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a root nodule microbiome 
sequencing data set from red alder 
(Alnus rubra Bong.)
Callum J. Bell  1 ✉, Johnny a. Sena1, Diego a. Fajardo1, Evan M. Lavelle1, Michael a. Costa2, 
Barrington Herman3, Laurence B. Davin  2, Norman G. Lewis2 & alison M. Berry4

There have been frequent reports of more than one strain of the nitrogen-fixing symbiont, Frankia, 
in the same root nodule of plants in the genus Alnus, but quantitative assessments of their relative 
contributions have not been made to date. Neither has the diversity of other microbes, having potential 
functional roles in symbiosis, been systematically evaluated. Alnus rubra root nodule microbiota were 
studied using Illumina short read sequencing and kmer-based read classification. Single end 76 bp 
sequencing was done to a median depth of 96 million reads per sample. Reads were assigned to taxa 
using KrakenUniq, with taxon abundances being estimated using its companion program Bracken. 
This was the first high resolution study of Alnus root nodules using next generation sequencing (NGS), 
quantifying multiple Cluster 1 A Frankia strains in single nodules, and in some cases, a Cluster 4 strain. 
Root nodules were found to contain diverse bacteria, including several genera containing species known 
to have growth-promoting effects. Evidence was found for partitioning of some bacterial strains in older 
versus younger lobes.

Background & Summary
Among the angiosperms, ten families of plants form mutually beneficial relationships with nitrogen-fixing bac-
teria, through the formation of root nodules, specialised plant organs that offer a beneficial environment for the 
microbes, and facilitate the exchange of metabolites between the host and the microsymbiont. The capability to 
form nitrogen-fixing root nodule symbioses in these families derives from a single common evolutionary ori-
gin1–3. In the Fabaceae, the bacterial partners are rhizobia, a diverse group within α- and β-Proteobacteria4,5. In 
contrast, the bacterial symbionts in the eight actinorhizal plant families are Actinobacteria in the genus Frankia6.

Evidence for multiple strains of Frankia residing in the same root nodule has been found in numerous stud-
ies. Electrophoretic patterns of whole protein extracts of Alnus incana ssp. rugosa root nodules indicated the 
presence of two Frankia strains in the same nodule7 while restriction patterns of total Frankia genomic DNA 
consistent with the presence of more than one strain were observed in Elaeagnus angustifolia8 and Myrica pen-
sylvanica9 nodules. Sequence analyses of the nifD-nifK intergenic spacer10 showed that Cluster 1 and Cluster 3 
strains were found in nodules from many cultivars of Myrica rubra, and that two strains belonging to different 
Clusters of Frankia could be found in the same nodule. Using sequencing of partial 16 s rRNA genes, McEwan et 
al.11 concluded that Alnus glutinosa nodules contained 2-3 Frankia strains, with one greatly outnumbering the 
others. High throughput sequencing of DNA extracts of root nodules of Datisca glomerata showed the presence 
of two closely related Cluster 2 strains along with another less abundant strain12, while up to three Cluster 2 
strains were found in root nodule microbiota originating in three different actinorhizal species13. Finally, Welsh 
et al.14 demonstrated the presence of multiple Frankia strains in root nodules of Alnus oblongifolia by compar-
ing nifH gene fragments. There is also evidence of non-Frankia bacteria inhabiting actinorhizal root nodules. 
Actinobacteria most closely related to Thermomonosporaceae and Micromonosporaceae were isolated from 
Casuarina equisetifolia15, and Micromonospora was cultured from root nodules of actinorhizal plants in seven 
genera16. Recently, a study of Casuarina glauca root nodule metagenomes reported the presence of bacteria 
belonging to the genera Micromonospora, Bacillus, Afipia, Phyllobacterium and Paenibacillus, in addition to 
Frankia17.
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Whereas culture and single gene sequencing approaches provide valuable insights into the composition of 
nodule microbiota, whole metagenome sequencing gives higher sensitivity, offers the opportunity to identify 
specific genes and pathways of interest, and can provide strain-level resolution. In this study, we applied Illumina 
whole metagenome sequencing and sensitive kmer-based read classification to DNA extracted from root nod-
ules of Alnus rubra Bong. from the state of Washington, USA, grown in either cold frames, a growth chamber, 
or sampled from a natural environment. These data will be of interest to a broad range of researchers studying 
plant-microbe interactions, particularly in the quest to understand the roles of nodule-associated bacteria in 
the establishment and function of nitrogen-fixing root nodules, but also in the field of plant growth promotion 
by microbes more generally. This study contributes the first such data set (https://identifiers.org/ncbi/insdc.
sra:SRP417554) from an ecologically and economically important tree that is a cornerstone species in Pacific 
Northwestern forest ecosystems.

