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confirmed the close functionality of VAL1 and
PHD-PRC2. vall vin3 and vall vrn2 plants were
very delayed in flowering (Fig. 4D; table S6; and
fig. S10, A to D) after 12 and 18 weeks of cold, and
FLC expression remained high (fig. S10, E and F).
This synergistic interaction is best explained by
VALI1-VAL2 redundancy, with both proteins func-
tioning through PHD-PRC2.

‘We propose that VALI binds sequence-specifically,
probably as a homodimer, but potentially as a
heterodimer with VAL2, to the RY motifs in the
FLCnucleation region (Fig. 4E). This recruits the
ASAP complex and potentially PRC], resulting in
the shutdown of transcription and reduced his-
tone acetylation. In turn, these activities allow
PHD-PRC2 nucleation and long-term epigenetic
silencing of the locus. We cannot exclude the
possibility of effects of VAL1 and VAL2 on FLC
expression that are independent of the binding
to FLC intron 1. The association of HDA19 with
the PHD proteins suggests that it has multiple
roles in the process, potentially interacting with
VALI through SAP18 (26) for transcriptional
repression and with VIN3 (and VRN5) to facilitate
+1 nucleosome stabilization (27). It will now be
important to investigate which components con-
fer the switchlike on-off property that has been
proposed for the nucleation event (29).
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SYMBIOSIS

Basidiomycete yeasts in the cortex of
ascomycete macrolichens

Toby Spribille,">* Veera Tuovinen,>* Philipp Resl,' Dan Vanderpool,”> Heimo Wolinski,”
M. Catherine Aime,® Kevin Schneider,'t Edith Stabentheiner,! Merje Toome-Heller,®+
Goran Thor,* Helmut Mayrhofer,! Hanna Johannesson,? John P. McCutcheon?”

For over 140 years, lichens have been regarded as a symbiosis between a single fungus,
usually an ascomycete, and a photosynthesizing partner. Other fungi have long been
known to occur as occasional parasites or endophytes, but the one lichen-one fungus
paradigm has seldom been questioned. Here we show that many common lichens are
composed of the known ascomycete, the photosynthesizing partner, and, unexpectedly,
specific basidiomycete yeasts. These yeasts are embedded in the cortex, and their
abundance correlates with previously unexplained variations in phenotype. Basidiomycete
lineages maintain close associations with specific lichen species over large geographical
distances and have been found on six continents. The structurally important lichen
cortex, long treated as a zone of differentiated ascomycete cells, appears to consistently

contain two unrelated fungi.

ost definitions of the lichen symbiosis em-
phasize its dual nature: the mutualism
of a single fungus and single photosyn-
thesizing symbiont, occasionally supple-
mented by a second photosynthesizing
symbiont in modified structures (I-4). Together,
these organisms form stratified, often leafy or
shrubby body plans (thalli) that resemble none
of the symbionts in isolation, a feature thought
to be unique among symbioses (I). Attempts to
synthesize lichen thalli from the accepted two
components in axenic conditions, however, have
seldom produced structures that resemble natural
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thalli (5, 6). Notably, a critical structural feature of
stratified lichens, the cortex, typically remains
rudimentary in laboratory-generated symbioses
(5). Recently, it has been suggested that micro-
bial players, especially bacteria, may play a role
in forming complete, functioning lichen thalli (7).
However, although culturing and amplicon se-
quencing have revealed rich communities of
microbes (7, 8), including other fungi (8-10), no
new stably associated symbiotic partners have
been found.

The recalcitrance of lichens to form thalli
in vitro means that characterizing symbiont gene
activity (e.g., through transcriptomics) requires
an approach that works with natural thalli. We
used metatranscriptomics to better understand
the factors involved in forming two macrolichen
symbioses, Bryoria fremontii and B. tortuosa.
These two species have been distinguished for
90 years by the thallus-wide production of the
toxic substance vulpinic acid in B. tortuosa, causing
it to appear yellowish, in contrast to B. fremonti,
which is dark brown (11). Recent phylogenetic
analyses have failed to detect any fixed sequence
differences between the two species in either the
mycobiont (Ascomycota, Lecanoromycetes, Bryoria)
or the photobiont (Viridiplantae, Trebouxia
simplex) when considering four and two loci,
respectively (12, 13). We hypothesized that differ-
ential gene expression might account for the
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increased production of vulpinic acid in B.
tortuosa.

