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Symbioses of bacteria with fungi have only recently been described
and are poorly understood. In the symbiosis of Mycetohabitans
(formerly Burkholderia) rhizoxinica with the fungus Rhizopus micro-
sporus, bacterial type Ill (T3) secretion is known to be essential.
Proteins resembling T3-secreted transcription activator-like (TAL)
effectors of plant pathogenic bacteria are encoded in the three se-
quenced Mycetohabitans spp. genomes. TAL effectors nuclear-
localize in plants, where they bind and activate genes important
in disease. The Burkholderia TAL-like (Btl) proteins bind DNA but
lack the N- and C-terminal regions, in which TAL effectors harbor
their T3 and nuclear localization signals, and activation domain. We
characterized a Btl protein, Btl19-13, and found that, despite the
structural differences, it can be T3-secreted and can nuclear-
localize. A btl19-13 gene knockout did not prevent the bacterium
from infecting the fungus, but the fungus became less tolerant to
cell membrane stress. Btl19-13 did not alter transcription in a plant-
based reporter assay, but 15 R. microsporus genes were differen-
tially expressed in comparisons both of the fungus infected with the
wild-type bacterium vs. the mutant and with the mutant vs. a com-
plemented strain. Southern blotting revealed bt/ genes in 14 diverse
Mycetohabitans isolates. However, banding patterns and available
sequences suggest variation, and the bt/719-13 phenotype could not
be rescued by a bt/ gene from a different strain. Our findings sup-
port the conclusion that Btl proteins are effectors that act on host
DNA and play important but varied or possibly host genotype-
specific roles in the M. rhizoxinica-R. microsporus symbiosis.
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Bacteria are critical partners in symbiotic interactions with a
variety of animals and plants, ranging from bobtail squid to
legumes. Many of these associations are well studied and the re-
ciprocal benefits and molecular interactions underlying them well
understood. Recently, diverse bacterial-fungal symbioses have
been described, with fungal hosts ranging from tree endophytes to
human pathogens (1). One such partnership is Mycetohabitans
rhizoxinica [family Burkholderiaceae; formerly Burkholderia rhi-
zoxinica (2)] and the mucoromycete Rhizopus microsporus. A rice
pathogen and opportunistic human pathogen, R. microsporus can
also be found as a free-living soil saprophyte and is used in soy
fermentation. M. rhizoxinica produces an antimitotic toxin, rhi-
zoxin, which is critical for the fungus to infect rice seedlings (3).
Though challenging, M. rhizoxinica can be cultured and ge-
netically manipulated independently of its fungal host, making it
a useful model. R. microsporus isolates that harbor M. rhizoxinica
or other Mycetohabitans spp. require their bacterial partner for
asexual and sexual sporulation, while nonhost isolates sporulate
without bacteria (4-6). As is true for many Gram-negative bac-
terial pathogens and mutualists of plants and animals, M. rhi-
zoxinica requires a type III secretion system (T3SS) to invade its
host (7, 8). T3SSs inject effector proteins directly into host cells
to promote infection (9). Over the past few decades, the T3
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effector repertoires of many plant- and animal-associated
bacteria have been identified and their modes of action
characterized (10).

Despite the demonstrated importance of the T3SS in the
Rhizopus—Mycetohabitans partnership, no T3 effector proteins
from M. rhizoxinica or any other endohyphal bacterium have
been characterized (11). However, homologs of transcription
activator-like (TAL) effectors from plant pathogenic Xantho-
monas and Ralstonia spp. were identified in the first sequenced
M. rhizoxinica genome (12-14). TAL effectors are T3-secreted,
sequence-specific, DNA-binding proteins that act as transcrip-
tion factors once inside plant cells, up-regulating target genes
(15). Often these targets are so-called susceptibility genes that
contribute to bacterial proliferation, symptom development, or
both; examples include sugar transporter, transcription factor,
and other genes (15, 16). Outside of plant pathogens, TAL
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effector-like gene fragments have been found in the marine
metagenome, although the organism or organisms of origin re-
main unknown (17). The limited discovered distribution of this
effector family makes its evolutionary origins and functional di-
versity a mystery.

