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Abstract

Prokaryotic genomes are often considered to be mosaics of genes that do not necessarily share the
same evolutionary history due to widespread Horizontal Gene Transfers (HGTs). Consequently,
representing evolutionary relationships of prokaryotes as bifurcating trees has long been controversial.
However, studies reporting conflicts among gene trees derived from phylogenomic datasets have
shown that these conflicts can be the result of artifacts or evolutionary processes other than HGT,
such as incomplete lineage sorting, low phylogenetic signal, and systematic errors due to substitution
model misspecification. Here, we present the results of an extensive exploration of phylogenetic
conflicts in the cyanobacterial order Nostocales, for which previous studies have inferred strongly
supported conflicting relationships when using different concatenated phylogenomic datasets. We
found that most of these conflicts are concentrated in deep clusters of short internodes of the
Nostocales phylogeny, where the great majority of individual genes have low resolving power. We
then inferred phylogenetic networks to detect HGT events while also accounting for incomplete
lineage sorting. Our results indicate that most conflicts among gene trees are likely due to incomplete
lineage sorting linked to an ancient rapid radiation, rather than to HGTs. Moreover, the short
internodes of this radiation fit the expectations of the anomaly zone, i.e., a region of the tree parameter
space where a species tree is discordant with its most likely gene tree. We demonstrated that
concatenation of different sets of loci can recover up to 17 distinct and well-supported relationships
within the putative anomaly zone of Nostocales, corresponding to the observed conflicts among well-
supported trees based on concatenated datasets from previous studies. Our findings highlight the
important role of rapid radiations as a potential cause of strongly conflicting phylogenetic
relationships when using phylogenomic datasets of bacteria. We propose that polytomies may be the
most appropriate phylogenetic representation of these rapid radiations that are part of anomaly zones,

especially when all possible genomic markers have been considered to infer these phylogenies.

Keywords: Anomaly zone, bacteria, horizontal gene transfer, incomplete lineage sorting, Nostocales,
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INTRODUCTION

With the discovery of Archaea (Woese and Fox 1977), molecular phylogenetics based on 16S
ribosomal RNA started to transform the field of microbiology. However, about two decades later, the
first complete sequences of prokaryotic genomes revealed that horizontal gene transfers (HGTS) were
a major force shaping genomes across the tree of life (Doolittle and Logsdon Jr 1998; Lawrence and
Ochman 1998; Doolittle 1999a, 1999b; Nelson et al. 1999). This challenged the adequacy of
bifurcating trees to describe prokaryotic evolutionary histories and prompted an intense debate. Some
argued that the estimated rate of HGT among prokaryotic genomes implied the loss of the signal of
vertical descent (Lawrence and Ochman 1998; Doolittle 1999b; Nesbg et al. 2001), while others
claimed that a universal prokaryotic tree exists even in the presence of HGT (Daubin 2002; Kurland et
al. 2003). Since then, many studies have shown that rates of HGT are not constant through time,
across lineages, or among genes within a genome (Zhaxybayeva 2006; Sorek et al. 2007; Shi and
Falkowski 2008; Coleman et al. 2021; Groussin et al. 2021). More importantly, there is growing
evidence that most bacterial gene families evolved vertically most of the time, thus leaving a strong
tree-like signal in bacterial genomes (Hernandez-L6pez et al. 2013; Murray et al. 2016; Avni and Snir

2020; Coleman et al. 2021).

Nevertheless, many phylogenetic studies of prokaryotes have used a single gene that is less
likely to be subjected to HGT (e.g., 16S) to avoid potential HGT-related artifacts when inferring
species trees (Janda and Abbott 2007; Tringe and Hugenholtz 2008; Yarza et al. 2008). These single
gene phylogenies tend to have low statistical support as the number of taxa increases (Bremer et al.
1999; Rokas and Carroll 2005; Janda and Abbott 2007). For this reason, there is a need to use
multiple genes to infer phylogenetic relationships of prokaryotes, especially now that genomes are
readily available. However, the use of genome-scale datasets may increase the chance of HGT events

lowering the accuracy of phylogenetic inferences (Mclnerney et al. 2008).

One of the most common ways to detect HGT events is to identify strongly supported

phylogenetic conflicts among gene trees (Doolittle et al. 2003; Mclnerney et al. 2008). However,
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phylogenetic conflicts can also result from artifacts and evolutionary processes other than HGT,
including low phylogenetic signal (Huang et al. 2010; Philippe et al. 2011), systematic errors due to
model misspecification (Wang et al. 2019; Redmond and McLysaght 2021), hidden paralogs (Zhang
et al. 2020a), and incomplete lineage sorting (ILS; Rosenberg 2013; Meleshko et al. 2021). In recent
years, many phylogenomic studies of eukaryotic organisms have revealed the pervasiveness of gene
tree conflicts that result from the issues listed above (e.g., Smith et al. 2015; Shen et al. 2017,
Richards et al. 2018; Cloutier et al. 2019; Li et al. 2020). This is in contrast with most phylogenomic
studies of bacteria, which do not include any tests for conflicts and infer phylogenetic relationships
based on concatenated datasets of single-copy core genes (Parks et al. 2017; Greenlon et al. 2019;
Pérez-Carrascal et al. 2019; Taib et al. 2020; Kim et al. 2021). In addition, the few studies that have
characterized phylogenetic incongruences among bacterial genes focus mostly on HGT and gene
duplication and loss (Murray et al. 2016; Coleman et al. 2021; Cornet et al. 2021). Therefore, there is
a need for a more comprehensive exploration of the methodological issues and biological processes

that can contribute to phylogenetic conflicts in bacterial phylogenies.

An interesting case of rampant phylogenetic conflicts occurs in the cyanobacterial order
Nostocales, an important group of photosynthetic and nitrogen-fixing bacteria (Komarek et al. 2014).
Previous studies of this order have recovered at least five distinct and highly supported sets of
relationships among higher-level lineages (e.g., Fig. 1; Sanchez-Baracaldo 2015; Gagunashvili and
Andrésson 2018; Warshan et al. 2018; Gutiérrez-Garcia et al. 2019; Nelson et al. 2019). Although
these conflicting relationships have not spurred controversy, some studies have relied on different
conflicting phylogenies to address questions about trait evolution in Nostocales (e.g., nitrogenases and
symbiotic lifestyle; Gagunashvili and Andrésson 2018; Warshan et al. 2018; Nelson et al. 2019), and
could lead to unstable and conflicting classifications at the family rank within this order (Komarek et
al. 2014). This highlights the importance of understanding the challenges to accurate phylogenetic
inference in this group when using multiple genes. Fossils and molecular dating evidence suggest that

the crown of Nostocales is at least one billion years old (Tomitani et al. 2006; Sdnchez-Baracaldo et
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al. 2014; Sanchez-Baracaldo 2015; Demoulin et al. 2019). This deep phylogenetic history of

nostocalean cyanobacteria adds another layer of complexity to the resolution of their relationships.

In this study, our aim was to determine the main sources of topological conflicts among
published phylogenies of nostocalean cyanobacteria (Fig. 1), including potential methodological
artifacts and evolutionary processes. First, we sought to identify the most problematic relationships by
estimating the level of phylogenetic conflicts across topological bipartitions. Next, we determined if
different methodological choices such as the number and set of loci, alignment trimming strategies,
types of substitution models, and inference methods, contributed to the level of conflicts among gene
trees. We then inferred a coalescent phylogenetic network with representatives from the major
lineages of Nostocales to estimate the contributions of various evolutionary processes to phylogenetic
conflicts. This approach models gene tree conflicts as a result of reticulated evolution and incomplete
lineage sorting, while also accounting for phylogenetic uncertainty and substitution site-heterogeneity
(Lartillot et al. 2009; Larget et al. 2010; Solis-Lemus and Ané 2016). We used the resulting coalescent
phylogenetic network to test whether the internodes with highest conflict fell within the anomaly
zone, i.e., a region of the tree parameter space where a species tree is discordant with its most likely
gene tree (Degnan and Rosenberg 2006; Rosenberg 2013). And finally, we used phylogenomic
jackknifing to show that concatenation of gene alignments with low phylogenetic signal, expected
from the anomaly zone, is the likely cause of most conflicts among concatenated phylogenies of

Nostocales.
MATERIALS AND METHODS
Genome Data Acquisition

Taxon sampling.—We retrieved all 199 genomes of Nostocales available in the NCBI RefSeq
database as of April 20", 2020. We also included 17 metagenome-assembled genomes (MAGs) of
lichenized Nostocales: 12 Nostoc sp. from Cornet et al. (2021), as well as two Nostoc sp. and three
Rhizonema sp. sequenced as part of this study (see below; Table S1). Finally, we included the

genomes of four representative taxa of the sister order Chroococcidiopsidales as outgroup:
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Chroococcidiopsis thermalis PCC 7203, Gloeocapsa sp. PCC 7428, Synechocystis sp. PCC 7509, and
a MAG of the cyanobiont of the lichenized fungus Peltula cylindrica (McDonald et al. 2013; Shih et

al. 2013). Thus, the total taxon sampling consisted of 220 genomes (Table S1).

