
  

Supplementary Material: Lanthanide-Dependent Methylotrophs of the Family 

Beijerinckiaceae:  Physiological and Genomic Insights

Carl-Eric Wegner1#, Linda Gorniak1, Stefan Riedel1, Martin Westermann2, and Kirsten

Küsel1,3

1Institute  of  Biodiversity,  Aquatic  Geomicrobiology,  Friedrich  Schiller  University,

Dornburger Str. 159, 07743 Jena, Germany

2Electron Microscopy Centre, University Hospital Jena, Ziegelmühlenweg 1, 07743

Jena, Germany

3German  Center  for  Integrative  Biodiversity  Research  (iDiv)  Halle-Jena-Leipzig,

Deutscher Platz 5E, 04103 Leipzig, Germany

# Corresponding author:

Carl-Eric Wegner1

Email address: carl-eric.wegner@uni-jena.de

mailto:carl-eric.wegner@uni-jena.de


SUPPLEMENTAL MATERIAL

Supplementary Information. Complementary information about used materials and

methods.

FIG S1. Macroscopic imaging of the three methylotrophic strains isolated from early-

industrial soft coal slags. RH CH11 (A), RH AL1 (B), RH AL8 (C); bar = 1 mm.

FIG S2.  Scatterplot of 16S rRNA gene identities versus percentage of conserved

proteins  (POCP).  We  performed  pairwise  comparisons  based  on  the  isolate

genomes and available Beijerinckiaceae genomes and determined 16S rRNA gene

identities and POCP values. The color code refers to comparisons between different

genera and within the same genus. The lower dotted line indicates the 50% POCP

threshold suggested by Qin et al., 2014 (1) for genus-level delineation, the upper

dotted line indicates the POCP threshold that we found to be robust for genus-level

delineation within the Beijerinckiaceae.

FIG S3. Functional gene PCR targeting genes linked to C1-metabolism. Details about

PCR conditions and used primers can be found in the Supplementary Information.

mmoX PCR products obtained for the primer pair mc2 were checked by Sanger-

sequencing and turned out to be unspecific.  xoxF1 PCR products were not in the

expected size range and not further considered. The same was true for RH AL1 in

case of mauA.

FIG S4.  Reverse-transcription PCR of  xoxF. Total RNA from exponentially growing

cultures was extracted and reverse-transcribed. Yielded cDNA was used as template
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for PCR using available xoxF primers (2). Positive PCR products for xoxF4 although

yielded  isolates  lack  xoxF4 genes  are  a  consequence  of  the  inherent  cross-

specificity of the xoxF4 primer set for xoxF5.

FIG S5.  Phylogenetic treeing of PQQ ADH sequences. Hit sequences (TABLE S5)

were extracted and subjected to treeing using the constructed PQQ ADH sequence

database. Sequences were aligned using muscle (v. 3.8.31) (3) and phylogenetic

treeing was done with mega (v. X) (4) using the Neighbor-Joining method (5) and

validated by bootstrapping (6). Clades highlighted in grey (e.g. XoxF5) are supposed

to rely on REE as co-factors. Bootstrap support is indicated by colored circles placed

on the respective node.

FIG  S6.  Results  of  screening  Beijerinckiaceae  genomes  for  PQQ  ADHs  using

pHMMs. Squares indicate the number of identified genes encoding the respective

enzyme. NCBI assembly accessions are given in parentheses.

FIG S7.  Sequence analysis of the lanmodulin protein encoded by Beijerinckiacea

bacterium  RHAL1.  Calmodulin  is  shown  as  representative  EF-hand  containing

protein.  Residues in  the EF-hand motifs  that  contribute to  metal  and lanthanide-

selectivity are bolded in orange in the lanmodulin of  M. extorquens AM1 and the

lanmodulin-homolog in Beijerinckiaceae bacterium RH AL1. Differences in RHAL1

with respect to these residues are shown in black and boxed with a red-dotted line.

