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Abstract: Effectoromics has become integral to the identification of pathogen targets and/or host-
resistant proteins for the genetic improvement of plants in agriculture and horticulture. Phytoplasmas
are the causal agents of more than 100 plant diseases in economically important crops such as
vegetables, spices, medicinal plants, ornamentals, palms, fruit trees, etc. To date, around 20 effectors
in phytoplasmas have been experimentally validated but the list of putative effectors comprises
hundreds of different proteins. Very few families (tribes) have been identified based on homology,
such as the SAP05-like, SAP11-like, SAP54-like and TENGU-like families. The lack of conservation in
amino acid sequences slows the progress of effectoromics in phytoplasmas since many effectors must
be studied individually. Here, 717 phytoplasma effector candidates and 21 validated effectors were
characterized in silico to identify common features. We identified functional domains in 153 effectors,
while 585 had no known domains. The most frequently identified domain was the sequence-variable
mosaic domain (SVM domain), widely distributed in 87 phytoplasma effectors. Searching for de novo
amino acid motifs, 50 were found in the phytoplasma effector dataset; 696 amino acid sequences
of effectors had at least 1 motif while 42 had no motif at all. These data allowed us to organize
effectors into 15 tribes, uncovering, for the first time, evolutionary relationships largely masked by
lack of sequence conservation among effectors. We also identified 42 eukaryotic linear motifs (ELMs)
in phytoplasma effector sequences. Since the motifs are related to common functions, this novel
organization of phytoplasma effectors may help further advance effectoromics research to combat
phytoplasma infection in agriculture and horticulture.

Keywords: phytoplasmas; crop pathogens; effectors; protein domains; de novo motifs; SliMs (ELMs);
effector tribes; effector families; effectoromics-based horticulture and agriculture

1. Introduction

Phytoplasmas (Kingdom, Bacteria; Phylum, Mycoplasmatota; class, Mollicutes; genus,
“Candidatus Phytoplasma” or “Ca. Phytoplasma”) are mycoplasma-like cell wall-less
pathogenic microorganisms transmitted by phloem-feeding insect vectors [1-3]. These
pathogens reside in plant phloem and cause severe damage to the agriculture and horticul-
ture industries worldwide, with extensive yield losses in economically important crops such
as vegetables, spices, medicinal plants, ornamentals, palms, fruit trees, among others [4].
In China, for example, more than 100 phytoplasma diseases have been reported [5].

Phytoplasmas secrete virulence proteins known as effectors, which interfere with
host hormone signaling [6,7] and cause abnormal plant morphologies such as phyllody,
virescence, chlorosis, and witches” broom, among other symptoms [8,9].

Integrated management of the main phytoplasma diseases is expected to include the
use of resistant plant material [10] and novel strategies for environmentally friendly insect
vector control [11]. Because effectors are essential for the virulence of the pathogen, they
are also susceptible targets for the control of phytoplasma-associated diseases [12,13]. They
are also suitable tools for the identification of protein targets in the hosts, including the
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nucleotide-binding leucine-rich repeat (NLR) receptors (also called resistance proteins). Ad-
ditionally, genetic engineering of NLR receptors can improve host recognition of pathogen
effectors, enabling the production of resistant host lines [14,15].

To date, only around 20 phytoplasma effectors have been experimentally validated,
which include SAPO5 [16], SAP11 [17], SAP54/Phyll [18], TENGU [19,20], SPW1, SPW11,
SWP12, SPW21 [21], Zaofeng3 and Zaofeng6 [22], and the membrane-bound proteins
IdpA [23], Imp [24], VmpA [25] and Amp [26]. A number of novel effectors have been
reported in the in silico characterization of phytoplasma genomes, for example, 257 hypo-
thetical proteins in “Ca. Phytoplasma solani” [27] or 7 unique effectors in Flavescence dorée
phytoplasma [28]. The list of phytoplasmas effectors keeps growing as more phytoplasma
genomes are sequenced.

Different strategies have been used to classify effectors in other microbial kingdom:s.
In bacteria, effectors are classified according to the secretion system (type III, type IV)
through which they are exported or translocated from the pathogen cell to the host [29,30].
In fungi, effectors that meet certain structural criteria such as small size, high cysteine
content, presence of a signal peptide (SP) and absence of transmembrane domains (TMDs)
are termed canonical or classical effectors, while those that do not meet some of these
criteria are termed noncanonical [31-33]; this classification has helped to expand the size
of fungal effectoromes, since the noncanonical effectors that were previously discarded
contribute significantly to the overall effectorome [32]. Phytoplasma effectors are usually
described as small, secreted proteins and like with fungi, they are secreted through the
Sec-dependent type II secretion system [27,34,35], although recent developments have
challenged this as a bona fide phytoplasma effector characteristic. Recently, six nonclassical
effectors (ncSecPs) were identified in “Ca. Phytoplasma ziziphi”; these effectors lack signal
peptides or translocation signals but are secreted through a Sec-independent secretion
pathway. Agroinfiltration of these effectors in Nicotiana benthamiana Domin suppressed
the hypersensitive response (HR) by enhancing the expression of the cell death suppressor
genes PR-1 and PR-5 [36]. Similarly, a few known phytoplasma effectors are also trans-
membrane proteins, such as Imp (immunodominant membrane protein) [24] and Amp
(antigenic membrane protein) [26], demonstrating that the phytoplasma effector definition
must evolve from the current terminology, “secreted proteins”. The identification of larger
and more complex effectoromes gives rise to further classifications of phytoplasma effector;
thus, there is a need to identify effector families based on common characteristics that
can further facilitate their organization and investigation. In other kingdoms, effector
families, or “tribes”, have been defined based on sequence homology [37,38], common
domains [39-41], or common motifs [42-44], among other criteria. The last two criteria are
very useful, as many effectors do not share sequence homology among the organisms of a
given microbial kingdom.

The inculturability of phytoplasma in artificial media greatly complicates research for
specific cures. Effectoromics could become an effective approach to searching for targets in
phytoplasmas. However, currently, only a few families/tribes of effector orthologs have
been identified in a range of phylogenetically distant phytoplasmas: SAP11/SWP1 [45],
SAP05,SAP54/PHYL1 and TENGU [19,46-48]. This lack of conservation slows the progress
of functional characterization of phytoplasma effector candidates; most effector candidates
must be studied individually and our knowledge about phytoplasma effectors is in its
infancy, making functional characterization a challenge.

Using the UNIPROT database, a list of 738 amino acid sequences corresponding
to nonredundant phytoplasma effectors was compiled (21 amino acid sequences corre-
sponding to validated effectors and 717 amino acid sequences corresponding to effector
candidates). This list was compiled using key words such as “Candidatus effectors”, “phy-
toplasma effectors”, “TENGU” and “SAP effectors”. Since programs that identify high
levels of conservation have failed to find families in phytoplasma effectors beyond SAPO05,
SAP11, SAP54 and TENGU, we analyzed this dataset of 738 amino acid sequences through
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alternative methods, including Gene Ontology (GO), protein domains and motifs. Amino
acid composition was also determined.

The search for de novo motifs enabled us to classify, for the first time, 696 phytoplasma
effector candidates into 15 tribes. In other words, protein families that shared the same
organization of multiple motifs were identified and grouped. The distribution of the tribes
in the phytoplasmas revealed two evolutionary histories for their effectors. The tribes
numbered 1, 6 and 7 were widespread in phytoplasmas, suggesting that their precursors
occurred in common ancestors and were transmitted by vertical gene transfer, followed by
duplication and rapid divergence in their evolution [49,50].

Other tribes (such as tribes 2, 3, 4, 5) showed discrete distribution, occurring only in
phylogenetically related phytoplasmas; horizontal transmission to distant phytoplasmas
was also observed in the members of these tribes.

Forty-two eukaryotic linear motifs, also known as short linear motifs (ELMs, SLiMs),
were identified in the phytoplasma effectors. These SLiMs are novel tools that suggest the
molecular mechanisms used by phytoplasma effectors during host infection. Phytoplasmas
may hijack host targets by mimicry of key motifs contained in the regulators of critical host
proteins [51].

The establishment of this new organization of phytoplasma effectors may help deepen
our understanding of effectors in the race to combat phytoplasmas in agriculture
and horticulture.

2. Materials and Methods
2.1. Protein Dataset

The phytoplasma effector dataset comprises 21 amino acid sequences corresponding
to validated phytoplasma effectors taken from the scientific literature, and the list was
further complemented by adding the results from a search of the UNIPROT database
using the keywords SAP01, SAP02, SAP03, until SAP80, TENGU, phyllody, phyll, anti-
genic membrane protein (Amp), immunodominant membrane protein A (IdpA), immun-
odominant membrane protein (Imp), and variable membrane protein A (VmpA). All
protein sequences were collected, and duplications were eliminated. The final dataset
contained amino acid sequences corresponding to 21 true effectors and 717 effector can-
didates (total 738 amino acid sequences) and can be found in Table S1A and at https:
/ / github.com/Gisel-Carreon/Phytoplasma_effectors.

For a negative control set, 30 amino acid sequences corresponding to phytoplasma
core proteins (proteins involved in essential metabolic activities) were randomly selected
from validated genomes (draft genomes were excluded). The selected genomes for these
core proteins were the onion yellows phytoplasma OY-M (T00154) (165rI-B), the aster
yellows witches’ broom phytoplasma AYWB (T00314) (165rI-A), the “Ca. Phytoplasma mali”
(T00729) (165rX), the “Ca. Phytoplasma australiense” (T00752) (16S5rXII), “Ca. Phytoplasma
ziziphi” Jwb-nky (T05675) (16SrV-B), “Ca. Phytoplasma aurantifolia” (NCHU2014) (16Sr1I)
and “Ca. Phytoplasma asteris” MBSP (CP015149) (165rI); these validated genomes were
found in the PUBMED database (https://pubmed.ncbi.nlm.nih.gov/; accessed on 14 July
2023); protein annotations were obtained from KEGG (https://www.genome.jp/kegg/
genome/; accessed on 14 July 2023) (Table S1B).

2.2. In Silico Characterization of Phytoplasma Effectors

The phytoplasma effectors in the dataset were in silico characterized by amino acid
length and amino acid composition (specifically of amino acids Cys, Ser, Leu, Lys, Asn and
Trp), using a set of Perl scripts [32]. The presence of signal peptides and transmembrane
domains were analyzed with SignalP v4.1 [52] and TMHMM v2.0 [53], respectively, both
with default parameters, on mature proteins (without signal peptide).

For predicting nuclear localization signal (NLS), we used the NLStradamus program
(http:/ /www.moseslab.csb.utoronto.ca/NLStradamus/) [54]; the proteins were analyzed
using the two-state static HMM method with a threshold score of 0.6.
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2.3. Gene Ontology Distribution and Functional Annotation

Gene Ontology analysis for mapping biological process (BP), molecular function
(MF) and cellular component (CC) were performed on the dataset of 738 amino acid
sequences corresponding to phytoplasma effectors against the GO database integrated in
the InterProScan v.86.0 tool under default parameters [55-57].

