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Executive Summary 
 
Threadfin shad, TFS (Dorosoma petenense), a member of the family Clupeidae, is one of two 
clupeid species found in California’s freshwater. Previously one of the four most abundant 
pelagic fishes in the upper San Francisco Estuary (SFE), TFS abundance has been in decline 
since 2000. Recurring harmful algal blooms, due mainly to Microcystis aeruginosa, were first 
observed in the SFE in 1999 and have since increased in distribution and magnitude across 
habitats where pelagic fish have reached historically low levels of abundance (i.e. Pelagic 
Organism Decline, POD).  Because of the overlapping occurrence of blooms and POD, potential 
links between these two factors have been strongly hypothesized but actual mechanisms of 
interaction remain to be determined.  This study was therefore conducted to address the potential 
effects of M. aeruginosa on TFS.    
 
Laboratory investigation on effects of  exposures to diets spiked with  M. aeruginosa collected 
from the SFE demonstrated detrimental effects on health of TFS including: 1) Decreased growth 
and condition factor, 2) Cachexia or malnutrition resulting in significant loss of body weight and 
muscle degeneration or atrophy,  3) Severe liver lesions such as cytoplasmic eosinophilic 
droplets or proteinaceous materials, glycogen depletion, single cell necrosis, and sinusoidal 
congestion, and 4) Increased ovarian atresia which may impair reproduction.  In lieu of costly 
direct toxin chemical analysis of TFS tissues, alternative methods such as immunohistochemistry 
(IHC) and in situ hybridization (ISH) were developed to validate the fate and accumulation of 
dietary microcystin (MC)/Microcystis in TFS. IHC confirmed the presence of MC (LR) in the 
intestines, liver and kidneys while ISH demonstrated the localization of ingested Microcystis in 
the stomach and intestines of TFS exposed to Microcystis/MC-spiked diets.  
 
Field investigation of TFS (N = 296) from Brannon Island (BI), Sherman Island (SI), Mildred 
Island (MI), and Stockton (STK) employed the evaluation of condition factor, hepatosomatic 
index, nutritional status, and histopathology to establish health status.  Based on these criteria, 
TFS in SI were found to be relatively healthier compared to TFS from STK and BI. Although 
TFS from STK and BI were generally of poor health, histopathologic analysis revealed 
significant lesions in TFS from STK that are more likely related to effects of contaminant 
stressors than to Microcystis toxicity.  Among TFS in BI, severe intestinal epithelial cell necrosis 
and the localization of MCs in liver (IHC) and Microcystis in stomach and intestine (ISH) 
strongly indicated effects of Microcystis intoxication. The TFS collected from the field were 
identified as immature sub-adults as determined by length and gonadal development. 
 
In conclusion, our findings establish that TFS consumed Microcystis, absorbed and localized 
MCs in target tissues, and toxic effects were linked to MC exposure.  This project incorporates 
other research inputs including 1) Development of molecular tools (PCR/qPCR) to identify and 
quantify Microcystis in algal tissues and ambient waters, 2) Detection, quantification, and 
localization of Microcystis as ingested by zooplankton in the field, and 3) Establishment of local 
Microcystis cultures to initially characterize toxicity due to environmental factors (e.g. 
temperature and salinity) that trigger the growth of toxin producers. Future challenges and 
proposed studies to address the fundamental health of fish due to recurring Microcystis blooms in 
the SFE are presented.  A total of 5 peer-reviewed publications (plus one in progress) were 
generated from this project. 
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Background 
 
Threadfin shad, TFS (Dorosoma petenense), a member of the family Clupeidae, is one of two 
clupeid species found in California’s freshwater. The Clupeid family also includes many 
valuable species for fisheries such as herring and sardines. The TFS is a small fresh water 
pelagic species which inhabits open waters of reservoirs, lakes, and shallow water habitats of the 
upper San Francisco Estuary (SFE). TFS feed on small zooplankton, phytoplankton, and detritus 
particles via filter feeding but will also feed on larger zooplanktons when available. Spawning 
occurs between May to August and peaks in June (Moyle 2002).  
 
Because TFS spawning coincides with the highest incidence of Microcystis aeruginosa 
(cyanobacterium) blooms, the embryos and larvae are the most vulnerable life stages.  These 
early forms are very likely exposed to algal toxins that may affect their development, behavior, 
physiology, and reproductive performance. Their indiscriminate feeding behavior and the timing 
of their reproduction and larval growth during peak of cyanobacterial blooms make them an ideal 
model species for this targeted study. 
  
Recurring blooms in the SFE are composed primarily of colonial forms and single cells of 
Microcystis that are distributed across varying salinities (0.1–18 ppt) from low-flow waters of the 
central delta, seaward to marine and brackish water habitats to the western fresh water reaches of 
the Sacramento River (Lehman and Waller 2003, Lehman et al. 2005).  Bloom season in the SFE 
occurs from July to November and peaks in September. Bloom toxicity in the SFE is associated 
with the production of microcystins (MCs, heptapeptides liver toxin) that are released into water 
during or upon bloom senescence.  The dominant MC congeners present in the SFE include the 
MC-LR, MC-LA and MC-WR that vary spatially and temporally (Lehman et al. 2005, 2008).  
MC-LR is one of the most toxic variants of the more than 80 congeners of the protein (Zurawell 
et al. 2005). Although MC concentrations have been detected commonly below the World Health 
Organization (WHO) recommended limit of 1 µg/L for drinking water (WHO 1999) in the first 
half meter of the water column (Lehman et al. 2005, 2008), MC levels are relatively higher 
(0.007 – 10.81 µg/L) in plankton tissues as observed from blooms in 2007 (Baxa et al. 2010).  As 
such, fish can be exposed to MCs directly during feeding (especially for filter feeders such as 
TFS) or passively when the toxins pass through the gills during breathing.  Due to the vertical 
migration of blooms to the surface during daylight hours and to the benthic region at twilight, 
benthic and pelagic food web organisms are at risk of exposure to the toxins.   
 
Fish are hypothetically exposed to MCs through: 1) direct consumption of Microcystis and other 
MC-producing cyanobacteria, 2) interaction of organisms in the food web by feeding on grazers 
consuming Microcystis and other toxin-producing cyanobacteria, and 3) exposure to dissolved 
MCs during or at the senescence of Microcystis and other toxin-producing cyanobacteria.  
Induced MC toxicity has been evaluated in other fish species such as rainbow trout 
(Oncorhynchus mykiss) (Tencalla et al. 1994), carp (Cyprinus carpio) (Carbis et al. 1996), and 
medaka (Oryzias latipes) (Mezhoud et al. 2008, Deng et al. 2009). 
 
Because of the widespread impact of blooms, the Interagency Ecological Program Management 
Team listed Microcystis as a potential factor contributing to fish population declines in the 
estuary since 2000 (Sommer et al. 2007).  In our studies, establishing a link between Microcystis 
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and the general health of TFS is necessary to demonstrate the threat of the cyanobacterium.  The 
impacts of Microcystis/MC exposure in TFS was evaluated using a combination of 
histopathology, immunohistochemistry, toxin analysis, and molecular techniques.  This research 
approach can be used to examine other pelagic organisms that are potentially at risk from the 
adverse effects of exposure to MCs.  
 
While bloom toxicity is associated with the production of MCs, the actual mechanism linking 
Microcystis with the decline of fish populations in the SFE has not been determined (Sommer et 
al. 2007, Feyrer et al. 2009).  To date, studies have not conclusively established the direct effects 
of MCs/Microcystis on resident fish species in the SFE.  As MCs have been detected in the 
benthic and pelagic food webs of the estuary (Lehman et al. 2005, 2010), it is important to 
evaluate the biological fate and potential risk of the toxins to fish and other food web organisms. 
The purpose of this study is to determine the potential threat of Microcystis to threadfin shad, 
Dorosoma petenense, by utilizing this pelagic fish as an indicator of the risks from exposure to 
Microcystis blooms in the SFE.  
 
Task 1 − Laboratory Culture of Threadfin Shad 
 
UFish collection, transport, and maintenance 
2008 
Groups of TFS were collected for broodstock development from two locations in the SFE: Toe 
Drain (N=16, mean wt = 8 ± 0.5 g) on August 28, 2008 and from Brannon Island (N=106, mean 
wt = 10 ± 0.5g) on September 3, 2008 at water temperatures of 20ºC and 22ºC, respectively.  The 
fish were transported to the Center of Aquatic Biology and Aquaculture (CABA) at UC Davis 
using tanks supplied with CABA well water. During transport, the fish were mildly sedated with 
MS-222 (10 ppm) in aerated transport water maintained at 19ºC.  Following arrival at CABA, the 
fish were immediately transferred to a 200 L flow through system supplied with 18ºC well water.  
The fish were fed once a day at 2% body weight with a Silver Cup #1 diet.  The flow-through 
system was checked daily for any impairment, uneaten food was removed by siphoning, 
automatic feeders were refilled, fish were observed for any abnormalities, and mortalities were 
recorded and discarded. All tank equipments were disinfected in Argentyne, rinsed and dried 
after each use.  
 
2009 
USFE: U Wild broodstock was collected on several occasions in the SFE with the help of Dr. Ted 
Sommer, Kevin Reece and other DWR staff. On May 5, Sherman and Brannon Islands and 
Stockton were sampled. No fish were found in Sherman or Brannon Island.  A total of 40 fish 
was collected at Stockton that were transported to CABA for broodstock development as 
described below.  On May 15 at Stockton, only 32 fish were collected to determine if there were 
any ripe females and males. The males spermiated but none of the females were mature. Out of 
32 fish, 15 fish were brought to CABA and added to the broodstock.  Toe drain was sampled in 
June at multiple locations but no fish were found as in the previous year.  Kevin Reece made 
inquiries to the Department of Fish and Game and in other labs at UC Davis (Drs. Sih, Moyle 
and Cech) but did not receive any new information on TFS distribution.   
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Reservoir: Additional sites for obtaining broodstock for larvae were recommended by Teejay 
Orear from Dr. Peter Moyle’s laboratory. With Orear’s support for gear and collection permit, 
Lakes Hennessey and Berryessa were beach seined at several sites on the shore. No viable 
broodstock were detected in these locations.  
 
Tracy Fish Collection Facility: The 400 fish acquired from August to November from Brent 
Bridges at the Tracy Fish Collection Facility (Tracy, CA) were maintained at CABA for 
broodstock development. Transport proved more successful (mortalities reduced from 60 to 4%) 
by holding the TFS using a mixture of well water from CABA and Tracy and added with salt to 
reduce osmotic stress. The tank was oxygenated during transport and the water was chilled 
several degrees below the Tracy water temperature.  Upon arrival at CABA, the fish were 
acclimated to the well water temperature for over 2 hrs.  Using this modified transport technique, 
mortalities associated with stress during transport were at 4% (August), 8% (September), and 
20% (November).  
 
2010 
SFE: TFS were collected in the field by electrofishing with the aid of Dr. Andy Sih’s laboratory 
at UC Davis and equipment from the Department of Fish and Game. On June 17, 2010, TFS 
(N=3) were collected in Sugar Slough and from Grant Line Slough (N=3). The TFS from Sugar 
Slough included one gravid female that was ingested by a largemouth bass. The bass was 
pumped, the female shad was recovered but did not survive the process, and eggs were stripped. 
The remaining two TFS from Sugar Slough were males but only one responded to stripping. The 
sperm was collected from the responsive male and added to the eggs from the female using dry 
fertilization. River water was added to the sperm. The resulting embryos became adhesive and 
sticked to the sides of the nalgene container and to each other. The embryos were transported in a 
Coleman cooler to the Aquatic Toxicology Program laboratory at UC Davis.  
 
Broodstock development 
2008-2009  

When ambient water temperatures began to drop below 18ºC in October, gonad 
maturation was enhanced by decreasing to 1ºC/week beginning in October 30, 2008 until 12ºC 
was reached by December 31, 2008.  This was followed by increases in water temperature by 
1ºC increments/week from 12 to 18ºC from March 17 to April 20, 2009.  The TFS diet was 
shifted to Silver Cup #2 at 2% body weight/day and then increased to 3% when water 
temperature remained stable at 18ºC. 

Sexual maturation was determined on April 13, 2009 by histological examination of 
gonad development in TFS (N=10, total length: 9.5−13.3 cm) randomly collected from the 
broodstock pool.  Of the 10 fish collected, 8 were females and 2 were males. Except for one 
female with mature stage IV oocytes, all females (stage I-III) and males (no spermatozoa 
observed) were immature. Histological evaluation also confirms that TFS is a multiple spawner.  
 
2009-2010  

Adult TFS (N=400) from the Tracy Fish Collection Facility were maintained at 12°C in 
200 and 300 L flow-through circular tanks in CABA, UC Davis since November 2009.  This 
TFS population was used for broodstock development for the 2010 spawning season.   
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2010  
When ambient water temperatures began to drop below 18ºC in October, gonad 

maturation was enhanced by decreasing to 1ºC/1-2weeks depending on water temperature levels 
in the SFE.  Temperatures were decreased beginning in October 30, 2009 until 12ºC was reached 
in January 9, 2010.  This was followed by gradual increases in water temperature from 12 to 
22ºC by no more than 1ºC each week from March 8 to May 10, 2010.  The TFS diet was shifted 
to Silver Cup #2 at 2% body weight/day and then increased to 3% when water temperature 
remained stable at 22ºC. 

Sexual maturation was determined by daily examination of gonad development in TFS 
beginning on March 30, 2010 until May 10P

th
P, 2010. Of the fish collected, 22 were females and 12 

were males. All females (stage I-III) and males (no spermatozoa observed) were in immature 
stage. Following injection of LnRHa on May 25, maturation of females and males progressed. 
Females were found to be in Stage III and IV and males exhibited spermatozoa.  
 
Culture system  

One static culture system equipped with water bath (200 L) and beakers (2-4 L) were 
prepared for raising larval stages.  In addition, 3 recirculating systems comprising 4 tanks (70 L 
each with a total of 450 L for each system) were built for growing juvenile to adult stage. 
Growth and survival of larval TFS collected in the wild were to be compared to larvae spawned 
from laboratory-maintained broodstock.  
 
Induced spawning  
2009 

On June 24, 2009, induced spawning was initiated with the help of Joel Van Eenennaam 
from Dr. Sergei Doroshov’s laboratory at UC Davis.  The 26 TFS (mean wt = 15±3 g/fish) that 
failed to spawn naturally were held in a 100 L circular tank in CABA supplied with 22P

o
PC flow-

through well water. Spawn Tek was used to line the tanks to capture the embryos.  After 
acclimating the fish to 22ºC, daily feeding was stopped on June 30 in preparation for induced 
spawning. At 8:30 pm on June 30, 2009, 20 ppb GnRH (gonadotropin releasing hormone, 
Bachem, Torrance, CA) was prepared in 1 ml syringes with 29½ G ultra fine needle (Becton 
Dickinson, NJ).  The fish were anesthetized in 50 mg/L (ppt = g/L; ppm= mg/L) MS-222 water 
bath prior to injection. About 3-4 sedated TFS were injected at a time with 0.01−0.02 ml 
GnRH/fish and then placed in a second tank with the same water temperature to recover for 12 
hrs following hormone injection.  On July 1 at 8:30 am, 3−4 TFS were netted each time and 
placed in a 50 ppt MS-222 bath. The fish were stripped to determine if they were susceptible to 
GnRH. Several males were stripped of sperm but no females were successfully stripped of eggs. 
Previous sampling suggested that the male to female ratio was 50:50. While the males responded 
positively to the GnRH, the females failed to develop mature eggs.  No mortalities were 
observed due to handling and hormone injection.  
 
2010 

On May 25, 2010, induced spawning was initiated on the broodstock housed in CABA at 
UC Davis.  A total of 16 TFS (mean wt = 10±3 g/fish) were held in a 100 L circular tank in 
CABA supplied with 22P

o
PC flow-through well water. Spawn Tek was used to line the tanks to 

capture the embryos.  After acclimating the fish to 22ºC, daily feeding was stopped on May 24th 
in preparation for induced spawning. At 7:00 pm on May 25, 2010, 6 ppb LnRHa (luteinizing- 



 9

releasing hormone, Bachem, Torrance, CA) was prepared in 1 ml syringes with 30½ G ultra fine 
needle (Becton Dickinson, NJ).  The fish were anesthetized in 50 mg/L (ppt = g/L; ppm= mg/L) 
MS-222 water bath prior to injection. About 3-4 sedated TFS were injected at a time with 4.0 µl 
of 6 ppb LnRHa/fish and then placed in a second tank with the same water temperature to 
recover for 12 hrs following hormone injection.  Injecting with 4.0 µl hormone assured that 2.4-
3.0 µl/g is introduced to the fish (10±3 g/fish). On May 26th at 8:00 am, 3-4 TFS were netted 
each time and placed in a 50 ppt MS-222 bath. The fish were stripped to determine if they 
responded to LnRHa. Several males were stripped of sperm but no females were successfully 
stripped of eggs. Previous sampling suggested that the male to female ratio was 50:50. While the 
males responded positively to the LnRHa, the females did not respond consistently to the 
treatment.  The oocytes of the female TFS matured but did not exhibit synchronous egg 
maturation. No mortalities were observed due to handling and hormone injection. 

On May 28, 2010 the 16 fish injected previously were injected again with 4.0 µl of 6 ppb 
LnRHa/fish. In addition, 20 untreated fish were also injected with the same hormone 
concentration. The fish were stripped to determine if they responded to LnRHa. Several males 
were stripped of sperm but no females were successfully stripped of eggs. Additional injections 
on June 1 had similar results.  

On June 7, 2010 a new batch of threadfin shad were treated with LnRHa. A total of 98 
fish were injected with an increased dose of 6.0 µl of 6 ppb LnRHa/fish. Males could be stripped 
of sperm but the females were still unresponsive. Subsequent injections on June 9 and 15 had 
similar results. Examination of the gonads showed maturation of the oocytes following injections 
but no final stage oocytes were present.  

Some potential explanations for the lack of spawning may be due to the treatment 
technique and culture conditions of the broodstock. Maturation occurred in the TFS relative to 
untreated TFS and males could be stripped but the females would never progress to the final 
stage of oocyte maturation. The TFS appeared to respond to the injections of LnRHa but 
optimizing the protocol may be necessary such as injections with gradual increased doses of the 
hormone or by using implants. The culture conditions of the broodstock may have been 
inadequate to promote consistent maturation of the oocytes for spawning. The Silver Cup #2 diet, 
which has been used in the literature for culturing TFS and developing salmonid broodstock, 
may not have been suitable for broodstock development in TFS. Spawn Tek was added to the 
water to promote spawning behavior but the TFS tended to avoid the material.  Acclimating the 
broodstock to the Spawn Tek or utilizing another form of spawning aid may be necessary.  

 
Natural spawning  

Natural spawning of TFS was attempted in May 2009.  Adult TFS (N=26) collected in 
the SFE in 2008 and held for broodstock were transferred to a 100 L flow-through system at 
CABA, UC Davis. Water temperature was increased from 18 to 22ºC by using heated well water.  
Spawn Tek was placed in the tank for embryonic attachment, water flow was decreased, and the 
temperature was maintained with temperature-regulated heaters to allow natural spawning of the 
broodstock. The Spawn Tek was checked daily for presence of embryos but none were observed. 
Induced spawning was initiated one week following unsuccessful natural spawning.   

Captive TFS broodstock (N= 90) originally acquired from the Tracy Fish Collection 
Facility in 2009 were Ttransported Tto Chris Miller at the Contra Costa Mosquito and Vector 
Control (CCMVC) in August 2010. Mr. Miller’s experience with spawning techniques provided 
some insights on difficulties encountered with TFS. TSignificant mortalities (ca. 85%) occurred 
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during transport and upon arrival at CCMVC.  TThe remaining broodstock (N=14) was placed 
into flow through tanks supplied with green water at 20P

o
PC.  From this broodstock, the presence 

of juvenile TFS (N<100) in September 2010 was verified by Chris Miller and Shawn Acuña (UC 
Davis) to have been spawned from the broodstock shortly after transfer to CCMVC. TThe 
juveniles are currently maintained at the CCMVC for use as potential broodstock.T All of the 
remaining broodstock from UC Davis, CABA were transported to CCMVC in September 2010 
to duplicate the natural spawning but was unsuccessful. Specific conditions and techniques used 
at CCMVC that promoted successful spawning are unknown but natural spawning of captive 
TFS broodstock maintained in this facility will reconvene in the spring of 2011. 
 
 
Task 2 − Lethal and Sublethal Effects of Microcystis on TFS 
Task 2.1. Water exposure of TFS embryo and larvae to microcystin-LR (MC-LR)  
We were unable to conduct the studies outlined in Tasks 2.1 due to the unavailability of 
embryo and larvae from laboratory and wild spawns of broodstock as would have been 
generated from Task 1.  

In the absence of adult TFS in the SFE for broodstock development, we were compelled 
to obtain embryos from alternative sources including J & J Aquafarms (Sanger, CA) and from 
broodstock maintained at CABA. Unfortunately, the broodstocks in J & J Aquafarms have been 
impaired by birds over the winter rendering the absence of embryos. The broodstock at CABA 
did not produce any embryos despite repeated injections of LnRHa.  Embryos that were stripped 
and fertilized in the field were obtained on June 17, 2010 from the SFE. The embryos were 
placed in 18P

o
PC water baths.  After 6 days, over 1,100 embryos hatched. Because there were few 

larvae and the potential for significant mortality, the embryos were reserved for Task 2.2. 
  
Task 2.2. Water exposure of embryo and larval TFS to Microcystis from the SFE  

This task was initially conducted using larvae obtained from fertilized embryos from the 
SFE. Prior to feeding with Microcystis, the larvae were maintained in beakers with green water 
(green algae TNannochloris) andT fed daily with rotifers.  Larvae were microscopically examined 
at 6 days but did not reveal any rotifers or other foods in guts.  No larvae survived after 7 days.  
Loss of the larvae was most likely due to starvation and poor water quality. The green water and 
rotifers in the beakers decreased the water quality by producing ammonia and reducing dissolved 
oxygen. Future attempts to culture the larvae will utilize a flow-through system and improved 
food quality.   

All of our options to recover broodstock and to generate embryos and larval stages of 
TFS from the SFE and from private fish farms have been exhausted in 2010.  The spawning 
techniques and larval rearing methods will be further improved upon availability of broodstock 
to complete the objectives outlined in Task 2.2.  
 
Task 2.3. Dietary exposure of TFS to Microcystis  
Materials and Methods 
 Groups of juvenile TFS from the Tracy Fish Collection Facility (Tracy, CA) were fed 
diets containing Microcystis harvested from the SFE during the bloom season in 2007. 
Microcystis biomass was examined and verified independently at SUNY–Dr. G. Boyer for MC-
LR content by LC/MS and then used to prepare different diets containing 0 (D0), 4.4 (D5) and 10 
(D10) ppm of MC-LR. Dr. Greg Boyer and Dr. Birgit Pushner–UC Davis verified the diet 
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concentrations. TFS were placed in a recirculating system equipped with sand, particles, charcoal 
filters, and a UV sterilizer. The fish were fed the different diets at 3% body weight twice/day. 
The water was analyzed for dissolved MC by ELISA to confirm the effectiveness of the biofilters 
to remove dissolved MC from the water. A 100% water exchange was conducted daily to ensure 
that MC concentration was below the minimum detection limit of 0.5 µg/L. Each treatment group 
contained three replicates each with 10 fish.  The experiment was terminated at 58 days post 
exposure to the MC-spiked diets. TFS were sacrificed with an overdose of MS 222 and 
immediately assessed for condition factor and presence of external signs.  From each replicate, 
fish (N=5) were also fixed in 10% neutral buffered formalin for histopathology, 
immunohistochemistry, and in situ hybridization.  The remaining fish were frozen for 
biochemistry. The results were analyzed by one-way ANOVA to determine if there was a 
significant effect of MC dietary exposure. 
 
Results 
Gross Morphology and Growth 
 Gross examination of TFS at the end of 58 days exposure revealed that 10% of the fish in 
the D5 (4.4 ppm MC-LR) and 27% in the D10 (10 ppm MC-LR) diets were emaciated. Severe 
emaciation is associated with a condition known as cachexia, which in this study, is 
characterized by the loss of body weight and muscle degeneration or atrophy (Fig. 1). The 
muscle atrophy is likely due to the failure of the liver to synthesize protein resulting in increased 
muscle protein catabolism.  Exposure to MC can result from malnutrition due to liver damage, 
utilization of energy for detoxification, and reduced feeding.  Significant exposure to MC can 
lead to malnutrition forcing the fish to use its muscle tissues as an energy source resulting in 
severe emaciation or cachexia. A closer inspection of the internal anatomy revealed remarkably 
enlarged and dark colored gall bladders. Severe cachexia among TFS fed with MC-laden diets 
suggests that dietary MC exposure is a factor affecting the growth and survival of TFS. 

Growth as determined by body length (BL), body weight (BW) and condition factor (CF) 
was compared between treatments and between genders within each treatment. There was no 
significant difference (P>0.05) in BL of fish in tanks receiving the same diet concentrations and 
between tanks exposed to different MC-LR diet concentrations (Fig. 2). The BW decreased in 
the following order: 0>D5>D10 (Fig. 3), but the difference was not significant. While the CF 
was not significantly different between TFS fed with the Microcystis-spiked diets (D5 = 0.75; 
D10 = 0.71), only the high MC-LR diet concentration D10 versus the control (DO = 0.84; wild 
samples = 0.94) were significantly different as shown in Fig. 4. The lowest CF (0.33) was found 
in one fish in the highest concentration (D10).  There was no significant effect of MC dietary 
treatment between males and females. 
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Figure 1.  The top micrograph shows 4 abnormal and 1 normal threadfin shad (TFS) fed 10 ppm 
MC-LR diet (D10) at 58 days post exposure. The bottom micrographs of lateral and dorsal view 
of the abnormal TFS indicate severe emaciation characteristic of cachexia (severe ill health and 
malnutrition). Arrows point to degenerating muscle tissues.   
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Figure 2.  Body length of threadfin shad 58 days after feeding different concentrations of MC-
LR-spiked diets.  Similar letters between groups denote insignificant difference (P>0.05, Tukey 
pairwise comparison). 
 

 
 
Figure 3.  Body weight of threadfin shad 58 days after feeding different concentrations of MC-
LR-spiked diets. Similar letters between groups denote insignificant difference (P>0.05, Tukey 
pairwise comparison).  
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Figure 4. Condition factor in threadfin shad fed different concentrations of MC-LR-spiked diets 
after 58 days.  Different letters between groups denote significant difference using Tukey 
pairwise comparison.   
 
Histopathology 

Histopathological examination of the liver revealed significant effects from MC 
exposure. Microcystin inhibits the activity of serine/threonine protein phosphatase 1 (PP1) and 
2A (PP2A) and upon inactivation, the enzymes cause hyperphosphorylation of structural 
proteins.  Cytoplasmic eosinophilic droplets or proteinaceous materials (EDP) accumulating in 
the cytoplasm of hepatocytes (liver cells) are likely due to the failure of the liver cells to process 
and export these denatured proteins. In addition to direct toxic stress from MC, the loss of 
appetite and increased energy needs may have resulted in significant glycogen depletion (GD) 
and single cell necrosis (SCN) in the liver. Protein kinases can be significantly unregulated in 
MC-exposed fish resulting in the loss of structural integrity within and between cells. Inhibition 
of PPI and PP2A can result in reduced cell to cell binding, increased single cell necrosis (SCN) 
and hemorrhaging in the liver. Hemorrhaging from an impaired circulatory system may result in 
sinusoidal congestion (SC).   

TFS exposed to increasing concentrations of MCs showed microscopic changes in the 
liver such as severe glycogen depletion (GD) and sinusoidal congestion (SC) (Fig. 5). Glycogen 
depletion suggests potential MC toxicity on energy reserves that may impair activity and 
susceptibility to disease, predation and starvation. Sinusoidal congestion, SCN and EDP indicate 
impaired liver function and were observed in greater prevalence among fish exposed to 10 ppm 
MC-LR (D10) compared to 4.4 ppm MC-LR (D5) as shown in Fig. 6.  Although there was a 
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significant difference in CF between genders in the histology samples, there was no significant 
interaction between sex and treatment on GD, SCN, SC and EDP.  Gonadal development in 
males was not significantly affected but there were more females showing a significant increase 
in severe ovarian atresia (OA) (Figs. 6, 7). The extent and severity of OA may provide clues on 
gonadal development and reproductive viability.  The incidence of OA in female TFS exposed to 
MC-laden diets may reflect impaired gonadal development and reproduction that may suggest 
long-term effects to TFS populations in the SFE. 
 

