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The Intracellular Scots Pine Shoot Symbiont Methylobacterium
extorquens DSM13060 Aggregates around the Host Nucleus and

Encodes Eukaryote-Like Proteins
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ABSTRACT Endophytes are microbes that inhabit plant tissues without any apparent signs of infection, often fundamentally al-
tering plant phenotypes. While endophytes are typically studied in plant roots, where they colonize the apoplast or dead cells,
Methylobacterium extorquens strain DSM13060 is a facultatively intracellular symbiont of the meristematic cells of Scots pine
(Pinus sylvestris L.) shoot tips. The bacterium promotes host growth and development without the production of known plant
growth-stimulating factors. Our objective was to examine intracellular colonization by M. extorquens DSM13060 of Scots pine
and sequence its genome to identify novel molecular mechanisms potentially involved in intracellular colonization and plant
growth promotion. Reporter construct analysis of known growth promotion genes demonstrated that these were only weakly
active inside the plant or not expressed at all. We found that bacterial cells accumulate near the nucleus in intact, living pine
cells, pointing to host nuclear processes as the target of the symbiont’s activity. Genome analysis identified a set of eukaryote-like
functions that are common as effectors in intracellular bacterial pathogens, supporting the notion of intracellular bacterial ac-
tivity. These include ankyrin repeats, transcription factors, and host-defense silencing functions and may be secreted by a re-
cently imported type IV secretion system. Potential factors involved in host growth include three copies of phospholipase A2, an
enzyme that is rare in bacteria but implicated in a range of plant cellular processes, and proteins putatively involved in gibberel-
lin biosynthesis. Our results describe a novel endophytic niche and create a foundation for postgenomic studies of a symbiosis

with potential applications in forestry and agriculture.

IMPORTANCE  All multicellular eukaryotes host communities of essential microbes, but most of these interactions are still poorly
understood. In plants, bacterial endophytes are found inside all tissues. M. extorquens DSM13060 occupies an unusual niche
inside cells of the dividing shoot tissues of a pine and stimulates seedling growth without producing cytokinin, auxin, or other
plant hormones commonly synthesized by plant-associated bacteria. Here, we tracked the bacteria using a fluorescent tag and
confocal laser scanning microscopy and found that they localize near the nucleus of the plant cell. This prompted us to sequence
the genome and identify proteins that may affect host growth by targeting processes in the host cytoplasm and nucleus. We
found many novel genes whose products may modulate plant processes from within the plant cell. Our results open up new ave-
nues to better understand how bacteria assist in plant growth, with broad implications for plant science, forestry, and agricul-

ture.
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acterial endophytes are increasingly recognized for their abil-

ity to stimulate plant growth, assist in nutrient acquisition,
and protect against stress and pathogens (1, 2), yet our under-
standing of the mechanisms by which they interact with and col-
onize the host is limited. The general view of endophyte transmis-
sion posits that bacterial endophytes enter the plant through the
root from soil and colonize intercellular spaces (2). However, a
number of endophytes have been detected in seeds (3, 4), suggest-
ing vertical transmission. In addition, plant tissue culture, which
is started from shoot meristem or seed embryos, is not axenic (5),
pointing toward common associations between plants and bacte-
ria in reproductive tissues.
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Intracellular colonization is either unusual or understudied in
endophytes. A few exceptions include Gluconacetobacter di-
azotrophicus in Arabidopsis thaliana, rice, and maize (6) and the
rare intracellular invasion of Bradyrhizobium in rice roots (7).
Typically, intracellular colonization occurs in dead plant cells or
results in the death of the plant cell (8). Intracellular colonization
occurs in living Scots pine (Pinus sylvestris L.) shoot meristematic
cells by endophytic bacteria and yeasts, shown by in situ hybrid-
ization (9, 10) and transmission electron microscopy (Fig. 1). The
strain Methylobacterium extorquens DSM 13060, which was origi-
nally isolated from shoot tip-derived tissue cultures of P. sylvestris,
is consistently associated with P. sylvestris buds across seasons and
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FIG1 Transmission electron micrographs of bud cells of Scots pine displaying intracellular bacteria (b) and yeasts (y) residing near the nucleus (n). The cells

are rich with dark chromoplasts (c). Scale bar, 2 um.

geographiclocations (9, 11). The endophyte is most abundant just
prior to bud elongation and differentiation (11) and produces
compounds that induce cell divisions in host tissue (12). Inocula-
tion of P. sylvestris seedlings with DSM 13060 in vitro significantly
increases root and needle growth compared to their growth in
control seedlings (13), demonstrating a prominent role for M. ex-
torquens DSM13060 in the growth and development of the plant
host.

Unlike a number of epiphytic plant hormone-producing
Methylobacterium strains (14), strain DSM13060 does not pro-
duce any common phytohormones (12). Clues to the mechanisms
by which DSM13060 affects host growth may be found in its
unique life style within the host cells, where it may be better posi-
tioned to directly affect host processes in the cytoplasm or nu-
cleus. To explore mechanisms underlying the intracellular lifestyle
and host growth promotion by M. extorquens DSM13060, we in-
vestigated its colonization in Scots pine and sequenced and ana-
lyzed its genome.