The GO functional classification histogram was plotted using the web server WEGO 2.0
(https:/ /wego.genomics.cn/, accessed on 20 August 2023) [58]. The output file produced
was the GO-native format without reference statement.

Functional domain identification was carried out using the InterproScan program
v.86.0 in STANDALONE mode, which includes diverse source databases like the PFAM,
CDD and SMART modules. We submitted the proteins in FASTA file as input and carried
out the analysis under default parameters [57,59,60].

2.4. Classification of Effectors in Tribes Based on Motifs

The collection of 738 amino acid sequences corresponding to phytoplasma effectors
was analyzed for motifs using the “Multiple Expectation-maximization for Motif Elicitation”
(MEME) tool version 5.5.4, included in the “MEME suite” online platform (https://meme-
suite.org/meme/) [61]. We used de novo motif discovery in classic mode, with 0 or
1 occurrence per sequence, and maximum 50 motifs as cut off.

The effector sequences that share various motifs were grouped together as a multigene
family (tribe). To identify similarities in the patterns of amino acids, online multiple se-
quences alignments were conducted using the CLUSTALW (GenomeNet) software program
(https:/ /www.genome.jp/tools-bin/clustalw). Then, to create weighted sequence align-
ments, the WebLogo online server was utilized (https://weblogo.berkeley.edu/logo.cgi),
using the CLUSTALW alignment file as input.

To determine whether these motifs were specific to phytoplasma effectors, phyto-
plasma non-effector core proteins were also screened for these motifs.

2.5. Search for Short Linear Motifs in True Phytoplasma Effectors

Short linear motifs (SLiMs, also often referred to as ELMs), were identified by submit-
ting a pair of protein members of different classes of phytoplasma effectors (for example,
two proteins for SAP11, two for Zaofeng effectors, two for ncSecPs, etc). The sequences,
in a FASTA file, were submitted to the ELM database (http://elm.eu.org, accessed on 21
August 2023) [62]. ELM is a database of 3934 manually curated eukaryotic motifs. The
analysis was run with default settings and a probability cutoff of 1 x 107°.

ELMs found in the amino acid sequences of phytoplasma effectors were searched in
the amino acid sequences of phytoplasma core proteins to determine whether they were
specific to phytoplasma effector proteins.

3. Results
3.1. Protein Databases

Table 1 shows the list of UNIPROT database ID accessions for the amino acid sequences
corresponding to the phytoplasma effectors used in this work.
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Table 1. List of phytoplasma effectors used in this work.

Classes of Phytoplasma Effectors

Description in UNIPROT Hits UNIPROTID *
SAP1-like protein 1 A0A859I19H9
SAP02-like protein 1 AO0AB859I19K5
SAP05-like protein 5 AO0A975ILX0, AOA8591930, AOAOP7KDO01, A0A531Y329, AOAOLOM]JZ3
SAP06-like protein 2 AO0A531Y0U6, AOA975F]D4
SAP08-like protein 2 AOAQP7IRG7, AOA859I9N5
SAP09-like protein 4 AO0A531Y0B2, AOA85919U4, AOA975F]78, AOA975INP5
A0A081D545, AOAOLOMK48, AOAONSIAU9, AOA0U2D622, AOAIQINHS9,
AO0ATQINH90, AOATQINH91, AOATQINH92, AOATQINH98, AOATIQINH99,
AOA1QINHAI, AOAIQINHA2, AOA1IQINHA3, AOA1IQINHAS,
SAP11 effector protein 37 AO0AIQINHA6, AOA1QINHA7, AOATVOPKNO, AOATVOPKQ3, AOA1VOPKT?,
AO0A2P9JTQO, AOA410HXL4, A0A421NZ11, AOA4Y5R0G3, AOA531Y0AS,
AO0A531Y154, AOA6M3WSS2, AOA7HI9SKEF2, AOA7THISLX7, AOA7THISP62,
A0A7M3UQS86, AOA7M3UQ89, AOA7M3UQ91, AOA7M3UQ93, A0OAS59ISLY,
AO0A895HT12, AOA975F]X5, AOA975IND1
SAP19-like protein 4 AOAOQP7]JB4, AOA531XZZ7, AOA8591959, AOA975FIG9
SAP20-like protein 1 AOAS859IAA9
SAP21-like protein 5 AO0AOP7IR19, AOA1VOPKQ1, AOATVOPKR3, AOA7G3ZPG3, AOA8591965
SAP30-like protein 2 AOAONBSIAS3, AOA531Y0Y5
SAP34-like protein 2 AO0A531XZH1, AOA85919Q8
SAP36-like protein 3 AO0A531XZX2, AOA85919S9, AOAS59IA72
SAP37-like protein 1 AO0AB85919K5
SAP39-like protein 2 AO0A975F]78 (SAP09/SAP39-like), AOA975INPS (SAP09/SAP39-like)
SAP40-like protein 2 AO0A7G3ZP82, AOA975FIGY (SAP19/SAP40-like)
SAP42-like protein 4 AO0AQP7IR40, AOA531Y098, AOAS59IAT1, AOA859IB38
SAP43-like protein 3 AO0A531XZZ8, AOA531Y0CO0, AOAS59IAG2
SAP44-like protein 2 AO0A531Y018, AOA85919]4
SAP45-like protein 2 AOAOQP7JJRO, AOA975FIA7
SAP48-like protein 2 AOAONSIAV0, AOA975F]D4 (SAP06/SAP48-like)
SAP49-like protein 3 AO0AOP7JOF0, AOA531Y0US5, AOAS59IA30
SAP50-like protein 2 AO0A531XYW6, AOA859I9B6
SAP53-like protein 7 A0A531Y0U7, AOA85218L6, A0A859I8U8, AOA859I9C2, AOAS59I9G1,
0AB859IA89, AOA859IC30
SAP54-like protein 7 AOAQP7KHL3, A0A385G2/[0(X1é %?g?le(;IXIg—;%FAOASMYUS, A0A6G5ZVL2,
, 137
SAP55-like protein 2 AO0AOP7KH40, A0A531Y2Y1
SAP56-like protein 2 AO0A531Y0A1, AOAS59IAC1
SAP59-like protein 1 AO0A85919X7
SAP61-like protein 2 A0A531Y053, AOA859I9W5S
SAP63-like protein 2 AO0A531YON6, AOA859IAU1
SAP64-like protein 1 AO0AS8591A25
SAP65-like protein 2 AO0A531XZQ7, AOA859I9R5
SAP66-like protein 1 AO0A531Y0A4
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Table 1. Cont.

Classes of Phytoplasma Effectors

i *
Description in UNIPROT Hits UNIPROT ID
SAP67-like protein 6 AOAOP7IRGO, AOATVOPKR5, AOA531Y097, AOA531Y0P6, AOA7G3ZP81,
cpree AO0A8591A66
SAP68-like protein 2 AO0A0P7]J83, AOA531Y090

AO0AQ0AS8JBX1, AOAOA8]JBX6, AOAOAS]BY1, AOAOASJCF3, AOAOASJCGO,
Phytoplasma effector causing phyllody 16 AO0AQOABJCG5, AOAOASJCY1, AOAOASJCY8, AOAOASJCZ4, AOADAS]D20,
symptoms AOAO0AS8]JD26, AOAOASJD31, AOAOASJD38, AOAOASJER4, AOAOASJERY,

AOAOQASJES5

Secreted effector protein

containing SVM protein 2 AOAOLOMJZ3 (SAP05-like), AOAOLOMK48 (SAP11-like)

AOAO0AS8]D20, AOAOASJBX1, AOAOASJCE3, AOA7G1GAE9, AOA7G1GBCS6,
AQA7G1G848, AOA7G1G7V6, AOA7G1GAX5, AOA1SOMA4S1, AOA7G1GBC?,
Effector causing phyllody symptoms 1 A0A7G1G7U3, AOA7G1GCL4, AOA7G1GC98, AOAOASJCG5, AOAOASJESS,
(Phyl-1) 32 AO0A7G1GCA2, AOA851HA21, AOAOASJCY1, AOAOASJCZ4, AOA7G1GAES5,
AOA7G1G7X2, AOAOAS]D26, AOA7G1GCL5, AOAOASJBX6, AOA7G1G7V7,
AQAQ0AS8JER9, AOA7G1GDX1, AOAOASJCYS, AOA7G1G829, AOA8591980,
AOAB8591A68, AOA7G1G7U9

AQA7S7FZA6, AOA7S7FZA7, AOA7S7FZT4, AOA7S7G0OA6, AOA7S7G133,
SVM family protein 19 A0A7S7JMA4, AOA9K3STF5, AOA9K3STG2, AOA9K3ST]3, AOA9K3STLL1,
A0A9K3VKC1, AOA9K3VQA7, AOAIK3WR63, AOAIK3WR67, AOAIK3ZWRSE],
AO0A9K3WRI7, AOA9K3WR]J4, AOAIK3WSE9, AOA9K3WT14

Effector protein/putative 4 AOAOLOM]JZ3 (SAP05-like), AOAOLOMKA48 (SAP11-like), AOAOP7KHL3
effector (SAP54-like), AOA421NZ11 (SAP11-like protein)

AO0A081D424, AOA081D433, AOA081D4B3, AOA081D563, AOA081D571,
20 A0A081D5B7, AOA081D5P7, AOA081D5U5, AOAOLOMKQ6, AOAOMIMZXO0,
AQ0AOMINOJ3, AOA559K]X4, B1V8S0, B1V929, B1V9OA9, B1VIR4, B1V9U?,

Putative phage integrase

BIVAIL, BIVAZ9, BIVB07
MPEP-jgl1_1 1 F4YY99
PME2-sporadic 1 AOA5J6EDA47
PME2ST 1 AOA5J6EFI7

Q7M1T6, Q7M1T6, AOA0O76EAGS, AOA076EAGS, AOA081D5A2,
AQA081D5A2, AOAOA6ZJWS, AOAOA6ZJWS5, AOAOB5A2B3, AOAOB5A2B3,
A0AO0G2RL99, AOAOG2RL99, AOAOG3IAHO, AOAOG3IAHO, AOAOG3IANS,
AO0AOG3IANS, AOAOG3IANS, AOAOG3IANS, AOAOG3IEB2, AOAOG3IEB2,
AOAOG3IEB7, AOAOG3IEB7, AOAOKOQVE?, AOAOKOQVE?7, AOAOKOQVF4,

AOAOKOQVF4, AOAOKOQWS84, AOAOKOQWS4, AOAOMINO027, AOAOM1NO027,
AQAQUIWOL6, AOAOUTIWOL6, A0A144KSK3, A0A144KSK3, A0A1447Z]V6,
AQ0A1447Z]Ve6, A0A144ZJW7, AOA1447Z]JW7, AOA1447]X8, AOA144Z]X8,
AQ0A1447]Y8, A0A1447]YS8, A0OA1447K00, A0A1447K00, AOA144ZK13,
A0A1447K13, A0A1661ZL8, AOA1661ZL8, AOA172W5H3, AOA172W5H3,
A0A172W5H6, AOA172W5H6, A0A172W5H7, AOA172W5H7, AOA172W5I1,

Antigenic membrane protein (Amp) 126 A0A172W5I1, AOA1S2NIM5, AOA1S2NIM5, A0A284VUN7, A0OA284VUN7,
AQ0A284VUR2, A0A284VUR?2, A0A284VUTS5, A0A284VUTS5, A0A284VUU?7,
A0A284VUU7, A0A284VUVS, A0A284VUVSE, A0A284VUWS, A0A284VUWS,
A0A284VUZ0, A0A284VUZ0, AOA2R3TWEFO, AOA2R3TWFO0, AOA2R3TWF1,
AQ0A2R3TWEF1, AOA2R3TWE3, AOA2R3TWEF3, AOA2R3TWES, AOA2R3TWES,
A0A2R3TWGO, AOA2R3TWGO, AOA2R3TWG2, AOA2R3TWG2,
AQ0A2R3TWGH4, AOA2R3TWG4, AOA2R3TWG5, AOA2R3TWGS,
A0A2R3TWG?7, AOA2R3TWG?7, AOA2R3TWGS, AOA2R3TWGS, AOA2R8FIP7,
A0A2R8F9P7, AOA3G3BKC3, AOA3G3BKC3, AOA3G3BKD1, AOA3G3BKD1,
A0A3G3BKD2, AOA3G3BKD2, AOA3G3BKD3, AOA3G3BKD3, AOA3G3BKD4,
AQ0A3G3BKD4, AOA3G3BKD?7, AOA3G3BKD7, AOA3G3BKD9, AOA3G3BKD?9,
A0A3G3BKE3, AOA3G3BKE3, AOA3G3BKES5, AOA3G3BKES5, AOA3G3BKEF2,
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Table 1. Cont.

