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Abstract

Globalinland lakes are suffering accelerated eutrophicatiahwater bloomsGenerally,
nitrogen () and phosphoruqP) nutrientsare the important factors leading toishproblem
Lower NP (ratio nitrogenand phosphorusfavors dominance by cyanobacter(a2< N/P <23).
However,even thougN/P is inthis range, cyanobacterial blooms m@agt occurin some cases
and thus microcystin (MC) concentrations daot increaseThis indicates thalN and P are
important factorsfor cyanobacterial bloomsbut not tle only ones.With the discovery of
microcystin sythetasesgene(mcy) cluster precisemolecular detection techniques (e.geal
time quantitativepolymerase chain reactiqqPCR) can provide insights into the dynamics of
toxic cyanobacteria and environmental regulation of toxins in the field ftwmpoint of
cyanobacterium itselfe.g, genotypes diversity and regulation g¢ne expressionpesidesthe
commonlyMicrocysitsblooms,some rae cyanobacterial taxare alsoknown to massively grow
into bloom occurrencén certain waterbodies, e,gl'ychonemaourrellyi. Furthermore, it can
produce g elonenmand is thareby bsted as the potential harmful cyanobacteria
influencingthe drinking watewsafety However, the taxonomic of this gentligchonemas still
unresolved. The other biological and ecological featurds bburrellyi arealso well unrevealed.
On the other hand,atellite remote sensing is\a&ery useful tool for monitoringdynamicsof
harmful cyanobacteridlooms (HCBS) through the Chlorophydh (Chl-a) indexwith high spatial
and temporatesolutionin a larger sca&l A proper remote algorithm for Lake Erhai should be
selected In this study, the objectiveare: 1) torevealthe \ariation of Microcystisand MCs
coupling with N and P nutrient®) to focus onthe dynamics andiological characteristics of
odorproducng cyanobacteai Tychonema bourrellyin Lake Erhai; and 3) taiscuss the
application of remote sensimdgorithmfor monitoringHCBs of Lake Erhai

Lake Erhai is located in YunnaRrovince, China, and is the second largest lake in

southwestern Chinwith water surface areaf 249 knf and meandepth.It plays an important



role as a drinking water source for the local peopterecent decadesake Erhai has got into
the trouble of eutrophication and cyanobacterial blaohie lake is currently defined ashe
preliminary stageof eutrophic statesDue to the sensitive variation in water qualitydathe
extensiverepresentative datd.ake Erhaiis regarded as a representative case for researching
eutrophication progress and occurrencelGBs

The presenttady examined the dynamics bficrocystisblooms and toxidVicrocystisin
Lake Erhaiduring 2010, based on quantitative réale PCR method using6S rRNAsequence
andmcygene, and chemical analyde MC concentrations. TotaWicrocystiscell abundance
wasshown as an average bf7x10 cells L. MC-LR andMC-RR were main variast The MC
concentration, cell abundancef total Microsytisandtoxic Microsystisshowedto be positively
correlated withwatertemperatureand TP,andnegatively correlated #h TN andNOs-N. When
20< TN/TP <40, Microcystistended to dominate and MC concentrations tended to increase
Further analysis showed thgenotypesliversity ofmcyand gene expression of Ntadupling
with N and P nutrientaffect MC concentratiosandtoxigenicity of Microcystisin Lake Erhai.

The rae cyanobacterial taxd. bourrellyi has beerfound firstly in Lake Erhai Several
strains of T. bourrellyi have beersuccessfully isolated from the lakk. was only found in
several lake of Europe befottgen. Although sometermediate charactein morphologcal and
physiologicalcharactes, the comparative analysisuch agnorphological featuresl6S rDNA
sequencesand planktonic habitatof these strainshelped usto identify them asTychonema
bourrelyi under subfamily Phormidioidead@hree strainof T. bourrellyi could produce both
ge o0 s mi n -loronedvolablle substance#t was confirmed  the HPLC andmcy gene
approachthat no strain produed MCs. Furthermorethe dynamics of cell abundaneat 12
sampling site®f Lake Erhaiwith an average of 310 cellsL™ were showrfrom 2009 to 2010
using gPCRThe obviouspeaksoccurred in July and August every yegkurthermore, the cell
abundance ofTychonemawas far inferior to Microcystis due to its low anoxygenic
photosynthetic capacityand its relative weakstrategy for uptake of Runder lower P

concentrations in Lake Erhai



Satellite remote sensing is a highly useful tool for monito@idga concentratiorof HCBs
in water bodies. Remote sensing aifons based on neamfraredred (NIRred) wavelengths
have demonstrated great potential for retriev@ig-a in inland waters. This study tested the
performance of a recently developed N based algorithm, SAMQUT (SemiAnalytical
Model Optimizing &ad LookUp Tables), using an extensive dataset collected from five Asian
lakes. Results demonstrated tl@tl-a retrieved by the SAM@QUT algorithm was strongly
correlated with measure@hla (R?> = 0.94), and the roaneansquare error (RMSE) and
normalizel rootmeans quar e err or ( NRaG72.6%; eespectively. dowevgrA m
the SAMOLUT algorithm yielded large errors feeverakites whereChl-a was less than 10 mg
m'® (RMSE = 1.8 mgn'® and NRMS = 217.9%). This was because differences in seseing
radiances at the NHRed wavelengths @, 665 nm, 705 nm and 754 nm) used in the SAMO
LUT were too small due to low concentrations of water constituents. Using egriglee
algorithm (OCA4E) instead of the SAMOUJT for the waters with low constient concentrations
would have reduced the RMSE and NRMS to 1.0 mid and 16.0%, respectively. This
indicates (1) the NIRed algorithm does not work well when water constituent concentrations
are relatively low; (2) different algorithms should be used in light of water constituent
concentration; and thus (3) it is neaassto develop a classification method for selectimg
appropriate algorithm.

Overall,this studyattemptdo use acombinedexaminatiormethod toinvestigatedynamics,
biological and ecological features of HCBstire lake from different perspective. The above
results only pesengd the partial contents on HCBSther contents of HCBs stileedto be
further studiedin the future A comprehensive study for HCBs needs to combine all kinds of

analysis methods and monitoring tools.
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Chapter 1 General introduction

1.1 Cyanobacteriaand harmful cyanobacterial blooms

Cyarpbacteria are ancieprokaryoticorganismswith fossil remains datingack 3.5 billion
years §chopf 2000 Schopfet al. 2007, Wu et al. 2013 which can be found in almost every
terrestrial and aquiat habitas, such asoceans, fresh watgrdamp soil, temporarily moistened
rocks in deserts, bare rackand soil, and even Antarctic rockSchopf and Packer 1987
Cyanobacteria show considerable morphological diversity. @heynicells (e.g.Chroococug
or filaments (e.g.Anabaenaand Oscillatoria) and theymay occur singly or grouped tm
colonies.Cyanobacteria get their calérom the bluish pigment phycocyanwhich they use to
capturethe energy ofnlight for photosynthesis. In generahobsynthesiof cyanobacterias
an important microbiological conduit of solar energy into the biosphere.

However, sme cyanobacteria are known larmful cyanobacteriadue to theecological
(creation of bottom water hypoxia, disruption of food webs), ecacanimpact recreational,
fishing, and drinking waters), and health repercussions (human and animal intoxiCEtiein)
toxins (e.qg, cyclic peptides and alkaloidBpvecaugdserious and occasionalbpisoningevents
to mammals, including humareroundthe world (Falconer et al. 1983, Runnegar et al. 1993,
Carmichael 2001, 2008)such asMicrocystis produce microcystins (M§. Some harmful
cyanobacteriacan release odor substarxcdi.e., Pseudanhaenaand Tychonemacan release
gesomin or2-methylisoboreol [2-MIB]) influendng the quality of water supplies, so far as to
lead to the closure of recreational waters wihénserious Yang 2007 Wang et al. 2011cShao
et al. 2013 Severalaquatic cyanobacteria are known for their extensive and highlpleisi
bloomsas tarmful cyanobacteridlooms (HCBS), which can form in both freshwater and marine

environments A massof HCBs can induce oxygen deficiency in deep waters to cause mass



mortality of benthic animals and fisks(anéli et al. 1989)and alsaaffect the aquatic landscape
(Pearl and Huisman 2008).

Harmful cyanobacterianly comprisea small proportion of akkyanobacteriaspecies. Of
the known5,000 named living phytoplankton species (Sournia et al. 18&byt 300 HCBs
speciesan cause wateristoloration andnly some 80f which produce toxins that can cause
shellfish and human poisoning (Hallegraeff 2003).Microcystis Anabaena Aphanizomenon
which have relatively large oaty/filament sizes and can float on water surface through their gas
vesicles,were main componesbf HCBs insomefreshwater and havextensiveeffects(Yu et
al. 2015) But some tiny or no gas vesicles cyanobacteria species can also form blamomsein
waterbodiesometimes, e.gTychonemaourrellyi (Revaclier1978 Berglind et al. 1983 Ganf

et al.19917).

1.2The occurrence of HCBs

HCBs are frequently occurring waterbodies around the worl@aerland Huismar2008,
Yang et al. 2008Yang et al. 2010)b Although many factorgould influence cyanobacterial
status in diferent phasegKkong and Gao, 2005)its occurrenceprocessis a result of the
combined effects oflifferent environmental factors including physical, chemidadlogical
factors and cyanobacterium itself (Paerlaét2001, Kong and Gao 2005, Zhou et aD12).
Generally,anthropogeniaqutrient overenrichment(mainly Nitrogenand Fhosphorushutrients
by urbarization agricultural, and industrial developmestthe important factoleading tothe
eutrophicationprocess(Wang et al. 2010, Wu et al. 2006ljhe occurrence oHCBs is the
response teutrophicatiorof water bodies (Paeand Huismar2008, Xie et al. 2003

Otherwise, imate change is a potent catalyst for the further expansion of these blooms
(Paerland Huisman2008). Cyanobacterigdavor hot environment (Paerland Huisman2008).
Global warming causewater temperaturesise thereby lengthensptimal growth periodsfor

cyanobacteriaDroughtsincrease residence time of water in lske reservois. These changes in



the hydrological cycle couldurther enhance cyanobacterial dominarioe many aquatic

ecosystems.

1.3 Nitrogen and Phosphorus affecthe occurrence ofHCBs

Usually, nutrients areconsidered the causeiotreased oreduced growttof phytoplankton
in natural environments and an impottariver of competition that determines community
composition.Considerable attention habeen focused on nutrient limitatiday phosphorugP)
versus that by nitrogefN), and the ratios dhese nutrients have been used at whole lake scales
to predictthe relative abundance of cyanobacteria amongst phytoplaokiakes (Oliver et al.

2012)
1.3.1 Nitrogen

N is an essential component in the synthesis of gas vesacldd\l limitation may have an
impact on cell buoyancy@e j n oambMag ¢ 2012. ICyanobacteria are able to wtéi a
range of N sources including ammonium, nitrate, nitrite, and urea (Flores and Herrero 2005).
Some genera offieterocystous cyanobacteria (e fgnabaena can fix N,. Nonheterocystous
cyanobacteriMicrocystiscan acquire Nas NQ', NO,' or NH,*, but notas N, because of the
absence of nitrogenag®liver et al. 2012)Microcystisabundance increased in responsalto
forms of N (Moisander et al. 2009).igher NQ-N levels are beneficial for the increase of
Microcystis abundance (Lehman et al. 2009)Generaly, the order ofthe preference for
cyanobacteria is NHN > NOs;-N > N, (Tandeau de Marsac and Houmard 1993) and the impact
of NH4-N on Microcystisphysiology is ten times more thanat of NOs-N. In the presence of
NH4-N, the growth rateould be4.6 times higher than fahat ofNOs-N (Sirenko 1972).

