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An endosymbiosis in plant shoots based
on an ankyrin repeat protein
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Chemical-based, modern agriculture is harmful to the environment, consuming fossil fuels, producing
eutrophication, killing pollinators, and threatening human health. Because sustainable alternatives
based on soil- or root-associated microorganisms are unreliable, new tools are necessary.
Methylorubrum extorquens DSM13060 colonizes plant meristematic cells and aggregates around
nuclei. The endosymbiont promotes plant growth without producing hormones but encodes putative
nucleomodulins. We examined the role of an ankyrin-repeat protein (Ank) in the endosymbiosis. Ank
interacted with 46 host proteins, expressed mainly in the cytoplasm and nucleus. Ank had a viral motif

and interacted with defense-associated proteins. Deletion strain, Aank, lacked the capacity for
colonization, indicating that interaction of Ank with plant proteins is needed. The plant-growth
promotion capacity was lost in Aank, confirming the role of endosymbiosis behind this effect. Our
results characterize Ank as a key that unlocks the beneficial traits of endosymbiosis, portraying a new
mechanism of plant-associated bacteria for sustainable agriculture.

Currently, agricultural practices are almost equally harmful to the envir-
onment as any anthropogenic process. Monocultures of plants are treated
with synthetic fertilizers, which are produced by fossil fuel consumption’,
mined from un-renewable sources’, and create eutrophication after leaching
to the environment’. Plant diseases are averted by chemical pesticides, which
kill pollinators and pose a threat to human health*. Environmentally friendly
alternatives, used in organic agriculture, are mainly based on microorgan-
isms. Bacteria and fungi that provide beneficial outcomes in crop plant
growth and health, biofertilizers and biocontrol agents, respectively, are
available as products for agriculture, based on plant-growth-promoting
rhizobacteria (PGPR), as well as soil, epiphytic, and mycorrhizal fungi’.
However, their use is not straightforward, faced by challenges, such as the
inconsistency of field performance’. Therefore, there is a dire need for
sustainable, reliable, and effective biofertilizers and biocontrol agents. Plant
internal microorganisms, endophytes, represent a more intimate symbiotic
interaction with potentially more consistent effects on the host plant’.
Specific members of endophytes are even capable of entering plant cells’, but
their mechanism of growth promotion has been elusive.

Besides the well-known root endosymbionts, rhizobia® and arbuscular
mycorrhiza’, intracellular infection of plants is rarely reported "', especially
in the plant shoots. The best studied shoot endosymbiont, Methylorubrum
extorquens DSM13060 (Rhizobiales), colonizes the interior of plant cells™"’
and positively affects plant growth'. The endosymbiont lacks the typical
mechanisms of plant growth promotion, such as biosynthesis of plant

hormones or providing nutrients for the host'*™*. M. extorquens DSM13060
therefore greatly differs from the epiphytic Methylobacterium or Methy-
lorubrum strains, which typically produce the plant hormone cytokinin, but
the importance of cytokinin biosynthesis for plant growth has been
questioned'®. In contrast to other endophytes'*™"%, M. extorquens DSM13060
colonizes the plant without damaging host tissue'*", and the genome is
scarce in genes for plant cell-wall degradation". Such an unusual lifestyle
raises questions on how the bacterium benevolently colonizes the host
cytoplasm and induces plant growth.

The colonization mechanism of M. extorquens DSM13060 shares
similarities with stem-colonizing rhizobia'*. In the symbiosis between rhi-
zobia and legumes, the bacteria typically produce signaling molecules
known as Nod-factors to access root cells, although exceptions of plant-
rhizobia interactions without Nod signaling exist'**’. When present, the
recognition of Nod-factors by the plant host leads to polarized root-hair tip
growth and invagination of the plasma membrane for bacterial entry,
leading to cell divisions in the cortex and nodule formation®. Whereas the
colonization mechanism of M. extorquens DSM13060 does not involve root
hair deformation'*"’, the endosymbiont forms infection pockets upon entry
and uses infection thread-like mechanisms to advance in the plant tissue'®.
The genome of M. extorquens DSM13060 carries Nod-like genes, but Nod-
factors have not been identified"*"”. Once the M. extorquens DSM13060 cells
have colonized the pine host intracellularly, they establish themselves in
close contact with plant nuclei®.
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In general, bacteria that colonize hosts intracellularly often encode
effector proteins with eukaryotic domains that interact with host proteins
and processes™. Effector proteins that target nuclear processes, such as
transcription, chromatin dynamics, and histone modification, are referred
to as nucleomodulins™*, and they are typically delivered to the host cell
through a secretion system, such as the type IV secretion system (T4SS)"**
Because our earlier work identified both putative nucleomodulins and a
T4SS secretion system in the M. extorquens DSM13060 genome", we
hypothesized that these proteins are involved in the intracellular coloniza-
tion of host cells. Therefore, we bioinformatically predicted T4SS effectors in
the M. extorquens DSM13060 genome, and based on the analysis, selected
an ankyrin repeat protein (Ank) for further studies. We analyzed the
structure and interaction targets of the Ank protein, generated a single-gene
deletion, tracked colonization of the host, and tested plant growth promo-
tion capacity of the deletion strain.

