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Water soluble chlorophyll (chlorophyllin) exerts pronounced photodynamic activity.
Chlorophyllin is a potential remedy against mosquito larvae and aquatic stages in the
life cycle of parasites as well as against ectoparasites in fish. In the recent years it
was found that mosquito larvae and other pest organisms can be killed by means of
photodynamic substances such as different porphyrin derivates (e.g., hematoporphyrin,
meso-tri(N-methylpyridyl), meso-mono(N-tetra-decylpyridyl) porphyrine, hematoporphyrin
IX, or hermatoporphyrin formula (HPF). It was found that incubation of mosquito larvae
in chlorophyllin solution and subsequent irradiation results in photodynamic destruction of
the larvae. Incorporation of about 8 ng chlorophyllin per larvae was sufficient to induce its
death. In fish mass cultivation ichthyophthiriosis is a severe parasitic protozoan disease
caused by the ciliate Ichthyophthirius multifiliis. 1t was found that incubation of infected
fishes in chlorophyllin and subsequent illumination reduced the number of trophonts
significantly (more than 50%). The fishes were not impaired. Chlorophyllin and other
photodynamic substances may become a possible countermeasure against /. multifiliis
and other ectoparasites in aquaculture. The effectiveness of chlorophyllin depends on light
attenuation in the water body.

Keywords: chlorophyllin, photodynamic substance, ectoparasite, Ichthyophthirius multifiliis, aquaculture,

mosquito larvae, E170

BRIEF INTRODUCTION TO PHOTODYNAMIC REACTIONS

In general photodynamic substances (°P) are not toxic in dark-
ness, but are activated by light and transformed to a reactive
triplet state T1. Upon reaction with oxygen (?0;) reactive sin-
glet oxygen is produced (1O, ), which has highly cytotoxic effects
(Kessel and Smith, 1989; DeRosa and Crutchley, 2002).

p+30, > P+10,

A variety of chemicals undergo a reaction with light, among
others porphyrins (the core structure of chlorophyll) and are
employed in photodynamic therapy. The physical basics and
applications of photosensitizers in oncology are reviewed by
Hasan et al. (2003). Also chlorophyll and its derivates were found
to show efficient photodynamic properties (Park et al., 1989;
Scherz et al., 1994).

HUMAN PARASITES AND THEIR VECTORS

Poverty results in tremendous numbers of avoidable cases of
death or many life years under reduced health conditions, respec-
tively, because people often do not have access to basic needs
such as clean drinking water or health care. Disability-adjusted-
life-year (DALY) is a value where life lost due to premature
mortality as well as years under conditions of not ideal health
(YLD: years lived with disability) are taken into account (Vos
et al., 2012). A Global Burden Disease Study where 235 causes

of death in different age groups were investigated clearly demon-
strated that above all children in developing countries die from
avoidable diseases and infections such as diarrhoeal diseases,
measles or malaria (Lozano et al., 2012). Tropical diseases con-
tribute to low economic development of poor countries (RBM,
2007). Many severe parasitic diseases, bacteria and viruses are
transmitted by dipters. Malaria is the tropical disease responsible
for the highest number of casualties. Malaria is a disease caused
by a protozoan (genus Plasmodium) transmitted by mosquitoes.
The most important and deadly Plasmodium is P. falciparum,
which is responsible for 80% of infections and about 90% of
deaths. Due to enormous global achievements in order to com-
bat malaria e.g., by the Bill and Melinda Gates Foundation,
the number of new infection is decreasing but is still on an
unacceptably high level. In the course of a systematic analy-
sis of malaria mortality between 1980 and 2010, Murray et al.
(2012) estimated about 1,133,000 (848,000-1,591,000) deaths
caused by malaria in 2010 (Lozano et al., 2012; Murray et al.,
2012). According to the World Malaria report the number of
estimated deaths in 2012 was about 627,000 (437,000-789,000)
(WHO, 2013). In addition a variety of so called “neglected trop-
ical diseases” are responsible for a multiplicity of infections and
deaths especially in developing countries (Hotez et al., 2008).
Important “neglected tropical diseases” are among others schis-
tosomiasis (caused by helminthes of the genus Schistosoma),
onchocerciasis (a helminth infection by Onchocerca volvulus) or
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lymphiatic filiariasis (caused by helminthes such as Wucheria
bancrofti). Infectious stages of Schistosoma, the cercaria, are pro-
duced by infected waters snails of the genus Biomphalaria or
Bulinus and released into the water. The larva penetrate through
the skin into the human body (Engels et al., 2002). Onchocerca
volvulus and Wucheria bancrofti are transmitted by dipters. An
overview about these diseases is given by Feasey et al. (2010).
Hotez et al. (2007) estimate that life-years lost due to prema-
ture death or disability (Disability-adjusted-life-year) caused by
13 neglected tropical diseases is about 56.6 million years - more
than in malaria where the number of Disability-adjusted-life-
years was estimated to be about 46.5 million years (Hotez et al.,
2007). Dengue fever is caused by a virus transmitted by the
mosquito Aedes aegyptii. Worldwide about 390 million people
are infected every year, about 20,000 die. About 50% of the
world population lives in areas with risk of infection (Bhatt et al.,
2013).

