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Abstract

Background: Asexual fungi include important pathogens of plants and other organisms, and their effective
management requires understanding of their evolutionary dynamics. Genetic recombination is critical for
adaptability and could be achieved via heterokaryosis — the co-existence of genetically different nuclei in a cell
resulting from fusion of non-self spores or hyphae — and the parasexual cycle in the absence of sexual
reproduction. Fusion between different strains and establishment of viable heterokaryons are believed to be rare
due to non-self recognition systems. Here, we investigate the extent and mechanisms of cell fusion and
heterokaryosis in the important asexual plant pathogen Verticillium dahliae.

Results: We used live-cell imaging and genetic complementation assays of tagged V. dahliae strains to analyze the
extent of non-self vegetative fusion, heterokaryotic cell fate, and nuclear behavior. An efficient CRISPR/Cas9-
mediated system was developed to investigate the involvement of autophagy in heterokaryosis. Under starvation,
non-self fusion of germinating spores occurs frequently regardless of the previously assessed vegetative
compatibility of the partners. Supposedly “incompatible” fusions often establish viable heterokaryotic cells and
mosaic mycelia, where nuclei can engage in fusion or transfer of genetic material. The molecular machinery of
autophagy has a protective function against the destruction of “incompatible” heterokaryons.

Conclusions: We demonstrate an imperfect function of somatic incompatibility systems in V. dahliae. These
systems frequently tolerate the establishment of heterokaryons and potentially the initiation of the parasexual cycle
even between strains that were previously regarded as “incompatible.”
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Background

Generation of genetic and phenotypic diversity is of ut-
most importance for the survival and adaptability of spe-
cies over evolutionary timescales [1, 2]. Genetic
reshuffling in meiosis provides a constant supply of gen-
etic substrates for natural selection and enables efficient
purging of deleterious mutations from sexual popula-
tions [3, 4]. A complete lack of recombination in organ-
isms such as obligate asexual species can result in the
accumulation of problematic alleles, a phenomenon
known as “Muller’s Ratchet” [5]. Some source of recom-
bination is, therefore, usually deemed essential for the
long-term survival of species.

In earlier days of fungal genetics, an alternative mech-
anism for genetic recombination, termed the parasexual
cycle, was described in fungi [6]. This refers to a com-
bination of non-sexual processes that lead to genetic di-
versification through the somatic cell and nuclear fusion,
followed by mitotic recombination during ploidy reduc-
tion (i.e., haploidization) [6, 7]. Meiotic sexual cycles
may have evolved from ancestral parasexual processes
during the early eukaryotic evolution [8]. Variations of
the parasexual cycle are present in several and diverse
extant eukaryotes, i.e, many filamentous fungi and
yeasts [9-12], protists [13, 14], and mammalian cells,
where it can contribute to the phenotypic plasticity of
tumor cell populations [15].

The parasexual cycle is normally initiated in hetero-
karyons, i.e., cells that host genetically distinct nuclei in
a common cytoplasm. Heterokaryosis in fungi often
arises from somatic non-self fusion (or anastomosis)
between hyphae or spores of different strains [16, 17].
However, fusion between different individuals and es-
tablishment of viable heterokaryons are believed to be
largely prevented in nature by non-self recognition sys-
tems, a phenomenon described as vegetative (or hetero-
karyon) incompatibility [18-20]. Incompatibility
barriers can block cell communication to prevent fu-
sion, or they can trigger post-fusion rejection mecha-
nisms that result in the induction of programmed cell
death in the incompatible heterokaryotic cell [19-21].
The versatile allorecognition mechanisms have been
analyzed mostly in the sexual fungi Neurospora crassa,
Podospora anserina, and Cryphonectria parasitica,
where they are believed to function as defense mecha-
nisms against the rapid spread of infectious elements
and somatic parasitism [18, 19]. Fungal strains unable
to form viable vegetative heterokaryons because of
these barriers are referred to as vegetatively incompat-
ible, whereas compatible strains that can fuse and es-
tablish stable heterokaryons are classified into the same
Vegetative Compatibility Group (VCG) [22]. Despite
the large perceived extent of incompatibility in natural
populations [22, 23], many fungi seem competent in
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parasexual interactions in the laboratory [9-11], and
the possibly heterokaryosis-mediated horizontal gene
transfer has gained increasing attention in the post-
genomic era as a driver of fungal evolution [24, 25].

The soil-borne asexual ascomycete Verticillium dah-
liae is the causal agent of Verticillium wilt, a disease that
affects a wide range of plants and accounts for signifi-
cant annual economic losses [26]. This haploid species is
considered strictly asexual and propagates predomin-
antly by clonal expansion [27]. Despite the apparent lack
of sexual activity, V. dahliae populations exhibit signs of
recombination, which, although not frequent, has the
potential to create novel clonal lineages [28, 29]. The
parasexual cycle has been described in Verticillium spe-
cies and presents interesting features [30—32]. These in-
clude high instability of transient diploid nuclei, which
are formed within heterokaryons following cell fusion,
and frequent mitotic recombination during haploidiza-
tion, often leading to recombined progeny [30, 33, 34].
Furthermore, overcoming cell wall-related barriers by
protoplast fusion or nuclear microinjection resulted in
interspecific heterokaryons between V. dahliae and V.
albo-atrum at frequencies similar to intraspecific combi-
nations [35]. Our previous finding that heterokaryosis in
V. dahliae is occasionally possible even between strains
of different VCGs (thus being considered incompatible)
[36] raises the question whether parasexuality in asexual
fungi may be more important than previously recog-
nized. We recently established fusion between spores via
conidial anastomosis tubes (CATs) as a convenient sys-
tem for addressing this question [37].

In this work, our analyses of the extent and mecha-
nisms of heterokaryosis in the strictly asexual fungus V.
dahliae challenge the general assumption of absolute
vegetative incompatibility barriers in asexual fungi. Fre-
quent heterokaryon formation and transfer of genetic
material even between supposedly “incompatible” part-
ners, under non-selective conditions, suggest that para-
sexuality could play an important role in genomic and
phenotypic diversification. Overall, our study paves the
way for the elucidation of non-sexual genetic interac-
tions in asexual fungi and the evolutionary significance
of these processes in adaptation and survival.