Xu et al. (2010) suggest that Nwasthe primary limitingnutrient forMicrocystis with P
being a secondarily limitinqwutrient. Therefore, although reducing the P laadmportant,
reducing the N load is essential for controlling tim@agnitude and duration d#licrocystis

blooms.



1.3.2 Phosphorus

P has long been identified as the most common limiting nutrient in freshwater ecosystems
(Schindler 1977 Oliver et al. 201p andis widely accepted as the main nutrient controlling the
development of natural populations of cyanobacteria in many freshwater enviroifWargs al.
2010,0Oliver et al. 2012 The main sources d¢f for cyanobacteriaspecies are orthophosphates,
but they canalso use organic forms. Moreover, the growth rate correlatashe availability of
P (Reynolds et al. 1981). Usuallyriéquires less than 0.03 mg'LP to be sufficient to permit
cyanobacteria mass developmé@te j n oahdda § § 8012 k

Cyanobacteria can accumula®ein polyphosphate bodigdacobson and Halmann 1982,
Allen 1984). This strategy, the polyphosphéberplu® phenomenon, provides cyanobacteria
with a competitive advantage over many microalgae (Sommer 188%)example, alony-
forming MicrocystisaccumulatedP better thai®scillatoria and Pseudomonafom P-containing
organicsources (Yuan et al. 20). This ability can helpMicrocystisto form the dominant mass
especially if phosphate concentrations in the water are loingdhloom period§G e j n oahd v §

Mar g 8012 k
1.3.3 The ratio of nitrogen and phosphaus

The ratio ofnitrogen and phosphoru®N/P) has been recognized as the most prevalent
factor related to the dominance of bloom forming cyanobacteneth (1983)pp posed A TN/ TI
r u Ithatdower TN/TP (ratio of totalnitrogen andotal phosphoruse.g, <29) favor dominance
by cyanobacterial he maximum growth rates M. flos-aquaefrom Lake Talu in Chinaappear
when the PG concentration reach 1.7mg'land TDN concentration reached 17 mg'(Chen
et al. 1999)But Scott et al. (2013proposeda new viewpoint that the MC wahe highest at
intermediate TN/TP (e. gl2 < TN/TP < 23) in Canadian lakes.

However, thdi TN/ TP rul ed i s dleg ovéahdivea r jo86ld: Raeil s put e
et al. (2001) indicated that this rulas less applicable to highly eutrophic waters when both N
and P nutrientsvere very high based on thdivergentresults intwo subtropical lakedn Lake

Okeechobeén Florida, USA, cyarobacteria decreased withe increasingof TN/TP (McCarthy



et al. 2009). In Lake Tan China, thecyanobacterial proportion increased wibie increasingof
TN/TP (Paerl et al2001)

Xie et al (2003) suggestd that TN/TP ratiowas not the factor oMicrocystisblooms at
least in highly eutrophic Lak®onghu in Wuhan, Ching becauseMicrocystis bloomed in
experiment enclosures either in an initial /TR <29 or TN/TP >29Wu et al. (2010) suggested
that water temperature was the most important correlatactor influencing the seasonal

succession dfl. aeruginosawhile TP, total TN and transparenayere thesecondmnostones.

1.4MCs, microcystin synthetase genand their influence factors
1.4.1 MCs and microcystin synthetase gene

MCs are a group of cyclicgypeptides of arying potency (Rinehart et d994).To date
over 90 structural variants oMCs have beemdentified (Rinehart et all994 Sivonen1996
Kaya and San@005).The general structure is cycl{eD-Ala-L-X-D-erythro-b-methylAsp(ise
linkage}L-Y-AddaD-Glu(iso-linkage)}N-methyldehydreAla), in which X and Z are variable
amino acids, Adda is (2S, 3S, 8S, 98arino9-methoxy2,6,8trimethyt10- phenyldecat,6-
dienoic acid, and Mdha i8l-methyldehydroalanine (Sivonet®96, Carmichael et al1988
Dittmannet al. 2013. Generally,MCs are confined within cyanobacteriatra-cellula, andalso
easly enter the surrounding water aftée death and lysisf cyanobacteriacells (Watanabe et
al. 1992) orreleasevia anactive metabolc process (Kaebernick et al. 200u et al. 2011).
MCs can accumulate in multiple orgaand tissues ingh and mammals heart, liver, gonad,
lung, brain and kidney with consequent physiological, tissue and cell damage (Wang et al. 2008,
Zhao & al. 2009) therely MCs can cross the bloedrainbarrier and bloederebrospinal fluie
barrier and thus account for neurological symptoms of toxicity in mammwkcélf and Codd
2012. MCs act as potent liver and colon tumour promoters in animal motekt @l. 2009).
MCs are also potent inhibitors of eukaryotic protein phosphatases includidg PP2A
(Mackintosh et al. 1990Honkanenet al 1991) and phosphoprotein phosphatases PPP4 and

PPP5 (Hastie et al. 2005).



MCs are a family of toxins produced kyifferent species otyanobacterial taxa from
freshwaterand marine waters, and terrestrial environmaémtgiding freeliving and symbiotic
cyanobacterigCodd et al. 2012, Metcalf and Codd 2012 Dittmannet al. 2013. For example,
ChroococcalesM. aerwginosa M. viridis, Oscillatoriales:Planktothrix agardhii Plectonema
boryanum Phormidium corium P. splendidum Arthrospira fusiformis NostocalesAnabaena
flosaquae A. subcylindrica A. variabilis Nostoc spongiaeforme Anabaenopsissp.,
Gloeotriche echinulata Rivularia biasolettiana R. haematites Tolypothrix distorta
Stigonemataled:iapalosiphorsp,, etc.(MetcalfandCodd2012 Dittmannet al. 2013.

MCs synthesized by peptide synthetases through noswibal pathways (Marahidl092)
A seriesof studies verified thathe mcy gene encodkthe multifunctional peptide synthetase
necessary for microcystin biosynthesis (Dittmannakt1997 2013. The mcy gene cluster
contains 55kb of DNA encoding 10 ORFsncyAmcyJ which have been correlated tiwi
microcystin formation by gene disruption amditant analysis (Tillett et a200Q Dittmannet al.
2013.

The bulk of chemical variats have a genetic basis and a number of genetic diversification
mechanisms have been linked with the chemical varietgicrocystins(Dittmann etal. 2013.
For example, thencyBandmcyCmodules are responsible for the incorporation-afeu and L=
Arg into MCs (Mikalsen et al. 2003, Fewer et 2D07). GenemcyBAL, described as the first
module ofmcyBgene(Kurmayeret al. 2002),contributel concentrations of MR and MGRR
in the water bodiegMikalsen et al. 2003)High diversity of genotypes withimcyBAL genes
was foundin Lake Erhai(Jiang et al. 2013) Among the genotypes, Group I#notypesof
mcyBAL gene were dominant within the population of toxidicrocystis in August and

November and contributed the predominance ofMRCand MCRR (Jianget al. 2013)
1.4.2 Detection of M Csand MC -producing Microcystis

Chemical detectiorof MCs is mostly carried out usinglPLC (high performance liquid
chromatographyor LC-MS (liquid chromatographynass spectrometrypbased on quantitative

standards, using ELISAEnzymelinked immunosorbant assgapased on sensitive antibodies



againstMC or through bioassays such as proteingpatase inhibition assaySqng et al. 1998,
Li et al. 2009, Wu et al. 20}1The PCR(polymerase chain reactipmolecular techniques based
on the genetic difference between different generatodn-producing cyanobacteriavere
establishedfor detectingtoxigenicity of cyanobacteria (Xu et al. 2008)nd for quantitative
enumerang the cell abundance ofoxic cyanobacteriahrough the realtime PCR protocols
(Kurmayer and Kutzenberg&003 Vaitomaa et al. 2003)The ¢PCR (reattime quantitative
polymerae chain reactionanalysis can complement the detectiont@fins by chemical and
immunological analyses, in particular in field samples containing different poteoka
cyanobacterialt allows for an assignment of the actual producetoxins and povides insights
into the dynamics atioxic cyanobacteriand environmental regulation of toxins in the fi@ldh

et al. 2010, Xu et al., 2010powever,Reattime PCR analysisannot substitutehe chemical
and immunologicamethods that directlyugntify toxins (Kurmayer et aR002 Via-Ordorika et

al. 2004).
1.4.3 Factors controlling toxigenicity and yield

Numerousstudiesbased orfield surveyandin situ or laboratoryexperimentoften focused
on the relationships betweelCs production and environméal factors, includingnutrient
elements (Song et al. 199&u et al. 2006Jiang et al. 2008Yemperature (Sivonen et al. 1996),
pH (Song et al. 1998), dnlight intensity (Sivonen 199®Rapala et al. 1993However, N, P and
N/P were regarded as the rasportant factors foMicrocystis blooms and MC production
(Chorus et al. 2001, Gupta et al. 2001, Gobler et al. 2007, Jiang et al. 2008, Joo et al. 2009), i.e.,
N andP source ould increag cyanobacterial intracellulaviC levels (WatanabandOishi 198,
Sivonen 1990)But, there were conflicting conclusions on whether the increase of nitrogen and
phosphorus concentrations may trigger the increase of the MC productioMiaratystis
blooms (Watanabe and Oishi 1985, Sivonen 1990, Xu et al. 2010, ©&r2612, Scott et al.
2013).Cellular MC quotas oM. aeruginosashowed asignificant positive relationship with both
nitrate uptake andellular N content and a negative relationship with, @&ation, P uptake, and

cellular P content (Downing et #&005). Thus, the ratio of nitrate uptake to phosphate uptake,



cellular N to cellular P, and nitrate uptake to Gation were positively correlated to cellular
microcystin. An increase in ambieNO,-N up to 10 mg L' promotedMC (-LR) production by
M. aguginosaPCC7806. WheiNOs-N was more thar®.2 mg L}, MC increasd (Kameyama et
al. 2002 Wu et al. 200%B

Otherwise, dw light promoted the microcystin synthesis Mifcrocystis viridis and M.
aerugincsa from Lake Dianchi, but this effect was regulatedtégnperature (Song et al. 1999).
Low iron concentrations ldabeen correlated with increased toxin production (Lukac and
Aegerter 1993 Nagai et al. 2006 Long et al. (2001) suggested a positive linear relationship
between théMC content of cells and thespecific growth rate.

NtcA is a global transcription regulator for nitrogen control in cyanobac{&iian et al.
2010. While TN ircreass, NtcA downregulateexpressiorof mcygeneto cause the decrease of
MC concentrations andVicrocytis abundance. Urat nitrogen sess conditions, NtcAis

overxpresedto cause the increase of MC concentrationsMiudocytisabundance.

1.5Methods for monitoring dynamics of cyanobacterial blooms

More detailed studies of the population dynansindbiological characterigts in HCBs are
needed. For example, competition between toxic and nontoxic strains affects the toxicity of
HCBs. Development anguccession of HCBs iaffected by nutrients and other environmental
factors. Furthermorehow to monitor the occurrence andstlibution of HCBs is another
problem. This kind of knowledge is important for wateanagemenin their strategies to
combat the expansion of HCBs.

