:ISME

ARTICLE

www.nature.com/ismej

W) Check for updates

Mortality by ribosomal sequencing (MoRS) provides a window

into taxon-specific cell lysis
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Microbes are by far the dominant biomass in the world’s oceans and drive biogeochemical cycles that are critical to life on Earth.
The composition of marine microbial communities is highly dynamic, spatially and temporally, with consequent effects on their
functional roles. In part, these changes in composition result from viral lysis, which is taxon-specific and estimated to account for
about half of marine microbial mortality. Here, we show that extracellular ribosomal RNA (rRNA.,) is produced by viral lysis, and
that specific lysed populations can be identified by sequencing rRNA,. recovered from seawater samples. In ten seawater samples
collected at five depths between the surface and 265 m during and following a phytoplankton bloom, lysis was detected in about
15% of 16,946 prokaryotic taxa, identified from amplicon sequence variants (ASVs), with lysis occurring in up to 34% of taxa within a
water sample. The ratio of rRNA.,; to cellular rRNA (rRNA..) was used as an index of taxon-specific lysis, and revealed that higher
relative lysis was most commonly associated with copiotrophic bacteria that were in relatively low abundance, such as those in the
genera Escherichia and Shigella spp., as well as members of the Bacteriodetes; whereas, relatively low lysis was more common in taxa
that are often relatively abundant, such as members of the Pelagibacterales (i.e., SAR11 clade), cyanobacteria in the genus
Synechococcus, and members of the phylum Thaumarchaeota (synonym, Nitrososphaerota) that comprised about 13-15% of the 16
S rRNA gene sequences below 30 m. These results provide an explanation for the long-standing conundrum of why highly
productive bacteria that are readily isolated from seawater are often in very low abundance. The ability to estimate taxon-specific

cell lysis will help explore the distribution and abundance of microbial populations in nature.

The ISME Journal (2023) 17:105-116; https://doi.org/10.1038/s41396-022-01327-3

INTRODUCTION

Although microorganisms drive carbon and nutrient cycles in the
world’s oceans, and constitute more than 90% of its living
biomass, they have turnover times from hours to days [1]. A major
contributor to such high turnover is cell lysis, particularly by viral
infection that is estimated to kill about 20% of this biomass each
day [2], thereby directing cellular organic matter into dissolved
and particulate organic matter in a process termed the viral shunt
[3, 4]. Moreover, viral infection is taxon-specific, contributing to
bacterial communities that are highly dynamic in taxonomic
composition [5]. Other processes, such as programmed cell death
[6] or infection by predatory bacteria [7, 8], may also contribute to
prokaryotic cell lysis, but have not been shown to contribute
substantially to cell lysis in natural waters.

Despite the significance of cell lysis to marine ecosystem
processes, differences in relative lysis among taxa are unknown,
and estimates of daily viral lysis are bulk estimates that provide no
information on how lysis is distributed among thousands of
microbial taxa. Being able to resolve taxon-specific cell lysis in
natural microbial communities is one of the most pressing
questions in microbial ecology, and being able to identify taxa
that are permissive or resistant to cell lysis will allow the

exploration of fundamental paradigms in microbial ecology such
as Kill the Winner [9], the Seed Bank Model [10], and the
relationship between potential growth rate and susceptibility to
viral infection [11]. For example, it has been argued that the most
abundant taxa are largely resistant to viral infection, while rare
species that are capable of fast growth are highly susceptible to
viral lysis [11]. Moreover, such data will help inform the relation-
ship between cell lysis and community structure in microbial
communities.

This study was motivated by large amounts of ribosomal RNA
(rRNA) “contamination” that was consistently present in 0.22-um
filtered seawater collected to investigate the diversity of RNA
viruses. We wondered if the source of the extracellular rRNA
(rRNAey) was cell lysis and, if so, could the rRNA,,; be sequenced to
reveal the taxonomic composition of the cells that had died? The
premise of the argument is simple: if the source of the rRNA., is cell
lysis, then sequencing this RNA will reveal the cells from which it
was derived, and thus those taxa in which lysis occurred. Preliminary
investigations using quantitative reverse-transcription PCR (qRT-
PCR) indicated that there were typically millions of copies of rRNAq,:
in each mL of 0.22-um-filtered seawater, and that it was stable for
days when incubated on the benchtop. Moreover, it was possible to
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sequence the rRNA.,; and taxonomically profile the community
from which it was derived.

Here, we detail and expand on these initial observations to
show that rRNA,,; is produced by cell lysis of prokaryotes, and
that by sequencing and quantifying rRNA.,, cellular rRNA
(rRNAe), and the genes encoding rRNA (rRNAgene), we can
estimate the taxon-specific cell lysis of prokaryotes in complex
natural communities.

RESULTS AND DISCUSSION

Extracellular rRNA (rRNA.,.) is produced by cell lysis but not
flagellate grazing

We hypothesized that extracellular ribonucleoprotein-bound
rRNAs, including free ribosomes, are produced in seawater as
the result of cell lysis. To test this hypothesis, we infected the
marine heterotrophic proteobacterium, Vibrio natriegens strain
PWH3a, with the lytic phage, PWH3a-P1 [12], and used qRT-PCR to
quantify the rRNAg, in 0.22-um filtrate. About 1.75 h after adding
viruses to a culture of V. natriegens PWH3a, the concentration of
rRNA.,: was about 100-fold higher than in an uninfected control
culture (Fig. TA), confirming that viral lysis releases rRNAg,. The
rRNA.y is likely in the form of ribosomes that have been shown by
transmission electron microscopy to be released from marine
cyanobacteria in the genus Synechococcus as the result of viral
lysis [13]. The presence of rRNA.,: in the uninfected control likely
resulted from prophage induction in a small proportion of the
cells, as the genome of V. natriegens strain PWH3a has multiple
prophage elements. Nevertheless, any process that causes cell
lysis will release rRNA. For example, RNA can be released in
vesicles by some bacteria [14], although we are unaware of data
showing that vesicles are a source of “free” rRNA.

Potentially, grazing by protists could also produce rRNA,,.. We
tested this by adding the bacterivorous flagellate Paraphysiomo-
nas bandaiensis to cultures of V. natriegens PWH3a and quantifying
rRNA.y: (Fig. 1B, C). Rather than production, in the presence of
grazers, the concentration of rRNA,,, decreased relative to that of
controls, implying that grazers consume rRNAg, (Fig. 1Q).
Although we only tested a single grazer-prey system, the decrease
in rRNA.,; is consistent with observations that phagotrophic
protists consume virus particles [15], which are in the same size
range as ribosomes. Moreover, because protistan grazers consume
bacterial prey in their entirety [16, 17], the release of bacterial
rRNA was not a result of protistan grazing.

