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Autophagy machinery promotes the chaperone-
mediated formation and compartmentalization of 
protein aggregates during appressorium 
development by the rice blast fungus

ABSTRACT The chaperone-mediated sequestration of misfolded proteins into specialized 
quality control compartments represents an important strategy for maintaining protein ho-
meostasis in response to stress. However, precisely how this process is controlled in time and 
subcellular space and integrated with the cell's protein refolding and degradation pathways 
remains unclear. We set out to understand how aggregated proteins are managed during 
infection-related development by a globally devastating plant pathogenic fungus and to de-
termine how impaired protein quality control impacts cellular differentiation and pathogen-
esis in this system. Here we show that in the absence of Hsp104 disaggregase activity, ag-
gregated proteins are spatially sequestered into quality control compartments within conidia, 
but not within terminally differentiated infection cells, and thus spatial protein quality control 
is cell type–dependent. We demonstrate that impaired aggregate resolution results in a 
short-term developmental penalty but has no significant impact upon appressorium function. 
Finally, we show that, somewhat unexpectedly, the autophagy machinery is necessary for the 
normal formation and compartmentalization of protein aggregates. Taken together, our find-
ings provide important new insight into spatial protein quality control during the process of 
terminal cellular differentiation by a globally important model eukaryote and reveal a new 
level of interplay between major proteostasis pathways.

INTRODUCTION
The fungus Magnaporthe oryzae breaks into and parasitizes the fo-
liar tissue of susceptible rice plants, resulting in a devastating 
disease called blast, which destroys enough rice annually to feed 
60 million people for 1 yr (Skamnioti and Gurr, 2009). Infections 

begin when a three-celled spore called a conidium lands on the 
surface of a rice leaf. In the presence of free water, the conidium 
initiates a complex morphogenetic program culminating in the for-
mation of a specialized infection cell called an appressorium (Wilson 
and Talbot, 2009; Figure 1A). Development of a functional appres-
sorium requires the autophagic recycling of conidial cell contents, 
which are subsequently trafficked into the developing appresso-
rium, resulting in collapse and death of the conidium (Veneault-
Fourrey et al., 2006; Kershaw and Talbot, 2009). Appressoria 
mechanically rupture the otherwise impenetrable leaf cuticle 
through the directed application of enormous hydrostatic turgor 
pressure, which builds within these melanized cells (Howard et al., 
1991; Figure 1A), allowing the fungus to enter and colonize host 
tissue. During the establishment of disease, microbial pathogens 
like M. oryzae are exposed to diverse cellular stressors, which can 
cause damage to their proteome and the formation of toxic mis-
folded protein conformers. An important and broadly conserved 
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FIGURE 1: Hsp104-positive protein aggregates are cleared during infection-related 
development. (A) Cartoon depicting relevant morphogenetic landmarks associated with 
appressorium development by M. oryzae, based on previous observations (Veneault-Fourrey 
et al., 2006; Saunders et al., 2010b; Dagdas et al., 2012; Dulal et al., 2020). (B, C) Plots showing a 
time course of the number of Hsp104-positive aggregates present in conidia (B), and fully 
mature appressoria (C), following recovery from heat shock. Red-boxed schematics indicate at 
which time point heat shock was applied. Green circles represent individual conidia or 
appressoria. Magenta lines show the mean ± SEM. (D) Time-lapse sequences showing the 
localization of Hsp104-GFP–labeled protein aggregates following the exposure of ungerminated 
conidia (top panels) and fully mature appressoria (bottom panels) to heat shock. Scale bar = 
5 μm. All images represent maximum-intensity projections of Z series acquired at 0.2 μm 
intervals spanning the depth of the cells.

