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The mutualism between the green alga Oophila amblystomatis ("Oophila”) and
egg masses of the spotted salamander Ambystoma maculatum involves
acquisition of algal cells from water, followed by their population growth
within individual egg capsules of the egg mass. The host range spans over 20
degrees latitude and longitude. High site fidelity and fine scale genetic structure
of host populations has been resolved, but genetic diversity of green algal
symbionts across this range has not been investigated. We sampled egg
capsule fluid harvested from five locales in North America, each separated by
~2° latitude and used both PacBio and Illumina sequencing of the 18S rRNA gene
to investigate (i) whether algal symbionts are restricted to the Oophila clade and
(i) examine geographic variation in Oophila diversity. We also re-analyzed 18S
(V4) reads from previous work using contemporary denoising protocols, which,
along with current data, produced 16.37 million reads. We detected no
chlorophytes outside Oophila clade B and detected cercozoan protists and
rhizophydialean fungi in some capsules. There was a mean of 10.14 + 3.40
amplicon sequence variants (ASVs) per sample corresponding to O.
amblystomatis, ranging in prevalence from single ponds within a locale to all
samples. We observed among-locale variation in unique ASVs, but not in a
latitudinal pattern. However, we detected two highly prevalent ASVs (ASVs A
and B), which varied in abundance, relative to each other, as a function of latitude.
Pairwise alignments of ASVs from the V4 region revealed that, on average, more
divergent ASVs were rarer. Haplotype network analysis revealed ASV A as the
ancestral variant and amplicon sequence analysis from newly isolated cultures of
O. amblystomatis demonstrate that ASVs A and B are intragenomic variants that
can segregate. We conclude that, at the scale of the host range, partner
specificity in this algal-salamander mutualism is very high and reveal an
intriguing effect of latitude on the relative abundance of intragenomic 18S
rRNA gene variants.
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Introduction

The evolution of stable symbiotic mutualisms, in which two or
more phylogenetically disparate lineages interact for reciprocal
benefit, involves partner choice. For mutualisms with horizontally
acquired symbionts, partner choice is determined by the availability
of prospective symbionts, responses to and competition among
them for host resources, and sorting mechanisms between
prospective symbionts and hosts (Itoha et al., 2019). High
specificity in mutualisms, in which one taxon is preferred over
another, has been demonstrated to stabilize cooperation (e.g.,
Aanen et al., 2009) and can result in a high degree of co-
evolution (Carlson et al., 2023).

Specificity can be expressed in functional or taxonomic terms. In
rhizobia-legume mutualisms, presumptive rhizobial partners do not
form a monophyletic clade, but rather are a polyphyletic assemblage
of lineages in Alphaproteobacteria and Betaproteobacteria capable of
initiating the formation of root nodules and fixing atmospheric
nitrogen for host use (Poole et al., 2018). By contrast, and
notwithstanding fine-scaled genetic and functional variation among
symbionts (Wollenberg and Ruby, 2009, 2012), the mutualism
between the bobtail squid Euprymna scolopes and the bacterium
Vibrio fischeri is taxonomically specific.

Egg masses of seven amphibians in North America, Europe and
Japan form a mutualism with the unicellular green alga Oophila
amblystomatis (Lambert, 1905; Wille, 1909; Kerney, 2011; Kim
et al., 2014; Muto et al., 2017; Anslan et al., 2021; Vences et al,,
2024). Among these, the mutualism between O. amblystomatis and
the spotted salamander Ambystoma maculatum (Shaw, 1802) has
recently garnered interest because it is characterized by both
ectosymbiotic and endosymbiotic cellular arrangements (Kerney
et al, 2011). In the ectosymbiotic arrangement, an algal cell
population grows inside individual embryonic capsules within the
egg mass, but outside the bodies of embryos, where symbionts and
hosts engage in a resource exchange mutualism. Algae ameliorate
embryonic hypoxia (Tattersall and Spiegelaar, 2008; Hale et al,
2017) by producing more oxygen than they consume in lighted
conditions (Pinder and Friet, 1994). The host provides fixed
nitrogen, CO, and an environment in which to reproduce (Small
and Bishop, 2020). A small portion of ectosymbiotic algae enter
embryos during neurulation and subsequent stages and then enter
various tissues and cells of the embryo (Kerney et al., 2011). The
function of the endosymbiotic arrangement was hypothesized to
involve intergenerational transfer of symbionts, but pond water was
later shown to be the principal source of symbionts (Bishop, 2022).

The potential benefit of this intriguing endosymbiosis remains
unknown, but reciprocal co-culture experiments between algae and
embryos of A. maculatum and those of its congener, the
northwestern salamander A. gracile, demonstrated that embryonic
invasion depends on a match between symbiont and host (Kerney
et al, 2019), suggesting co-evolution. Recent models suggest a
positive relationship between partner specificity and co-operation
(Carlson et al., 2023), but the relationship between the
endosymbiotic arrangement and specificity is unknown. Whereas
high site fidelity and the genetic structure of adult salamanders
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(Zamudio and Savage, 2003) has been reported, evidence for
specificity, as a shared species-level trait in the Oophila-
Ambystoma mutualism has not been generated at the requisite
geographical sampling and sequencing scales.

Current evidence of specificity

The phylogenetic position of O. amblystomatis within
Chlorophyta was first determined using nearly full-length 18S and
chloroplast 16S rRNA gene sequences (Kerney et al, 2011).
Subsequently, Kim et al. (2014) sampled algae from capsules from
egg masses of four North American amphibian species and, using a
‘harvest-then-sequence’ approach (i.e.,, no culturing before
sequencing), used nearly full-length 18S rRNA gene sequences to
establish a well-supported Oophila clade within the order
Chlamydomonadales. The Oophila clade was composed of four
sub-clades (I-IV), with three of these sub-clades corresponding to
egg masses of the host taxon from which they were harvested, thus
demonstrating a degree of host-symbiont co-evolution. The
topology of the Oophila clade was supported by subsequent
analyses that included 18S rDNA and phylotranscriptomic data
from algae found in additional amphibian hosts (Muto et al., 2017;
Anslan et al., 2021; Vences et al., 2024) and herbarium specimens
(Bishop and Garbary, 2024). This well supported clade is now
referred to as Oophila clade B.

