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Summary

The over-enrichment of nitrogen (N) in the environ-
ment has contributed to severe and recurring harmful
cyanobacterial blooms, especially by the non-N,-
fixing Microcystis spp. N chemical speciation influ-
ences cyanobacterial growth, persistence and the
production of the hepatotoxin microcystin, but the
physiological mechanisms to explain these observa-
tions remain unresolved. Stable-labelled isotopes
and metabolomics were employed to address the
influence of nitrate, ammonium, and urea on cellular
physiology and production of microcystins in Micro-
cystis aeruginosa NIES-843. Global metabolic
changes were driven by both N speciation and diel
cycling. Tracing '°N-labelled nitrate, ammonium, and
urea through the metabolome revealed N uptake,
regardless of species, was linked to C assimilation.
The production of amino acids, like arginine, and
other N-rich compounds corresponded with greater
turnover of microcystins in cells grown on urea com-
pared to nitrate and ammonium. However, SN was
incorporated into microcystins from all N sources.
The differences in N flux were attributed to the ener-
getic efficiency of growth on each N source. While N
in general plays an important role in sustaining bio-
mass, these data show that N-speciation induces
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physiological changes that culminate in differences
in global metabolism, cellular microcystin quotas and
congener composition.

Introduction

Increasing nitrogen (N) inputs into the environment due
to agricultural and industrial processes have cor-
responded to the global expansion of toxic cyanobacterial
blooms, especially those caused by the non-Ny-fixing
Microcystis spp. that are often dominant bloom formers
in lakes. N-enrichment in these ecosystems, especially in
combination with phosphorus (P)-loading, contributes to
bloom formation and persistence, severely impacting
water quality and posing severe risks to aquatic life and
human health (Paerl et al., 2014). While it is likely that in
many cases the availability of P might constrain the bio-
mass of primary producers in fresh waters (Schindler,
1977; Schindler and Vallentyne, 2008), it is equally likely
that the concentration and chemistry of nitrogenous
chemicals shapes biomass as well as the diversity of the
plankton community that is present (Wilhelm et al., 2003;
Paerl et al., 2016). N-enrichment has also been linked to
the production of cyanotoxins, such as the microcystins
(MCs), produced by several Microcystis spp. and other
bloom-forming cyanobacteria (Davis et al., 2010; Gobler
et al., 2016; Hampel et al., 2019; Newell et al., 2019).
The specific role of N in toxicity of blooms remains uncer-
tain, likely in large part due to the incomplete understand-
ing of the general function and regulation of MCs in
cyanobacterial cells on a physiological level (Neilan
et al., 2013; Bullerjahn et al., 2016). MC concentrations
have been reported to increase in response to N-loading
in the field (Harke and Gobler, 2015; Gobler et al., 2016).
This may be a result of a selection for MC producers over
non-producers due to N enrichment, as not all Micro-
cystis spp. have the genetic potential for MC production.
Alternatively, N-enrichment could be causing Microcystis
capable of producing MCs to increase their production.
Being comprised of seven amino acids (Carmichael and
Boyer, 2016), MCs are N-rich, suggesting N availability
plays a role to some extent in the production of MCs in
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nature. However, on a cellular level, the effect of N avail-
ability or speciation on the production of cyanotoxins is
not yet clear (Ginn et al., 2010; Harke et al., 2015; Gobler
et al., 2016; Peng et al., 2018).

N availability and speciation play important roles in
microbial community dynamics, and this is a critical con-
sideration when predicting the severity or toxicity of
Microcystis  blooms. Microcystis can use both
inorganic N, like nitrate (NO3) and ammonium (NH,), and
organic forms, like amino acids and urea (Steffen et al.,
2014; Erratt et al., 2018; Peng et al., 2018). Inorganic N
sources are often the focus of studies investigating the
link between N enrichment, MCs, and the dominance of
toxin producing species. However, with the switch to the
organic N fertilizer, urea, in agricultural practices over the
past few decades (Paerl et al., 2016), the role of urea
has been proposed as a contributing factor (Glibert et al.,
2006; Glibert et al., 2014; Belisle et al., 2016). Urea is
commonly found in fresh waters that experience
cyanobacterial blooms and are influenced by agriculture
(Glibert et al., 2014; Belisle et al., 2016). In culture exper-
iments, growth rates, photosynthetic health, concentra-
tions of MCs, and composition of total MCs and
congeners are altered when cells are grown on different
N species (Erratt et al., 2018; Peng et al., 2018), and sev-
eral field studies have supported this (Davis et al., 2010;
Chaffin and Bridgeman, 2013; Beversdorf et al., 2015;
Chaffin et al., 2018). At times, results from these studies
are seemingly contradictory, likely due to confounding
factors regulating nutrient utilization, such as light, tem-
perature, pH, and competition with heterotrophs. The
physiological mechanisms to explain these observations
are not clear but remain a crucial step in order to be
linked to broader ecological implications.