Throughout our report, it should be noted that the read classifications depend on kmer matches to the bacte-
ria represented in the database. Accordingly, it cannot be said with certainty that, for example, sample CF_B11 
contains mostly Frankia canadensis. It is more accurate to say that the dominant strain shares more kmers with 
Frankia canadensis than with any other strain represented in the database. When we refer to the abundance of a 
particular strain, the above is the intended meaning.

Based upon reads assigned by KrakenUniq18, the 20 most abundant Frankia strains are shown in Fig. 1a. 
The same data, after elimination of taxa having fewer than 2000 kmers per million assigned reads, are shown 
in Fig. 1b. The corresponding strain abundances, estimated by the Bracken algorithm19 are shown in Fig. 1c. 
The corresponding read and kmer counts for all taxa are shown in Tables S1 through S5. Frankia read and 
kmer counts based on reads assigned by KrakenUniq18 are shown in Table S1 and Table S2. The same data, after 
applying the 2000 kmers per million assigned reads threshold are shown in Table S3 and Table S4. The taxon 
abundances estimated by Bracken are shown in Table S5.

Fig. 1 The 20 most abundant Frankia strains across all samples. (a) Fractional read counts computed by 
KrakenUniq, with no kmer threshold. (b) Fractional read counts computed by KrakenUniq, applying the kmer 
threshold of 2000 kmers per million reads. (c) Fractional read counts computed by Bracken. Root nodules are 
described in Table 1. Each horizontal bar represents a nodule metagenome. The reads contributing to each 
strain within a metagenome are indicated by the different colors. The Frankia Cluster is indicated in parentheses 
after each strain name.

Sample Inoculum Host clone Growth conditions Specimen Collection date Reads

GC_1 Unknown Clone 639 growth chamber, Pullman, WA Entire nodule 7-24-17 172,992,227

GC_2 Unknown Clone 639 growth chamber, Pullman, WA Entire nodule 7-24-17 169,160,642

CF_B11 B11 Clone 10 Cold frames, Puyallup, WA Entire nodule 9-26-17 87,528,475

CF_T15 T15 Clone 10 Cold frames, Puyallup, WA Entire nodule 9-27-17 56,014,379

CF_B16 B16 Clone 10 Cold frames, Puyallup, WA Entire nodule 9-28-17 81,660,549

CF_B15 B15 Clone 639 Cold frames, Puyallup, WA Entire nodule 9-29-17 52,761,481

CF_T4 T4 Clone 639 Cold frames, Puyallup, WA Entire nodule 9-30-17 80,354,146

OP_lobe_1 None/unknown Field sample Natural environment, Aberdeen, WA Dissected lobes 10-24-17 122,596,774

OP_nod_1 None/unknown Field sample Natural environment, Aberdeen, WA Entire nodule 10-24-17 67,128,101

OP_lobe_2 None/unknown Field sample Natural environment, Aberdeen, WA Dissected lobes 10-24-17 104,672,037

OP_nod_2 None/unknown Field sample Natural environment, Aberdeen, WA Entire nodule 10-24-17 64,344,350

OP_3 None/unknown Field sample Natural environment, Aberdeen, WA Entire nodule 10-24-17 135,095,687

OP_4 None/unknown Field sample Natural environment, Aberdeen, WA Entire nodule 10-24-17 167,108,699

