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Abstract: The association of the agriculturally significant phytopathogenic fungus Rhizopus microsporus with the bacterial endosymbiont
Burkholderia rhizoxinica is a remarkable example of bacteria controlling host physiology and reproduction. Here, we show that a group of
transcription activator-like effectors (TALEs) called Burkholderia TALE-like proteins (BATs) from B. rhizoxinica are essential for the establishment of
the symbiosis. Mutants lacking BAT proteins are unable to induce host sporulation. Utilising novel microfluidic devices in combination with
fluorescence microscopy we observed the accumulation of BAT-deficient mutants in specific fungal side-hyphae with accompanying increased fungal
re-infection. High-resolution live imaging revealed septa biogenesis at the base of infected hyphae leading to compartmental trapping of BAT-
deficient endobacteria. Trapped endosymbionts showed reduced intracellular survival, suggesting a protective response from the fungal host against
bacteria lacking specific effectors. These findings underscore the involvement of BAT proteins in maintaining a balance between mutualism and
antagonism in bacterial-fungal interactions and provide deeper insights into the dynamic interactions between bacteria and eukaryotes.

Bacteria living in close association with eukaryotic hosts may control
and exploit their host via pathogenic or mutualistic interactions’. For
example, amplification of a genomic region in a normally beneficial
Wolbachia symbiont leads to over-proliferation at the hosts’
expensez. Various bacteria control their eukaryotic hosts by
translocating protein effector molecules into host cells. Therefore,
they may use dedicated protein secretion systems (Type 1 to 7SS,
Fig. 1a)*. For example, the type 3 secretion system (T3SS)-
associated Xanthomonas AvrBs3 effector family (termed
transcription activator-like effectors, TALEs) are highly orthologous
proteins from bacterial plant pathogens that aid colonisation by
mimicking plant transcription factors®. In humans, the gut pathogen
Helicobacter pylori directly injects virulence factors into host cells.
These T4SS-secreted proteins impair intracellular signalling systems,
leading to morphological changes and increased inflammation in the
host®.

An intriguing case of bacteria controlling host physiology and
reproduction is the endosymbiosis between the plant-pathogenic
zygomycete Rhizopus microsporus and its toxin-producing bacterial
endosymbiont Burkholderia rhizoxinica™® (which was recently
suggested to be placed in the novel genus Mycetohabitansg). In this
agriculturally relevant symbiosism, host reproduction through spores
relies exclusively on the presence of endobacteria (Fig. 1b). If R.
microsporus is cured of its endosymbionts, the host is unable to
reproduce vegetatively®. This strict control of sporulation ensures that
the symbiosis persists over time, because the endosymbionts are
translocated into the fungal spores during host reproduction. Multiple
investigations have shed light on various symbiotic factors. For
example, bacteria can invade the fungal host by secreting effector
proteins via the T2SS", while a linear lipopeptide aids the reinfection
process by reducing surface tension'>. Once inside the fungal
hyphae, B. rhizoxinica lives in “stealth mode” due to the presence of
a specialised bacterial lipopeptide O-antigen”. In addition, a
functional T3SS is required for the formation of a stable symbiosis™.
While these findings imply that secreted effector molecules produced
by bacterial endosymbionts control fungal physiology and
development, there is a considerable lack of knowledge about the
molecular basis of this interaction and the types of effectors involved.

Here we show that TALEs produced by the symbionts play a
key role in controlling fungal reproduction in this phytopathogenic
bacterial-fungal interaction (BFI). Furthermore, we present the first
real-time snapshot of septa biogenesis in a zygomycete fungus
leading to hyphal trapping of endosymbionts incapable of secreting
TALEs.

Results

Investigation of a T3SS-associated effector

To identify genes coding for T3 effector proteins we sequenced the
genomes of seven endofungal Burkholderia species (Supplementary
Table 1). These seven strains form the B. rhizoxinica complex
together with B. rhizoxinica HKI-454, whose genome sequence has
been published previously (Supplementary Table 2)'>'®. Within each
draft genome sequence, we found a gene encoding for a potential
T3SS effector, with an alanine-tryptophan-arginine triad (AWR)
peptide (Fig. 1c). The awr gene family, present in a number of
bacterial pathogens including phytopathogenic Burkholderia and
Ralstonia strains, collectively contributes to bacterial virulence'"®.
For example, deletion of all five awr genes in Ralstonia
solanacearum severely impairs its capacity to multiply in the natural
host plant'”.

To confirm the identified sequences as genuine awr
orthologues, a phylogeny was inferred from alignment of the
predicted endofungal Burkholderia AWR peptide sequences (Fig.
1d). These sequences were aligned with homologous AWR
sequences from Gram-negative plant and animal pathogens and
other Burkholderia symbionts (Supplementary Fig. 1)". The tree was
rooted in the Xanthomonas (y-proteobacteria) sequences, which are
more distantly related to the Ralstonia and Burkholderia (B-
proteobacteria) sequences. According to the inferred phylogeny, the
nearest relative of the endofungal AWR proteins was found in the
mammalian pathogen Burkholderia pseudomallei (GenBank acc. no.
ZP02502372)19. In addition, all eight endofungal Burkholderia AWR
peptide sequences contained monopartite nuclear localisation
sequences (NLS) at the C-terminal end of the protein (Fig. 1e and
Supplementary Table 3). These sequences are consistent with the
previously formulated NLS consensus sequence K(K/R)X(K/R).
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Fig. 1 Characterisation and functional analysis of an effector protein associated with the type 3 secretion system (T3SS) from endofungal
Burkholderia species. a, Structural organisation of bacterial (Gram-negative) secretion systems®. b, Schematic representation of Rhizopus
microsporus containing Burkholderia rhizoxinica. Co-cultivation of isolated wild-type B. rhizoxinica (B1WT) with cured (endosymbiont-free) fungi
leads to fungal reinfection, and the hosts’ ability to form sporangiospores is restored. Mature sporangia are absent in cured fungi. T3SS mutants can
partially re-infect hyphae, but fail to cause sporulation®'. ¢, Schematic representation of the T3SS gene cluster (sct) located on plasmid pBR01 that
encodes for the secretion apparatus®'. The putative T3 effector-encoding gene (awr) is indicated in red. T3SS mutant strains (AsctC::Kan" and
AsctT::Kan'"), used in this study, were generated previously21 (*). d, Phylogenetic tree of AWR homologs from plant pathogenic R. solanaceraum and
Burkholderia species. The phylogenetic analyses were performed using MEGA7 (see Methods for details). Sequences obtained in this study are in
bold. GenBank accession numbers are given in brackets (Supplementary Table 6). e, lllustration and multiple sequence alignment of the functional
domains of AWR containing nuclear localisation sequences (NLS) from Burkholderia species. f, Photographs and fluorescence microscopy images
of sporulation assay. After inoculation of R. microsporus hyphae with B1WT (left) or Aawr::Kan" mutant strain (middle), fungal cultures sporulate,
indicating successful reinfection. Fluorescence microscopy confirmed the localisation of bacteria (green) inside the fungal hyphae (blue). The control
(no bacteria added) showed no sporulation and no presence of endohyphal bacteria (right). Scale bar: 20 ym. g, Spore count after one week of co-
cultivation. N = 3 biological replicates (3 technical replicates) + one SEM. One-way ANOVA with Tukey’s multiple comparison test (ns: not significant,
p>0.05, Supplementary Table 2).
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Fig. 2 Identification and functional analysis of predicted transcription-activator like effectors (TALEs) from endofungal Burkholderia
species (BATSs). a, Schematic illustration of the gene clusters encoding BAT1 (RBRH_01844), BAT2 (RBRH_01776), and BAT3 (RBRH_01777)
indicated in red. b, Mode of action of TALEs from Xanthomonas sp. TALEs are secreted into plant cells via the T3SS, translocate to the nucleus, and
induce expression of target genes®. ¢, Schematic representation of the overall domain structure of BATs and the amino acid tandem repeats
responsible for specification of the target nucleotide sequence”. d, Map depicting global distribution of endofungal Burkholderia strains and their
classification into four branches'®. e, Phylogenetic tree of TALE-like proteins from eight endofungal Burkholderia species, and plant pathogenic
Ralstonia solanaceraum and Xanthomonas sp (Supplementary Fig. 3). Phylogenetic analysis was performed using MEGA7 (see Methods for
details). BAT sequences obtained in this study are highlighted in bold and GenBank accession numbers are given in brackets (Supplementary Table
6). The distribution of BATs across the four Burkholderia branches is indicted as follows: orange: Pacific branch; blue: Eurasian branch; green:
African branch; red: Australian branch; grey: not detected. f, Deletion of BATs decreases the sporulation ability of R. microsporus after re-infection.
Photographs and spore count of R. microsporus re-infected with B. rhizoxinica wild-type (B1WT) or BAT mutant strains (Abat1::Apra’, Abat2::Kan',
Abat3::Kan', Abat2_bat3::Kan', or Abat1::Apra’-Abat2_bat3::Kan') after one week of co-cultivation. N = 3 biological replicates (3 technical replicates)
+ one SEM. One-way ANOVA with Tukey’s multiple comparison test (***p<0.05, Supplementary Table 4). Localisation of bacteria (green) inside the
fungal hyphae (blue) was confirmed by fluorescence microscopy. Scale bar: 20 um. The sterile fungus (no bacteria added) showed no sporulation
and no presence of endohyphal bacteria.