POTENTIAL OF CHLOROPHYLLIN AND OTHER PHOTODYNAMIC
SUBSTANCES IN CONTROL OF MOSQUITO LARVAE

The most promising method to control diseases transmitted by
animal vectors (e.g., flies or molluscs) is the control of these
vectors. Application of pesticides, wetland draining, spraying
of oil on water surfaces in order to kill mosquito larvae in
combination with mosquito nets, medicine and support of nat-
ural predators are methods to defeat these diseases (Killeen
et al., 2002). Photosensitizers were also successfully tested against
mosquito larvae or as general pesticides (reviewed by Amor
and Jori, 2000). Dondji et al. (2005) determined the effect of
different photosensitizers on Aedes and Culex larvae. A con-
centration of 0.4 mg/L Rose Bengal was found to kill effec-
tively 100% of Culex quinquefasciatus larvae. Hematoporphyrin
was less effective against C. quinquefasciatus (necessary con-
centration for LDjgp 8 mg/L). Both substances were shown to
kill Aedes aegypti, where Rose Bengal was again more effec-
tive. Awad et al. (2008) tested the efficiency of certain hemato-
porphyrins (hematoporphyrin IX and hermatoporphyrin for-
mula (HPF) from a commercial source) against Culex pipiens.
It was found that both chemicals induced high mortality in
the insect larvae at low concentrations (1 wM). In a recent
study El-Tayeb et al. (2013) determined uptake kinetics and
efficiency of HPF against Aedes caspicus larvae. By means of
confocal microscopy it was found that after 12h of incuba-
tion of larvae in HPF-containing water the body concentra-
tion of HPF reached a maximum. Erzinger et al. (2011) found
that about 3h of chlorophyllin incubation in Chaoborus crys-
tallinus are necessary in order to achieve an optimal accu-
mulation of the photosensitizer in the intestine of the larvae.
Lucatoni et al. (2011) intensively characterized another porphyrin
(C 14 porphyrin, meso-tri(N-methylpyridyl),meso-mono(N-
tetradecylpyridyl)porphyrine) and tested the effect against Aedes
aegypti. It was found that after incubation in “C 14 porphyrin”
(5uM) and subsequent light treatment larvae were effectively
killed. Some studies demonstrate that porphyrins are also appli-
cable as insecticides against land living insects (Amor et al.,
2000, 2008; Wu et al., 2007). Photodynamic properties of chloro-
phyllin in dipter larvae was intensively investigated (Wohllebe

et al., 2009). After accumulation of chlorophyllin in the intestine
light treatment resulted in high mortality. Untreated larvae were
almost not affected. The LDsg dose of externally applied chloro-
phyllin (addition to the water body) was about 6.88 mg/l in Culex
larvae and about 24 mg/l in Chaoborus larvae (Wohllebe et al,,
2009). Uptake of about 8 ng of chlorophyllin was found to induce
photodynamic damage in one larva (Wohllebe et al., 2011).
Experiments with Chaoborus cristallinus indicate that chloro-
phyllin and light induce necrosis and apoptosis in the intestines
of the insect larvae (Wohllebe et al., 2011). The gut of irradiated
larvae showed many apoptotic or necrotic cells as detected with
fluorescence microscopy after staining with suitable dyes (acri-
dine orange for detection of necrosis, Hoechst 33342 for detection
of necrosis and propidium iodide-detection of apoptosis). FACS
analysis of cells from irradiated and not-irradiated cells clearly
showed an increase of apoptotic and necrotic cells in irradiated
larvae.

