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Abstract

Methylorubrum extorquens DSM13060 (Rhizobiales) has a
specific capacity to live inside cells of bud meristems in
pine trees. The bud niche is almost completely unstudied,
although likely widespread in plants. It is unknown how
the endosymbiotic methylotroph enters such crucial tissues
of the plant. We hypothesized the bud colonization to
occur mainly through the shoot epidermis enabled by
host-produced methanol. We combined several micro-
scopic methods to illustrate spatio-temporal colonization
dynamics and methanol utilization by M. extorquens
DSM13060 during the interaction. Our results showed that
the endosymbiont mainly enters pine seedlings through
cylindrical sheath, which is a layer of living cells surrounding
primary root and transition zone. The cylindrical sheath
played a central role in accumulation and proliferation of
bacteria before entering deeper tissues. The endosymbiont
also penetrated host through epidermis and stomatal aper-
tures in stem and formed infection pocket-like structures
upon entry. M. extorquens DSM13060 activated the mxaF-
promoter on plant surfaces for methanol assimilation
prior to shifting to the endosymbiotic lifestyle. Our results
suggest that the surface-bound methanol was used for
production of antioxidants that enable tissue penetration,
documented earlier. Gradual cell-to-cell passage or forma-
tion of intracellular infection threads enabled the invasion
past endodermis into the xylem. The xylem was observed
to function as the main route to the apical meristem,
where bacteria were present after 90 days of inoculation.
Our study widens the previously known niches and reveals
unique and rhizobia-like colonization mechanisms by the
endosymbiont in the above and belowground parts of pine.

Keywords: Methylorubrum • endophyte • endosymbiont •
plant–microbe interaction • methanol utilization • MxaF

Introduction

Scots pine (Pinus sylvestris L.) has the widest distribution
range of all pines, extending from Western Europe to Eastern
Siberia and from Southern Spain beyond the Arctic Circle in
Fennoscandia (Matías and Jump 2012). Behind the successful
colonization of a harsh habitat by subarctic plant species lies
a vast interplay with symbiotic organisms: mycorrhizal fungi,
rhizospheric bacteria, and microbes that live asymptomatically
inside the plant tissue—endophytes (Harrison 1999, Hardoim
et al. 2015). Symbiosis between bacterial endophytes and plants
is both widespread and necessary for plant health and survival
(Ryan et al. 2008, Taghavi et al. 2009). Endophytes are important
for plant defense, stress tolerance, and promotion of plant
growth and development (Hardoim et al. 2015). However, a
majority of studies describe endophytic interactions in model
plant species or agricultural crops (Ryan et al. 2008, Izumi
2011, Hardoim et al. 2015). Bacterial endophytes may provide
significant host benefits and increased phenotypic plasticity
in the long-living forest trees that face variable environmental
conditions (Carrell and Frank 2014, Hardoim et al. 2015).

Methylorubrum extorquens DSM13060 (formerly M.
extorquens) is not only an endophyte but also an endosymbiont,
isolated from the meristematic cells of shoot tips of Scots pine
(Pirttilä et al. 2000). Endosymbionts are microbes that reside
inside a host cell (McCutcheon et al. 2019), whereas endophytes
usually occupy the space between cells, most typically in plant
roots (Ryan et al. 2008, Izumi 2011, Hardoim et al. 2015).
The facultative, methylotrophic endosymbiont, M. extorquens
DSM13060, represents the dominant species in pine meristems
throughout the year, detected prior to bud elongation and
development but not during active growth (Pirttilä et al.
2005). In general, methylotrophic bacteria, which utilize one-
carbon compounds for energy (Chistoserdova and Lidstrom
2013), are abundant in the phyllosphere, where they assimilate
plant-produced methanol (Fall and Benson 1996, Delmotte
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et al. 2009). M. extorquens DSM13060 fixes the methanol into
polyhydroxybutyrate (PHB) (Koskimäki et al. 2016), which is
known as a bacterial carbon and energy reserve compound
(Bourque et al. 1995, Ratcliff et al. 2008). However, upon host
infection, M. extorquens DSM13060 depolymerizes the product
into short oligomers that possess strong antioxidant activity
(Koskimäki et al. 2016). Similar to M. extorquens DSM13060,
rhizobia produce and utilize PHB during infection of legume
roots (Hirsch et al. 1983).

M. extorquens DSM13060 increases lateral root formation,
root length, and aboveground biomass in the host without
producing any well-known plant hormones (Pirttilä et al. 2004)
to the same extent as ectomycorrhizal fungi (Pohjanen et al.
2014). The endosymbiont aggregates near the nuclei of living
cells and modulates host functions potentially by eukaryote-
like effectors (Koskimäki et al. 2015). The interaction results in
induced development and viability of the host through mech-
anisms previously unknown for endophytic bacteria; intrinsic
manipulation of hormonal pathways, down-regulation of senes-
cence and cell death-associated genes, and induction of ononi-
tol biosynthesis (Koskimäki et al. 2022). The interaction is highly
mutualistic and novel compared to plant-endophyte interac-
tions reported earlier, mainly from crop plant roots (Izumi
2011). However, the details on how M. extorquens DSM13060
enters the buds have remained unknown. We hypothesized
the bud colonization to occur mainly through shoot epidermis,
enabled by fixing of host-produced methanol. We used a dual
labeling strategy to illustrate the spatio-temporal dynamics of
pine colonization and methanol utilization by M. extorquens
DSM13060. Our study reveals the first steps (0–730 days) in
the symbiotic relationship between the endosymbiont and the
economically important conifer, Scots pine.