 
 
 
Figure 5.  Threadfin shad liver sections stained with H & E.  A) Normal glycogen-rich liver; B) 
higher magnification of normal liver architecture.  Note that the sinusoids (S) are usually one red 
blood cell thick; C) moderate sinusoidal congestion (arrows) and glycogen depletion in liver of 
TFS fed 10 ppm MC-LR diet for 58 days; D) higher magnification of C showing hepatocellular 
degeneration (arrows) and sinusoid congestion (SC) in a glycogen-depleted liver. Hepatocellular 
degeneration is characterized by cell injury which can be reversible or irreversible depending on 
the severity of the MC toxic stress. Irreversible cell injury usually leads to cell necrosis or 
apoptosis; E) severe eosinophilic protein droplets (arrows) and moderate (single cell necrosis) 
SCN in liver of TFS exposed to 4.4 ppm MC-LR diet for 58 days.  
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Figure 6. Mean lesion scores in the liver of threadfin shad exposed to Microcystis diets with 4.4 
ppm MC-LR (D5) or 10 ppm (D10), and controls (no MC-LR or D0) at 58 days post exposure.  
Liver lesions were scored for glycogen depletion (GD), single cell necrosis (SCN), sinusoidal 
congestion (SC), eosinophilic droplets or proteinaceous material (EDP) including ovarian atresia 
(OA) in female TFS. SCN, SC, EDP, and OA were not observed in control fish. There were no 
testicular lesions observed in the control and exposed fish.  
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Figure 7.  Threadfin shad ovarian sections stained with H & E.  A) Normal ovary; B) severe 
stage II oocyte necrosis (ON) in TFS 58 days after exposure to 10 ppm MC-LR. 

 
 
 
Immunohistochemistry (IHC) 

Using IHC, TFS samples were assessed for protein phosphatase 2A (PP2A) activity 
(N=9), the presence of microcystin-LR (MC-LR) (N=12), and CYP1A activity (N=9).  Both 
control and exposed TFS showed similar PP2A activity.  As such, PP2A IHC was determined to 
be an insensitive biomarker for assessment of MC exposure in TFS.  CYP1A activity was more 
sensitive with enhanced staining detected in the kidneys of exposed fish compared to controls 
(Fig. 8). The use of the general biomarker CYP1A was used to confirm other toxic effects of 
Microcystis. The lipopolysaccharides of cyanobacterial cell walls can have significant toxic 
effects such as inflammatory response and oxidative stress. Using a commercial monoclonal 
antibody specific to microcystin-LR (MC10E7, Axxora Biochemicals, San Diego, CA) and 
secondary antibody in a standard IHC assay, MC-LR binding sites were detected in the intestine, 
liver and kidney of TFS receiving high and low concentrations of MC-spiked diets (Fig. 9).  MC-
LR positive sites were not observed in control fish.  This result suggests that 1) MC-LR is 
absorbed through the intestines, 2) the toxin affected the target organ (liver), and 3) MC-LR is 
depurated in the kidneys indicating detoxification by glutathione. The presence of MC-LR and 
prevalent lesions in the liver confirm the toxic effects of MC-LR in the liver of TFS upon 
ingesting the toxin. The presence of hepatic lesions indicates that the TFS were unable to 
sufficiently detoxify MC-LR to prevent damage to the liver.  MC-LR binding sites, as those 
observed among TFS receiving MC-spiked diets (Fig. 9), were also prevalent from TFS 
collected in the estuary (Fig. 10).  
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Figure 8. CYP1A (Cytochrome P450) immunohistochemistry in kidney of threadfin shad fed 
with A) 0 ppm, and B) 4.4 ppm MC-LR spiked diets. Note that CYP1A activity is more 
enhanced (arrows) in exposed compared to control fish. CYP1A is an active generalized 
biomarker that was used to confirm other toxic effects of Microcystis.  For example, the 
lipopolysaccharides of cyanobacterial cell walls can have significant toxic effects such as 
inflammatory response and oxidative stress and as such, CYP1A activity is enhanced in fish 
receiving diets with MC-LR. 
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Figure 9. Immunohistochemistry: MC-LR localization in A) intestine C) liver and E) kidney of 
threadfin shad receiving no MC-LR; and B) intestine D) liver and F) kidney of threadfin shad 
receiving 4.4 ppm MC-LR spiked diet. Arrows indicate positive brownish stains of MC-LR. 
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Figure 10.  Immunohistochemistry: MC-LR localization in A) intestine and B) liver of threadfin 
shad from the SFE.  Arrows indicate positive brownish stains of MC-LR. 
 
 
In situ hybridization (ISH) 

One question that we want to answer was: Can we prove the ingestion of Microcystis in 
zooplankton and fish, particularly in TFS?  So we used a technique called ISH that utilizes a 
labeled complementary DNA to localize a specific DNA sequence in target tissues.  In other 
words, this technique can provide a precise anatomic localization of Microcystis DNA in affected 
organisms. Using the 16S rDNA sequences of Microcystis found in the SFE, we designed DNA 
probes specific to Microcystis to reveal target organs of Microcystis exposure or ingestion in 
TFS.  

Using ISH, we looked at Microcystis ingestion in TFS following exposure to diets spiked 
with Microcystis from the 2007 blooms.  The purple precipitates in the intestines and gut 
contents (Fig. 11) indicate the Microcystis DNA from the diets.  Corresponding sections stained 
with unlabeled probes did not show these signals.  We also examined TFS collected from the 
estuary during the peak of the bloom season in 2007.   Aggregates of Microcystis cells were 
shown in the stomach contents and adjacent intestinal lining of TFS collected from Mildred 
Island (Fig. 12) demonstrating direct ingestion of Microcystis in the SFE.   
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Figure 11.  In situ hybridization of threadfin shad showing ingestion of Microcystis-spiked diets 
(arrows) in intestines (A, B) of fish fed with 4.4 ppm MC-LR diet and gut contents (C) of fish 
fed with 10 ppm MC-LR. 
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Figure 12.  In situ hybridization of threadfin shad from Mildred Island showing ingestion of 
Microcystis cells (arrows) in gut contents.   
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Task 3 − Field Survey of Microcystis and Effects on Wild TFS 
Collection of Microcystis and TFS, and analyses of MC concentrations in Microcystis and fish 
tissues were coordinated with Dr. Peggy Lehman (DWR) during a monitoring program in 2007 
funded by CALFED Bay-Delta Program.  TFS and Microcystis were collected intermittently 
from Microcystis-impacted locations at the SFE during the bloom season in 2007.  Sampling 
locations were chosen as previously designated by DWR for Microcystis collection and 
monitoring.  
 
Field samples of TFS were analyzed for nutritional status, gonadal development, and 
histopathological changes as endpoints for assessing reproductive fitness. Presence of pathogens 
or diseases was also assessed.  During the course of the field studies, a real-time quantitative 
polymerase chain reaction (qPCR) test was inevitably developed to estimate the spatial and 
temporal variations in the distribution of toxic versus nontoxic Microcystis across locations in 
the SFE (see Baxa et al. 2010). Approach and results of several studies in Task 3 are described 
below.   
 
Task 3.1. Assessment of health and nutritional status of wild TFS 

In collaboration with DWR, groups of TFS were caught by beach seining from 4 
locations in the SFE between August 29 and September 12, 2007 for assessment of health and 
nutritional status (Table 1).  Our goal was to determine if there are geographic differences in the 
health and nutritional fitness of TFS found at different sites in the estuary.  To address this 
objective, we evaluated the nutritional status of TFS samples based on growth, somatic 
indicators including condition factor (CF) and hepatosomatic index (HSI), DNA/RNA ratio, and 
nutritional composition (protein, lipid, moisture and energy levels).  In addition, data are 
presented as mean ± SE by one way ANOVA and Duncan test to determine if differences among 
sampling locations were significant.  Different letters denote significant differences (P<0.05) 
between or among fish from the different sampling locations.   
 

Table 1. Threadfin shad collected from the San Francisco Estuary for evaluation of health and 
nutritional status.  The total number of fish used for each analysis is indicated. 

 
Location No. fish 

collected 
Nutrition Histopathology Disease Histochemistry 

MC-LR 
Mean 
wt/length 
(g/mm) 

Sherman 
Island (SI) 

133 55 15 9 4 6.9/89 

Brannon Island 
(BI) 

62 30 
 

15 9 4 8.5/94 

Stockton 
(STK) 

65 30 15 20 4 6.5/87 

Mildred Island 
(MI) 

36 13 15  4 4 1.4/58 
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Results and Discussion 

The body weight (BW) and body length (BL) of threadfin shad were similar from 
Sherman Island (SI), Brannon Island (BI) and Stockton (STK) (P>0.05) although fish from 
Mildred Island (MI) was smaller (P<0.05) than fish from the above three locations (Fig. 13).  
Due to the small number and size of fish from MI, nutritional composition from this location was 
not compared with the other three locations.  The condition factor (CF) was significantly lower 
in fish from BI than those from SI and STK (Fig. 14).  The hepatosomatic index (HSI) decreased 
in the following order: SI>BI>STK, but the difference was not significant (Fig. 14).  The 
RNA/DNA ratio in the muscle, as an indicator of protein synthesis reflecting effects of 
nutritional feeding or potential stressors, was significantly higher in fish from SI than fish from 
BI and STK (Fig. 15).  The nutritional composition based on protein, lipid, moisture and energy 
levels of whole fish was different among the three locations (Figs. 16 and 17).  Fish from SI had 
generally higher lipid, protein, energy and low moisture contents compared to fish from BI.  Fish 
from STK showed the lowest protein, lipid and energy but high moisture content.  Based on 
these preliminary findings, threadfin shad from Sherman Island indicate more favorable nutrition 
indices compared to fish from Stockton.  

Table 2 illustrates the sex ratio and prevalence of liver and intestinal lesions in TFS. The 
female (F)/male (M) sex ratios were: 33F/67M (SI); 40F/60M (BI, STK, and MI). TFS collected 
from BI had the most significant lesions where: 1) 7 of 15 fish had moderate to severe glycogen 
depletion (LGD), and 2) 4 of 15 fish had moderate to severe liver cell necrosis (LCN) and fatty 
vacuolar degeneration (LLIP).  In addition, 5 of 15 fish collected from BI had severe intestinal 
epithelial cell necrosis. TFS collected from STK had significant glycogen depletion (14 of 15 
fish) and liver cytoplasmic inclusion bodies (LCIB; 10 of 15 fish). All TFS (15 of 15 fish 
collected from MI had significant glycogen depletion. TFS collected from SI were in good health 
where only 1 of 15 fish showed LGD, LLIP, and LCIB.    

In summary, results from the histopathologic and nutritional findings indicate that TFS 
collected from Sherman Island are relatively healthier compared to TFS from STK, MI, and BI. 
Although TFS collected from STK and BI were nutritionally impaired, histopathologic analysis 
revealed significant lesions in TFS from STK that are likely related to the effect of other 
contaminant stressors than to Microcystis toxicity.  Severe intestinal epithelial cell necrosis (Fig. 
18) and further supported by the localization of Microcystis in gut contents of TFS collected 
from BI strongly suggest Microcystis intoxication. Lastly, histological analysis indicated that the 
TFS collected from the SFE were immature sub-adults as determined by gonadal development 
and length. 
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Table 2.   Histopathological analysis of TFS in the SFE 
 

% Prevalence of significant lesions  
Location 

 
N LGD LCN LLIP LCIB IN 

F/M 
ratio 

% 
Maturity 

Sherman Island 15 6.7 0 6.7 6.7 0 5/10 6.7 
Brannon Island 15 46.7 26.7 26.7 0 33.3 6/9 13.3 
Stockton 15 93.3 0 0 66.7 0 6/9 0 
Mildred Island 15 100 0 0 0 0 6/9 0 
 
LGD= liver glycogen depletion; LCN = liver cell necrosis; LLIP = lipidosis or fatty vacuolar 
degeneration in liver; LCIB = cytoplasmic inclusion bodies; IN= intestinal epithelial cell 
necrosis; F/M ratio = female to male ratio. 
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Figure 13. Body weight (BW) and length (BL) of threadfin shad collected from different sites in 
the San Francisco Estuary in 2007 for nutrition analyses.  SI=Sherman Island, BI=Brannon 
Island, STK= Stockton, MI=Mildred Island 
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Figure 14. Hepatosomatic index (HSI) and condition factor (CF) of threadfin shad collected 
from different sites in the San Francisco Estuary in 2007 for nutrition analyses.  SI=Sherman 
Island, BI=Brannon Island, STK= Stockton 
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Figure 15. RNA/DNA ratio of threadfin shad collected from different sites in the San Francisco 
Estuary in 2007.  SI=Sherman Island, BI=Brannon Island, STK= Stockton 
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Figure 16. Lipid and moisture contents in threadfin shad collected from different sites in the San 
Francisco Estuary in 2007.  SI=Sherman Island, BI=Brannon Island, STK= Stockton 
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Figure 17.  Protein and energy contents of threadfin shad collected from different sites in the 
San Francisco Estuary in 2007.  SI=Sherman Island, BI=Brannon Island, STK= Stockton 
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Figure 18.  Histopathology: Severe epithelial cell necrosis in threadfin shad collected from Brannon 
Island suggestive of Microcystis/microcystin exposure. Arrows indicate sections of the intestine 
containing necrotic cells. 
 
Task 3.2. Screening for pathogens and diseases in TFS and development of specific cell 
lines for viral isolation 
 
The presence of pathogens or diseases was examined in juvenile and adult TFS from different 
locations: Sherman Island (N=9), Brannon Island (N=9), Mildred Island (N=4), and Stockton 
(N=20) (Table 1).  Using standard necropsy procedures including observation of external and 
internal signs and conventional microbiological isolation techniques, all of the fish examined did 
not reveal the presence of significant pathogens or diseases or overt clinical signs.  The dominant 
bacteria isolated were from the genera Aeromonas, which are Gram negative rods and are 
normally considered ubiquitous in the environment or in gut contents of fish.   
 
We are currently developing viral cell lines to enhance the specific isolation of viruses that may 
be potentially present from pelagic fish species in the SFE including the TFS, delta smelt, striped 
bass and the native Sacramento splittail.   
 
Task 3.3. Development of PCR and real-time quantitative PCR (qPCR) for Microcystis  
 
Cyanobacterial samples were collected from different sites in the SFE during bloom 
development from July to September 2007 using tow nets and van Dorn to include both colonial 
and single algal cells.  Standard polymerase chain reaction (PCR) (Fig. 19) employing published 
primers (see Baxa et al. 2010) for conserved Microcystis-specific 16S ribosomal DNA (rDNA) 
was initially used to establish the presence of Microcystis in cyanobacterial tissues and water 
samples.  The amplification of the MC toxin synthetase genes mcyB and mcyD established the 
presence of toxin-producing Microcystis. We developed a real-time quantitative PCR (qPCR) 
based on the 16S rDNA and mcyD gene sequences of Microcystis found in the SFE to quantify 
the proportion of toxic Microcystis with mcyD genes among total Microcystis populations.  The 
gene targets and probes for qPCR are shown in Table 3.  
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Figure 19.   Standard PCR for initial screening of Microcystis showing the amplification of 
target genes: 16S rDNA for cyanobacteria and Microcystis, and toxin synthetase genes mcyB and 
mcyD.  Microcystis were collected from different sites in the SFE: 1) Antioch, 2) Chipps Island, 
3) Mildred Island, 4) Venice Cut, and 5) San Joaquin. 
 
Table 3.  Quantitative real-time PCR gene targets and probes based on 16S rDNA sequences of 

Microcystis found in the SFE. 
Target Probe Sequence 
Microcystis 16S RDNA MIC 16S P TTC CCC ACT GCT GCC 
Microcystis mcyD mcyD P ATG CTC TAA TGC AGC 

AAC GGC CAA A 
Cyanobacteria 16S rDNA CYA 604 P  CTG ACA CTC AGC GAC G 
Primers and probes were designed from 16S rDNA sequences of Microcystis spp. from the SFE; 
mcyD probe is based from Rinta-Kanto et al. 2005 
 
Cyanobacterial samples collected by diagonal net tows of the water column showed that 
Microcystis was dominant among cyanobacteria (28 – 96%), and toxic Microcystis (mcyD gene 
carriers) formed 0.4 – 20% of the total Microcystis spp. (Fig. 20, Tables 4, 5).  Total Microcystis 
was also abundant (7.7 x 10P

4
P– 9.9 x 10 P

7 
Pcells L-P

1
P) in ambient surface waters (Fig. 21), and the 

range of Microcystis cell equivalents with mcyD genes (4.1 x 10 P

2
P–2.2 x 10P

7
P cells L-P

1
P ) indicated a 

large variation in the ratio of toxic Microcystis among total Microcystis (0.01 – 27%) (Table 5).  
Differences in the proportion of toxic and nontoxic Microcystis were observed across the 
sampling locations and seasons for Microcystis tissues (Fig. 20, Tables 4, 5) and water samples 
(Fig. 21, Table 5) where concentrations of total MCs (0.007 – 10.81 μg/L) also varied (Table 4).  
 
Microcystis (from tow nets) was dominant in all of the sites examined but relatively more 
abundant in Brannon Island, San Joaquin, and Antioch.  Although minimal, toxic Microcystis 
was present in all locations examined which formed up to 20% of the total Microcystis spp. 
particularly in Antioch at the beginning and towards the end of the bloom (Fig. 20). 
 
As in the Microcystis tissue samples, the abundance of total and toxic Microcystis in surface 
waters fluctuated across sites and sampling dates but generally more abundant in Antioch, 
Brannon Island, and Mildred Island during the bloom (Fig. 21).  



 30

Quantifying the relationship between nontoxin and toxin-producing Microcystis using qPCR in 
combination with direct toxin analysis using chemical methods such as PPIA can offer greater 
accuracy for understanding the source and variability of different MC producers and bloom 
toxicity.   Traditional methods of monitoring the toxicity of Microcystis blooms in the SFE have 
relied on microscopic assessment of cell density and chemical detection of MC concentrations in 
water and algal samples using PPIA.  As measurements such as cell density do not correlate well 
with toxicity generally as well as in the SFE, the qPCR assay can circumvent the limitation of 
this technique. The cost and the length of time needed for analysis of chemical assays such as 
PPIA may limit large-scale application and rapid management decisions needed to protect 
humans and wildlife. By revealing trends in the proportion of MC producing cells, qPCR can 
identify the distribution and magnitude of MC producers among mixed populations of 
Microcystis or cyanobacterial species present in the bloom.  In this context, qPCR can contribute 
to rapid risk assessment and prediction of strategies designed to manage the adverse effects of 
blooms in this important ecosystem.  See Baxa et al. (2010) for details of the qPCR development.  
 

Table4.  Mean copy numbers of toxic (mcyD) and total Microcystis (16S rDNA) and 
cyanobacterial genes from cyanobacterial tissues.  Mean total microcystin concentrations (as 

determined by PPIA) of cyanobacterial samples are shown from each site. 
___________________________________________________________________________ 
Site                 Total    Toxic Microcystis    Total Microcystis     Cyanobacteria 
Date      microcystin            mcyD               16S rDNA              16S rDNA 
      (µg/L)  (Gene copies/µg DNA)     (Gene copies/µg DNA)      (Gene copies/µg DNA) 
______________________________________________________________________________ 
AT-8/07/07       1.65 ± 0.08     1.4 ± 1.24 x 10P

5 
P4.1 ± 0.28 x 10P

6 
P7.5 ± 0.32 x 10P

6
P
 

AT-8/21/07       0.28 ± 0.02     1.2 ± 0.11 x 10P

6 
P3.5 ± 0.21 x 10P

7 
P6.1 ± 0.44 x 10P

7
P
 

AT-9/05/07       0.02 ± 0.001      6.4 ± 0.55 x 10P

4 
P5.1 ± 0.04 x 10P

6 
P1.4 ± 0.03 x 10P

7
P
 

AT-9/18/07       0.16 ± 0.000     2.4 ± 1.78 x 10P

7
P 3.6 ± 0.31 x 10P

7 
P5.0 ± 0.16 x 10P

7
P
 

BI-8/07/07        3.06 ± 0.052      3.8 ± 1.81 x 10 P

4
P 3.3 ± 0.81 x 10P

5
P 6.3 ± 0.61x 10P

5
P
 

BI-8/21/07        0.176 ± 0.03      1.1 ± 0.08 x 10 P

6 
P4.1 ± 0.26 x 10P

7 
P5.2 ± 0.23 x 10P

7
P
 

BI-9/05/07        0.007 ± 0.000     3.6 ± 0.07 x 10P

6 
P5.5 ± 0.58 x 10P

7 
P5.7 ± 0.38 x 10P

7
P
 

CI-7/25/07        0.046 ± 0.002     5.0 ± 2.57 x 10P

5 
P3.9 ± 0.05 x 10P

6 
P5.5 ± 0.19 x 10P

6
P
 

MI-7/25/07       0.021 ± 0.001    1.1 ± 0.07 x 10 P

6 
P2.9 ± 0.14 x 10P

7 
P5.3 ± 0.82 x 10P

7
P
 

MI-8/08/07       0.736 ± 0.036    8.0 ± 0.42 x 10 P

4 
P1.6 ± 0.05 x 10P

6 
P2.6 ± 2.77x 10P

6
P
 

MI-8/22/07       0.091 ± 0.005    6.2 ± 0.18 x 10 P

5 
P1.8 ± 0.38 x 10P

7 
P1.8 ± 0.12 x 10P

7
P
 

MI-9/04/07       0.032 ± 0.000    1.8 ± 0.11 x 10 P

5  
P9.9 ± 0.76 x 10P

6 
P2.6 ± 0.78 x 10P

7
P
 

MI-9/18/07        0.016 ± 0.005    2.2 ± 0.08 x 10P

6 
P1.1 ± 0.01 x 10P

7 
P1.8 ± 0.04 x 10P

7 

OR-8/08/07      0.696 ± 0.000     2.4 ± 0.40 x 10 P

5 
P1.0 ± 0.01 x 10P

7 
P1.8 ± 0.16 x 10P

7 

OR-8/22/07          Not done         3.8 ± 0.74 x 10P

5 
P5.9 ± 0.41 x 10P

6 
P2.0 ± 0.11 x 10P

7 

OR-9/04/07      0.032 ± 0.000     5.6 ± 0.66 x 10 P

5 
P1.5 ± 0.19 x 10P

7 
P2.4 ± 0.06 x 10P

7 

SJ-7/25/07           Not done     2.1 ± 0.26 x 10 P

5 
P3.7 ± 0.11 x 10P

7 
P3.8 ± 0.09 x 10P

7 

VC-7/25/07     10.807± 0.227     1.4 ± 0.12 x 10 P

5 
P3.4 ± 0.29 x 10P

7 
P8.6 ± 0.07 x 10P

7 

____________________________________________________________________________ 
 
Sampling sites: AT=Antioch, BI=Brannon Island, CI=Chipps Island, MI=Mildred Island, 
OR=Old River, SJ=San Joaquin, VC=Venice Cut  
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Figure 20.   Ratio of gene copies from cyanobacterial tissues from the 2007 blooms in 
the SFE.  ( ) toxic mcyD carriers, ( ) nontoxic Microcystis.  Sampling sites: 
AT=Antioch, BI=Brannon Island, CI=Chipps Island, MI=Mildred Island, OR=Old River, 
SJ=San Joaquin, VC=Venice Cut  
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Figure 21. Abundance of total and toxic Microcystis in surface waters during the 2007 
blooms in the SFE.  Sampling sites: AT=Antioch, BI=Brannon Island, MI=Mildred 
Island, OR=Old River, FT=Franks Tract 
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Table 5.  Cell equivalents of toxic (mcyD carriers) and total Microcystis from ambient surface 
water samples in the San Francisco Estuary. 

_________________________________________________________________________ 
 
  Site         Toxic Microcystis   Total Microcystis  Proportion (%)  
  Date        (Cell equivalents LP

-1
P) * (Cell equivalents LP

-1
P)   Toxic Microcystis 

_________________________________________________________________________ 
AT-7/24/07  8.1 ± 2.55 x 10P

2 
P7.7 ± 0.04 x 10P

4 
P1.03 ± 0.32 

AT-8/07/07  4.1 ± 0.15 x 10P

3 
P6.1 ± 0.42 x 10P

6 
P0.06 ± 0.005 

AT-8/21/07  2.7 ± 0.88 x 10P

3 
P8.8 ± 0.90 x 10P

6 
P0.03 ± 0.007 

AT-9/05/07  2.2 ± 0.46 x 10P

7 
P9.9 ± 0.28 x 10P

7 
P23.08 ± 4.84 

AT-9/18/07  1.2 ± 0.06 x 10P

6 
P4.6 ± 0.36 x 10P

6 
P27.67 ± 2.20 

BI-7/24/07  4.1 ± 0.16 x 10P

2 
P8.9 ± 1.68 x 10P

6 
P0.01 ± 0.009 

BI-8/07/07  4.0 ± 0.02 x 10P

3 
P7.3  ± 1.20 x 10P

5 
P0.55 ± 0.10 

BI-8/21/07  7.7 ± 5.60 x 10P

2 
P1.9 ± 0.06 x 10P

6 
P0.03 ± 0.02 

BI-9/04/07  1.1 ± 0.01 x 10P

5 
P8.9 ± 6.73 x 10P

6 
P3.89 ± 5.16 

CI-7/24/07  2.6 ± 0.55 x 10P

3 
P1.9 ± 0.10 x 10P

6 
P0.13 ± 0.02 

CI-8/07/07  1.4 ± 0.35 x 10P

4 
P5.9 ± 0.06 x 10P

5 
P2.43 ± 0.62 

FT-8/01/07  7.7 ± 0.16 x 10P

5 
P3.1 ± 0.20 x 10P

7 
P2.48 ± 0.11 

FT-8/08/07  1.4 ± 0.008 x 10P

7 
P5.5 ± 0.35 x 10P

7 
P26.46 ± 1.85 

FT-8/21/07  1.9 ± 0.49 x 10P

4 
P2.2 ± 0.07 x 10P

7 
P0.08 ± 0.02 

MI-7/25/07  8.3 ± 1.46 x 10P

3 
P3.8 ± 0.37 x 10P

7 
P0.02 ± 0.002 

MI-8/08/07  1.0 ± 0.11 x 10P

4 
P6.9 ± 1.30 x 10P

6 
P0.15 ± 0.02 

MI-8/22/07  1.4 ± 0.39 x 10P

3 
P2.9 ± 0.01 x 10P

7 
P0.005 ± 0.001 

MI-9/04/07  8.6 ± 0.77 x 10P

5 
P3.4 ± 0.25 x 10P

7 
P2.48 ± 0.22 

MI-9/18/07  3.7 ± 0.78 x 10P

5 
P9.0 ± 0.34 x 10P

6 
P4.14 ± 0.74 

OR-8/08/07  1.6 ± 0.12 x 10P

5 
P1.0 ± 0.04 x 10P

7 
P1.55 ± 0.16 

OR-8/22/07  6.4 ± 0.98 x 10P

3 
P2.8 ± 0.37 x 10P

7 
P0.02 ± 0.005 

OR-9/04/07  9.8 ± 1.07 x 10P

4 
P1.0 ± 0.07 x 10P

7 
P0.94 ± 0.13 

OR-9/18/07  4.4 ± 0.46 x 10P

5 
P7.5 ± 0.48 x 10P

6 
P5.84 ± 0.59 

SJ-7/25/07  6.3 ± 1.27 x 10P

4 
P1.7 ± 1.33 x 10P

7 
P0.98 ± 1.21 

SJ-8/22/07  4.3 ± 0.11 x 10P

3 
P3.2 ± 0.08 x 10P

7 
P0.01 ± 0.003 

VC-7/25/07  1.2 ± 0.08 x 10P

6 
P1.0 ± 0.06 x 10P

7 
P12.03 ± 0.87 

VC-8/22/07  3.9 ± 0.71 x 10P

5 
P3.3 ± 0.21 x 10P

6 
P11.91 ± 2.45 

_________________________________________________________________________ 
 
Sampling sites: AT=Antioch, BI=Brannan Island, CI=Chipps Island, FT=Franks Tract,  
OR=Old River, SJ=San Joaquin, VC=Venice Cut 
 
*Cell equivalents of total and toxic Microcystis was calculated from the copy number of 
Microcystis 16S rDNA (two copies per genome, Kaneko et al. 2007) or mcyD gene (one copy per 
genome, Kaebernick et al. 2002), respectively.   
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Task 3.4. Verification of Microcystis ingestion among zooplankton in the SFE using PCR 
and qPCR   
 
Using standard PCR assays specific to Microcystis (Baxa et al. 2010), zooplankton populations 
from the SFE were examined in 2007 and 2008 to verify if they ingest Microcystis in the field. 
Results showed the amplification of Microcystis genes (Table 6) suggesting the ingestion of 
Microcystis.  A negative PCR result indicated that the zooplankton were eating other foods but 
not Microcystis or were not eating anything at all at the time of collection (Table 6).   
 