To achieve sustainable management of water resources, routine monitoring of water quality
is critically required by scientists and governments. Conventionally, the monitoring on
ecosystem of lakehas been undertaken by periodical field investigation usirags. Traditional
field methods includ water quality survey, phytoplankton survey and counting. Through
phytoplankton survey, we can get the composition and abundance of species, buhat can

distinguish between toxic and nooxic algae.



The gPCR echniques based on the genetic difference between different genera/species of
cyanobacteria or toxic cyanolieda were widely used tquantitative enumerge the cell
abundance of toxic and ndoxic cyanobacteria in field samples (Kurmayer et al. 2002
Kurmayer and Kutzenberger 2003aitomaa et al. 2003,in et al. 2010, Xu et aR010).Some
studies verified liat the mcy cluster containsncyA-mcyJhave been correlated with microcystin
formation(Dittmann et al1997 Tillett et al.2000). Thereforeif is possible to distinguistoxic
and nortoxic cyanobacteriatells by detecing themcygene presentr abset (Xu et al. 2008).

The potential yield othe actual M@roducing cyanobact@iould be quantitative analysisy
the realtime PCR methodRealtime PCR techniques provide insights into the dynamics of toxic
cyanobacteria and environmental regulatiotoafns in the feld (Lin et al. 2010, Xu et a2010).

Otherwise due to the spatial and temporal heterogeneity of water bodies and the fact that
water sampling work is time consuming and laborious, conventional water quality monitoring
methods frequentlfail to adequately represent the actual conditions of water bodies (Khorram et
al. 1991 Liu et al. 2003 Oyama et al. 20Q9Matsushita et al. 2009Since the early 1970s,
satellite remote sensing hescomea good option for effective monitoring of watguality and
HCBs because itan provide the information spatialand tempor#y in a larger sda (Dekker
et al. 1992 Kahru et al. 1993 Kutser 2004 Ma et al. 2009, Wang et al. 201d). With the
developments in remote sensitechniques andthe increaseof satellite number, thanalysis
methodscombining multiple satellite remote sensing imagese widespread used toonitor the
aguatic environmenst(Bresciani et al. 201 Bresciani et al. 2014)

As above,the dfferent research purposes need to uséemiht research methods and
techniques e.g.,the constituentconcentrations of phytoplankton can get by traditional survey
and counting; detectingquantitativdy the cell abundance of cyanobacteria and toxic
cyanobacterianeed to use theealtime quantiative polymerase chain reactiqgPCR; and
measuring the microcystin concentrations and nutrieetsd to use the chemical methods.
Satellite remote sensing is a highly useful tool for monitoriolglorophylta (Chl-a)
concentration ophytoplanktonn water bodies. So it can be used to monitor the occurrence and

scale of cyanobacteria bloonis,spite ofthat it can not distinguish the toxic and roxic algae



in current levelslf the constitueniconcentrations of phytoplankton and @htoncentrationsn a
lake are known through thepresentativesamples, in whole lake will be retrievedictually,
these comprehensive studiase already focuserecently i.e., a remote sensing algorithfar
counting cyanobacteria cell in the freshwater lake®ss theeastern USrom MERIS imagery
is proposedLunettaet al. 205).

Overall, the currentstudes for HCBs need thecomprehensivend extensiveresearches
from different scales angderspective. Consequently, iheedsto combinefurther all kinds of

analysismethods and monitoring toals the future

1.6 Review of remote monitoringcyanobacterial blooms
1.6.1 Case | and case Il waters

From the perspective of remote sensing, global waters can generally be divided into two
classes: case | and cdsevaters (Moré and Prieurl977, Oyama et al. 2007 Case | waters are
those dominated by phytoplankt¢e.g. open ocearnswhereas case Il waters contain not only
phytoplankton but also tripton (the nonliving component of the total suspended matter) and
dissolved orgain matter (DOM) The concentrations of total suspended solids (TSS) and organic
matter are not necessarily correlated with chlordpdydoncentration (IOCCG repo20Q0). It
has been shown that many coastal and inland waters belong to ddsshdll (993 Gin et al.

2003.

In case | water€Chl-a cangenerallybe accurately estimated with satellite ima¢@srdon
and Morel 19830yama et al. 2007 A blue-green bandatio algorithm(e.g. OC4E algorithm)
hasbeenproved to work well for instruments like Gstal Zone Color @&nner (CZCS) (Gomh
and Morel1983 OdReilly et al. 1998 Seaviewing Wide Fieldof-view Sensor (SeaWiFS),
Moderateresolution Imaging Spectroradiometer (MODIS), amalaHzation and Directionality
of the Earth's Reflectanc@s(POLDER?2) (Kishino et al 199706 Re i | [2G00).eHowe\el,
remote sensing technique for case Il waters has been far less sucaeasfly,due to the

complex interactions of the four optically active substances (P#A&Sesase Il waters, such as
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phytoplanktontripton, colored dissolved organic matter (CDOM) and pure w&eodin et al.
1993 Doxaran et al2002 Gin et al. 2002).

To address the mentioned difficulties for monitoring case Il waters, researchennhddee
substantial efforts to estimat@ccuragly water quality parameters (W®P including
concentrations of chlorophyll dripton, andthe absorption ofCDOM at 440 nm. Previous
methods for case Il waters can be mainly classified into three cate@dioesl and Gordon
1980): (1) empirical algoriting (2) semianalytical algorithmsand (3) anaftical algorithms.

Principles and typical examples of these methods are inteatlin the following sections.
1.6.2 Empirical algorithms

These empirical algorithms were developed based on thevasiate or miiivariate
regression analysis between remotely sensed (@stzally spectral reflectance values at the
sensor ospectrometgrandin situ measureatoncentrations of water constituents, which usually
collected in coincidence of the sensor overpabeseempirical algorithms includedé single
band algorithm(Galatand Verding 1989Kahru et al. 2000and thebandratio algorithm(e.g.
NIR/RED and TM4/TM1+TM2+TM4) (Han et al. 1994Lindell et al. 199%. All the empirical
methods are simple to be performduait the mechanisms of the methods are usually unclear.
Moreover, the estimation models are derived from the simultaneous measurements of remote
sensing data and situ WQPs, andherebythe models are generally sitend timespecific. The
in situ samping must acquire within -8 hours of an image acquisition because water
components at a point are easily changed with the times (Liu et al. 2003). In fact, it is
particularly difficult in extensive waters to collect a good numben aftu samples withira few

hours.
1.6.3 Semianalytical algorithms

The wavelengths of remote sensing electromagnetic radiation extend from the ultraviolet,
through the visible and infrared, thermal and microwave, and into the long radiowave region. For

monitoring of water qudl, the useful range of wavelengths is usually in the range of visible and

11



near infrared (40000 nm) because of the strong absorption of water body in wavelengths larger
than 900 nm.

The semianalytical algorithms were proposed by analyzing the spetteahcteristics of
the water constituent of interest. The knowledge of spectral characteristics is included in the
statistical analysis by focusing on welosen spectral areas and appropriate wavebands used as
correlatesThe spectratadiance values affest recalculated to the reflectance and then, through
regression techniques, related to the water constituents. This method is relatively stable under
varying solar angle atmospheric condition and states of the water surface (Deldkefl@96),
and canmonly used.

Threeband indexis a commonly usedlgorithm for retrievingChl-a from casell water
(Dal | 6 Ol mo Theeebara lindexvastien@ed adlIR-redalgorithmsto use reflectance
in the neaiinfrared (NIR) and red spectral regiot@itelsonet al. (2008) theoretically explained
the mechanism of the thrésand index and the selection of the three bands around 660, 700 and
750 nm.These bands are available in the MERIS date NIRred algorithms are proposed
based on the fact that the NIR aretl reflectances are less affected by the presence of tripton
and CDOM, compared with phytoplankton and pure waiterecent decades, a number of NIR
red algorithms have been presented and shown to accurately e€timhattor turbid productive
coastaland inland waters (Gitelson 199Rekker and Peters1993 Gons 1999Dal | 6 Ol mo an
Gitelson 2005Gitelson et al. 2009Vloses et al. 20Q9ang et al. 2010Gurlin et al. 2011)All
the studies demonstrated the effectiveness of the-Hane@ indexdr in situ collected data sets.

The parameters for most of theldéR-red algorithms were determined through regression
analysis using remote sensing data and in situ data collected from specific regions and/or seasons.
And often the validity is implemented rdstively in those regions and/or seasohiserefore, re
parameterization of an algorithm would be needed for distinct water bodies.

A novel algorithm, semianalytical modebptimizing and lookup-table (SAMGLUT)
methodbased on three wavelengtf@5 nm,708 nm and 753 nynwas proposedfor Chla
estimationby Yang et al(2011a). Chl-a estimation models were prepared in advance for various

combinations ofnontalgal particles(NAP) and CDOM, which were increased in small
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increments, and saved in a leogtable (LUT). An iterative search strategy was used to obtain
the most appropriat€hl-a estimation model for a given pixeBecause acomprehensive
synthetic dataset of reflectance spectra related to various combinations of water constituents with
a wide dyamic range was used to calibrate @ig-a estimation model, instead of am situ
datasetthe SAMGLUT is capable of retrievin@hl-a valuesin wide range of inland waters
especiallyin more turbid waterdn addition, a different assumptiore., corcentrations of NAP

and CDOM are constantsvas adopted to further minimize the effects due to the previous
assumptionsFurthermoreit is possible to select the most appropri@td-a estimation model
pixel by pixel rather than using only or@hl-a estimaion model for all pixels of a lake
Otherwise the SAMOLUT can simultaneously retrieve three water quality parameters (i.e., the
concentrations ofhla, NAP and CDOM). The applicability of the modetnay notonly be valid

in real waters, bualso can bevalid in simulated case§.he SAMOLUT algorithm hasbeen
validated in Lake Dianchi and Lake ErfaiChina, and Lake KasumigauiraJapan(Yang et al.
20119).

Further, Le et al. (2009) proposedfourband index to improve the thréand index for
extremdy turbid waters. Although it is efive for the case of Lake Tahe prerequisite of four
fine bands largely limits its application in the present satellite sensors

Another idea, such aspectral mixture analysis (SMADyama et al. 20Q7and spectral
decomposition algorithm (SDA) were also proposed Ghi-a retrieval Oyama et al. (200
successfully applied the SDA in mapping water quality in Lake KasumidenmalLandsat TM
data. The averag€hl-a estimation error was 9.9%, which indicated the pidénobustness of

the SDAbased estimation model.
1.6.4 Analytical algorithms

The analytical algorithmarebased on the us& the Inherent Optical Properties (IORg)
model the reflectance andce versalOPs of the water column are relatedtb@ absrption
coefficient a the scatteringcoefficientsb, and the volume scattering funati® (d). Physical

relationshig are derived between the water constituents and spectral radiance or the reflectance.



The analyticalalgorithm involves inverting all above relations to determine YW&Ps from
remote sensing data.

