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ARTICLE INFO ABSTRACT

Keywords:
Protozoa

Protozoa in mariculture water will cause the outbreak of seafood diseases, and there are also discharge regu-
lations about protozoa in the ballast water of ocean ships. However, the inactivation of protozoa has not attracted
attention. This study investigated the inactivation of ciliate Uronema marinum (U. marinum) as surrogate for
protozoa by ultraviolet (UV)/peroxydisulfate (PDS) system. Results showed that the addition of 1 mM PDS
significantly enhanced the inactivation from 0.73 log to 1.47 log by UV exposure at 3.6 mJ-cm 2. Reactive
species responsible for the inactivation were identified to be #SO4 and ¢OH. The anions in seawater inhibited the
inactivation of U. marinum in UV/PDS system. UV/PDS inactivated U. marinum by damaging the cell membrane
and releasing of intracellular materials. The activities change of the antioxidant enzymes showed that oxidative
species destroyed the defense function. Moreover, omics analysis proved that the radicals affected the expression
of genes, proteins and metabolites of U.marinum. In authentic marine water, the inactivation of U. marinum was
1.38 log in 120 s. There was no generation of chlorate (ClO3), bromate (BrO3) and adsorbable organic halogens
(AOX). The economic cost of UV/PDS for inactivation of U. marinum was preliminarily calculated to be 0.062 $
m 3. The results suggest that it will be beneficial to upgrade UV disinfection to ¢SO based advanced oxidation
technology for inactivation of protozoa in marine water.

Uronema marinum
Inactivation
UV/PDS

Sulfate radical

1. Introduction

Generally, people pay much attention to the disinfection of drinking
water and wastewater such as medical sewage, the existence of harmful
organisms in marine water should not be ignored [1-4]. Recently, some
studies have reported the inactivation of microalgae, bacteria and virus
in marine water, etc [5-7]. However, few researches were focused on the
inactivation of marine protozoa. The outbreak of pathogenic protozoa in
marine aquaculture water caused serious infectious diseases. For
example, ciliate Uronema marinum (U. marinum), a common unicellular
organism which lived freely in marine aquaculture water was the
causative agent of scuticociliatosis in farm raised turbot Scophthalmus
maximus [8]. Cryptosporidium and Giardia are common protozoan par-
asites which can cause severe diseases and even death in immune defi-
cient hosts. Toxoplasma gondii can cause toxoplasmosis, it is pathogenic
to humans and animals [9]. The discharge of ballast water from the
vessel leads to transoceanic movement of indigenous marine protozoa,
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which can cause serious environmental problems. As regulated by the
ballast water discharge standard of “International Maritime Organiza-
tion (IMO)”, there should be no more than 10 organisms per milliliter
with body length of 10-50 pm which range are consistent with many
species of marine protozoa [10]. The size of protozoa generally ranges
from a few microns to tens of microns, which belongs to the range
specified in the standard. Therefore, it is necessary to develop a disin-
fection system for marine water that can inactivate protozoa effectively.

The traditional disinfection methods include chlorination, ultravio-
let (UV) irradiation and ozone oxidation, etc [11-13]. While eliminating
pathogens, chlorine containing disinfectants can react with organic
substances to generate harmful halogenated disinfection by-products
(DBPs) [14-16]. The disinfection efficiencies of UV irradiation are not
satisfactory [17]. Bromate with high carcinogenic possibility will be
formed during ozone disinfection of water containing bromine [18,19].
Advanced oxidation technologies (AOTs) which produced reactive hy-
droxyl radical (eOH) have been widely used in water disinfection
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[20-22]. The redox potential of eSOy (i.e., E°=2.5-3.1V)is higher than
eOH (i.e., E'=1.827 V), and the half-life of ¢S04 (30-40 ps) is longer
than that of eOH (less than 1 ps). In addition, ¢SO4 has a higher selec-
tivity for electron-rich chemicals on macromolecules/biomolecules
compared to eOH [23]. Therefore, ¢SO4 based AOTs including perox-
ydisulfate (szoéf, PDS) and peroxymonosulfate (HSO5, PMS) activation
have recently been employed for water disinfection and proved to be
efficient and environmentally friendly [24-26]. Most of these studies
have focused on the degradation of organic pollutants by PDS/PMS
activation [27-29]. In recent years, the research on microorganism
inactivation is getting more and more attention. For example, Michael-
Kordatou et al. upgraded the experimental conditions from UV to UV/
PDS, the inactivation time of total Escherichia coli (E.coli) and erythro-
mycin resistant E.coli decreased significantly from 45 min and 90 min to
30 min and 45 min, respectively [30]. Sun et al. examined the inacti-
vation of Escherichia coli, bacteriophage MS2, and Bacillus subtilis spores
under UV/H30, and UV/PDS conditions. The study found that different
species had different outcomes of inactivation efficiency under the same
treatment [31]. This may be due to particular disinfection mechanisms
between specific microorganisms and radicals. Moreover, the anions in
marine water may react with eSO4 to produce oxidation species such as
reactive chlorine species (RCs) which may also effective for microor-
ganism inactivation [32-34]. Many studies have reported that AOTs can
effectively inactivate algae and bacteria in ship’s ballast water. For
example, Bai et al. found that the eOH can rapidly inactivate algae and
bacteria by destroying their cellular membrane, which achieved D-2
ballast water discharge standard of IMO [35]. Moreno-Andres et al. re-
ported that free radicals generated by an electrochemical AOT can
effectively inactivate marine heterotrophic bacteria in ballast water
[36]. However, to the best of our knowledge, UV/PDS has not been
investigated for the inactivation of protozoa in marine water.

