Establishment of quantitative PCR methods for the quantification of geosmin-producing potential and Anabaena sp. in freshwater systems
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Abstract
Geosmin has often been associated with off-flavor problems in drinking water, with Anabaena sp. as the major producer. Rapid on-site detection of geosmin producers as well as geosmin is important for timely management responses to potential off-flavor events. In this study, quantitative polymerase chain reaction (qPCR) methods were developed to detect Anabaena sp. and geosmin production potential by designing two primer sets targeting the rpoC1 gene (ARG) and geosmin synthase gene (GSG) in freshwater systems. ARG density determined by qPCR was highly related to microscopic cell counts (, ), with limits of detection and quantification of 0.02 and 0.2 pg DNA, respectively. The relationship between geosmin concentrations measured by gas chromatography-mass spectrometry and GSG copy number was also established (, ), with similar detection limits. The two protocols measured different levels of ARG and GSG copies across freshwater systems with diverse ecological conditions, showing their potential for environmental monitoring. Compared with microscopy and GC-MS, qPCR reduced time to results from several days to a few hours and required less taxonomic expertise.


Introduction
Cyanobacterial blooms occur frequently in lakes and reservoirs over the world and have exerted a serious impact on aquatic ecosystems, human health, and a large range of human activities (Battocchi et al., 2010). Such blooms are often accompanied with the occurrence of taste and odor problems caused by cyanobacterial metabolites such as geosmin (trans-1,10-dimethyl-trans-9-decalol) and MIB (2-methylisoborneol or 1,2,7,7-tetramethyl-exo-bicyclo-[2,2,1]-heptan-2-ol) (Saadoun et al., 2001). Anabaena, a well-known bloom-forming cyanobacterial genus, has been reported to be responsible for 46% of geosmin-related taste and odor events (Krienitz et al., 2002; Kuosa, 1991; Sabour et al., 2005; Sotero-santos et al., 2008). In 2007, a severe Anabaena bloom occurred in Yanghe Reservoir in north China, resulting in a serious water supply crisis due to the production of high concentration of geosmin (Li et al., 2010). Cyanobacteria grow exponentially forming blooms and forming large visible biomass within a short period of time. Moreover, cyanobacterial metabolites like geosmin are volatile and susceptible to biodegradation in water (Ho et al., 2007). Therefore a quick or even on-site detection method would be desirable during a taste and odor event, especially in the case of an extensive sampling (Battocchi et al., 2010). Microscopic count, which has long been the major approach used for the monitoring of algae in lakes and reservoirs (Hotzel and Croome, 1994), is very time-consuming (Rodenacker et al., 2001). In addition, the limitation of morphological identification criteria has sometimes rendered it difficult to assign cyanobacteria to a certain genus or species (Humbert et al., 2010), and the reliability of data depends largely on the skill and taxonomic expertise of the operators (Christensen et al., 2009). On the other hand, on-site detection of the odor compounds is generally not practicable as the equipment (usually gas chromatography-mass spectrophotometry (GC-MS)) used for this purpose are large machines and not transportable in the field (Deng et al., 2011).
Quantitative polymerase chain reaction (qPCR) has been proven to be reliable, robust, sensitive and fast (Rasmussen et al., 2008b; Rinta-kanto et al., 2005), which may be suitable for the on-site survey of cyanobacterial blooms. In comparison with the 16S rRNA genes, which has been used extensively for the design of primers for cyanobacterial detection (Matsunaga et al., 2001; Rocap et al., 2002; Steindler et al., 2005), the gamma-unit of the DNA-dependent RNA polymerase () gene could be a more discriminatory marker to assign cyanobacterial cultures/isolates at the genus or even the species levels (Bergsland and Haselkorn, 1991; Fergusson and Saint, 2000; Innok et al., 2005; Palenik and Haselkorn, 1992). This gene has been employed for rapid on-site monitoring of Cylindrospermopsis raciborskii by using qPCR in reservoirs (Marbun et al., 2012). With regard to geosmin, the geosmin synthase gene has been discovered recently, which is responsible for biosynthesis of geosmin in cyanobacteria. It has provided the fundamental knowledge to investigate into the relationship between geosmin production potential and geosmin synthase gene (GSG) expression (Cane et al., 2006; Cane and Watt, 2003; Giglio et al., 2008; Gust et al., 2003; Jiang et al., 2007, 2006). Moreover, the growth conditions affecting the expression of GSG in A. circinalis have been examined (Giglio et al., 2011). These two genes would be good candidates for the development of specific PCR assays for the detection of Anabaena sp. and also other potential geosmin producers in the environment.
In this study, two PCR primer sets were designed to amplify a fragment of the Anabaena  gene (ARG) and GSG homologs, respectively. The specificities of the -based primer set (ARG primers) and geosmin synthase gene based primer set (GSG primers) were verified by testing 47 and 11 cyanobacterial cultures, respectively. Both PCR assays were validated with a culture-based experiment using a geosmin-producing strain (A. circinalis AWQC-ANA318) over a period of 72 days, as well as 63 field samples (7 sites  3 repeats  3 levels) spiked with different levels of Anabaena (A. spiroides FADC-0001). This study provides a valuable on-site technique for the early monitoring of geosmin-producing Anabaena.
Materials and methods
Cyanobacterial cultures
Thirty Anabaena strains, fifteen Microcystis strains and two Cylindrospermopsis strains obtained from Australian Water Quality Centre (AWQC), Freshwater Algae Culture Collection of the Institute of Hydrobiology (FACHB) and Chinese Research Academy of Environmental Sciences (CRAES) were used to test the specificity of ARG primers (Table 1, the AWQC-strains were performed in AWQC in 2009, while the FACHB/FADC-strains were performed in Beijing in 2012); on the other hand, eleven Anabaena strains were used to test the specificity of GSG primers (Table 2). A. circinalis strain AWQC-ANA318 was used to simulate a cyanobacterial bloom in a laboratory culture system. The strain was isolated at the AWQC in 1995 from a sample sourced from Pejar Dam in Goulburn, NSW, Australia, during a taste and odor episode (Giglio et al., 2011); In addition, A. spiroides strain FADC-0001 was used to validate the qPCR methods on field samples with A. spiroides supplemented. This strain was isolated at Chinese Research Academy of Environmental Sciences (CRAES) from Yanghe Reservoir in north China, during a cyanobacterial bloom in 2007. The reason for choosing these two strains was that they belong to the two major bloom-forming species in South Australia (SA) (Llewellyn et al., 2001) and China, respectively (Li et al., 2010; Pan et al., 2009).
The AWQC-ANA318 strain was grown under continuous illumination (2500 lux) for 72 days at 25  without agitation in two crystal plastic containers 10 L, Nalgene) in ASM-1 medium (Provasoli et al., 1957), and the initial cell density of the two cultures were at 1277 and 6436 cells mL, respectively. The cultures were sampled every 2 to 8 days for cell enumeration under light microscopy, geosmin analysis by GC-MS and DNA extraction for qPCR assays (the sampling was performed every 2 or 3 days in the lag phase and log phase, and the frequency decreased in the other phases; the longest interval was 8 days). On the other hand, the FADC-0001 strain was initially grown in BG-11 medium under continuous illumination for one week (Rippka et al., 1979), and subsequently added to the field samples collected from 5 freshwater ponds and 2 rivers in Beijing for qPCR applicability validation.
	Table 1: Specificity of ARG primers (AN03/06)
	Strain
	Genus/species
	Sig.
	Source

