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SUMMARY
As an endosymbiont of the ecologically and medically relevant fungus Rhizopus microsporus, the toxin-pro-
ducing bacterium Mycetohabitans rhizoxinica faces myriad challenges, such as evading the host’s defense
mechanisms. However, the bacterial effector(s) that facilitate the remarkable ability ofM. rhizoxinica to freely
migrate within fungal hyphae have thus far remained unknown. Here, we show that a transcription activator-
like (TAL) effector released by endobacteria is an essential symbiosis factor. By combining microfluidics with
fluorescence microscopy, we observed enrichment of TAL-deficientM. rhizoxinica in side hyphae. High-res-
olution live imaging showed the formation of septa at the base of infected hyphae, leading to the entrapment
of endobacteria. Using a LIVE/DEAD stain, we demonstrate that the intracellular survival of trapped TAL-defi-
cient bacteria is significantly reduced compared with wild-typeM. rhizoxinica, indicative of a protective host
response in the absence of TAL proteins. Subversion of host defense in TAL-competent endobacteria repre-
sents an unprecedented function of TAL effectors. Our data illustrate an unusual survival strategy of endo-
symbionts in the host and provide deeper insights into the dynamic interactions between bacteria and
eukaryotes.
INTRODUCTION

Endosymbiosis, a symbiotic relationship in which a microbial

partner lives within its host, has led to some of the major evolu-

tionary transitions, e.g., the formation of mitochondria and chlo-

roplasts from internalized prokaryotes.1 Endosymbiosis repre-

sents the most intimate contact between interacting partners

and, in many cases, has reached a point of strict dependency

on the symbiotic partner after millions of years of evolution.2

Such obligate relationships are frequently observed between en-

dofungal bacteria and Mucoromycota fungi.3,4

One pertinent example is the intriguing endosymbiosis between

theMucoromycota fungusRhizopusmicrosporus and its bacterial

symbiont, Mycetohabitans rhizoxinica.5–7 R. microsporus is the

causative agent of rice seedling blight, a disease that causes se-

vere crop losses in agriculture in Asia.8 The symbiont resides

within the fungal hypha, where it produces the highly potent
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phytotoxin rhizoxin, which is partly tailored by the fungus before

being excreted to efficiently stall plant cell division.9 The

R. microsporus-M. rhizoxinica symbiosis is unique not only in be-

ing a phytotoxin-producing alliance but also because host repro-

duction through spores is reliant on the presence of endobacteria

(Figure 1A). If cured of its endosymbionts by antibiotic treatment,

R. microsporus is unable to reproduce vegetatively.10 The depen-

dence of R. microsporus sporulation on M. rhizoxinica 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 factors

that are integral to the establishment and maintenance of

the R. microsporus-M. rhizoxinica symbiosis. For example,

M. rhizoxinica can invade R. microsporus by secreting chitinases

via the type II secretion system (T2SS).11 Bacterial invasion is

further promoted by a bacterial linear lipopeptide (holrhizin)

that reduces surface tension and biofilm formation.12 In order
ors. Published by Elsevier Inc.
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https://twitter.com/Funbiosis2017
https://twitter.com/HillmannLab
https://twitter.com/Hertweck_Lab
https://twitter.com/LeibnizHKI
https://twitter.com/chembiosys_jena
mailto:christian.hertweck@leibniz-hki.de
https://doi.org/10.1016/j.cub.2023.05.028
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2023.05.028&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Schematic representation of endofungal bacteria and their intracellular lifestyle

(A) The Gram-negative bacterium Mycetohabitans rhizoxinica infects its fungal host Rhizopus microsporus, forming an endosymbiotic relationship. Fungal

reproduction through spores is dependent on the presence of endosymbionts. Mature sporangia are absent in apo-symbiotic (endosymbiont-free) fungi.

(B) Entrance ofM. rhizoxinica into the fungal hyphae ismediated by the secretion of effectors via a type 2 secretion system (T2SS). Once inside,M. rhizoxinica lives

in ‘‘stealth mode’’ with the help of a specialized bacterial lipopeptide O-antigen. Although a functional type 3 secretion system (T3SS) is required for the formation

of a stable symbiosis, the molecular function of the T3SS-secreted transcription activator-like (TAL) effectors in M. rhizoxinica is currently unknown.
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to accommodate the endobacteria, the fungal host responds

with upregulation of genes involved in cytoskeletal rearrange-

ments, chitin synthesis, lipid metabolism, and quenching of

reactive oxygen species.13,14 Among the factors employed by

M. rhizoxinica to persist within the fungal host is a specialized

bacterial lipopeptide called O-antigen, which enables the endo-

bacterium to live in ‘‘stealth mode.’’15 In addition, a bacterial

depsipeptide (habitasporin) and a functional type III secretion

system (T3SS) are required for the formation of a stable symbio-

sis (Figure 1B).16,17

Upon initial physical contact with R. microsporus, nearly

60 T3SS-associated effector genes are upregulated in

M. rhizoxinica.13 Among them, perhaps the most well known

are homologs of transcription activator-like (TAL) effectors

from plant-pathogenic Xanthomonas and Ralstonia species.18,19

TAL effectors localize to nuclei of plant hosts, where they bind to

specific DNA sequences and act to induce expression of genes

that aid bacterial colonization and virulence.20 Although aMyce-

tohabitans TAL (MTAL) produced by Mycetohabitans sp. B13 is

thought to increase the tolerance of R. microsporus to cell
membrane stress,21 there is relatively little known regarding the

possible functions of MTALs in the interaction between

M. rhizoxinica and its fungal host. Here, we show that

M. rhizoxinica MTAL1 plays a key role in controlling the intracel-

lular lifestyle of the endobacteria. Furthermore, we present the

first real-time view of septa biogenesis in a Mucoromycota fun-

gus, which leads to hyphal trapping of endobacteria incapable

of secreting MTAL1.