Results

A search algorithm for type IV effector proteins, S4TE 2.0, was used to
predict nucleomodulins delivered to the host cell through the T4SS. The
S4TE predicts and ranks the candidate T4SS effectors by using a combi-
nation of 14 sequence features, including homology to previously identified
effectors, homology to eukaryotic domains, presence of secretion signals or
subcellular localization signals. S4TE 2.0 is designed to evolve rapidly with
the publication of new experimentally validated T4Es, which will reinforce
the predictive power of the algorithm. Computational methodology can be
used to identify a wide spectrum of candidate bacterial effectors that lack
sequence conservation but have similar amino acid characteristics. The
predicted T4SS-secreted proteins are listed in Table S1. Specifically, the
S4ATE 2.0 score predicted that an ankyrin repeat protein (Ank) of M.
extorquens DSM13060 is translocated to the host cell through T4SS with a
high probability (Table SI).

We then generated a single-gene deletion of the Ank gene, and the
growth curve of the deletion strain Aank was evaluated in normal growth
conditions and compared with M. extorquens 13061 that carries the Green
Fluorescent Protein marker gene in the genome'. There were no differ-
ences, analyzed visually and statistically (not shown). The Aank deletion
strain was identical to the 13061.

Aank lacks the host colonization potential

In the early process (45 days-post-inoculation, dpi) of colonization, M.
extorquens 13061 (Fig. 1A-B) had colonized through the root endodermal
layer, residing inside the host cells and accumulating around the plant nuclei
(Fig. 1B). At this point, only a low number of Aank cells (Fig. 1C-D) colo-
nized on the root epidermis (Fig. 1C-D). At 90 dpi, the density of 13061
bacteria was high on the epidermis, and numerous cells colonized the non-
vascular parenchyma (Fig. 1E-F). In contrast, Aank had few bacterial cells
colonizing the surface of root epidermis (Fig. 1G), and sporadic cells in the
cortex (Fig. 1H). At 110 dpi, when bacteria of the 13061-strain were reg-
ularly seen accumulating around the nuclei of root cells (Fig. 11-]), Aank
mainly infected the root epidermal cells (Fig. 1K-L). At the last stage of
colonization (150 dpi), the 13061-strain was colonizing in high numbers in
the cells of the cortex (Fig. 1IM-N), whereas Aank colonization had remained
stagnant, with bacteria forming microcolonies on the epidermis and
sporadic cells having entered the root tissues (Fig. 10-P).

Differences between the 13061-strain and Aank were more pro-
nounced in the colonization of the shoots. At 90 dpi (Fig. 1Q-R), the 13061-
strain had established a dense biofilm on the epidermis, but Aank was
unable to colonize the surface of the epidermis (Fig. 1S-T). At 150 dpi, the
13061-strain colonized the shoot tissues from the cortical layer to the non-
vascular parenchyma and xylem vessels (Fig. 1U-V). However, Aank was
still largely absent in the shoots at 150 dpi (Fig. 1X-Y). In contrast to Aank,
when a unique endopolygalacturonase-like gene (CellW) of M. extorquens
DSM13060" was deleted and tested for host colonization, the deletion strain
AcellW was able to colonize the host equally to the 13061-strain (Supple-
mentary Fig. S1).

Aank has lost the plant growth promotion capacity

Due to the low plant colonization potential of Aank, we tested whether the
deletion strain could promote plant growth at the same level as the 13061-
strain. The pine seedlings were inoculated as before' with Aank, M.
extorquens 13061, or water, and seedling dry weight was measured. The
growth of the seedlings inoculated with Aank was lower (Fig. 2A), or at the
same level (Fig. 2B) as in the water-inoculated seedlings (Fig. 2C-D, F-G),
although the 13061-strain significantly induced pine root (Fig. 2A, E, H) and
shoot growth (Fig. 2B, E, H) at all time points.

Ank structure has a unique viral motif

Ank was comprised of 194 amino acids and shared similarity with ankyrin
proteins of other Methylorubrum and Methylobacterium strains (Fig. 3A,
Supplementary Texts S1-S2). The greatest differences were found at the
beginning and the end of the protein. Additionally, a unique sequence-
stretch from amino acids 111 to 122 distinguished the Ank of M. extorquens
from the other ankyrins (Fig. 3B). When this specific region was analyzed by
BLAST, it had the best hit (Query Coverage 100%, Identity 100%) with an
F-box domain and ankyrin repeat protein (QBK91994.1) of Pithovirus
LCPAC304, which had three repeats of the region.

When the tertiary structure of Ank was studied by AlphaFold, the
prediction was based on up to 12236 unique sequences (non-gap counts).
The Ank structure had five typical ankyrin repeat motifs of alpha helix-turn-
helix with a high confidence (Predicted Local Distance Difference Test,
pLDDT >90) (Fig. 3C). The turn between ankyrin repeats 4 and 5 at residues
130-132 had a low confidence (70>pLDDT>50, Predicted Aligned Error,
PAE 20-30), in addition to the residues 12-22 of the sequence (Fig. 3D, E).
The Ank was strikingly different from the AnkB of Legionella pneumophila,
which is the closest intracellular relative of M. extorquens DSM13060,
having only three ankyrin repeats in its predicted structure (Fig. 3F).

Ank interaction targets are mainly inside the plant cell

The interactions of Ank with host proteins were analyzed using yeast two-
hybrid assay. The positive hits represented 46 different host genes, of which
the great majority (>84%) are expressed inside the plant cell (Fig. 4A). Of
these, 21 genes are expressed in the nucleus, of which seven are exclusively
expressed within the nuclear envelope. Twenty-seven genes are found in the
cytoplasm, of which six genes are associated only with chloroplasts, and one
gene is expressed only in mitochondria. A very small portion (6%) of the
genes is expressed outside of the plant cell, either in the plasma membrane or
in the extracellular matrix (Fig. 4A). By function, the genes are mainly
associated with defense or stress (36%), cellular processes (40%), and
development (24%). Specifically, 10% of the genes are associated with
photosynthesis (Fig. 4B).