Stability of extracellular rRNA (rRNA.,,) in seawater

The concentration of rRNA., in seawater is a balance of production
and removal. Thus, we tested the stability of rRNA,;, produced by
lysis of cultures of V. natriegens PWH3a with phage PWH3a-P1, by
adding it to molecular-grade ultrapure water, untreated seawater,
and 0.22-um-filtered seawater. After at least ten days of incubation
in the dark at 21°C, there were no detectable changes in the
concentrations of rRNAg: in any of the treatments (Fig. 10).
Collectively, these data demonstrate that, even in the presence of
the natural microbial community, rRNA,,, detected by qRT-PCR, is
stable in seawater. This stability suggests that rRNA,, is in the form
of ribosome complexes that prevent degradation of the RNA,
consistent with observations that rRNA complexed with ribonu-
cleoproteins is protected from nucleases [18, 19].

The concentration of rRNA.,; was stable over at least 10 days
in laboratory incubations; however, in situ turnover rates would
be faster because of other factors contributing to the decay
of rBRNAg:. For example, solar radiation damages organic
molecules [20], viral infectivity [12, 21], and DNA [22]. Exposure
to UV also produces hydroxide radicals that damage rRNA, and
creates covalent crosslinks between rRNA and protein, and
between proteins. Thus, the conformation of the ribosome
complex is changed, making it easier for nucleases to access the
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ribonucleoprotein complex and degrade rRNA [23]. Studies have
shown nuclease [24] and protease [25] activity in seawater. As a
result, despite the stability of rRNA.,, in the laboratory, in situ
turnover rates will be higher. Moreover, regardless of the decay
mechanism of the rRNA.,;, there is no prior evidence suggesting
that the decay rate would be taxon-specific.

The ISME Journal (2023) 17:105-116



Fig. 1 Production and persistence of free extracellular rRNA
(rRNA.) in water. A Concentration of 16S rRNA., in cultures of
V. natriegens strain PWH3a, 1.75 h after the addition of the lytic phage
PWH3a-P1 (red bars) and in control cultures to which the phage was
not added (blue bars). Error bars represent the standard deviation of
three biological replicates. B, C Bacteria, protists, and 16 S rRNAq
concentrations in cultures of V. natriegens PWH3a, with or without the
addition of the microflagellate grazer, Paraphysomonas bandaiensis.
Panel (B) shows changes in the concentration of bacteria (black lines
and left axis) and the grazer (blue line and right axis) during eight days
of incubation. Panel (C) shows changes in the concentration of 16 S
rRNA.,, with and without the addition of the grazer. D 16 S rRNA.
concentrations in ultrapure water, untreated seawater, and 0.22-pm-
filtered seawater, measured over two weeks. Incubations were
performed in the dark at 21°C, with and without the addition of
0.22-pum-filtered V. natriegens PWH3a-P1 lysate (vibrio lysate).

<

Although we did not measure turnover rates of rRNAg,; in field
samples, decay and production of rRNA,,; must be balanced, on
average. Because viral lysis is estimated to kill about 20 to 30 %
of the standing stock of bacteria in the oceans each day [11, 26],
viral lysis likely accounts for most of the production of rRNA..
Consequently, in situ turnover rates of rRNA., should also be
about 20-30% per day, similar to the turnover rates of bacteria
imposed by viral lysis. Relatively high turnover rates are also
consistent with the high temporal and spatial variability seen in
the taxonomic profiles of rRNA.,; (Fig. 2). Below, we use rRNA.,; as
a window to investigate taxon-specific lysis of prokaryotes in
seawater.

Cell lysis occurs across phyla

We analyzed seawater samples collected from five depths in the
Strait of Georgia, British Columbia, Canada, during and after a
phytoplankton bloom. To infer taxon-specific lysis, we used deep
sequencing of a 412-bp amplicon to infer the taxonomic
distribution of 16 S rRNA¢,, as well as rRNA.; and rRNAgene .
A total of 16,946 amplicon sequence variants (ASVs), belonging to
33 phyla of bacteria and three phyla of archaea (Fig. 2A) were
detected across all ten seawater samples.

For each sample, we binned assigned taxa into seven different
“lysis groups” based on their detection as rRNAe, rRNAg,, and
rRNAgene. (Fig. 2B), with their presence as rRNA.,; (Groups I, IV,
VI, and VII) indicating lysis. Across samples, the taxa in which lysis
was detected varied widely, ranging from 3.7% to 34.1% of taxa at
30m in June and May, respectively (Fig. 2C-E). Lysis was
associated with 28 bacterial and three archaeal phyla, including
19 phyla for which viruses have not been reported (ie.,
Acidobacteria, AncK6, Armatimonadetes, Chlorofiexi, Epsilonbacteria,
FBP group, Fibrobacteres, Fusobacteria, Gemmatimonadetes, Hydro-
genedentes, Kiritimatiellaeota, Lentisphaerae, Margulisbacteria,
Nanoarchaeaeota, Nitrospinae, Planctomycetes, PAUC34f, Patesci-
bacteria, and Spirochaetae) (Fig. S1). Moreover, the proportion of
taxa within a phylum in which lysis occurred varied across phyla.
In ten of the 31 phyla in which lysis occurred (i.e.,, Armatimona-
detes, Chlamydiae, Cyanobacteria, Deinococcus-Thermus, FBP group,
Fibrobacteres, Firmicutes, Fusobacteria, Nanoarchaeaeota, and
Spirochaetae), more than half of the ASVs in those phyla were
associated with cell lysis, and in some cases included all the taxa
within a phylum (Fig. S1). Our results show that cell lysis occurred
in taxa across a broad range of prokaryotic phyla; yet, for a given
sample the maximum proportion of ASVs found in the rRNAq.
relative to the rRNAgene. (Groups IV and V) was only ~8%
(Fig. 2F), indicating that lysis was not detectable for the vast
majority of taxa in the cellular fraction (i.e., rRNAgene.). In fact,
lysis was only detected for 14 of the 28 phyla identified from 16 S
rRNA gene sequences in the cellular fraction, and within those
phyla, lysis was detected for less than half of the ASVs, except for
ASVs in the archaeal phylum Euryarchaeota (Fig. S2).
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Lysis was detected in about 15% of the 16,946 ASVs, and of these
most were only in the rRNA, fraction (Group VII; Fig. 2C), indicating
that lysis likely occurred prior to sampling, because the correspond-
ing sequences were not detected in either the rRNAgene. or
rRNA . fractions. Ongoing or recent lysis, implied by the presence
of ASVs in both the rRNAgene.. and rRNA.,; fractions (Groups IV
and VI) was detected for 202 taxa, and within this group, 0.03% to
1.85% of the total taxa across samples were detected in the rRNAy,
rRNA.,, and rRNAgene fractions (Group IV), making it possible to
speculate on the relative mortality among taxa. Taxa that were
detected in the rRNAgene,.; and rRNA,,; pools (Group VI) occurred
in 0.03% to 3.6% of taxa, implying lysis of taxa with little growth or
activity at the time of sampling. For taxa in Groups | and Ill, rRNA ¢
was detected but rRNAgene was undetectable, suggesting they
are active but in very low abundance, or dormant but harbour high
numbers of ribosomes [27]. Among all taxa, up to 2.9% were in
Group lll, with detectable rRNA.; and rRNA.,; even though
rRNAgene . was undetectable, implying that these taxa were in
very low abundance but undergoing lysis. The discrepancy in ASV
numbers among the rRNAgene ey, rRNAce, and rRNA,; fractions is a
reflection of the composition and activity of the microbial
communities being highly dynamic, with consequent effects on
the relative contribution of each taxon to each of the three pools.