RESULTS

M. rhizoxinica Dmtal1 does not influence hyphal
morphology of R. microsporus

To investigate whether MTAL proteins are important for intracel-

lular survival of Mycetohabitans, we performed a targeted gene

deletion using a double-crossover strategy (Figures S1A and

S1B).16 We chose to focus on the most abundant mtal gene in

Mycetohabitans spp., i.e., mtal1, and deleted this gene in

M. rhizoxinica HKI-0454 to generate M. rhizoxinica Dmtal1

(M. rhizoxinica knockout, Figure S1C). M. rhizoxinica Dmtal1
Current Biology 33, 2646–2656, July 10, 2023 2647
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was transformed with pBBR_Ps12_mtal1 (Figure S1D), an

expression vector in which mtal1 is under the control of a

constitutive promoter, yielding the complemented strain

M. rhizoxinica Dmtal1 pBBR-mtal1 (complemented knockout).

M. rhizoxinica Dmtal1 was transformed with pBBR_Ps12 to

generate M. rhizoxinica Dmtal1 pBBRØ (empty vector control),

a control strain containing the relevant empty vector.

In order to explore specific interactions between intracellular

M. rhizoxinica Dmtal1 and fungal hyphae at the cellular level, we

utilized a tailor-made microfluidic platform. This bacterial-fungal

interaction (BFI) device enables fungal hyphae to be cultured in

microchannels, thus allowing imaging of single hyphae over time

(Figure 2A).22 First, apo-symbiotic R. microsporus was grown in

BFI devices filled with potato dextrose broth (PDB, Figure 2B).

After 2 days of incubation, axenic M. rhizoxinica wild type,

M. rhizoxinica Dmtal1, M. rhizoxinica Dmtal1 pBBRB, or

M. rhizoxinica Dmtal1 pBBR-mtal1 were stained with SYTO9

and then added individually to the bacteria inlet for co-incubation

with apo-symbiotic R. microsporus. T3SS-deficientM. rhizoxinica

(M. rhizoxinica DsctC orM. rhizoxinica DsctT)16 and rhizoxin-defi-

cient M. rhizoxinica (M. rhizoxinica DrhiG)9 were also assessed in

the assay. Both T3SS-deficient strains were previously reported

to have limited ability to reinfect the fungus,16 while deletion of

rhiG causes disruption in the biosynthesis of the toxic macrolide

rhizoxin, which should not impact the reinfection process.

Using light microscopy, we obtained high-resolution images of

individual hyphae growing in the microchannels of the BFI de-

vices. We observed four different types of hyphae, which were

broadly classified as follows: (1) trunk hyphae, (2) branches, (3)

empty branches, and (4) populated hyphae (Figures 2C, S2,

and S3A). Trunk hyphae represent the main vegetative hyphae,

which are characterized by their relatively large diameter

(approximately 10–15 mm). 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 S1). This hyphal classification has been described for

members of the Basidiomycetes and Ascomycetes, but rarely

for Mucoromycota.23,24 We also observed smaller side hyphae,

which are either filled with cellular components (branches) or

are empty (empty branches). Populated hyphae represent

another type of side hyphae, which are filled with organelles

and are similar in diameter to the trunk hyphae. In addition,

they show strong green fluorescence, which is indicative of

high bacterial cell numbers (Figure 2C). Comparison of themyce-

lium area revealed a similar distribution of individual types of
Figure 2. Phenotypic observations of R. microsporus co-cultivated with

interaction (BFI) devices

(A) Photograph and simplified illustration showing the BFI device in a glass Petri d

to a glass-bottomed dish to formmicrochannels, which were filled with PDB. Scal

into the microchannels that limit the number of hyphae that can enter the device

(B) Illustration showing the workflow. An agar plug containing apo-symbiotic R. m

incubation, hyphae are growing inside the microchannels, and SYTO9-stained b

Fungal reinfection is monitored over 48 h, and microscopic images are taken ev

(C) Microscopic images of R. microsporus (stained with calcofluor white [CFW]) c

hyphae. Scale bars: 10 mm.

(D) The fungal mycelium area (as a percentage) of each type of hyphae was mea

cultures ofM. rhizoxinicawild type (M1WT),M. rhizoxinica Dmtal1,M. rhizoxinicaD

individually added to the inlet, and co-incubated with apo-symbioticR. microspor

24 and 48 hpi. n = 3 biological replicates ± SEM (Data S1A–S1D). See also Figur
hyphae over time and regardless of the infecting M. rhizoxinica

strain (Figures 2D and S3B; Data S1).

High bacterial load of M. rhizoxinica Dmtal1 in fungal
hyphae
Intrigued by the apparent high cell number of M. rhizoxinica in

populated hyphae, we quantified the number of endohyphal

bacteria after colonization of R. microsporus by SYTO9-stained

M. rhizoxinica in BFI devices. The bacterial load inside the

fungal hyphae was measured by calculating the number of fluo-

rescent endohyphal bacteria from the integrated density at 485/

498 nm (Figure 3A). In comparison with when apo-symbiotic

R. microsporus is colonized by M. rhizoxinica wild type, both

M. rhizoxinica Dmtal1 and M. rhizoxinica Dmtal1 pBBRB show

significantly higher cell numbers (p < 0.05) after 1 day (Data

S2A–S2D). In contrast, the bacterial load of hyphae colonized

by M. rhizoxinica Dmtal1 pBBR-mtal1 is similar to that of

M. rhizoxinicawild type (Figure 3A; Data S2A–S2D). As expected,

endobacteria were absent from hyphaewhen the T3SS-deficient

M. rhizoxinica strains were co-cultured with the apo-symbiotic

fungus (Figures S3C–S3E). In contrast, rhizoxin-deficient bacte-

ria are present in fungal hyphae at a similar level to the wild type

(Figures S3C–S3E; Data S2E–S2H).

The counts of endofungalM. rhizoxinicawild type,M. rhizoxinica

Dmtal1,M. rhizoxinica Dmtal1 pBBRB, andM. rhizoxinica Dmtal1

pBBR-mtal1 at the 24 h time point are not significantly different

from those at 48 h (Figure 3A; Data S2A–S2D), suggesting that

fungal reinfection takes place within 24 h of their introduction.

However, it is important to consider that a potential increase in

bacterial cell numbers after 24 h may not have been detected

due to dilution of the staining intensity causedbybacterial prolifer-

ation and bleaching of SYTO9.25 To minimize SYTO9-bleaching,

light exposure was kept to a minimum by using a short exposure

time (100 ms). In addition, axenic SYTO9-stained M. rhizoxinica

wild type, M. rhizoxinica Dmtal1, M. rhizoxinica Dmtal1 pBBRB,

andM. rhizoxinica Dmtal1 pBBR-mtal1were shown to remain de-

tectably stainedafter culturing for 24and48h in refreshedmedium

(Figure S4).