Table 1. Root nodule characteristics and their sequence read counts.
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Our results provide strong evidence for the coexistence of multiple Frankia strains within individual root 
nodules. Pivotal to our observations is the practical guidance provided in KrakenUniq18. In our study, we applied 
their threshold recommendations for the elimination of false positive identification of bacterial taxa. Without 
applying any kmer threshold the results indicate the presence of Frankia strains belonging to all Clusters (Tables 
S1 and S2), with appreciable numbers of kmers being assigned to Cluster 1B strains e.g. Frankia casuarinae and 
Frankia sp. BMG5.23. Such observations would be difficult to reconcile with the general absence of Cluster 1B 
strains in North America. By applying the recommended kmer threshold, which ignores taxa having fewer than 
2000 kmers per million reads, the diversity of Frankia strains was greatly simplified, consisting in the main of 
Cluster 1 A strains, with different strains being more abundant in different nodules (Fig. 1b,1c). The data from 
the lobes-only sample taken from a mature field-grown tree differ from samples taken from entire nodules (the 
bottom four rows in Fig. 1c), possibly indicating compartmentalization of Frankia strains between older and 
more recently developed parts of the same nodule. Equivalent analyses of the data, quantifying kmers and reads 
assigned to bacteria at the levels of genus and species are shown in Figs. 2 and 3 and in Tables S6–S15.

Methods
Root nodule collection and DNA extraction. Details of the root nodules and their sequencing statis-
tics are shown in Table 1. The samples prefixed with CF_ came from saplings growing in cold frames at the 
Washington State University Research and Extension Center, Puyallup, WA. These inocula (B11, B15, B16, T15 
and T4) each represent one original nodule that was taken from one tree each. These trees were founders in 
the clonal selection program, originally selected for traits of interest. Each inoculum was maintained separately 
in order to study their interactions with a range of tree clones. Accordingly, different totes contained different 
inocula. The CF_ samples were each derived from a single nodule, each taken from a different tree, in different 
totes. The cuttings were rooted in new perlite using rooting powder consisting of 4 or 6 g of indole butyric acid 
per kilogram of talc. Once rooted, the cuttings were kept in the perlite until they were at least 10 cm tall and then 
moved to a 50/50 perlite vermiculite mix and grown to around 30 cm. Irrigation was occasionally supplemented 
with half-strength Murashige and Skoog (MS) medium when the plants showed nutrient stress. At approx 30 cm 
the plants were transferred to acid-washed sand in plastic totes with five trees per tote. The sand was prepared by 
soaking in 0.5 M HCl, then rinsed 400 times with deionized water. Once in the totes, the cuttings were grown in 
half-strength Murashige and Skoog medium for 2-3 weeks, inoculated, and subsequently treated with deionized 
water. Inoculum slurries were prepared from crushed root nodules. After inoculation the nodulated trees were 
maintained for several years in cold frames that were open to the environment. Fallen leaves were allowed to 
remain in the totes. The nodules for sequencing were taken from the totes on 09/20/2017 at repotting time at 
which point they were 9 years old and sapling diameter at the root collar was 1–5 cm. Each nodule was collected 
from a different plant. The nodules were all in the range 1–1.5 cm. The plants that provided the GC_1 and GC_2 
nodules were grown from cuttings prepared similarly to above, but instead of planting in acid washed sand, they 
were placed (at the 30 cm stage) into potting soil (Sungro Professional Growing Mix) before inoculation. They 
were transferred to WSU, Pullman, and maintained in a growth chamber with a 16 hour/8 hour light/dark cycle 
and a temperature of 22 C/20 C. The GC_1 and GC_2 nodules were collected from the young red alder saplings 
in the growth chamber described above. These young saplings originated at WSU Puyallup, and were inoculated 
with one of the inocula in rows 3–7 (Table 1). Samples prefixed by OP_ were harvested from a single mature tree 
near Aberdeen, WA, growing in a stand of red alder thought to be at least 50 years old. OP_lobe_1 and OP_nod_1 
originate from the same root nodule. In the case of OP_nod_1, half of an entire nodule was used for DNA extrac-
tion. In the case of OP_lobe_1 DNA was extracted from the most recent lobes (the lobe tips) separated from the 
remainder of the nodule. OP_lobe_2 and OP_nod_2 represent another nodule treated similarly. DNA extractions 
were performed using the ZymoBiomicsTM DNA Miniprep kit (Zymo Research). 