Our observation that lysis was associated with specific ASVs is
consistent with viral lysis, which is typically taxon-specific and
would be expected to kill cells within a taxon, while leaving
members of other taxa unaffected. These observations are
congruent with the seed-bank theory of viral infection, in which
only a small proportion of viruses are active at any given time [10].
Furthermore, as viral lysis is estimated to cause about 50% of
marine prokaryotic mortality [28, 29] and kills about 20% of the
standing stock each day [30], lysis must be high in taxa that are
affected. Of the 31 phyla for which rRNA,,; was detected, there are
only a few for which viruses have been isolated (Euryarchaeota,
Thaumarchaeota (synonym, Nitrososphaerota), Proteobacteria
(synonym, Pseudomonadota), Firmicutes (synonym, Bacillota),
Bacteriodetes (Bacteriodota), Actinobacteria (synonym, Actinomy-
cetota), Cyanobacteria, Chlamydiae (synonym, Chlamydiota), Tener-
icutes (synonym, Mycoplasmatota), and Deinococcus-Thermus
(synonym, Deinococcota)) [31] or are known from single amplified
genomes (Verrucomicrobia and Marinimicrobia) [32]. Thus, sequen-
cing of rRNA,,; can also provide insights into taxa to be targeted
for virus isolation. Although programmed cell death [6], predation
by Bdellovibrio and like organisms (BALOs) [33], and bacteriocins
[34, 35] can also cause lysis of prokaryotes, there is no evidence
that they are a major source of prokaryotic mortality in the sea.

Cell lysis varies widely across taxa and seawater samples

We detected 2561 ASVs in the rRNAg,; pool from ten seawater
samples, implying lysis in ~15.1% of the 16,946 ASVs detected
across the rRNAq;, rRNAg, and rRNAgene.. fractions (Fig. 2).
Overall, cell lysis was evident in members of the phyla Bacteroidetes
(genera Aureispira, Lewinella, Marinoscillum, Fluviicola, Flavicella,
Formosa, and marine groups NS4, NS5, and NS7), Cyanobacteria
(genus Synechococcus), Firmicutes (genus Paenibacillus), Nitrospinae
(members of the LS-NOB group), Proteobacteria (class Alphaproteo-
bacteria: genera Methylobacterium, Ochrobactrum, Amylibacter,
Planktomarina, Sulfitobacter, and clades PS1, SAR116, and SAR11 la;
class Gammaproteobacteria: genera Alcaligenes, Delftia, Luminiphilus,
Escherichia-Shigella, Acinetobacter, Pseudomonas, and Stenotropho-
monas, and clades OM60 (NOR5) and SAR92), and Verrucomicrobiota
(genus Roseibacillus) (Figs. 2A and 3A).

The taxonomic composition of the rRNA,, varied greatly
among seawater samples, implying different prokaryotic taxa
were lysed across depths and times (Figs. 2D and 3). There was a
significant difference in the taxonomic composition of the rRNA.,.
between May and June (PERMANOVA: R* = 0.24, p value = 0.027),
but not across depths (PERMANOVA: R> = 0.44, p value = 0.132).
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Fig. 2 Detection of cell lysis in coastal seawater as inferred from extracellular rRNA (rRNA,,). A Relative abundance of 16 S amplicons
assigned to phyla based on amplicon sequence variants (ASVs) for cellular rRNAgene and rRNA (rRNAgene e and rRNA., respectively) and
rRNA.,:. B Venn diagram showing seven possible lysis groups, where 1, V, and VIl represent ASVs found in the rRNAgene ., rRNA e, and
rRNA.,: pools, respectively; the overlap represents ASVs shared between groups. The numbers shown in parentheses represent the average
number of ASVs detected for each lysis group across the ten seawater samples. C Each panel shows the proportion of ASVs in the
rRNAgene e, rRNA ., and rRNA,,; pools across the seven lysis groups for each seawater sample. The orange bars represent taxa with ongoing
lysis (Groups IlI, IV and V1) as indicated by the presence of the same ASVs in both the cellular rRNAgene and rRNA fractions, as well as in the
extracellular rRNA fraction. The purple bars represent taxa with prior-lysis (group VII) as inferred from the presence of ASVs in the rRNA,, pool,
but which were undetectable in the rRNAgene,e or rRNA ¢ pools. The blue bars indicate taxa without cell lysis (group |, Il, and V), as indicated
by the absence of ASVs in the rRNA,,; fraction. D A network analysis showing the taxonomic distribution of ASVs detected in the extracellular
rRNA, across seawater samples collected from five depths. Each open circle (circular node) represents a ribosomal ASV, while the size indicates
its relative abundance; The line (edge) links ASVs to the seawater samples (square node) in which they were detected. The network shows that
a high proportion of the taxa in which lysis was detected were relatively rare and confined to a single month and depth; whereas, there were
relatively few taxa in which lysis was detected between months and across depths. E Proportion of all ASVs from each sample in the
rRNAgene e, rRNA e, and rRNAq: pools, in which rRNA,: was detected, indicating cell lysis. F The proportion of ASVs detected in the
rRNAgene,. pool from each sample in which rRNA,,; was also detected, consistent with ongoing lysis.

Linear discriminant analysis Effect Size (LEfSe) revealed differences
in relative abundances of the rRNA.,; between May and June
samples for the following taxa: members of the phylum
Bacteroidetes (genera Aureispira, Lewinella, Flavicella, Formosa,
and Ulvibacter), the classes Alphaproteobacteria (genera Amylibac-
ter and Sulfitobacter) and Gammaproteobacteria (genera Lumini-
philus, Paraglaciecola, Halioglobus and Arenicella, and the clade
BD1-7), and the phylum Verrucomicrobia (genera Rubritalea and
Lentimonas) (Fig. 3E), consistent with higher lysis of these taxa
during the bloom-period in May. In contrast, there are no
significant differences in the relative abundances of rRNA.,; taxa
across depths using LEfSe.