RESULTS AND DISCUSSION

M. extorquens DSM13060 colonizes host cells in association
with the nucleus. Confocal microscopic studies using M. ex-
torquens DSM 13060 tagged with green fluorescent protein (GFP)
(strains 13061 and 13062) were used to follow the colonization of
P. sylvestris seedlings, from the inoculation of bacteria onto emer-
gent seedlings to the establishment and intracellular colonization
of roots and aerial tissues. To distinguish GFP from endogenous
autofluorescence, which significantly complicates the identifica-
tion of intracellular bacteria in plants, especially in conifer tissues,
we used two consecutive copies of GFP in combination with the
mCherry fluorescent reporter, along with a moderate fixation and
cryosectioning process. DSM13060 cells from microcolonies
formed on the surface actively penetrated the epidermal cells of
the root (Fig. 2A) and shoot (Fig. 2B) of pine seedlings. Once
intracellular, the bacterial cells regrouped and eventually fully col-
onized pine epidermal cells (Fig. 2C and D) without any detect-
able adverse effects on the plant host. Inside cells, bacteria were
frequently observed to congregate around the nucleus (Fig. 2E to
G). Intracellular colonies were most abundant in the parenchymal
cells of the transition zone (Fig. 2H; see also Movie SI in the
supplemental material) and in the stem parenchyma (Fig. 2I and
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J). To verify colonization of live plant cells, we used acridine
orange-ethidium bromide (AOEB) staining with cell morpholog-
ical analysis to assess the viability of the pine tissues colonized by
M. extorquens DSM 13060 (15).

Negative controls treated with hydrogen peroxide frequently
exhibited nuclear characteristics of Programmed Cell Death
(PCD) or necrosis (Fig. 3A and B). The majority of nuclei were
stained predominantly green and were without visible fragmenta-
tion or condensation of chromatin in positive untreated controls
(Fig. 3C) and in M. extorquens DSM13060-colonized samples
(Fig. 3D to G), which, overall, displayed identical tissue morphol-
ogies. M. extorquens DSM 13060 was observed only in plant cells
with healthy nuclear morphology, and the bacteria were localized
inside plant cells near nuclei (Fig. 3D and G; see also Movies S2
and S3 in the supplemental material). Although the AOEB stain-
ing increased the overall fluorescence and made the detection of
intracellular bacteria a challenge, the method clearly demon-
strated that DSM13060 colonizes intact, living pine cells. A few
cases of endonuclear bacteria have been observed in animals,
amoeba, and protozoa (16—18). To our knowledge, aggregation
near the nucleus has not been reported for plant-associated bac-
teria, but the nucleus is a common effector target of pathogenic
plant bacteria that manipulate host transcription.

Genome sequence and structure. The draft genome of M. ex-
torquens DSM 13060 encompassed 12 scaffolds totaling approxi-
mately 6.7 Mb, and its general features were compared with those
of 11 previously sequenced Methylobacterium genomes (19, 20).
The phylogenetic relationship among the Methylobacterium
strains included and their key characteristics are shown in Fig. S1
in the supplemental material. DSM 13060 is very closely related to
M. extorquens AM1 (e.g., the 16S rRNA gene sequences are 100%
identical). All M. extorquens genomes described to date have
highly syntenic chromosomes and strain-specific plasmids (19,
20). The DSM 13060 genome includes a putative replicon that is
largely syntenic with the M. extorquens AM1 megaplasmid (19).
The DSM13060 draft chromosome (approximately 5.44 Mb) is
made up almost entirely by a backbone of orthologs found in the
other Methylobacterium genomes (Fig. 4). In contrast, 37% of the
genes on the megaplasmid are unique to DSM13060 and AM1
(Fig. 4; see also Table S1 in the supplemental material). These
genes may have been introduced into the ancestor of AM1 and
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FIG 2 Laser scanning confocal microscopy of Scots pine seedlings colonized by M. extorquens 13061. Bacterial cells carrying a fluorescent GFP reporter under
the control of a constitutive promoter are visualized in green. Cryosections of the pine seedlings colonized by M. extorquens 13061 were analyzed 15 to 90 days
after inoculation. (A) Lateral section of a pine root. Arrow indicates a microcolony of 13061 actively penetrating through the root epidermis. Individual bacterial cells are
visible in the root cortex. (B) Cross section of a pine stem where a 13061 colony is penetrating an epidermal cell. (C) Cross section of a pine shoot with an intracellular
13061 microcolony inside an epidermal cell. (D) Lateral section of a pine root where epidermal cells are colonized by 13061, with bacteria aggregated around the nucleus.
(E) Lateral section of a root, where the arrow indicates 13061 cells congregated around the nucleus of an epidermal cell. (F) Lateral section of a pine root where epidermal
cells are completely colonized by 13061 and bacteria surround the nucleus. (G) Lateral section of a pine stem where individual 13061 cells reside close to the nucleus of
a cortical cell. (H) Lateral section of a lower-stem (transition zone between root and stem) cortex, where the arrow indicates 13061 cells within a parenchymatic cell. (I)
Cross section of a pine shoot where intracellular 13061 cells are visible inside parenchymatic cells. (J) Magnification of the boxed area from panel I, displaying the
intracellular 13061 cells near the nucleus. Co, cortex; E, epiderm; n, nucleus; S, cylindrical sheath; Xy, xylem; scale bars, 10 wm.