Jurga et al. (2020) conducted amplicon sequencing of the V4
region of 18S rDNA, which permitted a semi-quantitative
assessment of sequence identity on a per capsule basis. Consistent
with Kerney et al. (2011) and Kim et al. (2014), chlorophyte
sequence diversity, either among egg capsules within an egg mass
or among those from different egg masses of A. maculatum was very
low, suggesting high specificity. Intriguingly, although most
capsules contained a single operational taxonomic unit (OTU)
corresponding to O. amblystomatis (GenBank accession:
HM590634.1) 22% of capsules contained, in the aggregate, 13
additional OTUs of very low relative abundance (mean 0.016 +
0.014%) but which varied in sequence identity by 2% to 7% (mean
4.5 + 1.83%) from the most prevalent and abundant OTU.
Moreover, in 47% of capsules sampled in 2016, sequences most
closely matching Chlamydomonas pseudogloeogama, a free-living
close relative of O. amblystomatis that nests within the Oophila
clade (see Kim et al., 2014; Vences et al., 2024), were detected,
although also at very low relative abundance (Jurga et al., 2020).
Therefore, it appears that a single lineage of O. amblystomatis is
numerically dominant in egg capsules, with co-occurrence of
multiple closely related lineages Oophila spp. of undetermined
taxonomic status. Because prior work has uniformly harvested
algae from capsules of later stage embryos, it is unknown whether
this pattern is, at least in part, caused by competition after
colonization earlier in development.

Despite the prevailing result of overall low chlorophyte sequence
diversity in capsules, the host range of A. maculatum spans most of
eastern North America. Sites sampled in Jurga et al. (2020) are at the
northeastern end of the range for A. maculatum precluding general
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conclusions about partner specificity in this mutualism. Moreover,
the OTU clustering methods associated with QIIME1 tools (Jurga
et al.,, 2020) would have, by definition, masked fine-scale variation in
algal sequences within and among capsules (see Jurga et al., 2020 for
QIIME 1 documentation) that might be relevant to our
understanding of the evolution or ecology of this mutualism. A
broader examination of the Oophila-Ambystoma symbiosis across the
host range would answer a number of questions about the history and
specificity of the symbiosis. The dominance of O. amblystomatis in
capsules throughout the range of A. maculatum and a relatively low
abundance or sporadic occurrence other taxa (e.g., C.
pseudogloeogama) would indicate a high level of specificity between
O. amblystomatis and A. maculatum. Therefore, we hypothesized that
the specificity of the mutualism observed in the northern part of the
host range would be uniform across more southern locales in the
range. More specifically we hypothesized that no chlorophyte lineages
outside Oophila clade B would occur among all capsules sampled. We
also hypothesized that there are no differences in Oophila sp. richness
in hospite (viz. within the egg capsule membranes) among sampled
locales along a latitudinal transect.

The advent of long-read sequencing has introduced an element
of choice in metabarcoding studies, in which the choice of Oxford
Nanopore Technology or PacBio Sequel II (for long-reads) or
Mumina MiSeq paired-end sequencing (for short reads) requires
consideration of, in addition to cost, the trade-off between read
length per marker locus and read depth per sample. Taxonomic
resolution, primer bias and amplification efficiency can all vary in
unpredictable ways, by platform (Biada et al., 2025) and by taxon
(Mittelstrass et al., 2025). We estimated algal diversity in capsules
using both the V4 region of the 18S rRNA gene and PacBio
sequencing of the (nearly) full-length 18S rRNA gene and report
on the utility of each.

Methods

Field sampling and intracapsular fluid
harvesting

Collections were conducted with permission from relevant
authorities from each of five jurisdictions. Ethical approval was
not required for this study involving animals in accordance with the
local legislation and institutional requirements because unhatched
embryos are exempted for ethics approval from institutional animal
care committees. Egg masses or egg mass fragments were collected
from ponds at each of three (except two in Pennsylvania) different
sites from each of five locales in eastern North America: Nova Scotia
(Canada), Maine (USA), Pennsylvania (USA), Kentucky (USA) and
North Carolina (USA) (Supplementary Table 1 for collection
details). Intracapsular fluid (IF) was collected as in Jurga et al.
(2020). Briefly, embryos at stages ranging from 34-40 (Harrison,
1969) were manually de-jellied before rinsing individual egg
capsules three times in a 12-well sterile tissue culture plate in
dechlorinated tap water. After the final rinse capsules were
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transferred to a glass dish with minimal water. A 30-gauge sterile
needle mounted on a 1 mL sterile plastic syringe was used to
puncture the capsule membranes and draw out the IF. The IF
from six capsules were pooled into a single microcentrifuge
tube, constituting a sample. Cells were then pelleted in a
microcentrifuge on maximum speed for 5 minutes. Supernatant
was removed and then 100% ethanol was added and samples were
stored at -20C until shipment to the corresponding author’s
laboratory. Thus, each sample represents one egg mass and three
egg masses (see exceptions in Supplementary Table 1) were
collected from each of three sites within a locale.