Classes of Phytoplasma Effectors

UNIPROT ID *

AO0A3G3BKF2, AOA3G3BKHS5, AOA3G3BKHS5, AOA3G3BLS3, AOA3G3BLS3,
A0A4V0Z900, AOA4V0Z900, AOA531XZF2, AOA531XZF2, AOA660HMWS,
AOA660HMW6, AOA6MSPXG1, AOA6MSPXG1, AOA851HI12, AOAS51HI12,
AO0AB859IB88, AOAS59IBSS, AOASGOKJC1, AOASGOKJC1, AOASGOK]C?,
AOASGOKJC7, AOASGOK]J7, AOASGOK]]7, AOASGOKMI2, AOASGOKMI2,
AOA8GOKNQ6, AOASGOKNQ6, AOASGOKNW?2, AOASGOKNW2,
AOASGOKPQ5, AOASGOKPQ5, AOASGOP102, AOASGOP102, AOASGOP2NG6,
AOA8GOP2N6, AOASGOP649, AOASGOP649, AOAIEIFTCO, AOAIEIFTCO,
B1Q3E7, BIQ3E7, BIQ3ES, BIQ3ES, D3JZF9, D3]ZF9, EOX6RS, EOX6RS,
E1B2F1, E1B2F1, E1V2K6, E1V2K6, E1V2K7, E1V2K7, E1V2KS, E1V2KS,
E1V2L0, E1V2L0, E1V2L1, E1V2L1, E1V2L2, E1V2L2, E1V2L3, E1V2L3,
E1V2L4, E1V2L4, E1V2L7, E1V2L7, E1V2L9, E1V2L9, E1V2M0, E1V2MO,
E1V2M2, E1V2M2, I6YG40, 16YGA0, 16YG45, 16YGA5, 16ZBE6, 16ZBE6, [6ZK94,
16ZK94, 16ZK99, 16ZK99, KTWALO, KZWALO, QOPN06, QOPN06, QIMWAS5,
QIMWAS5, QIMWA9, QIMWA9, QIMWB3, Q1MWB3, QIMWB7, Q1MWB?,
QIMWC1, QIMWC1, QIMWC5, QIMWC5, QIMWC9, QIMWC9, Q1MXCS6,
QIMXC6, QIMXD5, QIMXD5, QIMXD9, Q1MXD9, Q1MXE3, Q1MXE3,
QIMXE7, QIMXE7, QIMXF1, Q1IMXF1, QIMXF5, QIMXF5, Q2NJMO,
Q2NJMO, Q50256, Q50256, R4S1A8, R4S1A8, ROR6L3, ROR6L3, ROR6N4,
RIR6N4, RIR6R7, ROR6R7, U6BYJ4, U6BYJ4, UsSBYW6, USBYW6, VOPBO7,
V9PBO07, VOPBQ6, VOPBQ6, X2CUV7, X2CUV7

A0A3G3BKC1, F8QQ90

Description in UNIPROT Hits
Antigenic membrane protein (Amp) 126
Immunodominant membrane protein A
. 2
(idpA)
Immunodominant membrane protein 241

(Imp)

A0A081D461, AOA0G2SJS4, AOAOG2SJW3, AOA0G2SK05, AOA0G2SK62,
AOAOK3AQAS, AOAOK3ASS0, AOAONSIAV7, AOA167RQ06, AOA1IC3K9C2,
AQA1C3K9C3, AOA1C3K9D4, AOA1C3K9D9, AOA1C3K9F3, AOA1C3K9KO9,

AO0A1QINHS0, AOATIQINHS1, AOA1QINHS3, AOAIQINHS5, AOA1QINHS6,
A0A1QINHS7, AOATQINHSS, AOATQINH93, AOA1IQINH94, AOAIQINHY5,
A0ATQINH96, AOA1QINH97, AOATW6QDG6, AOATW6QDGS,
AQ0A221LEG4, A0A221LEG7, AOA2DOXP51, AOA2D0OXPU9, AOA2D0OXQP2,
A0A2D0XS19, AOA2DOXTDS, AOA2D0XTE4, AOA2D0XV09, AOA2DOXWU4,
A0A2DOXYW4, AOA2D0Y111, AOA2D0Y119, AOA2D0Y3A9, AOA2H4UKN1,
AQ0A345VNF7, AOA345VNGI1, A0A345VNG2, A0A345VNG3, A0A345VNGS,
AQ0A3GIT1S3, AOA3G1T1US, AOA3G1T1V5, AOA3GIT1IWS, AOA3S9VMP1,
AQA3S9VMS5, A0A451G5C1, A0A482CEUS5, A0A4D6BQYS, AOA4D6BR]9,
A0A4D6BUB2, AOA5J6CPI0, AOA6M3YRZS, AOA7D5BS05, AOA7G8C1T3,
AQA7GS8C1T4, AOA7G8C1T8, AOA7L8YQZ3, AOA7L8YR10, AOA7L8YR?25,
AO0A7L8YR95, AOA7L8YREY, AOA7L8YRG7, AOA7L8YRJ9, AOA7L8YSG7,
AO0A7M3UQ95, AOA7M3UQ96, AOA7M3UQ98, AOA7TM3UQA1, AOA7M4C]T7?,
AQ0A7UOTE90, AOA7UOTE92, AOA7UOTE98, AOA7UOTEA1, AOA7UOTEAS,
AOA7UOTEA6, AOA7UOTEAS, AOA7UOTEBO, AOA7UOTEB2, AOA7UOTEB3,
AQ0A7U(OTEB4, AOA7UOTEB6, AOA7UOTEBS, AOA7UOTEBY, AOA7UOTECO,
AQA7UOTEC1, AOA7UOTEC2, AOA7UOTEC3, AOAZUOTEC5, AOA7UOTECS,
A0A7UOTEC7, AOA7UOTECS, AOA7UOTECY, AOA7UOTEDO, AOA7UOTED],
AQ0A7U(OTED3, AOA7UOTEDS, AOA7UOTED?7, AOA7UOTED9, AOA7UOTEEO,
AQ0A7UOTEE1, AOA7UOTEE2, AOA7U(OTEE3, AOA7UOTEE4, AOA7UQOTEES,
AQ0A7UOTEE6, AOA7UOTEE7, AOA7UOTEES, AOA7UOTEF0, AOA7UOTEF2,
A0A7UOTEF3, AOA7UOTEF4, AOA7UOTEFS, AOA7UOTEG6, AOA7UOTEGS,
AO0A7UOTEH2, AOA7UOTEHY, AOA7UOTEI5, AOA7U0YCD6, AOA7UOYCE]L,
A0A7UQYCF1, AOA7U0YCGO, AOA7UQYCK?7, AOA7UOYCL3, AOA7UOYCLS,
A0A7U0YCLY, AOA7UO0YCM3, AOA7U0YCM4, AOA7U0YCM?7,
AO0A7UOYCN1, AOA7U0YCN6, AOA7UQ0YCP1, AOA7UO0YCP4, AOA7U0YCQO,
AO0A7U0YCQ6, AOA7UOYCR1, AOA7UO0YCRS, AOA7UO0YCW3, AOA7UOYCWS5,
A0A7U0YCX1, AOA7UO0YCX6, AOA7UO0YCXS, AOA8ISKQK7, AOA8ISKQQS5,
AO0A895KQZ3, AOA895KQZ7, AOA8I5KR14, AOASE9ZR]9, B3R073, BOXOWS,
B9X0X1, BOX0X7, B9X0Y3, B9X0Y9, B9X0Z4, B9X100, B9X106,
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Table 1. Cont.

Classes of Phytoplasma Effectors

> *
Description in UNIPROT Hits UNIPROTID

D3JZF9, D5GSR1, D5GSR2, D5GSR3, D5GSR4, D5GSR5, D5GSR6, D5GSR7,
D5GSR8, D5GSRY, D5GSS0, D5GSS1, D5GSS2, D5GSS3, D5GSS4, D5GSS5,
D5GSS6, D5GSS7, D5GSS8, D5GSS9, D5GSTO0, D5GST1, D5GST2, D5GSTS,
D5GST4, D5GST5, D5GST7, D5GSTS, D5GST9, EOWEES, EOWEF3, EOWEGI,
Immunodominant membrane protein 241 EOWEH1, EOWEH2, EOWEH6, EOWEH9, E5D8B7, ESD8BS, E5SD8C1, F8QQ9%4,
(Imp) G3XGE8, G3XGF1, G3XGF4, G3XGF7, G3XGG6, G3XGGY, G3XGI1, G3XGI3,
G3XGI7, G3XGJ0, G3XGJ3, G3XGJ6, G3XGJ9, G3XGK5, G3XGL1, G3XGL7,
G3XGMO, I3UIBS, I3UIB9, I3UICO, I3UIC1, I3UIC2, I3UIC3, I3UIC4, I3UIC5,
13UICS, I3UIC7, I3UICS, I3UICY, I3UIDO0, Q8KWR9, Q974Q4, USLMXS,
U6G028, X2CSY1

AQ0AOD6DTS2, AOA4E9CZE5, AOA4E9CZG2, AOA4E9CZI4, AOA4E9CZK?2,
A0A4E9CZLO, AOA4E9D018, AOA4E9DO027, AOA4E9D036, AOA4E9D043,
AQA4E9D050, AOA4E9D063, AOA4E9D398, AOA4E9D3B5, AOA4E9D3F2,

AOA4E9D3]3, AOA4E9D3L5, AOA4E9D3N2, AOA4E9DGY5, AOA4E9DH23,
A0A4E9DH31, AOA4E9DH40, AOA4E9D]74, AOA4E9D]82, AOA4E9D]9%4,

Variable membrane protein A (VmpA) 52 AQA4E9DJA2, AOA4E9D]B4, AOA4E9DKV2, AOA4E9DKY4, AOA4E9DKZS5,