DSM13060 from a distantly related species. In support of this, the
phylogenetic relationship of the plasmid replication RepA protein
(Fig. S2A) and its homologs in other alphaproteobacterial plas-
mids suggests that the plasmid is only distantly related to other
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RepABC plasmids (21). Following its introduction into the AM1/
DSM13060 ancestor, the megaplasmid appears to have undergone
some recombination. The DSM 13060 megaplasmid is divided
into distinct sections that differ in their degree of similarity to the
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FIG 3 Morphological identification of cell viability in M. extorquens 13061- and 13062-colonized tissues of Scots pine seedlings. (A) Confocal micrographs
representing the spectrum of nuclei observed in the acridine orange (AO)-ethidium bromide (EB)-stained tissue. Morphology of nuclei and increased incor-
poration of EB (red) over AO (green) correspond with advancing programmed cell death (PCD). (B to G) Representative merged confocal micrographs of Scots
pine seedling tissues. In addition to AOEB stains, bacterial cells carrying a fluorescent GFP reporter are visualized in bright green and endogenous autofluores-
cence of plant cells is shown in purple. (B) Cross section of an uninoculated pine root incubated in 20 mM H,O, for 2 h at room temperature. (C) Lateral section
of an uninoculated root incubated in PBS for 2 h at room temperature. (D) Lateral section of a root where an individual bacterial cell resides close to the healthy
nucleus of a cortical cell. (E) Cross section of a root where intracellular 13061 cells are visible inside a parenchymatic cell. (F) Lateral section of a root where a
single bacterial cell is localized in the cytoplasm of a viable cortical cell. (G) Lateral section of a root where 13062 cells are congregated around the nucleus of a
cortical cell. Bacterial cells carrying fluorescent GFP and mCherry reporters under the control of constitutive promoters are visualized in white-red to distinguish
them from the green nucleus. Bacteria are indicated with white arrows, and arrowheads highlight cells with dead nuclei. Co, cortex; E, epiderm; n, nucleus; Xy,
xylem; scale bars, 10 um.
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FIG4 Structure of the M. extorquens DSM13060 genome and origins of genes. Large circle, DSM 13060 chromosome; small circle, DSM 13060 megaplasmid (not
to scale). Successive circles from inside to outside are as follows for both chromosome and megaplasmid. First circle, AM1 BLAST hits (E < 1e—30); colors denote
percentages of identity between orthologous proteins, with red denoting 100%, orange <<100% and >85%, and yellow <85%. Second to 6th circles, OrthoMCL
orthologs in M. extorquens strains AM1, PA1, CM4, DM4, and BJ001. Seventh to 10th circles, inferred gene origins (see Table S1 in the supplemental material).
Eleventh circle, HGT to Methylobacterium spp., M. extorquens spp., or DSM13060. The outermost circle on the chromosome shows the arrangement of the 5
largest contigs in the DSM 13060 scaffold, assuming colinearity with strain AM1. The outermost circles on the megaplasmid show regions that differ in their
degrees of similarity to the AM1 megaplasmid (see “Genome sequence and structure,” in the text). The color coding keyed to the phylogenic tree shows when
genes in different categories may have been imported, as follows: red denotes genes of the DSM13060 lineage, purple genes of the DSM13060/AM1 lineages, and
green genes present before the diversification of the genus. TESS, type IV secretion system.

AM1 megaplasmid (Fig. 4; Table S1). Approximately 75% of the
megaplasmid (447 genes) is enriched in hypothetical genes that
are unique to DSM13060/AM1 and potentially horizontally trans-
ferred genes (HGTs) (Fig. 4, black in outer circle). This region is
perfectly syntenic with the AM1 megaplasmid (Fig. S2B). The re-
maining 25% of the megaplasmid consists mostly of genes that
lack homologs in AM1. Instead, this region has more orthologs in
other M. extorquens strains (Fig. 4, grey in outer circle). This could
be the result of recombination between the DSM 13060 megaplas-
mid and the main chromosome or smaller plasmids. In support of
this, the 328-kb region is flanked by site-specific recombinases at
its tail end (Fig. 4, breakpoint between grey and black in the outer
circle). The first, larger segment can be further divided into two
sections that differ in their percentages of protein identity between
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AM1 and DSM 13060 orthologs, an identical section (Fig. 4, red
in outer circle) versus a section with somewhat lower identity
(Fig. 4, blue in outer circle). This structure in ortholog similar-
ity could be the result of recombination between one of the
megaplasmids and that of an intermediate strain. We identified
genes putatively imported from outside the Alphaproteobacte-
ria to DSM 13060 after the split with AM1 (79 genes) and to the
DSM13060/AM1 ancestor after the split with strain PA1 (294
genes) (Table S1). Many of the HGTs are similar to proteins
from plant- and soil-associated Gammaproteobacteria and Be-
taproteobacteria and encode functions potentially relevant to
the endophytic lifestyle, including polyketide synthases, secre-
tion systems, exopolysaccharide biosynthesis, catalases, and
glycosyltransferases (22, 23).
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Purifying selection and lifestyle. Intracellularity, when com-
bined with obligate host association and vertical transmission,
often leads to massive gene loss, small genome size, and relaxed
purifying selection on genes, as commonly observed in, e.g., insect
symbionts (24). While common in animal symbionts and patho-
gens, only a few examples of genome reduction in plant symbionts
and pathogens exist (25-27). Although DSM 13060 colonizes the
interior of host cells, its genome is not reduced relative to those of
other Methylobacterium species (see Fig. S1 in the supplemental
material). On the contrary, the presence of the shared megaplas-
mid makes the DSM13060 and AM1 genomes the largest among
all M. extorquens strains. We found that the average w ratio (ratio
of nonsynonymous [dN] to synonymous [dS] substitutions) be-
tween DSM 13060 and AM1 (w = 0.12 * 0.03 [mean * standard
deviation]) was higher than is typical for free-living bacteria (0.02
to 0.09), but this was largely due to weaker purifying selection on
the megaplasmid (w = 0.16 % 0.03) than on the chromosome
(w = 0.09 = 0.03). A similar pattern has been shown in other
bacteria and has been proposed to result from the sorting of less
frequently used and therefore faster-evolving genes to megaplas-
mids (28).

