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 Supplementary Methods 

 Natural and water-saturated sample collection 

For the natural set, we first located three thalli from each of four different Peltigera 

morphospecies: Peltigera canina s. lat. (c1–c3), Peltigera elisabethae (e1–e3), Peltigera 

malacea (m1–m3), and Peltigera appalachiensis (n1–n3). The 12 thalli were < 100 m of each 

other and grew on feathermosses (Supplementary Fig. S1A–S1C). For each thallus, we sampled 

(i) a ~1 cm2 piece from a lobe tip of the lichen thallus, and (ii) feathermosses from four points 

immediately adjacent to the lichen thallus. Therefore, we collected a total of 12 lichen samples 

and 12 pooled feathermoss samples (Supplementary Table S2 and S3). The sampling was 

completed between 6:30 AM and 8:30 AM on July 20th, 2022. We did not collect climatic data 

during sampling, but the closest weather station (SLAVE LAKE RCS, ~47 km away, data from 

https://climate.weather.gc.ca/) recorded temperatures between 13.5 °C and 16 °C during the 

sampling period, and 3.2 mm of rain over the five days preceding sampling. 

For the water-saturated set, we collected mats that included the lichen thalli sampled 

above and their feathermoss substrate and transported them to Edmonton, Alberta (2.5 h drive). 

The next day, we placed the mats outside under indirect natural light and sprayed them with 

water until water-saturated (e.g., Supplementary Fig. S1D). We then sampled the lichen thalli and 

feathermoss substrate in the same way as the natural set. This sampling was completed between 

6:30 AM and 7:00 AM on July 21st, 2022. 

Nucleic acid isolation and sequencing 

We isolated metagenomic DNA from dried samples of the 12 lichen thalli and 12 

feathermoss mats using an SDS protocol as described previously [1]. Metagenomic libraries 

were prepared with the KAPA HyperPrep Kit (Roche Sequencing Solutions, Pleasanton, CA, 

USA) following the manufacturer’s instructions and sequenced on a Novaseq 6000 (Illumina) S1 

flow cell (150 bp PE). We also sequenced the metagenomic DNA isolated from the 12 lichen 

samples in two R10.4.1 flow cells from Oxford Nanopore Technologies. We isolated RNA with 

the RNesay Plant Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. 

Metatranscriptomic libraries were prepared with the ZymoSeq RiboFree Total RNA Library Kit 

(Zymo Research, Irvine, CA, USA) and sequenced on a Novaseq 6000 (Illumina) S-Prime flow 

cell (150 bp PE). 

 Custom database for kraken2-bracken 



 We generated a custom database to improve the resolution of taxonomic assignments 

inferred with kraken2-bracken [2]. We first downloaded 225 genomes of Nostoc s. lat. from 

public databases (Supplementary Table S1); 80,789 bacterial and archaeal genomes from the 

GTDB [3] database (V214 released in 2023-06-09); 2,537 fungal genomes from the MycoCosm 

[4] database (accessed in 2023-11-05); and 106 Peltigera MAGs [1]. Next, we use custom scripts 

to change the header of all the contigs in these sequences to have a compliant structure with the 

kraken2 database (kraken:taxid| NCBI taxon ID number). Finally, we used these trimmed 

sequences and the standard kraken2 database to create a kraken2-bracken database using 

parameters: -s 4 -k 49. 

Metagenomic assembly and Nostoc genome binning 

We used fastp v0.23 [5] to trim reads in a sliding window of 15 bp when < 80% bases had 

< Q18 PHRED score. After trimming, reads with < 100 bp were discarded. For the lichen 

metagenomic libraries, we classified reads from both long- and short-read datasets with our 

curated kraken2-bracken v2.1.3 [6] database, and extracted the reads classified as Nostoc from 

each library using kraken-tools v1.2 [7]. We then used Unicycler v0.5.1 [8] to carry out hybrid 

assemblies with both long- and short-reads of Nostoc. We recovered 13 Nostoc metagenome-

assembled genomes (MAGs) from the 12 lichen libraries. 

For the 12 feathermoss libraries, we used two different approaches to recover Nostoc 

MAGs. First, we extracted reads classified as Nostoc with kraken-tools v1.2 and assembled them 

using SPAdes v4.0.0 [9]. This generated three Nostoc MAGs: e2_top_contigs, m1_top_contigs, 

and n2_top_contigs (Supplementary Table S1). Second, we assembled the complete 

metagenomes of the feathermoss libraries using the --meta option in SPAdes v4.0.0 [10] and 

binned the assembled contigs with VAMB v4.1.3 [11]. This generated three additional Nostoc 

MAGs: c2_topC1511, m1_topC1290, and n2_topCmix (Supplementary Table S1).  