The interaction was confirmed by co-transformation for 25 out of 30
manually selected genes (Table S2). These included nuclear proteins, such as
the CDK inhibitor P21 binding protein involved in cell cycle regulation
(BCCIP) (similar with AT2G44510), an adenosine kinase (ADK)
(AT2G37250), the basic region/leucine zipper motif protein 49 (BZIP49)
(AT3G56660), the nuclear encoded CLP proteinase 5 (NCLPP5)
(AT1G49970), and a nuclear pore complex-like protein (NUP54)
(AT1G24310). Cytoplasmic proteins that are associated with plant devel-
opment included the Pumilion 24 (PUM24) (AT3G16810), the GRF1-
Interacting factor 1 (GIF1) (AT5G28640), the phosphoribosylanthranilate
isomerase 1 (PAIl) (AT1G07780), and the phosphate transporter 2
(ATPT2) (AT2G38940). Furthermore, the PSPB-like protein 1 (PPL1)
(AT3G55330) selected as a representative of photosynthesis-associated
genes, was confirmed to interact with Ank (Table S2).

One extracellular protein identified among the confirmed targets,
endo-1,3-beta glucosidase 7 (GH17b) (AT5G24318), functions in cell wall
degradation by gene ontology classification. Another confirmed extra-
cellular target, the seed storage 2S albumin superfamily protein
(AT1G43890), has a role in plant defense. There were also several cyto-
plasmic proteins identified as Ank targets that were associated with plant
defense. These include a flavonol synthase (AT2G15490), a chalcone
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synthase (CHS) (AT5G13930), the E3 ubiquitin ligase (AT5G20620), the
ACT domain repeats protein 11 (ACR11) (AT1G16880), the GmDREB5-
interaction protein (TPR1) (AT1G80490), and the beta carbonic anhydrase
4 (BCA4) (AT1G70410).

Another group of confirmed cytoplasmic Ank targets were asso-
ciated with plant stress responses and stress tolerance. These include

)

- KT

alternative oxidase 1 A (AOX1A) (AT3G22370), catalase 2 (CAT2)
(AT4G35090), the general regulatory factor 3 (GRF3) (AT5G38480),
which is a 14-3-3 protein, the DNAJ heat shock N-terminal domain
containing protein (AT3G04980), which is a chaperone, and the early
responsive to dehydration 15-like protein (ERD15) (AT2G41430). An
Ank target associated with both primary metabolism and redox
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Fig. 1 | Laser scanning confocal microscopy (LSCM) of Scots pine roots (A-P) and
shoots (Q-Y) colonized by the deletion strain Aank and the M. extorquens 13061
at 45 (A- D), 90 (E- H, Q- T), 110 (I- L) and 150 (M- P, U- Y) days-post-
inoculation (dpi). Bacterial cells labeled with a fluorescent GFP reporter under the
control of a constitutive promoter are visualized in bright green. A A lateral section
of root inoculated with the 13061-strain, magnified in (B). Arrowheads indicate
bacterial aggregation (blue) near the nuclei of parenchymal cells. C A cross-section
inoculated with Aank, magnified in (D). The arrowhead (yellow) and dashed circle
show bacteria on the epidermis. E A cross-section of root inoculated with the 13061-
strain, arrowheads (yellow) show a biofilm on the epidermis, bacteria in non-
vascular parenchyma magnified in F, where arrowheads (blue) point single bacterial
cells. G A cross-section of root inoculated with Aank, magnified in (H). Bacterial cells
are present in the epidermis (yellow arrowheads). I A cross-section of root inocu-
lated with the 13061-strain, magnified in (J). The bacterial cells (blue arrowheads)
are aggregating around the host nucleus in the endodermis. K A cross-section of the

root inoculated with Aank, magnified in (L). Cells of bacteria colonize the epidermis
(yellow arrowheads). M A lateral section of the root inoculated with the 13061-
strain, magnified in (N). Arrowheads (yellow) indicate individual bacterial cells and
infection pockets in the epidermis and cortex. O A cross-section of root inoculated
with Aank, magnified in (P). Bacterial biofilms are only present on the epidermis
(yellow arrowhead). Q Cross-section colonized by the 13061-strain showing a
bacterial biofilm on the epidermis (yellow arrowheads), magnified in (R). S Cross-
section inoculated with Aank showing no bacteria present, magnified in (T).

U Cross-section colonized by the 13061-strain where bacteria have progressed
through the epidermis, colonizing in the cortex, non-vascular parenchyma and
xylem (yellow arrowheads), magnified in (V). X Cross-section inoculated with Aank,
where an arrowhead (yellow) shows a single bacterial cell on the epidermis, mag-
nified in (Y). Co cortex; e epidermis; en endodermis; nvp non-vascular parenchyma;
xy xylem. Dashed square=magnified area. Scale bars, 5 pm.
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Fig. 2 | Growth of pine seedlings inoculated with the deletion strain Aank, water,
and M. extorquens 13061 at 30- and 60-days-post-inoculation (dpi). A Dry weight
of pine roots; B Dry weight of pine shoots. Five biological replicates were measured,
each containing 10 seedlings. The maximum and minimum values are denoted by

Weight (mg)

whiskers and the median by the black line inside each box. *=p < 0.05; **=p < 0.01
(one-way ANOVA, Tukey’s test, t-test). Representatives of seedlings inoculated with
(C) Aank, D water and E M. extorquens 13061 30 dpi, and F Aank, G water and
H MM. extorquens 13061 60 dpi.

signaling, is the malate dehydrogenase (C-NAD-MDH1 or MDH)
(AT1G04410) (Table S2).