To test whether endobacterial AWRs are involved in fungal intracellular localisation of the Aawr:Kan" mutant strain was
reproduction, we generated targeted deletion mutants (Aawr:Kan', comparable to wild-type B. rhizoxinica (Fig. 1f).

Supplementary Fig. 2) using a double-crossover strategy21. AWR-

deficient mutants were examined for their reinfection ability, using a Wide distribution of TALEs in endofungal symbionts

previously described sporulation bioassay”’. When wild-type B. Since we were unable to observe an effect of AWR on fungal
rhizoxinica and the endosymbiont-free (cured) fungal host are co- reproduction, we continued to search for putative T3 effectors by
cultured, mature sporangiophores can be seen after four days (Fig. investigating the genomes of eight endofungal Burkholderia species
1f). The appearance of mature sporangiophores indicates the associated with R. microsporus (Supplementary Table 1) using T3SS
successful establishment of the symbiosis. Similar numbers of prediction tools (see Methods for details). Three putative effectors,
spores were observed upon co-cultivation with B. rhizoxinica encoded by genes with the locus tags RBRH_01844 (2,316 bp),
Aawr:Kan' leading to complete restoration of the wild-type RBRH_01777 (936 bp), and RBRH_01776 (2,994 bp) were

phenotype (Fig. 1g and Supplementary Table 2). In addition, the previously identified in B. rhizoxinica HKI-454 (Fig. 2a).
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Fig. 3 Phenotypic observations of Rhizopus microsporus co-cultivated with Burkholderia rhizoxinica wild-type or mutant strains in
bacterial-fungal interaction (BFI) devices. a, Photograph and simplified illustration showing the microfluidic device in a glass petri dish. The BFI
device is made of a patterned poly(dimethylsiloxane) layer bonded to glass-bottomed dish to form microchannels. The microchannels were filled with
potato dextrose broth. Scale bar: 5 mm. A simplified two-dimensional representation of the design showing the narrow entry points into the
microchannels which limits the number of hyphae that can enter the device®. b, lllustration showing the workflow for observation of BFls. An agar
plug containing endosymbiont-free R. microsporus is placed in direct contact with the microchannels. After two days of incubation, hyphae are
growing inside the microchannels and SYTO9-stained bacterial strains are introduced into the microchannels via the ‘bacteria inlet’. Fungal
reinfection is monitored over 48 hours and microscopic images are taken every 24 hours. ¢, Microscopic images of R. microsporus co-cultivated with
wild-type B. rhizoxinica (stained with SYTO9) depicting four morphologically distinct types of hyphae (1: vegetative side hyphae; 2: vegetative main
hyphae; 3: vegetative empty side hyphae; 4: abortive sporangiophores). Arrowheads indicate the presence of septa. Images were taken 48 hours
post infection (hpi). Scale bar: 10 ym. Microscopic images of R. microsporus co-cultivated with B. rhizoxinica mutant strains are shown in
Supplementary Fig. 5. d, The fungal mycelium area (in percent) of each morphotype was measured over a 48 hour time period of co-incubation in
BFI devices. At time point 0, bacterial cells (B1WT: wild-type B. rhizoxinica; Abat1: Abat1::Apra’, Abat2: Abat2::Kan", Abat3: Abat3::Kan', AsctC:
AsctC::Kan', AsctT: AsctT::Kan', and ArhiG: ArhiG::Kan") were stained with SYTO9, added to the inlet, and co-incubated with endosymbiont-free R.
microsporus. Images were taken at the time of infection (0 hpi), as well as 24 and 48 hpi. N = 3 biological replicates (16 technical replicates) + one
SEM. One-way ANOVA with Tukey’s multiple comparison test (***p<0.05, significant differences are indicated for morphotypes 1 and 2,
Supplementary Table 8).

As these genes show striking similarity to TAL effectors, they were
named Burkholderia TALE-like effectors (BAT1: RBRH_01844;
BAT2: RBRH_01776; BAT3: RBRH_01777, Fig. 2a)”**?*. First
identified in phytopathogenic bacteria of the genera Xanthomonas
and Ralstonia, TALEs directly modify the expression of host plant
genes to help bacterial colonisation (Fig. 2b)*"*'. Similar to the
Xanthomonas and R. solanacearum TALEs, BATs consist of

numerous amino acid repeat units (BAT1: 22 repeats; BAT2: 27
repeats; BAT3: 6 repeats; Fig. 2c). Although slightly shorter than the
Xanthomonas and Ralstonia repeats (34 repeats), BAT repeats
contain a sequence-specific DNA binding motif following the
canonical TALE code®?*%

The endofungal bat sequences identified in the genomes
were confirmed as genuine TALE orthologues using: (i) PCR
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amplification and Sanger sequencing (Supplementary Table 5) and;
(i) phylogenetic analyses of predicted protein sequences. BAT1 was
found in each of the five Burkholderia branches, while BAT2 and
BAT3 were present in species belonging to the Eurasian and Pacific
branch (Fig. 2d,e). It is conceivable that missing bat sequences
evaded detection due to their highly repetitive nature. Using
phylogenetic analysis, R. solanacearum TALEs (RipTALs) were
identified as the closest relatives of endofungal BAT proteins (Fig. 2e
and Supplementary Fig. 3).

TALEs usually harbour a T3S signal, a NLS, and an
activation domain, all of which are required for the transcriptional
activation of host plant genes®. We searched for NLS motifs within
endofungal BAT peptide sequences using the NucPred and cNLS
prediction software (see Methods for details). A fraction of BAT1 and
BAT2 proteins were predicted to localise to the nucleus (52%) while
the remaining fraction localises to the cytoplasm (48%). Localisation
of BAT3 could not be predicted (Supplementary Table 7). Although a
transcriptional activation domain (AD) seems to be absent in BAT
proteins, a BAT1 fusion protein containing a viral NLS and AD was
shown to transcriptionally activate a promoter with its target
sequence in both human and plant cells®®. However, their native
function in B. rhizoxinica, or in the interaction with R. microsporus, is
still unknown.

