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1. Introduction L
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Hong Kong in bloom: stunning photos of 'Sea
Sparkle' on city’s shores

Long-exposure pictures taken by the Associated Press show a mesmerising
luminescence from the marine plankton Noctiluca scintillans, triggered by wat
pollution along Hong Kong's seashore
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Noctiluca in Hong Kong
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Noctiluca scintillans 68 69 62
Skeletonema costatum 23 3
Mesodinium rubrum 8 9 1
Gonyaulax polygramma 23 8 16
Prorocentrum minimum 45 1
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Map of the distribution of Noctiluca blooms recorded in Hong Kong waters
from 1980 to present (AFCD, HK; https://www.afcd.gov.hk/eindex.html )

@ : the occurrence of Noctilcua bloom
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Noctiluca blooms in the world :

Fig.3 Map of the global distribution of green Nocfiluca scintillans derived from Table 2
5 (Harrison et al., 2011)




Environmental impacts :

California Noctiluca Bloom

 Discoloration of water

Oxygen depletion

Potential ammonium toxicity

Interrupt regular food web structure



1.

Characteristics:

Large size (100-2000 pm)
Positively buoyance

Diploid

Two kinds of reproduction
Two kinds of feeding behavior

High feeding flexibility

Y. Fukuda, H. Endoh / European Journal of Protisto

logy 42 (2006) 209-219




Noctiluca as a predator

Small diatom Large diatom Trichodesmium sp. Detritus

Tintinnid Copepod Copepod egg




Noctiluca as a prey

The salp Pegea confoederata feeding on a dense
Noctiluca bloom (http://vimeo.com/104527669)

Scyphozoa
Beroe
P. pileus Copepeda
adults ‘fé/f' e
) Noctiluca
Sagitta / scintillans
eggs N1, N2
juveniles Yg-. e:p:odltl

/|

Microbial 4~

community
“~a v
phytoplankton

Fig. 10 Hypothetical food web related to Noctiluca scintillans
(single-pointed arrows feeding relationships; double-pointed arrows
potential competition; bold arrows potential interactions described
in the “Discussion”). For copepods, eggs and early naupliar stages
are summarised into one category, although only naupliar stages
were investigated. Exemplary references for thin arrows: microbial
community—Noctiluca (Kirchner et al. 1996) microbial community—
copepods (Hansen et al. 1993; Nakamura and Turner 1997),
phytoplankton—Noctiluca (Enomoto 1956; Kierboe and Titelman
1998), Pleurobrachia—Beroe (Greve 1981), ctenophores—scyphozoa
(Feigenbaum and Kelly 1984; Kopacz 1994), copepods—scyphozoa
(Lucas et al. 1997)

(Fock et al., 2002)
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Possible blooming/succession mechanisms:
Top-down control

< Bottom-up control @
Noctiluca sp.
° prey spectrum e

 prey quantity and
quality

e prey composition

Trigger Noctiluca
bloom

uppress phytoplankton
bloom

< Top-down control

< Sexual reproduction

Bottom-up control



2.1 Prey of different size and motility

O Motile prey
@ Immotile prey

%U. marina
. pseudonana
Dunaliella sp

P.helgolandica

@o. vrightwelii

@P. micans

ema s

T.weissflogii

P. dentatum
domonds s

akashiwc@ @Lepidodinium sp.

._P jricornutum

Euplotes sp.

!

< 300 -
©
i
(&) 250 )
@)
< 200 -
&
@ 150 ;
©
o 100 1
o
c Skeleton
S Sk
8 H
O 0
0.8
T. pseudo
=2
o 0.4
8 P. tricof]
S 00
c H
=
O 04 -
O
-0.8

e

nutumj @
akahsiwo(]) @Lewdodinmmsp_

P.helgolandica
@ o brightwelli

@P. micans

T.weissflogii
etonema sp.

@Dunaliella sp.
P. dentatum

Rhodomonas sp.