The next question that we want to answer was: how much Microcystis are being ingested in each 
copepod in the estuary?  To address this question, we conducted a qPCR assay on representative 
zooplankton samples collected from the estuary.  Results showed that in Antioch for example, a 
single copepod can ingest as much as 1.3 x 10P

6 
PMicrocystis cells with a considerable proportion 

of toxic cells (Table 7).  Some zooplankton will only ingest nontoxin producing Microcystis 
such as in Mildred Island on 8/17/08. The proportion of toxic Microcystis ingested was relatively 
higher in July compared to the other sampling dates at least in Mildred Island (7/07/08) and San 
Joaquin (7/24/07) (Table 7). 
 
To verify the ingestion of Microcystis-laden zooplankton in fish, we examined archived fish 
tissues showing suspicious gut contents such as Delta smelt.  The Delta smelt was collected in 
Antioch in 2008 and examined by ISH using DIG-labeled Microcystis probe.  Aggregates of 
Microcystis cells were localized in the gut of the delta smelt ingesting zooplankton-laden 
Microcystis (Fig. 22).  Clusters of Microcystis cells were also demonstrated in TFS tissues 
exposed to Microcystis in the field and in the laboratory (Figs. 11 and 12).  The implication of 
these findings underscores the importance of PCR-based molecular tools for the rapid and 
accurate diagnosis of Microcystis abundance, toxicity, and species-specific food web interactions 
with zooplankton that may affect pelagic fishes and other aquatic organisms in the SFE.   
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Table 6.  Presence of Microcystis in zooplankton collected from the SFE in 2007 and 2008 as 
determined by standard PCR. 

Location Date Total Microcystis Toxic Microcystis mcyD 
San Joaquin–1 7/24/07   
San Joaquin–2 7/24/07 + + 
San Joaquin 8/21/07   
Mildred Island 8/21/07 + + 
Collinsville 8/21/07 + + 
Mildred Island 9/4/07   
Venice Cut 9/4/07 + + 
Antioch 6/23/08 + + 
Antioch 7/07/08 + + 
Antioch 8/04/08 + + 
Antioch 8/17/08 + + 
Antioch 9/29/08 + + 
Mildred Island 6/23/08 + + 
Mildred Island 7/07/08 + + 
Mildred Island 8/04/08 + + 
Mildred Island 8/17/08   
Mildred Island 9/29/08 + + 
+/ :  positive or negative DNA amplification of total or toxic Microcystis  
Zooplankton (N=40) were pooled from each site, rinsed in sterile distilled water to ensure 
amplified DNA are from the guts and not from the body surface of zooplanktons. 
 
Table 7.  Estimated quantity of Microcystis ingested by zooplankton from representative sites in 
the San Francisco Estuary. qPCR was conducted using probes specific to 16S rDNA sequences 

of Microcystis found in the SFE. 
 
Location 
 

Date Microcystis/ 
copepod 

Toxic Microcystis per 
copepod 

%Toxic 
Microcystis 

Antioch 8/04/08 1.3 x 10 P

6
P
 3.1 x 10P

5
P
 23 

Mildred Island  7/07/08 6.2 x 10 P

3
P
 2.1 x 10P

3
P
 33 

Mildred Island 8/17/08 8.2 x 10 P

4
P
 0 0 

Mildred Island 9/29/08 1.5 x 10 P

4
P
 3.9 x 10P

3
P
 25 

San Joaquin 7/24/07 1.9 x 10 P

3
P
 6.8 x 10P

2
P
 36 
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Figure 22.  Juvenile delta smelt collected in Antioch in July 2008 showing sections of the gut 
stained by H&E (A) and in situ hybridization, ISH (B) using DIG-labeled Microcystis-specific 
probes.  Arrows in C & D indicate Microcystis in the zooplankton ingested in the gut of the delta 
smelt.   
 
Investigating other Research Associated Goals 
 
1.  Impacts of Microcystis on key zooplankton species in the SFE 
Histological analysis of juvenile TFS stomach contents suggested that TFS can ingest a wide 
range of particles including detrital and other non-nutritious food including Microcystis spp. 
Several questions that needed to be addressed were: Can TFS larvae survive during a Microcystis 
bloom by actively avoiding Microcystis cells? Is this response determined by the ratio of 
Microcystis in the diet? If ingested, how toxic is Microcystis to TFS larvae? Will TFS larvae feed 
on copepods in the presence of Microcystis? To address these questions, we conducted two 
separate studies demonstrating the impacts of Microcystis to two key zooplankton species in the 
SFE, Pseudodiaptomus forbesi and Eurytemora affinis.  Please refer to Ger et al. (2009a, 2009b) 
for specific findings of these studies. 
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2.  Establishing local Microcystis cultures 
Central to characterizing Microcystis toxicity is establishing local Microcystis cultures and 
determining which key environmental factors (i.e. temperature, salinity, pH, nutrients, and light) 
control their growth and toxicity. Manipulating these variables in the laboratory and measuring 
the abundance of the mcyD gene responsible for the production of the toxin by qPCR will enable 
us to predict conditions that enhance or decrease MC synthesis. Using controlled laboratory 
conditions, the interaction between key environmental factors and MC production will provide 
the knowledge to predict conditions that may alter Microcystis abundance and toxicity in the 
SFE. 
 
Cultures were initially established by isolating and testing cyanobacterial cells from the 2007 and 
2009 blooms by PCR/qPCR to determine whether they are toxin-producing or nontoxin-
producing Microcystis.  Other cyanobacteria such as Aphanizomenon and other filamentous 
bacteria were observed in the cultures (Fig. 23).  These cyanobacteria were collected in the delta 
along with Microcystis and are being propagated in our lab cultures together with Microcystis.  
These cyanobacteria are potentially toxin producing in addition to Microcystis, and their ability 
to produce toxins due to environmental factors can be evaluated under controlled laboratory 
conditions. 
 
3.  Pilot study: effect of temperature and salinity on abundance of toxin producing cells  
Using the mixed Microcystis populations propagated in the laboratory, a pilot study was 
conducted to determine how key environmental factors such as salinity and temperature can 
make local Microcystis more or less toxic in the presence of other cyanobacteria. In this initial 
study, we used mixed Microcystis populations from the 2009 blooms and exposed them to 
different salinities (0, 2, and 10 ppt) and temperatures (18 and 25°C) that are relevant in the 
estuary.  qPCR analysis was conducted at 14 days post exposure to determine the abundance of 
toxin producing cells compared to nontoxin producing cells. 
 
In the presence of other toxin-producing cyanobacteria, the growth of toxic cells is greatly 
enhanced at 18°C/2 ppt and at 25°C/10 ppt treatments (Fig. 24). The mcyD qPCR assay that we 
used most likely quantified other toxin producing cyanobacteria in the Delta such as other 
filamentous cyanobacteria and Aphanizomenon, which can also produce microcystins and other 
neurotoxins.  As such, toxic cells were more abundant than the total number of Microcystis. 
These results also suggest the broad range of salinity tolerance (e.g. Microcystis growth 
enhanced at 10 ppt) indicating that the Microcystis strain in the SFE ecosystem may be more 
halotolerant than other strains.  Further investigation of these initial findings is warranted. 
 
Investigating the identity and toxin-producing potential of other cyanobacteria present in the 
estuary is critically needed.  Because these cultures have been well adapted to laboratory 
conditions, biotic interactions can be markedly altered relative to the environment from which 
they were isolated.  As such, the evolution and/or stability of certain algal traits can occur 
(Lakeman et al. 2009).  Microcystis populations that are freshly collected from the SFE will be 
used to verify their usefulness for the study of responses to genuinely stressful conditions (e.g., 
10 ppt and 25°C).  One relevant finding is that Microcystis morphology was distinctly altered at 
the different temperature and salinity treatments.  At 0 and 2 ppt, single cells were formed at 
18°C compared to colonial forms at 25°C (Table 8, Fig. 25).  Although with minimal growth, 
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the opposite was observed at 10 ppt: single cells at 25°C and colonial forms at 18°C. These 
results have important implications in the ability of zooplankton to ingest certain morphological 
forms (single cells vs. colonies) of Microcystis that predominate in habitats at different salinity 
gradients. 
 

Aphanizomenon sp.

Microcystis mass cultures

Microcystis aeruginosa

 
 
Figure 23.  Microcystis cultures at UC Davis Aquatic Toxicology Program. Other cyanobacteria 
such as Aphanizomenon and filamentous bacteria (arrow) were collected along with Microcystis 
from the San Francisco Estuary in 2009. 
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Figure 24.  Effect of salinity and temperature on the mean abundance of toxin-producing cells 
and total Microcystis using local Microcystis cultures propagated in the laboratory. 
 
 

Table 8.  Microcystis morphology at different temperature and salinity treatments. 
 

Salinity 
ppt 

Temperature 
°C 

Morphology 

0 18 cells 
 25 colonies 
2 18 cells 
 25 colonies 

10 18 few colonies 
 25 few cells 
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Figure 25.  Microcystis morphology showing the predominance of single cells at 0 and 2 ppt at 
18°C compared to colonial forms at 25°C. The opposite was observed at 10 ppt: single cells at 
25°C and colonial forms at 18°C. 
 
General Summary  
 
1.  Determining the effects of Microcystis and MCs on early life stages (embryos and larvae, 
Tasks 2.1 and 2.2) could not be conducted because adult TFS were lacking during several 
collection dates from known distribution sites in the SFE in  2008, 2009, and 2010 and from 
facilities that raise TFS. In addition, we were unable to locate field spawned embryos even with 
the help of personnel from the Department of Fish and Game, Department of Water Resources, 
and the Bureau of Reclamation. Only one batch of embryos was collected in June 2010 after 
many attempts of collecting TFS in the SFE unfortunately, early progenies did not survive longer 
than one week after hatching in the laboratory.  Larvae did not thrive due to poor feeding or 
stress from poor water quality. Several trials to induce spawning of captive broodstock did not 
result in the production of viable larvae.   
 
2.   Exposures to low (4.4 ppm) and high (10 ppm) concentrations of MC-LR spiked diets 
demonstrated adverse effects in juvenile TFS as outlined below:  

• Growth – severe loss of body weight and muscle degeneration (cachexia) and decreased 
condition factor  

• Reproduction – impaired gonad development in female TFS  
• Histopathology – presence of liver lesions associated with MC toxicity such as 

cytoplasmic eosinophilic droplets or proteinaceous materials, glycogen depletion, single 
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cell necrosis and sinusoidal congestion. These pathologies are consistent with laboratory 
exposures of medaka (Deng et al. 2009) and Sacramento splittail (Acuña et al. in 
preparation) to MCs.  

• Immunohistochemistry – presence of MC-LR was confirmed in the intestines, liver and 
kidney of TFS receiving MC-LR-spiked diets including wild TFS collected from the 
SFE.  

• Nutrition – impaired nutritional status as indicated by histopathological changes and 
severe cachexia.  

• In situ hybridization demonstrated the localization of Microcystis in stomach and 
intestines of TFS fed with MC/Microcystis-spiked diets including the localization of 
Microcystis cells in the gut contents of TFS collected from several sites in the SFE 

 
3.  Field investigations involved the collection of immature sub-adult TFS that were evaluated 
for general health using condition factor, nutritional status, and histopathology. Based on these 
criteria, TFS in Sherman Island (SI) were found to be relatively healthier compared to TFS from 
Stockton (STK) and Brannon Island (BI). While TFS from STK and BI were generally of poor 
health, significant lesions were observed in TFS from STK that are highly indicative of 
exposures to contaminant stressors than to Microcystis toxicity.  In contrast, TFS in BI showed 
severe intestinal epithelial cell necrosis and the localization of MCs in liver (IHC) and 
Microcystis in stomach and intestine (ISH) strongly indicating effects of Microcystis 
intoxication. The TFS examined from these sites were immature sub-adult based on length and 
gonadal development.  These results suggest that the general health status of TFS from the SFE 
may be due to the additive effects of Microcystis and contaminants. 

Immunohistochemistry confirmed the presence of MC (LR) in the intestines, liver and 
kidneys of TFS collected from the SFE. The presence of MC-LR in these organs proves that 
MCs are absorbed in the intestines and accumulate in the liver and kidney. These results were 
further confirmed by the localization of ingested Microcystis in the gut of wild TFS (as 
demonstrated by in situ hybridization) collected during the 2007 blooms in the SFE.   
 
4.  In the field studies, Microcystis were collected from the different sites, in addition to TFS, 
that allowed us to develop a real-time quantitative PCR (qPCR) to estimate the spatial and 
temporal variations of toxic and nontoxic Microcytis and to demonstrate the ingestion of 
Microcystis by zooplankton.    

• The development of qPCR based on local Microcystis gene sequences enabled us to 
confirm the ability of zooplankton to ingest Microcystis in the field.  Further, the 
molecular tools can be used to predict and quantify the abundance of Microcystis in food 
web organisms of the SFE and then verified by standard immunohistochemistry (using 
commercial MC-LR antibodies) to localize MC-LR in target tissues. 

• The qPCR provided a specific detection and quantification of the relative dominance of 
toxic and non toxic Microcystis that zooplankton can ingest in the SFE. 

 
5.  The adverse effects of MCs as observed in TFS have been observed in other species such as 
the Sacramento splittail (Acuña et al. in preparation), the quart medaka (Deng et al. 2010), key 
copepods (Ger et al. 2009a, b), and inland silverside and striped bass (Lehman et al. 2010).  
Taken together, these findings demonstrate the potential threats of Microcystis to important 
organisms in the SFE food web.   
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Justification for request of funding extension  
 
We would like to request a one-year cost extension to this project.  The absence of TFS in the 
SFE and from culture facilities in 2008, 2009, and 2010 hampered our ability to complete Tasks 
2.1 and 2.2 (effect of Microcystis/MCs to TFS embryo and larvae).  Adult spawners were not 
found in the SFE despite enormous assistance from Mr. Kevin Reece and Dr. Ted Sommer 
(DWR), Mr. Teejay Orear (Dr. Moyle at UCD), Dr. Louise Conrad (Dr. Sih at UCD), and 
several personnel at DFG.  Our best efforts to develop TFS broodstock for the last two years did 
not successfully generate viable embryos and larvae.   
 
Since we have tried extensively but were unable to find any TFS for reasons beyond our control, 
funding for one more year will provide us with the resources to conduct additional studies to 
address the adverse effects of Microcystis on early life stages of TFS.  Alternative techniques for 
spawning captive TFS at the Contra Costa Mosquito and Vector Control and acquiring embryos 
from the SFE are promising. Utilizing these techniques in the 2011 spawning season will allow 
us to acquire the embryos and larvae needed to conduct Tasks 2.1 and 2.2.  Because larval 
development corresponds with peaks of cyanobacterial blooms in the SFE, investigating the 
effects of Microcystis on early life stages of TFS is critical to understanding the range of effects 
that can be determined under field and laboratory conditions. 
 
Cost extension will also ensure further investigation on the distribution and abundance of toxic 
and nontoxic Microcystis in impacted sites at the SFE.  Because toxic Microcystis were found to 
be relatively more abundant in Antioch in 2007, the underlying factors promoting the increased 
growth rates of toxic Microcystis in this habitat need to be addressed.  Importantly, the potential 
links between the general health of TFS and other pelagic species and zooplankton laden with 
Microcystis remain poorly understood. The existing tools that we developed (qPCR/PCR, 
immunohistochemistry, in situ hybridization) will help elucidate the potential relationships 
between shifts in Microcystis abundance and toxicity, MC concentrations, and toxic effects to 
zooplankton and fish in controlled laboratory and ecosystem scales. 
 
 
Proposed Work to Address Future Challenges  
 
Study 1:  Comprehensive characterization of key cyanobacterial toxin producers and green 
algae in the SFE using DNA microarray and specific qPCR  
 
Objective:  Identify and quantify the dominant “bad algae” (toxin-producing cyanobacteria) and 
“good algae” (nutritious green algae) comprised within and outside of the bloom season in the 
SFE. 
 
Approach: We will extend previous PCR/qPCR methods for Microcystis to develop DNA 
microarray and specific qPCR assays to provide a qualitative (DNA array) and quantitative 
(qPCR) estimation of other key cyanobacteria (based on 16S rDNA and mcyD toxin gene 
sequences) and nutritious green algae (16S rDNA sequences) in the SFE.   
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Rationale:  Toxicity of recurring blooms in the SFE has been mainly attributed to M. aeruginosa 
producing various microcystin congeners that may have potential links to declining numbers of 
pelagic organisms (i.e. POD).  Bloom toxicity in the SFE may not be due solely to M. 
aeruginosa but may also arise through the association of other toxin-producing cyanobacterial 
strains as demonstrated in our pilot study (see page 39).  By developing standard PCR and qPCR 
techniques specific to Microcystis found in the SFE, we were able to demonstrate a tiered 
analysis on the identification and quantification of toxin-producing versus nontoxin-producing 
Microcystis from cyanobacterial tissues and water samples during the bloom season in 2007.  
Following initial cultures of local Microcystis assemblages in our laboratory, the number of toxin 
producing cells was attributed to not only Microcystis but to potentially other co-existing 
cyanobacterial species such as Aphanizomenon and other filamentous cyanobacteria.  For this 
reason, a qualitative (DNA microarray) and quantitative (qPCR) assessment of toxin producing 
cyanobacteria (in addition to Microcystis) including nutritious green algae in the delta will 
provide critical information on the contribution of other cyanobacteria to bloom toxicity and the 
relevance of green algae as food sources to larval species.  Furthermore, these techniques can 
monitor the composition and abundance of nutritious green algae before and after the occurrence 
of harmful algal blooms. 
 
 
Study 2: Estimating the presence and abundance of Eurytemora affinis and 
Pseudodiaptomus forbesi in ambient surface waters and in gut contents of larval species in 
the SFE 
 
Objective:  Evaluate the relevance of the key copepods Eurytemora affinis and 
Pseudodiaptomus forbesi as food sources to larval species in the SFE. 
 
Approach: Develop specific qPCR assays to identify and quantify the copepods by utilizing 
their 18S rDNA sequences. 
 
Rationale: Calanoid copepods, particularly E. affinis and P. forbesi, are the principal food 
sources of many endangered larval and pelagic fishes in the SFE.  Copepod abundance varies 
spatially and seasonally in certain habitats of the upper SFE.  Copepods have similarly declined 
to unprecedented numbers along with other pelagic organisms such as fish and nutritious 
phytoplankton.  Because they contain essential fatty acids, the calanoid copepods provide greater 
nutritional quality to primary consumers compared to others (Mueller-Solger et al. 2006).  As 
such, developing specific and sensitive techniques such as qPCR to demonstrate the potential 
link between the presence and abundance of these copepods in certain habitats and the growth 
and survival of larval species that rely upon the zooplankton as food sources is essential.  
 
 
Study 3:  Field studies to evaluate the potential impacts of exposure to contaminants 
(metals, pesticides) and Microcystis on fish health  
 
Objective: Determine the general health status of key pelagic fish species due to the additive 
effects of exposures to contaminants and Microcystis in the SFE  
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Approach:  Fish health will be evaluated and established by linking four measurements of 
biological effects: 1) Condition factor and organo-somatic indices, 2) Biochemical and 
histopathological biomarker responses as indicators of contaminant exposure and effects, 3) 
Isolation and identification of pathogens/diseases using specific cell lines for virus isolation, and 
4) Proximate analyses to determine fish nutritional status.   
 
Rationale: Baseline information on the health of native and threatened fish species in the upper 
San Francisco Estuary is currently lacking.  Indicator species such as the threadfin shad 
(Dorosoma petenense) and the endemic Sacramento splittail (Pogonichthys macrolepidotus) are 
exposed to contaminants and Microcystis during critical life stages (i.e. spawners and larvae).  
Linking biological effects and fish health is warranted because key stressors may ultimately 
Tdetermine Tfundamental fish functions such as Tgrowth and reproduction. T Baseline health status is 
essential for assessing the health of the targeted species over time that may be altered due to 
emerging risk factors affecting the Delta and its fishery resources.   
 
 
Study 4:  Laboratory studies to evaluate the potential relationship between exposures to 
environmental contaminants (metals, pesticides) including Microcystis and health of key 
pelagic and other economically important fish species  
 
Objective: Determine how exposure to contaminants and Microcystis may impact the general 
health of critical life stages of at risk fish species (e.g. delta smelt, longfin smelt, Sacramento 
splittail, green sturgeon, and Chinook salmon) 
 
Approach:  Adverse effects of exposure to contaminants and Microcystis will be evaluated and 
established by 1) determining toxic biological effects on liver and gonad development, 
histopathology to assess lesion severity in embryo and larval stages, biochemistry including 
immunohistochemistry and in situ hybridization to assess evidence of contaminant exposure, 2) 
proximate analyses of major storage forms (glycogen, lipid, protein) to assess nutritional 
adequacy as a result of contaminant and Microcystis exposure, and 3) body burden analysis or 
Toxicity Identification and Evaluation (TIE) to identify chemical or chemical mixtures of 
interest.  
 
Rationale: We have demonstrated that exposure to Microcystis in TFS (see Task 2.3) and to 
selenium and pesticides in Sacramento splittail (Teh et al. 2005, CALFED Final Report) can 
impair growth and reproduction. MC toxicity targets the liver, affects reproductive potential of 
adult species including direct toxicity to embryos and larvae.  As most of the POD species have 
an average of two-year life span, concurrent exposures to certain contaminants and to 
Microcystis may render severe reproductive abnormalities that may ultimately affect growth and 
population condition (recruitment). Controlled laboratory studies will be conducted based on 
field data (Study 3) to determine the effect of the contaminant of interest and of Microcystis on 
fish including potential impacts on key zooplankton species (i.e. Pseudodiaptomus forbesi and 
Eurytemora affinis).  
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Estimating the abundance of toxic Microcystis in the San Francisco Estuary using
quantitative real-time PCR

Dolores V. Baxa a,*, Tomofumi Kurobe a, Kemal A. Ger a, Peggy W. Lehman b, Swee J. Teh a

a School of Veterinary Medicine, Department of Anatomy, Physiology and Cell Biology, University of California, One Shields Avenue, Davis, CA 95616, USA
b Division of Environmental Sciences, Department of Water Resources, 3500 Industrial Blvd, West Sacramento, CA 95691, USA

1. Introduction

Cyanobacteria, also known as blue-green algae can form blooms
that produce toxins, cause oxygen depletion, alter food webs, and
threaten freshwater bodies worldwide that are utilized for
drinking, agriculture, fishing, and recreation (Paerl and Huisman,
2009). Toxic blooms in temperate freshwater environments are
commonly dominated by Microcystis which produce the hepato-
toxin, microcystin (Carmichael, 1996; Chorus and Bartram, 1999;
Paerl, 2008). Microcystins (MCs) are cyclic heptapeptides produced
mainly by cyanobacterial species belonging to the genera
Microcystis, Anabaena, Nostoc, and Oscillatoria (Sivonen and Jones,
1999; Nishizawa et al., 2000). The peptide synthetase gene cluster
is a bidirectional complex of 10 genes, mcy (A–J), which control the
synthesis of polyketide and peptide synthetases associated with

MC synthesis (Tillett et al., 2000; Pearson et al., 2004). Only MC
producing (MC+) cyanobacteria carry the mcy genes, and genetic
differences within this gene cluster determine the production of
amounts and congeners of MCs (Pearson et al., 2004). Chronic
exposure to cyanotoxins such as MCs causes widespread and
serious health problems in animals and humans including liver,
digestive and skin diseases, neurological impairment, and death
(Carmichael, 2001; Cox et al., 2003). Although the worldwide
occurrence of cyanobacterial blooms has increased in recent
decades (Chorus and Bartram, 1999; Hudnell and Dortch, 2008),
the underlying factors associated with their toxicity and the
impact to ecosystems are poorly understood.

Since their initial detection in 1999, cyanobacterial blooms
occur annually between June and October in the upper San
Francisco Estuary (SFE) across a wide range of salinities (0.1–
18 ppt), from the low-flow waters of the central SFE to the western
reaches including the Sacramento River (Lehman et al., 2005,
2008). The blooms are composed primarily of colonial forms of
Microcystis aeruginosa although single cells are also present. Total
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Developing an effective and rapid method to identify and estimate the abundance of Microcystis is

warranted in the San Francisco Estuary (SFE) in view of expanding cyanobacterial blooms dominated by

Microcystis spp. Blooms that occurred in the estuary from July to September 2007 were initially assessed

using a standard polymerase chain reaction (PCR) employing primers designed for the conserved

Microcystis-specific 16S ribosomal DNA (rDNA) region. The presence of microcystin-producing (MC+)

toxic Microcystis was observed in cyanobacterial and water samples as shown by the amplification of the

MC toxin synthetase genes mcyB and mcyD by standard PCR. The goal of this study was to develop a real-

time quantitative PCR (qPCR) based on the 16S rDNA and mcyD gene sequences of Microcystis found in

the SFE to quantify the proportion of toxic Microcystis with mcyD genes among total Microcystis or

cyanobacterial population. Cyanobacterial samples collected by diagonal net tows of the water column

showed that the ratio of gene copies was dominant for Microcystis among cyanobacteria (28–96%), and

Microcystis carrying mcyD genes formed 0.4–20% of the total Microcystis spp. Total Microcystis was also

abundant (7.7 � 104 to 9.9 � 107 cells L�1) in ambient surface waters, and the range of Microcystis cell

equivalents with mcyD genes (4.1 � 102 to 2.2 � 107 cells L�1) indicated a large variation in the ratio of

toxic Microcystis among total Microcystis (0.01–27%). Differences in the proportion of toxic and nontoxic

Microcystis, as deduced from the cell equivalents of total Microcystis, were observed across the sampling

locations and seasons where concentrations of total MCs (0.007–10.81 mg/L) also varied. By revealing

trends in the sources and magnitude of toxic and nontoxic Microcystis, qPCR can contribute to rapid risk

assessment and prediction of strategies designed to manage the adverse effects of cyanobacterial blooms

in the SFE.
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MC concentrations in the estuary have been commonly below the
World Health Organization (WHO) recommended limit of 1 mg/l
for drinking water (WHO, 1999) in the first half meter of the water
column (Lehman et al., 2005, 2008). Various MC congeners are
present in the SFE such as LR, LA, and WR that vary in dominance
spatially and temporally (Lehman et al., 2005, 2008).

One way Microcystis blooms may be detrimental to the SFE is their
potential role in the decline of pelagic organisms referred to locally as
POD (Sommer et al., 2007; IEP, 2008). Increased levels of MCs during
seasonal blooms are hypothesized to cause adverse effects in food
resources of pelagic species through direct toxicity or indirectly
through impacts on the food web (IEP, 2008; Lehman et al., 2008),
which may lead to bioaccumulation of toxins at higher trophic levels
particularly fish (Malbrouck and Kestemont, 2006). Variations in the
abundance of MC+ Microcystis and MC concentrations among
locations in the SFE have important ecological implications. For
example, liver lesions suggestive of exposure to MCs were observed
in striped bass Morone saxatilis collected at Antioch in 2005 and 2007
(Lehman et al., 2010). While the potential mechanism of toxin
exposure to the striped bass is unknown, fish in the estuary may
ingest MC+ phytoplankton and/or zooplankton directly or acciden-
tally while feeding (Vanderploeg et al., 2001; Sedmak and Elersek,
2005; Malbrouck and Kestemont, 2006). In addition, Microcystis is an
unsuitable food to zooplankton due to its nutritional inadequacy,
toxicity, and colonial aggregation (Carmichael, 1996; Hessen et al.,
2006; Wilson et al., 2006) that can negatively affect feeding, growth,
and reproduction (Kirk and Gilbert, 1992). Survival of dominant
zooplankton species in the SFE was reduced following experimental
exposures to dissolved MCs and dietary Microcystis (Ger et al., 2009,
in press). Preliminary in situ hybridization analysis also showed the
localization of Microcystis DNA in the gut and body surface of the
zooplankton (Baxa, unpublished data). These findings indicate the
need for rapid and accurate diagnosis of Microcystis abundance,
toxicity and species-specific food web interactions in the SFE using
advances in DNA-based molecular tools (Ouellette and Wilhelm,
2003; Nejstgaard et al., 2008).

Although MC concentrations are known to be produced mainly
from Microcystis populations in the SFE (Lehman et al., 2005, 2008),
the proportion of Microcystis and other cyanobacterial species that
produce the toxin is unknown. It is also unknown how
environmental conditions influence MC production in the estuary.
The presence of nutrients, light, water temperature and flow, and
zooplankton grazing can influence the growth of algae, the onset
and development of blooms and the production of MCs (Sivonen
and Jones, 1999; Jacoby et al., 2000; Zurawell et al., 2005; Paerl,
2008). For the SFE, research suggests that low water flow is
strongly correlated with the production of higher cellular MC
concentration (Lehman et al., 2008). Although environmental
parameters may affect toxicity by an order of magnitude, the
predominance of toxic strains can affect toxicity to 1000 fold
(Zurawell et al., 2005). As the proportion of toxic genotypes may
determine the overall toxicity of blooms (Kardinaal et al., 2007a),
predicting bloom toxicity requires the ability to determine the
occurrence and often co-existence of toxic and nontoxic strains of
the same species within a genus that are morphologically and
taxonomically indistinguishable (Otsuka et al., 1999; Kurmayer
et al., 2002).

