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Abstract

The endoplasmic reticulum (ER) is the entry point to the secretory pathway and, as such, is critical for adaptive
responses to biotic stress, when the demand for de novo synthesis of immunity-related proteins and signalling com-
ponents increases significantly. Successful phytopathogens have evolved an arsenal of small effector proteins which
collectively reconfigure multiple host components and signalling pathways to promote virulence; a small, but im-
portant, subset of which are targeted to the endomembrane system including the ER. We identified and validated a
conserved C-terminal tail-anchor motif in a set of pathogen effectors known to localize to the ER from the oomycetes
Hyaloperonospora arabidopsidis and Plasmopara halstedii (downy mildew of Arabidopsis and sunflower, respectively)
and used this protein topology to develop a bioinformatic pipeline to identify putative ER-localized effectors within
the effectorome of the related oomycete, Phytophthora infestans, the causal agent of potato late blight. Many of the
identified P. infestans tail-anchor effectors converged on ER-localized NAC transcription factors, indicating that this
family is a critical host target for multiple pathogens.

Keywords: Endomembrane, endoplasmic reticulum (ER), oomycete effectors, NAC with Transmembrane Motif1-like (NTL),
Phytophthora infestans, tail anchor.

Abbreviations: BiP, Binding immunoglobulin Protein; CTS, C-terminal sequence; ER, endoplasmic reticulum; GET, guided entry of tail proteins; GFP, green fluo-
rescent protein; GRAVY, Grand Average of Hydrophobicity; NAC, NAM (no apical meristem), ATAF1 and 2, and CUC2 (cup-shaped cotyledon); NTL, NAC with
Transmembrane Motif1-like; PCD, programmed cell death; PPI, protein—protein interaction; RFP, red fluorescent protein; TA, tail-anchored; TF, transcription factor;
TMD, transmembrane domain; UPR, unfolded protein response; Y2H, yeast two-hybrid.
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Introduction

The endoplasmic reticulum (ER) is the port of entry of the
secretory pathway, acting as the major platform for secretory
protein production, transport, folding, and quality control,
lipid synthesis, and calcium storage in the cell. Comprised of a
highly dynamic, constantly remodelling network of intercon-
nected tubules and flattened cisternae (sheets), the ER extends
throughout the cytoplasm and between adjacent cells through
plasmodesmata (Hawes et al., 2015; Brandizzi, 2021). The ER
also forms heterotypic membrane contact sites with several
other organelles including the Golgi, mitochondria, chloro-
plasts, peroxisomes, and endosomes, together with the plasma
membrane, and is continuous with the outer nuclear envelope
membrane (Sparkes et al., 2009; Barton et al., 2013; Mehrshahi
et al., 2013; Stefano et al., 2015; White et al., 2020). These sites
function as specific microdomains for the exchange of mo-
lecular cargo and are linked to the propagation of intra- and
intercellular signals enabling a coordinated cellular response
to internal and external cues (Pérez-Sancho et al., 2016; Wang
et al., 2016a; Perico and Sparkes, 2018; Breeze and Mullineaux,
2022).

During pathogen infection, major transcriptional repro-
gramming occurs, significantly increasing the demand on the
protein production and folding machinery (Windram et al.,
2012; Lewis et al., 2015). This must be carefully regulated to
avoid overloading the ER’s synthetic capacity resulting in the
accumulation of proteotoxic unfolded and misfolded proteins,
a condition referred to as ER stress (Liu and Howell, 2010,
2016). Cytoprotective signalling programmes, known collec-
tively as the unfolded protein response (UPR), act to mitigate
ER stress, but acute or prolonged ER stress will eventually
trigger apoptosis programmes, ultimately leading to pro-
grammed cell death (PCD) (Srivastava et al., 2018). The ER is
a central component facilitating the regulation of adaptive host
responses to biotic stress as a consequence of transcriptional
reprogramming. Thus, it would not be surprising that successtul
phytopathogens, regardless of their lifestyle, have evolved ways
to target the ER to suppress these immune functions, as well
as facilitate the metabolic reconfiguration required to support
their nutrition.

