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ABSTRACT: Microcystis spp. threaten freshwater ecosystems through the proliferation of cyanobacterial
harmful algal blooms (cyanoHABs) and production of the hepatotoxin, microcystin. While microcystin
and its biosynthesis pathway, encoded by the mcy genes, have been well studied for over 50 years, a
recent study found that Microcystis populations in western Lake Erie contain a transcriptionally active
partial mcy operon, in which the A2 domain of mcyA and mcyB-C are present but the mcyD-] genes are
absent. Here, we investigate the potential biosynthetic products and the evolutionary history of this
partial operon. Our results reveal two candidate tetrapeptide constructs, with an X variable position, to be
produced by strains with the partial operon. The partial operon appears necessary and sufficient for
tetrapeptide biosynthesis and likely evolved from a single ancestor hundreds to tens of thousands of years
ago. Bioactivity screens using Hep3B cells indicate a mild elevation of some markers of hepatotoxicity
and inflammation, suggesting the need to further assess the effects of these novel secondary metabolites
on freshwater ecosystems and public health. The need to assess these effects is even more pressing given
the detection of tetrapeptides in both culture and western Lake Erie, which is a vital source of fresh
water. Results from this study emphasize previous findings in which novel bacterial secondary metabolites may be derived from the
molecular evolution of existing biosynthetic machinery under different environmental forcings.
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B INTRODUCTION The cyclic heptapeptide structure of MCs contains an

Microcystin (MC), or the “fast-death-factor” was first
identified in 1959' and is a potent hepatotoxin produced by
cyanobacteria around the world within cyanobacteria harmful
algal blooms (cyanoHABs).”™* This cyanotoxin is responsible
for the illness and death of humans,>® as well as livestock
including sheep, cows, and birds.”” Dangerously high levels of
MCs have also led to drinking water crises such as those in
Toledo (USA) in 2014° and Wuxi (China) in 2007."® While
the toxicity of this molecule is caused via phosphatase
inhibition,"'™** its functional role in natural communities
remains elusive, with hypothesized functions including iron
acquisition, grazer defense, allelopathy, oxidative stress
protection, and others.'*

MCs have been well studied over the last S0 years and
account for about 90% of secondary metabolite research on
cyanobacteria."> Following structural elucidation in the mid-
1980s,'® over 270 congeners have been identified.” To date, all
characterized congeners are cyclic heptapeptides that derive
from complete mcy operons in which mcy genes (A-]) are
present. Understanding congener diversity is important as
slight structural changes can greatly impact potency and
toxicity.”” For example, a substitution from arginine in MC-LR
to alanine in MC-LA results in significant increases in toxicity
and lethality in mice."”
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unusual, nonproteinogenic amino acid, 3-amino-9-methoxy-
2,6,8-trimethyl-10-phenyl- 4,6-decadienoic acid, (Adda),"' "
which is often the target for detection assays."® The X and Y
positions are highly variable and can be substituted for various
amino acids, including leucine, arginine, tryptophan, and
aspartic acid®. MCs are biosynthesized by a nonribosomal
peptide synthetase (NRPS), polyketide synthase (PKS)
multienzyme complex that contains hybrid NRPS-PKS,
NRPS, tailoring, and ABC transporter modules.’”™' Within
Microcystis, this enzyme complex is encoded by the mcy gene
cluster, which consists of 10 genes and is about 55 kilobases in
length.'” Other cyanobacterial taxa are also known to produce
MGCs, and their biosynthetic machinery is largely the same as
that in Microcystis, although there is some variation observed in
gene cluster structure.”” The genetic substructure of the mcy
gene cluster is responsible, in part, for variation in the congener
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production. For example, rearrangements and point mutations
in the highly dynamic mcyABC region can lead to the
production of MC-LR, MC-RR, or congeners with demethy-
lated Adda domains.”** Complete loss of MC synthesis can
also occur via transposable elements that cause insertions and
deletions within the gene cluster.”**

Beyond the genetic architecture of the mcy gene cluster,
several other factors influence differential isoform production.
The concentration and form of nitrogen can influence the
production of congeners with N-rich amino acids.*® Similarly,
amino acid availability within the environment can also impact
structure, particularly which amino acids are incorporated in
the variable X and Y positions.”” The C:N ratio of
environmental nutrients affects congener production as
well.”® Finally, the relaxed substrate binding specificity of the
multienzyme biosynthetic complex allows for further variations
of the MC structure.”” While several factors influence the MC
congener produced, the genes encoding its molecular assembly
are valuable indicators of biosynthetic potential.

Recently, we detected a partial mcy genotype in which only
the mcyA2 domain, mcyB, and mcyC genes are present.29 This
partial genotype is transcriptionally active, persistent across
multiple years, and occasionally the most abundant mcy
genotype in western Lake Erie cyanoHABs, suggesting that it is
ecologically successful.”” To our knowledge, only one axenic
Microcystis culture is known to contain this genotype, PCC
9717 (NCBI Genbank: GCA_00312165.1), but the partial
operon has also been detected in two xenic Microcystis strains
isolated from western Lake Erie.>* Here, based on the known
biosynthetic pathway of MC, we predicted that the partial mcy
genotype produces tetrapeptides (TPs), and tested this
hypothesis by screening cultured Microcystis strains with
varying mcy genotypes. We present evidence to support this
hypothesis along with an assessment of the evolutionary
history of the partial haplotype and environmental occurrence
and bioactivity of the tetrapeptide in terms of the potential for
hepatoxicity.

