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Abstract:

Sandusky Bay, Lake Erie, receives high nutriendlilogs (nitrogen and phosphorus) from the
Sandusky River, which drains an agricultural wdteds Eutrophication and cyanobacterial
harmful algal blooms (cyanoHABS) persist through&wimerPlanktothrix agardhii is the
dominant bloom-forming species and the main prodatenicrocystins in Sandusky Bay. Non-
N fixing cyanobacteria, such &anktothrix andMicrocystis, thrive on chemically reduced
forms of nitrogen, such as ammonium (NHand urea. Ammonium regeneration and potential
uptake rates and total microbial community demamd\iH,” were quantified in Sandusky Bay.
Potential NH" uptake rates in the light increased from June tgustat all stations. Dark uptake
rates also increased seasonally and, by the eAdgfst, were on par with light uptake rates.
Regeneration rates followed a similar pattern arcevgignificantly higher in August than June.
Ammonium uptake kinetics duringRianktothrix-dominated bloom in Sandusky Bay and a
Microcystis-dominated bloom in Maumee Bay were also compadrkd.highest half saturation
constant (k) in Sandusky Bay was measured in June and dedrdaseighout the season. In
contrast, k, values in Maumee Bay were lowest at the beginofregmmer and increased in
October. A significant increase innk in Sandusky Bay was observed between July andrttie
of August, reflective of intense competition foptkted NH. Metatranscriptome results from
Sandusky Bay show a shift from cyanophycin synsestiuxury NH" uptake;cphAl)

expression in early summer to cyanophycinase @atiaar N mobilizationcphB/cphA2)
expression in August, supporting the interpretatiwt the microbial community is nitrogen-
starved in late summer. Combined, our results shaty in late summer, when nitrogen
concentrations are low, cyanoHABs in Sandusky By on regenerated NHto support

growth and toxin production. Increased dark/\Hptake late in summer suggests an important
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heterotrophic contribution to Nfidepletion in the phycosphere. Kinetic experimenthe two
bays suggest a competitive advantagdfanktothrix overMicrocystisin Sandusky Bay due to
its higher affinity for NH™ at low concentrations.

Keywords: Nitrogen, cyanobacteri®|anktothrix, nutrient management, Lake Erie, Sandusky
Bay
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1. Introduction

Lake Erie, the shallowest and most productive efltaurentian Great Lakes, provides
key ecosystem services and supports an annual USHiba tourism, fisheries, and boating
industry (Watson et al., 2016). However, Lake Bas been subjected to eutrophication, habitat
loss, impoundments, and introduction of invasivecggs. The western basin of Lake Erie is
particularly susceptible to eutrophication and oJ@acterial harmful algal blooms (cyanoHABS),
which have increased since the mid-1990’s, thréagets ability to provide ecosystem services
(Watson et al., 2016). In the 1960’s and 1970'shoyHABs in Lake Erie consisted mostly of
nitrogen (N) fixing taxa (e.gDolichospermum, [formerly Anabaena], andAphanizomenon).
However, upon re-eutrophication in the 1990’s, ofABs shifted to mostly non-Nixing taxa
(Steffen et al., 2014; Watson et al., 2014; Chadtial., 2018). CyanoHABSs in the western basin
are related to increased N and phosphorus (P)rigadiom the Maumee River, which carries
runoff from a primarily agricultural watershed (Rards et al., 2010). In Maumee Bay, non-
diazotrophiaMicrocystis aeruginosa is the dominant bloom organism, a common cyanoHAB
species found globally (Havens et al., 2001; MciBaet al., 2009; Kurmayer et al., 2015).
However, blooms in Sandusky Bay, east of the wediasin, are almost entirely attributed to the
filamentous, non-kfixing Planktothrix agardhii (Davis et al., 2015; Salk et al., 201B).
agardhii has a wide distribution and is ubiquitous in eplric lakes globally (Suda et al., 2002;
Steffen et al., 2014; Kurmayer et al., 2015).

Sandusky Bay is a shallow basin, formed from a dexwiver mouth (mean depth = 2.6
m; area = 162 kA) in the southern part of Lake Erie (Fig 1; Conedyl., 2007). Sandusky Bay
receives high N and P loadings from the SanduskgrmRwhich also flows through primarily

agricultural areas (Conroy et al. 2007; Richardsl.€2010). The residence time in Sandusky Bay



85 can vary from 8 to 81 days (Salk et al., 2018) isrgdmilar to the residence time in Maumee Bay
86 and the western basin (51 days; Millie et al., 2008tal N concentrations in the bay decrease as
87 the summer bloom progresses, starting with higlteomations of dissolved inorganic nitrogen
88 (DIN) in June and July (50-600 uM), followed by I¢#b uM) to undetectable DIN
89 concentrations in August—October, mainly due teeaease in N© (Davis et al., 2015; Salk et
90 al., 2018). These low N concentrations by the drslimmer, and elevated, albeit variable
91 concentrations of soluble reactive phosphorus ($R®is et al., 2015; Salk et al., 2018),
92 suggest seasonal N limitation in Sandusky Bay. iBntiaddition experiments showed that both
93 bloom growth and microcystins (MC) production wstienulated by additions of dissolved N,
94  but not P, and that additions of both NH PQ? and urea + P§Y yielded highest MC
95 concentrations (Davis et al., 2015). High ambierttoNcentrations are required for the
96 production of microcystins, which contain 10 N atoper microcystin molecule (Davis et al.,
97 2015; Gobler et al., 2016). Another study from Seskg Bay also showed growth stimulation by
98 NH,4', NOs, and urea, consistent with N limitation in theteys (Chaffin and Bridgeman, 2014).
99 These results emphasize the importance of chemieduced N species during cyanoHABs
100 (Glibert et al., 2016).
101 Comprehensive phytoplankton community studiesandsisky Bay show th&t
102 agardhii is the dominant species during the bloom seasonhenhain producer of MC (Rinta-
103 Kanto and Wilhelm 2006; Conroy et al., 2007; Daatigl., 2015; Steffen et al., 2015; Salk et al.,
104 2018).P. agardhii may proliferate in these waters due to its toleeaioca broad temperature
105 range and acclimation to growth at low light intéyngOberhaus et al., 2007). The shallow depth
106 of Sandusky Bay leads to suspended sediment garticht create turbidity and low light

107 conditions, wher@lanktothrix thrives (Scheffer 1997). Additionalli?lanktothrix is common in
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lakes with low bioavailable N and low N:P (Ruckeag, 1997), conditions that prevail in
Sandusky Bay in late summer. However, these lowdgrRlitions are often caused by the
cyanoHABSs (e.g., Xie et al. 2003), and this pat@&rDIN depletion occurring after bloom
initiation has been observed in Sandusky Bay (@thafid Bridgeman, 2014; Davis et al., 2015;
Salk et al., 2018). Once low N:P conditions araldsthedP. agardhii has a low half-saturation
constant (k) for NH;" (Zevenboom and Mur 1981), and thus high subsaffitsity, compared

to other non-diazotrophic cyanobacteria, eMjcrocystis (Niklisch and Khol 1983). This high
affinity, along with high maximum uptake rates, £\l Zevenboom et al., 1980), makes
Planktothrix an excellent competitor for N substrate in lowadditions.