strategy for managing damaged proteins in eukaryotes is to direct 
them to specialized inclusion bodies, or quality control compart-
ments, where they can be processed later by the cell (Sontag et al., 
2017). This process, often referred to as spatial protein quality 
control, operates, for example, during cell division and serves to 
promote the integrity of daughter cells through the asymmetric re-
tention of damaged proteins and aging determinants in the mother 
cell (Spokoini et al., 2012; Ogrodnik et al., 2014). Precisely how 
these quality control compartments form, and are ultimately pro-
cessed by the cell, remains an active area of research and has not 

been explored in the context of terminally 
differentiated cell types. We were curious as 
to how aggregated proteins are spatially 
and temporally managed during infection-
related morphogenesis by the rice blast 
fungus and how dysfunction in protein qual-
ity control mechanisms impacts cellular dif-
ferentiation and pathogenesis in this sys-
tem. Appressorium development by M. 
oryzae proceeds to completion on artificial 
substrates, making it a compelling system 
to understand the principles of spatial pro-
tein quality control during the formation of 
terminally differentiated cell types.

RESULTS AND DISCUSSION
To observe aggregated proteins in M. 
oryzae, we generated a strain in which 
the molecular disaggregase Hsp104, an 
established marker for protein aggregates 
(Kaganovich et al., 2008), was genetically 
tagged with the green fluorescent protein 
TagGFP2 (Subach et al., 2008) (referred to 
herein as GFP). To induce proteostatic 
stress, we heat shocked conidia (42°C for 
45 min) immediately after their adherence 
to cover glass. Hsp104-positive aggregates 
formed within each of the three cells of the 
conidia and resolved over the course of 3 h 
(Figure 1, B and D, top panel). In the 
absence of heat shock, Hsp104-positive ag-
gregates were not detected at any time 
point during appressorium formation in vi-
tro (Supplemental Figure S1A). Of course, 
this might not be the case for conidia ger-
minating on the comparatively hostile rice 
leaf surface, where they likely encounter a 
barrage of stressors including oxidative as-
sault from host cells (Wojtaszek, 1997). We 
wondered how protein aggregates are 
managed in mature appressoria, which 
would normally be primed for plant inva-
sion, and therefore heat-shocked appresso-
ria that had fully formed on cover glass 
(16 hours postinoculation [hpi]), and we ob-
served the behavior of protein aggregates 
in this specialized cell type. Hsp104-positive 
protein aggregates were slower to form in 
differentiated appressoria than in conidia 
and persisted longer before ultimately re-
solving (Figure 1, C and D, bottom panel). 
Interestingly, protein stability and refolding 

behavior within the mature appressorium is likely modulated by the 
enormous osmotic turgor pressure that builds within this cell type, 
reaching up to 8.0 MPa (∼80 atmospheres; Howard et al., 1991; 
Chen and Makhatadze, 2017). The generation of osmolytes, includ-
ing glycerol, which accumulate to molar concentrations within the 
appressorium, may contribute to protein stabilization during turgor 
production (de Jong et al., 1997; Street et al., 2006). Thus, we spec-
ulate that the differential behavior of protein aggregates within co-
nidial cells and appressoria is likely due to the unique biochemical 
and biophysical properties of the appressorium.
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An important and broadly conserved consequence of spatial 
protein quality control in eukaryotes is the asymmetric retention of 
damaged proteins, organelles, and aging determinants within 
mother cells, which is thought to impart a fitness advantage on 
daughter cells (Aguilaniu et al., 2003; Zhou et al., 2011; Spokoini 
et al., 2012; Ogrodnik et al., 2014; Sontag et al., 2017). In the con-
text of rice blast disease, maintaining the proteostatic integrity of 
the appressorium would seem imperative, since appressorium func-
tion is essential for establishing plant infection. We therefore won-
dered whether misfolded proteins would be actively retained within 
the conidium during appressorium development, thereby promot-
ing the fitness of the infection cell prior to plant invasion. To test this 
idea, we generated an Hsp104 Double Walker B mutant (Hsp104DWB) 
that can bind to misfolded proteins but not disaggregate them 
(Hodson et al., 2012; Figure 2A). Our Hsp104DWB mutant produced 