Results

Conidial fusion occurs frequently between “incompatible”
V. dahliae strains under starvation

Starvation induces significantly CAT-mediated fusion of
V. dahliae conidia/germlings [37], and this motivated us
to investigate the possibility of conidial fusion between
strains of different VCGs under such conditions. Seven
representative strains (Additional file 1: Table S1 [36—
38]; Fig. 1a) were labeled with sGFP- or mCherry-tagged
histone H1 (nuclear localization) for their microscopic
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Fig. 1. Spontaneous non-self fusion via CATs occurs frequently between “incompatible” strains of V. dahliae under starvation. a Wild-type strains
used in this experiment and their VCG classification. Single-letter strain codes (in brackets) denote derivative strains expressing sGFP- or mCherry-
tagged histone H1 (details in Additional file 1: Table S1). The structure of the dendrogram reflects the phylogenetic relationships of VCGs as these
were previously determined [39]. b Examples of CAT-mediated fusion between conidia/germlings of strains c-d (originating from the same wild-
type strain), c-e (members of VCG 2B) and c-g (“incompatible” members of VCGs 2B and 4A, respectively). Bars = 5 um. ¢ Frequencies of intra-
and inter-strain fusion in pairings of V. dahliae strains a—i. Control combinations indicated with an asterisk involved strains originating from the
same wild-type strain. Each pairing was tested in triplicate, and 250-300 fusion events were analyzed per replicate. Bars = standard deviation (SD)

identification in pairings and, therefore, the discrimin-
ation of fusion between identical or unlike cells. In 14

Heterokaryotic cells arisen from CAT-mediated fusion of
“incompatible” strains often escape incompatibility-

pairings of the labeled strains, inter-strain fusion (Fig.
1b) was observed at significant levels (5.2-33.8% of fu-
sions) not only in “compatible” pairings (i.e., same
VCG), but also in all “incompatible” combinations (i.e.,
different VCGs) (no significant difference between
“compatible” and “incompatible” pairings; Student’s ¢
test, p value > 0.05; Fig. 1c). These results demonstrate
that spontaneous cell fusion occurs frequently under
starvation conditions between conidia or germlings of
different strains, regardless of their previous VCG
classification.

triggered cell death

We next asked whether fusion of “incompatible” co-
nidia/germlings could lead to the establishment of viable
heterokaryotic cells. To investigate this, we paired la-
beled strains (expressing fluorescently tagged histone H1
and/or cytoplasmic sGFP; Additional file 1: Table SI)
and used live-cell imaging to monitor the cell fate and
nuclear behavior in self, “compatible”, and “incompat-
ible” fusions over time, up to 24 h after fusion. In total,
we collected time-course data from 908 individual fu-
sions, from three self (304 events), three “compatible”
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Fig. 2. “Incompatible” fused cells (via CATs) often escape incompatibility-triggered cell death. a Examples of the four observed types of cellular
behavior following CAT-mediated fusion of “compatible” and “incompatible” cells. Strains shown: Ls.17 H1-mCherry paired with Cf.38 H1-sGFP (1),
Ls.17 H1-sGFP (Il), PH H1-sGFP (Il), and BB H1-sGFP (IV). Arrows: nuclei undergoing degradation; arrowheads: migrating nuclei; asterisks: cell
shrinkage. Bars = 5 um. b Frequencies of the four types of cellular behavior in self, “compatible”, and “incompatible” pairings. The numbers of
detected events in each case are provided in brackets (detailed results in Additional file 2: Table S2). ¢ Frequency of nuclear migration through
CATs in viable heterokaryons resulting from self, “compatible”, and “incompatible” pairings. Bars = SD. In b, ¢, statistical significance of differences
between the compared groups was tested with one-way ANOVA followed by Tukey's post hoc test; in b, groups marked by the same superscript
character did not differ significantly; in ¢, ** p value < 0.01; ns: non-significant (p value > 0.05)

(80 events), and four “incompatible” (524 events) pair-
ings (Additional file 2: Table S2). Overall, in this time
window we identified four distinct types of cellular be-
havior following CAT-mediated fusion (Fig. 2a, b):

I. Fusion led to a viable anastomosed cell. No nuclear
migration occurred through the CAT, and septae
were frequently formed within the CAT (70%). This
behavior was frequently observed in self and
“compatible” pairings (62.3%), but also in
“incompatible” combinations (40.5%). In
“compatible” pairings, cytoplasmic intermixing
between the fused cells was always observed,
whereas that was the case in 63.6% of
“incompatible” cases (Additional file 3: Movie S1).

II. Fusion was followed by a nuclear division in one of
the interacting cells (20-150 min after fusion). One
of the daughter nuclei then migrated through the
CAT from the donor cell to its fusion partner
(migration was completed in 10-20 min). Following
a dikaryotic phase in the recipient cell (10 min—3 h),
its resident (i.e., original) nucleus was degraded.
This type was only detected in self-pairings (35.5%).

III. Similar to (II), but degradation of the resident
nucleus happened before migration of the other
nucleus. This was often observed in “compatible”
pairings (35.0%), less frequently in “incompatible”
(7.4%), and only rarely in self-interactions. Nuclear
migration through a CAT (types II and III) was
often (59.3%) followed by formation of a septum in
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the CAT, regardless of the “compatibility” classifica-
tion of the paired strains.

IV. Fusion was followed by a cell death reaction
observed in half of the “incompatible” pairings
tested, and rarely in “compatible” interactions. The
catastrophic reaction started 10—120 min after
fusion, with or without obvious cytoplasmic mixing
(Additional file 4: Fig. Sla, b). It was generally
restricted to the fused cellular compartments
without affecting the adjacent cells, and it typically
involved thickening of the surrounding septae and
cell walls, degradation of both nuclei and gradual
cell shrinkage (Additional file 5: Movie S2;
Additional file 4: Fig. Slc).

Fatal incompatibility reactions following CAT-
mediated fusion were essentially limited to “incompat-
ible” fusions but affected only half of them. The consid-
erable remaining fraction (47.9%) apparently escaped cell
death and formed stable heterokaryotic cells without any
signs of cellular degeneration in the analyzed time win-
dow, in all tested combinations of strains (Additional file
2: Table S2). Cell viability was confirmed by the addition
at the end of each experiment of methylene blue, which
generally fails to stain viable heterokaryons, in contrast
to dead cells (Additional file 4: Fig. S1d). Nuclear trans-
location through the CAT was detected at significant
levels in all types of pairings, including “incompatible”
interactions (Fig. 2c). These results demonstrate that fu-
sion of “incompatible” conidia/germlings can lead to the
establishment of viable heterokaryons with the possibil-
ity of nuclear migration through their anastomosis
bridge, at significant frequencies. Nuclear translocation
is invariably associated with selective degradation of the
nucleus of the recipient cell, similarly to previous obser-
vations in Fusarium oxysporum [40], both in “compat-
ible” and in “incompatible” fusions (Fig. 2b).

“Incompatible” fusions that escape cell death support
heterokaryotic growth in colonies

Since CAT-mediated fusion of “incompatible” strains
can often lead to viable heterokaryotic cells, we hypothe-
sized that these could further support hyphal growth to
the formation of heterokaryotic colonies. We tested this
using a collection of 19 nitrate non-utilizing (nit) strains
of all V. dahliae VCGs, as well as two strains of the re-
lated species V. nonalfalfae (Additional file 1: Table S1).
When hyphae of “incompatible” complementary nit
strains are confronted on minimal medium (MM) that
selects for prototrophy, typically no heterokaryotic
growth occurs due to incompatibility barriers (Fig. 3a).
We performed 110 pairings using this hyphal-based
traditional assay (Fig. 3a, b), in comparison to an assay
that permitted CAT-mediated cell fusion of the same
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pairs of strains (Fig. 3¢, d). The results were drastically
different (Fig. 3b, d; Additional file 6: Table S3), with the
CAT-based method yielding 5.5 times more positive re-
sults than the hyphal-based assay, in combinations of all
VCGs. In total, 49.0% of the “incompatible” pairings
tested positive only in the CAT-based assay. The latter
yielded several interspecific responses between V. dah-
liae and V. nonalfalfae, as well as interactions involving
a heterokaryon self-incompatible (HSI) strain (Fig. 3d).

