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Executive summary 

Cyanobacterial blooms are becoming 

increasingly common in waterbodies around 

Aotearoa New Zealand. Some bloom-forming 

species can produce natural toxins, known as 

cyanotoxins, which pose a health risk to humans 

and animals. To protect human health, 

guidelines for recreational cyanobacteria 

exposure were developed for use in Aotearoa 

New Zealand in 2009; these guidelines have 

recently been updated and are due for release in 

the second half of 2024. In the revised 

guidelines, the alert-level thresholds for 

planktonic cyanobacteria are now based on 

taxa-specific cell concentrations. This relies on 

accurate knowledge of the cyanobacterial taxa 

that produce cyanotoxins in Aotearoa New 

Zealand. Currently, only four planktonic 

cyanobacterial taxa are known cyanotoxin 

producers in Aotearoa New Zealand: 

Cuspidothrix issatschenkoi (anatoxins), 

Microcystis spp. (microcystins), Nodularia 

spumigena (nodularins) and Raphidiopsis 

raciborskii (cylindrospermopsins). 

In May 2023, the presence of a gene involved in 

the production of the hepatotoxic cyanotoxin 

microcystin (mcyE) was detected in a sample 

from Lake Opuha (Canterbury), despite no 

known toxin producers being present in the 

sample. Further work identified Dolichospermum 

lemmermannii as the species containing the 

cyanotoxin production gene, and chemical 

analysis indicated that it might produce 

microcystins. Dolichospermum lemmermannii is 

currently categorised as non-toxic in Aotearoa 

New Zealand. If Dolichospermum lemmermannii 

does produce microcystins, then implementation 

of the updated cyanobacteria guidelines may 

result in an underestimation of the human 

health risk for recreational water users. 

To further investigate the possible microcystin 

production by Dolichospermum lemmermannii in 

Aotearoa New Zealand, Cawthron Institute was 

commissioned by the Ministry for the 

Environment (MfE) to: 

• evaluate Dolichospermum lemmermannii 

cultures for the presence of the mcyE gene 

• evaluate mcyE-positive cultures for 

microcystins using liquid chromatography–

tandem mass spectrometry (LC–MS/MS) 

• undertake genome sequencing of 

Dolichospermum lemmermannii to determine 

whether all the genes involved in microcystin 

production were present. 

 

Twelve cultures of Dolichospermum 

lemmermannii sourced from the Cawthron 

Institute Culture Collection of Microalgae were 

screened for the mcyE gene using polymerase 

chain reaction (PCR). Only three cultures were 

positive for the gene.  

One of the mcyE-positive cultures (CAWBG680), 

a mcyE-negative culture, and the original water 

sample from Lake Opuha were ‘cleaned-up’ and 

concentrated using solid-phase extraction 

cartridges and analysed using LC–MS/MS to 

determine if microcystins were present. No 

microcystins were identified in the water sample 

or cultures; instead, multiple anabaenopeptilides 

were identified. Investigations determined that 

the anabaenopeptilides were the cause of the 

interference that led to the tentative LC–MS/MS 

identification of microcystins in the Lake Opuha 

sample. Other possible microcystin signals were 

also investigated using LC–MS/MS techniques, 

but these were confirmed to be unrelated 

compounds. 
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Genomic sequencing was undertaken on one of 

the mcyE-positive cultures (CAWBG680) and the 

microcystin synthase (mcy) gene operon 

annotated. The exact number and arrangement 

of microcystin genes within a genome can vary 

among species and strains, although it typically 

includes the core genes (mcyA, mcyB, mcyC, 

mcyD and mcyE), genes encoding tailoring 

enzymes (mcyG, mcyI and mcyJ), a racemase 

(mcyF) and a possible transporter gene (mcyH). 

In the mcyE-positive culture that was sequenced, 

the mcyA–G and mcyJ genes were present; 

however, the taxonomic classification of mcyF 

suggested that it was present only in bacteria 

associated with the culture and was not from 

Dolichospermum lemmermannii. The mcyH, and 

mcyI genes were also absent from the 

Dolichospermum lemmermannii genome. 

The combined evidence from the LC–MS/MS 

analysis and mcy gene cluster sequencing 

demonstrates that Dolichospermum 

lemmermannii CAWBG680 cannot produce 

microcystins. The identification of 

anabaenopeptilides as the cause for the 

tentative microcystin identification in the original 

Lake Opuha sample also alleviates initial 

concerns. These results support the adoption  

of the revised alert-level framework for 

planktonic cyanobacteria in the cyanobacteria 

guidelines for recreational fresh waters, where 

Dolichospermum spp. are not included as a  

toxin producer. There is a small possibility that 

other Dolichospermum strains / species can 

produce microcystins or other cyanotoxins in 

Aotearoa New Zealand, or could be introduced 

here. We therefore recommend that when 

Dolichospermum is dominant, continued testing 

of environmental samples using PCR and  

LC–MS/MS is undertaken. The results from this 

study also highlight that while PCR approaches 

are very valuable for detecting potential 

cyanotoxin producers, positive results need to 

be confirmed using chemical analyses. 
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1. Introduction 

Cyanobacterial blooms are becoming increasingly prevalent in lakes across Aotearoa New Zealand, 

particularly in waterbodies that are eutrophic. These blooms can cause a suite of environmental issues 

such as reduced water quality and low dissolved oxygen levels in bottom waters (e.g. Smucker et al. 

2021). Additionally, because some bloom-forming species produce natural toxins, which are known as 

cyanotoxins, they also pose a health risk to humans and animals who come in contact with or consume 

cyanotoxin-contaminated water (Wood et al. 2006). Because of the human health risk posed by 

cyanobacteria, guidelines for cyanobacteria in recreational fresh waters were developed for use in 

Aotearoa New Zealand in 2009 (MfE and MoH 2009). The guidelines include three-tier alert-level 

frameworks for monitoring and managing human health risks associated with planktonic and benthic 

cyanobacteria. Originally, the thresholds used in the alert-level framework for planktonic cyanobacteria 

included all known cyanotoxin-producing taxa (including those identified as toxin producers overseas). 