Non-diazotrophs, such &éicrocystis andPlanktothrix, are highly competitive for
chemically reduced N forms, such as Nidnd urea (Blomgvist et al., 1994; Glibert et 2016).
NH," transport across the cell membrane, via ammoaissportersgmt genes), and assimilation
into biomass, via the glutamine synthetase pathiglaygenes), are less energy intensive than for
NOj (Glibert et al., 2016). During higim situ DIN conditions, cyanobacteria can assimilate and
store N intracellularly (luxury uptake) to use wHelN is depleted. Cyanobacteria including,
Planktothrix spp., are capable of synthesizing cyanophycinuearas an N storage polymer
(Van de Waal et al., 2010) when N is bioavailable] synthesis of cyanophycin is dependent on
cyanophycin synthetase, encodedcplyAl. Degradation of cyanophycin is a function encoded
by cphB, cyanophycinase, and is co-transcribed with anati@nophycinase genephA2, in the
cphBA2 operon Cyanophycinase mobilizes stored N when DIN in tlaercolumn is depleted.

Due to high biological demand and fast turnovezsaNH," rarely accumulates in the
water column, resulting in low situ concentrations. Thus, NHdynamics and turnover rates

are important components of the aquatic N cycle@oductivity in eutrophic lakes affected by
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cyanoHABs. Regeneration of NHcontributes to internal cycling and availabilitfNH," for
assimilation (James et al., 2011; Paerl et al.12McCarthy et al., 2013). For example, rapid
NH," turnover can fuel and sustain blooms, despiteitositu NH;" concentrations (Paerl et al.,
2011; McCarthy et al., 2013; Hampel et al., 2018).the other hand, cyanobacteria must
compete with other organisms for bHfor example, nitrifiers are an important link \ween
reduced N in the water column and its subsequembval through denitrification (An and Joye,
2001). Studies that focus solely on monitoringistatitrient concentrations can miss important
aspects of nutrient and cyanoHAB dynamics. Theegfgpatio-temporal NH cycling, rather
thanin situ NH," concentration, can provide better insights intdarstanding the dominance of
non-N, fixing cyanoHABs (Hampel et al., 2018).

Little is known about N uptake and regeneration and the kinetics of Nidtake
duringPlanktothrix blooms. Light availability is likely not the onfactor shaping phytoplankton
community structure in Sandusky Bay, since othafleWw, turbid lakes are dominated by
Microcystis (e.g., Taihu Lake; Paerl et al., 2011) insteaBlahktothrix. The ability to compete
for nutrients, or substrate affinity, likely plaga important role in distinguishing between
Microcystis blooms in western Lake Erie aRtanktothrix blooms in Sandusky Bay. The goals
of this study were to: (1) quantify NHregeneration and potential uptake dynamics arad tot
microbial community demand for NFin Sandusky Bay during the summer bloom (June —
August); and (2) compare the kinetics of Nidptake during #lanktothrix-dominated bloom in
Sandusky Bay andMicrocystis-dominated bloom in Maumee Bay. We hypothesizetiNth,”
regeneration and potential uptake rates would asgehrough the summeriassitu DIN is
depleted and thlanktothrix bloom becomes more N stressed. Based on previetstlire on

NH," uptake kinetics foMicrocystis (Nicklisch and Khol 1983) anillanktothrix (Zevenboom



154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178

179

and Mur 1981), we hypothesized that Blanktothrix-dominated bloom in Sandusky Bay would
have higher affinity for Nif, representing a competitive advantage at lowNtdncentrations,

than theMicrocystisdominated bloom in Maumee Bay.

2. Methods
2.1 Sample Collection

Water samples from Sandusky Bay were collectedvendiccasions during summer
2017: June 5, June 26, July 31, August 14, and #u@f Surface water (top 20 cm) for NH
dynamics experiments was collected in 3 L Nalgestdds and stored in a dark cooler until
processing. All experiments were commenced withieg hours of sampling. Samples were
collected from four stations: Ohio Department otiNal Resources (ODNR) 4 and 6 in the inner
part of the bay, ODNR 2 in the outer bay, and Bédisated just outside the bay in Lake Erie
(Fig. 1). Samples fdn situ nutrient analyses were filtered, with a 60 mL 8gg, immediately in
the field using 0.2 um Sterivex cartridge filtekil{ipore) into 60 mL acid-washed polyethylene
bottles, stored in the dark on ice, and processdat®same day in the lab. Physico-chemical
parameters, including temperature and pH, were unedsising a multi-parameter sonde (YSI
model 600 QS). Due to a malfunction in the disstlerygen (DO) probe on the YSI, daily DO
measurements, starting 28 June 2017, were genersitegla Great Lakes Observing System
(GLOS) buoy located near ODNR 2 in Sandusky BaytéWeolumn DO values from June 5 and
26 were measured with a sonde deployed in thereasti¢er bay (east of EC 1163; Fig. 1).
Turbidity was measured using Secchi depth as aypktater for chlorophyla [1Chl
all[lanalysis was collected in amber bottles and stoneide until return to the lab. Biomass
was collected on the same day onto 0.2 um polycatedilters and stored at -20°C until treated

with 10 mL of 90% acetone for 24 h. Ghsamples were analyzed with a Turner Designs



180 Fluorometer (TD-700) using manufacturer’'s stand@vidslschmeyer, 1994). Ambient nutrient
181 analyses included NfA NO,, NOs, soluble reactive phosphorus (SRP), and total garsis
182 (TP) and was performed at the National Center fataMQuality Research (NCWQR) at

183 Heidelberg University.

184 Water samples for kinetic experiments in Maumee Bage collected on three occasions
185 from site WE6 (July 17, August 14, and October #0) once from site MB18 (August 9;

186 Fig.1), which is across the shipping channel frand in close proximity to, WEG6 (Fig. 1).

187 Sampling at WEG6 occurred in conjunction with NOAAe@t Lakes Environmental Research
188 Laboratory (GLERL) weekly sampling, whereas sangphh MB18 was conducted with Ohio
189  State University Stone Laboratory personnel. Serfaater (top 1 m) was collected usinga 5 L
190 Niskin bottle into a 10 L polyethylene cubitainerdastored in a dark cooler for transport to the
191 lab. Samples for nutrient analyses were immedidiédyed in the field into 15 mL clear,

192 polypropylene tubes using 0.2 um syringe filtergl@4; Millipore), stored on ice in a dark

193 cooler, and then frozen at -20 °C until analysistriént analyses (NH, NO,, NOs, and

194  orthophosphate (OP)) were performed using a La&®@®d Quikchem nutrient analyzer (Hach).
195 Note that Sandusky Bay data, analyzed by the NCVaQReidelberg university, is reported as
196 SRP, whereas the Lachat used for Maumee Bay dataures OP. Cld and geochemical data
197 (DO and temperature) from WE6 in Maumee Bay wepessed using the NOAA GLERL

198 annual data share and are single measurementsdatation.

