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Abstract

Plant pathogens secrete proteins, known as effectors, that function in the apoplast or inside
plant cells to promote virulence. Effector detection by cell-surface or cytosolic receptors results
in the activation of defence pathways and plant immunity. Despite their importance, our general
understanding of fungal effector function and detection by immunity receptors remains poor.
One complication often associated with effectors is their high sequence diversity and lack of
identifiable sequence motifs precluding prediction of structure or function. In recent years,
several studies have demonstrated that fungal effectors can be grouped into structural classes,
despite significant sequence variation and existence across taxonomic groups. Using protein X-
ray crystallography, we identify a new structural class of effectors hidden within the secreted
in xylem (SIX) effectors from Fusarium oxysporum f. sp. lycopersici (Fol). The recognised
effectors Avrl (SIX4) and Avr3 (SIX1) represent the founding members of the Fol dual-
domain (FOLD) effector class, with members containing two distinct domains. We predicted
the full SIX effector repertoire of Fol using AlphaFold2, and show that SIX6 and SIX13 are
also FOLD effectors, which we validated experimentally for SIX6. Based on structural
prediction and comparison, we show that FOLD effectors are present within three divisions of
fungi, and are expanded in pathogens and symbionts. Further structural comparisons within the
Fol effectors demonstrated that Fol secretes a limited number of structurally related effectors
during infection and colonisation of tomato. This analysis also revealed a structural relationship
between transcriptionally co-regulated effector pairs. Collectively, these observations have
broad implications for our understanding of effector function, pathogen virulence and the

engineering of plant immunity receptors.


https://doi.org/10.1101/2021.12.14.472499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472499; this version posted October 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Author Summary

Fusarium oxysporum is a soil-borne fungal pathogen responsible for destructive vascular wilt
diseases in plants. The wide host range of F. oxysporum and ability to lay dormant within the
soil for many years makes it one of the most destructive fungal pathogens worldwide. During
infection, F. oxysporum secretes multiple effector proteins to promote virulence and aid in
colonisation. In recent years, significant progress has been made in our capacity to identify
effectors within fungal genomes. Despite this progress, our structural and mechanistic
understanding of how effectors promote virulence remains relatively poor. Here, we combine
experimental and computational approaches to define and model the structural repertoire of
effector proteins secreted by F. oxysporum f. sp. lycopersici (Fol), the causative agent of
vascular wilt disease in tomato. Our analysis identifies a new structural class of fungal effectors
we define as FOLD (Fol dual-domain) effectors and show, via structural comparisons, that
FOLD proteins are conserved across fungi and expanded in both pathogens and symbionts. We
subsequently show that sequence unrelated Fol effectors can be grouped into at least 5
structural classes. Collectively, these results show that F. oxysporum, and most likely fungal
pathogens in general, secrete effectors during plant infection with a smaller range of structural
diversity than predicted based on sequence studies alone. This study represents an important
advance in our understanding of plant-fungus interactions and will assist the development of

novel control and engineering strategies to combat fungal pathogens.
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Introduction
Fusarium oxysporum is a soil-borne fungal pathogen responsible for destructive vascular wilt
diseases in a wide range of plants. It ranks within the top ten important fungal pathogens in
terms of scientific and economic importance [1]. Vascular wilting caused by F. oxysporum
contributes to significant losses in crop production worldwide. Of particular concern is the
tropical race 4 variant of the banana pathogen, F. oxysporum f. sp. cubense (FocTR4), which
is able to infect and cause Panama disease on the widely-grown Cavendish cultivar. The
emergence and rapid spread of FocTR4 has resulted in significant economic losses to banana
growing regions worldwide and has the potential to eradicate Cavendish as a commercial
cultivar [2].

The best-characterised F. oxysporum pathosystem is F. oxysporum f. sp. lycopersici
(Fol), which specifically infects tomato. Previous studies of Fol-infected tomato identified a
number of fungal proteins within the xylem sap [3]. These secreted in xylem (SIX) effector
proteins represent major pathogenicity determinants across different formae speciales of F.
oxysporum. Currently, 14 SIX effectors have been identified in Fo/ consisting of small (less
than 300 amino acids in length), secreted, cysteine-rich proteins [4-7]. Most SIX effectors are
encoded on the conditionally-dispensable chromosome 14 required for Fol pathogenicity [8].
This dispensable chromosome can be horizontally transferred from Fo/ to a non-pathogenic
strain of F. oxysporum, resulting in a transfer of pathogenicity [5, 8]. To date, all 14 SIX
effectors lack sequence identity with proteins of known function, preventing prediction of
function based on their amino acid sequence. Several SIX effectors have been shown to be
essential for full virulence including SIX1, SIX2, SIX3, SIXS5 and SIX6 from Fol [6, 9-12],
SIX1 from F. oxysporum f. sp. conglutinans (Focn), which infects cabbage [13], SIX4 from F.
oxysporum isolate Fo5176, which infects Arabidopsis [14], and SIX1 and SIX8 from FocTR4
[15, 16]. Fol SIX3 (Avr2) and SIX5 are adjacent, divergently-transcribed genes with a common
promoter, and SIXS5 has been shown to interact with SIX3 to promote virulence by enabling
symplastic movement of SIX3 via plasmodesmata [17]. Focn SIX8 and PSE| (pair with SIX8
1) are also a divergently-transcribed effector gene pair that function together to suppress
phytoalexin production and plant immunity in Arabidopsis [18]. In Fol, SIX8 forms a similar
gene pair with PSLI (PSEI-like 1) [18]. Despite their roles in fungal pathogenicity, the
virulence functions of most SIX effectors remain unknown.

To combat pathogen attack, plants possess resistance genes that encode immune
receptors capable of recognising specific effectors leading to disease resistance. Four resistance

genes, introgressed into tomato from related wild species, have been cloned. / and /-7 encode
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transmembrane receptor proteins containing extracellular leucine-rich repeat (LRR) domains
and short cytoplasmic domains (LRR-RPs) [19, 20]. /-2 encodes a cytoplasmic receptor
containing nucleotide binding (NB) and C-terminal LRR domains [21], while /-3 encodes a
transmembrane protein with an extracellular S-receptor-like domain and cytoplasmic
serine/threonine kinase domain (SRLK) [22]. Fo/ Avrl (SIX4), Avr2 (SIX3) and Avr3 (SIX1)
are recognised by tomato resistance proteins I, I-2 and I-3, respectively, leading to effector-
triggered immunity and disease resistance [6, 23, 24]. To date, the effector recognised by I-7
remains unknown.

By understanding the function of F. oxysporum effector proteins, and how specific
effectors are detected by resistance proteins, we (and others) hope to develop novel disease
management strategies targeting vascular wilt diseases. Protein structure studies of effectors
provide one avenue to assist this pursuit. Currently, Avr2 represents the only SIX effector
whose protein structure has been determined [25]. Interestingly, the B-sandwich fold of Avr2
revealed that this effector shares structural homology to ToxA from Pyrenophora tritici-
repentis and AvrL567 from Melampsora lini [26, 27], despite a lack of sequence identity. The
observation of structural classes for effectors without identifiable domains or homologies to
proteins of known function has been demonstrated experimentally for four effector structural
families, including the so-called MAX (Magnaporthe oryzae Avr effectors and ToxB from P.
tritici-repentis) [28], RALPH (RNAse-Like Proteins associated with Haustoria) [29], LARS
(Leptosphaeria Avirulence-Suppressing) [30, 31] and ToxA-like families [25-27].

Here, we present the structures of Avrl, Avr3, SIX6 and SIX8, determined using x-ray
crystallography. We identified a new structural family of fungal effectors we term the FOLD
(Fol dual-domain) effectors, and show using structural comparisons against the AlphaFold
structural database that FOLD effectors are widely distributed in phytopathogenic fungi as well
as symbionts. Combining experimental and computational approaches, we present the
structural repertoire of sequence unrelated effectors utilised by Fo/ during infection of tomato

and demonstrate that many of these effectors fall within a limited number of structural families.
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Results

The structures of Avrl and Avr3 adopt a similar fold

Avrl and Avr3 are cysteine-rich effectors that belong to the K2PP (Kex2-processed pro-
domain) effector class [32, 33]. To help understand their function, and recognition by I and I-
3, we sought to solve their structures using x-ray crystallography. Using an optimised protein
production strategy [34], we produced Avrl (Avr1!'32%2) and Avr3 (Avr32>2%%) as disulfide-
bonded proteins in E. coli for crystallisation studies (S1A and S1B Fig). Crystals were obtained
for Avr322284 (S1B Fig), however, Avrl1!8-242 failed to crystallise. Previously, we demonstrated
that pro-domain removal from the K2PP effector SnTox3 was required to obtain protein
crystals [32] and predicted this may also be important for Avrl. Treatment of Avrl with Kex2
in vitro resulted in a predominant Avrl band of ~20 kDa consistent with a mature Avrl%-242
protein, however, lower molecular weight bands were also observed suggesting in vitro Kex2
cleavage at additional sites [32]. To address this, Avrl was engineered with an internal

thrombin cleavage site replacing the Kex2 site to produce a single Avr]13-24?

product after
thrombin cleavage. This protein was subsequently used for crystallisation studies resulting in
rectangular plate-like crystals (S1A Fig).

The crystal structures of Avrl and Avr3 were solved using a bromide-ion-based single-
wavelength anomalous diffraction (SAD) approach (S1 Table), and subsequently were refined
using a native dataset to a resolution of 1.65 A and 1.68 A, respectively (Fig 1A and 1B).
Despite sharing low amino-acid sequence identity (19.5%), Avrl and Avr3 adopt a structurally
similar dual-domain protein fold. Interpretable, continuous electron density was observed from
residue 96 in Avr3 and some regions of the intact pro-domain could be interpreted in the
electron density (residues 26-49) (S2A Fig). We also identified regions of the pro-domain
(residues 23-45) of Avrl in the electron density, despite thrombin cleavage of the pro-domain
prior to crystallisation. This indicates that an association between respective Avr and pro-
domain was maintained post cleavage in vitro (S2B Fig). The importance of this association,
if any, remains unclear, but for simplicity, the pro-domains were excluded from further
analysis.

The N-terminal domains (N-domains) in Avrl and Avr3 encompass residues 59-139
and 96-191, respectively. Both structures have a similar topology, consisting of an N-terminal
a-helix followed by five B-strands (Fig 1A and 1B). The N-domains have a root-mean-square
deviation (RMSD) of 2.1 A when superimposed using the DALI server [35], and the six-
cysteine residues within the domain form three disulfide bonds with conserved connectivity

(Fig 1C and 2A). The C-terminal domains (C-domains) of Avrl and Avr3 are also structurally
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similar with an RMSD of 2.8 A, and consist of a B-sandwich domain architecture, involving
seven or eight B-strands, respectively (Fig 1D). The C-domain of Avr3 contains a single
disulfide bond within strand B10 that is not present in Avrl. While the individual domains are
very similar, superposition of the dual-domain structures returns an overall RMSD of ~3.4 A.
The larger difference is due to a rotation between the N- and C-domains (Fig 1E). In Avrl, a
loop joins the two domains, whereas in Avr3 the domains are joined by a rigid, continuous 3
strand (B5).

The structures of Avrl and Avr3, when compared with the solved structures of other
fungal effectors, demonstrate that they adopt a unique two-domain fold and represent the
founding members of a new structural class of fungal effectors we have designated the FOLD

(Fol dual-domain) effectors.
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N-domain C-domain Full structure

Fig 1. Crystal structures of Avrl and Avr3 from Fol adopt a similar structural fold that
is unique among fungal effectors. Ribbon diagrams of Avrl and Avr3 coloured from N-
(blue) to C-terminus (red) in the top panel showing the dual-domain structural fold, and bottom
panels showing secondary structure topology map of Avrl (A) and Avr3 (B), respectively. For
both, the N-domain is shown on the left and the C-domain is shown on the right. The colours
of the secondary structural elements match the colours depicted on the crystal structure.
Structural alignments of Avrl (shown in red) and Avr3 (shown in blue) showing (C) N-
domains alone, (D) C-domains alone and (E) full structures. Disulfide bonds are shown in
yellow. Structural alignment was performed using the pairwise alignment function of the DALI

server [35].
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SIX6 and SIX13 belong to the FOLD effector family

We were interested to determine if other SIX effectors belonged to the FOLD effector family.
One conserved sequence feature observed in Avrl and Avr3 was the spacing of the six
cysteines within the N-domain. We analysed the cysteine spacing of the other SIX effectors
and found that SIX6 and SIX13 contained a cysteine profile like Avrl and Avr3 (Fig 2A),
suggesting they may be FOLD effectors. With the recent advances in ab initio structural
prediction by Google DeepMind’s AlphaFold2 [36] we predicted the structures of the SIX
effectors to determine if, as suggested by our sequence analysis, other SIX effectors are FOLD
effector family members.