a number of protein aggregates comparableto that of the wild-type 
strain following heat shock (Figure 2, B and E). However, rather than 
resolving over the course of several hours, Hsp104DWB-GFP–positive 
puncta persisted in the conidium, coalescing into large quality con-
trol compartments (Figure 2D, bottom panels). In striking contrast, 
the beha vior of protein aggregates in fully formed appressoria of 
the Hsp104DWB mutant was largely indistinguishable from that of the 
wild type (Figure 2, C and E), and there was no major coalescence 
of protein aggregates into a central quality control compartment as 
seen in conidial cells (Figure 2, D, bottom panels vs. E, bottom 
panels). Thus, aggregated proteins are spatially and temporally 
managed in a cell type–dependent manner during infectious devel-
opment by the rice blast fungus.

Despite the coalescence of protein aggregates into quality 
control compartments within the conidia of Hsp104DWB mutants, a 

FIGURE 2: Protein aggregates are directed to quality control compartments in the absence of normal Hsp104 
disaggregase activity. (A) Cartoon depicting blocked ATP hydrolysis and impaired disaggregase activity, but not 
substrate binding, by Hsp104 following the introduction of mutations in the two Walker B motifs within the nucleotide-
binding sites (Hsp104DWB). (B, C) Plots showing the mean number (± SEM) of Hsp104-positive aggregates in wild type 
vs. Hsp104DWB mutants following recovery from heat shock. (B) For wild type, n >14 conidia per time point, and for 
Hsp104DWB, n >19 conidia per time point. Red-boxed schematics indicate at which time point heat shock was applied. 
(C) Number of Hsp104-positive aggregates in appressoria heat shocked after 16 h of development. For wild type, 
n = 27 and for the Hsp104DWB mutant, n = 34 at time point. (D, E) Time-lapse sequences showing the localization of 
Hsp104-GFP–labeled (top panels) and Hsp104DWB-GFP–labeled (bottom panel) protein aggregates following the 
exposure of conidia (D) or appressoria (E) to heat shock. Scale bar = 5 μm. All images represent maximum-intensity 
projections of Z series acquired at 0.2 μm intervals spanning the depth of the cells.
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FIGURE 3: Impaired aggregate clearance delays infection-related development. (A) Time-lapse 
sequence showing a heat-shocked conidium coexpressing Hsp104DWB-GFP and Lifeact-RFP. 
White arrow highlights a Lifeact-RFP–labeled cytokinetic ring demarking a site of septation (S) at 
the neck of the appressorium. (B) Cartoon depicting the approach for quantifying the Hsp104-
GFP–labeled protein aggregates inherited by developing appressoria (left panel) and plots 
showing the mean number (± SEM) of Hsp104-positive aggregates inherited into developing 
appressoria after heat shock. For both strains and for all time points, n > 20. (C) Percentage of 
wild-type and Hsp104DWB appressoria, from control and heat-shocked (HS) conidia, that contain 
Sep5-RFP–labeled septin rings. Data points represent independent biological replicates, where 
n ≥ 15 appressoria. Error bars show the mean ± SEM from the three replicates. Asterisks indicate 
significance by two-way analysis of variance (ANOVA) with Tukey's multiple comparisons test 

(*P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001). (D) Time course showing the 
localization of Hsp104-GFP (top panel) and 
Hsp104DWB-GFP (bottom panel) relative to 
the septin protein Sep5-RFP following heat 
shock. Images represent maximum-intensity 
projections of Z series acquired at 0.2 μm 
intervals spanning the depth of the 
appressoria. Scale bar = 10 μm. 
(E) Representative images of rice leaves of 
susceptible cultivar CO-39, 5 d after 
inoculation with conidia from wild type or 
Hsp104DWB mutants. Leaves were either heat 
shocked 0.5 hpi (Early HS) or 16 hpi (Late HS) 
or not heat shocked (CTRL). Dark spots are 
necrotic lesions at inoculation sites, 
associated with rice blast disease. Mock 
infections represent water-only negative 
controls. (F) Plots showing the size (mm2) of 
necrotic lesions/flecks emerging from leaves 
infected with wild type or Hsp104DWB 
mutants under each condition. Data points 
represent individual lesions, and error bars 
show the mean lesion size (± SEM). Asterisks 
indicate significance by one-way ANOVA with 
Tukey's multiple comparisons test (*P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001).