We first selected 15 thalli (six from B. fremontii
and nine from B. tortuosa, all free from visible
parasitic infection) from sites across western
Montana, USA, for mRNA transcriptome se-
quencing. An initial transcriptome-wide analysis
of single-nucleotide polymorphisms (SNPs) for
Ascomycota and Viridiplantae transcript subsets
showed no correlation between genotype and
phenotype in B. fremontii and B. tortuosa, con-
firming previous results (12, 13) (Fig. 1, A and B).
Next, we estimated transcript abundances by map-
ping raw reads back to a single, pooled meta-
transcriptome assembly and binning by taxon.
Restricting our analyses to Ascomycota and Viridi-
plantae revealed little differential transcript abun-
dance associated with phenotype (Fig. 1, C and E).
Taken together, these analyses confirm previous
conclusions that the two lichen species are nomen-
clatural synonyms (Z2) but still provide no expla-
nation for the underlying phenotypes (which we
shall continue to refer to by their species names for
convenience). However, by expanding the taxo-
nomic range to consider all Fungi, we found
506 contigs with significantly higher abundances
in vulpinic acid-rich B. tortuosa thalli. A majority

of these contigs were annotated as Basidiomycota
(Fig. 1D). These data suggested that a previously
unrecognized basidiomycete was present in thalli
of both species but was more abundant whenever
vulpinic acid was present in large amounts.

We next sought to determine whether this
uncharacterized basidiomycete was specific to
the studied Bryoria species or could be found
in other lichens. From metatranscriptome con-
tigs containing ribosomal RNA (rRNA) basidio-
mycete sequences, we designed specific primers
for ribosomal DNA [rDNA; 18S, internal tran-
scribed spacer (ITS), and D1D2 domains of 28S)
to screen lichens growing physically adjacent
to Bryoria in Montana forests. Each assayed
lichen species carried a genetically distinct strain
of the basidiomycete, indicating a high degree of
specificity. Furthermore, we found that Letharia
vulpina, a common lichen species growing in-
termixed with Bryoria, maintained basidio-
mycete genotypes that were distinct from those in
Bryoria, not only in Montana but also in north-
ern Europe (fig. S1). When assaying for the basi-
diomycete across the seven main radiations of
macrolichens in the class Lecanoromycetes, we
found related basidiomycete lineages associ-
ated with 52 lichen genera from six continents,

including in 42 of 56 sampled genera of the family
Parmeliaceae (fig. S2). As a whole, these data in-
dicate that basidiomycete fungi are ubiquitous
and global associates of the world’s most speciose
radiation (74) of macrolichens.

To place the basidiomycete lineages in a
phylogenetic context, we generated a 349-locus
phylogenomic tree by using gene sequences in-
ferred from our transcriptome data set and other
available genomes (table S1). This analysis placed
the basidiomycete as sister to Cystobasidium
minutum (class Cystobasidiomycetes, subphylum
Pucciniomycotina) with high support (Fig. 2A). The
only previously known lichen-associated mem-
bers of Cystobasidiomycetes are two species of
Cyphobasidium, which is hypothesized to cause
galls on species of Parmeliaceae (15). When in-
corporated into a broader sample of published
cystobasidiomycete rDNA sequence data (16-18),
the majority of our lichen-derived sequences form
a strongly supported monophyletic clade with
Cyphobasidium (Fig. 2B). Using current classifi-
cation criteria (I8), the lichen-associated line-
ages would include numerous new family-level
lineages, and we recognize this set of subclades
as the new order Cyphobasidiales (19). Applying
a relaxed molecular clock to our phylogenomic tree
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Fig. 1. Genome-wide divergence and transcript abundance of fungi and
algae, based on symbiont subsets extracted from wild Bryoria metatran-
scriptomes. (A and B) Unrooted maximum likelihood topologies for (A) the
Ascomycota member (lecanoromycete) and (B) the Viridiplantae member
(alga) within the lichen pair B. fremontii and B. tortuosa, based on 30,001 and
25,788 SNPs, respectively. Numbers refer to metatranscriptome sample IDs
(table S2). Scale bars indicate the average number of substitutions per site
(C to E) Logarithm of the fold change (logFC) between vulpinic acid—deficient
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(B. fremontii) and vulpinic acid-rich (B. tortuosa) phenotypes in 15 Bryoria
metatranscriptomes, plotted against transcript abundance (logCPM, loga-
rithm of counts per million reads). Only transcripts found in all 15 samples
were included. Ascomycota transcripts only are shown in (C). All fungal tran-
scripts are shown in (D), with taxonomic assignments superimposed; a plot
with statistically significant transcript differential abundance is shown as an
inset. Viridiplantae transcripts are shown in (E). Red dots indicate a log fold
change with P < 0.05 in (C), the inset of (D), and (E) (highlighted with arrows).
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Fig. 2. Placement of Cyphobasidiales members and their diversity with-
in lichens. (A) Maximum likelihood phylogenomic tree based on 39 fungal
proteomes and 349 single-copy orthologous loci. Dating based on a 58-locus
subsample shows relative splits between Cyphobasidiales and Cystobasidium
minutum and splits leading to the lecanoromycete genera Xanthoria, Cladonia,
and Bryoria (colored bars indicate 95% confidence intervals; fungi occurring in
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lichens are shown in green). (B) Maximum likelihood rDNA phylogeny of the
class Cystobasidiomycetes, with images of representative lichen species
from which sequences were obtained in each clade; thick branches indicate
bootstrap support >70%. Shaded triangles are scaled to the earliest branch
splits of underlying sequence divergence in each clade. Full versions of the
trees are shown in fig. S3.