Fig. 2 The 20 most abundant genera across all samples. (a) Fractional read counts computed by KrakenUniq, 
without applying a kmer threshold. (b) Fractional read counts computed by KrakenUniq, applying the kmer 
threshold of 2000 kmers per million reads. (c) Fractional read counts computed by Bracken. Root nodules are 
described in Table 1. Each horizontal bar represents a nodule metagenome. The reads contributing to each 
genus within a metagenome are indicated by the different colors.
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DNa sequencing. Single-ended Illumina 76 base pair sequencing was done to a median depth of 96 M reads 
on Illumina HiSeq3000 and 4000 instruments by GENEWIZ (now Azenta), South Plainfield, New Jersey. The data 
were provided to us demultiplexed and in FASTQ format, having undergone QC and trimming by the sequencing 
laboratory.

Bioinformatics analysis. Sequence reads aligning to the host plastid and mitochondrial genomes were 
identified and filtered out as follows: an organelle sequence database was created combining the assembled red 
alder chloroplast genome (GenBank accession: MG356709.1) and a set of genomic contigs containing putative 
mitochondrial sequences (contigs 000436F, 000470F, 000507F, 000509F, 000512F, 000550F, 000567F, 000626F, 
000671F, 000675F, 000742F, 000783F in GenBank accession GCA_028654335.1)20. The metagenome sequence 
reads were aligned to these organelle sequences using HISAT221, using default parameters. The putative orga-
nelle reads, consisting of between 0.12% and 0.56% of the total reads per sample, were removed. The remaining 
sequence reads were assigned to bacterial genomes with KrakenUniq18 version 0.6 using its standard bacterial 
database and the NCBI taxonomy, downloaded on 06/21/2024. The standard database was modified to include the 
Frankia genomes described in Table 2. KrakenUniq was chosen as the read classifier as it was shown to have the 
best performance when compared to a comprehensive benchmarking study22. Furthermore, the paper describing 
KrakenUniq offered objective criteria for avoiding false positive results, which is a recognized problem in metage-
nome studies18. Using synthetic metagenomes these authors demonstrated that ignoring taxa containing fewer 
than 2000 kmers per million sequence reads discriminates well between true and false positives. We applied this 
threshold throughout our study.

The Frankia genomes used to augment the standard KrakenUniq database were: Frankia torreyi23, Frankia 
sp. ArI324, Frankia ACN1ag25, Frankia sp. EUN1f26, Frankia casuarinae27, Frankia elaeagni28, Frankia sp. CeD29, 
Frankia sp. R4330, Frankia sp. EAN1pec27, Frankia inefficax31, Frankia saprophytica32, Frankia alni27, Frankia 
discariae33, Frankia sp. AvcI134, Frankia sp. Cc1.1735, Frankia sp. Ea1.1236,Frankia sp. BMG5.2337, Frankia sp. 
DC1238, Frankia sp. EI5c39, Frankia sp. KB540, Frankia sp. QA341, Frankia irregularis42, Frankia sp. Allo243, 
Frankia sp. Iso899 (NCBI BioProject ID: 186458, NCBI Tax ID: 1283283), Frankia sp. CcI644, Frankia sp. 
CpI1-P23, Frankia coriariae45, Frankia sp. CgMI446, Frankia sp. CcI15646, Frankia sp. CgS146, Frankia sp. CcI4947, 
Frankia sp. BMG5.3648, Frankia sp. BMG5.3049, Frankia sp. EUN1h48, Frankia asymbiotica48, Frankia canaden-
sis50, Candidatus Frankia californiensis12, Frankia soli51, Candidatus Frankia datiscae52.

KrakenUniq default parameters were used. Read counts were converted to taxon abundance estimates using 
the Bracken algorithm19. For each Frankia genome (Table 2) we obtained a set of predicted protein sequences by 
applying PPanGGOLiN53 with default parameters. Metagenome assemblies were built using the SqueezeMeta 
pipeline version 1.3.154. To maximize contig size and predicted peptides, SqueezeMeta was executed in coassem-
bly mode to obtain a metagenome assembly of pooled nodule sequence data.