DNA was extracted from all samples using either the Power
Fecal Pro® kit (Qiagen) or the PureLink® DNA mini kit
(Thermofisher), both of which use chaotropic salts during lysis.
For some samples, the quantity of DNA extracted did not meet the
minimum concentration required for library preparation (see
Supplementary Table 1), so all samples were subjected to a pre-
amplification step using the same primers used by the sequencing
center for PacBio Sequel II amplicon sequencing. Jurga et al. (2020)
tested, and found no evidence, for systemic PCR bias under similar
PCR conditions. All amplicons were gel purified, quantified and
submitted to Integrated Microbial Resource at Dalhousie University
(IMR-Dal). We initially subjected all samples to PacBio Sequel II
amplicon sequencing and a subset of these samples (~1/3) to
Mumina paired-end MiSeq amplicon sequencing. A preliminary
comparison revealed more ASVs detected by Illumina MiSeq V4
sequencing than PacBiO Sequel II, so we subjected all remaining
samples to Illumina sequencing, which permitted a sample-to-
sample comparison between sequencing platforms. Primers for
PacBio Sequel II amplicon sequencing of the full-length 18S
rRNA gene were NS4/18 and EukR (Medlin et al., 1988; Hendriks
et al., 1989) and for Illumina MiSeq paired-end sequencing (2 X
300bp) of the V4 region of the 18S rRNA gene were E572F and
E1009R (Comeau et al., 2011).

Data analysis

Raw reads were subjected to the MicrobiomeHelper protocol
(Comeau et al, 2017), which relies primarily on QIIME2 tools
(Bolyen et al., 2019; see Supplementary File 1 for commands and
parameters for all workflows and Supplementary Table 2 for details
of DADA2 denoising statistics). After primer trimming with
cutadapt, reads were denoised with DADA2, and then
taxonomies were assigned to ASVs using the full-length 16S/18S
SILVA classifier (i.e., silva-138-99-nb-classifier.qza). Rare ASVs
(<0.1% of mean sample depth) were filtered out. Our initial
completion of this workflow for Illumina MiSeq V4 reads
revealed 108 ASVs, many of which were of very low read count
and prevalence, suggesting errors. DADA2 denoising protocols are
a superior method of accurately identifying variants while
outputting few incorrect sequences (Callahan et al, 2016). In
benchmarking tests DADA2 error rates (per merged read) were in
the range of 10 - 10-* for datasets derived from mock bacterial
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communities. Assuming similar error rates for our data (~3.3 x 10-°
million merged reads) we could expect that ~10' ASVs were due to
sequencing errors. Therefore, singletons were filtered out, reducing
to negligible levels the probability of rare ASVs arising from error.
Owing to higher quality scores for PacBio Sequel II reads, singletons
were not removed, but unexpected ASVs, corresponding to
terrestrial flowering plants, were removed from final feature
tables. These contaminants were not present in feature tables
from Illumina V4 reads, which were derived from the same input
DNA as for PacBio reads. Illumina MiSeq 18S V4 reads from
Jurga et al. (2020), which were originally analyzed with an open
reference OTU clustering protocol, were reanalyzed as above to
generate ASVs.

Haplotype networks were generated using the Templeton,
Crandall, and Sing algorithm (Clement et al, 2002), as
implemented in PopArt (v 1.7) (Leigh and Bryant, 2015).

Our initial analysis revealed that all chlorophyte reads
corresponded to O. amblystomatis, so we did not subject reads to
‘core diversity metrics’ calculations in QIIME2 because they rely
upon Linnean taxonomies as feature identifiers, which were
uniform. Moreover, subsequent cell culture work invalidated the
assumption of biological independence among ASVs assigned as O.
amblystomatis. Therefore, regression analyses and statistical tests
were conducted in R Studio (4.3.0) (R Core Team, 2023; Posit team,
2024), using data from feature tables. For regression of ASV A and B
abundance against latitude, data were first filtered for a minimum
ASV count of 4, a minimum prevalence of 10% of samples and a
10% low variance filter, based upon the interquartile range and then
filtered data were subject to a centered log-ratio transformation
using MicrobiomeAnalyst (Dhariwal et al., 2017). Graphs and
montages were constructed using ggplot2 (Wickham, 2016) and
patchwork (Pedersen, 2022) packages or with Inkscape (v 1.3).

Cell culturing

On May 16th, 2024 an egg mass was collected from Connor’s
Mountain Road pond, Antigonish, NS. Embryos were staged at 34
or 35 (Harrison, 1969). The next day, twelve capsules were removed
from the egg mass and surface sterilized by suspending them in 70%
ethanol in water for 30s. Capsules were rinsed 3X in sterile pond
water and then IF was harvested from each capsule as described
above, pooled in a microcentrifuge tube and centrifuged at 1500
RPM for 2 minutes. The supernatant was removed, and the pellet
was resuspended in 2 mL of sterile-filtered pond water and then
split into two microfuge tubes. Centrifugation was repeated and
each pellet was then resuspended in 500 pL sterile-filtered pond
water. Aliquots of 100 pL or 500 pL were transferred into 50 mL of
sterile-filtered pond water in conical tubes, for a 500X or 100X
dilution, respectively, and then vacuum filtered on 2 um
Nucleopore® polycarbonate filters. An additional 50 mL of
sterile-filtered pond water was added to the filter apparatus and
vacuum filtered. Filters were placed with cells facing up on solid
AF6-M media (Kato, 1982) and plates were placed upside down in
an incubator where they were held at 13°C on a 14:10 light cycle
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under ~200 WE light from Barrina® full-spectrum LED grow lights.
After 3 weeks, colonies began to appear. Under a laminar flow hood
colonies with good separation from neighboring colonies were
identified with a dissecting microscope and then transferred to 5
mL of liquid AF6-M media using a sharpened toothpick. Twenty-
four such liquid cultures were generated; growth occurred in
twenty. Three mL of liquid culture were subjected to DNA
extraction with a DNeasy DNA extraction kit (Qiagen). Extracts
were subjected to amplicon sequencing of the V4 region (Illumina)
or nearly full-length (PacBio Sequel II) and analyzed as above.