199
200 2.2 NHj4 dynamics

201 NH," uptake and regeneration experiments followed theopol described in Hampel et
202 al., (2018). Briefly, 1 L of water from each statiwas amended with 98%NH,CI (Isotec; final

203 concentration added 8-32 uM based on bloom sta¢ushigher concentrations during heavier
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blooms to prevent total substrate depletion dumegbation), mixed thoroughly, and decanted
into six 125 mL, clear Nalgene incubation bottlggde light incubations and three dark). Initial
samples were filtered through a 0.2 um syringerfilt2.5 mL into 15 mL clear, polypropylene
tubes (for total NH analysis) and 12 mL with no headspace into Exetaitfor™>NH,"
analysis). Dark bottles were wrapped with alumirfoihand submerged with unwrapped light
bottles outside, submerged in water at near-ambgiritand temperature for 18 h. After the
incubation period, final samples were collectedescribed for initial samples. Totafl +°N)
NH," concentrations were analyzed using the Lachatemtitanalyzer->NH," concentrations
were measured using membrane inlet mass spectro(MWitvlS; Kana et al., 1994) combined
with oxidation to N gas (OXMIMS:; Yin et al. 2014). Samples f6NH," analysis were treated
with 200 pl of hypobromite iodine solution (oxid&Z&NH," to >*N,) and immediately
measured on the MIM$NH," standards (from 0.1 to 100 pM) were analyzedexb#ginning
and the end of each sample rtiNH," concentrations were determined using the line éuat
from the standard curve and tota\, production N, + 2 *¥N,; Yin et al., 2014).

Potential NH™ uptake rates and actual regeneration rates werglated using the
Blackburn/Caperon isotope dilution model (Blackur®79; Caperon et al., 1979; McCarthy et
al., 2013). In this model, potential uptake is akdted from the depletion of botfiNH,* and
>NH,4* pools, and regeneration is measured from dilutiothe total NH" pool by regenerated

1NH," and is considered an actual rate (Gardner €2G.7).

2.3 Community Biological Ammonium Demand (CBAD)
CBAD is a conceptual model of internal Hycling proposed by Gardner et al. (2017).

CBAD is represented by the difference between nredspotential NH™ uptake rates and actual

10
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227 regeneration rates during a bloom and reflectsétenicrobial community demand for IyH

228 Average values for CBAD in light and dark incubasovere calculated as:

229 CBAD = ([NH4Jo — [NHs") / t

230 where [NHois total ¢“N+"N) NH,* concentration at the initial time of incubatioNH,"];is
231 the total NH" concentration at the end of the incubation, ascetapsed time in hours.

232 2.4 Kinetic experiment

233 The Michaelis—Menten model (Caperon and Meyer, 18%ttens-Habbena et al., 2009)
234 was used to explore the kinetics of Niiptake durindPlanktothrix andMicrocystis blooms and
235 investigate the dependence of uptake rate on stibstoncentrations. This model relates the
236 reaction rate and substrate concentration followiegformula:

237 Vo= (Vmax[S]) / Km + [S]

238

239 Where \fhaxis the maximum velocity of the reaction, S is shibstrate concentration, ang, k6
240 the substrate concentration at &,y

241 To investigate the competitive abilities of diffeteyanobacteria in different parts of
242 Lake Erie, water from Sandusky Bay and Maumee Bay eollected as described above.

243 Unfiltered surface water collected in the field visported to the lab and decanted into seven
244 125 mL, clear Nalgene bottles. One bottle was deségl as a control and received'nd

245 additions. The remaining bottles were amended imitteasing®NH," concentrations ranging
246 from 0.25 uM to 16 pM at 5-6 substrate levels indbsky Bay and 4-5 in Maumee Bay. This
247 range of concentrations was chosen based on pnalignirials. The kinetic experiment followed
248 the protocol for NH" dynamics described above. Bottles were incubatadsitu temperature
249 and light for 5 h on June 5, June 26, July 17, 3alyAugust 28, and October 10, 2017. On

250  August 14, incubation time was limited to 15 mireda rapid NH' depletion. Uptake rates were

11
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calculated as above and plotted against spike otrat®ns using Kaleidagraph software
(version 4.5.3) to create the Michaelis—Menten euAdditionally, the Michaelis—Menten model
was run in RStudio (version 1.1.383) with the drackage (version 0.5-8) for combined

regression and association models.

2.5 Metatranscriptomic analyses

Biomass (500 mL) from several dates (June 8, J@ndy 6, July 13, August 3, and
August 31) during the summer 2015 bloom was caat the field onto 0.2 um Sterivex
cartridges, stored on dry ice, and placed in tle°@freezer until extractions. RNA was
extracted using the Mo Bio PowerWater Sterivex™ DN@lation Kit (now available as Qiagen
DNeasy® PowerWater® Sterivex™ Kit), with the altate RNA Isolation protocol. Extracted
RNA (3-5 pug per sample) was stored at -80 °C uintvas sent to HudsonAlpha Institute for
Biotechnology (Huntsville, AL) for RNA sequencinghere they were treated to reduce rRNA.
The reads were single-end reads of 50 base pdirsaples were from outer Sandusky Bay

site ODNR 1, except for the June 8 sample takentar bay station EC 1163.

The metatranscriptome reads were trichraaderwent quality control (QC) analysis, and
then were assembled using the CLC Workbench saftwansion 9.5.3 (Qiagen). The CLC
Workbench 9.5.3 program removed failed sequen@siiti not pass QC according to the
default parameters. The remaining reads were assdoi#onovo into contigs, then mapped back
to assembled contigs using the reference genonligaiedl RNA transcripts (RNAseq) files
were aligned to the following reference genom8dfurimonas denitrificans DSM
1251 ,Microcystis aeruginosa NIES-843,Desulfovibrio magneticus RS-1,Desulfovibrio

desulfuricans ND132 (Final JGI assemblyj\nabaena cylindrica PCC 7122 Aphanizomenon

12
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flos-aquae NIES-81 ,Klebsiella pneumoniae 1158, andBurkholderia pseudomallel K96243. The
reference genomes were concatenated into a sefglence library. An annotated genome of
Planktothrix agardhii from Sandusky Bay was obtained from Dr. Greg Ritthe University of
Michigan. These were selected to represent therdifit cyanobacteria and N fixers present in

metagenomic datasets obtained previously from SkydBay.