The guidelines have recently been revised (due for release in the second half of 2024) and the revised 

alert-level framework for planktonic cyanobacteria uses thresholds based on taxa-specific cell 

concentrations. To be effective, this risk management approach relies on accurate knowledge of the 

cyanobacterial species that produce cyanotoxins in Aotearoa New Zealand. Currently, only four 

planktonic genera / species are known cyanotoxin producers in Aotearoa New Zealand: Cuspidothrix 

issatschenkoi (anatoxins), Microcystis spp. (microcystins), Nodularia spumigena (nodularins) and 

Raphidiopsis raciborskii (cylindrospermopsins). The only benthic cyanobacteria included in the 

guidelines is Microcoleus. This is not included in the present report because the thresholds for 

Microcoleus genera are based on percent cover, not cell counts. To effectively implement the updated 

version of recreational cyanobacteria guidelines for planktonic cyanobacteria, it is essential to have 

robust knowledge on which genera / species are toxin producers in Aotearoa New Zealand, and 

regional councils and other water managers have requested that research is undertaken to explore 

events where the presence of a new toxin production is suspected. 

In May 2023, Environment Canterbury sent four water samples to the Cawthron Institute (Cawthron; 

Nelson). These samples contained cyanobacteria and were evaluated using targeted quantitative 

polymerase chain reaction (PCR) assays for genes involved in cyanotoxin production. Of most interest 

was the presence of the microcystin / nodularin synthase gene mcyE / ndaF (a gene involved in the 

production of the cyanotoxin microcystin) in the sample from Lake Opuha, despite the presence of no 

known producers (Wood and Puddick 2023). DNA sequencing of a portion of the mcyE gene can 

sometimes identify the toxin-producing species due to variations in the genetic code between different 

cyanobacterial taxa. Comparing the sequence from the sample with genetic databases indicated that 

the gene sequence from Lake Opuha matched with 99.5% similarity to the mcyE gene from 

Dolichospermum sp. (previously Anabaena sp.; Genbank accession number KF219514).  

Microscopic analysis of the Lake Opuha sample confirmed the presence of Dolichospermum 

lemmermannii. In previous unpublished work, we have identified the mcyE gene in Dolichospermum 

lemmermannii cultures from the Cawthron Institute Culture Collection of Microalgae (CICCM; Wood, 

unpublished data). Dolichospermum spp. are known to produce microcystins (Li et al. 2016) in Europe, 

Canada, and most recently they have been found in the USA (e.g. Harada et al. 1991; Kobos et al. 2013; 
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Dreher et al. 2019). To the best of our knowledge, microcystin-producing Dolichospermum spp. have not 

been documented in the Southern Hemisphere. 

The observation of the mcyE gene from Dolichospermum lemmermannii in Lake Opuha (Wood and 

Puddick 2023) prompted further analysis for microcystins using liquid chromatography–tandem mass 

spectrometry (LC–MS/MS). While no commonly observed microcystins congeners were detected,1 

further MS/MS analysis tentatively indicated the possibility of new microcystin congeners in the Lake 

Opuha sample (Wood and Puddick 2023). However, it was not possible to confirm this finding with the 

resources available and without a more concentrated sample. 

Currently, Dolichospermum lemmermannii is categorised as non-toxic in Aotearoa New Zealand. If 

Dolichospermum lemmermannii does produce microcystins, then implementation of the updated 

guidelines for cyanobacteria in recreational fresh waters may result in an underestimation of the human 

health risk for water users. Analysis of Dolichospermum lemmermannii cultures from the CICCM 

provides an efficient way to explore whether this species is likely to be a toxin producer, as the work can 

be carried out without identifying and collecting suitable samples from cyanobacterial blooms. 

To further investigate the possible presence of microcystin production by Dolichospermum 

lemmermannii in Aotearoa New Zealand, Cawthron was commissioned by the Ministry for the 

Environment (MfE) to: 

1) evaluate cultures of Dolichospermum lemmermannii from the CICCM for the presence of the mcyE 

gene, a ubiquitous gene involved in microcystin production  

2) re-examine the Lake Opuha sample and Dolichospermum lemmermannii cultures that had mcyE 

detections in Milestone 1 and assess for novel microcystins using LC–MS/MS 

3) undertake genome sequencing on a Dolichospermum lemmermannii culture that had a mcyE 

detection in Milestone 1 and annotate the genomes to a level where the genes involved in 

microcystin production can be explored. 

The next three sections of this report sequentially describe the work undertaken in Milestones 1–3 

(Sections 2–4), and the final section provides overall conclusions and recommendations (Section 5). 

  

 
1 There are over 300 known microcystin congeners: see Spoof and Catherine (2017). 
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2. The presence of the mcyE gene in 

Dolichospermum lemmermannii cultures 

2.1 Introduction 

The microcystin synthase (mcy) gene cluster in cyanobacteria typically consists of multiple genes 

organised into several modules responsible for different steps in microcystin biosynthesis. While the 

exact number and arrangement of genes can vary among species and strains, a typical mcy gene cluster 

includes core genes involved in the synthesis of microcystin, such as mcyA, mcyB, mcyC, mcyD and mcyE 

(Yancey et al. 2022). Additionally, there are often genes encoding tailoring enzymes responsible for 

modifying the microcystin structure, such as mcyG, mcyI and mcyJ, a racemase gene (mcyF) and a 

putative transporter gene, mcyH (Tillett et al. 2000; Sielaff et al. 2003; Pearson et al. 2004; Pearson et al. 

2007). The variation in the mcy gene cluster among species and strains primarily arises from differences 

in the presence, absence, arrangement and sequence of the genes encoding these biosynthetic 

enzymes. This variability can lead to the production of structurally diverse microcystin variants with 

varying toxicity levels and environmental persistence (Rantala et al. 2006).  

A number of different PCR assays that screen for a region of core mcy genes have been designed (e.g. 