Oomycete pathogens such as downy mildews, Pythium and
Phytophthora species, infect a wide range of economically im-
portant crop and tree species (Kamoun et al., 2015). During
infection, oomycetes form specialized structures called haus-
toria which act as the delivery site for the secretion of both
apoplastic and cytoplasmic effectors, and cell wall-degrading
enzymes (Wang et al., 2017). In the early stages of pathogen
penetration significant cellular reorganization occurs in the
immediate proximity of the haustoria, including the increased
association of nuclei and peroxisomes (Boevink et al., 2020),
stromule-mediated clustering of chloroplasts (Savage et al.,
2021), and accumulation of ER and Golgi (Takemoto et al.,
2003; O’Connell and Panstruga, 2006). Indeed, the ER itself

may be a major source of the extrahaustorial membrane which
separates the pathogen from the host cytosol (Kwaaitaal ef al.,
2017; Bozkurt and Kamoun, 2020).

Genome-wide studies of multiple oomycete species have re-
vealed that they frequently possess large repertoires (often in
excess of 400) of the cytoplasmic Arg-X-Leu-Arg (RXLR)
class of effectors (Tyler et al., 2006; Jiang et al.,2008; Haas et al.,
2009; Baxter et al.,2010; Sharma et al.,2015).These contain an
N-terminal signal peptide targeting the protein for secretion
by the pathogen, followed by RXLR and EER motifs that
are required for subsequent translocation into the host cell via
endocytosis (Whisson ef al., 2007; Dou et al., 2008; Kale ef al.,
2010). However, the precise route by which filamentous eu-
karyotic cytoplasmic effectors are taken up into the host cell
remains unclear and disputed (Petre and Kamoun, 2014). A
recent study implicated clathrin-mediated endocytosis in the
translocation of fungal (Magnaporthe oryzae) effectors into the
rice cytoplasm (Oliveira-Garcia et al., 2022, Preprint).

The arsenal of RXLR effectors collectively manipulates
multiple host components and signalling pathways to promote
virulence (Y. Wang et al., 2019b), with effectors from evolu-
tionarily distinct pathogens frequently converging on the same
host target or pathway (Mukhtar et al., 2011; WeBling et al.,
2014; McLellan et al., 2022). Whilst the majority of oomycete
RXLRs are targeted to the nucleus (or are dually targeted to
the nucleus and cytoplasm), a restricted subset also localize to
the plasma membrane, endomembrane system, and chloro-
plasts (Caillaud et al., 2012; Liu et al., 2018; Pecrix et al., 2019;
S.Wang et al.,2019; Hossain et al., 2021; Petre et al., 2021).

Very few phytopathogenic eftectors have been experimen-
tally validated to localize to the ER, let alone have identi-
fied host targets. The Phytophthora infestans RXLR eftector
PITG_03192 has been shown to interact with two potato (So-
lanum tuberosum) NAC transcription factors (TFs) at the ER,
preventing their translocation to the host nucleus following
treatment with P infestans PAMPs (pathogen-associated mo-
lecular patterns) (McLellan et al.,2013). These NACs (StNTP1
and 2) localize to the ER membrane via a transmembrane do-
main (TMD) which, upon signal perception, is proteolytically
cleaved allowing translocation of the cytoplasmic domain to the
nucleus (S.-Y. Kim et al., 2006; S.-G. Kim et al., 2010). Arabi-
dopsis contains 14 such annotated NAC with Transmembrane
Motit1-like (NTL) TFs. Of these, 12 are validated as being tail
anchored to the ER membrane while NTL5/ANACO060 is
nuclear localized (Liang ef al., 2015) and NTL11/NACO078
shows nucleocytoplasmic localization (Morishita et al., 2009).
Besides StNTP1 and 2, other NTLs have also been reported
to be targeted by pathogen effectors. These include targeting
of NTLO by the bacterial type III effector HopD1 from Pseu-
domonas syringae (Block et al., 2014) and LsNAC069 from let-
tuce (an orthologue of StNTP1) by several effectors from the
downy mildew Bremia lactucae (Meisrimler et al., 2019). These
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interactions demonstrate target convergence of diverse path-
ogen effectors from across the Solanaceae, Brassicaceae, and
Asteraceae on ER -resident NAC TFs as part of conserved host
immune suppression strategies.