M. extorquens DSM13060’s ability to colonize the bud meris-
tem cells (9) and flower and seed tissues (A. M. Pirttild, H. Pos-
piech, H. Laukkanen, R. Myllyld, A. Hohtola, unpublished data)
raises the intriguing possibility that it is vertically transmitted via
the shoot meristem to seeds, but the strain’s culturability in vitro
and ability to colonize epidermal cells suggests a facultative host
association. Indeed, the large genome size, large amount of HGTs,
strong purifying selection, and distribution of functional clusters
of orthologous groups (COG) categories are all characteristic of a
free-living bacterium with large population size, suggesting that
between hosts, DSM13060 spends time in the environment, e.g.,
the soil, water, phyllosphere, and endosphere of other plant spe-
cies. It is possible that obligate association with large and long-
lived plants is different than obligate association with animals and
does not limit bacterial population size. While the occurrence of
DSM13060 has not been studied in other hosts or environments,
the bacterium could conceivably spend most of its time through-
out the tissues of Scots pine and, over hundreds to thousands of
years, encounter other endophytic bacteria and experience exten-
sive gene transfer. The close relative M. extorquens AM1 was iso-
lated as an airborne contaminant. It is an efficient phyllosphere
colonizer (29), but to our knowledge, its ability to colonize inter-
nal tissues and cells has not been evaluated.

Genes involved in intracellular colonization. The mechanism
behind host cell entry in DSM13060 is unknown but likely in-
volves active degradation of the plant cell wall using glycoside
hydrolases (GH), such as cellulases/endoglucanases, lichenases,
and xylanases. Rhizobial intracellular plant cell colonization in-
volves local degradation of host cell walls by the bacterial endog-
lucanase CelC2 (G8) (30) or a pectate lyase produced by the plant
host after local induction by rhizobium-produced Nod factors
(31). DSM13060 encodes two putative exoglucanases (GH3) and
an endoglucanase (G8). The latter is a homolog of CelC2, which
also plays a role in rhizobial cellulose biosynthesis and biofilm
formation (32) and, in most species, is located next to cellulose
synthase genes. DSM13060 lacks these cellulose synthase genes,
and cell wall degradation may be the sole function of the
DSM13060 celC2 homolog. In addition, a prophage unique to
DSM13060 harbors two consecutive pectate lyase genes. Finally,
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DSM13060 encodes a putative glyoxal oxidase, an enzyme that is
rare in bacteria but is involved in lignin degradation in fungi (33).
Our experiments demonstrate that DSM 13060 expresses and se-
cretes cellulases (see Text S1 in the supplemental material).

Known endophytic and plant interaction traits. A search for
traits commonly associated with endophytes (23) showed that
DSM13060 is comparable to other endophytes in all aspects ex-
cept plant growth promotion. Our genome analysis confirmed
previous observations that DSM 13060 lacks the ability to synthe-
size auxin and other known plant hormones (12). Our experimen-
tal and bioinformatic analysis showed that DSM 13060 does not
encode the protein aminocyclopropane-1-carboxylate (ACC)
deaminase (AcdS), which in many plant-associated bacteria pro-
motes growth by lowering ethylene levels (34). The genome en-
codes a homolog of the acdS gene, but a 132-day colonization
experiment with a reporter construct controlled by the promoter
of this gene showed that it was not active during colonization, and
DSM13060 was unable to utilize ACC as the sole N source in an in
vitro plate assay (see Text S1). In accordance with these results, the
amino acid residues in the active center of the DSM13060 acdS
homolog suggest that it encodes a D-cysteine desulfhydrase. The
two functions are interconvertible through a change in only
2 amino acids (35). Finally, no genes for synthesis of the plant
growth-promoting volatiles acetoin and 2,3-butanediol (36) were
found.

In an earlier study, DSM13060 was found to secrete adenine
derivatives that are precursors of cytokinin, but not the phytohor-
mone itself (12). Compared to most bacteria, the DSM13060/
AMI megaplasmid harbors two additional copies of adenylosuc-
cinate synthase, which has a role in purine biosynthesis; this
explains the demonstrated secretion of adenine derivatives.

Vitamin B, production has been considered a plant growth-
promoting trait in epiphytes (37) and endophytes (38). The
DSM13060 genome encodes the complete pathway for vitamin
B,, synthesis. However, our reporter gene construct for the cobal-
amin synthase (cobS) promoter of DSM13060 did not demon-
strate activity inside the plant within 132 days (see Fig. S3 in the
supplemental material), suggesting that bacterial vitamin B, syn-
thesis is not a main mechanism of host growth promotion in this
endophyte.

