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Abstract

Methylobacterium is a prevalent bacterial genus of the phyllosphere. Despite its ubiquity, little is
known about the extent to which its diversity reflects neutral processes like migration and drift,
versus environmental filtering of life history strategies and adaptations. In two temperate forests,
we investigated how phylogenetic diversity within Methylobacterium was structured by
biogeography, seasonality, and growth strategies. Using deep, culture-independent barcoded

marker gene sequencing coupled with culture-based approaches, we uncovered a considerable
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diversity of Methylobacterium in the phyllosphere. We cultured different subsets of
Methylobacterium lineages depending upon the temperature of isolation and growth (20 °C or 30
°C), suggesting long-term adaptation to temperature. To a lesser extent than temperature
adaptation, Methylobacterium diversity was also structured across large (>100km; between
forests) and small geographical scales (<1.2km within forests), among host tree species, and was
dynamic over seasons. By measuring growth of 79 isolates at different temperature treatments,
we observed contrasting growth performances, with strong lineage- and season-dependent
variations in growth strategies. Finally, we documented a progressive replacement of lincages
with a high-yield growth strategy typical of cooperative, structured communities, in favor of
those characterized by rapid growth, resulting in convergence and homogenization of community
structure at the end of the growing season. Together our results show how Methylobacterium is
phylogenetically structured into lineages with distinct growth strategies, which helps explain their
differential abundance across regions, host tree species, and time. This works paves the way for

further investigation of adaptive strategies and traits within a ubiquitous phyllosphere genus.

Importance

Methylobacterium is a bacterial group tied to plants. Despite its ubiquity and importance to their
hosts, little 1s known about the processes driving Methylobacterium community dynamics. By
combining traditional culture-dependent and —independent (metabarcoding) approaches, we
monitored Methylobacterium diversity in two temperate forests over a growing season. On the
surface of tree leaves, we discovered remarkably diverse and dynamic Methylobacterium
communities over short temporal (from June to October) and spatial scales (within 1.2 km).
Because we cultured different subsets of Methylobacterium diversity depending on the

temperature of incubation, we suspected that these dynamics partly reflected climatic adaptation.
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By culturing strains in lab conditions mimicking seasonal variations, we found that diversity and
environmental variations were indeed good predictors of Methylobacterium growth
performances. Our findings suggest that Methylobacterium community dynamics at the surface of
tree leaves results from the succession of strains with contrasted growth strategies in response to

environmental variations.
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Introduction

The phyllosphere, the aerial parts of plants including leaves, is a microbial habitat estimated to be
as vast as twice the surface of the earth (1). Although exposed to harsh conditions including UV
radiation, temperature variation, and poor nutrient availability, the phyllosphere harbors a diverse
community of microorganisms, of which bacteria are the most abundant (1). A key challenge in
microbial ecology and evolution is understanding the evolutionary and ecological processes that
maintain diversity in habitats such as the phyllosphere. Bacteria living in the phyllosphere carry
out key functions including nitrogen fixation, growth stimulation and protection against
pathogens (1-3). At broad spatial and temporal scales, bacterial diversity in the phyllosphere
varies as a function of geography and host plant species, potentially due to restricted migration
and local adaptation to the biotic and abiotic environment (4-6), leading to patterns of
cophylogenetic evolutionary association between phyllosphere bacteria and their host plants (7).
Whether those eco-evolutionary processes are important at the scale of several days to several
years, as microbes and their host plants migrate and adapt to changing climates, is still an open
question (8). Another challenge is to link seasonal variation with plant-associated microbial
community dynamics, as shifts in microbial community composition are tighly linked with host
plant carbon cycling (9) and ecosystem functions including nitrogen fixation (10). More
generally, we understand very little about how the ecological strategies of phyllosphere bacteria
vary among lineages and in response to variation in environmental conditions throughout the

growing season (9, 11).

Phenotypic traits are often phylogenetically conserved in microbes (12), and these traits influence

the assembly of ecological communities through their mediation of organismal interactions with
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the abiotic and biotic environment (13). Recent work has shown that many microbial traits
exhibit phylogenetic signal, with closely related lineages possessing more similar traits, although
the phylogenetic depth at which this signal is evident differs among traits (14). Most comparative
studies of microbial trait evolution have focused on broad patterns across major phyla and classes
(14), although some studies have found evidence for complex patterns of biotic and abiotic niche
preferences evolving within genus-level phylogenies (15, 16). Furthermore, to date the majority
of studies of the diversity of plant-associated microbes have been based on the use of universal
marker genes such as the bacterial /65 rRNA gene, providing a global picture of long-term
bacterial adaptation to different biomes and host plants at broad phylogenetic scales (17).
However, these studies lack sufficient resolution to assess the evolutionary processes at finer
spatial and temporal scales that lead to the origin of adaptations within microbial genera and

species (18, 19).

The Rhizobiales genus Methylobacterium (Alphaproteobacteria, Rhizobiales,
Methylobacteriaceae) 1s one of the most prevalent bacterial genera of the phyllosphere, present
on nearly every plant (20-22). Characterized by pink colonies due to carotenoid production,
Methylobacterium are facultative methylotrophs, able to use one-carbon compounds, such as
methanol excreted by plants, as sole carbon sources (23, 24). Experimental studies have shown
the important roles of Methylobacterium in plant physiology, including growth stimulation
through hormone secretion (25-27), heavy metal sequestration (27), anti-phytopathogenic
compound secretion, and nitrogen fixation in plant nodules (28), sparking increasing interest in
the use of Methylobacterium in plant biotechnology applications (27, 29, 30). Although up to 64
Methylobacterium species have been described (31-39), genomic and phenotypic information

was until recently limited to a small number of model species: M. extorquens, M. populi, M.
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nodulans, M. aquaticum and M radiotolerans, mostly isolated from anthropogenic environments,
and only rarely from plants (40—44). Aditionaly, Methylobacterium was mostly isolated assuming
its optimal growth was in the range 25-30 °C (45), an approach that could bias strain collections
toward mesophylic isolates to the exclusion of isolates from temperate forests where
temperatures typically range from 10 to 20 °C during the growing season (46). Newly available
genomic and metagenomic data now allow a better understanding of the distribution of
Methylobacterium diversity across biomes (31) and suggest that they represent a stable and
diverse fraction of the phyllosphere microbiota (22). However, we still understand relatively little

about the drivers of the evolution and adaptation of Methylobacterium in natural habitats.

In this study, we assessed the diversity of Methylobacterium in temperate forests and asked
whether Methylobacterium associated with tree leaves act as a single unstructured population, or
if their diversity is structured by regional factors (e.g. a combination of isolation by distance and
regional environmental variation) or by niche adaptation (e.g. host tree or temperature adaptation)
(12). First, we assessed Methylobacterium diversity by combining culturing and metabarcoding
approaches along with phylogenetic analysis and quantified how this diversity varied across
space, time, and environment in the phyllosphere. Second, we quantified the extent of
phylogenetic niche differentiation within the genus, with a focus on quantifying the evidence for
adaptation to local environmental variation at different spatial, temporal and phylogenetic scales.
We hypothesized that distinct phylogenetic lineages would be associated with distinct
environmental niches. Third, we quantified Methylobacterium growth performance under fine-
scale environmental variations, with a focus on temperature, to determine whether fine-scale
changes in diversity over space and time might result from environmental filtering of isolates

with contrasting growth strategies under local environmental conditions. We found that
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Methylobacterium phyllosphere diversity consisted of deeply branching phylogenetic lineages
associated with distinct growth phenotypes, isolation temperatures, and large-scale spatial effects
(forest of origin), while finer-scale spatial effects, host tree species, and time of sampling were
more weakly and shallowly phylogenetically structured. Over the course of a year, from spring to
fall, we observed a homogenization of Methylobacterium community structure coinciding with
the progressive replacement of isolates with high yield strategy by isolates with rapid growth.
Together our results show that this ubiquitous phyllosphere genus is structured into lineages with

distinct growth strategies, which helps explain their differential abundance across space and time.

Methods

Phylogenetics of plant-associated Methylobacterium diversity.

We evaluated the known Methylobacterium diversity and its distribution across biomes, with a
special emphasis on the phyllosphere. First, we constructed a phylogeny of Methylobacteriaceae
from the complete nucleotide sequence of rpoB, a highly polymorphic housekeeping gene
commonly used to reconstruct robust phylogenies in bacteria, because unlikely to experience
horizontal gene transfer or copy number variation (47, 48). We retrieved rpoB sequences from
genomes publicly available in September 2020, including 153 Methylobacteria, 30 Microvirga
and 2 Enterovirga (Dataset S1a), performed alignment and inferred a consensus phylogeny with
MrBayes v. 3.2.7a ((49); Supplementary Materials and Methods S1). For each
Methylobacterium reference genome, we retrieved the species name and the sampling origin,

when available. Additionally, we assigned each genome to a group (A, B, C) according to
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previously proposed subdivisions (31). We subdivided group A in nine clades (A1-A9;

Supplementary Materials and Methods S1).

Study sites and sample collection

The two study forests were located at the Gault Nature Reserve (Mont Saint-Hilaire, Quebec,
Canada; 45.54 N 73.16 W), here referred as MSH, an old forest occupying Mount Saint-Hilaire,
and the Station Biologique des Laurentides (Saint-Hippolyte, Quebec, Canada; 45.99 N 73.99
W), here referred to as SBL, a mosaic of natural wetlands, xeric and mesic forests (Figure 1,
Dataset S1b). In August 2017, for the purpose of a pilot survey, we collected leaves from the
subcanopy (3-5m) of 19 trees among dominant species in MSH (Fagus grandifolia, Acer
saccharum, Acer pensylvanicum and Ostrya virginiana). In 2018, we realized a time series
survey in MSH and SBL. In each forest, we marked and collected leaf samples from the
subcanopy of 40 trees (representative of local tree species diversity) in 4-6 plots distributed along
a 1.2 km transect (Supplementary Materials and Methods S1). In MSH, the transect followed
an elevation and floristic gradient dominated by tree species F. grandifolia (FAGR), A.
saccharum (ACSA), O. virginiana (OSVI) and Quercus rubra (QURU). In SBL, the transect
followed a constant environnement dominated by A. saccharum, F. grandifolia, A.
pensylvanicum (ACPE), Abies balsamea (ABBA) and Acer rubrum (ACRU). For this time series,
each tree was sampled 3-4 times from June to October 2018. For each sampled plot and time
point, we also sampled a negative control consisting of empty sterile bags opened and sealed on
site. The leaf surface microbial community from each sample was collected with phosphate
buffer and split in two equal volumes for microbial community DNA extraction and

Methylobacterium isolation, respectively (Supplementary Materials and Methods S1).
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Methylobacterium isolation and development of a fine-scale single-copy molecular marker

specific to Methylobacterium

For both pilot and time series surveys, we performed Methylobacterium isolation on MMS
synthetic solid media with 0.1% methanol supplemented with yeast extract and vitamins
(Supplementary Materials and Methods S1). For each leaf sample, isolation was replicated at
20 °C and 30 °C to minimize biases toward mesophylic strains. Isolates from the 2017 pilot
survey (n=80; Dataset S1c) were identified by PCR amplification and partial sequencing of the
16S rRNA ribosomal gene and assigned to Methylobacterium clades (Supplementary Materials
and Methods S1; Dataset S1d,e). As an alternative to the /65 rRNA gene, we developed a
highly polymorphic marker targeting the Methylobacteriaceae family. We tested two candidate
genes, rpoB (47, 48, 50, 51) and sucA (51-53), which, contrary to /65 rRNA, were single-copy in
Methylobacterium genomes and were polymorphic enough to distinguish among
Methylobacterium groups and clades (Supplementary Materials and Methods S1; Figure S1).
In 20 representative Methylobacterium isolates from the 2017 pilot survey (Dataset Slc,d,e), we
successfully amplified a rpoB hypervariable region (targeted by primers Met02-352-F and
Met02-1121-R), that we choose as a specific marker for Methylobacteriaceae (Supplementary
Materials and Methods S1; Table S1). Isolates from the 2018 timeline survey (n=167; Dataset
Sle,f,) were assigned to Methylobacterium clades using a consensus phylogenetic tree inferred
with MrBayes v. 3.2.7a (49) from nucleotide sequences of the rpoB marker obtained for these
isolates, aligned together with rpoB complete nucleotide sequences available from 188
Methylobacteriaceae genomes (Dataset S1a) and partial nucleotide sequences obtained from 20

representative isolates from the pilot survey (Supplementary Materials and Methods S1).
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Culture-based assessment of Methylobacterium diversity in the tree phyllosphere.

We tested for associations between Methylobacterium culture-based diversity at different
phylogenetic depths, with isolate characteristics as proxy for adaptive response to environmental
variables through their evolution, using the rpoB phylogenetic tree built from timeline survey
isolates as a guide. We assigned Methylobacterium isolates according to their phylogenetic
placement. After excluding nodes supported by less than 30% of bootstraps, the tree was
converted into an ultrametric tree scaled proportionally to pairwise nucleotide similarity (PS;
Supplementary Materials and Methods S1). First, for each PS value in the tree in the range
0.926-1.000 (corresponding to PS range within clades), we classified isolates into discrete taxa
and performed a PERMANOVA (10,000 permutations) on Methylobacterium community
dissimilarity using the Bray-Curtis index (BC) based on taxa absolute abundance (Hellinger
transformation) using the R package vegan (54). We tested for the relative contribution of four
factors and their interactions on taxon frequency: sampling forest (F); temperature of isolation
(7); sampling time (D) and host tree species (H). Second, we asked specifically which nodes
within the tree were associated with F and 7. For each node with at least 30% of support, and
each factor, we tested for the association between embedded taxa and F (SBL and MSH) or 7' (20
and 30 °C) by permutation of factors between embedded nodes (100,000 permutations per node;

Supplementary Materials and Methods S1).