Taxa with ongoing or recent lysis

Sequencing of the rRNA, reveals the taxa in which lysis has
occurred; if the rRNA,,, is corrected for differences in “rRNA copy
number per cell” that occur among taxa and with physiological
state [36], the ratio of rRNA,,; to cellular rRNA (rRNA_.;) provides
an index of the relative amount of lysis in each taxon. Thus, a cell-
lysis index (CLI) can be calculated for individual taxa from the ratio
of the relative abundance of rRNA, to rRNA .. A CLI > 1 indicates
that there is more free rRNA in the water than within cells for a
specific taxon; hence, the higher the CLI the greater the lysis

SPRINGER NATURE

relative to the size of the co-occurring population. If rRNAgene
is undetectable for an ASV, it indicates the concentration of cells is
below the detection limit, and is consistent with the lysis of the
population. In contrast, if an ASV occurs in the rRNAq rRNA
and rRNAgene . pools (Group IV), this suggests that lysis of that
taxon is ongoing, or has occurred very recently (Fig. 2B, C).
There were relatively few taxa in Group IV, and they were highly
variable across samples. Of the 16,946 ASVs detected across all
samples, the number of taxa in Group IV ranged between zero for
the June 5- and 265-m sample and 46 for the surface sample in May
(Fig. 4B). The CLI for these taxa ranged between 0.13 and 15.92, with
the highest values for ASV in the genus Amylibacter from the
Alphaproteobacteria family Rhodobacteraceae. Overall, we detected
a relative high lysis index (CLI> 1) in members of the phylum
Bacteroidetes (order Chitinophagales, Flavobacteriales, and Sphingo-
bacteriales), Cyanobacteria (genus Synechococcus), Marinimicrobia,
Nitrospinae (genus Nitrospina), Planctomycetes (genus Blastopirel-
lula), Proteobacteria (family Beijerinckiaceae, Rhodobacteraceae, PS1
clade, SAR11 clade I, SAR86 clade, Halieaceae, Porticoccaceae,
Enterobacteriaceae, and Woeseiaceae), and Verrucomicrobia (genus
Roseibacillus and Rubritalea), which occurred mostly during the
phytoplankton bloom in May (Fig. 4C). Many of the bacteria
are putative copiotrophs (e.g., Bacteroidetes, Enterobacteriaceae,
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Rhodobacteraceae, and Verrucomicrobia) and known for breaking for this taxon (Fig. 5; Fig. S3). In contrast, during June at 0 and 5 m,

down high molecular weight dissolved organic material associated lysis was detected in nine of the less-abundant ASVs assigned to

with phytoplankton blooms [37]. the genus Synechococcus (Fig. 4B; Fig. S3). These results are
Cyanobacteria in the genus Synechococcus were relatively consistent with observations of high host specificity for most

abundant, especially at 0 and 5m in June (Fig. 1A); yet, only cyanophages [38, 39].

one of the 138 ASVs assigned to Synechococcus comprised >1% of Only a small proportion of taxa were associated with ongoing or

the total rRNAgene,, although we found no evidence of cell lysis recent lysis (Groups Ill, IV, and VI); thus, most of the phyla
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Fig. 5 Relative abundance of 16 S rRNAgene,, FfRNA ., and rRNA,,; for different taxa and the taxon-specific cell-lysis index (CLI) for the

dominant ASVs with a relative abundance of rRNAgene . >1%. The CLlI is the ratio of the relative abundances of rRNA¢,; to rRNA for each
ASV. A CLI > 1 indicates that the relative abundance of rRNA.,; is greater than that for rRNA..;, and suggests relatively high lysis.

represented in the rRNA,,; pool were the result of prior lysis
(Fig. S1). It is noteworthy that rRNA.,; could be produced by
microbial communities that were not sampled in our study, such
as those particles-associated microbes that were removed by the
120-uM prefiltration step during seawater treatment. Yet, this will
not affect the CLI estimation, because the 120-uM prefiltration
would remove the rRNAgene.; and rRNA . of those particle-
associated microorganisms while leaving their free rRNAg
detected in the rRNA., pool in case of cell lysis occurred.

High lysis is associated with low abundance

An enduring puzzle in marine microbial ecology is the relationship
between viral infection and the structure of prokaryotic commu-
nities, and in particular the relationship between the abundance
of specific taxa and viral lysis. It has been proposed that lysis rates
are relatively low for cells in the most abundant taxa, and higher in
relatively rare bacteria that are capable of fast growth [11]. This
view is congruent with “Kill the Winner”, a model, in which viral
lysis prevents the most ecologically “fit” cells from dominating the
community [9, 40]. Conversely, cells associated with rare taxa may
be subject to significant viral lysis [41].

Here, we examined taxa for which we could measure rRNA.;,
rRNAcen, and rRNAgene ) (Group IV), and demonstrate that the
CLI was negatively correlated with relative abundance (Fig. 6),
consistent with experimental evidence that rare groups of
marine bacteria are more susceptible to virus-induced mortality
[41]. For example, an ASV assigned to the phylum Proteobacteria
in the family Rhodobacteraceae (genus Amylibacter) occurred in
low abundance at 30 m in May (Fig. 4A), and yet the estimate of
cell lysis was the highest measured (Fig. 4B). In contrast, ASVs
assigned to the phylum Verrucomicrobia in the family Rubrita-
leaceae (genus Rubritalea) were the most abundant prokaryotes
at 0-30m, while being relatively rare (<1% in relative
abundance) at 100 m, in May (Figs. 4A and 5); yet, estimates of
cell lysis were higher at 100 m and lower at 0-30 m, where they
were relatively abundant (Fig. 4B and 5). Similarly, at 0-5m in
June, bacteria in the Rhodobacteraceae (genus Planktomarina)
were also among the most abundant bacteria, along with
members of the phylum Bacteroidetes in the family Flavobacter-
iaceae (genus Formosa), as well as other ASVs assigned to OM60
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(Fig. 5). Again, although members of these taxa were relatively
abundant, the CLI was low (Fig. 5).

Similar observations were made for archaea, which were some
of the most abundant cells at 100 m and 265 m, but the CLI was
low (Fig. 5). These included archaea in Marine Group | (phylum
Thaumarchaeota), which are ubiquitous in the ocean and
important in nitrification [42]. Archaea classified as Candidatus
Nitrosopumilus, which has the potential to oxidize ammonia to
nitrite, were estimated to account for up to 12.9% of the 16 S rRNA
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gene sequences below 30m in May, and up to 14.5% of the
sequences in June, but consistently had a low CLI.