Accessions are given in parentheses.

FIG S8.  Estimation of indels present in the assembly of RH AL1. Indels present in
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the canu (7) assembly of RH AL1 were assessed by querying predicted amino acid

sequences against NCBI nr with diamond (8) and plotting the length ratio of query

and subject (top left). The same procedure was repeated after assembly polishing

with  racon  (9)  and pilon  (10)  (top  right)  and  indel  correction  with  pacbio-utilities

https://github.com/douglasgscofield/PacBio-utilities) (bottom left).

TABLE S1. DNA distance matrix of partial and full-length 16S rRNA gene sequences

of isolated soft coal slag methylotrophs and closest related Beijerinckiaceae. Closely

related 16S rRNA gene sequences were identified based on partial 16S rRNA gene

sequences from obtained isolates using SINA (11) and retrieved from SILVA (release

132)  (12).  Sequences  are  named according  to  the  following  scheme:  accession

number|length or coordinates in case of genome/fosmid sequences|coordinates of

the aligned part.

TABLE S2.  Results  of  blastn searches of  partial  and full-length 16S rRNA gene

sequences from soft  coal  slag  isolates  against  NCBI’s  non-redundant  nucleotide

collection and NCBI 16S ribosomal RNA sequences. In case of the later the best ten

hits are reported based on bit score, for the former the five best hits are reported.

TABLE S3. Fraction of orthologous genes, 16S rRNA identities, and percentages of

conserved  proteins  (POCP)  determined  based  on  pairwise  comparisons  of  our

isolate  genomes  and  available  Beijerinckiaceae  genomes.  The  fraction  of

orthologous  genes  was  determined  with  compareM  as  described  in  the

Supplementary Information. 16S rRNA gene identities were determined based on

extracted full-length 16S rRNA gene sequences. POCP values were calculated as
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outlined in the Supplementary Information.

TABLE  S4. Elemental  analysis  of  soft  coal  slag  material  based  on  total  and

sequential digestion. Total and bioavailable lanthanides were determined based on

total  and  sequential  digestion  followed  by  ICP-MS,  respectively.  We  define  the

bioavailable portion of lanthanides here as fractions I (mobile) and II (exchangeable)

according to the sequential digestion method of Zeien and Brümmer (13, 14). The

nomenclature of the sampling sites is according to Wegner and Liesack (15). RH1

and RH2 refer  to  the two slag  deposition sites from which  sample material  was

collected for enrichment and isolation, while RHRef describes undisturbed forest soil

from the surrounding of RH1 and RH2. MS = average of triplicated measurements,

SD = standard deviation.

TABLE S5.  HMM-based screening for  PQQ ADHs. We constructed a PQQ ADH

sequence database based on Keltjens et al. (16) and created clade-specific HMM

profiles. Sequence subsets for individual clades (e.g. XoxF1) were extracted, aligned

with muscle (v. 3.8.31) (3), and HMMs built with hmmbuild (v. 3.1b2). These profiles

were  then  merged  and  used  to  query  the  amino  acid  sequences  of  coding

sequences in the assembled genomes with hmmsearch (v. 3.1b2) (17). The best hits

based  on  e-value  and  bit-score  were  kept  for  putative  PQQ  ADH  sequences.

Columns represent  encoded candidate PQQ ADH proteins identified in  the three

isolate genomes. Rows are the bit-scores of the best hit from hmmsearch queries

using the respective profile HMMs.

TABLE S6.  Basic  characteristics of  the  assembled and annotated soft  coal  slag
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methylotroph genomes.