A key point of the analytidamethods is on how to invert the above relasioNonlinear
optimization is a commonly used technique for this probfean der Woerd and Pasterkamp
2008, Santini et al2010). Furthermore, the other optimization methods were proposed, such as,
the sacdled spectral optimization algorithm (SQ&homko and Gordon 199&uchinke et al.
2009a, 2009p Artificial Neural network (ANN Doerffer and Schille2007) the concept of
look-up-table (LUT, Mobley et al.2005) the matrix inversion method (MIMHoge ad Lyon
1996 Hoogenboom et al. 1998rando and DekkeR003, Giardino et al.2007, Campell and

Phinn 2010.

1.7 Introduction of study area: Lake Erhai

Lake Erhaiis located between 25i825.9°N to 100.1°100.3€ in Yunnan Province,
SouthwestChina, andis the secondlargest lakes of Southwest China, with total water surface
area of 249 khand a watershed area 9636 knf. The lake is 42.58 krong and 48 km wide,
with a meandepthof 102 m, a maximum deptlof 20.7 mand awater volumeof 2.53 x10 n’.

Lake Erhai can be geographically divided into three parts: the northern, central and southern part,
becausdhe shape of the Plateau Lake $kkehumanear, it gets the Chinesen a me -shdpedr

S e albis an alpine fault tectonic lake, with9r3.7 m altitude The lake is located in the
subtropical monsoon climate zone with an annual average temperature %, 16el annual
sunlight of 2280.6 hoursand the percentage sunlight oP52The surface water is characterized

by a slightly alkaline pH (8i@.5) anda low salinity Du 1992 Wang and Dou 1998

After the Neolithic Period, Lake Erhai is an important food source for the local people, who
catch fish by their famous fishing methods and culture rice around the lake. It also holds a high
diversity of typica carps Cyprinug, for example the endemic speci€s parbatus C. daliensis
and the Spring Fisk. longipectoralig being found here. Many macrophyte species could be

food (Li et al. 2011a), such aSuelia acuminatgthe endemic species), water caltrdpapa
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bispinosa, lotus (Nelunbo nucefena and Cane Shoot«igania caducifora The lake is an
important drinking water source for the local people. In recent years, the lake water was used
6x10 m® to generate electricity, 1.62>x40n° to irrigate for griculture, 0.05x1® m® for
aquaculture, 0.23x$an® for people life and others. It had six water supply stations around the
lake to supply directly drinking water of 8.3¥16° every day. Lake Erhai was a royal deer
ranch for the Nanzhao Kingdom 1300 yeago, and became a famous tourist attraction to world
people. In the all, Lake Erhai is the source water for industries, irrigation, and domestic water of

coastal area and plays a significant role for the local people.

Fig. 1.1 Geographical locationfd.ake Erhai



Before the 1970s, water in Lake Erhai was abundant, the water quality was very gbod, an
the ecosystem was healthy (@2, Wang and Dou 1998, Dong 2Q003owever, during the
past 30 years, with rapid economic development and a rapid iaarepspulation, Lake Erhai is
facing a sepbus threat of intensive eutrophication due to the incremaathropogenic inputs and
the overutilization of water resource\WWang and Du199, Dong 2003,Wang et al. 2011b,
Zheng et al. 2004Li et al. 2011a, 2011b). Water quality statusvas already at an initial
beginning stage foeutrophication(Wang et al. 2011b)Organic mattex and phytoplankton
biomass increased rapidly. Cyanobaterial blobnesk out in the padrea oflake and bayand
the bodiversity decreased and fishery resources degeneil@edg 2003) The biomass and
coverage of submerged macrophlytevereducel rapidly (Li et al.20113.

Longtime field monitoring data showed thatater quality of Lake Erhaiwas in
mesotrophic state in winter argpring, but often changed to eutrophic state in summer and
autumn. So its trophic state is described to kepreliminary stage of eutrophic state. Due to the
sensitive variation in water qualitynd the extensiveepresentative dataake Erhaiis regarded
as a representative case for researching eutrophication progresiseawturrence of water
blooms.Furthermorehigh diversity of cyanobactermommunityis found in the lakeespecially
some harmful cyanobacteria (i.Microcystis Anabaena Aphanizomenon and Tychonema
Their interspecific competitioand relationship with the environmental facteh®uld be further
revealed. Lake Erhai Bnappropriateareafor researching it.

Otherwise, peviousresearchesn therelationshipbetweenenvironmentalfactors and MC
production andVlicrocystisblooms are usually performed by muldkes sampling to reveal a
general patten (Smith 1983Wu et al 2006). However,these samplingwere often limited to 1
or 2 samping sitesin each lake or only focudeon the main perio@df cyanobacteriabloom
(usually from June to October). Thus, the integrated information for a whole lake, such as the

data from different regions of lake and different seasons, was lacking.
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1.8 Originality of the research

Eutrophicationand cyanobacterial blooms occurreddely in water bodies around the
world. Generally, N and P nutrients are the important factors leading to the eutrophication and
occurrence of cyanobacterial blooms in lakesith(1983)pr oposed t h ehatfow N/ TP
TN/TP favor dominance by cyanobactetioweverthed TN/ TP rul edo is al so
due tothe divergentresults(Paerl et al2001, Xie et al. 2003McCarthy et al. 2009, Xu et al.
2010,Ge j n odmdMag ¢ £012. With the discovery of the itrocystin synthetase gene
cluster (Tillett et al. 200Q Dittmann etal. 2013, precisemolecular dedction techniques (e.g.
reattime PCR provide insights into the dynamics of toxic cyanobacteria and environmental
regulation of toxins in the fieldKurmayer et al 2002. Therefore, thedynamicsof cell
abundance for totaMicrocystisand toxicMicrocystisin Lake Erhai can be revealéy specific
primers and PCR reactionFurthermore, the correlation among TN/TP, microcystin
concentrationsthe genotypesliversity ofmcygene,and thedynamicsof total Microcystisand
toxic Microcystiswas analyzedThose results will provid&urtherinsights intot he A TN/ TP
from the point ofcyanobacterium itsel{e.g. genotypes diversity and regulation géne
expression)

Besides those commonly reported bloom formirspecies €.g., Microcystig, some ree
cyanobacterial taxa weralso known to growmassivelyinto bloons in certain waterbodies.
Tychonema bourrellytanform exceptionaOscillatoria-like blooms (Revelier 1978, Berglind
et al. 1983, Ganfet al. 1991), and o d u c e g-®oosenBerglindat al. 983, Juttner and
Watson 2007, Shao et al. 2013)Jthough morphologicalfeatures of several species in genus
Tychonemawere researched in previous stlieomparison ofgenotypic features between
species ofhis genushavenot beenperformed, e.g. 16S rDNA sequence (Wei et al. 2012). Hence,
the taxonomic othis genus is still unresolvefijrthermorethe other biological and ecological
features ofT. bourellyi is also well unrevealedlhe strainTychonema bourrellyfCHAB663
outside Europe were firstly isolatém Lake Erhai in Chinalhereforethe characterization of

Tychonemastrains can be detectedsing the polyphasic approach including morpholalic
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examination by light microscope, transmission electron microscopy (TEM) and 16S rDNA based
on phylogeneticanalyses. Spatial and temporal distribution of Tiyghonemapopulatiors in
Lake Erhai was investigated by treattime quantitative polymerasehain reactio{gPCR) with
specific molecular markers.igtnents toxigenicity and wlatile compound®f all strains were
also examinedand the results obtained in this studill provide further insights into the
taxonomy, biology and ecology @fchonema

Chl-a concentration is an important index to reflect the concentration of the harmful algae
and trophic state. Accurate estimation@ila from remote sensing data is a challenging in
turbid waters.The SAMOLUT algorithm significantly outperformed othémndicesdue tothe
very well estimation accuracy only requires a minimumsitu dataset for the algorithm
calibration procesgYanget al.2011a). However, ithasonly been validated in Lake Dianchi and
Lake KasumigauraA comprehensive evaluatiomeed o perform in many lakesFive Asian
lakes represented different trophic states were selected as study cake Biwa, Lake Suwa
and Lake Erhai were the representatioé clear water, the relatively clear water, andoidity
water between mesotrophic dareutrophic stateand differ to the above two lakesThe

performance 0SAMO-LUT algorithmcan be evaluatecbmprehensivg in this study.

1.9Flow of the research

This thesis consists of five chapters as follows

Chapterl provided the backgrawl informatian for the research

Chapter 2reveakd the dynamics ofMicrocystisand MCs and its impact factors in Lake
Erhai

Chapter 3focused on thedynamics andbiological characteristg of odorproducing
cyanobacteridychonema bourrellyi

Chapter 4discussed thapplicability of the SAMGLUT algorithm for monitoring of water
blooms infive Asian lakes

Chapters presented a general conclusion of this thesis.
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Chapter 2 Dynamicsof Microcystisand
microcystins and its impact factorsin Lake Erhal,
a drinking -water source in southwestplateau,
China

2.1 Introduction

Eutrophication and cyanobacterial blooms occurred widely in water bodies around the
world. Microcystis blooms was the main type otyanobacterial bloomsn freshwater.
Microcystins MCs) are mainlyas®ciated with Microcystis blooms (Hilbornet al 2007)in
freshwater bodies anthreat the saty of water supply(Bourke et al 1983 Jochimseret al
1998 Carmichael200]). A guidd i ne v al u & foroMCs ih dribking waterLhas been
issued by the World Health Organization (WRQ06.

The resultsbased onfield survey and in situ or laboratory experiment revealed that
occurrenceof Microcystisbloomsard the yield variation oMCs werea result of the combined
effects ofdifferent environmental factors including physical, chemitédlogical factors and
cyanobacterium itself (Paerl el. 2001, Kong and Gao 2009\eilan et al. 2012Zhou et al.

2014). Nitrogen(N), phosphorougP) and the ratio ofotal N andtotal P (TN/TP) were regarded

as themost importantfactors foroccurrenceof Microcystisbloomsandthe yield variation of

MCs (Song et al. 1998Choruset al 2001, Guptaet al 2001, Wu et al. 2006Gobleret al 2007,

Jianget al 2008 Jooet al 2009) Smi t h (198 3)TNARP opwised TNMRt Ol o
favored dominance by cyanobacterfacott et al. (2013proposedhat the MC washe highest at
intermediate TN/TP (e. g. 12 < TN/TP < 28)sed on the field data Canadian lakesdowever,

theR TN/ TP rul eo i s al sthedivengentrendtgRaerletiak@Dl Xieeetl d u e

al. 2003 McCarthy et al. 2009Xu et al. 2010G e j n cahdMa § ¢ 8012 k



With the discovery of the microcystin synthetasng(mcy) cluster (Tillett et al. 200Q
Dittmann etal. 2013, toxic and nortoxic cyanobacteria carebdirectly distinguished bgpecial
primers and PCReaction(Xu et al 2008) andquantifiedby reattime quantitative polymerase
chain reactiorfgPCR Kurmayeret al 2002 Vaitomaa et al. 2003/ia-Ordorikaet al 2004 Lin
et al 2011) Precisemolecular dedction techniques provide insights into the dynamics of toxic
cyanobacteria and environmental regulation of toxins in the figitthann etal. 2013.