Vaitomaa et al. 2003). Screening for one or more of the core mcy genes has become a routine tool for 

assessing the toxin production potential of a culture or environmental sample. However, research has 

shown that some strains can have a deletion of one or more genes in the mcy cluster or a loss-of-

function mutation, and thus are not able to produce microcystins (Christiansen et al. 2008). Screening 

for a single mcy gene can therefore result in false positives (i.e. there is a gene detection, but there is no 

toxin present in the sample). Current best practice is to follow up positive PCR results with toxin analysis. 

For this study, we screened for the mcyE gene in Dolichospermum lemmermannii cultures from the 

CICCM. The mcyE gene encodes an enzyme involved in the formation of the peptide bond that links key 

amino acids together to form the microcystin structure. It is considered essential for the production of 

microcystins, and we have used this assay widely in the past (e.g. Wood et al. 2017). 

2.2 Methods and results 

A total of 12 Dolichospermum lemmermannii cultures were sourced from the CICCM (Table 1). 

Approximately 50 mL from each culture was centrifuged (3,000 × g, 10 min) and the supernatant was 

discarded. The resulting pellet was extracted using the DNeasy PowerSoilTM DNA isolation kit (QIAGEN, 

Germany) and the automated QIAcube DNA extraction robot (QIAGEN), following the manufacturer’s 

protocol. 
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Table 1. List of Dolichospermum lemmermannii cultures sourced from the Cawthron Institute Culture Collection of 

Microalgae (CICCM) and screened for the mcyE gene using polymerase chain reaction (PCR) in this study. 

 

 

PCR amplification was undertaken on the DNA extracts using primers targeting a portion of the mcyE 

gene, as described in Wood et al. (2017). The PCR products were run on a 1.5% agarose gel, and bands 

of the expected size (400 bp) were observed for the mcyE gene in three of the cultures: CAWBG567, 

CAWBG568 and CAWBG680 (Table 1).  

2.3 Discussion 

The presence of the mcyE gene was identified in three cultures using targeted PCR analysis. This 

suggests that these cultures could have the genetic potential to produce microcystins. To further 

investigate this, genome analysis was used to explore the entire microcystin synthetase gene cluster of 

Dolichospermum lemmermannii CAWBG680 (Section 4). Because of the high biomass required to isolate 

sufficient DNA for genome sequencing, only one of the three mcyE-positive cultures was evaluated. 

Sufficient biomass of CAWBG567 and CAWBG568 could not be grown within the time frame of the 

project.  

CICCM code Original location strain was isolated from  mcyE (+/−) 

CAWBG564 Lake Pauri (Wellington) − 

CAWBG565 Lake Pauri (Wellington) − 

CAWBG567 Lake Tūtira (Hawkes Bay) + 

CAWBG568 Lake Tūtira (Hawkes Bay) + 

CAWBG572 Lake Rotokare (Taranaki) − 

CAWBG573 Lake Rotokare (Taranaki) − 

CAWBG574 Lake Rotokauri (Waikato) − 

CAWBG576 Lake Dudding (Manawatū) − 

CAWBG577 Lake Dudding (Manawatū) − 

CAWBG592 Lake Waihola (Otago) − 

CAWBG593 Lake Waihola (Otago) − 

CAWBG680 Lake Taupō (Waikato) + 
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3. Screening for potential microcystins using  

LC–MS/MS  

3.1 Introduction 

Microcystins are the most common cyanotoxins globally (Harke et al. 2016), including in Aotearoa New 

Zealand (Wood et al. 2017). Current research indicates that microcystin production in Aotearoa New 

Zealand is limited to the cyanobacterial genera Microcystis (several species or strains that grow as 

planktonic colonies or single cells), Planktothrix (an unclassified species that grows as a benthic film in 

shallow ponds) and Nostoc (several species that grow as benthic colonies; Puddick et al. 2019). However, 

new toxin-producing cyanobacterial species are always being identified, and there is the possibility that 

overseas microcystin-producing species could be introduced to freshwater habitats in Aotearoa New 

Zealand. 

Currently, microcystin analysis is primarily undertaken by LC–MS/MS. This technique separates 

compounds in a sample extract using LC (generally based on the hydrophobicity of the compound) and 

analyses the mass-to-charge ratio (m/z) of the compound using MS. This is a powerful means for 

identification, as all compounds have a certain mass, allowing for broad differentiation between 

different microcystin congeners. Additional specificity is added by fragmenting the ion of interest, 

measuring the m/z of the resulting fragments and analysing for fragments specific to the compound of 

interest. Furthermore, the MS signals generated through LC–MS/MS analyses are generally proportional 

to the concentration of the compound, allowing for simultaneous quantitation alongside highly specific 

identification. 

Beyond the quantification and rapid identification of known compounds, LC–MS/MS is also useful for 

the structural characterisation of compounds. This process can be used to confirm the identity of a 

compound to a higher degree of certainty, or to determine the structure of an unknown compound. 

In this study, we used LC–MS/MS to investigate whether microcystins were present in a mcyE-positive 

water sample and Dolichospermum lemmermannii culture. 

3.2 Methods and results 

One mcyE-positive Dolichospermum lemmermannii culture (CAWBG680) and a mcyE-negative culture 

(CAWBG564) were grown at 18 °C using a 12 h:12 h light / dark regime (20 µmol photon/m2/s). 

Potential microcystins were extracted from the cultures (40 mL each) by supplementing with 40 µL of 

concentrated formic acid (0.1% final concentration), mixing and freezing at −20 °C. The frozen culture 

was thawed and sonicated for 30 min. This freezing, thawing and sonicating process was repeated once 

more before the extract was clarified by centrifugation (3,200 × g for 10 min). The Lake Opuha water 
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sample was similarly extracted, but as only 10 mL of sample was available, only 10 µL of concentrated 

formic acid was used. 