Sequencing and assembly of new Nostocales genomes.— For the Rhizonema cyanobionts of
Dictyonema sp. 3644, Dictyonema sp. 3668, and Dictyonema sp. 2651, healthy and clean-looking
lichen fragments were selected under the stereoscope with sterile tweezers. DNA was isolated with
the FastDNA™ SPIN Kit (MP Biomedicals) or the DNeasy PowerSoil Pro Kit (Qiagen). Samples
were then quantified with Qubit ds HS Assay Kit (Invitrogen) using 5 ul of each DNA sample with
195 ul of the Qubit working solution. Library preparation was performed using the Nextera XT
Library Prep Kit and the libraries were sequenced using an Illumina MiSeq Reagent Kit v2 500 cycle
(2 x 250 bp). For the Nostoc cyanobionts of Lepidocollema sp. T6 and Kroswia sp. DP7, extraction of
DNA followed a modified protocol from Zolan and Pukkila (1986). DNA libraries (500 bp insert)
were sequenced with an lllumina NovaSeq 6000 S-Prime cell (2 x 150 bp). All newly sequenced
metagenomes, as well as the metagenome of the cyanolichen Peltula cylindrica from McDonald et al.
(2013), were assembled using metaSPAdes (Nurk et al. 2017) and binned using MetaBAT 2 with

default parameters (Kang et al. 2019).

Quality assessment of genome assemblies.—To assess the completeness of each of the 220
genome assemblies, we ran BUSCO v4.1.3. (Simao et al. 2015) using the “cyanobacteria_odb10” as
the reference database (Kriventseva et al. 2019). This database consists of 773 single-copy orthologs
conserved across Cyanobacteria, and BUSCO quantifies the percentage of those genes that are
complete and single copy in each assembly. We then removed nine genomes that had less than 89% of
these genes from all phylogenetic analyses (Table S1). For the remaining 211 taxa, we aligned the
amino acid sequences of the 773 BUSCO loci using MAFFT v7.475 (Katoh and Standley 2013) with
default parameters. We then concatenated these alignments and inferred a maximum likelihood
phylogeny with 1000 bootstrap replicates using RAXML v8.2.12 (Stamatakis 2014) with the
GTRGAMMA model and default parameters. To assess conflicts among published phylogenies, we

used the resulting phylogeny (Fig. S1) to allocate taxa used in previous studies to nine major groups
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(Fig. 1). To reduce dataset complexity for subsequent analyses, we selected a subset of 55 taxa (subset
0; Fig. S1 and Table S1) that includes representatives from all major lineages that we identified on

this initial phylogeny.

We also used Genome UNClutterer (GUNC; Orakov et al. 2021), a method that can detect
both redundant and non-redundant contamination in genome assemblies (Orakov et al. 2021). We ran
GUNC on all 220 genome assemblies that we sampled. Because all loci we used in this study are
found in the bacterial chromosome, we excluded the plasmid sequences from the complete assemblies
before running GUNC to prevent false positives. We confirmed that all 55 taxa part of subset 0 (Table

S1) passed the GUNC filter of contamination (Supplementary File S1).

Sequence Datasets

Previous studies that included phylogenomic trees of Nostocales have used molecular datasets of
different sizes (e.g., Fig. 1) including genes selected using different criteria. Therefore, we performed
our phylogenetic analyses using multiple datasets to determine their potential role as sources of
phylogenetic conflicts and whether some of these datasets should be preferred to others. Below is a

description of the datasets and the criteria used to select genes for each of them.

Loci set L31.—31 housekeeping genes that were initially identified for the AMPHORA
pipeline and proposed as suitable markers for phylogenomic studies in Bacteria (Wu and Eisen 2008).
Most of these genes encode ribosomal proteins, and they are used routinely for phylogenetic and
taxonomic studies of Cyanobacteria (e.g., Shih et al. 2013; Komarek et al. 2014; Walter et al. 2017;

Gagunashvili and Andrésson 2018; Bell-Doyon et al. 2020).

Loci set L70.—70 genes that are part of 22 Collinear Orthologous Regions (CORs) found
across Nostocales (Cornet et al. 2021). This set includes only genes that are part of the largest operon
in each COR. Cornet et al. (2021) selected these markers using synteny, collinearity, and operon
criteria under the assumption that genes that are present in the same order and orientation across a

clade are less likely to have undergone HGT.
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Loci set L746.—A subset of 746 genes from the 773 single-copy ortholog genes in the
“cyanobacteria_odb10” database used by BUSCO, which are conserved across all Cyanobacteria. We
removed the genes that were present as complete and single-copy in less than 90% of the 220
genomes sampled for this study (Table S1) and kept the remaining 746 loci. A similar set of loci from
an earlier version of the database (‘cyanobacteria 0db9’) was used in a recent phylogenetic study on

Nostocales (Nelson et al. 2019).

Loci set L1648.—A subset of 1648 genes from the 1899 single-copy ortholog genes in the
‘nostocales _odb10’ database used by BUSCO, which are conserved across the order Nostocales. We
removed the genes that were present as complete and single-copy in less than 90% of the 220
genomes sampled for this study (Table S1) and kept the remaining 1648 loci. Note that the loci from

all other sets used for this study are included in L1648.

Loci set L1082.—A subset of 1082 nucleotide gene alignments from the L1648 dataset. We
generated this subset by removing loci with low phylogenetic signal, which has been shown to reduce
incongruences among gene trees (Salichos and Rokas 2013; Zhang et al. 2020b). Specifically, we
inferred maximum likelihood gene trees with 1000 UltraFast Bootstrap (UFBoot) replicates as
described in the Tree Inference section below. Then, we fitted a curve to the relationship between the
mean UFBoot support and the number of variable sites from each alignment. Finally, we inferred the
y-value of the inflexion point of this curve (mean UFBoot = 73%) and kept the alignments with mean
UFboot > 73% and >100 variable sites (Fig. S2a). In addition, we pruned the taxa that were detected
as outlier long branches in the gene trees using TreeShrink v.1.2.0 with the ‘per-species’ mode and the
-b 20 flag (Mai and Mirarab 2018). TreeShrink estimates the contribution of each taxon to the
diameter of the gene trees and identifies loci for which that contribution is unusually high. For those
outlier loci, TreeShrink removes the taxon from the alignment if it increases the tree diameter by more
than 20% (-b 20). This strategy can reduce systematic errors in downstream analyses and was shown

to decrease phylogenetic conflicts (Mai and Mirarab 2018).
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Loci set L1233.—A subset of 1233 amino acid alignments from the L1648 dataset. We
generated this subset using the same procedure as for the L1082 dataset above. In this case, we kept
the alignments with mean UFBoot > 60% and > 100 variable sites (Fig. S2b). We also pruned taxa

detected as outlier long branches using TreeShrink as described above.

Alignments

All loci sets included highly divergent sequences because our taxon sampling spans an entire
order of Cyanobacteria that is estimated to be at least 1 billion years old (Tomitani et al. 2006;
Sanchez-Baracaldo 2015). Therefore, we used a strategy that improves alignment accuracy for highly
divergent sequences by incorporating homologous sequences and protein structural information into
the alignment process (Nute et al. 2019; Rozewicki et al. 2019). More specifically, we aligned all loci
at the amino acid level using the mafft-homologs. rb script with MAFFT v7.475 and the --
dash option (i.e., MAFFT-DASH Homologs; Katoh and Standley 2013; Rozewicki et al. 2019).
MAFFT-DASH Homologs incorporated homologous sequences from two external sources: i) a
Database of Aligned Structural Homologs (DASH), and ii) a custom BLAST database that contained
all BUSCO loci from the ‘nostocales odb10’ found in all 211 genomes included in this study (Table
S1). In all cases, we used the --globalpair algorithm with 100 refinement iterations (Katoh
2005). We then obtained nucleotide alignments by back-translating the amino acid alignments using

PAL2NAL v14 (Suyama et al. 2006) and the unaligned nucleotide sequences as input.

