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Isolation of a Novel Cyanophage Infecting Potentially Bloom-forming Limnothrix sp.
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Abstract:

A filamentous cyanobacterium, identified as Limnothrix sp. VLO1, and a novel lytic cyanophage ‘®
L-VLO1’ that infects it, were isolated from a shallow freshwater lake located in Goa, India.
Cyanophage-infected Limnothrix sp. VLO1 demonstrated reduced growth and increased
fragmentation of filaments, compared to uninfected control. Limnothrix sp. is known to form blooms
in freshwater lakes. ® L-VLO1 could be a significant agent in controlling such blooms.
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Cyanobacterial blooms are on the increase worldwide, due to eutrophication of water bodies and
rising global temperatures [1]. Filamentous cyanobacteria are frequently responsible for blooms, and
Iytic cyanophages are important agents of bloom control [2]. Limnothrix sp. is a common bloom-
forming filamentous cyanobacterium, with a worldwide distribution [3, 4]. It can dominate the
cyanobacterial community in shallow, eutrophic lakes, often along with other filamentous forms such
as Planktothrix agardhii. Further, Limnothrix sp. has been identified as a water contaminant, with
strains proposed to show toxicity [5, 6]. The present study reports the isolation and characterization
of Limnothrix sp. VLO1 and its corresponding lytic cyanophage ‘L-VLO1’, from a freshwater lake

located in Goa, India.

Water samples were collected from Verna Lake (15.347689, 3.945478) situated in the state of Goa,
India. Verna Lake is the source of the river Sal, the only river which originates in Goa, and is a site
favoured by migratory birds. With an average depth of 4 meters, the lake lies proximate to human
habitation, is utilized in local agriculture and fishery activities, and is on the verge of eutrophication.
From lake water samples, cyanobacterial cultures were isolated in BG-11 medium [7], purified by
streaking on BG-11 + 1% agar plates, and made axenic by treatment with Tienam [8]. Cultures were
maintained at 25°C, under a 16:8 light:dark cycle at irradiance between 10 and 20 pmol m? s, The
strain used in the present study was morphologically examined under a compound microscope.
Molecular-level identification was carried out by amplification of the 16S rDNA gene fragment [9],

followed by nucleotide BLAST analysis and generation of a Neighbour-Joining phylogenetic tree.

Water samples collected from Verna Lake were further screened for the presence of phages, using
the isolated cyanobacteria as host. 0.22 um-filtered water samples were added to host culture in the
standard agar overlay technique [10]. Cyanophage plaques obtained on the agar plates were
subjected to several rounds of purification, and thereafter, the pure phage stock was propagated in
liquid and solid medium. Lysis of the host cyanobacteria in liquid medium was monitored by
measuring the chlorophyll a concentration in test and control flasks over a period of 16 days.
Chlorophyll a was extracted with methanol, measured spectrophotometrically and its concentration

calculated by the following formula [11]:
Chla [ug/ml] = 12.9447 (Agss — Ar20)

The phage lysate was concentrated with 10% w/v PEG 8000 and purified by cesium chloride density
gradient ultracentrifugation. 10 ul of purified phage was adsorbed onto a formvar-coated copper grid
and stained with 2% (w/v) uranyl acetate, followed by viewing with a Jeol JEM 2100 200kV

transmission electron microscope [12]. Genomic DNA was extracted from the purified phage lysate,
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by the standard phenol-chloroform method [13]. PCR-amplification of the g20 gene, which encodes
the portal protein of viruses belonging to the family Myoviridae was carried out with the primers
CPS1 and CPS 8 [14].

Cyanophage-infected and uninfected cyanobacterial filaments were observed under 100X and 1000X
magnification on a Lynx optical microscope. Additionally, the filaments collected on 0.2-pum
polycarbonate filters, were dehydrated in an ethanol series, mounted on an aluminium stub, sputter-

coated with gold particles and observed under a Zeiss Evo 18 scanning electron microscope.

The filamentous cyanobacterium obtained in axenic culture was designated strain VLO1. Strain
VLO1 comprised non-heterocystous, solitary, unsheathed filaments consisting of narrow, long,
cylindrical, cells with gas vacuoles (Fig. S1), These morphological features were in concurrence with
the description of the genus Limnothrix [15]. Nucleotide BLAST analysis of the 16S rDNA sequence
of strain VLO1 (Accession number MN808643.1) demonstrated 99.80% identity with Limnothrix sp.
Phylogenetic analysis with comparative homologous sequences from GenBank, using the Neighbor-
Joining method, indicated that strain VLO1 clustered with Limnothrix redekei (Fig. S2). Thus, the
strain VLO1 was designated Limnothrix sp. VLO1.