The goal of this study was to examine the physiological
response by M. aeruginosa, a model toxic Microcystis
spp., to differences in N speciation by proxy of metabolic
flux. Using "®N-labelled isotopes of NH,4, urea, and NOg,
N was traced through the metabolism of axenically grown
M. aeruginosa in a manner akin to recent efforts to trace
the fate of carbon from urea (Krausfeldt et al., 2019).
Specific cellular responses to these N species were iden-
tified and linked to differences in MC composition.

Results
Growth dynamics and metabolic trends

Axenic M. aeruginosa NIES-843 cells acclimated to NOs,
NH,4, and urea as the sole N sources had an average
doubling time during log phase of 2.19 (+ 0.06), 2.12
(+0.35), and 1.91 (+ 0.29) days, respectively, after 5N
additions (Supporting Information Table S1). Differences
in doubling times over 48 h were not significant (one-way

ANOVA, P =0.3, Fig. 1A). A lag phase was observed in
cell concentration used to estimate growth on urea in the
first 24 h but reached the same cell concentration and
maintained a similar maximum doubling time compared
to the other N treatments over the 48 h period. Trends in
fluorescence [fluorescent units (FSU)] of cultures grown
on urea were comparable to other N treatments (Fig. 1B).
Cells grown on NH4 had lower FSU values through the
entire experiment, and by the second light cycle, the FSU
in cultures grown on NOj3 surpassed cultures grown on
urea. Samples clustered by N treatment (ANOSIM,
R =0.803, P =0.001) and light and dark cycles
(ANOSIM, R =0.518, P = 0.001; Fig. 1C). Samples col-
lected during the dark cycle were different across N treat-
ment (ANOSIM, R =0.878, P =0.001), and the same
was observed for the samples collected during the light
cycle (ANOSIM, R = 0.598, P = 0.001).

The influence of diel cycling on global metabolic pro-
files corresponded to differences in the dynamics
between glutamate (GLU) and glutamine (GLN). Gluta-
mate to glutamine ratios (GLU:GLN) can be indicative of
the N status within the cell, with increased ratios indicat-
ing a cell is more N starved and decreased ratios indi-
cating the cell's N demands have been met (Flynn
et al., 1989). GLU:GLN did not differ significantly
(P =0.56) at Tg and showed similar trends across time
on all N species. They decreased during the light cycle
(cellular N became more replete) and increased during
the dark cycle (cellular N became more deplete;
Fig. 2A-C, Supporting Information Table S2). This was
the most pronounced in cells grown on NH,4. Despite
similarities in these trends, the trends in GLU and GLN
abundances differed across N species (Supporting
Information Fig. S1 and Table S4). Abundances of GLU
and GLN increased on N species within the first 12 h.
Fluctuations in GLU and GLN varied over time and dif-
fered across N treatment, with only GLN on NH, and
GLU on NOj following a clear diel pattern (Supporting
Information Table S3).

"5N labeling of the metabolome

Most metabolites detected with '°N in the 48 h experi-
ment were labelled by Tg in cultures grown on all N spe-
cies. All of the GLN andabout 80% of the GLU was
labelled with at least one 15N by T6 (Fig.2D - F). Both
GLU and GLN remained labelled in a consistent trend
throughoutthe experiment (Fig. 2D and E, Supporting
information Fig. S2A-C). Trends in *N labelling into GLU
and GLN differed on NOs, and it took until T4g for GLN
and GLU pools to match labelled pools in NH, and urea
2. Although the incorporation trends into the GLU and
GLN pools were similar in cultures grown on NH, and
urea, NH, had the highest proportion of GLN molecules
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Fig. 1. Trends in growth and global metabolic profiles for each N treatment. A. Growth of M. aeruginosa before (To) and after '°N additions is
shown in cell number and (B) fluorescence (FSU). Shading represents time points that were collected during the dark cycle. C. Non-metric multi-
dimensional scaling (NMDS) analysis showing relationships between samples based on treatment and time. Open symbols represent samples
collected during the light cycle (To-T12, T3g) and closed symbols are samples collected during the dark cycle (To4, T4g). Colours and shapes rep-
resent N treatment; blue triangles = NO3, orange squares = NH,4, purple circles = urea. Error bars represent standard error.
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Fig. 2. Glutamate (GLU) and glutamine (GLN) dynamics in cells grown on NOj (blue triangles), NH, (orange squares), and urea (purple circles).
A—C. Trends in GLU/GLN ratios are shown for NO3z, NH,4 and urea, respectively. D and E. The percentages GLU and GLN pool that has at least
one N labelled with *>N, respectively. F. The percentage of differentially labelled Ns in GLN at Te. The shading represents time points that were
collected during the dark cycle. Error bars represent standard error.
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labelled with 2Ns (~90%) compared to urea (~75%), and
in NOs;, GLN pools only ever had 1 N labelled
(Supporting Information Fig S2A-C).