In all sequence datasets, we used trimAl v1.2rev59 (Capella-Gutierrez et al. 2009) to remove
ambiguously aligned regions by trimming all sites with gaps (i.e., +ng; Table 1). Because some
alignment filtering methods can impact the accuracy of phylogenetic inference (Tan et al. 2015;
Steenwyk et al. 2020), we tested whether different trimming strategies could result in different levels
of phylogenetic conflict. We generated additional alignments from the L1648 datasets by trimming
with three additional strategies: i) removing non-parsimony informative (nPSI) and gappy sites using
the ‘smart-gappy’ algorithm implemented in ClipKit v1.1.0 (Steenwyk et al. 2020), and keeping

constant and parsimony informative (PSI) sites (i.e., L1648+kcg); ii) as in L1648+kcg but removing
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sites with more than 20% gaps instead of using the smart-gappy algorithm (i.e., L1648+kcg2); and iii)
trimming highly variable and gappy sites using the ‘strict’ algorithm implemented in trimAl (i.e.,

L1648+strict; Capella-Gutierrez et al. 2009).

For the L1648 datasets, we used AMAS (Borowiec 2016) to calculate the proportion of
missing, variable, and parsimony-informative (PSI) sites, as well as the length of each gene alignment
across all the datasets that we used in the study. The resulting proportion of variable sites was very
similar across all four trimming strategies (Fig. S3b, f). However, the differences in the proportion of
PSlI sites (Fig. S3c, g) indicate that the variable sites are not fully overlapping across trimming

strategies, even if they represent similar proportions in the alignments.

Maximum Likelihood Gene Trees

Substitution model selection.—Phylogenetic inference of deep divergences can yield spurious
relationships when using amino acid substitution models that assume a single replacement matrix
across all sites in an alignment (i.e., site-homogeneous models; Wang et al. 2019). The reality is that
each amino acid site is constrained to a specific subset of the 20 amino acids depending on its position
and role in the protein’s structure (Goldman et al. 1998; Le et al. 2008a, 2008b). One way to account
for these site-specific biochemical constraints is to model amino acid substitutions with a mixture of
profiles of stationary frequencies of the amino acid residues (i.e., site-heterogeneous models; Lartillot
and Philippe 2004; Le et al. 2008a). We performed model selection analyses with ModelFinder within
1Q-Tree v1.6.12 (Nguyen et al. 2015; Kalyaanamoorthy et al. 2017) and allowed the program to test
20 site-heterogeneous models with empirical profile mixtures (Le et al. 2008a) in addition to all the
site-homogeneous models available. To determine which type of model was a better fit, we calculated
the difference in Bayesian Information Criterion (BIC) of the best site-homogeneous and the best site-
heterogeneous model for each alignment. If the difference is positive, this indicates that the site-
heterogeneous model is better. We found that site-heterogeneous models provide a much better fit for
almost every protein alignment in the L1648+ng dataset according to the Bayesian Information

Criterion (Fig. S4). However, almost none of the published phylogenies of Nostocales (e.g., Fig. 1a-b,
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d) were inferred using site-heterogeneous models. Therefore, we determined whether accounting for
site-heterogeneity could change the number of phylogenetic conflicts among single-gene maximum
likelihood phylogenies. This was achieved by inferring trees using both the best site-homogeneous
and the best site-heterogeneous model for each protein alignment in all L1648 datasets (Table 1). For
the nucleotide datasets, we partitioned the alignments into 1%, 2™, and 3 codon position and searched
for the best partition scheme and substitution models using ModelFinder and PartitionFinder2 as
implemented in 1Q-Tree v1.6.12 (-m MFP+MERGE option; Nguyen et al. 2015; Lanfear et al. 2016;

Kalyaanamoorthy et al. 2017).

Tree inference.—We inferred all gene trees using 1Q-Tree with 1000 UFBoot replicates
followed by nearest-neighbor interchange refinement via the -bnni flag (Hoang et al. 2018). For the
nucleotide alignments, we used the -spp flag which allows different partitions to have different
evolutionary rates but linked branch lengths. In total, we inferred 20 sets of gene trees including eight
sets from the nucleotide datasets, eight sets inferred with site-heterogeneous models from the amino
acid datasets, and four sets inferred with site-homogeneous models from the amino acid alignments of

the L1648 datasets (Table 1).
Species Trees

Concatenated dataset trees.—We generated concatenated datasets with all loci sets in Table 1
using AMAS (Borowiec 2016). As with the gene trees, we inferred eight trees with the concatenated
nucleotide alignments, eight trees with the concatenated amino acid alignments using site-
heterogeneous models, and four trees with the L1648 amino acid alignments using site-homogeneous

models (Table 1) for a total of 20 species trees.

For the nucleotide alignments, we first partitioned them into codon positions of each gene and
searched for the best partition scheme and substitution models using the fast relaxed clustering
algorithm from PartitionFinder2 within 1Q-Tree. We used the options -rclusterf 10 and -
rcluster-max 100 for computational efficiency and inferred maximum likelihood trees with

1000 UFBoot replicates in 1Q-Tree.

11
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For the trees inferred with the amino acid alignments and site-heterogeneous models, we used
a posterior mean site frequency (PMSF) approach to infer profile mixtures of amino acid stationary
frequencies (Wang et al. 2018). The site-specific amino acid frequencies of these profiles are
calculated based on a mixture model fitted to a preliminary guide tree. We inferred the guide trees
with the model LG+C20+F+G4, and then fitted a mixture model with 60 categories
(LG+PMSF.C60+F+G4) and used the PMSF profiles to infer maximum likelihood trees with 1000
UFBoot replicates in 1Q-Tree. The PMSF approach accelerates the inference and bootstrapping for
large datasets while yielding equal or superior accuracy compared to pre-defined profile mixtures and

partitioning (Wang et al. 2018, 2019).

For the trees inferred with the amino acid alignments and site-homogeneous models, we first
assigned each gene to a different subset in the concatenated alignment. We then used the same
procedure as for the concatenated nucleotide alignments to-find the best partition scheme and
considered only site-homogeneous models. Finally, we inferred maximum likelihood trees with 1000

UFBoot replicates in 1Q-Tree.

ASTRAL trees.—We inferred 20 coalescent species trees using each of the 20 sets of
maximum likelihood gene trees described above as input. First, we collapsed all internodes with
UFBoot < 10% in the gene trees using Newick Utilities v1.6 (Junier and Zdobnov 2010) following
Zhang et al. (2018). Then, we obtained coalescent species trees using ASTRAL-III (Zhang et al.

2018).

Analyses of Phylogenetic Conflict

Gene trees vs. concatenated dataset trees.—We compared the gene trees from each of the 20
sets to the corresponding trees derived from the concatenated datasets. For example, we compared the
gene trees generated with the L1648+ng+aa+site-het. dataset to the tree derived from the
concatenation of the genes from that same dataset. We then used DiscoVista (Sayyari et al. 2018) to
calculate the proportion of gene trees that strongly support, strongly reject, weakly support, and

weakly reject each of the bipartitions in the corresponding concatenated dataset tree. We used 95%
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UFBoot as the threshold to evaluate strong support. When a gene tree had missing taxa, the
corresponding missing taxa were removed from the concatenated dataset tree before evaluating
conflict. To test whether some datasets induce different levels of conflict compared to other datasets,
we performed analyses of variance (ANOVAS) to compare the proportions of strongly supporting,
strongly rejecting, and uninformative (i.e., weak support, weak conflict, and missing) gene trees
across the different sets. Because these proportions were calculated for each bipartition in the
concatenated trees, and all concatenated trees had 55 taxa (subset 0), all the datasets that we compared

had 52 data points corresponding to the 52 bipartitions in the concatenated trees.