Results
PacBio v. Illumina

There were substantial differences between PacBio and Illumina
read depth and, as a result, ASV discovery (see Supplementary
Table 3 for details of filtering, rarefaction, read counts and
summary statistics for ASVs). The sum of sequencing reads from
all samples was 19.19X higher for Illumina than for PacBio. Although
MiSeq read depth is nominally 2-5X greater than PacBio, we retained
only ~50% of our PacBio reads during DADA2 denoising, which can
occur for low diversity data. Prevalence is a measure of the number or
percentage of samples in which an ASV occurs. Although both
platforms recovered the same high prevalence ASV (described
further below), Illumina detected a second high prevalence ASV
(97.6% of samples) that was detected at a much lower prevalence
(14.0% of samples) with PacBio. The sum of ASVs discovered was
10.4X higher for Illumina, with mean ASVs/sample 7.9X higher.
Mumina sequencing also revealed an average 1.82X increase in
prevalence per ASV. However, within platforms ASV detection was
unrelated to read depth.

We analyzed chlorophyte and non-chlorophyte eukaryotic
diversity separately. For non-chlorophyte eukaryotes, read counts,
ASVs counts and mean ASVs per sample were 50.25X, 6.33X,
10.83X higher for Illumina, whereas mean ASV prevalence per
sample was not different. For non-chlorophytes there was a
moderate to strong correlation between ASV detection and read
depth. Based upon these comparisons, we only report analyses from
the Mlumina dataset for patterns of sequence variation for samples
from capsules but include feature tables from PacBio Sequel II
sequencing. For cell cultures, we report on both Illumina and
PacBio data. Supplementary Table 4 includes feature tables for all
analyses listed in Supplementary Table 3.

Patterns of variation in Oophila and non-
chlorophyte eukaryotes

All 3.3 million chlorophyte sequences were assigned to Oophila
amblystomatis (Supplementary Table 3), with high confidence
(mean = 0.989 + 0.010; min = 0.946). Seventy-three ASVs were
detected. After rarefaction to 33619 to normalize read depth 72
ASVs and all samples were retained with a mean of 10.14 + 3.40
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ASVs/sample. The prevalence of ASVs was highly variable: 40/72
(54.79%) were present in one or more samples from a single locale,
28/72 (38.8%) were present in samples from > 1 locale, 5/72 (6.94%)
were present in at least one sample in all locales and 1/72 (1.38%)
was present in all samples (Figure 1A). Samples from ME had the
highest number of unique ASVs, with other locales being
comparable (Figure 1B).

Two ASVs were particularly numerically dominant and prevalent.
In the feature table (Supplementary Table 4), these ASVs are identified
by their 32-character alphanumeric hash. For simplicity we refer to them
in the text as A and B (where A = 33ed7e8t59180dedc0e8ae8cc2574d93
and B = Ba9198eacbcd2864ffd025f25a196) and in figures we represent
all ASVs with the first four digits of this hash (i.e, ASV A = 33ed).

ASV A was detected in all samples and ASV B was detected in
all samples except one from NC. Together, these two ASVs
+

constituted a mean of 89.1 + 5.38% of reads per sample
(Figure 1C). One interesting feature of this pair of ASVs was that,
in all samples, read counts for A were numerically dominant over B.
We therefore refer to ASV A, for some analyses, as dominant and all
other ASVs (including B) as subdominant. We examined the mean
proportion of A and B by locale and found a decrease in the
proportion of read counts of A to B from Nova Scotia to North
Carolina (Figure 1D). A regression of the mean read counts of each
of these prevalent ASVs against latitude reveals a significant

relationship (Figure 1E). We then ranked all ASVs other than A

10.3389/famrs.2025.1609494

and B by their prevalence and examined these individually for
latitudinal patterns. Among five ASVs having intermediate
prevalence (33% - 52.3% of samples or present in at least 3/5
locales) two demonstrated a latitudinal pattern in prevalence
(Figure 1F). The sum of raw read counts for these two ASVs
(59,231) is, respectively, one and two orders of magnitude lower
than for ASV B (454,613) and A (2,489,594).

Non-chlorophyte eukaryotes

Approximately 10% of all read counts from the Illumina dataset
corresponded to non-chlorophyte eukaryotes (Supplementary Table 3).
A total of 19 ASVs corresponding to 9 eukaryote lineages were
detected, the majority of which were of low prevalence and read
count (Supplementary Table 4). The most prevalent (33/42 samples)
and abundant ASV (74.87% of non-chlorophyte reads) matches with
100% sequence identity to a cercozoan protist (Class Glissomonadida)
that was detected from NS samples in 2016 and 2017 (Jurga et al,
2020). Four additional lineages of glissomonadids were detected but
these were of much lower abundance and prevalence, collectively
constituting 2.4% of non-chlorophyte reads, with a mean prevalence
of 5.95 + 2.38%. The taxon having the next highest read counts was a
fungus in the genus Rhizophydium (Class Chytridomycete, Order
Rhyzophydiales). There were three ASVs present from that genus,
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FIGURE 1