(Fig. 2A) shows the Cystobasidium-Cyphobasidium
split occurring around the same time as the origin
of three of the main groups of lecanoromycete
macrolichens in which Cyphobasidiales species
occur, suggesting a long, shared evolutionary
history. Two fossil calibrations place this split at
around 200 million years before the present (figs.
S4 and S5).

Our initial microscopic imaging failed to reveal
any cells that we could assign to Basidiomycetes
with certainty. Furthermore, attempts to culture
the basidiomycete from fresh thalli were unsuc-
cessful. We therefore developed protocols for
fluorescent in situ hybridization (FISH) target-
ing specific ascomycete and cystobasidiomycete
rRNA sequences. Cystobasidiomycete-specific
FISH probes unambiguously hybridized round,
~3- to 4-um-diameter cells embedded in the pe-
ripheral cortex of both B. fremontit and B. tortuosa
(Fig. 3 and movie S1). Consistent with the tran-
script abundance data, these cells were more
abundant in thalli of B. tortuosa (Fig. 3), where
they were embedded in secondary metabolite res-
idues (movie S1). Imaging of other lichen species
likewise revealed cells of similar morphology in
the peripheral cortex (fig. S6). Composite three-
dimensional FISH images from B. capillaris show
the cells occurring in a zone exterior to the le-
canoromycete (Fig. 4 and movie S2) and em-
bedded in polysaccharides (Fig. 4C), explaining
why these cells are not observed in scanning
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electron microscopy (Fig. 4A). In some species,
such as L. vulpina, the abundance of hybridized
living cells was low, but selective removal of the
polysaccharide layer through washing revealed
high densities of collapsed, apparently dead cells
within the cortex (fig. S7). These dead cells may
explain the paucity of the FISH signal in some
experiments. The mononucleate single cells (fig.
S8C), evidence of budding, and absence of hyphae
or clamp connections are consistent with an ana-
morphic or yeast state in Cystobasidiomycetes.
FISH imaging of Cyphobasidium galls on the
lichen Hypogymnia physodes, obtained from
Norway, confirmed the link to the sexual or teleo-
morphic state (fig. S8), which appears to develop
rarely (I5). These data suggest that the gall-
inducing form of Cyphobasidium completes its
life cycle entirely within lichens.

It is remarkable that Cyphobasidium yeasts
have evaded detection in lichens until now,
despite decades of molecular and microscopic
studies of the Parmeliaceae (20-22). It seems
likely that the failure to detect Cyphobasidium
in both Sanger and amplicon sequencing studies
(8) is due to multitemplate polymerase chain
reaction bias. The most widespread clade of
Cyphobasidium possesses a 595-base pair group
I intron inserted downstream of the primer bind-
ing site ITSIF, doubling the template length of
ITS, a popular fungal barcode (23). This, com-
bined with low background abundance, can push

a template below detection thresholds (24). Also,
we cannot rule out that Cyphobasidium yeasts
have actually been sequenced and discarded as
presumed contaminants.