PARASITES IN AQUACULTURE

In fishery many infectious diseases are known to inflict severe
damage to fish (Paperna, 1991; Lom and Dykovd, 1992). Fishes
become often host of ectoparasites, because their soft skin is easy
to penetrate and the parasites find themselves in an aquatic envi-
ronment (no dehydration). Due to the high numbers of fish in
ponds and recirculation systems or due to the combination of dif-
ferent environmental factors, incidence of parasitoses is favored
(Hines and Spira, 1973). A few thousands of ectoparasites of
fishes from different classes are known. Important parasites with
strong impact in aquaculture are e.g., Ichthyophthirius multifiliis,
Trichodina sp., Dactylogyrus spp., Gyrodactylus sp. and Costia sp.
High losses in life-stock are accounted for by the most widespread
and most important parasitosis, called ichthyophthiriasis or
“white spot disease” caused by the ciliate Ichthyophthirius mul-
tifiliis (Cross and Matthews, 1992). Due to its low host specificity
this parasite is found on diverse fishes in various environmen-
tal conditions. Ichthyophthirius multifiliis shows a life cycle with
three distinct stages (Matthews, 2005; Schuhmacher, 2011). The
trophic stage is the trophont, which feeds on the skin or gills
of fish. It reaches a size of up to 1mm and forms a typical
white spot. When trophonts become fertile they leave the fish
and transform themselves to tomonts. By rapid cell divisions the
encysted form of the parasite produces up to several thousand
theronts (tomites), which are the highly infective life-stages of
Ichthyophthirius multifiliis (Figure 1). Theronts most likely rec-
ognize their host by chemical stimuli (Haas et al., 1998). After
infestation of the skin, eyes or gills of the fish the theronts develop
to trophonts again. Due to the enormous multiplication capac-
ity of this parasite the whole fish stock in an aquaculture can
be infected within a short time. Under uncontrolled infection
of the fish stock the injuries inflicted by the trophonts leads to
high mortality rates. Fish become immune after moderate con-
tact with Ichthiophthirius (Dickerson and Dawe, 1995) but due
to the high population density in modern aquaculture the para-
site reaches deadly concentrations within a short time when the
water temperature is in an optimal range. At 26°C Ichthiophtirius
needs only 6h to perform a complete life cycle (Wahli-Moser,
1985).
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Burst of the tomont and
release of infectious
theronts (tomites)

FIGURE 1 | Simplified scheme of the life cycle of the fish parasite Ichthyophthirius multifiliis.

Trophonts, feeding in fish
skin

Trophont, leaves fish and
develops into a tomont

Each tomont produces
several thousand
theronts

One of the most important remedies against
ichthyophthiriosis was malachite green, which effectively
kills free living theronts and tomonts, but not the trophonts
(Sudova et al., 2007). As malachite green was found to be most
likely carcinogenic its application in fish used for food pro-
duction is meanwhile prohibited in the European Community
[regulation (EU) Nr. 37/2010]. Alternatives to malachite green
were intensively investigated (Selosse and Rowland, 1990; Wahli
et al,, 1993; Tiemann and Goodwin, 2001). Legal alternatives
in ichthyophthirasis treatment are sodium chloride, peroxide
and formaldehyde (Sudova et al., 2007). These chemicals are
not very efficient against ichthyophthiriasis so that no potent
remedy against the parasites is available. Experiments with oral
application of quinine yielded promising results (Schmahl et al.,
1996; Schuhmacher, 2011), but an application for the use in
aquaculture is not yet in sight. An increase of the water tempera-
ture above 30°C for several days, which would lead to destruction
of Ichthyophthirius is hardly applicable due to technical reasons
or because of temperature requirements of the fishes. This lack of
an effective countermeasure against ichthiophthiriosis results in
a state of emergency in therapy of infected fishes. There are no
absolute numbers available, but the costs in aquaculture caused
by infectious diseases are considerably.