certain number of aggregates (25 ± 3) mi-
grated from the conidia into developing ap-
pressoria (Figure 3, A and D), likely as a re-
sult of bulk cytoplasmic flow (Supplemental 
Movie S1). These protein aggregates, 
though decreasing in number over time, 
persisted for more than 12 h in Hsp104DWB 
mutants (Figure 3, B and D, bottom panels). 
In contrast, protein aggregates resolved 
fully within wild-type conidia, and thus their 
appressoria never inherited protein aggre-
gates (Figure 3, B and D, top panels). 
Between 3 and 6 hpi, a septum is deposited 
at the neck of the appressorium, sealing off 
the infection cell from the germ tube 
and conidium (Figure 3A). While necessary 
for normal appressorium morphogenesis 
(Saunders et al., 2010b), this event prevents 
the movement of aggregates back out of 
the appressorium and restricts the flow of 
cytoplasm into it. We wondered whether 
there was a penalty associated with the im-
paired resolution of protein aggregates and 
their inheritance into incipient appressoria. 
To test this idea, we monitored the develop-
ment of appressoria from both heat-shocked 
and control conidia of the wild type and 
Hsp104DWB mutant every 6 h for a total of 24 
h. As a metric for appressorium maturation, 
we determined the time point at which 
Sep5-RFP (red fluorescent protein)-labeled 
septin rings could be observed at the base 
of the appressoria (Figure 3, C and D). We 
discovered that appressoria forming from 
the heat-shocked conidia of the Hsp104DWB 
mutant lagged developmentally behind 
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those of heat-shocked wild-type conidia and control Hsp104DWB co-
nidia, but ultimately reached full maturation within 24 h (Figure 3C). 
Consistent with this observation, Hsp104DWB mutants caused wild 
type–sized lesions on rice leaves, indicative of normal appressorium 
function, irrespective of heat-shock treatment (Figure 3, E and F). 
Thus, the impaired disaggregation of protein aggregates results in a 
short-term delay in appressorium morphogenesis by M. oryzae.

Next, we sought to investigate the ultimate cellular fate of qual-
ity control compartments that form within conidia of Hsp104DWB 
mutants following proteostatic stress. Given that M. oryzae conidia 
undergo a type of autophagic programmed cell death, essential for 
appressorium function (Veneault-Fourrey et al., 2006), we wondered 
whether these quality control compartments might too be processed 
by autophagy. To test this idea, we followed the fate of Hsp104DWB-
GFP–labeled protein aggregates relative to nuclei, which are typi-
cally degraded within the conidium around 12 hpi by nonselective 
macroautophagy (He et al., 2012). Simultaneous imaging of Hsp-
104DWB-positive quality control compartments and nuclei revealed 
their close spatial association within conidia (Supplemental Figure 
S2A and Supplemental Movie S1). Furthermore, in four-dimensional 
time-lapse sequences these compartments appeared to undergo 
autophagic degradation together with nuclei (Supplemental Figure 
S2A and Supplemental Movie S1). Consistent with this idea, in 
mammalian cells lines, aggresome-containing amyloidogenic pro-
teins are processed by autophagy (Su et al., 2011; Hyttinen et al., 
2014), which itself can be modulated by heat shock (Dokladny et al., 
2015; Kumsta et al., 2017). We wondered whether heat shock in-
creases the level of autophagy within conidia, thereby promoting 
the degradation of protein aggregates by either selective aggreph-
agy (Rogov et al., 2014) or nonselective bulk autophagy during in-
fection-related development. To test this idea, we counted the GFP-
Atg8–labeled autophagic puncta in non–heat-shocked and 
heat-shocked conidia of our Hsp104DWB mutant and wild-type strain, 
which provides an indicator of autophagic activity (Kershaw and 
Talbot, 2009; Klionsky et al., 2016; Supplemental Figure S2, B and 
C). We found that heat shock significantly increased the number of 
autophagic puncta in conidia of both the Hsp104DWB and wild-type 
strain compared with controls during the first 3 h of development 
(Supplemental Figure S2C). However, the increased autophagic ac-
tivity observed in Hsp104DWB conidia was delayed compared with 
that of the wild-type strain (Supplemental Figure S2C), coinciding 
temporally with the coalescence of Hsp104DWB-labeled protein 
aggregates (Supplemental Figure S2B).