When the bacterial loadwas quantified for each individual type

of hyphae, we noticed that the cell number of M. rhizoxinica

Dmtal1 in populated hyphae is significantly higher (p < 0.0002)

after 2 days of co-incubation than after 1 day (Figure 3B; Data

S3A–S3D). Populated hyphae also contain a higher number of

M. rhizoxinica Dmtal1 pBBRB after 48 h, reaching a similar cell

number as M. rhizoxinica Dmtal1. Genetic complementation
M. rhizoxinicawild type orM. rhizoxinica Dmtal1 in bacterial-fungal

ish. The BFI device is made of a patterned poly(dimethylsiloxane) layer bonded

e bars: 5 mm. Two-dimensional representation showing the narrow entry points

.

icrosporus is placed in direct contact with the microchannels. After 2 days of

acterial strains are introduced into the microchannels via the ‘‘bacteria inlet.’’

ery 24 h.

o-cultivated withM. rhizoxinica Dmtal1 (SYTO9-stained) depicting four types of

sured over a 48-h time period of co-incubation in BFI devices. At time point 0,

mtal1 pBBRB, orM. rhizoxinica Dmtal1 pBBR-mtal1were stained with SYTO9,

us. Images were taken at the time of infection (0 h post infection [hpi]), as well as

es S2, S3A, and S3B.
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Figure 3. Quantification of MTAL1-deficient M. rhizoxinica inside R. microsporus

(A) Apo-symbiotic R. microsporus was individually co-incubated with SYTO9-stained M. rhizoxinica wild type (M1WT), M. rhizoxinica Dmtal1, M. rhizoxinica

Dmtal1 pBBRB, orM. rhizoxinicaDmtal1 pBBR-mtal1 for 48 h. After fluorescencemicroscopy at 485/498 nm, the integrated density per bacterial cell number was

calculated for both time points (24 and 48 hpi). Dots represent three independent replicates (n = 3 biological replicates) ± SEM (gray bars). One-way ANOVA with

Tukey’s multiple comparison test (*p < 0.05, Data S2A–S2D).

(B) The integrated density per cell number was measured for each individual type of hyphae. n = 3 biological replicates ± SEM. One-way ANOVA with Tukey’s

multiple comparison test (***p < 0.0002, Data S3A–S3D).

(C) Fluorescence microscopy images showing the accumulation of M. rhizoxinica Dmtal1 (green) in populated hyphae of R. microsporus (blue). Septa are

indicated by an arrow head. Scale bars: 10 mm. See also Figures S3C–S3E and S4.
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restores wild-type behavior, with M. rhizoxinica Dmtal1 pBBR-

mtal1 distribution across the different types of hyphae being

similar to that of M. rhizoxinica wild type (Figure 3B; Data S3A–

S3D). Accumulation of M. rhizoxinica Dmtal1 and M. rhizoxinica

Dmtal1 pBBRB in populated hyphae is clearly visible in

microscopic images (Figures 3C and S2B). In contrast, accumu-

lation of M. rhizoxinica wild type, M. rhizoxinica Dmtal1

pBBR-mtal1, and M. rhizoxinica DrhiG in populated hyphae

was only occasionally observed. As expected, populated hy-

phae are absent in R. microsporus co-cultivated with T3SS-

deficient M. rhizoxinica because these strains are unable to

effectively colonize fungal hyphae (Figure S3D; Data S3E–

S3H). Taken together, these results reveal that MTAL1-deficient

M. rhizoxinica reaches higher cell densities than M. rhizoxinica

wild type in R. microsporus-populated hyphae.

M. rhizoxinica Dmtal1 colonization of R. microsporus

causes hyphal septation
To visualize the process by whichM. rhizoxinica Dmtal1 reaches

high cell densities in fungal hyphae, the colonization of

R. microsporus by M. rhizoxinica Dmtal1 was monitored in real

time using a BFI device (Figure 4A; Video S1). First,

M. rhizoxinica Dmtal1 penetrates and enters selected hyphae
2650 Current Biology 33, 2646–2656, July 10, 2023
of R. microsporus. Following colonization, the bacterial cells

accumulate in high numbers (strong green fluorescent signal),

and a septum is formed at the base of these hyphae in a relatively

short amount of time (approximately 3 min). As a result, the cyto-

plasmic flow between colonized hyphae and the remaining

fungal mycelium is abolished, leading to the physical contain-

ment of bacteria (Video S1).

Intrigued by our observation of septa formation in

R. microsporus, we analyzed the number of septa formed after

fungal reinfection by M. rhizoxinica strains in a BFI device. The

data were normalized by dividing the septa number by the

mycelium area (in mm) that was analyzed (Figure 4B). Although

septa formation occurs occasionally in hyphae containing

M. rhizoxinica wild type, we observed a significant increase

in septa formation in hyphae containing M. rhizoxinica

Dmtal1 and M. rhizoxinica Dmtal1 pBBRB after 24 h of co-incu-

bation (p < 0.05, Figure 4B; Data S4A–S4D). This increase

in septa formation is maintained at the 48 h time point.

In contrast, the number of septa in hyphae colonized

by M. rhizoxinica Dmtal1 pBBR-mtal1, T3SS-deficient

M. rhizoxinica strains (M. rhizoxinica DsctC and M. rhizoxinica

DsctT), and M. rhizoxinica DrhiG is comparable to the wild

type (Figures 4B, S5A, and S5B; Data S4E–S4H).



Figure 4. Formation of septa after colonization of R. microsporus by MTAL1-deficient M. rhizoxinica

(A) Course of colonization of R. microsporus by M. rhizoxinica Dmtal1. Colonization was monitored over time using fluorescence microscopy (Video S1).

Arrowheads indicate the formation of septa. Scale bars: 5 mm.

(B) The number of septa per hyphal area (in mm) was calculated for M. rhizoxinica wild type (M1WT), M. rhizoxinica Dmtal1, M. rhizoxinica Dmtal1 pBBRB, and

M. rhizoxinica Dmtal1 pBBR-mtal1. Dots represent three independent replicates (n = 3 biological replicates) ± SEM (gray bars). One-way ANOVA with Tukey’s

multiple comparison test (*p < 0.05, Data S4A–S4D).

