
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Statistical analysis of the phytoplasma-Arabidopsis PPl
network

Gene Ontology enrichment analyses were performed using goa-
tools v0.8.4 (Klopfenstein et al., 2018) with the host protein library
as background. Genes annotated with a GO term were automati-
cally annotated with the parent terms as well, and multiple testing
correction was performed with the Benjamini-Hochberg (BH)
method (false discovery rate threshold: 0.05) (Benjamini & Hoch-
berg, 1995). 98% of the proteins in the host library were present in
the GO annotation file. All of the analyses excluded terms inferred
from electronic annotation (i.e., those with the evidence code IEA).

As there might be an overall trend of effectors interacting
predominantly with specific host protein families, we tested
whether each host protein family is enriched in the PPl network
with respect to the host protein library. We did this using Fisher's
exact test. We performed multiple testing correction using the BH
method (false discovery rate threshold: 0.05). Likewise, individual
effectors might interact preferentially with certain host protein
families with respect to the rest of the network. This was tested
using the same procedure.

Effector comparison

In order to compare the interaction patterns of different effectors,
we computed all pairwise Jaccard similarities (Jaccard, 1912). The
Jaccard similarity is defined as the size of the intersection
between sets (common interactions and non-interactions) divided
by the size of the union of the sets (the whole set of interactions
and non-interactions with host proteins that displayed at least one
interaction in our Y2H assay). We also computed all possible pair-
wise sequence alignments (after removing signal peptides) using
Clustal Omega v1.2.4 (Sievers et al., 2011) and calculated the cor-
responding sequence similarities. Sequence similarity is defined
as the proportion of aligned residues with a log-odds score
greater than 0 in the BLOSUM®62 substitution matrix (Henikoff &
Henikoff, 1992). Finally, all dendrograms shown were constructed
using average linkage hierarchical clustering with SciPy 1.3 (Virta-
nen et al., 2020) and (1 — similarity) as a distance metric.

PPI network comparison

We compared the host-pathogen interaction networks presented
by Mukhtar et al. (2011) and WeRBling et al. (2014) to ours. For
many years, the Y2H system has been the gold standard for inter-
actomics studies (Bruckner et al., 2009). Nevertheless, variation, as
well as false negative and false positive interactions, can occur
due to differences in the exact screening conditions, such as the
yeast strain, vectors, incubation temperature, and exact composi-
tion of selective media. For this reason, we focused on an overall
comparison, rather than zooming in on unique, individual cases.
Furthermore, the data of these previous studies contains no infor-
mation about the host protein splicing variants used. Therefore,
we had to collapse different splicing variants in our network into a
single node. The only host protein within our PPl network with
two different splicing variants was SEPALLATA4. One variant
interacts with five different effectors and the second interacts with
a subset of three of these. Therefore, ignoring different splicing
variants has a small or negligible effect on the comparison.

We selected the 753 host proteins that were present in all
Y2H assays. Within this subset, 528 proteins did not interact with
any effector from any species and were removed. Likewise, seven
effectors that did not show interactions with the remaining host
proteins were removed. The final integrated network contains 118
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effectors (19 from phytoplasma, 21 from P. syringae, 48 from H.
arabidopsidis and 30 from G. orontii) and 225 host proteins. We
performed a pairwise comparison of host protein degree per spe-
cies using this network, taking into account host proteins that are
relatively highly targeted by phytoplasma (>4 interactions; this is
the top 7% of host proteins targeted by phytoplasma) but not in
other species. The same procedure was repeated using the larger
subset of host proteins shared between our assay and the one
performed on G. orontii effectors.

Phylogenetic tree construction

We constructed a phylogenetic tree of all TCP transcription factors
in A. thaliana using their full-length sequences with the ete toolkit
(v 3.1.1) (Bruckner et al., 2009; Huerta-Cepas et al., 2016). The best
model from JTT, WAG, VT, LG, and mtREV was chosen using
ProtTest (Abascal et al., 2005), and a maximum likelihood tree was
built using PhyML (Guindon et al., 2010). Reliability of branching
was assessed with 100 bootstrap replicates.

For constructing the phytoplasma 16S rRNA and SAP11 trees,
the 16S rRNA gene sequences and SAP11 protein sequences with-
out the signal peptide were downloaded from NCBI, respectively
(Table S2). Multiple sequence alignment (MSA) was performed
with the MUSCLE algorithm wusing default parameters
(Edgar, 2004) in MEGA v7 (Kumar et al., 2008). The Maximum Like-
lihood algorithm was used for generating phylogenetic trees with
the LG+l model and 1000 bootstrap replicates. The resulting trees
were formatted and annotated in FigTree v1.4.3 (Rambaut, 2012).
The SAP11 MSA was displayed using Boxshade (Hoffman &
Baron, 1996).

Structural analysis of phytoplasma effectors

The structures of phytoplasma effectors were predicted using
AlphaFold 2.2.0 (Jumper et al., 2021) using the monomer model
and the reduced_dbs option. The top predicted models for each
effector were used for subsequent analyses. Quality of the struc-
tures was assessed based on their median predicted local Dis-
tance Difference Test (pLDDT), a residue-wise confidence metric.
The models are available in ModelArchive (modelarchive.org) with
the accession code ma-saps.

Global structural similarities between different structures
were evaluated with TM-align (Zhang & Skolnick, 2005). We used
a TM-score threshold of >0.5 to classify two structures as likely to
be sharing the same fold (Xu & Zhang, 2010).