To remove contaminant sequences, we classified the contigs in all 19 Nostoc MAGs (13 

from lichen libraries and six from feathermoss libraries) with MMseqs2 v15.0.0 [12] using the 

UniRef90 and UniProtKB databases and discarded contigs not classified as Nostoc. The quality 

of the MAGs was assessed with CheckM v1.2.3 [13], QUAST v5.2.0 [14], and BUSCO v5.0.0 

[15] coupled with the nostocales_odb10 database [16]. Based on this, we retained 12 Nostoc 

MAGs from the lichen libraries (one from each lichen thallus) and six MAGs from the 



feathermoss libraries with > 90% completeness and < 5% contamination (Supplementary Table 

S1). 

Finally, we classified the contigs from the Nostoc MAGs into chromosome and plasmid 

origin using PlasX [17]. We used a classification threshold of 0.1 and reported the cumulative 

length of sequence classified as plasmid for Nostoc genome in Supplementary Table S1. 

Genome annotation with profile HMMs of target genes 

We generated profile hidden Markov models (HMMs) of each target gene and then used 

those profile HMMs to search for the genes in our sample of 246 genomes [18]. To generate the 

profile HMMs, we retrieved a minimum of five nucleotide sequences of each target gene from 

genomes of nostocalean cyanobacteria available in the NCBI and UniProt databases. Next, we 

aligned each set of sequences using MAFFT v7.475 [19] with the –auto flag. We used these 

alignments as input for HMMER v3.4 [18] to produce profile HMMs. We then used custom 

scripts that integrated HMMER and SeqKit v2.8 [20] to search and extract the nucleotide 

sequences of the target genes from the 246 genomes in our sampling. We visualized the genome 

content across strains using heatmaps generated with the R package ComplexHeatmap v2.20.0 

[21]. 

We used one of two possible criteria to select e-value thresholds for the HMMER 

searches. (i) If the profile HMM included sequences from Nostoc punctiforme ATCC 29133 or 

Nostoc flagelliforme CCNUN1 (which were part of our sampling of Nostoc s. lat. genomes), we 

used the e-value of the HMMER hit obtained for either of those two genomes as a maximum 

threshold for the searches in the rest of the genomes. (ii) If the profile HMM did not include 

sequences from Nostoc punctiforme ATCC 29133 or Nostoc flagelliforme CCNUN1, we 

conducted a BLASTn search of the HMMER hits against the NCBI nucleotide database. Then, 

we filtered the BLASTn results to retain hits with >80% similarity to sequences with the same 

annotation as the profile HMM in a set of reference genomes (Anabaena sp. PCC 7120, 

Anabaena variabilis ATCC 29413, Synechocystis sp. PCC 6803, or Synechococcus elongatus 

PCC 7942). Finally, we selected the highest e-value among the HMMER hits that fulfilled these 

similarity and annotation criteria after the BLASTn search to use it as a maximum threshold for 

the searches in the rest of the genomes. All e-values we used for each target gene are in 

Supplementary Table S4. 

Screening Nostoc genomes for glucose transporters 



We used two strategies to search for glucose transporter genes that could be involved in 

glucose transfer from Nostoc to the cyanolichen fungus. First, we conducted HMMER and 

BLASTp searches of the Nostoc genomes using the amino acid sequences of annotated glucose 

transporters from the Transporter Classification Database (TCDB) [22]. Second, we generated a 

custom HMM profile and conducted a targeted HMMER search of glcP homologs, a putative 

glucose permease found in Nostoc punctiforme and Synechocystis sp. PCC6803 [23]. Both the 

TCDB and the glcP strategy recovered the same hits for every lichenized genome 

(Supplementary Table S5). 

Mapping of Nostoc reads from metatranscriptomic libraries 

To include only genes shared across Nostoc genomes of both lichenized and feathermoss-

associated datasets, we retrieved the genes present in at least 75% of the genomic data for each 

Nostoc lifestyle (i.e., lichenized [nine out of 12 libraries], and feathermoss-associated [five out of 

six libraries]). Then, we kept genes that passed this threshold in both lichenized and feathermoss-

associated datasets (298 out of 514, Supplementary Table S4). The Nostoc reads from each lichen 

metatranscriptomic library were mapped to the 298 selected gene sequences of the Nostoc MAG 

assembled from the corresponding lichen specimen. For example, the Nostoc reads from the c1 

metatranscriptomic library were mapped to annotated gene sequences from the Nostoc MAG 

assembled from the c1 metagenomic library. For the Nostoc associated with feathermosses, we 

first built a hybrid reference by combining the 298 genes annotated in the six Nostoc MAGs 

obtained from the feathermoss metagenomic libraries (five MAGs from Nostoc section 2.4 and 

one MAG from Nostoc section 3.7; Supplementary Fig. S2). We then deduplicated the combined 

gene sequences using the dedupe.sh script part of BBTools v37.62.0 [24] with options 

minidentity=98 and e=10 (maximum indel number). The Nostoc reads extracted from each 

feathermoss metatranscriptomic library were mapped to this hybrid, deduplicated set of reference 

genes. The use of this hybrid reference allowed us to capture the gene expression profile of the 

community of Nostoc associated with feathermosses rather than a particular strain. 