The aqueous extracts were cleaned-up and concentrated using Strata-X solid-phase extraction (SPE) 

cartridges (33 µm polymeric reversed phase, 100 mg/3 mL; Phenomenex). Each SPE cartridge was 

conditioned with 100% methanol (10 mL) and equilibrated with 10% methanol + 0.1% formic acid 

(10 mL), before the entire sample extract was loaded. The SPE cartridge was washed with 10% methanol 

+ 0.1% formic acid (10 mL) to remove compounds with low affinity to the Strata-X, before the 

compounds of interest were eluted using 80% methanol + 0.1% formic acid (10 mL). The SPE eluent was 

dried down at 40 °C under a stream of nitrogen gas and resuspended in 80% methanol + 0.1% formic 

acid (1 mL). Samples were stored at −20 °C between LC–MS/MS analyses. 

Cleaned-up and concentrated samples were analysed using an Acquity I-Class ultra-performance liquid 

chromatography system (Waters Co.) using a C18 column (Acquity BEH-C18, 1.7 µm, 50 × 2.1 mm; 

Waters Co.) maintained at 40 °C in a column oven. Sample components were eluted using a flow rate of 

0.4 mL/min and a gradient of 10% acetonitrile (mobile phase A) to 90% acetonitrile (mobile phase B), 

each containing 100 mM formic acid and 4 mM ammonia. The samples were injected at 5% mobile 

phase B and held for 12 s before a linear gradient up to 35% mobile phase B over 24 s, to 50% mobile 

phase B over a further 72 s and to 65% mobile phase B over a final 42 s, before flushing with 100% 

mobile phase B (at 0.6 mL/min) and returning to the initial column conditions. Sample components 

were analysed on a Xevo-TQS mass spectrometer (Waters Co.) operated in positive-ion electrospray 

ionisation mode (source temperature 150 °C; capillary voltage 1.5 kV; nitrogen desolvation gas 1,000 L/h 

at 500 °C; cone gas 150 L/h). 

Three LC–MS/MS analyses were used to investigate whether microcystins were present in the samples. 

Microcystin analysis using multiple-reaction monitoring (MRM) was undertaken as per the microcystin 

quantification described in Puddick et al. (2016). MS/MS characterisation of selected ions was 

undertaken similar to that described for candidate microcystins in Kleinteich et al. (2018). Microcystin 

precursor ion screening was undertaken as described in Kleinteich et al. (2018). 

Microcystin MRM analysis coupled with LC–MS scans in positive and negative ion modes were used to 

identify most target ions for further investigation using MS/MS characterisation techniques (m/z 930, 

958, 977, 984, 1,032 and 1,048). An additional target ion (m/z 533) was identified using the microcystin 

precursor ion screening method (which detects the parent ion responsible for fragment ions that are 

diagnostic of microcystins; Kleinteich et al. 2018). The microcystin MRM method (Puddick et al. 2016) 

analyses for 21 microcystin congeners frequently observed in microcystin-producing cyanobacteria from 

Aotearoa New Zealand (Puddick et al. 2019) and nodularin-R. Analysis of the cleaned-up and 

concentrated Lake Opuha and CAWBG680 samples using the microcystin MRM method had signals in 

the channels for MC-YR, MC-LR, dmMC-LR, MC-FR, MC-RA and MC-RAba (Table 2). No interfering 

signals were observed in the cleaned-up and concentrated CAWBG564 sample when it was analysed.  
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Table 2. Information on the interfering signals observed in the microcystin multiple-reaction monitoring (MRM) analysis for the cleaned-up and concentrated Lake Opuha and 

Dolichospermum lemmermannii CAWBG680 samples. 

m/z = Mass-to-charge ratio 

Mr = Molecular mass 

[M+H]+ = Singly protonated ion 

RT = Retention time using the chromatography described in Puddick et al. (2016) 

 

 

Microcystin 

(MC) 

Expected 

RT (min) 

Expected 

[M+H]+ 

Lake Opuha CAWBG680 Actual 

target 

[M+H]+ 

Explanation Detected 

by MRM 

Observed 

RT (min) 

Detected 

by MRM 

Observed 

RT (min) 

MC-YR 1.33 1,045 + 1.40 + 1.40 1,048 Interference from closely related mass (Mr 1,047 Da) 

MC-LR 1.38 995 + 1.50 − NA 977 Sodium ion of Mr 976 Da compound 

dmMC-LR 1.39 981 + 1.27 + 1.63 958 Sodium ion of Mr 957 Da compound 

MC-FR 1.44 1,029 + 1.61 + 1.41 1,032 Interference from closely related mass (Mr 1,032 Da) 

MC-RA 1.60 953 − NA + 1.45 930 Sodium ion of Mr 930 Da compound 

MC-RAba 1.77 967 + 1.54 + 1.50 984 Water-loss ion of Mr 983 Da compound 
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Although the signals had similar mass spectrometric properties to each intended microcystin congener 

(similar parent mass and the formation of a m/z 135 fragment ion), the retention time of each 

compound was different from that expected for the microcystin (Table 2). This suggested that the 

compounds were not the intended microcystins and could be a different microcystin structural 

analogue or an entirely different compound. Further analysis of the Lake Opuha and CAWBG680 

samples using mass spectrometry scans (to determine the m/z of the positive and negative ions formed 

from the samples) suggested that all the tentative microcystin signals were due to different parent 

masses from the expected microcystins (Table 2). For example, the compound causing the signal in the 

MC-YR MRM channel (m/z 1,045.7 > 135.1) was due to a compound with a closely related mass to 

MC-YR (Mr 1,047 Da; 3 Da higher than MC-YR). When a non-target compound is present in very high 

concentrations, or ionises very effectively, this can lead to some of the signal bleeding into the mass 

window for the target compound – causing interference in an MRM channel. Other interfering signals 

were due to the formation of sodium ions and water-loss products that had a closely related m/z to the 

target microcystin. In these cases, the parent mass for each compound was different from the m/z 

anticipated by the microcystin MRM method. 

To determine the identity of the interfering compounds, MS/MS investigations were undertaken. Here, a 

first mass analyser is used to separate the ion of interest (in this case the singly protonated ion for each 

interfering compound: [M+H]+) from other ions present, and the ion is fragmented by collision-induced 

dissociation (CID; where the parent ion is accelerated into a neutral gas, in this case argon, to break it 

apart). The m/z of the resulting fragments are then measured using a second mass analyser, and the 

inferred masses of these fragments provide structural clues about the compound. For example, 

microcystin congeners will commonly form a m/z 135 and 163 fragments diagnostic of the Adda 

sidechain found in microcystins, and differences in the m/z of other fragments relate to the masses of 

the amino acids that comprise the cyclic peptide (e.g. Puddick et al. 2013; Puddick et al. 2014). 