Besides preventing the release of ER -located NAC TFs, an-
other pathogen strategy is to deploy effectors that manipu-
late components of the UPR and thus ER homeostasis. The
Phytophthora sojae RXLR effector PsAvh262 directly interacts
with soybean (Glycine max) ER-lumenal Binding immuno-
globulin Proteins (BiPs). These ER quality control chaperones
are known to be positive regulators of host susceptibility to
selected pathogens including P sojae (Jing et al.,2016). PsAvh262
increases pathogen virulence by stabilizing BiPs and ultimately
attenuating ER stress-induced PCD. Similarly, PcAvr3al12 from
P, capsici directly suppresses the activity of an Arabidopsis ER -
localized peptidyl-prolyl cis-trans isomerase (PPlase) involved
in protein folding and UPR induction (Fan et al., 2018).

Proteins destined for biological membranes are generally
synthesized by cytosolic ribosomes and inserted co-transla-
tionally or post-translationally into the appropriate mem-
brane bilayer. In the co-translational pathway, an N-terminal
signal peptide on the nascent polypeptide chain is recognized
by the signal recognition particle as it emerges from the ribo-
some and is inserted into the membrane by the Sec61 trans-
locon (Hegde and Keenan, 2011;Voorhees and Hegde, 2016).
In contrast, tail-anchored (TA) proteins possess a single TMD
close to the C-terminus which serves to target the protein to
the correct destination membrane [in combination with the
C-terminal sequence (CTS)] and also to anchor the protein
in the lipid bilayer (Borgese et al., 2003). Since the hydro-
phobic TMD in TA proteins only emerges from the ribo-
somal tunnel after translation is completed and yet must still
be shielded from the aqueous environment of the cytosol,
this necessitates a post-translational mechanism of membrane
insertion. While little is known about the components of
the post-translational insertion pathway in plants, the ATP-
dependent Guided Entry of Tail (GET) proteins pathway,
which catalyses the insertion of TA proteins into the ER, has
been well characterized in yeast (Hegde and Keenan, 2011).
Furthermore, orthologues of the main GET components
have been identified in Arabidopsis and other Angiospermae
(Srivastava et al., 2017; Xing et al., 2017). TA proteins are also
targeted to other organelles, notably the mitochondrial and
chloroplast outer membranes and peroxisomes (Rao et al.,
2016; Teresinski et al., 2018).

To highlight the ubiquitous nature of ER targeting by
effectors from diverse pathogens, we developed and tested bi-
oinformatic predictions of the intracellular distribution of a
group of RXLR effectors from three oomycete species: the
economically important P infestans (causal agent of potato late
blight); Plasmopara halstedii (downy mildew of cultivated sun-
flower, Helianthus annuus); and Hyaloperonospora arabidopsidis
(Hpa; downy mildew of Arabidopsis thaliana), a model patho-
system for Peronosporaceae that infects many major crop species

(Kamoun et al., 2015). We found that these RXLR effec-
tors all share a similar protein topology: a C-terminal TMD
or tail anchor, which, in the majority of cases, targets them
to the ER membrane. We detail a simple and robust in silico
screening procedure for identifying putative ER -, Golgi-, and
mitochondrial-targeted proteins within the effectoromes of
sequenced pathogen species and validate a subset of these in
planta.

Materials and methods

Plant materials and growth conditions

Nicotiana benthamiana were grown for 5—7 weeks in a compost mix (Lev-
ingston F2) in a controlled-environment growth chamber under a 16 h
day (21 °C; 120 umol m ™ 57!) and 8 h night (18 °C) regime with 60%
relative humidity.

Generation of constructs

Plasmopara halstedii effectors were cloned into Gateway vectors as pre-
viously described (Pecrix et al., 2019). Candidate TA P infestans effec-
tors (with the exception of PITG_14797 and PITG_10348) were cloned
without their signal peptides, as predicted by SignalP (Almagro Armente-
ros et al.,2019b). Sequences were amplified from P infestans isolate 88069
(Knapova and Gisi, 2002) genomic DNA using gene-specific primers
flanked with a portion of the Gateway atfB recombination sites (all
primer sequences are given in Supplementary Table S1). A second round
of PCR was performed with full-length atfB primers, with the result-
ing atB-PCR product purified (Qiagen PCR purification columns)
and used to generate an entry clone in pDONRZeo. Entry clones for
PITG_14797 and PITG_10348 (minus their predicted signal peptides)
were synthesized by Twist Biosciences (San Francisco, USA). N-terminal
superfolder green fluorescent protein (sGFP) fusions of the eftectors,
driven by the constitutive Cauliflower mosaic virus 35S promoter, were
created by performing an LR recombination reaction with the Gateway
binary destination vector pGWB606 (Nakamura et al., 2014).