TAL effectors have four structural components (Fig. 14): an
N-terminal T3S signal (18), N- or C-terminal nuclear localization
signals (19-21), a central, repetitive DNA recognition domain
(22, 23), and a C-terminal activation domain (19). The DNA
recognition domain consists of highly conserved repeats each
with two variable amino acids, the repeat variable diresidue

(RVD). The repeats each interact with single nucleotides, in a
contiguous fashion, with specificity dictated by the RVDs. This
one-to-one recognition “code” makes it possible to predict the
DNA sequence(s) a TAL effector will bind given its RVD se-
quence (24, 25). Also, TAL effectors can be synthesized to target
specific DNA sequences by putting together repeats with the
appropriate  RVDs, making these proteins useful for bio-
technology (15, 26, 27).

The initial discovery of TAL effector homologs in Mycetoha-
bitans (then Burkholderia) came just as TAL effectors were
garnering interest as engineerable tools for DNA targeting
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Fig. 1. Structure, expression, T3 secretion, and nuclear localization of Btl19-13. (A) Domain structure of a Xanthomonas TAL effector, a Ralstonia TAL ef-

fector, and a Btl protein. T3, type Il secretion signal; T3?, putative type Il secretion signal; NLS, nuclear localization signal; “RIRK,” aa sequence of a putative
NLS in Btl19-13; AD, activation domain. (B) Confocal microscopy of Mycetohabitans sp. B13 cells constitutively expressing EYFP and expressing Btl19-
13:mCherry under the native bt/19-13 promoter, within a R. microsporus hypha. DAPI staining of the nuclei is included for reference. (C) Quantification of
cAMP by ELISA in Nicotiana benthamiana leaf punches 6 h after infiltration with Pseudomonas syringae pv. tomato DC3000 (Pst) expressing the following:
AvrPto:Cya (61 kDa), Btl19-13:Cya (118.6 kDa), Btl19-13:Cya missing the first 45 aa (Btl19-13A1-45, 110 kDa), and the first 45 aa of Btl19-13 fused to CyaA
(Bt119-13[1-45], 51 kDa). T3SS designates an hrpQ-U mutant incapable of type Ill secretion (28). Each bar shows the results from three biological replicates with
two technical replicates each. Error bars denote SD. The experiment was repeated twice with similar results. Below, a Western blot of leaf homogenates
probed with anti-Cya, shown with a Stain-Free loading control (Bio-Rad). Asterisks (*) indicate bands corresponding to the expected size. (D) Confocal mi-
croscopy of Saccharomyces cerevisiae cells expressing the indicated proteins and stained with NucBlue to locate nuclei. Protein expression was induced with
galactose 24 h prior to imaging. “AAAA" indicates an alanine substitution of the “RIRK” motif in Bt|19-13 (residues 692-695).
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applications such as genome editing. Although their repeats are
less highly conserved, the Burkholderia proteins were found to
bind DNA targets specifically, wrapping the DNA in a super-
helical structure, like TAL effectors (12, 14, 23, 29). In the
biochemical studies, different names for the proteins were in-
troduced, including BurrH, and the collective term Bat (Bur-
kholderia TAL-like). Bat follows bacterial gene nomenclature
convention but was in use prior to refer to bacteriopsin activator
genes. Therefore, we refer to the proteins as Btl (for Bur-
kholderia TAL-like; pronounced “beetle”) and encoding genes as
btl. Although the studies to date established Btl proteins as
sequence-specific DNA-binding proteins with potential for syn-
thetic biology, none has yet addressed the function(s) of these
proteins within the bacterial-fungal symbiosis. The Btl protein
structure is truncated at the N- and C-termini compared with
canonical TAL effectors and lacks a T3S signal, nuclear locali-
zation signals, and an activation domain (Fig. 14). Thus, even
whether Btl proteins act as translocated transcription factors is
itself uncertain.

The identification of proteins homologous to TAL effectors in
Mycetohabitans spp. presents an opportunity to probe the mo-
lecular basis of a fungal-bacterial symbiosis and to better un-
derstand the functional diversity of this intriguing family of
proteins. In this study, we carried out several experiments to test
the hypothesis that Btl proteins function like Xanthomonas TAL
effectors, transiting the T3SS and altering host transcription. We
also probed whether Btl proteins play any role in establishing the
symbiosis or confer a benefit to the fungus. Finally, we explored
the prevalence of btl genes across geographically diverse Myce-
tohabitans spp. and tested whether distinct bl genes found in
different isolates might be functionally interchangeable.