Impact of BAT mutants on fungal sporulation

In order to identify the role of BAT proteins in the Burkholderia —
Rhizopus symbiosis, we performed targeted gene deletion using a
double-crossover strategy’'. Although B. rhizoxinica can be
maintained in axenic cultures under laboratory conditions, genetic
manipulations are challenging. The long doubling time and the
aggregation of cells®® significantly impair the selection process.
Despite these challenges, we succeeded in deleting individual bat
genes to generate Abat1::Apra’, Abat2::Kan', and Abat3::Kan" mutant
strains. Additionally, multi-deletions of bat genes were performed to
generate double (Abat2_bat3::Kan') and triple (Abat1::Apra'’-
bat2_bat3::Kan") mutant strains (Supplementary Fig. 4).

Next, the reinfection potential of the knock-out strains was
evaluated using a sporulation assay. The sporulation efficiency was
significantly (p<0.05) reduced in all B. rhizoxinica BAT mutant strains
as only a limited number of mature sporangia were formed (Fig. 2f
and Supplementary Table 4). In contrast, the wild-type B. rhizoxinica
strain readily triggered sporulation after three days of co-incubation.
Fluorescence microscopy was used to monitor bacteria (stained with
SYTO9) inside the fungal hyphae (counter-stained with calcofluor
white) following re-infection. BAT mutants reached an extremely
dense cell density within the host cytosol, while wild-type bacteria
spread equally among the fungal mycelium (Fig. 2f).

BAT-dependent changes in fungal morphology

To investigate the accumulation of BAT mutant cells in the fungal
hyphae, we utilised a tailor-made microfluidic platform that allows live
monitoring of BFIs over time using fluorescence microscopy (Fig.
3a)*. First, cured R. microsporus was grown in BFI devices filled
with PDB (Fig. 3b). After two days of incubation, the fungus was co-
incubated with SYTQO9-stained wild-type B. rhizoxinica or BAT mutant
strains (Abat1::Apra’, Abat2::Kan', and Abat3::Kan'). As a control,
T3SS-deficient mutants (AsctC::Kan" and AsctT::Kan")*' or a rhizoxin-
deficient mutant (ArhiG::Kan') were also co-incubated. We observed
four morphologically distinct types of hyphae (Fig. 3c and
Supplementary Fig. 5), which were classified as follows: (1)
vegetative side hyphae; (2) vegetative main hyphae; (3) vegetative
empty side hyphae; and (4) abortive sporangiophore. Vegetative
main hyphae (morphotype 2) are characterised by their relatively
large diameter (app. 10-15 pym). They appear to be tightly packed

with organelles (e.g. nuclei, vacuoles, mitochondria, etc.), which are
transported through the hyphae at relatively high speed (Video 1).
This hyphal classification has been described for members of the
Basidiomycetes and Ascomycetes, but rarely in Zygomycetes®*.
We also observed smaller side hyphae, which were either filled with
cellular components (morphotype 1) or were completely empty
(morphotype 3). Morphotype 4 showed strong green fluorescence
indicative of high bacterial cell numbers (Fig. 3c and Supplementary
Fig. 5). Since B. rhizoxinica accumulates in the hyphal tip prior to the
formation of sporangias, this morphotype was termed abortive
sporangiophore.

Next, we calculated the mycelium area (as a percentage) of
all four hyphal morphotypes over time (0, 24, and 48 hours post
infection) using brightfield images (Fig. 3d). We monitored changes
in the fungal morphological composition by: (i) comparing individual
morphotypes at specific time points across B. rhizoxinica wild-type
and mutant strains and; (ii) by comparing morphotypes of individual
B. rhizoxinica strains between time points. In general, we observed
no significant changes in any of the B. rhizoxinica strains, with two
exceptions (Supplementary Table 8a,b). After 48 hours, morphotype
1 significantly decreased (p<0.05) and morphotype 2 significantly
increased (p<0.05) in fungi co-cultured with BAT1 mutants, while the
reverse effect was observed for fungi co-cultured with BAT3 mutants
(Fig. 3d and Supplementary Table 8c). Interestingly, fungal
reinfection with wild-type B. rhizoxinica and BAT-deficient mutants
resulted in a noticeable increase in morphotype 4 after 48 hours.
Although this higher percentage of morphotype 4 was not significant,
this effect was virtually absent in the control strains (Fig. 3d).

Monitoring fungal re-infection in real-time

The reinfection process was investigated in more detail by
calculating the number of endohyphal bacteria from the integrated
density at 485/498 nm (Fig. 4a). One day after infection, BAT1 and
BAT3 mutants showed a 30% increase in fungal reinfection,
compared to the positive control (sterile R. microsporus
ATCC62417/S re-infected with wild-type B. rhizoxinica), while 25%
less BAT2 mutant cells were detected inside the fungal hyphae. In a
control experiment, endobacteria were virtually absent when T3SS
defective mutants were co-cultured with the cured fungus
(Supplementary Fig. 6). In addition, rhizoxin-deficient mutants were
able to enter the fungal cells similarly to the positive control
(Supplementary Fig. 7).

The number of fluorescent BAT mutants inside the fungal
hyphae after two days of co-incubation was similar to that seen one
day after co-incubation (Fig. 4a and Supplementary Table 9),
suggesting that reinfection with BAT mutants takes place within 24
hours of their introduction (Supplementary Fig. 5). It is possible that a
potential increase in bacterial cells after 48 hours was not detected
due to bleaching of SYTO9*. To minimise the effects of bleaching,
light exposure was kept to a minimum by using a low exposure time
(100 ms). Surprisingly, the four fungal morphotypes differed across
the 48 hour infection period. The number of bacteria observed in
morphotype 4 (abortive sporangiophore) after two days of co-
incubation was significantly higher (p<0.05) compared to one day
after infection for all BAT mutants (Fig. 4b and Supplementary Table
9). Bacterial localisation in morphotype 4 was also observed in
microscopic images (Fig. 4c and Supplementary Fig. 5).

The fungal reinfection and subsequent formation of
morphotype 4 was captured in real-time (Fig. 4c and Video 2). First,
BAT mutants penetrate and re-infect selected hyphae of R.
microsporus, especially side-hyphae. Following infection, the
bacterial cells reach very high densities (strong green-fluorescent
signal) and septa are formed at the base of these hyphae.
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Fig. 4 Course of reinfection of Burkholderia rhizoxinica transcription-activator like effector (BAT) mutant strain into Rhizopus
microsporus. a, Endosymbiont-free R. microsporus ATCC62417/S was co-incubated with B. rhizoxinica BAT mutant strains (Abat?::Apra’,
Abat2::Kan', and Abat3::Kan") for 48 hours. Bacterial cells were stained with SYTO9 prior to co-incubation. Following fluorescence microscopy at
485/498 nm (SYTO9), the integrated density (product of area and mean grey value) per bacterial cell number was calculated for both measurements
using Fiji*®, and then plotted as percent of the positive control (R. microsporus ATCC62417/S co-incubated with wild-type B. rhizoxinica; % of BIWT).
N = 10 biological replicates + one SEM. b, Integrated density (in % of B1WT) was measured for each individual morphotype (1 — 4) following
reinfection with BAT mutant strains. N = 3 biological replicates (16 technical replicates) + one SEM. One-way ANOVA with Tukey’s multiple
comparison test (***p<0.05, significant differences are indicated for morphotype 4, Supplementary Table 9). ¢, Course of reinfection of B. rhizoxinica
Abat1::Apra” into R. microsporus. Reinfection was monitored over time using fluorescence microscopy (Video 2). Arrowheads indicate the formation
of septa. Scale bar, 10 um. d, The number of septa per area (in pm) was plotted as % of BIWT. N = 3 biological replicates (16 technical replicates) +
one SEM. e, The number of septa per bacterial cell number was plotted as % of BIWT. N = 3 biological replicates (16 technical replicates) + one
SEM. One-way ANOVA with Tukey’s multiple comparison test (***p<0.05, Supplementary Table 10).