When the networks of the Ank interacting proteins were studied, the
photosynthesis-associated proteins formed a strong cluster (Fig. 4C). The

Light-harvesting Chlorophyll B-binding protein 2 (LHCB2.4, AT3G27690)
had a further interaction with AOX1A, and the Light-Harvesting Complex
of photosystem II (LHCB5, AT4G10340) and Oxygen Evolving Subunit 33
(PSBO2, AT3G50820) had an interaction through non-Ank-interacting
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Fig. 3 | Structure of M. extorquens DSM13060 A M. pseudosasicola WP_092043930
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proteins Ubiquinol-Cytochrome C Reductase Binding Protein (QCR7-2,
AT4G32470.1) and Apocytochrome B (cob, ATMG00220) with Cyto-
chrome C1-2 (CYC1-2, AT5G40810). The CYCI1-2 had a further interac-
tion with MDH1, GRF3, and Serine Carboxypeptidase-like 27 (SCPL27,
AT3G07990) (Fig. 4C).

Discussion

The modern agriculture should prefer natural, ecologically safe alternatives
to chemical fertilizers and pesticides to avoid further degradation of the
environment. Alternatives, such as biofertilizers, can improve crop yields
through various environmentally friendly mechanisms. However, their
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Fig. 4 | Interactions of M. extorquens DSM13060 Ank with plant proteins

determined by yeast-two hybrid analysis. A A Venn diagram showing the cellular
locations of plant proteins interacting with M. extorquens DSM13060 ankyrin repeat
protein (Ank). ECM = extracellular matrix. B A Venn diagram showing biological
functions (gene ontology, GO terms) of Ank interacting plant proteins. The numbers
in the parenthesis refer to all proteins present in the group; the numbers in the center
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refer to proteins present exclusively in the group. C The STRING protein-protein
interaction (PPI) network. The Ank target genes of the plant host, analyzed by yeast-
two hybrid method, are highlighted with black halos and genes with light gray fill and
dotted lines (cob, QCR7-2) are predicted functional partners added to the STRING
network. Thickness of lines represents PPI confidence level, and fill colors of red,
blue, green, or light green correspond to the biological processes identified.

application often results in inconsistent field performances due to the
unsuitable genotype of the plant, environmental conditions, poor compe-
tence of the strains, or interactions with the innate microbial communities.
Biofertilizers are typically applied to the soil, where localized micro-
environments exist with changing temperatures and humidity’. However,
shoot endophytic strains, or endosymbionts, such as M. extorquens
DSM13060, can be directly inoculated to host plants during micro-
propagation, ensuring a stable interaction™**". Strains that improve not only
plant growth but also stress tolerance are a priority in biofertilization to
confirm survival of the inoculant in the host under stressful growth
conditions.

We identified the ankyrin-repeat protein, Ank, as a eukaryotic
transcription-like protein in the genome of M. extorquens DSM13060 due to
the unique trait by this bacterium of accumulating around host nuclei". We
predicted that Ank is delivered through T4SS to the host cytoplasm during
M. extorquens DSM 13060 interaction and, therefore, generated the deletion
strain Aank. The Aank had an extremely poor colonization capacity of the
host with only singular bacterial cells occasionally colonizing in the pine root
tissue, a low number of bacteria residing on the plant surfaces, and no
bacteria present in the shoots.

Earlier, deletion of an ankyrin repeat protein of Legionella pneumo-
phila, AnkB, had no effect on bacterial infection, but led to the loss of
replication by L. pneumophila in eukaryotic cells”. L. pneumophila is an
intracellular human pathogen, which is closely related to the Methyloru-
brum genus. However, the two ankyrin repeat proteins, AnkB and Ank, had

no resemblance at the structural level. Ankyrin repeat proteins are also
abundant in the genomes of the insect endosymbionts Spiroplasma, Wol-
bachia and Rickettsia, where their involvement in interaction with the host
has been suggested”™".

In general, the protein-protein interaction domain of ankyrin repeats is
involved in many cellular tasks, such as transcription, transportation
through membranes or cytoskeleton, regulation of cell cycle, and trans-
duction of signals™. Due to the specific role in protein-protein interactions
by ankyrin proteins, we performed a yeast-two-hybrid screening to identify
the host targets of Ank. The results explained the observed effects of Ank
gene loss in the bacterial deletion strain. Among the Ank targets, the
majority were inside the plant cell and only 6% were expressed in the
extracellular space or in the plasma membrane. One of the few extracellular
targets was involved in plant cell wall degradation (GH17b) (Fig. 5). The M.
extorquens DSM13060" genome lacks in enzymes with the potential of
degrading the plant cell wall, and the deletion of a unique endopolyga-
lacturonase gene (CellW) had no effect on host colonization. In general,
bacterial endopolygalacturonases function in plant cell wall degradation for
gaining access to the plant”. The endosymbiont therefore employs other
mechanisms of invading the host tissue, where Ank plays a role, as deletion
of Ank resulted in the loss of plant tissue colonization capacity. Ank could be
responsible for activating the plant’s own cell wall degrading enzyme,
GHI17b, for gaining access to the plant interior.