Results

The bt/ Gene in Mycetohabitans sp. B13 Is Expressed Endohyphally.
We identified b#l genes in each of the three publicly available
genome sequence assemblies of Mycetohabitans spp. that are
complete or largely so: Mycetohabitans rhizoxinica HKI 0454/B1
endosymbiont of R. microsporus ATCC 62417 [NCBI accession:
PRJEAS51915; (13)], Mycetohabitans sp. B13 endosymbiont of R.
microsporus ATCC 52813 (NCBI accession: PRINA303198), and
Mycetohabitans sp. B14 endosymbiont of R. microsporus ATCC
52814 (NCBI accession: PRINA303197). Strain B13 has one
intact btl gene with 19 repeats and a small b#/ gene fragment,
whereas strains Bl and B14 each have three bfl genes, with
varying numbers of repeats and RVD sequences (SI Appendix,
Table S1). TAL effector genes likewise occur in different num-
bers in different strains, at different locations in the genome, and
differ primarily in their numbers of repeats and the sequences of
the RVDs. For these reasons, orthology is not always possible to
ascertain. Indeed, for TAL effectors, duplication and differentia-
tion through point mutations and chimerism via recombination
are common. And even for clearly orthologous genes, slight
changes in repeat number or RVD sequence can change function
by altering the DNA-binding specificity. Thus, rather than attempt
an orthology-based nomenclature, we chose to give each bt/ gene
(and Btl protein) across strains a unique yet informative desig-
nator. We used the number of repeats in the recognition domain
followed by the strain number; for example, the single intact bt/
gene of strain B13, which has 19 repeats, was named b#/19-13. For
functional characterization, we chose to focus on this gene and
avoid the possible redundancy in strains B1 and B14.

First, to determine whether b#/19-13 is expressed, we cloned it
on a plasmid under the control of its native promoter and with a
C-terminal translational fusion to mCherry. After transforming
B13 with this plasmid, we introduced the transformant into the
corresponding, cured R. microsporus isolate and assayed for
mCherry fluorescence by confocal microscopy. The plasmid we
used also harbors a constitutively expressed EYFP (enhanced
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yellow fluorescent protein) gene to enable independent visuali-
zation of the bacterial cells. Btl19-13:mCherry and EYFP signals
were evident and coincident within the fungal hyphae (Fig. 1B),
indicating that the bacterium expresses bt/19-13 during the
symbiosis.

Btl19-13 Transits the T3SS of Pseudomonas Syringae. Our next
question was whether Btl19-13 could, like TAL effectors, transit
a T3SS and thereby potentially function within the fungal host.
In the fluorescence microscopy described above, Btl19-
13:mCherry was detectable only in the bacterium, but the fluo-
rophore may have prevented secretion. Computational analysis
of the Btl19-13 protein sequence using EffectiveT3 2.0.1 (30)
detected with low confidence the presence of a T3S signal in the
N terminus. Upstream of bt/19-13 we discovered a sequence that
aligns with the plant-inducible promoter element found in pro-
moters of genes coregulated with the T3SS in Xanthomonas and
Ralstonia spp. (31, 32). The sequence upstream of btl19-13, as
well as brl genes in B1 and B14, matches the consensus targeted
by the regulator HrpB, TTCG-N16-TTCG (SI Appendix, Table
S2) (8).

To test whether Btl19-13 is a T3S substrate, we used an
established assay for T3S of plant pathogen effectors in which
leaves of the model plant Nicotiana benthamiana are infiltrated
with a suspension of Pseudomonas syringae pv. tomato DC3000
(Pst) expressing the candidate effector fused to adenylate cyclase
(Cya; the catalytic domain of the Bordetella pertussis toxin CyaA)
(33). Conversion of adenosine triphosphate to cyclic adenosine
monophosphate (cAMP) by Cya requires calmodulin and can be
detected by enzyme-linked immunosorbent assay (ELISA), act-
ing as a reporter of localization into the host cell following T3S
(34). We used the Pst effector AvrPto as a positive control and
included a Pst T3SS-deficient strain to assess T3SS-dependence
of activity (28, 33). Following infiltration, Btl19-13:Cya resulted
in increased cAMP when expressed in Pst but not Pst T3SS-,
indicating that Btl19-13 is a T3S substrate (Fig. 1C). Further-
more, a 45 amino acid (aa) N-terminal truncation of Btl19-13
abolished cAMP accumulation, while just the N-terminal 45
amino acids fused to Cya (Btl19-13[1:45]:Cya), resulted in in-
creased cAMP, indicating that a sequence within those first 45
amino acids of Btl19-13 is necessary and sufficient for T3S
(Fig. 1C). Together, the results presented here support the hy-
pothesis that Btl proteins are T3 effectors.