TABLE S7. Selected gene descriptions and expression values of the genes coding

for  proteins  displayed  in  Figure  6  linked  to  C1-metabolism,  central  carbohydrate

metabolism,  central  energy  metabolism,  sulfur  metabolism,  nitrogen  metabolism,

polyhydroxybutyrate  biosynthesis,  polyphosphate  biosynthesis,  transporters,  and

motility. Average expression values are taken from Table S8. Log2RPKM = log2 reads

per kilobase million

TABLE  S8.  Transcriptome  data  of  Beijerinckiaceae  bacterium RHAL1  grown  on

methanol (1%, [v/v]) as carbon source and with supplemented lanthanum (1 μM). A,

B,  C  refer  to  data  from three  biological  replicates.  Gene  expression  is  given  in

log2RPKM. Expression values were averaged (AVG).

TABLE  S9.  Results  of  blastp  queries  of  gene  products  linked  to  lanthanide-

dependent  metabolism in  M. extorquens AM1 against  Beijerinckiaceae bacterium

RHAL1.  With  the  exception  of  LutCD and  XoxG,  only  hits  matching  an  e-value

threshold of 1e -3 are reported. Expression values are taken from Table S8.

NOTE: All  supplementary  tables  are  provided  in  one  combined  spreadsheet

("Supplemental File 2").

SUPPLEMENTARY INFORMATION

Isolation. Solid VL55 medium (18) was inoculated with 200 μL of the 10 -4 to 10-6

dilutions of agitated slag slurries and incubated for up to 8 weeks in the dark at room
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temperature. Per litre of solid medium, 15 g of gellan gum were added as solidifying

agent. For proper solidification additional divalent cations were added to the basal

medium in form of  MgSO4 ×  7  H2O. Pectin,  xylan (0.05% [w/v])  or  a  mixture of

arabinose, glucose, xylose and N-acetylglucosamine (0.5 mM each) were added as

carbon source.  Aluminium-mediated stress was mimicked by adding up to 5 mM

aluminium in the form of KAl(SO4)2 × 12 H2O. The pH of used media was adjusted to

5.2-5.5 or pH 4 in case of aluminium containing medium.

16S rRNA gene-targeting colony  PCR.  Cell  material  from grown colonies  was

subjected to colony PCR for 16S rRNA gene-based identification. Cell material was

collected with sterile 10 μL pipette tips, resuspended in 20 μL double-distilled water

and boiled at 95°C for 5 minutes. The resulting cell lysate was used as template

material for 16S rRNA gene PCR. 50 μL reactions were set up: 5 μL 10 × high yield

buffer  (Jena  Bioscience,  Jena,  Germany),  1  μL  dNTPs  (10  mM  each)  (Bioline,

Luckenwalde, Germany) , 1 μL of both primers (10 pmol/μL each [27f/1392r]), 0.5 μL

of Taq polymerase (5 U/μL) (Jena Bioscience), and 40.5 μL of PCR-grade water.

PCR reactions were denatured at  95°C for  5  minutes,  followed by 30 cycles of:

denaturation  (95°C,  60  seconds),  annealing  (55°C,  60  seconds),  and  elongation

(72°C, 90 seconds), followed by a final elongation step of 5 minutes. PCR products

were checked by agarose gelelectrophoresis and gel purified using the NucleoSpin

Gel  and  PCR Clean-up  kit  (Macherey-Nagel,  Düren,  Germany)  according  to  the

manufacturer’s  instructions.  Purified  PCR  products  were  Sanger-sequenced  by

Macrogen (Amsterdam, The Netherlands). 

PCR genotyping of C1-metabolism related genes. All PCR protocols included an
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initial denaturation (94°, 5 minutes) and a final elongation (72°C, 5 to 10 minutes).

pmoA gene  amplicons  were  generated  using  the  primer  sets  A189f/A650r  (21),

A189f/A682r (22), and A189f/mb661r (23). For all three assays, PCR amplifications

were  carried  out  under  the  following  conditions  (24):  30  cycles  consisting  of

denaturation  (94°C,  30  seconds),  annealing  (56°C,  60  seconds),  and  elongation