Results

The pattern of endophytic colonization was consistent between
the inoculated samples (n = 5) throughout the experiment. The
host plants were visually healthy after inoculation, as before
(Pohjanen et al. 2014), and the phenotypes of the reporter
strains M. extorquens 13061 and M. extorquens 13061-mxaF
remained unchanged compared to the wild-type strain. The
fluorescent reporters, GFP and mCherry, were selected to min-
imize bleed-through effects and to avoid overlapping of the
fluorescent wavelengths. The combination of these reporters,
two consecutive chromosomal copies of GFP and mCherry in
a stable, low-copy plasmid, created fluorescent emissions that
were clearly distinguishable from the plant tissues. Endogenous
autofluorescence of plant tissue was detected in the third laser
channel (488 nm/LP 650 nm) and used to visualize the back-
ground.

Colonization of roots
Bacterial colonization of pine seedlings started from the
roots. At 7 dpi, individual bacterial cells and small colonies
were observed on the root surface. M. extorquens DSM13060

formed structures that resemble the infection pockets of stem-
colonizing rhizobia (Goormachtig et al. 2004) 7–14 dpi in
the cylindrical sheath, which is a living tissue that covers the
epidermis of the primary root (Fig. 1a, Tillman-Sutela et al.
2008). The colonization had extended into root epidermis
(Fig. 1b and c; Supplementary Video S1) and infection pocket-
like structures were visible in the root cap at 40–60 dpi
(Fig. 1d–f; Supplementary Video S2). Bacteria heavily colonized
on the root surface and in the cells of cylindrical sheath
and root epidermis at 50–80 dpi (Figs 1g and 2a,b). The
bacterial cells were observed penetrating directly through
plant cell walls (Fig. 1h and i) and expanding vertically (Fig. 1j).
Vertical colonization was also evident in the inner cortex
(Fig. 1k; Supplementary Fig. S1a–c; Supplementary Video S3),
until the bacteria reached the vascular tissues. Although the
colonization was mainly progressing toward the stele, at 80–
100 dpi the bacteria formed a thick biofilm-like structure
between cylindrical sheath and root epidermis, covering the
whole primary root (Fig. 1l). In the final sampling at 730 dpi,
the majority of bacteria were localized in the cylindrical sheath
(Fig. 2c and d) and persistently in the parenchymatous cells of
xylem (Supplementary Fig. S1d–f).

Transition zone
The cylindrical sheath, which covers the roots and extends to
the lower part of the stem in the transition zone (Supplementary
Fig. S2a), had a key role in the vertical colonization by M.
extorquens DSM13060. The morphology of the cylindrical
sheath, having elongated unparallel cells in diverse orientations
(Supplementary Fig. S2b), provided numerous cellular gaps
and encasements for bacterial colonization (Fig. 2e and f;
Supplementary Fig. S2c and d). Infection pocket-like structures
were observed specifically in the belowground parts of the
cylindrical sheath, being distinct in the cross-sections of the
transition zone (Supplementary Fig. S2e). As soon as the
cylindrical sheath was completely filled with bacteria, the colo-
nization occurred toward the cortex (Supplementary Fig. S2f).
At 60 dpi, M. extorquens DSM13060 was most abundant
at the transition zone compared to roots, stem, or needles
(Supplementary Table S3).

Colonization of stem
The frequency of endophytic colonization was much lower on
the stem than in the lower parts; transition zone and roots
encased by the cylindrical sheath (Supplementary Table S3)
after 80 dpi. Round-shaped microcolonies of M. extorquens
DSM13060 were first observed on the lower stem surface ≥40
dpi (Figs 2g and h and 3a) and ≥ 80 dpi on the upper stem
(Fig. 2i and j). At 80–100 dpi, these colonies formed a dense
bacterial growth, eventually consisting of mainly dead cells
at the sites of penetration (Fig. 3b). The morphology of the
raft-like, thick microcolonies (arrowheads in Fig. 3b) on stem
clearly differed from colonies previously observed on the roots.
Once inside (Fig. 3c), bacterial cells propagated in the infection
pockets below the epidermis (Fig. 3d) before spreading to the
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Figure 1. Colonization of P. sylvestris L. roots by M. extorquens DSM13060. Images of longitudinal and cross sections of root tissues at 7–110 days
post-inoculation (dpi). Bacterial cells carrying a fluorescent GFP are visible in bright green. (a) Bacterial colonies and individual cells in the
cylindrical sheath and epidermis at 7 dpi. (b) Bacteria invaded cells from gaps between the cells of root epidermis (arrowheads) at 15–30 dpi and
(c) eventually enlarged into infection pocket-like structures at 30–50 dpi. (d) Infection pocket-like structures were observed in the cylindrical
sheath covering root tip at 40–60 dpi (e) from where bacterial colonization progressed vertically (arrowheads). The square in (d) represents
magnified area. (f) During 30–50 dpi bacteria were abundant also in the root cap. (g) Infection pocket-like structures proliferated into larger
biofilm-like colonies, partially on the surface, and within the cells of cylindrical sheath and root epidermis at 50–80 dpi. (h) From the infection
pocket-like structures, bacteria penetrated cell walls into neighboring cells. The arrows indicate penetration sites and the arrowheads established
endophytic colonies initiating the vertical invasion. (i) A funnel-like penetration site (arrow), puncturing the epidermis by an abundance of
bacteria (arrowheads) into the adjacent cortical cells. (j) Biofilm-like bacterial growth (arrowheads) between the layers of cylindrical sheath
and epidermis, derived from the root surface (arrow). (k) Bacteria formed infection-thread-like structures (arrowheads) to spread horizontally
through the inner cortex and to penetrate (arrow) non-vascular parenchyma at ≥90 dpi. (l) Biofilm-like bacterial growth eventually covering
the whole root at 80–100 dpi. The arrows indicate bacterial cells in the xylem vessels. Microscopic sections: longitudinal (a–k); cross (l). Co,
cortex; Cs, cylindrical sheath; E, epidermis; En, endodermis; NVp, non-vascular parenchyma; Rc, root cap; Rm, root meristem; Xy, xylem. Dashed
square = magnified area. Scale bars; 10 μm.
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Figure 2. Colonization of Pinus sylvestris L. root and shoot surfaces by Methylobacterium extorquens DSM13060. FE-SEM images of pine roots at
80–100 days post-inoculation (dpi) and 730 dpi. (a) Bacterial biofilm-like growth on the root surface, near the root tip, with (b) round-shaped
aggregate over putative penetration site at 80–100 dpi. (c) Smooth appearance of the root surface reveals thick bacterial growth embedded in
the mucilagous sheath at 730 dpi. (d) Magnification shows the abundance of bacteria in the root mucilage. (e) Bacterial growth on the surface
of lower stem with remnants of cylindrical sheath. (f) Bacteria entering the cracks between the cylindrical sheath and epidermis. (g) Bacterial
colonies on the stem and (h) a round-shaped microcolony, partially covered by extracellular matrix (ecm), at a putative penetration site. (i)
Sparse bacterial growth on smooth surface of the shoot, lacking cylindrical sheath. (j) Bacterial colony penetrating through shoot epidermis at
a putative penetration site. (k and l) Large biofilm-like (blg) structures on the shoot surface at 730 dpi. blg, biofilm-like growth; Cs, cylindrical
sheath; E, epidermis; ecm, extracellular matrix. Dashed square = magnified area.
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neighboring cells. Bacterial aggregates were detected in stom-
atal apertures (Fig. 3e), and later (100–120 dpi), large colonies
were observed in the stomatal airspaces (Fig. 3f) and in the
cortex beneath (Fig. 3g and h). Similar to roots, colonization of
the stem occurred first mainly in vertical direction into the adja-
cent cells (Fig. 3g) and then horizontally toward the vascular
tissues (Fig. 3h and i). At 730 dpi, bacteria were detected on the
stem surfaces as an extensive biofilm-like growth (Fig. 2k and l),
similar to roots.