Btl19-13 Has a Functional Nuclear Localization Signal. While Btl
proteins bind DNA, suggesting they localize to the nucleus, their
short C-terminus does not contain any predicted NLSs. How-
ever, we identified an NLS-like sequence, “RIRK,” in the
C-terminal region of Btl19-13 (residues 692-695) that is also
present in the other Btl proteins (SI Appendix, Table S1). Be-
cause there is not yet a method to genetically manipulate R.
microsporus, in order to assess Btl19-13 subcellular localization,
we transformed the yeast Saccharomyces cerevisiae with inducible
expression plasmids encoding enhanced green fluorescent pro-
tein (eGFP) fusion proteins. When viewed with confocal mi-
croscopy, yeast cells induced to produce free eGFP showed
diffuse localization of the protein. Conversely, as expected,
eGFP-tagged TAL effector Tallc cloned from Xanthomonas
oryzae pv. oryzicola localized to the nucleus (Fig. 1D). However,
we were unable to see fluorescence in induced cells transformed
with an expression construct for eGFP:Btl19-13 (SI Appendix,
Fig. S1), suggesting that the full-length Btl19-13 protein is toxic
to yeast cells. We generated a construct encoding an
N-terminally truncated derivative, Btl19-13A1-598, containing
only a little over two repeats of the DNA recognition domain
and the entire C-terminal region, with the “RIRK” motif. The
fusion protein eGFP:Btl19-13A1-598 localized to the nuclei of
the yeast cells, demonstrating that Btl19-13 contains at least one
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functional NLS (Fig. 1D). Localization to the nucleus was
abolished when the “RIRK” motif was mutated to alanines
(AAAA). The full-length Btl19-13 protein with this same sub-
stitution, fused to eGFP, had no apparent cytotoxicity and
resulted in diffuse signal in the yeast cells (S Appendix, Fig. S1).
The presence of a functional NLS in Btl19-13, along with the
observation that wild-type Btl19-13 appears to be toxic to yeast
while a nonnuclear localizing derivative is not, supports the hy-
pothesis that Btl proteins function in the host nucleus.

Btl19-13 Does Not Affect Activity of a Reporter Gene in an In Planta
Transient Expression Assay. To address whether Btl proteins might
directly alter transcription of host genes, as TAL effectors do, we
used an Agrobacterium-mediated transient expression-based
GUS reporter assay in N. benthamiana that is commonly used
to assess TAL effector-dependent expression changes (e.g., refs.
24, 35). We amended a minimal promoter from the pepper Bs3
gene (35, 36) with either a binding element (BE) for Btl19-13 or
a scrambled binding element (sBE) (Fig. 24). We designed the
BE based on the Btl19-13 RVD sequence and confirmed by
electrophoretic mobility shift assay that Btl19-13 binds it spe-
cifically (S Appendix, Fig. S2). Then, to first test whether Btl19-
13 can activate gene expression, each of these promoter con-
structs was transformed into A. tumefaciens and coinfiltrated
with another strain delivering an expression construct for Btl19-
13 or one of two control proteins. The control proteins were
AvrBs3, the native TAL effector of Xanthomonas euvesicatoria
that activates the minimal Bs3 promoter via a separate BE, and
Tallc, which has no predicted BE in the promoter of the re-
porter constructs (Fig. 2 4 and B). For reference, we also tested
a designer TAL effector, dT19-13, constructed to bind the Btl19-
13 BE (Fig. 2B and SI Appendix, Fig. S3). Unlike dT19-13, which
specifically activated the reporter harboring the Btl19-13 BE,
Btl19-13 did not alter the activity of either reporter (Fig. 2B).
Next, toward testing whether Btl19-13 might be a repressor of
transcription, we asked whether Btl19-13 could reduce reporter
activity by competing with an activator that binds the same target
sequence or one nearby. Using the construct harboring the
Bt119-13 BE (and the AvrBs3 BE just downstream), we coin-
troduced an activator, dT19-13 or AvrBs3, with Btl19-13 or with
Tallc, as a control. Btl19-13 did not significantly reduce GUS
activity relative to Tallc in either combination (Fig. 2C).