The genus Limnothrix is primarily a freshwater form, which has been isolated from rivers, lakes and
ponds in various locations of the world [16-18]. The Limnothrix strain used in the present study was
isolated from lake water. The serial dilution method used for establishing a unialgal culture,
inherently selects for the fastest-growing or most robust form within the specific aquatic niche. This
indicates Limnothrix sp. VLO1 to be a potential bloom-former. Total phosphorus concentrations of
0.15 mg/l have been observed in Verna Lake, which is six-fold above the threshold of 0.024 mg/I,

above which increased proliferation of cyanobacterial blooms has been shown to be likely [19, 20].

Subsequent screening of lake water samples against Limnothrix sp. VLO1 by the agar overlay
method, resulted in clear plaques, indicating the presence of a lytic phage (Fig 1a). The plaques were
purified and the isolated phage was designated ‘® L-VL01’. ® L-VL01 demonstrated lysis of host in
liquid medium (Fig. 1b), with an infective pattern similar to phages of other filamentous
cyanobacteria [21-23]. Phage-infected host filaments turned from dark green to yellow, indicating
their degradation. Further, phage-induced lysis of Limnothrix sp. VLO1 was incomplete (Fig. 1b),
and a residual growth of host filaments was observed. Incomplete lysis of filamentous host has been
reported previously, in phage-infection of Planktothrix agardhii [21] and Aphanizomenon flos-aquae
[23]. In comparison to the uninfected culture of Limnothrix sp. VLO1, phage-infected culture

demonstrated an 82 percent reduction in growth over 16 days, as indicated by chlorophyll a
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concentration (Fig. 1c). The difference in growth rate between control and infected culture was
visible from the second day post-infection. The lysis time reported for phages of filamentous

cyanobacteria varies from twenty four hours [24] to eight days [21].

TEM analysis of @ L-VLO1 revealed phage particles having a head-and-tail structure. The
icosahedral head measured approximately 50 nm in diameter (Fig. 2a). Cyanophages of filamentous
cyanobacteria reported in literature have depicted a variety of head and tail morphologies (Table
S1). The g20 gene coding for the portal protein of myoviruses was amplified from the lysate of
cyanophage L-VLO1. Fig. 2b shows the PCR product of expected size around 600 bp. Presence of
the g20 marker indicates that L-VLO1 belongs to the family Myoviridae.

Under a scanning electron microscope, control filaments of strain VLO1 were intact, with cells joined
end-to-end (Fig. 3a), whereas in the case of virus-infected filaments, cells were detached (Fig. 3b).
A similar pattern had been observed under an optical microscope as well (Fig. S3). Fragmentation of
host filaments following phage infection has been reported in several cyanobacterial species, notably,
Planktothrix sp. [21], Cylindrospermopsis raciborskii [25] and Aphanizomenon flos-aquae [23].
Fragmentation of cyanobacterial filaments (trichomes) into shorter “hormogonia” is a common mode
of reproduction in filamentous cyanobacteria [26]. In addition, the formation of hormogonia
facilitates dispersal. Hence, the phenomenon of fragmentation following viral infection, could be a

survival strategy of the host cyanobacterium.

The incidence of cyanobacterial blooms worldwide has increased, due to increased eutrophication
and global warming. Although Limnothrix sp. is a known bloom former and toxin producer, there
have been limited attempts to isolate phages infecting members of this genus. The only such report
was of ® L-DHS1, infecting Limnothrix planktonica strain DH5, which was isolated from Lake
Donghu, China [27]. In the context of the present study, the occurrence of Limnothrix blooms would
be deleterious to the existing aquatic community including fish that thrive in Verna Lake. From this
perspective, the isolation of a lytic cyanophage which could regulate uncontrolled proliferation of
Limnothrix sp., assumes significance. The first reported Limnothrix phage, ® L-DHS1, demonstrated
structural uniqueness among tailed phages [27]. The present study has highlighted certain functional
aspects of the isolated phage, ® L-VLO1, such as its infectivity characteristics and potential to
suppress the growth of its bloom-forming host. Attempts to increase the titre of the phage are in
progress, which would facilitate its genome analysis, thus giving further insight into the
characteristics of ® L-VLO1.



Although freshwater systems were critical in the discovery of cyanophages [28], a disproportionate
number of cyanophage studies today have come from marine environments [29]. The study of
freshwater cyanophages from a functional perspective, is important, as they are distinct from their
marine counterparts, even though they share the basic viral morphologies [30]. In the Indian context,
cyanobacterial blooms, though common, have not been extensively researched. Previous studies

have largely concentrated on the production of microcystins [31, 32].