	FACHB-170
	Anabaena cylindrica
	++
	FACHB

	FACHB-190
	Anabaena azollae
	-
	FACHB

	FACHB-245
	Anabaena flos-aquae
	++
	FACHB

	FACHB-251
	Anabaena sphaerica
	+
	FACHB

	FACHB-319
	Anabaena variabilis
	-
	FACHB

	FACHB-362
	Anabaena catenula
	
	FACHB

	FACHB-380
	Anabaena inaequalis
	
	FACHB

	FACHB-1096
	Cylindrospermopsis sp.
	-
	FACHB

	FACHB-1194
	Anabaena eucompacta
	
	FACHB

	FACHB-1199
	Anabaena eucompacta
	-
	FACHB

	FACHB-1219
	Anabaena sp.
	
	FACHB

	FACHB-1239
	Anabaena sp.
	++
	FACHB

	FACHB-1250
	Anabaena sp.
	++
	FACHB

	FACHB-1255
	Anabaena flos-aquae
	++
	FACHB

	FACHB-1263
	Anabaena flos-aquae
	++
	FACHB

	FADC-0001
	Anabaena spiroides
	+
	CRAES

	FADC-0002
	Microcystis sp.
	-
	CRAES

	AWQC-ANA318
	Anabaena circinalis
	+
	AWQC

	AWQC-ANA001
	Anabaena cylindrica
	+
	AWQC

	AWQC-ANA019
	Anabaena circinalis
	+
	AWQC

	AWQC-ANA025
	Anabaena oscillarioides
	+
	AWQC

	AWQC-ANA044
	Anabaena spiroides
	+
	AWQC

	AWQC-ANA048
	Anabaena affinis
	+
	AWQC

	AWQC-ANA049
	Anabaena circinalis
	+
	AWQC

	AWQC-ANA051
	Anabaena flos-aquae
	+
	AWQC

	AWQC-ANA056
	Anabaena spiroides
	+
	AWQC

	AWQC-ANA059
	Anabaena circinalis
	+
	AWQC

	AWQC-ANA217
	Anabaena aphanizomeniodes
	+
	AWQC

	AWQC-ANA249
	Anabaena inaequalis
	+
	AWQC

	AWQC-ANA283
	Anabaena bergii
	-
	AWQC

	AWQC-ANA357
	Anabaena azollae
	-
	AWQC

	AWQC-ANA374
	Anabaena planktonica
	+
	AWQC

	AWQC-MIC005
	Microcystis aeruginosa
	-
	AWQC

	AWQC-MIC013
	Microcystis aeruginosa
	-
	AWQC

	AWQC-MIC017
	Microcystis aeruginosa
	-
	AWQC

	AWQC-MIC029
	Microcystis aeruginosa
	-
	AWQC

	AWQC-MIC034
	Microcystis aeruginosa
	-
	AWQC

	AWQC-MIC040
	Microcystis aeruginosa
	-
	AWQC

	AWQC-MIC049
	Microcystis aeruginosa
	-
	AWQC

	AWQC-MIC311
	Microcystis aeruginosa
	-
	AWQC

	AWQC-MIC320
	Microcystis aeruginosa
	-
	AWQC

	AWQC-MIC051
	Microcystis flos-aquae
	-
	AWQC

	AWQC-MIC053
	Microcystis flos-aquae
	-
	AWQC

	AWQC-MIC054
	Microcystis flos-aquae
	-
	AWQC

	AWQC-MIC055E
	Microcystis flos-aquae
	-
	AWQC

	AWQC-MIC058
	Microcystis flos-aquae
	-
	AWQC

	AWQC-CYL001
	Cylindrospermopsis raciborskii
	-
	AWQC





The gel results of amplifications using conventional PCR with ARG primers AN03/06.
+, positive result; , the gel showed weak signal; ++, gel showed strong signal.
The ARG primers didn’t amplify the DNA.
Field sites, sampling and cell enumeration
In order to assess the impact of biomass and particles in water on the quantification of ARG and GSG by qPCR, 5 freshwater aquaculture ponds (Weiming Lake (WML), Forest Park (FP), Yuyuantan (YYT), Houhai (HH) and Lotus Ponds (LP)) and 2 rivers (Wenyu River (WYR) and Qing River (QR)) spreading over 5 districts in Beijing, China were chosen (Figure A.1). The pH, conductivity and salinity were determined on-site using a YSI probe (YSI6600, USA). In total, 63 water samples (7 sites  3 levels  3 repeats) were taken from the surface water (0.5 m) at each site. All field samples were supplemented with different concentrations (range from  cells L) of the FADC-0001 strain before analysis. Together with 32 culture samples collected from the laboratory culture system, all samples were used for cell enumeration, geosmin determination and DNA extraction.
Subsamples for cell enumeration were preserved with Lugol’s iodine to a final concentration of 5% (Sherr and Sherr, 1993) and then kept in dark until cell counting. The algal cell density was determined by the Utermöhl technique using a Sedgewick-Rafter counting chamber under a Nikon Eclipse 50i microscope with phase contrast and bright field illumination (Hasle, 1978). A magnification of 160 and 400 was used to identify and enumerate the cells, respectively. For each sample, triplicates of 1 mL each culture were collected and counted separately.
Geosmin analysis
Filtration through poly-carbonate filters was used to separate the dissolved from the intracellular geosmin fraction of all samples. Subsamples for dissolved geosmin determination were passed through a poly-carbonate membrane (3  pore size, 47 mm diameter, Millipore, Bedford, Mass) applying a vacuum (quantify under 40 kPa); while unfiltered sample represent the total geosmin. Both filtered and unfiltered fractions were stored in light-blocking bottles with airtight stopper supplemented with HgCl to a final concentration of 10 mg L to prevent biodegradation (Li et al., 2010), and then analyzed within 24 h using the solid phase micro-extraction (SPME) method coupled with gas chromatography-mass spectrometry (GC-MS) (Agilent 6890/5975, Agilent Tech., USA) (Deng et al., 2011; Liang et al., 2005). Intracellular geosmin concentrations were calculated by subtracting dissolved geosmin from the total geosmin values.