AQ0A4E9DL10, AOA4E9DPW9, A0A4E9DQ17, AOA4E9DQ26, AOA4EIDQ36,

A0A4E9DQA45, AOA4E9E2M2, AOA4E9E2N4, AOA4E9E2NY9, AOA4E9E2P3,

AQA4E9E2P9, AOA4E9E2(QQ4, AOA4E9E2R0, AOA4E9E2R4, AOA4E9E4]3,
AQA4E9E4]7, AOA4E9E4L5, AOA4E9EOI3, AOA4E9E9]2, AOA4E9EI]S,
AQA4E9E9KO0, AOASBOMFL7

AOAONBSIAS3, AOAONSIAUY9, AOAONSIAVO0, AOAOP7IR19, AOAOP7IR40,
AO0AOP7IRG?7, AOAOP7]]J83, AOAOP7]JB4, AOAOP7]JJR0O, AOAOP7KH40,
AQAQP7KHL3, AOA531XYW6, AOA531XZH1, AOA531XZQ7, AOA531XZX2,
AQA531XZZ7, AOA531XZZ8, AOA531Y018, AOA531Y053, AOA531Y090,
A0A531Y097, AOA531Y098, AOA531Y0A1, AOA531Y0A4, AOA531Y0CO,
AQA531YON6, AOA531Y0P6, AOA531Y0US5, AOA531Y0U7, AOA531YQYS5,
AQ0A531Y154, AOA531Y175, AOA531Y2Y1, AOA531Y329, AOA7G3ZP82,
AQ0A7G3ZPG3

AQ0A1E2USPO, A0A1]7D1C9, A0A249DXMS, A0A2D3T254, AOA2D3T9Z74,
AQA2D3TD58, AOA2D3TFY7, AOA2USISA1, AOA4P25SM26, AOASK6V4X6,
AQA5K6V712, AOA6L2ZRP7, AOA9D2KKF3, AOA9E4K1UO, AOA9E4KC36,
AQA9E4P750, C4K6C8, C4K8T3, EOWUZ2, G2GX33, G2GYW6, G2J8Z5, I6PE34,
Type III secretion system 50 WOHMTO0, AOAOC1H4D9, AOA0G1]JG32, AOA1AYHUH7, AOAT1A9HUI4,
effector protein Candidatus A0A1A9HVU6, AOATA9HWRY, A0A1J7C9A4, AOA3A4PR12, AOA3C1SQQ9,
AQA3SOUHES, AOA6L2ZKD9, A0OA6L2ZKI3, AOA6M1YMGI1, AOA6M1YQXO,
AQ0A6M1YRV2, AOA6M1Z4N3, AOA6M1Z7H7, AOA6M1ZIG1, AOA6M2AFES,
A0A846KWS82, A0A924DW95, A0OA9565X96, EOWT]4, 165XS7, Q6MD78S,

Secreted AYWB protein (SAP) 36

W6MBI3
Conserved hyp(:thetlcal 1 Q3LBNS
protein
Uncharacterized protein * 1 U4KNV3
Candidatus hypothetical 6 Za- A0A660HMR4, AOA660HMO07, AOA660HM34, AOA660HNEY, AOA660HMIS,
proteins ofeng AO0A660HNK1

* The amino acid sequences are available in Table S1A.

3.2. Characterization of Phytoplasma Effectors

To learn more about structural features of the known phytoplasma effectors, the
dataset was analyzed for peptide length, amino acids composition, presence of signal
peptide, presence of transmembrane domains (Table 2), among other characteristics. More
than 90% were small peptides, with 400 amino acids or less. Consistent with the current
belief, ~70% of the phytoplasma effectors are secreted and have a SP, but ~30% have TMDs,
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revealing that the non-classical effectors constitute an important subset in phytoplasma
effectoromes.

Table 2. Characterization of phytoplasma effectors.

Characteristics Number of Effectors % of the Total *
<200 amino acids 518 70.2
201-400 amino acids 156 21.1
401-1000 amino acids 63 8.5
>1000 amino acids 1 0.1
Signal peptide ** 527 71.4
TMDs 249 33.8
Nuclear target (NLS) 29 3.9
>25 Asn residues 109 14.8
>25 Lys residues 341 46.2
>25 Leu residues 155 21
>25 Ser residues 61 8.3
0 Trp residues 225 30.5
1 Trp residue 234 31.7
2 Trp residues 158 21.4
3-7 Trp residues 121 16.4
0 Cys residues 378 51.2
1 Cys residue 214 29
2 Cys residues 86 11.7
3 Cys residues 30 4.05
4 Cys residues 10 1.35
5-8 Cys residues 20 2.7

* Considering a total of 738 amino acid sequences corresponding to phytoplasma effectors. ** Using SignalP v4.1.

In terms of amino acid composition, almost 50% of the phytoplasma effectors are rich
in lysine, ~20% are rich in leucine and ~15% in asparagine (>25 residues per sequence),
while tryptophan and cysteine are rare amino acids; ~60% of the effectors have zero or one
tryptophan and ~80% have zero or one cysteine residue.

3.3. Functional Categories of the Phytoplasma Effectors

For the 738 phytoplasma effectors, the Gene Ontology analysis identified annota-
tions for 462 phytoplasma effectors, while 276 had no Gene Ontology annotations. Four-
teen GO terms were identified: seven in the category “biological process” (phosphore-
lay signal transduction system, GO:0000160; regulation of DNA-templated transcription,
GO:0006355; proteolysis, GO:0006508; protein targeting, GO:0006605; vesicle-mediated
transport, GO:0016192; protein import, GO:0017038; protein refolding, GO:0042026); two in
the category “cellular component” (plasma membrane, GO:0005886; membrane, GO:0016020);
and five in the category “molecular function” (DNA binding, GO:0003677; ATP-dependent
peptidase activity, GO:0004176; metalloendopeptidase activity, GO:0004222; ATP binding,
GO:0005524; ATP-dependent protein-folding chaperone. GO:0140662). Figure 1 shows the
distribution of GOs.
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Figure 1. Gene Ontology classification of the phytoplasma effectors.

The most represented GO term was GO:0016020, with 457 proteins assigned to the term
“membrane”; as expected, this term was assigned to 298 known membrane-bound effectors
(IdpA, Imp, VmpA and Amp from different phytoplasmas), but also to a few homologs
to PHYL1, SAP01, SAP02/saP37 /SAP76, SAP08, SAP09/SAP39, SAP34, SAP36, SAP40,
SAP42,SAP48, SAP50, SAP53, SAP65, SAP66, SAP68, PME2ST, PME2 and 1 outer-surface
lipoprotein. One hundred and twenty-two membrane effectors had no homology to known
effectors; according to the UNIPROT database, six were assigned “putative effector”, four
were assigned “effector protein” and one hundred and twelve were assigned “effector”.
It was observed in this study that membrane-bound effectors are widely distributed in
phytoplasmas, not to specific phytoplasma 165r groups.

Most effectors received multiple GO assignations; for example, the effectors AOA531Y2Y1
(SAP55-like protein of periwinkle leaf yellowing phytoplasma) and AOAOP7KH40 (SAP55-
like of “Echinacea purpurea” witches’ broom phytoplasma) were classified with the GO
terms GO:0005524 ATP-binding; GO:0004222 metalloendopeptidase activity; GO:0004176
ATP-dependent peptidase activity; and GO:0006508 proteolysis). Likewise, the effec-
tor AOAOG2SKO05 (SecA translocation protein of Napier grass stunt phytoplasma) and
AQAO0G2SK62 (SecA translocation protein of Hyparrhenia grass white leaf phytoplasma)
were assigned the terms GO:0005886 plasma membrane; GO:0017038 protein import; and
GO:0006605 protein targeting. The effector BIQ3E7 (molecular chaperonin GroEL of “Ca.
Phytoplasma japonicum”) was assigned GO:0140662 ATP-dependent protein-folding chap-
erone; GO:0005524 ATP binding; and GO:0042026 protein refolding.

The phytoplasma effectors retrieved a low number of GO terms, although some
effectors had three to five GO terms assigned to them; the functions of the majority of these
effectors could not be predicted through GO analysis.

3.4. Functional Domains in Phytoplasma Effectors

The use of effector-related domains is an emerging strategy for effector identification in
other phytopathogens [61-63]. The phytoplasma effectors were analyzed with the program
InterProScan version 5.39-77.0, which identified functional domains in 153 effectors, while
585 had no known domains (Figure 2).
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Figure 2. InterProScan functional domains found in phytoplasma effectors.

The most frequent domain was the “SVM domain”, widely distributed in 87 phyto-
plasma effectors such as phyllody 1, Sap01, SAP04, SAP05, SAP11, SAP19, SAP21, SAP30,
SAP40, SAP42, SAP43, SAP44, SAP45, SAP48, SAP49, SAP54, SAP56, SAP66, SAP67
and SAP68. The second most frequently found domain was “Phytoplasma antigenic
membrane”, present in 39 phytoplasma antigenic membrane proteins (AMP). The third
was “Lipoprotein associated”, present in 17 phytoplasma variable membrane proteins
A (VmpA). Molecular chaperonin (GroEL) domain is present in the effector BIQ3E7 of
“Ca. Phytoplasma japonicum”. The domain “response regulator transcription factor”
was found in the effector AOA847N6X9 of “Ca. Phytoplasma sp” and the domain “col-
lagen triple helix repeats” in the effector AOA421NUF2 of “Ca. Phytoplasma solani”.
The domain DUF2963 was found in two effectors of Rapeseed phyllody phytoplasma,
AQAS859I9K5 (SAP02/SAP37 /SAP76-like protein) and AOA859IA25 (SAP64-like protein).
The domain “Nucleic acid-binding” in AOAOP7KDEF6 of “Echinacea purpurea” witches’
broom phytoplasma and the domain peptidase M41-like was identified in AOAOP7KH40
and AOA531Y2Y1, two SAP55-like effectors of “Echinacea purpurea” witches’ broom phy-
toplasma and periwinkle leaf yellowing phytoplasma, respectively.

3.5. Identification of Effector Tribes in Phytoplasmas: Classification by Protein Motifs

In an effort to classify the phytoplasma effectors, set 1 (738 effectors) was analyzed
using the MEME program to find de novo motif sequences. The search was conducted
either on the full set #1 or in the set #1 but lacking the largest classes of effectors such as
SAP11 (members) and VmpA (members). Both strategies rendered similar results. Figure 3
shows the 50 top amino acid motifs found in the phytoplasma effector dataset; 696 amino
acid sequences of effectors have at least 1 motif while 42 have no motif at all.
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Based on the organization of these motifs, 15 effector tribes (families) were distin-
guished; each tribe consists of members that share various motifs in their sequences.
Figure 4 shows the schematic representations of the organization of the motifs in the tribes.
The WebLogo sequences of these 15 tribes are provided as Figures S1-515. In some se-
quences, the gaps between the motifs were narrow and their WebLogo sequences appear
as a single continuum sequence instead of various motifs (tribes 3, 5, 11 and 12), but all
WebLogos have at least three motifs.