Route to the apex
Besides the gradual cell-to-cell infection of the host cortex, we
identified an alternative mode of invasion. From the infection
pocket-like structures, M. extorquens DSM13060 formed infec-
tion thread-like structures passing through cortex and endo-
dermis (Fig. 4a and b) into the vascular tissues. Such structures
were also observed by in situ hybridization in buds of mature
trees, advancing from scale primordia toward the apical meris-
tem (Supplementary Fig. S3). In the seedlings, bacteria were
often observed inside the cells of root vascular parenchyma
(Fig. 4c) and in the photosynthetic chlorenchyma of the stem.
Penetration of these cells occurred consistently by bacterial
congregation as round-shaped clusters on the plant cell wall,
followed by permeation of host cell by a successive thin bac-
terial thread into the host cytosol. The observed penetration
sites were roughly of the diameter of a single bacterial cell (1–
2 μm) and occurred without observed damage or cell death
induction in the colonized tissue (See “Viability of colonized
tissue” and Supplementary Fig. S4). From 90 dpi onwards, divid-
ing bacterial cells were apparent in the vascular parenchyma
(Fig. 4d and e). After the first weeks (>40 dpi) of colonization,
individual bacterial cells were seen inside the root xylem ves-
sels (Fig. 4f; Supplementary Video S4), which function as the
most probable path to the shoot tips. Accordingly, despite high
autofluorescence of apical tissues, we could repeatedly detect
bacterial cells in the buds at ≥90 dpi (Fig. 4g and h) residing near
the xylem vessels. In the buds, most of the bacteria colonized
the cytoplasm of meristematic cells (Fig. 4i). Throughout the
experiment, bacteria were not detected on the epidermis of
buds (apex or needle primordia of seedlings).

Viability of colonized tissue
We evaluated potential cell death induction by M. extorquens
DSM13060 in the pfine tissues by dual acridine orange—
ethidium bromide (AO-EB) staining. In AO-EB staining, healthy
cells have a round green nucleus, early programmed-cell-
death (PCD) cells have a green-yellow nucleus with condensed
or fragmented chromatin, late-PCD cells display condensed
and fragmented orange chromatin, and necrotic cells have
a structurally normal, orange-red nucleus (Supplementary
Fig. S5a–d). The endosymbiont colonized healthy cells when
residing on root surfaces, occurring intracellularly near host
nuclei (Supplementary Fig. S5e), during infection thread
(Supplementary Fig. S5f), and infection pocket formation in
the root cortex (Supplementary Fig. S5g). The bacteria also

colonized inside living cells of the cylindrical sheath and
non-vascular parenchyma (Supplementary Fig. S5h). At the
transition zone, large bacterial aggregates colonized entire cells
of non-vascular parenchyma next to living endodermal cells
(Supplementary Fig. S5i), and in the cortex, bacteria colonized
the cytoplasm of living cells (Supplementary Fig. S5j).