Distribution and read counts for ASVs corresponding to O. amblystomatis detected from the V4 region of 18S rRNA gene. (A) Distribution of ASV
prevalence. < 1 locale = ASVs detected in fewer than all samples from a locale. > 1 locale = ASVs detected in at least one sample from more than

one locale. All locales = ASVs detected in at least one sample from all loca

les. All samples = ASVs detected in all samples. (B) Number of ASVs

endemic to each locale. (C) Distribution of read counts for all ASVs detected. ASVs A and B are in gray. (D) Change in proportion of the two most
prevalent ASVs (A and B) by locale, after a centered log-ratio transformation of read count data. (E) Regression of relative abundance of ASVs A and
B against latitude, after a centered log-ratio transformation of read count data. (ASV A, Pearson correlation coefficient -0.6801, p = 3.8X1077; ASV B,
Pearson correlation coefficient 0.3533, p = 0.02) (F) Prevalence of two ASVs of intermediate prevalence by locale.
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collectively corresponding to 22.57% of the non-chlorophyte reads, and
were restricted to 5/9 samples from ME corresponding to 2/3 sites and
one sample each from NS and NC. No samples from PA or KY
contained these fungi. Consistent with the above results for cercozoans,
the most prevalent such ASV was a 100% match to rhizophydialean
fungi detected from NS samples in 2016 and 2017 (Jurga et al., 2020).
The remainder of the seven eukaryotic lineages constituted 2.56% of
the non-chlorophyte reads, scattered among samples with very low (1-
2 samples/ASV) prevalence.

Relationships among ASVs corresponding
to O. amblystomatis

ASVs A and B are minimally divergent, having only 1
nucleotide divergence in the V4 region and otherwise identical
along the nearly full-length sequence (99.94% identity). We
therefore wondered about the sequence identity of the remaining
ASVs with the most prevalent and abundant ASVs and specifically
whether more divergent ASVs were less abundant. We first
calculated pairwise nucleotide divergences for all ASVs of O.
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amblystomatis that were 400 bp in the non-rarefied dataset
(Nasvs=68; Npairwise = 2346; mean nucleotide divergences = 4 +
0.024) and then plotted the relative abundance of nucleotide
divergences for all locales (Figure 2A). For all locales except ME,
the most frequent number of divergences in pairwise comparisons
was 2; for ME it was 3. We then plotted nucleotide divergences as a
function of their relative abundance and found a log-linear
correlation (Figure 2B), indicating that, on average, pairwise
distances are greater for rarer ASVs. To gain greater insight into
the relationship among subdominant ASVs relative to ASV A we
calculated mean nucleotide divergences between ASV A and all
other ASVs (1.94 + 1.89) and the mean pairwise divergences among
all subdominant ASVs (3.71 * 2.44), for a difference of 1.91X.
Therefore, mean pairwise divergences among subdominant ASVs
are significantly greater than mean pairwise divergences between
subdominant ASVs and ASV A (Mann-Whitney normal
approximation Z = -13.567, p = 0, effect size = 0.300).

To assess the temporal stability of results from 2022 sampling we
re-analyzed amplicon sequence data from Jurga et al. (2020). We
subjected those reads to DADA2 denoising and then classified them,
filtered out non-chlorophytes and singletons as above. In order to focus
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among locales derived from a fully permuted pairwise sequence comparison of ASVs from 2022 data. (B, C) Pairwise nucleotide divergences among ASVs
plotted as a function of their relative abundance for data from (B) NS to NC (2022) and (C) Nova Scotia (2016, 2017; see Jurga et al., 2020).
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on sequences classified as O. amblystomatis we also removed 2 ASV's
corresponding to Chlamydomonas pseudogloeogama, a closely related
species in the Oophila clade (Kim et al., 2014), that were detected in the
2016, but not the 2017 sample set from Jurga et al. (2020). We detected
31 ASVs with a mean of 10.00 + 3.38 ASVs per capsule, a result highly
consistent with the NS samples from 2022 data (25 ASVs, mean per
capsule = 10.11 + 1.94). Further, the same two ASVs (ie, ASV A and
B) identified from the 2022 data were most prevalent and numerically
abundant in the Jurga data. In two capsules ASV B was numerically
dominant over ASV A, but on average, A was dominant over B (mean
ratio per capsule = 2.16 * 0.79), a result consistent with 2022 data for
NS (mean ratio per sample = 2.37 + 0.51). We also discovered the same
relationship between identity and relative abundance as we did for the
2022 data (Figure 2C). Finally, as above, we calculated both the mean
nucleotide divergences between ASV A and all other ASVs (2.81 +
3.99) and the mean pairwise divergences among all subdominant ASV's
(5.48 + 5.42), for a 1.95X difference. Therefore, consistent with 2022
data, mean pairwise divergences among subdominant ASVs are
significantly greater than mean pairwise distances between
subdominant ASVs and ASV A (Mann-Whitney normal
approximation Z = -6.867, p = 6.549 X 107, effect size = 0.340).

To visualize the relationships of all ASVs we generated a
haplotype network map. Consistent with the numerical analysis

( A) Nucleotide diversity} }?i =0.0076
Number of segregating sites: 65
Number of parsimony-informative sites: 16
Tajima's D statistic: D =-1.94 6023 —
p (D> -1.94)=0.99 N

ab70,
13¢5 g

3677 e

ebd6

042d

(B)

6830 aa92

FIGURE 3

10.3389/famrs.2025.1609494

above, most haplotypes cluster around the dominant ASV A, with a
minor cluster around ASV B and its four derived haplotypes
(Figure 3A). We decomposed the all-locales haplotype network
into locale-specific networks and again all haplotypes cluster
around ASV A (Supplementary Figure 1).

Cell culturing reveals intra-genomic
variants

Pairwise sequence analysis revealed that greater than 99% of the
ASVs had greater than 99% identity and, among subdominant
ASVs (i.e., all but ASV A), only 0.25% of the reads had less than 99%
identity with ASV A. This pattern is consistent with variation
among intragenomic 18S rDNA copies in the marine diatom
genus Chatoceros (de Luca et al., 2021), suggesting that some and
perhaps all ASVs within a sample in the current study represent
intragenomic variation. To test this, we isolated algae from capsules
in Spring 2024 and then used these isolates to inoculate solid media.
We then generated liquid cultures derived from single well-isolated
colonies. We generated twenty such cultures and then subjected
DNA extracts to Illumina and PacBio amplicon sequencing,

as above.