DNA extraction
Subsamples for genomic DNA extraction from both culture and field samples were filtered through a 5 $\rm{\mu}$m hydrophilic Durapore filter (Millipore, Bedford, Mass) until the filtration pads were saturated. The filters were then placed into a sterile tube (Axygen, USA) with 180 $\rm{\mu}$L of lysis buffer (DNeasy Kit 69504, Qiagen, Australia), and the cells were then broken using an ultrasonic peen with 6 cycles of 15 seconds on and 10 seconds off at 20% power (DIGITAL Sonifier S-250D, Branson, Dabury, USA). Additionally, to optimize cell lysis, 10 $\rm{\mu}$L of lysozyme solution (90 mg mL, Invitrogen, USA) and 10 $\rm{\mu}$L proteinase K (DNeasy Kit 69504, Qiagen, Australia) were added to the cell preparation, and placed for incubation at 56 $\rm{^\circ C}$ for 3 h. Finally, DNA extraction was completed using the DNeasy Blood & Tissue Kit (Qiagen, USA) following the protocol provided by the manufacturer. The purity of the extracted DNA varied from 1.7 to 1.9 was assessed by calculating the ratio of the absorbance measured at 260 nm (A260) to the absorbance measured at 280 nm (A280), using NanoDrop1000 spectrophotometer version 3.2.1 software (Biolab).
Primers design and specificity evaluation
For the general detection of Anabaena populations and their geosmin production potential, two qPCR primer sets were designed which respectively amplify specific fragments of the  gene coding for the gamma subunit of the RNA polymerase of Anabaena sp. and geosmin synthase gene responsible for the biosynthesis of geosmin in cyanobacteria. The sequences are as follows: ARG forward primer AN03 (5’-TGTGGCTCATGTTTGGTATCTC-3’) and reverse primer AN06 (5’-CCAATACCCACTTCCACACC-3’); GSG forward primer 173AF (5’-TGTGAGTACCCAAGAGG-3’) and 173AR (5’-CTGCCAATCCTGAAGTCCTTT-3’) (Giglio et al., 2011).
As shown in Table 1, thirty Anabaena strains, fifteen Microcystis strains and two Cylindrospermopsis strains were used to test the specificity of the ARG primer set with conventional PCR coupled with gel electrophoresis (agarose 1% v/v). At the same time, eleven Anabaena strains were used to verify the specificity of the GSG primer set; in addition, a melting curve analysis, which was developed in 1990s and has been used to distinguish different PCR products based on GC/AT ratio, length and sequence recently (Rasmussen et al., 2007; Ririe et al., 1997), was run at the end of qPCR runs to verify the melting temperature () of the amplicons for the four AWQC strains (AWQC-ANA044/102/196/328). The  corresponding to the target amplicon is 83  for  species and 86  for the positive control of Nostoc sp.. So only the samples showed a unique peak at the right temperature (83 ) were considered as positive (Table 2). The 25  PCR mixture included 1 PCR buffer (Takara, Dalian, China), 0.2  dNTPs (Takara, Dalian, China), 1.25 U of Taq DNA polymerase (Takara, Dalian, China), 0.2 M of each primer (AN03/06 for ARG qPCR assay, 173AF/AR for GSG qPCR assay) and 2 L of template DNA. The amplification conditions were as follows: an initial denaturation step of 95  for 5 min, followed by 35 cycles of 95  for 30 s, 50  for 30 s, and 72  for 30 s, and a final extension step of 72  for 10 min. The PCR products were then used to run gel electrophoresis.
Standards for qPCR analysis and qPCR protocol
The DNA extracted from two strains AWQC-ANA318 and FADC-0001 were used as standards for both qPCR assays. The standard curves were determined by correlation between target genes (copy number in one reaction) and threshold cycle () value in a ten-fold serial dilution of Anabaena DNA. The laboratory culture and field samples were subsequently qualified based on their  values. Eq. 1 is the calculation of Anabaena genome copy number () in one qPCR reaction.
[bookmark: eq-n]
In this equation,  represents Avogadro constant,  represents the DNA template concentration in ng ,  represents the DNA template volume in one qPCR reaction,  represents the Anabaena genome length in base pair (bp) and  represents the molecular mass of 1 bp dsDNA. In this study, the calculations are based on a genome size of 4.5 Mb bp for Anabaena sp. (Moustafa et al., 2009), and single copy  and  present in one Anabaena genome (Bergsland and Haselkorn, 1991; Xie et al., 1989).