Glutamine synthetase 1 (glnA1) and nifH genes in the set of Frankia genomes (Table 2) were identified using 
BLASTP. The query sequences were the multispecies Frankia protein sequences (NCBI RefSeq WP_044887530.1 
and WP_011438842.1, respectively), and the BLAST database consisted of all Frankia protein sequences pre-
dicted from the genomes from NCBI in Table 2 using PPanGGOLiN53 with default parameters. This collection 
of Frankia glnA1and nifH proteins were then used to discover related sequences in the nodule metagenome 
data. Each Frankia glnA1and nifH protein was used to search a BLASTP database consisting of the predicted 
proteins in the metagenome assembly contigs. The top 50 BLASTP hits among the metagenome proteins were 
extracted, and their reciprocal best hits were determined using BLASTN with their cognate coding sequences 
against the database of 93,000 bacterial genomes used by KrakenUniq, supplemented with the Frankia strains in 
Table 2. Metagenome sequences having best hits to taxa other than Cluster 1 A Frankiae were analyzed further 

Fig. 3 The 20 most abundant species across all samples. (a) Fractional read counts computed by KrakenUniq, 
without applying a kmer threshold. (b) Fractional read counts computed by KrakenUniq, applying the kmer 
threshold of 2000 kmers per million reads. (c) Fractional read counts computed by Bracken. Root nodules are 
described in Table 1. Each horizontal bar represents a nodule metagenome. The reads contributing to each 
species within a metagenome are indicated by the different colors.
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using BLASTP against the non-redundant protein database at NCBI. Ribosomal 16 s RNA gene segments were 
identified in the metagenome assembled contigs using BLASTN. The query sequence was the V3-V4 segment 
of the F. casuarinae 16 s rRNA gene (nucleotides 351 to 772 of NCBI accession NR_153675.1), and the data-
base consisted of the assembled contigs of the combined sample metagenome sequences. All contigs report-
ing alignments were used in a reciprocal BLASTN search against the non-redundant nucleotide database at 
NCBI. PPanGGOLiN53 was also used to make gene family assignments across 38 strains of Frankia (Table 2). 
This process allowed identification of Cluster-specific Frankia genes. (During this process Frankia sp. Iso899 
was discovered not to belong to the genus Frankia based on glnA1 sequence identity and other measures of 
genome similarity). We then took those genes (911 genes in four Cluster 2 strains, 685 genes in eleven Cluster 
3 strains, 900 genes in six Cluster 4 strains; there were no Cluster 1A- or 1B-specific genes) (Table 3) and iden-
tified their best BLASTN hits in the predicted genes from the assembled combined nodule metagenome. Those 
metagenome hits were aligned with BLASTP to a database of 87,516,077 bacterial proteins distributed with the 
metagenome classifier Kaiju version 1.8.055. Proteins having reciprocal best hits below an E-value threshold of 
10e-25 were identified. Functional annotations of the protein translations of genes of interest were made using 
eggNOG-Mapper version 2.0.156.

Data Records. The sequences used in this study were deposited in the NCBI Sequence Read Archive 
(https://identifiers.org/ncbi/insdc.sra:SRP417554)57 and the assembled metagenomes were deposited in 

NCBI taxon ID NCBI taxonomy name Assembly NCBI Accession Other ID Frankia cluster