On the other hand, only a few relevant reports have pointed out that
when microorganisms were exposed to an environment rich in eSOyg,
their cell membrane/wall, genetic material DNA/RNA and enzyme ac-
tivities may be damaged [17,37-39]. In recent years, with the rapid
development of high-throughput sequencing technology, omics
including transcriptomics, proteomics and metabolomics were widely
used in various research fields [40-42]. However, the study on the
mechanism of eSO inactivation of organisms by multi-omics has
neither been reported. Thus, it is imperative to investigate the efficiency
of UV/PDS in inactivating protozoa in marine water and the mecha-
nisms based on omics.

This study employed ciliate U. marinum as a representative of pro-
tozoa in marine water. The inactivation dynamic kinetics of U. marinum
under various treatment conditions, formation of radicals in UV/PDS
system and their contributions to inactivation were investigated. The
reaction parameters were optimized to guide the practical application in
marine water disinfection. The overall response of biological cells was
analyzed from the changes of cell integrity and enzyme activity, com-
bined with transcriptomics, proteomics and metabolomics to clarify the
mechanism of biological inactivation. In addition, the formation of
disinfection by-products (DBPs) including ClO3, BrO3 and AOX were
checked to confirm the application feasibility of UV/PDS on marine
water disinfection.

2. Materials and methods
2.1. Chemicals.

Sources of chemical and reagents are provided in the Supporting
Information (SI) Text S1.

2.2. Marine ciliate

U. marinum was purchased from Institute of Hydrobiology, Chinese
Academy of Sciences. Details of U. marinum are described in SI Text S2
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and Fig.S1. Clonal cultures were established by laboratory. A single cell
was isolated from the original population by pipette. Then it was washed
several times in steriled seawater to decrease the presence of contami-
nating microorganisms. The clean single cell was cultured in petrie dish
with nutrient, which was counted every 24 h until the cells were around
100. To expand the culture, the ciliates in the petri dish were transferred
to the flask with the nutrient. Cliate U. marinum was incubated at 22 ~
25 °C for expansion (water temperature 20-25 °C; salinity 35 %o; pH 8).
Bacterial were the food source for the ciliated protozoa. The grain was
naturally grown bacterial feed. Add 10 wheat grains to 100 mL of
sterilized seawater and incubate at 37 °C for 24 h to obtain a wheat grain
extract, which is used as a nutrient source [43].

2.3. Experimental procedures

The inactivation experiments were conducted with a reactor equip-
ped with a collimated-beam UV apparatus and a quartz reaction tube
(2.5 cm diameter, 18 cm length) in Fig.S2. A low-pressure mercury lamp
emitting light predominantly at 254 nm was used as the light source.
Details about incident fluence rate measurement were shown in SI Text
S3 and Fig.S3. The ciliate suspension (20 mL) was put into quartz re-
action tube which was placed on a stir plate, parallel to the incident
light. Most of the experiments were conducted in sterilized seawater (35
%o) containing 1 mM PDS, 14 W UV, and 3000 cells-mL ! initial density,
except where stated otherwise. In the kinetics studies, the effects on
inactivation of PDS concentration (0.01, 0.1, 1 mM), UV intensity (6, 14,
25 W), initial ciliate concentration (3000, 5000, 10,000 cells~mL’1),
DOC concentration (15, 20, 30 mg-L’l) and salinity of sea water (12, 17,
35 %o) were checked. Free radicals were quenched by methanol (1 mM)
and tert-butyl alcohol (TBA) (1 mM). The steady-state concentrations of
¢S04, ¢OH, ¢Cl, ¢ClO can be determined by adding four probes, 5 pM
nitrobenzene (NB), 5 pM anisole (AS), 5 pM benzoic acid (BA) and 5 pM
1,4-dimethoxybenzene (DMOB) to the UV/PDS system (details shown in
SI Text S4) [44,45].

At different time intervals, aliquot samples (1 mL) were collected.
Then cells were measured by micro-counting method under the bio-
logical microscope [46]. To ensure the reproducibility of the average
values, all experiments were conducted in triplicate. Inactivation effi-
ciencies were calculated by Eq. (1), No and N; are concentrations of
ciliate U. marinum in the untreated water sample and the equivalent
water sample after inactivation, respectively. The kinetic rate constant k
was then calculated by linear relation between log(No/Ny) and UV
irradiation time t as described by Sun et al [31].