The qPCR reactions were performed on four replicates using a Rotor-Gene Q instrument (Qiagen, Venlo, Netherlands). Each qPCR reaction was performed in 25 L which consisted of 1.5 mM MgCl (Invitrogen, USA), 1 PCR buffer (Invitrogen, USA), 0.2 mM dNTPs (Invitrogen, USA), 0.2 M of each primer (AN03/06 for ARG qPCR, 173AF/AR for GSG qPCR), 1 U of Platinum Taq DNA polymerase (Invitrogen, USA), 2 L of template DNA, and 2.5 M SYTO9 (Invitrogen, USA). The amplification conditions were as follows: an initial denaturation step of 95  for 5 min, followed by 45 cycles of 95  for 30 s, 52  for 30 s, and 72  for 30 s, and a final extension step of DNA melting analysis from 75  to 95 , with data being acquired every degree with a 10 s hold at each step. All data were acquired on the “FAM3” channel, with excitation at 470 nm and emission at 510 nm.
Statistics
The log-log regression, t-test, ANOVA and the figures in this study were performed using the R 2.13.1 system for statistical analysis (R Development Core Team, 2011).
Results and Discussion
Applicability of the designed primers
In order to evaluate the specificity of the AN03/06 primers, genomic DNA from 30 Anabaena strains and 17 other strains was firstly amplified by conventional PCR. Gel electrophoresis was performed for all the amplification products to verify the length of the amplicons. Five Anabaena strains (FACHB-190, FACHB-319, FACHB-1199, AWQC-ANA283, AWQC-ANA357) belonging to A. azollae, A. variabilis, A. eucompacta and A. bergii failed to give positive amplifications, while all the other Anabaena strains showed positive results with a single band at the right size around 200 bp (only the gel electrophoresis results of FACHB-collections and FADC-collections are shown in Figure A.2), although the bands of four strains (FACHB-362 A. catenula, FACHB-380 A. inaequalis, FACHB-1194 A. eucompacta and FACHB-1219 A. sp.) were relatively weak on gel. On the other hand, no amplification product was observed for Microcystis strains and Cylindrospermopsis strains (Table 1). The results imply that the ARG primers are capable of amplifying most Anabaena species. It should be noted that, the  gene of three frequently reported bloom-forming species of A. circinalis (strain AWQC-ANA318), A. spiroides (strain FADC-0001) and A. flos-aquae could be well amplified by the ARG primers.
As shown in Table 2, six of 11 Anabaena strains possessing geosmin producing potentials (1.97-8270 ng L) exhibited positive PCR results on gel electrophoresis, while the other 5 strains showing no geosmin producing potential (less than 1.0 ng L) exhibited negative results (only the results of FACHB-collections and FADC-0001 are shown in Figure A.3). In addition, the melting curve analysis results exhibited distinct different in the melting temperatures (T) between the amplicon of Nostoc sp. (86 C) and those of the four AWQC Anabaena strains (83 C), showing that the melting analysis may also be used for differentiating the Anabaena species between each other. Overall, the GSG primers are capable of amplifying the geosmin synthesis genes of the Anabaena species by coupling with melting curve analysis, and that could be used as a potential tool for geosmin detection in natural water bodies.
In 2003 a sesquiterpene protein domain in Streptomyces coelicolor A3(2) was linked to the presence of the taste and odor compound geosmin (Cane and Watt, 2003; Gust et al., 2003). Since then the gene responsible for the biosynthesis of geosmin (geo gene) has been extensively characterized (Cane et al., 2006; Jiang et al., 2007, 2006). In 2007 two geoA-like genes were detected in a strain of Phormidium (cyanobacteria, Oscillatoriales) (Ludwig et al., 2007) but their function in cyanobacteria were not elucidated until full characterization of the geoA gene was performed in Nostoc punctiforme (Giglio et al., 2008). Since then the expression of these genes has been studied in a single strain of Anabaena (Giglio et al., 2011), which was demonstrated that the expression of the geosmin gene appears to be constitutive in nature. While in recent years some studies established quantitative PCR assays to detect and measure the production of geosmin by Streptomycetes in the environment (Auffret et al., 2011; Lylloff et al., 2012); to the best of our knowledge, no peer reviewed study has displayed a quantitative PCR assay to detect the production of geosmin specifically by cyanobacteria. The present study is the first qPCR assays for the detection and quantification of the cyanobacterial geosmin synthase in waters. Moreover, the ARG qPCR assay allows the detection of several Anabaena species, major bloom-forming genus and confirmed geosmin producers. Combined, these two assays allow the monitoring of the population of Anabaena at the same time as the production of geosmin. The comparison of the two results therefore assists in determining if Anabaena is responsible for the release of geosmin in the environment.
	Table 2: Specificity of GSG primers (173AF/AR)
	Strain
	Genus/species
	Sig.
	Geosmin  ()