POTENTIAL OF PHOTODYNAMIC SUBSTANCES AGAINST PARASITES
IN AQUACULTURE

Recently the effects of photodynamic substances, in particu-
lar chlorophyllin, on fish parasites (above all Ichthiophthirius
multifiliis) were investigated. Same as other photoactive com-
pounds (Reddi et al., 2002; Maisch et al., 2005a,b) photodynamic
application of chlorophyllin was found to have antimicrobial

effects (Kreitner et al., 2001; Lopez-Carballo et al., 2008). Fabris
et al. (2012) reported that the “C 14 porphyrin” (see above) is
highly efficient against different small crustaceans and ciliated
protozoa. Application of chlorophyllin kills effectively free living
stages of Ichthyophthirius multifiliis as well as isolated trophonts
at low concentrations (Wohllebe et al., 2012). The LDs for (iso-
lated) trophonts was determined as 0.67 mg/L. In tomites no
threshold was determined, because of the high sensitivity of the
tomites against photoactivated chlorophyllin (< <2 mg/L).

EFFECTS OF CHLOROPHYLLIN ON TROPHONTS OF /ICHTHYOPHTHIRIUS
MULTIFILIIS LOCATED IN THE FISH SKIN

Having observed the severe effect of chlorophyllin on differ-
ent isolated living stages of Ichthyophthirius, Wohllebe (2010)
investigated the effect on trophonts located in the skin of carps:
I. multifiliis-infested common carps were incubated for 3h in
chlorophyllin solution (2 and 4mg/L, which corresponds to
about 3.35 or 6.7 uM, respectively). Controls were treated in
the same way without chlorophyllin. After incubation one set
of fishes was irradiated with simulated solar radiation for 3 h,
the other incubated fishes were kept under dim light condi-
tions (no irradiation). It was shown that light exposure alone
transiently reduced the number of trophonts in infested carps.
Without chlorophyllin, irradiation alone reduced the number of
trophonts transiently. After 24 h the number of counted parasites
was reduced to 80.2% of the initial number but after some time
the infection recovered. When the carps were incubated in chloro-
phyllin (2 or 4 mg, respectively) before irradiation, the infection
was strongly reduced (to about 50% of the initial number of
trophonts) and the number of trophonts did not increase again.
Chlorophyllin without subsequent irradiation did not reduce the
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number of trophonts. Subsequent mesocosm experiments where
2 year-old carps were treated with 2mg/L chlorophyllin con-
firmed these observations. Irradiation without previous chloro-
phyllin treatment reduced Ichthyophthirius multifiliis trophonts
only transiently, while incubation in chlorophyllin before irradia-
tion resulted in a significant and steady decrease of the number
of trophonts (about 50% of the initial number). Interestingly
chlorophyllin treatment without subsequent irradiation increased
the number of trophonts compared to untreated controls.

These experiments revealed that trophonts in the fish skin
are sensitive against chlorophyllin. In addition, no reinfection
occurred in the course of some days, which indicates that the
trophonts and other life stages of I multifiliis were probably
impaired in a way that the remaining parasites lost the capac-
ity of multiplication. Veterinaries state that the observed decrease
in infestation very likely enables infected fishes to recover (oral
communication). Photodynamic treatment of fish-parasitic pro-
tozoans, above all I multifiliis, is covered by an US patent (US
6,506,791 B2), in which Phloxin B is employed as photodynamic
substance (Blair, 2003).

The strong effects of chlorophyllin raise the question
whether photodynamic substances also impair treated fishes.
Wohllebe (2010) clearly demonstrated that vitality of devel-
oped fishes and fish eggs is not impaired by chlorophyllin.
But high chlorophyllin concentrations were found to induce
mortality in fish breed (about 50% of fish larvae died at
chlorophyllin concentrations of 10 mg/l). Histological analysis
revealed that the mortality is probably due to slime induc-
tion in the gills leading to suffocation of the larvae. After
the larval stage no negative effects of chlorophyllin on the
fish were detected. Investigated were common carps (Cyprinus
carpio), rainbow trouts (Oncorhynchus mykiss), and grayling
(Thymallus thymallus). This shows that chlorophyllin can be
applied in fish farming when fish have finished the larval
stage.

