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Abstract

Abstract

As part of efforts to enhance the strategies employed to manage and mitigate algal
blooms and their adverse effects, algicidal bacteria have shown promise as potential
suppressors of these events. Nine strains of bacteria algicidal against the toxic
dinoflagellate, Alexandrium tamarense, were isolated from the Donghai Sea area, China.
Sequence analysis of 16S rDNA showed that all the algicidal bacteria belonged to the
y-proteobacteria subclass and the genera Pseudoalteromonas (strain SP31 and SP44),
Alteromonas (strain DH12 and DH46), Idiomarina (strain SP96), Vibrio (strain DH47
and DH51) and Halomonas (strain DH74 and DH77). To assess the algicidal mode of
these algicidal bacteria, bacterial cells and the filtrate from bacterial cultures were
inoculated into A. tamarense cultures, and fluorescein diacetate vital stain was applied to
monitor the growth of the algal cells. The results showed that all the algicidal bacteria
exhibited algicidal activity through an indirect attack since algicidal activity was only
detected in cell free supernatants but not the bacterial cells. This is the first report of
bacteria from the genus Idiomarina showing algicidal activity to the toxic dinoflagellate
A. tamarense and these findings would increase our knowledge of bacterial-algal
interactions and the role of bacteria during the population dynamics of HABS.

Genome libraries of five strains of algicidal bacteria (DH46 DH51 DH77 SP48
SP96) were constructed using plasmid pUC-19 as vetor. The prepared genomic libraries
had average insert sizes of 3-7 kb and contains 5-7 x10° clones respectively, and the
coverage rate were more than 99%.

169 strains of marine bacteria were isolated from water sample and sediments
collected from South China Sea (SCS). RFLP analysis of bacterial 16S rDNA revealed 55
patterns. Sequence analysis of 16S rDNA from each RFLP pattern show that the isolates
were phylogenetically identified as belonging to the Proteobacteria (78.2%) and
Firmicutes (21.8%).

2 strains of chitin-degrading bacteria was screened from the water sample and
sediment of South China Sea, namely SCSS04 and SCSWE13. Sequence analysis of 16S
rDNA showed that strain SCSS04 was belong to genus Bacillus and strain SCSWE13 to
genus Vibrio. Presence of chitin was required for the production of chitinase, and high
level of chinase activity occured in eutrophic medium. The chitinase producted by strain



Abstract

SCSS04 was most active at 40-50  and peaked at 9™ day. The chitinase producted by
strain SCSWE13 belonged to cold active enzyme as it was most active at 20-28 , and

peaked at 7" day in batch cultivation.
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Marine bacteria antagonistic to the harmful algal bloom (HAB) causing alga,
Alexandrium tamarense (Dinophyceae)

1 Introduction

Harmful algal blooms (HABS) are often linked to significant economic losses through
massive fish Kills, shellfish harvest closures, and the potential threat to humans of
shellfish poisonings. To manage and mitigate the adverse impact of HABs, various
strategies have been applied in controlling their outbreak and persistence, involving
treatment with chemical agents such as copper sulfate®™, flocculation of microalgae with
clay®?! and other physical techniques.

Although effective in controlling blooms, chemical and physical approaches are
considered to be potentially dangerous, since chemical agents could cause serious
secondary pollution, and they could indiscriminately kill multiple organisms in the
aquatic ecosystem, which may alter marine food webs and eventually impact natural fish
communities™. Biological agents, including bacteria®, virusest®, protozoal® and
macrophytes’® ! are considered as potential suppressors in controlling the outbreak and
maintenance of algal blooms.

Bacteria play an important role in nutrient regeneration and energy transformation in
aquatic ecosystems®, therefore, algal-bacterial interactions are of particular interest and
they have been considered as potentially important regulators of algal growth and toxin
production. Research into the relationships between algae and bacteria have resulted in
the isolation of strains of algicidal bacteria which mainly belong to the
Cytophaga/Flavobacterium/Bacteroidetes (CFB) group or to the y-proteobacteria group,
and to the genera Cytophaga, Saprospira, Alteromonas and Pseudoalteromonas. These
bacteria show algicidal activity through either direct or indirect attack on the target algal
cellst!.