Culture-free assessment of Methylobacterium diversity in the tree phyllosphere (barcoding)
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We evaluated the bacterial phyllosphere diversity through barcoding and sequencing of
phyllosphere samples from the 2018 timeline survey. First, we evaluated the bacterial diversity
targeting the /6S ¥rRNA gene (55) in 46 phyllosphere samples from 13 trees from both forests
sampled 3-4 times throughout the 2018 growth season. We included one negative control, and
one positive control consisting of mixed DNAs of Methylobacterium isolates typical of the
phyllosphere (METH community; Supplementary Materials and Methods S1). Second, we
evaluated the Methylobacteriaceae phyllosphere diversity targeting the 7poB marker (see above)
in 184 phyllosphere samples from 53 trees representative of diversity found in MSH (n=26) and
SBL (n=27), sampled 3-4 times throughout the 2018 growth season. We included four negative
controls and four positive controls (METH community). Library preparation and sequencing
were performed as described in Supplementary Materials and Methods S1. For each
phyllosphere sample and controls, we estimated bacterial diversity based on Amplicon Sequence
Variants (ASVs) using package dada? in R (56). We assessed ASV taxonomy using SILVA
v.138 database for /65 rRNA gene (57) and a rpoB nucleotide sequence database available for
Bacteria (48), curated by a ML phylogenetic tree (200 permutations; Supplementary Materials
and Methods S1). Taxonomy for Methylobacterium ASVs (at the clade level) was refined using
blast against NCBI databases for /65 rRNA gene (58) and using phylogenetic placement for rpoB
(Supplementary Materials and Methods S1). To validate the rpoB barcoding accuracy in
estimating Methylobacterium diversity, we compared Methylobacterium clade relative
abundances estimated from /6S rRNA and rpoB barcoding in a heatmap (Supplementary
Materials and Methods S1). We also compared Methylobacterium diversity estimations from
rpoB barcoding and culture-dependant approaches by matching rpoB partial nucleotide sequences
obtained from isolates with those obtained from ASVs (Supplementary Materials and Methods

S1). We evaluated relative contributions of sampling forest (), plot within forest (P), host tree
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species (H), time of sampling (7) and their interactions on bacteria (/6S rRNA barcoding) and
Methylobacteriaceae (rpoB barcoding) community dissimilarity among phyllosphere samples
(BC index, Hellinger transformation on ASV relative abundance), using PERMANOVA (10,000
permutations; Supplementary Materials and Methods S1) and principal component analysis
(PCA). For rpoB barcoding, specifically, we reported Methylobacterium ASV significantly
associated with the aforementioned factors (¥, P, H, T; ANOVA) into the PCA (Supplementary

Materials and Methods S1).

Spatial and temporal dynamics of Methylobacterium communities

We evaluated the spatial and temporal dynamics of Methylobacterium communities in the
timeline survey (rpoB barcoding) using autocorrelation analyses. In order to remove potential
differences in community composition between forests, we analyzed samples from MSH and
SBL separately. For each pairwise comparison between two samples from the same forest, we
evaluated the effects of spatial distance (pDist) separating trees sampled at the same date (spatial
autocorrelation analyses) and time (pTime) separating dates at which trees were sampled
(temporal autocorrelation analyses) on BC dissimilarity among samples (see above). We
evaluated the effects of pDist and pTime on BC under linear models by ANOVA

(Supplementary Materials and Methods S1).

Ecophylogenetic structure of Methylobacterium communities

We quantified the ecophylogenetic structure of Methylobacterium communities by comparing the

phylogenetic dissimilarity of co-occurring rpoB ASVs with the dissimilarity expected under a
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null model of stochastic community assembly from the pool of all ASVs, in order to quantify the
evidence for different community assembly processes (59) as a function of forest, host tree
species, and time of sampling. For each community of Methylobacterium ASVs, we calculated a
measure of phylogenetic dissimilarity among co-occurring ASVs (mean nearest taxon distance
(MNTD)) and compared observed MNTD to that expected under a null model of stochastic
community assembly from the pool of all ASVs. We calculated the standardized effect size (SES)
of MNTD (60), which expresses the difference between the observed MNTD value versus the
mean and standard deviation of MNTD values obtained across 999 random draws of ASVs from
the pool of observed ASVs across all samples while maintaining observed sample ASV richness
(61). We evaluated the effects of forest, host tree species, and time of sampling on SES(MNTD)

by ANOVA.

Monitoring of Methylobacterium growth performance

We evaluated the growth abilities of 79 Methylobacterium isolates from the timeline survey for
four temperature treatments mimicking temperature variations during the growing season. Each
treatment consisted of an initial pre-conditioning step (P) during which each isolate was
incubated on solid MMS media with methanol as sole carbon source for 20 days at either 20 °C
(P20) or 30 °C (P30), and a second monitoring step (M) during which pre-conditioned isolates
were incubated on the same media and their growth monitored for 24 days at 20 °C (P20M20 and
P20M30) or 30 °C (P30M20 and P30M30; Figure S2). Treatments P20M20 and P30M30
mimicked stable thermal environments, and treatments P20M30 and P30M20 mimicked variable
thermal environments. For each isolate and each combination of treatments (PXXMXX), we

realized 5 replicates, randomly spotted on 48 petri dishes according to a 6x6 grid. During the
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monitoring step, we took photographs of each petri dish at days 7, 13 and 24 after inoculation
(Figure S2). Photos were converted to pixel intensities with ImageJ 1.52¢ and processed in R for
background correction, measurement of spot intensities and correction for position-dependant
competition effects (Figure S3; Supplementary Materials and Methods S1). For each isolate
and temperature treatment, logistic growth curves were inferred from bacteria spot intensity
variation observed over three time points during the monitoring step. From growth curves, we
estimated maximum growth intensity, or yield (Y) and growth rate (») as the inverse of lag+log
time necessary to reach Y (Figure S4 (62, 63); Supplementary Materials and Methods S1). We
evaluated the effects of following factors on Methylobacterium growth abilities (Y and ») under
different temperature treatments: isolate assignement to clades (C), forest of origin (F), host tree
species (H), time of sampling (D), temperature of isolation (77 at which each isolate was
isolated), temperature of incubation during pre-conditioning (7r) and monitoring (7) steps, and
all possible interactions between those factors (ANOVA; Supplementary Materials and

Methods S1).

Results

Phylogenetics of plant-associated Methylobacterium diversity.

A phylogeny of 153 Methylobacterium isolates built from available genomic databases showed
that plants (65% of strains) and especially the phyllosphere compartment (41% of strains) were
the most prevalent source of Methylobacterium sampled to date (Figure 2; Dataset Sla).
Phyllosphere-associated diversity was not randomly distributed in the Methylobacterium

phylogenetic tree. Isolates from the phyllosphere represented the largest part of diversity within
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group A (56% of isolates) but not in groups B and C (17 and 12% of isolates, respectively).
Group A was paraphyletic and most of its diversity consisted of undescribed taxa falling outside
previously well-described linages. Accordingly, we subdivided Methylobacterium group A into 9

monophyletic clades (A1-A9).

16S rRNA community analyses of the tree phyllosphere.

We focused on Methylobacterium phyllosphere diversity variation observable at the scale of
seasonal variation (within year 2018) on individual trees within two temperate forests of
northeastern North America (Figure 1a,b; Dataset S1b,g): Mont Saint Hilaire (MSH; Figure 1c¢)
and Station biologique des Laurentides (SBL; Figure 1d). The distribution of the phyllosphere
bacterial community assessed in 46 leal samples by bacterial /6S rRNA gene amplicon sequence
variants (ASVs) was mostly explained by differences among forests (31.6% of variation
explained; p<0.001; PERMANOVA), host tree species (15.6% of variation; p<0.001) and time of
sampling (12.0%; p<0.05; Table 1). Although representing only 1.3% (0.0-3.2% per sample) of
total /6S rRNA sequence diversity, Methylobacterium was present in almost all analyzed samples
(45 out of 46; Dataset S1h). We assigned the 15 Methylobacterium ASVs identified by 165
rRNA sequencing to clades from Methylobacterium group A: A9 (related to M.
phyllosphaerae/M. mesophilicum/M. phyllostachyos/ M. pseudosasicola/M. organophilum;
0.87% of total diversity, nine ASVs), A6 (related to M. cerastii, 0.29%; one ASV) and Al
(related to M. gossipicola; 0.13%, 3 ASVs; Table S2; Dataset S1i). With two rare ASVs
(<0.01% of relative abundance) related to M. komagatae, belonging to group A (31) but unrelated
to any aforementioned clade, we defined a new clade (A10). No ASVs from MSH or SBL were

assigned to group B or group C.
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Culture-based assessment of Methylobacterium diversity in the tree phyllosphere.

We evaluated the culturable part of Methylobacterium diversity from a subsample of 36 trees (18
per forest). Using rpoB gene partial nucleotide sequences as a marker, we identified 167 pink
isolates that we assigned to Methylobacterium based upon their phylogenetic placement (Dataset
Sle,f; Figure 3). As observed for /65 rRNA ASVs, most isolates were assigned to clades from
group A typical of the phyllosphere: A9 (59.9% of isolates), A6 (24.6%), A1 (5.4%), A10 (3.6%)
and A2 (related to M. bullatum and M. marchantiae; Dataset S1d 1.8%). Few isolates were
assigned to group B (4.2% of isolates, related to M. extorquens) and none to group C (Table S2).
The higher polymorphism in the 7poB marker revealed a considerable diversity within clades, as
we identified 71 unique rpoB sequences, in contrast to the smaller number obtained with /65
rRNA barcoding (15 ASVs). We determined that Methylobacterium diversity assessed at varying
depths in the rpoB phylogeny was systematically explained by forest of origin (4.5+1.0% of
variance explained; PERMANOVA; p<0.001; Figure 3a; Dataset S1j) and temperature of
isolation (5.942.1% of variance explained; p<0.001). Temperature of isolation was the most
important factor distinguishing deep phylogenetic divergences (pairwise nucleotide similarity
range: 0.948-0.993), while forest of origin was slightly more important in structuring more
recently diverged nodes (pairwise nucleotide similarity >0.993). Time of sampling had a slight
but significant effect on diversity (2.1+£0.2% of variance explained; p<0.05) and it was only
observed for higher pairwise nucleotide similarity values (range 0.994-1.000). We did not
observe any significant effects of host tree species on Methylobacterium isolate diversity, at any
level of the phylogeny. In the phylogeny, we identified two nodes strongly associated with

temperature of isolation, corresponding to clades A6 (20 °C; p<0.001; permutation test) and
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A9+A10 (30 °C; p<0.001; Figure 3b). Other clades were evenly isolated at 20 and 30 °C and we
observed no significant association between temperature of isolation and nodes embedded within
clades. Nodes associated with forest of origin also roughly corresponded to certain major clades,
with clades A1+A2 almost exclusively sampled in MSH (p<0.01). Overall, clade A9 was isolated
significantly more often at SBL (p<0.001) but at least three of its subclades were significantly

associated with either MSH or SBL (p<0.05).

Comparison of Methylobacterium diversity assessed by rpoB barcoding and isolation

We performed culture-independent rpoB amplicon sequencing from 179 leaf samples from 53
trees in both forests, allowing a monthly monitoring for most trees (Dataset S1b,g). We
identified 283 Methylobacteriaceae rpoB ASVs in these samples (Dataset S1k,l), representing
24.6% of all sequences. Non-Methylobacteriaceae ASVs were mostly assigned to other
Rhizobiales families (850 ASVs, 70.33% of sequence abundance) and to Caulobacterales (209
ASVs, 4.42% of sequence abundance) typical of the phyllosphere (Supplementary Materials
and Methods S1), indicating that the poB marker can potentially be used at a broader taxonomic
scale (Figure SS5a). Within Methylobacteriaceae, ASVs were mostly classified as
Methylobacterium (200 ASVs, 23.05% of sequence relative abundance), and Enterovirga (78
ASVs, 1.56%; Dataset S1k). We assigned most of Methylobacterium ASVs to previously
cultured clades A9 (45.2% of Methylobacterium sequence abundance), A6 (24.3%), Al (6.1%)
and A10 (1.0%; Dataset S1k; Table S2; Figure S5b). Estimates of Methylobacterium diversity
based on rpoB sequences from culture-independent sequencing were generally concordant with
estimates based on /6S rRNA barcoding (Figure S5c; Table S2) and estimates from cultured

isolates (Figure SSd; Table S2). The major exception was group B, representing 19.1% of

18



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

Methylobacterium sequence abundance (rpoB barcoding) but not detected by /6S rRNA
barcoding, and representing 4.2% of isolates (Table S2). Clade A4 (related to M. gnaphalii and
M. brachytecii) represented 1.7% of Methylobacterium sequence abundance (rpoB barcoding) but
was not detected by /6S rRNA barcoding, nor was it isolated. Other clades could be detected by
rpoB barcoding with low sequence abundance (<0.3%) but not by /6S rRNA barcoding, and were

unevenly isolated (<1.8% of isolates).

Fine-scale temporal and spatial distribution of Methylobacterium diversity assessed by rpoB

barcoding

The community composition of the 200 Methylobacterium ASVs was mostly explained by spatial
variation at both large (distance between forests: 100 km) and local scales (distance between
plots within forest: 150-1,200 m), as well as sampling date during the growing season (1-5
months; proportion of variation explained: 32.4%, 8.0% and 4.8%, respectively; p<0.001;
PERMANOVA; Table 1). We observed slight but significant effects of host tree species, and of
the interaction between host tree species and plots within forests, on Methylobacterium
community composition (explaining 7.1% and 4.3% of variation in community composition;
p<0.001 and p<0.01, respectively; PERMANOVA; Table 1). A large proportion of
Methylobacterium ASVs (83 out of 200) were significantly associated with one or either forest
(ANOVA; Figure 4a; Dataset S1m), regardless their clade membership. The only exception was
clade Al, which was almost exclusively observed (and isolated; see Figure 3b) in the MSH
forest. We found 25 ASVs whose relative abundance significantly increased throughout the
growing season (ANOVA; p<0.05), mostly belonging to clades A1 (n=11). Four ASVs increased

significantly in frequency over time in both forests, and mostly belonged to group B (n=3),
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(Dataset S1m). We found no clear association between ASV or clade with host tree species, nor
plots within forests (data not shown). Methylobacterium diversity was heterogeneously
distributed at local spatial scale, as we observed a significant increase of community dissimilarity
(Bray-Curtis index; BC) with geographical distance separating two samples within MSH (spatial
autocorrelation analysis; ANOVA; p<0.001) but not SBL (p>0.05, Table 2, Figure 4b). We also
observed a significant increase of community dissimilarity over time separating two sampling
dates in both forests (temporal autocorrelation analysis; p<0.001; Table 2), indicating that
community composition changed during the growing season. This effect was more marked in
MSH than in SBL (Figure 4c¢). The overall community BC dissimilarity consistently decreased
from June to October in both MSH (from 0.624 to 0.297) and SBL (from 0.687 to 0.522; Table 2,
Figure 4d), indicating that the observed change of diversity over time resulted from a progressive
homogeinization of Methylobacterium community between the beginning and the end of the
growing season at the scale of a forest, although without affecting its heterogeneous spatial
distributions in MSH (Table 2, Figure 4e). Methylobacterium communities were strongly
phylogenetically clustered (Figure 4f), with all communities containing ASVs that were much
more closely related than expected by chance (mean SES(MNTD) (+ standard deviation) = -4.8 +
0.9, all SES(MNTD) p-values <0.05 compared with null model of random community assembly).
While all communities were strongly phylogenetically clustered, SES(MNTD) differed among
host tree species (ANOVA; F=6.4, p<0.001) and forests (ANOVA; F=10.9, P<0.001), and

decreased during the growing season (ANOVA; F=95.2, p<0.001).