S = log (%) (€8]

10g<II\\Iﬁ> = kt 2)

2.4. Disinfection mechanisms experiments

The appearances of U. marinum were observed by scanning electron
microscopy (SEM) (FEI Quattro S). Detailed operation steps are shown in
SI Text S5. U. marinum suspension was centrifuged for 10 min at 8,000
rpm, then the concentration of the extracellular DNA was determined by
the absorbance of supernatant with a microplate reader at wavelengths
of 260 nm (A260) and 280 nm (A280) [17]. The intracellular enzyme
protein was extracted using bicinchoninic acid (BCA) method, super-
oxide dismutase (SOD) and catalase (CAT) activities were measured by
the WST-8 and ammonium molybdate method, respectively [37,47,48].

In transcriptomics analysis, total RNA was extracted from samples
with Trizol reagent kit (Invitrogen, Carlsbad, CA, USA). The quality of
RNA was estimated, then the enriched mRNA was fragmented and
reverse transcribed into cDNA using random primers. The constructed
library was sequenced using an Illumina novaseq 6000. Functional
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analysis of the differentially expressed genes was performed using the
KEGG database. For details, see in SI Text S6. In proteomics analysis,
sample was prepared with iST Sample Preparation kit (Pre-Omics,
Germany). The peptide mixture was fractionated by high pH separation
using Ultimate 3000 system (Thermo Fisher scientific, MA, USA), and
further analyzed by on-line nanospray LC-MS/MS. Differentially
expressed proteins were further annotated against KEGG databases to
determine their functions. For details, see in SI Text S7. In metabolomics
analysis, the samples were prepared, which was injected into the LC-
MS/MS system analysis. The samples were analyzed using a Vanquish
UHPLC system (Thermo Fisher, Germany). The raw data files were
processed using the Compound Discoverer 3.1 (CD3.1, Thermo Fisher).
Pathway enrichment analysis was performed using the Metabo Analyst
and DAVID toolkits. For details, see in SI Text S8.

2.5. Disinfection by-products experiments

Humic acid ( 0.01, 0.1, 1, mM ) was added to the simulated marine
water. ClO3 and BrO3 which were measured by using ion chromatog-
raphy (ICS-900, Thermo Fisher Scientific), the effluent was a mixture of
4.5 mM sodium carbonate and 0.8 mM sodium bicarbonate at a flow rate
of 0.30 mL min~. Meanwhile, adsorbable organic halogen (AOX) was
determined by a total organic halogen analyzer (XPLORER, TE in-
struments) [49,50]. The toxicity of the UV/PDS reaction system was
studied by the growth inhibition of U. marinum. 1 mL of 10° cells-mL ™
of U. marinum were added to the reaction solutions, Then the U. marinum
were incubated at 37 °C for 24 h to calculate the total number of cells.

3. Results and discussion
3.1. Inactivation of ciliate U. marinum by UV, PDS and UV/PDS

U. marinum was treated under UV, PDS and UV/PDS conditions
(Fig. 1). The results showed that U. marinum was not inactivated by PDS
alone within 120 s. The inactivation by UV irradiation alone presented a
lag phase during the initial phase for around 1.35 mJ-cm ™2 and followed
by a linear increase along with the exposure time. 0.73 log inactivation
of U. marinum was finally achieved by UV exposure at 3.6 mJ-cm 2. The
phenomenon was similar to the UV inactivation of E. coli and Bacillus
subtilis spores reported by Sun et al [31]. The platform in the initial stage
under UV irradiation may be due to the resurrection process, the same as
the research on inactivation of feline calicivirus [51]. It has been proved

1.8
Control
leL @ PpS
o uv .

1.4 A uvpps o }

—-—--Control (model, R’=0.9274) R
1.2 —-—--PDS (model, R*=0.8142) }/

- - = UV (model, R?=0.9694) s g
1.0 - - - UV/PDS (model, R=0.9955) /}’

log(Ng/N¢)

0.8 F /é,’ ’/’/’/
0.6 % : %% ¢
04 { §

T ,/é:/%" & _ _§--F--- T

00 karBo=B=mTgm e I s T

0 15 30 45 60 75 90 105 120
Time(s)
Fig. 1. Inactivation of U. marinum under UV, PDS and UV/PDS conditions.

(U. marinum = 3000 cells-mL~!, PDS = 1 mM, Light power = 14 W, T = 298.15
K, pH = 8).
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that the inactivation of microorganisms by UV irradiation was mainly
due to the damage to the nucleic acids of the cell [52]. The limited
inactivation effect may be attributed to the repair mechanisms devel-
oped by microorganisms [53].