Blooms of toxic species of Alexandrium, including A. tamarense, are often associated

g[o. 11

with paralytic shellfish poison poisoning case The relationship between

Alexandrium spp. and bacteria has been a subject of interest for years, including studies
on the bacterial flora associated with laboratory maintained strains of Alexandrium spp.t**

B or Alexandrium spp. Blooms® ' and the effect of bacteria on toxin production of
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algael®> !, However, there are few investigations concerning bacteria algicidal against
Alexandrium spp.” 81 We previously reported the action of the algicidal bacterium,
Pseudoalteromonas sp. SP48 against A. tamarense. Bacterial isolate SP48 showed
algicidal activity through an indirect attack via the excretion of unknown algicidal
compounds™. In an effort to manage and mitigate the adverse impacts of A. tamarense,
several strains of algicidal bacteria were isolated and their mode of algicidal activity were
studied. The data obtained in this study will increase the information available
concerning algicidal bacteria, and improve our understanding of algal-bacterial
interactions.
2 Materials and methods
2.1 A. tamarense culture

A non-axenic culture of A. tamarense ATGD98-006 (provided by the Algal Culture
Collection, Institute of Hydrobiology, Jinan University, Guangzhou, China) has been
maintained in our laboratory for a number of years. Bacteria from these cultures were
removed by repeated washing, together with lysozyme/SDS and antibiotic treatments and
the axenic status was confirmed by the lack of bacteria after further cultivation, direct
epifluorescence microscopic examination and PCR-based methods!®®. The axenic A.
tamarense cultures were maintained in f/2 medium (without silicate)®®! prepared with
natural seawater (28 psu) at 20£1°C under a 12:12 h light-dark cycle with an illumination
of about 50 yE m?s™.
2.2 Screening of algicidal bacteria against A. tamarense

Bacteria for screening algicidal activity were isolated from surface water samples of a
Prorocentrum donghaiense Lu bloom (~10° cells L™), accompanied with A. tamarense
(~10% cells L™), in the East China Sea during the National Science Foundation of China
973 project MC2003-2 cruise on 19-21 May 2003™. For initial screening of algicidal
activity, 1 mL bacterial cultures grown in 3 mL 2216E broth (25°C, 180 rpm for 12-24 h)
were inoculated in triplicate into 50 mL exponentially growing axenic A. tamarense
ATGD98-006 cultures and 1 mL of 2216E broth only was added (instead of the bacterial
cultures) into the algal cultures as a control. The growth of A. tamarense was monitored
by measuring the relative fluorescence units (RFUs) of the algal cultures every 2 days
(excitation wavelength 450 nm and emission wavelength 680 nm) and also by
microscopic observation.
2.3 DNA extraction and 16S rDNA sequencing



Protocols for extraction of bacterial genomic DNA and amplification of 16S rRNA
gene are described in Su et al (2007). The amplicons were purified from agarose gel with
a GeneClean Turbo Kit (Qbiogene) and ligated with pMD19-T vector (TAKARA)
following by transformation into E. coli DH5a competent cells and the clone with a 1.5
kb insert was sent to be sequenced (Invitrogen Biotechnology Co., Ltd). After sequencing,
primer and vector sequences were removed using EditSeq 5.0 of DNASTAR. BLAST
search was performed through the NCBI Web site (http://blast.ncbi.nlm.nih.gov/Blast.cgi)

to determine the closest phylogenetic types of bacterial isolates. The sequences were
aligned and a phylogenetic tree was constructed using DNAMAN 6.0 software with
known algicidal bacterial sequences obtained from GenBank.

2.4 Algicidal mode of the algicidal bacteria

Algicidal isolates grown in 3 mL 2216E broth were inoculated into 25 mL 2216E
broth and grown to the stationary phase (25°C at 150 rpm for 12-16 h). Bacterial cells
were collected by centrifugation (5000 x g, 15 min), washed twice using sterile f/2
medium and re-suspended in sterile f/2. The supernatants were filtrated through 0.22 pm
Millipore membrane filters. To determine the algicidal mode of the algicidal bacteria, 0.5
mL bacterial cultures, filtrates or cell suspensions were inoculated into 50 mL axenic A.
tamarense cultures. Cultures with the addition of 1 mL 2216E but no bacteria served as a
control, and a no addition control was also involved in the experiments. Bacterial strain
DH21, which was isolated from the same samples, was used as the bacterial control. For
DH21 and 1 mL of bacterial culture, filtrate or cell suspension were added into A.
tamarense cultures. All treatments and controls were performed in triplicate.