Lake Erhai is the seconidrgestlake in southwesern Ching and an important drinking
water source fobDali City, YunnanProvince it is alsoused forirrigation andaquacultureas well
(Wanget al 201D). During the pastlecadesLake Erhahas beemxperiencinga serious threat
of intensive eutrophication due to incremsanthropogenic inputsf pollutans and the oveuse
of water resource (Du 129Wang et al 2010. Organic matterand phytoplankton biomass
increased. Thebiomass and coverage ofisnerged macrophye biodiversity and fishery
resourceshave been shown tmpidly reduce(Wang et al 201Q 2011b). The cyanobacteria
bloomsannuallybroke out insome regionf the lake (Du 198 Wang etal. 2010), raisinga
potertial threatto aquatt ecosystems arttiman healthHowever, 6 datethe basic information
on dynamics opotentialMC-producing cyanobacter@nd the environmental factocsntrolling
MC productionin Lake Erhaihas not yebeenreported It is not clear why theyanobactesl
bloomoccurredn this lake since both concentrations of total nitrogen (TN) andpgbtaphorus
(TP) are known to be much lower than those in the eutrophic shallow Hke®fore the main
purposeof the present studwill focus on (1) revealng the dynamics oMicrocystisblooms
and toxicMicrocystisin Lake Erhaiand(2) discusgng the correlationsbetweerMCs production

andbiotic and abiotio/ariables

2.2 Materials and methods
2.2.1Study areaand sample collection
The environmental charaate and limnological parametedcd Lake Erhaiwere shown in

Section 1.6 ofCharpter 1

2C



Totally 16 sampling sites were setthisstudy. Among them.12 sampling sitedelonging
to four samplingsectionswere selected as main study sites throughout the wiadde (Fig. 1).
Four sampling sections were coded as N1, N2, S1 and S2 from north tossmassivelySte
285 and 288 were located in Haidong Bay and Xiahe Bay in the south part of thke
respectively The other sés werelocatedin the open watezoneof the lake Furthermore, es 1,
2, 3 and 4located in Shapin®ay, HongsharBay, AosharBay and Haicha®ay in the north
part of thelakerespectively, were chosen as accessorial study sites to collect some samples for

MC analysiqFig. 2.1).

HaichaoBay
N AoshanBay
A ShapingBay HongsharBay
Section N1
5km
_ Section N2 262
[ ]
L
280
HaidongBay

/

Section ST Ve %
° 284\@

283

SectionS2 286 K

287
[ ]

Xier River ——,

Fig. 2.1. Samplingsitesin Lake Erhai in 2010
2.2.2 Measurement ofwater quality parameters

Samplesvere collectednontHy from January tdecembein 2010as previously published

(Jianget al 2013) In brief, 50- 100 liters of surfacewaterwasfiltrated usingplanktonnet(mesh
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size45 ¢ 1y and concentrated algae were collecded storedat - 80°C. Meanwhile, 300 mL
surface water was filtrated througblycarbonate membrane filteo§ 0.45em (Millipore), then
the filters were stored at80°C until further analysisThe freezedried cells from the stored
samples at 80°C were used taletermine the concentration MiC.

Water samples for analysis ofwater quality paramete(8VQP9 and Chla weretaken from
the surfacdayers (0.2 m) at each siteTN, dissolved btal nitrogen DTN), ammonia nitrogen
(NH4-N), nitrate nitrogen (N@N) and TP were measuredas previously describeiWu et al
2006. Chl-a concentrationsvere measured bythe ethanol methodWang et al. 2011b)Water
temperaturéWT), dissolved aygen (DO),pH andtransparencySD) were measured using YSI

PRO 20 YSI PH100 meters anBecchi disk ¢ 20 cm)in situ, respectively.
2.2.3M Cs measurement

The plankton biomaswere lyophilized andweighed The intracellular MC were extracted
by 75 % methanolusing 30 mg dried planktompowder and measured by HPLQhigh
performance liquid chromatographyjjhe liqud extractwas centrifugel (12,000 g) for 10 min
and the swernatantwas used for MC analysisy HPLC. The chromatographic systemere
consisted of a Waters Alliance HPLC equipped with a model 2695 separation module and an
online degasser, a Waters model 2996 photodiwcey detector, and Waters Empower
chromatgraphy software The elution conditions were set as reported in Jetngl (2013).

Detection limit ofthe HPLC methodis 02mg L ™.
2.2.4DNA extraction and gPCR

DNA was extracted from the frozen filters using the Si@nol method as describég
Lin etal. (2011). Purified DNA was suspended in sterile 1x TE byfiet 8.0 and stored at
20°C prior to PCR analysis.

To determine th@umber oftoxic Microcystis the mcyB genewas quantitativelyamplified
using a specific primer setl6 mcyB3 0 F -CCPAGCGAGCGCTTG GG-3 6and 16 mcyB
1 0 8 R-GAABATCCCCTAAAGATTCCTGAGT-3 6(Kurmayerand Kutzenberge2003, Xu

et al 2010). The total cells numberof Microcystiswas determined using thaimer set 1M-
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16s209F (5 ATGTGCCGCGAGGTGAAACCTAAT3 D and 1M-16s409R (50
TTACAATCCAAAGACCTTCCTCCG3 )Y (Neilan et al 1997 by spedically and
guantitativelyamplifying the 16S rRNA geneof Microcystis The specificiy of primers used in
this study vasconfirmed usinghe BLAST search of the GenBank databases.

The gPCR ampliiations were conducted in an IQ5 Reale PCR system (Bi®&ad)using
the following paramets: 95C for 3 min, then45 cycles of 9%C for 10 s, 58C for 30 s followed
by 70C for 30 s. Eachreactin was per f & miruaeawih Orb mil of bdih pamers,
1 0 endymenucleotidedye mix (SYBR green mixture, TOYOBO, Japan) &itle Ltemplate
DNA. Each measurement was performed in triplicate. Data was analyzed using 1Q5 Optical
System SoftwareVersion 2.0. Cell numbers dbtal Microcystis and toxic Microcystis were
calculated from the mean cycle threshold valog ¢f three replicates according to the standard

curve.
2.2.5 Sandard curves of cell number and gene concentratiagusing gPCR

The gPCRwas used to enumeratiee cell number ofotal Microcystisand potentiatoxic
Microcystisreferring to cell numbersof M. aeruginosaPCC 7806 based on $6RNA gene
equivalents andncyB gene equivalents, spectively.Standard curves between cell concentration
and Ctwere generagd using strain Microcystis aeruginos®CC7806as describedXu et al
2010. M. aeruginosaPCC7806vasgrown in MA media (Kasaiet al 2009 at 25C  and under
30 ¢ nfe’lphotmnsof cool white light with a 12:12 h light/dark cycl@he cell number of
ten milliliters of this Microcystis culture under logarithmic phasevas counted under a
microscope DNA was extracte@nd atenfold dilution series of the DN&amplewere prepared
for gPCR amplification

The differences betweethe cell numberof Microcystis (x;), the cell numberof toxic
Microcystis (x2) and Ct (Y) were very significant, and the equation Wés -1.93091In(x;) +
41.073, (R = 0.93,qPCR efficiency 90.26, slope= - 3.58), Y= - 1.4093In(x,) + 32.5.91, (R=

0.99 realtime PCR efficiency 91.%, slope= - 3.553).



2.2.6 Statistical analyses

SPSS statistical software (version 13.0) was used to analyses the correlations between
environmental factors andC concentrationsgry algd biomass Chla, and cell abundancef

total Microcystisandtoxic Microcystis

2.3 Results
2.3.1Distribution patterns of Chl-a concentrations and Microcystisabundance

Chl-a concentrationsvere shown as the averageldf04+6.83¢ d.* (2.8232.42¢ d.™),
andgradually increasefrom the north to the soufkig. 2.2a). TheChl-a concentrations haven
obviousfluctuation, andhe lowest and highest valuescurredn April and Augustrespectively
The decline with an averagé 9.37#2.85¢ d." (2.8-23.0¢ d-™) was observed from January to
April, and then the increased trend with an average of $3.60¢ gL™ (6.88 21.33¢ g.™)
occurred from May to June. The repeated fluctuation with an average oft2T76% gL™
(12.453242 ¢ g.™) occurred from July to Octobeand then the decline with an average of
15.414.80e d.7 (7.64 25.90¢ d.7) was observed again from November to December.

Total Microcystis cell abundance ramgl from 1.3x1G to 3.8x10 cells L' during 2010,
with an average of 1.7x{@ells L . The highesbnewas 3.8x18cells L™ at site 287n August,
indicating the occurrence of Microcystis bloom around site 28AWithin the four sampling
sections, section N2 was highiglicrocystiscell abundance than theher sections during the
algal growth seasonF{g. 2.2b). The Microcystis cell abundances in thaorthen sections
(N1+N2) were higher than those in the southern sections (S1+S2) from August to November.
Total Microcystiscells had obvious seasonal vawas, falling down from winteruntil April as
reaching the lowest average of 108Is L (120 5100cells L'Y), thenincreasng gradually to
the peak in August (averages810’ cells L'Y). After this, thecell abundancef total Microcystis
kept the flatendency as the higher le@l1x10’ - 2.9x10’ cells LY.

The annuatendencyon the spatiabnd temporatlistributionof toxic Microcystiscells was

similar to that oftotal Microcystiscells (Fig.2.2c). And this similarity can bgresentedas a
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significanty positive linecorrelation(R? = 0.9435, n = 14% The lowest and highest abundance
of toxic Microcystis also occurredin April and August,respectively Toxic Microcystis cell
abundance ramgl from 30 to 9.4x10cells L' during 2010, with an avege o0f5.5x16 cells L™.

The highest value was 9.4X1¢ells L'* at site 280n August(Fig. 2.2¢).
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Fig. 2.2. Spatial and temporalariations ofChl-a concentrations (agell abundancef total
Microcystis(b), cell abundancef toxic Microcystis(c), and MC concentrations (d) in Lake

Erhaiin 2010.
2.3.2 Main types and distribution patterns of MCs

Microcystin LR (MGRR) and microcystin RR (ML R) werethe main varians of MCs in
Lake Erhai(Fig. 2.3). The averageconcentratios of total MC (MC-RR pus MC-LR), MC-RR
and MC-LR in Lake Erhai were 0.380.34¢ gL™, 0.26+0.63¢ gL™ and 0.15+0.33 ¢ gL™,
respectively MC-RR concentrations were slightly higher than MR concentrations. It was
shown that total MC concentrations from nsamples exceededOe d-*, especiallysite 3 and
site 2 in Septemberobtaining the highest concentration (8.95gL™) and second highest
concentration (5.98 d.7) respectively, and site 287 in November with a higher value 3.5
L. Higher concentration values were found suaily occur during blooms (from August to
December) and at the centre zone of the lake (site 281, 284 and 287) and the bays where blooms
are easily gathered (Hongshan Bay and Aoshan Bay).