As an initial step we benchmarked AlphaFold2 predicted models of Avrl and Avr3
(downstream of the Kex2 cleavage site (Avr1°%-2%? and Avr3%©-284) against our experimentally
determined structures (S3 Fig). The AlphaFold2 model of Avrl returned a relatively poor
average per-residue confidence score (pLDDT =55%) with an RMSD of 6.9 A between the
model and structure, however, the dual domain architecture was correctly predicted with a Z-
score of 11.3 identified using a Dali pair-wise structural comparison (S3A Fig and S3E). The
AlphaFold2 model of Avr3 returned a high pLDDT score (92%) and superimposed well to the
solved structure (S3B Fig), despite a slight skew between the orientation of the individual
domains (RMSD = 3.7 A overall; 1.1 A for the N-domain; 0.8 A for the C-domain). This
demonstrated that accurate FOLD effector prediction was possible using AlphaFold2.

We subsequently generated SIX6 and SIX13 models, downstream of the predicted
Kex2 cleavage site (SIX6%22°) SIX13782%), using AlphaFold2 and obtained high average
confidence scored models supporting their inclusion in the FOLD family (S4 Fig). To validate
this experimentally, we produced SIX6 and SIX13 as described for Avrl/Avr3 and obtained
crystals for both proteins (S1 Fig). While the SIX13 crystals diffracted poorly, the SIX6
crystals diffracted x-rays to ~1.9 A and we solved the structure of SIX6 using the AlphaFold2
generated model as a template for molecular replacement (Fig 2B, S1 Table).

The SIX6 structure confirms its inclusion as a member of the FOLD family. Despite
lacking an N-terminal helix, the N-domain contains five B-strands held together by three
disulfide bonds with an arrangement identical to Avrl and Avr3. The C-domain is an eight
stranded B-sandwich that is stabilised by a single disulfide bond (unique to SIX6) connecting
the B7 and 12 strands. Like Avrl, we identified regions of the pro-domain within the SIX6
structure (residues 29-46 were observed in the electron density), despite cleavage of the pro-
domain prior to crystallisation (S2C Fig). In the case of SIX6, two molecules were observed in

the asymmetric unit (S2D Fig), but only part of one pro-domain was supported by electron
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density. For subsequent structural analysis, we used Chain A of SIX6 and excluded the

structured regions of the pro-domain (Fig 2B).

FOLD effectors are distributed across multiple fungal genera
Despite structural similarities, the FOLD effectors are divergent in their amino acid sequences,
sharing 15.5 —22.5% sequence identities between all members (Fig 2A). Homologues of FOLD
effectors are dispersed across multiple formae speciales of F. oxysporum (S5A Fig) [7, 9, 37-
40]. Previous structural-based searches performed on effector candidates from Venturia
inaequalis using Avrl and Avr3 as templates (which we provided to the authors) found three
candidates predicted to be FOLD effectors [41].

To explore this further, we utilised our experimentally determined structures (Avrl,
Avr3 and SIX6) to search for other fungal FOLD effectors within the AlphaFold2 protein
structure database [42] (https://alphafold.ebi.ac.uk/) using the Foldseek webserver [43]. This
analysis identified 124 putative FOLD protein family members across three Divisions of Fungi
(Ascomycota, Basidiomycota, and Glomeromycota) (Fig. 2C). Over half of these were found
in Ascomycetes (73), with expanded families in species of Colletotrichum, Diversisora, and
Rhizophagus (Fig 2C, S2 Table), as well as many formae speciales of Fusarium oxysporum
and other Fusarium species (S2 Table). Expanded families of FOLD proteins were observed
in the genus of Glomeromycota that form arbuscular mycorrhiza in plant roots, while two
putative FOLD effectors were also predicted in the ectomycorrhizal fungus Piloderma
olivaceum (basidiomycete), which forms mutualistic associations with conifer and hardwood
species [44]. Structural superposition of members from the three Divisions confirms the
structural similarities between the N and C domains and highlights that the major differences
identified are the orientation of the domains relative to each other (Fig. 2D), consistent with

our experimental data for Avrl, Avr3 and SIX6.


https://doi.org/10.1101/2021.12.14.472499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472499; this version posted October 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

A.
1
N-terminus
Avrl 59 SAHTESVCVHAGTATGADLHWLNA-~~~ICTGKSTYTVN-~CAPAGNKNAGSTHTGT === ==~ CPAGQDCFQLEQVGNFWGDREPDAT~CSPSN
Avr3 112 LOALHDLCVERFGTGYRAVS LCYTI IECNK JRSVTRA PKGQECTTFNAYNFRNRHHQVTFPVCGPR
SIX6 58 DTLPVSTCPAGQKYDRS = ======m== VCYKADKIRSF~~CVANPRSNREKITDTP ===~~~ CQPREICVQRNLSNGKSFAK=====~~i CIPI
SIX13 86 PCPRGGRLYVDSDEDSSCNAKWGTQTHNDVKTFGSTGSVCAGTFRRIT~~~CACCYTMHPITDNNVPRMDGIYCPKWEVCKQEP: TS-CVQA

C-terminus

Avrl 140 TVFDAVDDKEATHVNGKVVTRAGKPGIGRKLIRLKAQVYRRDGHYGQTSRMGFFRNGKEVYHIDNVASMEPTWNFDPSSDQSFSFFFTPGPNAFRIQGTLNLA

Avr3 192 IEVKDRHDIGIHTEWQGTWYPESPKSPGTYDYFAQMAGTLNGYFGYDGVYSDGYKTSSHGYGHSWSCINCPRGKVTITNTYRATWAFGYTSPH

SIX6 126 VDLVEWKTSANGNKEGCTTTSVNPAGYHHLGTIVYDINKNPIEVDKISYFGEPGNVNEGIGGSTSYFSSDNFQFSKSRYMKTCIFSGGYGNLNAYTWSWE

SIX13 185 KKLTEILIATKKVVKEYCTPKRWLPSAGKGKNAKFHTWAYNYSTGQLTTLKWMYLKLDGQYVKSAPGISEWGLTYSVNEHNAIELCGYPSDDMQORNSIDAELQWEATVQ

B. N
N c N c !
C
Avrl Avr3 SIX6
1.65A 1.68A 1.88A (AlphaFold model)
Confidence: 85.83
C.

Glomeromycota

c
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Fig 2. FOLD effector family is distributed within Fusarium oxysporum and other fungi.
(A) Amino acid sequence alignment of Avrl, Avr3, SIX6 and SIX13 show a common cysteine
spacing at the N-terminus. The alignment is split into the N-terminus (N-domain; top panel)
and C-terminus (C-domain; bottom panel). Cysteine residues are highlighted in yellow, with
the disulfide bonding connectivity, as determined by the crystal structures of Avrl and Avr3,
shown with black lines. Ribbon diagrams of the (B) SIX6 crystal structure and (C) SIX13
model predicted by AlphaFold2 showing the dual-domain structural fold, transitioning from
blue (N-terminus) to red (C-terminus). (C) Structure-guided search for putative FOLD
effectors across fungi using Foldseek webserver. Size of circles represent abundance with

genus. (D) Superposition (structural alignment) of representative putative FOLD effectors from
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the divisions Glomeromycota and Basidiomycota with Avrl in ribbon representation. Putative
FOLD protein from Rhizophagus clarus (UniProt: AOA2Z6QDJ0) in light blue, and Piloderma
croceum (UniProt: AOAOC3C2B2) in green. FOLD structural alignment (right), N-domain
only (middle), C-domain only (right).
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Distinct structural families exist among the other SIX effectors

With the successful utilisation of AlphaFold2 as a model for molecular replacement (SIX6
structure), and structural similarity searches for FOLD effectors, we decided to perform
structural comparisons with the remaining SIX effectors. AlphaFold2 modelling of the
effectors was conducted on sequences with the signal peptide and putative pro-domain (if
present) (S6 Fig) removed. The models and experimentally determined SIX effector structures
(Avrl, Avr2, Avr3 and SIX6) were compared using the DALI server [35] and a Z-score with a
cutoff of >2 was used to indicate structure similarity.

The observed structural similarity between the FOLD effectors was high, with scores
above 8 for all comparisons (Fig 3A). Avr2, a member of the ToxA-like effector family,
exhibited structural similarity with the SIX74-220 and SIX8%%!*! models (Z-scores > 5) (Fig
3A). Analysis of the models and topology show that SIX7 and SIX8 both consist of a -
sandwich fold, strongly indicating their inclusion of within the ToxA-like structural family (Fig
3C, S7 Fig).

Beyond these described structural families, the Z-scores indicated that two additional,
but not yet characterised, structural families exist within the SIX effectors. Here, we define
these are structural family 3 and 4, consisting of SIX9'%-11% and SIX11'°-119 and SIX5!%-11? and
SIX14!'888 respectively (Fig 3D, E). The structures of SIX9 and SIX11 both consist of five -
strands and either two or three a-helices (Fig 3D, S8 Fig), despite sharing only 14% sequence
identity. To further our understanding of the putative function of this family we did a structural
search against the protein databank (PDB) and found that both structures share structural
similarity to various RNA binding proteins, such as the RNA recognition motif (RRM) fold of
the Musashi-1 RNA-binding domain (PDB code: 5X3Z7) [45].

SIXS5 and SIX14 also share limited sequence identity (23%) but the structural
predictions show a similar secondary-structure topology consisting of two a-helices and four
to six B-strands (Fig 3E, S8 Fig). We compared the models of SIX5 and SIX14 against the PDB
using DALI and identified structural similarity toward the Ustilago maydis and Zymoseptoria
tritici KP6 effector (PDB codes: 4GVB and 6QPK) [46], suggesting SIXS and SIX14 belong
to the KP6-like structural family (S7 Fig). Collectively, this analysis demonstrates that 11 of
the 14 SIX effectors, group into 4 different structural families.

Structural modelling and comparison of an expanded set of Fol effectors
The SIX effectors are only a subset of effectors utilised by Fol during infection of tomato.

Recently, the Fol genome was re-sequenced [47] and reannotated in combination with RNAseq
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data from Fol-infected tomato plants [48]. A total of 26 genes encoding novel effector
candidates were identified that were consistently upregulated during Fol infection [48], which
were not previously predicted or predicted incorrectly in the original genome annotation [5].
Of these, 14 genes encoded proteins with no recognised domains or motifs based on their amino
acid sequences. We assessed whether these 14 effector candidates could be grouped into the
four structural families of SIX effectors we identified, by generating structural models using
AlphaFold2 (S3 Table, S6 Fig) and structurally aligning them using DALI against SIX effector
representatives from each family (Fig 3B). We found the predicted structure of
FOXGR 015533 adopts a nine B-stranded sandwich and is likely a member of the ToxA-like
class (Fig 3C). PSL1 [18] and FOXGR 015322, here designated PSL2, are sequence related
effectors (~85% sequence identity) and show a conserved structure consisting of two a-helices
and four or five B-strands (Fig 3E). Both have Z-scores of >2 against Family 4 and are likely
members of this family.

Based on this analysis we also suggest an additional structural family. FOXG 18699
and FOXGR 015522 are structurally related (Z-score of 2.2) with a sequence identity of ~29%.
While FOXGR 015522 does share some resemblance to Family 4, based on manual alignment
(Fig 3F) and domain topology analysis (S8 Fig) these effectors appear to belong to an
independent structural family, designated Family 5. Collectively, these data demonstrate that

Fol utilises multiple structurally related, sequence diverse, effectors during infection of tomato.
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Fig 3. Identification of new putative structural families within the SIX effectors. Heat
maps showing the structural similarity of Structures and AlphaFold2 models of the (A) SIX
effectors and (B) effector candidates from Fo/ in a structural pairwise alignment. Structural
similarity was measured with Z-scores. A cutoff Z-score of 2 was applied for defining structural
families. Z-score scale is shown in a grey to red spectrum. (C) Cartoon representation of the
ToxA-like effectors from Fol. AlphaFold2 models of SIX7, SIX8 and FOXGR 015533
effector candidate are putative members of the ToxA-like effector family. The crystal structure
of Avr2 [25], another member of the ToxA-like effector family, is shown in green for
comparison. Cartoon representations of (D) Family 3, (E) Family 4 and (F) Family 5 consisting
of members that are predicted to be structurally similar. Structural similarity searches were

performed using the DALI server [35].
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Interaction between effector pairs from two structural families

In Fol, Avr2 and SIX5, and SIX8 and PSLI from a similar head-to-head relationship in the
genome with shared promoters and are divergently-transcribed (Fig 4A) [17, 18]. Previously,
studies concerning Avr2 and SIXS5 have demonstrated that the proteins function together and
interact directly (via yeast-two-hybrid (Y2H) analysis) [10]. Homologues of SIX8 and PSLI
from Focn (SIX8 and PSEI) are also functionally dependent on each other, however in this
case an interaction could not be established in yeast [18]. Here we demonstrate that both protein
pairs containing a ToxA-like family member (Avr2, SIX8) and a structural family 4 member
(SIXS, PSL1). Considering the predicted structural similarities, we were interested in testing
whether Fol/ SIX8 and PSL1 interact.