Effect of short scale temperature variation in combination with other environmental and genetic

factors on Methylobacterium growth performances
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We measured growth of 79 Methylobacterium isolates (sampled in 2018 in both forests; MSH:
n=32, SBL: n=47) in conditions mimicking temperature variations during the growing season
(Figures S2-S4 ; Dataset S1n). Clade membership explained a large part of variation in growth
rate (r) and yield (¥, 7.6 and 30.6% of variation explained, respectively; ANOVA; p<0.001;
Figures 5a,b, Table 3; Dataset S1o0). Group B isolates (¥ = 12.2 £ 5.0) have higher yield than
group A (Y =5.4 +3.5). Isolates from clades A1, A2 and B had the highest growth rate (r range:
0.101£0.032 — 0.121+0.031). Other clades (A6, A9 and A10) had on average slower growth (r
range: 0.082+0.021 — 0.088+0.024). Time of sampling, host tree species and forest also explained
significant variation in growth rate (5.4%, p<0.001; 2.2%, p<0.01 and 1.5%, p<0.05,
respectively; ANOVA) and limited or no significant variation in yield (1.3%; p<0.001; 1.3%;
p<0.01; 0.2%; p>0.05, respectively; Table 3). Among the aforementioned factors only the
interaction between time of sampling and clade membership explained significant variation in
growth rate (2.9%; p<0.001), while all possible pairwise interactions between these factors
explained significant variation in yield (range 1.4 — 5.9%; p<0.01; Table 3). In both SBL and
MSH, growth rate increased consistently from June (» = 0.075+0.018 and 0.085%0.033,
respectively) to September/October (» = 0.097+0.031 and 0.103+0.027, respectively; Figure Sc).
The temperature of isolation (at which each isolate was originally isolated) had very limited
effect on growth rate (1.0%; p<0.01) and yield (0.6%; p<0.05). These effects were independent
of temperatures during pre-conditioning and monitoring steps (no significant interaction in the
ANOVA). Temperature of incubation had significant effects on growth performance.
Temperature during the monitoring step explained respectively 2.0% and 15.8% of variation in
yield and growth rate (p<0.01 and p<0.001, respectively; ANOVA; Table 3), regardless of clade
membership, time of sampling, and other environmental factors (no significant interaction in the

ANOVA). Isolates incubated at 20 °C had on average higher yield (¥Y=6.9+5.4) but slower growth
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(¥=0.077£0.022) than isolates incubated at 30 °C (Y=4.94£3.6; =0.100+£0.030; Figure 5d).
Temperature during the pre-conditioning step had no effect on growth rate (»p>0.05; ANOVA),

and limited effect on yield (1.4%; p<0.05; ANOVA; Table 3).

Discussion

Methylobacterium is ubiquitous on leaves in the temperate forests of Québec and its diversity in
this habitat is quite similar to what has been described in the phyllosphere throughout the world,
with three main clades A9 (M. brachiatum, M. pseudosasicola), A6 (related to M. cerastii) and
Al (related to M. gossipicola) dominating diversity. Our barcoding approach based on a clade-
specific rpoB marker revealed previously undocumented diversity within these clades, as well as
within several other clades that were not detected by a classical /65 rRNA marker: B (related to
M. extorquens), A2 (related to M. bullatum and M. marchantiae), A4 (related to M. gnaphalii and
M. brachytecii) and A10 (related to M. komagatae). This diversity, like that of the overall
phyllosphere community, was mostly determined by differences between forests, with barcoding
approaches suggesting combined effects of restricted migration, local adaptation to host tree
species, and climatic conditions at large geographical scales (>100km). With higher molecular
resolution, we observed that Methylobacterium diversity was spatially structured even at the scale
of a forest (within 1.2 km), and also showed a clear pattern of temporal dynamics and succession
over the course of a growing season. This result indicates that, although representing a stable
proportion of the plant leaf microbiota between years (22) Methylobacterium diversity is highly
dynamic within the course of a season. A finer analysis of Methylobacterium diversity suggested
that clade identity partly explained Methylobacterium geographical distribution at large scales

(between forests) but not at finer scales (plots), nor was it an indicator of adaptation to a
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particular host tree species, nor a determinant of temporal dynamics. These results are consistent
with previous observations that geographic origin is a stronger driver of phyllosphere
Methylobacterium diversity than host identity (22). The distribution of Methylobacterium
diversity at small temporal and geographical scales likely resulted from more contemporaneous
community assembly events selecting for phenotypic traits that evolved among deeply diverging
lineages of Methylobacterium, as has been observed in other bacterial (16) and plant clades (64).
We found further evidence for deterministic community assembly as Methylobacterium
communities were strongly phylogenetically clustered compared to the expectation under a
stochastic model of community assembly, indicating that the leaf habitat acts as an ecological

filter selecting for a non-random subset of Methylobacterium diversity.

We explored mechanisms explaining the temporal dynamics of Methylobacterium diversity at the
scale of a growing season. Because we observed contrasting Methylobacterium culturable
diversity between 20 and 30 °C, we suspected that adaptation to temperature variation during the
growing season could explain part of these temporal dynamics. By monitoring Methylobacterium
isolate growth under different temperature treatments, we confirmed that temperature affected
isolate growth performances but interestingly, independantly from the temperature at which
isolates were obtained. The fact that most tested isolates also grew slower but more efficiently at
20 °C than at 30 °C (Figure 5d), regardless of their phylogenetic and environmental
characteristics, is in line with a temperature-dependent trade-off between growth rate and yield
described in many bacteria (reviewed in (63)). High yield strategies are typical of cooperative
bacterial populations, while fast growth-strategies are typical of competitive populations (63).
These observations also stress the importance of considering incubation temperature when

interpreting results from previous culture-based assessments of Methylobacterium diversity.
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We provide two lines of evidence that factors other than direct adaptation to temperature drive
Methylobacterium responses to temperature variation, by affecting their growth strategy in
different competitive conditions rather than by affecting their metabolism directly. First, clade
identity was one of the main predictors of overall isolate performance, with some clades (A1, A2,
B) possessing a rapid growth strategy under all temperature conditions, while others (clades A6,
A9, A10) had systematically slower growth. These clade-specific growth strategies could explain
why certain Methylobacterium isolates are less competitive and less frequently isolated at higher
temperatures. Still, we cannot rule out that clade-specific growth strategy also reflect
experimental conditions. Second, we observed strong associations between isolate growth
performance and time of sampling, regardless of clade membership, suggesting that growth
strategies also respond to seasonal variations in environmental conditions, and to the level of
establishment and competition in the phyllosphere community (63). These associations are
unlikely to be driven by the direct effects of temperature on metabolic rates because isolation
temperature had little effect on growth strategies, in contrast to clade identity and time of
sampling which had more significant effects. Together, these observations could explain why
isolates from clades Al and B with fast-growth strategies consistently increase in frequency
during this period due to changes in selection for different ecological strategies, leading to the

homogeneization of the community.

Taken together, our temporal survey of diversity dynamics and screening for growth performance
suggest the following timeline of the dynamics of the Methylobacterium phyllosphere
community. At the very beginning of the growing season, a pool of bacteria with mixed

ecological strategies and genotypes colonizes newly emerging leaves. Due to the stochasticity of
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this colonization, we initially observe strong dissimilarity among phyllosphere communities,
regardless of their spatial position. During the summer, conditions allow the progressive
establishment of a diverse Methylobacterium community with a high yield strategies (63),
dominated by increasingly closely phylogenetically related strains. At the end of the growing
season, with migration, environmental conditions shifting and leaves senescing, isolates with a
fast-growth strategy are able to grow rapidly, dominating the phyllosphere community and
leading to its further homogeneization before leaves fully senesce. This scenario provides an
explanation for the observation of community convergence and increasing homogeneity of

phyllosphere communities throughout the growing season (65, 66).

Our study illustrates that Methylobacterium is a complex group of divergent lineages with
different ecological strategies and distributions, reflecting long-term adaptation to contrasting
local environments. Based upon a similar observation, some authors recently proposed to
reclassify Methylobacterium group B within a new genus (Methylorubrum) that they argue is
ecologically and evolutionarily distinct from other Methylobacterium clades (31). Although clade
B was well supported as a distinct clade in our analyses, our results suggest that it is in fact
embedded within clade A, which would render the genus Methylobacterium paraphyletic if clade
B is defined as a distinct genus (Figure S1). Furthermore, group B was not particularly
ecologically distinct in comparison with other major clades (Figure 2). Our results emphasize the
fact that thorough genomic investigations are needed to clarify the taxomonic status of
Methylobacterium. Beyond any taxonomic considerations, neither clade identity assessed by
individual genetic markers nor the tremendous ecological diversity among Methylobacterium
clades can predict all of the spatial and temporal variation in Methylobacterium diversity in

nature. In order to define the niches of Methylobacterium clades and to understand the metabolic
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mechanisms underlying their contrasting life strategies, future characterization of their functions

and genome structure will be required using phylogenomic approaches.

In conclusion, we find that Methylobacterium adaptive responses to local environmental variation
in the phyllosphere are driven by both long-term inherited ecological strategies that differ among
major clades within the genus, as well by seasonal changes affecting habitat characteristics and
community structure in the phyllosphere habitat. Overall, our study combining culture-free and
culture-based approaches provides novel insights into the factors driving fine-scale adaptation of
microbes to their habitats. In the case of Methylobacterium, our approach revealed the particular
importance of considering organismal life-history strategies to help understand the fine-scale

diversity and dynamics of this ecologically important taxon.
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Figure and table legends

Figure 1 - Sampling design. a) Locations of the two sampled forests MSH (green) and SBL
(orange) in the province of Québec (Canada). b) Time line survey in each forest in 2018 (2-4 time
points available per tree). c-d). Detailed map of each forest and each plot within forests (squares;
6 to 10 trees were sampled per plot; see Dataset S1b). For each plot, trees are indicated by points
colored according to their taxonomy (color code on bottom left): ABBA (A4bies balsamea),
ACRU (Acer rubrum). ACSA (Acer saccharum), OSVI (Ostrya virginiana), QURU (Quercus
rubra), FAGR (Fagus grandifolia), ASPE (Acer Pennsylvanicum). Shades of grey indicate

elevation (50 m elevation scale)

Figure 2 - Methylobacterium phylogeny and ecology. Most of Methylobacterium diversity is found
in association with plants, especially in the phyllosphere. Phylogenetic consensus tree (nodal
posterior probabilities indicated next to the branches) from rpoB complete nucleotide sequences
available for 153 Methylobacterium genomes and rooted on 32 Methylobacteriaceae outgroups
(Microvirga, Enterovirga; no shown; see Dataset Sla). For each genome, species name, the
anthropogenic origin (black squares) and/or environmental origin (color code on top right) are

indicated. Groups A, B, C adapted from Green et Ardley (31).

Figure 3 - Tests for phylogenetic association of traits with culture-based estimation of
Methylobacterium diversity. a) Part of variance (PERMANOVA; x-axis) in Methylobacterium
isolated diversity explained by forest of origin, host tree species, sampling date, temperature of
isolation and their interactions (see Venn diagram on top left for color code) in function of

pairwise nucleotide similarity (PS; y-axis; see Dataset S1j) in a phylogenetic tree (partial 7poB
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nucleotide sequences of 187 isolates and 188 Methylobacteriaceae reference sequences). b)
Permutation test for node association with forest of origin and temperature of isolation (color
code on top) mapped on the rpoB phylogeny (scaled on PS values). Frames in the tree indicate
nodes significantly associated with at least one factor (ANOVA; Bonferroni correction; p<0.001:
rkE. p<0.01:7**”; p<0.05:7*”). For each isolate (names in bold), colored boxes at the tip of the

tree indicate forest of origin and temperature of isolation.

Figure 4 - Short-scale spatial and temporal dynamics of Methylobacterium communities
assessed by rpoB barcoding. a) A principal component analysis (PCA) on Methylobacterium
ASVs relative abundance shows that 179 phyllosphere samples cluster according to forest of
origin (MSH: open triangles, SBL: full triangles) and date of sampling (detail showed only for
MSH). The significant association of 83 and 25 ASVs with forest of origin and/or sampling date,
respectively is shown (points colored according to clade assignation; legend on top right). b)
Spatial and c¢) temporal autocorrelation analyses conducted in each forest separately. Points
represent Bray-Curtis (BC) dissimilarity in function of pairwise geographic (pDist; b) or pairwise
time (pTime; c¢) distance separating two communities. For each forest and variable, the predicted
linear regression is indicated (full line: p<0.001; dotted line: p>0.05; ANOVA). d) BC in function
of sampling time for each forest. ) Detail of spatial autocorrelation analyzes in MSH, conducted
for each sampling time point separately. f) Standardized effect size of mean nearest taxon
phylogenetic distance (SES(MNTD)) between forests and across sampling dates. Negative values
of SES(MNTD) indicate communities contain ASVs that are phylogenetically clustered

compared to a null model of stochastic community assembly.
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Figure 5 - Analysis of 79 Methylobacterium isolate growth performances under 4 different
temperature treatments. a) Average growth curves (growth intensity in function of time) for
each clade (line: mean value; frame: 1/3 of standard deviation; point: average maximal growth).
b) Growth rate (») in function of yiel (Y). Each point represents the average »/Y values for an
isolate and a temperature treatment (79 isolates x 4 treatments), colored according to clade
membership. Ellipsoides are centered on average values per clade and represent 30% of
confidence interval (standard deviation). c¢)  (log scale) in function of time at which samples
strains were isolated from were collected, colored according to the forest of origin. Points: real
data; bars: average r value per forest (n=2) and time (n=4) category. d) » in function of Y,
corrected for clade assignement (residuals of the »~Clade and Y~Clade linear regressions). Each
point represents the average 7/Y residual values for an isolate and a temperature, colored

according to the monitoring temperature (legend on top right).
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Table 1 - PERMANOVA analysis of variance in Bacteria and Methylobacterium community

diversity. Part of variance in dissimilarity (R’; Bray-Curtis index) among samples associated

with four factors and their possible interactions (F: forest of origin; D: date of sampling; H: host

tree species; P: plot within forest) and their significance are shown (10,000 permutations on ASV

relative abundance, Hellinger transformation; “***”: p<0.001; “**”: p<0.01; “*”: p<0.05.). For

16S rRNA, P was omitted to conserve degrees of freedom.