	AWQC-ANA044
	Anabaena spiroides
	+
	1.97

	AWQC-ANA102
	Anabaena flos-aquae
	+
	4.05

	AWQC-ANA196
	Anabaena circinalis
	+
	472.16

	AWQC-ANA328
	Anabaena circinalis
	+
	204.36

	FACHB-1199
	Anabaena eucompacta
	-
	LOD

	FACHB-1219
	Anabaena sp.
	-
	LOD

	FACHB-1239
	Anabaena sp.
	+
	8270

	FACHB-1250
	Anabaena sp.
	-
	LOD

	FACHB-1255
	Anabaena sp.
	-
	LOD

	FACHB-1263
	Anabaena flos-aquae
	-
	LOD

	FADC-0001
	Anabaena spiroides
	+
	305.1

	Positive control
	Nostoc sp.
	+
	+

	Negative control
	Milli-Q water
	-
	0.09





Conventional PCR used GSG primers 173AF/AR; the melting temperature () corresponding to the target amplicon is 83  for Anabaena species and 86  for Nostoc species.
The concentration of geosmin produced by the strains was measured by GC-MS;
The geosmin concentration determined by GC-MS method is under the limit of detection (LOD);
The positive control has been previously controlled for the production of geosmin and was found positive with a different melting temperature of 86 ;
There was residual geosmin in the water serving for analysis (0.09 ng L), thus for the strains for which the level of geosmin detected were around 1 ng L is not possible to confirm true positive from negative.
Validation of the qPCR assays
The limit of detection (LOD) and limit of quantification (LOQ) of both ARG and GSG qPCR assays were obtained by testing the 10 fold serial dilutions of AWQC-ANA318 genomic DNA range from 0.02 pg (approx. 4 genome copy) to 2.0 pg (approx. 4 genome copy) DNA in one qPCR reaction. As shown in Table 3, the standard errors of  values were increasing along with the fold number dilutions of DNA, which results in an increasing error of qPCR results. Over 90% of the DNA samples showed fluorescence signals for both assays at a DNA concentration over 0.02 pg level; On the other hand, 25% or lower coefficient of variation (CV) of  values were obtained at 0.2 pg DNA level for both assays. Thus, the LOD and LOQ of both methods were 0.02 pg DNA and 0.2 pg DNA, respectively. The LOQ of 0.2 pg is around 40 copy number of target gene in one reaction for both qPCR assays, suggesting that the methods are capable of determining low concentration of target genes in natural samples.
	Table 3: Limits of detection and quantification for the ARG and GSG qPCR assays. Values are transcribed from the historical final submission.
	Assay
	DNA quantity (pg)
	
	Gene copies
	CV (%)
	Positive samples (%)
	Below LOD?
	Below LOQ?