The concentrations of MBR and MCLR in open water were less th#mse in the bays,
and higher irthe northpartthanthat in the south one, exhibitingeterogeneityn different lake
areas.The extremumusually occurred in the bays, for exampWC-RR concentratios sit 2 and
site 3 h September were.34 ¢ gL and 589 ¢ g.™, and meanwhilC-LR concentratios

were 204¢ d-'and 306¢ d.*, respectively. Aew samplessuch as site 281 ind@embermnd
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site 287in November, showed that the concentrations otM@ns in the open water were low,

but the total MC still reached up thOe g ™. L
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The monthly variations of total MOVIC-LR and MGRR were also shown as the four
stages as described above (FAg@d andFig. 2.4). During the lowest concentration stage (from
January to April), MG concentratioa were so low that M€could not be detected in some
samples. In the second stagespite of the increase of MToncentratioa from May to July,
the values were still very low (<0.¥5d."). After August, MG concentratios obviously rose
up, then declined substantially in September and October, and increased again in November then

declined in December (Fig@.4).
2.3.3 Relationship betweerChl-a, total Microcystis toxic Microcystisand MCs

As shown inTable 2.1, MC concentrationsvere positively correlated wit€hl-a, the cell
abundancesf total Microcystisandtoxic Microcystis but uncorrelated with the ratio of the cell
abundancef Microcystisandtoxic Microcystis Thus,the ouput of MC increased with th€h}

a concentrationsThe linear equation betwe&hl-a andtotal MC during differencephasesvere:

MC = 0.0042 Chta) -0.0074 (R = 0.59) from March to June, and MC = 0.03Zhka) -
0.1978 (R = 0.62) from July to Octobeand MC = 0.0411Ch}a)-0.0816 (R = 0.53) from
Nov to Dec, respectively (Fige.5). The slopes among three equations shosigdificanty
differences in threephasesThe sbpe (0.411) in winter was almost ten times higher than that in

autumn(0.0327)and the slope iautumnas ten time&igher than that in summer (0.0042).

Table 2.1. Correlation matrix betweetotal MCs concentrationsdry algalbiomass Chl-a, cell

abundane of Microcystisandtoxic Microcystis

Variable TotaIMC (e ) MC-LR (e g} MC-RR (e d-

r n r n r n

mcyB? (cellsL™) 0.64* 81 0.64* 81 0.58** 77
Mic® (cellsL™) 0.66** 82 0.67* 82 0.60% 78
(mcyB)% © 0.11 82 0.08 82 0.08 78
Dryagamass ¢ %) 0.67** 102  0.64* 102 0.70** 98
Chla(e d. % 0.64** 102  0.61* 102 0.61* 98

2 cell abundance doxic Microcystis °, cell abundance officrocystis ¢, the cell abundance

ratio of Microcystisandtoxic Microcystis ** P<0.01
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Fig. 2.5. The relationship betwediC concentratioaandChl-a concentratioa
2.3.4Environmental factors andtrophic states

The WQPsvariableswere presented in Tabl2.2. According to lake trophic states criteria
defined by Smith et al. (1999), trophic states b&bke Erhai was described potentially
mesotrophic before July (0.35 mg'< TN <0.65 mgL™, 0.01 mgL*< TP <0.03 mgL™) and
slightly eutrophic after July (T#0.65 mgL™, TP>0.03 mgL ™). According toTN/TP criteria of
Forsbergand Ryding (1980),Lake Erhai was potentially fimited (TN/TP >17). According to
the concentration dthl-a (Chl-a>9¢ d.* from May), it insinuated that Lake Erhai might ire
eutrophic sites.Overall thetrophic stateof Lake Erhai was described to be in preliminary stage
of eutrophic states.

The monthlyvariationsof TN werenot significanty different (P >0.05), ranging from 0.39
to 0.60mg/L, except for a few sites in Juleptemberand October reached over 0.8 L™
TN. The variations oNH4-N, NOs-N andDTN, werealso notsignificanty different (P >0.05).
The monthlyvariations of TP varied 0.0040.028 mg/L, with a significant change in different
months (P <0.05). TP increased from March to July and dieeneasedfter July. The lowest
and highest TBccurredin March and Julyrespectively In the spatial variation, TP before May

gradually decreased from the south to north (S2 >S1 >N2 >N1) andigruficanty different
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between sections after June. On the contrary, TNI&&easedrom March to June and then

kept within the lower level (2228) fromSeptember

2.3.5Relationship between MC concentrationsMicrocystisand environmental

factors

MC concentrationsvere shown to be positively correlated with pH, DO and TP, while
negatively correlated witBD, NOz-N, TN/Chl-a andTN/TP, but not correlated witNH4-N, TN,
DTN and WT (Table2.3). Similarly, the cell abundancef total Microcystis and toxic
Microcystiswere positively correlated with TN, TP and WT, while negatively correlated with
DO, SD, NOs-N, TN/Chl-a and TN/TP, but not correlated with the other factors. In addition,
when TN/TP was between 20 and0, Microcystiscells and MC concentrations becatngher
(Fig. 26a, b, ¢. Whereas TN/TP was over 40, Microcystis cell abundance and MC
concentrationdluctuated but maintained at lower levels, mostly with 2.30 cellsL™ and 0.2
e g, tespectively.

Furthermore, thexponentiakegressiormodel was used to detect the relationship between
MC concentrations and some environmental factors, such as pH, TP and. TNéTékponential
regressiorequationbetween MC concentrations and these factors WiBe= 0.0123&>4(T7)

(R* = 0.46) MC = 2E-44e"32 P(R? = 0.73), and MC= 09069 %049 ("NTP) (B2 — ( 62),
respectively

After analysis in details, the abumadas of totalMicrocystisand toxic Microcystis were
high in July and Octoberbut their MC concentrations were low. In August and November,
abundances atotal Microcystis and toxic Microcystisat several sites were low, but the MC
concentrations were Hig The results demonstrated that the variation tendency of total
Microcystis toxic Microcystis and MC coupling with TN/TP did not coincide in some manth

during cyanobacterial blooms.
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Tablke 2.2. Seasonal variation of water qualggrameterscell alundance oMicrocystisandtoxic Microcystisin Lake Erhain 2010.

Variable Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
TN (mg LY 0.39 0.47 0.43 0.44 0.57 0.47 0.79 0.57 0.60 0.53 0.46 0.42
NH4-N (mg LY 0.07 0.04 0.06 0.06 0.06 0.08 0.11 0.05 0.07 0.05 0.20 0.08
NOs-N (mg LY 0.11 0.09 0.13 0.15 0.08 0.13 0.12 0.09 0.08 0.11 0.10 0.10
DTN (mg LY 0.22 0.30 0.22 0.38 0.33 0.28 0.29 0.16 0.32 0.37 0.35 0.28
TP (mg L) 0.017 0.010 0.004 0.006 0.009 0.020 0.028 0.026 0.025 0019 0.018 0.009
TN/TP 28 62 108 69 63 23 29 22 24 28 25 48
T(N) 10.8 11.1 13.8 15.6 18.5 21.4 22.9 23.3 23.6 20.0 18.2 8.7
DO (mg LY 8.85 8.79 8.32 7.73 7.38 6.57 6.47 6.75 7.54 7.48 7.87 15.01
SD (m) 1.37 1.91 2.20 3.23 2.35 1.87 1.24 1.29 1.43 1.40 1.67 2.23
pH 8.55 9.02 8.39 8.49 8.63 8.45 8.73 8.75 8.84 8.74 8.68 8.75
MC (&g L * * 0.004 0.011 0.070 0.047 0.099 0608 1.136 0.211  0.988  0.353
MC-RR (9g L * * 0.002 0.003 0.041 0.025 0.058 0.382 0748 0.125 0.627 0.210
MC-LR (®g L * * 0.003 0.009 0.030 0.022 0.040 0226 0.388 0.08 0.362 0.143
Chla( ¢ ¢) L 17.05  8.39 7.58 4.47 1355 1366  8.03 23.67 17.88 2340 1873  12.09
Dry algal homass(mg L™) 0720 0180 0.865 0.441 0.302 1.480 0588 0363 1.036 0596 0.720 0.180
Total Microcystis(cells L) 73293 82585 13531 1008 52788 4.0x10 4.0x10 4.2x1¢ 1.3x1d 2.0x1d 1.3x10 1.7x10
Toxic Microcystis(cells L) 7538 10277 2153 185 37311 4.2x10 8.5x10 1.8x10 1.0x10 1.6x10 1.0x1d 1.1x10

* the data have not been measured successfully because they limited under the detecfibtPliiz
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Table2.3. Correlations matrix between environmental factors@s (-RR and-LR) concentrationgiry algd biomassChl-a, cell abundancef

Microcystisandtoxic Microcystisin 2010.

MCs MC-LR MC-RR mcyB® Mic® (Mmcy% © Dry algal biomass Chl-a
Variable
r n r n r n r n r n r n r n r n

T 0.12 102 0.10 102 0.06 98 0.58** 121 0.56** 122 0.12 122 0.10 117 0.31* 144
DO 0.22* 102 0.23* 102 0.31* 98 -0.45* 121 -0.46** 122 0.01 122 0.06 117 -0.15 144
SD -0.35** 102 -0.34* 102 -0.32** 98 -0.50** 121 -0.61* 122 0.14 122 -0.27** 117 -0.54** 144
pH 0.81+* 102 0.82* 102 0.81* 98 0.51 121 0.55 122 0.26 122 0.43 117 0.13 144
NH4-N 0.13 102 0.12 102 0.15 98 0.06 121 0.06 122 0.04 122 0.06 117 0.08 144
NOs-N -0.35** 90 -0.31* 90 -0.37** 86 -0.19* 117 -0.19* 118 -0.12 118 -0.38** 105 -0.28* 132
DTN -0.17 102 -0.16 102 -0.21* 98 -0.02 121 -0.14 122 0.30** 122 -0.35** 117 -0.07 144
TN -0.05 102 -0.05 102 -0.08 98 0.49** 121 0.50** 122 0.10 122 0.09 117 0.14 144
TN/Chl-a  -0.64* 102 -0.61* 102 -0.62* 98 -0.42+ 121 -0.36* 122 -0.22* 122 -0.54* 117 -0.90* 144
TP 0.33** 102 0.30* 102 0.26* 98 0.63* 121 0.69** 122 -0.07 122 0.19* 117 0.56** 144
TP/Chl-a -0.11 102 -0.10 102 -0.19 98 0.12 121 0.21* 122 -0.18& 122 -0.2Z 117 -0.16 144
TN/TP -0.37** 101 -0.35* 101 -0.34* 98 -0.45** 117 -0.51* 118 0.15 118 -0.23* 113 -0.58** 140

3 cell abundancef toxic Microcystis °, cell abundancef total Microcystis ¢, the cell abundance ratio wital Microcystisandtoxic Microcystis

*P<0.05;** P<0.01.
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2.4 Discussion

Unlike other large shallow eutrophic lakes along the Yimeg River, Lake Erhai is
characterized with its plateau geograpmgdiumdepthwater and lower nutrition loadings. Recent
development of eutrophication and cyanobacterial blooms in Lake Erhai led to several studies on
phytoplankton andacterioplankin (Wang et al 201lb, Li et al 201D, Hu et al 2013) But,
specific information orMicrocystisand MC in the lake is still navailable Therefore, it is much
necessary to obtain the general knowledge on the distribution and dynamics of MC caused by
cyanobaterial blooms in the lake. High diversity of blosfiorming cyanobacterial groups were
reported to occur in Lake Erhai, including seven specieMiafocystis (M. aeruginosa M.
wesenbergiji M. viridis, M. novacekii M. smithii, M. ichthyoblabe M. flosaquag, four of
AnabaenaAn. ucrainica An. spiroides An. circinalis, An. flos-aquag and two ofAphanizomenon
(Aph flossaquae Aph. issatschenk®i(Lv et al 2010). Thus, such a diversity of cyanobacterial
species provided the seed resource for the dtom of water bloomsMicrocystis species, along
with someAnabaenabnes were found to mainly dominate in summer and autumn, viple flos-
aquaeoccurred in early spring. Spatially, highdicrocystiscells were shown to occum the bays
of the lake such as Aoshan Bastationand Hongshan bastation

The distribution patternof Microcystis concentrations waassociatedvith the geographal,
meteorological and hydrological characteristicake Erhaiis located in the subtropical monsoon
climate zonewith strong southwesterwinds, pushinghe lake watertoward the northeaso form
anticlockwisecircular flows (Wang and Dou 1998).The shape of Lake Erhawas geographically
divided into three partdy two peninsula stretching out, and three smalésticlockwise circular
flows among wholecircular flow were therefore formed in the north, central and south part,
respectively (Du 1992Nangand Dou 198). Microcystisdominated blooms werdriven by those
anticlockwise circular flows and strong southwestm winds and subsequenthgathered into

Hongshan bay and Aoshan bay along ¢betral axisof lake from the south to the north leading to
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higher Chl-a concentration (20.55 g™ and 19.09 m L™) and MC concentrations Beg L™ and
8.9% d.") in thisarea.