The isolation and characterization of novel viruses is a critical area in aquatic virus research.
Laboratory studies on individual virus-host systems enable a better understanding of the contribution
of viruses to the aquatic ecology [33]. At present, in the field of aquatic virology, the primary focus
is on metagenomic investigations at the ecosystem level. Metagenomic studies are constantly
uncovering an array of novel viruses. However, one crucial question that is not answered by
metagenomic discovery is “Who is the host”? [34] The basic information required about a new virus
is which host it infects. This question is answered by traditional culture-based methods. Thus,
laboratory isolation of viruses and their hosts would remain relevant, and continue to complement

metagenomic studies.
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Lysis of Limnothrix sp. VLO1 by ® L-VLO01 in solid (a) and liquid (b) medium
(c) Growth of control versus virus-infected Limnothrix sp. VLO1, over 16 days, measured as

chlorophyll a concentration
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Lane 1: Amplified g20 fragment from L-VLO1 DNA
Lane 2: 100 bp DNA ladder

Fig. 2

(a) Transmission electron micrograph of ® L-VL01

(b) Amplification of g20 gene fragment from genomic DNA of ® L-VLO01



Viral infection
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Uninfected (a) and virus-infected (b) filaments of Limnothrix sp. VL01 under a scanning electron

MICroscope;



Declarations

Funding: This work was supported by the Council of Scientific and Industrial Research (CSIR-SRF
Sanction no. 09/409(0025)/2013—-EMR-I) and Goa University.

Conflicts of interest/Competing interests: Not applicable
Ethics approval: Not applicable

Consent to participate: Not applicable

Consent for publication: Not applicable

Availability of data and material: Not applicable

Code availability: Not applicable

CRediT author contribution statement:

Judith M. Noronha: Conceptualization, Investigation, Writing — original draft, Writing — review
and editing; Manguesh U. Gauns: Writing — review and editing; Sanjeev C. Ghadi:

Conceptualization, Writing — review and editing.



References

1.

10.

11.

12.

13.

Glibert PM (2020) Harmful algae at the complex nexus of eutrophication and climate change.
Harmful Algae 91:101583. https://doi.org/10.1016/j.hal.2019.03.001

Gerphagnon M, Macarthur DJ, Latour D, et al (2015) Minireview Microbial players involved
in the decline of filamentous and colonial cyanobacterial blooms with a focus on fungal
parasitism. https://doi.org/10.1111/1462-2920.12860

Humpage A, Falconer I, Bernard C, et al (2012) Toxicity of the cyanobacterium Limnothrix
AC0243 to male Balb/c mice. Water Res 46:1576-1583.
https://doi.org/10.1016/j.watres.2011.11.019

Yang Y, Zheng X, Tang Q, et al (2020) Species diversity and seasonal dynamics of
filamentous cyanobacteria in urban reservoirs for drinking water supply in tropical China.
Ecotoxicology 29:780-789. https://doi.org/10.1007/s10646-020-02189-1

Daniels O, Fabbro L, Makiela S (2014) The effects of the toxic cyanobacterium Limnothrix
(Strain  AC0243) on Bufo marinus larvae. Toxins (Basel) 6:1021-1035.
https://doi.org/10.3390/toxins6031021

Rose AK, Fabbro L, Kinnear S (2018) Cyanobacteria breakthrough: Effects of Limnothrix
redekei contamination in an artificial bank filtration on a regional water supply. Harmful
Algae 76:1-10. https://doi.org/10.1016/j.hal.2018.04.010

Rippka R, Deruelles J, Waterbury JB, et al (1979) Generic assignments, strain histories and
properties of pure cultures of cyanobacteria. J Gen Microbiol 111:1-61.
https://doi.org/10.1099/00221287-111-1-1

Sarchizian 1, Ardelean 11 (2010) Improved Lysozyme Method To Obtain Cyanobacteria in
Axenic Cultures. Rom J Biol Plant Biol 55:143-150.
https://doi.org/https://www.ibiol.ro/plant/volume%2055/art209.pdf

Nubel U, Garcia-pichel F, Muyzer G (1997) PCR Primers To Amplify 16S rRNA Genes from
Cyanobacteria. Appl Environ Microbiol 63:3327-3332.
https://doi.org/https://doi.org/10.1128/aem.63.8.3327-3332.1997

Bubeck JA, Pfitzner AJP (2005) Isolation and characterization of a new type of chlorovirus
that infects an endosymbiotic Chlorella strain of the heliozoon Acanthocystis turfacea. J Gen
Virol 86:2871-2877. https://doi.org/10.1099/vir.0.81068-0