Based on the microcystin MRM evaluation, we investigated the identity of the m/z 930, 958, 977, 984, 

1,032 and 1,048 ions in the Lake Opuha and / or CAWBG680 samples using MS/MS. All of the MS/MS 

spectra for the compounds of interest contained a m/z 164 fragment ion (Figure 1), suggesting that the 

compounds might be structurally related. The m/z 958, 984, 1,032 and 1,048 compounds all contained 

fragment ions at m/z 86, 209, 309 and 400 (Figure 1), suggesting a higher degree of structural 

relatedness. Literature evaluation indicated that several of the observed fragment ions (m/z 86, 164, 

181, 209) are present in the MS/MS spectra of anabaenopeptilides (Sanz et al. 2015).  
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Figure 1. Tandem mass spectra for the m/z 930 (A), 958 (B), 977 (C), 984 (D), 1,032 (E) and 1,048 (F) ions in the Lake Opuha and / or Dolichospermum lemmermannii 

CAWBG680 samples. 
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Figure 1 (continued). Tandem mass spectra for the m/z 930 (A), 958 (B), 977 (C), 984 (D), 1,032 (E) and 1,048 (F) ions in the Lake Opuha and / or Dolichospermum 

lemmermannii CAWBG680 samples. 
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Figure 1 (continued). Tandem mass spectra for the m/z 930 (A), 958 (B), 977 (C), 984 (D), 1,032 (E) and 1,048 (F) ions in the Lake Opuha and / or Dolichospermum 

lemmermannii CAWBG680 samples. 
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Anabaenopeptilides (also called aeruginopeptins, cyanopeptolins, dolostatins, hofmannolins, 

microcystilides, micropeptins, nostocyclins, nostopeptins, oscillapeptilides, oscillapeptins, 

planktopeptins, scyptolins, somamides, symplostatins) are cyclic peptides produced by a range of 

cyanobacteria (Welker and von Döhren 2006), including Dolichospermum. They are characterised by the 

presence of Ahp (3-amino-6-hydroxy-2-piperidone) in Position 3 and a peptide ring generally cyclised 

through an ester bond between the β-hydroxy group of the Position 1 threonine and the carboxyl 

group of the Position 6 amino acid. Anabaenopeptilides also contain a sidechain of variable lengths 

attached to the Position 1 amino acid (which is commonly threonine). Besides the Position 3 Ahp, a 

range of amino acids have been observed in the ring and sidechain – resulting in many different 

anabaenopeptilide structural congeners. See Figure 2 for the structure of cyanopeptolin-A and Welker 

and von Döhren (2006) for more information on the structural diversity of anabaenopeptilides. 

 

 

Figure 2. Chemical structure of cyanopeptolin-a (cyanopeptolins are also referred to as anabaenopeptilides; Ahp = 

3-amino-6-hydroxy-2-piperidone, Arg = arginine, Asp = aspartic acid, HA = hexanoic acid, Leu = leucine, NMe-

Phe = N-methylphenylalanine, Thr = threonine, Val = valine). 

The MS/MS spectra for the m/z 984, 1,032 and 1,048 ions in the Dolichospermum lemmermannii 

CAWBG680 sample (Figure 3) were investigated in greater detail to determine the putative structures of 

the compounds and confirm that they were anabaenopeptilides. The m/z 126 and 154 fragments in the 

MS/MS spectra for each compound suggested that the sidechain terminated in a N-propyl-proline 

formed from propanoic acid (PA; S3) and proline (Pro; S2). The m/z 254 and 337 fragment ions indicated 

that valine (Val) was the sidechain amino acid (S1) and that threonine (Thr) was present in Position 1 

(forming the β-lactone ring characteristic of anabaenopeptilides through an ester bond). The presence 

of N-methyl-O-methyltyrosine (NMe-OMe-Tyr) was inferred by a m/z 164 immonium ion and the 

m/z 400 fragment ion where it was joined to Ahp–Leu (minus water). 
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Figure 3. Tandem mass spectra for the m/z 984 (A), 1,032 (B) and 1,048 (C) ions from the Dolichospermum lemmermannii CAWBG680 sample, including putative 

structures of the anabaenopeptilides determined using the masses and pattern of the fragment ions. 
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Figure 3 (continued). Tandem mass spectra for the m/z 984 (A), 1,032 (B) and 1,048 (C) ions from the Dolichospermum lemmermannii CAWBG680 sample, including 

putative structures of the anabaenopeptilides determined using the masses and pattern of the fragment ions. 
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Figure 3 (continued). Tandem mass spectra for the m/z 984 (A), 1,032 (B) and 1,048 (C) ions from the Dolichospermum lemmermannii CAWBG680 sample, including 

putative structures of the anabaenopeptilides determined using the masses and pattern of the fragment ions. 
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Mass differences between the parent ions (m/z 984 vs m/z 1,032 = +48 Da; m/z 1,032 vs m/z 1,048 = 

+16 Da) indicated that the variable amino acids between the three anabaenopeptilides were likely to be 

valine (Val; 117 Da), phenylalanine (Phe; 165 Da) and tyrosine (Tyr; 181 Da). The residual mass was that 

of an asparagine (Asn) joined in a peptide chain. 

The high frequency of methylated aromatic amino acids in Position 5 (Welker and von Döhren 2006) 

suggested that the NMe-OMe-Tyr residue was located here. The previous observation glutamine in 

Position 2 and valine in Position 6 were used to make the tentative placement of these two amino acids, 

with the Phe and Tyr also presumed to be in Position 6. 