As a result, the cytoplasmic flow between infected hyphae and the
remaining fungal mycelium is abolished, leading to the physical
containment of bacteria (Video 2). These observations were
surprising, considering that R. microsporus generally does not form
septa. In the rare cases where septa can be found, they are formed to
either wall off old or injured hyphae or as separators between mycelia
and spore-forming structures®*.

BAT mutants induce septation in fungal host

To further investigate the formation of septa, we analysed the total
number of septa formed following fungal reinfection with B. rhizoxinica
BAT mutants (Abat1::Apra’, Abat2::Kan', and Abat3::Kan') in a BFI
device. The total number of septa was smaller or equal to the positive
control (£100% of sterile R. microsporus ATCC62417/S re-infected
with wild-type B. rhizoxinica) 24 hours after reinfection, while septa
formation increased markedly after 48 hours of co-incubation (Fig.
4d,e and Supplementary Table 10a). Compared to the reinfection
process where most bacteria are inside the fungal hyphae after 24
hours (Fig. 4a), the formation of septa appears to take place at a later

stage of the reinfection process (48 hours). In addition, septa
formation and accumulation of bacteria in side-hyphae correlated with
morphotype 4 (Fig. 4c). Using a LIVE/DEAD stain we observed that
the majority of BAT-deficient mutants were dead in morphotype 4,
while all other morphotypes contained more live bacteria (p<0.05). In
contrast, wild-type B. rhizoxinica showed similar ratios of live versus
dead bacteria in all four hyphal morphotypes (Fig. 5a,b and
Supplementary Table 11).

It has to be taken into consideration that LIVE/DEAD staining,
utilising SYTO9 and propidium iodide (Pl), may underestimate
bacterial viability. SYTO9 can stain live and dead cells with different
efficiencies®®, while Pl has a strong binding affinity to extracellular
nucleic acids, a major component of bacterial biofilms®. Since B.
rhizoxinica is a known biofilm producer®?, we performed LIVE/DEAD
stains of axenic cultures prior to co-incubation in BFI devices. The
majority of the cells stained green (Supplementary Fig. 8), indicating
that underestimation of bacterial viability due to extracellular nucleic
acids is unlikely.
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Fig. 5 Viability test of Rhizopus microsporus re-infected with Burkholderia rhizoxinica transcription-activator like effector (BAT) mutant
strains. a, Endosymbiont-free R. microsporus ATCC62417/S was co-incubated with B. rhizoxinica BAT mutant strains (Abat1::Apra’, Abat2::Kan',
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(live/dead) was plotted for each morphotype (see Methods for details). N = 3 biological replicates (16 technical replicates) + one SEM. One-way
ANOVA with Tukey’s multiple comparison test (***p<0.05, Supplementary Tables 10 and 11). b, Microscopic images of R. microsporus re-infected
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septa. Scale bar, 20 pm.

Discussion

Bacteria that live in close association with eukaryotes can control
their host by employing specialised tools®***. One prominent
example are the TALEs, a T3SS-associated group of highly
homologous proteins that allow plant pathogens to modify and exploit
their hosts””***". In recent years, TALEs have become popular tools
in biotechnological applications due to their ability to manipulate DNA
in a site-directed manner”. As a consequence, TALE-related
proteins have been identified in a wide range of bacterial species,
including B. rhizoxinica (BAT1, BAT2, and BAT3)?. In this study we
combined genomic and functional studies to characterise T3SS-
associated proteins in the fungal endosymbiont B. rhizoxinica. While
fungal sporulation is independent of the T3SS-associated alanine-
tryptophan-arginine (AWR) protein, targeted gene knockouts resulted
in BAT-deficient mutants that are unable to induce fungal sporulation
in the host, suggesting that BAT proteins are an important factor for
the Rhizopus — Burkholderia interaction.

By utilising a tailor-made microfluidic device®*, we show that
the fungal mycelium is composed of four morphologically distinct
types of hyphae. These fungal morphotypes are rare in the
Zygomycetes®, and this is the first time that different cell types have
been described in R. microsporus. The vegetative main hyphae of R.
microsporus (morphotype 2), is one of the most important type of
hyphae. These so called trunk hyphae43 transport intracellular
material across the R. microsporus mycelium at relative high speeds.
This allows R. microsporus, and fungi in general, to cope well with
heterogeneous distributions of soil nutrients in their natural habitat®.
In addition, fast cytoplasmic flow also allows for free migration of B.
rhizoxinica across the host mycelium“. Hyphae serving as dispersal
vectors for motile bacteria are an important feature of BFI ecology45
and may promote colonisation of new ecological niches*®.

Microfluidics was used to gain a deeper understanding of the
interaction between BAT-deficient endosymbionts and their fungal
hosts. We have demonstrated (i) efficient fungal re-infection of BAT
mutant strains within one day, and (ii) accumulation and trapping of
these strains in specific fungal side-hyphae after two days.
Accumulation of mutant endosymbionts is unique to BAT-deficient B.
rhizoxinica, as T2SS- and T3SS-deficient mutants are unable to re-
infect the sterile fungus efficiently’"*'. Since total bacterial reinfection

reaches its maximum after one day, it is conceivable that BAT-
deficient bacteria are redistributed inside the fungal mycelium
following reinfection and subsequently accumulate in side-hyphae.
These infected side-hyphae are then walled-off from the remaining
mycelium via the formation of septa, which leads to trapping of BAT-
deficient bacteria. The occurrence of septa is one of the most
surprising results, as Zygomycetes generally lack septate hyphaesa.
Septation causes the cytosolic exchange to stop and bacteria, which
normally move freely within the mycelium®, become physically
restricted.

Considering that the majority of trapped bacteria are dead,
our observations are in agreement with a model where the lack of
BAT proteins marks B. rhizoxinica as a pathogen or potentially
harmful, thereby eliciting a protective response from the fungus. It
should be kept in mind that these hyphae could represent abortive
sporangia due to the set-up of the microfluidics devices. R.
microsporus is grown submerged in liquid medium under which
conditions the fungus struggles to produce sporangia. However,
considering that the persistence of the symbiosis is dependent on
spores containing endobacteria®, we would expect the majority of the
trapped endobacteria to be alive (as seen for wild-type bacteria).
Therefore, we argue that BAT-deficient bacteria induce a controlled
suicide of the host, a mechanism that is well described in plant-
pathogen interactions. For example, TALEs from Xanthomonas
campestris induce a suicide gene in resistant plants, causing
programmed cell death of the host and thereby preventing the
pathogen from spreading®’.