In stem-nodulating Bradyrhizobium strains, photosynthesis is
activated in response to far-red light by the bacteriophytochrome
(BphP) (39) and is associated with higher infection rates (40). We
constructed an mCherry fluorescent protein controlled by the
BphP promoter and found it to be activated during the infection
of plant cells in P. sylvestris seedling roots (see Fig. S3A in the
supplemental material) but not shoots (Fig. S3B). When the bac-
teria penetrated deeper pine tissues, no promoter activity was
seen. This suggests that, similar to Bradyrhizobium, the
DSM13060 BphP is synthesized in the dark (39) and is important
during the first steps of infection.

Secretion systems. Genes for a type IV secretion system
(TESS), a type II secretion system, and a type I secretion system
were identified on the megaplasmid and were shared only with
strain AM1. The TFSS was scattered in four locations, TFSS1 to -4
(Fig. 4), and was closely related to the Legionella and dot/icm sys-
tems (see Fig. S4 in the supplemental material), which play a role
in Legionella intracellular replication (41). The three secretion sys-
tems appear to have been imported together, along with a suite of
replication- and recombination-associated genes, all most closely
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Percentage of sequences

Eukaryote-like

belonging to this Pfam

protein # Pfam identifier Pfam symbol family that are bacterial Proposed function in host cell

1 pfam00777 Glyco_transf_29 1.6 Sialyltransferase; host immune evasion

2,3,4 pfam00068 Phospholip_A2_1 2.1 Host growth promotion

5 pfam06839 2f-GRF 2.8 DNA binding; host transcription

[ pfam05686 Glyco_transf_90 4.4 None/various

7 pfam02229 PC4 4.6 DNA binding; host transcription

8,9 pfam00400 WD40 4.8 Various (possibly host growth and development)

10 pfam13964 Kelch_6 4.8 None/various

11 pfam13202 EF_hand_3 5.4 Signaling; cell division, cell elongation, cell differentiation,
and plant defense and stress responses

12 pfam13202 EF_hand_3 5.4 Signaling; cell division, cell elongation, cell differentiation,
and plant defense and stress responses

13 pfam03098 An_peroxidase 5.8 Systemic resistance

14,15 pfam00069 Pkinase 6.5 Protein kinase; host signal transduction

16 pfam12796 Ank_2 7.4 Protein or DNA binding; possibly host transcription

17,18 pfam02201 SWIB 8.8 Host chromatin remodeling

19 pfam00782 DSPc 9.3 Tyrosine phosphatase; host signal transduction

20 pfam00450 Peptidase_S10 9.5 Defense

21,22 pfam14226 DIOX_N 10.4 Gibberellin biosynthesis

23 pfam11721 Malectin 10.6 None/various

24 pfam11523 DUF3223 10.9 None/various

25 pfam07250 Glyoxal_oxid_N 12.3 Lignin degradation

26,27, 28 pfam04577 DUF563 13.1 None/various

29-34 pfam00067 p450 13.7 Gibberellin biosynthesis

35 pfam12799 LRR_4 17.3 Host defense suppression

related to and often syntenic with genes from the halophilic alp-
haproteobacterium Salipiger mucescens (42).

Putative host effectors. Other than the genes for synthesis of
cytokinin precursors, no genes previously known to be involved in
endophytic plant growth promotion were identified. Given the
bacterium’s intracellular location and association with the host
nucleus, we hypothesized that DSM13060 encodes protein effec-
tors that are active in the host cytoplasm or nucleus. The nucleus
has recently emerged as a key target for so called “nucleomodu-
lins,” effectors produced by intracellular bacteria to modulate host
transcription and other nuclear processes in order to subvert the
host defense (18) or inhibit or promote cellular proliferation (43).
Effectors that target the host cytoplasm or nucleus often display
distinctive eukaryotic domains or functions (44).

We used a simple chi-square test to identify 233 DSM 13060
Pfam domains (45) that were present more often than expected
in eukaryotes and less often than expected in bacteria (i.e.,
eukaryote-like). By excluding mitochondrial sequences (some of
which are present in members of the Alphaproteobacteria but are
overall rare in bacteria), and Pfam families with established bac-
terial functions unrelated to host infection, we obtained 35 candi-
date host effectors (Table 1), which are discussed below. Although
most were found in all Methylobacterium species under compari-
son, a few were unique to DSM13060/AM1 and located on the
megaplasmid or were unique to DSM13060 and located on the
chromosome.

Plant growth and development. Among the most interesting
putative effectors identified were three copies of a putative phos-
pholipase A2 (PLA,) (Table 1, eukaryote-like protein #2-4). The
PLA, domain is extremely rare in bacteria (less than 2% of the
sequences in the Pfam database with this domain are bacterial) but
ubiquitous in the genus Methylobacterium, where most strains
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have 2 to 3 copies (Fig. 5). PLA, sequences were also found in
some Firmicutes (Streptococcus, Lactobacillus, and Bacillus). All
three proteins in DSM 13060 were predicted to possess a signal
peptide for secretion. PLA, enzymes and their enzymatic prod-
ucts—free fatty acids and lysophospholipids (46)—are implicated
in a range of cellular processes in plants (e.g., growth, develop-
ment, stress responses, and defense signaling [46, 47]) and, there-
fore, are candidates for contributing to the growth-promoting
effect of DSM 13060 on P. sylvestris seedlings.