Btl19-13 Contributes to R. Microsporus Tolerance to Cell Membrane
Stress. Having established in heterologous contexts that Btl19-13
is likely an effector that acts in the R. microsporus nucleus, but
having not detected any transcription factor activity in the
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reporter assay, we decided to knock out the b#/19-13 gene in
strain B13 to directly assess its impact on the symbiosis. We
generated a btl19-13 knockout derivative, B13Abtl19-13 (SI Ap-
pendix, Fig. S44). B13Abtl19-13 was no different from wild type
in its ability to infect the fungus. Furthermore, R. microsporus
infected with B13Abtl19-13 showed no difference in asexual
sporulation, could still mate to produce sexual spores, and grew
normally on nutrient-rich and -poor media (SI Appendix, Fig.
S4 B-E).

Since the brl19-13 knockout had no gross effect on establish-
ment and maintenance of the host-symbiont interaction, we next
explored the hypothesis that Btl19-13 contributes to the symbi-
osis by increasing tolerance of the fungus to environmental
stresses. We measured growth on half-strength potato dextrose
agar (1/2 PDA) amended as follows to test specific stresses: with
hydrogen peroxide (H,O,) for oxidative stress, with sodium
chloride (NaCl) for osmotic stress, and with sodium dodecyl
sulfate (SDS) for cell membrane stress. R. microsporus infected
with B13Abt/19-13 grew as well as the fungus infected with wild-
type B13 on 500 mM NaCl and on 3 mM H,O, (SI Appendix, Fig.
S4 F and G), but more slowly on media amended with 0.005%
SDS (Fig. 3 4 and B). The reduced growth in the presence of the
detergent was restored to wild-type levels when B13Ab#l19-13
was transformed with a plasmid (pBtl19-13) carrying the
cloned b#l19-13 gene with its native promoter (620 bp), prior to
reinfection of the fungus.

Btl19-13 Alters the R. Microsporus Transcriptome. To probe the
mechanism underlying the contribution of Btl19-13 to cell
membrane stress tolerance of R. microsporus, we conducted
RNAseq on mycelia infected with B13, B13Abt/19-13, or the
complemented B13Abt/19-13 strain and carried out pairwise
comparisons (38). Fifteen genes were similarly differentially
expressed in the comparison between B13 and B13Ab#19-13 and
in the comparison between the complemented strain and
B13Abtl19-13 (Fig. 3C and SI Appendix, Table S3). Fourteen of
the fifteen have predicted Btl19-13 BEs within their promoters
(SI Appendix, Table S3). However, annotations and pfam anal-
ysis did not provide obvious clues to the mechanism by which
Btl19-13 contributes to SDS tolerance; all but two of the DE
genes encode hypothetical proteins or domains of unknown
function (SI Appendix, Table S3).

btl Genes Are Present across Mycetohabitans sp. but can Differ
Functionally. Given that Btl19-13 does not appear to be integral
to the formation or maintenance of the symbiosis, but instead
appears to enhance the tolerance of the host to cell membrane
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Effect of Btl19-13 on reporter gene activity in a transient expression assay in N. benthamiana leaves. (A) Schematic of the two reporter constructs

used. GUS is driven by a pepper Bs3 minimal promoter harboring a binding element for the Xanthomonas TAL effector AvrBs3 and either a binding element
for Btl19-13 (BE) or a scrambled binding element (sBE). (B and C) Fluorometric assays of GUS activity in planta. N. benthamiana leaves were coinfiltrated with
Agrobacterium tumefaciens strains delivering one of the two reporter constructs, as indicated, and one (B) or more (C) expression constructs for the following
effector proteins: AvrBs3; dT19-13, a designer TAL effector with similar RVD sequence to Btl19-13; Btl|19-13; Tal1c, a Xanthomonas TAL effector which has no
predicted binding element in the Bs3 promoter. GUS activity was assayed 48 hpi and is shown relative to the corresponding reporter construct with only Tal1c.
Each value is an average of three replicates, and the experiment was repeated twice with similar results. An asterisk (*) over two values indicates a significant