@ U. marina

10 20 30 40 50
Cell Size (um)

Growth rate (d'1)

1.0 — all studies averaged
QO this study
/\ other studies
0.5 1
0-0 1 %
0]
-0.5
-1.0 .
o) o) o) ] o) o) [}
s & & & & I £
(3] (3] (3] (3] (3] (3] N
S & L L & & ©
& & & & & &
iy S 3 k] S 3
L = S < q o
~ Q IS
(&) (&) (&) 3 £
v @
Q Qb

Feeding without size limitation

Cell size and motility cannot explain
the suitability of the organisms as a
prey for Noctiluca

Higher growth rates on diatoms and
chlorophytes



2.2 Prey of different quantity and quality

L Monospecific diets with gradient concentrations of prey items
(3 species X 3 nutrient status)

| Taxonomic difference |

Diatom — Thalassiosira weissflogii (TW) & S
Chrolophyte — Platymonas helgolandica (PLA) . & =
Dinoflagellate — Prorocentrum dentatum (PD)

Nutritional status

Nutrient re‘plete (f/2 medium)
N-depleted (f/2 medium without N)
P-depleted (f/2 medium without P)




s Phytoplankton cells

)

L)

grown in N- or P-
depleted conditions
correspondingly
contained lower
amounts of N or P
content in cell

Elemental ratios were
generally more variable
within than between

algal groups
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* Fatty acid composition were much less variable within than between
algal taxonomic classes

¢ Diatoms were rich in EPA (~20%), dinoflagellates were rich in DHA
(~18%), while in green algae, DHA was absent but ALA was
substantially high (~26%)
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T. weissflogii

100 A

(Type II functional curve
| — ingestion rate (ng C Noc™! d?)

\

|max — Maximum ingestion rate (ng C Noc* d-1)

C — averaged prey concentration (ng C ml?)

Ks — a half saturation concentration (ng C mlt)
\ > J
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Growth Rate of Noctiluca (day-1)
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1 — growth rate (d1)

Ky — Maximum growth rate (d-1)

C — averaged prey concentration (ng C cell')
S’ — growth threshold (ng C ml1)

~N

k Ky — @ half saturation concentration (ng C ml'l))
Experiment Treatment L(lg?g)x (ng g,ml_l) (ng }é'\r/]'m_l) R?

/2 0.54 51 74 0.85 <0.0001

TW -N 0.39 201 532 0.94 <0.0001
-pP - - - - -
f/2 0.71 22 348 0.92 <0.0001

PLA -N 0.64 138 598 0.97 <0.0001
-P 0.36 326 488 0.83 <0.0001
f/2 0.35 145 707 0.89 <0.0001

PD -N 0.50 830 7941 0.94 <0.0001
-P 0.22 2591 6187 0.92 <0.0001

*

Nutrient-depleted prey generally yielded lower y,,,, (except
PD-N), and higher K,, and S’ for Noctiluca

P-depleted prey reduced the growth of Noctiluca more
significantly than N-depleted prey

Impact of food quality was evident even at low food level

PLA supported the highest y,,,, and required lowest S’,
while TW yielded p,,,, With the lowest prey concentration



Model Fits based on C, N, P and various fatty acids

Model fits based on P content (

Independent variable Formula R p-value AIC
_0.74x(x — 1.46)
T™W M= 517+ x—146) 067 <00001 6165
0.69%(x + 3.06
PLA p= _0.69%(x +3.06) 0.74  <0.0001 -95.80
14.43 + (x + 3.06)
PD = 233XE 549 g0 <00001 -168.66
28.52 + (x — 5.49)
Total 0.50%(x + 0.60
x ) 040 <00001 -12930

M= 1693 + (x + 0.60)

(9 prey types combined)

«* Overall, P content is the best indicator to
explain the growth of Noctiluca

s Model fits are better for each algal group
individually than in combination

Model fits using nutrient rich prey ‘

Independent 5
) Formula R p-value AIC
variable
C s o 2B 2] 042 <0.0001 -5230
22717 + (x — 59.27)
0.51x(x — 11.09
N L ) 039 <0.0001 -49.42
4316 + (x— 11.09)
P b AR 152) 040 <0000 -51.03
6.03 + (x— 1.52)
TALA+EPA e DR+ 1.36) 0.89  <0.0001 -155.35
15.6 + (x + 0.36)
SPUFA s, Do Sdd) 052 <00001 -65.04
194 + (x — 3.44)
SFA e ), 045  <0.0001  -5630

T 5168+ (x— 12.78)

s 2ZALA +EPA is also important in determining

the food quality for Noctiluca



3.3 Prey of different combinations

1 Mixed diets ( 3 food pairings)

Quality
Trophic type

Class

Prey paired
T. weissflogii P. helgolandica P. dentatum Lepidodinium sp.
(TW) (PLA) (PD) (HDF)
Superior inferior poor
autotrophic autotrophic autotrophic heterotrophic
Bacillariophyceae Chlorophyceae Dinophyceae Dinophyceae

Total prey conc. is CONSTANT (1 mg C 1Y)
Crw:Cx=10:0, 2:8, 4:6, 5:5, 6:4, 8:2 and 0:10




Ingestion rate (ng C Noc'd")
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The difference between two prey species in the same food treatment is * p < 0.05, ** p
< 0.01, *** p < 0.001. ns: not significant.