Recovery of key topological bipartitions across datasets and inference methods.—We used
DiscoVista to explore the recovery or rejection of 22 key bipartitions across 40 species trees, i.e., 20
trees inferred from concatenated datasets and 20 ASTRAL trees. Bipartitions 1-8 define the
monophyly of eight of the major lineages that we delimited in this study: the 1) Aphanizomenon, 2)
Nostoc Il, 3) Nostoc I, 4) Nodularia, 5) Fortiea, 6) Rivularia, 7) Fischerella, and 8) Scytonema clades
(Figs. 2 and 3a). Bipartitions 9-15 (Fig. 3a)are the relationships among these lineages as shown in the
tree of Figure 2. Bipartitions 16-22 (Fig. 3a) are alternative relationships among these lineages,
including some that were inferred in previous studies of Nostocales: bipartitions 16 and 17 are
concordant with the tree in Figure 1a, bipartition 18 is an alternative relationship not recovered by any

analysis so far, and bipartitions 1922 are concordant with the tree shown in Figure 4.

Phylogenetic Networks with SNaQ

We used the Species Networks applying Quartets (SNaQ) method within the PhyloNetworks
package to infer phylogenetic networks, which account simultaneously for incomplete lineage sorting
and reticulated evolution (Solis-Lemus and Ané 2016; Solis-Lemus et al. 2017). For computational
tractability and to maximize accuracy, we ran these analyses on a subset of 12 taxa that included
representatives from the major lineages of Nostocales (subset 1; Table 2; Solis-Lemus and Ané 2016).
SNaQ takes concordance factors (CFs) as input, which are the frequencies of the three possible

unrooted topologies of each set of four taxa (i.e., quartets) in a sample of gene trees. To account for

13

€20z Arenige 2z uo 1senb Aq 69/950//800PBAS/0IGSAS/S601°0 | /IOP/3]|21IB-80UBAPE/0IqSAS/WO09 dNo olWepeoe)/:sdiy Wol) papeojumoq



uncertainty in gene tree estimation, we inferred CFs and CF credibility intervals with BUCKy v1.4.4
using as input a sample of the posterior distribution of gene trees obtained with PhyloBayes v4.1
(Larget et al. 2010; Lartillot et al. 2015). For these analyses, we used a subset of the L1648+ng+aa
alignments that included all genes with no missing data for the taxa in subset 1 (i.e., 1293 genes;
Table 2). For each locus, we used ModelFinder as implemented in 1Q-Tree to search for the best
substitution model among all protein matrices (LG, WAG, JTT, MTREV, MTZOA, and MTART)
and pre-defined amino acid profile mixtures (C20-C60) available in PhyloBayes v4.1. Then, we ran
two MCMC chains for 50,000 cycles (note that PhyloBayes cycles are not analogous to chain
generations in other Bayesian samplers) and sampled every 5 cycles for a total of 10000 trees per
chain. We discarded the first 2000 trees from each chain as burnin, and then assessed convergence by
estimating the largest discrepancy observed across all post-burnin bipartitions (maxdiff) in both
chains using bpcomp from PhyloBayes v4.1. Convergence was achieved in all runs with maxdiff <
0.01 (Lartillot 2020). We used the mbsum script from the TICR pipeline to prepare the trees for the
analysis in BUCKYy (Stenz et al. 2015). We then ran SNaQ allowing the maximum number of
reticulations to vary from h = 0 to h = 4 and selected the best h using a slope heuristic suggested by
Solis-Lemus and Ané (2016). Each SNaQ run was performed with 10 optimization iterations. Finally,
we did a BootSNaQ analysis with the best h, where 100 bootstrap replicates were sampled from the

CF credibility intervals inferred with BUCKYy (Solis-Lemus and Ané 2016).

Goodness-of-fit test of the network coalescent model

We used QuartetNetworkGoodnessFit.jl, which is a method that assesses the fit between
observed quartet concordance factors (QCFs) and the qCFs expected under a candidate phylogenetic
network (Cai and Ané 2021). The expected qCFs are obtained by simulating gene trees that evolve on
the candidate phylogenetic network using the network coalescent model. With this method, we
compared the fit of three different phylogenetic hypotheses to explain the observed gene tree
conflicts: i) SNaQ tree with h = 0, where all conflicts are explained as a result of ILS; ii) SNaQ
network with h = 2, where conflicts are explained as a result of both ILS and two reticulations (Fig.

4); and iii) SNaQ tree with h = 0, where all internodes that give rise to the Aphanizomenon, Nostoc I,

14

€20z Arenige 2z uo 1senb Aq 69/950//800PBAS/0IGSAS/S601°0 | /IOP/3]|21IB-80UBAPE/0IqSAS/WO09 dNo olWepeoe)/:sdiy Wol) papeojumoq



Nostoc Il, Nodularia, and Fortiea clades (internodes 111-V1 in Fig. 4a) are collapsed to length 0, which
represents ancestral panmixia. We ran QuartetNetworkGoodnessFit.jl with 10,000 sets of 1293 gene
trees simulated under the network coalescent for each of the three phylogenetic hypothesis. The
simulated datasets were then used to generate the expected distribution of the proportion of outlier
quartets. Finally, the algorithm tests whether the observed proportion of outlier quartets deviates
significantly from 0.05 by comparing it to the expected distribution obtained from simulations (Cai

and Ané 2021).

Test of the Anomaly Zone

The anomaly zone is a region of the tree parameter space where species trees are discordant
with their most likely gene tree (Rosenberg 2013). Equation 4 in Degnan and Rosenberg (2006) can
be used to calculate the value of a(x), which is the boundary of the anomaly zone for internode x that
has a descendant internode y. If y < a(x), then x and y are in the anomaly zone. To test for the
potential presence of internodes in the anomaly zone in Nostocales, we calculated a(x) for each
internode x in the major edges of the network with h = 2 inferred with SNaQ rooted with the outgroup
taxa (Table 2). We then compared a(x) to the branch lengths of each descendant internal branch y in

coalescent units.

Divergence Time Estimation

To determine whether rapid speciation is linked to phylogenetic conflicts and the anomaly zone, we
inferred divergence times for the major lineages of Nostocales. We used the approximate likelihood
calculation implemented in MCMCTree, which allows Bayesian estimation of divergence times for a
fixed topology and large phylogenomic alignments (Yang 2007; dos Reis and Yang 2011). We used
the major edge topology of the phylogenetic network with h = 2 inferred with SNaQ for taxa subset 1,
and the corresponding concatenated alignment of 1293+ng amino acid loci. This allowed us to
directly link the timing of speciations with the topology that was used to test for the presence of the
anomaly zone. We used two calibrations: i) a maximum age for the root set to 2,700 Myr with default

right tail probability ps=0.025 (Yang 2020), which is based on geological evidence for the early origin
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of oxygenic photosynthesis (Farquhar et al. 2011; Uyeda et al. 2016); and ii) a calibration for the
crown age of Nostocales with a minimum age set to 1,600 Myr based on fossil evidence of akinete-
like structures which have a single origin in Nostocales, and a maximum age set to 2,320 Myr which
is the lower bound for the rise in atmospheric oxygen and must have predated the evolution of
heterocysts (Bekker et al. 2004; Tomitani et al. 2006). We used LG+G5 as the substitution model, an
uncorrelated relaxed clock model with default priors, and a birth (1)-death () prior on node ages with
A = u = 1and sampling fraction p = 0.1. This combination of parameters implies equal rates of
extinction and speciation with an incomplete sampling, which reflects the fact that our analysis
included only representatives from the major extant lineages. We sampled from both the prior and
posterior distribution of divergence times using three MCMC chains with. 500000 generations,
sampling every 100" generation, and discarded the first 500 samples as burnin. We assessed
convergence by comparing the mean posterior node ages inferred with each of the three chains (Fig.
S5) and checking that the effective sample size was > 200 using custom R scripts (R Core Team

2013).
Phylogenomic Jackknifing

To explore the behavior of concatenation in the anomaly zone using datasets with different
numbers of loci, we subsampled the 1293 amino acid gene alignments (part of L1648+ng) that have
all taxa from subset 1 (Table 2). We sampled alignments randomly and without replacement
(jackknifing) to generate subsets of 31, 51, 71, 91, 111, 131, 331, 531, 731, and 1131 loci. Using each
of these sample sizes, we sampled 50 times for a total of 500 datasets. We then inferred maximum
likelihood trees for each of these 500 concatenated alignments as described above for the amino acid
datasets with the site-heterogeneous model (LG+PMSF.C60+F+G4) and 1000 UFBoot replicates in

1Q-Tree.