(C) Fluorescence microscopy images showing the formation of septa (indicated by an arrow head) in R. microsporus (blue stain) colonized by M. rhizoxinica

Dmtal1 (green). Scale bars: 5 mm. See also Figures S5A and S5B.
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To confirm that the observed septa are true septa, fungal

mycelium containing SYTO9-stained M. rhizoxinica wild type,

M. rhizoxinica Dmtal1, M. rhizoxinica Dmtal1 pBBRB, or

M. rhizoxinicaDmtal1 pBBR-mtal1was counter-stained with cal-

cofluor white, a fungal cell-wall-specific dye. Fluorescence mi-

croscopy images reveal that septa are indeed composed of

fungal cell wall material (Figures 4C and S5B). This formation

of septa may represent a mechanism to limit hyphal damage

caused by MTAL1-deficient M. rhizoxinica, considering that

R. microsporus is known to produce septa to wall off old or

injured hyphae.23,26

Survival of trapped M. rhizoxinica Dmtal1 is reduced in
R. microsporus-populated hyphae
Based on the observation that septa formation stops the cyto-

plasmic flow between populated hyphae and the remaining

fungal mycelium, we investigated whether trapped bacteria are

alive in these hyphae. Using a bacterial LIVE/DEAD stain

(SYTO9/propidium iodide [PI]) we observed that the majority of
bacteria in trunk hyphae, branches, and empty branches are

alive independent of MTAL1 production because M. rhizoxinica

Dmtal1 and M. rhizoxinica Dmtal1 pBBRB have ratios of live

vs. dead that are similar to those of M. rhizoxinica wild type

and M. rhizoxinica Dmtal1 pBBR-mtal1 (Figure 5A; Data S5).

In contrast, the survival of M. rhizoxinica Dmtal1 and

M. rhizoxinica Dmtal1 pBBRB in populated hyphae is signifi-

cantly reduced compared with M. rhizoxinica wild type and

M. rhizoxinica Dmtal1 pBBR-mtal1 (p < 0.002, Figure 5A; Data

S5). These results were confirmed by microscopic images

showing mainly dead (red stained) M. rhizoxinica Dmtal1 and

M. rhizoxinica Dmtal1 pBBRB in populated hyphae, while the

majority of M. rhizoxinica wild type and M. rhizoxinica Dmtal1

pBBR-mtal1 are alive (green stained) in these hyphae (Figure 5B).

These results suggest decreased M. rhizoxinica survival in the

absence of MTAL1 (Figure 6).

It should be considered that LIVE/DEAD staining using SYTO9

and PI may underestimate bacterial viability. SYTO9 (live stain)

can stain live cells with different efficiencies,25 while PI (dead
Current Biology 33, 2646–2656, July 10, 2023 2651



Figure 5. Viability test of M. rhizoxinica following colonization of R. microsporus

(A) Viability ofM. rhizoxinicawild type (M1WT),M. rhizoxinicaDmtal1,M. rhizoxinicaDmtal1 pBBRB, andM. rhizoxinicaDmtal1 pBBR-mtal1 insideR.microsporus

after 72 h of co-cultivation in a bacterial-fungal interaction (BFI) device. Co-cultures were stained with LIVE/DEAD BacLight fluorescent dyes inside the BFI

device. Following fluorescencemicroscopy, the integrated density was calculated for both live (SYTO9-stained) and dead bacteria (propidium iodide-stained [PI])

using Fiji. The ratio (live/dead) was plotted for the total number of bacteria and for each individual type of hyphae. Dots represent three independent replicates (n =

3 biological replicates) ± SEM (gray bars). One-way ANOVA with Tukey’s multiple comparison test (**p < 0.002, ****p < 0.0001, Data S5).

(B) Microscopic images of R. microsporus colonized by M. rhizoxinica wild type (M1WT), M. rhizoxinica Dmtal1,M. rhizoxinica Dmtal1 pBBRB, orM. rhizoxinica

Dmtal1 pBBR-mtal1 stained with LIVE/DEAD BacLight fluorescent dyes. Scale bars: 10 mm. See also Figure S5C.
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stain) has a strong binding affinity to extracellular nucleic acids, a

major component of bacterial biofilms.27 BecauseM. rhizoxinica

is a known biofilm producer,28 we performed LIVE/DEAD stains

of axenic cultures before co-incubation in BFI devices. The ma-

jority of the cells stained green with negligible red staining (Fig-

ure S5C), indicating that underestimation of bacterial viability

due to PI binding to extracellular nucleic acids is unlikely.

DISCUSSION

Both pathogenic and symbiotic bacteria can invade and control

their eukaryotic hosts by employing effector molecules.29,30 One

prominent example is the TAL effectors, a family of highly homol-

ogous proteins secreted by the T3SS that have been implicated

in the virulence of numerous plant pathogens.31–33 In recent

years, TALs have become popular as biotechnological tools
2652 Current Biology 33, 2646–2656, July 10, 2023
due to their ability to manipulate DNA in a site-directed

manner.34 Consequently, TAL homologs have been identified

in a wide range of bacterial species, including M. rhizoxinica

(MTAL1, MTAL2, and MTAL3).35 In this study, we combined ge-

netic and phenotypic studies to functionally characterize MTAL1

of the fungal endosymbiontM. rhizoxinica. Targeted gene knock-

outs resulted in MTAL1-deficient bacteria that became trapped

in side hyphae through the formation of septa, signifying that

MTAL1 is an important symbiosis factor for the Rhizopus-Myce-

tohabitans interaction.