Zaviel T, Cerveny J, Sinetova MA (2015) Measurement of Chlorophyll a and Carotenoids
Concentration in Cyanobacteria. Bio-protocol 5(9) el467 5:1-5.
https://doi.org/10.21769/BioProtoc.1467

Ackermann H-W (2009) Phage classification and characterization. Methods Mol Biol
501:127-140. https://doi.org/10.1007/978-1-60327-164-6_13

Sambrook J, Russell DW (2006) Extraction of Bacteriophage A DNA from Large-scale
Cultures Using Proteinase K and SDS. Cold Spring Harb Protoc 2006:pdb-prot3972.
https://doi.org/10.1101/pdb.prot3972

10



14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Wang G, Murase J, Asakawa S, Kimura M (2010) Unique viral capsid assembly protein gene
(920) of cyanophages in the floodwater of a Japanese paddy field. Biol Fertil Soils 46:93-102.
https://doi.org/10.1007/s00374-009-0410-y

Meffert ME (1988) Limnothrix Meffert nov. gen. The unsheathed planktic cyanophycean
filaments with polar and central gas-vacuoles. Arch fir Hydrobiol , Suppl 80:269-276

Cunha de Oliveira ED, Da Cunha AC, Da Silva NB, et al (2019) Morphological and molecular
characterization of cyanobacterial isolates from the mouth of the amazon river. Phytotaxa
387:269-288. https://doi.org/10.11646/phytotaxa.387.4.1

Zhu M, Yu G, Li X, et al (2012) Taxonomic and phylogenetic evaluation of Limnothrix
strains (Oscillatoriales, Cyanobacteria) by adding Limnothrix planktonica strains isolated from
central China. Hydrobiologia 698:367—-374. https://doi.org/10.1007/s10750-012-1127-8

Qjit SK, Thadoi DA, Indrama T, et al (2015) Fatty acid profiling of filamentous non-
heterocystous cyanobacteria from Loktak Lake , the largest freshwater lake in North-Eastern
region of India. Int Res J Biol Sci 4:69-74

Oram B (2019) Phosphates in the Environment. In: Water Res. Cent. - Phosphates.
https://water-research.net/index.php/phosphates%0Ahttps://www.water-
research.net/index.php/phosphates

Vuorio K, Jarvinen M, Kotaméki N (2020) Phosphorus thresholds for bloom-forming
cyanobacterial taxa in boreal lakes. Hydrobiologia 847:4389-4400.
https://doi.org/10.1007/s10750-019-04161-5

Gao E Bin, Yuan XP, Li RH, Zhang QY (2009) Isolation of a novel cyanophage infectious to
the filamentous cyanobacterium Planktothrix agardhii (Cyanophyceae) from Lake Donghu,
China. Aquat Microb Ecol 54:163-170. https://doi.org/10.3354/ame01266

Pollard PC, Young LM (2010) Acta Oecologica Lake viruses lyse cyanobacteria |,
Cylindrospermopsis raciborskii , enhances fi lamentous-host dispersal in Australia. Acta
Oecologica 36:114-119. https://doi.org/10.1016/j.acta0.2009.10.007

Sulgius S, Simoliunas E, Staniulis J, et al (2015) Characterization of a lytic cyanophage that
infects the bloom-forming cyanobacterium Aphanizomenon flos-aquae. FEMS Microbiol Ecol
91:1-7. https://doi.org/10.1093/femsec/fiu012

Zhou Y, Lin J, Li N, et al (2013) Characterization and Genomic Analysis of a Plaque Purified
Strain of Cyanophage PP. 28:272-279. https://doi.org/10.1007/s12250-013-3363-0

Steenhauer LM, Wierenga J, Carreira C, et al (2016) Isolation of cyanophage CrV infecting
Cylindrospermopsis raciborskii and the influence of temperature and irradiance on CrV
proliferation. Aquat Microb Ecol 78:11-23. https://doi.org/10.3354/ame01800

Komarek J, Johansen JR (2015) Filamentous Cyanobacteria. In: Freshwater Algae of North
America: Ecology and Classification. Elsevier, pp 135-235

11



27.

28.

29.

30.

31.

32.

33.

34.