Most “incompatible” interactions were weak, exhibit-
ing sparse aerial mycelium, tufts of hyphae, or localized
groups of microsclerotia in at least two out of the three
replicates, as opposed to the strong interactions with
denser prototrophic growth in all three replicates (Fig.
3b, d). We sought, therefore, to validate the heterokary-
otic nature of such colonies by excluding the possibilities
of reversion to prototrophy or cross-feeding of non-
fused cells. When 30 randomly selected weak “incompat-
ible” heterokaryons were analyzed, all retained the ability
to grow slowly over successive reculturings on fresh
MM, with denser growth in their central regions, irregu-
lar colony shape with frequent morphological sectoring,
and uneven pigment distribution, which are all typical
features of heterokaryons (Fig. 3d). We then plated
approx. 10* uninucleate conidia of each heterokaryon on
MM and we never detected prototrophic growth, but
only nit-characteristic sparse growth. These results con-
firmed the heterokaryotic nature of the hyphal masses.
Our experiments suggest that large numbers of fusions
occur even between “incompatible” strains and that suf-
ficiently many of them escape incompatibility-triggered
cell death to support prototrophic growth of the result-
ing colonies.

Heterokaryosis arises from mixed infections in planta

With the exception of its dormant microsclerotia in the
soil, V. dahliae completes its life cycle in its plant host
[26]. To examine whether the parasexual cycle in nature
could be initiated by heterokaryon formation within
plants, we subjected eggplant seedlings to mixed artifi-
cial infections (Fig. 4a) with “compatible” (Ls.17 x Cf.38)
and “incompatible” (Ls.17 x PH; Ls.17 x BB; Ls.17 x
Ca.146) combinations of strains, which were marked
with complementary antibiotic-resistance markers (Add-
itional file 1: Table S1). Fungal material was re-isolated
from stem sections of the infected plants 40 days after
inoculation. Presumably heterokaryotic growth was de-
tected on double-selective PDA medium (amended with
both antibiotics) in 16 out of 425 tested xylem chips
(3.8%), from all “compatible” and “incompatible” combi-
nations, whereas no growth was observed in any of our
single-infection or mock-infection controls (Fig. 4b, c).
All 16 strains retained their ability to grow slowly over
successive reculturings on double-selective medium, but
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(See figure on previous page.)

Fig. 3. Conidial/germling fusion (via CATs) supports stable growth of “incompatible” heterokaryotic colonies. The traditional (hyphal-based) VCG
(@) and the new CAT-based (c) complementation assays for the detection of heterokaryotic growth are described schematically. The results from
the two assays are summarized in b and d, respectively (see Additional file 6: Table S3 for details). A single-letter code has been assigned to each
strain (details of strains are provided in Additional file 1: Table S1). HSI: heterokaryon self-incompatible. Vna: V. nonalfalfae. Each pairing (in both
assays) was performed in at least three replicates. Pairings that produced very limited prototrophic growth in only one of the replicates were
regarded as negative. Examples of strong and weak heterokaryons (21 days old) are shown for each method (right), as well as their
morphological characteristics after subculturing them on fresh MM (arrows, last row) in d. Bars = 2cm

no growth was detected when approx. 10* uninucleate
conidia of each sample were plated on that medium. We
also used resistance cassette-specific primers for PCR
screening of 14 of these heterokaryons, which confirmed
their heterokaryotic nature. Given the complete suppres-
sion of conidial fusion on PDA and the previously dem-
onstrated possibility of conidial fusion in a xylem sap-
simulating medium [37], our results suggest that the iso-
lated “compatible” and “incompatible” heterokaryons
arose from fusion between strains in planta.

Optimization of an efficient CRISPR/Cas9-mediated gene
targeting system for the analysis of autophagy in V.
dahliae heterokaryons

The characteristics of incompatibility-triggered cell
death and selective nuclear degradation following cell fu-
sion (Fig. 2; Additional file 4: Fig. S1) indicated that the
autophagic machinery of the cells may be an important
component of the mechanisms that regulate the hetero-
karyotic cell fate decision and nuclear interaction. To in-
vestigate this, we first searched the V. dahliae genome
for homologs of the core autophagy genes and discov-
ered that V. dahliae possesses a full autophagy gene
complement (Additional file 7: Table S4). We selected
the hallmark autophagy genes atgl (VDAG_05745) and
atg8 (VDAG_01225), which are essential for the induc-
tion of autophagy and formation of autophagosomes, re-
spectively [41], to investigate the possible roles of
autophagy in the post-fusion processes.

To overcome practical limitations that complicate re-
verse genetic investigations in V. dahliae, we used the
AMAL1 replicator sequence from Aspergillus nidulans
[42] to ensure autonomous plasmid maintenance in a
CRISPR/Cas9-based system [43] for efficient gene target-
ing in V. dahliae. For plasmid delivery to the fungal cells
we developed a lithium acetate/heat-shock-mediated
method for conidial transformation. This technique
yielded lower transformation efficiencies than our stand-
ard protoplast-based method (up to 17 and 106 transfor-
mants/pg of plasmid, respectively), but it proved much
faster and more convenient. Using this method, we
transformed V. dahliae Ls.17 with a plasmid containing
the hygromycin B-resistance (iph) selection marker, and
we studied plasmid stability over 14 successive

reculturings of 25 randomly selected transformants.
While full stability was observed on selective medium, a
gradual decrease in plasmid stability occurred in the ab-
sence of selection (Additional file 4: Fig. S2a). This pat-
tern proved very convenient, as it offered clear-cut
selection of transformants and maintenance of strains
under selective conditions, but also straightforward elim-
ination of the plasmid containing the Spcas9 endonucle-
ase gene and the selection marker, after the targeted
genetic modification had been achieved.

We then constructed an AMAIl-containing plasmid
for the CRISPR/Cas9-mediated targeting of the N-
terminal region of V. dahliae atg8 (Fig. 5a). In this plas-
mid, the constitutive PgpdA promoter was used for the
pol-II-mediated transcription of the sgRNA cassette.
The sgRNA was flanked by the ribozymes HH and
HDV, which ensure the post-transcriptional release of
the sgRNA without modifications (Fig. 5a). The plasmid
was used to co-transform V. dahliae Ls.17 together with
a linear repair substrate consisting of either the sgfp or
the mCherry coding sequence, flanked by homologous
arms corresponding to the genomic regions that sur-
round the start codon of atg8 (Fig. 5b). Using this
method, we achieved in situ seamless (i.e., without intro-
ducing any additional sequence) marker-free tagging of
atg8 (Fig. 5c), with efficiencies that ranged between 12
and 66% of transformants for 100-1000-bp-long homolo-
gous flanks, respectively (Additional file 4: Fig. S2b).
Properly tagged strains were validated using PCR and
microscopic analyses that confirmed the induction of au-
tophagy by starvation and treatment with rapamycin,
which is a known inducer of autophagy [44] (Additional
file 4: Fig. S2c), as well as the previously described in-
volvement of autophagy in conidial germination [45]
(Additional file 4: Fig. S2d).