The reference genomes were confirmed for the peesefcphA, cphB, amt, glnA, and
nifH genes by implementing a gene search on JGI IMG/iNgube aforementioned sequences
plusPlanktothrix agardhii NIVA CYA 126/8. The BLAST tool of the CLC Workbehgrogram
was used to search for the gene sequence fromspactles of the reference genomes. Hits were
obtained with outputs of % identity, Greatest Hinigths, and E values for assessing relatedness
of the genes. Each of these sequences were thamfireated using the BLASTn and/or BLASTx
function using the NCBI database with the “dissamBequence” setting. The RNAseq files for
each date and site were filtered to find the cpoading Reads per Kilobase transcript per

Million mapped reads (RPKM) value for the gene urestion.

2.6 Satistical analysis

All statistical analyses were performed using Ritsoftware (version 1.1.383).
Environmental data were checked for normality usiregShapiro—Wilk normality test.
Temperature and TP were the only normally distedutariables. To investigate potential
environmental drivers of NAdynamics, a multivariate correlation analysis wasgrmed
using the Spearman correlation method for nonparandata. Ap-value of < 0.05 was

considered statistically significant.

13
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3. Results
3.1 Environmental variables in Sandusky and Maumee Bays

Water temperature in Sandusky Bay ranged from 20.# 24.5 °C (Table 1). DO
concentrations ranged from 9.18 to 9.71 rifgoetween June and August 14 and decreased at
the end of August (8.67 mg'). Chla concentrations showed seasonal variability, witatest
values at the end of June (mean = 75.2 + 27.7Paghd in July (mean = 122 + 74.5 pg)L
and lower concentrations in August (mean = 44.0.4 21g I''; p < 0.05). Chla concentrations
also varied spatially, with the Bells station irkiesErie ranging from 5.80 to 44.8 pg,L
significantly lower than the ODNR stations (31.372 pg L'; p < 0.05). Lowest Cha
concentrations at Bells corresponded with gre&esthi depths at this station (80 — 132 cm). At
ODNR stations, within Sandusky Bay, Secchi deptaseevB2 — 43 cm throughout the summer
(not measured in July).

NH," concentrations in Sandusky Bay showed slight tiaridbetween June and August
14 (mean = 2.63 + 0.49M; Table 1) but decreased significantly by Augu8t@ean = 1.02 +
0.32uM; p < 0.001). N@ concentrations were below the detection limitleties except July
31 at all stations and August 14 at Bells (TableNl)s” concentrations gradually decreased from
62.0 — 251 pMat the beginning of June to 0 — 1.43 jolMAugust. SRP concentrations were
lowest in June (mean = 0.20 = 0.09 uM) and greatéugust (0.50 + 0.20 uM; Table 1).

Water temperature in Maumee Bay decreased from°23-:925.1 °C in August to 20.7
°C in October (Table 2). DO peaked in mid-Augus6@mg L) and was lower in July (5.87
mg L") and October (5.72 mg). Chlaincreased from June (3.5 ug)Lto August (532 pgL
1) and decreased to 40.9 pg in October. Secchi depth was 50 cm in October2indm in

August and June. Ambient NHconcentrations in Maumee Bay were highest in (&89 +

14
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0.03 uM) and decreased to undetectable by Octblé&s.concentrations were highest in July

(5.13 £ 0.02 uM) and decreased to 0.02 + 0.001 pRdtober. A similar pattern was observed
for NOs” concentrations, with highest values in July (40@2pM) and lowest in October (0.40
+ 0.001 pM). OP was also highest in July (4.32@4QM) and decreased to 0.17 £ 0.01 pM in

October.

3.2 Potential NH4" uptake rates in Sandusky Bay

Potential NH" uptake rates in light incubations ranged from @®08.12 pmol [* h*
(Fig. 2A). Lower rates were consistently observeBells (mean = 0.16 + 0.01 pmof'lh™)
versus ODNR stations (mean = 1.78 + 0.18 umbht; p < 0.005). Light uptake rates at ODNR
4, 6, and 2 were not different from each otlger 0.05). At all stations, potential uptake rates i
light incubations increased through the summerrblowith lowest rates in June (mean = 0.53
0.08 pmol ! h'Y), higher rates in July (mean = 1.00 + 0.07 pmbht!), and highest rates in
August (mean = 1.99 + 0.20 pmof b™). However, differences were only significant begwe
June and Augusp(< 0.05). Light NH" uptake rates were positively correlated to amb&RP
and TP concentrations and @Gh{Spearmaip < 0.005) and negatively correlated to ambient
NO3 concentrations and Secchi depth (Spearm&ar®.05; Table 3).

Potential NH" uptake rates in dark incubations ranged from @200 pmol [* h*
(Fig. 2B). Lowest dark uptake rates were obsertddkefis (mean = 0.09 + 0.01 umotlh™);
however, the statistical significance of this diffiece from the ODNR stations was margiiest (
0.08). The three ODNR stations did not exhibit gigant differences in dark uptake (mean =
1.22 +0.04 umol I h*; p > 0.5). Dark rates also increased throughout tinenser, with lowest
rates in June (mean = 0.09 + 0.01 pmolHY), higher rates in July (mean = 0.22 + 0.01 pniol L

1Y, and highest rates in August (mean = 1.72 + u@®! L h™"). Dark rates in August were

15
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statistically different from those in June and Jgyk 0.05). Dark uptake rates were positively
correlated to SRP and TP concentrations (Speapwad.05) and negatively correlated to NO
concentration (Spearmarx 0.05; Table 3). Light and dark NHiptake rates were statistically
different from each other only in Julg € 0.05), and neither were correlated to ambien; NH

concentrations.

3.3 Actual NH," regeneration ratesin Sandusky Bay

NH," regeneration rates in light and dark incubatiossamot statistically different, so
they were averaged together (Fig. 2C). Averaged Mégeneration rates ranged from 0 to 1.54
pumol L* h™. Regeneration rates at Bells (mean = 0.05 + OrAal L™ h*) were an order of
magnitude lower than at ONDR stations (mean = 8.05.0 pmol [* h™; p < 0.05). NH*
regeneration rates increased from June (mean =H023 pmol [* h™") to July (mean = 0.34 +
0.04 umol I* h!) and August (0.87 + 0.12 pmot'lh ), and a statistical difference was
observed between June and Augpst 0.05). Regeneration rates were positively cateel to
TP and Chh concentrations (Spearmprk 0.05) and negatively correlated to NO

concentration and Secchi depth (SpearmarD.05).

3.4 CBAD

CBAD followed a similar pattern as NHuptake rates (Fig. 3A), increasing from June
(mean = 0.23 + 0.01 umol'th™) to August (mean = 1.07 + 0.03 umot b*) across all
stations. Light CBAD values during the two samplirigs in August were twice as high as the
average of the other months (mean = 0.33 + 0.01 jLtha™).