We pruned taxa from all resulting trees to generate two sets of subtrees. The first set of
subtrees includes only taxa that span internodes that fall in the anomaly zone (i.e., Cylindrospermum

stagnale PCC 7417, Nodularia sp. NIES-3585, Nostoc sp. cyanobiont of Peltigera aphthosa JL23,
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Fortiea contorta PCC 7126, Trichormus variabilis ATCC 29413, and Tolypothrix sp. NIES-4075).
The second set of subtrees includes taxa that span the internodes outside of the anomaly zone (i.e.,
Trichormus variabilis ATCC 29413, Tolypothrix sp. NIES-4075, Scytonema sp. H-K 05, Fischerella
sp. PCC 9605, Rivularia sp. PCC 7116, cyanobiont of Peltula cylindrica, and Chroococcidiopsis
thermalis PCC 7203). We then calculated the percentage of subtrees inferred for each of the ten
sample sizes where all internodes were highly supported (i.e., UFBoot > 95 %). Finally, we counted
the number of distinct fully supported topologies in each of the two sets of subtrees. Two topologies
were considered distinct if the Robinson-Foulds (RF) distance (Robinson and Foulds 1981) between

them was > 0. RF distances were computed with the R package ape v5.4-1 (Paradis et al. 2004)

RESULTS

Conflicting relationships within Nostocales are mostly associated with deep short internodes

Our analyses of conflict among gene trees and trees from concatenated datasets revealed
heterogeneity in the amount of conflicts and support across the phylogeny of Nostocales. All
relationships recovered with the concatenated L1648+ng+aa+site-het. dataset had 100% UFBoot
support (Fig. 2). In this tree, shallow internodes were often strongly or weakly supported by large
fractions of the gene trees (dark blue and cyan areas, respectively, of pie charts in Fig. 2). In contrast,
deeper and shorter internodes were seldom recovered, in some cases by less than 5% of gene trees
(e.g., bipartitions 6,9, 11, 13, and 14; Fig. 2). Nevertheless, the concatenated L1648+ng+aa+site-het.

dataset recovered these bipartitions with 100% UFBoot support.

When we assessed which of the 40 species trees recovered each of the 22 key bipartitions
(Fig. 3a), we found that bipartitions 1-8 were strongly supported by most species trees, including
those inferred with concatenation (with amino acid and nucleotide data; Fig. 3b), or with ASTRAL
(with amino acid data; Fig. 3c). Bipartition 4, which defines the Nodularia clade (Figs. 2 and 3a), was
an exception to this trend because six of the phylogenetic trees based on concatenated datasets
strongly rejected the monophyly of the Nodularia clade (Fig. 3b). However, all these strong conflicts

were due to the unstable position of Nostoc sp. NIES 4103, which is the first split within the
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Nodularia clade in Figure 2. The three other taxa included in this clade were always monophyletic.
For deeper bipartitions 915, support was more heterogeneous, although most conflicts were not
highly supported (Fig. 3b). Topological bipartitions 9, 11, and 13 were the most problematic (Fig. 3b,

c), which were also among the least frequently recovered bipartitions by gene trees (Fig. 2).

Overall, the results from both sets of analyses of conflict (Figs. 2-3) indicate that there are
two main regions of the Nostocales phylogeny that are most problematic, and both regions span deep
and short internodes. One of these regions involves the relationships among the Aphanizomenon,
Nostoc I, Nostoc I, Nodularia, and Fortiea clades (bipartitions 9, 10 and 11; Figs. 2 and 3b, c). The
other problematic region involves relationships among the Fischerella, Rivularia, and Scytonema
clades, and connection to the outgroup (bipartitions 13 and 14; Figs. 2.and 3b, ¢). These areas are also

consistent with the conflicting relationships observed among published phylogenies of Nostocales

(Fig. 1).

The effect of gene sampling and methodological choices on phylogenetic conflicts

When we compared gene trees from each dataset (Table 1) to the corresponding concatenated
tree, we found no significant differences in the proportion of strongly concordant, strongly
conflicting, or uninformative relationships among different datasets (Figs. S6 and S7). This was true
for both amino acid (Fig. S6) and nucleotide datasets (Fig. S7), and across different sets of loci (Figs.
S6a-c and S7a-c), alignment trimming strategies (Figs. Séd-i and S7d-f), and substitution model types

for the amino acid data (Fig. S6d-i).

However, when we compared maximum likelihood trees based on concatenated datasets and
ASTRAL species trees to 22 key bipartitions, we found differences in the patterns of topological
conflicts (Fig. 3). First, ASTRAL trees inferred from nucleotide datasets with 746 genes or more were
in strong conflict with almost all bipartitions from the tree shown in Figure 2 (bipartitions 1 through
14; Fig. 3a, c) and with alternative relationships recovered in this or previous studies (bipartitions 16
through 22; Fig. 3a, c). This is likely linked to systematic errors in the inference of the nucleotide

gene trees due to the high level of saturation that is expected at the nucleotide level for these highly
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divergent taxa. Since ASTRAL relies on gene trees, this type of error greatly impacts the inference of
the species tree (Bossert et al. 2021; Zhang and Mirarab 2022). Second, trees inferred from datasets
with lower number of genes (i.e., L31 and L70 datasets) recovered more bipartitions with weak
support (Fig. 3b, ¢). Third, trees inferred from datasets from which genes with low phylogenetic
signal were removed (L1082 and L1233 datasets; Table 1) had similar conflict patterns to the trees
inferred from the datasets where these loci where not removed (L1648 datasets; Fig. 3b, ¢). The
exception to this was the ASTRAL tree inferred with the L1233+ng+aa+site-het. dataset, which did
not recover the monophyly of the order Nostocales (bipartition 15; Fig. 3¢) nor the monophyly of the
Nostoc I, Nostoc Il, Nodularia, Fortiea, Rivularia, and Fischerella clades (bipartitions 2—7; Fig. 3c).
Finally, most concatenated dataset trees recovered the Fischerella clade as sister to the Rivularia
clade (bipartition 13; Fig. 3a, b), while most ASTRAL trees inferred from amino acid data recovered

the Fischerella clade as sister to the Scytonema clade (bipartition 22; Fig. 3a, ¢).

With both concatenation and ASTRAL, we found no supported conflicts among the trees
inferred from the L1648 datasets generated with different alignment trimming strategies, except for
ASTRAL trees inferred with nucleotide data (Table 1; notice same pattern of conflict for all L1648
dataset trees in Fig. 3b, c). Likewise, using the better-fitting site heterogeneous models (Fig. S4) did
not result in any strong conflicts with trees inferred using site homogeneous models for the amino

acid datasets (Fig. 3b, c).

Anomaly Zone Linked to an Ancient Rapid Radiation

We found three consecutive internodes (internodes I11-1V, IV-V and V-VI; Fig. 4a and Table
3) that fall within the anomaly zone (sensu Rosenberg 2013). These three internodes are in one of the
areas that we identified as most problematic with our analyses of phylogenetic conflict shown in
Figures 2 and 3 (i.e., the relationships among the Aphanizomenon, Nostoc I, Nostoc Il, Nodularia, and
Fortiea clades). The short coalescent lengths of these internodes indicate that there is a high level of
phylogenetic conflict among the posterior distribution of gene trees that we used to infer the network

(Table 3 and Fig. 4a). We hypothesized that this high level of conflict is the result of rapid and
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consecutive speciation events (i.e., a rapid radiation) that led to extensive incomplete lineage sorting,
which in turn generated the anomaly zone that we detected (Table 3). The highly overlapping
posterior distributions of the ages for nodes I11-V1 relative to the surrounding nodes is in strong
agreement with this hypothesis (Fig. 4c). We also sampled from the marginal prior distribution of
node ages to ensure that the posterior results are driven by the data and not the priors (Fig. 4b-c;

Brown and Smith 2018).

Evidence of reticulated evolution in Nostocales

According to the goodness-of-fit test, all three phylogenetic hypotheses that we tested fit the
data poorly. The best hypothesis involved reticulations in addition to ILS (Table 4), indicating that
some reticulations are needed to explain the data. The phylogenetic network with h = 2 was recovered
as the best fit to the data according to the pseudolikelihood score heuristic and the goodness-of-fit test
(Table 4; Fig. 4a; Table S2). In this network, the first reticulation has a minor edge with a y
suggesting that 29.6% of the core genome of the Nodularia lineage shares a most recent common
ancestor with the Nostoc | lineage (Fig. 4a). The y value of the minor edge of the second reticulation
indicates that almost half (45.3%) of the core genome of Fischerella shares a most recent common
ancestor with Rivularia. Interestingly, the sister relationship between Fischerella and Scytonema was
the only one that was not highly supported by bootstrap analyses of concordance factors (i.e.,

BootSNaQ < 95%).