Other metabolites in amino sugar metabolism and
nucleoside synthesis pathways were labelled by all N
species by Tg, such as UDP-N-acetylglucosamine, UDP-
glucose and ADP/dGMP (Fig. 3A—C). The glutathione
disulfide (GSSG) pool was also heavily labelled by all N
species by Tg (Fig. 3D). Despite the flux of *°N into these
core pathways, there were different trends in the number
of labelled Ns per metabolite; the highest percentage for
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the UDP-glucose and the downstream metabolite pool of
UDP-N-acetylglutamate at Ts was observed in cells
grown on NH, followed by urea. The AMP/dGMP and
GSSG pools were more enriched in '°N when cells were
grown on NHy, relative to the other N species (Fig. 3E-H).
The labelling trends remained different across time as
well (Supporting Information Fig. S2D-L), with NH, satu-
rating pools with a greater number of labelled Ns for all
metabolites by T,g. Other labelled metabolites in amino
sugar metabolism, primarily within the pyrimidine biosyn-
thesis pathways, were detectable almost only in cells

Fig. 3. Metabolites with >N label
across in N treatments; blue trian-
gles = NO3, orange squares = NHy,
purple circles = urea. A-D. Percent
N represents the percentage of
metabolites with at least one N
labelled. Shading represents time
points that were collected during the
dark cycle. E-H. The percent of
metabolites with different number of
Ns labelled after 6 h for each metabo-
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Gilutathionedisulfide. Error bars repre-
sent standard error.
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grown on urea: most were not detectable in cells on NO3
and NH,4 (Supporting Information Fig. S3). There were
also several labelled amino acids observed in cells grow
on urea (Supporting Information Fig. S4), corresponding
to very few amino acids being detectable in cells grown
on NH; and NO; in general (Supporting Informa-
tion Fig. S5A and B). Abundances of many amino acids
showed a diel pattern, increasing throughout the day and
decreasing at night, especially on urea (Supporting Infor-
mation Fig. S5C and Table S4), and this was not consis-
tent across N species.

The arginine biosynthesis pathway was also enriched
in "N from urea. Key metabolites for arginine biosynthe-
sis were detectable and over 80% labelled with '°N after
only Te (Fig. 4, Supporting Information Fig. S6). This
labelling pattern was maintained through T4s. Fluctua-
tions in abundances of metabolic intermediates within
this pathway were observed (Supporting Information
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Fig. S7 and Table S5): N-acetylglutamate and L-
argininosuccinate accumulated overtime until To4 when
they remained steady until T4g. This corresponded to a
decrease in aspartate and citrulline, and an increase in
arginine. Over 60% of the total citrulline (Ns = 3) and
ornithine (Ns =2) pools were completely labelled,
whereas arginine and L-argininosuccinate (Ns = 4) had a
maximum of 3Ns labelled and 2Ns respectively. '°N from
NO; was detectable in only some pathway components:
citrulline, aspartate, and N-acetylglutamate (Fig. 4A and
Supporting Information Fig. S6). Arginine was detectable
at very low levels in cells grown on NOj (Supporting
Information Dataset S1) but had no '°N signature
(Fig. 4A and Supporting Information Fig. S7). Coupling
between the GS-GOGAT cycle and arginine biosynthesis
was evident in M. aeruginosa growing on NOg in particu-
lar; these metabolites were labelled in a trend similar to
GLU and GLN (Fig. 2 and Supporting Information Fig. S6).
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Fig. 4. "®N flux into the arginine biosynthesis pathway and the urea cycle from NO; (blue), NH, (orange) and urea (purple). A. Trends observed
for >N incorporation into the arginine biosynthesis pathway and urea cycle from all N species that were maintained at all time points following
the addition of "°N. Closed symbols above a metabolite indicate 5N label was detectable, open circles indicate the metabolite was detectable
but with no label, and ‘nd’ indicates no isotope of the metabolite was detected. B. "N incorporation showing the percentage of Ns labelled in
each metabolite from the arginine biosynthesis pathway from urea overtime. Error bars represent standard error.
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N-acetylglutamate accumulated during the experiment,
and while fluctuations in citrulline and aspartate were
observed, arginine abundances did not ever increase
(Supporting Information Fig. S7). The labelling dynamics
of citrulline were distinct from those on urea; only ~40%
of the pool was labelled and with mostly 2Ns until T,g
(Supporting Information Fig. S8). "N from NH, was not
detectable in any of the metabolites in these pathways
except for N-acetylglutamate, although unlabelled orni-
thine was detectable at very low levels (Fig. 4A and
Supporting Information Dataset S1).