difference (paired Student’s t test, P < 0.05). Error bars denote SD.
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stress, it was unclear whether all Mycetohabitans spp. could be
expected to have bt/ genes serving the same function. The btl
genes of strains B1, B3, and B14 encode distinct arrays of RVDs,
which would indicate differences in their targeted BEs (SI Ap-
pendix, Table S1). To survey btl genes across Mycetohabitans
isolates, we assayed by Southern blot a collection of 14 geo-
graphically diverse strains isolated from across the variety of
niches that R. microsporus inhabits (Fig. 44 and SI Appendix,
Table S4), including B1, B13, and B14. We used the cloned b#/19-
13 gene of B13 as a probe. The numbers and sizes of bands
detected for B1, B13, and B14 matched what was predicted
based on the genome sequences (Fig. 4B). While B13 only has
one predicted functional b#/ gene, there is also a small bl gene
fragment (435 nucleotides) that we do not believe encodes a
functional Btl protein based on its small size, lack of nonrepeat
domains, and dissimilar promoter with no predicted HrpB-
binding element. Each of the additional 11 strains yielded at
least one strongly hybridizing band in the Southern blot, except
NRRL 5549, which showed a faint, high-molecular-weight band
that is clearer at longer exposures (Fig. 4B and SI Appendix, Fig.
S5). A few bands were common to multiple strains, but no two
strains shared the same overall banding pattern, suggesting that
while b#l genes are widely distributed in Mycetohabitans, they
and/or their genomic contexts are variable.
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The apparent diversity of bl genes across strains suggests that
Btl proteins have differentiated in function. To explore this
possibility more directly, we cloned the 18-repeat b#l gene from
strain B14 (brl18-14), which is the sequenced btl gene encoding
the RVD sequence most similar to that of Btl19-13 (SI Appendix,
Table S1), and tested whether it would rescue the B13Ab#19-13
phenotype of reduced tolerance to SDS. It did not (Fig. 4 C and
D), indicating that at least between these two strains, Btl proteins
are not interchangeable.

Discussion

The T3 translocation of Btl19-13, its nuclear localization, its
contribution to host cell membrane stress, and the fact that it
alters the host transcriptome support the hypothesis that Btl
proteins act as effectors in Mycetohabitans—Rhizopus symbioses.
Btl19-13 displays these properties despite largely truncated N-
and C-terminal regions and degenerate or cryptic nuclear lo-
calization and T3S signals compared to Xanthomonas and Ral-
stonia TAL effectors. Endosymbiotic bacteria are observed to
undergo genome reduction and to accumulate deleterious mu-
tations relative to free-living bacteria due to their smaller pop-
ulation sizes, reduced recombination, and stable environment,
which imposes purifying selection on a smaller number of genes
(40, 41). It seems plausible that Btl proteins represent degenerate
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Fig. 4. Presence of bt/ genes in geographically diverse isolates of Myceto-
habitans spp. and the effect of substituting bt/18-14 for bt/19-13. (A) World
map showing the location and substrate from which the R. microsporus hosts
of the Mycetohabitans spp. assessed were isolated, generated using
rworldmap (39). More information on the strains is available in S/ Appendix,
Table S3. (B) Southern blots of genomic DNA from each strain, digested with
Aatll and probed with bt/19-13 amplified from B13. Strains are identified by
the culture collection accession number of their fungal hosts. ATCC 52813
represents B13, ATCC 52814 B14, and ATCC 62417 B1. The arrow points to a
faint high-molecular-weight band in an otherwise empty lane, which can be
more clearly seen in SI Appendix, Fig. S5. (C and D) Growth of R. microsporus
infected with wild-type B13 (WT), B13Abt/19-13 (mutant), the mutant strain
with pBtl19-13, or the mutant strain with pBtl18-14, on half-strength potato
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descendants of ancestral TAL effector-like proteins. Indeed, it is
striking, given the structural differences, that Btl19-13 retains the
ability to be T3-secreted and nuclear-localize. Likewise striking,
Btl proteins specifically bind DNA despite the degeneracy of
their central repeat sequences relative to TAL effectors. To-
gether these observations are consistent with Btl proteins being
under relatively strong selection as effectors that act on host
DNA. The properties of Btl proteins contrast with those of a
distinct class of structurally degenerate TAL effector-like pro-
teins, TruncTALEs, which are found in some strains of the rice
pathogen Xanthomonas oryzae. TruncTALEs lack the ability to
bind DNA but block the function of a certain class of plant
disease resistance gene, possibly through protein—protein
interaction (42).