The deletion strain Aank also lost the capacity of inducing plant
growth, as the Aank-inoculated pine seedlings were equal to, or even
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Fig. 5 | A schematic diagram showing the main
targets (yellow text box) of M. extorquens
DSM13060 Ank within the plant cell. A laser
scanning confocal microscopy image of pine root
cortical tissue in the background. GFP-tagged bac-
terial cells are illustrated in bright green, chlor-
oplasts in light green with thylakoids, and nucleus in
purple color. A dashed yellow line indicates the
plant-cell wall, and the yellow-black line, the site of
magnification. ADK=adenosine kinase, AOX1-
A=alternative oxidase 1A, BCCIP = CDK inhibitor
P21 binding protein involved in cell cycle regulation,
BZIP49=basic region/leucine zipper motif protein
49, CAT?2 = catalase 2, ERD15=early responsive to
dehydration 15-like protein, GH17b=endo-1,3-beta
glucosidase 7, GRF3 = general regulatory factor 3,
MDH = malate dehydrogenase, NCLPP5=nuclear
encoded CLP proteinase 5, NUP54=nuclear pore
complex-like protein, PPL1 = PSPB-like protein 1.

smaller, in size than the water-inoculated seedlings in vitro, whereas the M.
extorquens 13061 induced plant growth, as before'*. Approximately 10% of
the Ank targets were chloroplastic, involved in photosynthesis (Fig. 5).
Although M. extorquens DSM13060 has no effect on the expression of
photosynthesis genes™, it increases the carbon content of the seedlings".
Therefore, Ank could be involved in non-transcriptional processes of
photosynthesis, such as protein stabilization or influencing protein-protein
interactions within the photosynthetic complexes. The network analysis of
Ank-interacting  proteins revealed a connection between the
photosynthesis-associated proteins and those functioning in stress
responses, AOX1A, MDHI1, GRF3, and SCPL27. The chloroplast is a potent
source of reactive oxygen species’, which explains the interaction between
Ank, photosynthetic enzymes, and oxidative stress-associated proteins.

Another Ank target carrying a role both in oxidative stress and primary
metabolism was malate dehydrogenase (Fig. 5). In general, this enzyme is
responsible for transforming oxaloacetate into malate, and back, where
oxaloacetate is responsible for cell protection against hydroxyl radicals™. In
our previous metabolomic analysis, the levels of malate were elevated in
seedlings inoculated with M. extorquens DSM13060*, and malate is a
preferred carbon and energy source by M. extorquens DSM13060". There-
fore, M. extorquens DSM13060 likely uses malate as the source of carbon
during the endosymbiosis”, similar to rhizobia”. Ank could therefore
activate the host malate dehydrogenase to provide a preferred carbon and
energy source for the endosymbiont.

A large proportion of the Ank targets were involved in plant defense
and stress responses (Fig. 5). This interaction could function to attenuate
host defense responses and manage cellular stress during bacterial coloni-
zation. There were Ank targets such as AOX1A and CAT2, which are
associated with oxidative stress and balancing the mitochondrial function,
as well as GRF3, DNAJ heat shock-like protein, and ERD15, which are
associated with abiotic stress™”. Our earlier gene expression studies have
shown that M. extorquens DSM13060 infection reduces expression of sev-
eral genes involved in plant stress and senescence, such as xyloglucan
endotransglucosylase/hydrolase 24 (MERI5), Chlorophyllase (CLH2),
hydroxyproline-rich glycoprotein family (EULS3), and the disease resistance
protein NHL3", supporting the idea that M. extorquens DSM13060 actively
suppresses plant stress responses during colonization. Equally, the mod-
ification of plant secondary metabolism by Ank through interactions with
chalcone and flavonol synthases likely favors M. extorquens DSM13060
colonization in the host. At the gene expression level, M. extorquens
DSM13060 induces biosynthesis of flavones and flavonols, which mainly

function in UV protection, while down-regulating biosynthesis of antho-
cyanins that are typically employed against biotic stress’**. Therefore, Ank
likely functions in the processes of down-tuning the plant immune and
stress-response mechanisms for a facilitated host entry.

There is accumulating evidence on the role of ankyrin-rich proteins in
immune evasion of the host. For example, a eukaryotic-like ankyrin-repeat
protein (ARP) of a bacterial sponge symbiont was shown to interfere with
the phagocytosis of amoebal cells, resulting in accumulation of bacterial cells
in phagosome'. We identified a motif in the endosymbiont Ank that differs
from the ankyrins of most Methylorubrum and Methylobacterium strains
but is enriched in an F-box domain and ankyrin repeat protein of Pithovirus
LCPAC304"”. Many viral or phage ankyrins have been associated with
attenuating host immune responses to aid in bacterial infection. For
example, a phage-encoded ankyrin-domain-containing protein (ANKp)
modifies the immune responses in sea sponges to facilitate infection by
symbiotic bacteria®’. Therefore, the Ank present in the single megaplasmid
of M. extorquens DSM13060 could be of viral origin, obtained to facilitate
the intracellular colonization of host.