\/
000

Ingestion showed no significant
difference on the single food
treatments (C,:C,=10:0 and
0:10) between two incubation
periods, except that on HDF

Ingestion on the mixed diet
treatments differed among prey
treatments, and also varied
between the two incubation
periods



Prey consumption & Prey abundance

Food Initial prey Ingestion Clearance Prey .
airines concentration rate rate consumptlon
P g (Cx) index
f6 h Expt
C 0.932%** 0.317 0.791%**
TW+PLA ™w
Coia 0.906*** 0.895%** 0.782%**
C 0.831%** -0.45 -0.25
TW+PD w
Cop 0.922%** 0.628%* -0.24
C 0.892%** 0.323 0.715%*
TW+HDF ™w
Coce 0.923%** 0.41 0.653**
2 d Expt
C 0.676** -0.622%* -0.848%**
TW+PLA ™w
CoLn 0.764%** 0.409 -0.862%**
C 0.776%** -0.621** -0.078
TW+PD ™w
Cop 0.958%*** 0.795%** -0.162
C 0.864*** 0.536* 0.513
TW +HDF ™w
\_ o 0.686** ___ 0.699** 0311/

Note: Levels of significance for correlations are * p<0.05, ** p<0.01, *** p<0.001

/

* In short incubations (6 h), Noctiluca’s ingestion

and feeding preference depended on the prey
abundance

¢ In the longer time incubation (2 d), Noctiluca
increased its feeding preference on superior prey

Prey consumption index

Feeding Expt (6 h) Growth Expt (2 d)

TW:PLA TW:PLA
1.00 ® W
O Prey X
. .
075{ ® :
ns ns *k%k ns * ns
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0251 o o o
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IS _—
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° ?
; ’
0.00
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1.00 T ° ° °
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0.25

0.00

8:2 6:4 5:5 4.6 2:8 8:2 6:4 5:5 4:6 2:8
Food composition (Cy:Cx) Food composition (Cmy:Cx)

The difference between two prey species in the same food treatment is * p <
0.05, ** p < 0.01, *** p <0.001, ns: not significant, nd: not determined.



Growth rate (d'1)

Noctiluca’s growth & Prey abundance and ingestion

s TW:PLA S TW:PD ek TW:HDF
0.4 1
0.2 1
0.0 - 0 - gL "
10:0 8:2 6:4 5:5 4:6 2:8 0:10 10:0 8:2 6:4 55 4:6 2:8 0:10 10:0 8:2 6:4 55 4:6 2:8 0:10
Food composition (C1yw:Cx) Food composition (Cmy:Cx) Food composition (C1y:Cx)
l"l'TW‘i‘PLA '0.551* 0.175 '0.455 '0.245
Prwspp  0.874%**% _0.900***  0.678**  -0.896%**
"l’TW+HDF 0.937*** '0.819*** 0715** '0.779***

Note: Levels of significance for correlations are * p<0.05, ** p<0.01, ***. p<0.001
0 . . . . . . )
+* Nutritional value of the prey was important in governing Noctiluca’s growth

** The energetic cost in handling two different prey seemed outweigh the synergetic
nutritional advantage of consuming these prey 21



100 ® T weissflogii (TW)
@® P. helgolandica (PLA)
] ] - @ A P. dentatum (PD)
The handling time on TWis | 2% 80;
. . Q
0.38 min prey1, PDis 0.71 | ©3 -
. . (o}
min preyand PLAis 1.31| o3
. >
min prey! based on the €3 40| _
. o
functional response models 88 I~
o O
(Thandiing=1/max) o - o =e-0.56% .E98x
0 .r’=0-?9 ' 1 r=097 '
0 10 20 30 40

Starvation time (h)

*» It is energetically efficient for Noctiluca to feed preferentially on TW when
mixed with a refractory prey

¢ Noctiluca’s ultimate dietary choice seems a result of the trade-off
between maximizing food/nutrient intake and minimizing the energy cost

of handling food, or specifically food digestion
22



Bottom-up forcing:

1)

2)

3)

4)

o)

Species-specific nutritional properties rather than prey size or
motility constrain Noctiluca’ feeding preference and growth.