Microcystin precursor ion screening mostly detected the compounds already identified in Table 2. The 

only additional potential microcystin signal was a m/z 533 ion observed in the Dolichospermum 

lemmermannii CAWBG680 sample at a retention time of 1.07 min. The approximate m/z and retention 

time suggested that it could be a doubly charged ion of a MC-RR congener. MS/MS analysis of the 

m/z 533 ion (Figure 4) indicated that this was not the case, as no fragment ions with m/z > 533 were 

observed (which would have been the case for a doubly charged ion of a compound with a mass 

around 1,060 Da). This suggested that the ion was a singly charged ion of a compound with a mass 

around 530 Da, which is much lower than the mass of a microcystin.
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Figure 4. Tandem mass spectrum for the m/z 533 ion from the Dolichospermum lemmermannii CAWBG680 sample.
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3.3 Discussion 

LC–MS/MS investigations on samples from Lake Opuha and Dolichospermum lemmermannii CAWBG680 

did not indicate the production of microcystins. However, multiple compounds present in the two 

samples caused interferences with the microcystin MRM analysis. The interfering compounds were 

identified as anabaenopeptilides, which are cyclic peptides produced by an array of cyanobacteria, 

including Dolichospermum (Welker and von Döhren 2006). Due to the widespread production of 

anabaenopeptilides amongst cyanobacteria, it is likely that they will be observed again in environmental 

samples from Aotearoa New Zealand and potentially cause interferences. In the current study, the 

interfering signals from anabaenopeptilides were all at different retention times than those expected  

for the respective microcystin being analysed. The incorporation of ‘qualitative’ MRM channels to  

LC–MS/MS methods for microcystin analysis would add further assurance that the signals were due to 

interferences rather than novel microcystin congeners. Here, the ratio of the ‘qualitative’ MRM channel 

and the MRM channel used for microcystin quantitation can be diagnostic for the compound of interest. 

Comparison of the ratios (between the signals from the ‘quantitative’ and ‘qualitative’ MRM channels) 

for microcystin standards and the detected analytes can be used to determine if the signal was due to a 

microcystin or a non-target compound. 

While anabaenopeptilides do not appear to have high toxicity to mammals, studies have shown 

cytotoxicity (towards cell lines; Weckesser et al. 1996), and toxicity towards Caenorhabditis elegans 

(nematodes; Lenz et al. 2019) and Thamnocephalus platyurus (freshwater crustacean; Gademann et al. 

2010). Anabaenopeptilides can also be potent protease inhibitors (Weckesser et al. 1996; Gademann et 

al. 2010), which is likely to be linked to their observed toxicity. 

A comprehensive assessment of the anabaenopeptilides present in CAWBG680 was not undertaken in 

the current study, and it is likely that other anabaenopeptilide analogues are present. While three of the 

anabaenopeptilide structures were tentatively assigned using MS/MS data, the positions of several 

amino acids were based on previous studies rather that structural evidence. More in-depth analysis of 

the LC–MS/MS data would be required to complete this work; however, this was beyond the scope of 

the current study. Ultimately, confirming the structure of the compounds would require purification of 

the compounds, amino acid analysis and nuclear magnetic resonance spectroscopy (or X-ray 

crystallography, if the compound was able to be crystalised). We did not investigate whether the 

putative anabaenopeptilide structures were new or had been previously reported. The wide diversity of 

naming systems for this cyanobacterial peptide makes this difficult to undertake without access to 

databases that allow for searches based on structure. 
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4. Dolichospermum lemmermannii microcystin and 

anabaenopeptilide synthase gene clusters 

4.1 Introduction 

Microcystins are biosynthesised by the mcy gene cluster, an approximately 50 kbp region of DNA 

containing non-ribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) genes (Dittmann et 

al. 2013). As noted in Section 2.1, a functional mcy gene cluster includes the core genes (mcyA, mcyB, 

mcyC, mcyD and mcyE), genes encoding the tailoring enzymes, (mcyG, mcyI and mcyJ ), a racemase 

gene (mcyF) and a putative transporter gene (mcyH).  

The exact length, number and arrangement of genes can vary among cyanobacterial species and strains. 

The genome of Anabaena sp. 90 (NCBI accession number GCA000312705) includes a 56 kbp region 

containing the mcyHIFEJDGABC genes for microcystin synthesis (Wang et al. 2012). Given that 

Anabaena sp. 90 is a closely related strain to Dolichospermum lemmermannii and has a genome 

sequence available, its genome was used as a reference for this study. 

Anabaenopeptilides are biosynthesised by the anabaenopeptilide synthase (apd) gene cluster, an 

approx. 29 kbp region of DNA containing NRPS and tailoring genes (coding for enzymes such as 

methyltransferases, a formyl-transferase and a halogenase; Rouhiainen et al. 2000; Welker and von 

Döhren 2006). Although not part of the original scope for this study, the identification of 

anabaenopeptilides in Dolichospermum lemmermannii CAWBG680 led us to investigate the presence of 

apd genes using the genome data. 

In this study, genome sequencing was undertaken on Dolichospermum lemmermannii CAWBG680 to 

determine which genes of the mcy gene cluster were present in the strain, and whether any mcy genes 

were missing and could render the strain incapable of producing microcystins. 

4.2 Methods and results 

A dense Dolichospermum lemmermannii CAWBG680 culture (200 mL), grown as described in Section 3, 

was centrifuged (3,000 × g, 10 min) in two batches. The two resulting pellets were extracted using the 

DNeasy PowerSoilTM DNA Isolation Kit (QIAGEN) and the automated QIAcube (QIAGEN), following the 

manufacturer’s protocol. The DNA was combined and shipped to Azenta Life Science (China) for 

sequencing using Illumina PE150 and PacBio sequencing. 

A total of 21,510,324 reads (length 151 bp each) were obtained from the Illumina sequencing, while 

78,171 reads were obtained from the PacBio sequencing, with an average length of 5,832 bp (min 485; 

max 31,638). 
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The raw reads from the sequencing were mapped to the reference genome and the microcystin cluster 

of Anabaena sp. 90 obtained from the National Centre for Biotechnology Information (NCBI; 

CP003284.1 and AY212249.1, respectively) using minimap2 (Li 2018). The presence of 

anabaenopeptilide synthase genes was also assessed in the same manner using sequences from 

Anabaena sp. 90. 