Another example is proteobacteria in the order Pelagibacter-
ales (a.k.a. SAR11 clade), which are among the most abundant
bacteria in the open ocean. There were 612 ASVs assigned to
the SAR11 clade, which encompassed three putative families
(Clades I, Il, and lll). Members of Clade | were relatively abundant
in our samples from 100 m and 265 m in May, and at all depths
in June (Fig. 5); yet, with the exception of one ASV at 100 m
in June (Fig. 4), extracellular rRNA from the SAR11 group was
undetectable, indicating negligible cell lysis. Even though
bacteria in the SAR11 clade were relatively abundant in several
samples, and are known to be infected by a variety of viruses
[43], we could detect little to no lysis (Fig. 5). Collectively, the CLI
data support the idea that relatively high lysis and release of
rRNA can be attributed to prokaryotic cells that are typically
present in relatively low abundance; whereas, populations of
cells in relatively high abundance typically have low rates of
cell lysis.

A caveat to using the CLI to infer the magnitude of cell lysis is
that it is based on the relative contribution of the rRNA . for each
taxon at the time of sampling, which may differ from the rRNA
at the time of lysis. For example, the rRNA in a cell can be very
sensitive to growth rate, particularly in copiotrophs [44, 45].
Variability in the RNA per cell would not be expected to increase
bias in the data, but would increase the variability in the CLI. More
importantly, any taxon in which lysis is occurring or has recently
undergone lysis will have released a significant amount of rRNA.,:
at the expense of rRNA_, thus, would be expected to have a high
CLI. Although a number of factors may contribute to the
significant negative relationship between the CLI and estimated
cell abundance, it is striking that the taxa in which the CLI is high
are taxa that are typically in relatively low abundance, while a low
CLI is associated with taxa that are often dominant.

As a final caveat, there is no reason to expect that the
mechanisms causing decay of rRNA., such as solar radiation,
temperature, and protistan grazing, are taxon-specific. Thus,
turnover of rRNA.,: should not affect the ratio of the relative
abundance of rRNA.,; to rRNA_q, or calculations of relative taxon-
specific lysis (CLI). Hence, the conclusion that high lysis is coupled
with low abundance should not be affected by the turnover of
rRNAq:.

Enterobacteria represent a large portion of the rRNA.,; in
seawater

Sequences that were assigned to enterobacteria in the genera
Escherichia and Shigella, mostly clustered into Groups | and Ill, and
comprised a large portion of the rRNA.,; in all ten samples, with
the highest relative abundance (83%) in the June 5-m sample
(Fig. 3A). These enterobacterial taxa were rare, accounting for at
most 0.07% of the relative abundance of the rRNAgene fraction,
but were very active, accounting for up to 66% of the relative
abundance in the rRNA fraction. Although there were only two
out of 156 Escherichia and Shigella ASVs in which cell lysis was
measurable, they displayed higher lysis compared to other
prokaryotic taxa (Figs. 3A and 4B; Fig. S4), indicative of fast-
growing r-selected taxa with high lysis rates. It is unlikely that the
detection of bacteria in the genera Escherichia and Shigella was
the result of contamination, as they were present across samples,
the equipment and containers used for sample collecting and
processing were fastidiously cleaned or sterile, and members of
these genera are found in coastal [e.g. [46-48],] and oceanic
seawater (Fig. S5) [49], as well as marine zooplankton [50]. Given
that the Strait of Georgia is subject to large freshwater inflows
from the Fraser River, as well as other freshwater inputs, which are
a source of coliform contamination [51], it is possible that these
taxa were from terrestrial sources and were lysed when exposed
to seawater.

SPRINGER NATURE

Taxon-specific lysis rates

The determination of absolute lysis rates of different taxa requires
estimates of turnover rates of rRNA.,; (Fig. S6). Although we do
not have absolute estimates of turnover rates, ultimately rRNA,;
decay must be balanced by production. For example, if the decay
and production rates of rRNA.. is 1 d', which is a typical
bacterial production rate for coastal seawater, then the taxon-
specific lysis rate will be equal to the ratio of the concentration of
rRNA.: to rRNA . for each taxon multiplied by the rRNA.
turnover rate (Fig. S6).

CONCLUSION

In summary, we showed for representative model systems that
cell lysis of bacteria caused by viral infection releases extracellular
ribosomal RNA (rRNA.,.) into seawater, but not protistan grazing.
Although our approach cannot distinguish among different causes
of cell lysis, given that lysis by viruses accounts for about half of
the mortality of prokaryotes in seawater [28, 29], and kills about
20-30% of the standing stock of bacteria each day [30], most
rRNA.,; likely stems from viral lysis. Moreover, the rRNA,,; can be
sequenced to taxonomically profile the cells in which lysis has
occurred. We demonstrate that although lysis is widespread across
prokaryotic phyla, it is only detected in a low proportion of taxa
within a sample. As well, relative taxon-specific lysis (i.e., CLI),
which indicates the taxon-specific mortality rate, can be estimated
using the ratio of the relative abundance of rRNAg,; to rRNA..
Our results indicate that high lysis is significantly related to low
abundance, suggesting that, overall, rare taxa are associated with
high lysis. Conversely, low lysis is associated with high abundance,
indicating that in general the dominant taxa are subject to low
relative rates of lysis. MoRS provides a powerful new approach for
understanding how taxon-specific lysis shapes microbial commu-
nities and processes, and provides an important tool in our efforts
to explain the distribution and abundance of specific microbial
taxa in nature.

Although not considered here, 18 S rRNAg,; from eukaryotic
cells was also abundant and easily sequenced. However, the
causes of community production of rRNA,,; from eukaryotic cells
is more difficult to constrain and may include sloppy feeding by
crustacean zooplankton, or cells bursting during filtration. None-
theless, the production of 18 S rRNA,,; may also provide insights
into the mortality of eukaryotic microbes.

MATERIALS AND METHODS

Culturing conditions

The heterotrophic marine bacterium Vibrio natriegens strain PWH3a and its
phage PWH3a-P1 [12] were grown in CPM medium (0.05% Casamino Acids
[Difco], 0.05% Bacto Peptone [Difco] in ultrafiltered ~25 psu seawater) [12].
A culture of the phagotrophic flagellate Paraphysomonas bandaiensis
(courtesy David Caron, University of Southern California) was grown with
its associated bacterial community in F/2-enriched seawater [52] to which
a rice grain was added [53]. All media were sterilized using autoclave;
cultures were maintained at room temperature (~21°C) in the dark.