To more directly test the role of autophagy in protein quality 
control during appressorium differentiation, we deleted the gene 
encoding the M. oryzae orthologue of Atg8, a small ubiquitin-like 
protein essential for autophagosome formation (Xie et al., 2008) 
and autophagic cargo selection, and observed the dynamics and 
lifetimes of protein aggregates following heat shock (Figure 4, A–E). 
M. oryzae mutants genetically blocked in nonselective autophagy 
can still form appressoria, but they are unable to penetrate rice 
cuticles due, in part, to their inability to generate sufficiently high 
turgor pressure (Supplemental Figure S3A). In addition, conidia 
from these mutants do not undergo programmed cell death or col-
lapse, and their organelles are not degraded and recycled (Veneault-
Fourrey et al., 2006; Supplemental Figure S3A). We anticipated that 
genetic disruption of autophagy, in combination with impaired 
Hsp104 disaggregase activity, would therefore result in aggregates 
that persisted within conidia and appressoria. When we looked at 
mature appressoria, we found that Hsp104/Hsp104DWB-labeled 
protein aggregates were slower to emerge in Δatg8 mutant 
backgrounds following heat shock and had an altered, less punc-

tate, morphology (Figure 4, D and E), possibly due to their altered 
biochemical and biophysical properties (Supplemental Figure S3A). 
As expected, in the absence of Hsp104 disaggregase, activity these 
structures persisted beyond 12 h in Δatg8 mutants, supporting a 
compensatory role for autophagy in aggregate clearance in differ-
entiated appressoria (Figure 4, C and D). In striking contrast, when 
we looked at conidia we found that the formation of Hsp104- 
positive puncta within heat-shocked conidia of both our wild-type 
strain and Hsp104DWB mutant was severely perturbed in the genetic 
absence of Atg8 (Figure 4, A and B) and furthermore, typical quality 
control compartments failed to form altogether within conidial cells 
(Figure 4B, see Hsp104DWB panels vs. Hsp104DWBΔatg8 panels). 
Besides the large reduction in aggregate number, Δatg8 mutants 
formed morphologically distinct droplet-like compartments, typi-
cally one in each cell of the three-celled conidia, that persisted be-
yond 12 h post–heat shock (Figure 4B). We wondered whether Atg8 
might play an autophagy-independent role in the Hsp104-mediated 
processing of protein aggregates in M. oryzae, or whether this pro-
cess is somehow coupled to the autophagy pathway. To investigate 
these ideas further, we deleted the genes encoding Atg1 (Liu et al., 
2007), a serine/threonine kinase required for autophagy initiation 
(Kamada et al., 2000), and the M. oryzae orthologue of Cue5 
(MGG_02516), an Atg8-ubiquitin adaptor required for the selective 
autophagic degradation of protein aggregates in budding yeast (Lu 
et al., 2014). We found upon heat shock that the formation of 
Hsp104-positive protein aggregates was similarly perturbed in the 
genetic absence of Atg1 (Supplemental Figure S3, B and C), but not 
Cue5 (Supplemental Figure S3C), supporting the idea that the non-
selective autophagy machinery promotes Hsp104-mediated pro-
cessing of protein aggregates in our model system. Furthermore, in 
Δatg1, but not Δcue5 mutants, atypical compartments emerged 
within conidial cells upon heat shock (Supplemental Figure S3D), 
consistent with those observed in the genetic absence of Atg8. 
Taken together, our data support an unexpected role for the au-
tophagy machinery in the formation and spatial organization of 
Hsp104-labeled protein aggregates within conidial cells in response 
to heat shock, which is most evident when Hsp104 disaggregase 
activity is genetically blocked. Given this apparent interplay be-
tween autophagy and spatial protein quality control pathways in M. 
oryzae, the orthologue of the Saccharomyce cerevisiae aggrephagy 
adaptor Cue5 was surprisingly dispensable for this process.