(72°C,  60  seconds).  Three  different  primer  pairs  were  used  to  detect  mmoX,

mmoXA/mmoXmc1, mmoXA/mmXmc2, and mmoXmc3/mmoXmc1 (25).  The PCR

protocol was: 35 cycles of denaturation (94°C, 60 seconds), annealing (55°C, 60

seconds), and elongation (72°C, 60 seconds). The primer set F1003/R1561 (26) and

the more recent, degenerate primer set F1003degen/R1561degen (27) were used to

identify  mxaF: 30 cycles of denaturation (94°C, 45 seconds), annealing (60°C, 60

seconds),  elongation  (72°C,  90  seconds)  (27).  xoxF was  shown  to  be

phylogenetically  diverse  comprising  multiple  subgroups  (2).  Five  different  primer

pairs  (xoxF1-f/xoxF1-r,  xoxF2-f/xoxF2-r,  xoxF3-f/xoxF3-r,  xoxF4-f/xoxF4-r,  and

xoxF5-f/xoxF5-r)  were  used  with  two  different  touchdown  thermal  profiles  (2)  to

check for their presence. Primer sets mauAf1/mauAr1 and gmaS-557f/gmaS-907r

(28, 29) were used to amplify  mauA (35 cycles, denaturation: 94°C, 60 seconds;

annealing:  48°C,  60  seconds;  elongation:  72°C,  60  seconds)  (30)  and  gmaS

(touchdown 10 cycles, denaturation: 94°C, 45 seconds; annealing: 60°C, 45 seconds

[-1°C/cycle]; elongation: 72°C; 30 cycles, denaturation: 94°C, 45 seconds; annealing:

56°C, 45 seconds; elongation: 72°C, 60 seconds) (29).

Electron microscopy.  Fixed  samples  were  washed  three  times  with  cacodylate

buffer, and post-fixed with 1% osmium tetroxide in cacodylate buffer for 2 hours at

20°C. Samples were subsequently dehydrated in an ascending ethanol series and
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stained  with  2%  (w/v)  uranyl  acetate  in  50%  (v/v)  ethanol.  The  samples  were

embedded in Araldite resin (Plano, Wetzlar, Germany) according to manufacturer’s

instructions. Ultrathin sections (70 nm thickness) were cut using an ultramicrotome

Ultracut E (Reichert-Jung, Vienna, Austria) and mounted on Formvar-carbon coated

100 mesh grids (Quantifoil,  Großlöbichau,  Germany).  The ultrathin  sections were

stained with lead nitrate for 10 minutes (31) and examined in a Zeiss CEM 902 A

electron microscope (Carl  Zeiss AG, Oberkochen, Germany) and imaged using a

TVIPS 1k Fast-Scan CCD-Camera (TVIPS, Munich, Germany).

Genome  sequencing  and  assembly. Genomic  DNA  was  extracted  using  the

NucleoSpin® Microbial  DNA kit  (Macherey-Nagel,  Düren,  Germany).  Sequencing

libraries for RH CH11 and RH AL8 were prepared with Nextera sample kits (Illumina,

San Diego, CA, USA). Illumina sequencing (2 × 150 bp) was done on an Illumina

HiSeq  3000  instrument.  The  library  of  RH  AL1  for  long-read  sequencing  was

prepared using PacBio® SMRTBell reagents (Pacific Biosciences, Menlo Park, CA,

USA)  and  sequenced  on  a  PacBio  RS  II  instrument.  Library  preparation  and

sequencing  was  done  by  GATC  Biotech  GmbH  (Constance,  Germany).  Default

settings  were  used  for  all  tools  during  data  processing  if  not  stated  otherwise.