Notably, BAT proteins described in this study, are the first
TALE-related proteins whose absence causes an increase in host
colonisation. In comparison, TALE proteins from plant pathogens aid
host colonisation through the induction of susceptibility genes, which
leads to a dramatic increase in bacterial cell numbers in the host®". It
is remarkable that the absence of BAT proteins causes a similar
phenotype in fungi, i.e. high numbers of bacterial cells. Thus, BATs
might represent DNA-binding proteins with a function different to
TALEs*. For example, multiple unrelated proteins showing nuclear
localisation and interaction with DNA have been identified as
mechanisms to aid host colonisation for various pathogens and
symbiontsag. The fact that parasites and mutualists commonly share
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the same molecular tools (e.g. secretion systems) to control their
hosts' supports the hypothesis that B. rhizoxinica becomes
pathogenic ‘in the eyes of the fungus’ if BAT proteins are absent.
Indeed, multiple investigations have suggested that B. rhizoxinica
endosymbionts were initially parasites before switching to
mutualists*®. For example, phylogenetic analyses indicated that B.
rhizoxinica has switched its host multiple times during evolution'®,
while R. microsporus has acquired resistance against a potent
phytotoxin (rhizoxin) produced by the endosymbiont*’. Thus, BAT
proteins might represent an important factor for the maintenance of
the mutualistic relationship in this BFI and their absence may
facilitate a switch from mutualists back to parasites. This challenges
the traditional views of symbiotic relationships, which were defined
as a mutually beneficial for both partners. Instead, the BFI presented
in this paper may be better described as a sliding scale, where
symbionts can act as mutualist or pathogen depending on the
genetic context™.

Conclusion

In summary, we show that BAT-deficient endosymbionts successfully
re-colonise the host but become trapped in specific hyphae due to
the formation of septa. This represents an unprecedented case
where mutant bacteria induce biogenesis of septa in a Zygomycete.
In contrast to TALE proteins from phytopathogenic bacteria, a lack of
BAT proteins facilitates bacterial colonisation of the host. Finally,
microscopic investigations revealed that TALE-deficient mutants
could be regarded as pathogens in the fungal cytosol, which would
be in line with a plausible antagonism-mutualism shift in the evolution
of this microbial symbiosis. The possibility of endobacteria controlling
the physiology of a fungal host offers a broader view on the dynamic
interactions between bacteria and fungi.

Methods

Strains and growth conditions

Eight Rhizopus microsporus strains harbouring endobacteria
Burkholderia sp. were used in this study (Supplementary Table 1)'°.
Endobacteria from R. microsporus ATCC62417 were eliminated by
continuous antibiotic treatment® and the cured fungal strain was
named ATCC62417/S. All R. microsporus strains (ATCC62417 and
ATCC62417/S) were cultivated on Potato Dextrose Agar (PDA;
Becton, Dickinson & Company, Sparks, MD, USA) at 30 °C. Bacterial
endosymbionts were isolated from the mycelium of eight fungal
strains as previously reported *" Pure cultures of B. rhizoxinica were
grown at 30 °C in MGY M9 medium (10 g/L glycerol, 1.25 g/L yeast
extract, M9 salts) or Standard | Nutrient Agar (Merck, Darmstadt,
Germany) supplemented with 1% glycerol.

Genome sequencing, assembly, and annotation

Genomic DNA (gDNA) was isolated from seven axenic Burkholderia
sp. cultures (Supplementary Table 1) using the Epicentre
MasterPure DNA Purification kit (lllumina Biotechnology, San Diego,
CA, USA) following the manufacturer's protocol. gDNA was
quantified using a NanoDrop™ (Thermo Fisher Scientific, Waltham,
MA, USA) and used for shotgun sequencing. Sequencing was
performed at the University of Melbourne using the Nextera XT
Library preparation kit in combination with the lllumina™ NextSeq
System®® producing paired-end reads with a mean length of
approximately 500 base pairs.

Raw sequence reads were trimmed with trimmomatic® and
reference assemblies were performed using Spades v3.7.0, with the
previously published B. rhizoxinica HKI-0454 genome' as a
reference. Draft genome sequences were error corrected with
Lighter54 and annotated using Prokka version 1.12%. The RNA genes
were determined by using the software Barnap implemented in
Prokka. The key attributes for the genome sequences are
summarized in Supplementary Table 2.

In silico predictions and characterisation of Type 3 effectors
Potential type 3 secreted effector proteins were predicted using the
T3SS PREDICTION server® and the EFFECTIVE T3 prediction
tool”. Nuclear localisation signals (NLS) were predicted using the
cNLS domain prediction tool®® and NucPred®. The nucleotide
sequences of potential Burkholderia T3 effector genes have been
deposited in GenBank under the accession numbers provided in
Supplementary Table 3.

Amplification and Sanger Sequencing of Burkholderia sp. bat
genes

gDNA was isolated from eight axenic Burkholderia spp cultures
(Supplementary Table 1) and quantified as described above.
Polymerase chain reaction (PCR) primers were designed to amplify
partial coding sequences of bat? (GenBank acc. no.: RBRH_01844,
Supplementary Table 2a). PCRs were performed in 25.0 pL
reactions containing: 12.5 pL of high-fidelity Taq DNA polymerase
(Phusion® Master Mix, New England Biolabs, Ipswich, MA, USA),
forward and reverse primers (both 0.4 uM), and 100 ng of template
gDNA. The following thermocycling conditions were used for
amplification: 98 °C /30 s, 1 cycle; 98 °C /10,65 °C /30,72 °C/
3 min, 30 cycles; 72 °C / 7 min, 1 cycle; 16 °C / hold.

The PCR products were checked on an agarose gel stained
with ethidium bromide before gel extraction (Zymoclean™ Gel DNA
Recovery Kit, Zymo Research, Irvine, CA, USA). The resulting pure
amplicons were ligated into pCR™-Blunt II-TOPO® (Invitrogen,
Carlsbad, CA, USA), followed by transformation into TOP10
Escherichia coli. The plasmids were purified (Monarch Plasmid
Miniprep Kit, New England Biolabs) and plasmid inserts were bi-
directionally sequenced by an external contractor (Eurofins
Genomics, Ebersberg, Germany). Sequences were deposited in
GenBank under the accession numbers provided in Supplementary
Table 1.

Phylogenetic analysis

For phylogenetic analysis, predicted T3 effector protein sequences
were aligned using ClustalW®. Alignments were generated using a
gap open penalty of 10 and a gap extension penalty of 0.1 as
implemented in the MEGA7 package (Molecular Evolutionary
Genetics Analysis software, version 5.0)*'. All positions containing
gaps and missing data were eliminated. The evolutionary history was
inferred using the Neighbour-Joining method with maximum
composite likelihood distances and 10,000 bootstrap repetitions®*®.
The alignments of sequences used in this study are shown in
Supplementary Figs. 1 and 3.

Generation of B. rhizoxinica mutant strains

To investigate the role of both AWR and BAT proteins in the
symbiosis, four genes (awr: RBRH_03012; bat7: RBRH_01844; bat2:
RBRH_01776; bat3: RBRH_01777) were deleted using a double
crossover strategy as previously described?".

Using a proof-reading polymerase, the upstream and
downstream regions of the genes of interest were amplified. Primers
were designed to contain 20 bp overlap with the gene of interest and
as well as a 20 bp overlap with an antibiotic resistance cassette
(bat2, bat3: kanamycin, bat1: apramycin). The kanamycin and
apramycin cassettes were amplified from pK19 and pJI773,
respectively, using primers carrying the same 20 bp.

The knockout vector pGL42a was used to generate B.
rhizoxinica Aawr::Kan', Abat1::Apra’, Abat2::Kan', and Abat3::Kan'
deletion mutants. Additionally, a double mutant (Abat2_bat3::Kan")
was generated by using the upstream region of bat3 and the
downstream region of bat2. The plasmid pZU52 (Abat2_bat3::Kan')
was introduced into B. rhizoxinica together with plasmid pZU17
(Abat1::Apra’) to generate a triple mutant (Abat1::Apra'’-
Abat2_bat3::Kan'). pGL42a was double-digested with the restriction
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enzymes Spel and Kpnl (New England Bioloabs). The linear vector
was gel-purified (Monarch® DNA Gel Extraction Kit, New England
Bioloabs) and quantified on a NanoDrop™ (Thermo Fisher
Scientific).