Seawater sampling and filtration
Seawater samples were collected from Hakai Oceanographic station
QU#39 (50.0307 N, 125.0992 W) in the Strait of Georgia near Quadra Island,
British Columbia, Canada, during (May 5, 2015) and after (June 4, 2015) a
dinoflagellate phytoplankton bloom. One-liter seawater samples were
collected from five depths (0, 5, 30, 100, and 265 m) using Niskin bottles.
Filtration was used to separate extracellular rRNA (rRNAgy) from the
cells. Briefly, 100 mL of seawater was pre-filtered through a 120-um mesh-
size Nitex screen to remove large particles, followed by gentle vacuum
filtration through a 47-mm 0.22-um pore-size PVDF filter (Millipore, GVWP).
The rRNA.,; was collected in the <0.22-um filtrate, and the cellular
rRNA (rRNAe) was retained on the filter. Both the filter and filtrate were
flash-frozen in liquid nitrogen, and kept at —80 °C prior to nucleic acid
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extraction. The filtrate was divided into several aliquots prior to freezing, so
that subsamples could be thawed for downstream applications. The
absence of cells in the filtrate was verified by flow cytometry (FCM) and
quantitative PCR (qPCR) using primers that target the 16 S rRNA gene. See
below for further details.

Assay to examine rRNA.,; production by bacteria infected
with viruses

To assess whether viral lysis resulted in rRNAg,: production, V. natriegens
strain PWH3a was cultured alone (control) and with its phage PWH3a-P1.
The bacterium and its phage were originally isolated from the Gulf of
Mexico [12], and was previously classified as V. natriegens PWH3a [54, 55].
Briefly, exponentially growing cultures of V. natriegens PWH3a were
inoculated into 50 mL of CPM medium in a 250-mL Erlenmeyer flask. After
1.75 h the cells were split into two cultures; one was infected with phage
PWH3a-P1 at a multiplicity of infection (MOI) of ~10, while the other served
as an untreated control. Ten is the minimum MOI to ensure that all cells are
infected simultaneously, but is well below the minimum MOI of 100 that
can result in lysis from without in some T4-like phages [56]. Approximately
1.75 h after infection, the cultures were filtered through 0.22-um pore-size
syringe filters (Durapore, PVDF, 33 mm diameter, Millipore) to collect the
filtrate containing the rRNA.,.. Filtrate samples were flash-frozen in liquid
nitrogen and stored at —80 °C until the rRNA.,; was quantified in triplicate
samples by reverse-transcription gPCR (RT-gPCR).

Assay to examine rRNA.,; production by protist grazing on
bacteria

To determine if grazing by protozoa resulted in rRNA,, production, we
added exponentially growing V. natriegens PWH3a to a culture of the
phagotrophic flagellate P. bandaiensis growing in 100 mL of 20% CPM
medium (bacteria:grazers = 12,500:1 at TO0). Vibrio natriegens PWH3a
grown in the absence of the grazer was used as a control. The experiment
was conducted in triplicate in the dark at room temperature (21 °C) in 250-
mL polycarbonate Erlenmeyer flasks (Corning) for nine days. The cultures
were subsampled (250 uL) once or twice a day to count the bacteria and
protists by flow cytometry (FCM). Another 1 mL was taken from each flask
and filtered through a 0.22-um pore-size syringe filter (Durapore, PVDF,
33 mm diameter, Millipore), and the filtrate flash-frozen in liquid nitrogen
and stored at —80 °C until the concentration of rRNA.,; was determined
by qRT-PCR.

Stability of rRNA,,; in water

The stability of rRNAext in water was assayed by adding 100 pL of 0.22-um-
filtered PWH3a-P1 lysate of V. natriegens PWH3a to 35mL of Ultrapure
water (Invitrogen), unfiltered seawater or 0.22-um-filtered seawater. The
seawater sample was collected from nearby Wreck Beach (49.262N,
123.262 W; British Columbia, Canada) about an hour before starting the
experiment, and transported to the laboratory in the dark in a sterile
polypropylene bottle. The seawater was then pre-filtered through 120-um
mesh Nitex screening followed by gentle vacuum filtration through a 47-
mm diameter 0.22-um pore-size PVDF filter (Millipore, GVWP).

Each treatment was conducted in duplicate and incubated in the dark at
room temperature (21 °C) in 50-mL polypropylene tubes (BD Falcon). Every
day for two weeks, 500 uL was taken from each tube, 0.22-um filtered,
flash-frozen in liquid nitrogen and stored at —80 °C until the concentration
of rRNA,,; was determined by gRT-qPCR. All filtrations were done using
syringe filters containing a Durapore, PVDF, 33-mm diameter membrane
(Millipore).

Flow cytometry (FCM) to count bacteria, viruses and protists
Bacteria, virus and protist numbers were determined using a FACSCalibur
flow cytometer (Becton Dickinson) equipped with an air-cooled laser
(15mW, 488nm) following established methods [57, 58]. The flow
cytometer list mode files were analyzed using WEASEL v3.1 (The Walter
and Eliza Hall Institute of Medical Research).

Samples of bacteria and viruses were fixed with EM-grade glutar-
aldehyde (0.5% final concentration) for 15 min in the dark at 4°C, then
flash-frozen in liquid nitrogen and stored at —80 °C until analysis. Prior to
analysis, samples were diluted in 0.02-um-filtered TE buffer (10 mM Tris-
HCL and 1 mM EDTA, pH 8), and stained with SYBR Green | (at a final
5x 10> dilution of the commercial stock solution, Molecular Probes), for
15 min at room temperature (21 °C) for bacteria counts, or at 80 °C for
virus counts.
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Protist numbers were determined after staining live cells with LysoTracker
Green (Molecular Probes) [59]. Briefly, flagellates were stained by adding
25 pl of T mM dye to 250 pl of culture and incubated for 15 min in the dark at
room temperature.

Nucleic acids extraction

Total (cellular) nucleic acids (DNA and RNA) were extracted from the 0.22-
um pore-size filters using a MasterPure™ Complete DNA and RNA
Purification Kit (Epicentre) by following the manufacturer’s directions for
tissue samples. Half of each total nucleic acid sample was treated with 1 uL
of RNase A (Epicentre) at 37 °C for 30 min to obtain cellular DNA; the other
half of the sample was treated with DNase | (Amplification Grade,
Invitrogen) to obtain cellular RNA. Briefly, the DNase | treatment was
conducted at room temperature (21°C) for 15min in a 20-pL reaction
mixture that included 16 uL of total nucleic acids (<2 pg) and 2 pL of DNase
I (1U/pL). The reaction was stopped by adding 2uL of 25mM EDTA
solution and heating at 65 °C for 10 min. The purified cellular RNA was
immediately used for cDNA synthesis step.