Phylogeny of ammonium permeases 

 We inferred a phylogeny of ammonium permeases that included (i) 386 protein sequences 

derived from our targeted annotation (amt1, amt4, and amtB genes; Supplementary Table S5) of 

243 genomes of Nostoc s. lat., and (ii) 57 protein sequences that represent the diversity of the 

AMT/MEP/Rh family of ammonium permeases (Supplementary Table S6) [25]. We aligned the 



amino acid sequences using MAFFT v7.475 with the DASH option to incorporate protein 

structural information and the G-INS-i iterative refinement algorithm [26]. We then searched for 

the best fitting model of amino acid substitution considering site-heterogeneous models. 

LG+C50+F was selected as the optimal model using the Bayesian information criterium and we 

used it to infer a maximum likelihood phylogeny with 1,000 UFBoot2 pseudoreplicates in IQ-

Tree v1.6.12 [27,28]. The tree was visualized with the R package ggtree v.3.4.4 [29]. 

Quantifying association between amt1 presence and lichenized lifestyle 

 We used a phylogenetic generalized linear model to explicitly quantify the relationship 

between the lichenized lifestyle and the presence/absence of the amt1 gene while accounting for 

the underlying phylogeny. Lichenized versus non-lichenized refer to Nostoc lifestyles at the time 

of our sampling, exclusively. We fitted a phylogenetic logistic regression of the form amt1 ~ 

lifestyle, where the lifestyle variable was encoded as either lichenized or non-lichenized. We used 

the phyloglm function from the phylolm v2.6.5 R package for model fitting [30]. 

Estimation of false negative rate of V-Nase gene detection 

 V-Nase genes are often carried in plasmids [31]. Therefore, searching V-Nase genes in 

MAGs can yield false negative detection if the MAGs are missing plasmid sequences. To estimate 

the rate of false negative detection of V-Nase genes in MAGs, we searched the Nostoc V-Nase 

genes in the full metagenome assemblies from cyanolichens, which were available to us, and 

compared the detections with those obtained from the Nostoc MAGs binned from the same 

metagenome assemblies (Supplementary Table S5). Then we calculated a false negative rate (FNR) 

as: 

𝐹𝑁𝑅 =
ே೘೐೟ೌ೒೐೙೚೘೐ ೇషಿೌೞ ିேಾಲಸ ೇషಿೌೞ೐

ே೘೐೟ೌ೒೐೙೚೘೐ ೇషಿೌೞ೐
∗ 100% =

ଵ଴ଽି

ଵ଴ଽ
∗ 100% = 11%.  

 This FNR is especially relevant for the Nostoc symbionts of cycads, because 90% (38/42) 

of these genomes are MAGs (Supplementary Table S1). If we account for the FNR for MAGs, the 

percentage of cycad-symbiont genomes with V-Nase genes would increase from 7% (3/42 

genomes) to 16% (7/42, i.e., four genomes with false negative V-Nase gene detections), which is 

still substantially lower than in genomes of lichenized Nostoc (66% in MAGs, or 76% after 

considering V-Nase detection across the entire metagenome assemblies). 

 

 

  



 

Supplementary Figure S1. Sampling of cyanolichen and adjacent feathermoss for 

metatranscriptomic and metagenomic sequencing. A Location of 12 thalli (Supplementary Table 

S2) from four different Peltigera morphospecies (Peltigera canina s. lat. [c1–c3], Peltigera 

elisabethae [e1–e3], Peltigera malacea [m1–m3], and Peltigera appalachiensis [n1–n3]) at 

sampling site in Alberta, Canada. B Forest at sampling site dominated by Picea mariana and 

ground cover dominated by feathermosses. C and D show examples of a cyanolichen specimen 

(Peltigera elisabethae e1) growing on feathermosses in natural (C) and saturated (D) water 

content conditions prior to our sampling for metatranscriptomic sequencing. 