Concatenation of Phylogenomic Data Strongly Supports Conflicting Topologies Linked to the

Anomaly Zone

To determine if concatenation of gene alignments with low phylogenetic signal, expected
from the anomaly zone, can explain most of the conflicts among published phylogenies of Nostocales,
which were based on concatenated datasets of various combination and numbers of genes, we
generated random sets of genes including various numbers of genes using jackknifing. We found a
high level of topological heterogeneity in the trees inferred from the concatenation of jackknifed sets

of genes. The concatenation of at least 331 genes resulted in more than 75% of all subtrees part of the
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anomaly zone having high support for all internodes (Fig. 5a-b). The same was true for relationships
among taxa outside the anomaly zone (Fig. 5d—e). Strikingly, for the six taxa derived from the
anomaly zone (Fig. 5a), we found 17 distinct and fully supported topologies (Fig. 5¢). Moreover, the
most frequent topology was different for almost every different number of genes (Fig. 5¢). The most
frequent topology across number of genes (Tc10; Fig. S8a) was also different from the one inferred
with SNaQ (Fig. 5a). In contrast, for the seven taxa outside the anomaly zone (Fig. 5d), we only found
12 distinct and fully supported topologies. In this case, a single topology (Tf1; Fig. S8b) was
recovered at the highest frequency with every number of genes (Fig. 5f). However, topology Tf1 has
Fischerella sister to Rivularia (Fig. S8b), which is concordant with one of the plausible major edge

relationships inferred by SNaQ (y = 0.547; Figs. 4a and 5d).

DISCUSSION

Our results indicate that an ancient rapid radiation is the most likely cause of strongly
supported phylogenetic conflicts among major lineages of Nostocales (Figs. 1, 4, and 5). A series of at
least four rapid and consecutive speciation events that occurred > 1,000 Myr ago likely resulted in
extensive incomplete lineage sorting, with two pairs of internodes falling within the anomaly zone
(Fig. 4 and Table 3). Previous studies with fossil-calibrated molecular phylogenies had already
recovered the internodes that define the relationships among the lineages involved in this anomaly
zone (i.e., Aphanizomenon, Nostoc I, Nostoc 11, Nodularia, and Fortiea clades; Fig. 4a) as some of the
shortest across Cyanobacteria (Sanchez-Baracaldo 2015) and within Nostocales (Warshan et al.

2018). However, there is ample levels of variation in the estimated

divergence times of these lineages, including this study (Fig. 4c; Sanchez-Baracaldo et al. 2014;
Sanchez-Baracaldo 2015; Warshan et al. 2018). Therefore, it is difficult to link the radiation to
specific events from the past. Despite the large uncertainty associated with these estimates, we found

strong evidence for the contemporaneous diversification of these lineages (Fig. 4c).
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Radiations as an Overlooked Cause of Phylogenetic Conflicts Among Bacterial Phylogenies

Previous reports of empirical anomaly zones are from animal and plant phylogenies,
including skink lizards (Linkem et al. 2016), Ostariophysan fishes (Chakrabarty et al. 2017), flightless
birds (Cloutier et al. 2019), the Gila robusta complex of fish species (Chafin et al. 2021), the
Trichophorae tribe of Cyperaceae plants (Léveillé-Bourret et al. 2020), and amaranth plants (Morales-
Briones et al. 2021). Most likely, many other major lineages of the tree of life, including bacterial
lineages, have also experienced extensive incomplete lineage sorting throughout their evolution as a
result of radiations. Although bacterial reproduction is clonal, there is increasing evidence that they
frequently exchange genes with conspecific relatives through homologous recombination (Vos and
Didelot 2009; Pérez-Carrascal et al. 2019). This recombinogenic dynamic is necessary for incomplete
lineage sorting to occur (Barraclough 2019; Bryant and Hahn 2020). Furthermore, the dispersal ability
coupled with the relatively short life cycle of many bacteria may facilitate frequent instances of rapid
range expansion (Martiny et al. 2006; Louca 2021). These rapid expansions can lead to fast
diversification through isolation or local adaptation, as documented for microbial pathogens such as
Bacillus anthracis (Vergnaud et al. 2016; Lienemann et al. 2018; Timofeev et al. 2019), Yersinia
pestis (Keller et al. 2019), and SARS-CoV-2 (Morel et al. 2021). However, most studies addressing
the sources of phylogenetic conflicts in bacteria have not accounted for incomplete lineage sorting
(e.g., Murray et al. 2016; Coleman et al. 2021; but see Hernandez-Ldpez et al. 2013 and Zhu et al.
2019). Although this is certainly not the only process that can impede phylogenetic inference, an
increasing number of studies are describing radiations as major causes of phylogenetic conflicts
(Pouchon et al. 2018; Alda et al. 2019; Roycroft et al. 2020; Lopes et al. 2021; Meleshko et al. 2021).
Therefore, we suggest that future phylogenetic studies of bacteria consider radiations and incomplete
lineage sorting as potential causes of phylogenetic incongruences. This is particularly important with
the increasing use of phylogenomic datasets, which can lead to strong support for incorrect

relationships (Huang et al. 2021).
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The Role of Reticulated Evolution

Our findings suggest that HGT also plays an important role as a cause of some of the
conflicts, especially concerning the relationships among Fischerella, Rivularia, and Scytonema
lineages (Fig. 4a). The gamma values for the reticulation between Fischerella and Rivularia imply
that almost half of the core genome of Fischerella sp. PCC 9605 is of hybrid origin (Fig. 4a). Most of
the concatenated dataset and ASTRAL trees that we inferred, as well as published phylogenies of
Nostocales, recovered mostly two alternative relationships: Fischerella sister to Rivularia or
Fischerella sister to Scytonema (Figs. 1-3 and S8). This bias towards two of the possible alternative

topologies is a further indication that the conflict is largely the result of reticulated evolution.

The approach we used to infer reticulations can only infer level-1 networks, which assumes
that there are no overlapping reticulation cycles (Solis-Lemus and Ané 2016). Thus, there may be
more reticulations that we are unable to detect with current methods. Indeed, the results of the
goodness-of-fit test indicate that even the best network we can infer is still a poor fit to the data.
Nonetheless, a recent study by Coleman et al. (2021) estimated that roughly two thirds of bacterial
gene families have evolved vertically most of the time. Our results are consistent with this result and
other studies that have shown that reticulated evolution is often not the main source of phylogenetic
conflicts among core genes in bacterial phylogenies (Hernandez-Lépez et al. 2013; Murray et al.

2016).

Artifacts of phylogenomic analyses when inferring relationships in the Anomaly Zone using

concatenated datasets

Our phylogenomic analyses of jackknifed datasets revealed that many distinct and fully
supported topologies can be recovered with maximum likelihood in the anomaly zone by changing the
set of concatenated genes (Fig. 5¢). Previously, Kubatko and Degnan (2007) had shown with
simulations that maximum likelihood inferences based on concatenated datasets are statistically
inconsistent when the true species tree has high levels of incomplete lineage sorting, including the

extreme case of the anomaly zone. Therefore, the probability of inferring a wrong tree topology with
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high confidence increases with the amount of sequence data. More recently, Mendes and Hahn (2016)
showed that the failure of concatenation coupled with maximum likelihood to recover the correct tree
is not directly linked to the anomaly zone, and that the length of the branches surrounding the short
internodes has an effect on whether the correct tree can be recovered or not. However, both of those
studies were conducted with simulations of an anomaly zone involving only four taxa (i.e., rooted
quartet). Our results for the order Nostocales suggest that there are at least five lineages (i.e., three
internodes) whose relationships lie within the anomaly zone (Table 3). Mendes and Hahn (2016)
emphasized that with five taxa, the behavior of maximum likelihood phylogenetic inferences based on
concatenated dataset are expected to be far more complex (Rosenberg and Tao 2008; Rosenberg

2013).