10 samples

1 sample
NS
ME
PA
e0c7 KY
NC

0442

5a3a

08e9

Haplotype maps of ASVs detected from IF and cultures. (A) Haplotype map of ASVs detected in 42 samples from 2022. Circles are labelled with the
first four digits of the alphanumeric hash corresponding to their sequence (Supplementary Table 4). For clarity haplotypes present in only one locale
are depicted but not labelled. Haplotypes in the gray box have <99% sequence identity with ASV (A) Statistics do not incorporate read depth for each
ASV. (B) Haplotype map of ASVs from 18S rRNA V4 sequence detected from cultures of O. amblystomatis derived from single colonies. ASV A was

present in all 20 cultures and in 1/20 cultures was the sole ASV detected

; the remaining 5 ASVs were present in 19/20 cultures. (C) Haplotype map of

ASVs from nearly full-length PacBio 18S rRNA sequence detected from cultures of O. amblystomatis derived from single colonies. The amplicon with
an exact sequence match to 33ed (ASV A) from V4 sequence was present in all 20 cultures and was the sole ASV detected in 1/20 cultures; the
remaining 7 ASVs were present in 19/20 cultures. Each hatch mark = 1 mutation. See Supplementary Figure 1 for locale-specific haplotype maps.
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Sequencing of the V4 region revealed a mean of 6.05 + 0.69
ASVs per isolate and 19/20 isolates contained ASVs A and B (1/20
contained only ASV A), demonstrating both that these two core ASV's
are intragenomic variants and that they can segregate. Importantly, this
number of intragenomic variants accounts for ~60% of the mean
number of ASVs detected in capsules, which confirms the non-
independence of many of the ASVs detected corresponding to
O. amblystomatis. Mean percentage of read counts for ASVs A
and B in colony isolates (94.9 + 1.3%) was significantly higher
(Mann-Whitney two sample Z = 4.76, p = < 0.000002; effect
size 0.57) than for all NS samples from capsules (92.13 + 2.17%).
Among all isolates, read counts for ASV B were uniformly higher than
that of ASV A (Figure 4A; Supplementary Table 4) for a mean ratio of
read counts for ASV B/A = 2.812 + 0.242. This is surprising because it
is the opposite of sequencing results from IF for NS samples, in which B
was (nearly) always lower in read count than ASV A for a mean ratio
of ASV B/A = 0.421 + 0.216 (for 2022 samples) and 0.462 + 0.364
(for 2016/2017 samples).

Four additional ASVs were detected in 19/20 cultures. These
ASVs occurred in pairs, with one pair (eb46 and 042d) having ~10X
and the other (6830 and aa92) having ~100X lower mean read
counts than ASVs A and B (Supplementary Table 4). Three ASVs
were present in 2/20 cultures, one of which (c9bb) was detected in
samples from ME and PA in 2022 and (aa92) in NS samples from
2016 and 2017 (Figure 4B). ASV 042d from cultures was not
detected in any IF samples. Pairwise sequence comparisons of
ASVs from culture isolates revealed that 9/28 (32%) comparisons
have lower than 99% sequence identity for a mean sequence identity
0f 98.9 £ 0.725%. ASV 6830, which was recovered in samples from
NS (2016, 2017, 2002), ME and KY, has identities as low as 97.75%
with ASV aa92 and 98.5% and 98.25% identity, respectively, with
ASVs A and B. A haplotype map of these intragenomic variants
(Figure 3B; Supplementary Figure 1) is consistent with those from
samples from capsules: eb46 appears to be derived from ASV B
(e067) and both 6830 and aa92 from ASV A (33ed). Because
our protocol filtered out singletons, we manually examined minor
ASVs detected in the one isolate that lacked ASV B. Two ASVs

10.3389/famrs.2025.1609494

(d66e and 6023) were detected in IF samples from 2022, 2016 and
2017, indicating they are bona fide variants; six were not.

To verify the results from Illumina V4 amplicon sequencing, we
subjected extracts from our cultures to PacBio Sequel II sequencing.
We detected a total of 42 ASVs, 8 of which were prevalent in 19/20
isolates (2df9) and one was present in a single isolate (90dd)
(Figure 3C). Along the V4 region 2df9 and 90dd were exact
matches to ASVs B and A, respectively, from Illumina V4
sequencing. In support of this correspondence, the mean ratio of
read counts for 2df9/90dd was 3.45 + 0.642, which was not different
from the mean ratio of ASV B/A from Illumina V4 sequencing
(Welch’s T-test; T = 1.615, p = 0.115, effect size = 0.53).

Discussion
Specificity in the mutualism

We used 18S rRNA gene sequence diversity from cells in hospite
as a proximate measure of specificity in the algal-salamander
mutualism. Among 3.3 million reads from the V4 region and 0.17
million PacBio reads all chlorophytes detected in egg capsules of A.
maculatum are O. amblystomatis, which are nested in Oophila clade
B (Nema et al., 2019; Anslan et al., 2021; Vences et al., 2024). Along
with previous work (Kim et al., 2014; Jurga et al., 2020) these results
constitute mounting evidence that a narrow subset of lineages in
subclade B have the capacity to access the inside of capsules. On the
basis of sequence variation at the 18S rDNA locus and increasingly
broad spatial and temporal sampling, it is clear that the mutualism
between O. amblystomatis and A. maculatum has evolved a very
high degree of partner specificity.