B MATERIALS AND METHODS

Partial Operon Annotation. The structure of the partial
operon has previously been described and detected in the 2014
western Lake Erie cyanoHAB event.”” To determine whether
the culture isolates used within this study maintained the same
genetic architecture observed in the field, several approaches
were taken. The genome assembly of PCC 9717 (NCBI
Genbank: GCA_00312165.1) was annotated with antiSMASH
v. 6°' to identify and annotate the partial operon and
surrounding genes. Predicted amino acid sequences from
genes in the partial operon were aligned to the nonredundant
protein database on NCBI using BLASTp®” to annotate the
proposed function and identity. Strains from the Western Lake
Erie Culture Collection (WLECC),*® LE19—10.1 and LE19—
251.1, were also annotated with antiSMASH v. 6, but due to
poor assembly, the contiguous sequences containing partial
mcy genes were fragmented and incomplete. To overcome
limitations in assembly, paired-end read mapping of WLECC
strains onto the PCC 9717 partial operon and flanking genes
was also completed to determine sequence structure and
orientation using bbmap®® and visualized in Tablet v.
1.21.02.08.** Assembly statistics for PCC 9717, LE19—10.1,
and LE19—251.1 are listed in Table S1. Additional alignments
using BLASTn were completed to compare assembled genes
found in WLECC strains and PCC 9717 and identify

insertions or deletions. For both mapping approaches, a 95%
identity and 80% alignment length cut-oft was used to count
mapped reads. The singular top hit for each read was also
mapped to prevent multimapping. In addition to mapping to
PCC 9717, reads from LE19—10.1 and LE19—251.1 were
mapped to the complete mcy operon from PCC 7806
(Genbank Accession: AF183408.1) to confirm the content
and structure of this gene cluster (Figure SI).

Structure Prediction and Chemical Synthesis. The
product of the partial mcy operon was predicted based on the
previously described biosynthesis pathways encoded in the
complete mcy operon.'”*"** We hypothesized a tetrapeptide-
construct (TP) to be the biosynthesis product of partial mcy
operons based on the presence of mcyA2, mcyB, and mcyC, all
of which encode nonribosomal peptide synthetases (NRPSs),
which are modular enzymes that incorporate amino acids into
secondary metabolite structures.”> The predicted product
therefore was: D-ala-X-D-MAsp-Arg, where X = leucine (L),
arginine (R), or tryptophan (Y) based on common MC
congeners found in the 2014 western Lake Erie cyanoHAB.”
TPs were chemically synthesized at the University of Michigan
Proteomics and Peptide Synthesis Core. A summary of the
three tetrapeptides including purity, molecular weight, and
yield is summarized in Table S2.

Standard Optimization. Prepared TPs were analyzed
using an online concentration HPLC triple quadrupole mass
spectrometry method to detect and quantify in both field and
culture samples. TP standards were prepared as stated below
and were analyzed on a Thermo TSQ Altis with an EQuan
Max Plus system at the Lumigen Instrument Center at Wayne
State University, Detroit, Michigan, USA. The method used
was a modified method from Birbeck et al. 2019.% Briefly, the
online concentration column was Hypersil GOLD aQ 20 mm
X 2.1 mm, 12 ym, and the analytical column was an Accucore
aQ 50 mm X 2.1 mm, 2.6 um. The loading mobile phase for
the online concentration was 0.1% formic acid in Milli-Q water
and flowed at 1.5 mL/min during the injection of a 1 mL
sample onto the column. Sample elution from the online
concentration column onto the analytical column was
completed by using a gradient with 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B). The
gradient flow was 0.5 mL/min, started at 10% B, and was held
for 1 min. The gradient was increased from 10 to 50% B from 1
to 6.5 min, then increased to 98% B from 6.51 to 7.5 min, and
brought down back to 10% B to equilibrate for the next
injection. Mass spectrometer settings were the same as Birbeck
et al, 2019.%

Detection of the Tetrapeptide in Field Samples and
Culture Isolates using HPLC/MS. Field data from the 2018
HAB Grab®’ was screened for the detection of the TP
constructs. This sample set was chosen based on the
availability of samples for analysis. During the 2018 HAB
Grab sampling period MC-RR and MC-LR were the most
abundant MC congeners detected and were especially
concentrated around the shoreline and shallow regions of the
western basin with peak concentrations ranging from 8,000 to
12,000 ppt (Westrick and Birbeck, unpublished). For detection
from the field, standard curves were generated for each TP
with a range of 0.5—500 parts per trillion (ppt) for the LR and
YR tetrapeptides and 50—500 ppt for the RR tetrapeptide.
Both the particulate and dissolved fractions were analyzed for
each sample, as described above.
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Select culture isolates of Microcystis from WLECC, PCC, or
NIES were also screened for the detection of the TP constructs
(Table 1). A variety of mcy genotypes were screened including