There was a surprisingly large portion (42%) of plant nuclear proteins
among the Ank targets (Fig. 5). The trait of M. extorquens DSM13060 of
aggregating around the host nuclei"” facilitates the interaction of Ank with its
nuclear targets. Among the targets, BCCIP, BZIP49, and NUP54 were
strictly nuclear proteins with no cytoplasmic or extracellular occurrence.
The NUP54, which forms the central channel of the nuclear pore complex
with two other nucleoporins (NUP58 and NUP62), coordinates the acti-
vation of various stress-related signaling pathways and inhibits the effector-
triggered immunity and programmed cell death pathways in plants****. Both
BZIP49 and NCLPP5 are associated with chaperones**”, and the BCCIP is
involved in DNA repair®. The BZIP49 regulates the DNA-templated
transcription”, and along with ADK, affects plant development*****.

Ank of M. extorquens DSM13060 can therefore influence the host
development through interactions with NUP54, ADK and BZIP49 (Fig. 5).
Our earlier gene expression studies have shown a deep involvement of M.
extorquens DSM13060 in plant development™. The endosymbiont enhan-
ces the growth of pine seedlings without producing any known plant growth
hormones'*"” and induces the expression of several genes associated with
auxin responses and plant development. For example, the genes auxin-
response factor 2 (ARF2) and Cullin 1 (CULI) are up-regulated by M.
extorquens DSM13060 infection. Downstream, genes such as the CO2
response secreted protease (CRSP) and the LRR-type receptor protein kinase
(RFGR1I), associated with leaf and root development, respectively, are

npj Science of Plants| (2026)2:10


www.nature.com/npjsciplants

https://doi.org/10.1038/s44383-026-00026-8

Article

induced™. Such changes in gene expression can be mediated through Ank/
NUP54, Ank/ADK and Ank/BZIP49 interactions.

M. extorquens DSM13060 is a promising new biofertilizer; an
intracellular bacterium that alleviates plant stress responses and induces
plant root and shoot development, likely utilizing malate as the main
carbon source in the plant endosphere'***. The endosymbiont is capable
of infecting several plant hosts and, being intracellular, represents a
completely new type of persistent biofertilizers’. Here, we showed that
the ankyrin repeat protein Ank is crucial for a successful infection by M.
extorquens DSM13060. Ank interacts with several intracellular proteins
associated with modifying the plant defense system for a facilitated host
entry, similar to viral ankyrins of sea sponges”. Aggregation of M.
extorquens DSM13060 around host nuclei potentiates the interaction of
Ank with nuclear proteins BCCIP, BZIP49, and NUP54, involved in
plant development and stress responses. As such, Ank could be char-
acterized as a protein-based key that enables a successful in planta
phenotype by M. extorquens DSM13060, unlocking the positive traits
expressed by the endosymbiont in the host (Fig. 5). Our discovery of Ank
as a bacterial key to the plant system opens a completely new aspect of

mutualistic  plant-microbe interactions in the non-rhizobial
endosymbiosis.
Methods

Identification of M. extorquens DSM13060 effectors

The Searching Algorithm for Type IV Effector proteins (S4TE2.0) software
package™ was used to identify Type IV secreted effector protein candidates
from the M. extorquens DSM16030 genome. M. extorquens DSM16030
genome was uploaded to S4TE2.0 as a Genbank file and analyzed. The T4SS-
dependent translocation of ankyrin-like effectors has previously been vali-
dated with intracellular human pathogens, such as Legionella pneumophila
and Coxiella burnetii’*™.

Bacterial strains, plasmids, and cultivation

Methylorubrum extorquens DSM13060 [Genbank: AGJK00000000] was
originally isolated from bud tissues of mature Scots pine in Oulu, Northern
Finland (65°0° N; 25°30" E)”". The fluorescent derivative M. extorquens
13061 containing two successive chromosomal GFP coding genes under
constitutive promoter'* was used as the parental strain for the construction
of gene in-frame deletion mutant”. Strains and plasmids used are listed in
Supplementary Table S3. For isolation of genomic DNA, mutant con-
struction, and inoculum preparation, M. extorquens 13061 and constructed
mutants were grown by shaking at 28°C in ammonium mineral salts (AMS)
supplemented with 1% (v/v) methanol (MeOH), 1% (w/v) sodium succi-
nate, and appropriate antibiotics when required (kanamycin 50 pg/mL).
The AMS medium contained 0.66 g/1 (NH,4),SO,, 1.0 g/l MgSO,-7H,0, and
0.015 g/l CaCl,-2H,0. In addition, after sterilization, 1.0 ml/l of AMS trace
elements solution, 1 ml/l of stock A, and 20 ml/l of 1.0 M phosphate buffer
were added. The AMS stock A contained 5.0 g/l Fe-NaEDTA and 2.0 g
NaMoO,*2H,0. The AMS trace elements solution contained 0.5 g/l
FeSO,*7H,0, 04gl ZnSO,*7H,0, 0.02gl MnSO,*H,0, 0.015g/l
H,BOs, 0.01 g/l NiCl,*6H,0, 0.25 g/l EDTA, 0.05 g/l CoCl,*6H,0, and
0.005 g/l of CuCl,*2H,0. The 1 M phosphate buffer consisted of 113.0 g/l
K,HPO, and 47.0 g/l KH,PO,.

Escherichia coli strains DH5a and SM10Apir, used for the mutant
construction, were grown in Luria-Bertani (LB) medium (1% tryptone, 0.5%
yeast-extract, 1% NaCl) at 37°C, supplemented either with 100 ug/ml
ampicillin or with 10 pg/ml tetracycline.