Bacterial mxaF activity
We used the promoter of methanol dehydrogenase gene
(mxaF) controlling a fluorescent reporter (mCherry) as a
biological sensor for methanol utilization by the endosymbiont
during colonization. Upon formation of the first bacterial
microcolonies on the cylindrical sheath, high level of mCherry
fluorescence was observed at 7–14 dpi (Fig. 5a–c). The bacterial
methanol consumption was not constitutive, assessed by the
varying mxaF promoter activity between individual bacterial
cells and neighboring colonies (Fig. 5b and c). Aggregation
into microcolonies often correlated with mxaF activity (Fig. 5b
and c; Supplementary Fig. S6a and b), and the active bacterial
aggregates were typically observed close to plant surfaces. The
bacterial colonies residing deeper in the tissue had low or
undetectable mxaF expression (Fig. 5d and e). For example,
a bacterial infection pocket-like structure of an epidermal cell
showed more mxaF promoter activity closer to surface than
deeper within the cell (Fig. 5d). Similarly, at a later stage (≥60
dpi), biofilm-like structures between the cylindrical sheath and
epidermis exhibited higher mxaF activity than bacterial cells
located in the cortex or stele (Fig. 5e).

In the shoots, strong activation of mxaF promoter was
observed in M. extorquens DSM13060 residing on the epidermis
(Fig. 6a and b; Supplementary Fig. S6c), and the expression
was also detectable in the cortex (Fig. 6b). However, in the
vascular parenchyma, mxaF activity was scarce or undetectable
(Fig. 6c; Supplementary Fig. S6d). We observed dark spherical
inclusion bodies within the GFP-tagged bacterial cells residing
on the plant shoot surface (Fig. 3a) that were verified by Nile
Blue A as PHB granules (Fig. 7a–c) that act as a reserve for
carbon, energy, and antioxidative power (Bourque et al. 1995,
Ratcliff et al. 2008, Koskimäki et al. 2016). When compared with
the uninoculated control (Fig. 7d and e), the majority of the
bacterial PHB granules were detected in the cylindrical sheath,
epidermis, and outer cortex (Fig. 7f–i), thus correlating with
the bacterial mxaF activity.

Discussion

In general, knowledge on the lifestyles of bacterial endophytes
in forest trees is limited (Izumi 2011, Pirttilä and Frank 2018).
While most studies report on the endophytic diversity, host
colonization is less studied, especially in woody species (Ger-
maine et al. 2004, Rincón et al. 2005, Weyens et al. 2012).
This is partly due to technical challenges such as high back-
ground autofluorescence of woody plant tissue that is rich
with phenolic compounds (Timonen 1995, Anand and Chan-
way 2013). We tackled this issue by using a reproducible in
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Figure 3. Colonization of the P. sylvestris L. shoots by M. extorquens DSM13060. CLSM images of longitudinal and cross sections of shoot tissues at
40–120 days post-inoculation (dpi). Bacterial cells carrying a fluorescent GFP are visible in bright green. (a) A round-shaped bacterial aggregate
on the shoot surface at a putative entry point. Dark inclusions in the bacterial cells (arrowhead) are endogenous PHB granules. (b) Thick, raft-
like bacterial colonies (arrowhead) consisting mainly of dead cells (no GFP fluorescence) and few live cells on the entry points of epidermis
typically found on the shoots lacking cylindrical sheath at 80–100 dpi. An arrow depicts bacteria inside an epidermal cell. (c) After entry to
epidermal cells (arrows) (d) bacteria formed tight aggregates (arrow), infection pocket-like structures, before invasion of the adjacent cells. (e)
A bacterial aggregate (arrow) in the stomatal aperture at 80–100 dpi and (f) larger colonies in the stomatal airspaces (arrows) at 100–120 dpi.
(g) Bacteria invaded the neighboring cells primarily vertically (arrowheads) and (h, i) eventually horizontally (arrowheads) toward the vascular
tissues. Microscopic sections: longitudinal (a, e); cross (b–d, f–i). Ch, chlorenchyma; Co, cortex; Cs, cylindrical sheath; E, epidermis; En, endodermis;
Gc, guard cell; NVp, non-vascular parenchyma; Xy, xylem. Scale bars: 10 μm.

44

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/67/1/39/8300890 by Finnish Forest R