Gibberellins control diverse aspects of plant growth and devel-
opment, including seed germination, stem elongation, leaf expan-
sion, and flower and seed development (48). We identified two
genes encoding putative oxoglutarate-dependent dioxygenases
(20GDs) (Table 1, eukaryote-like protein #21-22) in the DOXC
class from the Pfam family DIOX_N, members of which are re-
quired for the biosynthesis of gibberellin in plants, along with
terpene synthases and cytochrome P450 monooxygenases (48).
Five putative cytochrome P450 monooxygenase proteins were
identified in the Pfam-based search for eukaryote-like proteins
(Table 1). However, the genome does not have any homologs
of terpene synthases, which can explain why M. extorquens
DSM13060 does not synthesize gibberellins (12).

Putative eukaryotic transcription factors. Several of the iden-
tified proteins with eukaryote-like Pfam domains were putative
eukaryotic transcription factors (TFs) (Table 1). Two were located
in the TFSS3 region and could be secreted by the TFSS. The first
consisted entirely of the SWIB domain (Table 1, eukaryote-like
protein #17), which in eukaryotes is involved in chromatin re-
modeling. This domain is also found in a limited number of pro-
teobacteria and is widespread in Chlamydia spp. (49). The second
had two copies of the GRF zinc finger (zf-GRF) domain (Table 1,
eukaryote-like protein #5), which is extremely unusual in bacteria
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FIG 5 Phylogeny of a 73-bp conserved region of an alignment of the M. extorquens DSM13060 PLA2 protein, orthologs in the Methylobacterium spp. under
study (Fig. S1), and all 60 similar sequences in the BLAST nr database (E < 0.001), excluding other Methylobacterium hits. Only bootstrap values above 50 are

shown in the tree.

(there were 854 eukaryotic sequences and 23 bacterial sequences
in the Pfam database with this domain). Interestingly, in the
DSM13060 protein and the AM1 orthologs, the two zf-GRFs ap-
peared to be fused to the C-terminal end of a bacterial topoisom-
erase. There are many bacterial homologs in the GenBank nr
(nonredundant) database corresponding to the topoisomerase
part that, instead of the zf-GRF domain, have a topoisomerase
DNA binding C4 zinc finger, a domain common in bacteria. The
closest homolog of the N-terminal topoisomerase domain part is
found in S. mucesens, which shares synteny with DSM13060/AM1
in this region and the other TFSS regions on the megaplasmid.
This suggests that the domain fusion happened relatively recently.
A separate BLASTP search using only the C terminus (with the
zf-GRF domain) as a query revealed homology with eukaryotic
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proteins, suggesting that the gene fusion event occurred between
genes for a bacterial and a eukaryotic protein. The top hits are
from the obligate biotroph white rust pathogen (Albugo laibachii,
Oomycota) of Arabidopsis (E = 1e—09) and from Phytophthora
sojae (E = 1e—07), which both share domain architecture with the
zf-GRF protein in DSM13060 (Topoisom_bac, Toprim, and zf-
GRF). Given the role of topoisomerases in the transcriptional ac-
tivation of genes (50) and the likely implication of zf-GRF in DNA
binding, the gene may encode an effector with a role in host tran-
scriptional activation.

Host signaling. Another protein located in the TFSS3 region
has two Ca?*-binding EF-hand motifs (Table 1, eukaryote-like
protein #11). In plants, Ca?* is an important intracellular messen-
ger involved in a range of processes, e.g., cell division, cell elonga-
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tion, cell differentiation, and plant defense and stress responses
(51), and diverse plant proteins possess the Ca?*-binding EF-
hand motif. A homolog of this protein was only found in AM1.
Several pathogenic bacteria translocate protein kinases into the
host cell cytoplasm to modulate eukaryotic signal transduction
(52, 53). DSM13060 contains genes encoding two eukaryote-like
serine/threonine protein kinases, one an HGT on the chromo-
some (Table 1, eukaryote-like protein #14) and the other with
homologs in other Methylobacterium spp. (Table 1, eukaryote-like
protein #15).

Ankyrin repeats. Ankyrin repeat domains (Anks) mediate
protein-protein interactions in eukaryotes and affect many cellu-
lar processes, including cell cycle progression, transcription, and
cytoskeletal organization, and are most common in bacteria that
colonize eukaryote cells (54). An Ank protein (Table 1, eukaryote-
like protein #17) is widespread in the genus Methylobacterium and
has homologs in plant-associated gammaproteobacteria, such as
Pseudomonas species.

Defense and host immune evasion. A eukaryote-like putative
serine carboxypeptidase (Table 1, eukaryote-like protein #21) is
found in M. extorquens DSM13060 and other Methylobacterium
species, as well as in Bradyrhizobium, Xylella, Xanthomonas, and
Burkholderia species. The wide distribution in plant-associated
bacteria suggests a role in interaction with the host. Plant carboxy-
peptidases indirectly affect plant growth and development (55).
Carboxypeptidases could also protect the bacteria against host-
encoded defense-related proteases, as shown in oomycete plant
pathogens (56).

DSM13060 contains genes encoding a leucine-rich repeat
(LRR) protein kinase (Table 1, eukaryote-like protein #35) with
homologs in other Methylobacterium species and plant-associated
bacteria. The most similar sequences are found in the pathogenic
Pseudomonas syringae strains and in the endophyte Pseudomonas
synxantha DSM13080, isolated from P. sylvestris buds (9). LRR
genes are well-known resistance genes involved in the plant de-
fense system (57) but also fairly widespread in bacteria, where they
are common effectors interacting with host cells and suppressing
the host defense (58).