We produced Fol SIX8'°-!#! (S1E Fig) and PSL1!8!!! (SIF Fig) in E. coli. SIX8 has a
putative pro-domain, which we removed resulting in the production of a stable ~10 kDa protein
(SIX8%%-141) To determine whether SIX8 and PSL1 interact, the purified proteins alone or co-
incubated were analysed by size exclusion chromatography (SEC) (Fig 4B). The elution profile
of PSL1 shows a major peak (~12.25 mL) at a volume consistent with a dimeric form of the
protein, while SIX8 shows a major peak (~15 mL) consistent with a monomer (Fig 4B).
Strikingly, when incubated together the major protein peaks migrate to ~12.8 mL. SDS-PAGE
analysis confirmed that presence of PSL1 and SIX8, indicating that the migration of both
proteins on SEC is altered after incubation. These data are consistent with PSL1 and SIX8
forming a heterodimer.

To understanding the structural basis of the interaction; we attempted to solve the
structure of the complex, but we were unable to obtain crystals of PLS1 and SIX8 alone or in
complex. We subsequently utilised Alphafold2-Multimer [49] through ColabFold [50], to
model the interaction. Manual inspection of the top 5 models (S10A Fig, top model shown Fig.
4C) demonstrated that the thiol side chain of a free cysteine in PSL1 (cys 37) and SIX8 (cys
58) co-localised in the dimer interface, suggesting that an inter-disulfide bond may mediated
the interaction. To test this, we performed intact mass spectrometry of SIX8 and PSL1 (alone
and post incubation) under non-reduced and reducing conditions. The mass observed from the
incubated SIX8 and PSL1 non-reduced sample contained two species. The predominant species
was consistent with the combined molecular weight of SIX8 and PSL1 (20777 Da), the other
represented PSL1 (~10818 Da) which contains 4 intra-disulfide bonds (Fig 4D, S9G-H Fig).
Interestingly, MS analysis of PSL1 alone sample demonstrated that the protein forms an
exclusive dimer mediated by an intermolecular disulfide bond (Fig 4C, S9G-H Fig).
Collectively, these data demonstrated that the SIX8-PSL1 heterodimer is mediated via a
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disulfide bond, and that SIX8 can disrupt the PSL1 homodimer. We also showed that SIX8 and
PSL1 failed to form a heterodimer with an unrelated protein containing a free cysteine,
suggesting specificity in the interaction (S9I-L Fig).

To confirm the involvement of the predicted residues involved we produced
recombinant protein of cysteine mutants of PSL1 (PSL1_C37S!3-111) and SIX8 (SIX8 C58S°"-
141y and repeated the analysis (Fig 4E). The elution profile of PSL1 C37S shows a major peak
at ~14 mL consistent with the monomeric form of the protein demonstrating that this residue
is required for PSL1 dimerisation (Fig 4B). When PSL1_C37S was incubated with SIX8 C37S
or SIX8 alone, the heterodimer was not resolved via SEC (Fig 4D, S10B Fig). This was further
confirmed using MS (Fig 4C), and demonstrates that these residues mediate the heterodimer.
Interestingly, we were able to crystallise SIX8 C58S°%-!4! (S1E Fig) and PSL1_C37S (S1F
Fig). The SIX8 C58S°0-14! crystals diffracted to a resolution of 1.28 A, and we solved the
structure of SIX8%-!4! ysing the AlphaFold2 model as a template (S10C Fig). The SIXS8
structure consists of seven f-strands arranged in a B-sandwich and the structure confirms the

inclusion of SIX8 within the ToxA-like structural family (S10D Fig).
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Fig 4. PSL1 and SIXS8 interact in vitro mediated by an intermolecular disulfide bond. (A)

Schematic representation of the Avr2 (SIX3) — SIXS5 and SIX8 — PSL1 loci within Fol.

AlphaFold2 models or experimentally solved structures are shown underneath. (B) Top panels:

Size exclusion chromatograms of PSL1 alone (red), SIX8 alone (blue), PSL1 and SIX8 (purple)

(following a 30 min incubation) separated over a Superdex S75 Increase SEC column. Equal

concentrations of the protein were used (note the absorbance of SIX8 @ 280nM is ~0.3

resulting in a smaller absorbance and peak height). Indicated sizes above the chromatogram
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are based on protein standards run under similar conditions as presented in the manufacturer’s
column guidelines. Bottom panels: Coomassie-stained SDS-PAGE gels depicting samples
taken from 500 pL fractions corresponding to the volumes indicated above the gels, with
molecular weights (left) and proteins (right) annotated. (C) Model of the SIX8-PSL1 complex
generated by AlphaFold2-Multimer (top model shown), co-localisation of cys 58 from SIXS8
and cys 37 from PSL1 shown in stick (D) Observed masses of PSL1 and SIX8 protein mixtures
by intact mass spectrometry (MS). Samples were treated with or without the reducing agent
DTT prior to MS. The deconvoluted mass spectra of all proteins can be found in S9 Fig. (E)
As for (B) but with PSL1_C37S (black), SIX8 C58S (green), and PSL1_C37S and SIX8 C58S
(yellow)
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Discussion

Pathogenic fungi are in a continuous arms race with their plant hosts. To aid virulence, but
avoid detection, effectors evolve rapidly causing significant diversity at the amino acid
sequence level [51]. An emerging theme in fungal effector biology is the classification of
effectors into families based on structural similarity [52]. Here, we demonstrate that despite
their sequence diversity, the Fol SIX effectors can be classified into a reduced set of structural
families. This observation has implications for functional studies of SIX effectors, and

ultimately our understanding of the infection strategies used by F. oxysporum.

Expanding the structural classes in fungal effectors

To date, five fungal effector families have been defined based on experimentally-determined
structural homology, including the MAX [28], RALPH [29, 53, 54], ToxA-like [25-27], LARS
[31] and FOLD effectors, defined here. Effectors that fall within many of these structural
families are shared across distantly related fungal species. The ToxA-like family includes
effectors from fungi that group to both divisions of higher-fungi (basidiomycetes and
ascomycetes) [25-27]. The MAX effector family were originally defined as AVR effectors
from M. oryzae and ToxB from P. tritici-repentis [28] but pattern-based sequence searches
suggest they are widely distributed amongst the Dothideomycetes and Sordariomycetes [28,
55]. Similarly, LARS effectors, defined in Leptosphaeria maculans and Fulvia fulva, have
structural homologues predicted in at least 13 different fungal species [31]. Based on sequence
homologues alone, FOLD effectors are well dispersed in fungi with homologues amongst the
Sordariomycetes including many formae speciales of F. oxysporum, Colletotrichum and
Ustilaginoidea. Based on structural comparison of the Alphafold2 structural database we show

that is extended to fungi in three Divisions, including plant pathogens and symbionts.

Effector structure prediction

Experimentally determining the structures of fungal effectors is not a trivial undertaking. From
challenges associated with effector protein production through to hurdles related to structure
solution (such as experimental phasing), the research time required to determine an effector
structure experimentally ranges from months to many years (sometimes never). Not
surprisingly, any reliable structural modelling methods are welcomed by researchers interested
in effector biology. To this end, several recent studies have used effector structure prediction

to expand our understanding of plant-microbe interactions [56-59].
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Work by Bauer and colleagues, prior to the release of Alphafold2, used structural
modelling to show that numerous recognised Avr effectors from the barley powdery mildew-
causing fungal pathogen Blumeria graminis (Bgh) are members of the RALPH effectors class
[56]. Seong and Krasileva used similar structural modelling approaches to predict the folds of
~70% of the Magnaporthe oryzae secretome [57]. In doing so, they suggested an expansion in
the number of MAX effectors and identified numerous sequence-unrelated groups of structural
homologues (putative structural classes) within M. oryzae. Making use of AlphaFold2, Yan
and colleagues show that structurally conserved effectors, including the MAX effector family,
from M. oryzae are temporally co-expressed during the infection process [58]. In the largest
comparison study to date, Seong and Krasileva carried out a large comparative structural
genomics study of fungal effectors utilising AlphaFold2 [59]. Their findings support the
hypothesis that the structurally conserved effector families are the result of divergent evolution
and support previous finding that the structural landscape of effectors is more limited than what
is suggested by sequence-diversification.

Here, we were in a unique position to apply and benchmark AlphaFold2 against
experimentally determined structures for Fol effector prediction. We subsequently used
AlphaFold2 to demonstrate that, within the repertoire of effectors we tested, up to five
sequence-unrelated structural families are secreted during Fol infection. There are numerous
caveats in relying solely on AlphaFold2 to generate structural models of effectors. The
accuracy of models generated by AlphaFold2 can decline in cases with low numbers of
homologues (~30 sequences in the multiple sequence alignment) [36]. This may help explain
the low confidence prediction for SIX4 (Avrl) (S4A Fig), which is only distributed in a few ff.
spp. of F. oxysporum. This poses a potential issue for predicting the structures of fungal
effectors that lack homologues. In our hands, we have had mixed results when comparing
several unpublished effector structures experimentally determined in our lab to AlphaFold2
models. In some instances, the models are wrong, for example AvrSr50 [60], however, in these
cases the AlphaFold2 predictions reported low confidence scores, an important criterion for
assessment of model reliability. Despite this, AlphaFold2 models were critical in solving the
structure of SIX6 and SIXS, as templates for molecular replacement. This negated the need to
derivatise our crystals, a process that we had struggled with for SIX6 crystals, significantly

reducing the time and research effort to determine the experimental structures.

Structural classes: A starting point for functional characterisation
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Given their lack of sequence identity to proteins of known function or conserved motifs,
structural determination of effectors is often pursued to provide functional insight and
understanding of residues involved in recognition. The existence of structural families of
effectors raises the question of whether links can now be made concerning their function based
on structural similarities. Unfortunately, the FOLD effectors share little overall structural
similarity with known structures in the PDB. However, at a domain level, the N-domain of
FOLD effectors have structural similarities with cystatin cysteine protease inhibitors (PDB
code: 4N6V, PDB code: 5Z2C1) [61, 62], while the C-domains have structural similarities with
tumour necrosis factors (PDB code: 6X83) [63] and carbohydrate-binding lectins (PDB code:
2WQ4) [64]. Though a functional link has not yet been established, the information gleaned
from the FOLD effector structures gives us a starting point for further functional
characterisation, with various avenues now being explored.

Interestingly, the predicted models for SIX9 and SIX11 within Family 3 have structural
homology with RNA-binding proteins (PDB code: 3NS6, PDB code: 5X3Z) [45, 65], unrelated
to RALPH effectors. Despite this structural homology, close inspection of these models
suggests RNA binding is unlikely, as in both models the putative RNA binding surface is
disrupted by a disulfide bond.

The putative family 4 effectors (SIXS5, SIX14, PSL1 and PSL2) have structural
homology with KP6 effectors and heavy metal associated (HMA) domains. Metal binding
within HMA domains is facilitated by conserved cysteine residues [66], however, their absence
in the family 4 effectors suggests they are unlikely to have this activity.

The putative family 5 effectors (FOXGR 015522 and FOXG_18699) have structural
homology with different proteins within the PDB. FOXGR 015522 is structurally similar to
plant defensins (PDB code: 6MRY, PDB code: 7IN6) [67, 68] and K" channel-blocking
scorpion toxins (PDB code: 1J5], PDB code: 2AXK) [69, 70]. FOXG 18699 has structural
homology with the C-terminal domain of bacterial arginine repressors (PDB code: 1XXB, PDB
code: 3CAG) [71, 72].