For each target gene, equimolar amounts of three PCR
products and linear pGL42a were mixed with NEBuilder® 2X Master
Mix (NEBuilder® HiFi DNA Assembly Cloning Kit, New England
Bioloabs) and incubated at 60 °C for 1 hr following the
manufacturer's recommendations. The new plasmids pzZU52
(AAWR), pZU17 (Abat1), pZU21 (Abat2), pZU19 (Abat3), pZU23
(Abat2_bat3), and pZU17/pZU23 (Abat1-Abat2 bat3) were
introduced into E. coli by chemical transformation. Transformants
were selected on standard nutrient agar supplemented with either 50
pyg/mL kanamycin (pZU52, pZU21, pZU19, pZU23) or 50 pg/mL
apramycin (pZU17).

Competent B. rhizoxinica HKI-454 (B1 WT) cells were
transformed with vectors pZU52, pZU17, pZU21, and pZU19 via
electroporation. Transformants were grown on standard nutrient agar
containing 50 pg/mL of either apramycin or kanamycin. Colonies
were subsequently passaged onto agar plates containing double
selection medium® until the correct knockout constructs were
observed using colony PCR. Colony PCRs were carried out in 12.0
pL final volumes containing: 5 pL of high-fidelity OneTag® Quick-
Load® 2X Master Mix (New England Biolabs), appropriate forward
and reverse control primers (both 0.4 uM, Supplementary Table 14),
and 5 pL colony suspension. The following thermocycling conditions
were used for amplification: 96 °C / 3 min, 1 cycle; 96 °C / 10 s, 58
°C /15 s, 68 °C / 1 min, 30 cycles; 68 °C / 5 min, 1 cycle; 16 °C /
hold. The resulting PCR products were visualised on an agarose gel.
Primers were designed to span the two recombination sites, yielding
amplicons A and B in mutant strains and amplicons C and D in B.
rhizoxinica wild-type strains.

Sporulation assay
In a liquid sporulation assay, sterile R. microsporus aerial hypha
(app. 0.1 cm3) was grown in 24-well plates containing 750 yL VK
medium (5 g/L glycerol, 10 g/L yeast extract, 10 g/L corn starch, 10
g/L corn step solids, 10 g/L CaCOQOs; pH 6,5). After 15 hours of
incubation, 100 pL of overnight wild-type or mutant B. rhizoxinica
cultures were added to individual wells in three biological replicates.
Co-culture plates were inspected daily for sporulation. The spores
were harvested from each well using 500 pL NaCl (0.15 M) and
counted using a Thoma Chamber.

Experiments were performed three times independently (N =
3) with three technical replicates on each plate. Data are presented
as means with SD. Raw data from sporulation experiments were
processed with MS Excel. GraphPad Prism 5.03 (GraphPad
Software, La Jolla, California, USA, www.graphpad.com) was used
for statistical analysis and graphing. Data from spore counts were
compared for B. rhizoxinica wild-type and B. rhizoxinica mutant
strains using one-way analysis of variance (ANOVA) and Tukey HSD
test function in GraphPad. P-values with p<0.05 were considered
statistically significant. The Brown-Forsythe test was used to test for
equal variance and a p value with < 0.05 was considered significant.

Fluorescence microscopy of co-cultures

One-week old co-culture fungal hyphae were used to visualise the
localisation of the B. rhizoxinica mutant strains. The bacterial cells
were stained with 5 yM Syto 9 (Invitrogen) and fungal cells were
counter-stained with 2 pg/mL calcofluor white (Fluka, Germany) for
5-10 min. Fluorescent microscopy was carried out using a Zeiss LSM
710 confocal laser-scanning microscope, and images were captured
using the Zeiss-Zen software.

Inoculation of bacterial-fungal interaction devices with fungus
Bacterial-fungal interaction (BFI) devices were prepared as
previously described®. Before the BFI devices were inoculated,
cured (endosymbiont-free) R. microsporus ATCC62417/S was sub-
cultured on PDA plates for two days at 30 °C. A piece of young,
growing mycelium (app. 1 cm®) was cut from the agar plate and
placed upside down in front of the microchannels of a BFI device
filled with Potato Dextrose Broth (PDB; Becton, Dickinson &
Company). The agar plug was positioned with the growth direction of
the fungus facing the microchannels. We paid special attention to the
size of the agar plug to minimise biases between experiments. After
two days of incubation at 30 °C, the hyphae had grown far enough
into the microchannels to perform subsequent reinfection
experiments.

Bacterial inoculation into bacterial-fungal interaction devices
Bacterial over-night cultures (500 pL) were harvested in an
Eppendorf tube and resuspended in 0.5 mL NaCl (0.85%) containing
SYTO9 green-fluorescent nucleic acid stain (5 nM final
concentration, Invitrogen). Following incubation in the dark for 5 min,
stained cells were washed and resuspended in 0.5 mL PDB medium.
Cells were counted using a CASY Cell Counter (OMNI Life Science,
Bremen, Germany) and then added to the bacteria inlet of the BFI
device (app. 50—100 pL), which is connected with the microchannels
containing the cured fungus (Fig. 3a,b).

Live-cell imaging of bacterial-fungal interactions

A fluorescence spinning disc microscope (Axio Observer
microscope-platform equipped with Cell Observer SD, Zeiss) was
used to capture BFls at 0 h, 24 h, and 48 h after bacterial inoculation.
For each time point, 16 images were taken at random position of the
microchannels, including both ends of the BFI device (N = 16
biological replicates). Brightfield images were captured using a laser
intensity of 7.1 V and an exposure time of 100 ms. Bacterial cells
(wild-type B. rhizoxinica, Abat1, Abat2, Abat3, AsctT, AsctC, and
ArhiG), stained with SYTO9, were captured at 485/498 nm with an
exposure time of 100 ms. As a reference, wild-type R. microsporus
ATCC62417, naturally containing endosymbionts, was also
analysed, although no additional bacterial cultures were added
through the inlet. Each reinfection experiment was performed at least
three times independently (N = 3). Images were generated using
custom software (Zeiss Zen Blue Software) and analysed using Fiji*.
Images, containing spatial calibration meta data, were imported to
Fiji and the same spatial scale was applied to all images using the
global scale function. Prior to image analyses, all images were
converted to 16-bit greyscale, which was propagated to both
channels (brightfield and 485/498 nm). The hyphal area and
integrated density (ID; product of area and mean grey value) of both
channels were measured using the free hand tool and measuring
tool implemented in Fiji. According to the brightfield images, four
morphologically distinct types of hyphae were defined (Fig. 3d) and
the number of septa observed was counted. Subsequent calculations
and data visualisation was carried out using MS Excel and GraphPad
Prism 5.03. To correct for autofluorescence and variations between
experiments, raw ID values at O hours post infection (hpi) were
averaged from three independent experiments and then subtracted
from raw ID values at 24 hpi and 48 hpi. Corrected ID values were
divided by the number of bacterial cells (cells/mL) inoculated in the
bacterial inlet and then plotted as percent of the positive control
(cured R. microsporus ATCC62417/S co-incubated with wild-type B.
rhizoxinica HKI-0454). The same approach was applied to correct for
the number of septa observed. The corrected number of septa was
divided by either the inoculated bacterial cell number (cells/mL) or by
the mycelium area (in pm) and then plotted as percent of the positive
control.
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Imaging of bacterial survival

To test the bacterial survival rate in BFI devices, cells were stained
with LIVE/DEAD BaclLight fluorescent dyes (Invitrogen) after 72 h of
fungal-bacterial co-incubation. To stain cells inside the BFI device,
the PDB medium was removed through the bacterial inlet and
replaced with 100 yL staining solution (10 nM SYTO9 and 60 nM
propidium iodide). Fluid replacement was repeated three times,
before the devices were incubated in the dark for 15 min. Following
staining, fluorescent dyes were replaced with PDB medium by
flushing the devices four times. Fluorescence microscopy and
subsequent image analysis was performed as described above.