Transient expression

All effector constructs and organellar marker plasmids [red fluorescent
protein (RFP)-HDEL (ER), ST-RFP (Golgi), mt-rk (mitochondria)
(Nelson ef al., 2007)] were transformed via heat shock into Agrobacterium
tumefaciens strain GV3101 and transiently expressed into N. benthami-
ana leaf epidermal cells using an ODy, of 0.2, as previously described
(Sparkes ef al., 2006). Leaf cells were imaged 3 d after infiltration.

Microscopy and imaging

Confocal microscopy

Freshly excised leaf samples were mounted in water and imaged on a
Zeiss LSM 880 confocal microscope with a Plan-Apochromat 63%/1.40
oil DIC M27 objective. GFP was excited at 488 nm and detected in the
498-563 nm range; monomeric RFP (mRFP) was excited at 561 nm
and detected in the 602—654 nm range; Chl a was excited at 561 nm and
detected in the 605-661 nm range.

Co-localization analysis
Co-localization scores between effectors and organelle markers were cal-
culated using the co-localization tool in ZEN Blue (Zeiss). A region of
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interest (ROI) was drawn in each two-channel image and the Costes
setting was applied to automatically identify the background threshold
(Costes et al., 2004). Pearson’s correlation coefficient for the ROI is re-
ported in the overlay images (Supplementary Figs S1, S2) and is represen-
tative of that calculated for n=2-7 cells.

Yeast two-hybrid assays

GAL4 DNA-binding domain fusions were generated for all P infestans,
P, halstedii, and H. arabidopsidis (Hpa) effectors in this study by recombi-
nation with pDEST32 (Invitrogen) and subsequent transformation of
the bait construct into the haploid Y8930 (MATq) yeast strain. A yeast
two-hybrid (Y2H) prey library of Arabidopsis NTL/ANAC proteins
fused to the GAL4 activation domain (pDEST22; Invitrogen) was sim-
ilarly created and transformed into the opposite yeast mating strain,
Y8800 (MATa). Y2H assays were performed as described in Harvey
et al. (2020). Empty vectors pDEST22 and pDEST32 transformed into
Y8800 and Y8930 yeast strains, respectively, were used as negative con-
trols. Pairwise combinations of effector (bait) and NTL/ANAC (prey)
proteins were assessed for growth on selective SD-Leu-Trp-His media,
indicative of a protein—protein interaction (PPI). The Y2H assay was
repeated three times, and confidence scores were assigned based on a
detectable PPI in one (low), two (medium), or three (high) of the bio-
logical replicates.

In silico analysis of RXLR effectors

Protein sequences of P halstedii, Hpa,and B. lactucae effectors were obtained
from the NCBI, and that of P infestans from Haas et al. (2009). Predictions
of the membrane topology of RXLR effectors, notably the relative posi-
tion and length of the TMD, were performed using both the TMHMM
v2.0 (Transmembrane prediction using Hidden Markov Model) (Krogh
et al.,2001) and TOPCONS (Tsirigos et al., 2015) algorithms. All anno-
tated P infestans RXLR effector sequences were screened to identify pu-
tative TA proteins based on the presence of a single TMD 17-22 residues
in length located at the C-terminus with a maximum of 30 residues
permitted after the predicted TMD. In fact, over half of the predicted TA
effectors identified in this study had <10 residues post-TMD. Evidence
for effector expression was obtained from published RNA-Seq data of P
infestans infection on tomato (Zuluaga et al., 2016) and potato (Yin et al.,
2017), and various life stages of P infestans grown on rye—sucrose agar
plates (Ah-Fong et al., 2017).