1562887 Frankia coriariae GCA_001017755.1 BMG5.1 2

1834514 Frankia sp. BMG5.30 GCA_001983005.1 2

1839754 Candidatus Frankia californiensis GCA_900067225.1 Dg2 2

2716812 Candidatus Frankia datiscae GCA_000177615.2 Dg1 2

102897 Frankiasp. EUN1f GCA_000177675.1 3

222534 Frankia elaeagni GCA_000374165.1 BMG5.12 3

269536 Frankiasp. R43 GCA_001306465.1 3

298653 Frankiasp. EAN1pec GCA_000018005.1 3

365528 Frankia discariae GCA_000373365.1 BCU110501 3

573497 Frankiasp. Cc1.17 GCA_001854655.1 3

573499 Frankiasp. Ea1.12 GCA_900465275.1 Framoi1121 3

683316 Frankia sp. EI5c GCA_001636565.1 3

795642 Frankia irregularis GCA_001536285.1 DSM 45899 3

1745382 Frankia sp. CcI49 GCA_001983215.1 3

2599596 Frankia soli GCA_001854695.1 NRRL B-16219 3

298654 Frankia inefficax GCA_000166135.1 EuI1c 4

298655 Frankia saprophytica GCA_000235425.3 CN3 4

683315 Frankia sp. DC12 GCA_000966285.1 4

1834512 Frankia sp. BMG5.36 GCA_001854805.1 4

1834515 Frankia sp. EUN1h GCA_001854645.1 4

1834516 Frankia asymbiotica GCA_001983105.1 NRRL B-16386 4

1283283 Frankia sp. Iso899 -

1856 Frankia torreyi GCA_000948395.1 Cpi1-S 1 A

1858 Frankiasp. ArI3 GCA_019581175.1 1 A

102891 Frankia sp. ACN1ag GCA_001414035.1 1 A

326424 Frankia alni GCA_000058485.1 ACN14a 1 A

573496 Frankia sp. AvcI1 GCA_001420875.1 1 A

710111 Frankia sp. QA3 GCA_000262465.1 1 A

1502734 Frankia sp. CpI1-P GCA_001421075.1 1 A

1836972 Frankia canadensis GCA_900241035.1 FRACA1 1 A

106370 Frankia casuarinae GCA_000013345.1 CcI3 1B

258230 Frankia sp. CeD GCA_000732115.1 1B

683305 Frankia sp. BMG5.23 GCA_000685765.2 1B

683318 Frankia sp. KB5 GCA_002099325.1 1B

981405 Frankia sp. Allo2 GCA_000733325.1 1B

1352929 Frankiasp. CcI6 GCA_000503735.2 1B

1742262 Frankia sp. CgMI4 GCA_001756285.1 1B

1745380 Frankia sp. CcI156 GCA_001983015.1 1B

1745381 Frankia sp. CgS1 GCA_001854725.1 1B

Table 2. Frankia strains and their genome accession numbers used to supplement the KrakenUniq database.
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GenBank (accessions GCA_043110165.1, GCA_043110465.1, GCA_043109925.1, GCA_043110405.1, 
GCA_043110005.1, GCA_043110505.1, GCA_043110065.1, GCA_043110605.1, GCA_043110245.1, 
GCA_043110625.1, GCA_043110325.1, GCA_043110305.1, GCA_043110225.1). These records are 
all indexed at NCBI under BioProject PRJNA92402958. A Figshare repository (https://doi.org/10.6084/
m9.figshare.24615723)59 contains the data necessary to reconstruct the KrakenUniq index we used for read 
classification, and the supporting tables referenced as S1-S22 in the text.

technical Validation
Because the KrakenUniq data indicated the presence of multiple Frankia strains in all root nodules, this diversity 
should also be reflected in specific genes. We chose to examine glutamine synthetase 1 (glnA1), which has been 
used for phylogenetic studies in Frankia and in the Actinobacteria more broadly60,61. The proteins predicted in 
the metagenome assembly were searched with BLASTP using a set of Frankia glnA1 sequences as described in 
Methods. The 50 best hits were used in a reciprocal BLASTN search of the KrakenUniq genome database, sup-
plemented with the genomes of the Frankia strains in Table 2. Table S16 shows the metagenome contigs match-
ing glnA1 and their reciprocal best BLASTN hits. All are from Frankia Cluster 1 A. Analysis of the metagenome 
representatives of the nifH gene and the V3-V4 segment of the 16 s rRNA gene yielded results supportive of the 
glnA1 observations. When analyzed by reciprocal BLAST, all such alignments were to sequences annotated as 
Cluster 1 A Frankia strains.

Analysis of genes belonging exclusively to each Frankia Cluster, and found in all members of that Cluster 
examined, yielded: 911 predicted gene families belonging exclusively to all four Cluster 2 strains; 685 predicted 
gene families belonging exclusively to all eleven Cluster 3 strains; 900 predicted gene families belonging exclu-
sively to all six Cluster 4 strains. The eggNOG-Mapper annotations of these Cluster-specific gene sets are shown 
in Table S17, Table S18, and Table S19 for Clusters 2, 3, and 4, respectively. The reciprocal best hits numbered: 
Cluster 2, 13; Cluster 3, 12; Cluster 4, 52 (Table S16). The eggNOG-Mapper annotations of these reciprocal best 
hits are shown in Table S20, Table S21, and Table S22 for Frankia Clusters 2, 3, and 4, respectively.

Code availability
Perl scripts used to tabulate the data found in the Figshare repository tables and to draw the figures may be found 
here: https://github.com/phlatphish/metagenome_scripts.
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