The addition of 1 mM PDS significantly enhanced the inactivation of
U. marinum. The initial inactivation lag phase under UV treatment alone
disappeared and replaced by a continuous loss of protozoan viability.
Under UV/PDS treatment, 1.47 log inactivation was achieved at 3.6
mJ-cm 2. The kinetic rate constant k also increased from 0.0071 s™! to
0.0130 s!. The radical attack may be primarily responsible for the
continuous and rapid inactivation of U. marinum because the reactive
species such as ¢SO4; and eOH should be formed through the following
ways in UV/PDS system (Eq.3-4). Considering the the complex
composition of authentic marine water matrix, inactivation experiments
of U. marinum in authentic water were studied. As shown in Fig.S4, the
dynamic kinetics of U. marinum inactivation in the authentic marine
water showed similar trend in the synthetic marine water. The inacti-
vation of U. marinum was 1.47 log and 1.38 log in the simulated and
authentic marine water bodies at 120 s, respectively. The slight decrease
of inactivation efficiency may be due to the competitive oxidation of
organic matter in the authentic marine water. The results showed that
the synthetic marine water matrix prepared on the basis of marine water
components can well simulate the authentic marine water matrix, and
the research conducted in the synthetic marine water matrix can
represent the U. marinum inactivation in the authentic marine water
matrix. Further studies were conducted to identify the contribution of
the reactive radicals on the inactivation of U. marinum.

8,05 +hv—2-S0; 3

-8O; + OH —-OH + SO~ ()

3.2. Contribution of reactive species on the inactivation of U. marinum

The activation of PDS by UV irradiation produces primary radicals
including ¢SO; and eOH. The primary radicals in marine water under
UV/PDS treatment were first identified by ESR spectroscopy. Dimethyl-
1-pyrroline N-oxide (DMPO) was applied to demonstrate the formation
of ¢SO4 and ¢OH [37]. As shown in Fig.S5, the radical adducts signals of
DMPO-eSO4 and DMPO-eOH proved that these two primary radicals
were coexisting in the UV/PDS treatment of marine water [54].

Steady-state concentration of free radicals were measured by radical
probes. As shown in Fig. 2A, the concentration of sulfate radical was
1.07 x 107'3 M, and the concentration of hydroxyl radical was 2.73 x
10~ M which is 3.9 times that of sulfate radical. Each radical has a
different reaction rates, therefore we analyzed the contributions of
radicals on the inactivation of U. marinum by adding radical scavengers.
Preliminary experiments were conducted to confirm that these two
radical scavengers did not show detectable impact on U. marinum. As
shown in Fig. 2B, the inactivation of U. marinum treated by UV, UV/PDS
and UV/PDS + methanol system was 0.73 log, 1.47 log and 0.88 log in
120 s, respectively. The difference of 0.74 log between UV and UV/PDS
should be due to the inactivation contribution of reactive oxidizing
species. The difference of 0.59 log between UV/PDS + methanol and
UV/PDS should be due to the inactivation contribution of €SO3 and ¢OH
as it is well known that methanol can effectively scavenge both these
two radicals [30,37]. The inactivation contribution rate of ¢SOz and
eOH accounted for 80 % of all reactive oxidizing species. It was reported
that TBA could quench for eOH effectively, but not for e¢SO4, RCs and
carbonate radicals [55]. The inactivation of U. marinum in UV/PDS +
TBA system was 1.19 log in 120 s and then the inactivation contribution
of eOH was calculated to be 0.28 log. Therefore, the inactivation
contribution of eSO was calculated as 0.31 log. The contribution of
S04 was slightly higher than ¢OH, which is consistent with the radical
concentration results.

Secondary radicals such as RCs and carbonate radicals will be formed
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Fig. 2. Contributions of reactive species generated in UV/PDS systems. (A) Molar Concentrations of Reactive Species. (B) Inactivation of U. marinum in the presence
of methanol or TBA as radical scavenger; (C) Inactivation of U. marinum under different salinity. (U. marinum = 3000 cells-mL !, PDS = 1 mM, Methanol = 1 mM, ert-

Butyl alcohol = 1 mM, Light power = 14 W, T = 298.15 K, pH = 8).