Real-time quantitative PCR has been successfully applied in
toxicity assessments of recurring phytoplankton blooms (Kur-
mayer et al., 2002; Vaitomaa et al., 2003; Hotto et al., 2008;
Pearson and Neilan, 2008; Rinta-Kanto et al., 2005, 2009). While
molecular analysis of cyanobacteria in the SFE using the toxin
synthetase mcyA gene has identified toxic species of Microcystis

(Moisander et al., 2009), neither the abundance nor the dominance
of MC+ Microcystis has been quantified in the SFE. The occurrence
of cells carrying specific gene targets for cyanobacteria particularly

Microcystis cells carrying the genes associated with the production
of MC toxin was assessed using conventional PCR. Our study
focused on developing a qPCR assay to estimate the ratio of MC+
Microcystis based on the proportion of Microcystis with mcyD genes
and the abundance of total Microcystis to provide an overview of
the toxicity of blooms that occurred in the SFE from July to
September 2007.

2. Materials and methods

2.1. Study sites and collection of samples

In collaboration with the CA Department of Water Resources,
cyanobacterial samples were collected from 7 stations in the SFE
including Brannan Island and Chipps Island in the Sacramento
River; Antioch, Mildred Island, Old River, San Joaquin, and Venice
Cut in the San Joaquin River (Fig. 1). Samples were collected
intermittently from these sites between July 24 and September 18,
2007 when Microcystis blooms were abundant across the estuary.

Cyanobacterial samples were collected using diagonal tows
with a plankton net (153 mm mesh). This collection procedure
provided a representative example of large Microcystis colonies
that may be dispersed in the water column. To include colonies and
single cells from ambient surface waters which can escape the
plankton net, samples were collected by dipping 2 L amber HDPE
bottle (Fisher, PA, USA) on the water surface. Plankton samples
from tow nets were stored in acid washed containers while the
surface samples were retained in their containers (acid washed).
Samples were kept at 4 8C and filtered within 4 h onto a 0.5-mm
GF/F Whatman filter (Whatman, Maidstone, UK). For cellular MC
analysis, plankton samples from the net tows were filtered onto
0.5-mm GF/F glass fiber filters (Whatman). Filtered plankton
samples were wrapped in aluminum foil and frozen at�80 8C until
used for DNA extraction and total MC analysis.

2.2. Microcystin (MC) analysis

Toxins from cyanobacterial samples were extracted from the
filter by sonication (3 times, 20 s bursts on ice) with 10 ml of 50%

Fig. 1. Map of San Francisco Estuary showing the locations for collecting

cyanobacterial samples during the bloom season in 2007.
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methanol containing 1% acetic acid, and the extract clarified by
centrifugation and used for MC analysis. Recovery of MCs (e.g., LR,
RR) using this procedure is greater than 90% as determined using
duplicate samples. Concentrations of total MCs in cyanobacterial
samples were determined using the protein phosphatase inhibi-
tion assay, PPIA (Carmichael and An, 1999). Briefly, assays were run
in 96-well plates containing 0.1 mU recombinant phosphatase 1A
catalytic subunit (Roche Applied Science, Indianapolis, IN), 1.05 mg
para-nitrophenyl phosphate (Sigma, St. Louis, MO) and 10 ml of
sample or Microcystis aeruginosa MC-LR (Sigma) as previously
described (Lehman et al., 2008).

2.3. Extraction of genomic DNA

Cyanobacterial biomass showed an even distribution on the
filters following filtration of samples from net tows and surface
waters. Biomass from the net tows was generally denser of which
only half filter was used for genomic DNA extraction. In contrast,
cyanobacteria from surface waters were relatively rare in which
the entire filter was used for DNA extraction. In both cases, the
number of filtered biomass fractions and the volume of filtered
water were factored in estimating the DNA concentration. After
thawing the frozen filters at room temperature, plankton biomass
was removed aseptically from the filter using forceps and
processed for genomic DNA extraction using a standard phenol–
chloroform procedure (Sambrook and Russell, 2001) combined
with a phenol extraction method used in qPCR analysis of plankton
(Rinta-Kanto et al., 2005). Briefly, plankton cells were suspended in
100 ml lysis buffer (10 mM Tris HCl pH 8.0, 1 mM EDTA, 100 mM
NaCl, 0.2% sodium dodecyl sulfate), and added proteinase K
(Qiagen Inc., Valencia, CA) to a final concentration of 50 mg/ml. The
volumes of lysis buffer and proteinase K were doubled in dense
plankton biomass from the net tows. The suspension was placed
overnight in a shaking incubator at 56 8C. Genomic DNA was
extracted with phenol/chloroform/isoamyl alcohol (25:24:1)
(Sigma), following to ethanol precipitation. DNA was dissolved
in 100 ml of Tris HCl pH 8.0–EDTA (TE) buffer and the concentra-
tion was measured with a spectrophotometer (BioPhotometer
plus, Eppendorf, NY). Some of the DNA samples were added TE
buffer to obtain �400 ng/ml of concentrations.

2.4. Conventional PCR

2.4.1. Detection of cyanobacteria, Microcystis and MC synthetase

genes

Genomic DNA of cyanobacterial samples were initially exam-
ined by conventional PCR to demonstrate the presence of
cyanobacteria and Microcystis using specific PCR primer sets
targeting the 16S rDNA (Neilan et al., 1997; Urbach et al., 2001). To
establish cyanobacterial toxicity, primer sets designed for the MC
synthetase genes, mcyB and mcyD, were used to detect MC+
Microcystis (Kaebernick et al., 2000; Ouellette et al., 2006). The
targets, primer sequences, amplicon size and references are listed
in Table 1. The volume of the PCR cocktail was 50 ml containing

200 mM of each dNTP, 1.5 mM of MgCl2, 40 pmol of each primer,
1.5 unit Platinum Taq DNA polymerase (Invitrogen Corporation,
Carlsbad, CA) and 10� buffer at 1/10 the volume of the reaction.
The PCR conditions for the conventional PCR are as follows: initial
denaturation step of 95 8C for 5 min, 30 cycles of 94 8C for 30 s,
56 8C for 30 s, and 72 8C for 90 s, followed by a final extension step
at 72 8C for 5 min and then held at 4 8C. The PCR product was
separated on 2% agarose gels and observed by a transilluminator
after staining with 1% ethidium bromide solution for 20 min.
Genomic DNA extracted from M. aeruginosa producing MC toxin,
MC+ (MC-LR UTEX 2385) and non-MC producing M. aeruginosa,
MC� (MC-LR UTEX 2386) (University of Texas Culture Collection,
Austin, TX) were used as controls for the initial screening of mixed
cyanobacterial samples to detect the target genes by conventional
PCR. Both type strains of M. aeruginosa were grown in axenic batch
cultures in our laboratory using a modified ASM-1 medium
maintained at 22 8C and 16:8 L:D light regime (Ger et al., in press).

2.4.2. Cloning, sequencing and sequence analysis of PCR amplicons

The amplicons were ligated into pGEM-T Easy vector (Promega
BioSciences, San Luis Obispo, CA) that was used to transform
Escherichia coli DH5a competent cells (Invitrogen Corp., Carlsbad,
CA). The plasmid containing the inserted DNA fragment was
extracted using QIAprep Spin Mini Kit (Qiagen Inc., Valencia, CA)
according to the manufacturer’s instructions. The sequence of the
insert was confirmed using M13 forward and reverse primers by
fluorescently labeled dideoxy terminator sequencing using an ABI
377 automated DNA sequencer (Applied Biosciences, Foster City,
CA). Gene sequences were determined from the plasmid DNA of 10
plankton samples from the 7 locations in the SFE. The sequences
were aligned and compared to available sequences of Microcystis,
gene clusters encoding the biosynthetic enzymes mcy (micro-
cystin) and other peptide synthetase genes in GenBank database
using Clustal W Program Version 1.83 (Thompson et al., 1994).

2.5. Real-time quantitative PCR (qPCR)

2.5.1. Plasmid preparation for qPCR

The plasmid DNA carrying the target sequence for cyanobac-
teria, Microcystis 16S rDNA, and mcyD were prepared as follows:
the partial fragment of the 16S rDNA from cyanobacteria
(1200 bp), the Microcystis 16S rDNA fragment (230 bp), the mcyB
(320 bp) and mcyD (298 bp) synthetase gene fragments were
amplified with forward and reverse primer sets listed in Table 1.
The genomic DNA of 10 plankton samples from the 7 locations in
the SFE was used as template DNA while MC+ M. aeruginosa UTEX
2385 and MC�M. aeruginosa UTEX 2386 were used as control DNA
template. The PCR assay and conditions were conducted as
described in Section 2.4.1, the amplicons were cloned into a
vector, and the plasmid DNA was extracted as described above. The
obtained sequences were deposited in GenBank database (Acces-
sion nos. GQ426031, GQ426032). The copy number of the plasmid
DNA was calculated according to its molecular weight and
concentration, and then converted into the copy number based

Table 1
Primers used for conventional PCR to amplify cyanobacteria, Microcystis and microcystin synthetase genes, mcyB and mcyD, from cyanobacteria in the San Francisco Estuary.

Target Primer Sequence (50–30) Target size Reference

Cyanobacteria CYA 108 F ACG GGT GAG TAA CRC GTR A 1200 bp Urbach et al. (2001)

16S rRNA CYA16SCYR CTT CAY GYA GGC GAG TTG CAG C

Microcystis MIC 184 F GCC GCR AGG TGA AAM CTA A 230 bp Neilan et al. (1997)

16S rRNA MIC 431 R AAT CCA AAR ACCT TCC TCC C

Microcystis mcyB 2959 F TGG GAA GAT GTT CTT CAG GTA TCC AA 320 bp Nonneman and Zimba (2002)

mcyB mcyB 3278 R AGA GTG GAA ACA ATA TGA TAA GCTA C

Microcystis mcyD F2 F GGT TCG CCT GGT CAA AGT AA 298 bp Kaebernick et al. (2000)

mcyD R2 R CCT CGC TAA AGA AGG GTT GA
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on Avogadro’s number (1 mol = 6.022 � 1023 molecules). Serial
dilutions of the plasmid DNA (1 � 106 through 10 copies/5 ml)
were prepared with molecular grade water and used for generation
of the standard curve for cyanobacteria, Microcystis, and mcyD
qPCR assays.

2.5.2. Development of real-time quantitative PCR (qPCR) for

Microcystis

The TaqMan probe and forward and reverse primers for
Microcystis were designed with the Primer Express 3.0 software
(Applied Biosystems) using the 16S rDNA sequences obtained from
cyanobacterial samples from the SFE. These sequences were
compared against the unique region of Microcystis based on
alignments with other cyanobacterial species such as Anabaena sp.
(AJ133160) and Nostoc sp. (AB187508). The TaqMan probe was
labeled with the fluorescent reporter FAM at the 50 end and with
the quencher minor groove binding (MGB) at the 30 end. The PCR
contained 400 nM of each primer, 80 nM of the TaqMan probe, 2�
TaqMan Universal Master Mix with UNG (Applied Biosystems,
Foster City, CA), and 5 ml of the extracted DNA samples in a final
volume of 12 ml. The samples and plasmid DNA standards were
placed in MicroAmp fast optical 48-well reaction plate and sealed
with MicroAmp 48-well optical adhesive film (Applied Biosys-
tems). The qPCR assays were run using a StepOne Real-Time PCR
System (Applied Biosystems). The PCR program for cyanobacteria
and Microcystis-specific 16S rDNA was conducted according to
conditions suggested in the StepOne qPCR machine: 50 8C for
2 min, 95 8C for 10 min, and 40 cycles of 95 8C for 15 s, and 60 8C for
60 s. For the mcyD assay, thermocycling steps were followed from
Rinta-Kanto et al. (2005): 50 8C for 3 min, 95 8C for 10 min,
followed by 45 cycles of 95 8C for 30 s, 61 8C for 1 min, and 72 8C for
20 s.

Calculations of threshold cycle (Ct) were conducted using the
StepOne Version 2.0 Software (Applied Biosystems), which
automatically determined the highest possible correlation
coefficient (r2) for the standard curve. Microcystis has two
copies of 16S rDNA in its genome (Kaneko et al., 2007) therefore
the gene copy number obtained by qPCR based on the plasmid
standard curve was divided by 2 to determine the total
Microcystis MC-LR cell equivalents. Reactions were run in
triplicate and results are reported as mean � SD. The number
of MC� Microcystis cells were estimated by subtracting the cell
number of MC+ Microcystis (mcyD carriers) from the total number
of Microcystis cells (MC+ and MC� strains) (Rinta-Kanto et al.,
2005).

For samples used in the current study, dense plankton biomass
were collected from the tow nets rendering prolonged filtration,
from which colonial forms were randomly picked in some samples.
As water volumes were not used from these net tow samples, the
qPCR values were expressed only as gene copies/mg DNA. In
contrast, surface water samples represent ambient concentrations
of colonial and single cells with less plankton biomass thus, the
Microcystis cell density was estimated as the number of cell
equivalents L�1 based on the volume of samples collected.

2.5.3. Specificity and sensitivity of TaqMan real time qPCR assay for

Microcystis 16S rDNA and mcyD

The specificity of the qPCR assays was verified by running
reactions using genomic DNA from pure cultures of cyanobacterial
species including Synechoccus sp., Planktothrix sp., Microcystis

aeruginosa type strains: MC+ MC-LR UTEX 2385 and PCC 7806
(from Dr. Steven Wilhelm, University of Tennessee), MC� M.

aeruginosa (MC-LR UTEX 2386), as well as 10 different Microcystis

spp. from California (provided by Dr. Pia Moisander, UC Santa
Cruz). Approximately 50 ng of genomic DNA was used in the qPCR
using procedures described above. The sensitivity of the assays was

determined by comparing the standard curve generated from
plasmid standards.

3. Results

Cyanobacteria and Microcystis-specific 16S rDNA and the MC
synthetase genes mcyB and mcyD were amplified from cyano-
bacterial samples collected in the SFE (Fig. 2). Using pure cultures
of MC+ M. aeruginosa (MC-LR UTEX 2385) and MC� M. aeruginosa

(MC-LR UTEX 2386) as reference strains, Microcystis that amplified
the mcyB and mcyD toxin genes was considered toxic and was
discriminated from nontoxic Microcystis lacking these genes
(Fig. 2). Specific primers and probes for the qPCR assay that were
designed in this study (Table 2) were able to detect and quantify
the 16S rDNA target genes for cyanobacteria and Microcystis, and
the MC synthetase mcyD gene of high analytical sensitivity
detecting as few as 10 copies of the target gene/reaction with
high specificity against closely related cyanobacteria such as
Synechoccus sp., Planktothrix sp. and 10 different strains of
Microcystis spp. (data not shown). Analysis by qPCR quantified
the gene copies of cyanobacteria, Microcystis spp. and mcyD from
tow net (Table 3) and from ambient surface water samples
(Table 5) from which gene copies were expressed as cell
equivalents. As mentioned above, the lack of information on
filtered biovolumes of some tow net samples precluded the
conversion of gene copies to cell equivalents.

Using the qPCR assays developed in this study, variations in the
cell equivalents of toxic Microcystis (mcyD gene carriers) and total
Microcystis spp. were generally observed across the sites and
sampling dates in surface water samples (Table 5). The tow net
samples also showed variations in gene copies across sampling
sites and dates (Table 3). Based on the estimated percentages of
Microcystis 16S, cyanobacterial 16S, and mcyD gene copies, the

Fig. 2. Gel image of conventional PCR showing amplification of target genes and

corresponding lengths (bp): cyanobacterial and Microcystis 16S rDNA fragments

and the microcystin synthetase genes mcyB and mcyD from cyanobacterial samples

in the San Francisco Estuary.

Table 2
Primers and probes for Microcystis spp. and cyanobacteria designed from the 16S

rDNA sequences of Microcystis present in the San Francisco Estuary.

Target Primer/probe Sequence (50 !30)

Microcystis MIC16S F AAA GCG TGC TAC TGG GCT GTA

16S rRNA MIC16S R CCC TTT CGC TCC CCT AGC T

MIC16S Pa CTG ACA CTC AGG GAC G

Microcystis mcyD mcyD F GGT TCG CCT GGT CAA AGT AA

mcyD R CCT CGC TAA AGA AGG GTT GA

mcyD Pa ATG CTC TAA TGC AGC AAC GGC CAA A

Cyanobacteria CYA16S F TCG CCC ATT GCG GAA A

16S rRNA CYA16S R AGA CAC GGC CCA GAC TCC TA

CYA16S Pa TTC CCC ACT GCT GCC

a The probes were labeled with 6FAM and MGBNFQ as reporter and quencher,

respectively. All primers and probes were developed in the current study except

that of mcyD from Rinta-Kanto et al. (2005).
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proportion of MC+ Microcystis formed 0.4–20.2% of the total
Microcystis spp., and from 0.16 to 12.5% of the total cyanobacterial
community (as determined by the cyanobacterial 16S; Table 4).
The abundance of MC+ Microcystis with mcyD genes was generally
lower when estimated among cyanobacterial 16S rDNA genes. The
mean proportion of Microcystis spp. with mcyD genes over total
Microcystis spp. was about 2–20 times higher in Antioch, Brannan
Island, Chipps Island, and Mildred Island compared to Old River,
San Joaquin, and Venice Cut. Based on the calculated percentages of
Microcystis and cyanobacterial 16S of plankton samples, Micro-

cystis dominated (>50%) the cyanobacterial population with the
exception of Old River (28.6%, 8/22/07), Venice Cut (40.0%, 7/25/
07), Mildred Island (41.7%, 9/04/07), and Antioch (36.1%, 9/05/07)
(Table 4).

In addition to colony forming cyanobacteria throughout the
water column, single cells were sampled in the surface layer. The
estimated cell equivalents carrying the gene targets in surface
water showed that MC+ Microcystis and total Microcystis varied

across the sites and phases of the bloom development (Table 5). On
the average, the lowest cell equivalents of toxic Microcystis spp.
was observed at Chipps Island (8.5 � 6.7 � 103 cells L�1), Brannan
Island (3.04 � 5.1 � 104 cells L�1), and San Joaquin (3.4 � 3.3 �
104 cells L�1). The mean highest cell equivalents of toxic Microcystis

spp. occurred in Antioch (4.8 � 9.5 � 106 cells L�1) and Franks Tract
(mean 5.1 � 7.1 � 106 cells L�1) with the rest of the sites at one
magnitude lower (Table 5). While the cell equivalents of total
Microcystis cells was generally high in all sampling sites and dates

Table 3
Mean copy numbers of toxic Microcystis (mcyD), total Microcystis (16S rDNA) and cyanobacterial (16S rDNA) genes, and mean total microcystin concentrations in the San

Francisco Estuary. Data refer to cyanobacteria collected by diagonal net tows.

Site, date Total microcystin

(mg/L)

Toxic Microcystis mcyD

(gene copies/mg DNA)

Total Microcystis 16S rDNA

(gene copies/mg DNA)

Cyanobacteria 16S rDNA

(gene copies/mg DNA)

AT-8/07/07 1.65�0.08 1.4�1.24�105 4.1� 0.28�106 7.5� 0.32�106

AT-8/21/07 0.28� 0.02 1.2� 0.11�106 3.5� 0.21�107 6.1� 0.44�107

AT-9/05/07 0.02� 0.001 6.4� 0.55�104 5.1� 0.04�106 1.4� 0.03�107

AT-9/18/07 0.16� 0.000 2.4�1.78�107 3.6� 0.31�107 5.0�0.16�107

BI-8/07/07 3.06� 0.052 3.8�1.81�104 3.3� 0.81�105 6.3� 0.61�105

BI-8/21/07 0.176� 0.03 1.1� 0.08�106 4.1� 0.26�107 5.2� 0.23�107

BI-9/05/07 0.007� 0.000 3.6� 0.07�106 5.5� 0.58�107 5.7� 0.38�107

CI-7/25/07 0.046� 0.002 5.0�2.57�105 3.9� 0.05�106 5.5� 0.19�106

MI-7/25/07 0.021� 0.001 1.1� 0.07�106 2.9� 0.14�107 5.3� 0.82�107

MI-8/08/07 0.736� 0.036 8.0�0.42�104 1.6� 0.05�106 2.6�2.77x 106

MI-8/22/07 0.091� 0.005 6.2� 0.18�105 1.8� 0.38�107 1.8� 0.12�107

MI-9/04/07 0.032� 0.000 1.8� 0.11�105 9.9� 0.76�106 2.6� 0.78�107

MI-9/18/07 0.016� 0.005 2.2� 0.08�106 1.1� 0.01�107 1.8� 0.04�107

OR-8/08/07 0.696� 0.000 2.4� 0.40�105 1.0� 0.01�107 1.8� 0.16�107

OR-8/22/07 Not done 3.8� 0.74�105 5.9� 0.41�106 2.0�0.11�107

OR-9/04/07 0.032� 0.000 5.6� 0.66�105 1.5� 0.19�107 2.4� 0.06�107

SJ-7/25/07 Not done 2.1� 0.26�105 3.7� 0.11�107 3.8� 0.09�107

VC-7/25/07 10.807� 0.227 1.4� 0.12�105 3.4� 0.29�107 8.6� 0.07�107

Sampling sites: AT = Antioch, BI = Brannan Island, CI = Chipps Island, MI = Mildred Island, OR = Old River, SJ = San Joaquin, VC = Venice Cut.

Table 5
Cell equivalents of toxic Microcystis (mcyD) and total Microcystis from ambient

surface water samples in the San Francisco Estuary.

Site Toxic Microcystis Total Microcystis Toxic Microcystis

Date (Cell equivalents L�1)a (Cell equivalents L�1) Total Microcystis

AT-7/24/07 8.1�2.55�102 7.7�0.04�104 1.03� 0.32

AT-8/07/07 4.1� 0.15�103 6.1�0.42�106 0.06� 0.005

AT-8/21/07 2.7� 0.88�103 8.8�0.90�106 0.03� 0.007

AT-9/05/07 2.2� 0.46�107 9.9�0.28�107 23.08�4.84

AT-9/18/07 1.2� 0.06�106 4.6�0.36�106 27.67�2.20

BI-7/24/07 4.1� 0.16�102 8.9�1.68�106 0.01� 0.009

BI-8/07/07 4.0� 0.02�103 7.3�1.20�105 0.55� 0.10

BI-8/21/07 7.7�5.60�102 1.9�0.06�106 0.03� 0.02

BI-9/04/07 1.1� 0.01�105 8.9�6.73�106 3.89�5.16

CI-7/24/07 2.6� 0.55�103 1.9�0.10�106 0.13� 0.02

CI-8/07/07 1.4� 0.35�104 5.9�0.06�105 2.43�0.62

FT-8/01/07 7.7� 0.16�105 3.1�0.20�107 2.48�0.11

FT-8/08/07 1.4� 0.008�107 5.5�0.35�107 26.46�1.85

FT-8/21/07 1.9� 0.49�104 2.2�0.07�107 0.08� 0.02

MI-7/25/07 8.3�1.46�103 3.8�0.37�107 0.02� 0.002

MI-8/08/07 1.0� 0.11�104 6.9�1.30�106 0.15� 0.02

MI-8/22/07 1.4� 0.39�103 2.9�0.01�107 0.005� 0.001

MI-9/04/07 8.6� 0.77�105 3.4�0.25�107 2.48�0.22

MI-9/18/07 3.7� 0.78�105 9.0�0.34�106 4.14�0.74

OR-8/08/07 1.6� 0.12�105 1.0�0.04�107 1.55�0.16

OR-8/22/07 6.4� 0.98�103 2.8�0.37�107 0.02� 0.005

OR-9/04/07 9.8�1.07�104 1.0�0.07�107 0.94� 0.13

OR-9/18/07 4.4� 0.46�105 7.5�0.48�106 5.84�0.59

SJ-7/25/07 6.3�1.27�104 1.7�1.33�107 0.98�1.21

SJ-8/22/07 4.3� 0.11�103 3.2�0.08�107 0.01� 0.003

VC-7/25/07 1.2� 0.08�106 1.0�0.06�107 12.03�0.87

VC-8/22/07 3.9� 0.71�105 3.3�0.21�106 11.91�2.45

Sampling sites: AT = Antioch, BI = Brannan Island, CI = Chipps Island, FT = Franks

Tract, OR = Old River, SJ = San Joaquin, VC = Venice Cut.
aCell equivalents of total and toxic Microcystis was calculated from the copy number

of Microcystis 16S rDNA (two copies per genome, Kaneko et al., 2007) or mcyD gene

(one copy per genome, Kaebernick et al., 2002), respectively.

Table 4
Percentages of gene copy numbers of toxic Microcystis (mcyD) in the San Francisco

Estuary. Data refer to cyanobacteria collected by diagonal net tows.

Site Toxic Microcystis Toxic Microcystis Total Microcystis

Date Total Microcystis Total cyanobacteria Total cyanobacteria

AT-7/24/07 11.49�4.0 6.96� 0.7 64.27�16.9

AT-8/07/07 3.12�2.6 1.76�1.4 55.02�3.2

AT-8/21/07 3.58� 0.6 2.05� 0.2 57.86�7.4

AT-9/05/07 1.24� 0.1 0.31� 0.2 36.19�2.1

AT-9/18/07 17.87�3.6 12.56� 0.6 72.12�13.9

BI-8/07/07 17.89�16.4 5.51�1.8 56.17�29.1

BI-8/21/07 2.48� 0.1 2.07� 0.3 75.76� 0.01

BI-9/05/07 6.60� 0.7 6.32� 0.4 96.17�5.1

CI-7/25/07 15.93�14.1 8.64�5.9 72.49�21.9

MI-7/25/07 3.93� 0.9 2.14� 0.4 55.11�8.8

MI-8/08/07 5.05�1.2 2.87� 0.3 66.11�12.1

MI-8/22/07 3.56�1.6 3.38� 0.04 73.31�11.6

MI-9/04/07 1.89� 0.1 0.78� 0.3 41.76�19.7

MI-9/18/07 20.25�1.2 12.02�1.1 59.32�3.2

OR-8/08/07 2.49� 0.1 1.35� 0.1 54.32�1.7

OR-8/22/07 6.37�1.3 1.83� 0.4 28.60� 0.9

OR-9/04/07 3.81�1.3 2.38� 0.3 64.49�12.2

SJ-7/25/07 0.59� 0.1 0.57� 0.09 93.28�2.7

VC-7/25/07 0.37� 0.1 0.16� 0.02 40.00�6.1

Sampling sites: AT = Antioch, BI = Brannan Island, CI = Chipps Island, MI = Mildred

Island, OR = Old River, SJ = San Joaquin, VC = Venice Cut.
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(7.7 � 0.02 � 104 to 9.9 � 0.16 � 107 cells L�1), the proportion of
toxic among total Microcystis spp. was highest on the average in
Antioch (10.37%), Franks Tract (9.67%), and Venice Cut (11.97%) and
generally lower (mean ranges of 0.49–2.09%) in Brannan Island,
Chipps Island, San Joaquin, Mildred Island, and Old River (Table 5).

Total MC concentrations from the tow net samples varied
across locations and sampling times (0.007–10.8 mg/L) with the
highest level in one sampling date in Venice Cut on 7/25/07
(10.8 mg/L), followed by Brannan Island (mean 1.08 mg/L) and
Antioch (mean 0.51 mg/L) (Table 3). The estimated mean cell
equivalents of Microcystis with mcyD genes in plankton samples
from these sites were 1.4 � 105, 1.4 � 106, and 2.2 � 106 gene
copies/mg DNA for Venice Cut, Brannan Island, and Antioch,
respectively (Table 3). In ambient surface waters, the estimated
mean cell equivalents of Microcystis with mcyD genes were
8.2 � 105, 3.0 � 104, and 4.8 � 106 cells L�1, respectively for Venice
Cut, Brannan Island and Antioch (Table 5).

4. Discussion

Microcystis was dominant among cyanobacterial populations
collected in the SFE with variations in cell equivalents of toxic
Microcystis carrying mcyD genes. The proportion of toxic and
nontoxic Microcystis, which represent the difference in the
frequency of toxic and total number of Microcystis cells (Rinta-
Kanto et al., 2005), varied between sites and phases of the bloom
development. Toxic Microcystis with mcyD genes formed up to 27%
of the total Microcystis population in the SFE (cell equivalents of
ambient surface water), which co-existed with approximately 73%
nontoxic (MC�) Microcystis. Our findings concur with previous
investigations in Lake Erie where toxic genotypes are generally
lower than the abundance of total Microcystis in natural algal
populations (Rinta-Kanto et al., 2009). In other cyanobacterial-
prone bodies of water, the percentage of MC+ among nontoxic
Microcystis assemblages ranged from 1.7 to 71% in Lake Wannsee,
Germany (Kurmayer and Kutzenberger, 2003) and from 0.5 to 35%
in Lake Mikata, Japan (Yoshida et al., 2007).