Tribes
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Figure 4. Schematic representation of the organization of the motifs in the different effector tribes
(effector families) in phytoplasmas. These configurations were found in the positive control dataset
(738 amino acid sequences of phytoplasma effectors). Rectangles with the same color correspond
to the same motif; the lines correspond to the gaps between the motifs in the amino acid sequences.
The different sizes of the rectangles represent the different amino acid lengths of the motifs (different
number of amino acids). The numbers above the rectangles correspond to the motifs enlisted in
Figure 3.

The 15 phytoplasma protein tribes classified 696 effectors (Table 3) while 42 effectors
were orphan sequences that do not belong to any tribe. Tribe 1 comprises the largest group
of effectors (223 members from the set of 738 effectors). This effector tribe was found widely
distributed in phytoplasmas with multiple effector members per genome (>6 members),
and in some genomes with more than 18 members (Table 3). The effector tribes 6 and
7 also have a wide distribution among the phytoplasmas but have a smaller number of
members per genome; for example, from family 7, only two or three members per genome
were found.

Other tribes were restricted to specific phytoplasmas and very few other phytoplasmas.
For example, tribe 2 of “Ca. Phytoplasma solani”, tribe 3 of elm yellows phytoplasma,
tribe 4 of apple proliferation phytoplasma and tribe 5 of alder yellows phytoplasma and
Flavescence dorée phytoplasma.

To characterize the effector members of each tribe, their amino acid composition
was analyzed. The amino acid asparagine was rich in effectors belonging to all tribes,
except the effector members of tribes 2 and 14. The amino acid lysine was abundant in
effector members of all tribes, especially tribes 5 and 11, with ~70 Lys per sequence. About
10 serine amino acids per sequence were observed, except in tribes 5 and 11, in which
effector members contained >30 Ser per sequence, and in tribes 3 and 10, in which most
effector members contained 4-5 Ser per sequence. Tryptophan and cysteine were poor in
all effector members in all tribes; some patterns were observed with respect to these amino
acids. Tribe 2 members have one Trp and zero Cys; in tribe 3, effector members have one
Trp and one Cys, while in tribes 5 and 6, most effector members have neither Trp nor Cys
(Table S2).
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Table 3. Phytoplasma effector tribes and pattern distribution of effector members among phytoplasmas.

WebLogo Number of Distribution of Tribes’
Tribe Sequence Effector Effector Members among Phytoplasmas
Members Phytoplasmas
Apple proliferation phytoplasma, aster yellows witches’
broom phytoplasma (strain AYWB), “Ca. Phytoplasma
aurantifolia”, “Ca. Phytoplasma fragariae”, “Ca.
Phytoplasma japonicum”, “Ca. Phytoplasma oryzae”, “Ca.
Phytoplasma phoenicium”, “Ca. Phytoplasma pini”, “Ca.
Phytoplasma pruni”, “Ca. Phytoplasma sacchari”, “Ca.
. Phytoplasma solani”, “Ca. Phytoplasma sp”, “Ca.
Wide; usually 6—88members Phy};opriasma tritici”, “Ca. Phyilop{)asma VitIi)s”, “Ca.
pﬁr E)ellggjés ?,Héi Phytoplasma ziziphi”, “Catharanthus roseus” aster yellows
Ph }tjo ylaslfna hoenici1‘1m” phytoplasma, “Chrysanthemum coronarium” phytoplasma,
P C}z; lfhy toplaima solani” ! clover proliferation phytoplasma, Crotalaria phyllody
1 Figure S1 223 ”].Echinacea purpurea” , " phytop lasma, ”Cyn/c/)do.n dacfylon” phytoplasma,
witches’ broom E'Chmacea purpurea 'w1tches broom phytoplasme},
phytoplasma, loofah “Echinacea purpurea” witches’ broom phytoplasma, lime
witches’ br’oom witches” broom phytoplasma, loofah witches” broom
phytoplasma) phytoplasma, mulberry dwarf phytoplasma, onion yellows
have 18-24 members phytoplasma (strain OY-M), “Parthenium sp.” phyllody
' phytoplasma, Paulownia witches” broom phytoplasma,
periwinkle leaf yellowing phytoplasma, Phytoplasma
australiense, Phytoplasma mali (strain AT), poinsettia
branch-inducing phytoplasma, porcelain vine witches’
broom phytoplasma, rapeseed phyllody phytoplasma, rice
orange leaf phytoplasma, Ziziphus jujuba witches” broom
phytoplasma
“Ca. Phytoplasma phoenicium”, “Ca. Phytoplasma solani”,
Restricted; 68 members are “Ca. Phytoplasma vitis”, “Ca. Phytoplasma ziziphi”,
2 Figure 52 74 from “Ca. Phytoplasma “Dodonaea viscosa” witches” broom phytoplasma,
solani” “Echinacea purpurea” witches’ broom phytoplasma, loofah
witches” broom phytoplasma
3 Figure S3 49 Resn?:gffﬁ;?:ﬁg l;\(::s are Elm yellows phytoplasma, alder yellows phytoplasma,
phytopiasma Phytoplasma vitis (Flavescence dorée phytoplasma)
Apple proliferation phytoplasma, “Ca. Phytoplasma
aurantifolia”, “Ca. Phytoplasma oryzae”, “Ca. Phytoplasma
phoenicium”, “Ca. Phytoplasma pruni”, “Ca. Phytoplasma
. . solani”, Crotalaria phyllody phytoplasma, “Echinacea
ffsf;r;(g;?é ;ZOIEF;?;?ZZ purpurea” witches’ broom phytoplasma, faba bean phyllody
4 Figure S4 48 phytoplasma. One to five phytoplasma, loofah witches” broom phytoplasma, loofah
members in the other witches” broom phytoplasma, onion yellows phytoplasma
(strain OY-M), “Parthenium sp.” phyllody phytoplasma,
genomes peanut witches” broom phytoplasma, periwinkle leaf
yellowing phytoplasma, Phytoplasma mali (strain AT),
rapeseed phyllody phytoplasma, rice orange leaf
phytoplasma, Ziziphus jujuba witches” broom phytoplasma
Restricted: 17 members Alder yellows phytoplasma, Phytoplasma vitis (Flavescence
from al (ier yellows dorée phytoplasma), “Ca. Phytoplasma pruni”, “Ca.
phytoplasma, and Phytoplasma solani”, “Ca. Phytoplasma sp.”, clover
15 members %rom phyllody phytoplasma, “Echinacea purpurea” witches’
5 Figure S5 39 broom phytoplasma, “Parthenium sp.” phyllody

Flavescence dorée
phytoplasma. One or two
members in the other
genomes

phytoplasma, peanut witches” broom phytoplasma,
periwinkle leaf yellowing phytoplasma, Phytoplasma mali
(strain AT), rapeseed phyllody phytoplasma, rice orange leaf
phytoplasma, Ziziphus jujuba witches” broom phytoplasma
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Table 3. Cont.

Number of Distribution of Tribes’
Effector Effector Members among
Members Phytoplasmas

WebLogo

Tribe
Sequence

Phytoplasmas

Wide; few members (1-6)

6 Figure S6 37
per genome

Apricot aster yellows phytoplasma A-AY, aster yellows
phytoplasma AY2192, “Ca. Phytoplasma aurantifolia”, “Ca.
Phytoplasma phoenicium”, “Ca. Phytoplasma pruni”, “Ca.

Phytoplasma sp”, carrot yellows phytoplasma CA-76, “Citrus
aurantiifolia” phytoplasma, clover proliferation phytoplasma,

Crotalaria phyllody phytoplasma, “Echinacea purpurea”
witches’ broom phytoplasma, eggplant dwarf phytoplasma

ED, faba bean phyllody phytoplasma, Gladiolus witches’
broom phytoplasma, Leontodon yellows phytoplasma LEO,
lime witches” broom phytoplasma, loofah witches” broom
phytoplasma, peach yellows phytoplasma PYR, rapeseed
phyllody phytoplasma, “Solanum lycopersicum”
phytoplasma, Ziziphus jujuba witches” broom phytoplasma,
“Ca. Phytoplasma vitis” (Flavescence dorée phytoplasma),
peanut witches” broom phytoplasma, periwinkle leaf
yellowing phytoplasma, Phytoplasma mali (strain AT),
rapeseed phyllody phytoplasma, rice orange leaf phytoplasma,
Ziziphus jujuba witches” broom phytoplasma

Wide; two or three

7 Figure 57 32
members per genome

Alfalfa witches’ broom phytoplasma, “Ca. Phytoplasma
aurantifolia”, “Ca. Phytoplasma pruni”, “Ca. Phytoplasma
sp”, carrot witches” broom phytoplasma, chickpea phyllody
phytoplasma, Crotalaria phyllody phytoplasma, “Cucurbita
pepo” phytoplasma, “Echinacea purpurea” witches’ broom
phytoplasma, eggplant big bud phytoplasma, faba bean
phyllody phytoplasma, Hyparrhenia grass white leaf
phytoplasma, Lactuca serriola phytoplasma, lime witches’
broom phytoplasma, Napier grass stunt phytoplasma, parsley
witches” broom phytoplasma, “Parthenium sp.” phyllody
phytoplasma, pear decline phytoplasma (Taiwan II), periwinkle
phyllody phytoplasma, sesame phyllody phytoplasma

Restricted; 10 members
from apple proliferation
phytoplasma, 5 members
from “Ca. Phytoplasma
pyri”, 3 members from
“Ca. Phytoplasma solani”
and one or two members in
the other genomes

8 Figure S8 31

Apple proliferation phytoplasma, “Ca. Phytoplasma pruni”,
“Ca. Phytoplasma prunorum”, “Ca. Phytoplasma pyri”, “Ca.
Phytoplasma solani”, “Ca. Phytoplasma sp”, “Echinacea
purpurea” witches’ broom phytoplasma, loofah witches’
broom phytoplasma, “Parthenium sp.” phyllody
phytoplasma, rapeseed phyllody phytoplasma, rice orange
leaf phytoplasma, tsuwabuki witches” broom phytoplasma,
“Sesamum indicum” phyllody phytoplasma

Wide; one member per

9 Figure 59 30
genome

“Brassica napus” phytoplasma, “Ca. Phytoplasma solani”,
“Catharanthus roseus” aster yellows phytoplasma,
“Chrysanthemum coronarium” phytoplasma, chrysanthemum
yellows phytoplasma, “Echinacea purpurea” witches’ broom
phytoplasma, eggplant dwarf phytoplasma, hydrangea
phyllody phytoplasma, Iceland poppy yellows phytoplasma,
“Lactuca sativa” aster yellows phytoplasma, lettuce yellows
phytoplasma, maize bushy stunt phytoplasma, marguerite
yellows phytoplasma, mulberry dwarf phytoplasma, mulberry
yellow dwarf phytoplasma, onion yellows phytoplasma,
Paulownia witches” broom phytoplasma, periwinkle leaf
yellowing phytoplasma, Phytoplasma sp. AYBG, porcelain vine
witches” broom phytoplasma, potato purple top phytoplasma,
“Primula acaulis” yellows phytoplasma, rapeseed phyllody
phytoplasma, rice orange leaf phytoplasma, strawberry lethal
yellows phytoplasma (CPA) str. NZSb11, sumac witches’ broom
phytoplasma, tomato yellows phytoplasma
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Table 3. Cont.