Next, we used the same system for inactivation of V.
dahliae atg8 by gene disruption. For this, the G418-
resistance (1eo") cassette, flanked by 100-bp-long hom-
ologous arms (Fig. 5b), was used for co-transformation
of V. dahliae Ls.17 with the plasmid containing the
sgRNA cassette (Fig. 5a). To ensure inactivation of the
gene following homologous recombination, stop codons
were introduced in the arm downstream of the neo® cas-
sette (Fig. 5¢). This approach for gene knockout proved
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Fig. 4. Heterokaryon formation in planta following mixed infection. a, b Eggplant seedlings were artificially infected with mixed inocula of
“compatible” and “incompatible” combinations of V. dahliae strains. The pathogen was re-isolated from stem sections (from eight xylem chips
along the stem of each plant) of 17 infected plants per strain combination, 40 days after inoculation. From each treated plant, three xylem chips
were transferred to PDA (controls of re-isolation), while the remaining five were transferred to double-selective PDA supplemented with hygB
and G418, to select for heterokaryotic growth. Mock-infected plants (with water) and single-strain infections were used as controls. ¢ Similarly to
b, for seedlings infected with mixed inocula of strains. d Summary of tested pairings and results

faster than the commonly used Agrobacterium tumefa-
ciens-based system (ATMT) (Additional file 4: Fig. S3a),
which we used to delete atgl. In both cases, knockout
mutants were verified by PCR and Southern
hybridization analyses (Additional file 4: Fig. S3b, c).

The CRISPR/Cas9-based system yielded correctly dis-
rupted mutants at a relatively low frequency (1.1% of
transformants) using 100-bp-long arms, which conveni-
ently overcomes the need for multistep vector
construction.
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Autophagy is involved in post-fusion selective nuclear
degradation but is not required for cell fusion and acts
against incompatibility-triggered cell death

In order to gain further insight into the roles of autoph-
agy in heterokaryosis, we first constructed a V. dahliae
H1-mCherry sGFP-Atg8 strain (Ls.17 background),
which we used for time-lapse imaging of CAT-mediated
self-fusion. Following anastomosis, we invariably ob-
served co-localization of nuclei undergoing selective deg-
radation (Figs. 2a and 6a, b; Additional file 4: Fig. Slc,
S4; Additional file 8: Movie S3) with Atg8-containing or-
ganelles. These were ranging from small autophago-
somes associated with parts of the nuclear chromatin
(Additional file 4: Fig. S4) to larger and sometimes ring-
like structures that appeared to engulf the whole nucleus
before its degradation (Fig. 6a; Additional file 8: Movie
S3). During the Atg8-nuclear interaction, the Atg8-
containing vesicles were often dynamically undergoing
fusion and fission (Additional file 4: Fig. S4).

In our autophagy-deficient mutants Aatgl and Aatgs,
conidial germination and CAT-mediated fusion occurred
at wild-type levels (Fig. 6¢), in contrast to F. oxysporum
where deletion of atg8 was previously reported to impair
its fusion frequency [46]. Both V. dahliae mutants exhib-
ited significantly more bi- and multi-nucleate fusions
than the wild type (Fig. 6¢, d; Additional file 9: Movie
S4), whereas gene complementation restored the wild-
type phenotype in both cases (Additional file 4: Fig. S5).
Similarly, bi-/multi-nucleate cells arose frequently from

nuclear division in Aatgl and Aatg8 hyphal compart-
ments (Fig. 6¢, e; Additional file 10: Movie S5), in
contrast to the strictly uninucleate organization of the
wild-type mycelium (Fig. 6c, e), which is ensured by deg-
radation of one of the daughter nuclei of each non-
apical nuclear division (Additional file 11: Movie S6).
Overall, our results suggest that the nuclear number is
strictly regulated in V. dahliae to one per cell, and this
process is mediated by the autophagic machinery.

We then tested whether autophagy is involved in the
post-fusion incompatibility-triggered reaction, which dis-
plays morphological features reminiscent of autophagic
programmed cell death (Fig. 2a; Additional file 4: Fig.
S1). Time-lapse imaging of “incompatible” fusions be-
tween strains Ls.17 H1-mCherry sGFP-Atg8 and BB H1-
sGFP revealed in all cases localized accumulation of
Atg8 in the vicinity of the fusion point, prior to the on-
set of the catastrophic reaction (Fig. 6b). Co-localization
of nuclei undergoing degradation with Atg8-containing
vacuoles was also observed in all “incompatible” fusions
(Fig. 6b). To investigate whether autophagy mediates the
incompatibility reaction, we also deleted atgl from strain
PH and analyzed a PH Aatgl x Ls.17 Aatgl pairing.
Staining of inviable fusions with methylene blue (Add-
itional file 4: Fig. S1d) revealed a significantly higher fre-
quency of cell death in the autophagy-deficient pair than
in the wild-type pair (Fig. 6c), while typical morpho-
logical characteristics of incompatibility were observed
in affected heterokaryons in both cases. Therefore,
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Fig. 6. Autophagy is involved in selective nuclear degradation, but not in cell fusion or incompatibility-triggered death. a Live-cell imaging of a
self-fusion (Ls.17 H1-mCherry sGFP-Atg8). A ring-like structure with accumulated sGFP-Atg8 (arrows) surrounds the sequestered nucleus
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with more than one nuclei (middle; n = 300 hyphal cells or 150 anastomoses per replicate), and inviable fusions determined by staining with
methylene blue (right; n = 150 anastomoses per replicate). Wild-type (wt) pairing: Ls.17 H1-mCherry x PH H1-sGFP; pairing of autophagy-deficient

in triplicate. Statistical significance of differences was tested with one-

way ANOVA followed by Tukey's post hoc test (left and middle; bars with the same letter do not differ significantly, p value > 0.05) or Student’s t-
< 0.05). Error bars: SD. d, e Multinucleate cells (arrowheads) arise frequently in Aatg! and Aatg8 autophagy-deficient mutants from
cell fusion (d) or sub-apical nuclear division (e), in contrast to the wild type that exhibits strictly uninucleate organization. Calcofluor white was

although autophagy is induced before the manifest-
ation of the incompatibility reaction, it is not required
for cell death but actually protects some “incompat-
ible” fusions from destruction. This is in line with
previous studies of P. anserina that proposed a
possibly  protective role of autophagy against
incompatibility-triggered cell death [47, 48].