Table 1. Detection of the RR-tetrapeptide in Microcystis
Culture Isolates from the Western Lake Erie Culture
Collection (LE), Pasteur Culture Collection (PCC), or the
National Intitute of Environmental Studies (NIES); ND
Indicates that the RR-tetrapeptide was Not Detected in that
Culture

RR tetrapeptide mcy culture

culture concentration (ppt) genotype status
blank control ND
BG-112N control ND
Milli-Q_control ND
LE19-2S1.1 946.98 partial xenic
LE19-10.1 4458.23 partial xenic
PCC 9717 2135.77 partial axenic
PCC 7806 AmcyB ND AmcyB axenic
PCC 9806 ND absent axenic
PCC 7005 ND absent axenic
LE19-196.1 ND absent xenic
PCC7806 ND complete axenic
NIES-843 ND complete axenic
LE18-22.4 ND complete xenic
LE19-195.1 ND complete xenic
limit of detection 10

(ppt)

the complete (all mcy genes present), the absent (no mcy genes
present), the partial (mcyA2, mcyB-C present), and an mcyB
knockout mutant (PCC 7806, AmcyB) to assess the necessity
and sufficiency of the partial operon in tetrapeptide biosyn-
thesis. Both axenic and xenic Microcystis isolates were screened
for TPs to determine if the presence of associated bacteria,
known to coexist with Microcystis in natural cyanoHABs, had
an impact on biosynthesis. PCC and NIES strains were
obtained from their respective culture collections, while
WLECC strains were isolated from western Lake Erie and
cultivated by the Geomicrobiology Lab at the University of
Michigan.”® A total of 11 Microcystis isolates were grown in
BG11-2N** at ~23 °C (room temperature) and 40 ymol
photons meter™> second™ on a 12:12 h light:dark cycle.
Cultures were transferred every 2 weeks to fresh media until
sufficient biomass was accumulated (around 25 mL of dense
culture). Cyanobacterial biomass was then collected onto GF/
F filters (Whatman, Maidstone, United Kingdom) and stored
at —80 °C until mass spectrometry analysis could be
completed as described in the section above. For detection
in culture isolates, the limit of detection was 5 ppt for the YR
construct and 10 ppt for the LR and RR constructs.
Phylogenetic and Evolutionary Analysis of the Partial
Haplotype. Several phylogenetic approaches were used to
assess the evolutionary history of the partial haplotype.
Nucleotide sequences for individual genes were aligned using
MUSCLE" as part of the MEGA11 workflow using default
parameters. One thousand iterations were generated for each
tree. Phylogenetic trees were reconstructed using MrBayes
3.2.7a, which implements Bayesian inference using Markov
Chain Monte Carlo modeling approaches to reconstruct
phylogenetic trees.”' Sequences from the conserved mcyA
region as well as the mcyB region were used for the analysis.
mcyC was omitted due to poor assembly quality from the

WLECC strains. For both mcyA and mcyB, consensus trees and
time of divergence trees were reconstructed. In reconstructions
of the time of divergence trees, the substitution rate in
MrBayes was calibrated based on the previously estimated
mutation rate for the intergenic spacer sequence (ITS)
region.43 Based on consensus trees, in which the partial
haplotypes were observed to be monophyletic, we prespecified
the partial haplotypes to form a monophyletic group in the
time of divergence trees, which assumes that a single ancestor
underwent a deletion event, in which the partial haplotype was
the result. This was verified by confirming sequences upstream
and downstream of the partial operon in PCC 9717, LE19—
251.1, and LE19—10.1 were conserved, as these are the only
publicly available strains with this genotype, as evidenced by
read mapping of WLECC strain reads onto the PCC 9717
assembly of the partial operon (Table S3). In addition to single
gene analyses, the same phylogenomic approaches were used
on concatenated mcyA and mcyB sequences (from isolates in
which these genes were assembled completely), since adjacent
genes are expected to have the same evolutionary history. For
all trees, mcy sequences from Planktothrix agardhii NIVA-CYA
126/8 (Genbank Accession: AJ441056.1) and Anabaena sp. 90
(Genbank Accession: AY212249.1) were used as outgroups. A
complete list of Genbank Accession identifiers for sequences
used in phylogenomic analysis can be found in Table S4.
Bioassay Screening for Antibacterial Activity and
Cytotoxicity. Bioassays were conducted to test for anti-
bacterial activity against methicillin-resistant Staphylococcus
aureus (MRSA) and for cytotoxicity against SW48 and HCT1S
(both colorectal cancer) cell lines. In preparation for bioassay
screening, stock solutions of each TP were suspended in
DMSO for a final concentration of 10 mM and stored at —20
°C until use. HCT15 (CCl-225) and SW-48 (CCL-231) cells
were purchased from the American Type Culture Collection
(ATCC). All cell lines were Mycoplasma free and independ-
ently authenticated by short tandem repeat profiling,
performed by ATCC. Cells were grown and cultured according
to ATCC recommendations. HCT1S cells were cultured in
RPMI1640 (30—2001) supplemented with 10% fetal bovine
serum (FBS) (30—2020). SW48 cells were cultured in
Leibovitz’s L-15 medium (30—2008) containing 10% FBS.
SW-48 cells were grown and treated in an incubator set under
atmospheric conditions (no supplemental CO, addition). For
cell-based assays, cells were expanded and frozen into single-
use aliquots. For each assay, cells were thawed at 37 °C for 1
min and then immediately resuspended into 10 mL of
complete growth medium. Cells were then spun down at
300 X g for 5 min and then resuspended into cell-specific
growth medium and plated at 2,500 cells per well into Greiner
781080 white cell culture 384-well plates with total volume per
well at 40 pL. Natural product extracts or fractions were
dissolved in DMSO at 15 mg/mL and delivered into the assay
plates using Echo 655 acoustic liquid handler instrumentation
(Beckman Coulter). Extract and fraction testing concentrations
were at 0.25%. For primary screening assays extract testing was
performed n = 1 at 0.25% final extract testing concentration
(where original fraction is defined at 100%). Validation assay
and fraction studies were performed in triplicate at similar
testing concentrations. Negative controls medium only plus
matching 0.25% DMSO were included in columns 1 and 2.
The positive control for these studies was a 10 yM treatment
with staurosporine in columns 23 and 24 of each assay plate.
On each plate, samples were interrogated in wells A03 to P22.
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The high-throughput data software MScreen*” was utilized for
primary hit, validation selection, and for analysis of
concentration response curve results (1). Following compound
addition, cells were cultured for 48 h at either 5% CO, at 37
°C for HCT1S cells or atmospheric air at 37 °C for SW-48
cells. Cell viability was measured using a CellTiter-Glo
luminescent kit (catalog no. G7571) from Promega as directed
using a PHERAstar instrument from BMG Labtech.