Raw sequences were assembled using the hybrid metagenome assembler OPERA-MS (Bertrand et al. 

2019), which assembles the short Illumina reads into contigs using Spades (Bankevich et al. 2012) with 

default parameters. The PacBio and Illumina reads were then mapped onto the contigs to identify 

connectivity between the contigs. This information was then used to cluster the contigs into genomes. 

Coding sequences on the contigs were identified using Prodigal (Hyatt et al. 2010) and annotated 

against the Kyoto Encyclopaedia of Genes and Genomes (KEGG; Kanehisa and Goto 2000) database 

using Blastx in DIAMOND (Buchfink et al. 2021). KEGG annotations were subsequently checked against 

the NCBI nr database. 

Because the Dolichospermum lemmermannii culture used for sequencing was not axenic, taxonomic 

analysis revealed sequences from other bacterial species, including Caulobacter mirabilis, Silanimonas 

lenta and Lacibacter sp. 

Mapping of the Illumina reads against the Anabaena sp. 90 genome indicated a coverage of 73% at an 

average mapping depth (number of times raw reads map against the position) of 47.6 (Figure 5). 

Similarly, mapping of the PacBio reads covered 76% of base pairs from the genome with an average 

sequencing read depth of 4.3. Against the microcystin cluster, the Illumina raw reads mapped against 

61% of the Anabaena sp. 90 cluster with an average mapping depth of 51.8. The PacBio reads covered 

75% of the Anabaena sp. 90 microcystin cluster with an average sequencing read depth of 3.5 (Figure 5). 
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Figure 5. Mapping of the Illumina (A) and PacBio (B) sequencing reads from Dolichospermum lemmermannii 

CAWBG680 against the Anabaena sp. 90 genome. The depth (y-axis) shows the number of sequences (depth) at 

each position on the genome. Note the different y-axis scales between panels A and B. 

Using the KEGG annotations, sequences matching the microcystin genes mcyA–G were found (Figure 6). 

However, the taxonomic classification of mcyF showed that it was not of cyanobacterial origin, which 

was in agreement with the raw read mapping against the Anabaena microcystin cluster. The annotated 

mcyF sequences obtained matched DNA sequences from Silanimonas sp., Caulobacter sp., 

Porphyrobacter sp., Elioraea sp. and Rubrivivax sp. No matches were observed for the mcyH and mcyI 

genes. The order of the genes in the cluster could not be established, as the observed genes were not 

obtained on a single contig, with the genes spread over three contigs in this dataset. One contig of the 

assembly contained a partial mcyG, mcyA and mcyB while another contig contained a partial mcyE, mcyJ 

and mcyD. The gene mcyC was observed on a contig of its own. 
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Figure 6. Mapping of the Illumina (A) and PacBio (B) sequencing reads from Dolichospermum lemmermannii 

CAWBG680 against the microcystin cluster from the Anabaena sp. 90 genome. The depth (y-axis) shows the 

number of sequences (depth) at each position on the cluster. Note the different y-axis scales between panels A  

and B. Boxes highlight the position of the mcy genes (denoted by the letters) on the Anabaena sp. 90 cluster.  

The identification of anabaenopeptilides in Dolichospermum lemmermannii CAWBG680 (Section 3.2) led 

us to investigate whether anabaenopeptilide synthase (apd) genes were present in the cyanobacterial 

strain. Mapping against the apd gene cluster of Anabaena sp. 90 indicated almost complete presence of 

apdB, apdD, apdE and apdF, and a portion of apdA (Figure 7). The apdC gene was absent in 

Dolichospermum lemmermannii CAWBG680. 
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Figure 7. Mapping of the Illumina sequencing reads from Dolichospermum lemmermannii CAWBG680 against the 

anabaenopeptilide synthase (apd) cluster from the Anabaena sp. 90 genome. The depth (y-axis) shows the number 

of sequences (depth) at each position on the cluster. Boxes depict the position of the different apd genes on the 

cluster. 

4.3 Discussion 

Mapping against the Anabaena sp. 90 genome indicated that Dolichospermum lemmermannii shared a 

large proportion of the genome. However, approximately 25% of the genome from CAWBG680 could 

not be mapped to Anabaena sp. 90. While this could be due to insufficient sequencing effort, it could 

also indicate that the Dolichospermum lemmermannii CAWBG680 genome is smaller and that there has 

been a series of gene deletions.  

Genomic analysis of the mcy gene cluster indicated that the mcyF, mcyH and mcyI genes were absent in 

Dolichospermum lemmermannii CAWBG680. There is a small possibility that this is because we did not 

have enough sequencing depth of the genome; however, the fact that both the Illumina and PacBio 

sequencing efforts had the same areas of the gene cluster present and missing suggests that the genes 

are absent or partly absent. The genes mcyF and mcyI likely code for enzymes involved with the 

biosynthesis of the D-methylaspartic acid found in Position 3 of microcystins (Rouhiainen et al. 2004; 

Pearson et al. 2007). The effect of the loss of the mcyF and mcyI genes is not well studied, but 

microcystin-producing Planktothrix agardhii CYA126/8 does not contain these two genes – suggesting 

that microcystin production is possible in their absence (Christiansen et al. 2003; Rouhiainen et al. 2004). 

While the function of the mcyH gene has not been firmly established, its deletion has resulted in the 

knockout of microcystin production in Microcystis aeruginosa (Pearson et al. 2004). The absence of the 

mcyH gene in Dolichospermum lemmermannii CAWBG680 suggests that the strain is unlikely to be able 

to produce microcystin, unless a homologue of the gene was fulfilling its role. 
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Recently, an additional enzyme thought to be involved in microcystin production has been 

characterised, mcyK (Ouyang et al. 2024). This enzyme was identified in Fischerella sp. (a cyanobacteria 

species from the same order as Dolichospermum) and is hypothesised to be involved in the production 

of microcystin variants containing homoarginine. Because this gene was not annotated in the Anabaena 

sp. 90 genome, even if it was present in Dolichospermum lemmermannii CAWBG680, we would not have 

detected it in our analysis. Given that multiple other microcystin production genes are absent in 

Dolichospermum lemmermannii CAWBG680, and because there are no annotated sequences of this 

gene in NCBI, we did not pursue investigating it presence further. 