Isolation of genomic DNA

Bacterial cells were cultured and grown to the late logarithmic phase (optical
density at 600 nm (OD600) 0.8-1.0) and harvested by centrifugation at
6000 x g for 5 min at 4 °C. The bacterial pellet was ground in liquid nitrogen
with mortar and pestle. The genomic DNA was then isolated according to
the manufacturer’s instructions (Qiagen). The concentration and quality of
DNA yield were analyzed by Qubit™ dsDNA HS assay kit (Invitrogen™).

Construction of the deletion strains

The genomic data were retrieved from the JGI genome portal (https://img.
jgi.doe.gov/) and were used to design primers specific for the gene Ank (IMG
gene accession 2507328582), and Cell W (IMG gene accession 2507328925).
The targeted deletion strains Aank and Acell W of M. extorquens 13061 were
generated using the method described earlier’. In brief, 0.5kb regions
upstream (AB) and downstream (CD) of the target genes were amplified
using primers with restriction sites at the overlap sequences (Supplementary
Table S3). The up- and downstream regions were combined by overlap
extension PCR (OE-PCR) using Phusion High-Fidelity DNA polymerase
(Thermo Scientific). The amplified construct was verified on an agarose gel,
purified and cloned into the pJET 1.2 vector (CloneJET PCR Cloning Kit
Thermo Scientific, MA, USA). The plasmid was then electroporated (Gene
Pulser Electroporation system, BioRad) into E. coli DH5a. Transformants
were selected on LB agar plates supplemented with ampicillin (100 pg/ml)
and incubated overnight at 37 °C. The colonies were screened by colony
PCR (DreamTaq polymerase, Thermo Scientific) specific for the deletion
(Supplementary Table S4), and the constructs were confirmed by Sanger
sequencing (Eurofins Genomics, Germany).

The plasmid DNA was isolated with GeneJet Plasmid Miniprep kit
(Thermo Scientific). The construct was restricted from pJET 1.2 and cloned
into the suicide vector pT18mobsacB. Transformation of the suicide vector
was carried out in E. coli SM10Apir by electroporation. The transformants
were grown on LB agar containing tetracyclin (10 ug/ml) in the presence of
2% X-gal and IPTG. The positive colonies were selected by blue-white
screening and confirmed by colony-PCR (primers listed in Supplementary
Table S5).

Transposon mutagenesis and mutant screening

Biparental matings were performed to introduce the selected positive colo-
nies of E. coli SM10Apir:pT18mobsacB-Aank or E. coli SM10Apir::pT18-
mobsacB-AcellW into M. extorquens 13061 by growing for 48-72 hours at
28°C on AMS agar supplemented with MeOH™*. Dilutions of the bipar-
ental mating mixtures were then plated onto AMS agar supplemented with
MeOH, sodium succinate, and tetracycline (30 ug/ml), and the cells were
grown for another 48 h at 28 °C. Counter selections were performed using
10% sucrose for lacZ selection. Correct transformants were identified by
colony-PCR (Primers shown in Supplementary Table S5).

Bacterial growth curves

The bacterial growth curve analysis of the M. extorquens 13061 and Aank in
normal growth conditions was performed. The bacterial strains were cul-
tured in AMS medium supplemented with 1% MeOH and 1% sodium
succinate for up to 5 days. The logarithmic values of CFU/ml of the deletion
strain were compared to the 13061-strain at 0.1, 0.3, 0.5, 0.7, and 1.0 ODgg,
at 24 h, 48 h, 72 h, 96 h, and 120 h, respectively.

Seed sterilization, germination, and plant growth conditions
Seeds of Scots pine were prepared by heat treatment for 72 h at 55°C in the
dark, followed by incubation in sterile water overnight at room temperature,
followed by surface sterilization with 3% calcium hypochlorite (w/v) for
20 min. Once the seeds were surface sterilized, they were rinsed three times
with sterile water and grown on moist sterile vermiculite in glass jars.
Germination took place after 7-10 days in the plant growth chamber at
24 + 3°Cat 16/8 h photoperiod. For the inoculation, the bacteria were grown
in AMS supplemented with 1% (v/v) methanol (MeOH), and 1% (w/v)
sodium succinate for 3-4 days. Bacterial cultures were diluted with sterile
water to the density of 2.5 x 10’ CFU/ml and 100 pl of the inoculum was
pipetted onto each germinated pine seedling for the experiment.

Measurement of plant growth parameters

A total of 10-12 seedlings from 5 glass containers per sample type were
randomly sampled to assess the plant growth promotion in Scots pine
inoculated with the deletion strain Aank, the M. extorquens 13061, or sterile
water. The dry weights of roots and shoots were analyzed after drying the
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samples for 48 h at +-60 °C. The sampling was done at 30- and 60-days post-
inoculation (DPI).

Confocal laser scanning microscopy (CLSM)
Seedlings were analyzed at 45-, 90-, 110-, and 150-dpi (days-post-inocula-
tion). A total of 10-12 seedlings/sampling/interval/strain were checked. The
experiment comprised three biological replicates conducted over the period
of a year and a half.