Statistical analysis

Raw data from re-infection experiments and bacterial survival
experiments were processed with MS Excel. GraphPad Prism 5.03
was used for statistical analysis and graphing. One-way analysis of
variance (ANOVA) was used to study the relationship between
different B. rhizoxinica strains (wild-type and mutant strains) and
fungal physiology (e.g. mycelium area, reinfection efficiency,
septation rate, bacterial survival) following fungal reinfection using
the Tukey HSD test function. P-values with p<0.05 were considered
statistically significant. The Brown-Forsythe test was used to test for
equal variance and a p value with < 0.05 was considered significant.

Data availability

All data generated or analysed during this study are included in the
manuscript and in the supporting files. Source data files have been
provided for Supplemental videos.

References

1 Dale, C. & Moran, N. A. Molecular interactions between bacterial
symbionts and their hosts. Cell 126, 453-465 (2006).

2 Chrostek, E. & Teixeira, L. Mutualism breakdown by amplification
of Wolbachia genes. PLoS Biology 13, €1002065 (2015).

3 Costa, T. R. D. et al. Secretion systems in Gram-negative
bacteria: structural and mechanistic insights. Nat. Rev. Microbiol.
13, 343-359 (2015).

4 Phan, T. H. & Houben, E. N. G. Bacterial secretion chaperones:
the mycobacterial type VIl case. FEMS Microbiol. Lett. 365,
fny197 (2018).

5 Kay, S., Hahn, S., Marois, E., Hause, G. & Bonas, U. A bacterial
effector acts as a plant transcription factor and induces a cell size
regulator. Science 318, 648-651 (2007).

6 Yamaoka, Y. Mechanisms of disease: Helicobacter pylori
virulence factors. Nat. Rev. Gastroenterol. Hepatol. 7, 629-641
(2010).

7 Partida-Martinez, L. P. & Hertweck, C. Pathogenic fungus
harbours endosymbiotic bacteria for toxin production. Nature
437, 884-888 (2005).

8 Partida-Martinez, L. P., Monajembashi, S., Greulich, K. O. &
Hertweck, C. Endosymbiont-dependent host reproduction
maintains bacterial-fungal mutualism. Curr. Biol. 17, 773-777
(2007).

9 Estrada-de Los Santos, P. et al. Whole genome analyses
suggests that Burkholderia sensu lato contains two additional
novel genera (Mycetohabitans gen. nov., and Trinickia gen.
nov.): implications for the evolution of diazotrophy and nodulation
in the Burkholderiaceae. Genes 9, €389 (2018).

10 Scherlach, K., Busch, B., Lackner, G., Paszkowski, U. &
Hertweck, C. Symbiotic cooperation in the biosynthesis of a
phytotoxin. Angew. Chem. Int. Ed. 51, 9615-9618 (2012).

11 Moebius, N., Uzum, Z., Dijksterhuis, J., Lackner, G. & Hertweck,
C. Active invasion of bacteria into living fungal cells. eLife 3,
03007 (2014).

12 Niehs, S. P., Scherlach, K. & Hertweck, C. Genomics-driven
discovery of a linear lipopeptide promoting host colonization by
endofungal bacteria. Org. Biomol. Chem. 16, 8345-8352 (2018).

13 Leone, M. R. et al. An unusual galactofuranose
lipopolysaccharide that ensures the intracellular survival of toxin-
producing bacteria in their fungal host. Angew. Chem. Int. Ed. 49,
7476-7480 (2010).

14 Lackner, G., Moebius, N., Partida-Martinez, L. & Hertweck, C.
Complete genome sequence of Burkholderia rhizoxinica, an
endosymbiont of Rhizopus microsporus. J. Bacteriol. 193, 783-
784 (2011).

15 Lackner, G., Moebius, N., Partida-Martinez, L. P., Boland, S. &
Hertweck, C. Evolution of an endofungal lifestyle: deductions
from the Burkholderia rhizoxinica genome. BMC Genomics 12,
€210 (2011).

16 Lackner, G. et al. Global distribution and evolution of a
toxinogenic Burkholderia-Rhizopus symbiosis. Appl. Environ.
Microbiol. 75, 2982-2986 (2009).

17 Sole, M. et al. The awr gene family encodes a novel class of
Ralstonia solanacearum type Il effectors displaying virulence
and avirulence activities. Mol. Plant Microbe Interact. 25, 941-
953 (2012).

18 Uematsu, T., Yoshimura, D., Nishiyama, K., Ibaragi, T. & Fuijii, H.
Pathogenic bacterium causing seedling rot of rice. Jpn. J.
Phytopathol. 42, 464-471 (1976).

19 Van Zandt, K. E., Greer, M. T. & Gelhaus, H. C. Glanders: an
overview of infection in humans. Orphanet J. Rare. Dis. 8, 131
(2013).

20 Chelsky, D., Ralph, R. & Jonak, G. Sequence requirements for
synthetic peptide-mediated translocation to the nucleus. Mol.
Cell. Biol. 9, 2487-2492 (1989).

21 Lackner, G., Moebius, N. & Hertweck, C. Endofungal bacterium
controls its host by an hrp type Ill secretion system. ISME J. 5,
252-261 (2011).

22 Boch, J. & Bonas, U. Xanthomonas AvrBs3 family-type IlI
effectors: discovery and function. Annu. Rev. Phytopathol. 48,
419-436 (2010).

23 Lange, O. et al. Programmable DNA-binding proteins from
Burkholderia provide a fresh perspective on the TALE-like repeat
domain. Nucleic Acids Res. 42, 7436-7449 (2014).

24 Stanley, C. E. et al. Probing bacterial-fungal interactions at the
single cell level. Integr. Biol. 6, 935-945 (2014).

25 Juillerat, A. et al. BurrH: a new modular DNA binding protein for
genome engineering. Sci. Rep. 4, e3831 (2014).

26 Stella, S., Molina, R., Bertonatti, C., Juillerrat, A. & Montoya, G.
Expression, purification, crystallization and preliminary X-ray
diffraction analysis of the novel modular DNA-binding protein
BurrH in its apo form and in complex with its target DNA. Acta
Crystallogr., Sect. F 70, 87-91 (2014).

27 Boch, J. et al. Breaking the code of DNA binding specificity of
TAL-type Il effectors. Science 326, 1509-1512 (2009).

28 Salanoubat, M. et al. Genome sequence of the plant pathogen
Ralstonia solanacearum. Nature 415, 497-502 (2002).

29 Moscou, M. J. & Bogdanove, A. J. A simple cipher governs DNA
recognition by TAL effectors. Science 326, 1501 (2009).

30 Lange, O. et al. Breaking the DNA-binding code of Ralstonia
solanacearum TAL effectors provides new possibilities to
generate plant resistance genes against bacterial wilt disease.
New Phytol. 199, 773-786 (2013).

31 Verdier, V. et al. Transcription activator-like (TAL) effectors
targeting OSSWEET genes enhance virulence on diverse rice
(Oryza sativa) varieties when expressed individually in a TAL
effector-deficient strain of Xanthomonas oryzae. New Phytol.
196, 1197-1207 (2012).