Xiangling L, Ying H, Yijun Z, Kai C (2015) A novel freshwater cyanophage with a complex
collar infects Limnothrix planktonica . Phycologia 54:578-582. https://doi.org/10.2216/15-
82.1

Safferman RS, Morris M-E (1963) Algal virus: Isolation. Science (80- ) 140:679-680.
https://doi.org/10.1126/science.140.3567.679

Suléius S, Simolianas E, Alzbutas G, et al (2019) Genomic Characterization of Cyanophage
vB_AphaS-CL131 Infecting Filamentous Diazotrophic Cyanobacterium Aphanizomenon flos-
aquae Reveals Novel Insights into Virus-Bacterium Interactions. Appl Environ Microbiol
85:e01311-18. https://doi.org/10.1128/AEM.01311-18

Morimoto D, Sulgius S, Yoshida T (2020) Viruses of freshwater bloom-forming
cyanobacteria: genomic features, infection strategies and coexistence with the host. Environ
Microbiol Rep 12:486-502. https://doi.org/10.1111/1758-2229.12872

Chaturvedi P, Kumar Agrawal M, Nath Bagchi S (2015) Microcystin-producing and non-
producing cyanobacterial blooms collected from the Central India harbor potentially
pathogenic Vibrio cholerae. Ecotoxicol Environ Saf 115:67-74.
https://doi.org/10.1016/j.ecoenv.2015.02.001

Sangolkar LN, Maske SS, Muthal PL, et al (2009) Isolation and characterization of
microcystin producing Microcystis from a Central Indian water bloom. Harmful Algae 8:674—
684. https://doi.org/10.1016/j.hal.2008.12.003

Weitz JS, Poisot T, Meyer JR, et al (2013) Phage-bacteria infection networks. Trends
Microbiol 21:82-91. https://doi.org/10.1016/j.tim.2012.11.003

Edwards RA, McNair K, Faust K, et al (2016) Computational approaches to predict

bacteriophage-host relationships. FEMS Microbiol Rev 40:258-272.
https://doi.org/10.1093/femsre/fuv048

12



Fig. S1 Filaments of Limnothrix sp. VLO1, viewed under optical microscope (1000X magnification)
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AJ505841_1 Limnothrix redekei 007a

IMN808643.1 VLO1

EU072718.1 Geitlerinema lemmermannii 0513

KX070745.1 Chroococcus minor ISB 63

MF002133.1 Amazoninema braziliensis CMAA1609

NR 118555.1 Komvophoron kgarii strain Wanggoolba Creek

KY550461.1 Pseudanabaena amphigranulata 1013-0029

NR 112558.1 Escherichia coli strain JCM 1649

Fig. S2 Neighbour-Joining phylogenetic tree of Limnothrix sp. VL01, generated using 16S rDNA

sequences. Numbers represent bootstrap values
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Viral infection

v

Fig. S3 Uninfected (a) and virus-infected (b) filaments of Limnothrix sp. VLO1 under
an optical microscope
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Comparative dimensions of phages of filamentous cyanobacteria reported in literature

Supplementary Table 1:

Cyanophages | Host Head diameter | Observed tails | References
(hm)

Various Nodularia sp. 53-137 Long [1]
Pf-WMP4 Phormidium foveolarum 55 Short [2]
Various Anabaena sp. Not provided Mostly short [3]
PaV-LD Planktothrix agardhii 76 Tailless [4]
Cr-LS Cylindrospermopsis raciborskii | 70 Long [5]
Various Anabaena circinalis, 123-170 Mostly short [6]

A. cylindrica
L-DHS1 Limnothrix sp. 72 Long [7]
CL131 Aphanizomenon flos-aquae 97 Long [8]
Crv Cylindrospermopsis raciborskii | 65 Long [9]
PA-SR0O1 Pseudoanabaena 91 Tailless [10]
Aa-TR020 Arthronema africanum 50 Short [11]
L-VLO1 Limnothrix sp. 49 Short Present study

Supplementary References:

1. Jenkins CA, Hayes PK (2006) Diversity of cyanophages infecting the heterocystous ¢

lamentous cyanobacterium Nodularia isolated from the brackish Baltic Sea
2. Liu X, Shi M, Kong S, et al (2007) Cyanophage Pf-WMP4, a T7-like phage infecting the
freshwater cyanobacterium Phormidium foveolarum: Complete genome sequence and DNA

translocation. Virology 366:28-39. https://doi.org/10.1016/j.virol.2007.04.019

3. Deng L, Hayes PK (2008) Evidence for cyanophages active against bloom-forming freshwater
cyanobacteria. Freshw Biol 53:1240-1252. https://doi.org/10.1111/j.1365-2427.2007.01947 .x
4. Gao E Bin, Yuan XP, Li RH, Zhang QY (2009) Isolation of a novel cyanophage infectious to

the filamentous cyanobacterium Planktothrix agardhii (Cyanophyceae) from Lake Donghu,
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