by the reaction of ¢SO; and eOH with marine water anions as follows
(Eq.5-16) [56-59]. The inactivation contribution of anions were then
evaluated by changing the salinity within a reasonable range which was
confirmed to have negligible impact on U. marinum previously. The
concentration of anions in the seawater are summarized in SI Table S1.
As shown in Fig. 2C, the inactivation increased from 1.47 log to 1.88 log
and 3.41 log in 120 s when the salinity of sea water decreased from 35 %o
to 17 %o and 12 %, respectively. The inactivation significantly decreased
with the increase of salinity, indicating that the anions in seawater
inhibited the inactivation of U. marinum in UV/PDS system. Similar
inhibitory effects have also been reported on UV/PDS inactivation of
E. coli and Streptococcus agalactiae [49]. The reason should be attributed
to that the reaction of anions with radicals, and then the amount of
effective ¢SO4 in the UV/PDS system was reduced. Although secondary
radicals can inactivate microorganisms, they have oxidation capacities
that are relatively weaker than that of eSO4. In UV/PDS, the concen-
tration of eCl and eClO were 9.40 x 107> M and 1.47 x 107* M
(Fig. 2A), respectively, but chloride ion in seawater inhibited the inac-
tivation of U. marinum, so we speculate U. marinum may be insensitive to
oCl and eClO. The above results showed that U. marinum were mainly
inactivated by the primary radicals including eSO4 and eOH in the UV/
PDS system in marine water.
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3.3. Effect of reaction parameters on the inactivation of U. marinum

Different intensities of UV light and concentrations of PDS were first
employed to evaluate the influence of the operating parameters on
U. marinum inactivation. As shown in Fig. 3(A), the inactivation
increased from 0.47 log to 3.25 log when the intensity of UV light was
increased from 6 W to 25 W. The inactivation for 14 W was 1.47 log, 3.1
times as much as that for 6 W. However, the inactivation difference
between 14 W and 25 W was just 2.2 times, much less than that between
6 W and 14 W. Therefore, the UV light with 14 W was chosen in other
investigations to save energy. It can be seen from Fig. 3(B) that the
inactivation of U. marinum by UV/PDS process was considerably
dependent on the initial concentration of PDS. The single UV irradiation
without PDS addition possessed certain inactivity towards U. marinum.
The number slightly increased to 0.88 log and 1.00 log for PDS of 0.01
mM and 0.1 mM, respectively. For PDS of 1 mM,, it reached 1.47 log and
was 1.7 times as much as that for 0.01 mM. The results indicated that the
more PDS, the more radicals generated by UV activation which played
an important role in inactivation of U. marinum. However, it has been
reported that a continuous increase of PDS after exceeding a certain
amount could cause a decrease in the substrate removal in UV/PDS
system [60,61]. The reason should be attributed to the quenching of the
radicals by each other as well as the radical scavenging by S,0%~. The
inhibition effect of PDS on U. marinum inactivation was not observed in
this study because the highest PDS concentration of 1 mM may not reach
the critical inhibition level that could quench the produced radicals and
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the phenomenon was similar with the oxidation of erythromycin by UV/
PDS [30].

The effect of initial concentration of U. marinum on its inactivation
was further examined in the UV/PDS system. As shown in Fig. 3(C), the
inactivation decreased from 1.47 log to 1.39 log and 1.12 log when the
concentration of U. marinum increased from 3000 cells-mL~! to 5000
cellsmL™! and 10,000 cellssmL~! in 120 s, respectively. The result
indicated that faster inactivation of U. marinum could be achieved at
lower initial cell concentrations which was consistent with the photo-
catalytic inactivation of bacteria including E. coli and Pichia Pastoris
[62]. The reason should be attributed to the proportion of reactive
radicals was higher when the initial concentration of U. marinum was
relatively lower, which provided a potential greater possibility for the
inactivation of the ciliate [30].

The inactivation of U. marinum was also examined in marine water
containing different concentrations of DOC synthetic. As shown in Fig. 3
(D), when the DOC concentration was 20 mg~L‘1 (equivalent to the
concentration in marine ballast water), the inactivation reached 1.47 log
after 120 s treatment in UV/PDS system. The inactivation decreased to
0.88 log as the concentration of DOC increased to 30 mg-L ™! (equivalent
to the concentration in marine aquaculture water). Reducing the DOC
concentration to 15 mg-L™! could increase the inactivation to 1.78 log.
The results showed that the higher the concentration of DOC in marine
water, the lower the inactivation of U. marinum. The coexisting DOC
caused the competition for reactive radicals and reduced the amount of
radicals acting on U. marinum. Nevertheless, in the DOC concentration
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Fig. 3. Effect of reaction parameters on the inactivation of U. marinum. (A) UV light intensities (U. marinum = 3000 cellss-mL~}, PDS = 1 mM, DOC = 20 mg~L’1, T=
298.15 K, pH = 8); (B) PDS concentrations (U. marinum = 3000 cellssmL~!, DOC = 20 mg'L’l, Light power = 14 W, T = 298.15 K, pH = 8); (C) initial cell con-
centration (PDS = 1 mM, DOC = 20 mg~L’1, Light power = 14 W, T = 298.15 K, pH = 8); (D) initial concentration of DOC in marine water (U. marinum = 3000

cellsmL™!, PDS = 1 mM, Light power = 14 W, T = 298.15 K, pH = 8).
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range of marine ballast water and marine aquaculture water, UV/PDS
system with the above experimental conditions can inactivate
U. marinum effectively.