Bacteria (16S rRNA)

Methylobacterium (rpoB)

Samples 179
Factor R? Pr(>F) R? Pr(>F)
Forest of origin (F) 0.316™** <0.000 0.324*** <0.001
Host tree specie (H) 0.156™*** <0.001 0.071*** <0.001
Time of sampling (D) 0.120* 0.016 0.048™*** <0.001
Plot within forests (P) - - 0.080*** <0.001
F:H 0.020 0.080 0.004 0.110
H:D 0.239 0.217 0.074** 0.028
H:P - - 0.043** 0.007
D:P - - 0.058 0.455
H:D:P - - 0.085 0.052
Residuals 0.150 - 0.213 -

39



856

857

858

859

860

861

862

863

864

865

866

867

868

Table 2 - Summary of statistics from autocorrelation analyzes on 179 phyllosphere

Methylobacterium samples assessed by rpoB barcoding (200 ASVs). Spatial autocorrelation

general models : pairwise dissimilarity between two communities (Bray-Curtis index; BC) as a

function of pairwise spatial distance separating two sampled trees (pDisf) and date of sampling

(Date) and their interaction (pDist:Date). Spatial autocorrelation models per date: BC as a

function of pairwise spatial distance (pDist). Temporal autocorrelation: general models: BC as a

function of pairwise spatial time separating two sampled trees (pTime). For each model, the

average and standard deviation of the intercept (mean BC value) are indicated. For each factor

(pDist, Date, pDist:Date and pTime), the average and standard deviation of estimates (slope) are

indicated. Significance of estimates was assessed by ANOVA (“***”: p<0.00l; “**”: p<0.01;

“*7: p<0.05).
Categories (n) Intercept (sd) Estimates*10° (sd)
Spatial autocorrelation general models: Im(BC~pDist*D)
Site (within dates) BC pDist D pDist:Date
MSH 0.5965 (0.0107) -0.0041 (0.0192)***  -2.7648 (0.1313)***  0.0007 (0.0002)**
SBL 0.6493 (0.0097) 0.0157 (0.0145) -1.5575 (0.1646)***  0.0000 (0.0002)
Spatial autocorrelation models per date: Im(BC ~pDist)
Site Date BC pDist
MSH 27 Jun. 0.6237 (0.0340) -0.0425 (0.0725)
6 Aug. 0.4919 (0.0112) 0.0503 (0.0192)*
7 Sept. 0.3746 (0.0059) 0.0313 (0.0099)**
18 Oct. 0.2966 (0.0045) 0.0795 (0.0073)***
SBL 20 Jun. 0.6868 (0.0146) 0.0082 (0.0216)
16 Jul. 0.5819 (0.0113) 0.0215 (0.0174)
16 Aug. 0.5415 (0.0105) 0.0114 (0.0150)

20 Sept. 0.5222 (0.0089) 0.0145 (0.0130)

Temporal autocorrelation general models (BC ~pTime)

Site BC pTime
MSH 0.4086 (0.0032) 1.0786 (0.0607)***
SBL 0.5789 (0.0030) 0.3012 (0.0617)***
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Table 3 - Variance in yield (¥) and growth rate (r) measured in 79 Methylobacterium isolates
grown under 4 temperature treatments. Y and  values were transformed in log to meet normal
distribution. For each factor following factors: clade (C), forest of origin (F), host tree species
(H), time of sampling (D), temperature of incubation during pre-conditioning (7p) and monitoring
(Twm) steps, temperature of isolation (77) and their interactions, significance of Y and r responses

are shown (“***”: p<(.001; “**”: p<0.01; “*”: p<0.05; see Dataset Slo for details).

Rate Yield
Forest (F) 0.015** 0.002
Host tree species (H) 0.022*** 0.013***
Date of sampling (D) 0.054*** 0.013***
Pre-conditioning temperature (Tp) 0.001 0.014***
Monitoring temperature (Ty) 0.158*** 0.020***
Temperature of isolation (T;) 0.010** 0.006*
Clade (C) 0.076*** 0.306™**
F:D 0.005 0.035***
H:D 0.003 0.019***
H:C 0.005 0.059***
D:C 0.029** 0.028***
F:C 0.011 0.014*
F:Ti 0.003 0.021%*
H:TI 0.000 0.021%*
C:Ti 0.024*** 0.007
F:H:D 0.012* 0.023***
F:H:C 0.010* 0.002
F:D:C 0.001 0.008**
H:D:C 0.000 0.013***
H:D:TI 0.016*** 0.019***
other interactions (sum) 0.177 0.079
Residuals 0.371 0.279
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Supplemental material legends

Supplementary Materials and Methods S1 - Detailled materials and methods and

supplementary references.

Figure S1 - ML phylogenetic trees from sucA (a) and rpoB (b) concatenated hypervariable (HV)

regions and consensus clade tree (c).

Figure S2 - Experimental design of Methylobacterium monitoring for growth performance under

four temperature treatments.

Figure S3 - Example of image analysis of Methylobacterium monitoring for growth performance

under four temperature treatments.

Figure S4 - Prediction of log normal growth curve, growth rate and yield for 79 isolates

incubated under four temperature treatments.

Figure S5 — Alphaproteobacteria (a) and Methylobacterium (b) diversity assessed by rpoB
barcoding, comparison of Methylobacterium diversity assessement from rpoB barcoding and /6s
rRNA barcoding (c) and comparison of Methylobacterium diversity assessment from rpoB

barcoding and isolation (d).
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Table S1 - Primers used to amplify hyper variable regions in genes sucA4 and rpoB and sequence
amplification success in 20 Methylobacterium isolates from a pilot survey in MSH in august

2017.

Table S2 - Methylobacterium diversity assessed by culture-dependant (isolates; rpoB sanger
sequencing) and culture-free approaches (/6S rRNA and rpoB barcoding) and comparison

between different methods.

Dataset S1 — a) List of reference Methylobacteriaceae genomes used in this study ; b) List of
phyllosphere samples and their deposited accession numbers ; c¢) List of 80 methylotrophic
isolates from MSH (pilot survey in august 2017) ; d) Clade assignment of 76 Methylobacterium
isolates from the 2017 pilot survey based on BLAST ; e) List of isolates and nucleotide sequence
obtained from pilot and timeline surveys, and they deposited accession numbers ; f) List of 167
Methylobacterium isolates from timeline survey (2018) ; g) List of /6s YRNA and rpoB barcoding
libraries and they deposited accession numbers ; h) List of /6s rRNA ASV nucleotide sequences,
taxonomy and their absolute abundance in 46 phyllosphere samples ; 1) Summary of /6s rRNA
ASV taxonomic assignation ; j) Tests for phylogenetic association of traits with culture-based
estimation of Methylobacterium diversity for different phylogenetic depth ; k) List of rpoB ASV
nucleotide sequences, taxonomy and their absolute abundance in 184 phyllosphere samples ; 1)
Summary of rpoB ASV taxonomic assignation; m) Detail of ANOVA analysis for each
Methobacterium ASV relative abundance; n) Average rate and yield values for 79
Methylobacterium isolates monitored under four temperature treatments ; o) Detailled ANOVA

results for yield and growth rate.
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Phylogenetics of plant-associated Methylobacterium diversity

We aimed to assess the known diversity of Methylobacterium and its distribution across biomes
and especially the phyllosphere. First, we constructed a phylogeny of Methylobacteriaceae from
the complete sequence of rpoB, a highly polymorphic housekeeping gene commonly used to
reconstruct robust phylogenies in bacteria, because unlikely to experience horizontal gene
transfer or copy number variation (1, 2). We retrieved this gene from all complete and draft
Methylobacteriaceae genomes publicly available in September 2020, including 153
Methylobacteria, 30 Microvirga and 2 Enterovirga (Dataset Sla), using blast of the rpoB
complete sequence from the M. extorquens strain TKO001 against NCBI databases
refseq _genomes and refseq rna 3) available for Methylobacteriaceae
(Uncultured/environmental samples excluded). Nucleotide sequences were converted in amino-
acid in MEGA7 (4, 5), aligned according to the protein sequence, an converted back in
nucleotides. The Methylobacteriaceae phylogenetic tree was inferred from the rpoB nucleotide
sequence alignment (4064 bp). Nodal support values (Bayesian posterior probabilities) were
estimated using MrBayes v. 3.2.7a (6). Bayesian analyses consisted of paired independent runs,
each using four Metropolis coupled chains that consisted of 5 million generations, after which
standard deviation of split frequencies had stabilized to less than 0.03. For each of the paired
runs, trees were sampled every 1000 generations and the first 1 million generations were treated
as the burn-in and discarded. The remaining trees from the two runs (n=1802) were combined to
determine split frequencies (nodal posterior probabilities). The consensus tree and nodal support
values were determined in PAUP v. 4. To improve the presentation of the tree, branch lengths
were computed in R, using the Grafen method (7) (function compute.brien in package ape ;
Figure 2). For each Methylobacterium reference strain, we retrieved the species name and the
sampling origin, when available. Additionally, we assigned each strain to a group (A, B, C)
according to previously proposed subdivisions (8). Because group A consisted in several
paraphyletic groups branching deeply in the rpoB phylogeny, we subdivided Methylobacterium
group A into 9 clades (A1-A9), using a ~92% pairwise similarity (PS) cut-off on the rpoB
complete sequence. PS was calculated in MEGA7 from nucleotide sequences as PS = I-

pdistance.
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Study sites and phyllosphere sampling

Study forests

The two study forests were located in Gault Nature Reserve (Mont Saint-Hilaire, Quebec, Canada
; 45.54 N 73.16 W), here referred as MSH, an old forest occupying the hill of Mount Saint-
Hilaire, and Station Biologique des Laurentides (Saint-Hippolyte, Quebec, Canada ; 45.99 N
73.99 W), here referred as SBL, a mosaic of natural wetlands, xeric and mesic forests (Figure 1;

Dataset S1b).

In august 2017, we realized a pilot survey in MSH. We choose two plots (MSH-LO and MSH-
HO0) with similar tree species composition and different elevations (175 and 220 m, respectively).
Forests were dominated by merican beech (Fagus grandifolia), sugar maple (Acer saccharum),
striped maple (Acer pensylvanicum), birch (Betula alleghaniensis) and northern red oak (Quercus
rubra). We collected leaves from 18 randomly chosen trees among dominant species (9 trees per
forest), for which we were able to sample the lower part of the canopy (3-5m), hence excluding
B. alleghaniensis and Q. rubra. Additionally, we sampled one American hophornbeam (Ostrya
virginiana) in MSH-HO. For each tree (n=19), sampling was replicated tree times in different

parts of the subcanopy (3-5m), whenever possible.

In 2018, we realized a timeline survey in MSH and SBL. In MSH, we choose 6 plots distributed
along a 1.2 km ecological and altitudinal transect (MSH1-6). Lower plots MSH1,6 (170-190 m)
were dominated by F. grandifolia and A. saccharum. Medium plots MSH2,3 (225-270 m) were
dominated by B. alleghaniensis, Q. rubra and A. saccharum. Higher plots MSH4,5 (290-315 m)
were dominated by A. saccharum, Q. rubra and O. virginiana. In SBL, we choose 4 plots (SBL1-
4) distributed along a 1.2 km transect in a transition zone dominated by A. saccharum, F.
grandifolia, A. pensylvanicum, balsam fir (4Abies balsamea), red maple (Acer rubrum), and paper
birch (Betula papyrifera). During this aurvey, we tagged 80 trees (40 per forest, 6-10 per plots)
from the dominant species for which we were able to sample the subcanopy, hence excluding
Betula ssp from any plot and Q. rubra from MSH2,3. Each tree was sampled 3-4 times from June
to October 2018. For each time point and each tree, sampling was replicated twice in different

parts of the subcanopy, whenever possible.
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Sample collection

Sampling consisted of collecting about 2-10g of leaves into Fisherbrand® sterile bags with a pole
pruner while wearing nitrile gloves. For each plot, we realized a negative controls consisting in
empty sterile bags opened and sealed on site. Samples were sealed and conserved up to 48h at
4°C until further processing. Samples were randomized before processing. Each bag was
unsealed under a sterile hood and 50ml of sterile phosphate buffer was added (KH>PO4 100mM
solution poured into KoHPO4 100mM solution until pH 7.3). Bags were sealed again and
vigorously agitated for 5 minutes. For each bag, about 45 ml of phosphate buffer containing the
microbial community was transferred in sterile 50 ml Falcon® tubes and centrifuged for 30
minutes at 3,900 rpm at 4°C. Supernatant was removed in order to left the pellet in less than 1 ml
of phosphate buffer. The pellet was resuspended and split in two equal volumes in two sterile 1.5
ml tubes. The first tube was directly stored at -80 °C for future DNA extraction, metagenomics
and community analysis. The second tube was completed with 500 pl of 50% glycerol (minimum
final glycerol concentration: 25%) for future isolations and stored at -80 °C.

Samples were randomized before DNA extraction. DNA extraction was performed using a
DNeasy PowerSoil Pro Kit (Qiagen) with the following modifications: each sample (~500 ul)
was thawed on ice and centrifuged in order to resuspend the pellet containing the microbial
community in a maximum 200 pl volume before proceeding to extraction. DNA was eluted in
50ul of solution C6 and stored at -20 °C. DNA was quantified using Qubit™ dsDNA HS Assay

Kit and was detectable in all samples but negative controls with an average of 1.3 ng/ul.

Bacterial community analysis of the timeline survey by 7165 rRNA barcoding

Samples

We evaluated the bacterial phyllosphere diversity through Illumina sequencing of the /65 rRNA
ribosomal gene using primers 799F-1115R targeting the V5-V6 region and excluding
chloroplastic DNA (9). 16S ¥rRNA gene amplicon sequencing was performed on 46 phyllosphere
samples from 13 trees from both forests sampled 3-4 times throughout the 2018 growth season
(Dataset S1b). We included one negative control (see section Sample collection) and one
positive control (METH community) consisting in mixed genomic DNAs from 18

Methylobacterium isolates representative of diversity in SBL and MSH (Dataset Slc,f), one
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Escherichia coli strain and one Sphingomonas sp. isolate from MSH (isolate DNA022; Dataset
Slc).

Library preparation and sequencing

PCRs contained 1pL of sample DNA, 5 puL of Phusion Hot Start II Buffer (thermoscientific
Fisher®), 0.5 pL of ANTP mix 10 uM, 0.5 pL of each primer at 10uM, 0.75uL of DMSO and
0.25 pL of Phusion Hot Start II Buffer DNA Polymerase (thermoscientific Fisher®) for a final
volume of 25uL.. PCRs were carried out in a thermocycler MasterCycler ProS Eppendorf© with
the following steps: 30" at 98 °C; then, 35 cycles of 15" at 98 °C, 30" at 64 °C and 30" at 72 °C;
and a final extension of 10" at 72 °C. PCR products were loaded on 1% agarose gel ran at 120V
for 45’ to control for amplification and fragment size with a 100 bp ladder (Invitrogen™). For
each sample and the ladder, 1 pL of PCR product was mixed with 5 pL of dye buffer EZ-
VISION® TREE (VWR™),

Samples were randomized before PCR amplification (random attribution of barcodes). PCR
amplification (~400bp) was obtained for all samples and positive control but not negative
controls. The /65 ¥rRNA amplicon library was prepared according to QIAseq FX DNA Library
Kit (QIAGEN) protocole. The library was controlled for DNA concentration (Qbit™), quality
(qPCR, NEBNext® Library Quant Kit for Illumina) and size distribution (Bioanalyzer DNA
High Sensitivity, Agilent). Library concentration was adjusted according to the qPCR value at
6pM and sequenced with 1% phiX on Miseq (Illumina) with Miseq reagent kit v3 600-cycles
(Paired-end 300 pb).

Amplicon Sequence Variant (ASV) definition with dada2

We obtained an average of 32,159 (range 12,162-55,181) paired reads per phyllosphere sample,
33,528 for the METH community (positive control) and 1,545 for the negative control. We
processed 16S rRNA reads in order to obtain an ASV (Amplicon Sequence Variants) abundance
table per sample, using package dada? in R (10) with following modifications. According to
sequence quality profiles, 3’ ends of forward and reverse reads from each sequence were trimmed

50 and 100bp, respectively (option truncLen in function filterAndTrim). Additionally, 5> ends of
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both reads were trimmed 20bp in order to remove the primer part (option trimLeft in function
filterAndTrim). After trimming, reads with expected error higher than 2 (option maxEE in
function filterAndTrim) were discarded. Sample inference was performed using pseudo-pooling
of samples (option pool=pseudo in function dada). Forward and reverse reads were merged
together (function mergePairs) and chimeras were removed (function removeBimeraDenovo).
After quality filtering (27% of sequences discarded), merging (13% discarded) and chimera
removing (14% discarded), we conserved an average of 14,871 (range 8,096-21,529) sequences
per phyllosphere sample, 16,367 for the METH community and 1,077 for the negative control,
for a total of 24,733 unique variants (ASVs).