Jurga et al. (2020) detected 18S rRNA gene sequences in egg
capsules corresponding to C. pseudogloeogama, an algal lineage
isolated as a free-living species (Ettl and Gartner, 1995) that nests in
Oophila clade (Kim et al., 2014; Vences et al., 2024). Over the V4
region, C. pseudogloeogama and ASV A in the current study have a
sequence identity of 95.5%. Similarly, more ASVs were observed in
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IF samples than observed from cultures of O. amblystomatis derived
from single colonies, and some ASVs varied by as much as 5% in
pairwise alignments, indicating that variation in capsules exceeds
intragenomic variation from culture isolates. Our samples from
2022 were derived from up to six capsules from a single egg mass
but NS samples from 2016 and 2017 corresponded to single
capsules. Therefore, it may be that each capsule is invaded by
more than one founder cell. A previous study (Kim et al., 2014)
generated 18S rDNA sequences by cloning nearly full-length
amplicons and then subjecting these to Sanger sequencing. ASV
A in the present study was a 100% match to the V4 region of several
of those clones (e.g., KJ711190.1) collected from IF from egg masses
in the Greenbrook Sanctuary, NJ, USA and ASV B was a 100%
match to the same region of other clones from Kim et al. (2014).

Using culture-based methods (which biases fast-growing
lineages), Schultz (2016) and Nema et al. (2019) detected non-
Oophila taxa associated with capsules. Based on all sequences
derived thus far from IF, it seems plausible that those non-
Oophila taxa were not inside capsules, but rather within the
capsule membrane itself, or on the outside of those membranes,
such that they were included in the population of culture inoculants.
If so, this suggests that there may be host benefits that are attractive
to potential partners but that, relative to the diversity of
photosynthetic eukaryotes in breeding habitat (see Jurga et al,
2020) a low diversity of lineages is successful at detecting and
accessing them. Similarly, a recent study by Anslan et al. (2021)
used metabarcoding to examine green algal diversity associated with
clutches of the agile frog Rana dalmatina. The authors did not
separate IF from egg mass jelly outside the capsules, which revealed
50 OTUs (based upon the 18S rRNA gene) found on or inside
clutches, including lineages in Oophila clade B.

Current evidence indicates that (most or all) symbionts are
horizontally transmitted after females lay egg masses (Bishop,
2022), so there are multiple steps at which prospective
symbionts must succeed in order to be represented in the pool
of symbionts in hospite. First prospective symbionts must be
present in the vicinity of egg masses. Lin and Bishop (2015)
documented that this was true, but their methods relied on
cloning amplicons and then subjecting them to Sanger
sequencing so the presence and relative abundance in pond
water of variants of O. amblystomatis detected here remains
unknown. Secondly, all prospective symbionts must be able to
detect and find egg masses and then penetrate the overlying jelly
layer and individual capsule membranes before reproducing in the
capsule. Third, once in capsules, the existence of a range of ASV's
larger than that detected as intragenomic variants here suggests
that more than one lineage of O. amblystomatis can invade
capsules, invoking the possibility of competition. There is
nothing known about these latter two processes so in order to
interpret the patterns of variation we report here and to apply
these results to theoretical predictions about co-existence in
mutualisms (e.g., Johnson and Bronstein, 2019), future work will
need to test the relative contribution of the pool of prospective
variants, their differential invasion success and whether there is
competition among variants in capsules.
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Recent work on Rana temporaria in Finnoscandia (Eriksson
et al, 2025) demonstrated that egg masses from this species
associate with green algae, the seventh documented example of
such an association. The authors generated 13 nearly full-length
sequences of 18S rRNA gene sequences corresponding to either O.
amblystomatis (Oophila clade B, sub-clade I) or Oophila sp.
(Oophila clade B, sub-clade III). We conducted a pair wise
sequence comparison between PacBio Sequel II sequences
generated in this study against their sequences and found an
exact match between 90dd (the cognate sequence to ASV A from
the V4 region) and one of their sequences. This provides further
evidence that 90dd/ASV A corresponds to both an ancestral and
geographically widespread variant of the 18S rRNA gene in
O. amblystomatis.

Oophila diversity and latitude

As a result of the very high specificity discussed above and the
significant extent to which the non-prevalent ASVs are likely
intragenomic variants, our data did not permit an estimation of
interspecific diversity. Samples from Maine contained the highest
number of unique ASVs but there was no latitudinal pattern. It is
possible that there are multiple closely related lineages contributing
to the pattern of variation that we observed, but no fine-scale
taxonomic descriptions are yet available that would permit such
distinctions and one of the most divergent ASV's (6830; see below)
we detected is an intragenomic variant. Notwithstanding the
limitations of taxonomic resolution, our results are similar to
those of Harrison et al. (2024), who found no differences in
richness of symbionts in a rhizobial-legume mutualism, but did
detect differences in richness of non-rhizobial taxa.

There was a clear latitudinal pattern in the proportion of ASVs
A and B with no comparable latitudinal pattern of non-prevalent
ASVs. As above, this may suggest differential success (whether in
breeding habitat, during invasion or growth inside capsules) of cells
having ASVs A or B. Here, however, there is an important caveat to
our results. In order for our results to be comparable to previous
work, we sampled capsules containing embryos in stages 34-40;
diversity could be higher earlier in development and become
reduced later, as was observed for bacterial diversity in capsules
of A. maculatum (Burgess and Bishop, 2023). Also, capsule
membranes begin degrading as host embryos approach hatching
(Harrison, 1969; stage 46). It would therefore not be surprising to
discover an increase in microbial diversity as embryos
approach hatching.