esearch Institute / Library user on 23 January 2026



Systemic pine colonization by M. extorquens

Figure 4. Systemic colonization of the P. sylvestris L. by M. extorquens DSM13060. CLSM images of longitudinal and cross sections of shoot tissues in
the transition zone at 40–120 days post-inoculation (dpi). Bacterial cells carrying a fluorescent GFP are visible in bright green. (a) Bacteria formed
infection thread-like structures to invade through the cortex and endodermis. The square represents magnified area. (b) Infection thread-like
structure (arrowheads) of bacteria penetrating endodermis (arrow). (c) Bacteria invading host cell interior (arrows). (d, e) Aggregates of dividing
bacteria (arrowheads) in the parenchymatous host cells surrounding the vascular tissues at 90–120 dpi. The square depicts the magnification
area represented in (e). Note the enlarged bacterial cell morphology. (f) In the roots, individual bacterial cells (arrowheads) were evident inside
the xylem vessels from 40 dpi onwards. (g) A bacterial cell (arrow) near the xylem vessels inside a meristematic cell of the shoot tip at 80–
100 dpi. (h) A bacterial cell (arrow) in the shoot apical meristem (Sm) at 80–100 dpi. (I) In the apex, bacteria (arrows) resided inside the
cytoplasm of meristematic cells high with endogenous fluorescing metabolites (at ≥100 dpi). Microscopic sections: longitudinal (f); cross (a–
e, g–i). Co, cortex; E, epidermis; En, endodermis; Np, needle primordia; NVp, non-vascular parenchyma; Sm, shoot apical meristem; Xy, xylem.
Dashed square = magnified area. Scale bars: 10 μm.
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Figure 5. A reporter gene analysis of M. extorquens DSM13060 methanol assimilation during root colonization of P. sylvestris L. An mCherry
reporter controlled by the methanol-inducible mxaF promoter (PmxaF::mCherry) was used as a biological sensor for bacterial methanol
utilization. Each panel includes a merged image of pine tissue infected by bacteria carrying both tags, an image showing only mCherry (white),
and only GFP tag (bright green). (a) Bacteria colonizing the cylindrical sheath at 7 dpi. (b) Round-shaped bacterial colonies in the cylindrical
sheath of the root, displaying high-level methanol assimilation ≥14 dpi. The arrowhead depicts a colony without mCherry activity. (c) Unequal
methanol assimilation within a bacterial colony on the root epidermis (at 14 dpi). (d) Bacteria in the infection pocket-like structures of root
cylindrical sheath display higher methanol assimilation closer to surface (arrowheads) than deeper in the cell (arrows) (≥ 50 dpi). (e) Bacteria
on the epidermis (arrowheads) exhibit higher methanol assimilation than bacterial cells colonizing the cortex or the stele (arrows) (≥50 dpi).
Microscopic sections: longitudinal (a–c, e); cross (d). Co, cortex; Cs, cylindrical sheath; E, epidermis; NVp, non-vascular parenchyma; Xy, xylem.
Scale bars: 10 μm.
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Figure 6. A reporter gene analysis of M. extorquens DSM13060 methanol assimilation during the shoot colonization of P. sylvestris L. An
mCherry reporter controlled by the methanol-inducible mxaF promoter (PmxaF::mCherry) was used as a biological sensor for bacterial methanol
utilization. CLSM images of longitudinal sections of shoot tissues at 80–120 days post-inoculation (dpi). Each panel includes a merged image of
pine tissue infected by bacteria showing both tags, an image showing only mCherry (white), and only GFP tag (bright green). (a) Bacterial colonies
on the shoot epidermis (arrowheads) displayed intermediate-level methanol assimilation, (b) and the expression was also within detectable range
in the outer cortex (arrow). (c) In the inner cortex, bacterial methanol utilization was low (arrowheads) or non-existing during intracellular
colonization of the chlorenchymal cell (arrow) beside vascular tissue. Ch, chlorenchymal cells; Co, cortex; E, epidermis; Xy, xylem. Dashed
square = magnified area. Scale bars: 10 μm.
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Figure 7. M. extorquens DSM13060 accumulates intracellular PHB storages during the early steps of pine colonization. CLSM of M. extorquens
cells and scots pine root at 60 dpi. Bacterial PHB granules and pine endodermis are stained with Nile blue A (red). Endogenous autofluorescence
of the plant cell walls is shown as a black silhouette, outlining root morphology. (a) Cultured bacterial cells (light gray) have dark inclusions
without fluorescence (arrowheads). (b) Intracellular PHB granules stained with Nile blue a (arrowheads), and (c) a merged image of both laser
channels, demonstrating that dark inclusions in (a) are PHB granules (arrowheads). (d) A cross-section of mock-inoculated control root without
bacteria. (e) A longitudinal section of mock-inoculated control root without bacteria. (f) A section of cylindrical sheath colonized by bacteria
carrying PHB granules. (g) Pine root inoculated with M. extorquens DSM13060 with numerous fluorescing PHB granules in bacteria colonizing the
cylindrical sheath and epidermal cells. Asterisks depict putative starch granules in parenchymal cells of xylem. (h) A section of pine root where
PHB granules of M. extorquens DSM13060 (arrowheads) are visible in the cells of epidermis. The square represents magnified area. (i) The arrows
indicate clusters of bacterial cells (light gray) carrying the PHB granules, colonizing cylindrical sheath. Gamma levels of the micrographs were
adjusted slightly to optimize image contrast and brightness for the dimmer PHB granules. Adjustment was applied equally across the images
(d–i). Microscopic sections: longitudinal (e, h, i); cross (d, f, g). Co, cortex; Cs, cylindrical sheath; E, epidermis; En, endodermis; NVp, non-vascular
parenchyma; Xy, xylem. Dashed square = magnified area. Scale bars, 10 μm.
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Figure 8. A simplified model of pine colonization by M. extorquens DSM13060, with a representation of the seedling anatomy and illustrations of
the morphologies of the tissues. (a) At ≥7 dpi, the bacteria initiate pine colonization from the surface by forming microcolonies on cylindrical
sheath or epidermis. At this stage, plant-derived methanol is utilized as the carbon source and stored as endogenous PHB granules to fuel plant
invasion. (b) From 30–50 dpi onwards, the bacteria form infection pocket-like structures, penetrate epidermal cell walls and establish biofilm-
like structures between the cylindrical sheath and root epidermis (dashed arrows). Once inside the plant tissues, the bacteria form multicellular
aggregates to invade neighboring cells of epidermis and outer cortex (dashed arrows), eventually colonizing the surrounding host tissues. (c) At
≥90 dpi, gradual cell-to-cell-passage (single bacterial cells), or formation of intracellular infection thread-like structures (multicellular bacterial
threads) through the cortex (arrow) enables the invasion of vascular tissues past endodermis. (d) At ≥90 dpi, the bacteria form intracellular
aggregates and proliferate in the parenchymal cells around the xylem vessels (dashed circle). (e) From 90 dpi onwards, after accessing the xylem
vessels (≥40 dpi), the systemic bacterial colonization occurs through the transpiration stream, reaching the apex. Cs, cylindrical sheath; Co, cortex;
E, epidermis; En, endodermis; NVp, non-vascular parenchyma; Xy, xylem vessels.

vitro-inoculation system in combination with a mild fixation
process and cryosectioning. The combination of fluorescent
proteins with high intensity and minimal overlap of excitation
and emission spectra enabled fluorophore detection from the
host background noise for obtaining a comprehensive view of
M. extorquens DSM13060 colonization.