Contaminant ASVs filtering and rarefaction

We assigned taxonomy of each ASV identified in negative control and METH community using
blast against NCBI nucleotide collection (nr/nt), uncultured/environmental samples excluded. In
negative control (22 ASVs), 99.6% of diversity (proportion of sequences) corresponded to taxa
typically associated with human oral and skin microbiomes (Saccharibacteria, Leptotrichia,
Corynebacterium, Actinomyces, Cutibacterium, Pseudoglutamicibacter, Prevotella and Kocuria).
In METH community (47 ASVs), 61.6% of diversity (proportion of sequences) corresponded to
genomic DNA from bacterial orders mixed in the community: Sphingomonadales (1 ASV; 5.4%
of diversity), Enterobacterales (Escherichia coli; 4 ASVs; 18.5% of diversity) and Rhizobiales
(Methylobacterium ssp.; 18 ASVs; 36.4% of diversity). Although the remaining diversity was
dominated by Thermotogales (Fervidobacterium sp., 36.4% of sequences, 3 ASVs), these ASVs
were absent from the negative control and phyllosphere samples, suggesting that these
contaminants only affected the METH community. The remaining diversity corresponded to
ASVs abundant in phyllosphere samples and thus likely corresponded to cross contamination
among samples before the library preparation step. Each of these contaminant ASVs
(Thermotogales excluded) had less than 0.3% of relative abundance in the METH community.
We thus used this value as a conservative threshold to remove likely contaminant ASVs. In clear,
any ASV that had a maximum relative abundance calculated across samples (negative control
excluded) lower than 0.3% was discarded. We performed rarefaction curves on each sample to
determine a conservative number of sequences to conserve per sample. Accordingly, the

randomly picked 5,000 sequences per sample, hence excluding the negative control. After
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rarefaction, we obtained 732 ASVs, 725 of which were present in phyllosphere samples (42-292
per sample) and 24 in the METH community.

Taxonomic assignation of ASVs using SILVA

We aimed to assign taxonomy of each of the 732 identified ASVs (725 in phyllosphere samples),
with emphasize on Methylobacterium, hence limiting taxonomic assignation at the genus level
within Methylobacteriaceae, at the family level within Rhizobiales, at the order level within
Alphaproteobacteria, at the class level within Proteobacteria, and at the phylum level within
Bacteria. We used SILVA v.138 (11) as a database with assignTaxonomy function in R package
dada? (Dataset S1h).

Among phyllosphere samples, 100% of diversity (proportion of sequences) was assigned to
Bacteria (725 ASVs; Dataset S1i). The phyllosphere bacterial community was dominated in both
forests by Actinobacteria (36.3% of sequences, 232ASVs), Bacteroidota (22.1%, 98 ASVs),
Deinococcota (5.7%, 28 ASVs) and Proteobacteria (29.8%, 249 ASVs). Proteobacteria
consisted in Gammaproteobacteria (9.1%, 87 ASVs) and Alphaproteobacteria (20.7%, 162
ASVs). In Alphaproteobacteria, more than 75% of diversity was found within the order
Rhizobiales (13.1%, 72 ASVs), dominated by the family Beijerinckiaceae (13.0%; 67 ASVs).
Methylobacteriaceae did not exist as a separate family in the SILVA database and
Methylobacterium (annotated Methylobacterium-Methylorubrum (8)) was embedded within
Beijerinckiaceae (15 ASVs, 1.3%). Beijerinckiaceae contained two “true” Beijerinckiaceae
genera: Methylocella (4 ASVs, 0.5%), Methylorosula (3 ASVs, 1.5%), two incorrectly classified
genera: Psychroglaciecola (Methylobacteriaceae; (12)), Roseiarcus (Roseiarcaceae; (13)) and
one unknown genera annotated as 1/7/74-901-12 but representing 9.5% of total diversity (38
ASVs). We blasted sequences from the two most abundant ASVs annotated “1774-901-12 “ by
SILVA against NCBI nucleotide collections (nr/nt, uncultured/environmental samples excluded)
and obtained 100% identity with Lichenibacterium minor and Lichenibacterium ramalinae,
respectively. These species were recently isolated from lichens colonizing birch trunks in boreal
forests and represent the unique members of the newly described Rhizobiales family
Lichenibacteriaceae (14). Finally, 5 ASVs (0.2% of diversity) were not assigned at the genus

level.
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Methylobacterium was present in almost all analyzed samples (45 out of 46), representing 1.3%
[0.0-3.2%] of total sequence abundance. Using blast against NCBI databases (3) refseq _genomes
and refseq rna available for Methylobacteriaceae (Uncultured/environmental samples excluded),
we determined that the 15 Methylobacterium ASVs identified by /16S rRNA sequencing mostly
belonged to clades typical of the phyllosphere: A9 (M. phyllosphaerae/M. mesophilicum/M.
phyllostachyos/ M. pseudosasicola/M. organophilum; 0.87% of sequences, nine ASVs), A6
(0.29%; one ASV) and A1 (M. gossipicola; 0.13%, 3 ASVs; Dataset S1i). No ASV was assigned
to group B or group C. We defined a new clade (A10) with two rare ASVs assigned to M.

komagatae (<0.01%) but unrelated to any aforementioned clade.

16S rRNA community analyzes

We evaluated factors shaping phyllosphere microbial diversity estimated from /65 rRNA
barcoding, namely: forest of origin, host tree species and time of sampling. Relative abundances
were normalized by Hellinger transformation to account for rare taxa, using function decostand
in R package vegan (15). We performed a PERMANOVA to evaluate the contribution of each
factor to microbial diversity (Hellinger transformation) using function adonis from R package
vegan (Table 1; 10,000 permutations). As observed for PCA, forest of origin explained most of
the variation (31.6%; p<0.001), followed by host tree species (15.6%; p<0.001) and sampling
time (11.9%; p<0.05).

Methylobacterium isolation from a pilot survey in MSH in august 2017

Isolation

We performed Methylobacterium isolation from samples collected during the pilot survey in
2017 in MSH (57 samples from 19 trees; plots HO and LO; 9-10 trees per plots; Dataset S1b). For
each sample, we spread 10uL of phyllosphere microbial community glycerol stock (see section
Sample collection) in a petri dish containing MMS synthetic solid media with 0.1% methanol
sterilized by filtration (0.22um filters), as sole carbon source to select for Methylobacterium, and
50mg/L of Cycloheximide to reduce fungal contamination (16). Petri dishes were incubated two

weeks at 20 °C and 30 °C. Both temperatures were tested for all samples in order to minimize
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biases toward mesophylic isolates. From each petri dish, 0 to 3 pink colonies were isolated to
maximize representativeness in term of color and size, spread separately on new MMS synthetic
solid media (0.1% methanol, 50mg/L Cycloheximide) enriched with Sigma® RPMI1640
vitamins solution and 0.05g/L yeast extract to boost cell growth (17) and incubated 2-4 weeks at
30 °C or 20 °C according to the temperature of isolation. After incubation, colonies from petri
dishes with contamination or with at least two different types of colonies (based on color) were
spread on new MMS media whenever possible. Clean petri dishes were swabbed with 2mL of
sterile distilled water. Colonies were collected in approximately 1mL of liquid and centrifuged in
1.5 mL Eppendorf tube, 10 minutes at 4°C (21130 rcf). Pictures of pellets were taken and tubes
with evidence of contamination (two different colors in the pellet) were discarded. Clean pellets
were resuspended; 450 pL were directly stored at -80 °C for future DNA extraction; 50uL were
lysed by 10 minutes of incubation at 98°C, centrifuged 10 minutes at 4°C (21130 rcf) and stored
at -20 °C for future isolate identification based upon amplification by PCR of marker genes, and
500uL were mixed with 500uL of glycerol 50% for culture stock (final glycerol concentration:
25%, storage at -80 °C).

16S rRNA VA4 region amplification

We identified isolates from the pilot survey by PCR amplification and sequencing of the V4
region from /6S rRNA ribosomal gene using primers 515F GTGCCAGCMGCCGCGGTAA (18)
and 786R GGACTACHVGGGTWTCTAAT (19), universal for bacteria. For isolates DNAOO1-
DNAO024, identification was performed from genomic DNA extracted using DNeasy Blood &
Tissue Kit (QIAGEN). For isolates LYS001-LYS096, identification was directly performed from
cell lysate (see above). PCRs contained 1uL of cell lysates of genomic DNA, 5 uL of Phusion
Hot Start II Buffer (thermoscientific Fisher®), 0.5 pL of ANTP mix 10 uM, 1 puL of each primer
at 3uM, 0.75uL of DMSO and 0.25 pL of Phusion Hot Start II Buffer DNA Polymerase
(thermoscientific Fisher®) for a final volume of 25uL.. PCRs were carried out in a thermocycler
MasterCycler ProS Eppendorf© with the following steps: 3" at 98 °C; then, 35 cycles of 45" at 98
°C, 1"at 50 °C and 130" at 72 °C; and a final extension of 10" at 72 °C. PCR products were then

sequenced by Sanger sequencing.

10
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Methylobacterium isolate identification

We obtained /6S rRNA nucleotide sequences from the V4 region for 80 pink colonies isolated for
18 out of 19 sampled trees (Dataset S1c). Sequences were manually curated according to the
original chromatogram and classified using blast of the V4-16S rRNA sequence against NCBI
databases (3) refseq genomes and refseq rna available for Methylobacteriaceae
(Uncultured/environmental samples excluded). Four isolates did not closely match any
Methylobacteriaceae reference and actually corresponded to Stenotrophomonas sp. (n=1),
Deinococcus sp. (n=1) and Sphingomonas sp. (n=2). We assigned the 76 remaining isolates to
previously identified Methylobacterium clades. We identified 8 unique V4-16S ¥rRNA sequence
variants. One variant present in 11 isolates was assigned to clade A9 (at least 99% of similarity
with M. phyllosphaerae/M.  mesophilicum/M.  phyllostachyos/ M. pseudosasicola/M.
organophilum); two variants in 19 isolates to clade A6 (M. sp.; 100% of similarity) and two
variants in 12 isolates to clade A10 (M. komagatae; 100% of similarity). The three remaining
variants identified in 34 isolates had 100% similarity with either clade Al (M. gossipicola), A2
(M. sp.) or A3 (M. sp.). Because of the close V4-16S rRNA similarity (>99%) among some
representative sequences of different clades, we affined the assignation of 24 representative
isolates using sequencing and phylogenies of partial nucleotide sequences of two candidate
marker genes: sucA and rpoB (Details in section Development of a Methylobacterium-specific
molecular marker). We confirmed previous assignations to clades A6, A9 and A10 and

distinguished isolates from clades A1 (n=30) and A2 (n=4; Dataset Slc).

Development of a Methylobacterium-specific molecular marker

Development of a fine-scale single-copy molecular marker specific to Methylobacterium

As an alternative to the /65 ¥rRNA gene, we developed a highly polymorphic marker targeting
specifically — but not exclusively — isolates from the Methylobacteriaceae family. We choose two
candidate genes, rpoB and sucA. Gene sucA is part of the 2-oxoglutarate dehydrogenase (OGDH)
complex which catalyzes the decarboxylation of 2-oxoglutarate (20). It has been used as a marker
gene to reconstruct phylogenies in Salmonella (21) and Enterobacteriaceae (22). Gene rpoB
encodes the beta subunit of RNA polymerase and is widely used to reconstruct phylogeny in

bacteria (1, 2, 22, 23). We retrieved complete 7poB and sucA nucleotide sequences available for
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153  Methylobacterium genomes and 32 Methylobacteriaceae outgroups (Microvirga,
Enterovirga; see Dataset S1a) and confirmed that both genes were single-copy in all genomes,
contrary to /6S rRNA. We performed alignment based on the amino-acid sequence in MEGA7
with default parameters (5). Based on the alignment, we identified five hypervariable (HV)
regions (three in sucA, two in rpoB) flanked by well-conserved regions across
Methylobacteriaceae, for which we designed specific primers (Table S1). We tested each primer
pair targeting a HV region on 20 representative Methylobacterium isolates from the pilot survey.
PCRs contained 1uL of cell lysates of genomic DNA, 5 pL of Phusion Hot Start II Buffer
(thermoscientific Fisher®), 0.5 pL of ANTP mix 10 uM, 1 pL of each primer at 3uM, 0.75uL of
DMSO and 0.25 pL of Phusion Hot Start II Buffer DNA Polymerase (thermoscientific Fisher®)
for a final volume of 25uL. PCRs were carried out in a thermocycler MasterCycler ProS
Eppendorf© with the following steps: 3’ at 98 °C; then, 35 cycles of 45" at 98 °C, 30" at 60 °C
and 130" at 72 °C; and a final extension of 10" at 72 °C. PCR products were then sequenced by
Sanger sequencing.

We successfully amplified and obtained clean sequenced for both rpoB HV regions in the 20
tested isolates (Table S1; Dataset Slc,d). We choose the first HV region targeted by primers
Met02-352-F (AAGGACATCAAGGAGCAGGA) and Met02-1121-R
(ACSCGGTAKATGTCGAACAQG) as specific marker for Methylobacteriaceae for the rest of
this study.

A consensus Methylobacterium phylogeny by coupling sucA and rpoB phylogenies

In order to validate Methylobacterium clade definition, we performed ML phylogenetic trees (100
permutations, complete deletion) for 7poB and sucA partial nucleotide sequences, separately. For
sucA, we concatenated the three HV regions (1,663 bp) available for 189 reference genomes and
the 14 tested isolates for which we obtained sequences for all of the three HV regions (Figure
S1a). For rpoB, we concatenated the two HV regions (1,244 bp) available for 163 reference
genomes and the 20 tested isolates (Figure S1b). We observed a strong congruence between both
phylogeny topologies (summarized in Figure S1c). All defined clades were monophyletic in the
sucA and rpoB phylogenies and supported by more than 80% of bootstraps in both for most
clades but Al (49 and 79%, respectively), B (99 and 68%, respectively) and A5 (89 and 45%,
respectively). The consensus clade tree shows that group C is the more basal group of

Methylobacterium. Among the remaining clades, we distinguished three groups of sister clades,
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among and within which phylogenetic relationships remain mostly unsolved: A1/A2/A3, A4/B
and AS5/(A6/((A7/A8)/(A9/A10))).