In summary, this work provides new biological insight into the 
cell type–dependent control of protein homeostasis during terminal 
cellular differentiation by a model eukaryote and reveals a role for 
the autophagy machinery in the formation and compartmentaliza-
tion of Hsp104-labeled protein aggregates in response to proteos-
tatic stress. Improved mechanistic understanding of spatial protein 
quality control during infection-related development by M. oryzae 
may inform the development of novel control strategies for rice 
blast disease as well as ways to potentiate existing ones. Further-
more, new insight into the behavior of protein aggregates in 
terminally differentiated cell types may provide new perspective 
into neurodegenerative disorders where protein misfolding is 
pervasive.

MATERIALS AND METHODS
Fungal growth conditions
The culture and storage of M. oryzae were performed using stan-
dard procedures (Crawford et al., 1986) and media prepared as 
previously described (Talbot et al., 1993). Cultures were regularly 
maintained on complete media (CM) and incubated at 25°C under 
a 12:12 photoperiod for 12 d. Filter stocks were used to regenerate 
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cultures following no more than three subcultures. All strains and 
their genotypes used in this study are listed in Supplemental 
Table S1. For live cell imaging experiments, conidia were harvested 
from 12-d-old plates in sterile water, filtered through two layers of 
Miracloth (EMD Millipore), and washed twice by centrifugation 
(5000 × g for 5 min). Conidia were counted using a hemocytometer 
and resuspended at a concentration of 5 × 104 spores/ml in a total 
volume of 350 µl. Conidial suspensions were pipetted into an eight-
well Nunc Lab-Tek Chambered Coverglass (Thermo Scientific) and 

left undisturbed for 30 min to allow the adherence of conidia to the 
borosilicate cover glass. Heat-shock–treated cells were then trans-
ferred to a 42°C incubator for 45 min, and imaging was initiated 
immediately after heat shock.

Strain construction
DNA constructs for targeted gene deletion and tagging were as-
sembled using either In-Fusion cloning (Clontech Laboratories) or 
yeast gap repair (Orr-Weaver et al., 1983) from linear PCR 