A structural explanation for functional effector pairs

One interesting outcome of this study is a link between structural families and co-operative
interactions between effectors. The ToxA-like effectors, Avr2 and SIX8 are known to form
functional effector pairs with SIX5 and PSE1 (PSL1-homolouge), respectively [10, 18].
According to our modelling work, both SIX5 and PSL1 are members of structural family 4.

Avr2 and SIX5 are adjacent divergently-transcribed genes on Fol chromosome 14 and the
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protein products have been shown to physically interact [10]. Likewise, SIX8 and PSLI are
adjacent divergently-transcribed genes in the Fo/ genome and we demonstrate here a physical
interaction between the proteins. The AlphaFold2-multimer models of the SIX8 and PSLI1
heterodimer, drew our attention to the inter-disulfide bond between SIX8 and PSL1 required
for the interaction, which we confirmed experimentally. While these residues are conserved in
Focn SIX8 and PSEI, the Avr2 structure and SIX5 model lack free cysteine residues,
suggesting a different mode of interaction.

Interestingly, two other SLX genes also form a divergently-transcribed gene pair on Fol
chromosome 14. SIX7 (ToxA-like family) and SIX12 possess start codons 2,319 base-pairs
apart and potentially share a common promoter. While SIX12 did not group with any structural
families, the AlphaFold2 model had a very low prediction confidence (35.5%). On closer
inspection of the sequence, we observed that the cysteine spacing in SIX12 closely resembles
other family 4 members (S11 Fig), which suggests that SIX12 may also be a family 4 member.
We therefore speculate that SIX7 and SIX12 may function together, as described for the
Avr2/SIXS and SIX8/PSL1 pairs.

Are experimentally derived effector structures worth the effort?

The potential of machine-learning structural-prediction programs, such as AlphaFold2, heralds
an exciting era, especially for a field that has long suffered from a lack of prediction power
based on effector sequences. A question now emerges; when prediction model confidence is
high, should we bother solving structures experimentally? The answer to such a question will
always depend on what the structure is being used for. Ultimately, structural models, whether
experimentally or computationally derived, represent information to base and/or develop a
hypothesis to subsequently test. Here we demonstrate the power of structure prediction in
combination with experimentation, both for validating models and understanding
protein:protein interaction interfaces. One interesting observation we made was that while the
AphaFold2-multimer models of the SIX8 and PSLI1 heterodimer were sufficient to highlight
the cysteine residues required for mediating the interaction, the models and interaction
interfaces differed significantly (SI0A Fig). When the modelling was repeated with the
SIX838 experimentally derived structure included as a template, the interaction models and
heterodimer interface were of higher quality and essentially identical (S10E Fig). This
observation can be retrospectively reconciled. The region of SIX8 involved in the interaction

with PSL1 was modelled incorrectly by AlphaFold2 when compared to the structure (S10D
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Fig). Collectively, these data highlight that some models are good enough, but others maybe
better.


https://doi.org/10.1101/2021.12.14.472499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472499; this version posted October 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Materials and methods

Vectors and gene constructs

SIX6, Avrl Thrombin, SIX6-TEV, SIX8Thrombin, SIX8 C58SThrombin, PSL1, PSL1 C37S
and SIX13 coding sequences (without their signal peptides as determined by SignalP-5.0) were
codon optimised for expression in E. coli and synthesised with Golden-Gate compatible
overhangs by Integrated DNA Technologies (IDT, Coralville, lowa, USA) (S4 Table). The
Kex2 cleavage motif of Avrl and SIX8 were replaced with a thrombin cleavage motif, and
TEV protease cleavage motif for SIX6 for pro-domain processing. Avrl and Avr3 coding
sequences were PCR amplified using Fol/ cDNA as a template with primers containing Golden-
Gate compatible overhangs. All of the primers were synthesised by IDT (Coralville, Iowa,
USA) (S5 Table). All genes were cloned into a modified, Golden-Gate-compatible, pOPIN
expression vector [73]. The final expression constructs contained N-terminal 6xHis-GB1-tags
followed by 3C protease recognition sites. The Golden-Gate digestion, ligation reactions and
PCR were carried out as described by Iverson, Haddock [74]. All constructs were verified by

sequencing.

Protein expression and purification

Sequence-verified constructs were co-expressed with CyDisCo in SHuffle T7 Express C3029
(New England Biolabs (NEB), Ipswich, Massachusetts, USA) and purified as previously
described [34]. For Avr3, the buffers used after fusion tag cleavage were altered slightly to
increase protein stability and a second IMAC step was excluded after the cleavage of the N-
terminal fusion tag. During the cleavage step, the protein was dialysed into a buffer containing
10 mM MES pH 5.5 and 300 mM NaCl. The size-exclusion chromatography (SEC) HiLoad
16/600 Superdex 75 pg column (GE Healthcare) was equilibrated with a buffer containing 10
mM MES pH 5.5 and 150 mM NacCl.

For biochemical and crystallisation studies, Avrl and SIX8 with an internal thrombin
cleavage site for pro-domain removal were processed with 2 to 4 units of thrombin from bovine
plasma (600-2,000 NIH units/mg protein) (Sigma-Aldrich Inc., St. Louis, Missouri, USA) per
mg of protein at 4°C until fully cleaved. SIX6 with an internal TEV protease cleavage site for
pro-domain removal was processed with TEV protease (produced in-house) until fully cleaved.
Mature proteins encompass residues 59-242 for Avrl, 58-225 for SIX6 and 50-141 for SIXS.
Fully-cleaved protein was subsequently purified further by SEC using a HiLoad 16/600 or
HiLoad 26/600 Superdex 75 pg column (GE Healthcare) equilibrated with a buffer containing
10 mM HEPES pH 8.0 or pH 7.5 and 150 mM NacCl. Proteins were concentrated using a 10 or
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3 kDa molecular weight cut-off Amicon centrifugal concentrator (MilliporeSigma, Burlington,

Massachusetts, USA), snap-frozen in liquid nitrogen and stored at -80°C for future use.

Intact mass spectrometry

For untreated samples, proteins were adjusted to a final concentration of 6 uM in 0.1% (v/v)
formic acid (FA) for HPLC-MS analysis. For reduced samples, DTT was added to the protein
to a final concentration of 10 mM. Proteins were incubated at 60°C for 30 minutes and adjusted
to 6 uM in 0.1% (v/v) FA. Intact mass spectrometry on all proteins was carried out as described
previously [34]. Data were analysed using the Free Style v.1.4 (Thermo Fisher Scientific)
protein reconstruct tool across a mass range of m/z 500 — 2000 and compared against the

theoretical (sequence based) monoisotopic mass.

Circular dichroism (CD) spectroscopy

The CD spectra of purified effectors of interest were recorded on a Chirascan spectrometer
(Applied Photophysics Ltd., UK) at 20°C. Samples were diluted to 10 uM in a 20 mM sodium
phosphate buffer at pH 8.0. Measurements were taken at 1 nm wavelength increments from
190 nm to 260 nm. A cell with a pathlength of 1 mm, a bandwidth of 0.5 nm and response time
of 4 s were used, with 3 accumulations. The data were averaged and corrected for buffer
baseline contribution, and visualised using the webserver CAPITO tool with data smoothing

[75].

Crystallisation, diffraction data collection and crystal structure determination
Initial screening to determine crystallisation conditions was performed at a concentration of
9.5 mg/mL for Avr3?2-2% 10 mg/mL for Avr1'$242 Ayr1%%-242 SIX8%0-14! and PSL1'%-1!1, 15
mg/mL for SIX6'722> and SIX6°%2%5, 25 mg/mL for SIX8 C58S!-141) 18 mg/mL for
SIX8 C58S°%14! and PSL1_C37S'¥!!1 14 mg/mL for SIX8-PSL1 complex and SIX13 with
and without Kex2 protease in 96-well MRC 2 plates (Hampton Research) at 18°C using the
sitting-drop vapour-diffusion method and commercially available sparse matrix screens. For
screening, 150 nL protein solution and 150 nL reservoir solution was prepared on a sitting-
drop well using an NT8®-Drop Setter robot (Formulatrix, USA). The drops were monitored
and imaged using the Rock Imager system (Formulatrix, USA) over the course of a month.
For Avr1!8-242 SIX6!7-225, SIX80-141 PSL118-1!11 STX8-PSL1 complex and SIX1322293,
no crystals were obtained from the different sparse matrix screens trialled. From initial

screening, crystals with the best morphology for Avr322-284 were obtained in (1) 0.2 M lithium
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sulfate, 0.1 M Bis-Tris pH 6.5 and 25% (w/v) PEG 3350 (SG1 screen: condition D10), and (2)
0.2 M ammonium sulfate, 0.1 M Bis-Tris pH 6.5 and 25% (w/v) PEG 3350 (SG1 screen:
condition F5). Crystals were visible after a period of 3 days and continued to grow for 3 weeks
after initial setup. Replicate drops with 1 pl protein solution at 9.5 mg/mL and 1 pl reservoir
solution were set-up in 24-well hanging-drop vapour-diffusion plates and produced crystals
within 4 days that continued to grow over 1 month. No crystal optimisation was needed for
Avr3, with the final conditions being (1) 0.2 M ammonium sulfate, 0.1 M Bis-Tris pH 6.5, 25%
(w/v) PEG 3350, and (2) 0.2 M lithium sulfate, 0.1 M Bis-Tris pH 6.5, 25% (w/v) PEG 3350.
For Avr1°%-2%2 crystals with the best morphology were obtained in (1) 0.2 M ammonium
sulfate, 0.1 M sodium acetate pH 4.6, 25% (w/v) PEG 4000 (SG1 screen: condition C1) and
(2) 0.2 M ammonium sulfate, 30% (w/v) PEG 8000 (SG1 screen: condition D7) within 1 day
of initial setup. Crystal optimisation was carried out in 24-well hanging-drop vapour-diffusion
plates at 18°C. The final optimised condition for Avr1>°-?*? was 0.2 M ammonium sulfate, 0.1
M sodium acetate pH 4.5, 17.5% (w/v) PEG 4000 at a protein concentration of 7 mg/mL with
microseeding over a period of 3 weeks. For SIX65%22°) crystals were obtained in 0.2 M
ammonium tartrate and 20% (w/v) PEG 3350 (SG1 screen: condition G9) 40 days after initial
setup. Crystals were picked directly from the sparse matrix screen. For SIX8 C58S0-141)
crystals were obtained in 0.17 M ammonium sulfate, 15% (w/v) glycerol and 25.5% (w/v) PEG
4000 (JCSG screen: condition D9) a week after initial setup. Crystals were picked directly from
the sparse matrix screen. For SIX13, Kex2 protease was added to the protein at a 1:200 protease
to protein ratio prior to crystal tray setup. Crystals with the best morphology were obtained in
(1) 0.2 M lithium sulfate, 0.1 M Bis-Tris pH 6.5 and 25% (w/v) PEG 3350 (SG1 screen:
condition D10), and (2) 0.2 M ammonium sulfate, 0.1 M Bis-Tris pH 6.5 and 25% (w/v) PEG
3350 (SGI screen: condition F5) within 2 days of initial setup. Crystals were optimised using
hanging-drop vapour-diffusion plates and the final optimised condition for SIX13 was 0.2 M
lithium sulfate, 0.1 M Bis-Tris pH 6.5, 25% (w/v) PEG 3350 at a protein concentration of 14
mg/mL. For PSL1_C37S!8!1 crystals were obtained in 70% (w/v) MPD and 0.1 M HEPES
pH 7.5 within 3 days after initial setup. Crystal optimisation was carried out in 24-well hanging-
drop vapour-diffusion plates at 18°C. The final optimised condition for PSL1_C37S!¥-1!! was
62% (w/v) MPD and 0.1 M HEPES pH 7.5 at a protein concentration of 17.5 mg/mL.