While the data presented demonstrate that Btl19-13 alters the
host transcriptome, the mechanism remains unclear, as we could
not detect an effect of Btl19-13 on transcription in an in planta
reporter gene assay commonly used for TAL effector studies
(e.g., refs. 24, 35). Specifically, Btl19-13 failed to activate a re-
porter with a confirmed Btl19-13 BE, while a dTALE matching
that BE did, thus functionally differentiating Btl proteins and
TAL effectors. As Btl19-13 does not have the C-terminal acti-
vation domain of TAL effectors, it is perhaps not surprising that
it did not up-regulate gene expression in this assay. Btl19-13 also
did not measurably reduce dTALE-driven expression by direct
competition, nor did it actively repress expression driven by a
TAL effector targeting a downstream BE. Btl proteins have been
observed to repress transcription of a reporter in Escherichia coli
when the promoter is amended with a corresponding BE (17).
Therefore, Btl repressor activity might depend on affinity rela-
tive to any concurrent activator(s), or on promoter context. We
did not assess the affinity of Btl19-13 for the BE relative to dT19-
13, nor did we test repression at other locations within the
promoter or gene body. It remains to be seen whether Btl pro-
teins act as transcriptional activators or as repressors within
Rhizopus, or in fact impact transcription in the host in some
other way, by remodeling chromatin, for example. Given the
coevolution of the endosymbiont and host, Btl proteins may be
adapted to function by partnering with specific Rhizopus proteins
or with another codelivered effector not present in the in planta
assay. Determining the binding site(s) of Btl19-13 in Rhizopus
chromatin in relation to the gene expression changes we ob-
served in our RNAseq experiment, and identifying any inter-
acting proteins, are important future steps toward determining
how Btl proteins alter host transcription.

The mechanism by which Btl19-13 increases the tolerance of
Rhizopus to detergent is likewise unclear, but could be related to
major changes in Rhizopus lipid metabolism observed during
infection (43). Reprogramming of lipid metabolism in the fungus
has been suggested to help meet the bacterium’s nutritional re-
quirement or favor invasion by the bacterium (43). While our
study showed that Btl19-13 is not required for host infection, the
protein could confer a quantitative benefit we did not measure.
Annotated lipid metabolism genes were not present among the
genes differentially expressed in response to Btl19-13, but some
of the DE genes might still influence lipid metabolic pathways. It
is also possible that the effect of Btl19-13 is highly localized and
not adequately captured by RNAseq of whole fungal colonies.
Sampling of nuclei adjacent to bacterial cells could overcome

dextrose agar without (C) or with (D) 0.005% SDS after 3 or 6 d, respectively,
at 28 °C. Data shown represent values from 10 replicate plates each and
were analyzed by ANOVA with a post hoc Tukey’s test. The experiment was
repeated twice and yielded the same result. In each plot, different lowercase
letters above any two groups indicate a significant difference between the
means (P < 0.001).
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this limitation. Furthermore, metabolome or lipidome analysis
could reveal changes dependent on Btl19-13 and suggest geno-
mic targets to investigate. Although beyond the scope of the
current study, such approaches are an attractive first step toward
understanding the connection between the observed influence of
Bt119-13 on fungal SDS tolerance and the relevant biological
function of Btl19-13. In other fungi, intolerance to SDS has been
associated with changes not only in lipid metabolism (44), but
also fungal virulence (45) and amino acid metabolism (46). Thus,
Btl19-13 could confer a variety of biologically relevant benefits to
the fungus, the bacterium, or both.