Dark CBAD also increased over the summer (Fig. 3&ting with negative values

(reflecting net NH' regeneration) in June. By the end of August, @BIAD (1.05 + 0.02 pmol
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L™ h") was as high as light CBAD (1.12 + 0.03 pmdi ). Light and dark CBAD were lowest

at Bells (0.10 + 0.01 and 0.03 + 0.01 pmdi k', respectively).

3.5NH," uptake kinetics

Kmvalues in Sandusky Bay were highest in Jung$K8.7 uM; Fig. 4A) and ranged
from 1.4 to 1.8 uM in subsequent experiments. H@revin.x increased from July to the end of
August (1.52 to 27.1 umol'th™, respectively).

Km values in Maumee Bay showed the opposite pattem dbserved in Sandusky Bay
(Fig. 4B). K, values increased from July ¢k 0.32 pM) to the highest value in Octobep,®
8.52 uM). However, ¥axin Maumee Bay remained in a tight range from @c20.53 pmol [*

h* for all experiments.

3.6 Metatranscriptomic analysis of N metabolism

During 2015, a series of Sandusky Bay metatrgoisenes obtained from June 8 to
August 31 examinedphA, cphB, amt, gInA, andnifH gene expression . agardhii during the
onset of N limitation (Fig. 5)Planktothrix expressed two distincphA genes, but at different
times in the season corresponding to N availabMtgnktothrix has thecphBA operon and an
independentphA (Forchhammer and Bjorn, 2016). The independph# (cphAl) was
expressed when N was repletphA2 was expressed, along withhB, when N levels were low.
No Microcystis cphA expressions were detected.

In early summer, when NAand NQ concentrations were high (Fig. 5A, B) due to
riverine discharge following spring rains (Salkaét 2018)cphAl was highly transcribed,
suggesting luxury N storage via cyanophycin syngh@upta and Carr 1981; Allen 1984;

Forchhammer and Bjorn 2016). When Nidnd NQ” were depleted in late summer, cpinAl
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expression was detected, ajpthBA2 operon transcription was activated (Fig. 5A), Ssjge
cyanophycin degradation (Richter et al., 1999; Boninet al., 2017) as an adaptation to N
limitation. Reflecting the increased competition fbwas the expression gihA in late summer,
encoding glutamine synthetase, the high affinisiragation pathway for N& (Reyes et al.,
1997). Genes for NH transportersmt1 andamt3 were transcribed constitutively throughout
the summer (Fig. 5B).

Earlier work documented the presence of a minormsamty of N-fixing cyanobacteria
during thePlanktothrix-dominated bloom (Salk et al. 2018). 16S rRNA reasisgned to
Nostocal es (predominantlyAphanizomenon spp. andolichospermum spp.) reached up to 25%
of total cyanobacterial reads on a few occasior®)itb before complete N depletion (Fig. 5B),

but Nostocales reads were usually very low.

4. Discussion
4.1 Potential NH;" uptake and CBAD

Nutrient concentrations and IyHdynamics exhibited expected patterns during tHe& 20
Planktothrix bloom in Sandusky Bay. After bloom initiation, DBéncentrations in the bay
decreased to low or undetectable levels (Tableitf), NOs often below detection, and
detectable but low N concentrations. This pattern is consistent wittvjmus work in
Sandusky Bay (Chaffin et al., 2018; Salk et al1&0and suggests a high demand and
competition for N in late summer. NHuptake rates in light incubations increased thinowy
the summer at all stations, with late August rajgsroximately four times higher than those in
June in the bay (ODNR 2, 4, and 6) and five tinresiger outside of the bay at Bells (Fig. 2A).

As expected, these light uptake rates were coeladsitively with Chh (p < 0.005; Table 3),

18
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suggesting an increase in photoautotrophic actityBells, where Chh was consistently

below bloom thresholds (< 20 pgiXu et al., 2015), N uptake rates (and CBAD) were
predictably lower than those at sites within SakglBay. The NH" uptake rates reported in this
study for Sandusky Bay are consistent with thopernted in other freshwater, eutrophic,
cyanoHAB-impacted lakes (Gu et al., 1997; Présirag.e2001; James et al., 2011; McCarthy et
al., 2013; Hampel et al., 2018).

Light uptake rates reported in this study are aleoof magnitude greater that those
reported recently in Sandusky Bay (Salk et al. 80 comparison with similarly eutrophic
systems, those rates were exceptionally low, indeee comparable to those measured in
oligotrophic lakes (e.g., Suttle and Harrison 198®)luding Lake Michigan in late winter and
spring (Gardner et al., 2004). Stable isotope amditused in Salk et al., (2018) were tracer-level
(i.e., <10 % of the ambient DIN pool) and may hanederestimated NA cycling rates due to
complete substrate depletion before incubatione waded (Paasche 1988). Substrate depletion
is especially problematic in highly productive gyss, like Sandusky Bay; thus, we applied
saturating-level stable isotope amendments, whielbetter suited for highly dynamic,
eutrophic systems with high cyanobacterial biom&ssurating additions of substrate can alter
steady-state conditions (Glibert et al., 1988)réfme, NH" uptake rates reported in this study
are qualified as potential rates, but results featurating- and tracer-level isotope amendments
tend to converge in eutrophic systems with highianmttNH,;" concentrations (Glibert et al.,
1982).

Dark NH;" uptake rates also increased with time at the tzipas and, to a lesser extent,
at Bells (Fig. 2B). By late August, dark NHuptake rates were not distinguishable from light

uptake rates. Dark uptake rates in Sandusky Bag higher than those observed in other
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eutrophic lakes affected by cyanoHABs (James gR@l1; McCarthy et al., 2013; Hampel et
al., 2018), suggesting an important role for hd@teghic organisms. Some photoautotrophs can
assimilate NH" in the dark under N limiting conditions (e.g., @t et al., 1991); however, our
saturating-level®NH," additions likely minimized this effect. Dark uptakates were not
correlated with Cha concentration (Table 3); thus, when Nk scarce and competition for
NH," is extreme in late summer, heterotrophic partripsshith cyanobacteria in the
phycosphere may become important (Steffen et@L2p

The phycosphere concept was introduced by Bellitchel (1972) and is analogous to
the rhizosphere concept in soils. In mixed micrbagsemblages, heterotrophic bacteria can
simultaneously regenerate and assimilate NFupas and Koike, 1991). These bidirectional
interactions have been studied in diatoms, dineflates, and other cyanobacteria (Amin et al.,
2015; Lupette et al., 2016), yet little is knowroabphycosphere interactions during
cyanobacterial blooms. Phycosphere interactionsinpilay a key role in dynamic, eutrophic
ecosystems, where competition for nutrients is hagid microbial interactions in the water
column are complex. For example, NHiptake by heterotrophic bacteria has been prelyious
studied, mostly in marine environments (Kirchmaalet1990; Tupas and Koike, 1991).
Heterotrophic uptake of NAin the light has been shown to increase with desing ambient
concentrations (Kirchman et al., 1990), suggestiad heterotrophic bacteria can outcompete
phytoplankton at low N concentrations. Our NF cycling patterns support these findings and
suggest that Sandusky Bay exhibits similarly compiécrobial interactions between
cyanobacteria and heterotrophic partners.