A combination of factors may influence variations in the
abundance of MC+ and MC�Microcystis in the SFE. Streamflow was
shown to affect the spread of plankton blooms across the estuary
(Lehman et al., 2008). Alternately, wind and tide can enhance the
aggregation of Microcystis biomass in shallow or low-flow water
reaches such as Brannan Island and Antioch. Mixing processes in
the ecosystem can affect the development and distribution of
blooms (Huisman et al., 2004; Jöhnk et al., 2008) in addition to
water temperature, nutrient loading, and light (Zurawell et al.,
2005). Furthermore, the role of climate change has been suggested
as a potent catalyst for the further expansion of cyanobacterial
blooms in eutrophic waters on a global scale (Paerl and Huisman,
2009). How variations in water temperature can affect the
magnitude of recurrence and toxicity of plankton blooms in the
SFE is unknown and is an enormous task that remains to be
determined.

The presence or absence of MC� and MC+ Microcystis was
established in the current study using the Microcystis-specific 16S
rRNA gene (16S rDNA) and the mcyD gene. The Microcystis 16S
rRNA gene is specific to the Microcystis genus, which was used to
estimate total Microcystis cell equivalents. As the MC biosynthesis
gene cluster, mcy, is present only in toxic cyanobacterial (MC+)
strains (Tillett et al., 2000), the ability to detect and quantify the
mcyD gene among mixed populations of Microcystis spp. provided
an evidence of the relative abundance and frequency of MC+
Microcystis strains in the SFE. Estimating the proportion of cells
carrying Microcystis-specific 16S rRNA and mcyD gene targets in
the current study provided, to the best of our knowledge, the first
description on the abundance of MC+ Microcystis strains among

cyanobacterial populations in the SFE. Our results enhance recent
research on the description of toxic Microcystis in the estuary based
on the mcyA gene, which partly encodes the peptide synthetase
cluster for MC production (Moisander et al., 2009).

The genomic DNA of MC+ strain of M. aeruginosa (MC-LR UTEX
2385) was used to estimate the cell equivalents of Microcystis in the
SFE carrying the specific 16S rDNA target genes. Although a local
Microcystis strain would have been an ideal standard, the MC-LR is
one of the dominant toxin congeners in the estuary (Lehman et al.,
2005) making this strain an appropriate standard surrogate in the
current study. Furthermore, the 16S rDNA gene has two copies in
each Microcystis genome (Kaneko et al., 2007) that would account
for the different Microcystis spp. producing different MC+
congeners in the SFE.

Difficulties have been encountered in the development of qPCR
for cyanobacterial diagnostics in field samples due to variations in
the copy number of 16S rDNA genes that may affect estimates of
cell density (Rinta-Kanto et al., 2005). In our study, two copies of
16S rDNA genes per genome (Kaneko et al., 2007) and one copy of
mcyD gene per genome (Kaebernick et al., 2002) were used to
estimate the number of cell equivalents. This ratio was effectively
used to determine the percentage of toxic Microcystis and the total
Microcystis cell equivalents in the cyanobacterial samples. In some
surface water samples however, the cell equivalents were lower for
cyanobacteria compared to Microcystis (data not shown). While the
cause of this anomalous result is unknown in the current study,
previous studies attributed this finding to using the 16S rDNA as a
target for quantifying both cyanobacteria and Microcystis with
variable copy number of 16S rDNA operons (Rinta-Kanto et al.,
2009), to sequence heterogeneity in natural populations of
cyanobacterial cells (Crosby and Criddle, 2003), or an error in
estimating the genome size of reference strains (Kardinaal and
Visser, 2005). Although estimates of total cyanobacterial cell
equivalents were not accurate in some samples in the current
study, assessing the genome ratio of the Microcystis 16S rDNA and
mcyD genes of plankton and surface waters demonstrated the
variations in the frequency and distribution of MC+ and MC�
Microcystis during the bloom development in the SFE, which was
the main focus of this investigation.

Microcystin concentrations did not correspond to the frequency
of toxic Microcystis cell equivalents in our study. One possible
explanation is the potential occurrence of other MC+ genera, in
addition to Microcystis, that may contribute to bloom toxicity in the
SFE (Lehman et al., 2010). Other types of MC toxin congeners with
varying toxicity were probably present in the estuary at the time of
the study (Lehman et al., 2005, 2008) that potentially amplified the
variations of total MC concentrations. In addition, the MC+ MC-LR
UTEX strain used as a standard in the qPCR assay specifically
targets MC+ (MC-LR) Microcystis precluding the different MC
composition present in the SFE. Although the presence of other
MC+ cyanobacteria (e.g., Anabaena, Planktothrix sp.) was not
detected from samples examined in the current study using mcyA
and E primers using conventional PCR assays (Hotto et al., 2008),
other toxin-producing cyanobacterial species have been previous-
ly reported from the estuary including Planktothrix sp., Anabaena

sp., and Cylindrospermopsis sp. (phytoplankton data files,
www.iep.water.ca.gov). Microscopic analysis of samples was not
conducted in the current study to verify the presence of other
species of MC+ cyanobacteria.

Some studies indicate that MC levels do not necessarily
correlate to the frequency of MC+ Microcystis. For example, qPCR
analysis targeting the toxin synthetase mcyE gene in Microcystis

and Anabaena from most locations examined showed relatively
weak to no correlation between MC concentrations and Microcystis

mcyE gene copies due to seasonal differences in Microcystis genome
copies and toxin concentrations (Vaitomaa et al., 2003). Further
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investigation is needed to elucidate the potential gap between the
proportion of toxic Microcystis including other MC+ cyanobacteria
and MC levels during bloom development in the SFE. Lastly, the
few number of samples tested in a geographically large and
dynamic ecosystem such as the SFE may have resulted in the lack of
correlation between MC concentrations and qPCR-based cell
equivalents of MC+ Microcystis.

Factors that promote or exacerbate the growth and survival of
MC+ and MC� strains of Microcystis spp. in the SFE are unknown. The
role of nutrients (e.g., iron or phosphorus) in altering Microcystis

toxicity as shown in other watersheds (Sevilla et al., 2008; Davis
et al., 2009), has only been initially examined in the SFE (Lehman,
unpublished data). Environmental parameters including high water
temperature, eutrophication, nutrients, and light affect the ability of
MC+ genotypes to produce MCs (Kardinaal et al., 2007b; Davis et al.,
2009). The length of spring–summer period and light availability can
alter interactions between toxic and nontoxic strains (Kardinaal
et al., 2007b) including the seasonal succession of different
Microcystis genotypes as a key mechanism affecting MC concentra-
tions in Microcystis-dominated waters (Via-Ordorika et al., 2004;
Kardinaal et al., 2007a; Welker et al., 2007).

The management implications of this study demonstrate that
the qPCR technique can facilitate rapid and specific determination
of the relative proportion of MC+ strains among the total
cyanobacterial population within the SFE based on the quantity
of target genes from mixed cyanobacterial samples. The qPCR
technique will be useful alone or in combination with other
currently used methods such as the enzyme-linked immunosor-
bent assay (ELISA) or the protein phosphatase inhibition assay
(PPIA) (Lehman et al., 2005, 2008) to enhance the analysis and
interpretation of Microcystis toxicity in the SFE. While ELISA can
demonstrate the presence and abundance of MCs, it cannot
quantify the relative abundance of MC+ cells within a cyanobac-
terial sample. The PPIA can detect relative toxicity due to
enzymatic activity but it cannot identify the MCs involved in
the toxicity. While both ELISA and PPIA have their advantages, they
do not offer any information on the species composition of a
cyanobacterial bloom. In contrast, qPCR can quickly identify and
quantify the presence and proportion of cyanobacterial species,
particularly Microcystis, that are toxic (MC+) or nontoxic (MC�).
Quantifying the relationship between total Microcystis biomass
and MC+ Microcystis biomass using qPCR in combination with
chemical methods such as PPIA can offer greater accuracy for
understanding the source and variability of different MC producers
and bloom toxicity. Past methods of monitoring the toxicity of
Microcystis blooms in the SFE have relied on assessment of cell
density and chemical detection of MC concentrations in algal
samples using PPIA (Lehman et al., 2005, 2008). As measurements
such as cell density do not correlate well with toxicity (Sivonen and
Jones, 1999; Baker et al., 2002; Ouellette and Wilhelm, 2003),
generally as well as in the SFE (Lehman et al., 2005, 2008), the qPCR
assay can circumvent the limitation of this technique. The cost and
the length of time needed for analysis of chemical assays such as
PPIA may limit large-scale application and rapid management
decisions needed to protect humans and wildlife. By revealing
trends in the proportion of MC producing cells, qPCR can identify
the sources and magnitude of MC producers among mixed
populations of Microcystis or cyanobacterial species present in
the bloom. As such, qPCR can contribute to rapid risk assessment
and prediction of strategies designed to manage the adverse effects
of blooms in this ecosystem, which provides drinking water to 22
million people in California (IEP, 2008).

In conclusion, the qPCR for Microcystis described in our study
provided a specific and rapid approach for estimating the spatial
and temporal variations in the proportion of toxic Microcystis

strains among mixed cyanobacterial populations that co-exist in

blooms in the SFE. As local Microcysis strains were recently shown
to be unique in the estuary (Moisander et al., 2009), qPCR will be an
invaluable method to further analyze the relationship between
environmental factors and MC synthesis, and the potential threats
of blooms to the food web by using cultures of local Microcystis

strains currently being established in our laboratory.
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Copepod species showed large differences in the ingestion of Microcystis cells, but
no difference among microcystin producing (MCþ) or lacking (MC2) strains in a
short feeding experiment. Differences in selective feeding may allow some cope-
pods to better tolerate Microcystis.
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Ingestion of Microcystis cells by zooplankton causes lethal
and sub-lethal effects including toxicity, nutritional
inadequacy and feeding suppression (Fulton and Paerl,
1987; DeMott and Moxter, 1991). Zooplankton can
minimize these negative impacts by feeding adaptations
to avoid ingestion or through tolerance to ingested
toxins (Engstrom et al., 2000; Hansson et al., 2007).
Hence, species-specific differences among ingestion
rates on cyanobacteria can have major consequences
for zooplankton community composition as well as the
potential for managing blooms (Paerl, 1988; DeMott
et al., 1991; Kirk and Gilbert, 1992; Wang et al., 2010).

Although copepods frequently dominate zooplankton
and can co-exist with cyanobacteria blooms, studies on
copepod-feeding behavior related to Microcystis are rare

(Bouvy et al., 2001; Panosso et al., 2003; Work and
Havens, 2003; Wilson et al., 2006). Tolerance for cyano-
bacteria varies among copepods, partly because species
rely on different chemosensory cues for avoiding cyano-
bacterial food (Kurmayer and Juttner, 1999; Engstrom
et al., 2000). Microcystis contains several toxic metabolites
including microcystin (MC), microviridin, lipopolysac-
charides and unidentified lipophylic compounds, which
may act as cues for zooplankton to avoid ingestion
(Kurmayer and Juttner, 1999; Rohrlack et al., 2004;
Wiegand and Pflugmacher, 2005). Comparing ingestion
rates on Microcystis strains of varying toxicity but similar
morphology has been an effective method to show how
some zooplankton tolerate Microcystis more than others
(Rohrlack et al., 1999; Lurling, 2003; Ger et al., 2010).

doi:10.1093/plankt/fbq071, available online at www.plankt.oxfordjournals.org.
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Copepods, especially Eurytemora affinis and
Pseudodiaptomus forbesi, are the dominant zooplankton
and the main food source for endangered fish in the
freshwater portion of the San Francisco Estuary, where
annual blooms of Microcystis aeruginosa raise concern for
the food limited zooplankton (Muller-Solger et al., 2002;
Sommer et al., 2007; Lehman et al., 2008). In a previous
laboratory study, Microcystis (MCþ or MC2) was toxic
to both E. affinis and P. forbesi, but the latter was able to
co-exist especially with the MCþ strain, most likely
because it minimized Microcystis ingestion (Ger et al.,
2010). Our objective was to verify differences in the
ingestion rates of E. affinis and P. forbesi on Microcystis,
and to test the role of cellular MC as a possible
copepod cue to avoid and thereby tolerate Microcystis.
We hypothesized that in a mixed diet, E. affinis would
ingest more Microcystis (MCþ or MC2) than P. forbesi,
and that P. forbesi ingestion of MCþ Microcystis would be
less than the MC2 strain.

Ingestion experiments used identical organisms, cul-
turing conditions and treatment diets as in the survival
experiments detailed in Ger et al. (Ger et al., 2010).
Axenic batch cultures of MCþ (UTEX 2385) and
MC2 (UTEX 2386) Microcystis were maintained in the
exponential growth phase in a modified ASM-1
medium. We assumed that the only difference between
the two strains used was MC content, and that each
strain had a comparable nutritional profile and digest-
ibility. Both strains were previously verified by a conven-
tional PCR targeting the MIC and mcyB genes to assure
no cross contamination, and the MC production was
measured using a commercially available ELISA
(Envirologix, USA). The mean cell bound concentration
of the MCþ strain during the experiment was
348 mg L21 (+49, n ¼ 8) MC2LR, which corresponds
to an estimated 4.87 mg mg C21 (+0.98, n ¼ 7) of
MC2LR per Microcystis biomass. Copepods were col-
lected from ongoing cultures that have been under con-
trolled laboratory conditions for over 1 year. An equal
biovolume of Nannochloropsis (2 mm cell diameter,
Eustigmatophyceae) and Pavlova (4 mm cell diameter,
Chrysophyceae) (Instant Algae, USA), IA for short, was
given as food at 400 and 500 mg C L21 day21 for
E. affinis and P. forbesi, respectively. Only CV-stage
copepodites and adults were used in the ingestion
experiment.

Each Microcystis strain (MCþ and MC2) was sub-
sampled (150 mL) from exponentially growing cultures
described above and transferred to 300 mL glass flasks,
diluted with 100 mL culture medium and spiked with
2 mL of 24.39 mCi/mL NaH14CO3 (Oak Ridge
National Laboratory, USA). Flasks were capped with
sterile cotton balls, swirled three times a day and

incubated for 48 h, which was previously determined as
adequate for the uniform uptake of the radioactive
label. Cell density and exponential growth were verified
by changes in absorbance at 800 nm.

Ingestion of Microcystis was quantified by feeding
copepods a mixed diet containing 14C labeled Microcystis

during a 30 min ingestion experiment. The treatment
diets consisted of a Microcystis–IA mixture, with the pro-
portion of Microcystis at 10, 25, 50 or 100% of total food
(by carbon), using either the MCþ or MC2 strain of
Microcystis, plus IA, to a total food concentration of 400
(E. affinis) and 500 (P. forbesi) mg C L21, and given in tri-
plicates. For each replicate, about 100 copepods were
transferred from the batch cultures to a 2 L glass
beaker, in clean culture medium, and starved for 4 h
prior to addition of labeled food. This allows sufficient
time to evacuate gut contents (W. Kimmerer,
San Francisco, personal communication). All exper-
iments took place at 228C (+1) and other conditions
were identical to batch cultures. Copepods were accli-
mated to this temperature 24 h prior to starvation.

Labeled treatment diets were added at appropriate
amounts at the beginning of the experiment. Copepods
were allowed to feed for 30 min, then collected on a 150
um mesh screen and anesthetized with carbonated
water to prevent loss of fecal matter (DeMott and
Moxter, 1991). Copepods were flushed and rinsed three
times with carbonated water to wash off any external
Microcystis cells, and placed in a petri dish with clean car-
bonated water for each replicate. From each petri dish,
10, 20 and 30 copepods were selected individually with
pipettes, and filtered on a 25 mm HA filter (Millipore,
USA) for radioactivity analysis measured via gas pro-
portional counting using a Tennelec LB 5100 Series III
system (Canberra Industries, USA) as described in
Goldman (Goldman, 1961). Hence, each replicate con-
sisted of 60 copepods divided on three filters.

The average per copepod ingestion rate (cells
copepod21 h21) was calculated by comparing the
specific activity of copepods (mCi/animal) with that of
Microcystis (mCi/cell Microcystis). Per copepod activity was
measured by taking the average of three subsamples for
each replicate. The activity of Microcystis was estimated
by filtering 1 mL of culture (in replicates) on a 25 mm
diameter HA filter (Millipore, USA) and comparing
total filter activity to the Microcystis cell density during
the experiment. The following formula was used to cal-
culate ingestion rates:

Ingestion ¼ ð14C=copepodÞ � ð14C=cellÞ�1 � h�1

Differences in ingestion rates between the treatments
were analyzed using a two-way ANOVA (JMP 7.0). The
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effect of diet and copepod species on the ingestion rate
was calculated. The diet, whose attributes were further
broken down to strain (MCþ or MC2) and ratio of
Microcystis (% Microcystis), was analyzed for differences in
the effect of these parameters on ingestion. Only
significant differences at the P ¼ 0.05 level are men-
tioned. The specific ingestion rate was calculated by
dividing the ingestion rate with the biomass per
copepod, which was previously measured as 1.75 and

2.54 mg C for E. affinis and P. forbesi, respectively (Bouley
and Kimmerer, 2006).

Copepods ingested Microcystis in all treatments,
though there were significant differences between
species and their grazing rates on Microcystis (Fig. 1A).
Ingestion rates varied between 500 and 4000 Microcystis

cells copepod21 h21 for E. affinis and 170–720
Microcystis cells copepod21 h21 for P. forbesi, and were
linearly proportional to the ratio of Microcystis in the diet
(r2 ¼ 0.66 for E. affinis and 0.61 for P. forbesi, P , 0.001).
There were strong differences between the two species
grazing response to Microcystis. Eurytemora affinis ingestion
was an order of magnitude higher compared with
P. forbesi, for either strain and across all diets except the
10% Microcystis diet (P , 0.001). A 10-fold increase in
the proportion of Microcystis resulted in a 3.47-fold
increase for P. forbesi ingestion, compared to 5.76-fold
increase in E. affinis. The slope for E. affinis ingestion
was higher than that of P. forbesi (by a factor of 6.06,
P , 0.001). Since the copepod species had comparable
biomass, the specific ingestion rates showed similar
trends, and the differences in ingestion rates were not
due to differences in copepod size (Fig. 1B).

Results showed that the copepod species and the diet
had a significant effect on the ingestion rate, indepen-
dently and as an interaction term (Table Ia). Further,
differences in the ratio of Microcystis and the way each
species responded to this ratio (interaction) had a signifi-
cant effect on ingestion (Table Ib). In contrast, both
copepods grazed on either strain of Microcystis (MCþ or
MC2) at similar rates (Table Ib).

Fig. 1. (A and B) Ingestion rates of the copepods E. affinis and
P. forbesi on Microcystis (MCþ or MC2 strains) when provided as
different proportions in a mixed diet containing Microcystis and IA.
Comparing the ingestion rate per copepod [cell � (copepod h)21] (A)
with the specific ingestion rate relative to copepod biomass [cell � (mg
C copepod h)21] (B) corrects for the effect of copepod size on
ingestion rates. Note the logarithmic scale on the y-axis. Bars indicate
SE at the P ¼ 95% level.

Table I: Summary results of a factorial
analysis of variance on the Microcystis
ingestion rate of copepods E. affinis and
P. forbesi in relation to overall diet (a) and in
relation to the strain (MCþ or MC2) and
proportion of Microcystis in diet (%) (b)

Parameter D.F. FF PP

(a)
Species 1 44.246 ,0.001
Diet 7 4.975 ,0.001
Species � diet 7 2.950 0.036

(b)
MC 1 0.024 0.876
% 3 11.511 ,0.001
Species �MC 1 0.001 0.973
Species �% 3 5.752 0.003

Results show differences in the effect of copepod species, and specific
attributes of the diet, such as presence of MC and the ratio of dietary
Microcystis on copepod ingestion rates. The interaction term shows
differences in how each copepod species responds to the dietary
attributes.
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Although Microcystis was ingested by both copepods,
results indicate that E. affinis is less efficient at avoiding
Microcystis, especially as its proportion in the diet
increases. A similar comparison also found that E. affinis

was relatively inefficient in avoiding Nodularia (cyanobac-
teria) when compared with a raptorial feeding copepod
(Engstrom et al., 2000). In our study, both copepods
were filter-feeding calanoids, and lower Microcystis inges-
tion by P. forbesi is likely due to more effective selective
feeding. Microcystis is typically the least preferred food
for copepods and is ingested when alternative food
becomes scarce (DeMott and Moxter, 1991; Burns and
Hegarty, 1994; Kumar, 2003).

Zooplankton can co-exist with cyanobacteria through
a species-specific combination of physiological tolerance
to toxins and the rate of ingestion (Fulton and Paerl,
1987; Kurmayer and Juttner, 1999; Koski et al., 2002).
Selective feeding zooplankton that avoid cyanobacteria
tend to have lower physiological tolerance to their
toxins (Demott et al., 1991; Kozlowski-Suzuki et al.,
2003; Gustaffson and Hansson, 2004; Sarnelle and
Wilson, 2005). Compared to E. affinis, P. forbesi is less tol-
erant to dissolved MC, but more tolerant to the pres-
ence of Microcystis in the diet, suggesting that improved
selective feeding (and not physiological tolerance) allows
higher tolerance (Ger et al., 2009, 2010).

Here, P. forbesi maintained a relatively low grazing
rate even as the proportion of Microcystis increased in
the diet. Considering also that this copepod survived
over 11 days despite the presence of Microcystis (Ger
et al., 2010), such low Microcystis ingestion provides evi-
dence that P. forbesi is indeed more efficient at avoiding
harmful food. Since both copepods had similar optimal
diet concentrations, it is likely that they ingest compar-
able levels of IA when Microcystis is not present. Yet, it is
not possible to calculate the selective feeding efficiency
without knowing the ingestion of the IA cells in
addition to Microcystis. This information will be critical
in future studies to compare selective feeding among
copepods exposed to cyanobacteria. Thus, while the
results do not prove it, they do provide further evidence
that P. forbesi is more efficient at avoiding Microcystis com-
pared with E. affinis.

Previously, P. forbesi survival was higher on a MCþ
diet, indicating lower ingestion on this strain (Ger et al.,
2010). Contrary to expectation, P. forbesi ingested both
strains similarly, at least in the short term. Since some
copepods avoid cyanobacteria species regardless of the
strain and others ingest only strains that lack certain
metabolites, it is possible that both copepods in this
study responded to a general Microcystis metabolite
rather than MC (Kurmayer and Juttner, 1999;
Engstrom et al., 2000). However, simply looking at the

initial response to a 30 min Microcystis exposure may be
misleading because previous exposure to Microcystis can
improve zooplankton tolerance through changes in
feeding behavior (Gustaffson and Hansson, 2004;
Sarnelle and Wilson, 2005). Indeed, P. forbesi tolerance
to Microcystis and the strain-specific effects (MCþ vs.
MC2) emerged after 5 days of being exposed to the
diet in the earlier survival experiment (Ger et al., 2010).

When this is viewed in light of the current ingestion
results, the negative relationship between ingestion
and copepod survival as well as the importance of
acclimation to Microcystis is highlighted. The results
show that P. forbesi can avoid Microcystis better than
E. affinis even during the initial response without any
acclimation to the cyanobacteria. However, we know
that P. forbesi tolerance to Microcystis increases after
5 days of exposure (Ger et al., 2010). We also know that
following this acclimation period, P. forbesi survival is
higher when fed the MCþ Microcystis, most likely
because it uses MC as a cue to avoid this strain (Ger
et al., 2010). Yet, P. forbesi ingested both strains (MCþ
and MC2) of Microcystis at comparable rates in this
short-term exposure. This is most likely because P. forbesi

needs an acclimation period to further decrease the
ingestion of Microcystis, and particularly the MCþ
strain. As such, we predict that acclimation is a signifi-
cant factor increasing the efficiency of P. forbesi feeding
selectivity, and it may be a critical process for this
copepod to detect different strains using MC as a poten-
tial cue to avoid ingestion. Accordingly, comparing sur-
vival with ingestion before and after exposure to
Microcystis would clarify why some zooplankton can
improve tolerance to cyanobacteria over the short term
(within lifetime). This would also reveal if copepods and
especially P. forbesi develop strain-specific responses to
Microcystis after several days of exposure.

Laboratory-based studies can provide mechanisms
that are useful but may not represent natural conditions.
Using single-celled Microcystis to measure zooplankton
ingestion is a common limitation that can overestimate
what happens in nature (Wilson et al., 2006). Microcystis

typically exists as large colonies during blooms, which
increases efficiency of feeding selectivity in copepods
(Tackx et al., 2003; Wilson et al., 2006; Tillmans et al.,
2008). For this reason and because of the possible
effects of previous exposure explained above, copepods
are expected to ingest less Microcystis during natural
blooms. Finally, the use of non-living IA as “good” food
may have caused the copepods to ingest more Microcystis

compared to a control diet with live algae, resulting in
an overestimation of its ingestion. Thus, our results
likely represent an upper limit for the ingestion of
Microcystis by the copepods E. affinis and P. forbesi.
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The results support conclusions of the previous survi-
val experiment that P. forbesi can tolerate Microcystis

better than E. affinis due to its superior ability to avoid
Microcystis while most likely feeding selectively on
alternative food sources. Selective grazing can promote
Microcystis by eliminating phytoplankton competitors,
and Microcystis can further shift the zooplankton com-
munity to the dominance of selective feeding or smaller
zooplankton, creating a more stable plankton assem-
blage (Fulton and Paerl, 1987; Hansson et al., 2007;
Wang et al., 2010). We found that copepods ingest
Microcystis at different rates, which may have significant
effects on both the phytoplankton and zooplankton
community in the San Francisco Estuary. Specifically,
P. forbesi is more likely to co-exist with and may pro-
mote blooms of Microcystis via highly selective feeding
on competing phytoplankton species.
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a b s t r a c t

This study was designed to estimate the toxic threshold of male and female fish to micro-
cystins based on different biomarkers. Japanese medaka (Oryzias latipes) were fed dietary
Microcystin-LR (0, 0.46, 0.85, 2.01 and 3.93 mg MC-LR/g dry diet for 8 weeks at 25 �C. The
results revealed that dietary MC-LR inhibited growth at the end of 8 weeks. The survival of
embryos and the RNA/DNA ratio of whole fish decreased significantly (P < 0.05) in fish fed
3.93 mg MC-LR/g dry diet. Heat shock protein (Hsp60) expression was induced in the liver of
female and male fish fed diets containing �0.85 and 0.46 mg MC-LR/g diet, respectively. The
activity of liver caspase 3/7 was significantly higher in female fish fed 3.93 mg MC-LR/g diet
and in males fed 2.01 MC-LR mg/g dry diet than fish fed the control diet. The threshold for
inhibition of liver protein phosphatase expression was lower in female (2.01 mg/g diet) than
that in male fish (3.93 mg/g diet). Histopathological examination showed significant single-
cell necrosis in female and male medaka fed diets containing 0.85 and 3.93 mg MC-LR/g diet,
respectively. Based on different biomarkers, this study demonstrated that dietary MC-LR is
toxic to Medaka and the effects are gender dependent.

Published by Elsevier Ltd.
1. Introduction

Cyanobacteria (Microcystis aeruginosa) blooms are known
to cause deleterious effects in aquatic ecosystems including
zooplankton, fish, waterfowl, mammals, and humans. The
most common and well-studied cyanotoxin is the hep-
atotoxin microcystin-LR (MC-LR), which has been on the rise
in abundance and distribution in the upstream portion of the
San Francisco Estuary since 1999 (Lehman et al., 2005). Of the
70þ isoforms of microcystins identified, MC-LR is the most
studied, toxic and common (Zurawell et al., 2005). Although
MC-LR specifically targets liver (Carmichael, 1995), it also
impairs the function of other organs such as kidney, gills and
the gastrointestinal tract (Rabergh et al., 1991; Kotak et al.,
1996; Carbis et al., 1997). Several studies have reported the
impact of MC-LR on the reproductive system in mice (Ding
er Ltd.
et al., 2006), rat (Li et al., 2008; Xiong et al., 2009), and fish
(Baganz et al., 1998). Furthermore, field investigations on
aquatic invertebrates and fish have strongly implicated the
adverse effect of MC-LR on reproductive organs (Chen and
Xie, 2005; Zhang et al., 2009).