	ARG
	0.02
	34.7 +/- 0.63
	4.34
	42
	94
	No
	Yes

	ARG
	0.2
	31.4 +/- 0.32
	39.5
	25
	100
	No
	No

	ARG
	2
	28.0 +/- 0.18
	380
	13
	100
	No
	No

	ARG
	20
	24.4 +/- 0.10
	4.65e3
	7
	100
	No
	No

	ARG
	200
	21.6 +/- 0.15
	3.28e4
	11
	100
	No
	No

	ARG
	2,000
	18.0 +/- 0.14
	3.93e5
	10
	100
	No
	No

	ARG
	20,000
	15.0 +/- 0.09
	3.15e6
	6
	100
	No
	No

	GSG
	0.02
	37.7 +/- 0.37
	4.35
	28
	96
	No
	Yes

	GSG
	0.2
	34.6 +/- 0.22
	37.9
	17
	100
	No
	No

	GSG
	2
	31.2 +/- 0.16
	410
	11
	100
	No
	No

	GSG
	20
	27.9 +/- 0.05
	4.08e3
	3
	100
	No
	No

	GSG
	200
	24.7 +/- 0.08
	3.83e4
	6
	100
	No
	No

	GSG
	2,000
	21.2 +/- 0.10
	4.51e5
	7
	100
	No
	No

	GSG
	20,000
	18.3 +/- 0.05
	3.51e6
	4
	100
	No
	No





Standard curves and linearity for the quantification of Anabaena sp. and geosmin using qPCR
According to LOQ of both qPCR assays, the standard curves were constructed with 10 fold serial dilution of extracted genomic DNA from the AWQC-ANA318 strain and FADC-0001 strain (data not shown), respectively (Fig. 1). The range of DNA concentration in one reaction is from 0.2 pg (40 copies) to 20 ng (4.0 copies) for ARG qPCR, and from 2 pg (400 copies) to 20 ng (4.0 copies) for GSG qPCR assay. The following linear relationships between cycle threshold () and the log of the gene copies were obtained:  (r=0.999) with an efficiency of 99% for ARG qPCR assay and  (r=0.999) with an efficiency of 102% for GSG qPCR assay, respectively. These results proved that the two qPCR assays developed in this study are reliable for the quantification of Anabaena population and geosmin producing potential.
	[image: ../figures/standardcurve.png]
Fig. 1: Standard curves for ARG (top) and GSG (bottom) qPCR assays using tenfold serial dilutions of AWQC-ANA318 cultures. Error bars show standard deviations from four independent amplifications.


Quantification of ARG and comparison with microscopic count
Using DNA extracted from 32 AWQC-ANA318 culture samples from the laboratory simulated bloom, amplification results for the ARG qPCR assay were compared to cell density determined by microscopic count.
In vitro study
Two independent AWQC-ANA318 cultures named AE1 and AE2 were used to simulate the Anabaena blooms in laboratory. The initial cell densities of the two cultures were 1.28 ($$0.09)  and 6.44 ($$0.04)  cells L (microscopic count), respectively (Fig. 2, solid line); the cultures were then kept in log-phase for three weeks, forming a bloom-like population. Though the concentrations of the two independent cultures were initially different, the cell density showed no significant difference after 4 weeks (p=0.13), when the stationary-phase started. From week 5 to week 8, both cultures showed a slight decrease of cell density; however, a second growth phase occurred for both cultures, most likely due to the release of the nutrients from dead cells.
	[image: ../figures/culture.png]
Fig. 2: Cell density and intracellular and extracellular geosmin concentrations in two independent AWQC-ANA318 cultures during cultivation. Error bars show standard deviations from independent cell-count and geosmin measurements.


During the simulated Anabaena bloom, the cell density of the AWQC-ANA318 cultures varied from approximately 1 to 1 cells L (Fig. 2); on the other hand, the ARG concentrations, obtained by ARG qPCR assay, varied from 1 to 1 copies L. A positive log-log correlation was found between the data sets determined by the two different methods (), as shown in Eq. 2.
[bookmark: eq-micro]
In this equation  and  represent respectively the Anabaena  gene density obtained from the qPCR method and the cell density determined by microscopic count. At the same time, the comparison was plotted in Fig. 3 (filled circle), where the thick solid line is the log-log regression line, and the two thin long dashed lines are the 99% confidence interval (CI). According to the equation, approximately 5 to 100 ARG copies were present in one AWQC-ANA318 cell.
	[image: ../figures/ARGCompare.png]
Fig. 3: Comparison of Anabaena cell density measured by microscopy and ARG copy number measured by qPCR in culture and field samples. Error bars show standard deviations; lines show log-log regressions and 99% confidence intervals.


Validation on field samples
In order to evaluate the inhibition factor linked to the quality of field water samples, 63 field samples were tested using both methods; the samples were collected from 5 freshwater ponds and 2 rivers which showed greatly dissimilar physiochemical properties and ecological bio-community compositions. As shown in Table 4, QR showed the lowest pH level (6.71) and highest conductivity (1.192 ms ) and salinity (0.59 ng L), and contained diverse algal species with Fragilaria as the dominant one (Morales, 2005); HH exhibited the highest pH and low salinity and conductivity, and was dominated by Melosira, a filamentous diatom with thick cell walls; FP and LP exhibited high algal density and were dominated by Lyngbya, which could temporarily monopolize aquatic ecosystems when they form dense floating mats in water (Beer et al., 1986); WML was dominated by Pediastrum, a genus of green algae commonly present in freshwater microhabitats (Haas, 1996). Chlamydomonas, a genus of green algae consisting of unicellular flagellates (Harris et al., 1989), was dominant in YYT; and Euglena, a widely studied member of the phylum Euglenozoa (Cramer and Myers, 1952), was dominant in WYR. With regard to bio-community characteristics, only 4 species were observed in QR with a diversity index of 1.46; however, FP, LP, YYT and WML showed a much higher Richness index (Colwell, 2009) around 20, while the diversity index (Shannon et al., 1949) varied from 1.35 to 10.62, implying a greatly dissimilar traits between sites.
	Table 4: Physicochemical properties and ecological community composition of field sampling sites. Richness is the number of genera or species per sample; S-W is the Shannon-Weaver diversity index.
	Site
	Depth (m)
	Salinity
	pH
	Conductivity
	Algal density (cells L-1)
	Dominant genus
	Other present genera
	Richness
	S-W index