By means of a tailor-made microfluidic device,22 we show that

theR.microsporusmycelium is composed of four phenotypically

distinct types of hyphae (trunk hyphae, branches, empty

branches, and populated hyphae). These fungal hyphae types

have been rarely observed among the Mucoromycota,23 and

this is the first time that different cell types have been described



Figure 6. Schematic model of the intracel-

lular survival of endofungal bacteria

The endosymbiotic bacterium Mycetohabitans rhi-

zoxinica secretes transcription activator-like effector

1 (MTAL1) via the type 3 secretion system, which is

essential for its survival within R. microsporus

(green). Absence of MTAL1 leads to entrapment of

M. rhizoxinica through fungal septation and subse-

quent bacterial cell death (red).
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for R. microsporus. The vegetative main hyphae, or so-called

trunk hyphae,36,37 are important for transporting intracellular ma-

terial across the mycelium at relatively high speeds. This allows

R. microsporus and fungi in general to cope well with heteroge-

neous distributions of soil nutrients in their natural habitat.24 In

addition, cytoplasmic flow enables the free migration of

M. rhizoxinica throughout the host mycelium.38 Hyphae serving

as dispersal vectors for motile bacteria are an important feature

of BFI ecology39 and are thought to promote colonization of new

ecological niches.40

Fluorescence microscopy combined with microfluidics was

used to gain a deeper understanding of the interaction between

MTAL1-deficient M. rhizoxinica and R. microsporus. We have

demonstrated (1) efficient fungal reinfection by MTAL1

knockout strains within 1 day and (2) accumulation and trap-

ping of these strains in side hyphae after 2 days. These infected

side hyphae (populated hyphae) are then walled off from the re-

maining mycelium via the formation of septa, which abrogates

cytosolic exchange. In this way, M. rhizoxinica, which normally

moves freely within the mycelium,10 becomes physically

restricted (Figure 6). The observed increase in bacterial density

may be caused by the ongoing cell division of MTAL1-deficient

M. rhizoxinica while trapped. Alternatively, it is plausible that

MTAL1-deficient bacteria are redistributed inside the fungal

mycelium after reinfection and subsequently accumulate in

side hyphae, as total bacterial numbers reach a maximum after

1 day and a significant increase within populated hyphae is

observed after 2 days. We propose that the spatial separation

of MTAL1-deficient symbionts in walled-off hyphae may allow

the fungal host to impede interactions with non-beneficial sym-

bionts.41 Although such compartmentalization in fungi is only

described for arbuscular mycorrhizal fungi, its benefits to the

host are well documented in a wide range of host-microbe mu-

tualisms (e.g., insects and bacteria, legumes and rhizobia, and

squid and Vibrio).41 For example, mycorrhiza form partial com-

partments in the host plant’s root tissue (arbuscules). The host

uses these compartments to monitor the quality of the symbi-

ont and subsequently regulate symbiont success.42 A similar

regulatory mechanism could be used by R. microsporus to pro-

tect itself against colonization by MTAL1-deficient bacteria.

Because the majority of trapped MTAL1-deficient bacteria are

dead, it could be that bacterial cell death results from a host-

produced toxic factor. Alternatively, entrapment may result in

an insufficiency of the host-derived metabolites and lipids on

which M. rhizoxinica depends.14,43
Curren
Our visualization of septa formation by

R. microsporus is one of the most surpris-

ing results because vegetative hyphae of
Mucoromycota generally lack regular septa.23 Interestingly,

R. microsporus has been observed to produce septa as separa-

tors between mycelia and spore-forming structures.23,26 Thus,

given that R. microsporus grown submerged in liquid medium

struggles to produce mature sporangia, it could be that popu-

lated hyphae represent abortive sporangia due to the set-up of

the microfluidics devices. However, considering that the persis-

tence of the symbiosis is dependent on spores containing

healthy endobacteria,10 we would expect the majority of the

trapped MTAL1-deficient endobacteria to be alive (as seen in

the rare instances of trapped wild-type bacteria). Since the ma-

jority of MTAL1-deficient bacteria are dead, we reason that it is

unlikely that populated hyphae represent abortive sporangia.

Instead, it is possible that septa are formed as a response to limit

hyphal damage caused by MTAL1-deficient bacteria because

Mucoromycota fungi can form septa to wall off old or injured hy-

phae.23,26 In addition, induced host suicide by bacteria is a

mechanism that is well described in plant-pathogen interactions.

For example, TALs from X. campestris induce a suicide gene in

resistant plants, causing programmed cell death in the host

and thereby preventing the pathogen from spreading.44 Another

mechanism to restrict the horizontal propagation of harmful

cytoplasmic components in filamentous fungi is vegetative (het-

erokaryon) incompatibility.45 InNeurospora crassa, hyphal fusion

of two heterokaryon-incompatible individuals leads to septa for-

mation and subsequent death of the resulting compartments.46

This behavior appears strikingly similar to the formation of septa

by R. microsporus after colonization by MTAL1-deficient

M. rhizoxinica. Although it remains to be investigated whether

populated hyphae are dead and/or damaged, it is nonetheless

an interesting proposition that MTAL1-deficient endobacteria

may trigger a response similar to nonself-recognition in Mucor-

mycota fungi.

Notably, the MTAL1 proteins described in this study are the

first TAL-related proteins whose absence causes an increase

in host colonization. In contrast, TAL proteins of plant pathogens

induce susceptibility genes, which leads to a dramatic increase

in bacterial cell numbers in the host.47 Thus, MTAL1might repre-

sent DNA-binding proteins with a function different from TALs34

because multiple unrelated DNA-binding proteins are known to

aid host colonization by various pathogens and symbionts.29 It

is conceivable thatR. microsporus perceivesM. rhizoxinica lack-

ing MTAL1 not as an endosymbiont but as a pathogen. Indeed,

M. rhizoxinica likely was initially a parasite before becoming

a mutualist,14,48,49 with R. microsporus having acquired
t Biology 33, 2646–2656, July 10, 2023 2653
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resistance against the potent phytotoxin (rhizoxin) produced by

M. rhizoxinica.49 Thus, MTAL1 proteins might represent an

important factor for the maintenance of the mutualistic relation-

ship in this BFI,21 and their absence may cause a reversion from

a mutualistic to a parasitic lifestyle. Our data designating MTAL1

as a symbiosis factor in the R. microsporus-M. rhizoxinica rela-

tionship illuminate the ‘‘sliding scale’’ nature of BFIs, wherein

symbionts can act as mutualists or pathogens depending on

the genetic context.50

In summary, we show that MTAL1-deficient endosymbionts

successfully recolonize the host but become trapped in side

hyphae due to the formation of septa. These observations repre-

sent an unprecedented case in which bacterial colonization in-

duces biogenesis of septa in a Mucoromycota fungus, a likely

defense strategy of the host. Based on microscopic investiga-

tions, it appears that MTAL1-deficient mutants are perceived

as pathogens in the fungal cytosol, in accordance with a plau-

sible antagonism-mutualism shift in the evolution of this microbi-

al symbiosis. Our results not only offer insight into the dynamic

interactions between bacteria and fungi but also open new ave-

nues of research into endobacterial control of fungal host

physiology.
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Data and code availability

d This paper analyzes existing, publicly available data. The accession numbers for the datasets are listed in the key resources

table.