Culture-based assessment of Methylobacterium diversity of the timeline survey

Isolate isolation and identification

We monitored temporal and host-associated trends in Methylobacterium diversity in the
phyllosphere by performing isolation on 28 trees sampled in 2018 in MSH and SBL (Timeline
survey; Dataset S1f). Isolation was performed at 20 and 30 °C on MMS media with methanol as
sole carbon source, as described in section Isolation. In a first batch, isolation was performed on
all samples collected from 8 trees (4 per forest; 2 Acer saccharum and 2 Fagus grandifolia)
between June and October 2018 (3-4 time replicates per tree). From this survey, we obtained 98
pink isolates (36 in MSH, 62 in SBL), for which we were able to amplify the 7poB marker using
primers Met02-352-F and Met02-1121-R and get readable nucleotide sequences (details in
section Development of a Methylobacterium-specific molecular marker). We obtained the highest
average isolation success per sample in date 1 for MSH (27 June, n=5.0) and in date 2 for SBL
(16 July, n=5.8). We thus selected these dates for a second isolation batch focusing on host-
associated diversity. In each forest, we selected 10 trees sampled at the aforementioned dates and
representative of diversity found in each forest. We repeated isolation and identification as
described above and obtained 69 isolates (37 in MSH, 32 in SBL). Combining both batchs, we
obtained 167 Methylobacterium isolates, 56.3% of which came from SBL, 43.7% from MSH; and
32.9% of which were isolated at 20 °C, 67.1% at 30 °C.

Isolate assignation to Methylobacterium clades

Among the 167 Methylobacterium isolates from the timeline survey, we identified 71 unique
sequence variants, which is almost a 10-fold increase in comparison with V4-16S rRNA (see
section Methylobacterium isolation from a pilot survey in MSH in august 2017). We assigned the
167 isolates to Methylobacterium clades (Dataset S1f; Table S2) using a phylogenetic tree
(Figure 3b) inferred from an alignment combining partial nucleotide sequence for the rpoB
marker sequenced for all isolates (first rpoB HV region), rpoB complete nucleotide sequences

available for 185 Methylobacteriaceae complete genomes and partial nucleotide sequence for 2
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rpoB HV regions we previously obtained for 20 representative Methylobacterium isolates from
the pilot survey (1,244bp; detail in section Development of a Methylobacterium-specific
molecular marker). Alignment was manually curated in MEGA?7 (5), using the complete amino
acid sequence as a guide, and sites not present in >70% of the sequences were removed using
phyutility (v2.6). Nodal branch supports in the phylogenetic tree were estimated using MrBayes
v. 3.2.7a as described in section Phylogenetics of plant-associated Methylobacterium diversity
with the following modifications: standard deviation of split frequencies had stabilized to less
than 0.05. Nodes with less than 30% of posterior probability were collapsed. the 167 isolates
were assigned to clades within which their were embedded, using reference genomes and 20
isolates from the 2017 pilot survey as references. For these references, most clades were
monophyletic, but clade Al that formed a monophyletic group with A3, and clade A5 that
splitted in two monophyletic groups (AS5a, A5b). Isolates were assigned to Al (n=9; 5.4%), A2
(n=3; 1.8%), A6 (n=41; 24.6%), A9 (n=100; 59.9%), A10 (n=6; 3.6%), AS5b (n=1; 0.6%) and B
(n=7; 4.2%).

Visual scaling of the rpoB phylogenetic tree according to pairwise nucleotide similarity.

We aimed to assess Methylobacterium isolate diversity a different depths within the rpoB
phylogenies, with more emphases on the tips of the tree. We normalized the phylogenetic tree
(Figure 3b) so it was scaled proportionally to nucleotide pairwise similarity (PS;). In other terms,
we aimed to find a visual consensus between tree topology and evolutionary rate (here assumed
to be proportional with PS). First, we imported the phylogenetic tree in Newick format in R using
function read.tree in package ape (24). We converted the read.file object in a matrix filed with
node names, with isolates in rows and nodes in columns. Nodes were ordered from the tip to the
root of the tree, and then stacked to the root, so that the last column corresponded to the root of
the tree, the before last column contained the closest embedded node(s), and so on. Each column
of the matrix was labeled with a level number, L=1 corresponding to tips of the tree (sequences).
For each node, we also calculated the median PS value (PS = 1-pdistance) among embedded
sequences, using a pdistance matrix calculated for all possible pairwise sequences in MEGA7
(complete deletion). PS values were transformed in inverse log scale (PSc= -log(1.005-PS)) to
optimize resolution at the tips of the tree. Hence, each node was associated with a L and a PSc

value. We used Pearson’s correlation coefficient (7°) between log(L) and PSc as an estimator of
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tree scaling (+* =-0.6071 for the initial tree). Then we iteratively moved nodes among levels in
the matrix while respecting level hierarchy, until #° stabilized close to -1 (’=-0.9948; 3,000
iterations), meaning that L was roughly proportional to PS. We used the resulting matrix as guide

tree for graphical representations in next sections.

PERMANOVA test at different depths in the rpoB phylogenetic tree

We aimed to test for association between Methylobacterium isolate diversity assessed at different
depths within the rpoB phylogeny with sampling and isolation characteristics as proxy for
Methylobacterium adaptive response to environmental variables through their evolution (Figure
3a). For each PS value in the phylogenetic tree in the range 0.950-1.000 (roughly corresponding
to PS range within clades), we classified isolates into discrete taxa and performed a
PERMANOVA (10,000 permutations) on Methylobacterium community dissimilarity using the
Bray-Curtis index (BC) based on taxa absolute abundance (Hellinger transformation) using R
package vegan (15). We tested for the relative contribution of four factors and their interactions
on taxon frequency: forest of origin (F); temperature of isolation (7); sampling time (D) and host
tree species (H). For each test, we performed permutations among isolates within batches of

isolation to limit batch contribution in the explained variance (Dataset S1j).

Permutation test for node association

We asked specifically which nodes within the Methylobacterium phylogenetic tree were
associated with the two major factors contributing to overall diversity, namely forest of origin
and temperature of isolation (Figure 3a). For every level in the rpoB tree, we independently
tested for association between taxa abundance (see above) and forest of origin (SBL and MSH) or
temperature of isolation (20 and 30 °C) by permutation (100,000 permutations per level and per
factor; Figure 3b). For each category of association (node-factor), we calculated p-values
according to the following formula: p=(b+1)/(m+1) where b was the number of expected values
higher than the observed value and m, the number of permutations (25) and applied Bonferroni
correction on p-values. To test for association with forest of origin, permutations were performed

among isolates obtained at the same temperature and from the same batch of isolation. To test for
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association with temperature of isolation, permutations were performed among isolates from the

same forest and from the same batch of isolation.

Methylobacterium community analysis of the timeline survey by rpoB barcoding

Samples, library preparation and sequencing

We evaluated the Methylobacteriaceae phyllosphere diversity through Illumina sequencing of the
Methylobacteriaceae-specific marker specific using primers Met02-352-F and Met02-1121-R
targeting the first hypervariable region of gene rpoB (details in section Development of a
Methylobacterium-specific molecular marker). Amplicon sequencing was performed on 184
phyllosphere samples from 53 trees representative of diversity found in MSH (n=26) and SBL
(n=27), and 48 of which allowed a monthly monitoring of diversity (3-4 samples per tree;

Dataset S1b,g).

Library preparation and sequencing were performed as described in section Bacterial community
analysis, with following modification. PCR amplification, library preparation and sequencing
were proceeded in four different libraries, each containing a random subset of 46 phyllosphere
samples, one negative control (see section Sample collection) and one positive controls (METH
community; see section Bacterial community analysis). PCRs contained 1pL of sample DNA, 5
uL of Phusion Hot Start II Buffer (thermoscientific Fisher®), 0.5 uL of ANTP mix 10 uM, 0.5 pL
of each primer at 10uM, 1.5uL of DMSO and 0.25 pL of Phusion Hot Start II Buffer DNA
Polymerase (thermoscientific Fisher®) for a final volume of 20uL. PCRs were carried out in a
thermocycler MasterCycler ProS Eppendorf© with the following steps: 30" at 98 °C; then, 35
cycles of 15" at 98 °C, 30" at 60 °C and 60" at 72 °C; and a final extension of 10" at 72 °C. PCR
amplification (~800bp) was obtained for all samples and positive controls but not negative

controls.

Amplicon Sequence Variant (ASV) definition with dada2

We obtained an average of 30,423 (range 7,510-70,039) paired reads per phyllosphere sample
(n=184), 29,297 (range 13,368-37,491) for METH communities (n=4) and 2,226 (range 467—
3,490) for negative controls (n=4). We processed rpoB reads in order to obtain an ASV
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(Amplicon Sequence Variants) abundance table per sample, using package dada? in R (10) with
following modifications. Read trimming, learning error and concatenating steps were processed
separately for each sequencing run (n=4). According to sequence quality profiles, 3’ ends of
forward and reverse reads from each sequence were trimmed 50 and 100bp, respectively (option
truncLen in function filterAndTrim). Additionally, 5’ ends of both reads were trimmed 20bp in
order to remove the primer part (option trimLeft in function filterAndTrim). After trimming, reads
with expected error higher than 2 (option maxEE in function filterAndTrim) were discarded.
Sample inference was performed using pseudo-pooling of samples (option pool=pseudo in
function dada). Because forward and reverse reads together (410 bp) did no cover the whole
amplicon size (750 pb), they were concatenated together (function mergePairs, option
justConcatenate=T), adding a “nnnnnnnnnn” string between forward and reverse sequences.
Sequencing runs were combined (function mergeSequenceTables) and chimeras were removed
(function removeBimeraDenovo). After quality filtering (29% of sequences discarded),
concatenation (2% discarded) and chimera removing (27 % discarded), we conserved an average
of 12,994 (range 3,935-25,807) sequences per phyllosphere sample, 13,915 (range 6,129-20,430)
per METH community and 38 (range 7-100) per negative control, for a total of 44,518 unique
variants (ASVs).

ASVs filtering and rarefaction

Before processing to rarefaction, we checked diversity within negative and positive controls
(METH communities), using blast of the most abundant ASVs against NCBI RefSeq Genome
Database (refseq genomes, limited to Alphaproteobacteria) and Nucleotide collection (nr/nt),
uncultured/environmental samples excluded. We recovered very few sequences in negative
controls (7-100 sequences per replicate, 51 ASVs), most of ASVs present in only one replicate,
suggesting very limited and scattered contamination. The most abundant ASV (45 sequences in a
single replicate) corresponded to Rhodococcus sp., a typical contaminant of DNA extraction kits
(26). Other ASVs (1-11 sequences per sample) were mostly assigned to Rhizobiales families
typical of the phyllosphere (Beijerinckiaceae, Lichenibacteriaceae), suggesting very limited cross

contamination between samples from a same sequencing run.
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In METH communities (6,129-20,430 sequences per replicate, 243 ASVs), we found very good
congruence in ASV absolute abundance across the four replicates (Pearson’s correlation
coefficient: 98.7-99.4%). Nucleotide sequences of the 19 most abundant ASVs (97.7% of total
diversity) were exactly identical to »poB partial sequences of 18 Methylobacterium ssp. (0.9-
20.9% per ASV) and one Sphingomonas sp. (0.5%) isolates from which DNA was mixed to built
the METH community. We thus considered them as “true ASVs”. No ASV was assigned to E.
coli, nor Fervidobacterium sp. although also present in the METH community and detectable
through /6§ rRNA barcoding amplicon sequencing (see section Bacterial community analysis),
confirming that the rpoB marker specificity is limited at least to Alphaproteobacteria. We
considered that the 224 remaining ASVs (2.3% of diversity) could be either sequencing or PCR
errors, contaminants or chimeric ASVs (i.e. resulting from concatenation of forward and reverse
reads from different origins). We estimated the potential origin of these “false” ASVs by
comparing their nucleotide sequences with those from the 19 trues ASVs, as well as homologous
sequences from nine reference genomes that we identified through quick blast search of
sequences from the most abundant false ASVs, and belonging to Caulobacterales (n=2) and
Rhizobiales families Beijerinckiaceae (n=2), Bradyrhizobiaceae (n=2), Lichenibacteriaceae
(n=2) and Methylocystaceae (n=1). For each putatively false ASV, we calculated nucleotide
pairwise similarity (PS) between its nucleotide sequence and all references sequences. In order to
identify chimeric ASVs, we did it separately for forward and reverse reads. We identified 12
relatively abundant chimeric ASVs (1.1% of total diversity) merely corresponding to scattered
combinations of forward and reverse reads from true Methylobacterium ASVs. Other false ASVs
corresponded to either Methylobacterium errors variants of true ASVs and/or contaminant (38
ASVs, 0.5% of total diversity), likely contaminant from phyllosphere samples (Beijerinckiaceae,
Bradyrhizobiaceae, Lichenibacteriaceae and Caulobacterales; 77 ASVs, 0.5% of total diversity),
chimeric combinations of ASVs among the aforementioned taxa (41 ASV, 0.1% of total
diversity) and ASVs unrelated to any of the reference sequences (PS<90%; 56 ASVs, 0.2% of
total diversity). Taken separately, false ASVs never exceeded 0.25% of relative abundance in one
of the four replicated METH communities, while true ASVs always have at least 0.62% of

relative abundance.
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Accordingly, we filtered out ASVs that did not have at least 0.5% of relative abundance in a least
one phyllosphere sample. We performed ASV filtering and rarefaction as described in section
Bacterial community analysis, with a random sampling of 3,000 sequences in each phyllosphere
sample and METH community (negative controls excluded; Dataset S1k). After rarefaction, we
conserved 1,400 ASVs, with an average of 203 (range 48-355) per phyllosphere sample and 29
(range 25-35) per METH community. In METH communities, chimeric ASVs were correctly
filtered out and remaining “false” ASVs (25 ASVs; 0.52% of total diversity) mostly
corresponded to contamination from the most abundant taxa found across phyllosphere samples

(see next section).

ASV taxonomic assignation

We assigned taxonomy of the 1,400 identified ASVs. We used a rpoB complete nucleotide
sequence database available for Bacteria (44,673 reference sequences), previously developed by
Ogier et al. (2) and last updated in December 2017. We formatted the database in R according to
SILVA v.138 format (11) and processed to taxonomic assignation of the 100 most abundant
ASVs with assignTaxonomy function in R package dada2? (10). We considered assignation
supported by at least 50% of bootstrap (minBoot =50). The 100 most abundant ASVs were
assigned at the Class level to Alphaproteobacteria, and at the Order level to Rhizobiales,
confirming specificity of the rpoB marker for this order. However, only 31 ASVs were assigned
at the family level, to Methylobacteriaceae (28 ASVs) and Bradyrhizobiaceae (3 ASVs),
respectively. We retrieved nucleotide sequences of the 13 most abundant ASVs that were not
assigned at the family level and performed blast against NCBI databases (3) refseq _genomes and
refseq rna available for Alphaproteobacteria (Uncultured/environmental samples excluded).
Nine ASVs matched rpoB sequences from at least one of five Rhizobiales genomes recently
added in the NCBI databases (Query Cov > 99%; Per. Ident >98%): two from Lichenibacterium
(Lichenibacteriaceae), a newly described genus (14), and three from Group RH a new, yet
unnamed, Beijerinckiaceae genus (27). Accordingly, we reduced the rpoB database to
Alphaproteobacteria to decrease computation time, and included the five aforementioned
sequences. Additionally, we removed all sequences annotated as Methylobacteriaceae and
replaced them by complete rpoB sequences from Methylobacteriaceae genomes available on

September 2020 (Figure 2; Dataset S1a) combined with rpoB partial nucleotide sequences

19



570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598

available from 20 isolates from the pilot survey (Dataset S1c). We annotated Methylobacterium
reference sequences at the species level according to clades. The final rpoB database for
Alphaproteobacteria contained 3062 reference sequences that we used to assign taxonomy of the

1,400 ASVs.