The CBAD model represents NHdynamics and microbial productivity in N depleted

systems (Gardner et al., 2017), and thus is a luseic to investigate Nk cycling in
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Sandusky Bay. CBAD reflects the demand of the emtiicrobial community, including (light
CBAD) and excluding photoautotrophs (dark CBAD; @wer et al., 2017), assuming that
photoautotrophs were not active in dark incubatidvighin the bay, light CBAD followed the
pattern of light uptake rates, with the largestéase observed between July 31 and August 14.
Dark CBAD was negative, reflecting net WHegeneration by the microbial community, or low
in June and July (Fig. 3), indicating that demamdNH," in the dark was largely met by the
supply from regeneration (Gardner et al., 2017)weler, dark CBAD was not distinguishable
from light CBAD in August, concomitant with decreadschlorophyll, suggesting that the
increased dark CBAD reflects increased demand byphmtoautotrophs.
4.2 NH,;" Regeneration

NH," regeneration rates at ODNR 6, 4, and 2 followedsédime general pattern as uptake
rates, with lowest values in June and highest igustt At these stations, regeneration rates at
the end of August were almost twice as high asalmdune, suggesting that N depletion by the
bloom caused photoautotrophs to rely on regeneidit&d from increased heterotrophic activity
and bloom biomass remineralization to support gnoWthile regeneration can supply
substantial amount of Nf{ high biomass creates a great demand for N in stugine
proportion of uptake supported by regenerationeased throughout the summer (Fig. 2C). In
outer Sandusky Bay (ODNR 2), regeneration coulgstiB6 — 40% of potential light NH
uptake. This proportion increased to 50% by the@nlugust, a pattern that is magnified in
potential importance considering the large increasgptake rates from June to August.
Increasing dependence on regeneration correspawitietbw ambient N concentrations in the
bay, further highlighting the important role of yeked NH;" in supporting cyanoHAB growth

and bloom maintenance. Other cyanoHAB-impacteddadkhibit similar patterns of
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dependence on NfAregenerated in the water column, including Lakin@T&Paerl et al. 2011;
Hampel et al., 2018), Lake Balaton (Présing e28l01), Lake Biwa (Haga et al., 1995;
Takahashi et al., 1995), and Missisquoi Bay, Lakar@plain (McCarthy et al. 2013).

To compare regenerated Hates in the water column to external N loading, w
extrapolated average NHregeneration rates from ODNR 6, 4, and 2 to thelevbay volume
(0.423 knf; Conroy et al., 2007). Daily Sandusky River floataland total N (TN) and total
Kjeldahl N (TKN; TN = TKN + NQ + NOy) concentrations from 2017 were obtained from the
NCWQR (https://ncwgr.org) and used to calculatéydand annual external N loading. Annual
TN loading from the Sandusky River (October 201%eptember 2017; the NCWQR database
was not updated beyond September 2017 as of mapiys@paration) introduced 8.58 x10
metric tons of N into the bay during this 12 mop#riod. Average summer regeneration from
our incubations (June—August 2017) recycled 6.6%nietric tons of N as NH. In just the
three summer months evaluated, regeneration iwdter column provided bioavailable N for
primary production at the level equivalent to ~77% of the annual N load.

When extrapolated to the whole bay volume, daily;NEgeneration exceeded daily TN
loading at all sampling events (Table 4). During Week of June 5, regeneration contributed 2—
5 times more N than the Sandusky River. Duringitbek of July 31, regeneration provided 25—
53 times more N than the river and, by the endugust, over 1000 times more N than the river
(Table 4). While the contribution of regeneratianreased throughout the summer, TN and
TKN loading from the river decreased along withctisrge. However, the proportion of TKN to
TN in Sandusky River loading increased from 13.at%he beginning of June to 91.9% by the
end of August (Table 4), highlighting the importaraf considering N forms and potential

bioavailability in external loading.
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This exercise exemplifies the critical role of mmtally recycled NH" during summer in
sustaining thélanktothrix bloom, especially when ambient N was depleted.|d@ige mass of
internally recycled N, driven by high external N loads from the watettig critical
information for resource managers and regulatoin®, @ften base management decisions on
ecosystem models that do not sufficiently consiblereffects of internal N dynamics on
eutrophication issues. Monitoring nutrient concatidns in eutrophic systems, while valuable,
does not provide a sufficient characterizationhefse nutrient dynamics. High microbial demand
and turnover rates can cause highly bioavailabteenis, such as NH, to be undetectable or
measured at low concentrations, even though theycting rates are largely supporting system
productivity at critical times (McCarthy et al., 2X).

4.3 NH;" uptake kinetics

Kinetic NH;"™ uptake experiments in Sandusky and Maumee Baybitsdhopposite
patterns, suggesting that these microbial commasitiere distinctive (Fig. 4)..Ks often used
to represent the affinity of a microbe for a sudigtr Microbes with a low Khave a competitive
advantage at low nutrient concentrations and acell=nt scavengers (Martens-Habbena et al.,
2009). However, microbes with a high, khrive at high substrate concentrations and can
assimilate more substrate before reaching satarafifith different K, values, microbes can fill
different niches in the environment to maximizeticempetitive abilities.

In Sandusky BayRlanktothrix-dominated community; Davis et al., 2015; Salklgt a
2018), the highest Kwas observed in June, and it then decreased abitizd throughout July
and August. While K remained relatively constant in July and August,observed a dramatic,
significant increase in Max from the end of July (Max= 1.52 pmol [* h™") through August (Viax

= 27.1 pmol *hY), which reflects strong competition for deplete/l The increase in Wax
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536 corresponded to significant increases in dark Nkptake rates between the end of July and
537 through August (Fig. 2). When NHavailability in the water column is low, dead aningy

538 cells may be rapidly remineralized in the phycosphehich may help explain increased

539 heterotrophic activity (e.g., Gardner and Lee 19ThE constant and relatively low }of the

540 late summerPlanktothrix—-dominated community illustrates the strong affiridr NH," during
541 N limited conditions. K, values reported for NA in Planktothrix are lacking both in culture and
542 natural environments. One study investigated, Nigtake kinetics in chemostats underfNO
543 limitation and reported K values of 8 £ 3 uM (Zevenboom and Mur, 1981), \whace

544  comparable to our values from June, but higher thase from late summer.