WebLogo Number of Distribution of Tribes’
Tribe Se uen%: o Effector Effector Members among Phytoplasmas
9 Members Phytoplasmas
Restricted; 24 members Elm yellows phytf)plasrfla, clover proliferation Phyto;?lasme’l,
Korean potato witches” broom phytoplasma, lime witches
. from elm yellows . ,
10 Figure 510 30 . broom phytoplasma, loofah witches” broom phytoplasma,
phytoplasma; 1 member in ,, . V .
Parthenium sp.” phyllody phytoplasma, Phytoplasma vitis
the other genomes ;
(Flavescence dorée phytoplasma)
Refitor;;tgi’i:f Igﬁgl“lj;rs Alder yellows phytoplasma, “Ca. Phytoplasma pruni”, “Ca.
11 Figure S11 26 y Phytoplasma solani”, “Ca. Phytoplasma sp.”, periwinkle leaf

phytoplasma; 1-3 members

in the other genomes yellowing phytoplasma, rapeseed phyllody phytoplasma

Restricted; 18 members
from poinsettia
12 Figure 512 20 branch-inducing
phytoplasma; 1-3 members

Poinsettia branch-inducing phytoplasma, “Ca. Phytoplasma

pruni”, “Ca. Phytoplasma solani”, “Ca. Phytoplasma sp.”,
periwinkle leaf yellowing phytoplasma, rapeseed phyllody

in the other genomes phytoplasma
Restricted; 19 members
13 Figure S13 20 from “Ca. Phytoplasma “Ca. Phytoplasma pyri”, “Ca. Phytoplasma pruni”
pyri”
Restricted; 12 members
from “Ca. Phytoplasma “Ca. Phytoplasma japonicum”, “Ca. Phytoplasma meliae”,
14 Fieure S14 19 meliae”; 3 members from “Ca. Phytoplasma solani”, “Echinacea purpurea” witches’
& “Ca. Phytoplasma solani”; 1 broom phytoplasma, Hyparrhenia grass white leaf
member in the other phytoplasma, Napier grass stunt phytoplasma
genomes
er?)?;n‘FCthd;I}}? Itl;e?:;frfz “Ca. Phytoplasma oryzae”, “Ca. Phytoplasma prunorum”,
15 Figure S15 18 | Yop “Echinacea purpurea” witches’ broom phytoplasma,

prunorum”; 1-2 members

in the other genomes Ziziphus jujuba witches’ broom phytoplasma

3.6. Short Linear Motifs in Phytoplasma Effectors

Short linear motifs (SLiMs), also known as ELMs (from eukaryotic linear motifs),
are short linear peptides that have a specific sequence pattern (3—10 amino acids), which
is recognized by interacting domains [64]. Usually, SLiMs are involved in transient key
interactions with proteins, DNA or RNA, regulating cell processes such as cell signaling,
cell cycle, protein degradation, etc. [51]. Many eukaryotic, bacterial and viral pathogens
mimic SLiMs present in host cell proteins to hijack cellular processes as part of the infection
cycle [65-67]. Therefore, we decided to explore SLiMs by analyzing a subset of 87 phyto-
plasma effectors in the ELM server (2 per each class in Table 1; each class contains at least
1 ID). Forty-two SLiMs were identified (Figure 5). In the top 10 most frequently identified
motifs was the SLiM LIG_PDZ_Class_2, which has the pattern (VYF)X(VIL) and is present
in diverse SAP effectors; this motif binds to a surface groove of PDZ domains of the tar-
get proteins. The PDZ is a ubiquitous motif of 80-90 amino acids found in the signaling
proteins of bacteria, yeast, plants, viruses and animals [68]. Proteins containing PDZ motif
anchor receptor proteins in the membrane to cytoskeleton, as well as help organize and
hold together signaling complexes at the plasma membrane [69,70]. LIG_PDZ_Class_2-
containing effectors may function close to the plasma membrane of the host to fulfill
their functions.
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Figure 5. Short linear motifs found in phytoplasma effectors. A set of 87 effectors was analyzed,
selecting 2 effectors per each class in Table 1.

The SLiM LIG_DCNL_PONY_1 was as frequent as the LIG_PDZ_Class_2 motif, and
it was also present in diverse SAP effectors. The LIG_DCNL_PONY_1 motif binds the
ubiquitin-conjugating enzyme E2 M (UBE2M) and the ubiquitin-conjugating enzyme E2 F
(UBEZ2F), which play diverse biological roles [51]. Phytoplasma effectors containing this
motif may regulate their targets through proteolysis. Proteolytic activity has been described
in the effectors SAP54 [18] and SAP05 [16], and may be the mechanism of action of other
phytoplasma effectors as well. The LIG_PCNA_PIPBox_1 motif was identified in eight
effectors and is a nuclear localization domain [51]. Several phytoplasma effectors, such as
SAP11 and SPW]1, target nuclear proteins in the host, including transcription factors, and
the removal of the nuclear localization signal leads to loss of function [71,72]. The presence
of the LIG_PCNA_PIPBox_1 domain may uncover other effectors that also function in the
plant nuclei. In “Ca. Phytoplasma asteris”, ~7% of the effectorome is predicted to target the
plant cell nuclei [34].

The SLiM LIG_GBD_Chelix_1 was found in eight effectors; this motif allows for the
recruitment of the actin-regulatory proteins that initiates actin polymerization [73,74]. Poly-
merization of actin is a common molecular mechanism found in infections by pathogens in
different kingdoms [74-78].

The SLiM LIG_NRP_CendR_1 was found in seven effectors that include several SAP-
type effectors and the membrane antigenic IdpA. In humans, this domain binds to the
neuropilin bl domain binding site [51]. In addition to the very well-known interaction
between the spike receptor protein of SARS-CoV-2 and the human angiotensin-converting
enzyme 2 (ACE2), it was recently found that the spike receptor also targets neuropilin
bl [79], evidencing that the neuropilin bl domain binding site is targetable by pathogens.
This motif may be involved in infection by phytoplasmas, but the host target is largely
unknown. The next motif was TRG_ER_diLys_1, and it was identified in seven effectors of
the SAP-type and the membrane antigenic Amp and VmpA. This motif is an endoplasmic
reticulum retrieving signal; it has been found in proteins from humans, rats and yeast. The
proteins interact with the WD40 domain and G-beta repeat domain; the former is present
in many transcription factors and E3ubiquitin ligase, and the latter in G proteins [51].
Although TRG_ER_diLys_1 has not been described in phytopathogens, it likely participates
in phytoplasma pathogenicity.

The SLiM DOC_PIKK_1 was found in six effectors belonging to SAP05, SAP49, SAP54 and
the membrane antigenic IdpA. This motif is a docking site for multiple phosphatidylinositol-
3 kinase-related kinases (PIKKSs) involved in cell cycle DNA damage checkpoints and
oxidative stress, and response to DNA damage [51]. The DOC_PIKK_1 motif has been
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identified in the effector proteins CagA and Tir of the bacteria Legionella pneumophila
and L. pasculli [80], but the precise role of this domain has not been established. The
effectors with this domain may prevent DNA repair in the host caused by oxidative
stress, or these effectors may inactivate PIKKs and suppress host signaling. The SLiM
DOC_CYCLIN_yCIb1_LxF_4, present in SAP09, SAP20, SAP49 and SAP61, is a docking
site present in substrates and inhibitors of the M-phase cyclins Clb1/2 [81]. These effectors
possibly interfere in the cell cycle of the host cell. The SLiM LIG_TYR_ITSM occurred in
SAP43, SAP49 and SAP50. This motif binds to and is regulated by SH2 adaptor molecules,
and is critical for the activation and termination of signal transduction pathways [51]. The
motif LIG_TYR_ITSM was identified in effector proteins of Corynebacterium diphtheria [82],
but its role is unknown. The SLiMs LIG_FXI_DFP_1 and LIG_PTB_Phospho_1 are in the
10th position, each one identified in five effectors. LIG_FXI_DFP_1 was found in SAP39,
SAP43 and PME2; this motif is a disulfide-linked dimer, each subunit containing four apple
domains (A1-4) and a C-terminal trypsin-like catalytic domain. The DFP binds to the second
apple domain of coagulation factor XI and plasma kallikrein heavy chain [83]; nanobodies
against factor XI apple 3 domain inhibit its protein—protein interaction, evidencing the
importance of these domains [84]. These proteins are typically present in mammals and
absent in plants, but coagulation factor XI and plasma kallikrein are serine proteases [85];
plant serine proteases play key roles in plant defense [86,87]. The phytoplasma effectors
containing LIG_FXI_DFP_1 may target some of those proteases. The last motif in the
top 10 motifs identified here was LIG_PTB_Phospho_1, present in SAP08, SAP67 and
PHYL1. The LIG_PTB_Phospho_1 motif binds short peptides with a core Asn-X-X-Tyr
motif, phosphorylated on the Tyr residue. To the best of our knowledge, the motif Asn-X-X-
Tyr motif has not been described in plants, making it difficult to predict the plant targets for
effectors harboring the LIG_PTB_Phospho_1 motif, but tyrosine kinases involved in defense
responses are possible targets of effectors with this motif [88-91]. Tyrosine phosphorylation
plays an important role in plant cell signaling [90], and plant and animal tyrosine kinases
share ancestral origin [91]. Table 4 corresponds to a summary of the information about the
top 10 SLiMs.
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Table 4. The top 10 SLiMs (ELMs) found in phytoplasma effectors.

SLiMs

SLiM Pattern

SLiM Description

Number of Effectors
Proteins

ID of Effector Proteins

LIG_PDZ_Class_2

..[VLIFY].JACVILF]$

The C-terminal class 2 PDZ-binding motif is
classically represented by a pattern such as
(VYF)X(VIL)

10

AQAS85919H9,
AQA531XZH1,
AO0AO0P7]JOFO,
AQA531XYWE,
A0A85919B6,
AQ0AOP7KHA40,
A0A531Y2Y1,
AQAS859IA25,
AQA7S7FZA6,
AQ0A1E2USPO

LIG_DCNL_PONY_1

*M[MIL].[MIL]

DCNL PONY domain binding motif variant
based on UBE2M and UBE2F interactions.

10

AOA975F]D4,
AOAOPYJJB4,
A0AB31XZZ7,
AOAONBSIAS3,
AOA7G3ZP82,
A0A975FIGY,
AO0A531Y098,
AOAOP7KHL3,
AO0A531Y0A1,
AOA7S7FZA7

LIG_PCNA_PIPBox_1

[QM].["FHWY][LIVM][*P]["PEWYMLIV](((FYHL][FYW]) |
([FYH][FYWLY]))..

The PCNA binding motifs include the
PIP-box and APIM motifs, and are found in
proteins involved in DNA replication, repair,

methylation and cell cycle control.