Most of ASVs (1,132) and diversity (94.91% of sequences) were assigned to Rhizobiales and 198
to Caulobacterales (4.32% of diversity). Within Rhizobiales, diversity was mostly assigned to
Beijerinckiaceae (131 ASVs, 22.53% of diversity), Lichenibacteriaceae (262 ASVs, 25.68% of
diversity) and Methylobacteriaceae (231 ASVs, 23.78% of diversity). A large proportion of
Rhizobiales diversity (360 ASVs, 21.20% of diversity) was not assigned at the family level. To
validate ASV taxonomy, we performed a phylogeny of 1,344 ASVs that could be exactly aligned
upon they amino-acid sequence (Rhodobacterales, Rickettsiales, Rhodospirillales, some
Sphingomonadales and unassigned Alphaproteobacteria ASVs excluded; Figure SS5a). The ML
tree (200 replicates) shows good support of main taxonomic groups identified with the rpoB
database. Most of unassigned Rhizobiales diversity was found at the tip of long branches within
monophyletic groups with few of no reference sequences: Lichenibacteriaceae, Beijerinckiaceae
(Group RH) and Methylobacteriaceae (Enterovirga) clades, and in a monophyletic group sister of
Lichenibacteriaceae and Beijerinckiaceae, and emcompassing some ASVs assigned to
Methylocystaceae (Methylocystaceae-like group). We corrected ASV taxonomy according to
their phylogeny (Dataset S1Kk).

After phylogenetic correction of taxonomy, ASV diversity was mostly found within
Caulobacterales (209 ASVs, 4.42% of diversity) and within Rhizobiales (1,133 ASVs, 94,96% of
diversity) in families Methylobacteriaceae (283 ASVs, 24.65% of diversity), Beijerinckiaceae
(GroupRH; 165 ASVs; 24.58% of diversity), Lichenibacteriaceae (307 ASVs; 31.75% of
diversity) and Methylocystaceae-like (171 ASVs, 11.04% of diversity). In Methylobacteriaceae,
ASVs were mostly classified in Methylobacterium (200 ASVs, 23.05% of diversity), and
Enterovirga (78 ASVs, 1.56% of diversity; Dataset S11).
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Methylobacterium ASV assignation to clades and of diversity between barcoding and isolation
We assigned the 200 Methylobacterium ASVs to clades using using a ML phylogenetic tree
based on rpoB partial nucleotide sequences from the 283 Methylobacteriaceae ASV (including
Microvirga: n=5 and Enterovirga: n=78), partial sequences including both rpoB variable regions
available from 20 isolates from the pilot survey (Dataset Slc,d) and complete rpoB sequences
from 185 references Methylobacteriaceae genomes (Dataset Sla). ASV Sequences were
manually aligned to sequences from reference genomes based upon the amino-acid sequences.
Missing positions in ASVs nucleotides sequences were replaced by “Ns”. Both alignment and
phylogeny were performed in MEGA7 (5). Only Methylobacterium ASVs embedded within
nodes supported by at least 30% of bootstraps (200 permutations, pairwise deletion) and

containing references assigned to a single clade, were assigned (Figure S5b).

We compared Methylobacterium diversity estimations from culture-dependant (/6s *RNA and
rpoB barcoding) and —independent methods (isolation). First, for /6s rRNA barcoding (15
Methylobacterium ASVs) and rpoB barcoding comparison (200 Methylobacterium ASVs), we
used data availalble for both methods from 41 phyllosphere samples from SBL (n = 27) and MSH
(n=14) and the METH community (n=1; four replicates combined for »poB barcoding). For each
sample and each method, we calculated Methylobacterium ASVs sequence relative abundances
(after excluding non-Methylobacterium ASVs) and combined these relative abundances for each
clade (A1, A6, A9, A10 for 16S rRNA; Al, A2, A3, A4, A6, A9, A10, B and unassigned ASVs
for rpoB; number of ASVs per clade and method summarized in Table S2). We displayed results
in a heatmap with samples in rows and clade relative abundance estimated by either /65 ¥rRNA or
rpoB barcoding in columns using Euclidean distance to calculate similarity among relative
abudances and samples (Figure S5¢). Samples mostly clustered according to their origin (SBL or
MSH). Relative abundances clustered according to clade (A1, A6, A9 and A10) rather than to
method (rpoB or 16S rRNA barcoding). We observed some inconsistency in clade A9 relative
abundance when comparing both methods. This could be due to the high relative abundance of
clade B detected by rpoB (19.1% of sequences) but not by /6S rRNA barcoding (no sequence).
By removing clades that were not detected by 76S rRNA barcoding (B, A2, A3, A4, AS,
unknown) in the calculation of clade relative abundance assessed by rpoB barcoding, we

observed almost perfect correlation in relative abundance of clades Al, A6, A9 and A10 between
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both methods (data not showed). Second, for the culture-dependant (rpoB barcoding; 200
Methylobacterium ASVs from 184 phyllosphere samples) and —independent methods comparison
(isolation; rpoB sequences from 167 isolates), we calculated pairwise nucleotide similarity (PS)
among nucleotide sequences from isolates and ASVs by keeping only comparable regions (Ns
removed; 333 bp left). We identified 123 isolates (out of 167: 73.7%) that had 100% identity
(PS=1) with at least one ASV, for a total of 53 ASVs (out of 200), representing 71.2% of
Methylobacterium diversity (sequence relative abundance) estimated from 7poB barcoding. Using
a more relaxed threshold assuming up to 2 sequencing errors of mutations (PS>0.994), we found
a match between 155 isolates (92.8%) and 124 ASVs representing 85.9% of diversity (Figure
S5d). In both cases, we found a good congruence between relative abundances of sequence
variants estimated from both methods (Table S2), indicating that our survey based on isolation
was a good estimator of phyllosphere Methylobacterium diversity. The only exceptions were
clade B, for which only 7 isolates (out of 167) were isolated in comparison with high relative
abundance estimated from rpoB barcoding (19.1%), and clade A4 that represented 1.4% of
Methylobacterium diversity based on barcoding but was not isolated. All analyses were

conducted in R (28).

PERMANOVA analysis of Methylobacterium community dissimilarity

We performed PERMANOVA analyzes of 184 phyllosphere samples to evaluate relative
contributions of forest of origin (F), plot within forest (P), host tree species (H), time of sampling
(7) and their interactions, in Methylobacterium community dissimilarity (Bray distance).
PERMANOVAs were conducted in R using function adonis from package vegan (15).
Methylobacterium ASV absolute abundances (200 ASVs) were corrected by Hellinger
transformation (decostand function) to account for rare ASVs and to correct for heterogeneity in
Methylobacterium abundance between samples. For each analysis, 10,000 permutations were
conducted between samples within randomized sequencing runs (n=4; strata option in adonis
function) to control for variations due to sequencing errors. We tested following models: (i) a
general model including all samples (n=184) and factors (S*T*H*P); (i1) two forest-specifics
models conducted separately on MSH (n=85) and SBL (n=99) samples, hence excluding S from
models (T*H*P, Table 1).
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Methylobacterium ASVs association with environmental factors

We tested for the association of each Methylobacterium ASV with forest of origin (F), plot
within forest (P), host tree species (H) and time of sampling (7) and their interactions (Dataset
S1m). For each ASV independantly, we evaluated by ANOVA the contribution of these factors
on the ASV relative abundance (fx; Hellinger transformation) under a linear model:
Im(fx~S*T*H*P). Then for each factor and interaction separately, we retrieve all p-values
associated to the contribution (part of variance) to ASV relative abundance, and applied
Bonferroni correction on p-values. In a principal component analysis (PCA) based on Bray-
Curtis dissimilarity among 184 Methylobacterium communities (Hellinger transformation on 200
Methylobacterium ASV relative abundances), we reported ASVs contributions to the PCA only
for ASVs significantly associated with one or either forest in the ANOVA (displayed in Figure
4a).

Spatial and temporal autocorrelation analysis on Methylobacterium ASVs

We quantified spatial and temporal dynamics of Methylobacterium community using
autocorrelation analysis based on Bray-Curtis pairwise dissimilarity (BC) between 184
phyllosphere samples. In order to remove large-scale spatial variation due to strong difference in
community composition between forests (Table 1), we analyzed MSH and SBL separately. For
each possible pair of phyllosphere samples, we calculated BC on ASV relative abundance (200
ASV, Hellinger transformation), pDist as the spatial distance separating trees where the two
samples came from (in meters) and pTime as the time separating dates when the two communities
were sampled (in days). We evaluated the effects of pDist and pTime on BC under three different
linear models by using ANOVA (Table 2). (i) Spatial autocorrelation general models: in MSH
and SBL (two models), we evaluated the effect of pDist on BC. In order to take into account
variations in community composition among dates, only pairwise comparisons among samples
from a same date (D) were considered, and D as well as the pDis¢:D interaction were included in
the model (Figure 4b). (ii) Spatial autocorrelation models per date. In each forest (n=2) and
sampling date taken separately (n=4), we evaluated the effect of pDist on BC (eight models;
Figure 4e only for MSH). (iii) Temporal autocorrelation: general models: in MSH and SBL (two
models), we evaluated the effect of pTime on BC, regardless spatial scales (Figure 4c¢). For each
model, we reported the average and standard deviation (sd) of the intercept, corresponding to the

average and sd BC values among all the considered pairwise comparisons (BC distributions from
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model (ii) displayed in Figure 4d). For each factor (pDist, Date, pDist: Date and pTime), we also
reported the average and standard deviation of estimates (slope), which significance was assessed

by ANOVA on the linear model (Table 2).

Methylobacterium growth performances under four temperature treatments

We tested for the adaptive response of Methylobacterium isolates from the phyllosphere, to
temperature variations during tree growing season. For 80 Methylobacterium isolated in 2018 in
forests MSH (n=32) and SBL (n=47), we evaluated growth abilities under four temperature
treatments, as a proxy for adaptation to temperature variations. Each treatment consisted in a first
pre-conditioned (P) step during which each isolate was incubated for 20 days to either 20 (P20)
or 30 °C (P30), and a second monitoring step (M) during which each pre-conditioned isolate was
incubated and their growth monitored for 24 days at 20 °C (P20M20 and P20M30) or 30 °C
(P30M20 and P30M30; Figure S2). We expected that treatments P20M20 and P30M30
mimicked stable thermal environments and that treatments P20M30 and P30M20 mimicked

variable thermal environments.

Growing conditions

Pre-conditioning step (P; Figure S2a,b): For each isolate (n=80), two negative controls (n=2)
and each temperature treatment (n=2), 10uL of cellular culture (thawed from -80 °C glycerol
stocks) or sterile water for controls, were spread on 20mL of solid MMS media containing 0.1%
methanol, 50mg/L of yeast extract and 50mg/L of vitamin mix (Sigma® RPMI1640). After 20
days of incubation at 20 °C (P20) or 30 °C (P30), petri dishes with no evidence of contamination
were swabbed with 2mL of sterile distilled water. Colonies were collected in approximately 1mL
of liquid and centrifuged in 1.5 mL Eppendorf tube, 10 minutes at 4°C (21130 rcf). Tubes with
evidence of contamination (two different colors in the pellet) were discarded. Clean pellets were
suspended by pipetting and cell concentrations were adjusted with sterile water to the same optic
density ODe30=0.2, equivalent to about 1.6x10® cells/mL. No dilution was applied to negative

controls.
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Monitoring step (M; Figure S2¢,d): For each pre-conditioned culture P20 (n=82) and P30
(n=82), 10pL (approximately 1.6x10° cells) were spotted on new petri dishes containing the same
MMS media as used in the pre-conditioning step. Spots were distributed on petri dishes according
to a 6x6 square grid (36 spots per plate), each dish containing 17 isolates and one negative
control, for each of which one culture came from P20 treatment and one from P30. P20 and P30
replicates from the same isolate were spotted next to each other in order to facilitate P treatment
comparisons. Isolate positions were randomized elsewhere. Each petri dish was duplicated, one

copy for incubation at 20 °C (M20 treatment) and one for incubation at 30 °C (M30).

For each isolate and each combination of treatments (PXXMXX), we realized 5 replicates,
randomly distributed in two series (PXXM20 and PXXM30) of 24 petri dishes (Figure S2e).
Within each M treatment, each petri dish had a different set and display of isolates, and replicates
from the same isolate were in different petri dishes and in different positions. During the
monitoring step, we took pictures of each petri dish with a Nexus LG device, at days 7, 13 and 24

after inoculation.

Image analysis

Pictures from each petri dish (n=24) and each time point (n=3) were first analyzed with Imagel
1.52e software. Each original picture (Figure S3a) was converted in grey scale. Areas outside of
the agar, as well as every visible particle other than bacteria spots within the agar area, were
manually cropped using the elliptic tool. The picture was duplicated (Figure S3b). The first copy
was used to measure raw bacteria spot intensities (BW). In the second copy, used for background
correction (BACK), bacteria spots were cropped using the elliptic tool, by keeping as much
background area as possible. Both copies having exactly the same dimensions (about
1,800x1,800 pixels per petri dish) were converted in matrix of pixel intensities using the
/transform/image_to_results tool and normalized in R in a 500x500-pixel matrix by averaging
intensities. Cropped areas and pixels with intensities out of the range 50-200 were considered as
missing values in BACK and BW. In order to reconstruct background intensities, missing values
in the BACK file (including cropped positions of bacteria spots) were predicted from values with
known intensity (Figure S3c). First, in order to tighten mesh in cropped areas, 15,000 pixels with

missing intensities were randomly sampled and their intensity predicted from average known
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intensities in a 30x30 pixels windows. Second, intensities for remaining pixels with missing
values were predicted in row (X-axis) and column (Y-axis), separately according to known and
predicted values in 50-pixel windows, using function runmean (package CaTools). Third, for
each pixel, predicted values in X and Y axis were averaged. Reconstructed intensities of the
BACK files were then subtracted to the BW file in order to remove background (Figure S3d). For
each spot, the growth area was determined as followed (Figure S3e,f). X and Y coordinates of
the approximate central position of the bacteria spot was manually retrieved from the corrected
BW file (36 per picture) loaded in Imagel. In R, a 30x30-pixel window centered on these
coordinates was defined. For each possible circle inscribed within this area, pixel intensity
distribution outside and within the circle were compared using a t-test (minimum circle area: 200
pixels). The circle with the largest ¢ value was considered as the approximate profile of the
bacteria spot, for which the average growth intensity (within the circle) and the average
background intensity (outside the circle, within the 30x30-pixel window) were reported.