545 In contrast, I, values in Maumee Bay increased from July (0.32 gdVAugust (3.53

546 M) and October (8.52 uM). This pattern may reftbetrapid increase iMicrocystis-

547 dominated cyanoHABs in Maumee Bay commonly obsemeétligust and lasting into October
548 (Steffen et al., 2014). Unlike Sandusky Bay,.Mn Maumee Bay was consistent (0.20-0.53
549 pmol L*hY), perhaps suggesting that competition for,NiH Maumee Bay was less intense than
550 in Sandusky Bay. The Maumee River watershed (21k&#Dis 4.5 times larger than the

551 Sandusky River watershed (4,727%nand, accordingly, the Maumee River supplied 66.8
552  metric tons of TN to western Lake Erie in Augusfi20while the Sandusky River supplied 13.2
553 metric tons of TN to Sandusky Bay (NCWQR). DIN centrations in 2017 were very low in
554  Sandusky Bay from August through late summer (Tahléut DIN concentrations were still
555 high (> 100 uM, mostly comprised of NPin Maumee Bay in August (Table 2). Thus, while
556 DIN in Sandusky Bay was scardéicrocystis was not as substrate limited, perhaps affecting
557 measured K and Viax values. Additionally, light and dark NHuptake (0.125 and 0.058 umol

558 L™*h™ respectively) and regeneration rates (0.162 [iidi') at MB18 in August were 10—20
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times lower than those in Sandusky Bay (Hampel. etiapublished data). These results support
the hypothesis that substrate competition was sieikaeme in Maumee Bay as in Sandusky
Bay.

The reported range dlicrocystis K, values is broad, including values up to 37 uM in
culture (Niklish and Khol 1983) and 113 uM in hypetrophic Lake Taihu (Yang et al., 2017).
Thus,Microcystis can assimilate substantial amounts of;Nbtfore becoming saturated.
Overall, the results of this kinetic comparisongess that, during the peak of a summer bloom
when NH;" was depleted?lanktothrix had a competitive advantage in its high affindy KNH;,",
while N conditions in larger Maumee Bay allowed liess competition for substrate in the

Microcystis-dominated community.

4.4 Metatranscriptome

The transcriptional data in this paper address g&peession for N assimilation and
storage functions within an active bloom. The dahffer from what is observed in pure cultures
of model cyanobacteria. Studies widlolichosper mum (Anabaena) andSynechocystis reveal
cyanophycin synthesis during decreases in N, ar@hdment of N-starved cyanobacteria with
exogenous NHi resulted in accumulation of cyanophycin (Mackeetal., 1990). Cyanophycin
is also responsive to shifts in light and nutrigtden, 1984; Van de Waal et al., 2010). It is
unclear how these other factors may influec@®\1 andcphBA2 expression, but the pattern
observed in Sandusky Bay suggests that cyanopByoihesis and degradation is a strategy for
Planktothrix success in a system prone to strong shifts indilahility. The expression @inA,
under the control afitcA, a transcriptional activator and sensor of intlata C:N ratios (Zhao
et al., 2010), is also consistent with the obsedexlines in N concentrations. Taet

expression is present across the sampling seaslocoasistent with N supply from regeneration.
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584 Patterns of N depletion in the summer and sustahatktothrix blooms are well-

585 documented in Sandusky Bay (Davis et al., 2015ff®het al., 2018; Salk et al., 2018). The
586 community composition in the present study resechiiiat of all prior years sampled:

587 Planktothrix-dominated, with a minor fraction (5-20% of 16\¥Rreads) of N fixing

588 cyanobacteria (Salk et al., 2018Yhile the field study described here was complate2D17,

589 metatranscriptomic data from 2015 can help elueidanhetic mechanisms for physiological
590 processes underlyifganktothrix success in an N limited system. Early in the summken

591 ambient bioavailable N concentrations were gregtmes for synthesis of the N-rich compound
592 cyanophycin were transcribed, suggesting luxurgketand N storage, as demonstrated in

593 laboratory studies (Van de Waal et al., 2010). Aabiant N was depleted late in the summer, the
594 cyanophycinase gene was transcribed, mobilizinggdthl from an intracellular pool to help

595 meet metabolic N requirements. ConcurrerdlpA, transcribed following N depletion, and

596 constitutiveamt transcription reveal active mechanisms to accgxteacellular NH'. Together,
597 these mechanisms of luxury uptake during N repletalitions, and high affinity Nk transport
598 throughout the bloom, contribute Rbanktothrix dominance as N is depleted in summer.

599 Despite the dominance Bfanktothrix in Sandusky Bay for most of the bloom season,
600 both cyanobacterial N-fixation (Salk et al., 20&8pnif transcription were detected as N

601 concentrations decreased, supporting the intetpyetiom NH," dynamics and transcriptomic
602 results that the cyanobacterial community evolwel timitation over the course of the bloom

603 season.

604

605 5. Conclusions

606

607 The results presented in this study highlight tieasnic nature of eutrophic Sandusky

608 Bay during thePlanktothrix bloom. Specifically, we emphasize the importancaefrnal NH,*
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regeneration in sustaining summer nonfiXing CyanoHABS, and likely influencing their
toxicity as well (Davis et al., 2015). Internal WHtycling and rapid Ni turnover rates should
be considered in ecosystem models used to infotmenttmanagement strategies, which should
incorporate dual nutrient management (N and P)tsffo prevent and mitigate non-Kixing
cyanoHABs in eutrophic lakes. Monitoring iWHurnover rates, rather than focusing solely on
ambient nutrient monitoring, can improve our untierding of the aquatic N cycle in eutrophic

lakes affected by cyanoHABs and how regenerationribmtes to sustaining cyanoHABS.
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Tables

Table 1. Environmental parameters and nutrient eotnations in Sandusky Bay. DO values from Junewe
measured with a sonde deployed in the eastern bayefeast of EC 1163). Nutrient concentrationsaweeasured
in triplicate within £ 10% error margin.