We also found that most individual genes do not resolve relationships linked to the anomaly
zone with high bootstrap support (Fig. 2). This low phylogenetic signal is also a signature of loci
evolving under the anomaly zone that was predicted to occur in empirical datasets (Huang and
Knowles, 2009). These authors concluded that the risks of the anomaly zone may rarely be realized
with empirical datasets, since anomalous gene trees would not be recovered with high support.
However, it has been shown that when concatenated alignments are large enough and alternative
topologies have similar likelihoods, alternative resolutions can receive high bootstrap support
stochastically (Huang et-al. 2021). Moreover, when a concatenated dataset contains discordant sites,
likelihood-based methods may accommodate the discordance by favoring a topology that is only
weakly supported by each of the discordant sites ( e.g., bipartition 9 in Figs. 2 and 3; Lewis et al.
2016; Shen et al. 2021). This agrees with the results of our phylogenomic inferences based on
concatenated jackknifed datasets: if the few informative sites of a gene stochastically support
alternative topologies, maximum likelihood based on concatenation of different sets of genes can
recover multiple conflicting resolutions with high support. This behavior is the likely explanation for
the strong conflicts observed among previous studies which inferred trees with maximum likelihood

and different concatenated datasets (Fig. 1).
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In contrast, only one of the three bipartitions that fall in the anomaly zone was recovered with
high support by most ASTRAL trees based on amino acid gene trees (i.e., bipartition 10; Fig. 3c).
Furthermore, two of the three internodes that fall in the anomaly zone were also recovered with
extremely short coalescent lengths by ASTRAL (e.g., Fig. S9), which provides an appropriate

description of the high amount of incomplete lineage sorting along these branches.

A Phylogenetic Framework for Nostocales

Several methods to infer species trees and phylogenetic networks are designed to deal with
issues that result from high levels of incomplete lineage sorting, including the extreme case of the
anomaly zone. However, it is possible that such methods (e.g., SNaQ network; Fig. 4a) can infer
incorrect relationships among lineages that arose from a rapid radiation. The results of the goodness-
of-fit test (Table 4) are evidence that a more complex phylogenetic hypothesis is needed to explain all
conflicts in Nostocales. One reason for this is the potential violation of the assumption that the true
network is of level-1 (Solis-Lemus and Ané 2016). This is relevant because one of the inferred
reticulations involves lineages derived from the radiation (i.e., Nodularia and Nostoc I; Fig 4a), which
indicates that not all observed gene tree conflicts can be accommodated as the result of incomplete
lineage sorting. Therefore, the true network might have reticulations and, more importantly, an order
of topological splits that cannot be inferred even with genome-wide datasets and the best currently
available methods. Furthermore, when a radiation is deep in the tree, multiple substitutions on
branches derived from the radiation may further obscure the already low phylogenetic signal of the
short parental branches and decrease the accuracy of coalescent-based methods (Philippe et al. 2011;
Liu et al. 2015). This may also be relevant for Nostocales, since we estimated that the mean crown
age of the lineages involved in the radiation is 1,56 million years old, which falls within the range of
previous estimates of 800 to 1,5 Myr (Fig. 4c; Sanchez-Baracaldo et al. 2014; Sanchez-Baracaldo

2015; Warshan et al. 2018).

Given these limitations, we propose that the relationships among the Aphanizomenon,

Fortiea, Nodularia, Nostoc I, and Nostoc Il clades be represented as a polytomy in future studies (i.e.,
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0 length for internodes in anomaly zone), or the three short internodes part of the anomaly zone be
highlighted as such. This would convey the inability to infer the precise order of speciation among
these lineages—not for lack of data, but because of an evolutionary process resulting in a rapid
radiation (Hoelzer and Meinick 1994; Walsh et al. 1999; Keller et al. 2019). This would also signal
that future studies aimed at understanding the evolution of traits in nostocalean cyanobacteria should
evaluate alternative scenarios across the heterogeneous pool of plausible genealogies of the radiation

(Hahn and Nakhleh 2016).

We also recommend that future taxonomic studies of Nostocales consider each of the lineages
derived from this radiation as separate families. This would prevent establishing unstable
classifications that result from spurious relationships inferred from different gene datasets (Fig. 5c).
Currently, several families of Nostocales include taxa that belong to more than one of the lineages
derived from the radiation. For example, the family Aphanizomenonaceae comprises genera such as
Aphanizomenon and Nodularia, which are part of the Aphanizomenon and Nodularia clades that we
delimited (Fig. 2 and Fig. S1; Kastovsky et al. 2014; Komarek et al. 2014). However, we rarely
recovered the Aphanizomenon and Nodularia clades as forming a monophyletic group (bipartition 19
in Fig. 3; topologies Tc2, Tc3, Tc7, Tcl3 in Fig. 5¢ and Fig. S8). Segregating Nodularia and related
genera into a separate family would reconcile the taxonomy with the phylogeny and would help to

avoid problems related to the phylogenetic anomaly zone linked to the radiation that we detected.

Our results also indicated that no gene dataset is significantly better than the others in terms
of the number of phylogenetic conflicts that they induce (Fig. S6 and Fig. S7). However, our ability to
detect and distinguish between different biological causes of phylogenetic conflicts (e.g., ILS vs.
HGT) increases when the gene datasets are larger because the underlying evolutionary processes can
be modeled more accurately (Solis-Lemus and Ané 2016). Therefore, we recommend that future
phylogenetic studies of Nostocales utilize the largest set of orthologous single-copy genes available.
To that end, we released the alignments and concatenated tree from the most comprehensive dataset
we assembled (Fig. S10) in the Tree-Based Alignment Selector Toolkit web platform (T-BAS;

Carbone et al. 2019). In T-BAS, users can add new taxa to curated alignments and place them onto a
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phylogenetic tree by using either evolutionary placement algorithms, or de novo phylogenetic tree
inference with maximum likelihood. This tree includes all 211 taxa that passed our initial genome
quality control, and was inferred with the L1648+ng dataset, and with the addition of the 16S rDNA
gene. We hope that this resource will be useful for unifying phylogenetic hypotheses for Nostocales
as more data become available, especially because there are multiple major lineages of Nostocales for

which no genomes have been sequenced yet (Komarek et al. 2014; Ward et al. 2021).
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SUPPLEMENTARY MATERIAL

Supplementary materials, Supplementary File S1, data, and code are available from the Dryad
Digital Repository: https://doi.org/10.5061/dryad.tht76hf1p, and temporarily available at
https://datadryad.org/stash/share/2ygrgqiQjQFUN285v5pNfhHT48Azom_5zELaCFHEGWSY. The
scripts and detailed workflow instructions are also available in the GitHub repository

https://github.com/cjpardodelahoz/nostocales.
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FIGURE CAPTIONS

FIGURE 1. Examples of conflicts among published phylogenies of Nostocales. Schematic
representation of relationships among major lineages of Nostocales inferred from different sets of
concatenated loci across four different studies: a) Gagunashvili & Andrésson (2018), b) Warshan et
al. (2018), ¢) Sanchez-Baracaldo (2015), and d) Nelson et al. (2019). We allocated the strains
included in these studies to each of the nine major clades following their position in our
comprehensive phylogeny in Figure S1 (Available in the Dryad Digital repository

https://doi.org/10.5061/dryad.tht76hflp).

FIGURE 2. Distribution of phylogenetic conflicts in the phylogeny of Nostocales. The tree is a
maximum likelihood phylogeny inferred using the concatenated L1648+ng+aa+site-het. dataset with
the model LG+PMSF.C60+G4+F for 55 taxa (subset 0). All internodes in the tree have 100% UFboot
support. Pie charts show the proportion of amino acid gene trees inferred from the L1648+ng+aa+site-
het. dataset that recovered each topological bipartition with strong support, strong conflict, weak
support, or weak conflict, or that was not scored due to missing data. We used 95% UFboot as support
threshold to assess conflict. Numbers next to pie charts show the bipartitions that we tracked for the
analyses of conflict presented in Figure 3. Internodes highlighted in grey, part of the anomaly zone,

were detected using the coalescent lengths of the major edge tree in Figure 4 (Table 3).

FIGURE 3. Distribution of conflicts for a) 22 key topological bipartitions across b) 20 concatenated
dataset trees and c) 20 ASTRAL trees. Bipartitions 1-15 are concordant, and bipartitions 1622 are in
conflict, with the tree shown in Figure 2. Each colored circle represents the set of taxa highlighted
with the same color in Figure 2. The heatmaps show whether each bipartition (columns) was
recovered with strong or low support, or in strong or weak conflict, by each species tree (rows). See
Table 1 for descriptions of the datasets and models of evolution used to generate these 40 species

trees. We used 95% UFboot as support threshold to assess conflict. Internodes highlighted as part of
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the anomaly zone were detected using the coalescent lengths of the major edge tree in Figure 4 (Table

3).