The hypothesis that Btl proteins are important for the sym-
biosis is strengthened by the observation that, despite the re-
duced genomes of Mycetohabitans spp., btl genes are present in
all strains we examined in a collection of R. microsporus isolates
from diverse geographic locations and substrates. The structural
features of Btl19-13 are likely conserved in the other Btl pro-
teins, based on similarity of the sequenced b#/ genes. However,
there are a number of lines of evidence that these proteins do not
all have the same functional target: 1) the number of bt/ genes in
each strain varies, 2) the RVD sequences of the sequenced btl
genes differ, and 3) B13Abl19-13 could not be rescued with
btl18-14. Btl proteins in different strains may target host genes
with distinct functions or different genes with related functions.
Or they may target regions of the same gene(s) that are poly-
morphic across Rhizopus isolates. In the latter scenario, although
Btl19-13 is not required for infection and is thus not a host
specificity determinant in the strict sense, Btl proteins may in-
fluence patterns of association between specific bacterial and
fungal isolates by contributing differentially to the persistence of
the symbiosis depending on the host genotype. Further charac-
terization of the sequence diversity of brl genes, comparative
genomics of the corresponding host fungal isolates, and analysis
of the Btl protein-dependent changes in the host transcriptome
across a wide array of isolates will be important future steps

1. P. Arora, S. Riyaz-Ul-Hassan, Endohyphal bacteria; The prokaryotic modulators of host
fungal biology. Fungal Biol. Rev. 33, 72-81 (2018).

2. P. Estrada-de Los Santos 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 (Basel) 9, 389 (2018).

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

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

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

6. S. J. Mondo et al., Bacterial endosymbionts influence host sexuality and reveal re-
productive genes of early divergent fungi. Nat. Commun. 8, 1843 (2017).

7. S. Y. He, K. Nomura, T. S. Whittam, Type Il protein secretion mechanism in mam-

malian and plant pathogens. Biochim. Biophys. Acta 1694, 181-206 (2004).
. G. Lackner, N. Moebius, C. Hertweck, Endofungal bacterium controls its host by an hrp
type lll secretion system. ISME J. 5, 252-261 (2011).
9. J. R. Alfano, A. Collmer, Type Il secretion system effector proteins: Double agents in
bacterial disease and plant defense. Annu. Rev. Phytopathol. 42, 385-414 (2004).

10. Y. Hu et al., A global survey of bacterial type Ill secretion systems and their effectors.
Environ. Microbiol. 19, 3879-3895 (2017).

11. R. Nazir, S. Mazurier, P. Yang, P. Lemanceau, J. D. van Elsas, The ecological role of
type three secretion systems in the interaction of bacteria with fungi in soil and re-
lated habitats is diverse and context-dependent. Front. Microbiol. 8, 38 (2017).

12. O. de Lange 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).

13. G. Lackner, N. Moebius, L. Partida-Martinez, C. Hertweck, Complete genome se-
quence of Burkholderia rhizoxinica, an Endosymbiont of Rhizopus microsporus.
J. Bacteriol. 193, 783-784 (2011).

14. A. Juillerat et al., BurrH: A new modular DNA binding protein for genome engi-
neering. Sci. Rep. 4, 3831 (2014).

15. J. Boch, U. Bonas, T. Lahaye, TAL effectors—Pathogen strategies and plant resistance
engineering. New Phytol. 204, 823-832 (2014).

16. M. Hutin, A. L. Pérez-Quintero, C. Lopez, B. Szurek, MorTAL Kombat: The story of
defense against TAL effectors through loss-of-susceptibility. Front. Plant Sci. 6, 535
(2015).

00

17128 | www.pnas.org/cgi/doi/10.1073/pnas.2003857117

toward determining the role(s) Btl proteins and their targets play
in bacterial-fungal symbioses.

Methods

Bacteria were isolated from fungi by tissue disruption and filtration, and
fungi were cured with antibiotics and reinfected by cocultivation, as de-
scribed (43). A variety of plasmids (SI Appendix, Table S5) with bt/ gene
derivatives were constructed by PCR, restriction enzyme digests, and muta-
genesis. Microscopy of R. microsporus was done with a DeltaVision imaging
station, and yeast microscopy was done with a Zeiss 710 microscope. Type IlI
secretion was investigated using a Cya assay, as described (47). The reporter
gene assay was done as described (35). For RNAseq, RNA was extracted from
day-old cultures of R. microsporus using an RNeasy Plant Mini Kit (Qiagen)
and sent to Novogene for library preparation and Illlumina sequencing. For
amended media experiments, plates of R. microsporus were started with 2 x
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