Hep3B Cells. Human hepatocellular carcinoma Hep3B
(liver epithelial) cells were acquired from ATCC (catalog no.
HB-8064, ATCC, VA, USA). The cells were grown in the
recommended EMEM media (cat. no. 30—2003, ATCC, VA,
USA) supplemented with 10% FBS (cat. no. FBS-BBT, Rocky
Mountain Biologicals, Montana, USA,) and 1% penicillin-
streptomycin solution (cat. no. PSLO1—100 ML, Caisson
Laboratories, UT, USA,). The cells were grown and
maintained in T-7$ culture flasks incubated at 37 °C with
5% CO,. For the purposes of experiments, the cells were grown
and treated in 6-well plates.

Hep3B Cell Line Exposures to MCs and Tetrapep-
tides. After seeding the cells in 6-well plates and reaching the
desired confluency, the FBS-containing growth medium was
replaced with 1 mL/well of serum-free media followed by
incubation at 37 °C with 5% CO, for 3 h. For exposure to the
tetrapeptides and their appropriate controls, lyophilized MC-
LR (cat. no. 10007188, Cayman Chemicals, MI, USA) was
dissolved in 1 mL of Ultrapure Distilled water (cat. no.
10977—-015, Invitrogen, MA, USA) to obtain a stock
concentration of 1 mg/mL. For the experiment, the cells
were treated with a final concentration of 1 or 10 uM MC-LR.
Similarly, lyophilized MC-RR (cat. no. 10007868, Cayman
Chemicals, MI, USA) was dissolved in 1 mL of Ultrapure
Distilled water to obtain a stock concentration of 100 ug/mL,
and the cells were treated with a final concentration of 1 and
10 uM MC-RR exposure. For both tetrapeptide exposures, the
above-mentioned 10 mM tetrapeptide stocks were diluted to
1000 M working stocks using Ultrapure Distilled water, and
the cells were treated with a final concentration of 1 or 10 uM.
An irrelevant control peptide (~20 amino acids) was used as a
negative control at the same concentration as the tetrapeptides
and full-length MCs and cells were collected at 6 and 24 h after
exposure. After the exposures, the cells were incubated at 37
°C with 5% CO, for appropriate time before proceeding to
further experimental analysis.

RNA Extraction and RealTime—PCR analysis. RNA was
extracted from the cells using the RNeasy Plus Mini Kit (cat.
no. 74136, Qiagen, MD, USA) as per the manufacturer’s
protocol. RNA quality and purity were confirmed using
nanodrop to measure 260/280 ratios and 260/230 ratios,
which fell between the acceptable range indicating RNA purity.
Approximately 500 ng of the extracted RNA was taken further
to synthesize cDNA using QIAGEN’s RT? First Strand Kit
(cat. no. 330401, Qiagen, MD, USA). Automated liquid
handling workflow system QIAgility (for gPCR sample and
reagent loading) was used as described previously."”** The
reaction setup using the automated liquid handling system
QIAgility is described in Table SS. All samples were run in
duplicate. gPCR was performed using a Qiagen Rotor-Gene Q
thermo-cycler. The cycle threshold values obtained in the
process were used to calculate the fold change in the gene
expression. 18S rRNA (cat. no. 4319413E, Thermo Fisher
Scientific) was used as a housekeeping gene for normalization.
The following Tagman primers obtained from Thermo Fisher

Scientific were used to assess the hepatotoxicity in Hep3B
cells: plasminogen activator inhibitor-1 (PAI-1 aka SerpinE1l)
(Hs00167155_m1), Alkaline Phosphatase (ALPL)
(Hs01029144 m1), and transforming growth factor-beta 1
(Tgf-p1) (Hs00998133 ml). The program settings for the
gPCR runs are described in Table 2.