AQA975F]D4,

AQ0A531XZZ7,
AQAS859IAA9,
AQA975FIGY,
AQ0A975FIA7,
AQ0A531Y053,
AQA859I9WS5,
AQ0A081D424
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Table 4. Cont.

SLiMs SLiM Pattern SLiM Description Number of E ffectors ID of Effector Proteins
Proteins
A0AS859I9H9,
AO0AOQP7IR40,
Amphipathic alpha-helix that binds the AO0A85919B6,
LIG_GBD_Chelix_1 [ILV][VA]["PI["PI[LI["PI["P]["P][LM] GTPase-binding domain (GBD) in WASP 8 A0A531Y053,
and N-WASP. AO0AB85919W5,
AOA7S7FZAS6,
A0A1J7D1C9, AYJ01076.1
The CendR motif has a carboxy-terminal AO0A531Y0US,
arginine, which binds to the neuropilin bl A0AB31XZZ7,
domain binding site. CendR motifs are AO0A7G3ZP82,
LIG_NRP_CendR_1 [RK].{0,2}R% either located at the protein C-terminus or 7 A0A975FIG9,
are generated by internal cleavage by a A0A531Y090,
polybasic protease, such as furin. AO0A3G3BKC1, F8QQ90
ER retention and retrieving signal found at AOAOLOMKA4S,
the C-terminus of type I ER membrane AOAQONBSIAS3,
. proteins (cytoplasmic in this topology). AO0A531Y0U5, Q7M1T6,
TRG_ER dilys_1 KAOTIK.{2,3}% Di-Lysine signal is responsible for 7 AOA076EAGS,
COPI-mediated retrieval from post-ER AO0AOD6DTS2,
compartments. AOA4E9CZE5
A0A975ILXO0,
DOC_PIKK_1 motif is located in the C A0A8591930, AOAOP7]JOFO,
DOC_PIKK_1 [DEN][DEN].{2,3}[ILMVA][DEN][DEN]L terminus of Nbsl and its homologues and 6 AO0A531Y0US,
interacts with PIKK family members. AO0A385GMC4,
AO0A3G3BKC1
The LxF motif found in budding yeasts ADAB59I9U4,
. . S AO0AS859IAA9,
serves as a docking site for mitotic AOA531YOUS
DOC_CYCLIN_yCIb1_LxF_4 (P[KR]L.F) | (N[KR]L.F) | (N.L.F[LMIVFY]) cyclin-CDK complexes (M-CDK). It is found 6 A0 A531YO53’
in both regulators and mitotic A0 A859I9W5,

phosphorylation target proteins.

AQA7S7FZA6
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Table 4. Cont.

SLiMs SLiM Pattern SLiM Description Number of Effectors ID of Effector Proteins
ITSM (immunoreceptor tyrosine-based AQA531XZZ8,
switch motif). This motif is present in the AO0A531Y0CO,
cytoplasmic region of the CD150 subfamily AQ0A531Y0US,
LIG_TYR ITSM ~T.(Y)-[1V] within the CD2 family and it enables these AQ0AB31XYWES,
receptors to bind to and to be regulated by A0AB859I9B6,
SH2 adaptor. AO0A1E2USPO
The DFP motif enables binding to the second ﬁ)%%ﬁg?é
LIG_FXI_DFP_1 [FYWHIL].DF[PD] apple domain of coagulation factor XI (FXI) AOA531Y0 CO,
and plasma kallikrein heavy chain. AOASJ6EDA47, AOASJ6EFI7
This phosphorylation-dependent motif
binds to Shc-like and IRS-like PTB domains. g%ﬁ?;gggg ’
LIG_PTB_Phospho_1 (['PI.NP(Y)) | ([ILVMFY].N..(Y)) The pTyr is positioned within a highly AOA1VOPKRS5,
basic-charged anchoring pocket. A
hydrophobic residue -5 (compared to pY) ADAOABIBXI,
ydrophobic residue -5 (compared to p AOAOASIBX6

increases the affinity of the interaction.
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4. Discussion

Phytoplasmas are diverse pathogens that cause severe problems in agriculture and
horticulture. Integrated control management of the main phytoplasma diseases is expected
to include early detection [92], the use of nonantibiotic antimicrobials [93], the use of re-
sistant plant material [10] and novel strategies for environmentally friendly insect vector
control [11]. In line with these strategies, effectoromics may play a key role in crop protec-
tion since effectors are targetable genes [12,13], or they may be used as “hunter genes” to
detect genes encoding resistance proteins [94,95]. These strategies are already strengthening
certain genetic improvement programs [96,97].

Effectoromics is currently a rapidly growing and evolving area. Until recently, the
description of effectors in bacteria, fungi and phytoplasmas was “small, TMD-lacking
secreted proteins” [27,32,34]. It is now clear that noncanonical (or non-classical) effectors
that do not meet these criteria also exist [98]. In fungi and oomycetes, the description of
effectors has been rapidly changing, since validated novel effectors with sizes larger than
400 amino acids or with TMDs, or without a signal peptide, among other non-classical
characteristics, have been discovered [98]. Most reports have identified effectors in phyto-
plasma genomes while looking for proteins with signal peptides, and the absence of TMDs.
Contrarily, Debonneville et al. (2022) [28] recently drew attention to effectors with TMD in
Flavescence dorée phytoplasma, and Gao et al. (2023) [36] demonstrated the existence of
secreted effectors that lack a signal peptide (SP) but are secreted through Sec 2-independent
secretion pathway in “Ca. Phytoplasma ziziphi”, evidencing that non-classical effectors
also exist in phytoplasmas. Here, the analysis of 738 phytoplasma effectors revealed
that non-classical effectors are more common in phytoplasmas than previously believed.
Approximately 30% of the known effectors lack SP, ~30% have TMDs and almost 10%
are greater than 400 amino acids in length (Table 2). This list of phytoplasma effectors
comprises membrane-bound proteins such as IdpA, Imp, VmpA and Amp. Based on
more traditional descriptions of effectors as “no TMD, secreted proteins”, these proteins
should be excluded, but it is known that the Amp protein interacts with the actin of insect
vectors [99], and recently, Wang et al. (2023) [26] showed that the expression of this protein
in Nicotiana tabacum inhibits plant host defense and promotes infection by the rice orange
leaf phytoplasma, validating this protein as a true effector.

Currently, the list of experimentally validated phytoplasma effectors is less than
25, and functional effectoromics is tedious and only slowly advancing. In phytoplasma
effectors, homology has been described only for the effector families/tribes SAP05, SAP11,
SAP54 and TENGU; other homology-based families/tribes such as IdpA, Imp, VmpA and
Amp add to the list, but the number of effector families/tribes still remains very limited.
This lack of conservation makes it difficult to progress in the functional characterization of
phytoplasma effectors, since each effector must be studied individually. Homology is also
usually low or nonexistent among effectors from other taxonomic kingdoms [100,101].

The Gene Ontology database is the world’s largest source of information on gene
function. Unfortunately, the result of the GO analysis for the phytoplasma effectors was
not very informative. Fourteen GO terms were retrieved but eight terms were assigned
to the same effectors, leaving most effectors unassigned; the Gene Ontology result re-
flects our lack of knowledge about the functions of most phytoplasma effectors. In total,
462 phytoplasma effectors received a GO assignation; the GO term “membrane” was the
largest one, assigned to 457 effectors. Of these 457 effectors, 298 correspond to Amp, Stamp,
VmpA, IdpA and Imp; 37 correspond to SAP-like proteins; and 122 correspond to novel
phytoplasma effectors. As Debonneville et al. (2022) [28] evidenced, most unknown phyto-
plasma effectors may be transmembrane proteins. It is expected that in coming times, the
phytoplasma effectoromes routinely include transmembrane proteins.

The second strategy to explore possible functions involved the identification of protein
domains. The most frequently identified domain was the SVM domain, widely distributed
in 87 PHYL1 and SAP phytoplasma effectors. The SVM domain is a signal sequence about
30 amino acids in length, which has been reported as a unique feature of phytoplasmal
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genome architecture [102]. The genomes of ancestral relatives of phytoplasmas have no
SVM-like structures and it is supposed that this domain arose from ancient phage attacks to
phytoplasmas [103]. The second and third most frequent domains in phytoplasma effectors
were restricted to AMP and VmpA, respectively, and are related with their location on the
membrane surface. Some domains suggest the functions of the effectors that contain them,
such as “chaperonin (GroEL) domain”, “response regulator transcription factor”, “Nucleic
acid-binding”, and “Peptidase M41-like domain”. This highlights new opportunities for
future research on these effectors.

The classification of effectors in tribes (protein families that share motifs) is useful
to accelerate effectoromics [98,104-106], since shared motifs are related to common func-
tions [107,108], and it was the third strategy that was followed here. Fifteen families or
tribes were distinguished based on the different combinations found of protein (de novo)
motifs. The occurrence of these effector tribes in the phytoplasma genomes revealed two
evolutionary histories: the tribes 1, 6 and 7 are widely distributed, suggesting they come
from the common ancestor of the phytoplasmas and were inherited by vertical transfer
while other groups of phytoplasmas do not have effector members in these tribes, suggest-
ing gene loss, which is common in the evolutionary histories of effectors [109,110].

Other tribes (2, 3, 4 and 5) were restricted to particular phytoplasmas; these effector
tribes probably arose through the interaction and coevolution with the hosts. For example,
the tribe 3 is characteristic of phytoplasmas in group 165rV: elm yellows phytoplasma
genome (165rV), alder yellows phytoplasma (16SrV-A), “Ca. Phytoplasma vitis” (Flaves-
cence dorée phytoplasma) (165rV-C); in the alder yellows phytoplasma genome, this tribe
has been amplified. Tribe 5 was also found principally in phytoplasmas belonging to the
16SrV phytoplasma group: the alder yellows phytoplasma (165rV-A), Ziziphus jujuba
witches” broom phytoplasma (165rV-B) and Flavescence dorée phytoplasma (165rV-C),
with 17, 2 and 15 effectors per genome, respectively, suggesting that this tribe comes
from a common ancestor of phytoplasmas belonging to the phytoplasma 165rV group
and became amplified in certain genomes. One or two members of tribe 5 are present
in the genome of phytoplasmas of other 165r phytoplasma groups. This tribe probably
arose in phytoplasmas of the phytoplasma group 165rV and arrived at phytoplasmas of
other 16Sr phytoplasma groups by horizontal gene transfer (gain of genes), which is also
a common mechanism of genome evolution in other organisms for the genomic content
of effectors [109,111-114]. Gain and loss of effectors are common in all microbial king-
doms, and drive the patchy/discontinuous distribution typical of an effector’s phylogenetic
distribution [115,116].

De novo motifs were useful in the organization of nonhomologous effectors, and this
classification may help accelerate the discovery of effector functions by studying only a few
members per tribe as representatives of that family. In our analysis, de novo motifs did not
reveal much information about the effector functions. Known motifs (SLiM or ELM) were
identified in the repository of the ELM server, which is a comprehensive database of known
experimentally validated motifs [51]. Although the ELM acronym means “eukaryotic linear
motif”, the search for ELMs is also useful for studies on pathogenic prokaryotes, since
pathogens mimic features of critical host proteins to hijack their cell machinery, promoting
infection of the host [66,117-119]. Effectors that do not share high overall sequence identity,
but share motifs, domains or similar tridimensional structures, may share similar functions
and are termed “functional orthologs” [120].