Endosymbiont colonization is unique but
resembles rhizobial colonization
Our study shows that M. extorquens DSM13060 colonization
extends the previously known niche of plant buds to all
seedling tissues. The roots were the main access point for the

endosymbiont in pine seedlings (Fig. 8), similar to many
endophytes and rhizobia. These microbes enter plants through
cracks formed during root growth, such as lateral-root
emergence sites (James et al. 1997, Dong et al. 2003, Capoen
et al. 2010), besides the rhizobial root-hair-based colonization
(Capoen et al. 2010). However, M. extorquens DSM13060 was
not abundant at the sites of lateral root emergence, scarcely in
root hairs or at the root hair zone, but it was detected in the
root cap and at the root elongation and differentiation zones,
inside and between the cortical cells at 7–60 dpi. The cylindrical
sheath covering the hypocotyl was rich with bacteria especially
at the transition zone, whereas the upper stem that lacks the
sheath was colonized slowly. Our results emphasize the role
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of cylindrical sheath in the bacterial colonization, which is a
unique feature among plant–microbe interactions.

Overall, the endosymbiotic colonization resembled that of
stem-colonizing rhizobia in water-tolerant legumes (Capoen
et al. 2010, Bonaldi et al. 2011). M. extorquens-colonies were
observed on the stem in stomatal apertures and substom-
atal chambers, from where the colonization of vascular tis-
sue occurred via intracellular infection thread-like-structures.
Whereas stem-nodulating rhizobia form infection threads from
epidermal cracks for advancing in the stem (Capoen et al. 2010),
endophytes have previously been detected only in the leaf
substomatal chambers (Compant et al. 2005). Our findings thus
highlight the importance of stomata in stem for the endosym-
biont colonization.

Stem-colonizing rhizobia trigger cell death within cortex to
form intercellular infection pockets (D’Haeze et al. 1998). The
endosymbiont formed infection pocket-like structures inside
living cells of cortex and cylindrical sheath for further coloniza-
tion of xylem through the thread-like structures, or by gradual
cell-to-cell invasion (Fig. 8). There was no cell death observed
with the endosymbiotic colonization process. Whereas colo-
nization by rhizobia initiates cell divisions for nodule meristem
development (Capoen et al. 2010), the endosymbiont colonizes
bud meristems for manipulating plant development (Pirttilä
et al. 2000, Pohjanen et al. 2014, Koskimäki et al. 2022). Genome
of M. extorquens DSM13060 hosts Nod-like genes that encode
for Nod factors, which are necessary for rhizobial colonization
(Koskimäki et al. 2015). This supports the similarities found in
colonization, although Nod factors have not been identified in
M. extorquens DSM13060 (Pirttilä et al. 2004).

The majority of endophytes can spread only within the
root cortex (James et al. 1994), and for accessing the shoots,
a method of transportation is required. Ever since the discovery
of bacteria in xylem vessels (Bell et al. 1995), the xylem and
its transpiration stream have been considered as the means
of endophytic transportation (James et al. 2002, Compant
et al. 2005). The endodermis protects the vascular tissue from
microbial invasion and needs to be breached by endophytes,
which can take place through an active degradation of cell walls
(Kovtunovych et al. 1999, Compant et al. 2005). M. extorquens
DSM13060 was able to penetrate through both epidermis
and endodermis, reaching the xylem within weeks (Fig. 8).
Emergence of bacteria within the meristematic cells next to
xylem vessels in the apex suggests that the endosymbiont
reaches the niche of buds through the vascular system from the
roots. However, the colonization of buds can have a different
pattern in mature trees.

Colonization of pine by M. extorquens DSM13060 was rela-
tively slow, measured in days instead of hours, compared to pre-
viously reported plant symbionts (d’Haeze et al. 2003, Compant
et al. 2005) or pathogens (Martín-Rodrigues et al. 2013, Mensi
et al. 2014). Although the bacterium heavily colonized the cylin-
drical sheath, epidermis, and cortex, the number of bacteria was
low in the inner plant tissues. This was also observed in the
seedlings of the final sampling at 730 dpi, where bacterial cells
were sparsely spread in the non-vascular parenchyma of the

roots (Supplementary Fig. S1a). Our earlier results have shown
that the host plant can control the access by Methylobacterium
endophytes to the plant interior (Ardanov et al. 2012).

MxaF-promoter is most active on the plant surfaces
Plants produce methanol mainly as a by-product of de-
esterification reactions of cell-wall pectin (Fall and Benson 1996,
Micheli 2001). Formation of new cells and tissues produce
high quantities of methanol, up to 27 μg g−1 fresh weight
(Nemecek-Marshall et al. 1995, Hüve et al. 2007). Methanol
can be toxic and is mainly emitted (Ramírez et al. 2006), being
one of the main volatiles released from pine forests (Fehsenfeld
et al. 1992). Plants are unable to fix methanol and support a rich
methylotrophic community on the phyllosphere (Delmotte
et al. 2009, Chistoserdova and Lidstrom 2013).

Previous studies have revealed that the mxaF promoter,
induced by methanol, is highly active in M. nodulans during
epiphytic and nodule-bound lifestyles (Jourand et al. 2005, Sy
et al. 2005). Inactivation of bacterial methylotrophy reduces
the competitive fitness of epiphytic populations (Sy et al. 2005)
and has a negative effect on host-plant growth (Jourand et al.
2005). Although the promoter-reporter assays on mxaF pro-
vide only indirect evidence on methanol assimilation (Skovran
et al. 2010), such experiments are superior in assessment of
symbiotic bacterial metabolism in planta. We used the mCherry
fluorescent reporter controlled by the mxaF promoter to gain
novel information on methanol utilization during the coloniza-
tion by the endosymbiont M. extorquens DSM13060. Similar to
M. extorquens AM1, the endosymbiont possesses the Ln/Ce-
dependent methanol dehydrogenase XoxF (Koskimäki et al.
2015), which could theoretically contribute to the observed
methanol fixation. However, M. extorquens 13061 colonized
seedlings grown in the chemically inert vermiculite that lacks
lanthanides (e.g. La3+), therefore rendering XoxF transcription-
ally inactive and catalytically impaired (Schmidt et al. 2010,
Skovran et al. 2011).