Table 2. qPCR Instrument Cycle Settings for Inflammation
and Hepatoxicity Studies

temperature time
°C) (seconds)
initial denaturation 95 300 (S min)
cycling denature 9s 30 40X
annealing 60 90
extension 72 30

Statistical Analysis. Statistical analysis was performed
using GraphPad PRISM 7 software (San Diego, CA, USA). For
comparisons involving >2 groups, a one-way analysis of
variance (ANOVA) was performed along with Tukey’s
multiple comparisons posthoc tests where applicable. All the
data are presented as mean + standard error of mean (S.E.M.)
and a p-value of <0.05 was considered statistically significant.

B RESULTS

Partial mcy Gene Cluster. The partial mcy gene cluster,
which was 9previously described in western Lake Erie
cyanoHABs,” differs from the complete mcy operon (Figure
1A) as it lacks mcyD-J and the A1 domain of mcyA (Figure 1B).
The intact partial operon, which encodes NRPS enzymes, was
hypothesized to incorporate four amino acids into a
tetrapeptide molecule based on the known biosynthesis
pathway in the complete mcy operon.”'” This tetrapeptide is
predicted to contain a Dp-alanine (p-Ala), via the mcyA2
domain, an X variable amino acid (Leu, Arg, Trp) via the
mcyBl domain, N-methyl-p-aspartic acid (pD-MAsp) via the
mcyB2 domain, and an arginine via mcyC (Arg) (Figure 1B).

The partial mcy operon has been identified in culture isolates
PCC 9717, LE19-251.1, and LE19—10.1, the latter two being
isolated from western Lake Erie.””*”*® Currently, the partial
mcy operon has only been detected in these three publicly
available culture isolates. The order and structure of genes in
the partial operon are conserved with the complete operon as
evidenced by the complete assembly in PCC 9717 and paired-
end read mapping for LE19—251.1 and LE19—10.1 onto the
complete mcy operon from PCC 7806 and flanking genes
(Figure 1B, Figure S1, Table S1). The mcy gene sequences in
the partial operons of these strains share 99—100% sequence
identity at the nucleotide level. An 11 base pair insertion at
position 1793 of the mcyA gene of PCC 9717 is not present in
the western Lake Erie strains (Figure 1B, Table S6). Complete
assembly of the partial operon and neighboring genes within
PCC 9717 reveals the presence of several flanking genes that
are also adjacent to the complete mcy operon;'” we identified
umal—3 genes upstream of mcyC and dnaN, which encodes a
DNA polymerase III beta subunit, downstream of the
truncated mcyA. We also identified a putative transposase
adjacent to dnaN (Figure 1, Figure S1, and Table S7).

Detection of Tetrapeptides in Western Lake Erie. The
three synthesized TP constructs were quantified in western
Lake Erie samples (see Materials and Methods, Tables S2 and
S8, Figure 2A). The LR-tetrapeptide was detected in samples
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Figure 1. Gene schematics for (A) the complete mcy operon and neighboring genes in Microcystis aeruginosa PCC 7806 (Genbank Accession:
AF183408.1), which is known to encode the biosynthesis of microcystin, and (B) the partial mcy operon. Based on the presence of conserved
domains in gene mcyA-C, a tetrapeptide construct is the predicted biosynthesis product of this partial operon consisting of p-ala, an X variable
position that may contain leu, arg, or trp, D-MAsp, and arg. The partial operon is detected in PCC 9717 (NCBI Genbank: GCA 00312165.1),
LE19-251.1, and LE19—10.1. These sequences are highly conserved, with an 11 bp insertion observed in mcyA in PCC 9717 at position 1755 bp.
The partial operon is found on a contiguous sequence that is over 70,000 base pairs in length in PCC 9717. The two genes upstream of the partial
operon include dnaN, which encodes a DNA polymerase III beta subunit and a putative transposase. The three genes downstream of the partial

operon putatively encode umal-3..

collected from western Lake Erie during the 2018 HABs Grab,
a binational sampling effort almed at resolving high spatial
resolution during a single day.>” Of the 123 samples collected
during sampling, 29 had detectable amounts of the LR-
tetrapeptide ranging from about 12—19 ppt (Figure 2B,C, limit
of detection = 0.5 ppt). The LR-tetrapeptide was detected in
samples largely along the southern coast of Ohio with little
detection in the center of the western basin (Figure 2C).
Detection only occurred in the particulate fraction containing
microbial biomass, not in the dissolved filtrate fraction,
providing evidence that the tetrapeptide is intracellular and
suggesting it is a biosynthesis rather than a degradation
product. The partial genotype was detected in 5 of 26 available
metagenomes from the HABs Grab but at low levels of relative
abundance®”*” (Table S8), which may explain low concen-
trations of the detected LR-tetrapeptide compared to
concentrations of microcystin LR (8,000—12,000 ppt, Zastepa
et al,, 2024, accepted at AEHM).