MC-RR and MCGLR werethemain varians of MC in Lake ErhaiFig. 2.3). The other probable
MC variant with maximum UV absorbance at 238 nnasialso observed constituting a minor
proportion of total MC, and hence a&s not discussed in this study. Potafly MC-producing
cyanobacteriageneraAnabaena Planktothrix and Phormidiumwere also observed in Lake Erhai.
However, alarge number o$trains belonging to these three groups were isolated from Lake Erhai
and none of them contaimscy genes or MCs (da not shown). HenceMC was predominantly
produced byMicrocystisin Lake Erhai. It was also clearly indicated by the high relationship
coefficient (0.64) between MC amdicrocystis

Recently, the fact that a considerable portion of MC is neglected wittent analysis
techniques due to MC binding to the proteins was reported (Meissner et al. 2013). However, a
reliable assay method for quantifying the proteaund MC concentrations has not been established
so far. The MC concentrations measured baseghethanol extracts in this study was actually free
MC. Nonetheless, a positive correlation between free MC and piodeind MC waslsoobserved
in all field samplegMeissner et al. 2013). Thesults for the factors affectingdC productionof
Microcystispopulatiors in lake waterare still reliable in the present study.

Temporally, total Microcystiscells andMC-producing Microcystis cell abundance and MC
concentrations in midummer andautumnwere higher than ttose in other seasons. Because
abundanpollutants are subsequently brought into the lake by rainwater and river floouh flavmy
season in summemnutritional loading increase in the whole laker hutumn,sustaininghigh
nutritionalloads and optimatlimate conditiongriggered and maintaineMicrocystisblooms (Dong
2003) and further increased the MC concentrations. Afterwitidsocystisblooms were succeeded
by green algae and diatoimwinter, and thed\ph flos-aquaepopulations dominaidin nex spring.

Hence, during last the blooms, althoughl-a concentrations wereelatively higher, a large portion


app:ds:abundant

of Microcystiscells and MC concentrations already decreased. Thergloymplankton community
succession was also an important reason toeinfla the temporalistributionpatternsof MC.

Microcystis blooms and theproduction of MC were regarded to be associated with
environmental factors such as nutrients (Xie et al. 20®3nhd N sources have been considered as
the main factors taffect the growth of Microcystis cells and MC levels and such influencing
process isso compicated that the differentonclusionswere obtained by different investigators
from different lakes Raerl et al200], Xie et al. 2003McCarthy et al. 2009, Xu et al. 2011 The
results obtained in the present study showed that TP was posttoredyatedwith total Microcystis
MC-producingMicrocystisand MC production, whiclagreel with the previous studies suggesy
that phosphorus wathe main factorleading tohigh Microcystis cell abundancesind MC levels
(Choruset al 2001)

With regard to the effect of N nutrient on MC productidi and DIN were reported to
increaseMC levelsin a pond of Japa@oo et al2009) In the present study,N, DTN, and NH-N
were irelevant withChl-a, MC, total Microcystis andtoxic Microcystis(Table2.3). However, when
TN werenormalizedwith Chl-a, the high relationship between MC and TN per @hita (TN/Chk
a) was more clearly shown than the results without normalization € TAB). Several studies
indicated that highNOs-N loading was shown as a significant factor enhancing MC crat@ns
and the growth ofoxic Microcystiswithin the Microcystiscommunity (Yoshidat al 2007, Jiang et
al. 203, Jooet al 2009 Xu et al 2010). Kameyamaet al (2002) found that the growth rate Mt
viridis NIE 102 and the yield of M@RR favorably increased &tOs-N concentrationsanging from
0.2 to 0.8 mg L}, and then the effect plateaued at 1.0 ritgpE NOs-N. However,Wu et al (2006)
reported thathe relationships between MC and NR were fitted well with a unimodal curveand
the maximum MC concentration easilgcurredwhenNOs-N concentrations ranged frodn2 to 0.7
mg L. The present study showed tihDs-N was negatively rated toMicrocystiscell abundance
andMC levels and otheN sourcs, such asI'N, DTN, and NH-N, were irrelevant wittChl-a, MC,
total Microsytis and toxic Microsystis(Table.2.3). This result was similar to the study lakes of
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central Alberta Canadawhere nitrate concentratios were relatively low (almost <0.2 mg )
(Kotak et al 2000)

MC concentratios in the lake showed two obvious peaks in August and November in the main
lake without obvioudluctuationof MCM abundance (Fig2.4). While MC cancentrations increased
sharply in August and November, TN declined obviously by 28% and (T2#le 22). On the
contrary while MC concentrations declined sharply in September, TN rose obviously l§y&Sie
2.2). Consequentlyvariations of MC concentrains werenegativdy associated with TNNtcA is a
global transcription regulator for niigen control in cyanobacter{@inn et al. 2010. Nitrogen
levels affect MC production ratesmdthe expression ahcygeneby the NtcA approacfGinnet al.
2010. Hence, it wasguessed that NtcA coupling with nitrogen may present the expressianyof
geneto affect MC concentrations during cyanobacterial blooms.

McyBAL was described as the first module of mcyB gé&hemayeret al. 2002) Genotypes of
mcyBAL gene cotmibute concentrations of MCR and MGRR in the water bodies (Mikalseat al.
2003. In Lake Erhaij there had thesignificant seasonal variationgand the high diversityin the
composition of mcyBAl gerotypes during the bloons (Jiang et al 2013). The diférent MC
production capability of toxic Microcystis within different mcyBAl gene types mayead to
variations of MC concentrationsor example, gpup 1B ofmcyBAL gene was dominant within the
population of toxicdMicrocystisin August and November and cabtuted the predominance of MC
(Jiang et al 2013) Otherwise, genotypes ofmcyBAL genescould be associated with MC
concentrations ancell abundancef toxic Microcystisin Lake Erhai.

TN/TP ratio has been recognized as the most prevalent factor redattd dominance of
bloom forming cyanobacteri@TN/TP ruled hypothesis thatyanobactea tended tadominatein the
lake when TN/TP<29, while decreasedvhen TN/TP>29 (Smith 1983). But Scott et al. (2013)
confirm the new viewpoint that the MC wagyhest at intermediate TN/TP .12 < TN/TP < 23)
in Canadian lakes. Paerl et al. (2001) indicated that this rule is less applicable to highly eutrophic
waters when both N and P nutrients are very high. Xie. €2@03) found thaMicrocystisbloomed

37



in experiment enclosures either in an initial TP <29 or TN/TP >29, suggesting that TN/TP ratio
is not the factor bursting of blooms bficrocystisat least in highly eutrophic Lake Donghu. In the
present study, trends of boticrocystis abundance and MC pradtion in Lake Erhai showed
visually that Microcystistended to dominate and MC concentrations tended to increaselMAER
decrease (Fig2.6). Thecorrelationcoefficient (R%) of the exponentiaregressiorequationbetween
MC concentratioaand TN/TP was 0.64 This obtained result suggested thatfhbl/TP ruled may
be applied into the case in Lake Erhai. This lake is characterized by its deeper water but lower N and
P loadngs, compared to those hypereutrophic lakes mentioned above, and such characteristics may
partially explain why thévlicrocystisblooms and MC production corresponded tofihl/TP ruled,
implying that Lake Erhai can be a good model for study on the atioelbetween TN/TP and
cyanobacterial blooms and MC production in the future.

From the superficial mearg of the TN/TP formula, increasmg TN level in the lakemay
change TMTP ratio, thus be able twontrol cyanobacterial blooms (Smith 1983). But itlesar that
the increas of TN level will easilycause eutrophication amtibsequentyanobacterial blooms for
lakes.On theother hand, high N/P ratios (280:1) lead to a communityominated by green algae
(Bulgakov and Levich 1999) atiatoms (McCarthyet al. 2009)That is why the TN/TP rule was
also not likely to be appliedin many lakes with higér nutrient concentrations, which often have
lower TN/TP (Xie et al. 2003Scott et al. 2013)Therefore,the rule could bepartially applied to
explain the correlation between the cyanobacterial blooms with nutrients N aolyPwithin a

certain nutrient level
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Chapter 3 Dynamics and polyphasic
characterization of odor-producing cyanobacteria

Tychonema bourrellyfrom Lake Erhai, China

3.1 Introduction

Harmful cyanobacterib blooms frequently occur in eutrophic lakesyeservoirsand ponds
around the wdd (WHO 2006, Kameyama et €20, Otten et al.2012). Many cyanobacterial
generasuch asMicrocystis Anabaenaand Aphanizomenonare associateavith bloom formation
(Hu and Wei 2006, Lin et al. 201.05omespecies of these genera produce potent toxins or taste and
odor substancesNang et al. 2011 which allow them tahrea humanhealth safety througthe
drinking water pathlJochimsen et all998 Carmichael 2001

Aside from theabove commonly reported bloom formisgecies, several iacyanobacterial
taxaare also known to massively grow into bloom certain water bodieslychonemaourrellyi
(Lund) Anagnostidis eKomarekis originally distributed in colder lakes of NortherEuropewith
slight eutrophication/Anagnostidis and Koének 1988 Komarek and Anagnostidis 2005) This
specieform exceptionalOscillatoria-like blooms (Revaclierl978 Berglind et al. 1983Ganf et al.
1991). FurthermoreT. bourrellyi also produce geosmin @lonone(Berglind et al. 1983Juttner
and Watsor2007, Shaoet al. 2013, exhibiting potential harmful impaci. bourrellyi is one of
three formally accepted species of the gehyhoneman latestedition ofOscillatorialesaxonomy
by Komarek and Angnostidis(2005). Comparing he phenotypicfeatures (i.e., cells size, cellular
ultrastructurestructure, and pigmengmong the thre&@ychonemapecies, namelyl. bourrellyi, T.

bornetii (Zukal) Anagnostidis ekomarek(originaly O. bornetii, Lund 1955, andT. tenug(Skuja)



Anagnostidis eKomarek(originaly O. tenue Lund 1955, Skulbergand Skulgerg1991, Komarek
1994) reveals that theombined characters di. bourrellyi (i.e., havinga smalér cell width and
reddishpigment,as well aseingplankionic in freshwate) could distinguishr. bourrellyi from the
other two species(Komérek and Anagnostidi005) However, a comparison dhe genotypic
features between the species of gelyrshonemaias notbeenperformed,andthe taxonom inside
the genusstill remains unresolvedrFurthemoreg the relationships betweeiychonemaand other
cyanobacteria genera or families ai clearly understoodKomarekand Albertano 1994)Except
for some morphological descriptigrihe other biological and ecologidalatures ofl. bourrellyi are
also unclearThus, sudiesbasedon more strainfrom widea globalregionsare necessarya solve
thoseproblens.