Nuclear interactions in “compatible” and “incompatible”
heterokaryons

Co-existence of genetically distinct nuclei in hetero-
karyons is a requirement for the parasexual cycle and
may enable horizontal gene transfer, but the mecha-
nisms involved in these nuclear interactions are not well
understood. Despite our many attempts, we were unable
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Ls.17 sGFP) heterokaryons following growth under non-selective conditions. Bars = 10 um

to capture direct fusion of nuclei in our heterokaryons, However, in a few cases we observed gradual accumula-
which is explained by the very low frequencies of diploi-  tion of sGFP signal in mCherry-labeled nuclei or vice
dization (107°-107®) in V. dahliae heterokaryons [33].  versa, both in “compatible’ and in “incompatible”
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pairings (Fig. 7a). In these cases, transfer was strictly
unidirectional and not always correlated temporally with
nuclear division. Although the underlying mechanism is
unknown, such interactions provide evidence for genetic
transfer between nuclei. In addition, we analyzed CAT-
mediated self-fusions of Ls.17 Aatgl cells to examine
whether their higher frequencies of binucleate cells fa-
cilitate the microscopic study of nuclear fusion (Fig. 6¢).
In rare cases, temporal interaction of nuclei possibly in-
dicating their fusion was detected in this strain (Fig. 7b).
As long as they are able to divide, putatively fused nu-
clei could form distinct nuclear lineages in chimeric het-
erokaryotic colonies (Fig. 7c). To investigate whether
this is possible in “incompatible” interactions, we
scanned microscopically heterokaryotic colonies formed
via CATs, under non-selective conditions, between
strains with sGFP- or mCherry-labeled nuclei. Both our
self-pairing control (Ls.17) and the “incompatible” fu-
sions (Ls.17 x BB, Ls.17 x PH) gave rise to mosaic col-
onies with mixed populations of nuclei with sGFP,
mCherry, or both signals (Fig. 7d). These colonies
mainly consisted of regions with parental properties, in-
terspersed with sectors or individual hyphae (and uni-
nucleate conidia) with mixed fluorescent signal, which is
in agreement with the mosaic nature of V. dahliae het-
erokaryons described earlier [31]. Our results are con-
sistent with the possibility of parasexual interactions in
“incompatible” heterokaryons of V. dahliae.

Discussion

Despite the evolutionary benefits and persistence of
sexual reproduction across the eukaryotic tree of life
[4, 5, 49], loss of sexual competence is observed in
members of several eukaryotic lineages, including
approx. one fifth of described fungi (ie., the mitospo-
ric fungi) that either appear to be strictly asexual or
are suspected to engage only rarely in some cryptic
form of sex [50, 51]. These organisms are very im-
portant to plant pathology and their effective manage-
ment depends on our ability to predict successfully
the modes and pace of their evolution. Central ques-
tions in this regard are what are the relative contribu-
tions, mechanisms, and spatiotemporal patterns of
clonal reproduction and recombination in these or-
ganisms [50]. Here, we used V. dahliae, an asexual
pathogen, to gain insights into the extent and mecha-
nisms of heterokaryosis, an essential component of
parasexuality, which enables genomic recombination
in the absence of sex and meiosis [7, 9, 23, 52]. We
found that starvation induces fusion between conidia
or germlings of different strains, regardless of their
traditionally assessed vegetative compatibility [22].
Cell fusion can often lead to the establishment of
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viable heterokaryons, where nuclei can interact to ini-
tiate the parasexual cycle.

The VCGs of asexual fungi, assessed by forcing hyphae
of complementary auxotrophic mutants to anastomose
on minimal medium, have been widely regarded as in-
compatible groups [22, 53]. However, cross (or “bridg-
ing”) inter-VCG reactions have been reported in some
species [54—58], and their genetic analysis in V. dahliae
previously revealed that such interactions can be due to
heterokaryosis [36]. In addition, studies of CAT-
mediated fusion of Colletotrichum lindemuthianum [59]
and F. oxysporum [60] suggested that incompatibility
may be suppressed at the conidial/germling stage of de-
velopment. However, our previous investigation of co-
nidial pairings of V. dahliae strains in minimal medium
showed excellent congruence with the traditional hyphal
pairings on agar medium [36], providing no evidence of
incompatibility suppression during conidial germination
in V. dahliae.

We recently discovered that starvation of cells induces
significantly CAT-mediated fusion of V. dahliae conidia/
germlings [37]. Here, we show that this happens regard-
less of their VCG classification, even between species,
and that inter-VCG fusions often form viable hetero-
karyotic cells and colonies. No selection pressure for
heterokaryons was exercised in our experiments, in
sharp contrast to the traditional VCG assays that force
heterokaryosis between auxotrophic strains under non-
physiological selection conditions. In addition, we dem-
onstrated that heterokaryosis can result from mixed in-
fections in planta, which constitute the most likely
opportunity for encounter of non-dormant V. dahliae
strains in nature [61]. Overall, our study demonstrates
that the traditionally assessed incompatibility systems do
not constitute absolute barriers to heterokaryon forma-
tion in V. dahliae, where a fraction of starved conidia
can escape allorecognition systems, anastomose, and
lead to the formation of viable heterokaryons, regardless
of their VCG classification. Our preliminary experiments
revealed that starvation similarly induces anastomosis
between mature hyphae of strains on water agar. A pre-
sumed extension of the imperfect nature of incompati-
bility systems, observed here in fusion of conidia, to
hyphal fusion could explain the frequently observed
cross-VCG hyphal interactions in this species [54, 58,
62—64]. It would also suggest that it is the environmen-
tal conditions (e.g., starvation) rather than the develop-
mental stage that induces anastomosis and
hypothetically parasexual phenomena even between pre-
viously considered “incompatible” strains. Consistently,
mycelial compatibility assessed by the analysis of barrage
zone formation between V. dahliae strains was previ-
ously shown to differ significantly from their VCG classi-
fication [65], providing further support to the hypothesis
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that somatic compatibility in this species depends on the
environmental conditions and the level of selective
pressure.

Multiple checkpoint systems have evolved in the sex-
ual ascomycete N. crassa to essentially prevent hetero-
karyosis between genetically distinct individuals [20, 21].
Our study indicates that partner recognition and chemo-
tropic attraction preceding cell fusion in V. dahliae are
not subject to the same genetic control as in N. crassa,
where an allorecognition system prevents fusion between
incompatible individuals [66]. Nevertheless, we found
evidence for the existence of two downstream allorecog-
nition checkpoint systems following cell fusion. First, a
fraction of “incompatible” interactions failed to achieve
cytoplasmic mixing, which may have been prevented by
a system similar to that of N. crassa, where allelic differ-
ences between individuals at the cwr locus can cause cell
fusion arrest by blocking dissolution of the cell wall [67].
Secondly, in a fraction of “incompatible” interactions, fu-
sion triggered a cell death reaction characterized by hy-
phal compartmentalization, thickening of the cell wall
due to increased deposition of chitin [68], nuclear deg-
radation, and cell shrinkage, therefore resembling the in-
compatibility reactions described in other fungi [69-71].
Such reactions are mediated by allelic interactions be-
tween sec-9/plp-1 [72] and rcd-1 [73] in N. crassa, as
well as different repertoires of multiple /et loci among
fungi [18, 19, 70]. However, a fundamental difference in
V. dahliae is that a significant fraction of “incompatible”
conidial fusions escapes allorecognition control under
starvation, ensuring the formation of viable hetero-
karyons, in agreement with similar observations in the
other asexual fungi F. oxysporum [60] and C. linde-
muthianum [59].