MC-LR toxicity is the result of inhibition of phosphatase
(PP1/PP2A) activity (Runnegar et al.,1993) and destruction of
the cytoskeleton, which ultimately leads to cytotoxicity,
interruption of cell division, and tumor-promoting activity
(Carmichael, 1994; Humpage and Falconer, 1999; Fischer
et al., 2000). Microcystin toxicity is also due to oxidative
stress that causes apoptosis or necrosis depending on expo-
sure concentration and duration (Ding and Ong, 2003; Li
et al., 2005, 2007; Morena et al., 2005; Cazenave et al., 2006).

Most investigations on microcystin toxicity were based
on aqueous (Tencalla et al., 1994), one time force-feeding
(Tencalla and Dietrich, 1997), short term dietary exposure
bioassays (Juhel et al., 2006) that determine the acute
effects of microcystins on fish (Sun et al., 2008). Only

mailto:sjteh@ucdavis.edu
www.sciencedirect.com/science/journal/00410101
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limited information is available on the chronic dietary
effect of microcystin on fish (Xie et al., 2004; Zhao et al.,
2006) which was shown to be the major route of micro-
cystin toxicity for fish in the natural environment (Zhang
et al., 2009). In addition, there has been growing evidence
to indicate that a suite of environmental chemicals, both
anthropogenic and those occurring naturally, have the
potential to alter endocrine-mediated sexual development
resulting in disruption of gonadal sex differentiation and
gametogenesis (Shutt, 1976; Bergeron et al., 1994; White
et al., 1994; Kelce and Wilson, 1997; Gray et al., 2006).
Medaka (Oryzias latipes) is a well-studied, highly-respon-
sive fish model that has been used successfully to charac-
terize acute and chronic toxicity in fish. Recent studies have
also demonstrated that medaka is an appropriate model for
studying toxic effects of cyanobacteria (Jacquet et al., 2004;
Huynh-Delerme et al., 2005; Escoffiera et al., 2007; Mez-
houd et al., 2008). To our knowledge, there is no informa-
tion on gender effects of MC-LR on fish. The purpose of this
study was to determine the dietary toxic threshold of MC-
LR on male and female medaka based on integrated
biomarkers. We hypothesized that 1) MC-LR affects
reproduction performance in fish and 2) the sensitivity to
the toxic effect of MC-LR is gender dependent.

2. Materials and methods

2.1. Experimental diets

Five test diets were prepared to contain graded levels of
microcystin-LR (MC-LR), Dietary levels were: 0, 0.46, 0.85,
2.01 and 3.93 mg/g dry diet, respectively, and the levels of
MC-LR were analyzed based on the method described by
Hu et al. (2008). MC-LR (M. aeruginosa, C49H74N10O12) was
purchased from EMD Biosciences Inc. (San Diego, CA, USA).
The control diet was formulated without supplementation
of MC-LR. The basal diet contained (g/kg): vitamin free
casein, 310; wheat gluten, 150; dextrin, 272; egg albumin,
40; soy lecithin, 52; non nutritive bulk, 36; cod liver oil, 50;
corn oil, 20; vitamin premix, 40; and mineral premix, 30.
Except for the vitamin and mineral premixes, which were
purchased from ICN (Biomedical, Inc., Irvine, CA), all other
ingredients were obtained from U.S. Biochemical Corpora-
tion (Cleveland, OH, USA). The dry ingredients were thor-
oughly mixed before the oil was added. Double distilled
water containing different concentrations of MC-LR
(previously dissolved in methanol) was added to make wet
dough. Pellets were prepared, freeze-dried and stored in
the dark at �20 �C until use (Deng et al., 2008).

2.2. Dietary exposure of MC-LR

Embryos of Japanese medaka (O. latipes) were collected
from our medaka culture system and separated by gender
within 4 days post fertilization based on sex-linked color-
ation (Wada et al., 1998). After hatching (usually 8–10 days
post-fertilization), larvae were cultured in a recirculation
system with 20 fiberglass tanks (20 L per tank) and fed
three times daily with the basal purified diet until used for
the exposure study. Water flow-rate and temperature was
0.9 L/min and 25 � 1 �C, respectively. Water quality
including dissolved oxygen (8.3 mg L�1), pH (7.8), water
hardness (120 mg L�1), and ammonium (not detectable)
were monitored weekly.

The dietary exposure of MC-LR was conducted using
7-week old medaka. The initial body weight of fish was
82 � 2 mg. Four tanks were randomly assigned to each
dietary treatment with 2 tanks per gender and 100 fish per
tank. Fish were fed twice per day (0900 and 1500 h) based
on 5% of body weight daily. Water flow was stopped during
feeding to prevent contamination of the recirculation
system with dissolved MC-LR. The waste, uneaten feed and
50% of the water were siphoned from each tank 30 min
after each feeding. To ensure that dissolved MC-LR from the
diets did not contribute to any significant health effect to
the fish, charcoal filters were changed weekly and 100% of
the water in the recirculation system was replaced each
day. Care, maintenance, handling, and tissue sampling of
the fish followed the protocols approved by the University
of California-Davis Animal Care and Use Committee.

2.3. Growth and reproduction

Fish were weighed at the end of 2, 4 and 8 weeks of
feeding to estimate fish growth. In addition, at the end of 4
weeks of feeding, 30 females and 20 males fed the same
dietary MC-LR concentration were mixed and allowed to
breed to estimate reproductive performance. The fecundity
(egg production per female) and survival of embryos were
monitored each morning.

2.4. Sampling

At the end of 8 weeks, fish were killed by an overdose of
MS-222 (tricaine methane sulfonate, Argent Chemical
Laboratories Inc., Redmond, WA). Fish were weighed and
measured for length, then separated into three groups.
Group 1): 5 females and 5 males from each replicate tank
were fixed in 10% neutral buffered formalin for histopath-
ological examination by the method described by Teh et al.
(2004). Group 2): 5 females and 5 males from each repli-
cate tank were dissected to remove liver and ovary tissues.
Liver and ovary tissues were weighed to estimate liver and
ovarian somatic indices. Tissues were frozen in liquid
nitrogen and stored at �80 �C until used for stress protein,
protein phosphatase analysis and enzyme assay. Group 3):
5 females and 5 males from each replicate tank were frozen
in liquid nitrogen and stored at �80 �C until pulverized
with liquid nitrogen using a Freezer/Mill (SPEX Sample-
Prep, L.L.C., Metuchen, NJ, USA) and used for RNA/DNA
analysis to estimate fish growth and recent feeding status.

2.5. Sample analysis

Fixed samples for histopathology were dehydrated in
a graded ethanol series and embedded with both surgically
cut sections face down in paraffin. Serial longitudinal
sections (3 mm) were stained with hematoxylin and eosin
(H&E), and lateral views of liver, kidney and gonads were
screened for a variety of histopathological features and
lesions. Livers were analyzed for lesions of glycogen
depletion (GD), lipidosis (LIP), and single-cell necrosis
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(SCN) and scored on an ordinal ranking system of 0¼ none/
minimal, 1 ¼ mild, 2 ¼ moderate, and 3 ¼ severe using
a BH-2 Olympus microscope as described by Teh et al.
(2004). Briefly, Glycogen depletion (GD) is characterized
by decreased size of hepatocytes, loss of the ‘‘lacy’’, irreg-
ular, and poorly demarcated cytoplasmic vacuolation
typical of glycogen and increased cytoplasmic basophilia
(i.e., blue coloration). Fatty vacuolar degeneration or lip-
idosis (LIP) is characterized by excess lipid appears as clear,
round, and well demarcated cytoplasmic vacuoles. Single
cell necrosis (SCN) is characterized by cells having eosin-
ophilic (i.e., pink coloration) cytoplasm with nuclear pyk-
nosis and karyorrhexis.

For stress protein and enzyme assays, frozen liver
samples were extracted for protein according to the method
described by Deng et al. (2009) using an ice-cold T-PER
tissue protein extraction reagent (Pierce, Rockford, IL).
Protein concentration of the supernatant was determined
by the improved Lowry method (Bio-Rad, DC Protein Assay
kit). Supernatant protein was used for analysis of stress
protein, caspase and protein phosphatase activity.

Expression of Hsp60 and protein phosphatase in liver
was analyzed by western block technique as described by
Deng et al. (2009) except that 10% Tris–HCl precasted gels
were used in the current study. The primary and second
antibodies for PP1 and PP2A were purchased from Santa
Cruz Biotechnology, Inc (CA, USA). The antibodies of stress
proteins were purchased from Assay Designs Inc. (Ann
Arbor, MI, and Santa Cruz Biotechnology, Inc, CA, USA). Equal
amounts of protein (25 mg) were loaded onto 10% Tris–HCl
precasted gels and separated by one-dimensional SDS-PAGE
gel. Western blot and ECL (enhanced chemiluminescence)
detection were performed by the methods of Hemre et al.
(2004). Protein bands were quantified by a GS-710 imaging
densitometer (Bio-Rad, Hercules, CA, USA). Protein standard
(Assay Designs Inc., Ann Arbor, MI, and Santa Cruz Biotech-
nology, Inc, CA, USA) and molecular weight markers
(Amersham Biosciences Corp, Piscataway, PA, USA) were
loaded with samples in each gel to confirm the molecular
mass of bands. The relative band density was calculated by
comparing the band density of sample to that of standard.

Caspase-3/7 was determined by Apo-One Homogeneous
caspase-3/7 Assay kit (Promega Corporation, Madison, WI,
USA). Fluorescence activity was determined at an excitation
wavelength of 485 nm and an emission wavelength of
530 nm by a Spectra Max M2 micro plate reader (Molecular
Devices Corporation, Sunnyvale, CA, USA). The caspase
activity was expressed as fluorescence/mg protein. Nucleic
acids were measured by an ethidium bromide fluorometric
technique (Caldarone et al., 2001) and quality control of
analysis followed the same protocol as Deng et al. (2009).

2.6. Statistics

Data are presented as means � standard errors and
tested for homogeneity of variance before being analyzed
by STATISTITC 6.0 software. All data were subjected to two-
way analysis of variance to determine treatment and their
interaction effects. Significant differences between the
effect of dietary microcystin � gender were estimated by
a Fisher LSD test (P < 0.05).
3. Results

3.1. Growth and reproduction performances

During the first 4 weeks of feeding, dietary microcystin
did not affect fish growth or condition factor (CF), an index
of fish fitness (Table 1). There was no difference in body
weight (BW) between gender. The value of CF, however,
was higher (P < 0.05) in female than in male fish after 4
weeks of feeding. At the end of 8 weeks of feeding, female
fish fed the diet containing 0.85 mg MC-LR/g diet and male
fish fed the 0.46 mg MC-LR/g diet had significantly lower
BW than fish fed the control diet (Table 2). The BW and HSI
were also higher in female fish than in male fish.

Dietary MC-LR did not show any adverse effect on
gonadosomatic Index (GSI ¼ 100 � gonad weight (g)/body
weight (g)), fecundity or embryo weight (Table 3). Survival
was significantly decreased in embryos collected from fish
fed the 3.93 mg MC-LR/g diet. Gender differences in the
RNA/DNA ratio were not observed in fish fed similar dietary
treatments. However, female and male medaka fed the 3.93
and 2.01 mg MC-LR/g diet had significantly lower RNA/DNA
ratios compared to control fish (Fig. 1).

3.2. Molecular biomarkers and histopathology

The levels of hsp60 were significantly induced in female
and male medaka fed 0.85 and 0.46 mg MC-LR/g diet,
respectively (Fig. 2). Dietary MC-LR did not affect the levels
of hsp70 in liver (data not shown). Measurement of
apoptosis, i.e., caspase 3/7 activities increased significantly
in female fish fed the 3.93 mg MC-LR/g diet and in male fish
fed �2.01 mg MC-LR/g diet (Fig. 3). The levels of PP1 in liver
decreased significantly in females fed �2.01 mg MC-LR/g
diets but no changes were observed in males. The PP2A
levels in liver of female and male fish were both signifi-
cantly inhibited when fed the 2.01 and 3.93 mg MC-LR/g
diet, respectively. Histopathological examination showed
that prevalence of lesions and the liver lesion score were
generally increased with increased concentrations of die-
tary MC-LR (Tables 4–6). Female fish fed the diets con-
taining 0.85 and 3.93 MC-LR showed significant higher
lesion scores for single-cell necrosis compared to controls
(Table 4). Male fish fed the diet containing 3.93 MC-LR had
the highest lesion scores for lipidosis compared to that in
fish fed the control diet (Table 5).

4. Discussion

Growth inhibition has been observed in different
species of fish exposed to microcystin toxins. For example,
depressed growth was observed in carp (Cyprinus carpio L.)
after oral feeding of microcystis for 28 days at a dose of
50 mg microcystin/kg body weight (Li et al., 2004). The
growth of brown trout (Salmo trutta L.) was retarded by
exposure of fish to water contaminated with MC-LR (Bury
et al., 1995). The current study reveals that the effect of
dietary MC-LR is both dose and time dependent. Our results
indicate that 4 weeks of dietary exposure was too short to
impair growth of medaka. The lower BW and CF in medaka
fed dietary MC-LR for 8 weeks may be the result of shifting



Table 1
Growth performance of medaka exposed to test diets for 2 and 4 weeks.

MC-LR (ug/g) BW2 (mg) CF2 BW4 (mg) CF4

Female Male Female Male Female Male Female Male

0 119.3 � 2.6 143.0 � 7.2 0.85 � 0.01 0.88 � 0.02 169.0 � 7.3 168.2 � 5.9 0.88 � 0.04x 0.80 � 0.01y

0.46 119.9 � 9.1 133.1 � 3.6 0.87 � 0.00 0.84 � 0.02 170.2 � 13.8 165.9 � 7.4 0.87 � 0.02x 0.80 � 0.02y

0.85 110.1 � 6.4 125.6 � 2.4 0.86 � 0.01 0.86 � 0.05 172.8 � 9.3 167.8 � 3.5 0.85 � 0.02x 0.77 � 0.02y

2.01 128.7 � 1.6 138.7 � 2.7 0.85 � 0.01 0.86 � 0.03 166.3 � 10.4 164.1 � 5.1 0.90 � 0.01x 0.86 � 0.03y

3.93 123.3 � 5.2 136.2 � 7.0 0.82 � 0.00 0.80 � 0.02 164.9 � 7.0 159.3 � 9.3 0.88 � 0.01x 0.81 � 0.01y

Data are presenting as Mean� SE. Initial weight of medaka was 81–84 mg. BW2 and BW4: Body weight of week 2 and week 4, respectively; CF2 and CF4: Condition factor of week 2 and week 4, respectively. Letter x
and y indicate significant difference between male and female fish fed the same diet (P < 0.05). Condition factor (CF) ¼ 100 � body weight (g)/body length (cm)3.

Table 2
Growth performance of medaka exposed to test diets for 8 weeks.

MC-LR (ug/g) BW (mg) CF HSI (%)

Female Male Female Male Female Male

0 290.7 � 12.2 a 273.4 � 12.7 a 1.07 � 0.04 a,x 0.99 � 0.05 a,y 2.78 � 0.18 x 1.63 � 0.13 y

0.46 271.9 � 12.8 ab 245.9 � 7.3 b 0.95 � 0.02 b,x 0.85 � 0.01 b,y 2.96 � 0.18 x 1.52 � 0.12 y

0.85 256.2 � 11.3 b 232.5 � 7.9 b 0.93 � 0.02 b,x 0.84 � 0.02 b,y 2.95 � 0.19 x 1.64 � 0.08 y

2.01 271.8 � 9.8 ab 248.9 � 5.7 ab 0.97 � 0.01b,x 0.84 � 0.03 b,y 2.73 � 0.22 x 1.76 � 0.10 y

3.93 257.8 � 9.3 b 248.5 � 6.6 ab 0.92 � 0.02 b,x 0.81 � 0.01 b,y 2.60 � 0.17 x 1.63 � 0.12 y

Data are presenting as Mean� SE. BL: Body length; BW: Body weight; CF: Condition factor; HSI: Hepatosomatic index. Different letters indicate significantly difference among different dietary treatments (P< 0.05).
Different letters within the same column (a, b) indicate significant difference among dietary treatments and the letters within the same row (x, y) indicate significant difference between gender fed the same diet
(P < 0.05). Hepatosomatic Index (HSI) ¼ 100 � liver weight/body weight (g).
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Table 3
Reproduction performance of medaka exposed to test diets for 8 weeks.

MC-LR
(ug/g)

Ovarian
ratio (%)

Fecundity
(egg number/female)

Embryo
weight (mg)

Survival of
embryo (%)

0 6.31 � 0.38 4.1 � 0.3 1.12 � 0.01 62.3 � 2.0a

0.46 5.18 � 0.40 3.5 � 0.3 1.13 � 0.01 62.7 � 1.8a

0.85 6.21 � 0.36 3.6 � 0.1 1.11 � 0.01 68.1 � 2.4a

2.01 5.63 � 0.37 3.9 � 0.5 1.14 � 0.01 63.8 � 2.8a

3.93 7.04 � 0.98 3.7 � 0.2 1.10 � 0.01 54.9 � 2.6b

Data are presenting as Mean � SE. Different letters (a, b) indicate signif-
icantly difference among different dietary treatments (P < 0.05).
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Fig. 2. The Hsp60 expression (A) and activity of caspase 3/7 (B) in liver of
medaka fed different levels of dietary MC-LR for 8 weeks. Data are presented
as Mean � SE. Different letters indicate significant difference among dietary
treatments within the same gender (P < 0.05).
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energy in the fish from supporting growth to handling
chronic stress due to the toxin.

Dietary MC-LR at the level of 3.93 mg MC-LR/g diet
significantly impaired reproductive performance of medaka
based on embryo survival in this study. The low survival of
embryos is likely due to the effect of MC-LR on embryo
quality, which may have affected egg or sperm quality and
fertilization process or other unknown factors that were not
investigated in this study. Jacquet et al. (2004) found that
medaka embryos had low survival and earlier hatching
when exposed to MC-LR by microinjection. Oberemm et al.
(1997) also found that MC-LR in water (5–50 mg/L)
decreased embryo development and retarded larval growth
of zebra fish. Similarly, exposure of southern catfish fertil-
ized eggs to crude extracts of MCs (10–100 mg MC-
LR eq L�1) delayed egg and larval development, reduced
hatching rate, increased malformation rate and hepatocytes
damage in larvae (Zhang et al., 2008). Although the mech-
anism of MC-LR on reproduction is not well understood,
oxidative stress as well as an increased energy demand for
detoxification in adult fish or the trophic transfer of MC-LR
to the embryo may cause the deleterious effects of micro-
cystins on fish earlier life stages when organogenesis is not
completed (Wiegand et al., 1999). The current study pres-
ents strong evidence that dietary Microcystis reduces fish
reproduction. This effect of MC-LR on embryo survival or
hatching could be a contributing factor to the decline of
pelagic fish populations exposed to microcystins through
their food web in the San Francisco estuary.

The RNA/DNA ratio, an indicator of recent growth or
nutritional condition of fish (Clemmesen et al., 1997;
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Fig. 1. The ratios of RNA/DNA in whole fish fed different levels of dietary
MC-LR for 8 weeks. Data are presented as Mean � SE. Different letters
indicate significant difference among dietary treatments within the same
gender (P < 0.05).
Buckley et al., 2004), decreased in medaka fed�2.01 mg MC-
LR/g diets suggests that MC-LR inhibited protein synthesis
and thus growth. This further supports our assumption that
decreased food intake or shifting of energy from growth to
toxin stress and is in agreement with the reduction in
growth by dietary MC-LR as discussed above. The lower
threshold of MC-LR inhibiting protein synthesis (RNA/DNA
ratio) in females than males indicated that the growth of
females is more sensitive than males to the effects of MC-LR.

Heat shock proteins (Hsp), also called stress protein, are
a group of structurally conserved proteins present at
a relative low level under normal physiological conditions
(Basu et al., 2002). The level of Hsp, however, can be
induced via a wide variety of stressors such as temperature
change (Deng et al., 2009), contaminant exposure (Sanders,
1993; Werner and Nagel, 1997) or feeding (Cara et al., 2005;
Deng et al., 2009). Heat shock protein is also involved in
apoptotic processes through their role as chaperones.
Hsp60 is mainly localized in the mitochondrial matrix
(Werner and Nagel, 1997). The increased level of Hsp60 in
Medaka liver tissue for this study suggests that fish turn on
their earlier defense mechanism when exposed to diets
containing MC-LR as low as 0.46–0.85 mg MC-LR/g diet.
Increasing levels of dietary MC-LR, however, may surpass
the defense capacity of stress protein to deal with the
folding or degradation proteins and eventually damage the
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Fig. 3. The protein phosphatase PP1 (A) and PP2A (B) expression in liver of
medaka fed different levels of dietary MC-LR for 8 weeks. Data are presented
as Mean � SE. Different letters indicate significant difference among dietary
treatments with the same gender (P < 0.05).

Table 4
Summary of histopathology scores in female medaka fed different diets.

Dietary
MC-LR (mg/g)

Parameters Fish number
of different
lesion score

Average
score

Standard
error

0 1 2 3

0 GD 11 4 3 2 0.80a 0.46
0.46 GD 10 4 5 1 0.85a 0.40
0.85 GD 8 3 8 1 1.10a 0.33
2.01 GD 11 2 2 5 1.20a 0.69
3.93 GD 7 2 4 7 1.55a 0.57

0 SCN 14 6 0 0 0.25a 0.05
0.46 SCN 12 8 0 0 0.40ab 0.08
0.85 SCN 7 13 0 0 0.65b 0.10
2.01 SCN 12 8 0 0 0.40ab 0.14
3.93 SCN 9 10 1 0 0.60b 0.14

0 LIP 14 5 1 0 0.30a 0.24
0.46 LIP 13 5 2 0 0.45a 0.17
0.85 LIP 12 8 0 0 0.40a 0.14
2.01 LIP 14 4 1 1 0.45a 0.26
3.93 LIP 9 5 2 4 0.90a 0.42

GD: glycogen depletion; SCN: single-cell necrosis or piecemeal necrosis;
Lip: lipidosis or hepatocellular vacuolation. Scores represent ordinal
effects: 0 ¼ non/minimal. 1 ¼ mild, 2 ¼ moderate, and 3 ¼ severe.
Different letters indicate significant difference among dietary treatments
(P < 0.05). Twenty fish from each dietary treatment were evaluated for
histopathology.

Table 5
Summary of histopathology scores in male medaka fed different diets.

Dietary
MC-LR
(mg/g)

Parameters Fish number
of different lesion
score

Average
score

Standard
error

0 1 2 3

0 GD 14 5 1 0 0.35a 0.17
0.46 GD 12 6 2 0 0.50a 0.13
0.85 GD 7 8 3 2 1.00a 0.38
2.01 GD 8 4 6 2 1.10a 0.48
3.93 GD 5 2 9 4 1.50a 0.53

0 SCN 17 3 0 0 0.15a 0.10
0.46 SCN 19 1 0 0 0.05a 0.05
0.85 SCN 14 6 0 0 0.30a 0.13
2.01 SCN 18 2 0 0 0.10a 0.10
3.93 SCN 12 8 0 0 0.40a 0.22

0 LIP 18 2 0 0 0.10a 0.06
0.46 LIP 14 4 2 0 0.40ab 0.14
0.85 LIP 9 8 1 2 0.80ab 0.18
2.01 LIP 12 8 0 0 0.35ab 0.10
3.93 LIP 10 3 5 2 0.95b 0.35

GD: glycogen depletion; SCN: single-cell necrosis or piecemeal necrosis;
Lip: lipidosis or hepatocellular vacuolation. Scores represent ordinal
effects: 0 ¼ non/minimal. 1 ¼ mild, 2 ¼ moderate, and 3 ¼ severe.
Different letters indicate significant difference among dietary treatments
(P < 0.05). Twenty fish from each dietary treatment were evaluated for
histopathology.
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cell. As a consequence, more defense or protection mech-
anisms will be needed to prevent further damage.
Apoptosis is a physiological process involving caspase as
one of the executers that eliminate damaged or unwanted
DNA from the cell. This prevents cells from further dele-
terious effects damaged proteins or cells. Therefore, the
increased caspase activity in fish fed high dietary MC-LR
(2.01–3.93 mg/g diet) suggests that an apoptosis pathway
was involved in the protection of medaka from toxic effects
at high dietary concentrations of MC-LR. The threshold
based on Hsp60 expression and caspase activity was lower
for males than females, suggesting that the defense
mechanism in male medaka is more responsive to dietary
MC-LR than in females. This sensitive or efficient protection
mechanism may have protected the male fish from further
harmful effects by the MC-LR toxin. This is further sup-
ported by the less significant inhibition of protein phos-
phatase expression (PP1 and PP2A) in males than in
females. The threshold based on protein phosphatase
inhibition was generally lower in females (2.01–3.93 mg/g
diet) than in males (�3.93 mg/g diet). The current study also
Table 6
The toxic threshold of dietary MC-LR for medaka based on different
biomarkers.

Parameters Effective concentration
(mg MC-LR/g diet)

Female Male

Body weight and CF 0.46–0.85 0.46
Stress protein 0.85 0.46
RNA/DNA 2.01 3.93
Embryo survival 3.93
Apoptosis (caspase3/7) 3.93 2.01
Protein phosphatase 2.01–3.93 2.01
Histopathology 0.85–3.93 3.93
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demonstrated that MC-LR was not only inhibiting the
activity of protein phosphatase as have been found in
previous study (Runnegar et al., 1993 but also decreasing
the enzyme levels in liver in this study. The long term
exposure of high dose of MC-LR may have resulted in
necrosis of cell and thus protein (enzyme) synthesis was
decreased. The mechanism for MC-LR inhibiting the
enzyme expression, however, is not studied in this exper-
iment and will be needed for future research.

The dietary MC-LR (0.85 mg/g diet) led to single-cell
necrosis in the liver of female but not male Medaka also
suggested that females are more sensitive to this toxin.
Gender difference in tumor incidence has been observed in
medaka exposed to diethylnitrosamine, with higher inci-
dence and faster development in foci and tumors in
females than in males (Teh and Hinton, 1998). The mech-
anism is not clear but steroid hormones may play an
important role in these differences between genders.

In summary, our results demonstrated that the toxic
threshold of dietary MC-LR for medaka is different between
males and females (Table 6). Male medaka appears to have
a more sensitive defense mechanism than female medaka
but females are more sensitive to the toxic effect of MC-LR.
As a consequence, the effective toxic thresholds such as
RNA/DNA ratio, inhibition of protein phosphatase and
occurrence of cell necrosis were lower in mature females
(2.01 mg MC-LR/g diet) than in males (3.93 mg MC-LR/g
diet). The decreased survival of embryos by dietary MC-LR
suggests a possible reason for the reported decline in fish
population, especially pelagic species of fish, in habitats
where toxic algal blooms naturally occur.
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This study investigates the toxicity and post-exposure effects of dissolved microcystin (MC-LR) on the dominant
copepods of the upper San Francisco Estuary (SFE), where blooms of the toxic cyanobacteriaMicrocystis aeruginosa
coincide with record low levels in the abundance of pelagic organisms including phytoplankton, zooplankton, and
fish. Thepotential negative impact ofMicrocystison the copepodsEurytemora affinis andPseudodiaptomus forbesihas
raised concern for further depletion of high quality fish food. Response of copepods toMC-LR (MC)was determined
using a 48-h standard static renewal method for acute toxicity testing. Following exposure, a life table test was
performed toquantifyanypost-exposure impacts on survival and reproduction. The 48-h LC-50 andLC-10values for
MCwere 1.55 and 0.14mg/L for E. affinis; and 0.52 and 0.21mg/L forP. forbesi. Copepod populations recovered once
dissolvedMCwas removed and cultures returned to optimal conditions, suggesting no post-exposure effects of MC
on copepodpopulations. Dissolvedmicrocystin above 0.14mg/L proved likely to have chronic effects on the survival
of copepods in the SFE. Since suchhigh concentrations are unlikely, toxicity fromdissolvedmicrocystin is not a direct
threat to zooplankton of the SFE, and other mechanisms such as dietary exposure toMicrocystis constitute a more
severe risk.
Published by Elsevier B.V.
1. Introduction

Cyanobacterial toxins are a key issue in aquatic management for a
variety of reasons that stem from toxin exposure to the foodweb and
changes in trophic transfer of carbon (Chorus and Bartram, 1999;
Hansson et al., 2007).Microcystis aeruginosa is one of themost common
species of freshwater cyanobacteria in eutrophic waters and produces
several secondary metabolites that are toxic to aquatic organisms
including zooplankton (Rohrlack et al., 2003; Wilson et al., 2006).

In recent years there has been an increase in the abundance and
distribution of toxicMicrocystis blooms in the upstreamportion of the San
Francisco Estuary (SFE), where abundance of pelagic organisms have
reached historically low levels (Lehman et al., 2005; Sommer et al., 2007).
The calanoid copepods Eurytemora affinis and Pseudodiaptomus forbesi are
among the dominant prey species for endangered fish in this system
(Kimmerer, 2004). Despite trends of declining abundance, these
copepods are the seasonally dominant zooplankton of the upper SFE (E.
affinis— spring andP. forbesi— summer) (Kimmerer, 2004; Sommer et al.,
2007). Among themanagement actions under consideration for reversing
the declining fish populations are actions aimed at improving their food
+1 530 752 7690.