Plant defense and systemic resistance. A putative eukaryote-
like peroxidase with the domain An_peroxidase (Table 1,
eukaryote-like protein #14) was identified. Overall, only a few
homologs are found in other alphaproteobacteria; instead, they
are widespread in Pseudomonas species. PP2561, a homolog in the
rhizosphere colonizer Pseudomonas putida, has been shown to be
essential for the induction of plant systemic resistance against fo-
liar pathogens (59). In both DSM13060 and Pseudomonas spp.,
the gene is flanked by a type I secretion system, which may secrete
the peroxidase into the host cytoplasm (59).

Exopolysaccharides. Polysaccharides have been found to play
a role in plant-microbe interactions in several systems (60). The
M. extorquens DSM13060 genome includes two that are
eukaryote-like and extremely rare in bacteria: a glycosyltrans-
ferase 29 (sialyltransferase), and a glycosyltransferase 90. In bac-
terial pathogens, sialylation (by sialyltransferases) is a molecular
mimicking mechanism extensively used to evade the hostimmune
system (61).

Conclusion. Traditionally, research on bacterial endophytes is
focused on agricultural crops, and the majority of endophytes
studied to date colonize the apoplast or intracellular spaces of
grass roots. Strain DSM13060 is different from previously se-
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quenced endophyte strains in multiple ways; it was isolated from a
gymnosperm, it colonizes shoot tissue, and it occupies the intra-
cellular niche. The shoot meristem, a rapidly dividing tissue that
gives rise to leaves and reproductive organs, hosts bacteria differ-
ent from those in the roots (62). In animal symbionts and patho-
gens, intracellularity, even when facultative, can affect the molec-
ular interaction and evolutionary trajectory of the association
(63). Probably for these reasons, the molecular mechanisms un-
derlying host growth stimulation appear different in strain
DSM13060 than in previously studied endophytes.

We showed that M. extorquens DSM 13060 colonizes host cells
in association with the nucleus, while it is also capable of replicat-
ing in and moving through intercellular spaces. A bacterial non-
pathogenic association with the host nucleus has, to our knowl-
edge not been demonstrated in plants before. The discovery
prompted us to search for nucleomodulins and effector proteins
that could target nuclear functions. We identified a number of
eukaryote-like proteins with potential roles in host-endophyte in-
teraction. To our knowledge, there is no previous report of endo-
phytic effectors. Effector proteins are most often described in
plant (64, 65) and animal (66, 67) pathogens, with prominent
exceptions like mycorrhizal fungi and rhizobia, which both use
effectors to establish symbiosis with plants (68). At present, it is
unknown whether M. extorquens DSM13060 translocates effec-
tors to the nucleus. However, the nuclear aggregation and
genomic evidence of eukaryote-like Pfam domains with nuclear
functions (transcription and chromatin modeling) suggest a link
between intracellular colonization and mediation of plant pheno-
types, such as enhancement of seedling growth. We found
eukaryote-like proteins with unusual domain architectures that
may be the result of recent innovations, such as the fusion between
a bacterial megaplasmid-encoded topoisomerase and a domain of
a eukaryotic zinc finger domain.

Future research will determine whether M. extorquens
DSM13060 secretes the predicted effectors, whether they modu-
late host nuclear processes, and whether such interactions under-
lie the strain’s remarkable ability to stimulate host growth and
development. Intracellular endophytes may confer a more persis-
tent advantage to plants than apoplast colonizers do. Therefore, a
better understanding of this symbiosis can have broad implica-
tions for plant biotechnology, forestry, and agriculture.

MATERIALS AND METHODS

Methods for manipulations of bacterial and plant material, isolation of
genomic DNA, genome sequencing and annotation, and gene activity
assays are provided in the supplemental material (see Text S1 and Ta-
ble S1).

Transmission electron microscopy (TEM). A total of 10 bud samples
of adult Scots pine were taken in April and May 2008 from a test site in the
Botanical Gardens, University of Oulu. The buds were surface sterilized
for 1 min in 70% ethanol and for 20 min in 6% calcium hypochlorite.
After rinsing, bud scales were removed aseptically. Buds longer than 2 mm
were dissected longitudinally. The samples were fixed overnight in a cold
solution of 3% glutaraldehyde in 0.05 M sodium phosphate buffer,
pH 7.0, postfixed in 1% OsO, for 3 h, and embedded in Eponate resin.
Thin sections were cut with a Nova Ultratome microtome and stained
with uranyl acetate and lead citrate. Sections were visualized under a JEOL
Jem 100B electron microscope.