Overall, our data favor the hypothesis of a trade-off
between two mutually exclusive processes that both pro-
vide advantages to the adaptive evolution of asexual
fungi, such as V. dahlize. On the one hand, genetic
intermixing between individuals is subject to allorecog-
nition control, which triggers cell death in the majority
of “incompatible” fusions, possibly to protect these syn-
cytial organisms from the spread of infectious or para-
sitic elements [19, 20]. On the other hand, limited
availability of nutrients induces cell fusion [37], and a
fraction of the resulting heterokaryons overcome the im-
perfect incompatibility barriers hypothetically to grant
populations with access to parasexuality and, therefore,
genetic diversification that can be advantageous under
stressful conditions. Even low levels of parasexual gen-
omic reshuffling could have a marked effect on the gen-
etic structure of fungal populations [74] and could
explain the signs of recombination observed in V. dah-
liae populations [28, 29], as well as the imperfect clonal-
ity of its VCGs [39]. Parasexuality could also be critical
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for interspecific hybridization [75] and horizontal
gene transfer [24, 25], which may have significant
evolutionary roles. This is supported by our evidence
of interspecific interactions between V. dahliae and V.
nonalfalfae, similarly to those recently reported be-
tween Colletotrichum species [76], and the amphidip-
loid nature of the related hybrid species V.
longisporum, presumed to have arisen parasexually be-
tween V. dahliae and other species [77, 78].

Our study provides evidence that the molecular ma-
chinery of autophagy might be involved in the proposed
trade-off as a link between starvation and the cell fate
decision in V. dahliae heterokaryons. We found that
Atgl- and Atg8-mediated autophagy participates in the
incompatibility reaction, but not as a mediator of cell
death. Instead, autophagy seems to act against destruc-
tion of “incompatible” heterokaryons, which is in line
with previous studies of P. anserina that revealed accel-
erated cell death in autophagy-deficient mutants [48].
The autophagic machinery could function to protect “in-
compatible” fusions, e.g., by degrading incompatibility
effectors, and survival of each heterokaryon may depend
on the success of this process. Since cell fusion is
coupled with starvation, which also induces autophagy
[41], the majority of fused cells must have high levels of
autophagic activity and this could function in favor of
their survival.

Previous studies of the parasexual cycle [6, 30] and the
hypotheses of parasexual horizontal gene transfer [24,
25] predict exchange of genetic material between distinct
nuclei within heterokaryons. Consistently, we observed
frequent nuclear migration through the anastomosis
bridge both in “compatible” and in “incompatible” het-
erokaryons, commonly generating hyphae with genetic-
ally different nuclei. The resulting dikaryons, however,
were eventually subjected to a nuclear division-triggered
selective degradation process targeting the host nucleus
of the affected cellular compartment, as previously also
observed in F. oxysporum [40]. This process involves
Atgl- and Atg8-mediated macroautophagy of the whole
nucleus (i.e, macronucleophagy), which acts as a
homeostatic mechanism ensuring a uninucleate status,
both in hyphae and in fused cells of V. dahliae. This
mechanism appears conserved between uninucleate
fungi, as suggested by similar findings in F. oxysporum
[46].

Despite the eventual degradation of the resident nu-
cleus, however, the preceding phase of nuclear co-
existence in the heterokaryon could provide a sufficient
window of opportunity for genetic exchanges. One pos-
sibility is nuclear fusion, a defining component of the
sensu stricto parasexual cycle, originally described in A.
nidulans [6] and later in several other fungi [10] includ-
ing Verticillium species [30, 33, 34]. Those studies
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inferred nuclear fusion within heterokaryons to the for-
mation of heterozygous diploids using segregation ana-
lyses of auxotrophic and drug-resistant genetic markers,
as well as analyses of spore sizes as a proxy for ploidy
levels [79]. Single-spore heterozygous diploid cultures
were isolated and shown to generate frequently aneu-
ploid and haploid sectors, presumably due to chromo-
somal non-disjunction, often leading to progeny with
recombined markers [6, 7, 10, 30, 33]. However, the esti-
mated frequency of parasexual nuclear fusion in those
studies (in the range of 10°°~107® in the case of Verticil-
lium species [30, 33, 34]) is prohibitively low for captur-
ing the process in real time by microscopy, which also
prevented us in the present study from doing so. Apart
from direct nuclear fusion, other mechanisms of nuclear
interaction might also facilitate smaller-scale so-called
horizontal gene or chromosome transfers (HGT or
HCT) in heterokaryons, for example uptake of particular
chromosomes or chromatin remnants of the degraded
nucleus by the surviving one. Such a mechanism could
possibly be involved in the transfer of dispensable or
supernumerary chromosomes reported in C. gloeospor-
ioides [80] and F. oxysporum [81, 82]. We speculate that
the previously observed fractionated nuclei (“micronu-
clei”) [60, 83], often observed in highly vacuolated fungal
cells, could mediate such transfers, in a process hypo-
thetically analogous to the lateral transfer of oncogenes
in mammalian cells by apoptotic bodies [84].

Conclusions

This report contributes to a better understanding of the
evolution of asexual fungi. Our findings have important
implications for the interpretation of the traditional
VCG data, which are commonly discussed under the as-
sumption of genetic isolation between VCGs in asexual
species. We propose the evolution of imperfect incom-
patibility systems in V. dahliae to preserve the ability of
the species to engage in parasexuality. This conclusion
suggests important roles of heterokaryosis and parasexu-
ality in fungal evolution, and it welcomes future research
aiming at a better understanding of the extent and
modes of parasexual recombination achieved through
this process. We propose V. dahliae as a particularly
suitable organism for such analyses, and we expect fu-
ture experimentation to be facilitated by the methodo-
logical toolkit for CRISPR/Cas9-mediated gene targeting
that we optimized in this study to overcome experimen-
tal limitations in this and many other fungi.

Methods

Strains and culture conditions

All V. dahliae strains and plasmids constructed and used
in this study are listed in Additional file 1: Table S1 and
Additional file 12: Table S5 [43, 59, 68, 85-89],
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respectively. Their background wild-type isolates were
previously classified into Vegetative Compatibility
Groups (VCGs) based on traditional complementation
assays between nitrate non-utilizing (nit) mutants [36—
38]. Preparation, handling, and maintenance of monoco-
nidial strains, as well as culture media and conditions
have been previously described [37, 58].

Labeling of strains with fluorescent markers

Nuclei of V. dahliae strains were labeled with either
sGFP- or mCherry-tagged histone H1. Carboxy-terminal
tagging of V. dahliae histone H1 with the red fluores-
cent protein mCherry was performed using either a fu-
sion PCR strategy that we have previously described [37]
or a binary vector (pVV19) suitable for Agrobacterium
tumefaciens-mediated transformation (ATMT).