Effect of N speciation on MC dynamics

Table S7 Differences in total MC quotas at TO between N
treatments were only weakly significant (p = 0.0697), and

these differences were only observed between urea and
NO3 (P = 0.0627) and not NH, and urea (P=0.736) or
NOz; and NH, (P= 0.2626; Fig. 5A and B, Supporting
Information Table S7). There was a higher proportion of
MC-FR in cells grown on urea and NH,, MC-LR on NO3
and MC-dLR on urea, although the differences between
urea and NO3 were only weakly significant. There were
also weakly significant differences in MC-RR between
NH, and urea, while the relative abundances of MC-YR
and MC-mLR were not different.

Incorporation of '®N into MC-LR and MC-RR increased
with time in all N treatments (Fig. 5C). The proportion of
MC-LR molecules labelled from urea increased more rap-
idly than NO3 and NHy; by T2 ~ 60% of the MC-LR pool
was labelled with '*N. '®N-labelled MC-LR continued to
increase during the two dark cycles (Supporting
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Fig. 5. Concentration, congener composition and flux of N into microcystins. A. Microcystin quotas (total MC concentrations per cell) at To.
B. Congener composition at Ty in cells grown on NOj (blue triangles), NH, (orange squares), and urea (purple circles). C. The percentage of the
MC-LR and MC-RR pool labelled with at least one ®N overtime in cells grown on NO; (blue triangles), NH, (orange squares), and urea (purple
circles). D. Incorporation trends of °N into MC-LR and MC-RR over time, respectively. The size of the symbols represent the proportion of MC-
LR or MC-RR molecules labelled with that number of Ns at a certain time point; the larger the symbol, the greater the proportion. Error bars repre-
sent standard error. P values are reported using asterisks: * = <0.05, ** = <0.01, *** = <0.001 **** <0.0001.
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Information Table S8). Increases in '*N-labelled MC-LR
were not observed in cells grown on NO3 until the second
light cycle, and despite a general increase over time in
®N-labelled MC-LR from NH,, these increases were
weakly significant. N flux from urea to MC-LR cor-
responded to increases in total MC-LR by T4, but
increased MC-LR abundances were not observed in cells
grown on NO3 and NH,4 (Supporting Information Fig. S9
and Table S9). The proportion of MC-RR labelled by NH,
increased during the light cycles, and '°N-labelled MC-
RR increased on NO3; and urea during the dark cycle
(Supporting Information Table S8), the latter only consis-
tent in cells grown on urea. The trends in the proportional
labelling of MC-LR and MC-RR pools corresponded to
increases in the number of labelled Ns per molecule
across time (Fig. 5D and E).

Discussion

In this study, '°N-urea, '>NOs, and '°NH, were traced
through the metabolome of a toxin-producing
M. aeruginosa isolate to examine the specific physiologi-
cal effects of N-chemistry on a bloom-forming cyanobac-
terium and to identify how it relates to the production of
MCs. Using axenic cultures and labelled isotopes, it was
confirmed that NOs, NH, and urea were assimilated into
cell metabolism (within 6 h) and could each be used as a
sole N source to support growth of M. aeruginosa.
Decreasing GLU:GLN, indicative that cells had become
N-replete, on all N species during the day indicated that
M. aeruginosa assimilated N when cells were photo-
synthesizing, suggesting N assimilation was coupled to C
assimilation. Trends in total metabolite pools differed
between light and dark samples, highlighting that the
combined effects of C and N assimilation were linked to
global metabolic shifts. Interestingly, metabolic trends
due to diel cycling also differed depending on the avail-
able N species. This indicated that assimilation of differ-
ent N species induced physiological changes in the light
that also influenced the flux of N during the dark cycle.
Despite a similar overall trend, GLU:GLN were not
driven by similar patterns in GLU and GLN abundances
in N treatments. GLU and GLN are a main entry point for
assimilated N after transport into the cell, and as a part of
the  GS-GOGAT  (glutamine  synthase-glutamate
synthase) cycle, requires that all species of N are
converted to NH, prior to assimilation (Muro-Pastor et al.,
2005). For NOg, this occurs through the NOs-reductase
pathway in a two-step process, first being converted to
nitrite before NH, (Flores and Herrero, 2005). Urea is
hydrolyzed by the enzyme urease, which generates
1 mole each of NH, and carbamate, the latter which
should spontaneously dissociate to produce another
mole of NH, and carbon dioxide (Glibert et al., 2016).