Phylogenetic analysis

Protein sequences of Arabidopsis TA NAC/NTL TFs were obtained from
the NCBI. Effector and ANAC sequences were aligned using Clustal
Omega (Sievers ef al.,2011), and phylogenetic trees were generated using
iTOL (Interactive Tree of Life) (Letunic and Bork, 2019). Phylogenetic
analysis of TA effectors was performed using both the full-length protein
sequence (to identify putative orthologues) and the C-terminal region
starting 15 amino acids upstream of the predicted tail anchor (to identify
putative motifs required for ER, Golgi, or mitochondrial localization).

Accession humbers

ANACO001, NTL10, AT1G01010; ANACO005, AT1G02250; ANACO013,
NTL1,AT1G32870; ANACO014, NTL2,AT1G33060; ANAC016, NTL3,
AT1G34180; ANACO17, NTL7, AT1G34190; ANACO040, NTLS,
AT2G27300; ANACO053, NTL4, AT3G10500; ANAC060, NTL5,
AT3G44290; ANACO062, NTL6, AT3G49530; ANACO068, NTL12,
AT4G01540; ANACO069, NTL13, AT4G01550; ANACO078, NTL11,
AT5G04410; ANACO086,AT5G17260; ANACO089, NTL14, AT5G22290;
ANAC116, NTL9, AT4G35580.

Results

C-terminal tail anchor-mediated targeting to the
ER membrane is a common strategy employed by
oomyecete effector proteins

Despite the extensive effector secretome of many oomycetes
(Caillaud et al., 2012; Liu et al., 2018; Pecrix et al., 2019; S.
Wang et al., 2019; Fabro, 2021), only a relatively small number
of effectors have been described that target the host endo-
membrane system. We therefore sought to broaden this group
of ER-localized effectors to facilitate the identification of
common host functional pathways targeted by pathogens for
immunosuppression. For this we chose the model pathosys-
tem Hpa and two economically important oomycete species,
P infestans and P halstedii (sunflower downy mildew)—all of
which deploy extensive RXLR/RXLR-like effector reper-
toires.

In a large-scale screen, Pecrix et al. (2019) characterized a
number of RXLR effector proteins expressed by P halstedii
during infection, of which three, PhARXLR-C13, PhRXLR-
C21, and PhRXLR-C22, localized to the ER in N. ben-
thamiana and sunflower transient expression assays. We first
confirmed these ER localizations (Fig. 1A; Supplementary
Fig. S1A; Supplementary Table S2). Despite no significant se-
quence homology between these three P halstedii eftectors, all
three are predicted to possess a single TMD positioned towards
the C-terminus. Using this observation, we examined the pre-
dicted topology of a subset of effectors from the closely related
oomycete pathogen Hpa, which had been previously charac-
terized as localizing to the ER when expressed in planta (Cail-
laud et al., 2012). Several of these Hpa RXLRs also contained
putative TMDs at their C-termini (Fig. 1B; Supplementary Fig.
S1B; Supplementary Table S2). We thus hypothesized that such
TA motifs may represent a common ER -targeting mechanism
for oomycete effectors, serving to localize the effector in the
ER membrane, with the protein predominating facing the cy-
tosol.

Using the PhRXLR-C13 effector as an exemplar, we
tested whether the tail anchor was sufficient for in planta
effector localization to the ER. GFP was fused directly
to a C-terminal fragment of the PhRXLR-C13 effector
consisting of the predicted tail anchor (GFP-PhRXLR-
C13TMD o3 1»5; Fig. 1C; Supplementary Fig. S1C). In
addition, a truncated version of the effector lacking the
transmembrane-spanning region plus the two C-terminal
amino acids at the exoplasmic boundary was also generated
(GFP-=PhRXLR-C13ATMD5_1»7; Fig. 1D; Supplementary
Fig. S1D). Whilst GFP-PhRXLR-C13TMD) g ;55 showed
ER localization comparable with the full-length fusion pro-
tein, GFP-PhRXLR-C13 (Fig. 1A), the GFP-PhRXLR-
C13ATMDpg_15; lacking the TMD was distributed
throughout the cytoplasm (Fig. 1D). Hence, the presence of
a C-terminal TMD is both necessary and sufficient for the
ER localization of the PARXLR-C13 effector.
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ol YFP-PhRXLR-C13/_: si” | YFP-PhRXLR-C21/ YFP-PhRXLR-C22/
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GFP-HaRXLL493d/ HaRXLL495c-GFP/
RFP-HDEL RFP-HDELi