B.V.
supply and especially the seasonal abundance of E. affinis and P. forbesi
(CAResourcesAgency, 2007). Thus, potentialmechanisms throughwhich
Microcystis can impact copepod abundance are of both management and
scientific concern in the SFE.

Although Microcystis produces a variety of secondary metabolites
toxic to aquatic organisms, research has mainly focused on
microcystins (MCs), which covalently bind to and inhibit protein
phosphatases 1 and 2A, causing damage in a wide variety of animals,
and can also negatively affect plants, algae, and protozoa (Dawson,
1998; Watanabe et al., 1996; Rohrlack et al., 2003; Zurawell et al.,
2005; Gkelis et al., 2006). Of the 70+ different structural variants of
MCs identified, MC-LR is one of the most toxic and common forms
(WHO, Chorus and Bartram 1999; Best et al. 2003; Zurawell et al.,
2005). MCs can have severe impacts on aquatic ecosystems ranging
from acute toxicity to the disruption of trophic transfer of energy
(Christoffersen, 1996). While MCs can transfer through the foodweb,
their fate in the foodweb is not well understood, and it is not clear if
MCs actually “bio-accumulate” in the proper sense of the term
(Thostrup and Christoffersen, 1999; Ibelings et al., 2005; Xie et al.,
2005; Ibelings and Chorus 2007). However, in a recent study MCs
were found to transfer from lake water and aquatic animals to a
chronically exposed human population with indication of hepato-
cellular damage (Chen et al., 2009). As an endotoxin, MC remains
within healthy cells until they rupture at death when the toxin

mailto:sjteh@ucdavis.edu
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Fig. 1. Dose response of copepods to a 48-h exposure to increasingMC-LR concentrations.
Mortality is significantly different between controls and all treatments for both species.
Error bars = standard errors.
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dissolves and degrades relatively quickly, in a matter of days to
several weeks, though factors determining degradation rates are
variable (Perez and Aga, 2005; Zurawell et al., 2005).

In general,Microcystis impacts on zooplankton are caused byexposure
to toxic metabolites either from dissolved extracellular concentrations or
from ingested algal cells (Rohrlack et al., 1999, Zurawell et al., 2005,
Wilson et al., 2006).Whilemost of theMicrocystis–zooplankton literature
uses daphnids, copepods are known to bemore sensitive to dissolvedMC
exposure (DeMott et al., 1991; Reinikainen et al., 2002). Reinikainen
(2002) found reduced survival ofE. affinis at elevated levels ofMC's but no
effect on egg hatching, suggesting that at least some reproductive
processes are not affected once the toxin is removed. However, because
lethal concentrations of MC are several orders of magnitude higher than
typical environmental concentrations, natural cases of acute zooplankton
toxicity from dissolved MC are probably very rare (DeMott et al., 1991;
Christoffersen, 1996; Park et al., 1998; Song et al., 2007). While the
significance and toxicity of non-MCmetabolites such as microviridin and
other cyanopeptides have become increasingly obvious, the focus of this
paper is limited to MC toxicity (Rohrlack et al., 2003; Welker and von
Döhren, 2006).

The purpose of this paper is to determine: 1) the species sensitivity of
copepods (E. affinis and P. forbesi) to MC-LR, and 2) whether a short term
(48 h) exposure to dissolved MC-LR has any long term impacts on
copepod populations. To our knowledge, there is no information
regarding post-exposure effects of MCs on copepods. We hypothesize
that 1) copepodswill have a species specific response to dissolvedMC-LR,
2) that lethal concentrations will be significantly above common
environmental concentrations, and 3) that possible effects on copepod
population growth following exposure to sub-lethal MC-LR concentra-
tions will be detected.

2. Materials and methods

2.1. Copepod cultures

P. forbesiwas collected in June 2006, and E. affinis in March 2006 from
various locations betweenRioVista andSuisunMarsh in theSanFrancisco
Estuary. These periods reflect dominance of these species in the
zooplankton community. Double filtered Delta water (35 mm mesh
followed by GF/C, Millipore Corp) collected at Rio Vista was used as a
culture medium, and cultures were maintained in aerated 4-L beakers
placed in an environmental water bath at 24±1 °C for P. forbesi, 18±1 °C
for E. affinis reflecting temperatures during their respective dominance in
zooplankton community. Water quality in beakers including dissolved
oxygen (N8 mg/L; YSI instruments), pH (8.3±0.1), water hardness
(100 mg/L; Hach, USA), salinity (5.0 ppt) and ammonia (b1 mg/L Hach,
USA) was monitored weekly. Copepods were given 500 μg C L−1 day−1

equivalent of an equal mixture of highly nutritious algae Nannochloropsis
and Pavlova as the food source (Reed Mariculture, San Jose, CA). Algal
carbon content was determined by filtering known bio-volumes of
diluted algae and analyzing for total carbon using a Gas Chromatogram
(Stable Isotope facility, UC Davis). 60% of the total culture medium was
replaced with freshly filtered medium weekly. Copepod culture density
was monitored weekly, maintained between 50 and 100 adults/L, and
diluted as necessary in order to ensure exponential population growth
and minimize overcrowding. The systems were maintained under a
natural photoperiod (16L:8D) and covered with a semi transparent black
tarp to reduce contact with outside disturbance. Actively swimming
healthy adult copepodswere randomly collected from the brood cultures,
which were acclimated to laboratory conditions for a minimum of three
months prior to experiment.

2.2. Acute toxicity test (LC-50, TL-50)

To determine mean lethal concentrations of MC-LR after 48 h of
exposure, three replicates with 15 copepods each in a 20-mL glass
tube were exposed to control (0 mg/L MC), vehicle control
(methanol), and seven nominal treatment concentrations of purified
MC-LR toxin (0.1, 0.25, 0.50, 0.75, 1.0, 1.25, and 1.5 mg/L for P. forbesi,
and 0.25, 0.50, 0.75, 1.0, 1.25, 1.50, and 1.75 mg/L for E. affinis). These
concentration ranges were chosen following a pilot study which
indicated that E. affinis was more tolerant to MC-LR than P. forbesi. To
prepare a 500-mg/L stock solution, 0.5 mg of MC-LR (Calbiochem,
USA) was dissolved in 1 mL of 50% methanol:50% water solution, as
MC-LR is slightly hydrophobic and methanol is commonly used as a
solvent (Watanabe et al., 1996; Perez and Aga, 2005). Treatment
solutions were then prepared by adding appropriate volumes of stock
solution to the 15-mL culture medium immediately prior to adding
the copepods. Healthy adult copepods were obtained by gently
pouring the brood cultures through a 147-μm mesh and rinsing
them to a petri dish. From here, 15 active adult copepods were
randomly selected and placed in a small beaker with the 5-mL culture
medium and then gently added to the previously prepared treatment
solutions to bring the total volume to 20 mL for each replicate vessel.
Copepods were starved for 24 h prior to the experiment. Vehicle
control included the same concentration of methanol found in the
highest treatment group of each experiment to ensure observation of
effects due to trace additions of methanol only (0.175% by volume).
Methanol concentration varied between 0.01 and 0.175% (by volume)
among treatments, as added from theMC-LR stock solution, and 0% for
the true control.

Two stepswere taken tominimize the loss ofMC-LR during the 48-h
exposure period. First, inert glass tubes were presoaked overnight with
the appropriate corresponding treatment concentration to minimize
loss of dissolved MC-LR through glass surface binding during the
exposure (Hyenstrand et al., 2001). Second, treatment solutions were
replaced after 24 h with freshly prepared MC-LR spiked medium by
gently siphoning through a 30-μm mesh with minimal disturbance to
copepods.

Copepodsweremonitoredbetween4and6h intervals formortality by
examining each 20-mL tube under a dissecting microscope. Dead
copepods, defined as completely motionless after repeated disturbance
(any twitching was still considered alive), were removed immediately.
Mortality values were then used to calculate mean time to lethality (TL-
50) and the48-h LC-50. Percentmortalitywas calculated as the numberof
dead relative to total (15) in each replicate at a given time.

2.3. Post-exposure life table test

At the end of the 48-h exposure, all survivors were cleaned with
three changes of culture medium and were transferred to optimal
culture conditions for the observation of survival and reproduction.



Table 1
LC values of dissolved MC-LR (mg/L) for P. forbesi and E. affinis obtained by PROBIT.

Copepod LC-50 (95% CI) LC-10 (95% CI) Slope (95% CI)

P. forbesi 0.52 (0.38, 0.63) 0.21 (0.11, 0.31) 3.21 (2.19, 4.24)
E. affinis 1.55 (0.93, 3.59) 0.14 (0.03, 0.36) 1.24 (0.45, 2.03)

Table 2
Population growth rate (r) of P. forbesi and E. affinis post 48-h exposure to MC-LR.

(n=15) No range, mean, (SD) N29 range, mean, (SD) r range, mean, (SD)

E. affinis 3–6, 4.40 (0.82) 0–47, 22.4 (13.39) 0–0.09, 0.05 (0.02)
P. forbesi 2–7, 4.25 (2.15) 0–85, 29.87 (23.8) 0–0.09, 0.05 (0.03)

Range andmean values for number of copepods per replicate at day 4 (No) and final day
(N29). Values include all 15 replicates for each species, including those replicates with
zero copepods at N29 (SD = standard deviation).
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Immediately after the exposure (at t=48 h; end of LC-50), this is
defined as day 0. Because of high latentmortality betweenday 0 andday
4, population growth rates were calculated starting from day 4, when
the mortality subsided in all treatments. Surviving copepods were
transferred to fresh,MC-free filteredmedium in 1-L aerated beakers and
fed immediately following culture conditions above. A number of
individual life stages (N1–5, C1–6)weremonitored and recordeddaily (by
visual inspection and dissecting microscope as necessary), and main-
tained under brood culture conditions to evaluate post-exposure
population growth rate and average development time for each
treatment/replicate. Chronic effects were studied in treatments that
were at or below the calculated LC-50 concentration because treatments
above the LC-50 concentration did not have adequate copepods
surviving for a reliable study. Population growth rate was quantified
by population growth of adults over time (adult reproduction) for each
treatment replicate (3) and averaged per treatment. The post-exposure
experiment continued for 33 days after the 48-h LC-50 exposure ended.
The following formula was used for net population growth rate (r).

r = ln Nt =Noð Þ= t

where

Nt number of adults at the end of experiment
No number of adults at day 4 after the 48-h LC-50 ends
t duration of experiment
r per day population growth rate.

2.4. Data analysis

LC-50 resultswere analyzedusing PROBITsoftware,wheremortality is
plotted against MC concentration and the log transformed dose response
curve estimates percent mortality at a given toxin concentration. LC-50
concentration is bydefinition the estimated concentration that causes50%
mortality at a given time. LC-10 is calculated similarly, but for the
concentration that results in 10% mortality at a given time. TL-50 was
Fig. 2. Mean survival time for copepods exposed to MC-LR, as measured by TL-50, i.e.
time to reach 50% mortality for both species. Error bars = standard errors.
estimatedusing the linear regression for individual replicatemortality as a
function of time. Each replicate was assigned a linear regression and the
time to reach 50% mortality was calculated. The average of all three
replicates was used to determine the TL-50 for a given treatment.
Differences in the effect of MC-LR exposure and copepod species on the
post-exposure population growth rate, as well as differences in each
species response to MC-LR (interaction term) were analyzed with a
factorial ANOVA. The growth rate for each treatment is based on the
average from all replicates in the treatment.
3. Results

3.1. Acute and latent mortality

Both species of copepods showed a clear dose response to increased
concentrations of dissolved MC-LR over the 48-h exposure period.
Mortalitywas significantlyhigher than controls in all treatments including
the lowest MC-LR concentrations (Fig. 1). Vehicle control (w/ methanol)
mortalities were 8.8% for P. forbesi, and 15.5% for E. affinis, respectively,
during the 48-h exposure to MC-LR (Fig. 1). Comparison between the
control and themethanol spiked control showed no significant difference
(data not shown), and control hereafter refers to the vehicle (methanol)
control. Species differences in sensitivity were observed in 48-h LC-50
values for MC-LR where P. forbesi (0.52 mg/L) was 3 folds more sensitive
to MC-LR than E. affinis (1.55 mg/L) (Table 1). Mortality increased with
treatment concentration for both species, though the slope of their
response was significantly different, with P. forbesi having a more
pronounced dose response. On average, E. affinis was less sensitive to
MC-LR exposure, and its response to increasing concentrations was less
pronounced, having almost a third of the slope compared to P. forbesi
(Table 1, Fig. 1). The difference in slope resulted from the two copepods
having similar mortality at MC-LR concentrations b0.5 mg/L, as their LC-
10 concentrations were comparable (Table 1).
3.2. Mean survival time (TL-50)

TL-50 indicates how fast the toxin begins to cause mortality and is a
temporal measure of the dose response by showing how long it takes a
population to reach 50%mortality.While TL-50 of both copepods declined
similarly to increasing MC-LR concentration, species specific mean
survival time was consistently higher for E. affinis compared to P. forbesi
Table 3
Factorial ANOVA testing the effect of treatment variables on post-exposure population
growth rates.

Source DF F ratio p

Species 1 b0.001 0.98
MC-LR 1 0.14 0.71
Species×MC-LR 1 0.77 0.39

Variables are copepods species (species), MC-LR exposure concentration (MC-LR), and
their interaction term (species×MC-LR: how previous MC-LR exposure affects each
species population growth rate).



Table 4
Comparison of measured LC-50 concentrations for various zooplanktons exposed to
MC-LR.

Zooplankton 48-h LC-50a 95% confidence
interval

Source

Tetrahymena pyriformis (ciliate) 252b (200–316) Ward and Codd
(1999)

Thamnocephalus platyurus nauplii
(fairy shrimp)

0.46c (0.38–0.54) Keil et al. (2002)

Artemia salina (brine shrimp) 15–17d – Lahti et al. (1995)
Daphnia pulicaria 21.4 (16.8–29.2) DeMott et al. (1991)
Daphnia hyalina 11.6 (7.0–15.6) DeMott et al. (1991)
Daphnia pulex 9.6 (7.8–11.7) DeMott et al. (1991)
Diaptomus birgei (copepod) 0.45 (0.29–0.58) DeMott et al. (1991)
E. affinis (copepod) 0.27 (0.197–1.446) Reinikainen et al.

(2002)
E. affinis (copepod) 1.55 (0.93–3.59) This study
P. forbesi (copepod) 0.52 (0.38–0.63) This study

Values are in mg/L MC-LR and for a 48-h exposure unless otherwise noted.
a Unless otherwise noted.
b 24-h dissolved MC-LR exposure.
c Various congeners of MC.
d MC-LR and MC-RR mixture.
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when MC-LR concentration N0.5 mg/L (Fig. 2). At lower concentrations,
two species behaved similarly.

3.3. Post-exposure effects on copepod population growth

Once removed from the acute toxicity experiment, both species of
copepods showed high mortality (up to 0.18 per day) for 4 days of the
post-exposure period, regardless of MC-LR exposure. At the end of this 4-
day period following exposure, the number of surviving copepods varied
between 2 and 7 in each vessel, and did not depend on exposure history.
Thereafter, mortality rate subsided for both species, and population
growth startedwith the appearance of nauplii on day 4 forE. affinis andon
day 7 for P. forbesi (data not shown). Gravid femaleswere observed across
all treatmentswithina fewdays followingpost-exposureconditions.More
than 50% of the E. affinis treatments had gravid females by day 1, and P.
forbesi by day 6. More than 50% of treatments in both species had
copepodites by day 11, and more than 50% had new adults by day 21.

Post-exposure population growth rate ranged between 0 and 0.09
perday (Table 2), andwas independentof bothMCexposure historyand
copepod species (Table 3). Initial numberof adult copepods atday4 (No)
predicting final number of adult copepods (N29) was not related for
E. affinis, and very weakly linear with P. forbesi (R2=0.03 and 0.25
respectively).

While a few treatments had no population growth following
exposure, the majority of vessels (80% for P. forbesi and 93% for
E. affinis) showed positive growth rates at the end of the experiment
with the emergence of new adults. A total of 3 vessels (out of 15) for P.
forbesi and 1 vessel (out of 15) for E. affinis had a zero or negative
population growth rate. We assumed these vessels had no population
growth because they lacked both sexes due to latent mortality in the
post-exposure period. These no growth vessels were included in the
calculation of population growth rate for their respective treatments,
though their exclusion does not change the results and lack of
relationship (data not shown). Overall, there was no difference in
average population growth between the control and exposed copepods,
no effect of MC-LR exposure history, and no difference in post-exposure
population growth between species (Table 3).

4. Discussion

The LC-50 values found for MC-LR in this study agree with the
general consensus that calanoid copepods are more sensitive than
cladocerans, by an order of magnitude (DeMott et al., 1991). Results
demonstrate that calanoid copepods are some of the most sensitive
zooplankton species to dissolvedMCexposure (Table 4).WhileMC-LR is
known to degrade relatively rapidly, the measures taken to minimize
MC-LR loss such as presoaking and static renewal of treatment solutions
should have prevented any MC-LR degradation strong enough to
significantly change treatment concentrations (Perez and Aga, 2005).
In a similar experiment Reinikainen et al. (2002) found no significant
degradation of MC-LR over 48 h even though no measure was taken to
prevent degradation.

MC-LR toxicity was similar for the two copepod species when
concentrations were b0.5 mg/L. Above this, P. forbesiwas more sensitive
and its response to increasedMC-LRwasmore pronounced than E. affinis.
Thedifference at higher concentrations between twospecies couldbedue
to species specific uptake via the integument and by inherent
physiological tolerance and enzymatic detoxification, which may be
controlled at larger scales through evolutionary adaptations (DeMott
et al., 1991; Blaxter and Ten Hallers-Tjabbes, 1992; Chen et al., 2005).

In order to prevent protein phosphatase (PP) inhibition, Daphnia
use enzymes of the anti-oxidant system (GST and glutathione) to
detoxify MC (Pflugmacher et al., 1998; Chen et al., 2005). At low or
initial doses of MC exposure, there is a decline in the anti-oxidant
enzymes with no inhibition of PP enzymes; under extended MC
exposure, the continuous detoxification can cause oxidative stress
such as increased LDH, which eventually overwhelms detoxification
and Daphnia die from PP inhibition (Chen et al., 2005). E. affinis is able
to detoxify nodularin, another cyanobacterial hepatotoxin, showing
that copepods have adapted to algal toxins and have detoxification
mechanisms (Karjalainen et al., 2006).

Another factor that could explain why copepods here showed
differences in sensitivity at higher concentrations is the different
exposure temperature (18 °C for E. affinis versus 24 °C for P. forbesi), as
higher temperature could increase sensitivity due to a faster
metabolism. In another study for MC-LR, Reinikainen et al. (2002)
found the 48-h LC-50 for E. affinis from the Baltic Sea to be significantly
lower than the current study even at a lower exposure temperature
(Table 4). However, comparing results of the two studies may not be
that useful because unlike the current study, Reinikainen et al. (2002)
fed copepods during MC exposure tests. Higher sensitivity in that
study could be from both ingested and dissolved MC, since feeding
during the exposure could increase ingestion of MC via adsorption to
the food particles. Temperature effects on sensitivity within the
context of this study may not be as vital as other factors such as
geographical differentiation and previous exposure to MC.

Evidence is accumulating for geographically distinct populations of
copepods from the same species having genetically distinct life history
traits and tolerance to stress (Wyngaard, 1986). E. affinis is a common
invasive species in Northern temperate estuaries and some lakes, and its
success may be due to its ability to respond to natural selection
(i.e. evolve tolerance), as opposed to an inherentbroad rangeof plasticity
and high tolerance to awide range of conditions (Lee, 2002). Differences
in stress toleranceamongdistinct populationsof copepods, includingMC
toxicity for E. affinis, may be due to geographically isolated populations
that have been adapting to local selective regimes (Lee, 2002).

Increased tolerance may also be related to previous exposure to
Microcystis, which may improve dietary tolerance in some zooplank-
ton, and could also mean decreased sensitivity to dissolved MC
(Gustafsson and Hansson, 2004; Sarnelle and Wilson, 2005). Since
copepods in this study were cultured with no contact toMicrocystis or
MC for several months, the possibility of any tolerance to MC from
previous exposure can be omitted.

The difference in MC tolerance reported here could be due to gender
biased effects as female copepods have higher tolerance to dissolved MC
than males (Ojaveer et al., 2003). In this study, however, the chances for
MC-LR toxic effects based on gender should be minor because 45 adult
copepods per treatment were randomly selected from a pool of N200
copepods in a 4-L beaker and divided to 15 copepods per replicate.
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The LC-10 concentrations, which represent the threshold for chronic
effects, are at the highest of naturally observed MC concentrations (Song
et al., 2007). This supportspreviouswork showing that acute toxicity from
dissolvedMC-LR to copepods requires abnormally high concentrations to
be a significant threat (McDermott et al., 1995; Park et al., 1998). Since
their LC-10 concentration was comparable, MC-LR toxicity for E. affinis
and P. forbesi should be similar at environmentally relevant concentra-
tions. With regards to their sensitivity, calanoid copepods of the SFE are
similar to other calanoids, and are among themost sensitive zooplankton
to dissolved MC (Table 4).

While acute toxicity is not a direct threat expected to occur in the
field, extended periods of low level dissolved MC can still present a
potential impact to zooplankton through sub-lethal effects such as
oxidative stress (Chen et al., 2005). Effects of longer MC exposure
(N48 h) on copepods at sub-lethal concentrations are not known and
may be significant in food limited systems such as the SFE. Monitoring
of dissolved MC concentrations from the SFE was not available at the
time of this study.

Results indicate no post-exposure effects on reproduction, and
predict that short term (b48 h) spikes of sub-lethal MC will not have
significant consequences on a population scale. Copepods can
repopulate quickly if provided with good conditions such as clean
water, high food quality, and optimal temperature under laboratory
conditions. However such conditions do not usually exist in the SFE,
where zooplanktons are limited by food, predation by invasive filter
feeding bivalves, and possibly contaminants (Mueller-Solger et al.,
2002; Kimmerer, 2004).

If exposure to sub-lethal MC concentrations had a significant effect
on copepod fecundity and population growth, we would expect to see
a negative relationship between MC exposure treatments and
population growth rate. The number of initial females at No along
with the individual fitness of each copepod will be a major
determinant of the final number of copepods in each vessel
population, and the current study would have benefited from
knowing the number of females at the start of the post-exposure
experiment. However, despite the lacking record for the initial female
population per replicate, differences between individual population
growth rates of replicates were completely random and not related to
the number of initial copepods (No) or MC exposure concentration.
Similarly, high latent mortality between the end of the exposure and
beginning of the life table test (No) was not related to exposure history
andwas probably due to handling stress, including the 48-h starvation
during the exposure period. The variation of population growth rate
within each treatment was high, such that any potential effect of
number of females is overwhelmed by the variation among replicates.
For instance, P. forbesi replicates in the control, 0.25, and 0.5 mg/LMC-
LR treatments each having only 2 copepods at No all had population
growth rates that were among the highest (N0.08 per day). Thus,
despite the difference in previous MC exposure, and regardless of the
initial number of females, copepods can repopulate at variable but
similar rates. Accordingly, the conclusion that a sub-lethal 48-h MC
exposure does not affect post-exposure population growth in these
copepods may still be extracted from the results.

While exposure to sub-lethal concentrations of dissolved MC
had no effect on post-exposure reproduction in the laboratory,
other stressors in the SFE could increase sensitivity of copepods to
MC in the field. The ecosystem scale impact of dissolved MC to the
SFE's zooplankton community is likely a function of its persistence,
the extent and variability of dissolved MC, zooplankton adaptations,
sub-lethal effects and other stressors in the environment. Taking a
better look at several non-MC compounds which Microcystis
produces has become necessary to realize the full impact of Mi-
crocystis on zooplankton (Rohrlack et al., 2003). More importantly,
the potential threat from Microcystis to the dominant zooplankton
of the SFE is probably regulated via ingestion and food quality
related trophic interactions rather than dissolved MC. Research on
copepod–Microcystis interactions should be directed to feeding
studies, which have overwhelmingly focused on daphnids (Wilson
et al., 2006).
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SUMMARY

1. Increasing blooms of Microcystis aeruginosa have unknown impacts on the copepods

Eurytemora affinis and Pseudodiaptomus forbesi, which are the dominant zooplankters and

key prey species for endangered larval fish in the upper San Francisco Estuary.

2. Laboratory feeding experiments were designed to measure the effect of Microcystis on

copepod survival and to distinguish the effects of toxicity and nutrition. In a series of

survival tests, copepods were fed a mixed diet of algae plus one of two strains of

Microcystis, either producing (MC+) or lacking microcystin (MC)).

3. Microcystis significantly reduced survival even when it was a small proportion of the

diet, indicating that toxicity was the major cause of mortality. Contrary to expectation,

however, the MC+ strain did not result in higher mortality, suggesting that non-MC

metabolites of Microcystis can be toxic to copepods.

4. Across treatments, survival of P. forbesi was greater than that of E. affinis, although the

two copepods responded differently to both the ratio and the strain of Microcystis in

their food. Survival of P. forbesi was greater on the MC+ strain and was inversely

proportional to the ratio of dietary Microcystis (MC+ or MC)). In contrast, survival of

E. affinis declined similarly across treatments and was not related to the proportion or

strain of dietary Microcystis. Results indicate that the copepod P. forbesi can coexist with

Microcystis while the other copepod E. affinis cannot.

5. Regardless of species, dietary Microcystis caused significant mortality to copepods, and

it may cause adverse impacts to the potentially food-limited zooplankton community of

the San Francisco Estuary. These impacts may not be related to the cellular MC

concentration because Microcystis contains other metabolites that negatively affect

copepods.

Keywords: copepod, harmful algal bloom, microcystin, Microcystis, San Francisco Estuary

Introduction

Global increases in the extent of bloom-forming

cyanobacteria have attracted growing attention from

both management and scientific interests because of

potential negative impacts on water quality and food

web structure (Kirk & Gilbert, 1992; Chorus &
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Bartram, 1999). Microcystis is a common bloom-form-

ing cyanobacterium that can dominate nutrient-

enriched freshwaters including upper reaches of

estuaries, such as the San Francisco Estuary (Paerl,

1988; Lehman et al., 2008).

In blooms, Microcystis can change the food web

because it is a poor quality food for zooplankton,

reducing their fitness and restricting the trophic

transfer of carbon (Paerl, 1988; Christoffersen, 1996;

Chorus & Bartram, 1999). Negative impacts on zoo-

plankton occur in response to a combination of factors

including: (i) secondary metabolites with toxic effects,

such as microcystins (MCs), (ii) nutritional inade-

quacy and (iii) poor digestibility or feeding inhibition

(Fulton & Paerl, 1987; DeMott & Moxter, 1991;

Lurling, 2003). However, not all zooplankton are

affected equally (Christoffersen, 1996; Wilson, Sarn-

elle & Tillmanns, 2006). Species-specific adaptations in

zooplankton lead to variation in the observed

responses to Microcystis blooms (Kirk & Gilbert,

1992; Rohrlack et al., 1999; Gustafsson & Hansson,

2004). Although many studies have evaluated the

interaction between zooplankton and Microcystis,

most focus on cladocerans while impacts to copepods

remain poorly understood (reviewed in Wilson et al.,

2006).

Controlled manipulations of diets in the laboratory

can provide valuable evidence of the mechanisms

involved. A major problem in predicting the impacts

of Microcystis, however, has been because of the use of

oversimplified experimental conditions, such as pure

or single strain diets (presence ⁄absence experiments),

a disproportionate focus on daphniids as the test

organism, and species ⁄strain-specific responses, pre-

venting the interpretation of impacts on other zoo-

plankton or under field conditions (reviewed in

Wilson et al., 2006). As a result, the effect of Microcystis

blooms on copepods and the dynamics of food webs

in estuaries dominated by copepods are poorly

understood.

Copepods are an important link between primary

production and fish, and commonly dominate the

mesozooplankton of estuaries (Turriff, Runge &

Cembella, 1995; Sommer et al., 2007). Calanoid cope-

pods, particularly Eurytemora affinis (Poppe, 1880) and

Pseudodiaptomus forbesi (Poppe & Richard, 1890), are

the principal food source of the endangered larval and

pelagic fish in the San Francisco Estuary, where the

abundance of pelagic organisms, including copepods

and nutritious phytoplankton, has declined to values

not seen before (Sommer et al., 2007). Increasing

blooms of Microcystis in the freshwater and low

salinity zone of the estuary raise concerns about the

further depletion of high-quality fish food (Muller-

Solger, Jassby & Muller-Navarra, 2002; Lehman et al.,

2005, 2008). Understanding the impacts of Microcystis

on the dominant copepods of the San Francisco

Estuary has become highly significant in the manage-

ment of its declining fish populations (Sommer et al.,

2007).