N-source and microcystin 2425

When NHy, is low, cells activate machinery for uptake and
assimilation of NOs and urea, although in many cyano-
bacteria urease is constitutive. The labeling of the GLN
pools and other core metabolites suggested flux of N
was faster in NH4 and urea than in cells grown on NOs.
Because these values are relative, it is possible that the
pools of GLN in cells grown on NH, and urea were
smaller than those on NOj, and therefore it would have
taken less time to label multiple Ns compared to N treat-
ments with larger pools of GLN. However, this would still
indicate faster turnover of these metabolites and is con-
sistent with the literature describing NH, and urea as pre-
ferred N sources (Glibert et al., 2016; Erratt et al., 2018).
NH, is energetically less expensive to use than NO3, and
urea is considered more favourable than NO3; and NH,,
because assimilation of N requires less ATP and urea
can readily be used a C source (Krausfeldt et al., 2019).
Examining flux at shorter intervals would be necessary to
confirm this, but these data highlight that the regulation
and energy expense involved in the assimilation of differ-
ent N species led to changes in the flux of N through
many downstream pathways.

Specific metabolic pathways that were influenced by N
speciation were the amino acid, nucleotide, and amino
sugar biosynthesis pathways, especially when urea was
the sole N source. While the pools of several core metab-
olites involved in amino sugar and nucleoside biosynthe-
sis were heavily labelled by only 6 h regardless of the N
source, many more downstream metabolites in these
pathways were labelled in only cells grown on urea.
There was also incorporation of '®N into several amino
acids in cells grown on urea that were not detectable with
or without labelling in cells grown on NOz and NH,. Rapid
flux into amino acid pathways and the production of N-
rich compounds has been observed in other cyano-
bacteria with pulses of N after N starvation (Van de Waal
et al., 2010; Zhang et al., 2018). However, GLU:GLN
ratios did not support differences in the N status of the
cell at Ty to indicate these observations were a factor of
greater N limitation prior to '®N additions. Instead, this
suggested that cells grown on urea were able to over-
come some rate limiting step(s) to produce these metab-
olites. It is well established that C and N assimilation in
cyanobacteria are linked (Tandeau de Marsac et al.,
2001, Muro-Pastor et al., 2005). The diel fluctuations in
many amino acid pools in cells grown on urea supported
this, while also pointing again to the importance of urea
as a C source since the same trends were not consistent
on NOjz or NHy4. Purine and pyrimidine biosynthesis in
NO3; and NH, was potentially limited by C as well requir-
ing a substantial amount of ATP and dependent on the
production of 5-phosphoribosyl-1-pyrophosphate (PRPP)
or activated ribose 5-phosphate (Hove-Jensen et al.,
2017), a product of the pentose phosphate pathway, to
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produce downstream metabolites only detectable and
labelled in urea. There were also two specific points
where arginine biosynthesis appeared to be interrupted,
both requiring ATP and reducing power for downstream
reactions (Shin and Lee, 2014) in the NH, and NOj treat-
ments: after the formation of N-acetylglutamate and the
formation of aspartate and citrulline respectively.

These observations suggested that growth on urea led
to greater production of ATP, reducing power and C
cycling intermediates important for the assimilation of N
and production of these essential metabolites. Indeed,
previous studies have shown that growth on urea com-
pared to NOz and NH, yielded greater photosynthetic
efficiency (Erratt et al., 2018). C limitation may explain
the differences between NO3 and NH, cultures, although
the cultures were inverted at least once per day, caps
were left loosened to allow gas exchange, and a previous
study did not find transcriptomic evidence for C-limitation
(Krausfeldt et al., 2019). C or energy limitation does not
clearly support the different patterns in labelling between
NH, and NOg, since traditionally NH, is considered more
energetically efficient. This could indicate ammonia (NH3)
toxicity, explaining the decreased fluorescence in these
cultures compared to NOs; and urea; NHj toxicity is
related to PSIl damage and decreased photosynthetic
efficiency in other cyanobacteria (Drath et al., 2008).
However, photosynthetic efficiency can be higher on NO3
depending on the concentration of N supplied (Erratt
et al., 2018). Alternatively, cells grown on NH, and NO3
may be expending energy on other essential functions,
such as cell wall, lipid, or protein synthesis.

The enrichment of N in the arginine biosynthesis
pathway could also indicate that cells grown on urea
were shuttling more N into storage despite being pro-
vided at the same molar concentration as NOs; and NH,.
The arginine biosynthesis pathway includes the urea
cycle, which is a route for removal of excess N in the
form of urea in animals (Cunin et al., 1986), but the
absence of labelled urea indicates M. aeruginosa is not
using it for this purpose. In addition to proteins, arginine
is a key component of the N-storage molecule,
cyanophycin. Cyanophycin is comprised of aspartate and
arginine and produced by cyanobacteria in N-replete con-
ditions (Shively, 2006; Llacer et al., 2008; Maheswaran
et al., 2006), and the urea cycle itself (also termed the
ornithine-arginine cycle) was proposed as important for N
storage and cycling in Synechocystis (Zhang et al.,
2018). Abundances of L-argininosuccinate confirmed
larges fluxes of N into this pathway, indicating a poten-
tially rate-limiting step in the production of arginine in
cells grown on urea or supporting this cycle is used as N
or C storage, as the cleavage of L-argininosuccinate
yields fumarate along with arginine. Many enzymes
within this pathway are negatively regulated by arginine,