Detection of Tetrapeptides in Culture Isolates.
Culture isolates were screened for TP constructs to determine
if the partial operon can be attributed to their biosynthesis. Of
all the isolates screened, the RR-tetrapeptide was only detected
in strains containing the partial operon genotype, regardless of
culture status (axenic vs xenic). We did not detect the LR- or
YR-tetrapeptide from any of the culture isolates (Table 1). The
concentration of the RR-tetrapeptide was high compared to
field samples, ranging from 946.98 to 4458.23 ppt (Table 1,
limit of detection = 10 ppt). Based on the presence of the RR-
tetrapeptide in cultures only containing the partial operon,
these results suggest that this genotype is necessary and

sufficient for tetrapeptide biosynthesis. This result provides
evidence that the tetrapeptide is a biosynthetic product and
not a degradation product of complete microcystin molecules.

Phylogenomic and Evolutionary Analysis of the
Partial Haplotype. To investigate the evolutionary history
of the partial mcy gene cluster, various phylogenomic
approaches were used to compare its relatedness to complete
gene cluster sequences and estimate the time of divergence.
Due to the lower quality of assemblies from WLECC strains,*’
concatenated mcyA and mcyB (Figure 3) sequences were
analyzed as well as individual mcyA and mcyB genes (Figure
S2), while mcyC was omitted. Consensus trees for
concatenated genes reveal that the partial haplotype sequences
are found within monophyletic groups (posterior probability =
99), suggesting a shared deletion event in the common
ancestor of the three strains (Figure 3A). Observed differences
in clustering based on mcyA and mcyB sequences may be
explained by the dynamlc and mosaic nature of this region of
the mcy operon,” especially in mcyB where known
recombination and replacements of entire domains have
been observed.”’

Time trees reveal that estimated times of divergence
between the complete and partial haplotypes range from
hundreds to tens of thousands of years based on which
sequence was analyzed. These trees were built on the
assumption that the deletion happened once within a common
ancestor, which is corroborated by conserved flanking regions
on either end of the partial mcy operons in all three strains with
this genotype (Figure 1, Tables S3 and S4). For the
concatenated sequences, the estimated time of divergence
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Figure 2. Detection of the LR-tetrapeptide during the 2018 HAB Grab using HPLC/MS. (A) Standard Curve for the LR tetrapeptide for
quantification in HAB Grab 2018 samples. Various concentrations of the LR tetrapeptide (blank, 0.5 ppt, 1 ppt, S ppt, 10 ppt,) demonstrate
accurate quantification of the LR tetrapeptide at the lowest reported values (~12 ppt). The retention time for the LR tetrapeptide was 1.62—1.65
min. (B) Quantification of the LR tetrapeptide from 29 HAB Grab Samples, ranging from around 12 to 19 ppt. (C) Map of western Lake Erie with
sample points where the LR TP was detected. Samples in which the LR-TP were detected are colored red. Concentrations at each time point are
denoted in ppt. Samples where the tetrapeptide was not detected are colored gray. The Open Street Map [OSM] was used as the basis for the

rendered map (https:// wiki.osmfoundation.org/wiki/ MainﬁPage).

between the complete and partial haplotype is 2,300—13,900
years ago (Figure 3B). For the individual mcyA sequence, the
estimated time of divergence was calculated to be about 3,400
to 31,700 years ago (Figure S2A). For the mcyB sequence, the
estimated time of divergence was determined to be 100—
14,300 years ago (Figure S2B). The variation in divergence
times inferred from mcyA and mcyB may be explained by
different rates of substitution or recombination between the
two genes.21’23 These estimations are in agreement with
previous calculations of times of divergence based on upper
and lower limits of observed bacterial mutation rates.>

Bioassay Screens to Assess Activity. Bioassays to test
for antibacterial activity against methicillin-resistant Staph-
ylococcus aureus (MRSA), as measured by growth inhibition,
and for cytotoxicity against SW48 and HCT1S5 cell lines were
both negative (data not shown).

Tetrapeptide MC-RR Shows a Mild Hepatotoxic
Response in Hep3B Cells. In order to screen for potential