FIGURE 4: Autophagy machinery is required for normal Hsp104-mediated aggregate formation and 
compartmentalization. (A) Plot showing the number of Hsp104-GFP– or Hsp104DWBGFP–labeled protein aggregates in 
wild-type or Δatg8 mutant conidia at 0.5 h after heat shock. Magenta lines show the mean number of aggregates/
structures (± SEM). (B) Time-lapse sequences showing the localization of Hsp104-GFP– and Hsp104DWB-GFP–labeled 
protein aggregates in wild-type or Δatg8 mutant backgrounds following the exposure of conidia to heat shock. White 
arrows highlight the presence of atypical compartments within the cells of Δatg8 mutants. (C) Plots showing the number 
of Hsp104-positive aggregates remaining in the appressoria of wild type, Hsp104DWB, Δatg8, and Hsp104DWBΔatg8 
mutants after 12 h of recovery from heat shock. Error bars indicate the mean (± SEM). Asterisks indicate significance by 
one-way ANOVA with Tukey's multiple comparisons test (****P < 0.0001). (D) Time-lapse sequences showing the 
localization of Hsp104-GFP– and Hsp104DWB-GFP–labeled protein aggregates in wild type or Δatg8 mutant 
backgrounds following the exposure of mature appressoria to heat shock. All micrographs represent maximum-intensity 
projections of Z series acquired at 0.2 μm intervals spanning the depth of the cells. Scale bars = 10 μm. (E) Full time 
course showing the mean number (± SEM) of Hsp104-positive aggregates within appressoria of wild type, Hsp104DWB, 
Δatg8, and Hsp104DWBΔatg8 mutants, following the heat shock of mature appressoria. For wild type (Hsp104-GFP), n = 
27 appressoria per time point; for Hsp104DWB mutants (Hsp104DWB-GFP), n = 34; for Δatg8 mutants, n = 22; and for 
Hsp104DWB Δatg8 double mutants, n = 21. Red-boxed schematics indicate at which time point heat shock was applied.
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products amplified using high-fidelity Phusion polymerase (New 
England Biolabs). PCR primers were designed in SnapGene 
(version 4.3.10; GSL Biotech), and DNA sequences were re-
trieved from the M. oryzae database (http://fungi.ensembl.org/
Magnaporthe_oryzae/Info/Index). All PCR primer sequences used in 
this study are listed in Supplemental Table S2. To generate Hsp104-
GFP and Hsp104DWB-GFP fusion constructs, the HSP104 ORF and 2 
kb upstream sequence corresponding to the promoter region and 
3′UTR were amplified from genomic DNA of wild-type strain Guy11 
and fused in frame with a fungal codon optimized version of Tag-
GFP2 (Egan et al., 2012). The Double Walker B mutations were intro-
duced through point mutations on primers and confirmed by se-
quencing. Fluorescent fusion constructs were then cloned into 
plasmid PCB1532, containing the ILV1 allele conferring resistance to 
sulfonylurea (Sweigard et al., 1997). RFP versions were generated by 
a one-step replacement of TagGFP2 for RFP, amplified from a Lifeact-
RFP plasmid (Berepiki et al., 2010). Similarly, Sep5-RFP fusion con-
structs were generated by a one-step replacement of eGFP for RFP, 
from Sep5-GFP fusion constructs (Dagdas et al., 2012).

Image acquisition and analysis
Images were collected using a 100× 1.49 N.A. oil immersion Apo TIRF 
Nikon objective on an inverted Nikon Ti-E Eclipse epifluorescence 
microscope equipped with Perfect Focus System (Nikon), an iXon Ul-
tra 897 electron multiplier charge-coupled device camera (Andor 
Technology), and an AURA II solid state triggered illuminator with four 
channel light source (395, 485, 560, 640 nm), all controlled by NIS-
Elements AR (version 4.60). Data sets were deconvolved in NIS-Ele-
ments AR with spherical aberration correction and background sub-
traction, using the “Automatic” three-dimensional (3D) deconvolution 
option. Brightness and contrast adjustments to maximum-intensity 
projections of deconvolved 3D images were made using ImageJ (ver-
sion 2.0; National Institutes of Health) and Photoshop CC (2017.1.4; 
Adobe), and figures were compiled in Illustrator CC (22.1; Adobe).

For comparative time-course experiments, up to four strains/
conditions were imaged together using multiwell Labtek chambers 
(Thermo Fisher, Pittsburgh, PA). Depending on the experiment and 
time resolution, up to 20 conidia/appressoria per strain/condition 
(20 xy positions) were imaged at ∼70 z positions (14 µm depth, 
0.2 µm Z step).

Aggregates were automatically detected, and their number 
quantified over time from 4D data sets using the “spots” function in 
Imaris (9.3.0; Bitplane). Aggregate detection parameters were opti-
mized with wild-type data sets, using background subtraction, an 
estimated XY diameter of 0.25 µm, and manual adjustment of the 
“Quality” filter. Optimized “spot” detection parameters were stored 
and applied to all comparative data sets. Outputs were manually 
inspected and refined where appropriate.