Before x-ray data collection, crystals were transferred into a cryoprotectant solution
containing reservoir solution and 15% (v/v) ethylene glycol or 20% (v/v) glycerol for Avr3?*
284 10% (v/v) ethylene glycol and 10% (v/v) glycerol for Avr13°-242, SIX6°%-22° and SIX13. No
cryoprotecting was necessary for SIX8 C58S°0-141 and PSL1_C37S!¥-!!! crystals. For
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experimental phasing, Avr3?%2% and Avrl1°°2*? crystals were soaked in a cryoprotectant
solution containing 0.5 M or 1 M sodium bromide for 10 seconds and backsoaked in the
cryoprotectant without sodium bromide before being vitrified in liquid nitrogen. The datasets
for bromide-soaked crystals were collected on the MX1 beamline at the Australian Synchrotron
[76] (S1 Table). The datasets were processed in XDS [77] and scaled with Aimless in the CCP4
suite [78, 79]. The CRANK2 pipeline in CCP4 was used for bromide-based SAD phasing [80,
81]. Models were then refined using phenix.refine in the PHENIX package [82] and model
building between refinement rounds was done in COOT [83]. The models were used as a
template for molecular replacement against high resolution native datasets collected on the
MX2 beamline at the Australian Synchrotron [84]. Automatic model building was done using
AutoBuild [85], and subsequent models were refined with phenix.refine and COOT. For
SIX6%225 and SIX8 C58S°*-!41) high confidence ab initio models were generated with
AlphaFold2 (S3 Fig), which was used as a template for molecular replacement against a native
dataset collected on the MX2 beamline at the Australian Synchrotron. The resultant structure

was refined as described above.

Structural modelling and structural alignment

Structural models were generated with Google DeepMind’s AlphaFold2 using the amino acid
sequences of SIX effectors and candidates without the signal peptide, as predicted by SignalP-
5.0 [86] and predicted pro-domain by searching for a Kex2 cleavage motif (KR, RR or LxxR)
if present [32] (S3 Table; S6 Fig). For AlphaFold2 predictions the full databases were used for
multiple sequence alignment (MSA) construction. All templates downloaded on July 20, 2021
were allowed for structural modelling. For each of the proteins, we produced five models and
selected the best model (ranked 0.pdb). Pairwise alignments of the structural models generated
by AlphaFold2 and the experimentally determined structures of Avrl (PDB code: 7T6A), Avr3
(PDB code: 7T69), SIX6 (PDB code: 8EBB) and SIX8 (PDB code: 8EB9) were generated
using the DALI server all against all function [35]. Structural similarity between the pairwise

alignments were measured using Z-scores from the DALI server.

Distribution of FOLD family members across fungi

Structure based searches to determine the distribution of FOLD effectors across other
phytopathogens was carried out by searching the experimentally determined Avrl, Avr3 and
SIX6 structures against available structure databases (Uniprot50, Proteome, Swiss-Prot) using

the Foldseek webserver [43] using a 3Di search limited to fungi. An e-value cut off of 0.01


https://doi.org/10.1101/2021.12.14.472499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472499; this version posted October 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

was used, and non-plant associated fungi were removed as well as duplicated results for final
analysis. Proteins below 100 amino acids, and above 500 amino acids were filtered out and

remaining structural hits were manually inspected for similarity to FOLD effectors.

Interaction studies between PSL1 and SIX8

To investigate whether PSL1 and SIX8 interacted in vitro ~140 pg of PSL1'¥!!! and SIX83%-
141 individually, and ~140 ug PSL1'3-1!! and 140 pg of SIX8%%14! together were injected onto
a Superdex 75 Increase 10/300 (Cytiva) column pre-equilibrated in 20 mM HEPES pH 7.5,
150 mM NaCl, after a 30 min room temperature incubation. To investigate the residues
responsible for the interaction, SIX8 C58S°%-!4! and PSL1_C37S'¥-!!! mutants were used
instead. Samples across the peaks were then analysed by Coomassie-stained SDS-PAGE. To
investigate the mode of interaction, PSL1 and SIXS8 proteins and mutants at 10 uM were
incubated individually or together for 1 hour at room temperature. An unrelated protein with a
free cysteine (AvrSr50RKQQC) [60] was used to assess the specificity of the PSLI1-SIXS8
interaction. Proteins were analysed by intact mass spectrometry with or without the addition of

DTT as described above.
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Figure legends

Fig 1. Crystal structures of Avrl and Avr3 from Fol adopt a similar structural fold that
is unique among fungal effectors. Ribbon diagrams of Avrl and Avr3 coloured from N-
(blue) to C-terminus (red) in the top panel showing the dual-domain structural fold, and bottom
panels showing secondary structure topology map of Avrl (A) and Avr3 (B), respectively. For
both, the N-domain is shown on the left and the C-domain is shown on the right. The colours
of the secondary structural elements match the colours depicted on the crystal structure.
Structural alignments of Avrl (shown in red) and Avr3 (shown in blue) showing (C) N-
domains alone, (D) C-domains alone and (E) full structures. Disulfide bonds are shown in
yellow. Structural alignment was performed using the pairwise alignment function of the DALI

server [35].

Fig 2. FOLD effector family is distributed within Fusarium oxysporum and other fungi.
(A) Amino acid sequence alignment of Avrl, Avr3, SIX6 and SIX13 show a common cysteine
spacing at the N-terminus. The alignment is split into the N-terminus (N-domain; top panel)
and C-terminus (C-domain; bottom panel). Cysteine residues are highlighted in yellow, with
the disulfide bonding connectivity, as determined by the crystal structures of Avrl and Avr3,
shown with black lines. Ribbon diagrams of the (B) SIX6 crystal structure and (C) SIX13
model predicted by AlphaFold2 showing the dual-domain structural fold, transitioning from
blue (N-terminus) to red (C-terminus). (C) Structure-guided search for putative FOLD
effectors across fungi using Foldseek webserver. Size of circles represent abundance with
genus. (D) Superposition (structural alignment) of representative putative FOLD effectors from
the divisions Glomeromycota and Basidiomycota with Avrl in ribbon representation. Putative
FOLD protein from Rhizophagus clarus (UniProt: AOA2Z6QDJ0) in light blue, and Piloderma
croceum (UniProt: AOAOC3C2B2) in green. FOLD structural alignment (right), N-domain
only (middle), C-domain only (right).

Fig 3. Identification of new putative structural families within the SIX effectors. Heat
maps showing the structural similarity of Structures and AlphaFold2 models of the (A) SIX
effectors and (B) effector candidates from Fo/ in a structural pairwise alignment. Structural
similarity was measured with Z-scores. A cutoff Z-score of 2 was applied for defining structural
families. Z-score scale is shown in a grey to red spectrum. (C) Cartoon representation of the
ToxA-like effectors from Fol. AlphaFold2 models of SIX7, SIX8 and FOXGR 015533

effector candidate are putative members of the ToxA-like effector family. The crystal structure
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of Avr2 [25], another member of the ToxA-like effector family, is shown in green for
comparison. Cartoon representations of (D) Family 3, (E) Family 4 and (F) Family 5 consisting
of members that are predicted to be structurally similar. Structural similarity searches were

performed using the DALI server [35].

Fig 4. PSL1 and SIXS8 interact in vitro mediated by an intermolecular disulfide bond. (A)
Schematic representation of the Avr2 (SIX3) — SIX5 and SIX8 — PSL1 loci within Fol.
AlphaFold2 models or experimentally solved structures are shown underneath. (B) Top panels:
Size exclusion chromatograms of PSL1 alone (red), SIX8 alone (blue), PSL1 and SIXS8 (purple)
(following a 30 min incubation) separated over a Superdex S75 Increase SEC column. Equal
concentrations of the protein were used (note the absorbance of SIX8 @ 280nM is ~0.3
resulting in a smaller absorbance and peak height). Indicated sizes above the chromatogram
are based on protein standards run under similar conditions as presented in the manufacturer’s
column guidelines. Bottom panels: Coomassie-stained SDS-PAGE gels depicting samples
taken from 500 pL fractions corresponding to the volumes indicated above the gels, with
molecular weights (left) and proteins (weight) annotated. (C) Model of the SIX8-PSL1
complex generated by AlphaFold2-Multimer (top model shown), co-localisation of cys 58 from
SIX8 and cys 37 from PSL1 shown in stick (D) Observed masses of PSL1 and SIXS8 protein
mixtures by intact mass spectrometry (MS). Samples were treated with or without the reducing
agent DTT prior to MS. The deconvoluted mass spectra of all proteins can be found in S9 Fig.
(E) As for (B) but with PSL1 C37S (black), SIX8 C58S (green), and PSL1 C37S and
SIX8 CS58S (yellow).
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Supplementary Figures
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S1 Fig. Crystallisation of Avrl, Avr3, SIX6, SIX8, SIX13 and PSL1. (A) Coomassie-stained
gel showing full length Avrl (left panel) and mature Avrl cleaved in vitro with thrombin
(middle panel). Schematic of Avr1 engineered with an internal thrombin cleavage site replacing
the Kex2 cleavage motif (top right panel). Optimised crystals of Avr1°°2%? (Bottom right panel)
(B) Coomassie-stained gel showing purified Avr3222%4 used for crystallisation studies (left
panel). Optimised crystals of Avr3 (right panel). (C) Coomassie-stained gel showing full length
SIX6 (left panel) and mature SIX6 cleaved in vitro with TEV protease (middle panel).
Schematic of SIX6 engineered with an internal TEV protease cleavage site replacing the Kex2
cleavage motif (top right panel). Optimised crystals of SIX6°%22° (bottom right panel). (D)
Coomassie-stained gel showing SIX13 protein (left panel). Optimised crystals of SIX13 (right
panel). Kex2 protease was added to the protein at a 1:200 protease to protein ratio prior to
crystal tray setup. (E) Coomassie-stained gel showing full length SIX8 C58S (left panel) and
mature SIX8 C58S cleaved in vitro with thrombin (middle panel). Schematic of SIX8
engineered with an internal thrombin cleavage site replacing the Kex2 cleavage motif (top right
panel). Optimised crystals of SIX8!4! (bottom right panel). (F) Coomassie-stained gel
showing PSL1_C37S protein (left panel). Optimised crystals of PSL1_C37S (right panel).
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S2 Fig. Continuous electron density of the pro-domain is present in the crystal
structures of Avrl, Avr3 and SIX6. Top panels: The crystal structure of (A) Avr3, (B) Avrl
and (C) SIX6 with the pro-domain shown in rainbow. Bottom panels: The amino acid
sequence of the pro-domain of Avr3, Avrl and SIX6 with residues observed in the electron
density shown in rainbow text. Residues with no density observed are shown in black. For
SIX6, electron density corresponding to the pro-domain was only associated to chain A. (D)
Different orientations of the N-terminal region of SIX6 between chains A and B. Chain A

was used in subsequent structural analysis.
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S3 Fig. Comparison of AlphaFold2 models against the experimentally solved structures
of Avrl, Avr3, SIX6 and SIXS8. The crystal structures of (A) Avrl, (B) Avr3, (C) SIX6 and
(D) SIXS (left panels) and AlphaFold2 models [36] (right panels). Crystal structures and
AlphaFold2 models of the full structures (middle panels) were superimposed using the

pairwise and all against all functions on the DALI server [35]. (E) Heat map of the structural
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similarity between crystal structures and AlphaFold2 models (left panel). Z-score and RMSD

values are shown in the right panel.
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N-domain C-domain Full structure

S4 Fig. Structural alignments of SIX6 and SIX13 with Avrl. (A) SIX6 crystal structure and
(B) SIX13 AlphaFold2 model aligned with Avrl using the N-domains alone (left panel), C-
domains alone (middle panel) and full structure (right panel). Structural alignment was

performed using the pairwise alignment function on the DALI server [35].


https://doi.org/10.1101/2021.12.14.472499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.14.472499; this version posted October 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.
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S5 Fig. (A) Homologues of FOLD effectors are dispersed across multiple formae speciales of
F. oxysporum. Functional homologues of Avrl (SIX4), Avr3 (SIX1), SIX6 and SIX13 reported

in literature were assessed [7, 9, 37-40].
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S6 Fig. AlphaFold2 models of all SIX effectors and effector candidates. Signal peptides
were identified using SignalP-5.0 [86] and removed prior to amino acid sequences being
input into AlphaFold2 [36]. Any putative pro-domains were identified by searching for a
Kex2-like protease site [33] and removed. The sequence inputs used can be found in S3