Studies based on direct measurement of methanol emission
had hypothesized methanol concentrations to be high inside
the plant (MacDonald and Fall 1993). However, our results
indicate that bacterial methanol consumption is especially
high on plant surfaces and low in the plant interior. M.
extorquens DSM13060 colonies showed the highest mxaF-
induced mCherry fluorescence on the germinating root surface.
Activity of the mxaF promoter suggests that methanol is
efficiently used as an energy source in the outer tissues,
epidermis, and cylindrical sheath (≤100 dpi).

A clear variation in the activity of mxaF expression was
detected between individual bacterial cells, indicating a con-
trolled orchestration of carbon utilization inside the bacterial
colonies. Overlapping localization of the mxaF activity and
the PHB granules suggests directing of the metabolic carbon
flow to the biosynthesis of PHB, shown previously by our
labeling studies (Koskimäki et al. 2016). The importance of PHB
accumulation for bacteria during plant colonization has been
reported in several studies (Aneja et al. 2004, Ratcliff et al. 2008).
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Similar to M. extorquens DSM13060, PHB is present in rhizobial
cells invading the plant tissue through infection threads and
becomes degraded during the progress of invasion (Hirsch
et al. 1983). The role of PHB was earlier mainly considered as
a storage molecule in the presence of excess carbon (Bourque
et al. 1995). However, our previous results showed that upon
infection of the host, the methanol-derived PHB becomes
degraded by M. extorquens DSM13060 into methyl-esterified 3-
hydroxybutyrate oligomers, which possess potent antioxidant
activity. The activity protects bacteria from host-produced
reactive oxygen species during colonization (Koskimäki et al.
2016, Müller-Santos et al. 2021). Therefore, our results suggest
that methanol available on the host peripheral tissues serves
as a raw material for compounds that enable penetration of
further tissues.

Based on the activity of the mxaF promoter, methanol is
abundant in the rhizosphere during the first months of seedling
growth, but when the secondary growth begins, availability
of methanol changes. Intracellular M. extorquens DSM13060
aggregates were common in the parenchyma surrounding
the vascular tissues from 80 dpi onwards with no detectable
mxaF activity. Based on the mxaF promoter analysis, methanol
was scarce or completely unavailable in the inner cortex,
non-vascular parenchyma, and chlorenchyma, where dividing
bacterial cells were present. The active proliferation in the
absence of methanol indicates that the endosymbiont utilizes
another carbon source in these tissues, potentially malate
(Koskimäki et al. 2022), similar to rhizobia (Mitsch et al. 2018).

Conclusion

M. extorquens DSM13060 colonization is not limited to buds
but is systemic in Scots pine seedlings, with cylindrical sheath
and stomata on the stem serving as entry points. The colo-
nization process has many unique features, such as penetration
of plant without tissue breakage and propagation within living
cells. Our results suggest that the endosymbiont fixes methanol
mainly on plant surface to enter plant tissue. The similarities of
colonization shared with rhizobia, such as infection pocket and
thread formation, suggest that the endosymbiotic interaction
of M. extorquens DSM13060 with pine is a mutual and intimate
process.

Materials and Methods

Bacterial strains and culture conditions
The wild-type M. extorquens DSM13060 and its transgenic derivative M.
extorquens 13061 generated by (Pohjanen et al. 2014), having stable genomic
insert of two successive genes encoding GFP under constitutive promoter of
nptII were used. For studying methanol utilization by M. extorquens DSM13060
during interaction with Scots pine, a reporter construct controlled by the
promoter of methanol dehydrogenase α subunit (mxaF) (GenBank accession
KM116512) was created. M. extorquens 13061 was used as a base strain
to create the fluorescent mCherry biosensor strain, M. extorquens 13061-
mxaF. Construction of the reporter strain as well as the bacterial strains,
plasmids, and primers used are described in Supplementary Methods S1,

Supplementary Tables S1 and S2. Bacteria were routinely grown at 28◦C in
M9 minimal salts media supplemented with 120 mM methanol and 18.5 mM
of sodium succinate or in ammonium mineral salts (AMS) media supplemented
with 30 mM of sodium succinate and appropriate antibiotics.

Plant material, growth conditions, and inoculation
Scots pine seeds were collected from Pudasjärvi, Finland (65◦05′N—65◦28′N,
26◦09′E—27◦43′E). Seeds were treated at 55◦C 72 h, incubated in sterile water
at RT overnight, surface-sterilized with 3% calcium hypochlorite for 15 min,
rinsed thoroughly with sterile water and planted in sterile glass jars containing
moist vermiculite. The seeds were allowed to germinate for 5 days in growth
chambers at 25 ± 1◦C, 16/8 h photoperiod under fluorescent tubes (Philips TL-
D 840) with light intensity of 40 μmol m−2 s−1. The seeds were inoculated with
M. extorquens 13061 or 13061-mxaF by pipetting 100 μl of 2.5 × 107 CFU/ml
bacterial suspension on each germinating seed. The seedlings were grown for
up to 5 months in 16/8 h photoperiod at 25 ± 1◦C. After 5 months, selected
seedlings were transferred to a 10-l sterile growth chamber filled with sterile
pre-fertilized nursery peat (Finnpeat, Kekkilä Oyj, Finland) and grown under the
same conditions for the final sampling.