Nucleic acid isolations and analysis
Nucleic acid extraction was performed using standard cetyl trimethyl 
ammonium bromide (CTAB) extraction techniques as previously 
described (Talbot and Talbot, 2001). Subsequent PCR, gel electro-
phoresis, and restriction enzyme digests were carried out under stan-
dard procedures (Sambrook and Russell, 2001). DNA purification 
was performed using the Wizard SV Gel and PCR Clean-up System 
(Promega), and plasmid purification was performed using the Wizard 
Plus SV Minipreps DNA Purification System (Promega).

Fungal transformation
Fungal transformation was carried out on protoplasts using an estab-
lished protocol (Talbot and Talbot, 2001). To generate strains ex-

pressing Hsp104-GFP and Hsp104DWB-GFP, we first deleted the en-
dogenous copy of HSP104 by replacement with a selectable marker 
conferring resistance to hygromycin B, using a split marker approach 
(Catlett et al., 2003). Replacement of the HSP104 open reading 
frame with the hygromycin cassette was confirmed by diagnostic 
PCR. The Δhsp104 mutant was subsequently transformed with plas-
mids containing either the Hsp104-GFP or Hsp104DWB-GFP fusion 
sequence, and transformants were selected for based on resistance 
to sulfonylurea, conferred by an ILV1 allele on the pCB1532 plasmid 
backbone (Sweigard et al., 1997). The ATG8, ATG1, and CUE5 open 
reading frames were replaced from both the Hsp104-GFP and Hsp-
104DWB-GFP–expressing strains with a cassette conferring resistance 
to phosphinothricin and confirmed by diagnostic PCR. The Hsp104-
GFP and Hsp104DWB-GFP strains were transformed with plasmids 
containing either a Lifeact-RFP (Berepiki et al., 2010; Dagdas et al., 
2012), a Sep5-RFP, or a Histone H1-RFP (Saunders et al., 2010a), and 
transformants were selected based on resistance to phosphinothri-
cin, conferred by a bar cassette on the backbone of pCB1530 
(Sweigard et al., 1997). To generate GFP-Atg8:Hsp104-RFP and 
GFP-Atg8:Hsp104DWB-RFP strains, the Δhsp104 mutant was first 
transformed with a plasmid containing a GFP-atg8 fusion sequence 
(Kershaw and Talbot, 2009), and transformants selected based on 
resistance to phosphinothricin. Plasmids containing Hsp104-RFP and 
Hsp104DWB-RFP fusion sequences were then transformed into the 
Δhsp104;GFP-Atg8 strain, and transformants were selected based 
on resistance to sulfonylurea, conferred by an ILV1 allele on the 
pCB1530 plasmid backbone (Sweigard et al., 1997).

Plant infection assays
Three-week-old seedlings of rice (Oryza sativa) cultivar CO-39 were 
used for plant infection assays. Conidia from 12-d-old plates were 
harvested in a 0.2% gelatin solution, filtered through two layers of 
MiraCloth (EMD Millipore), and washed twice by centrifugation 
(5000 × g for 5 min). Spore concentration was determined via hemo-
cytometer and normalized to 1 × 105 spores/ml. Fully expanded rice 
leaves were cut and trimmed to approximately 6 cm and immedi-
ately placed on 1.75% water agar in 100 × 15 mm sterile Petri dishes. 
Each leaf was inoculated with 5 × 20 µl droplets of spore suspension 
or 0.2% gelatin negative control. Early heat-shock–treated conidia 
were inoculated onto leaves, incubated at room temperature for 
30 min to allow their adherence to the leaf surface, and then placed 
in a 42°C incubator for 45 min. Late heat-shock–treated cells were 
inoculated onto leaves and allowed to incubate at room tempera-
ture for 16 h before being placed in a 42°C incubator for 45 min. 
Leaves were imaged 5 d postinoculation on a high-resolution Epson 
Expression 10000XL Scanner (Epson America, Long Beach, CA).
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