To identify local structural similarities between phytoplasma
effectors, we used Geometricus, a structure embedding tool based
on three-dimensional rotation invariant moments (Durairaj
et al., 2020), which are discretized into so-called shapemers at a
user-specified resolution. We followed the procedure of (Gordon
et al., 2020) to uncover similarities between proteins that appear
to share no common ancestry. The predicted structures were frag-
mented into shapemers both based on overlapping k-mers in the
sequence (k = 20) and based on overlapping spheres surrounding
each residue (radius = 15 A). To ensure that similarities between
structures, if any, would be significant, we used a high resolution
of 7 to define the shapemers.

Generation of SAP06 transgenic plants

A synthetic plant codon-optimized ORF was created for AY-WB
SAP06 by GenScript Biotech (Piscataway, NJ, USA) and subcloned
by Gateway-based cloning into the entry vector pDONR207 (Invi-
trogen, Thermo Fisher Scientific, Inc., UK). The obtained donor
vector was sequenced to confirm that the SAP06 ORF was correct
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and subsequently, a plant expression vector was generated by
Gateway-based recombination. In this reaction, SAP06 was trans-
ferred into the destination vector pB7WG2 (Karimi et al., 2002),
containing a CaMV 35S promoter-driven expression cassette. The
obtained expression vector was transferred to Agrobacterium
tumefaciens strain C58C1 and transformed into Arabidopsis Col-0
by the floral dip method (Clough & Bent, 1998; Karimi et al., 2002).
Primary transformants were obtained upon selective germination
of seeds harvested from the transformed plants on agar plates
containing 10 mg L™" phosphinotrycin (PPT). From these individ-
ual lines, six 3:1 segregating lines were selected based on selec-
tive germination on PPT medium, followed by a selection of
homozygous lines in the next generation. gRT-PCR was used to
select from these lines a transgenic line with a high ectopic
expression level (SAP06#8) and a line with an intermediate
expression level (SAPO06#4). For all further phenotyping and
molecular experiments, these two transgenic lines were used.

Expression analysis by qRT-PCR

Seedlings of the various transgenic SAP06 overexpression lines
were grown under LD conditions (16 h light, 8 h dark; 21°C) on
rockwool blocks. All above-ground plant material from 7 day-old
seedlings was harvested, followed by RNA isolation using the
InviTrap®Spin Universal RNA Mini Kit (Stratech, Ely, UK) accord-
ing to the manufacturer’s instructions. The isolation was done in
triplicate, with each sample consisting of plant material from at
least five individual seedlings. DNA was removed by a DNAse
treatment using the TURBO DNA-free™ Kit (Invitrogen, Thermo
Fisher Scientific, Inc.). The iScript™ cDNA Synthesis Kit (Bio-Rad,
Veenendaal, the Netherlands) was used to generate cDNA. gRT-
PCR and calculation of relative expression were performed as
described previously (Severing et al., 2018), but using SAND as a
reference gene. For the initial selection of SAP06 transgenic lines
the primers PZN1326 ‘TGATGGTTGCTATCTCTAACACT and
PZN1327 ‘GGCTTGTTCTGGTAGTTTCTTCT" were used. For SAND
the primers PDS2987 ‘TTCAAGAAGATGGAAGGTAATGATG' and
PDS2988 ‘CACCACTCACTGATTTCCATTGCTTG’ were used; for the
known DELLA targets SPL3, EXP8, PRE5, and PRE1 the primers
that were described previously (Park et al., 2013). Statistical signif-
icance of observed differences in DELLA target gene expression
was evaluated by performing a two-way ANovA (using both genes
and lines as factors) followed by Tukey's honest significance test
in statsmodels v0.13.5 (Seabold & Perktold, 2010).

Phenotyping of SAP06 ectopic expression lines

For the phenotyping of seed dormancy, seeds of the two
selected SAP06 ectopic expression lines and of wild type Col-0
were sown on blue filter paper wetted with MQ water in 10 cm
Petri dishes, followed by the scoring of the percentage of germi-
nation after 6 days of incubation at either 21 or 25°C. Each mea-
surement is based on scoring germination for at least 66 seeds.
The remaining seeds were stored at room temperature (20-21°C)
and sown in a similar way after 1 and 2 weeks of storage. Ger-
mination of these batches was scored as well at 6 days after the
start of the germination assay. Since all seeds were germinating
after 2 weeks of storage, we stopped scoring for dormancy at
this point. To assess whether the differences between lines are
significant, we conducted logistic regression using statsmodels
v0.13.5 (Seabold & Perktold, 2010). We included as variables the
line to which each seed belongs (encoded as two dummy vari-
ables), the temperature at which the seed was incubated, and
the number of weeks of storage after seed harvest and before
sowing.

For the characterization of potential effects on vegetative
development, seeds of the two SAP06 ectopic expression lines
and of Col-0 wild type were sown on wetted filter paper and strati-
fied for 3 days at 4°C. Subsequently, seeds were sown on Rock-
wool plugs. Twenty seedlings of each genetic background were
grown under long-day conditions (16/8, light/dark) at 21°C. Three,
four, and five weeks after germination, pictures were taken of rep-
resentative individual plants of each genetic background.
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terms in host proteins that interact with effectors from all patho-
gens (including phytoplasma). (c) Enriched biological process GO
terms in host proteins that are highly targeted in phytoplasma but
do not interact with any effector assayed in P. syringae, H. arabi-
dopsidis or G. orontii.

Figure S10. Comparison between phytoplasma-host and G. oron-
tirhost PPl networks, using the common subset of host proteins
assayed against the effectors.
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Table S3. Codon optimized sequences of SAP11 effector homo-
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