»

RFP-HDEL

ER lumen

Fig. 1. Several ER-localized oomycete effectors possess a C-terminal transmembrane domain (TMD) which is sufficient and necessary for ER
localization. Representative merged confocal images of GFP/YFP-tagged effector proteins (green channel) transiently co-expressed with the ER luminal
marker RFP-HDEL (magenta channel) in Nicotiana benthamiana epidermal cells 3 d after infiltration, with TMHMM-predicted protein topology (inset). (A)
Plasmopara halstedii (Ph) RXLR-C13, C21, and C22. (B) Hyaloperonospora arabidopsidis (Hpa) RXLL492, 493d, and 495a. (C) PhRXLR-C13TMD;gg_12s5.
(D) PhRXLR-C13ATMD;gg_157. Scale bars, 10 um.

Phytophthora infestans has a subset of RXLR effectors be employed in an in silico prediction tool to identify ER
with a predicted tail-anchor topology membrane-localized effectors. We performed a stringent
bioinformatic analysis of the 563 known RXLR effec-
i : tors from the oomycete P infestans strain T30-4 (Haas ef al.,
also.posses.s a repertou’e of ER-targeted .effector proteins 2009). Alongside P halstedii and Hpa, all Phytophthora spp.
sharing a similar tail anchor topology, which could further =~ = o Peronosporales order, with phylogenetic

We hypothesized that other oomycete pathogens may
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analyses placing P infestans (together with P nicotianae and P
parasitica) in a sister clade to P halstedii (McCarthy and Fitz-
patrick, 2017).

We used the membrane topology prediction algorithm
TMHMM v2.0 (Krogh et al., 2001) to identify and position
any TMDs within the known RXLR effector sequences. TA
proteins are inserted post-translationally into their target mem-
brane once the hydrophobic TMD emerges from the ribosome
exit tunnel (Hegde and Keenan, 2011). Since this channel is
estimated to hold a polypeptide chain of ~30 amino acids,
the maximal permitted luminal sequence downstream of the
predicted TMD was set to 30 residues (Kriechbaumer et al.,
2009). Plant ER -localized transmembrane helices are typically
between 17 and 22 residues in length (Brandizzi et al., 2002;
Parsons et al., 2019) and thus an effector was defined as being
‘tail-anchored’ if it possessed a predicted TMD within 50 resi-

dues of its C-terminus. These stringent criteria identified 17
putative TA P infestans RXLR effectors, hereafter referred to
as Group I effectors (Table 1; Supplementary Table S3), and
an additional eight potential candidates (Group II effectors)
that fell marginally outside these parameters. The latter com-
prised five effectors with predicted TMDs slightly below the
posterior probability cut-off employed by TMHMM and three
effectors with C-terminal TMDs but beyond the specified
final 50 residues. To test our pipeline parameters, we analysed
the protein sequences of five effectors from the oomycete B.
lactucae (BLNO03, BLN04, BLR05, BLR 08, and BLR09) which
have previously been characterized as tail-anchored and found
to localize to the ER and/or interact with the ER-localized
LsNACO69 TF (Meisrimler et al.,2019). We were able to iden-
tify the TMD in all five B. lactucae effectors (Supplementary
Table S4).