and an increase in arginine by T»4 and the accumulation
of several preceding metabolites until arginine abun-
dances decreased again, supported this regulation
(Thompson, 1980; Shin and Lee, 2014). This could have
been the cause for the lack of detection of many arginine
biosynthetic intermediates in cells grown on NO3z; and
NH,4. Alternatively, arginine in cells grown on NO3; may
be shuttled more rapidly into cyanophycin for storage
thus preventing detection, whereas cells grown on urea
may be accumulating more of these N-rich intermediate
metabolites. The absence or low abundances of arginine
pointed to limitations in its synthesis rather than rapid
turnover, however, highlights the possibility that these N
species are sensed differently by the cells.

Interestingly, labelling patterns did not support that the
majority of arginine was made from L-argininosuccinate in
cells grown on urea as would be expected from the clas-
sic biosynthesis pathway (Shin and Lee, 2014); L-
argininosuccinate never had more than 2Ns labelled,
whereas the majority of the arginine had 3Ns labelled
through the whole experiment. Instead, it possible that
most of the arginine was made directly from citrulline,
which also had 3Ns labelled through the whole 48 h;
however, a BLAST search yielded no homologues for
enzymes responsible for this reaction in M. aeruginosa.
This could indicate an alternative route for arginine bio-
synthesis in M. aeruginosa. The saturation of '°N in the
majority of the citrulline pool in cells grown on urea sup-
ports that there is flux of N into this pathway from
carbamoyl-P. This is also evident in the NO3 treatment
since no labelled ornithine was detectable. This
supported growth on urea may increase flux from
carbamoyl-P potentially due to the phosphorylation of the
intermediate in urea hydrolysis, carbamate, which would
increase flux of both C and N in to this cycle (Krausfeldt
etal., 2019).

These metabolic differences driven by N speciation
corresponded to differences in MC dynamics. MCs are
most well known as hepatotoxins that irreversibly bind to
inhibit protein phosphatases, but they are also tumour
promoters, endocrine disruptors, immunotoxicants and
irritants (Eriksson et al., 1990; Codd et al., 2017). Thus
far, there have been over 200 different MC congeners
identified that vary in their level of toxicity to mammals
(Stoner et al., 1989; lkehara, et al., 2009; Carmichael
and Boyer, 2016). Although total MC concentrations at Tg
were not different, the congener composition was differ-
ent across N treatment. In this study, M. aeruginosa pro-
duced six N-rich congeners; MC-RR, —-LR, YR, -FR,
—dLR, and -mLR. The most toxic MC congener produced
in this study was MC-LR, indicating that cells grown on
NOz; and urea at To may have been more toxic to
humans and animals than cells grown on NH, despite
similar MC quotas. However, the possibility for synergistic
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effects cannot be discounted (Ibelings and Havens,
2008). Another congener which was prevalent in all N
treatments was MC-FR, which is less toxic than MC-RR.
This congener was not detected in previous studies using
this strain such as in the study by Peng et al. (2018).
Although culture conditions were similar, a major differ-
ence was the use of non-axenic cultures versus axenic in
the current study. This would suggest interactions with
heterotrophic bacteria alter MC congener composition
and levels of toxicity per cell, adding another layer of
complexity to studying MC dynamics in nature.

SN-labelling into MC-LR and MC-RR confirmed that
cells were making MC on all N treatments and that the
production of congeners varied due to N speciation. After
the addition of new N, cells grown on urea turned over
MC-LR at a faster rate than when NO3; and NH, were the
N source, and this corresponded to an increase in MC-
LR abundances. Interestingly, MC-RR was turned over at
a faster rate in cells grown on NH,4 during the light cycle,
but NO3; and urea matched in the proportion of labelled
MC-RR during the first dark cycle. Clear, albeit opposite,
diel patterns were observed for urea and NH, that were
not maintained in cells grown on NOj3 or for MC-LR on
any N species. These results indicated that MC congener
composition and concentrations were not static, and
M. aeruginosa did not produce MC or individual conge-
ners uniformly. Further, these data suggest that cells
grown on urea were turning over and producing more
MCs than when grown on NOz; and NH4 which has
important implications in lakes and other water bodies
that are heavily impacted by agriculture.