The growth of A. tamarense was monitored daily using fluorescein diacetate (FDA,
Sigma) vital stain. FDA stain was performed according to®?. FDA (Sigma) working
stock (5 mg mL™ in 100% acetone, preserved at 4 °C in the dark) was added into the
samples of A. tamarense cultures to a final concentration of 50 pug mL™ following by
incubation at room temperature for 3 min. The treated samples were kept in an ice bath
and vital cells of A. tamarense were measured immediately by counting the green cells
under an epifluorescence microscope (Olympus BX41) with blue light excitation.

2.5 Heat stability of algicidal activity

Algicidal strains were grown in 100 mL flasks containing 20 mL 2216E broth at 25°C
150 rpm for 24 h. Bacterial cultures were centrifuged (10000 x g, 10 min) and the 0.22
pum filtered supernatants were kept in a boiled water bath for one hour. 1 mL treated



filtrates were inoculated into 40 mL A. tamarense cultures (about 2 x 10 * cells mL™) and
the same volume of untreated filtrates was used as control. After inoculation for 1 d, the
living algal cells were counted with FDA assay. Algal cell mortality, representing the

algicidal activity, was calculated using the following equation:

Algal cell motality (%) :ﬁN-hNLx 100%

0

where No refers to the initial living algal cells concentration, N; refers to the
concentration of living algal cells after inoculation for 1 d.
3 Results
3.1 Isolation of algicidal bacteria

183 bacterial strains were isolated from surface seawater samples and 23 strains of
bacteria displayed negative effects on the growth of A. tamarense in the preliminary
screening. Over an additional two screening experiments, 10 out of the 23 isolates were
confirmed to have algicidal activity, including strain SP48, which has been reported and
classified as a member of the genus Pseudoalteromonas. The other algicidal isolates were
designated as strains DH12, DH46, DH47, DH51, DH74, DH77, SP31, SP44 and SP96.
3.2 ldentification of algicidal bacteria

Based on the BLAST results for the partial sequences of 16S rDNA, the algicidal
isolates were closely related to the following genera: DH12 and DHA46, related to
Alteromonas; DH47 and DH51, Vibrio related species; DH74 and DH77 related to
Halomonas; SP31 and SP44 related to Pseudoalteromonas; SP96, an Idiomarina related
species (Table 1). A phylogenetic tree was constructed with reported algicidal bacteria
including our isolates, which all belonged to the y-proteobacteria. The phylogenetic tree
showed clearly that strain SP96 formed a branch separate from all the other algicidal
species (Fig. 1). 16S rDNA sequences of the isolates that were shown to have algicidal
activity against A. tamarense were submitted to the NCBI GenBank and deposited into
the Marine Culture Collection of China (MCCC). GenBank accession no. and MCCC
deposit no. are shown in Table 1.
3.3 Algicidal activity

The effect of algicidal bacteria on the growth of A. tamarense was tested. Bacterial
cells and extracellular substances were separated and inoculated into A. tamarense

cultures separately to investigate the algicidal mode of our isolates. The results are



graphically illustrated in Fig. 2~5. Addition of 1 mL 2216E showed no effect on the
growth of A. tamarense compared to the no-addition control. Isolate DH21, which was
identified as Marinobacter sp. by 16S rDNA sequence analysis (GenBank accession no.
FJ404750), did not have any significant effect on the growth of A. tamarense despite
whether it involved the addition of bacterial culture, filtrate or bacterial cells (p>0.05 Fig.
2).

With FDA vital stain, living or dead A. tamarense cells could be easily distinguished
under epifluorescence microscopy with blue light excitation. The living cells were
stained as bright green particles, while other algal cells stayed red or gray were
considered as dead cells. No significant difference was observed between the treatments
with washed bacterial cell inoculation and controls (p>0.05 Fig. 2~5). A varying extent of
algicidal activity was observed after bacterial cultures or filtrates were introduced into A.
tamarense cultures, which may indicate the level of algicidal activity among the different
algicidal bacteria.