d Microscopy data reported in this paper will be shared by the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

The fungal strainRhizopusmicrosporusATCC62417 harboring the endobacteriaMycetohabitans rhizoxinicawas used in this study.48

Endobacteria from R. microsporus ATCC62417 were eliminated by continuous antibiotic treatment10 and the apo-symbiotic fungal

strain was named ATCC62417/S. Absence of endobacteria was confirmed by fluorescence microscopy and an absence of rhizoxin

extracts of the fungal mycelium.52 Both 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 R. microsporus

mycelium as previously reported.10 Axenic cultures ofM. rhizoxinica were grown at 30 �C in MGY M9 medium (10 g/L glycerol, 1.25

g/L yeast extract, M9 salts: 40 mM K2HPO4, 14 mM KH2PO4, 2.2 mM C6H7NaO7, 7.5 mM (NH4)2SO4, and 0.8 mMMg2SO4) or Stan-

dard I Nutrient Agar (Merck, Darmstadt, Germany) supplemented with 1% glycerol.

METHOD DETAILS

Generation of M. rhizoxinica Dmtal1 strains
To investigate the role of MTAL1 in the symbiosis, the mtal1 gene (RBRH_01844) was deleted using a double crossover strategy as

previously described.16

Using a proofreading polymerase, the upstream and downstream regions of the gene of interest were amplified. Primers were de-

signed to contain 20 bp overlap with the gene of interest as well as a 20 bp overlap with an antibiotic resistance cassette (apramycin).

The apramycin cassette was amplified from pJI773 using primers carrying the same 20 bp.
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The knockout vector pGL42a was used to generate aM. rhizoxinica Dmtal1::ApraR deletion mutant. pGL42a was double-digested

with the restriction enzymes SpeI and KpnI (New England Biolabs, Ipswich, MA, USA). The linear vector was gel-purified (Monarch�
DNA Gel Extraction Kit, New England Biolabs) and quantified using a NanoDrop� (Thermo Fisher Scientific).

Equimolar amounts of three PCR products and linear pGL42a were mixed with NEBuilder� 2X Master Mix (NEBuilder� HiFi DNA

Assembly Cloning Kit, NewEngland Biolabs) and incubated at 60 �C for 1 hr following themanufacturer’s recommendations. The new

plasmid pZU17 (Dmtal1) was introduced into E. coli by chemical transformation. Transformants were selected on Standard I Nutrient

Agar (Merck) supplemented with 50 mg/mL apramycin and 1% glycerol (pZU17).

CompetentM. rhizoxinica HKI-454 (M1WT) cells were transformed with pZU17 via electroporation. Transformants were grown on

standard nutrient agar containing 50 mg/mL of apramycin. Colonies were subsequently passaged onto agar plates containing double

selection medium16 until the correct knockout constructs were observed using colony PCR. Colony PCRs were carried out in 12.0 mL

final volumes containing: 5 mL of high-fidelity OneTaq�Quick-Load� 2XMasterMix (New England Biolabs), appropriate forward and

reverse control primers (both 0.4 mM, Data S6A), and 5 mL colony suspension. The following thermocycling conditions were used for

amplification: 96 �C / 3min, 1 cycle; 96 �C / 10 s, 58 �C / 15 s, 68 �C / 1min, 30 cycles; 68 �C / 5min, 1 cycle; 16 �C / hold. The resulting

PCR products were visualized on an agarose gel (Figure S1E). Primers were designed to span the two recombination sites, yielding

amplicons A and B inM. rhizoxinica Dmtal1 strains and amplicons C and D inM. rhizoxinica wild type strains (Figures S1A and S1B).

Generation of genetically complemented M. rhizoxinica Dmtal1 strains
In order to genetically complement the knockout strainM. rhizoxinica Dmtal1, genomic DNA fromM. rhizoxinica (M1WT) was isolated

using the MasterPure� DNA Purification Kit (Biozym Scientific, Hessisch Oldendorf, Germany) following the manufacturer’s recom-

mendations. Themtal1 gene was amplified by PCRwith the primer pairs listed in Data S6B using Phusion�High-Fidelity PCRMaster

Mix with HF Buffer (New England Biolabs). The PCR product was gel-purified with the Monarch DNAGel Extraction Kit (New England

Biolabs). The purified amplicon was cloned into the NdeI/AflII restricted pBBR_Ps12_gfp downstream of the promoter Ps12 with the

NEBuilder� 2X Master Mix (NEBuilder� HiFi DNA Assembly Cloning Kit, New England Biolabs), yielding pBBR-mtal1 (Figure S1D).

The reaction mixture was subsequently used to transform chemically competent E. coli TOP10 cells (InvitrogenTM, One ShotTM,

Carlsbad, CA, USA).

To generate an empty vector control, pBBR_Ps12_gfp was digested with the restriction enzyme BstBI. The resulting linear vector

lacking gfp was self-circularized using T4 DNA Ligase (New England Biolabs) to yield pBBRB and used to transform chemically

competent E. coli TOP10 cells (InvitrogenTM, One ShotTM). All plasmids were purified from E. coli TOP10 overnight cultures using

the Monarch Plasmid Miniprep Kit (New England Biolabs) and verified by restriction digest and Sanger sequencing using the primers

cmr_seq_fw and BBR_seq_rv (Data S6B).

The new plasmids (pBBR-mtal1 or pBBRB) were introduced into competentM. rhizoxinica Dmtal1 cells via electroporation. Trans-

formants were grown on standard nutrient agar containing 50 mg/mL chloramphenicol and 50 mg/mL apramycin. Colonies containing

the respective plasmids were observed using colony PCR and control primers (Figure S1E; Data S6B).