19941

hepatotoxic effects of the LR and RR tetrapeptides, Hep3B
human hepatocellular carcinoma cells were exposed to the TPs
(as well as their full-length MC-LR and MC-RR counterparts)
at two doses (1 and 10 uM) for either 6 or 24 h and compared
with both vehicle (water) and irrelevant peptide controls
(Figure S3). Quantitative PCR analysis was performed for
markers of hepatotoxicity including PAI-1/SerpinEl, ALPL,
and Tgfffl (Figure 4A—C). After 6 h of exposure, TP-LR (1
uM) exhibited significant increases in both ALPL (Figure 4A)
and SerpinEl (Figure 4B), while TP-RR (10 M) exhibited
significant increases in ALPL (Figure 4A) relative to both
vehicle and control peptide. After 24 h of exposure, TP-RR (1
uM) exhibited significant increases in both SerpinEl (Figure
4B) and Tgffl (Figure 4C), relative to both vehicle and
control peptide.
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Figure 3. Phylogenomic analyses of conserved sequences in the complete and partial haplotypes using concatenated mcyA and mcyB sequences
from both the WLECC and publicly available Microcystis isolate genomes. Isolates with the partial gene cluster are bolded and red, while isolates
from the WLECC with the complete operon are bolded and black. (A) The tree on the left is a consensus tree constructed by MRBAYES. Posterior
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common ancestor shared between strains with the complete or partial haplotype. To generate both trees, 1000 iterations were completed, and
Planktothrix agardhii NIVA-CYA 126/8 (Genbank Accession: AJ441056.1) and Anabaena sp. 90 (Genbank Accession: AY212249.1) were used as

outgroups. Note: outgroups have been hidden on consensus trees.
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Figure 4. Quantitative PCR analysis of markers of hepatotoxicity in Hep3B cells after exposure for either 6 or 24 h to the indicated concentrations
of microcystin TPs or full length microcystins vs vehicle (water) or irrelevant peptide controls. (A) Alkaline phosphatase (ALPL) expression after 6
h exposure to 1 uM (left) and 10 uM (right) of indicated peptides. (B) Plasminogen activator inhibitor-1 (PAI-1 aka SerpinE1) expression after 6 h
(left) and 24 h (right) exposure to 1 uM of indicated peptides. (C) Transforming growth factor-beta 1 (Tgf-1) expression after 24 h exposure to 1
UM of indicated peptides; *p < 0.05, ¥* p < 0.01, **¥p < 0.001vs vehicle; *p < 0.05, ¥ p < 0.01, ™p < 0.001 vs control peptide.

B DISCUSSION

Our findings provide evidence that a tetrapeptide construct is
biosynthesized from transcriptionally active partial mcy
operons that have been observed in both field and culture
samples.””” These results challenge the notion that modified
mcy gene clusters, either through the insertion of transposable
elements or deletion of entire genes, are nonfunctional,***>*’
transient artifacts of genome streamlining.** > While the RR
tetrapeptide was exclusively detected in culture, the LR
tetrapeptide was detected only in the field, and the YR

tetrapeptide was not detected at all; these results highlight the
possibility for truncated mcy products to be biosynthesized
under different conditions when varying substrates are
available. The functional role and direct biomolecular target(s)
of the tetrapeptide have yet to be established, and available
field data on its environmental distribution is limited.
However, these findings suggest the potential for a novel
secondary metabolite to influence observed community
dynamics within cyanoHABs where strains with the partial
operon are present.
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Interestingly, we detect only the LR tetrapeptide in the field
and only the RR tetrapeptide in culture. This may be due to
different substrates available in the natural freshwater environ-
ment versus nutrient-replete culture media. During the 2018
HAB Grab in which the LR tetrapeptide was detected (Figure
2), total nitrogen measurements at the time of sampling were
comparatively lower to other bloom years.”*”*” Cultures in
which the RR tetrapeptide was detected were grown in
nutrient-regplete BG-112N, which contains 2 mM of
NaNO,;.***" Differences in available nitrogen may explain
the incorporation of N-rich arginine into tetrapeptide
constructs grown in culture compared to N-poor leucine in
tetrapeptides detected in the field.”*~>%*'

The presence of additional variants of the tetrapeptide
cannot be ruled out. LR, RR, and YR tetrapeptides were
chosen for chemical synthesis, as these were the most
abundant, complete MC congeners produced in western
Lake Erie during the 2014 bloom.” However, in more recent
blooms in western Lake Erie, the most abundant MC
congeners have been LR, RR, and LA, while YR is in much
lower abundance.’* These recent trends, and the known
diversity of MC congeners,” highlight the possibility of other
tetrapeptide constructs to be biosynthesized. Future studies
should consider the possibility of tetrapeptide constructs with
LA in the X and Z variable positions as it has become more
abundant in western Lake Erie blooms,””** and complete MC-
LA has been shown to persist longer in surface waters and has
similar toxicity as MC-LR.>?

Another need for future investigations is the source of D-
MeAsp, which is part of the tetrapeptide construct (Figure 1B).
Previous work determined that an Asp racemase, encoded by
mcyF, is necessary to switch the stereochemistry of the MeAsp
from L to D conformation.”*** mcyF encodes the only known
aspartate racemase in Microcystis genomes,”* and it is lacking
from strains with the partial genotype (Figure 1B). Other
racemases encoded elsewhere in Microcystis genomes, outside
of the mcy operon, may provide p-glutamate for complete MC
biosynthesis.”> However, searches for mcyF homologues in
genomes that contain the partial genotype do not return any
hits (data not shown), suggesting these strains lack aspartate
racemases altogether, although novel isomerases cannot be
ruled out. Alternatively, D-amino acids for tetrapeptide
biosynthesis may be obtained exogenously from the environ-
ment, potentially through exometabolite exchange, as
commonly observed in microbial communities.”®™>* However,
it is unknown if Microcystis contains specific transporters for
this function. If such transporters exist, this mechanism is
feasible given that partial operon genotypes co-occur with
Microcystis strains that have complete mcy operon, including
the mcyF racemase in Western Lake Erie Blooms.””