The labelling dynamics observed in MC-LR and MC-RR
for urea may be linked to the higher flux of urea-N into
amino acids, especially those that are precursors for
MC. Indeed, the addition of some amino acids, like argi-
nine, alanine and leucine, to media has supported MC
synthesis in Microcystis spp. (Dai et al., 2009), and intra-
cellular amino acid availability has been linked to both
cyanophycin and MC production in Planktothrix, another
toxic bloom forming cyanobacteria (Van de Waal et al.,
2010). The specific addition of arginine seems to be
important, and it was discovered to be the last amino acid
added to the MC molecule (Dai et al., 2019). Therefore,
this study supports that there is likely a link between MC
and arginine production, and the production of arginine
itself may be a limiting step in the synthesis of MC. The
different incorporation trends between MC-LR and MC-RR
could indicate that the production of congeners was not
strictly related to substrate availability. Congener composi-
tion has been linked to N availability with high N leading to
more N-rich MC congeners, like MC-RR (Tonk et al.,
2008; Van de Waal et al., 2009, 2010; Puddick et al.,
2016). In this study, where the molar concentration of N
was equivalent, the concentrations of MC-RR were not

N-source and microcystin 2427

different at Ty but did differ in less N-rich congeners. The
differences in the trends of amino acids and MC produc-
tion and turnover on urea could also be a factor of 2 moles
of NH,4 being produced per 1 mole of urea allowing for sat-
uration of N-rich metabolites an ability to overcome C or
energy limitations that cells growing on NH, and NO3 can-
not. Further insight to this is needed since many of these
amino acids were only detectable on urea and MCs were
produced on all N species, but these data indicate conge-
ner composition is not strictly a factor of N availability.

Despite decades of research, the underlying function of
MCs in cyanobacteria is still not clear, and its production
has been linked to several factors and many functions have
been proposed (Neilan et al., 2013; Gobler et al., 2016;
Harke et al., 2016). Other factors in addition to N have been
examined influencing MC production, including P concen-
trations, C availability, light levels, temperature, and trace
metal availability (Neilan et al., 2013), and results are often
conflicting or difficult to separate from the influence of
growth rate. Here, M. aeruginosa was grown under the
same incubation conditions, molar N concentrations that
maintained a similar generation time, and cultured axeni-
cally to remove these confounding factors. Thus, the spe-
cific influence of N speciation on MC production can be
determined. These data support that it does impact MC
congener composition, the level of toxicity, the turmover and
the production of MCs, and influence of N speciation on
MCs in the environmental are not just a factor of community
composition shifts. It is important to note that the physiologi-
cal differences observed here are true for this set of condi-
tions, which had consistent light levels, the same incubation
conditions and media components (with the exception of N
species) and were grown axenically in batch culture. This is
not necessarily representative of what occurs in the envi-
ronment. The metabolic shifts driven by differences in N flux
could vary with factors that influence N uptake or enzyme
efficiency, such as C availability, temperature, pH and com-
petition with bloom associated bacteria. Yet to address the
importance of N speciation and N as a whole on the metab-
olism of Microcystis and MC production, a controlled sys-
tem with a single organism is an essential first step.
Extrapolating this and similar approaches to field conditions
should result in a better characterization of the complicated
interacting factors that drive Microcystis bloom formation
and toxin production.

Experimental procedures
Culture conditions and "°N incorporation

Stock cultures of axenic Microcystis aeruginosa NIES-
843, isolated from Lake Kasumigaura Ibarake Japan
(Otsuka et al., 2000, 2001), were maintained and continu-
ously transferred in 25 ml of modified CT medium (briefly,
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0.05g Nap.B-glycerophosphate, 0.04 g MgSO4.7H.0,
and trace metals, buffered with 0.2 g TAPS; Steffen et al.,
2014); at a pH of 8.2 (+£0.05) with 0.595 mM N (NO3 pro-
vided as KNO3/CaNO3-4H,0, NH,4 provided as NH,Cl, or
urea) in 50 ml screw cap glass culture tubes. The cul-
tures were incubated without shaking at 26°C on a diel
cycle (12:12 h) within the range of 50—60 pmol photon
m=2 s~ of light. Culture tubes were inverted three times
daily, and caps were loosened to allow for gas exchange.
Microbial contamination checks were performed regularly
by microscopy as well as for heterotrophic microbial
growth in purity tubes of both rich and minimal media
(LB medium and CT medium +0.05% glucose, 0.05%
acetate, 0.05% pyruvate and 0.05% lactate, respectively).
Cell concentrations were measured using flow cytometry
(Guava easyCyte HT, Millipore) and chlorophyll
a autofluorescence (fluorescence signal units, FSU) was
measured using a fluorometer (Turner Designs TD-700),
over the course of the experiment.