Inoculation of bacterial-fungal interaction devices with fungus
Bacterial-fungal interaction (BFI) devices were prepared as previously described.22 Before the BFI devices were inoculated, apo-

symbiotic (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 cm3) 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 minimize variation 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 mL) were harvested in an Eppendorf tube and resuspended in 0.5 mL NaCl (0.85%) containing

SYTO9 (5 nM final concentration, Invitrogen). Following incubation in the dark for 5 min, stained cells were washed and resuspended

in 0.5mL PDBmedium. Cells were counted using a CASYCell Counter (OMNI Life Science, Bremen, Germany) and then added to the

bacteria inlet of the BFI device (100 mL), which is connected with the microchannels containing the cured fungus (Figures 2A and 2B).

Live-cell imaging of bacterial-fungal interactions
A fluorescence spinning disc microscope (Axio Observer microscope-platform equipped with Cell Observer SD, Zeiss, Oberko-

chen, Germany) was used to visualize BFIs at 0 h, 24 h, and 48 h after bacterial inoculation. For each time point, 16 images

were taken at random positions of the microchannels, including both ends of the BFI device (N = 16 technical replicates). Bright-

field images were captured using a laser intensity of 7.1 V and an exposure time of 100 ms. Images of bacterial cells (M. rhizoxinica

wild type, M. rhizoxinica Dmtal1, M. rhizoxinica Dmtal1 pBBRB, M. rhizoxinica Dmtal1 pBBR-mtal1, M. rhizoxinica DsctT, M. rhi-

zoxinica DsctC, and M. rhizoxinica DrhiG), 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 analyzed, without additional

bacterial cultures being added through the inlet. Each reinfection experiment was performed three times independently (N = 3 bio-

logical replicates).
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Imaging of bacterial survival inside of bacterial-fungal interaction devices
To test the bacterial survival rate in BFI devices, cells were stainedwith LIVE/DEADBacLight fluorescent dyes (Invitrogen) after 72 h of

bacterial-fungal co-incubation. The fungal cell wall was counter-stained with calcofluor white (Sigma-Aldrich, St. Louis, MI, USA). To

stain fungal and bacterial cells inside the BFI device, the PDB medium was removed through the bacteria inlet and replaced with

100 mL staining solution (10 nM SYTO9, 60 nM propidium iodide (Invitrogen), 1 mMcalcofluor white). 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. Fluorescencemicroscopy was carried out using a fluorescence spinning discmicroscope

(Axio Observer microscope-platform equipped with Cell Observer SD, Zeiss). Images of living bacterial cells were captured at 485/

498 nm, dead bacterial cells were captured at 493/636 nm, and the fungal cell wall was captured at 380/475 nm using the Zeiss-Zen

software.

Quantification of bacterial cells inside of fungal hyphae
Fluorescent images, containing spatial calibration meta data, were imported to Fiji51 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 gray-scale, which was propa-

gated to all channels (brightfield, 485/498 nm, 493/636 nm). The hyphal area and integrated density (ID; product of area and mean

grey value) of all channels weremeasured using the freehand tool andmeasuring tool implemented in Fiji. According to the brightfield

images, four types of hyphae were defined (Figure 2C) and the number of septa observed was counted. Subsequent calculations and

data visualization were carried out using MS Excel and GraphPad Prism 9.0. To correct for background autofluorescence, raw ID

values at 0 hours post infection (hpi) were 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 bacteria inlet and then plotted. The same approach was applied to correct

for the number of septa observed. The corrected number of septa was divided by the mycelium area analyzed (in mm).

Imaging of axenic bacterial cultures
To test whether stained bacteria remain detectably stained, axenic M. rhizoxinica wild type, M. rhizoxinica Dmtal1, M. rhizoxinica

Dmtal1 pBBRB or M. rhizoxinica Dmtal1 pBBR-mtal1 were grown at 30 �C in 2 mL MGY M9 medium. When the exponential phase

was reached, bacterial cells (1 mL) were stained with 5 nM SYTO9 for 5 min. Fluorescence microscopy was carried out using a fluo-

rescence wide-field microscope (ELYRA 7, Zeiss). Images of bacterial cells were captured at 485/498 nm using the Zeiss-Zen soft-

ware. Stained cells were centrifuged, the cell pellets were resuspended in 2 mL fresh MGY M9 medium, and the bacterial cultures

were incubated at 30 �C. After 24 h of incubation, 20 mL of cells were used for fluorescence imaging at 485/498 nm. Sub-cultures

(1 mL) of the 24-hour-old cultures were centrifuged, the cell pellets were resuspended in 2 mL fresh MGY M9 medium, and the bac-

terial cultures were incubated at 30 �C. After 24 h of incubation, 20 mL of the 48-hour-old cultures were used for fluorescence imaging

at 485/498 nm.

Imaging of fungal septa
Fungal hyphae were harvested from one-week old bacterial-fungal co-cultures, stained with 5 nM SYTO9 and 1 mMcalcofluor white,

and fixed on glass slides. Fluorescent microscopy was performed using a confocal laser scanning microscope (LSM 710 equipped

with a Cell Observer SD, Zeiss). Images of bacterial cells were captured at 485/498 nm and the fungal cell wall was captured at 380/

475 nm using the Zeiss-Zen software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Raw data from reinfection experiments and bacterial survival experiments were processed with MS Excel. GraphPad Prism 9.0 was

used for statistical analysis and graphing. One-way analysis of variance (ANOVA) was used to study the relationship between

differentM. rhizoxinica strains (M. rhizoxinicawild type,M. rhizoxinica Dmtal1, M. rhizoxinica Dmtal1 control, orM. rhizoxinica Dmtal1

pBBR-mtal1) and fungal physiology (e.g. mycelium area, reinfection efficiency, septation rate, bacterial survival) following fungal rein-

fection 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.
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Figure S1. Generation and confirmation of Mycetohabitans rhizoxinica transcription-activator like effector (MTAL) 
knock out and complemented strains (related to STAR methods).  
(A) Schematic representation of the construction of knockout vectors.
(B) Schematic representation of the confirmation of the successful gene inactivation. The PCR products of the knockout
strain correspond to amplicons A and B; whereas products C and D are amplified from the wild type. The knockout strains
were checked for the absence of contaminating M. rhizoxinica wild type (M1WT) by amplifying an internal fragment
(amplicon I) form the wild type gene of interest. The removal of the knockout vector was confirmed by amplification of the
counter selection marker gene pheS (amplicons pheS).
(C) The mtal1 gene was deleted to generate M. rhizoxinica Δmtal1. PCR products were obtained from genomic wild type
and Δmtal1 DNA using control primers listed in Data S6A. Bands corresponding to the expected size are indicated by
asterisks (*).
(D) Schematic of the vector used to generate complementation plasmids.
(E) Confirmation of complemented M. rhizoxinica Δmtal1 (Δmtal1 pBBR-mtal1) by colony PCR. M. rhizoxinica Δmtal1 was
also transformed with an empty control plasmid as negative control generating M. rhizoxinica Δmtal1 pBBR. PCR
products were amplified using control primers listed in Data S6B. Bands corresponding to the expected size are indicated
by asterisks (*).