The algal biomass was decreased after inoculation with bacterial cultures of strains
DH12, 46, 47 and 51. However, when filtrates were added into the algal cultures, the
algal biomass was first decreased, but some A. tamarense cells survived the algicidal
activity and grew to measurable concentrations by day 5 (Fig. 2 and 3). The different
effect between bacterial cultures and filtrates may be due to the loss of algicidal activity
in the filtrate with time, since the treatments involving addition of bacterial cultures, the
bacteria could utilize the concomitant nutrients for the production of substances
deleterious to A. tamarense, thus maintaining the algicidal activity. Both bacterial
cultures and filtrates of strains DH74, DH77, SP31, SP44 and SP96 exhibited similar
algicidal activity to A. tamarense. The algal cells were nearly 100% Kkilled by day 5
(DH74), day 2 (DH77, SP31, SP44) and day 1 (SP96) (Fig. 4 and 5).

The cytolysis of algicidal bacteria on A. tamarense cells during the algicidal process
were similar to that by Pseudoalteromonas sp. SP48 previously described ®%. A
tamarense cells were observed with reduced mobility, detached cell walls, disrupted
intracellular structure and broken cell walls, and cellular substances were released and
decomposed, resulting in the appearance of abundant broken thecae.

These results indicated that all 9 strains of algicidal bacteria displayed negative effect
on the growth of A. tamarense through indirect attack, since no algicidal activity was
observed after inoculation of bacterial cells. Excretion of unknown algicidal compounds



in the filtrates by the bacteria was responsible for the algicidal activity. Heat stability of
algicidal activity was investigated by comparing the different impact between heat
treated and non-treated bacterial filtrates on the growth of A. tamarense. Most of the
supernatants retained algicidal ability after 1 h in boiled water bath. However, significant
difference of algicidal activity (P<0.01) occurred in the cases of strain DH12, DH74, and
SP31 (Fig. 6). Algicidal activity was obviously decreased by heat treatment, resulting in
the survival of algal cells, especially in SP31, A. tamarense cells exhibited similar growth
rate to the non addition control during the following monitoring (Data not shown).
4 Discussion

In this study, we reported 9 strains of algicidal bacteria, isolated from the East China
Sea, antagonistic to A. tamarense and studied their algicidal modes. The 9 isolates all
belong to the y-proteobacteria, two are from the genus Pseudoalteromonas, two from the
genus Alteromonas, two from the genus Halomonas, two from the genus Vibrio and one
from the genus Idiomarina, according to the analysis of partial 16S rDNA sequence. This
notable diversity is not surprising given the diversity of the known algicidal bacteria,
most of which phylogenetically belong to either the CFB or the y-proteobacteria groups,
including several genera™. However, in this study, the algicidal isolates against A.
tamarense were all from the y-proteobacteria group and family Alteromonadaceae,
Vibrionaceae and Halomonadaceae, but not the CFB group.

Alteromonas and Pseudoalteromonas of the y-proteobacteria are prevalent in many
marine environments, and that they are the most dominant genera among the known

algicidal bacteria®2®!

. Several species of Vibrio include clinically important human
pathogens. Most disease causing strains are associated with gastroenteritis but can also
infect open wounds and cause septicemia. Vibrio is also reported with algicidal activity to
Gymnodinium mikimotoi® and other raphidophytes®®®). Halomonas is common in
aquatic environments and can tolerate (and in some cases require) medium or high
concentrations of salt for growth. A bacterium closely related to Halomonas was isolated
with algal-lytic activity to the brown-tide alga Aureococcus anophagefferens™”. The
algicidal activity of the two isolates DH74 and DH77 was the second report that
organisms from the genus Halomonas had algicidal activity. ldiomarina was first
reported by Ivanova as a new genust®. In this study, it was the first description of a
bacterium closely related to Idiomarina having algicidal activity.

Concerning the diversity of the bacteria algicidal against A. tamarense, questions



arose as to what role they played in the termination of HABs. It was suggested that
algicidal bacteria that are harmful to or feed on algae would be an important factor in the
termination of algal blooms®®* *3. The role of bacteria would be more important than
nutrient depletion and groundwater nutrient inflow, since bloom formation was
accompanied with an increase of bacteria abundance which was maintained at a high
level during bloom decline®. A conceptual model suggested that algicidal bacteria exist
as an component of the ambient microbial flora with target algal cells either absent or in
low abundance, respond to the increased algal cells with incremental both absolute and
relatively abundance, ultimately enhance the process of bloom termination combined
with other factors®?. On the assumption that these algicidal bacteria are responsible for
the termination of HABs, conundrum still remains that is there any congenerous
mechanism involved during the algicidal process. However, in this study, the role of
bacteria in the succession of algal bloom remained unclear due to the lack of in situ data
concerning the population dynamics of both algae and algicidal bacteria.