Illumina  data  was  inspected  with  fastQC

(http://www.bioinformatics.babraham.ac.uk/project/fastqc)  and adapter-trimmed and

quality-filtered  with  bbduk  (settings:  minlen=75  qtrim=rl  trimq=20  ktrim=r  k=25

mink=11) (v. 38.26) (32). Draft genomes of RH CH11 and RH AL8 were assembled

with  spades (v. 3.13.0)  (33).  Assembling  the  PacBio  data  (30,725 reads,  N50 =

11,451 bp) with canu (v. 1.5) (7) recovered two contigs (4.24 Mb, 135 Kb). Mapping

the  two  contigs  against  each  other  with  nucmer  (-maxmatch  -nosimplify,  show-
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coords -lrcTH) (v. 3.1) (34) revealed that the RH AL1 genome comprises a circular

chromosome and plasmid. The start position of the circular chromosome was fixed

with circlator (v. 1.5.5) (35) so that it starts with dnaA. We identified potential indels in

the assembly of RH AL1 by querying predicted protein sequences against NCBI nr

using diamond (v. 0.9.19) (8) and plotting the ratio between query and subject length.

These could not be resolved by generating a consensus sequence of PacBio reads

with  racon  (v.  1.3.3)  (9)  and  pilon  (v.  1.23)  (10).  Considering  the  very  close

relatedness of our three isolates (100% sequence identity for their 16S rRNA genes,

average nucleotide identity values ≥ 99.9, percentage of conserved proteins ≥ 98%),

we felt confident to use available short read data from one of the other two strains to

correct  present  indels.  Short  read  data  from  RH  AL8  and  pacbio-utilities

(https:github.com/douglasscofield/PacBio-utilities) resolved most of the indels (FIG

S8). The assembly of RH AL1 was used for scaffolding the RH AL8 and RH CH11

genomes with ragout (v.2.2) (36). 

Phylogenomics.  Besides  from Beijerinckiaceae genomes related  to  our  isolated

strains, we collected multiple Methylobacteriaceae and Methylocystaceae genomes

using  ncbi-genome-download  (https://github.com/kblin/ncbi-genome-download)  for

being used as outgroup. Anvio (v.5.5) (37) contig databases were generated using

the  program  "anvi-gen-contigs-database"  (non-default  settings:  –skip-mindful-

splitting).  Next,  genomes were annotated against Pfam (38) and NCBI COG (39)

with the programs "anvi-run-ncbi-cogs" (–sensitive) and "anvi-run-pfams". An anvio

genomes  storage  database  was  created  using  the  program  "anvi-gen-genomes-

storage". The pangenome was calculated with "anvi-pan-genome" (–minbit 0.5 –mcl-

inflation 6), which uses blastp (blast+, v.2.9.0) (20) for calculating similarities of each
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amino acid sequence across genomes, the minbit heuristic first implemented in ITEP

(40)  to  identify  and  remove  weak  amino  acid  sequence  matches,  and  the  MCL

algorithm (41) to identify clusters based on amino acid sequence similarity searches.

The output was visualized and single copy core genes binned using the interactive

interface of anvio by calling the program "anvi-display-pan". The encoded amino acid

sequences  of  single  copy  core  genes  were  extracted,  individually  aligned,

concatenated,  and  subjected  to  treeing  as  described  in  the  manuscript.  DNA

distance matrices of full-length 16S rRNA gene sequences were done with dnadist

(v.3.697) (42). The percentage of conserved proteins (POCP) (1) was determined by

using compareM (v.0.0.23) (https://github.com/dparks1134/CompareM) (settings: 10

-5  e-value,  30%  sequence  identity,  and  ≥70%  alignment  length)  to  identify

orthologous genes shared among Beijerinckiaceae genomes. compareM relies on

diamond (v.0.09.22) (8) for homology searches and prodigal (v. 2.6.3) (43) for gene

prediction.  The  POCP  between  Beijerinckiaceae  genomes  was  subsequently

calculated applying the formula, [(2 × S)/(T1+T2)] × 100%. S is the number of genes

shared between the two compared genomes, while T1 and T2 represent the number

of encoded proteins in the two genomes (1, 44).
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SUPPLEMENTARY FIGURES

Fig S1.

Fig S2.
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Fig S3.
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FiG S4.
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Fig S5.
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Fig S6.

Fig S7.
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