For of each spot, the average intensity was corrected by subtracting average local background
intensity (Figure S3f). After correcting for local background, spot intensities from negative
controls were almost indistinguishable from background (/ = 0.10+0.29).

We observed in average slightly but consistent higher spot intensity at the border (/= 5.8£5.5)
than at the center of petri dishes (/ = 3.545.6), regardless of petri dish, isolate identity, time point,
temperature treatment or other factors, suggesting that replicates located close to the border took
advantage of less competition for nutrients (Figure S3g). Although positions of replicates from
the same isolate were randomized, some could just by chance be systematically located close to
the center or the border of a dish. We thus corrected for this border effect by predicting / values
in function of their position in the petri dish with the polynomial regression:
I~XY’+X?Y+XY?+X+Y, were X and Y are the average coordinates of the spot on the petri dish
(Figure S3h). Residuals from the polynomial regression were used as corrected / values (Figure

S3i).

Growth profile analysis
On average, spot intensity increased between days 7 (I = 4.66+4.11) and 13 (/ = 5.32+4.91),
followed by a average decrease in intensity at day 24 (I = 4.22+4.14), illustrating that after

reaching a maximal intensity (or yield), isolates eventually underwent starvation because of
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nutrient depletion in their immediate environment. For each isolate, each replicate and each
treatment, we estimated yield (Y) and the growth rate (r; (29)). Because our survey was limited to
three time points (7, 13 and 24 days), we estimated those values from predicted growth curves in
the range 0-36 days, assuming that intensity was null at day 0 (/p=0) and that growth curves
followed a log normal distribution (Figure S4a; (30)). For each spot, we estimated the predicted
growth curve, in the range 0-36 days after inoculation, from the best log normal model fitting
assumed (/o) and known intensity values (/7, I;3 and I24). We defined Y as the maximal intensity
predicted from the log normal growth curve and r as the inverse of log+lag times necessary to
reach Y (Figure S4b). We observe a good congruence between Y values predicted from log
normal curves and maximum intensities observed from the three time points (Figure S4c), as
well as a good congruence between predicted lag+log time and time at which the maximum
intensity was actually observed (7, 13 or 24 days; Figure S4d). For a majority of replicates
(87%), the predicted Y was reached before the 24™ day of incubation (Figure S4e). From this
point, we discarded the remaining replicates and considered 79 out of 80 isolates for which

average Y and r could be predicted from at least one replicate (Dataset S1n).

In order to assess factors affecting Methylobacterium growth abilities under different temperature
treatments, we constructed linear models (/m function in R) predicting Y and r (log
transformations to meet normal distribution) in function of clade assignement of isolates (C),
forest of origin (F), host tree species (H), time of sampling (D), temperature of isolation (77; at
which each isolate was isolated), temperature of incubation during pre-conditioning (7r) and
monitoring (7») steps, and all possible interactions between factors (log(Y or
r)~H*S*D*C*Tp*T)*T7) and evaluated the contribution of these factors in log(r) and log(Y)
using an ANOVA (Table 3; Dataset S1o).
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Figure S1 - ML phylogenetic trees from sucA (a) and rpoB (b) concatenated hypervariable
(HV) regions. Trees were drawn from sequences obtained for 20 representative isolates from
2017 pilot survey (black circles) and reference genomes. Trees with the highest log likelihood are
shown. Bootstraps: only values for node supported by at least 50% of replicated trees are
displayed. Phylogenetic tree was rooted on Microvirga and Enterovirga outgroups (Compressed).
a) The sucA ML tree was inferred from 3 aligned concatenated HV regions (1,663 bp) available
for 189 reference genomes and 14 tested isolates. b) The rpoB ML tree was inferred from 2
aligned and concatenated HV regions (1,244 bp) available for 163 reference genomes and the 20
tested isolates. c) Consensus clade tree from sucA and rpoB ML phylogenies. Only tree topology
among clades supported by both phylogenies is shown, regardless bootstrap support. For each
consensus node, the minimum (most conservative) bootstrap support found between phylogenies

is shown (grey scale, legend on top).



Figure S2 - Experimental design of Methylobacterium monitoring for growth performance
under four temperature treatments. a) 79 isolates (two showed in this example: pink and cyan)
and two negative controls (not showed) were tested for ability to grow under different
temperature treatments. b) Pre-conditioning step (P): For each isolate and negative controls and
each temperature treatment (20 and 30 °C), 10uL of cellular culture from stock were spread on
solid Methanol-MMS media. c¢) After 20 days of incubation at 20 °C (P20) or 30 °C (P30), petri
dishes were swabbed and collected cell concentrations adjusted to ODg30=0.2. d) Monitoring step
(M): Each pre-conditioned culture P20 (n=81) and P30 (n=81), was spotted on new Methanol-
MMS media (five replicates per culture, per P treatment). Each petri dish was duplicated, one
copy for incubation at 20 °C (M20 treatment) and one for incubation at 30 °C (M30). Pictures of
petri dishes were took 7, 13 and 24 after inoculation. e) Three examples of spot organization on
petri dishes (24 per M treatment, 17 isolates + one negative control per dish). Open circle

represent negative controls.



Figure S3 - Example of image analysis of Methylobacterium monitoring for growth
performance under four temperature treatments. a) Original picture. b) The original picture
was converted in grey scale in ImajeJ. Areas outside of the agar, as well as every visible particle
other than bacteria spot within the agar area, were manually cropped (black). The picture was
duplicated. A copy was used for background correction (BACK; bacteria spots cropped). Another
copy was used to measure raw bacteria spot intensities (BW). c) Reconstruction of background
intensities. d) Correction of raw intensities by subtracting background values. e) Definition of
growth area: detail of a spot (top) and average pixel intensities in function of the radius of
concentric circles drawn from the center of the colony. Growth area is defined as the circle with
maximal 7 value in #-test comparison between intensities outside and within the area (here in
red). f) Comparison of intensity distributions outside (red; local background) and within (blue;
spot) growing area. Dotted lines indicate average intensity values. g) Border effect: spot
intensities after correction for local background (/) are shown for 48 petri dishes and 3 time
points in function of their average position of each petri. Because of less competition for
nutrients, / values (proportional to point size) are in average higher close to the border of the petri
dish (spot positioned according to the original picture). h) Expected / values (scale on top) in
function of X/Y position on the petri dish predicted from a polynomial regression

(I~XPY’+X°Y+XY’+X+Y). i) Corrected I values (residuals from the polynomial regression).



Figure S4 - Prediction of log normal growth curve, growth rate and yield for 79 isolates
incubated under four temperature treatments. a) Log normal best prediction for four different
observed cases (legend on bottom). Curves were predicted in the range 0-36 days form values
observed at 77, T;3 and T»4, assuming null intensity at 7yp. Models assuming that intensity
remained null until 7; were tested in the range 0-7 days. b) determination of yield (Y, maximum
intensity) and growth rate (» = l/log+lag) from predicted growth curve. c) comparison of
predicted yield and maximum observed intensity. d) comparison of predicted log+lag values with
time (77, T13 or T»4) at which maximum intensity was observed. e¢) All predicted growth curves
showed separately for each temperature treatment. Replicates for which maximum intensity was

not reach at day 36 according to the model were discarded (log+lag>36).



Figure S5 - Alphaproteobacteria and Methylobacterium diversity assessed by rpoB
barcoding. a) Unrooted ML phylogenetic tree based on rpoB partial nucleotide sequences from
1,344 ASVs (410 bp). Only nodes supported by at least 50% of bootstraps (200 permutations) are
shown. ASVs are labeled according to their taxonomic assignation based on rpoB nucleotide
sequence database (legend on bottom left). b) Unrooted ML phylogenetic tree based on rpoB
partial nucleotide sequences from 283 Methylobacteriaceae ASV (points) and 232 references
isolates and genomes (unlabeled tips). Only nodes supported by at least 50% of bootstraps (200
permutations) are shown. Full circle indicate 200 Methylobacterium ASVs assigned to clades
(colored) when clustering with identified reference sequences with at least 50% of support.
Unassigned ASVs are indicated in grey. c¢) Heatmap showing the comparison of
Methylobacterium diversity assessement from rpoB barcoding and /6s ¥rRNA barcoding. For 41
phyllosphere samples and the METH community (in rows; colors indicating sample origin;
legend on bottom left), the relative sequence abundances (color scale on top left) of ASVs
assigned to the same clade were combined (in columns). For rpoB barcoding, all clades were
detected (Unk. indicates unassigned ASVs). For /65 rRNA barcoding only clades A1, A6, A9 and
A10 were detected. d) Comparison of Methylobacterium diversity assessment from rpoB
barcoding (Y-axis) and isolation (X-axis). Number of Methylobacterium isolates in function of
ASV relative abundance assuming 98.5% of nucleotide identity between rpoB sequences
obtained by SANGER sequencing in isolates and rpoB sequences of ASVs (maximum of 6
nucleotide mismatches). Points are colored according to assignement to clades (legend on top
right). The proportion of unmatched diversity (no match between ASV and isolate sequences) is

displayed in pie charts for ASVs (top left) and isolates (bottom right).



Figure S1 - ML phylogenetic trees from sucA (a) and rpoB (b) concatenated hypervariable
(HV) regions. Trees were drawn from sequences obtained for 20 representative isolates from
2017 pilot survey (black circles) and reference genomes. Trees with the highest log likelihood are
shown. Bootstraps: only values for node supported by at least 50% of replicated trees are
displayed. Phylogenetic tree was rooted on Microvirga and Enterovirga outgroups (Compressed).
a) The sucA ML tree was inferred from 3 aligned concatenated HV regions (1,663 bp) available
for 189 reference genomes and 14 tested isolates. b) The rpoB ML tree was inferred from 2
aligned and concatenated HV regions (1,244 bp) available for 163 reference genomes and the 20
tested isolates. ¢) Consensus clade tree from sucA and rpoB ML phylogenies. Only tree topology
among clades supported by both phylogenies is shown, regardless bootstrap support. For each
consensus node, the minimum (most conservative) bootstrap support found between phylogenies

is shown (grey scale, legend on top).
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Figure S2 - Experimental design of Methylobacterium monitoring for growth performance
under four temperature treatments. a) 79 isolates (two showed in this example: pink and cyan)
and two negative controls (not showed) were tested for ability to grow under different
temperature treatments. b) Pre-conditioning step (P): For each isolate and negative controls and
each temperature treatment (20 and 30 °C), 10uL of cellular culture from stock were spread on
solid Methanol-MMS media. ¢) After 20 days of incubation at 20 °C (P20) or 30 °C (P30), petri
dishes were swabbed and collected cell concentrations adjusted to ODg3p=0.2. d) Monitoring step
(M): Each pre-conditioned culture P20 (n=81) and P30 (n=81), was spotted on new Methanol-
MMS media (five replicates per culture, per P treatment). Each petri dish was duplicated, one
copy for incubation at 20 °C (M20 treatment) and one for incubation at 30 °C (M30). Pictures of
petri dishes were took 7, 13 and 24 after inoculation. e) Three examples of spot organization on
petri dishes (24 per M treatment, 17 isolates + one negative control per dish). Open circle

represent negative controls.
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Figure S3 - Example of image analysis of Methylobacterium monitoring for growth
performance under four temperature treatments. a) Original picture. b) The original picture
was converted in grey scale in ImajeJ. Areas outside of the agar, as well as every visible particle
other than bacteria spot within the agar area, were manually cropped (black). The picture was
duplicated. A copy was used for background correction (BACK; bacteria spots cropped). Another
copy was used to measure raw bacteria spot intensities (BW). c) Reconstruction of background
intensities. d) Correction of raw intensities by subtracting background values. e) Definition of
growth area: detail of a spot (top) and average pixel intensities in function of the radius of
concentric circles drawn from the center of the colony. Growth area is defined as the circle with
maximal 7 value in #-test comparison between intensities outside and within the area (here in
red). f) Comparison of intensity distributions outside (red; local background) and within (blue;
spot) growing area. Dotted lines indicate average intensity values. g) Border effect: spot
intensities after correction for local background (/) are shown for 48 petri dishes and 3 time
points in function of their average position of each petri. Because of less competition for
nutrients, / values (proportional to point size) are in average higher close to the border of the petri
dish (spot positioned according to the original picture). h) Expected / values (scale on top) in
function of X/Y position on the petri dish predicted from a polynomial regression

(I~X’V+X°Y+XY’+X+7Y). i) Corrected  values (residuals from the polynomial regression).
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Figure S4 - Prediction of log normal growth curve, growth rate and yield for 79 isolates
incubated under four temperature treatments. a) Log normal best prediction for four different
observed cases (legend on bottom). Curves were predicted in the range 0-36 days form values
observed at 77, T;3 and T4 assuming null intensity at 7). Models assuming that intensity
remained null until 7; were tested in the range 0-7 days. b) determination of yield (¥, maximum
intensity) and growth rate (r = l/log+lag) from predicted growth curve. ¢) comparison of
predicted yield and maximum observed intensity. d) comparison of predicted log+lag values with
time (77, T3 or T>4) at which maximum intensity was observed. e) All predicted growth curves
showed separately for each temperature treatment. Replicates for which maximum intensity was

not reach at day 36 according to the model were discarded (log+/ag>36).
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Figure S5 - Alphaproteobacteria and Methylobacterium diversity assessed by rpoB
barcoding. a) Unrooted ML phylogenetic tree based on rpoB partial nucleotide sequences from
1,344 ASVs (410 bp). Only nodes supported by at least 50% of bootstraps (200 permutations) are
shown. ASVs are labeled according to their taxonomic assignation based on rpoB nucleotide
sequence database (legend on bottom left). b) Unrooted ML phylogenetic tree based on rpoB
partial nucleotide sequences from 283 Methylobacteriaceae ASV (points) and 232 references
isolates and genomes (unlabeled tips). Only nodes supported by at least 50% of bootstraps (200
permutations) are shown. Full circle indicate 200 Methylobacterium ASVs assigned to clades
(colored) when clustering with identified reference sequences with at least 50% of support.
Unassigned ASVs are indicated in grey. c¢) Heatmap showing the comparison of
Methylobacterium diversity assessement from rpoB barcoding and /6s rRNA barcoding. For 41
phyllosphere samples and the METH community (in rows; colors indicating sample origin;
legend on bottom left), the relative sequence abundances (color scale on top left) of ASVs
assigned to the same clade were combined (in columns). For rpoB barcoding, all clades were
detected (Unk. indicates unassigned ASVs). For /6s rRNA barcoding only clades A1, A6, A9 and
A10 were detected. d) Comparison of Methylobacterium diversity assessment from rpoB
barcoding (Y-axis) and isolation (X-axis). Number of Methylobacterium isolates in function of
ASV relative abundance assuming 98.5% of nucleotide identity between rpoB sequences
obtained by SANGER sequencing in isolates and rpoB sequences of ASVs (maximum of 6
nucleotide mismatches). Points are colored according to assignement to clades (legend on top
right). The proportion of unmatched diversity (no match between ASV and isolate sequences) is

displayed in pie charts for ASVs (top left) and isolates (bottom right).
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