Although Prorocentrum donghaiense was the dominant algal specie during the bloom,
none of the 183 bacterial isolates manifested algicidal or inhibitory effect on the growth
of Prorocentrum donghaiense, even on condition that the bacterial cultures was
introduced into the P. donghaiense cultures at a final concentration higher than 10° cells
mL™ (data not shown). Most of the reported algicidal bacteria are algal species-specific
with no clear pattern®® and most of the target algae are bloom forming species including
flagellates and diatoms due to the expectations of employing algicidal bacteria in the
biological control of HABs?® 43¢ The lack of P. donghaiense antagonistic bacteria may
due to the insufficiency in bacteria isolation and screening methods, resulting in the loss
of opportunity to discover the bacteria against P. donghaiense which may be present in
the sea. The associated bacteria community could be another reason that take the
responsibility for the resistance to bacteria* *". If not so, one might hypothesized that,
besides the other factors, mortality of A. tamarense caused by the presence of specific
algicidal bacteria could be one of the factors that prompted P. donghaiense becoming the
dominant species in the area, considering that A. tamarense exerted an inhibitory effect
on the growth of P. donghaiense under controlled laboratory conditions™. This
supposition still needs evident proof from field investigation data.

Bacteria that inhibit the growth of algae take effect through direct™ 3"3% or indirect
attack 7. The former needs a direct cell to cell contact, while indirect attacks are thought
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to be chemically mediated. Our results which showed that the growth of A. tamarense
was not affected by bacterial cells but by cell free filtrate indicated that the algicidal
isolates exhibited algicidal activity through indirect attack and bacteria attachment is not
obligate for the mortality of algal cells to occur. Unknown freely diffusible algicidal
substance(s) released by the algicidal bacteria could be by-products of the metabolism of
media components and were responsible for the death of A. tamarense. These algicides

would be ecto-proteases’®, peptidest”, (41, 42]

biosurfactants or antibiotic-like
substances*3]. Most of the filtrates retain algicidal activity after heat treatment at 100 °C
for 1 h, which exclude enzymatic mechanisms in these cases. Nonetheless, further
illustrations of algicidal mechanisms needs isolation and identification of algicidal
compounds.

An interesting phenomenon during our study was observed with a small number of
cyst-like cells appearing later in the time course of the experiments. These cyst-like cells
appeared only in the cultures treated with algicidal bacteria. It was suggested that the
formation of these cyst-like cells was a possible mechanism by which the algal cells
avoided attack by algicidal bacteria or substances®®). These putative cysts was not always
found but only observed in Pseudoalteromonas mediated algicidal process in our study.
Viability of these cells needs to be conformed before drawing a conclusion.

To conclude, our results showed high diversity of algicidal bacteria against A.
tamarense, providing possible choices for controlling HABs by microbial strategies.
Mechanistic researches, including isolation and identification of responsible algicidal
substances and illustration of biochemical process, are required for better understanding
of the algicidal courses. The role of algicidal bacteria played in phytoplankton death

during harmful algal blooms demands explicit evidence from natural conditions.
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Table 1. Taxa of algicidal bacterial isolates

Isolates Genll3ank Group Genus MCCC* no.
accession no.
DH12 FJ404749 y-proteobacteria Alteromonas 1F01101
DH46 FJ404751 y-proteobacteria Alteromonas 1F01103
DH47 FJ404752 y-proteobacteria Vibrio 1F01104
DH51 FJ404753 y-proteobacteria Vibrio 1F01105
DH74 FJ404754 y-proteobacteria Halomonas 1F01106
DH77 FJ404755 y-proteobacteria Halomonas 1F01107
SP31 FJ404756 y-proteobacteria Pseudoalteromonas 1F01108
SP44 FJ404757 y-proteobacteria Pseudoalteromonas 1F01109
SP96 FJ404759 y-proteobacteria Idiomarina 1F01111

* Marine Culture Collection of China

12



Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways:

1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library.

2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.



http://etd.xmu.edu.cn/
http://etd.calis.edu.cn/
mailto:etd@xmu.edu.cn