  



 

Supplementary Figure S2. Species tree of 243 Nostoc s. lat. genomes and three outgroup taxa 

included in the study. The tree was inferred with weighted-ASTRAL using 1,517 genes. Branch 

lengths represent coalescent units. Genome metadata is in Supplementary Table S1. The source 

column to the right of the tree indicates whether a genome was sequenced in this study (“Moss 

besides thallus” or “Thallus”) or retrieved from public databases (“Public”). Phylogenetic 

sections of Nostoc to the right of the Lifestyle and Source columns are as described previously 

[1]. 

  



 

Supplementary Figure S2. (continued) 



 

 

Supplementary Figure S2. (continued) 

  



 

Supplementary Figure S3. Photosynthesis and putative symbiotic glycogen degradation are 

upregulated in lichenized Nostoc in natural samples. A Differential expression of genes that 

encode three key protein complexes involved in photosynthetic carbon fixation. B Glycogen 

synthesis and degradation in cyanobacteria. Solid arrows show the canonical pathway 

(https://www.genome.jp/pathway/hsa00500) [32]. Dashed arrows show the proposed mechanism 

of glycogen degradation that leads to glucose released by lichenized Nostoc [33]. C Differential 

expression of glycogen metabolism genes. Log2 Fold Change and adjusted P values were 

estimated with DESeq2 based on 12 lichenized and six adjacent moss-associated Nostoc RNA-

seq libraries from samples obtained from cyanolichens and their moss substrates under natural 

conditions. Gene descriptions are in Supplementary Table S4. Gluc1P: glucose-1-phosphate; 

ADP-Gluc: adenosine diphosphate glucose; MOS: maltooligosaccharides; MD: maltodextrins; 

GlgC: glucose-1-phosphate adenylyltransferase; GlgA: glycogen synthase; GlgB: glucan-

branching enzyme; GlgP: glycogen phosphorylase; malQ: putative D-enzyme; GlcP: glucose 

permease. 

  



 

Supplementary Figure S4. Genes of the Calvin-Benson cycle are upregulated in lichenized 

Nostoc. Both panels show differential expression as Log2 Fold Change and adjusted P values 

estimated with DESeq2. Estimates in panel A are based on 12 lichenized and seven moss-

associated Nostoc RNA-seq libraries from water-saturated samples. Estimates in panel B are 

based on 12 lichenized and six moss-associated Nostoc RNA-seq libraries obtained from 

cyanolichens and their moss substrates under natural conditions. Gene labels include both KEGG 

entry codes and gene abbreviations. 

  



 



Supplementary Figure S5. Most genes involved exclusively in cellular respiration pathways 

(i.e., glycolysis, citrate cycle, and oxidative phosphorylation) are not differentially expressed in 

lichenized Nostoc compared to Nostoc associated with feathermosses. Note that the 

NAD(P)H:quinone oxidoreductase and the cytochrome b6-f also participate in photosynthetic 

electron transport as well as oxidative phosphorylation during respiration. Both panels show 

differential expression as Log2 Fold Change and adjusted P values estimated with DESeq2. 

Estimates in panel A are based on 12 lichenized and seven moss-associated Nostoc RNA-seq 

libraries from samples saturated with water. Estimates in panel B are based on 12 lichenized and 

six moss-associated Nostoc RNA-seq libraries from samples under natural conditions. Gene 

labels include both KEGG entry codes and gene abbreviations. 

  



 

Supplementary Figure S6. Downregulated heterocyst development and ammonium assimilation 

is associated with signatures of growth under nitrogen deficiency conditions in lichenized Nostoc 

in natural samples. Differential expression of genes involved in dinitrogen assimilation. Log2 

Fold Change and adjusted P values were estimated with DESeq2 based on 12 lichenized and six 

moss-associated Nostoc RNA-seq libraries from natural samples. Gene descriptions are in 

Supplementary Table S4. 



 

 

Supplementary Figure S7. Genomes of Nostoc s. lat. encode up to three types of putative 

ammonium permeases from the AMT/MEP/Rh family. Maximum likelihood protein phylogeny 

of the AMT/MEP/Rh family. Reference sequences and clade delimitations follow previous 

observations [25] (Supplementary Table S6). Thick branches indicate UFBoot2 support > 95%. 

Branch lengths represent the average number of amino acid substitutions per site. 

  



 

Supplementary Figure S8. Development of motility structures is downregulated in lichenized 

Nostoc in natural samples. Differential expression of structural and regulatory genes for the 

development of motility structures. Log2 Fold Change and adjusted P values were estimated with 

DESeq2 based on 12 lichenized and six moss-associated Nostoc RNA-seq libraries from natural 

samples. Gene descriptions are in Supplementary Table S4. 
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