The first method involved the generation of two PCR
amplicons using the genomic DNA of V. dahliae isolate
Ls.17 as template, containing the endogenous promoter
and the coding region of the histone H1 gene (VDAG_
09854), and its transcription termination sequence, re-
spectively. The mCherry coding sequence and the
phleomycin-resistance (ble®) cassette were amplified
from plasmid pAN8.1-mCherry [40]. The two genomic
amplicons and the mCherry-containing cassette were
mixed in a PCR reaction without primers, which was
followed by a second reaction that included the first
PCR product as template and the primer pair
VdHI1FusF/VdH1FusR (Additional file 13: Table S6).
The fusion PCR product was then used to transform
protoplasts of V. dahliae strains, according to our previ-
ously reported protocol [68].

Alternatively, we constructed plasmid pVV19 for
mCherry-tagging of histone H1 by amplifying the follow-
ing fragments with the Herculase II Fusion DNA poly-
merase (Agilent, Santa Clara, CA, USA) (all PCR
primers are listed in the Additional file 13: Table S6): (i)
a 1972-bp-long fragment from genomic DNA of V. dah-
liae strain Ls.17, containing the coding region of the his-
tone H1 gene (VDAG_09854) excluding the stop codon,
and a 1000-bp-long upstream genomic fragment pre-
sumably including the endogenous promoter; (ii) a 717-
bp-long fragment from plasmid pMaM330 [86] contain-
ing the mCherry gene; (iii) a 489-bp-long fragment from
plasmid pFC332 [43] containing the transcription ter-
mination sequence of the A. nidulans tefl gene; and (iv)
a 1648-bp-long fragment from plasmid pBS-genR [68]
containing the G418-resistance (neo®) cassette. The four
PCR amplicons were subjected to an in vitro DNA as-
sembly reaction in the backbone of plasmid pOSCAR
[88] using the NEBuilder HiFi DNA Assembly Master
Mix kit (New England Biolabs, Ipswich, MA, USA), ac-
cording to the manufacturer’s recommendations. The
resulting vector was used for ATMT of V. dahliae
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strains, according to our recently reported protocol [68].
Nuclear labeling of V. dahliae strains with heterologous
sGFP-tagged histone H1 was performed using plasmid
pMEF357 [59]. This contains a fusion construct of the
sgfp gene to the Neurospora crassa histone H1 gene and
the hiph cassette that confers resistance to hygromycin B.
This plasmid was used for transformation of V. dahliae
protoplasts [68].

To study cytoplasmic mixing following CAT-mediated
cell fusion, V. dahliae strains were constructed to ex-
press sGFP with cytoplasmic localization. For this, we
used plasmid pIGPAPA [89], which carries the sgfp gene
under the control of the N. crassa ICL promoter and the
hph cassette, to transform protoplasts of the desired V.
dahliae strains [68].

Analysis of CAT-mediated cell fusion

Our methods for analysis and quantification of CAT-
mediated fusion of V. dahliae conidia/germlings have re-
cently been described [37]. Briefly, fresh conidial suspen-
sions (in water) were always prepared from 7-day-old
PDA cultures and diluted in CAT medium (0.75 g/l p-
glycerophosphate disodium salt - 5H,O) to a final con-
centration of 1.0 x 10° conidia per ml. Suspensions were
then mixed (1:1), and 100 pl of their mixture were trans-
ferred to a well of a 96-well glass-bottom plate
(MGB096-1-2-LG-L from Matrical Bioscience, Spokane,
WA, USA). The plate was incubated at 24°C (in the
dark) for 60h before imaging. Each pairing was per-
formed in triplicate, and 250-300 fusion events were an-
alyzed per replicate. Staining with 0.005% methylene
blue (Sigma-Aldrich, St. Louis, MO, USA) (incubation at
24.°C for 5 min) was used for quantifying cell viability of
fused cells.

Microscopy

Image acquisition was performed using a Nikon (Tokyo,
Japan) Ti-E epifluorescence microscope equipped with
an autofocus system (Perfect Focus System, Nikon), a
LED light engine (Spectra X from Lumencor, Beaverton,
OR, USA), filter sets 390/18 and 435/48, 469/35 and
525/50, and 542/27 and 600/52 (excitation and emission,
respectively; all from Semrock, Rochester, NY, USA, ex-
cept for 525/50, which was from Chroma Technology,
Bellows Falls, VT, USA), and a sCMOS camera (Flash4.0
from Hamamatsu, Honshu, Japan). At least 20 non-
overlapping fields of view were imaged per well. Calco-
fluor white M2R (Sigma-Aldrich, St. Louis, MO, USA)
was used at a final concentration of 10 pg/ml (incubation
at 24 °C for 5 min) for staining of chitin in cell walls and
septae. In time-lapse experiments, the imaging plates
were scanned for image acquisition at 10 min-intervals
for up to 24 h (exposure time: 20 ms for the blue chan-
nel, 50ms for the green and red channels) and were
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incubated undisturbed at 24°C (in the dark between
image acquisitions). In some experiments we performed
z-stack (step size = 0.5 pm) time-lapse imaging at each
position, for up to 8 h. Image processing was performed
using Image] [90]. Images were adjusted to a uniform
contrast across all time points for each experiment, and
the maximum intensity projection method was used for
processing z-stacks.

Hyphal- and CAT-based complementation assays

We used two complementation methods for assessing
the degree of vegetative genetic isolation between V.
dahliae strains, namely the traditional VCG (hyphal-
based) assay and a newly developed assay that involves
CAT-mediated fusion of conidia/germlings of the inter-
acting strains. For both methods, we used the same set
of previously characterized nitrate non-utilizing nit mu-
tants (nitl and nitM; with reversion rates lower than 1.0
x 1077) of a collection of V. dahliae isolates of all VCGs
(Additional file 1: Table S1) [36—38].

In the VCG assay, sparse mycelial growth of comple-
mentary uit mutants on co-inoculated minimal medium
(MM) plates enables mycelial confrontation of the paired
isolates on the agar. When this interaction leads to het-
erokaryotic prototrophic growth along the confrontation
zone (Fig. 3a), the corresponding strains are considered
“compatible” and assigned to the same Vegetative Com-
patibility Group (VCG) [54]. We performed all VCG as-
says on Czapek-Dox MM agar [37] and scored plates for
prototrophic growth four weeks after inoculation, ac-
cording to standard procedures and previously described
criteria [36, 58]. Each pairing was performed in triplicate
and all used #nit mutants were also inoculated separately
on MM agar (in triplicate) to serve as controls.