Dissolved
Date Station  Temp Oxygen Chla NH4" NO, NOs SRP TP Secchi

(°C) (mgL) (HgL) (M) (uM) (M) (uM) - (M) - (cm)

June 5 ODNR 4 22.2 44.2 2.57 BDL** 243 0.28 344 8 3
ODNR 6  21.9 58.3 2.64 BDL 251 0.28 3.10 48
ODNR 2 217 9.18 48.1 2.43 BDL 101 0.13 3.03 38
Bells ND* 5.8 2.57 BDL 62.1 0.13 2.50 ND
June26 ODNR4 215 107 2.57 BDL 33.6 0.25 9.69 32
ODNR 6  21.7 88.8 2.71 BDL 96.4 0.28 6.47 40
ODNR 2 215 9.29 60.7 2.57 BDL 35.7 0.16 4.78 32
Bells 20.4 44.8 2.93 BDL 41.4 0.19 1.38 106
July 31 ODNR 4 235 167 3.36 2.14 58.6 0.50 491 D N
ODNR 6  23.6 172 2.14 4.29 77.1 0.25 4.09 ND
ODNR 2 24.2 9.71 136 2.57 2.86 69.3 0.31 3.47 ND
Bells 24.5 131 1.29 0.71 15.7 0.28 1.00 ND
August 14 ODNR4 23.6 61.0 3.64 BDL BDL 0.59 6.22 34
ODNR 6 23.5 59.4 2.71 BDL BDL 0.47 6.22 44
ODNR 2  23.7 9.57 57.9 1.71 BDL BDL 0.43 4.25 54
Bells 24.4 11.2 2.79 0.71 1.43 0.38 1.16 80
August 28 ODNR 4 22.3 56.7 0.71 BDL BDL 0.88 7.81 30
ODNR 6  22.2 59.5 1.00 BDL BDL 0.31 5.56 34
ODNR 2  22.7 8.67 31.3 1.36 BDL 1.43 0.31 4.78 38
Bells 23.1 14.9 0.86 BDL 0.71 0.31 1.53 132

*ND — not determined
**BDL — below the detection limit
" Measured east of EC 1163
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Table 2. Environmental parameters and nutrient eotnations in Maumee Bay. Nutrient
concentrations were measured in triplicate withitO%o error margin.

34

Dissolved

Date Station Temp Oxygen
(°C)  (mgL?)

July 17 WEG6 24.6 5.21
August 9 MB18  23.9 9.18
August 14 WEG6 25.1 10.7
October 10  WES6 20.7 6.00

*ND — not determined

Chl

(ug L
3.50
NM
532
40.9

NH,*
(HM)
6.29
0.99
0.33
BDL

NO,
(LM)
5.13
1.51
1.46
0.02

NO5

(HM)
400
96.5
122
0.40

oP
(LM)
4.32
0.16
0.53
0.17
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Secchi

(cm)
20
NM
20
50
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FigureList

Figure 1. Map of sampling locations in Sandusky Btly46883; -82.85299) and Maumee Bay
(41.71516; -83.39496). The inset shows the locatfdhe western basin relative to the rest of
Lake Erie.

Figure 2. Ammonium regeneration and potential uptaites in Sandusky Bay in 2017. Potential
light uptake rates (A), potential dark uptake r¢dis and averaged regeneration rates (C).
Values are averaged (three replicates) with emmos bhowing + one standard error.

Figure 3. Community Biological Ammonium Demand (CBAn Sandusky Bay in light (A) and
dark (B). Values are averaged (three replicate) mror bars showing = one standard error.

Figure 4. Michaelis-Menten N uptake kinetics in Sandusky Bay (A) and Maumee @)yin
2017.The Michaelis—Menten model fits for Sandusky Bayavdune 5 (r = 0.98), June 26 (r =
0.75), July 31 (r = 0.92), Aug 14 (r = 0.73), Al® @ = 0.97), and Maumee Bay model fits were:
July 17 (r = 0.38), Aug 9 (r = 0.98), Aug 14 (r 96), Oct 10 (r = 0.98).

Figure 5. Metatranscriptome data and ambien;Ntdd NQ™ concentrations in Sandusky Bay in
2015.cphAl andcphA2 arePlanktothrix agardhii paralogs encoding cyanophycin synthetase,
cphB encodes cyanophycinase, ajidA andamt encode glutamine synthetase and;NH
transporters. Relative transcript abundance iseptes as reads per kilobase of transcript per
million mapped reads (RPKM).
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Figure 2

Ammonium Uptake in Light (umol L' ")

Ammonium Regeneration (umol L h")

3.5

1.5

0.5

June 05
July 31
Aug 14
Aug 28

EEEO

ODNR 4 ODNR 6 ODNR 2 Bells
Stations
1.6 : ;
C O June05
B July 31
1.4 B Aug 14
W Aug28

1.2

0.8

0.6

0.4

0.2

ODNR 4

ODNR 6 ODNR 2
Stations

Bells

Ammonium Uptake In Dark (umol L' ')

W
o

w

N
2]

0.5

June 05
July 31
Aug 14
Aug 28

EEEO

ODNR 6
Stations

ODNR 2 Bells

39

39



Figure 3
2 I
A O June5
O June 26
B July 31
B August14
15 L B August28
.TC
o 1L |
I=]
£
=
Q
é
o 05 4
<
=2
3
0
-0.5 L
ODNR 4 ODNR 6 ODNR 2 Bells
Stations
2 T
B O June$s
O June 26
B July 31
B August14
15 L B August28

Dark CBAD (umol L' by

ODNR 4

ODNR 6 ODNR 2
Stations

Bells

4C

40



Figure 4
25
A ' ' : June5
June26
July31
Aug14
20 | Aug28
7.C
4
=]
S5t .
i)
©
L1}
X
8
2 10 E
>
£
g June5 —Km=8.7; Vmax=2.04
o June26 — Km = 1.4; Vmax = 2.53
E 5L July31 — Km = 1.9; Vmax = 1.52 |
< Augl4 — Km =1.5; Vmax = 16.0
Aug28 —Km=1.7; Vmax=27.1
e —
0+ 4
1 1 1 1
0 5 10 15 20 25
Ammonium concentration (UM)
05 T T T T
July 17
Aug 9
Aug 14
—Oct 10
~— 04 | -
=
i
©
£
= 03} i
i)
©
15}
=X
©
=3
S 02+ 4
£
2
[
o
£
£
< 01 F -
July 17 — Km = 0.32; Vmax = 0.436
Aug 9 — Km = 0.99; Vmax = 0.204
Aug 14 — Km = 3.5; Vmax = 0.414

Oct 10 — Km = 8.5; Vmax = 0.529
1 1 1

1 2 3 4
Ammonium concentration (uM)

5 6

41

41



42

(M dY) uoissaldxg suss)

o o o o o o o
o o o o o o o
[ce} o < (¢} © < N o
1 | 1 | | ! | |
VLSS SIS Y
o+ —
. - o =R
o g I I O TEESE
O I £3835 ZZaa®C
Z Z 5 S O %
1} ’
N
——"
SR RS ERRERIRIISSISSSSSSS ///H ——
= n ——
/ ”
7//./////.//1/?///2///////.vl ” /|)”I
< SE— S
T T T T T T T T T T T T T T
o o o o o o o o o o o o o o
o Y] o Yo o wn o Te] o [Te} o Te]
™ N N -~ -~ ™ N N — —
(,-71owr) €ON (,-7 1owr) _€ON
[ T T T T T T T T T T T
le} < (sp] N ~— own < (a2} N ~ o

Figure 5.

( _\||_ [jown) +V_|_Z

(,-71owr) ,PHN

Date

42