Prior to '°>N additions, axenic M. aeruginosa cultures
were acclimated to experimental concentrations with their
respective '“N sources for at least three transfers. For
the '®N-incorporation experiment, acclimated cells were
grown on N in 10 x 50 ml culture tubes with 25 ml of
media. When the cells reached mid-log phase
(~300 000-400 000 cell mL™"), they were filter concen-
trated on 1.0-um polycarbonate filters and resuspended
in one 50 ml culture tube with 30 ml of fresh "N media.
This occurred approximately 24 h prior to the start of the
experiment to maintain logarithmic growth. Cells were
checked for contamination and transferred to '°N media
(>98% '°N saturated NH,CI, urea, or KNOg/Ca(NO3)s,),
with a starting concentration of ~1.15 x 10° cells mL™" to
reach a final volume of 25 ml in 50 ml culture tubes
(Supporting Information Table S1). Twenty-five tubes
were prepared per treatment to be randomly harvested at
6, 12, 24, 36, and 48 h (with five replicates at each time
point) after inoculation at the start of the day cycle. The
12 h and 36 h time points were collected immediately
before the next dark cycle, and the 24 h and 48 h time
points were collected immediately before the next light
cycle. Five tubes were prepped with 25 ml of "*N media
per treatment and inoculated at the same starting con-
centration to serve as time 0 (no '®N addition) control.
FSU was measured, and cell counts were collected for
all tubes at time 0. At each time point, five tubes were
randomly picked, FSU was measured and 2 x 200 pl
were collected for replicate cell counts. The remaining
24.6 ml of culture in each tube were harvested by filtra-
tion on a 1.0 pm polycarbonate filter. The filter was imme-
diately flash frozen in 2 ml cryovials using liquid N and
stored at —80°C until extraction of metabolites. Samples
that were lost in the experiment or did not grow and were
excluded from the analysis can be found in the

Supporting Information Table S1. Metabolites were
extracted and processed as previously described
(Krausfeldt et al., 2019).

Microcystin quantification and incorporation

Intracellular MC concentrations were determined without
preconcentration using HPLC coupled with single quad-
rupole mass spectroscopy and photodioarray spectros-
copy as described by Tang et al. (2018). Standards
(MC-RR, —LR and -LF) were run at the start and end of
each run to ensure that the retention times for the MCs
did not drift, and individual toxin congeners [(RR, dRR,
mRR, hYR, YR, LR, mLR, zLR, dLR, meLR, AR, FR,
WR, LA, LY, LW, LF, WR) and R-NOD] were identified
on the basis of their retention time, their characteristic
absorbance spectrum in the photodiode array detector
and their characteristic molecular ions. Samples were
analysed both in centroid and continuum mode. These
data were used to analyse differences in congener com-
position in all N treatments.

To determine the '®N incorporation into MC-LR and
MC-RR, the above HPLC method was coupled with a
tandem mass spectrometer. MC-LR (C49H74N10012) tran-
sitions from the protonated molecular ion to the m/z
135 ADDA fragment were set up in 1 amu intervals up to
twelve >N being incorporated [e.g. m/z 995.6 — 135.1
(no "N, m/z 996.6 — 135.1 (one '°N), 997.5 — 135.1
(two 'SN)...m/z 1006.6 — 135.1 (twelve '°N)]. MC-RR
(C4gH75N13042) transitions were examined using the dip-
rotonated molecular ion in half mass unit intervals [eg. m/
z 5197 — 1351 (no "N), m/z 520.2 (one '°N),
520.7 — 135.1 (three '®N)] up to the incorporation of six-
teen '°N into MC-RR. MRM tuning and fragmentation
parameters for the MRM analysis were derived using
non-labelled MC-LR and -RR standards obtained from
Abraxas. Peak areas were normalized to exclude natural
3C abundances in MC-LR and MC-RR for analyses of
SN incorporation overtime. The sum of all peak areas in
a sample for labelled and unlabelled MC-LR was normal-
ized by cell number used to calculate fold changes over-
time with Ty serving as the baseline.

Data analyses and statistics

Doubling times were calculated manually using the cell
concentrations at To and T4g. Relative metabolite abun-
dances (‘total’ abundances) were calculated by adding
the "N and '°N peak areas and normalizing by cell con-
centration for each metabolite within each N treatment. A
3D non-metric multidimensional scaling (NMDS) analysis
was performed in Primer-E v7 (Clarke and Gorley, 2006)
using fold change differences compared to the average
abundance of each metabolite at T, for only the
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23 metabolites detectable in every N treatment. This was
done to eliminate any bias in the trends observed due to
metabolites that were undetectable in some treatments
(below the detection limit of the instrument). Samples
were clustered by similarity using Pearson correlations
calculated after a square root transformation of these
values for each sample. One-way ANOSIM determined
differences in metabolic trends due to N speciation and
diel cycling. Pathways for metabolites with and without
5N signatures were determined using the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database. Per-
cent incorporation was calculated by dividing "N peak
areas by sum of '®°N + "N peak areas for each metabo-
lite. Statistically significant differences between doubling
times and fold changes abundances in metabolites were
calculated using one-way ANOVA followed by Tukey’s
multiple comparisons test. Statistical significance was
defined as having a P value <0.05. Weakly significant
relationships were also reported and defined as having a
P value between 0.05 and 0.10.
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