Extracellular nucleic acids (DNA and RNA) were extracted from 400 pL of
the <0.22-um filtrate using a PureLink Viral RNA/DNA mini Kit (Invitrogen)
by following the manufacturer’s directions and eluted in 25 pL of molecular
grade water. To obtain the RNA fraction only, DNA was removed by DNase
I (Amplification Grade, Invitrogen) treatment by following the manufac-
turer’s instructions as shown above. The removal of DNA was verified by
gPCR to quantify the 16 S rRNA gene before and after DNase | treatment.
The purified extracellular RNA was immediately applied to the following
cDNA synthesis.

cDNA synthesis

The DNA-free cellular and extracellular RNA samples were subsequently
reverse-transcribed to the complementary DNA (cDNA) using Super-
ScriptT"’I Il Reverse Transcriptase (Invitrogen) following the manufacturer’s
directions. The first-strand cDNA synthesis reaction was primed using
random hexamers (approximately 50 ng of random hexamers per 5 ug
of RNA). The cDNA samples were then used as the template in quantitative
PCR (qPCR) to estimate rRNA copies, and in PCR for deep sequencing
of amplicons to obtain the taxonomic distribution of cellular and
extracellular rRNAs.

Quantitative PCR (qPCR)

We used quantitative PCR (qPCR) with the primer set 331 F/518 R (Table S1)
to target the conserved V3 region of the 16 S rRNA gene [60, 61]. When
gPCR was applied to ¢DNA, it is referred to as quantitative reverse-
transcription PCR (qRT-PCR). The amplification of 16 S rRNA sequences was
done as follows: (1) The number of 16 S rRNA genes (rRNAgene) was
estimated by amplifying DNA from the 0.22-um pore-size filter; (2) cellular
16 S rRNA (rRNA ) was estimated by amplifying cDNA from reverse-
transcribed rRNA on the 0.22-um pore-size filter; (3) the extracellular 16 S
rRNA (rRNA.,,) was estimated by amplifying cDNA from reverse-transcribed
rRNA in the <0.22-um filtrate. The amplification was carried out as
described below.

Briefly, the 10puL qPCR reaction contained 1X SsoFast™ EvaGreen
Supermix (Bio-Rad), 0.5uM of each primer, and 1L of cDNA or DNA
template. Thermal cycling was conducted in a CFX96 real-time PCR
detection system (Bio-Rad) with the following program: 3 min denaturation
at 95 °C, followed by 40 cycles of denaturation at 95 °C for 30's, annealing
and extension at 62.8 °C for 30s. Nine, 10-fold serially diluted standards
(ranging from 5 x 10° to 5 x 10° molecules per mL) were run in duplicate
along with two no-template control reactions containing 1 pL of nuclease-
free water. The amplicon standards were made from a cloned 16 S rRNA
gene amplified from V. natriegens PWH3a using primer set 331 F/518R,
purified using a MiniElute PCR Purification Kit (Qiagen), and quantified
using a Qubit dsDNA High Sensitivity Assay Kit (Invitrogen). The size of the
amplicon (i.e., 187 bp) was verified using gel-electrophoresis, and the gPCR
melting curves confirmed that the fluorescence signal corresponds to a
DNA fragment of a single size. The qPCR amplification efficiency was
between 0.95 and 1.05 for the cloned amplicons (R>>098,n=09).

PCR, amplicon sequencing library construction and
sequencing

PCR was conducted to amplify the 16 S rRNA gene sequences from DNA or
cDNA among samples of each fraction, including cellular DNA and ¢cDNA
from the 0.22-um pore-size filter, and extracellular cDNA from <0.22-pm
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filtrate, to examine the taxonomic distribution of 16S rRNAgene.,
rRNA e, and rRNA.,, respectively, using high-throughput sequencing.

The preparation of 16 S rRNA gene amplicon libraries was adapted from
the online lllumina protocol [62] with several modifications. Briefly, two
successive runs of PCR were performed. The first PCR generated amplicons
of the 412-bp 16 S rRNA gene between the V4 and V5 regions using the
modified primers 515F-Nxt and 926R-Nxt (Table S1). Compared to 515F
and 926 R [63], the modified primers incorporate overhanging adapter
sequences (Table S1) that are compatible with Illlumina index and
sequencing adapters. These modifications enabled the use of lllumina
Nextera XT indexes as forward and reverse primers to create the dual-
indexed amplicon libraries in the second PCR.

First amplicon PCR. The 25 pL reaction mix consisted of 1X PCR buffer,
4 mM MgCly, 50 pg of Bovine Serum Albumin (Invitrogen), 200 mM of each
dNTP (Invitrogen), 0.4 uM of each primer, 0.5U of Q5 high fidelity
polymerase (NEB), and approximately 5ng of DNA or 0.5ng of cDNA
template. Each sample was amplified in triplicate.

The PCR program [63] used 25 cycles for rRNAgene. and rRNAg
samples but increased the number of cycles to 34 for the rRNA,,; samples.
Briefly, PCR amplifications were subject to an initial denaturation at 95 °C
for 3 min, followed by 25 to 34 cycles of denaturation at 95°C for 45,
annealing at 50°C for 455, and elongation at 68°C for 90s, and a final
elongation step at 68°C for 5min to ensure complete amplification.
Triplicate first PCR products were pooled and then purified using magnetic
Agencourt AMPure XP beads (Beckman Coulter) with a ratio of 1:1 for
beads:product to remove fragments less than 200 bp (e.g., dimers). Purified
amplicons from the first PCR were then used as the template for the index
PCR (second PCR).

Second PCR (index-PCR). PCR amplifications followed the lllumina protocol
[62], but substituted Q5 high fidelity polymerase (NEB). The 25 pL reaction
mix consisted of 1X PCR buffer, 4mM MgCl,, 200 mM of each dNTP
(Invitrogen), 2.5 pL of each index primer (N7XX and S5XX of Nextera XT
Index Kit), 1 U of Q5 high-fidelity polymerase (NEB), and 2.5 pL of purified
DNA product from the first PCR.

Second PCR amplifications were subject to an initial denaturation at
95 °C for 3 min, followed by 12-16 cycles of denaturation at 95 °C for
30, annealing at 55 °C for 30 s and elongation at 72°C for 30s, and a
final elongation step for at 72°C for 10min. Twelve cycles for
rRNAgene e and rRNA .y, and 16 cycles (for rRNA.,,) of index-PCR were
used to append lllumina Nextera XT indexes to each side of the custom-
designed amplicons.

Cleanup was conducted using magnetic Agencourt AMPure XP beads
(Beckman Coulter) to purify amplicons >200 bp with a ratio of 1:1 for
beads:product. Amplicon libraries were quantified using a Qubit dsDNA
HS Assay Kit (Invitrogen), and the average fragment size was determined
using an Agilent Bioanalyser and Agilent High Sensitivity DNA Kit.
Equimolar amounts of purified amplicons from the second PCR were
pooled for each library. The multiplexed pool was sequenced at the
UCLA Sequencing and Genotyping Core facility, using MiSeq 2 x 300-bp
paired-end chemistry (lllumina).