	WML
	<5
	0.29
	7.14
	0.598
	8,925,000
	Pediastrum
	Chlorococcales, Synedra, Scenedesmus, Diatoma
	18
	6.44

	FP
	<3
	0.29
	7.14
	0.598
	461,100,000
	Lyngbya
	Synedra, Scenedesmus, Merismopedia, Selenastrum
	22
	1.99

	YYT
	<4
	0.20
	7.09
	0.414
	9,390,000
	Chlamydomonas
	Cyclotella, Scenedesmus, Melosira, Diatoma
	19
	10.62

	HH
	<2
	0.20
	7.82
	0.420
	2,600,000
	Melosira
	Diatoma, Cyclotella, Pediastrum, Scenedesmus
	16
	8.41

	LP
	<5
	0.39
	7.25
	0.797
	301,700,000
	Lyngbya
	Aphanocapsa, Merismopedia, Scenedesmus, Pediastrum
	20
	1.35

	WYR
	-
	0.41
	7.53
	0.834
	4,701,000
	Euglena
	Frustulia, Aphanizomenon, Synedra, Cyclotella
	8
	1.63

	QR
	-
	0.59
	6.71
	1.192
	4,750,000
	Fragilaria
	Cyclotella, Scenedesmus, Melosira
	4
	1.46





The field samples were initially spiked with different concentrations of FADC-0001 cells, then the cell density was determined by microscopic count, and the ARG density was obtained by ARG qPCR assay. An analysis of variance (ANOVA) was performed to evaluate the effects of the background biomass.  (=) is logarithmic ARG copy density normalized by cell density, the mean  of each site are in the range of 1.17 (FP) to 1.54 (QR), and the ANOVA result showed no significant difference between the sites (F=1.003, p=0.43, Figure A.4). The evaluation of the effect from the cell density on amplification was performed using the ANOVA; the samples were grouped by 3 levels (L: bottom 1/3, $<^7$ cells L, L: middle 1/3, $<^8$ cells L and L: top 1/3, $<^9$ cells L ) of FADC-0001 cell density, showing no significant difference between L and L (F=1.614, p=0.212), but significant difference between L/L and L (F=13.7, p$<$0.01). The results indicate that the impact of the inhibition due to the background biomass was not the most important issue here, while Anabaena cell density should be taken into consideration to get a better estimation.
The compared data are shown in Fig. 3 (hollow circle), where the thick dot-dashed line is the log-log regression model, and the thin dot-dashed curves are the 99% CI. The qPCR results were in agreement with microscopic count (+1.181, r, p$<$0.001); furthermore, the regression line of field samples was consistent with that of culture sample, indicating that the ARG qPCR assay is a good potential tool to track down the Anabaena population in natural water bodies.
Previous studies have established qPCR methods for the quantification of algal cells in water with a correlation coefficient between 0.6 and 0.9 (Behets et al., 2007; Koskenniemi et al., 2007). In comparison, this study has used a larger sample set, and it provides a relatively high correlation coefficient, which could be attributed to the highly discriminatory  gene providing sufficient sequence variation to assign more specifically cyanobacteria. Thus, the ARG qPCR assay represents a useful tool to track down Anabaena especially during a bloom episode.
Quantification of GSG and comparison with the GC-MS results
Laboratory study
The geosmin concentrations of two independent AWQC-ANA318 cultures are shown in Fig. 2 (intracellular geosmin: dashed line, extracellular geosmin: dotted line); the intracellular geosmin increased along with the bloom stage and cell density, while the extracellular geosmin concentration increased during the first 7 weeks, and then decreased to a very low level after 3 weeks. The intracellular geosmin concentrations of these cultures were in the range from 1 to 1 ng L, thus the GSG qPCR assay was valid for the quantification of geosmin production. However, most of geosmin (82.9%-100.0%, data shown in Table A.1) was present within the cells, which was consistent with previous reports (Giglio et al., 2011; Li et al., 2010; Wu and Jüttner, 1988; Zhang et al., 2009), thus the intracellular geosmin is more representative of the population growth and health.
On the other hand, the GSG density in culture samples was determined by GSG qPCR assay, which was then compared with the geosmin concentration measured by GC-MS. We found that the GSG density exhibited stronger correlation with the intracellular geosmin concentration (r=0.742, p$<^2<$0.01, Figure A.6), possibly due to the rapid biodegradation of extracellular geosmin (Li et al., 2010).
[bookmark: eq-gsg]
In this equation  represents the intracellular geosmin concentration obtained by GC-MS method in ng L and  represents the GSG copy number obtained by qPCR method in copies L. Fig. 4 shows the comparison between GSG copy number (, x-axis) and intracellular geosmin concentration (, y-axis) of the culture samples. According to the log-log model, the intracellular geosmin production potential was in the range of 1 to 40 fg geosmin per copy GSG. (Li et al., 2010) reported that the average geosmin production potential for Anabaena spiroides cells during a bloom in 2007 was approximately 0.1 pg cell.
	[image: ../figures/GSGCompare.png]
Fig. 4: Relationship between GSG copy number measured by qPCR and intracellular geosmin concentration measured by GC-MS in culture and field samples. Error bars show standard deviations; lines show log-log regressions and 99% confidence intervals.