Confocal laser scanning microscopy
For the confocal laser scanning microscopy (CLSM) and acridine orange–
ethidium bromide (AO-EB) staining (see Supplementary Methods S1), seedlings
were collected twice a week for the first month and once a week for the second
and third month. Samplings were continued twice a month until seedlings
were 5 months old (150 dpi). One final sampling was performed at 730 dpi
(24 months). At harvest, five individual seedlings (n = 5) were randomly selected
and roots were rinsed with sterile water. Roots, shoots, needles, and buds were
excised to 3-mm pieces and fixed as described by (Koskimäki et al. 2015). The
samples were cut into 20–30 μm sections with a cryomicrotome (Reichert-Jung
2800 Frigocut with 2040 microtome) and mounted on slides with ProLong Gold
Antifade Reagent (Invitrogen, Carlsbad, CA, USA). The sections were studied
with CLSM (LSM 5 Pascal, Carl Zeiss, Germany) as described by (Koskimäki
et al. 2015). Briefly, different excitation and emission wavelengths were utilized
for GFP, mCherry, and endogenous autofluorescence of the plant tissues. For
multichannel images of GFP and mCherry, HFT 488/543/633 nm beam splitter
was used with secondary dichromic mirror NFT 545 to discriminate between
the emissions. The projections of both channels were analyzed and merged
using Zeiss LSM Image Browser (ver. 4.2.0.121, Carl Zeiss, Germany). Videos were
processed and prepared from merged confocal z-stack images with Zen lite 2012
software (Carl Zeiss).

Detection of PHB
M. extorquens DSM13060 cells were harvested by centrifugation (5000 × g,
5 min, 4◦C), mixed with 4% (w/v) paraformaldehyde in PBS pH 7.4 and fixed
at 4◦C for 12 h. Cells were washed with PBS and stained with 1% (w/v) aqueous
Nile blue A solution at 55◦C for 10 min as described by Ostle and Holt (1982),
washed with PBS, re-suspended in 0.1 M Na-phosphate buffer (pH 7.4) with
10% glycerol (v/v), and mounted on slides coated with 2% (w/v) agar. The
same protocol was adapted for pine roots. Roots of mock-inoculated control
and M. extorquens DSM13060-inoculated seedlings were cut to 3-mm segments
60 days post-inoculation (dpi) and fixed with 4% paraformaldehyde (w/v), 0.1%
glutaraldehyde (v/v), 20% glycerol (v/v) and 0.1 M Na-phosphate buffer (pH 7.4)
for 4 h under vacuum at 4◦C. The samples were then stained and de-stained as
described above, cut into 25–35 μm sections by cryomicrotome and mounted
on slides with 0.1 M Na-phosphate buffer (pH 7.4), 10% glycerol (v/v). The
bacterial cells and root sections were studied with LSM 5 Pascal. The Nile blue
A-stained PHB granules were excited by an Argon Ion laser at 514 nm and
emission was detected through a 560-to-615-nm BP filter. The background
fluorescence of the bacterial cells was exited at 633 nm by HeNe laser and
detected with a 650-nm LP filter. For the root samples, the HeNe laser was
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used for excitation of the Nile blue A-stained PHB granules at 514 nm, and
the emission was detected through a 560-to-615-nm BP filter to minimize the
autofluorescence from plant tissue. Endogenous autofluorescence of the plant
cell walls, altered by Nile blue A staining, was used to illustrate the outline of the
root morphology by excitation at 633 nm by HeNe laser and detection using a
650-nm LP filter. Due to excessive fluorescence from chloroplasts or Nile blue
A-stained starch granules, the protocol was not applicable to detection of PHB
in the aboveground tissues or older seedlings. For multi-channel images of Nile
blue A-stained PHB granules and root autofluorescence, an HFT 488/543/633-
nm beam splitter was used with a secondary NFT 635 dichromic mirror to
discriminate between the emissions. The CLSM settings were kept equivalent
for all samples for consistent results. The projections of multichannel images
were processed and analyzed using ZEN lite 2012 (Blue edition; Carl Zeiss).

Field emission scanning electron microscopy
Pine seedlings were inoculated with M. extorquens DSM13060 and samples were
fixed with 4% paraformaldehyde, 0.1% glutaraldehyde in 0.1 M sodium buffer
pH 7.4 for 9 h under vacuum at 4◦C, rinsed with PBS and dehydrated through an
alcohol series. For SEM studies, samples were subjected to critical-point drying
with carbon dioxide in BAL-TEC CPD 030 (BAL-TEC Ltd., Balzers, Liechtenstein)
and sputter-coated with platinum before imaging by field emission scanning
electron microscopy (FE-SEM) (Carl Zeiss Sigma, Öberkochen, Germany) at an
accelerating voltage of 5 kV.

Determination of counts of living bacteria
The epi- and endophytic bacteria were determined at 15 dpi and 60 dpi from
in vitro seedlings, inoculated with M. extorquens 13061 as described above.
Seedlings were removed from the vermiculite, and roots were gently rinsed
in sterile distilled water. The seedlings were surface-sterilized with 1.5% cal-
cium hypochlorite for 10 min and rinsed thoroughly with sterile water. The
seedlings were incised, and the roots, transition zones, stems, and needles of
three seedlings were combined together. The preparation of samples and bac-
terial determination was conducted in sterile conditions following the protocol
described by (Compant et al. 2005) with minor modifications. Each sample
was ground in a mortar containing 1 ml of PBS, the homogenate was filtered,
serially diluted 10-fold, and cultured on AMS plates supplemented with appro-
priate antibiotics. Bacterial colonies were counted after 5 days of incubation
at 28◦C.
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