The lichen cortex layer has long been con-
sidered to be key for structural stabilization of
macrolichens, as well as for water and nutrient
transfer into the thallus interior (6, 25). Most
macrolichens possess a basic two-layer cortex
scheme consisting of conglutinated internal hyphae
and a thin, polysaccharide-rich peripheral layer
(25). However, the internal cellular structure is
not uniform across lichens (26), and the com-
position of extracellular polysaccharides is poor-
ly known (27). In Bryoria, the layer in which
Cyphobasidium yeasts occur has not been recog-
nized as distinct from the cortex (77), although in
other parmelioid lichens, a seemingly homolo-
gous layer has sometimes been referred to as
the “epicortex” (20). The discovery of ubiquitous
yeasts embedded in the cortex raises the pros-
pect that more than one fungus may be involved
in its construction, and it could explain why lichens
synthesized in vitro from axenically grown asco-
mycete and algal cultures develop only rudimentary
cortex layers (5).

In many lichens, the peripheral cortex layer in
which Cyphobasidium yeasts are embedded is
enriched with specific secondary metabolites
(25), the production of which often does not cor-
relate with the lecanoromycete phylogeny (28).
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Bryoria fremontii

Bryoria tortuosa

Fig. 3. Differential abundance of Cyphobasidiales yeasts in B. fremontii
and B. tortuosa. (A) B. fremontii, with (B) few FISH-hybridized live yeast
cells at the level of the cortex. (C) B. tortuosa, with (D) abundant FISH-
hybridized cortical yeast cells (scale bars, 20 um).

The assumption that these substances are exclu-
sively synthesized by the lecanoromycete must
now be considered untested. In B. tortuosa, dif-
ferential transcript and cell abundance data, along
with physical adjacency to crystalline residues,
implicate Cyphobasidium in the production of
vulpinic acid, either directly or by inducing its
synthesis by the lecanoromycete. Confirming a
link by using transcriptome or genome data is
impossible until the enzymatic synthesis pathway
of vulpinic acid is described. However, related
pulvinic acid derivatives are synthesized by other
members of Basidiomycota (29).

The assumption that stratified lichens are con-
structed by a single fungus with differentiated
cell types is so central to the definition of the
lichen symbiosis that it has been codified into
lichen nomenclature (30). This definition has
brought order to the field but may also have
constrained it by forcing untested assumptions
about the true nature of the symbiosis. We sug-
gest that the discovery of Cyphobasidium yeasts
should change expectations about the potential
diversity and ubiquity of organisms involved in
one of the oldest known and most recognizable
symbioses in science.
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INFECTION

Increased plasmid copy number is
essential for Yersinia T3SS function

and virulence

He Wang,"? Kemal Avican,” Anna Fahlgren,' Saskia F. Erttmann,? Aaron M. Nuss,>
Petra Dersch,® Maria Fallman,"> Tomas Edgren,"*+ Hans Wolf-Watz">*+

Pathogenic bacteria have evolved numerous virulence mechanisms that are essential for
establishing infections. The enterobacterium Yersinia uses a type Il secretion system
(T3SS) encoded by a 70-kilobase, low-copy, IncFll-class virulence plasmid. We report a
novel virulence strategy in Y. pseudotuberculosis in which this pathogen up-regulates the
plasmid copy number during infection. We found that an increased dose of plasmid-
encoded genes is indispensable for virulence and substantially elevates the expression and
function of the T3SS. Remarkably, we observed direct, tight coupling between plasmid
replication and T3SS function. This regulatory pathway provides a framework for further
exploration of the environmental sensing mechanisms of pathogenic bacteria.

hree human pathogenic Yersinia strains—Y.

pestis, Y. enterocolitica, and Y. pseudotuberculosis

—share a common 70-kb virulence plasmid

(IncFII) that encodes a set of virulence

proteins called Yops (Yersinia outer pro-
teins) (7, 2). These bacterial toxins are secreted by
a plasmid-encoded organelle, the ysc/yop type
I1I secretion system (T3SS) (3-5). The T3SS com-
prises ~20 proteins that span the inner and outer
bacterial membranes (6, 7). Upon contact with
eukaryotic cells, Yersinia deploys the T3SS to
translocate Yops into the cytoplasm of target
cells via a translocon formed in the cell mem-
brane (8, 9). This process is strictly regulated,
and Yop expression and secretion increase after
the bacterium establishes intimate contact with
the eukaryotic target cell (0). This cell contact-
dependent regulation can be mimicked in vitro
at 37°C by depleting Ca®* from the growth me-
dium (11).