While a pure diet of Microcystis reduces fitness and

survival in zooplankton, it is not likely to occur in

nature (DeMott, Zhang & Carmichael, 1991; Kumar,

2003; Wilson et al., 2006). Unlike daphniids, copepods

can ingest nutritious particles selectively and avoid

those that are unwanted or toxic (DeMott et al., 1991;

Kleppel, 1993; Burns & Hegarty, 1994; Engstrom et al.,

2000; Panosso et al., 2003). Even daphniids show

different responses to Microcystis when offered in

mixed versus pure diets (Rohrlack et al., 1999; Lurling,

2003). Therefore, in studying interactions between

zooplankton and Microcystis, we need to experiment

with diets consisting of mixtures of alternative, more

palatable, food (Wilson et al., 2006).

Microcystis toxicity comes from well-known toxins,

such as MC, but also from other, poorly understood and

often unidentified, secondary metabolites (Lurling,

2003; Rohrlack et al., 2004; Wiegand & Pflugmacher,

2005; Wilson et al., 2006). Though the significance of

metabolites other than MC is becoming clear, the

relative toxicity to zooplankton of MC versus non-MC

metabolites remains unresolved (DeMott et al., 1991;

Kurmayer & Juttner, 1999; Lurling, 2003; Rohrlack et al.,

2004). It is possible to quantify the effect of MC in the

zooplankton diet using Microcystis strains of identical

morphology (assuming similar nutritional profile) but

different MC cellular content. This approach has been

used successfully to distinguish the toxicity of MC

versus non-MC metabolites in daphniids (Rohrlack

et al., 1999; Lurling, 2003). When offered in a mixed diet,

strains of Microcystis containing (MC+) and lacking

(MC)) both caused mortality, showing the toxic effects

of non-MC metabolites on daphniids (Lurling, 2003).

The current study was designed to compare the effects

of Microcystis and its toxic metabolites on the dominant

copepods of the San Francisco Estuary.

Our objective was to evaluate the impact of Micro-

cystis in the diet on the survival of the dominant

Dietary effects of Microcystis on copepods 1549
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copepods. To distinguish between the effects of toxic

metabolites and nutritional deficiency of Microcystis

on copepods, mixed diets containing nutritious algae

and Microcystis (MC+ or MC)) were offered to

copepods in laboratory survival tests. Experiments

were designed to compare the survival of E. affinis

and P. forbesi as a function of dietary Microcystis (MC+

versus MC)) and food quantity. We hypothesised that

(i) both strains of Microcystis would negatively affect

survival, though the response might be species spe-

cific, (ii) survival with the MC+ strain in the diet

would be lowest and (iii) survival would be inversely

proportional to the proportion of Microcystis in the

diet.

Methods

Microcystis aeruginosa strains

Cultures of two different strains of M. aeruginosa

(Kutzing, 1846) were maintained for the feeding

experiments in a modified ASM-1 medium (Reynolds

& Jaworski, 1978). MC producing (MC+, UTEX 2385)

and MC absent (MC), UTEX 2386) strains of Micro-

cystis were obtained from the University of Texas

Culture Collection (Austin, TX, U.S.A.). Exponentially

growing axenic batch cultures were maintained by

dilutionwithfreshlypreparedculturedmediumtokeep

cell density between 1 · 106 and 3 · 106 cells mL)1, in

gently bubbled 500-mL glass flasks, under a 16 : 8 L : D

cycle under 30 lmol quanta m)2 s)1, in a temperature-

controlled room (22 ± 1 �C). Under these conditions,

both strains were uni- and bi-cellular, the average

growth rate of Microcystis was 0.32 (±0.04) day)1 and

cell diameter was approximately 4 lm (±0.7) for both

strains. We assumed that the only difference between

the two strains used was MC content and that each

strain had a comparable nutritional profile and

digestibility.

Instant algae (IA)

Commercially available and highly nutritious pure

phytoplankton food composed of Nannochloropsis and

Pavlova, rich in fatty acids, were kept fresh at 4 �C

(Reed Mariculture, Campbell, CA, U.S.A.). Because IA

is in a fresh but non-living state, cells have a constant

density. Cell diameter was approximately 2 lm for

Nannochloropsis and 4 lm for Pavlova.

Copepod cultures

Copepods were collected from Rio Vista and Suisun

Marsh in the San Francisco Estuary using a 174-lm

zooplankton tow net. Pseudodiaptomus forbesi was

collected in June 2007 and E. affinis in April 2007

(respective periods of dominance), and returned to

the laboratory within 2 h of collection. Gravid females

were selected and rinsed three times with salinity-

adjusted culture medium before transferring them to

the culture. We used reconstituted water (modified by

NaCl to increase salinity) as the culture medium

(Horning & Weber, 1985). Cultures were grown in

aerated 4-L beakers placed in an environmental water

bath, at 24 ± 1 �C for P. forbesi and 20 ± 1 �C for

E. affinis. Water quality in beakers, including dis-

solved oxygen (>8 mg L)1), pH (8.2 ± 0.1), water

hardness (100 mg L)1), salinity (5.0 ppt) and ammo-

nia (<1 lg L)1), was monitored weekly (Hach, Love-

land, CO, U.S.A.). For optimal culture and population

growth under laboratory conditions, a previously

determined amount of the IA mixture (an equal

biovolume of Nannochloropsis and Pavlova) was given

as food at 400 and 500 lg C L)1 day)1 for E. affinis and

P. forbesi, respectively. Approximately, 60% of the total

culture medium was replaced weekly with aerated and

temperature-adjusted medium. Copepod culture den-

sity was monitored weekly, maintained between 50

and 100 adults L)1, and diluted as necessary to ensure

exponential population growth and minimise over-

crowding. The systems were maintained under a

natural photoperiod (16L : 8D) and covered with a

semitransparent black tarpaulin. The brood cultures

were acclimated to these conditions for a minimum of

4 months before the feeding experiments.

Cell size, density and algal biomass determination

Algal biomass concentration (lg C mL)1) for the IA

mixture and Microcystis was determined by a calibration

curve of total carbon and biovolume. A serial dilution of

algal biovolumes were filtered on pre-combusted

25-mm GF ⁄C (Whatman, Kent, U.K.), desiccated at

50 �C, and stored at )80 �C until the total carbon was

measured by a gas chromatogram (UC Davis Stable

Isotope Facility, U.S.A.). Microcystis cell size and density

was determined using an inverted compound epifluo-

rescent microscope (2007 Zeiss Axio Observer A1,

Thornwood, NY, U.S.A), counted in a Haemocytometer

1550 K. A. Ger et al.
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(Hausler Scientific, Horsham, PA, U.S.A.) and

calibrated against light absorbance at 800 nm.

Survival test

We used a series of survival tests in which dietary

treatments included Microcystis while controls did not.

The treatment diets consisted of a Microcystis – IA

mixture, with the proportion of Microcystis at 0, 10, 25,

50 or 100% of total food (by carbon), using either the

MC+ or MC) strain of Microcystis, plus IA, to a total

food concentration of 400 (E. affinis) and 500 (P. forbesi)

lg C L)1 day)1. The control diets were comprised of

IA only at the same amount as in the associated

treatment of IA and Microcystis mixture, which corre-

sponded to 100, 90, 75, 50 and 0% (starvation) of the

total food. This design allowed the distinction of

impacts because of food quantity (total nutrition

available) versus quality (MC and non-MC toxicity)

by comparing survival over a range of a given diets

with and without Microcystis. This design also enabled

the assessment of the impact of alternative food

sources when Microcystis was present in food.

Experiments took place in triplicates over 11 days

in 1-L glass beakers, starting with 10 copepods per

beaker and maintained under identical conditions

described for the brood cultures. Animals were

obtained by growing a new cohort of adults from

nauplii in the brood cultures. Experimental copepods

were then collected from the pool of >400 copepods in

the new cohort by gently filtering in a Petri dish for

each set of experiments. To minimise the chance of

age-related mortality and stress over the 11 days, only

active C5 copepodites and young adults were ran-

domly selected. Survival and activity were monitored

daily using a light table and a dissecting microscope

when necessary. Copepods were considered dead

only if they showed no sign of movement after

disturbance under a dissecting microscope; dead

copepods were removed as soon as recorded.

MC verification of strains and treatments

Microcystis cultures were sampled for MC analysis

during the experiment, to ensure the MC+ and MC)
strains were uncontaminated and to measure MC

concentration of the MC+ strain culture. In addition,

the MC+ experimental beakers were sub-sampled at

day 7 of the survival test for total and dissolved MC

analysis to ensure that mortality was not because of

any dissolved MCs. A commercially available MC –

specific competitive ELISA assay with a detection

range of 0.16–2.5 lg L)1 MC-LR was used for MC

analysis (Envirologix, Portland, ME, U.S.A.). Micro-

cystis cultures were sampled and kept frozen until

analysis, upon which they were thawed to room

temperature, sonicated, diluted and measured for MC

concentration using a microplate reader at 450 nm.

Dissolved MC in treatments was measured 7 days

during the experiment, from whole water samples by

separating algal cells on a GF ⁄F glass fibre filter

(Whatman Corp) and comparing MC concentration in

the filtrate with an unfiltered sample. Additionally, a

standard polymerase chain reaction (PCR) using

published primers designed for the conserved Micro-

cystis-specific 16S ribosomal DNA (rDNA) region and

amplification of the MIC and MC synthetase genes

mcyB and mcyD was used to verify the identity of the

two strains of Microcystis. Ability to produce MC is

based on the presence or absence of the synthetase

genes (Ouellette & Wilhelm, 2003). Conventional PCR

was conducted to verify the presence of Microcystis

and the MC synthetase genes mcyB and D using

specific PCR primer sets targeting 16S rDNA and

conditions described in Ouellette & Wilhelm (2003).

The Microcystis strains were processed for genomic

DNA extraction using a modified phenol–chloroform

procedure (Sambrook & Russell, 2001).

Qualitative confirmation of Microcystis ingestion

To verify ingestion, the presence of Microcystis cells in

copepod guts was determined in a separate feeding

experiment. Copepods were starved for 5 h to evac-

uate gut contents before the experiment, which took

place under the same conditions as the survival tests.

Copepod density was kept at 10 adults in a 1-L beaker

with clean media, and then fed the same treatment

diets (MC+ and MC)) described earlier. Following a

30-min feeding period, animals were gently filtered,

rinsed three times to remove any attached Microcystis

cells and narcotised immediately with carbonated

water. For each treatment diet, 10 copepods were

dissected to expose the gut under a dissecting micro-

scope. Guts were observed for phycocyanin fluores-

cence (a pigment specific to cyanobacteria), as a

qualitative indication of Microcystis cells in copepod

guts, using an epifluorescent microscope.
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Statistical analysis

The effect of diet type on the survival of each copepod

species was evaluated by a parametric survival anal-

ysis which modelled survival with a Weibull distribu-

tion curve (JMP version 7.0; SAS, Cary, NC, U.S.A).

Individual probability of mortality or survival (expec-

ted proportion of the population dead or surviving)

for each treatment and species was calculated by a test

of deviance based on the mean number of surviving

copepods on the last day of the experiment. Then, the

effect of diet type (e.g. Microcystis versus no Microcys-

tis) and copepod species on survival was calculated to

compare differences in the effects of the treatments and

controls. Finally, the Microcystis only treatments were

further broken down to strain (MC+ or MC)) and

ratio of dietary Microcystis (% Microcystis) to analyse

differences in the effect of these parameters on cope-

pod survival. Time to 50% mortality was analysed by

linear regression of individual replicate survival res-

ponses and calculating when 50% mortality occurred

on average per treatment. All differences noted are

significant at P = 0.05 unless otherwise mentioned.

Results

Survival test

Both dietary composition and quantity had very

pronounced effects on copepod survival. The pres-

ence and proportion of Microcystis drastically reduced

survival in all treatments for either copepod species,

regardless of Microcystis strain and MC content

(Fig. 1). In contrast, survival with the control diets

was significantly higher than corresponding Microcys-

tis treatments (Fig. 1; P < 0.001).

Reducing the concentration of IA in the controls

without Microcystis reduced survival. At the end of

the experiment, 100% IA had the highest survival

(85% ± 3.4), while survival in the 50% IA treatment

was lower (75% ± 2.3 for E. affinis, 60% ± 8.2 for

P. forbesi) (Fig. 1). Starved copepods (i.e. those fed 0%

IA and 0% Microcystis) survived for several days,

reaching 100% mortality after 7–9 days for both

species, though P. forbesi had slightly longer average

persistence than E. affinis.

Compared to E. affinis, P. forbesi was more sensitive

to differences between the Microcystis strains (MC+

versus MC)) and had a higher survival rate on a MC+

diet (Fig. 1). Differences in survival of P. forbesi

between the two different Microcystis strains took

several days to emerge. Both strains (MC+ or MC))

caused comparable mortality until day 6, and thereaf-

ter P. forbesi mortality on the MC) diet was greater

than that on the MC+ diet (Fig. 1). Towards the end of

the experiment, P. forbesi mortality began to decline in

most of the MC+ diets, but not in the MC) diets (Fig. 1).

For treatments with <50% Microcystis, the MC) diet

killed more P. forbesi than the MC+ diet, while these

diets caused similar mortality for E. affinis (Fig. 1).

Survival analysis

The increased proportion of Microcystis in the diet

caused highermortality andincreased theprobability of

mortality (Fig. 2). The effect test showed that diet type

had a significant effect on survival and that differences

in survival were not because of copepod species

(Table 1a). When comparing results among the treat-

ments (Table 1b),differences insurvivalwerecausedby

the Microcystis strains (MC) and the ratio of Microcystis

in food (% Microcystis). There was a significant differ-

ence in how each species responded to the MC+ versus

the MC) strains, as well as the ratio of Microcystis in

food, as shown by the interaction terms (species · MC)

and (species · %Microcystis), respectively, in Table 1b.

Survival ⁄mortality probability tests confirmed that

copepods responded differently, both to the individ-

ual strains (MC+ versus MC)) and to the ratio of

Microcystis in their food. Pseudodiaptomus forbesi was

more likely to survive on the MC+ diet compared to

an MC) diet when the diet contained <50% Micro-

cystis (Fig. 2). In contrast, differences in the Microcystis

strain had no significant effect on E. affinis survival at

the end of the experiment. Additionally, P. forbesi was

more sensitive to changes in the Microcystis content of

its diet, as increased Microcystis resulted in higher

mortality. In contrast, increasing Microcystis did not

significantly change the probability of mortality for

E. affinis (Fig. 2). Rather, the presence of Microcystis

was more important in reducing E. affinis survival

probability by the end of the experiment.

Mean survival time

The time to 50% mortality (TL 50) was inversely

proportional to the % Microcystis in diets, but varied

significantly with copepod species and Microcystis
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strain (Fig. 3). Among the two copepod species, TL-50

was similar when the ratio of dietary Microcystis was

high (50 and 100%), but diverged at lower ratios of

dietary Microcystis (10 and 25%) (Fig. 3). Two patterns

emerged at these lower Microcystis treatments. First, on

average, P. forbesi lived longer than E. affinis when

Microcystis was in the diet. Second, the variation in

Microcystis strains caused a significant difference in

P. forbesi survival time compared to E. affinis (Fig. 3).

The IA control diets (50, 75, 90 and 100%) all had TL-50

>15 days. Starved copepods had a mean survival time

of 3.99 ± 0.04 (E. affinis) and 4.23 ± 0.6 (P. forbesi) days.

Verification of Microcystis strains, dissolved MC and

ingestion

Cross-contamination between the MC+ and MC)
strains of Microcystis was not observed in the
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treatment diets during the trials as verified by peri-

odic measurements of MC-LR concentration with an

ELISA. Furthermore, PCR confirmed the presence of

Microcystis-specific 16S rDNA genes in both Microcys-

tis strain but, as expected, the MC synthetase genes

mcyB and mcyD were detected only in the MC+ strain.

Mean cell-bound MC-LR concentration in the 100%

MC+ treatment was 1.62 lg L)1 (±0.18, n = 7) and

348 lg L)1 (±49, n = 8) in the MC+ Microcystis culture.

This corresponds to an estimated 4.87 lg mgC)1

(±0.98, n = 7) of MC-LR per Microcystis biomass. The

mean cell density in the 100% Microcystis treatment

was 93 000 cells mL)1 (±1458, n = 14). Dissolved

MC-LR was not detected in the treatment beakers

during the experiment. Copepods ingested Microcystis

in all treatments as observed qualitatively from the

fluorescence of phycocyanin.

Discussion

Our results provide strong evidence that the mortality

of both P. forbesi and E. affinis was because of dietary

Microcystis. As predicted, an increase in the ratio of

Microcystis in the diet reduced copepod survival

within days, and even the smallest addition to the

diet (10%) significantly reduced copepod survival.

High survival on the control diet suggests that

mortality was driven by toxicity from Microcystis

and that background mortality was low. Similar toxic

effects of dietary Microcystis on zooplankton have

often been observed (DeMott et al., 1991; Kirk &

Gilbert, 1992; Wilson et al., 2006). What is unique to

this study is the contrast between the two copepod

species in their response to the dietary ratio and

strains of Microcystis and, more surprisingly, the

greater tolerance of P. forbesi for the MC+ strain

relative to the MC) strain.

The hypothesis that MC+ cells would cause higher

mortality was not supported, as the MC) strain

caused similar (E. affinis) or higher (P. forbesi) mortal-

ity. Microcystis produces several non-MC metabolites

that are toxic when ingested and probably resulted in

the harmful effects found here. Examples include

lipopolysaccharides, which reduce the efficiency of

detoxification, microviridin, which reduces protease

activity, and various other unidentified toxins (Kurma-

yer & Juttner, 1999; Rohrlack et al., 2004; Wiegand &

Pflugmacher, 2005). As shown with other zooplankton,

our results highlight the potential toxicity of non-MC

metabolites to copepods (Wilson et al., 2006).
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Table 1 Summary results for the parametric survival fit (test of

deviance) and differences in the effect of (a) species and diet

(between all diets, controls and Microcystis) on copepod survival

probability; results show the factorial interaction of species

(Pseudodiaptomus forbesi and Eurytemora affinis) with each diet

treatment and (b) the effect of species, MC presence and %

Microcystis on copepod survival probability (excludes control

diets); results show the factorial interaction of species (P. forbesi

and E. affinis) with MC presence (MC+ or MC) strain) and % of

Microcystis in the diet (10, 25, 50 and 100%)

Source

No. of

parameters d.f. v2 Prob > v2

(a)

Species 1 1 0.928 0.335

Diet 12 12 730.193 <0.001

Species · diet 12 12 42.383 <0.001

(b)

Species 1 1 0.833 0.361

MC 1 1 22.372 <0.001

% Microcystis 3 3 141.288 <0.001

Species · MC 1 1 8.917 0.003

Species · % Microcystis 3 3 30.938 <0.001

MC · % Microcystis 3 3 13.236 0.004

MC, microcystin.
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Declining mortality of P. forbesi following sustained

exposure to the MC+ Microcystis suggests that pro-

longed exposure may prompt an adaptation to this

strain, either via physiological tolerance or a change in

feeding behaviour. Species-specific tolerance has eco-

logical significance, since it may explain how some

zooplankton can dominate during blooms of toxic

algae (Kirk & Gilbert, 1992; Work & Havens, 2003;

Karjalainen et al., 2007).

Previous exposure to Microcystis over evolutionary

timescales may improve physiological tolerance (i.e.

detoxification) in zooplankton (DeMott et al., 1991),

which may be naturally higher for some copepod

species (Kumar, 2003). While increased tolerance of

Microcystis in daphniids can also be triggered by

short-term exposure, this ability varies among species

and the relationship between evolutionary exposure

(genotypic effects) and improved detoxification

remains unknown (Gustafsson & Hansson, 2004;

Sarnelle & Wilson, 2005). However, detoxification is

a process that follows ingestion and probably not the

mechanism by which P. forbesi was better able to

tolerate MC+ Microcystis. For MC detoxification to

occur, P. forbesi in the MC+ treatments would first

have to ingest the Microcystis cells, thereby ingesting

both MC and the non-MC metabolites. In such a case,

we would expect to see higher survival for the

copepods in the MC) treatments (relative to MC+),

since MC detoxification causes added stress to zoo-

plankton (Pflugmacher et al., 1998).

Nevertheless, higher mortality in the MC) treat-

ments confirms that the ingestion of non-MC metab-

olites is indeed lethal, excluding physiological

tolerance of MC as the main cause for coexistence

with MC+ Microcystis. A more likely mechanism is

selective feeding, which is a common adaptation in

copepods exposed to toxic cyanobacteria for extended

periods (DeMott & Moxter, 1991; Kleppel, 1993; Koski,

Engstrom & Viitasalo, 1999). Incidental mortality later

in the experiment may be explained by accidental

ingestion, as copepods can passively ingest Microcystis

cells despite selective feeding (Panosso et al., 2003).

High mortality at the onset of exposure to the MC+

diet suggests an acclimation phase when P. forbesi

optimises MC avoidance and subsequently improves

its ability to survive in the presence of Microcystis by

feeding selectively on the more palatable food parti-

cles.

Assuming that P. forbesi can reject harmful particles

such as MC+ cells, why does it not also reject the fatal

MC) cells with comparable success? Zooplankton

have developed different means of detecting and

avoiding cyanobacterial toxins, which are considered

as evolved defences against zooplankton grazing

(DeMott & Moxter, 1991; DeMott et al., 1991).

Although MCs have been shown to deter feeding in

daphniids, some copepods rely on more general and

unidentified lipophylic toxins to detect and avoid

ingesting harmful cyanobacteria (Kurmayer & Juttner,

1999; Rohrlack et al., 1999). Comparing different cal-

anoid copepods exposed to the cyanobacteria Nodu-

laria, the hepatotoxin nodularin was the grazing

deterrent for E. affinis, which selectively fed on nod-

ularin-free cyanobacteria (Engstrom et al., 2000). In

contrast, Acartia grazing was deterred by a more

general cyanobacterial cue other than nodularin, as it

selected against Nodularia regardless of its nodularin

content. This is consistent with our results and shows

that deterrence of copepod grazing on cyanobacteria is

commonly mediated by species-specific chemosensory
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cues. There is no real evidence in the current study

showing that differences in the survival of E. affinis

and P. forbesi exposed to each Microcystis strain is

caused by differences in feeding selectivity. Never-

theless, based on the role of species-specific cues for

copepod feeding selectivity, we speculate that MC

may be the dominant feeding deterrent for P. forbesi,

resulting in an ability only to avoid MC+ cells.

Higher survival of P. forbesi in the MC+ treatments

is surprising and contrary to the presumption of most

zooplankton–Microcystis interactions. Typically, the

MC content of food either reduces or has no signif-

icant effect on survival (Rohrlack et al., 1999; Lurling,

2003; Wilson et al., 2006). Following this general

prediction, and in contrast to P. forbesi, MC content

of Microcystis had no significant effect on E. affinis, as

both MC+ and MC) strains caused similar mortality.

Despite such species-specific differences, our results

indicate that the non-MC compounds in Microcystis

cells can be the main factor causing negative effects on

some copepods.

Eurytemora affinis and P. forbesi also responded

differently to the proportion of Microcystis in their

food, regardless of strain. In general, P. forbesi did

better for a given Microcystis diet, and its survival

improved with an increased proportion of good food.

Calanoid copepods can show reduced ingestion for

toxic cyanobacteria when alternative food is available,

which probably explains the negative relationship

between the ratio of dietary Microcystis and P. forbesi

survival (DeMott & Moxter, 1991; Burns & Hegarty,

1994; Koski et al., 1999). In contrast, E. affinis survival

varied much less with the ratio of dietary Microcystis.

This may indicate inefficient feeding selection by this

species, which was also shown in the Baltic Sea

(Engstrom et al., 2000). Pseudodiaptomus forbesi may be

better adapted to survive in the presence of Microcystis

via feeding selection, and further investigation would

help verify the mechanism.

In addition to toxicity, Microcystis is also nutrition-

ally inadequate for zooplankton (DeMott et al., 1991;

Christoffersen, 1996). Relatively high survival in the

controls indicates that sufficient nutrition was pro-

vided by the IA part of the Microcystis – IA mixed diet.

Hence, even if Microcystis nutritional deficiency was a

significant issue, IA should have sustained survival at

least as well as the controls. Since survival with

Microcystis is significantly lower than the controls

without Microcystis, the toxic effects of Microcystis

dominate any potential consequence of nutritional

inadequacy. Toxic cyanobacteria can also harm zoo-

plankton by inducing feeding inhibition (DeMott

et al., 1991; Rohrlack et al., 1999; Lurling, 2003;

Wiegand & Pflugmacher, 2005). However, this is

unlikely for calanoid copepods that avoid lower

quality food particles without reducing their ingestion

rate on high-quality food (DeMott & Moxter, 1991;

Kleppel, 1993; Koski et al., 1999; Tackx et al., 2003).

Surviving copepods in Microcystis treatments were

actively swimming, had full guts and continued to

produce faecal pellets, indicating that copepods con-

tinued ingestion during the experiment. Both strains

of Microcystis and the IA controls were uni- and

bi-cellular, ruling out any potential effects from

colonial morphology, which can also hinder ingestion

(Fulton & Paerl, 1987; Ghadouani, Pinel-Alloul &

Prepas, 2003).

Empirical evidence from the field for the toxic

effects of cyanobacteria on zooplankton is less com-

mon and typically muted in comparison to laboratory

interactions, where variables can be strictly controlled

(Ferrao-Filho & Azevedo, 2003; Work & Havens,

2003). Ecosystem impacts of cyanobacteria at larger

scales are more subtle because of stochastic variabil-

ity, species-specific adaptations, colonial morphology,

multiple trophic links and unpredictable food web

dynamics (Kozlowski-Suzuki et al., 2003; Rohrlack

et al., 2004; Wilson et al., 2006; Beninca et al., 2008).

However, the impacts of cyanobacteria at the ecosys-

tem scale have been demonstrated, and include the

disruption of the benthic food web via bioaccumula-

tion of toxins, shifts in zooplankton and phytoplank-

ton species composition, and possible indirect effects

shifting the pelagic community towards the microbial

loop (Fulton & Paerl, 1987; Christoffersen, 1996;

Karjalainen et al., 2007).

We found strong evidence that dietary Microcystis

reduces copepod survival even at low dietary ratios,

suggesting possible direct impacts on copepods in the

San Francisco Estuary where Microcystis seasonally

dominates phytoplankton (Lehman et al., 2005). Dur-

ing blooms in the estuary, Microcystis dominates the

phytoplankton community and its density fluctuates,

between about 0 · 103 and 2 · 103 cell mL)1 in the

euphotic zone, depending on the location and time,

though densities up to 2.2 · 106 mL)1 have been

recorded (Lehman et al., 2008). The average range

monitored in the estuary corresponds with the
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treatment diets in this study, at least in terms of cell

density, as the highest concentration of Microcystis fed

to copepods was 9.3 · 103 mL)1. During blooms,

persistent concentrations of Microcystis between 103

and 106 cell mL)1 are often observed in eutrophic

waters globally, making the results of this study

relevant to the zooplankton community of the San

Francisco Estuary as well as other regions (Chorus &

Bartram, 1999; Rinta-Kanto et al., 2005; Costa et al.,

2006).

Nevertheless, as mentioned previously, Microcystis

impacts measured in the laboratory may not always

represent natural processes in the field. Depending on

the intensity of the bloom and the availability of

alternative food, including microbial sources such as

ciliates, selectively feeding copepods may or may not

persist in the presence of Microcystis (DeMott &

Moxter, 1991; Work & Havens, 2003). Zooplankton

in the San Francisco Estuary can be limited by low

phytoplankton abundances (Jassby, Cloern & Cole,

2002; Muller-Solger et al., 2002), and such food limi-

tation can intensify the negative impacts of cyanobac-

teria on copepods by reducing the effectiveness of

selective feeding (DeMott & Moxter, 1991; Engstrom

et al., 2000). Conversely, natural blooms of Microcystis,

including in the estuary, are typically dominated by

colonial forms (Lehman et al., 2005; Wilson et al.,

2006), and copepods are probably more effective at

selective feeding in the presence of colonies, when the

particle size is larger (Tackx et al., 2003). However,

copepods in the San Francisco Estuary accumulate

MC during Microcystis blooms, suggesting that inges-

tion in the field occurs, despite the dominance of

colonies (Lehman et al., 2008). For these reasons,

although we found negative impacts of Microcystis

on copepods, prediction of the ecological impacts

must also be informed by coupled laboratory and

in-situ field observations of ingestion and food limi-

tation and evaluation of the ability of copepod species

to detect and avoid harmful cells.
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