Table 1. Putative tail-anchored P, infestans (T30-4 isolate) RXLR effectors

P. infestans  Total protein length Position Length of predicted Evidence of  Subcellular localiza- Grand average of TMD
RXLR ID (amino acids) (T30-4) of pre- TMD (amino acids) expressiona tion (N. benthamiana) hydropathy (GRAVY)
dicted (T30-4)
TMD
(T30-4)
Group |
PITG_03192 144 122-139 17 Yes ER 2.43
PITG_04280 200 172-194 22 No N/A 1.54
PITG_04367 184 159-181 22 No ER 1.78
PITG_09218 165 126-148 22 Yes Mitochondria 1.16
PITG_09223 144 1156-137 22 Yes ER 1.81
PITG_09224 140 119-138 19 Yes N/A 1.92
PITG_10835 242 207-229 22 Yes N/A 1.51
PITG_13044 252 229-251 22 Yes ER 2.05
PITG_13045 136 113-135 22 Yes ER and Golgi 214
PITG_13048 252 229-251 22 Yes ER 1.95
PITG_14797 123 97-119 22 No Golgi 1.43
PITG_15235 183 148-170 22 Yes Golgi (ER) 1.65
PITG_15315 134 97-115 18 No N/A 2.09
PITG_20940 184 159-181 22 No N/A 1.78
PITG_22868 152 128-150 22 No N/A 1.54
PITG_22884 154 129-151 22 No Mitochondria 1.49
PITG_23046 111 78-97 19 Yes Golgi 2.00
Group Il
PITG_15732 327 (256) 238-261 21 No ND (very weak expres- 1.84 (2.33)
(238-255)>° sion)
PITG_19529 236 172-194° 22 No N/A 1.54
PITG_23202 136 78-97° 19 Yes Golgi (ER) 2.18
PITG_09216 175 (139-159)¢ 20 Yes Mitochondria 1.02
PITG_10348 207 (168-188)7 20 No Cytoplasm 1.26
PITG_15297 119 (93-111)? 18 Yes ER 2.38
PITG_15318 119 (93-111)° 18 Yes ER 2.38
PITG_23117 124 (88-106)? 18 No N/A 1.98

@ Zuluaga et al. (2016); Ah-Fong et al. (2017); Yin et al. (2017).
b putative TMD is >50 residues from the C-terminus..

¢ In Rinfestans 88069 strain, PITG_15732 is truncated relative to Rinfestans T30-4 strain such that the position of the TMD is located within 50 residues

of the C-terminus.
9 Putative TMD falls below the TMHMM posterior probability cut-off.
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Fig. 2. The C-terminal transmembrane domains (TMDs) of tail-anchored effectors are partially conserved between and within oomycete species. (A)
Phylogeny of TA effectors from P, infestans, Hpa, P halstedii, and B. lactucae based on whole protein sequences. Filled circles indicate experimentally
determined and/or published subcellular localization (McLellan et al., 2013; Meisrimler et al., 2019; Wang et al., 2019a) (red, ER; blue, Golgi; pink, ER and
Golgi; green, mitochondria; grey, cytoplasm). (B) Alignment of the C-terminal region of P, infestans, Hpa, P. halstedii, and B. lactucae effectors described
in this study. Predicted TMDs are highlighted in black.
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Phylogenetic analysis of (1) the total protein and (i) C-ter-
minal regions of these 25 P infestans TA effectors and the previ-
ously characterized Hpa, B. lactucae, and P, halstedii ER eftectors
showed some evidence of intra- and interspecies homology,
notably in the C-terminal transmembrane region (Fig. 2).
PhRXLR-C13 and the previously characterized PITG_03192
effector (McLellan et al., 2013), for example, have 33% se-
quence identity across the entire protein sequence and 56%
within the TMD. Similarly, HaRxLL492 and PITG_13045
share 37% overall similarity (65% within the TMD).

We selected a subset of P infestans effectors from both Group
I and II for further detailed investigation, ensuring coverage
of all the identified phylogenetic clades (Fig. 2A). Since the
majority of P infestans effectors inventoried are not experi-
mentally validated, we added an additional criterion for evi-
dence of expression during pathogen infection derived from
published RNA-Seq data (Zuluaga et al., 2016; Ah-Fong et al.,
2017;Yin et al., 2017). Based upon these conditions, we ini-
tially cloned 10 high confidence (Group I) TA effectors plus
five Group II effectors (minus the N-terminal signal peptide)
(Table 1) from the widely used laboratory isolate 88069 of P
infestans (Knapova and Gisi, 2002). As a consequence, some of
the cloned sequences exhibited minor amino acid substitutions
compared with the published T30-4 sequences (Supplemen-
tary Table S3), or in the case of PITG_15732 a truncation,
resulting in the TMD now being positioned within our pre-
viously defined TA region. PITG_15732 is a homologue of
the well-characterized P, sojae effector Avr3b, both possessing a
nudix hydrolase domain which has been shown to contribute
to Avr3b-mediated virulence (Dong et al., 2011). While other
effectors containing the nudix hydrolase motif are nucleo-cyto-
plasmic (PITG_06308 and PITG_15679) (S.Wang et al.,2019),
the presence of the TMD at the C-terminus of PITG_15732
suggested a possible ER address.