Figure S2. Phenotypic observations of Rhizopus microsporus co-cultivated with SYTO9-stained Mycetohabitans 
rhizoxinica strains in bacterial-fungal interaction (BFI) devices (related to Figure 2C). 
(A) Microscopic images of R. microsporus (stained with calcofluor white) co-cultivated with M. rhizoxinica wild type
depicting four types of hyphae. Scale bars: 10 µm.
(B) Microscopic images of R. microsporus (stained with calcofluor white) co-cultivated with M. rhizoxinica Δmtal1 control
(Δmtal1 pBBR) depicting four types of hyphae. Scale bars: 10 µm.
(C) Microscopic images of R. microsporus (stained with calcofluor white) co-cultivated with complemented M. rhizoxinica
Δmtal1 (M. rhizoxinica Δmtal1 pBBR-mtal1) depicting four types of hyphae. Scale bars: 10 µm.





Figure S3. Phenotypic observation and quantification of Rhizopus microsporus co-cultivated with 
Mycetohabitans rhizoxinica knockout strains in bacterial-fungal interaction (BFI) devices (related to Figures 2C 
and 2D, Figures 3A and 3B).  
(A) Microscopic images of R. microsporus (stained with calcofluor white) co-cultivated with M. rhizoxinica type 3 secretion
system knockout strains (M. rhizoxinica ΔsctC or M. rhizoxinica ΔsctT), or a rhizoxin-deficient strain (M. rhizoxinica
ΔrhiG). Bacterial strains were stained with SYTO9 prior to co-incubation. Scale bars: 10 µm.
(B) The fungal mycelium area (as a percentage) of each type of hyphae was measured over a 48-hour time period of co-
incubation in BFI devices. At time point 0, cultures of M. rhizoxinica ΔsctC, M. rhizoxinica ΔsctT, or M. rhizoxinica ΔrhiG
were stained with SYTO9, individually added to the inlet, and co-incubated with apo-symbiotic R. microsporus. Images
were taken at the time of infection (0 hours post infection; hpi), as well as 24 and 48 hpi. N = 3 biological replicates ± SEM
(Data S1E – S1H).
(C) Apo-symbiotic R. microsporus was co-incubated with SYTO9-stained M. rhizoxinica wild type (M1WT), T3SS-deficient
M. rhizoxinica (M. rhizoxinica ΔsctC or M. rhizoxinica ΔsctT), or rhizoxin-deficient M. rhizoxinica (M. rhizoxinica ΔrhiG) for
48 hours. Following fluorescence microscopy at 485/498 nm, the integrated density per bacterial cell number was calculated
for both measurements (24 and 48 hours post infection; hpi) using Fiji. Dots represent three independent replicates (N = 3
biological replicates) ± SEM (grey bars). One-way ANOVA with Tukey’s multiple comparison test (*p<0.05, **p<0.002, SI
Appendix, Data S2E – S2H).
(D) The integrated density per cell number was measured for each individual type of hyphae following reinfection with M.
rhizoxinica wild type (M1WT), M. rhizoxinica ΔsctC, M. rhizoxinica ΔsctT, or M. rhizoxinica ΔrhiG. N = 3 biological replicates
± SEM. One-way ANOVA with Tukey’s multiple comparison test (Data S3E – S3H).
(E) Fluorescence microscopy images of R. microsporus co-incubated with M. rhizoxinica ΔsctC, M. rhizoxinica ΔsctT, or M.
rhizoxinica ΔrhiG. T3SS-deficient M. rhizoxinica are unable to reinfect R. microsporus, while fungal reinfection by rhizoxin-
deficient M. rhizoxinica is similar to wild-type M. rhizoxinica. Scale bars: 10 µm. 





Figure S4. Imaging of axenic SYTO9-stained Mycetohabitans rhizoxinica cells over 48 hours of growth (related to 
Figure 3A). To test whether SYTO9-stained bacteria remain detectably stained, axenic M. rhizoxinica wild type, M. 
rhizoxinica Δmtal1, M. rhizoxinica Δmtal1 pBBR or M. rhizoxinica Δmtal1 pBBR-mtal1 were imaged after 0, 24, and 48 hrs 
of incubation. Scale bars: 5 µm.





Figure S5. Septa formation in Rhizopus microsporus following co-incubation with Mycetohabitans rhizoxinica 
strains (related to Figure 4B and Figure 5A).  
(A) The number of septa per area (in µm) was calculated for R. microsporus containing either M. rhizoxinica wild-type
(M1WT), T3SS-deficient M. rhizoxinica (M. rhizoxinica ΔsctC or M. rhizoxinica ΔsctT), or rhizoxin-deficient M. rhizoxinica
(M. rhizoxinica ΔrhiG). Dots represent three independent replicates (N = 3 biological replicates ± SEM). One-way ANOVA
with Tukey’s multiple comparison test (Data S4E – S4H).
(B) Fluorescence microscopy images showing the formation of septa (blue) in R. microsporus following co-incubation with
M. rhizoxinica wild-type (M1WT), M. rhizoxinica Δmtal1 pBBR, or M. rhizoxinica Δmtal1 pBBR-mtal1 (green). Scale bars:
10 µm.
(C) The majority of axenic wild-type Mycetohabitans rhizoxinica (M1WT) and Mycetohabitans transcription-activator like
effector 1 (MTAL1) mutant strains are alive. M1WT and MTAL1 mutant strains (Δmtal1) were visualized with LIVE/DEAD
BacLight fluorescent dyes. Green fluorescence (SYTO9) indicates that bacteria are alive, while red fluorescence
(propidium iodide) is indicative of dead bacteria. Scale bars: 5 µm.
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