Phylogenomic analysis, based on gene sequences of mcyA
and mcyB, and conservation of flanking genes in strains with
the partial operon provide evidence that this deletion occurred
once in a common ancestor, hundreds to thousands of years
ago, and has persisted through time (Figure 3, Table S3 and
Figure S2). This is further supported by the fact that the partial
operon was observed in western Lake Erie cyanoHABs from
2014 and 2018”**° and in PCC 9717, which was isolated from
a water dam in Rochereau, La Vendée, France in 1996 (Institut
Pasteur, Paris, France). It is well-established that the evolution
and modification of biosynthetic gene clusters can give rise to
new biosynthesis pathways and secondary metabolites. For
example, the nodularin biosynthesis pathway is believed to be

derived from the mcy operon via deletions of the second
domain in mcyA and the first domain in mcyB and fusion of
remaining modules into a singular gene, ndaA.>>>° Horizontal
gene transfer, mutation, and recombination of biosynthetic
gene clusters,*¢" along with evolutionary pressures due to
limited pools of substrates in natural communities, may explain
the modification and diversification of produced secondary
metabolites that share similar evolutionary routes.”>*’

While the deletion event in the partial operon was
substantial, eliminating over half of the genes needed for
complete MC Dbiosynthesis, its 9persistence through time,
transcriptional activity in the field,”” and detection of proposed
biosynthesis products provide evidence that the partial operon
is functional and benefits fitness. Although the functional role
of complete MCs is complex and likely multifacted;'* the
partial operon may encode a truncated microcystin-like
molecule that serves a critical function in changing environ-
ments. One explanation for this functional intermediate is the
trade-off between producing N-rich MCs over none at all
under depleted conditions. Environmental stress, including
nitrogen limitation, has previously been shown to select for
gene loss and genome streamlining in bacteria in marine
systems, especially genes related to nitrogen metabolism.®>%*
The partial operon has been shown to dominate blooms in the
late season in western Lake Erie, when bioavailable N is
considerably lower,”””” suggesting a functional role under
environmental stress and nitrogen limitation.

We evaluated the biological activity of the tetrapeptides
using Hep3B cells, a cell line derived from human
hepatocellular carcinoma, and a well-established screening
model for drug toxicity. Our preliminary studies showed that a
final concentration of 10 uM could elicit a significant
hepatotoxic response from the full-length MCs without
affecting the viability of the cells, and thus, we assessed
potential hepatotoxicity after short-term (6 h) and long-term
(24 h) exposure of both low (1 M) and high (10 #uM) dose of
the tetrapeptides. Previous work has demonstrated that
microcystins effectively target and inhibit protein phosphatases
1 and 2A, although structural differences in congeners have
varied effects on protein phosphatases.®*

Hepatotoxicity was assessed by gene expression of several
common markers identified in 6previous studies including
SerpinEl, ALPL, and Tgf-1."*°" Results of this analysis
demonstrated that both tetrapeptide-LR and tetrapeptide-RR
showed mild but significant upregulation of these markers,
albeit with slightly different doses and time points. It should be
noted that the tetrapeptides did not appear to have a standard
dose- and time-dependent relationship with the various
markers of cytotoxicity. Interestingly, we and others have
observed a similar trend with fulllength MC congeners
wherein increases in the toxin concentration did not translate
to an increase in the genetic expression of hepatotoxicity
markers or the associated enzymatic activity of common
hepatic injury enzymes such as alkaline phosphatase, but in
some cases, there was actually a suppression of this
phenotype.”>°® Based on these studies and the fact that the
putative target of these toxins are ubiquitous protein
phosphatases which control a wide spectrum of cellular
processes, further study is warranted to understand the exact
mechanism whereby MC tetrapeptides may exert their
cytotoxic effects. The fact that these effects were noted in
the absence of the ubiquitous Adda domain in full-length
microcystin congeners suggests the need to characterize the
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impact of the tetrapeptides more thoroughly and other
potential tetrapeptide congeners on both aquatic ecosystems
as well as human and animal health, as they may have the
potential to alter protein phosphatase activity.

Results from this study highlight the dynamic nature of
biosynthetic gene clusters encoded in Microcystis genomes and
that pathways that have been well studied for over 30 years are
still rich sources for discovery, particularly through the use of
multiomic approaches. To the best of our knowledge, these
findings provide the first evidence of a tetrapeptide biosyn-
thesis product from the partial mcyA-C gene cluster. Future
work is needed to further assess bioactivity, as preliminary
results suggest the potential for some tetrapeptide congeners to
exhibit mild levels of hepatoxicity. Further screens will help
determine threats to ecosystem function and access to clean
drinking water. Additional work should also screen for the
presence of the partial operon in Microcystis-dominated
cyanoHABs around the world to assess its presence and
persistence on a global scale.
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genes; and (Figure S3) complete quantitative qPCR
results on HEP3B cells (PDF)
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