Table.
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S7 Fig. Structural similarity of SIX effectors against representative solved effector
structures from known structural families. The solved structures of Avrl, Avr2, Avr3 and
SIX6, and AlphaFold2 models the remaining SIX effectors were compared with the structures
of ToxA (ToxA-like), ToxB (MAX), Tox3 (Tox3-like), BEC1054 (RALPH), AvrLm4-7
(LARS), AvrP (Zinc finger), CfAvr4 (CBM14-like), AvrM (WY -like), NLP (Actinoporin-like)
and KP6 (KP6-like). Structural alignment was performed using the all against all function on
the DALI server [35]. Structural similarity was measured using Z-score. Groupings with Z-

scores > 2 were outlined.
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S8 Fig. Secondary structure topology maps of representative SIX structural family
members. The B-strands and a-helices are represented by arrows and cylinders, respectively.
The secondary structural elements are coloured in rainbow, from blue at the N-terminus to red

at the C-terminus.
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S9 Fig. Intact mass spectrometry analysis of the PSL1-SIX8 interaction. Deconvoluted
mass spectra of (A) PSL1, (B) reduced PSL1, (C) SIXS, (D) reduced SIX8, (E) AvrSr50RKQQC,
(F) reduced AvrSr50RKQQC (G) PSL1 + SIXS8, (H) reduced PSL1 + SIX8, (I) PSL1 +
AvrSr50RKQQC (1) reduced PSL1 + AvrSr50RKQQC (K) SIX8 + AvrSr50RKQQC (L) reduced
SIX8 + AvrSr50RKQQC (M) PSL1_C37S, (N) reduced PSL1_C37S, (0O) SIX8 C58S, (P)
reduced SIX8 C58S, (Q) PSL1 + SIX8 C58S, (R) reduced PSL1 + SIX8 C58S, (S)
PSL1 C37S + SIXS8, (T) reduced PSL1_C37S + SIX8, (U) PSL1_C37S + SIX8 C38S, (V)
reduced PSL1_C37S + SIX8 C58S. Reduced samples were heated with DTT prior to running

the samples.
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S10 Fig. Interaction between PSL1 and SIX8 mutants. (A) Model of the SIX8-PSLI
complex generated by AlphaFold2-Multimer (five models shown), co-localisation of cys 58
from SIX8 and cys 37 from PSL1 shown in stick. (B) Top panels: Size exclusion
chromatograms of PSL1 C37S alone (black), SIX8 C58S alone (green), PSL1 C37S and
SIX8 (maroon), and PSL1 and SIX8 C58S (light purple) following a 30 min incubation
separated on a Superdex S75 Increase 10/300 SEC column. Equal concentrations of the protein
were used (note the absorbance of SIX8 @ 280nM is ~0.3 resulting in a smaller absorbance
and peak height). Indicated sizes above the chromatogram are based on protein standards run

under similar conditions as presented in the manufacturer’s column guidelines. Bottom panels:
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Coomassie-stained SDS-PAGE gels depicting samples taken from 500 pL fractions
corresponding to the volumes indicated above the gels, with molecular weights (left) and
proteins (weight) annotated. (C) Cartoon representation of the crystal structure of SIX8S at
1.28 A resolution, coloured from N (blue) to C (red) terminus. (D) Comparison of the SIX8
structure and the AlphaFold2 model. Top panels: The SIXS structure (purple) and AlphaFold2
model (grey) were superimposed using the DALI server [35]. The N-terminus is coloured in
rainbow. The location of C58S is shown as a stick. Bottom panel: Amino acid sequence of
SIX8 with residues of the N-terminus in rainbow corresponding to the structure. (E) Model of
the SIX8-PSL1 complex generated by AlphaFold2-Multimer (five models shown), when the
SIX88 structure was used as a template. Co-localisation of cys 58 from SIXS8 and cys 37

from PSL1 shown in stick.
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S11 Fig. Circular dichroism analysis of purified recombinant proteins. CD spectra of the
Fusarium oxysporum ft. sp. lycopersici effectors (A) SIX6, (B) SIX13, (C) PSL1 and (D) SIX8
proteins and (E) PSL1 C37S and (F) SIX8 C58S mutants were plotted, and secondary
structure elements analysed using the CAPITO webserver [75].
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SIX5 18 RDHQYCACQSGSGDSIDIDATTQLONDNSKSYLWAQTSPAYWFADRHKPGPRFAGIYLKAA
SIX12 27 ---SSCLSVGPKGISNQNACVCGGQCVMKDLVVARR===== KVCCEYT-VQIQGGWPVLAQ
PSL1 18 EDWDRCRCMKYPETGTPNDCATIKACGSGKHRAISISEEKGDIWCEKTDVAISG--PEFY-
PSL2 18 EDWDQCRCMKYPSTGTPNDCATIKACGSGKHRAISIYKN-GDIWCEKTDVAING--PEFY-
SIX14 18 OQRILGCRMPNGSLNPSPNICNQAGGSFRSGS—========= RGCC-~TRNTRDG--PVVTE
SIX5 79 NGKIDGDTFYNLCINNGGADSTCFDCSKSHQVRNVIYCDAA

SIX12 79 SRCVYGSTGA—-———-— NGG--SCSGDNVSLAWWLNYEPEVKSTDPTCIFAKPKLCHS

PSL1 76 RTC-YGLLQD--PKPNSEADSCCTRWVDGVVVQSDGCFK

PSL2 75 RTC-YDLLQOD--PKPNSEADSCCIKGDRA----SDGCFK

SIX14 65 SRFISGCNK-————- NGGFVSSKEILATSC

S12 Fig. Amino acid sequence alignment of SIX12 against Family 4 members reveals a
similar cysteine spacing. All protein sequences have their signal peptides removed. The
cysteine residues are highlighted in yellow and groups of two or more amino acid residues

shared with SIX12 are highlighted in grey.
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Supplementary tables

S1 Table. X-ray data collection, structure solution and refinement statistics for Avrl, Avr3,

SIX6 and SIXS.
Avrl Bromide Avrl Native Avr3 Bromide Avr3 Native SIX6 SIX8
soak - SAD (7T6A) soak - SAD (7T69) (8EBB) (8EB9)
Detector Dectris EIGER Dectris EIGER Dectris EIGER Dectris EIGER Dectris EIGER Dectris EIGER
29M 16M 29M 16M 29M 16M
Wavelength (A) 0.91946 0.95373 0.91969 0.95373 0.95336 0.95373
Space group P1211 P1211 C2221 C2221 P21212 P4322
Unit cell 69.87 38.24 70.00 40.34 54.68 54.86 80.13 76.303 93.544 51.81451.814
80.10 81.30 79.93 117.12 117.37 60.489 81.599
90 103.56 90 90 104.54 90 90 90 90 90 90 90 90 90 90 90 90 90
Average mosaicity (°) 0.00 0.08 0.00 0.06 0.06 0.05
Resolution (A) 46.11-2.12 39.35-1.65 45.13 -2.46 45.27-1.68 47.40-1.88 36.64-1.28
(2.18-2.12) (1.68 - 1.65) (2.56 - 2.46) (1.71 - 1.68) (1.92-1.88) (1.326-1.28)
Total no. of reflections 1247183 295538 1426660 280003 243512 381085
(94443) (14086) (157248) (13354) (15537) (37508)
No. of unique reflections 23868 53375 9668 29849 35252 29449
(1868) (2645) (1079) (1458) (2205) (2869)
Completeness (%) 99.8 (98.1) 99.9 (100) 99.9 (99.4) 99.8 (96.8) 97.8 (96.8) 99.98 (99.97)
Multiplicity 52.3 (50.6) 55(5.3) 147.6 (145.7) 9.4(9.2) 6.9 (7.0) 13 (13)
Anomalous completeness 99.5 (96.8) - 99.8 (98.7) -
Anomalous multiplicity 26.0 (25.2) - 77.0 (75.3) -
Mean I /s(I) 24.0 (4.9) 13.1(1.5) 25.1(5.4) 14.5(1.8) 11.8 (0.9) 23.71 (1.73)
Rmerge 0.157 (0.850) 0.074 (0.990) 0.215 (1.258) 0.072 (0.901) 0.070 (1.429) 0.048 (1.35)
Rmeas © 0.158 (0.858) 0.082 (1.010) 0.216 (1.262) 0.076 (0.953) 0.082 (1.668) 0.050 (1.41)
Rpim ¢ 0.022 (0.117) 0.034 (0.470) 0.018 (0.102) 0.025 (0.308) 0.042 (0.857) 0.014 (0.39)
CCin?® 0.999 (0.950) 0.999 (0.490) 1.0 (0.976) 0.999 (0.832) 0.999 (0.571) 0.999 (0.894)
Matthews coeff. (A% Da'!) © 2.60 2.78 2.13 2.13 2.82 2.56
Resolution range (A) - 39.35-1.65 - 4527 - 1.68 46.77-1.88 36.64-1.28
(1.31-1.28)
Ruork (%) & - 16.85 - 16.88 19.32 17.0
Riree (%) - 21.10 - 21.77 22.10 19.33
No. of non-H atoms
Total - 3647 - 1882 2998 742
Macromolecules - 3214 - 1713 2787 653
Ligand - 20 - 10 20 5
Water - 413 - 159 191 84
Average B-factor (A?) - 26.06 - 28.27 40.73 23.79
RMSD from ideal geometry
Bond lengths (A) - 0.005 - 0.012 0.008 0.011
Bond angles (°) - 0.74 - 1.18 0.93 1.21
Ramachandran plot, residues in (%)’
Favoured regions - 97.77 - 95.57 98.58 98.85
Allowed regions - 223 - 443 1.42 1.15
QOutlier regions - 0.00 - 0.00 0.00 0.00

aThe values in parentheses are for the highest-resolution shell.

b Calculated with AIMLESS.

¢ Rmeas = 2, AN(hkl)/[N(hkI)-1]}/2 2i| li(hkl)- | / ZhkiZili(hk), where li(hkl) is the intensity of the ith
measurement of an equivalent reflection with indices hkl.

d Rpim = Sy {1/[N(hKI)-1]}Y2 3i | li(hk)-| / ZhKISili(hki).

€ Calculated with MATTHEWS_COEF within the CCP4 suite.

fGenerated by Crank pipeline in the CCP4 suite.

8 Ruork = Zhkt | | Fobs |=1Feacl 1/Zpkt | Fobs|, where Fopg and F,c are the observed and calculated structure
factor amplitudes.

" Riree is €quivalent to R, but calculated with reflections (5%) omitted from the refinement process.
i Calculated with MolProbity.
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S3 Table. Amino acid sequence inputs for AlphaFold2

Name

Sequence

SIX1 96-284

SIX298-221

Slx336-163

Slx459-242

SIXS]S-I 19

SIX658-225

Slx749-220

SIX850-141

SIX()]Q-I 14

SIX1015-149

SIX111110

SIX1227-127

SIX13 78-293

SIX1418%8

EPFGEESRNDRVTQDMLQALHDLCVERFGTGYRAVSGLCYTDRRATRKIECNKPSVRERDRSVTRACPKG
QECTTFNAYNFRNRHHQVTFPVCGPRIEVKDRHDIGIHTEWQGTWYPESPKSPGTYDYFAQMAGTLNGYF
GYDGVYSDGYKTSSHGYGHSWSCINCPRGKVTITNTYRATWAFGYTSPH

GSCFSFPTPARGSCMIDYCWRDDNGVIYSRGITITGSNGASNPTSMRSNDPANLSLNSVFNDGYNGWFPHG
HACSNSDTQIYTNHRLLQGVNGVAYVDHVRCENCNFRNVNCLSDVLKNNLIAYSNGVASQSRCT

LPVEDADSSVGQLQGRGNPYCVFPGRPTSSTSFTTSFSTEPLGYARMLHRDPPYERAGNSGLNHRIYERSRV
GGLRTVIDVAPPDGHQAIANYEIEVRRIPVATPNAAGDCFHTARLSTGSRGPATISWDADASYTYYLTISED

SAHTESVCVHAGTATGADLHWLNAICTGKSTYTVNCAPAGNKNAGSTHTGTCPAGQDCFQLEQVGNFWG
DREPDATCSPSNTVFDAVDDKEATHVNGKVVTRAGKPGIGRKLIRLKAQVYRRDGHYGQTSRMGFFRNG
KEVYHIDNVASMEPTWNFDPSSDQSFSFFFTPGPNAFRIQGTLNLA

RDHQYCACQSGSGDSIDIDATTQLQNDNSKSYLWAQTSPAYWFADRHKPGPRFAGIYLKAANGKIDGDTF
YNLCINNGGADSTCFDCSKSHQVRNVIYCDAA

DTLPVSTCPAGQKYDRSVCYKADKIRSFCVANPRSNREKITDTPCQPREICVQRNLSNGKSFAKCIPIVDLVE
WKTSANGNKEGCTTTSVNPAGYHHLGTIVYDINKNPIEVDKISYFGEPGNVNEGIGGSTSYFSSDNFQFSKS
RYMKTCIFSGGYGNLNAYTWSWE