Tail-anchored effectors localize predominantly to the
ER and Golgi

To test if the predicted TA effectors localized to the ER in
planta, we created constitutively expressed N-terminal fluores-
cent protein-tagged fusions (minus the pathogen signal pep-
tide to recapitulate delivery into the plant cytosol), such that
the predicted topology of the chimeric protein had the GFP
moiety orientated to the cytosol. Following transient expres-
sion in N. benthamiana epidermal cells, subsequent confocal mi-
croscopy 3 d after infiltration allowed subcellular visualization
of the tagged effectors, the majority of which exhibited strong
fluorescent protein expression. We could not detect any ex-
pression of the PsAvr3b homologue, PITG_15732.

In addition to the six ER -localized tagged Hpa and P halstedii
effectors (Fig. 1), eight of the 15 putative TA P infestans effec-
tors co-localized with the ER luminal marker RFP-HDEL.
PITG_13045 also co-localized with the Golgi marker ST-RFP
(Fig. 3A, B; Supplementary Fig. S2A, B). Of those effectors

that did not localize to the ER, three effectors, PITG_23202
and its close homologue PITG_23046, and PITG_15235 were
predominantly Golgi localized (with faint ER signal). Further,
three of the four remaining GFP-tagged P infestans effectors
(PITG_09216, PITG_09218, and PITG_22884) co-localized
with a mitochondrial marker (Nelson et al., 2007) (Fig. 3C;
Supplementary Fig. S2C), as previously described by S. Wang
et al. (2019), for PITG_09218.

The precise targeting of TA proteins to their destination
membrane has been suggested to depend on multiple physio-
chemical properties of both the TMD and C-terminal regions.
These include the length of the TMD and its hydrophobicity,
and the overall charge of the CTS distal to the TMD and spe-
cific motifs therein (Marty et al., 2014; Rao et al., 2016). Here,
the length of the predicted TMD and CTS and the abundance
of basic residues in the latter was comparable in the three mito-
chondrial effectors with those of the ER- and Golgi-localized
effectors (Table 1; Supplementary Table S3). Furthermore, al-
though the outer mitochondrial membrane dibasic targeting
motif (-R-R/K/H-XPE) (Marty et al., 2014) was present in
two of the three mitochondria-localized effectors, it was also
present in the ER-localized effector, PITG_23202. Analysis
of the effector protein sequences using the TargetP-2.0 server
(Almagro Armenteros et al., 2019a), which predicts the pres-
ence of mitochondrial (and chloroplast) targeting peptides, did
not identify any targeting feature, suggesting that the C-ter-
minal tail anchor is indeed the primary sorting mechanism for
these mitochondrial effectors.

The Grand Average of Hydrophobicity (GRAVY) (Kyte and
Doolittle, 1982) scores of the P infestans eftector TMDs (Table
1) revealed that despite considerable variation in TMD hydro-
phobicity, the mitochondria-localized proteins had significantly
lower values than those of the effectors targeted to the ER
[P=0.0079; mean GRAVY score: 2.06 (ER-localized effec-
tors), 1.22 (mitochondria-localized effectors)], as previously
described (Kriechbaumer et al., 2009; Rao et al.,2016). On the
basis of this observation, we hypothesized that PITG_10348
and PITG_14797 may localize to organelles other than the ER
since their predicted TMDs had relatively low GRAVY scores
of 1.26 and 1.43, respectively. Indeed, PITG_14797 local-
ized to the Golgi (Fig. 3B), as observed for PITG_23202 and
PITG_23046 which appear in the same phylogenetic clade
as PITG_14797 (Fig. 2A); but PITG_10348 showed a cyto-
plasmic localization (Supplementary Fig. S2C), corroborating
the TMHMM posterior probability cut-off for TMD predic-
tion and inferring that PITG_10348 is not a TA effector.

Tail-anchored oomycete effectors converge on
membrane-tethered NAC TF targets

Although the specific host protein(s) targeted by identified
ER-localized effector