Validation on field study
The 63 field samples spiked with FADC-0001 cells were used to evaluate the applicability of GSG qPCR assay on environmental samples, by comparing the obtained results with geosmin concentration determined by GC-MS. Firstly, ANOVA was performed to analyze the impact of the background biomass.  () is the logarithmic geosmin production potential of single GSG copy, the mean  of all sites are in the range of 4.96 (QR) to 5.7 (WML, Figure A.5), and the ANOVA showed no significant difference between the sites (F=2.27, p=0.053).
Fig. 4 illustrates the comparison between the GSG copy numbers determined by qPCR and geosmin concentration; the results were significantly correlated (-2.98, r=0.694, p$<^6$ ng L, which is beyond the range of the culture samples and such concentration usually rarely occurs in natural waters; at this level, the GSG density showed a much higher variance than the geosmin concentration measured by GC-MS, which could be due to the inhibition caused by high concentration of DNA. As a follow-up research of the expression of GSG in A. circinalis (Giglio et al., 2011), this study provides justification for the use of the GSG qPCR method as a useful predictive tool to evaluate the geosmin production in fresh water.
Methods applicability analysis
Although the two qPCR assays exhibited the capabilities to estimate the Anabaena population level and geosmin concentration, respectively, relatively high variances were observed in qPCR assays in comparison with the traditional microscopic counting and GC-MS analysis methods, which could compromise the applicability of the qPCR assay methods. Therefore identifying the potential sources of variances is very important in this study. On one hand, the field samples were consistent with the culture samples, implying the inhibition by background biomass is not the major cause; on the other hand, there was very high consistency between the ARG and GSG densities in both the culture (Fig. 5, ) and field samples (Figure A.7), implying that the main variances are caused by DNA extraction other than the amplification process (since the two qPCR assays shared the sample DNA in this study). In addition, apart from the fact that inhibition is usually more important with high concentration of DNA in qPCR assays, the increased variability observed on the samples with high DNA concentration could be explained by the fact that the commercial DNA extraction kit used for this study was not well adapted for the extraction of samples with high density cells (the reason could be the variance of DNA concentration is strongly affected by operation steps of DNA extraction, while commercial DNA extraction kit usually has 10 to 20 steps to get a high extraction efficiency, but also raises the variances greatly). Therefore, a simple (less steps) method for DNA extraction with relative lower efficiency is a potential solution. A microwave-based method has been shown to be promising for the extraction of cyanobacterial DNA for qPCR amplifications (Orsini and Romano-spica, 2001; Rasmussen et al., 2008a); moreover, the two qPCR assays developed in the present study are capable of determining low concentration of DNA as they both have low LODs. Thus, the micro-based method would very likely be applicable in conjunction with the two qPCR assays.
	[image: ../figures/culturevar.png]
Fig. 5: Variance comparison for ARG and GSG copy numbers measured by qPCR in the 32 culture samples.


Recent studies have shown that the qPCR assay could be used for the quantification of the toxic Microcystis sp. (Rinta-kanto et al., 2005), and cylindrospermopsin-producing cyanobacteria (Behets et al., 2007). In comparison with the approaches proposed in the previous studies, the method developed in this study allows the simultaneous detection of the Anabaena sp. and the geosmin-producing potential using the same qPCR protocol. This merit is very important since quantifying both the odor-causing algae and their odor production potential will be necessary during an odor episode caused by algae. In addition, the ARG and GSG primers are specific to the  gene and geosmin synthase gene, which are corresponding to amplify several important Anabaena species including A. circinalis, A. spiroides and A. flos-aquae etc., and Anabaena geosmin-producing potentials, respectively; besides, the LODs and LOQs were very low for both assays, making it possible to track down all Anabaena blooming stages even under the presence of abundant other algal species. Thus, the two assays represent a useful tool to evaluate the Anabaena population and its contribution to the release of geosmin in natural water.
Conclusion
The opportunity for rapid monitoring of potential geosmin-producing Anabaena sp. could greatly improve the capacity for management of freshwater resources used for both drinking water supplies and other uses such as industry and aquaculture. The present work provided two qPCR assays able to identify Anabaena sp., a major taste and odor producing cyanobacteria as well as the geosmin synthase gene in freshwater system for the first time in a peer reviewed study. Both assays were proved to be reliable and showed a good correlation with cell density and geosmin concentration using microscope and GC-MS techniques, respectively. These two assays represent reliable new tools for the monitoring of geosmin-producing Anabaena populations.
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