Intragenomic variants of 18S rDNA genes

A second element of variation was revealed by the relationship
between identity and relative abundance of symbionts. The relative
abundance and prevalence of ASVs decreased, on average, as
nucleotide divergence from ASV A increased. This identity-
abundance relationship, which was consistent between the 2022
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and 2016 + 2017 datasets is reminiscent of a fitness landscape:
prevalent and highly abundant ASVs have, by definition, the highest
fitness. However, this analysis and interpretation assumed that
ASVs are biologically independent entities. We tested this
assumption by generating isolates derived from single colonies;
founding cells were likely diploid zygotes, although in one case, in
which only ASV A was detected, a founding cell could have been
haploid. Amplicon sequence data from these cultures of O.
amblystomatis partially, but clearly, demonstrates that many
variants with low read count and prevalence in samples from
capsules are likely to be haplotypes of low repeat number within
18S rDNA gene arrays. By contrast, whereas our isolates contained
(with minimal variation) an average of 6 haplotypes, samples from
individual capsules contained, on average, ~10 haplotypes, (ca. 40%
more than isolates). This suggests that (i) the population of
symbionts in capsules at the time of sampling is composed of
mitotic descendants from more than one cell and (ii) there is fine-
scale variation in prospective symbionts within and among host
breeding pools.

A recent examination of concerted evolution in the 185 rDNA
region of species in the marine diatom genus Chaetocerus revealed
evidence for efficient, but incomplete, homogenization of gene copy
variants (de Luca et al, 2021). In that study haplotypes of minor
frequency occurred in their dataset, but such haplotypes varied by less
than 0.5% from, and were at least 10X less abundant than, the
dominant haplotype. In contrast to de Luca et al. (2023), we found
two dominant haplotypes instead of one, which were recovered in all
(ASVs A) or all but one (ASV B) of our IF samples. Secondly, we
found four additional haplotypes common to all isolates, which were
distinguished as pairs by their closely matching read counts that were
~10X and ~100X lower than the dominant haplotypes. In this case,
however, haplotypes having ~10X lower read counts were 99.5-
99.75% similar to the dominant haplotypes, but haplotypes having
~100X lower read counts were more divergent than expected under a
regime of concerted evolution (~2% divergence) and in one case
(6830) was geographically widespread, being present in three locales
separated by 8 degrees of latitude. This pattern suggests that these
minor haplotypes might be evolving under a different model than
concerted evolution or drift. Alternatively, since not all rDNA copies
are transcribed (Conconi et al, 1989) the more divergent copies
detected here might be pseudogenes or otherwise not transcribed.

If we assume that the haplotype having the lowest mean read
counts among our isolates (aa92) is present as a single copy and that
the ratio of mean read counts for other ASVs reflects their relative
copy number abundance, this suggests a haploid copy number of
18S rRNA genes of 213 + 99. The existence of two dominant
haplotypes suggests that, like Chlamydomonas reinhardtii (Payne
et al,, 2023) there may be two unlinked rDNA arrays in the O.
amblystomatis genome. Whatever the genomic arrangement of
these two dominant haplotypes, three results suggest they can
segregate: (i) the ratio of ASVs A and B varied relative to each
other with latitude (ii) the ratio of read counts for ASV A to B from
our cultures of O. amblystomatis was ~1:3, for a ~6X difference
compared to IF samples from NS and (iii) one of our cell culture
isolates contained only ASV A.
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Conditions in capsules and cultures may select for traits that are
linked to ASVs A and ASV B, respectively, thereby increasing their
frequency in the population of symbionts or cultures. A more
speculative hypothesis, for which there is precedent, is that these
rRNA gene variants may themselves be under selection.
Intragenomic variation in rRNA gene copies (median of two
variants/isolate) has been documented for yeast and several other
eukaryotes (Sultanov and Hochwagen, 2022 and references therein)
and differential expression of rRNA gene clusters was observable
(De Capoa et al.,, 1985a) and inducible (De Capoa et al., 1985b) in
humans. In bacteria, nutrient-limitation stress caused differential
expression of rRNA alleles, with consequences both for expression
of stress-response genes and several phenotypes (Kurylo et al,
2018). Therefore, we cannot exclude the possibility that ASVs A
and B are functionally distinct intragenomic variants. Given the
latitudinal pattern in their observed relative abundance in IF,
temperature might be the selective agent, a hypothesis that is
directly testable by culturing new cultures of O. amblystomatis at
different temperatures and examining the resulting ratio of ASVs A
and B.

Non-chlorophyte eukaryotes

We detected the presence of the same cercozoans protists and
rhyzophydialean fungi detected in Jurga et al. (2020). Along with
microscopical observations from Gilbert (1944), which likely
corresponded to cercozoans, these results indicate that cercozoans
are spatially and temporally consistent denizens of egg capsules of
A. maculatum. By contrast, the prevalence of rhizophydialean fungi
was lower and uneven, being detected most in ME. When detected,
their relative abundance was high. The function of both eukaryotes
in the mutualism, if any, remains unknown, but their unevenness
within egg masses suggests that tests of their effects are suited to a
comparative analysis. It is unknown if these taxa are exclusively
found in egg capsules of A. maculatum, but if they are algal
predators (Hess and Melkonian, 2013) and pathogens (Ibelings
et al,, 2004), respectively, then one might expect to find them in
other amphibian taxa that associate with Oophila sp.

Conclusions

It is evident that the mutualism between unicellular algae and
amphibian egg masses has evolved specificity at both the level of the
Oophila B clade (Kim et al., 2014; Vences et al.,, 2024) and, in this
report, at the species level between O. amblystomatis and A.
maculatum. By definition this degree of specificity precluded
evidence for locale or latitudinal effects on richness at the species
level, but rather, revealed some locale effects on mean ASVs and an
intriguing latitudinal effect on the relative abundance of two
dominant ASVs. The vast majority of new isolates of O.
amblystomatis derived from single colonies demonstrated that
these two ASVs are intragenomic haplotypes and that their
abundance relative to each other was reversed, compared to IF
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samples. These dominant haplotypes appear to be able segregate
from each other, suggesting the possibility of fitness-linked traits
associated with each haplotype or direct selection on them. This
report sets a foundation for future comparative analyses of partner
specificity for the six other known algal-egg mass mutualisms.
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