FIGURE 4. Anomaly zone linked to four rapid and consecutive speciation events. a) Phylogenetic
network inferred with SNaQ based on posterior distributions of amino acid gene trees from 1293
genes selected from the L1648+ng alignments (i.e., excluding loci and taxa with missing data; subset
1; Table 2). Branch lengths represent coalescent time, with shorter internodes indicating higher
conflict among gene trees. The internodes linking nodes 111-V1 are in the anomaly zone (Table 3;
Degnan and Rosenberg 2006). Asterisks indicate edges with BootSNaQ > 95%. Hybrid edges are
shown with colors. y values indicate the inferred proportion of genes inherited by a hybrid node from
each of its hybrid parents (Solis-Lemus and Ané 2016). b) Marginal prior density of ages for the
nodes of interest. ¢) Posterior density of ages for the nodes of interest. Internodes highlighted as part

of the anomaly zone were detected as shown in Table 3.

FIGURE 5. Phylogenetic support for relationships linked to the anomaly zone based on concatenated
jackknife sets of increasing number of genes. The jackknifed gene sets were sampled from the amino
acid L1648+ng alignments of taxa subset 1 (Table 2). We sampled 50 jackknife replicates for each
number of genes. All trees were inferred using the site-heterogeneous model LG+PMSF.C60+G4+F
and 1000 UFBoot replicates. Trees were trimmed to include only the lineages whose relationships (a)
span the anomaly zone (thick branches and bold taxon names), or d) that were outside the anomaly
zone (thick branches and bold taxon names). b) Percentage of anomaly zone subtrees inferred from
jackknife sets of increasing number of genes where all internodes where highly supported (UFBoot >
95%). e) Percentage of non-anomaly zone subtrees inferred from jackknife sets of increasing number
of genes where all internodes where highly supported (UFBoot > 95%). c) Distribution of distinct,
fully supported topologies (i.e., all internodes with UFBoot > 95%) of subtrees in the anomaly zone.

f) Distribution of distinct, fully supported topologies (i.e., all internodes with UFBoot > 95%) of
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subtrees outside the anomaly zone. Two topologies were considered distinct if the Robinson-Foulds
distance was > 0. Numbers above each bar indicate the number of distinct topologies. All topologies

referenced in panels c and f are shown in Figure S8.

47

€20z feniga4 7z uo 1senb Aq 69/950//800PBAS/010SAS/S601 "0 | /I0P/3]01IB-80UBAPR/0IgSAS/WOo dNoolwapeoe//:sdiy Wol) papeojumoq



letter L of each loci set refers to the number genes part of each set.

TABLE 1. Summary of datasets and model types used in this study. The number following the

Lo  Trimming strategy Dat Aamodel Datasets

ci a type

set type

L3  +ng: Remove all sites with gaps. +aa, +site-het.  L31+ng+aatsite-het. L31+ng+na+site-

1 +na hom.

L7  +ng: Remove all sites with gaps. +aa, +site-het.  L70+ng+aa+site-het. L70+ng+na+site-

0 +na hom.

L7  +ng: Remove all sites with gaps. +aa, +site-het.  L746+ng+aatsite-het.

46 +na L746+ng+na+site-hom.

L1  +ng: Remove all sites with gaps. +na  +site- L1082+ng+na+site-hom.

082 hom.

L1  +ng: Remove all sites with gaps. +aa  +site-het.  L1233+ng+aatsite-het.

233

L1  +ng: Remove all sites with gaps. +aa, +tsite-het.,  L1648+ng+aa+site-het.

648 +na  +site- L1648+ng+aa+site-hom.

hom. L1648+ng+na+site-hom.

L1  +kcg: Keep constant and parsimony +aa, +site-het, L1648+kcg+aa+site-het.

648 informative sites, trim with smart-gappy®  +na  +site- L1648+kcg+aa+site-hom.
algorithm. hom. L1648+kcg+na+site-hom.

L1  +kcg2: Keep constant and parsimony +aa, +site-het.,, L1648+kcg2+aatsite-het.

648 informative sites, trim sites with > 20% +na  +site- L1648+kcg2+aa+site-hom.
gaps. hom. L1648+kcg2+na+site-hom.

L1  +strict: Trim with trimAl strict algorithm.  +aa,  +site-het.,, L1648+strict+aa+site-het.

648 +na  +site- L1648+strict+aa+site-hom.

hom. L1648+strict+na+site-hom.

Notes: +aa: amino acid, +na: nucleotide, +site-het.: site heterogeneous model, +site-hom.: site homogeneous

model. All nucleotide datasets were analyzed with site-homogeneous models.

®Dynamic gappyness threshold determination approach implemented in ClipKit (Steenwyk et al. 2020).
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TABLE 2. Taxa subset 1 used for phylogenetic network analyses. Representatives from each

major clade were selected from the taxa included in subset 0 (Fig. 2). Subset 1 consists of 1293 genes,

derived from the L1648+ng+aa alignments and includes only genes and taxa without missing data.

Clade Subset 1

Fischerella sp. PCC 9605
Fischerella

Fortiea contorta PCC 7126
Fortiea

Nodularia sp. NIES-3585
Nodularia

Trichormus variabilis ATCC 29413
Nostoc |
Nostoc |1

Aphanizomenon

Rivularia
Scytonema
Tolypothrix

Outgroup

Nostoc sp. cyanobiont of Peltigera aphthosa JL23

Anabaena cylindrica PCC 7122 Cylindrospermum stagnale PCC 7417

Rivularia sp. PCC 7116

Scytonema sp. NIES 2130 (HK-05) v2

Tolypothrix sp. NIES-4075

Chroococcidiopsis thermalis PCC 7203 Cyanobiont of Peltula cylindrica
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TABLE 3. Delimitation of the anomaly zone. We calculated a(x) using equation 4 from
Degnan and Rosenberg (2006) for each internode x in the tree shown in Figure 4. For an internode x
that has a descendant internode y, the pair x and y are in the anomaly zone if y < a(x). Roman

numerals refer to node labels in Figure 4a.

Internode pair (X, y) x length (coal. units?) y length (coal. units) a(x)
Anomaly zone?
i.e, y<a(x)

I-11, 1-111 0.718 1.704 -0.222 No
H-11 -1V 1.704 0.028 -0.352 No
-1, Iv-v 0.028 0.163 1.042 Yes
V-V, V-VI 0.163 0.062 0.314 Yes
V-VI, VI-VII 0.062 0.976 0.552 No
I-VIII, VIHI-IX 0.239 0.735 0.028 No

#Coal. units: coalescent units, which are equivalent to the number of generations since divergence divided by the
effective population size. In the network coalescent model, it is also a direct measure of phylogenetic conflict,
such that lower values indicate higher conflict among gene trees evolving under the major tree topology (Solis-

Lemus and Ané 2016).
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TABLE 4. Results of the goodness-of-fit test for three phylogenetic hypotheses to determine
whether the observed proportion of outlier quartets deviates significantly from 0.05, by comparing it
to a distribution obtained from simulated gene trees. P-values < 0.05 indicate that there is a significant
deviation, and thus the phylogenetic hypothesis is a poor fit to the data. The magnitude of the p-values
can be used to compare the fit of different phylogenetic hypotheses relative to each other, where more

negative p-values indicate a worst fit.

Phylogentic hypothesis Source of conflict p-value

SNaQ tree withh =0 All conflict is due to ILS 2.15x10™
SNaQ network with h = 2 Conflict is the result of both ILS and reticulations ~ 1.11 x 10™*
SNaQ tree with h = 0 and Ancestral panmixia. All conflict is due to ILS 2.15x 10

problematic internodes collapsed
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Figure 1

a) 31loci, 147 taxa b) 60 loci, 89 taxa c) 137 loci, 131 taxa d) 834 loci, 100 taxa

S -

No

------ Highly supported conflict

Nit Nostoc Il @ Fortiea @ Raphidiopsis ~ No Nodularia (NI Nostoc |
T Tolypothrix (S Scytonema 'Fi Fischerella  Ri Rivularia
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Figure 2
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a) Topological bipartitions
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Figure 3

b) Concatenated dataset trees
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