In addition to U. marinum, other kinds of marine organisms have also
been proved to be effectively inactivated by UV/PDS. For example, our
previous research already studied the inactivation of bacteria including
Escherichia coli (E. coli) and Streptococcus agalactiae (S. agalactiae) [49].
PDS alone has slight inactivation effects on the marine organisms. The
inactivation efficiency of UV radiation alone was significantly lower
than that under the UV/PDS treatment. The inactivation of microor-
ganisms were significantly increased when PDS was added to the UV
system. The inactivation efficiency of E. coli, S. agalactiae, and
U. marinum were 4.13 log, 4.74 log, and 1.47 log by UV/PDS treatment
at 120 s, respectively (Fig.S6). The results showed that UV/PDS is an
efficient technology for inactivating marine microorganisms.

3.4. Inactivation mechanisms

Microorganisms would be mainly inactivated via destruction of cell
membrane, genetic materials, and enzymes when exposed to ¢SOz [26].
The apparent integrity of U. marinum cells was first checked by SEM. As
shown in Fig. 4(A), the untreated U. marinum cell exhibited intact
membrane, the cell irradiated by UV for 120 min did not show obvious
break (Fig. 4(B)). On the contrast, U. marinum cells were completely
ruptured after UV/PDS treatment (Fig. 4(C)). The results were consistent
with the literature reported by Zeng et al. [63], after the UV/PDS
treatment, the cell wall of chlorine-resistant bacterial spores was
severely damaged, leaving only small pieces of cell debris, some
apparent materials were found to be released from the cells, which were
probable to be amino acids and carbohydrates. To further confirm the
damage of U. marinum cell, the concentrations of extracellular genetic
material DNA of U. marinum after treated by UV, PDS and UV/PDS
systems for 120 min were detected. Because the organisms would update
regularly and release dead cells containing DNA, when various organ-
isms interacted with the environment normally, DNA would be dis-
charged and accumulated in their surroundings [17]. As shown in Fig. 5
the initial data of the test (2.66 ng-uL."!) was the environmental DNA
concentration. Within 120 min, there was no significant change in
extracellular DNA concentration after PDS or UV treatment alone,
however, after UV/PDS treatment, the concentration reached 7.35
ng-pL . The results indicated that UV/PDS system inactivated
U. marinum by damaging the cell membrane and release of intracellular
materials to the bulk solution which was opposite to UV irradiation. The
reason may be due to that ¢SOz and ¢OH could induce oxidative lipid
peroxidation in the cell membrane resulting in perturbed membrane
permeability, inhibiting normal metabolism and even leading to the
inactivation of cells.

In addition, the antioxidant enzyme protects against oxidative stress
from the environment. SOD catalyzes the decomposition of ¢O3 to H2Os,
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Fig. 5. The change of extracellular DNA concentration in U. marinum under
different conditions. (U. marinum = 1 x 108 cellsmL™!, PDS = 1 mM, Light
power = 14 W, T = 298.15 K, pH = 8).

while CAT can further promote the conversion of HyO5 to H2O and O,
[64]. Thus, a higher SOD and CAT activity suggests the cells are expe-
riencing a more serious oxidative stress attack from the environment.
The activities of the important intracellular antioxidant enzymes
including CAT and SOD of U. marinum were monitored respectively
during the inactivation process [65]. As shown in Fig. 6(A), neither CAT
nor SOD showed obvious changes in the single PDS system. The change
trend of CAT and SOD was the same in the single UV irradiation and UV/
PDS system, both rising first and then falling. In the initial 120 s, the
rapid increase of the activities indicating that the U. marinum cells were
encountering severe oxidative stress from the environment. The in-
creases of the activities were greater in the UV/PDS system than that
under the single UV irradiation indicating that there was a large amount
of oxidative radicals such as ¢SO; and eOH attacking the U. marinum
cells. The result was consistent with the detection and contribution
analysis of radicals. After 120 s, both CAT and SOD activities gradually
decreased as the inactivation process progressed. The phenomenon may
be explained by that a large number of oxidative species produced in the
system had exceeded the load of U. marinum stress system and destroyed
its defense function [38].

Transcriptomics, proteomics and metabolomics can reveal the
change of genes transcription, protein expression and the metabolism of
organisms, respectively [66]. For the research on the biological inacti-
vation mechanism by AOT, only a few relevant literatures based on eOH
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1.006-3 Pa

Fig. 4. SEM images of U. marinum cells under different systems. (A) Control; (B) UV irradiation; (C) UV/PDS. (U. marinum = 1 x 108 cells-mL ™}, PDS = 1 mM, Light

power = 14 W, T = 298.15 K, pH = 8).
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Fig. 6. SOD and CAT activity of U. marinum. (A) SOD activity; (B) CAT activity (U. marinum = 1 x 108 cells-mL~!, PDS = 1 mM, Light power = 14 W, T = 298.15 K,

pH = 8).