Recently,T. bourrellyi has beerfiound inLakeErhai, a plateau lakén Yunnan Province, and
taxonomicallyde<ribed as a ne recordin China(Wei et al. 201 Several strains of. bourrellyi
have beersuccessfully isolated from the lakehe present studgttempts taharacterieg Tychonema
strains using the polyphasic approatitluding morphological examinatm by light microscope,
transmission electron microscopy (TEMJnd 16S rDNA basedn phylogeneticanalyses.The
gpatial and temporal distributisiof the Tychonemaopulatiors in Lake Erhaareinvestigatedising
reattime quantitative polymerase chainaation (QPCR) with specific molecular markershe
pigments toxigenicity, and wlatile compoundsf all strainsarealso examinedThe obtainedresults

could providefurtherinsights into the taxonomy, biology, and ecologyrgthonema

3.2 Materials and methods
3.2.1Sample collection and measurement of water quality parameters

Water samplesvere collectedmontHy from 12 sites in Lake Erhdrom January 2009 to
August 2010 (Fig. 2.1, except for sites 1, 2, 3, and 4 north of the Mla®r quality panmeters,

including TN, DTN, NHs-N, NOs-N, TP, Chla, WT, DO, pH, andSD, were measured accorditm

4C



the methods described in Section 2.2.2 of ChaptgiR et al. 2006, Wang et al. 2010
Approximately300 mL surface wate(0- 0.2 m) for environmental DNAwas filtrated througl0.45
em polycarbonate membrane filters (Milliporegnd the filters wereéhen stored ati 80 °C until

DNA extraction
3.2.2 Isolation and cultivation of strains

Tychonemastrains weresolatedusing thePaseur micropipette method (Rippkl988) from
water samples dfake Erhaiin 20M®. Five uni-algalstrains were successfully obtainaald cultured
in liquid MA medium(Kasai et al2009)at 25+ 1 °C under a constant white light intensity of 25
emol ph'é¢loon s 12m12 h light/dak cycle. These strainsvere namedCHAB1238,
CHAB1264, CHAB1271, CHAB1274 andCHAB1282 and storedat thelnstitute of Hydrobiology,

Chinese Academy of Sciences
3.2.3Morphological examination

The above five strains were morphologically identified accordjnto the description of
Anagnostidis andomarek (1983) andKomarekand Anagnostidis (2005Morphological studies
were performed othe specimens collected from cultures on the exponential growth phlaseell
densities were approximately 1x16ells mL™. The morpholog@s of cells andtrichomeswere
observed using an Olympus<B1 light microscope with a digitalamera (@nagingMicropublish
5.0 RTV, USA). Cell sizeswere measureffom at least 100trichomes per strainere analyzed
using the Imagro Express (Media Cybernetics, IntISA).

The ultrastructural features of the strains were studied using TEM. The strains during the
exponential growtlphase were fixed following a procedure similar to that describeghiap et al.
(2011). Briefly, the strairs in the exponential growth phase were fixed at ro@mperature for &
in 2.5% glutaraldehyde buffered with phosphate buffer (pH, TH@n posffixed in 1% osmium
tetraoxide, dehydrateh nd e mbedded (Yua et 8.p2015)Tlieslixed samplesvere

observed under a TEM (Philips TECNAI G2) at araccelerating voltage of80 kV.
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Microphotographs wergeneragéd with a MegaView Il digital camera using the Megsion

software (Soft Imaging System GmbH, Germany).
3.2.4Pigment analysis

The absorptionggectia of the strains wereneasuredy dual beam spectrophotometer using the
filter membrananethods.The proceureis describedis follows. Approximately20 mL samples of
every strain were filtered using the Whatman GF/F filter, and the $étemples werthenmeasured
by the spectrophotometer (SHIMADZU, UV2550) from 3@@ to 800nm. Finally, the absorption
coefficients were converted into onbphyllspecific absorption coefficienta¥) by normalizing to

the Chla concentrations to remove the effectpadment concentrations.
3.2.5DNA extraction and gPCR amplification

Total genomicDNA and environmental samplesere extractedfrom the culture strains
according tahe SDSphenol methodLin et al. 201). Purified DNA was suspended sterile 1xTE
buffer (pH 8.0 and stored at20 °C prior to PCR analysis.

The 16S rRNA gene sequences were amplified from the genomic DNA using the PCR primers
F106 5 -&GGACGGGTGAGTAACGCGTGA3 6 (Nubel et al. 1997 and R4 50
TACGGCTACCTTGTTACGAG3 @Neilan et al. 199) PCR wasperformed in a reatn volume
of 50 uL, similar to the description by Lin et al. (201®hich contairs 5 ng to 10 ng of total
genomicDNA, 1 U Tag DNA polymerase (Takara, Japary, ACR reactiorbuffer with 1.5mM
MgCl,, 10 pmol of each primer, and 20hM concentrations ofeach deoxyriboucleoside
triphosphate The ampliication program was sedt 94°C for 5 min, followed by 40 cycles of 94C
for 40 s, 55 °C for 50's, 72°C for 2 min, anda final extension at 72C for 5 min. PCR products
were examined on 1% (w/v) agarogels dyed withethidiumbromide and purified by the PCR
purification kit (Omega, USA) Thenthe purified PCR productaere thendirectly sequenced by

Invitrogen Biotechnologyo. Ltd. (Shanghai, China).



The gPCR was used to enumerdte total cellnumbersof TychonemaThe gPCR primers set
were used as follosy TychoF (5-CCCACGATGTGACAGAGTTT3) and TychoR (5-
TTTCAGGATTGCTGGTAGCG3). The pecificity of the primers fofTychonemavas checked in
the preliminary experimeniThe qPCR amplifications were conductedan 1Q5 Reallime PCR
system (BieRad) with the following parameters: 98 for 3 min, then45 cyclesat 95 °C for 10,
55°C for 30s, and70 °C for 30s. Each reaction was performed in ag25mixture with 0.5mM of
both primers, 1L enzymenucleotde-dye mix (SYBR green mixture, TOYOBO, Japan) and
template DNA.Each measurement was performed in triplicate. Dagege analyzed usinghe 1Q5
Optical System Software Version 2.0he @ll numbers ofTychonemawere calculated from the
mean cycle threshdl(Ct) value of three replicates according to the standard cStaadard curves
between cell concentration afd werecreatedsimilar to the descrption in Section2.2.5 of Chapter
2. The Tychonemaculture underthe logarithmic phase wasubpackag# as six concentration
gradiens. Their DNA product were extracted and then amplifieging the gPCR method to
calculatethe Ct values.The Ct valuesreflectedthe @Il numbers ofTychonemausing thelinear

regressiorequation
3.2.6Phylogenetic analysis

The 16S rDNAsequencesf Tychonemastrainsobtainedin this study together with thether
sequencefom the GenBank, weraligned using CLUSTAILX integrated into the BioEdpackage
(Hall 1999). Microcystis aeruginosaPCC 7806 (AF139299 was selected as theoutgroup.
Phylogenetic trees were constructed with the MEGA 6.0 program package (Tamura et al. 2013)
using a righborjoining (NJ)tree based oK i m ustwa-Pparametemodel of approximately,000
bootstrag. A maximum likelihood (ML) treewas constructedsingPHYML version 3.5¢ (Guindon
and GascuelR003) 100 bootstrap replicates wesmalyzed.Clade support wasstimated using the
general timereversible GTR) model. The parameters of this/tv ratio and gnvar were setto

correspond to the outputs frothe testmodel (Posadand Crandall 1998) Bayesianphylogenetic



analysis was performed blge MrBayesprogramwith 5 x 10° generations, % 10" trees, sampling
at every 108 generationusng the DNA substitutio(HKY) model,Nst = 6, and rates = gamma
Given that all the methods yielded similar results, only the bootstrap values above 50% for ML and

Bayes analyses were indicated at the NJ tree nodes.
3.2.71dentification of odorous and volatilecompounds

Volatile compounds ofT. bourrellyi were extraded using headspace solid phase micro
extractionaccording to Shao et al. (2012013). Gas chromatographynass spectrometiyzC-MS,
HP6890GC5973MSD, HewlettPackard, USA) was used to separaed identify volatile
compoundsSeparation ofextracted compands was conducted on a capillary colufiC series,
WondaCap 5, 0.251m x 30 m x 0.25e m$Shimadzu, Japan). The injector temperature wastset a
250°C. The oven temperature program was as follamisal temperature was set at 8Q for 2
min, increased t@00 °C at a rate of 3C min *, maintained at thisempergure for 2 min, followed
by 250°C at 20°C minl ! thatwas held for 2min. High purity N (099.99%) wasused as the carrier
gas under a pressure of 1§pa. Massanalyss wasperformed in the electron ionization moderat
eV andmass rangat m/z 50to 500. The quadrupole and ieource temperatures were set at 4G50

and 230°C, respectively.
3.2.8Statistical analyses

SPSS statistical software (version 13f@) Canonical Correspondence Analy$8CA) was
used to anabe the correlations betwedhe environmental factors angbundarce of Tychonema

cells.
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3.3 Results
3.3.1Morphological characterization

Five strains from Lake Erhai were @axined for their morphological characteristiCEhese
strains havethe following characteristicsThe tichomeswere solitary in planktoror sanetimesin
mats attackd to the wall of the culture tube$he richomeswerereddish browr(Fig. 3.1) or blue
green, usuallstraight unconstricteccrosswall wide towardthe end with thin sheath and usually
invisible in light microscopy.The @llswere 7.2 um to 10.7 um wide (averagef 9.1 um) and3.8
pm to 7.2 um long (averageof 5.4 um) with clear keritomized content (Fig3.1b). The eticular
patternc a | lkeritbmydiby Komarek and Albertano (1994 was clearly observed in light
microscopy. Apical cells were wideround with narrow calyptra. The largeacuole® were often
visible within older cultures in light microscggFigs. 3.1d and 3.1e, indicated by the arrow)

The fine ultrastructure of. bourrellyidemonstratethat thethylakoid organizaton were partly
fasciculated and radially orientated, lengthwise or sometimes crosswise, and characteristically widen
asfivacuoles to form intrathylakoids spaces (Big8.2aand 3.2b, indicated by the blue arrowa
pair or multiple twin unclosed septa we oftenobserve within a cell in the light microscope and
TEM (Figs. 3.1aand3.2a, indicated bythe greenarrowg. Cells with clear polyphosphate particles
are shown in Figs. 3.2d (indicated by the white arrows).

Five strainswere identifiedas Tychonera bourrellyi (Lund) Anagnostidis eKomarekin the
morphologyon the basis othe taxonomiccriteria of the genu§ychonemaAnagnostidisand

Komarek 1988Komarekand Anagnostidis 2006



Fig. 3.1. Micrograph ofT. bourrellyi in light microscqy. (a), (b) Field samples(c) to (e)lsolated
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Fig. 3.2. TEM micrograph ofT. bourrellyi during the exponential growth phas8ars =2 um. The
fivacuole® ar e i ndi cat e dclobey septiy¢he greemarrawvsireathdy the black

arrows, and polyphosphate by the white arrows.









































































































































































