We could not resolve the microcystin cluster in a single contig through the current work and were thus 

unable to completely determine the order of the microcystin genes in the cluster. Due to the presence 

of other organisms in the culture, a proportion of the sequencing effort was taken up sequencing these 

other organisms and not Dolichospermum lemmermannii. With lower levels of sequencing, assembling 

contigs across the whole of the mcy gene cluster was not possible with the current genome data. 

Further genome sequencing, especially using PacBio long-read sequencing, would enable the order of 

the mcy genes to be determined in the future. 

Because of the detection of anabaenopeptilides in Dolichospermum lemmermannii CAWBG680, the apd 

gene cluster was also investigated using the genome data. This indicated that there was good coverage 

of the apd gene cluster, but a portion of apdA was missing and apdC was absent. The absence of apdC 

did not impact anabaenopeptilide production in Dolichospermum lemmermannii CAWBG680, as it 

codes for a tailoring enzyme involved in the chlorination of tyrosine residues (Rouhiainen et al. 2000) – 

a structural moiety that was not observed in the three anabaenopeptilide structures putatively 

characterised during this study (see Figure 3 in Section 3.2). At this stage, we do not know if the missing 

portion of apdA was due to a lack of sequencing data or an actual reduction in the size of the apd gene 

in Dolichospermum lemmermannii CAWBG680. As with the mcy gene cluster, further sequencing data 

would be required to address this. 
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5. Conclusions and recommendations 

The three research components of this project provided new insights into potential microcystin 

production in Dolichospermum lemmermannii from Aotearoa New Zealand. Twelve Dolichospermum 

lemmermannii strains from different parts of the country (Hawkes Bay, Manawatū, Otago, Taranaki, 

Waikato and Wellington) were assessed for the presence of a ubiquitous portion of the mcyE gene and 

it was detected in only three strains (Section 2). This demonstrates that not all Dolichospermum 

lemmermannii strains in Aotearoa New Zealand contain the mcyE gene indicative of microcystin 

production potential. LC–MS/MS investigations did not detect microcystins in one of the mcyE-positive 

cultures (CAWBG680; Section 3), and genome analysis demonstrated that portions of the mcy gene 

cluster were absent in Dolichospermum lemmermannii CAWBG680 (Section 4). In combination, these 

two results (described in Sections 3 and 4) indicate that even though a portion of the mcyE gene might 

be detected in an environmental sample or cyanobacterial culture, it does not confirm that microcystins 

will be present. 

In contrast to the observations made in the current study, Capelli et al. (2017) investigated microcystin 

production in Dolichospermum lemmermannii strains from Europe. The researchers tested 12 strains 

from different parts of Europe for the mcyE gene and microcystin production using a microcystin-

specific ELISA (enzyme-linked immunosorbent assay). Five of the cultures contained the mcyE gene and 

were also positive for microcystins by ELISA. This study, and other studies reporting microcystin 

production in Dolichospermum spp. from overseas (e.g. Harada et al. 1991; Kobos et al. 2013; Li et al. 

2016; Dreher et al. 2019), demonstrate why continued vigilance is required regarding the management 

of Dolichospermum in Aotearoa New Zealand. While this study clarified that microcystin production was 

not present in a sample from Lake Opuha collected in 2023 and a culture of Dolichospermum 

lemmermannii (CAWBG680), continued testing of environmental samples where Dolichospermum is 

abundant should be undertaken. Because Dolichospermum spp. have also been reported to produce 

anatoxins, cylindrospermopsins and saxitoxins (other prominent cyanotoxin classes), this testing could 

be carried out using the cyanotoxin gene screen, which tests for mcyE / ndaF as well genes responsible 

for anatoxin, cylindrospermopsin and saxitoxin production. Any positive results could then be followed 

up by chemical analyses, such as LC–MS/MS. The revised cyanobacteria guidelines for recreational fresh 

waters encourages water managers to follow this approach. 

While enough genome sequencing data was acquired to demonstrate that several genes were absent 

from the mcy cluster of Dolichospermum lemmermannii CAWBG680, we did not acquire sufficient 

sequencing data to fully understand the arrangement of the various mcy genes in this strain. This 

limited our ability to compare the mcy cluster of Dolichospermum lemmermannii CAWBG680 with the 

mcy clusters of other microcystin producers. Further genome sequencing could allow for this in the 

future and possibly provide further insights into how the mcyF, mcyH and mcyI genes were lost from the 

Dolichospermum lemmermannii CAWBG680 mcy cluster. The mcyE gene was detected in two other 

Dolichospermum lemmermannii strains (CAWBG567 and CAWBG568), but the cyanobacterial biomass 

grown was insufficient for genome sequencing within the time frame of the project. Future work 

undertaking genome sequencing on these strains, and potentially mcyE-negative strains, would allow 

for better understanding on the inter-strain diversity of Dolichospermum lemmermannii in Aotearoa 

New Zealand. 
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The combined evidence from the LC–MS/MS analysis and mcy gene cluster sequencing indicates that 

Dolichospermum lemmermannii CAWBG680 cannot produce microcystins. The identification of 

anabaenopeptilides as the cause for the tentative microcystin identification in the original Lake Opuha 

sample also alleviates initial concerns. These results support the adoption of the revised alert-level 

framework for planktonic cyanobacteria in the updated recreational cyanobacteria guidelines, where 

Dolichospermum spp. is not included as a toxin producer. There is still a possibility that there are other 

Dolichospermum strains / species in Aotearoa New Zealand that can produce microcystins or other 

cyanotoxins, or that other strains / species will be introduced, and we recommend continued testing of 

environmental samples, using PCR and LC–MS/MS, when Dolichospermum is dominant. These results 

also highlight that while PCR approaches are very valuable for detecting potential cyanotoxin producers, 

positive results need to be confirmed using chemical analyses. 
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