were analyzed by omics. For example, Li et al. described the photo-
catalytic inactivation mechanism of E. coli. Through transcriptomic
analysis, it was found that ¢OH inhibited genes that resist cell membrane
damage and oxidative stress response [67]. Therefore, besides the cell

Top 20 of KEGG Enrichment

(A)

(B)

integrity and the antioxidant enzyme activity, the inactivation mecha-
nism was analyzed by the omics through the overall response of U.
marinum after treated with UV / PDS. The details of omics analysis were
described in SI Text S9. The quality and feasibility of omics analysis,
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were shown in Fig. S7A-S9A. Differential expression of genes, proteins
and metabolites were visualized in the heatmap and volcano plot
(shown in SI Fig. S7B, C—S9B, C). To evaluate the potential function of
differentially expressed genes (DEGs), differentially expressed proteins
(DEPs) and differential metabolites (DEMs), pathway enrichment anal-
ysis based on the KEGG database was performed. As shown in Fig. 7(A),
the signal pathways related to the oxidative stress and apoptotic func-
tion appeared in transcriptomics (R1-R3) and proteomics (P1-P3).
Multiple DEGs (MKK3, YPK1, pkaC. gad8. Pdpkl, etc.) appeared in
the transcriptome FoxO signaling pathway. For example, MKK3 was a
double threonine / tyrosine protein kinase, which could resist apoptosis
through specific phosphorylation and activation of p38 mitogen acti-
vated protein kinase [68]. Apoptosis was the independent and orderly
death of cells controlled by genes to maintain the stability of internal
environment [69]. Therefore, the decrease of MKK3 expression may be
one of the reasons for U.marinum cell inactivation. As shown in Fig. 7(B),
there are also many DEPs (SEN102, cpz-1, PRDX2, ACTI1A, etc.) in
proteome apoptosis pathway. For example, PRDX2 plays an important
role in cell oxidative defense [70]. Oxidative stress will lead to cell
apoptosis and the decrease of its expression may be another reason for U.
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marinum cell inactivation. As shown in Fig. 7(C), metabonomic analysis
showed that the DEMs were significantly enriched in the purine meta-
bolism pathway, in which the expression of differential metabolites
including hypoxanthin, guanosine and uric acid decreased resulting in
abnormal nucleotide composition in cells. There were also adverse ef-
fects on cell growth and metabolism resulting in U.marinum cell inacti-
vation. The above results showed that the free radicals generated in the
UV/PDS system affected the genes, proteins expression and metabolites
of U.marinum and caused the inactivation.

3.5. Disinfection by-products formation during UV/PDS treatment of
marine water

Reactive radicals could be produced during the UV/PDS treatment in
the existence of a high concentration of halogen ions, which were able to
attack some contaminants and bond to them or the formed in-
termediates, thereby resulting in the generation of disinfection by-
products and the increase in the ClO3~, BrO3 and halogenated
byproducts concentration. AOX is a parameter determining the overall
quantity of organically bonded halogens in an environment. The

BrO3” €loy” 14}
® I 3 uv/pDS
~12F
3 (B)
on
Eiof
8
§ 0.8 |
g 0.6 I
/ s
X T
O 04
2 1
0.2
. d
"\ 0.0 1 1 1 T
. : . i : . 78 0.1 1 10 20
N & L s‘ETime(::i:]\) e — L DOC concentration(mg/L)
4500
Control
4000 |- uv ©
PDS
~ 3500 - UV/PDS T
in I I T T-
2 3000 - NN e
g 2500
2
“Z 2000 |
=
[}
= 1500 }
R R N 7777777 \\N\N\N\NN\N %ot
© 1000 F
500F | U AN
N I N 777/ 448 NN 2525225

U. marinum

Fig. 8. Biotoxicity analysis of the UV/PDS system. (A) The concentration of ClO3 and BrO3 in marine water at different concentrations of HA. a: reference materials,
b: 0.01 mM HA, c: 0.1 mM HA, d: 1 mM HA, e: actual seawater. (B) The concentration of AOX in marine water at different concentrations of HA. (C) Growth
inhibition of U. marinum from water samples treated with different systems. (U. marinum = 1 x 10° cells-mL~!, PDS = 1 mM, Light power = 14 W, T = 298.15 K, pH
= 8).
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generation of halogenated byproducts can be quantified directly by
detecting the concentration of AOX.

The concentrations of ClO3, BrO3 and AOX produced by the UV/PDS
reaction were studied in marine water with different amounts of HA and
actual marine water. The qualitative analysis of ClO3 and BrOj3 in
various marine water bodies was carried out. As shown in Fig. 8(A),
ClO3 and BrO3 were not detected when the HA concentration was 0.01
mM, 0.1 mM and 1 mM, but the characteristic peak of BrO3 was dis-
played when the HA concentration was as low as 0.01 mM. As shown in
Fig. 8(B), when the concentration of HA was 0.01 mM, 0.1 mM and 1
mM, the concentration of AOX is 1.3119 mg-L™}, 0.6939 mg-L™! and
0.4059 mg-L~! respectively. The concentration of AOX measured in the
actual sea water was 0.011 mg-L™!. With the increase of HA concen-
tration, the content of AOX is reduced. In order to verify the effect of the
DBPs in the UV/PDS system to the growth of organisms, toxicological
experiments were conducted. As shown in Fig. 8(C), the reaction
seawater did not obviously inhibit the growth of U. marinum, which
indicated that the UV/PDS systems was environmentally friendly.