EVTFDITQNVNTFTSAASTPWTEGVGLSNIRYQWRAYYSTRQRTTFVEVRVFGTAEAQVVLLPDAPGTSRY
RAIDSNVFRPNEEVTGGGLAGWGQVTTVCLQTWGRRGDITYRLRIQS

DTSGILLACITGAGSAFQAYAGCYLTAFRNDPRTLTLRMDKTRGERISNVLVILSGGALSHAVEEVVQIAPG
AVRNLATLGASTVQFLHNFR

QTTQVGCRALDTKNDGLLTELLLNPSARGAADPDLRYGFWDAKWRKCCNKYKECDKYYTFSYNHPYPW
AYRQRRGTIRGQQFDFACVNWRTGACK

IPDSGVSTGTKDLSKRDDAYIFDVTFRVGPAGANVAPFSGSVYVQDGLTPLVRSGSGSSISDRGYNAFRGIV
YFTFTHGYNQYSASTRFGVYVDTGLIVDSNGRPIYGTAPRKACIDYSPHGPTDVCSVTITRSK

INICCSSFAGHTCTKDQYNNHRQNVILNQIIDKDGVNCVRKGAGPGRWTRKGDWSEWYDCQQWNGPEQH
QIEVGECTLFCVTPSGILNRPCI

SSCLSVGPKGISNQNACVCGGQCVMKDLVVARRKVCCEYTVQIQGGWPVLAQSRCVYGSTGANGGSCSG
DNVSLAWWLNYEPEVKSTDPTCIFAKPKLCHS

QDDEHPNGPCPRGGRLYVDSDEDSSCNAKWGTQTHNDVKTFGSTGSVCAGTFRRITCACCY TMHPITDNN
VPRMDGIYCPKWEVCKQEPERWSKWGNRVSHTSCVQAKKLTEILIATKKVVKEYCTPKRWLPSAGKGKN
AKFHTWAYNYSTGQLTTLKWMYLKLDGQYVKSAPGISEWGLTYSVNEHNAIELCGYPSDDMQRNSIDAE
LQWEATVQ

QRILGCRMPNGSLNPSPNICNQAGGSFRSGSRGCCTRNTRDGPVVTESRFISGCNKNGGFVSSKEILATSC
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PSL 1 18-111
(FOXGR_025399)

FOXG_11033%2%

FOXG_05755%17

FOXG_18699*-%

FOXG_04863'0¢-3%

FOXG_04805%132

FOXG_02829'%1%

FOXG_16600'"'64

FOXG 14684168

FOXGR_007323!88¢*

FOXGR_025639!8-¢!*

PSL218-106 *
(FOXGR_015322)

FOXGR _015533'114*

FOXGR_0155221%7°*
(SIX15)
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EDWDRCRCMKYPETGTPNDCATIKACGSGKHRAISISEEKGDIWCEKTDVAISGPEFYRTCYGLLQDPKPNS
EADSCCTRWVDGVVVQSDGCFK

APEAAPGYTTYGDYKGAGENLPSYPSYGSYGAKPKPKPKPAPAPKKYTNYGSYNYKKYSSYGHYKREAEP
EAAPEAAPEAAPEAEAAPGYTTYGDYKGAGENLPSYPSYGSYGSKPKPKPKPAPAPKKYTNYGSYNYKKY
SSYGHYKREAEPEAAPEAEAEPETYSKYGSYPKKYTHYGSYNYKKYSSYGTYKRAKEFINSLF

NGVPDPGNFAASCHGLQVISDDLDLTGKPDFERCNDTAYEARQYFSGEYTTVEVRRTDYPDLGKEVQISAT
ANYTSTNDNIVNGHLKFGDFQTKFISTPIEG

CKRTCSASNDAGTTCSYSCTQVCSSISAKQARDTFLAALQSGGNSCSAVGTSGVSCRKTAKFGSCYDHHWS
CGSGC

MYDSSDDKGGLSDITRNAWSKFCNSPYGNNGGVTTRFILDGQWGAVGRLSGWSMRDALIHSMWQTADGI
GKKNGYTVYNGCYGFTWQESKPGKANSACGGRSGKACPYNDDCPLAGMECTGLKWGTWMPSIIRMNVY

NRDGSLRADAYQARISSQAVGSGGCSKAQTISAYVADFIPIVGPYFATGIRINCLYQS

QNGQNGGRPVPSGECCVANTSLKQDACTASNGQAGRCVPGGNNCGGRLSCVAQANLQCDANVIERGKDL
CRAKAANGLFDGGNIIQNLSQAKVN

APSSPSDIQARSCVCKKVGDDWICTGTKCYDKVKRDLVPRQCSCHKIGDEWLCGGPKCPRDLPEENKLAK
RQCSCHKVGDEWLCGGPKCPRSLPAEESGLEKRQCSCKKVAGEWICSGRKCPRDLSHLMGEE

SPISKRAVFSQTTYDDLSISGGTAGNAQQEALQKLGGLPTDLSTVEKSDLDFLNSVNQIANDAEDEAFNPAI
DAASGEAADALQRGKIKNKVLKLTATILKLQAQQAQGEDVADKLAEENKKLQNNISQDKDEAGKASTFLA

FDATTS

DGTCPRPMCTTPASQGPKDPPACGDSYAACKFDQFPCDEYFSPKVTDTHHCYCILANKKAMDAYCQERGF
KSGTNPWKYYYAVECHGAVSNQVCNKDCRDQGRGKGRIDKAHPNGACACDKPNPPYDTCKP

SLVRRVDVNVPAMTNADGVVVPFDTAGVVQPAKKRDLEQKKRDLAQRKRHISRKRRAVSQEKQKQQQK
Q

APVVRGPGGRLVQEGAGCTLVQGRSVCDDGFGNTFFEDDPFSSK

EDWDQCRCMKYPSTGTPNDCATIKACGSGKHRAISIYKNGDIWCEKTDVAINGPEFYRTCYDLLQDPKPNS
EADSCCIKGDRASDGCFK

QTCAIAPDPQRNADAFSATSHSGNIDIAFRDHVVFARPSAGTATGVLRLSNGDSYRKIYRIAGPNNVAQFYW
LDASSQCKTNLAITQMTNAAWYKE

TIYCRDVSPPRDTRSWCKTNTPAWQGCQRFCSEHCRSTPRDYPDGCMYHLQVGGDYDCFCK

* Effector candidates identified in the reannotation of the Fol genome by Sun et al. (2022) and not predicted in the original genome annotation

by Ma et al. (2010).
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S4 Table. Gene sequences used in this study.

Name

Sequence

SIX6

SIX6-TEV

Avr1Thrombin

SIX8Thrombin

PSL1

SIX13

SIX8 C58S
Thrombin

PSL1_C37S

TAGGTCTCCAATGGGTCCCTTAGCCCAAACAGAATCCGAGTCGGCAGACGTCGCTGAACATACAATCAATTATATCGACATTGCC
CCTGAAGAATTTGAACCGCCCAAAGCTAATTTGTCATCTCTGGTGAGTCGTGACACGCTTCCTGTCAGTACCTGTCCTGCGGGTCA
GAAATACGATCGTTCCGTGTGTTACAAGGCAGACAAAATTCGTAGCTTTTGTGTCGCAAACCCTCGTAGCAACCGTGAGAAGATT
ACCGACACACCGTGTCAGCCCCGTGAAATCTGTGTGCAACGCAATCTTTCCAACGGCAAGAGTTTCGCTAAGTGTATCCCCATTG
TAGACCTGGTGGAATGGAAGACATCCGCAAATGGGAATAAAGAAGGCTGTACTACAACGTCCGTGAATCCGGCTGGGTACCATC
ACCTTGGTACTATTGTTTACGATATCAATAAGAATCCTATCGAAGTTGATAAAATCTCGTACTTCGGCGAGCCGGGAAATGTAAA
CGAGGGCATTGGTGGCAGCACAAGCTATTTTAGTAGTGACAACTTTCAATTTTCTAAGTCCCGCTACATGAAAACTTGTATTTTCA
GTGGTGGGTACGGGAATCTTAACGCCTATACGTGGAGCTGGGAATCTTGGAGACCGT

TAGGTCTCCAATGGGTCCCTTAGCCCAAACAGAATCCGAGTCGGCAGACGTCGCTGAACATACAATCAATTATATCGACATTGCC
CCTGAAGAATTTGAACCGCCCAAAGCTAATTTGTCATCTCTGGTGGAAAATCTTTACTTCCAGTCCGACACGCTTCCTGTCAGTAC
CTGTCCTGCGGGTCAGAAATACGATCGTTCCGTGTGTTACAAGGCAGACAAAATTCGTAGCTTTTGTGTCGCAAACCCTCGTAGC
AACCGTGAGAAGATTACCGACACACCGTGTCAGCCCCGTGAAATCTGTGTGCAACGCAATCTTTCCAACGGCAAGAGTTTCGCTA
AGTGTATCCCCATTGTAGACCTGGTGGAATGGAAGACATCCGCAAATGGGAATAAAGAAGGCTGTACTACAACGTCCGTGAATC
CGGCTGGGTACCATCACCTTGGTACTATTGTTTACGATATCAATAAGAATCCTATCGAAGTTGATAAAATCTCGTACTTCGGCGA
GCCGGGAAATGTAAACGAGGGCATTGGTGGCAGCACAAGCTATTTTAGTAGTGACAACTTTCAATTTTCTAAGTCCCGCTACATG
AAAACTTGTATTTTCAGTGGTGGGTACGGGAATCTTAACGCCTATACGTGGAGCTGGGAATCTTGGAGACCGT

TAGGTCTCCAATGTTGCCTAAAGGAGAGGAGGGTGACATTATTGGTACTTTCAATTTCTCGTCCAGCGACAGCCAACCCCTTAAA
ATCCACTGGGTCGATACGCCGGACTCATCTGGGAGCAATCTTGTTCCCCGTTCCGCTCACACGGAGAGTGTATGCGTTCACGCCG
GGACCGCTACAGGTGCTGATCTGCATTGGTTGAATGCGATCTGCACCGGGAAGTCTACATACACAGTGAATTGCGCCCCGGCAGG
CAACAAGAATGCTGGGTCTACGCACACAGGAACATGTCCGGCAGGTCAGGACTGTTTCCAATTAGAGCAGGTCGGAAACTTTTG
GGGGGACCGTGAGCCAGATGCTACCTGTAGCCCGTCCAATACGGTATTTGACGCCGTAGATGACAAGGAAGCTACGCATGTAAA
CGGCAAAGTTGTTACACGCGCGGGGAAGCCGGGCATTGGGCGCAAGCTTATTCGTCTTAAGGCTCAGGTCTATCGTCGTGATGGT
CACTATGGTCAGACCTCGCGCATGGGATTCTTTCGTAACGGCAAAGAGGTTTACCATATCGACAACGTTGCCTCGATGGAACCCA
CTTGGAATTTTGACCCATCGAGTGACCAATCCTTTAGCTTCTTTTTCACACCGGGACCCAACGCTTTCCGTATTCAAGGAACGCTT
AATCTGGCCTCTTGGAGACCGT

TAGGTCTCCAATGACCCCGATTGACAAATCGTTAGATCAAGCGGCAACTATCGAAGAAACTGTCCACCAACCTCACTCCCATGAT
GAGCGTGCCTTAGTTCCACGTGGCAGCGATACGAGTGGGATTTTGCTGGCGTGTATTACCGGCGCAGGATCTGCGTTTCAGGCGT
ACGCTGGATGCTACTTAACAGCTTTCCGTAATGACCCTCGCACTTTAACTTTGCGTATGGATAAAACCCGTGGAGAACGTATTTCC
AATGTTCTGGTTATCTTGTCAGGGGGTGCATTGAGTCACGCCGTGGAAGAAGTAGTACAGATTGCGCCTGGAGCGGTCCGCAATT
TGGCAACATTAGGAGCTTCGACTGTCCAATTCCTTCATAATTTTCGTTCTTGGAGACCGT

TAGGTCTCCAATGGAAGATTGGGATCGTTGTCGTTGCATGAAATACCCCGAAACTGGGACGCCGAATGACTGTGCCACCATTAAA
GCGTGCGGTTCTGGCAAGCACCGTGCCATCTCTATTTCGGAGGAGAAAGGAGACATTTGGTGCGAAAAGACTGATGTAGCAATC
AGTGGACCGGAGTTCTACCGCACTTGCTATGGGTTGTTGCAGGACCCGAAGCCTAACTCGGAGGCAGATTCTTGTTGTACTCGTT
GGGTAGACGGCGTTGTGGTACAATCTGACGGGTGCTTCAAATCTTGGAGACCGT