POSSIBLE APPLICATION OF CHLOROPHYLLIN IN THE FIELD
AND AQUACULTURE

Chlorophyllin is a certified food additive (E 170). The degra-
dation of chlorophylls is well known and does not lead to
accumulation of toxic intermediates (Heaton and Marangoni,
1996). In addition, chlorophyll was described to reduce toxic
effects of aflatoxin in trouts (Breinholt et al., 1999), which
is probably due to a chlorophyllin-dependent reduced absorp-
tion of the toxin in the intestine or aflatoxin complexion.
Predicted problems in the application of photodynamic sub-
stances are the high amount of material which is needed for
treatment of a large water body. Another question regards the
light attenuation in the water column. Presently commercially
available chlorophyllin is quite expensive. A reason for this is
most likely that it is produced as colorant for the food indus-
try which requires high standards in the technical processes.
As long as no cheap chlorophyllin is available its applica-
tion would be restricted to small ponds with high number of
fish or intensive aquaculture. However, chlorophyllin can be
extracted easily from cheap plant materials such as weeds or
grass.

Regarding attenuation it was tested earlier that about 36
W/m? of visible daylight are sufficient to induce photodynamic
destruction of Chaoborus crystallinus larvae (Erzinger et al,
2011). This is about 10% of the daylight reaching the water
surface. The daylight intensity on bright days at mid-latitudes
(Erlangen, Germany) can be seen in Hader et al. (1999). Wohllebe
(2010) measured the light attenuation in four different carp
ponds in order to determine the depth at which light is atten-
uated to 10% of its surface value. Depending on the turbid-
ity in two ponds 10% of incident light reached about 2m,
while in two other ponds where carp activity leads to strong
turbidity light was already attenuated at a depth of about 20-
30 cm. This means, depending on the conditions of a pond or
fish pool chlorophyllin can potentially be applied as a remedy
against I multifiliis and other ectoparasites. In a semi-field study
Awad et al. (2008) demonstrated that it was possible to kill
Culex larvae photodynamically in the presence of hematopor-
phyrin.

EXTRACTION OF CHLOROPHYLL AND MODIFICATION TO
WATER-SOLUBLE CHLOROPHYLLIN

Chlorophyll can be extracted from green plant material with
ethanol or methanol (Wohllebe et al., 2009). Heating to about
55°C for 2h decreases extraction time and addition of small
amounts of calcium carbonate prevents phaeophytin forma-
tion. Petroleum benzine is added to the filtered chlorophyll
extract. Chlorophyll moves into the lipophilic petroleum ben-
zine layer. This layer is removed and treated with small
amounts of methanolic NaOH (about 1 N). The ester bond-
ing between the porphyrin ring of the chlorophyll (chloro-
phyllin) and the lipophilic phytol tail is cleaved and the
water-soluble chlorophyllin moves into the methanolic NaOH
solution.

CONCLUSIONS AND PERSPECTIVES

In conclusion, the data demonstrate that the treatment with
chlorophyllin in combination with irradiation is effective against
I. multifiliis and other ectoparasites as well as mosquito larvae.

e Mosquito larvae are photodynamically killed after uptake of
chlorophyllin and subsequent irradiation.

e Chlorophyllin reduced considerably the number of trophonts
in carps and probably strongly affected the surviving
trophonts.

e In addition chlorophyllin reduces Aflatoxin-toxicity (Breinholt
etal., 1999).

e Uptake of about 8 ng of chlorophyllin leads to photodynamic
destruction of mosquito larvae.

e Chlorophyllin is degraded very fast without formation of toxic
byproducts.

o It is certified as food additive (E 170).

e Photodynamic activity is already induced at low light intensi-
ties enabling activity in deeper horizons of the water column.

We conclude that chlorophyllin may become a remedy against
ectoparasites above all in intensive aquaculture plants with high
density of fish.
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