Roots and shoots were cut into 2-3 mm pieces in diameter and fixed in
4% paraformaldehyde (wt/vol), 0.1% glutaraldehyde (vol/vol), 20% glycerol
(vol/vol), and 0.1 M sodium phosphate buffer (pH 7.4) at 4°C under
vacuum. The root samples were fixed for 4 h and the shoots were fixed for
8 h, followed by overnight incubation at 4 °C. The fixed tissues were cut into
20-30 um sections with a cryomicrotome (Reichert-Jung 2800 Frigocut
with 2040 microtome) and mounted on microscopy slides with Vectashield
antifade mounting medium with DAPI (Vector Laboratories). The pine
tissue sections were studied with CLSM (LSM 5 Pascal; Carl Zeiss) using
Plan-Neofluor 40x/1.3 and Plan-Apochromat 63x/1.4 oil objectives. The
GFP fluorophore was excited at a wavelength of 488 nm by an argon ion
laser, and emissions were detected using a 505-530 nm band-pass filter. The
background autofluorescence of the plant tissues was detected using a
670 nm long-pass filter. The projections of the channels were analyzed and
merged using the Zeiss LSM Image Browser (ver. 4.2.0.121) and Zeiss ZEN
ver. 2.5 software (Blue edition; Carl Zeiss Microscopy GmbH).

RNA isolation

Total RNA of M. extorquens-inoculated pine seedlings was isolated 90 days-
post-inoculation (DPI) as described previously by Koskiméki et al. 2022*.
Briefly, 15 pine seedlings were pooled and ground in liquid nitrogen as one
sample. Five pooled samples were used for the yeast two-hybrid studies to
isolate a minimum of 300 pg of total pine RNA. The RNA was isolated with a
two-phase protocol using first a CTAB and chloroform-based extraction®,
and after the LiCl, precipitation and DNase treatment for 15 min at 25 °C
with TURBO DNase (Thermo Fisher Scientific, Waltham, USA), purifica-
tion of pine total RNA was performed using RNeasy Mini Kit (Qiagen,
Hilden, Germany). The RNA concentrations were measured with Nano-
Drop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington,
USA), and the quality was assessed by agarose gel electrophoresis and
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) with RNA
Nano 6000 kit. Then, the RN A was submitted to Creative Biolabs Ltd. for the
Yeast 2-Hybrid analysis.

Yeast 2-Hybrid (Y2H) assay

The Y2H assay was performed by Creative Biolabs Ltd. (Shirley, NY,
USA). Briefly, the pGBKT?7 vector was used as the bait construct, and the
PGADT?7 as the prey construct. The bait and the prey vectors were co-
transformed using the GAL4 system. All transformants were spread on
SD/-Trp/-Leu/-His/-Ade/AbA/X-a-Gal) selection medium plates and
screened for positive clones. A total of 68 positive clones were observed,
and after the toxicity and self-activation tests, 51 positive hits were
identified, representing 46 different genes. The gene sequences were
compared by the BlastX program against the annotated protein sequences
of Pinus taeda (v. 1.01) and Arabidopsis thaliana (TAIR10) genomes, and
the functions (gene ontology, GO terms) of each known protein were
retrieved from Enzyme Commission (EC), InterPro (IPR) and UniProt
(https://www.uniprot.org). Of the 46 genes, 30 were manually selected for
interaction validation by co-transformation. All Y2H protocols were
performed by Creative Biolabs Y2H standard methods.

Protein-protein interaction analysis and visualization

The Search Tool for Recurring Instances of Neighboring Genes (STRING v.
11.0)” was used to identify protein-protein interaction (PPI) networks of
yeast two-hybrid (Y2H) candidate genes. The yeast two-hybrid PPI network
was constructed with a confidence score between 0.44 (44%; medium
confidence) and 0.99 (99%; highest confidence). The confidence level

indicates the approximate likelihood of a predicted link between two genes.
All 41 Y2H genes, except the five candidates (5/30; 16,67% fail rate) that
failed the validation, were selected for the protein-protein interaction ana-
lysis with the STRING web platform (https://string-db.org/).

Phylogeny and structural analysis

The Ank primary structure was analyzed with Basic Local Alignment Tool
(BLAST) at National Institute of Health Database (www.nih.gov) and with
ggmsa tool” in R v.4.4.0*. Maximum-likelihood (ML) trees were con-
structed with PhyML v3.0°. The alignment was performed by Muscle,
where contiguous non-conserved positions were minimized, and curation
was done by Gblocks 0.91b (Supplementary Texts S1-S2). For the phylo-
genetic tree, both bootstrapping method, and various approximate
Likelihood-Ratio Tests (SH-like, Chi2-based parametric, minimum of SH-
like and Chi2) with WAG substitution model were tested.

The three-dimensional structure of Ank and AnkB was predicted using
the machine-learning protocol AlphaFold®. The AlphaFold creates a per-
residue confidence metric, which is named “predicted local distance dif-
ference test” (pLDDT) that ranges between 0-100. The pLDDT is used to
estimate the agreement of the prediction with an experimentally determined
structure, and it is based on a local distance difference test Ca (IDDT-Ca).
The program also produces Predicted Aligned Error (PAE). The pLDDT
predicts best intra-domain confidences, and the PAE is best fitted for
confidence analyses between domains or chains®.

Statistical analyses

Data for measurement of plant growth promotion was collected and ana-
lyzed statistically. The normal distribution was determined with the Sha-
piro-Wilk’s test for normality, and equality of variances was studied by the
Levene’s test in R. For the normally distributed datasets with equal variances,
a one-way analysis of variance (ANOVA) was performed. For the datasets
that showed statistical significance, Tukey’s test or t-test was performed to
reveal the statistical difference between individual pairs. The box plot for
pine growth promotion study was constructed in RStudio™, version
2022.07.2 using packages ggpubr and ggplot2.

Data availability

All data are available in the main text or the supplementary materials. The
genome of M. extorquens DSM13060 is available in Genbank (https://www.
ncbi.nlm.nih.gov/nuccore/ AGJK00000000).
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