TAGGTCTCCAATGGAACTTGAAGTTTCCGATTTAAGTGATCAACCGCCGTCAGTGGAGAATACTTACCGCGACCAAGCGTTCAAT
GAGGAGGAGTTGTTAAAGGTCGTGGACGAATTATCCGTGGAGCGTACCGAACACACCGAACGCGCGCTTGTGAGTGAAGCGGCA
GTCCAAAAGCGCCAGGACGACGAACATCCAAACGGTCCTTGTCCTCGCGGAGGACGTTTGTACGTGGATTCTGACGAAGACTCTT
CTTGTAATGCGAAGTGGGGAACACAGACACATAACGATGTTAAGACTTTTGGCTCCACCGGATCAGTCTGTGCCGGTACTTTTCG
CCGCATTACGTGTGCTTGTTGTTACACGATGCATCCTATCACGGACAACAACGTTCCACGCATGGATGGTATTTACTGCCCTAAGT
GGGAGGTGTGCAAACAAGAGCCTGAACGCTGGTCTAAGTGGGGCAATCGTGTAAGCCACACATCTTGCGTACAGGCGAAGAAGC
TGACCGAAATCCTGATCGCTACTAAGAAAGTGGTGAAGGAATACTGCACCCCAAAACGTTGGTTACCATCTGCGGGAAAAGGCA
AGAACGCGAAATTCCACACGTGGGCGTACAATTATTCGACGGGTCAGCTTACAACCTTGAAGTGGATGTATTTGAAGTTGGACGG
TCAGTATGTCAAGAGTGCGCCTGGGATCAGCGAGTGGGGGCTTACCTATTCAGTCAATGAACATAACGCGATTGAGTTATGTGGT
TACCCAAGCGATGATATGCAACGCAATTCGATCGATGCTGAGCTTCAATGGGAGGCTACCGTACAGTCTTGGAGACCGT

TAGGTCTCCAATGACCCCGATTGACAAATCGTTAGATCAAGCGGCAACTATCGAAGAAACTGTCCACCAACCTCACTCCCATGAT
GAGCGTGCCTTAGTTCCACGTGGCAGCGATACGAGTGGGATTTTGCTGGCGTCTATTACCGGCGCAGGATCTGCGTTTCAGGCGT
ACGCTGGATGCTACTTAACAGCTTTCCGTAATGACCCTCGCACTTTAACTTTGCGTATGGATAAAACCCGTGGAGAACGTATTTCC
AATGTTCTGGTTATCTTGTCAGGGGGTGCATTGAGTCACGCCGTGGAAGAAGTAGTACAGATTGCGCCTGGAGCGGTCCGCAATT
TGGCAACATTAGGAGCTTCGACTGTCCAATTCCTTCATAATTTTCGTTCTTGGAGACCGT

TAGGTCTCCAATGGAAGATTGGGATCGTTGTCGTTGCATGAAATACCCCGAAACTGGGACGCCGAATGACTCTGCCACCATTAAA
GCGTGCGGTTCTGGCAAGCACCGTGCCATCTCTATTTCGGAGGAGAAAGGAGACATTTGGTGCGAAAAGACTGATGTAGCAATC
AGTGGACCGGAGTTCTACCGCACTTGCTATGGGTTGTTGCAGGACCCGAAGCCTAACTCGGAGGCAGATTCTTGTTGTACTCGTT
GGGTAGACGGCGTTGTGGTACAATCTGACGGGTGCTTCAAATCTTGGAGACCGT

All gene sequences have been codon optimised for expression in E. coli. The coding sequences have been underlined.
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S5 Table. Primers used in this study

Name Sequence

Avrl Fw TAGGTCTCCAATGCTTCCAAAGGGGGAGGAGGGTG

Avrl Rv ACGGTCTCCAAGAAGCTAAGTTAAGTGTACCTTGAATGCGA
Avr3 Fw TAGGTCTCCAATGCAAGAGGCTGCGGTTCGGGA

Avr3 Rv ACGGTCTCCAAGAGGCGTTTGGATATACCAGCCCACAC
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SS Table. Amino acid sequence inputs for AlphaFold2

Name Sequence

SIX 19628 EPFGEESRNDRVTQDMLQALHDLCVERFGTGYRAVSGLCYTDRRATRKIECNKPSVRERDRSVTRACPKG
QECTTFNAYNFRNRHHQVTFPVCGPRIEVKDRHDIGIHTEWQGTWYPESPKSPGTYDYFAQMAGTLNGYF
GYDGVYSDGYKTSSHGYGHSWSCINCPRGKVTITNTYRATWAFGYTSPH

SIx2%-22! GSCFSFPTPARGSCMIDYCWRDDNGVIYSRGITITGSNGASNPTSMRSNDPANLSLNSVFNDGYNGWFPHG
HACSNSDTQIYTNHRLLQGVNGVAYVDHVRCENCNFRNVNCLSDVLKNNLIAYSNGVASQSRCT

SIx3%-163 LPVEDADSSVGQLQGRGNPYCVFPGRPTSSTSFTTSFSTEPLGYARMLHRDPPYERAGNSGLNHRIYERSRV
GGLRTVIDVAPPDGHQAIANYEIEVRRIPVATPNAAGDCFHTARLSTGSRGPATISWDADASYTYYLTISED

SIX4%-24 SAHTESVCVHAGTATGADLHWLNAICTGKSTYTVNCAPAGNKNAGSTHTGTCPAGQDCFQLEQVGNFWG
DREPDATCSPSNTVFDAVDDKEATHVNGKVVTRAGKPGIGRKLIRLKAQVYRRDGHYGQTSRMGFFRNG
KEVYHIDNVASMEPTWNFDPSSDQSFSFFFTPGPNAFRIQGTLNLA

SIX5!8119 RDHQYCACQSGSGDSIDIDATTQLQNDNSKSYLWAQTSPAYWFADRHKPGPRFAGIYLKAANGKIDGDTF
YNLCINNGGADSTCFDCSKSHQVRNVIYCDAA

SIX6%2 DTLPVSTCPAGQKYDRSVCYKADKIRSFCVANPRSNREKITDTPCQPREICVQRNLSNGKSFAKCIPIVDLVE
WKTSANGNKEGCTTTSVNPAGYHHLGTIVYDINKNPIEVDKISYFGEPGNVNEGIGGSTSYFSSDNFQFSKS
RYMKTCIFSGGYGNLNAYTWSWE

SIX 74220 EVTFDITQNVNTFTSAASTPWTEGVGLSNIRYQWRAYYSTRQRTTFVEVRVFGTAEAQVVLLPDAPGTSRY
RAIDSNVFRPNEEVTGGGLAGWGQVTTVCLQTWGRRGDITYRLRIQS

SIX 814! DTSGILLACITGAGSAFQAYAGCYLTAFRNDPRTLTLRMDKTRGERISNVLVILSGGALSHAVEEVVQIAPG
AVRNLATLGASTVQFLHNFR
SIX9!o-1H QTTQVGCRALDTKNDGLLTELLLNPSARGAADPDLRYGFWDAKWRKCCNKYKECDKYYTFSYNHPYPW

AYRQRRGTIRGQQFDFACVNWRTGACK

SIX10'14 IPDSGVSTGTKDLSKRDDAYIFDVTFRVGPAGANVAPFSGSVYVQDGLTPLVRSGSGSSISDRGYNAFRGIV
YFTFTHGYNQYSASTRFGVYVDTGLIVDSNGRPIYGTAPRKACIDYSPHGPTDVCSVTITRSK

SIX11'-10 INICCSSFAGHTCTKDQYNNHRQNVILNQIIDKDGVNCVRKGAGPGRWTRKGDWSEWYDCQQWNGPEQH
QIEVGECTLFCVTPSGILNRPCI

SIX 1277127 SSCLSVGPKGISNQNACVCGGQCVMKDLVVARRKVCCEYTVQIQGGWPVLAQSRCVYGSTGANGGSCSG
DNVSLAWWLNYEPEVKSTDPTCIFAKPKLCHS

STX 1378293 QDDEHPNGPCPRGGRLYVDSDEDSSCNAKWGTQTHNDVKTFGSTGSVCAGTFRRITCACCYTMHPITDNN
VPRMDGIYCPKWEVCKQEPERWSKWGNRVSHTSCVQAKKLTEILIATKKVVKEYCTPKRWLPSAGKGKN
AKFHTWAYNYSTGQLTTLKWMYLKLDGQYVKSAPGISEWGLTYSVNEHNAIELCGYPSDDMQRNSIDAE
LQWEATVQ

SIX 141888 QRILGCRMPNGSLNPSPNICNQAGGSFRSGSRGCCTRNTRDGPVVTESRFISGCNKNGGFVSSKEILATSC
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EDWDRCRCMKYPETGTPNDCATIKACGSGKHRAISISEEKGDIWCEKTDVAISGPEFYRTCYGLLQDPKPNS
EADSCCTRWVDGVVVQSDGCFK

APEAAPGYTTYGDYKGAGENLPSYPSYGSYGAKPKPKPKPAPAPKKYTNYGSYNYKKYSSYGHYKREAEP
EAAPEAAPEAAPEAEAAPGYTTYGDYKGAGENLPSYPSYGSYGSKPKPKPKPAPAPKKYTNYGSYNYKKY
SSYGHYKREAEPEAAPEAEAEPETYSKYGSYPKKYTHYGSYNYKKYSSYGTYKRAKEFINSLF

NGVPDPGNFAASCHGLQVISDDLDLTGKPDFERCNDTAYEARQYFSGEYTTVEVRRTDYPDLGKEVQISAT
ANYTSTNDNIVNGHLKFGDFQTKFISTPIEG

CKRTCSASNDAGTTCSYSCTQVCSSISAKQARDTFLAALQSGGNSCSAVGTSGVSCRKTAKFGSCYDHHWS
CGSGC

MYDSSDDKGGLSDITRNAWSKFCNSPYGNNGGVTTRFILDGQWGAVGRLSGWSMRDALIHSMWQTADGI
GKKNGYTVYNGCYGFTWQESKPGKANSACGGRSGKACPYNDDCPLAGMECTGLKWGTWMPSIIRMNVY

NRDGSLRADAYQARISSQAVGSGGCSKAQTISAYVADFIPIVGPYFATGIRINCLYQS

QNGQNGGRPVPSGECCVANTSLKQDACTASNGQAGRCVPGGNNCGGRLSCVAQANLQCDANVIERGKDL
CRAKAANGLFDGGNIIQNLSQAKVN

APSSPSDIQARSCVCKKVGDDWICTGTKCYDKVKRDLVPRQCSCHKIGDEWLCGGPKCPRDLPEENKLAK
RQCSCHKVGDEWLCGGPKCPRSLPAEESGLEKRQCSCKKVAGEWICSGRKCPRDLSHLMGEE

SPISKRAVFSQTTYDDLSISGGTAGNAQQEALQKLGGLPTDLSTVEKSDLDFLNSVNQIANDAEDEAFNPAI
DAASGEAADALQRGKIKNKVLKLTATILKLQAQQAQGEDVADKLAEENKKLQNNISQDKDEAGKASTFLA

FDATTS

DGTCPRPMCTTPASQGPKDPPACGDSYAACKFDQFPCDEYFSPKVTDTHHCYCILANKKAMDAY CQERGF
KSGTNPWKYYYAVECHGAVSNQVCNKDCRDQGRGKGRIDKAHPNGACACDKPNPPYDTCKP

SLVRRVDVNVPAMTNADGVVVPFDTAGVVQPAKKRDLEQKKRDLAQRKRHISRKRRAVSQEKQKQQQK
Q

APVVRGPGGRLVQEGAGCTLVQGRSVCDDGFGNTFFEDDPFSSK

EDWDQCRCMKYPSTGTPNDCATIKACGSGKHRAISIYKNGDIWCEKTDVAINGPEFYRTCYDLLQDPKPNS
EADSCCIKGDRASDGCFK

QTCAIAPDPQRNADAFSATSHSGNIDIAFRDHVVFARPSAGTATGVLRLSNGDSYRKIYRIAGPNNVAQFYW
LDASSQCKTNLAITQMTNAAWYKE

TIYCRDVSPPRDTRSWCKTNTPAWQGCQRFCSEHCRSTPRDYPDGCMYHLQVGGDYDCFCK

* Effector candidates identified in the reannotation of the Fol genome by Sun et al. (2022) and not predicted in the original genome annotation

by Ma et al. (2010).
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