Growth and grazing of Noctiluca generally respond numerically
to food supply.

P limitation had stronger negative effects on Noctiluca than N
limitation.

P and 2ALA +EPA are good indicators of the food quality for
Noctiluca, but the importance of their influence depends on the
prey nutritional status.

It is energetically and efficiently for Noctiluca to feed
preferentially on diatom, which should have great implication
for the formation and succession of Noctiluca blooms and food
web dynamics during its bloom.



3. Top-down control — as a prey for meso- or metazoan

Scyphozoa
> Sl
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Fig. 10 Hypothetical food web related to Noctiluca scintillans
(single-pointed arrows feeding relationships; double-pointed arrows
potential competition; bold arrows potential interactions described
in the “Discussion”). For copepods, eggs and early naupliar stages
are summarised into one category, although only naupliar stages
were investigated. Exemplary references for thin arrows: microbial
community—Noctiluca (Kirchner et al. 1996) microbial community—
copepods (Hansen et al. 1993; Nakamura and Turner 1997),
phytoplankton—Noctiluca (Enomoto 1956; Kierboe and Titelman
1998), Pleurobrachia—Beroe (Greve 1981), ctenophores—scyphozoa
(Feigenbaum and Kelly 1984; Kopacz 1994), copepods—scyphozoa
(Lucas et al. 1997)

(Fock et al. 2002)




As an untypical “prey” for ciliate

Process of Noctiluca’s sexual reproduction

—,,f'.vo ¥

Maturation of gametes

® Process of gametogenesis

(Fukuda, 2006)




Repeated Noctiluca blooms in Port Shelter




Noctiluca & swimming organisms




Strombidium hongkongense swarming on or around gametogenic (black arrow) and vegetative (white arrows)
Noctiluca cells

¢ The ciliate is a new species belonging to the Strombidium group, and tentatively
named S. hongkongense

s S. hongkongense has deep and prominent buccal cavity, and short but strong adoral
zone of membranelles that are used as walking or crawling appendages



Ciliate feed on progametes of Noctiluca




Swimming behavior of S. hongkongensag A
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Localization & Chemosensory?




Noctiluca did not to feed the ciliate

s A vegetative Noctiluca cell cannibalizing a ghost gametogenic cell
that had just been cleared of progametes by S. hongkongense
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. » The ingestion potential of S.
hongkongense was 0.5~13 progametes
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stage of progametes (i.e. the cell size)
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% S. hongkongense reached maximum abundance of 25,700 cells L't when Noctiluca
bloomed (26,100 cells L) on 15 December

s Assuming 5% of Noctiluca cells on 15 December were at 1024-progamet stage,
the seeding stock of S. hongkongense would remove the progametes of all
gametogenic cells as short as 4h



Probably not only a regional occurrence !!
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L KC771200|eukaryote clone Bering Sea
— AY143564|eukaryote clone Narragansett Bay

Strombidium hongkongense (s

EF527102|eukaryote clone Norway Coast

FJ422990|eukaryote Qingdao Coast

90

JX025560|picoeukaryote isolate Qingdao Coast
KC582955|eukaryote clone Red Sea Coast

100

AJ488910|picoeukaryote isolate Ligurian Sea
FR874719|picoeukaryote isolate Norway Coast

HM581710|eukaryote clone Arctic Ocean

AY665047|eukaryote clone Sargasso Sea

KF129744|eukaryote clone Tropical South China Sea

DQ647517|eukaryote clone Norwegian Sea

AY129030|eukaryote clone Pacific Ocean Coa

St

70

DQ777745|Strombidium sulcatum
r DQ631805|Strombidium stylifer

100 HM140389|Strombidium crassulum

U97112|Strombidium purpureum

0.01

Out_group



Top-down forcing:

1)

2)

Predation by S. hongkongense reduces the effectiveness of
sexual reproduction as a survival or blooming strategy for
Noctiluca, potentially shortening the durations of Noctiluca
blooms and altering food web structure and energy flows
during bloom conditions

Such unique trophic interaction between S. hongkongense
and Noctiluca is likely more than a regional occurrence or
occasional event, but possibly a common phenomenon in
marine ecosystems worldwide.
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Other reversal trophic links?

Dunaliella salina attacking Diophrys oligothrix




Growth of ciliates on D. salina
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Number of D. oligothrix ‘attacked’ by D. salina
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