Confocal laser scanning microscopy. Seedlings were harvested at var-
ious time points to study the progress of pine colonization by M. ex-
torquens DSM 13060, using the GFP-tagged strain 13061 as described in
reference 13. Roots, shoots, needles, and buds were cut into pieces 2 to 3
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mm in diameter and fixed in 4% paraformaldehyde (wt/vol), 0.1 % glu-
taraldehyde (vol/vol), 20% glycerol (vol/vol), and 0.1 M sodium phos-
phate buffer (pH 7.4) at 4°C under vacuum. The root samples were fixed
for 4 h, and the rest of the tissues were fixed for 9 h under vacuum,
followed by an overnight incubation at 4°C. The fixed tissues were cut into
20- to 30-pum sections with a cryomicrotome (Reichert-Jung 2800
Frigocut with 2040 microtome) and mounted on microscopy slides with
ProLong gold antifade reagent (Invitrogen). The pine tissue sections were
studied with confocal laser scanning microscopy (Ism 5 Pascal; Carl Zeiss,
Germany) 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-to-530-nm
band-pass (BP) filter. The background autofluorescence of the plant tis-
sues was detected using a 650-nm long-pass (LP) filter. A helium neon
(HeNe) laser was used for excitation of the mCherry reporter at 543 nm,
and emission was detected through a 560-to-615-nm BP filter. For mul-
tichannel images of GFP and mCherry, an HFT (HauptFarbTeiler) 488/
543/633-nm beam splitter was used with a secondary NFT (Neben-
FarbTeiler) 545 dichromic mirror to discriminate between the emissions.
The projections of all channels were analyzed and merged using Zeiss LSM
Image Browser (version 4.2.0.121; Carl Zeiss, Germany). For the videos,
image stacks were processed and analyzed using ZEN lite 2012 (Blue edi-
tion; Carl Zeiss).

Morphological identification of cell viability by AOEB staining.
Double staining with acridine orange (AO) and ethidium bromide (EB)
allows differentiation between live and necrotic cells and enables different
stages of PCD to be determined (15, 69). AO stains both live and dead
cells, emitting green fluorescence when binding to double-stranded nu-
clear chromatin. EB will only penetrate cells that have lost cytoplasmic
membrane integrity and can be detected as red fluorescence. Early-stage
PCD cells have green-yellow irregular nuclei with slightly condensed or
fragmented chromatin, visible in the form of bright green patches. Cells in
late-stage PCD with disrupted cytoplasmic membranes incorporate EB
into the chromatin, which dominates the AO and stains orange-red. Ne-
crotic cells have bright orange nuclei with structurally normal morphol-
ogy, similar to the nuclear morphology of viable cells.

Roots of in vitro-cultured Scots pine seedlings inoculated with M. ex-
torquens 13061 and 13062 were sectioned as described above. Samples
were washed twice with phosphate-buffered saline (PBS), pH 7.4, and
treated with 25 pg/ml acridine orange and 25 pg/ml ethidium bromide in
PBS buffer for 15 min at room temperature in the dark. Root sections of
uninoculated pine seedlings were used as controls. Negative controls were
incubated in 20 mM H, 0, for 2 h while positive controls were incubated
in PBS for the same time before AOEB staining. After staining, the samples
were washed three times with PBS. Fixation, cryosectioning, and confocal
microscopic analysis were performed as described above, using appropri-
ate excitation and emission wavelengths (488 nm/505-to-530-nm BP fil-
ter [excitation/emission] for AO, 514 nm/560-to-615-nm BP filter for EB,
and 488 nm/650-nm LP filter for plant cell autofluorescence). The laser
power and channel settings were kept equivalent for all samples for con-
sistent results.

Genome analysis. Methylobacterium orthologs were identified by us-
ing OrthoMCL. Alignments were made using MUSCLE (70). Maximum-
likelihood (ML) phylogenies were inferred using RAXML-VI-HPC (71),
with the GTRGAMMA model for nucleotide sequences, the predicted
model of ProtTest2.4 (72) for protein sequences, and 1,000 bootstrap
replicates. The species ML phylogeny presented in Fig. S1 was inferred
using a concatenated nucleotide alignment from 447 single-copy or-
thologs (in the Methylobacterium spp. and the two outgroup species, Agro-
bacterium tumefaciens strain ¢58 and Bradyrhizobium japonicum strain
USDA 110).

To search for proteins with eukaryote-like Pfam domains, we down-
loaded the Pfam database (version 27.0) and the NCBI Taxonomy data-
base (used to classify sequences in each family as bacterial, eukaryotic, or
other). The expected frequency of bacterial and eukaryote sequences in
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each family was calculated, and a chi-square test was used to compare the
observed frequencies of bacterial and eukaryotic sequences to the ex-
pected frequencies. We identified 233 DSM 13060 Pfam domains that
were present more often than expected in eukaryotes (P < 0.05) and less
often than expected in bacteria (P < 0.05) and for which 20% or less of the
total sequences in the Pfam database for that family were bacterial se-
quences. We excluded any Pfam domains that were mitochondrial (see
Text S1 in the supplemental material) or had established bacterial func-
tions unrelated to host infection. Homologs of the PLA, genes in
DSM13060 were retrieved through a BLASTP search against the nonre-
dundant database using the DSM 13060 proteins as queries. All three pro-
teins had the same 60 non-Methylobacterium matches. All matching se-
quences were downloaded (E = 0.001). The PLA, orthologs from
Methylobacterium spp. under study (Fig. S1) were added, and the protein
sequences were aligned using a gap penalty of —2 and manually inspected.
The determination of sequence similarity across all sequences was limited
to the area corresponding to the phospholipase_A2 Pfam motif. A phy-
logeny was inferred using this segment of the alignment only. For the
DotC phylogeny shown in Fig. S4, we used a selected set of protein se-
quences, representing all genera with the most similar homologs of the
DSM13060 dotC protein (BLASTP against the nr database, E < 1e—40).
Codeml from the PAML package was used to calculate the w ratio from
alignments of DSM 1360 and AM1 ortholog pairs. The alignments were
made using protein sequences and then translated to nucleotide se-
quences.

Nucleotide sequence accession number. The whole-genome shotgun
sequences have been deposited in GenBank under accession number
AGJK00000000.
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