ELM analysis can only be performed on a single protein sequence, which is a te-
dious task when high-throughput analysis is required. As such, the complete dataset of
738 phytoplasma effector proteins could not be analyzed; instead, we analyzed a sub-
set of 87 amino acid sequences, which represented all classes of phytoplasma effector
proteins known to date, and we were able to identify 42 SLiMs. Each of these protein
signatures occurs in different classes of effectors, for example, SAPs and Vamp share the
SLiM TRG_ER _diLys_1. We revised, in detail, the top 10 SLiMs (those most frequently
found in phytoplasma effectors) and found that some SAP effectors may regulate their
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targets through proteolysis, either binding ubiquitin-conjugating enzyme or docking ser-
ine proteases. Proteolysis plays a central role in plant—pathogen interaction; both actors,
pathogen and host, use proteases for defense and attack [121-123]. Some phytoplasmas
effectors with protease activity are SAP05 and SAP54 [16], but the identification of the
SLiMs LIG_DCNL_PONY_1 and LIG_FXI_DFP_1 suggests that proteolysis plays a more
important role than evidenced in the pathogenicity of phytoplasmas [51]. Other known
mechanisms of pathogens of other kingdoms were also revealed as probable infection mech-
anisms in phytoplasmas, for example, actin polymerization by effectors containing the
motif LIG_GBD_Chelix_1 [73,74], or targeting of the host nuclei and transcription factors
by effectors with the motif LIG_PCNA_PIPBox_1 [51]. Other host targets are more difficult
to predict, such as the target for the SLiM LIG_NRP_CendR_1 that binds to the human
neuropilin bl domain binding site [51], or the motif LIG_PTB_Phospho_1 that binds short
peptides with a core Asn-X-X-Tyr motif [51], which has not been found in plant proteins.
Other effectors seem to be localized part of the time in the cytosolic and part of the time
bound to membrane proteins, approaching the plasma membrane to interact with their
targets [124]. Other effectors appear to regulate cell cycle or signaling pathways [125,126].
Interestingly, some of the top 10 SLiMs have been identified in bacterial effectors such as
DOC_PIKK_1 identified in the effector proteins CagA and Tir of the bacteria L. pneumophila
and L. pasculli [80] and the motif LIG_TYR_ITSM identified in effector proteins of C. diph-
theria [82], reinforcing the potential role of these motifs in phytoplasmas for the successful
infection of the host.

Pathogens and hosts are constantly coevolving, and SLiMs/ELMs are becoming
increasingly studied in pathogens, as these mimic critical host motifs, allowing mimicry
peptides (mimitopes) to sabotage key host processes [117,127-131]. Since these SLiMs
are abundant and critically important in pathogenesis, they are now being studied as
novel drug targets [65,103], either to screen for novel molecules [118], or by docking-based
peptide design that disrupts mimitope-host target interaction [132-134]. To the best of
our knowledge, this is the first report of motifs (known motifs and de novo motifs) in
phytoplasma effectors. Some effectors that share common characteristics may target the
same protein in the host, named hub proteins, which play key roles in the host cell [135].
For example, the effectors IPI-01 and IPI-04 from the oomycete Phytophthora infestans
are able to interact and interfere with functionality of the RB protein, an NLR immune
receptor of Solanum bulbocastanum Dunal [136]. In other example, the type III Effectors
NopT and NopP of rhizobial bacteria target the hub protein GmPBS1, which is key for
nodulation in soybean [137]. The identification of common targets for different members of
phytoplasma effector families/tribes may enable the identification of key host proteins for
further research. Since all these analyses are in silico, further experimental validation is
necessary. Interaction between effectors and host targets may be confirmed through in vitro
double-hybrid tests and in vivo through the bimolecular fluorescence complementation
(BiFC) assay [72]. The host’s hub proteins may be used as molecular markers to assist
genetic improvement programs or for direct genetic manipulation through CRISPR-Cas9
technology for the development of phytoplasma-resistant plants [138]. Likewise, the
identification of targets in insect vectors may enable us to control phytoplasmas through the
modulation of gene expression in insects with gene silencing [139,140]. In addition to their
practical applications, these experimental evaluations also uncover the mechanisms used
by phytoplasma effectors and effector roles during host—pathogen interactions. Findings
here in the amino acid sequences of phytoplasma effectors open exciting lines of research
to unravel effector roles and explore novel strategies for phytoplasma control.

In addition to the novel insights from the identification of protein domains, de novo
motifs and known motifs, the analysis of amino acid compositions revealed interesting
results about phytoplasma effectors. They were found to be rich in the amino acids Lys,
Leu and Asn, and poor in Trp and Cys. A similar composition of amino acids was reported
by Singh and Lakhanpaul (2020) [141] in ortholog proteins of SAP54, which were rich in
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the amino acids asparagine (19.7%), leucine (16%) and lysine (10.9%), while cysteine and
tryptophan were absent.

The proteomes of the unicellular eukaryotes Plasmodium falciparum, P. berghei, P. chabaudi
and P. yoelii have been dominated by Lys-rich, Asn-rich and Ile-rich proteins [142]. The
genomes of these parasites are AT-rich, as phytoplasma genomes usually are [35,103,143],
which leads to an abundance of the trinucleotide AAT, coding for Asn [142,144]. In P.
falciparum, the causal agent of the malaria disease, the Asn-rich proteins are fibrillar [145],
and their abnormal extracellular accumulation leads to the formation of the amyloid,
irreversible insoluble protein aggregates that deposit in organs and tissues and affect
the heart, kidneys, liver, nerves and digestive system of the human host [146]. For this
biochemical behavior, these proteins have been named “prion-like” [147]. Prions have been
linked with diseases in eukaryotes, but a prion-like protein was first described in Clostridium
botulinum that behaved like a prion when it was expressed in Escherichia coli bacteria and
yeast [148]. To date, it is known that prion-like proteins are part of bacterial proteomes, and
the largest fractions are found in the Mycoplasma genus [149], a relative of the Phytoplasma
genus; both belong to the bacterial class Mollicutes but the former are bacterial parasites
of animal pathogens [150]. Prions may be ancient in the history of life [151,152] since they
have been found in phages of various groups of bacteria and archaea [153], and the spike
protein of the SARS-CoV-2 virus [154]; therefore, their presence in phytoplasmas would not
be rare. Prionic signatures should be identified in phytoplasma proteomes and may help
to unravel the function of some members in the effectoromes. The prion-like aggregated
structure probably confers protection to the phytoplasma effectors against proteolytic
degradation [155]. Richness in Asn in the proteins is typically associated with regions of low
complexity, probably forming bulging domains [142]; in P. falciparum, these low-complexity
regions in the proteins play diverse roles throughout the parasite’s lifecycle, from mediating
protein—protein interactions to enabling the parasite to evade the host immune system [156].
In the phytoplasma effectors named phyllogens, Iwabuchi et al. [157] demonstrated the
importance of asparagine and asparagine-lysine amino acids in the induction of changes
in flower morphology.

In the case of Lys-rich proteins, Lys-rich secreted effectors were recently reported
in the fungus Fusarium oxysporum f. sp. lycopersici and were found regulated by acety-
lation [158]. Acetylation is a dynamic and reversible posttranslational modification that
regulates protein functions through modifying enzymatic activity, interactions with DNA,
protein stability, protein localization and the interaction with other proteins [159]. Most of
the genes of F. oxysporum f. sp. lycopersici for Lys-rich proteins were upregulated during
initial infection of the plant host [158], revealing that they are indeed involved in patho-
genesis. In prokaryotes, lysine acetylation regulates proteins involved in transcription,
translation, pathways associated with central metabolism and stress responses [160]. These
regulatory functions are consistent with the roles of a number of phytoplasma effectors that
bind other proteins and regulate gene transcription and the metabolisms of phytoregula-
tors [18,71,161]; however, whether acetylation occurs in phytoplasma proteins remains to
be determined.

The amino acid leucine contributes to the aliphatic index in proteins. Leu is common
to both plant receptors that recognize pathogen effectors [162,163] and bacterial effec-
tors, such as the SIrP effector from Salmonella enterica that targets the human chaperone
ERd;j3 [164,165]; the SspH1, SspH2 and Slrp effectors of S. typhimurium required for normal
pathogenesis in animal models [166]; the XC1553 effector from Xanthomonas campestris pv.
campestris that is recognized in vascular tissue of Arabidopsis thaliana [167]; the YopM effector
from Yersinia pestis, which has a C-terminal E3 ligase domain (NEL domain) [168]; and the
GALADS effector from Ralstonia syzygii [169], among others. Leu-rich proteins are widely
distributed in bacteria, playing important roles in various protein—protein interaction pro-
cesses [170-172]; this suggests that this effector feature existed before the phytoplasmas
arose from their bacterial ancestor [141,173]. However, all these bacterial effectors are
secreted through the type III secretion system [167,174], while most of the effectors of
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phytoplasmas are secreted through the Sec-dependent pathway [34]. Leucine also plays a
role in pathogenicity in other microorganisms, for example, in fungi and oomycetes, the
motif RXLR at the C-terminus of some effectors often suppresses plant immunity [44,175].

Regarding the amino acid cysteine, it forms inter- or intramolecular disulfide bonds,
which confer thermal stability to the protein structure under oxidizing conditions [176].
In fungi, many effectors are Cys-rich proteins; this characteristic confers stability in the
acidic environment of the host apoplast [177,178]. Conversely, in phytoplasma effectors, the
presence of the amino acid Cys was found to be limited or absent. Miseta and Csutora [179]
analyzed the content of Cys in the proteins of phylogenetically distant organisms and
found an evolutionary trend favoring the incorporation of more cysteine residues into
proteins of more complex organisms, as an “order-promoting” condition [179,180]. Stability
in phytoplasma effectors is probably driven by other means, for example, through low-
complexity regions or prionic signatures in the proteins. In the case of Trp, this amino acid
is usually rare in proteins, since it is encoded by only one codon. Further research is needed
to establish the functional significance of these amino acid patterns.

All these novel findings shed light on the world of effectoromics in phytoplasmas. It
will be interesting to address some of the hypotheses that are raised from these computa-
tional results.

5. Conclusions

Conventional functional analysis using Gene Ontology and the search for protein
domains resulted in poorly informative data.

The computational characterization uncovered novel features of phytoplasma effectors:

The search for de novo motifs enabled the classification of phytoplasma effectors in
15 tribes or motif-based families; some of them are widespread in phytoplasmas, while
other tribes are only associated with particular phytoplasmas, evidencing at least two
different evolutionary histories in phytoplasma effectors.

The presence of SliMs or ELMs suggested that phytoplasmas also employ common
strategies used by pathogens from other kingdoms. They may mimic host protein interac-
tors that bind to other host proteins with critical roles.

The identification of de novo motifs proved essential for the organization of the
phytoplasma effectors. The classification of the phytoplasma effectors in tribes, together
with the identification of SLiMs/ELMs, are promissory first steps in the discovery of
probable functional orthologs in phytoplasmas.
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