Incubation of Yersinia at 37°C in Ca>*-deficient
medium leads to T3SS induction and growth re-
striction after approximately two generations (4).
Growth arrest may be due to the metabolic bur-
den caused by excess expression of plasmid-
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encoded T3SS proteins (72). Thus, the function of
the T3SS is paradoxical, because conditions that
promote Yop secretion result in bacterial growth
restriction. This feature is incompatible with in-
fection; consequently, we reasoned that Yersinia
must have evolved a mechanism to circumvent

this problem. We observed that increased amounts
of virulence plasmid DNA were recovered from
wild-type Y. pseudotuberculosis cells grown under
T3SS-inductive conditions relative to bacteria grown
under T3SS-repressive conditions (fig. S1B). There-
fore, we hypothesized that Yersinia may undergo
rapid changes in gene expression by increasing
and decreasing virulence plasmid copy numbers.
Rapid changes in gene dose could adjust the
T3SS output to trade off virulence costs and the
pathogen’s metabolic capacity to optimize growth.

To explore a potential connection between
virulence and plasmid copy number, we first
determined plasmid (pIBX) copy numbers in
Y. pseudotuberculosis YpIII (YpIll/pIBX) (13)
cultures under different conditions with a poly-
merase chain reaction (PCR)-free whole-genome
sequencing approach (14). The depth of coverage
(the number of times a nucleotide is read during
the sequencing process) reflects the concentra-
tions of chromosomal DNA and plasmid DNA
molecules in the sample. We found that the pIBX
copy number increased from ~1 to ~3 per chromo-
somal equivalent when conditions were repressive
(26°C) or inductive (37°C, Ca>*-free), respectively,
to T3SS activity (Fig. 1A). At 37°C in the presence
of Ca* (T3SS-repressive conditions), the copy num-
ber increased only modestly (1.6 per chromo-
somal equivalent). Similar differences in plasmid

. A B C D
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Fig. 1. Y. pseudotuberculosis differentially regulates virulence plasmid copy number in vitro.
(A) Virulence plasmid copy numbers in DNA isolated from Y. pseudotuberculosis Yplll/pIBX grown
for 3 hours under different conditions [white, 26°C; gray, 37°C under T3SS-repressive conditions
(Ca®"); black, 37°C under T3SS-inductive conditions] as determined by whole-genome sequencing
(TruSeq). Copy number was calculated as the ratio of average depth of plasmid DNA coverage to
chromosomal DNA coverage (N = 2). (B) Time course of plasmid copy number increase determined by
gPCR. At time zero, Y. pseudotuberculosis cultures were shifted from 26° to 37°C under T3SS-repressive
(gray) and T3SS-inductive (black) conditions. Plasmid copy number is defined as the number of plasmid
equivalents per chromosome (N = 6). (C) Plasmid copy number changes in Yplll/pIB73 (AlcrF) and
Yplll/plB621 (AyopD) determined by qPCR after 3 hours of growth under the same conditions as in (A)
(N =6). (D) gPCR results showing plasmid copy numbers in Yplll/pIBX (wt) and a Yplll/pIB621 (AyopD)
overexpressing the antisense copA RNA fused to the yopE promoter in cis (pyopE-copA) after 3 hours of
growth at 37°C under T3SS-repressive (gray) and T3SS-inductive (black) conditions. Copy numbers in
YpllI/pIBX (wt) are shown as control (N = 4). Inset: Immunoblot of whole-cell lysates from the indicated
strains probed with antibodies to Yops. Data are means = SEM (*P < 0.05, **P < 0.01, ***P < 0.001,
Mann-Whitney U test; ns, not significant).
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Basidiomycete yeasts in the cortex of ascomycete macrolichens
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Editor's Summary

Lichens assemble in three parts
Lichen growth forms cannot be recapitulated in the laboratory by culturing the plant and fungal

partners together. Spribille et al. have discovered that the classical binary view of lichens is too simple.

Instead, North American beard-like lichens are constituted of not two but three symbiotic partners: an
ascomycetous fungus, a photosynthetic alga, and, unexpectedly, a basidiomycetous yeast. The yeast
cells form the characteristic cortex of the lichen thallus and may be important for its shape. The yeasts
are ubiquitous and essential partners for most lichens and not the result of lichens being colonized or
parasitized by other organisms.
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