The results showed that organic matter would inhibit ClO3, BrO3
and AOX, the higher the concentration of organic matter, the lower the
concentration of the DBPs. The reason should be attributed to that the
reaction of HA with radicals, which reduces the amount of effective
#S0y; in the UV/PDS system and reduces the reaction with halogen ions.
As reported by Fang et al., during the degradation of micro pollutant, the
percentages of conversion from Br~ to BrO3 were significant if water
contained lower quantities of natural organic matter in UV/PDS system
[71]. In addition, Xie et al. reported that a considerable increase in the
AOX concentration was discovered in both UV/PDS under the condition
that total organic carbon concentration was minimized [72].

In marine aquaculture water, the concentration of DOC was usually
greater than 20 mg-L™}, so there was no generation potential of the
DBPs. However, the IMO management of ballast water stipulates that
ballast water must be exchanged on the high seas in order to control the
biological invasion caused. Due to the difference of organic matter
content in various sea areas, when the organic matter content is lower
than 1 mg-L ™!, UV/PDS disinfection system may produce DBPs. There-
fore, it is recommended to add some ship domestic sewage as carbon
source to avoid the generation of DBPs and the domestic sewage can also
be treated simultaneously.

3.6. Economic analysis of UV/PDS

To explore the potential application of UV/PDS for U. Marinum
inactivation, the cost of the process was calculated preliminarily. Ac-
cording to International Union of Pure and Applied Chemistry (IUPAC)
guidelines, electrical energy per order (EE/O) can be defined as the
electrical energy dose necessary to reduce the concentration of a
pollutant by one order of magnitude. For pollutant concentration lower
than 100 mg/L, the value of EE/O in UV-based AOTs and the total cost
can be calculated by Eq. (15) and Eq. (16), respectively [73].

PT
FE/O=—————— 1
/0= XV x logNo/N) as)
Cr = 145 x EE/O x Cs +Cy a6)

P = the light power (W);

t = the treatment time (min);

V = the total treated bulk (L);

No = the original concentrations of ciliate U. marinum (cells mL’l);

N; = the final concentrations of ciliate U. marinum (cells mL’l);

Cr = the total system cost ($ m’3);

Cg = the electricity bills ($ KWh’l);

Co = the cost of oxidant ($ g’l).

The electricity cost is 0.08 $ KWh! (45 % of total electricity cost as
maintenance cost) and PDS cost is 0.006 $ g’1 [74]. As can be seen from
Table 1, the total cost of UV/PDS for inactivation of U. marinum was
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Table 1
The costs of the UV/PDS oxidation systems.
EE/O (kWhm 3 Electricity bills ( $ Oxidant cost ($g  Total ($ m
order 1) KWh 1) - )
0.53 0.08 0.00014 0.062

calculated to be 0.062 $ m~°. As reported, the pureballast water treat-
ment system was approved by the IMO and the cost of ballast water
treatment was approximately 0.07 $ m~ [75]. The cost of UV/PDS is
similar to that of the pureballast water treatment system indicating that
UV/PDS is economically reasonable. However, accurate economic costs
still need to be evaluated after pilot test and larger scale expansion.

4. Conclusions

eOH based AOT can inactivate microorganisms efficiently while
avoiding the generation of organic DBPs. AOTs have received extensive
attentions in disinfection of various water bodies. The redox potential of
eSOy is similar to that of eOH, but the half-life is longer. Many re-
searchers have reported that eSO; based advanced oxidation technol-
ogies (ASOT) was very effective in inactivating bacteria and algae in
marine water. But so far ASOT has not been used to inactivate protozoa.
This study investigated the inactivation effect on special protozoa ciliate
U. marinum, a common unicellular organism which lived freely in ma-
rine water such as the ballast water as well as the marine aquaculture
water. It was elucidated that the UV/PDS system was very effective for
U. marinum inactivation. Moreover, this study is among the first to
investigate the biological inactivation mechanism by omics including
transcriptomics, proteomics and metabolomics. The results showed that
except the damage of cell integrity and enzyme activity, the free radicals
generated in the UV/PDS system affected the genes, proteins expression
and metabolites of U.marinum. Because the organic matter would inhibit
ClO3, BrO3 and AOX adding carbon source may be one of the solutions
to control the inorganic DBPs. It provides theoretical support for the
development of green and efficient marine water disinfection
technology.
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