We also developed and assessed in this study a CAT-
based complementation assay of uit mutants. This
method is based on pairing conidia of the desired V.
dahliae strains under conditions that are favorable for
CAT formation, and then transferring the samples to
MM to select for heterokaryotic prototrophic growth
(Fig. 3c). For this, we prepared a fresh conidial suspen-
sion (in water) from a 7-day-old PDA culture of each
strain, and we diluted each suspension in CAT medium
(0.75 g/1 B-glycerophosphate disodium salt - 5H,O) to a
final concentration of 1.0 x 10° conidia/ml. The desired
suspensions were then mixed (1:1) for each pairing, and
100 pl of each mixture were transferred to a well of a
polystyrene 96-well flat-bottom plate (2620/S from Kar-
tell, Noviglio, Italy), with a cellophane disk placed at the
bottom of the well. The plates were incubated at 24 °C
(in the dark) for 72 h before the cellophane disks were
aseptically transferred to the surface of Czapek-Dox MM
agar. The plates were scored for prototrophic growth on
the cellophane disks over four weeks after inoculation,
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while they were incubated at 24°C (in the dark). Each
pairing was performed in triplicate and all tested nit mu-
tants were also subjected to the same procedure indi-
vidually (in triplicate) as controls.

Presumed heterokaryons generated by both methods
were randomly selected for further characterization to val-
idate their heterokaryotic nature and exclude the possibil-
ities of prototrophic growth because of marker reversion
or cross-feeding of non-fused individuals [32]. For this,
they were sub-cultured on selective medium (MM), conid-
ial suspensions were prepared from these cultures, and
approx. 1.0 x 10* conidia were spread on fresh MM. Co-
nidia of V. dahliae are always unicellular and predomin-
antly uninucleate (99.7% in the wild-type isolate Ls.17
according to our observations), while the rare bi- and
multi-nucleate conidia are considered strictly homozygous
due to their origin from the single nucleus of a phialide
[34, 91]. Therefore, a heterokaryon is expected to grow on
selective medium due to genetic complementation be-
tween its genetically distinct nuclei, whereas its conidia
would be of one of the parental types, and would thus re-
main unable to grow under selection for prototrophy.

Mixed artificial infection of eggplant seedlings

Eggplant seedlings at the one true leaf-stage were
drenched with 20 ml of mixed conidial suspensions (5.0
x 10° conidia per ml) or sterile water (mock-infection
controls) [92]. Plants were incubated at 25 °C with a 12-
h light-dark cycle. Fungal re-isolation was performed
from sections along the stem of each treated plant (from
eight xylem chips per plant) 40 days after inoculation,
according to described procedures [92]. Three xylem
chips from each plant were transferred to acidified PDA
as controls, while the remaining five chips were trans-
ferred to acidified double-selective PDA (10 pg/ml hygB
and 100 pg/ml G418) to select for heterokaryotic growth.

Identification of autophagy genes

The protein sequences of 41 genes involved in autoph-
agy (Additional file 7: Table S4) were retrieved from the
Saccharomyces Genome Database (https://www.yeast-
genome.org) and the Ensembl Fungi database (http://
fungi.ensembl.org/index.html) and used as queries in
tBLASTn searches of the V. dahliae Ls.17 genome
(NCBI Genome assembly GCA_000952015.1) to detect
homologs of core autophagy genes, applying previously
described criteria [93]. For reasons of comparison, we
included in the Additional file 7: Table S4 data for vari-
ous classes of the fungal phylogeny, adopted from [93].

Lithium acetate (LiAc)/heat shock-mediated
transformation of V. dahliae conidia

At least 10® conidia of each V. dahliae strain were har-
vested from PDA plates, pelleted, resuspended in 30 ml
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of a phosphate-KCI buffer (0.6 M KCl, 1/15 M KH,POy,,
and 1/15M Na,HPO,, pH5.8; supplemented with 25
mM DTT) and incubated for 2 h at 30°C (50 rpm). Co-
nidia were then washed once with water and once with a
0.1 M LiAc solution, before being resuspended in 0.5 ml
of 0.1 M LiAc and incubated at room temperature for
20 min. Aliquots (100 pl) of this suspension were mixed
with 5-10 pg of plasmid, 240 ul of 50% PEG-4000 and
35ul of 1M LiAc, and they were incubated on ice for
30 min before being transferred to 34°C for 10 min
(heat-shock). Each sample was then washed once and
plated on a PDA medium overlaid with a cellophane
sheet. Following incubation at 25°C for 24 h, the sheet
was transferred onto PDA supplemented with hygromy-
cin B (15 pg/ml) for selection of transformants.

CRISPR/Cas9-mediated gene tagging and knockout

The components and the strategy of our CRISPR/
Cas9-based method, adopted from [43], are presented
in Fig. 5. An AMA1-containing plasmid (pVV27) with
the SpCas9 cassette, an atg8-specific sgRNA cassette
(for targeting V. dahliae atg8, VDAG_01225) and the
hph selection marker was generated by the insertion
of two PCR fragments into plasmid pFC332 [43]. For
this, two PCR fragments were amplified from plasmid
pFC334 using the Herculase II Fusion DNA Polymer-
ase with primers containing the protospacer sequence
of atg8 (Additional file 13: Table S6). The backbone
plasmid pFC332 was linearized with Pacl digestion,
and the three fragments were assembled into plasmid
pVV27 using the NEBuilder HiFi DNA Assembly
Master Mix kit. Repair substrates with 1.0-kb-long
homologous arms (Fig. 5b, c¢) were constructed by
cloning the sgfp or mCherry gene (amplified from
plasmid pIGPAPA or pMaM330, respectively; Add-
itional file 12: Table S5) and the desired amplified
flanks from genomic DNA of V. dahliae Ls.17 into
plasmids pVV25 and pVV26, respectively (Additional
file 12: Table S5), using the NEBuilder HiFi DNA As-
sembly Master Mix kit. Repair substrates with 0.1 kb-
long homologous arms (Fig. 5b, ¢) were obtained dir-
ectly by PCR amplification from plasmid pIGPAPA,
pMaM330 or pSDI1 (for the sgfp, mCherry or neo®
gene, respectively; Additional file 12: Table S5) using
primers containing the desired homologous arms
(Additional file 13: Table S6). Co-transformation of V.
dahliae strains with plasmid pVV27 and a repair sub-
strate was performed using a protoplast-mediated
method [68] or the LiAc/heat shock-mediated
method. Transformants were screened by PCR and
the fluorescently tagged strains were confirmed by
microscopy. To induce autophagy in these experi-
ments, we used rapamycin (Sigma-Aldrich, St. Louis,
MO, USA) at a final concentration of 500 nM.



Vangalis et al. BMC Biology (2021) 19:169

Gene deletion using Agrobacterium tumefaciens-mediated
transformation (ATMT) and complementation of knockout
strains

The atgl homolog of V. dahliae (VDAG_05745) was de-
leted by the ATMT-based method (Additional file 4: Fig.
S3a) that we have previously described [68]. Knockout
strains were complemented by re-introducing the corre-
sponding wild-type genes [68].

Statistical analyses

Statistical significance of differences between multiple
compared groups was tested using the two-sided analysis
of variance (ANOVA) test, following the evaluation of
homogeneity of variance across samples using the
Levene’s test (F-test, p < 0.05). The Tukey’s honestly sig-
nificant difference (HSD) test was performed to assess
group mean separation. Mean comparison between two
groups was performed using the two-sided Student’s ¢-
test. All results are presented as mean value + SD. Sam-
ple sizes and number of replicates are provided in the
legends of the corresponding figures.
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