32 Uzum, Z. et al. Structure, genetics and function of an
exopolysaccharide produced by a bacterium living within fungal
hyphae. ChemBioChem 16, 387-392 (2015).

33 Dijksterhuis, J. & Samson, R. A. Zygomycetes in Food Spoilage
Microorganisms (ed Clive de W. Blackburn) 415-436 (Woodhead
Publishing, 2006).

34 Fricker, M. D. et al. Fourier-based spatial mapping of oscillatory
phenomena in fungi. Fungal Genet. Biol. 44, 1077-1084 (2007).

35 Stiefel, P., Schmidt-Emrich, S., Maniura-Weber, K. & Ren, Q.
Critical aspects of using bacterial cell viability assays with the
fluorophores SYTO9 and propidium iodide. BMC Microbiol. 15,
36 (2015).

36 Schindelin, J. et al. Fiji: an open-source platform for biological-
image analysis. Nat. Methods 9, 676-682 (2012).

37 Moore-Landecker, E. Zygomycota and Glomeromycota in
Encyclopedia of Life Sciences (ELS) (John Wiley & Sons, Ltd.,
2008).

10


https://doi.org/10.1101/2020.03.28.013177

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.28.013177; this version posted March 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Rosenberg, M., Azevedo, N. F. & Ivask, A. Propidium iodide
staining underestimates viability of adherent bacterial cells. Sci.
Rep. 9, 6483 (2019).

Bierne, H. & Cossart, P. When bacteria target the nucleus: the
emerging family of nucleomodulins. Cell Microbiol. 14, 622-633
(2012).

Vlisidou, 1. et al. The Photorhabdus asymbiotica virulence
cassettes deliver protein effectors directly into target eukaryotic
cells. eLife 8, 46259 (2019).

Kay, S. & Bonas, U. How Xanthomonas type Il effectors
manipulate the host plant. Curr. Opin. Microbiol. 12, 37-43
(2009).

Perez-Quintero, A. L. & Szurek, B. A decade decoded: spies and
hackers in the history of TAL effectors research. Annu. Rev.
Phytopathol. 57, 459-481 (2019).

Schmieder, S. S. et al. Bidirectional propagation of signals and
nutrients in fungal networks via specialized hyphae. Curr. Biol.
29, 217-228 (2019).

Desiro, A. et al. Detection of a novel intracellular microbiome
hosted in arbuscular mycorrhizal fungi. ISME J. 8, 257-270
(2014).

Kohimeier, S. et al. Taking the fungal highway: mobilization of
pollutant-degrading bacteria by fungi. Environ. Sci. Technol. 39,
4640-4646 (2005).

Simon, A., Herve, V., Al-Dourobi, A., Verrecchia, E. & Junier, P.
An in situ inventory of fungi and their associated migrating
bacteria in forest soils using fungal highway columns. FEMS
Microbiol. Ecol. 93, fiw217 (2017).

Romer, P. et al. Plant pathogen recognition mediated by
promoter activation of the pepper Bs3 resistance gene. Science
318, 645-648 (2007).

Lastovetsky, O. A. et al. Lipid metabolic changes in an early
divergent fungus govern the establishment of a mutualistic
symbiosis with endobacteria. Proc. Natl. Acad. Sci. U. S. A. 113,
15102-15107 (2016).

Schmitt, I. et al. Evolution of host resistance in a toxin-producing
bacterial-fungal alliance. ISME J. 2, 632-641 (2008).
Pérez-Brocal, V., Latorre, A. & Moya, A. Symbionts and
Pathogens: What is the Difference? in Between Pathogenicity
and Commensalism (eds Ulrich Dobrindt, Jérg H. Hacker, &
Catharina Svanborg) 215-243 (Springer Berlin Heidelberg, 2013).
Partida-Martinez, L. P. et al. Burkholderia rhizoxinica sp nov and
Burkholderia endofungorum sp nov., bacterial endosymbionts of
the plant-pathogenic fungus Rhizopus microsporus. Int. J. Syst.
Evol. Microbiol. 57, 2583-2590 (2007).

Kuhn, K. et al. A novel, high-performance random array platform
for quantitative gene expression profiling. Genome Res. 14,
2347-2356 (2004).

Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible
trimmer for lllumina sequence data. Bioinformatics 30, 2114-
2120 (2014).

Song, L., Florea, L. & Langmead, B. Lighter: fast and memory-
efficient sequencing error correction without counting. Genome
Biol. 15, 509 (2014).

Seemann, T. Prokka: rapid prokaryotic genome annotation.
Bioinformatics 30, 2068-2069 (2014).

Lower, M. & Schneider, G. Prediction of type Ill secretion signals
in genomes of Gram-negative bacteria. PLoS One 4, e5917
(2009).

Arnold, R. et al. Sequence-based prediction of type Il secreted
proteins. PLoS Pathog. 5, e1000376 (2009).

Kosugi, S., Hasebe, M., Tomita, M. & Yanagawa, H. Systematic
identification of cell cycle-dependent yeast nucleocytoplasmic
shuttling proteins by prediction of composite motifs. Proc. Natl.
Acad. Sci. U. S. A. 106, 10171-10176 (2009).

Brameier, M., Krings, A. & MacCallum, R. M. NucPred-predicting
nuclear localization of proteins. Bioinformatics 23, 1159-1160
(2007).

Thompson, J. D., Higgins, D. G. & Gibson, T. J. CLUSTAL W:
improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res. 22, 4673-
4680 (1994).

61 Kumar, S., Stecher, G. & Tamura, K. MEGA7: molecular
evolutionary genetics analysis version 7.0 for bigger datasets.
Mol. Biol. Evol. 33, 1870-1874 (2016).

62 Saitou, N. & Nei, M. The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406-425
(1987).

63 Felsenstein, J. Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39, 783-791 (1985).

64 Carter, M. E. et al. A TAL effector-like protein of symbiotic
Mycetohabitans increases stress tolerance and alters the
transcriptome of the fungal host Rhizopus microsporus. Preprint
at http://www.biorxiv.org/content/10.1101/2020.03.04.968529v1
(2020).

Acknowledgements

We thank S. Lindner for assistance with image analyses. L.R. is
grateful for financial support from the European Research Council
(ERC) for a Marie Sklodowska-Curie Individual Fellowship (MSCA-
IF-EF-RI) Project reference 794343. Financial support by the
Deutsche Forschungsgemeinschaft (SFB 1127 ChemBioSys, and
Leibniz Award to C.H.), the JSMC to Z.U., and the Swiss National
Science Foundation in the form of an Ambizione Career Grant
(PZ00P2_168005) to C.E.S. is gratefully acknowledged.

Author contributions

IR, ZU, NM, TPS, SJP, IF, Acquisition of data, Analysis and
interpretation of data, Drafting or revising the article; CES,
Preparation of microfluidic devices, Drafting or revising the article;
FH, Analysis and interpretation of data, revising the article; CH,
Conception and design, drafting and revising the article.

Competing interests
The authors declare no competing interests.

Author ORCID

Ingrid Richter https://orcid.org/0000-0001-7700-039X
Claire E. Stanley https://orcid.org/0000-0002-0825-625X
Timothy P. Stinear https://orcid.org/0000-0003-0150-123X
Sacha J. Pidot https://orcid.org/0000-0003-1202-6614
luliia Ferling https://orcid.org/0000-0002-5028-5847

Falk Hillmann https://orcid.org/0000-0002-5493-930X
Christian Hertweck https://orcid.org/0000-0002-0367-337X

Note

During the submission process we have noted the publication of a
pre-print manuscript with complementary results to our study®.

11


https://doi.org/10.1101/2020.03.28.013177