Sequence analysis

Amplicon sequences from each of the rRNAgene .y, rRNA.;, and rRNAg,.
fractions were processed and analyzed using the QIIME pipeline version 2
(qiime2.2018.06) [64]. Briefly, adapters and low-quality reads were trimmed
with Trimmomatic-0.36 [65] using the following settings (EADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36). Paired-end reads were
then merged using PEAR [66] with the default setting. On average,
204,970 + 95,344 merged reads of ~412 bp were obtained per library; only
about 3% of low-quality reads needed to be discarded. These assembled
sequences were then loaded into the QIIME pipeline version 2 and DADA2
[67] was used to filter noisy and chimeric sequences to obtain amplicon
sequence variant (ASV) features. Taxonomy was assigned for these ASV
features using a pre-built Naive Bayes classifier that was trained based on
the SILVA v132 database [68] at 99% nucleotide sequence similarity. ASV
features were removed for downstream analysis for those with taxonomy-
assignment confidence less than 80%, with no more than ten reads in
either sample, unclassified at the kingdom level, or belonging to
eukaryotes, mitochondria, and chloroplasts. To minimize stochastic effects
resulting from rare ASV between three fractions (rRNAgene ., rRNA ., and
rRNA.), We set ten reads as the cutoff value for the minimum number of
reads for analysis: the number of reads =10 was considered and kept,
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otherwise the value was set as zero. To make the data on relative
abundance comparable across samples, we normalized the ASV feature
table to the lowest number of total reads per library by rarefication with
the rarefy_even_depth() function of the Phyloseq package version 1.26.1
[69] in the R environment [70]. In the end, for each fraction (rRNAgene e,
rRNA e, and rRNA.,,), samples were normalized by analyzing the relative
abundance for each ASV as the proportion of all sequences within a
sample. Statistical analysis was conducted in R version 4.0.3 [70] and
figures were generated using ggplot2 version 3.3.3 [71]. The network
showing the taxonomic distribution of rRNA.,; ASVs across seawater
samples was plotted using R package igraph v1.2.6 [72]. Linear regression
analysis to reveal the relative abundance of rRNAgene; and lysis was
conducted using R package methods v3.6.2 [70], ggplot2, and ggpmisc
v0.3.7 [73].

To compare rRNAgenee, rRNA.y, or rRNAg, community structures
among seawater samples, principal coordinate analyses (PCoA) were
performed on the ordination of the weighted UniFrac metrics [74] that
were based on the presence/absence and relative abundance of ASVs. The
dissimilarity of the community composition among months or depths was
examined using PERMANOVA analysis [75] with the adonis function and
Bray-Curtis method in the R package, Vegan v.2.5 [76], and Microbiome
version 1.13.12 [77].

Linear discriminant analysis Effect Size (LEfSe) [78] was conducted to
identify prokaryotic taxa (rRNAgene., rRNAy, or rRNA.,) that were
differentially abundant between months or depths, and was calculated with
default settings using the Galaxy modules provided by the Huttenhower lab
(https://huttenhower.sph.harvard.edu/galaxy/) [79]. Briefly, in each rRNA-
genecen, TRNA ), or rRNA.,, fraction, LEfSe used the two-tailed nonpara-
metric Kruskal-Wallis test to evaluate the significance of differences in
taxonomic abundance between months or depths. Then, a set of pairwise
tests between months or depths was performed using the unpaired
Wilcoxon test. In the end, the linear discriminant analysis (LDA) was
conducted to estimate the effect size of each differentially abundant taxa for
each fraction [78].

One of the challenges of working with the ASV data is the potential
differences in detection limits for ASVs among the three bins (rRNAgene,
rRNA i, and rRNA,,.). We minimized this potential bias by normalizing the
ASV feature table to the lowest number of total reads per library by
rarefication using the rarefy_even_depth() function of the Phyloseq
package [69]. Nonetheless, there are numerous counter-intuitive examples
of ASVs that are found in the rRNA ¢ but are absent in the rRNAgene.
These cases were largely unaffected by changing the cutoff value for the
minimum number of reads per ASV (e.g., 1, 5, 10, 20, 50, and 100 reads). For
those ASVs that are in the rRNA. pool, but absent in the rRNAgene .
pool, the most parsimonious explanation is that rRNAgene. is present,
but below the limit of detection.

Another consideration is that the SILVA database that was used for
taxonomically assigning the ASVs is periodically updated. We used SILVA
v132 for taxonomically assigning the ASVs, which was current at the time
of our analyses. Repeating the assignments with SILVA v138 that was
released subsequent to our analysis produced very similar results.
Regardless, of the version of the database that is used, because MoRS is
based on ASVs, lysis is always assigned to an exact rRNA sequence, so the
results across experiments are always comparable.

Calculation of the taxon-specific cell lysis index (CLI)

The taxon-specific cell lysis index (CLI) and identification of lysis groups
were determined using a custom R package, tslysis (https://github.com/
kevinzhongxu/tslysis). Briefly, for each taxon (ASV) in a given sample, a cell
lysis index (CLI) was calculated as the ratio of the relative abundance of
rRNAg,: to rRNA, as follows:

Relative abundance of extracellular rRNA of a taxon

Lysis index = Relative abundance of cellular rRNA of a taxon

The CLI adjusts for the amount of rRNA present for each taxon at the
time of sampling. The amount of rRNA per cell can vary greatly, particularly
in copiotrophic bacteria [44, 45]; hence, the measured rRNA e may not be
an accurate reflection of the value at the time of cell lysis. The likely
consequence of this would be to introduce more variability into the lysis-
index data, rather than causing a systematic bias.

Because the CLI is based on the relative abundances of rRNA.,; and
rRNA ., changes in the abundance of a single taxon will not affect the
relative abundances among other taxa. Thus, the CLI is quite robust to
changes in the abundance of even rare taxa, and stochastic effects will be
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minor, allowing for a robust comparison of cell lysis among taxa.
Furthermore, rarefaction curves were generated for each sample to ensure
that the depth of sequencing was adequate, and ASVs with fewer than ten
reads in a library were removed from the analysis to minimize potential
stochastic errors because of detection limits. We also compared different
cutoff values for the minimum number of ASV reads (i.e, 1, 5, 10, 20, 50,
and 100 reads), and found that they did not affect our conclusions.

DATA AVAILABILITY

Sequencing data generated in this study have been deposited in the NCBI Sequence
Read Archive (SRA) under the accession numbers SRR14873150 to SRR14873179.

CODE AVAILABILITY
The related codes for analyzing the taxon-specific lysis (lysis-index and lysis-rate) are
included in the custom R package: tslysis (https://github.com/kevinzhongxu/tslysis).
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