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ABSTRACT

Hepatitis A virus (HAV) is the main causative agent of hepatitis infection associated with waterborne outbreaks worldwide. In
Tunisia, there is no specific surveillance system for HAV and current secondary wastewater treatment processes are unable to
remove viral particles, which present a potential public health problem. Qualitative and quantitative analysis of HAV in 271 raw
and treated wastewater samples from five sewage treatment plants (STPs) during 13 months was performed. Moreover, the effi-
ciency of three secondary wastewater treatment processes (conventional activated sludge, extended aeration, and oxidation ditch

activated sludge) was evaluated. Data obtained demonstrated that HAV is endemic in Tunisia and circulates with high preva-
lence in both raw (66.9%) and treated (40.7%) wastewater. HAV circulates throughout the year in the coastal areas, with the
highest rates found during summer and autumn, whereas in central Tunisia, high levels were shown in autumn and winter. Total
virus removal was not achieved, since no difference in mean HAV loads was observed in effluents (6.0 X 10> genome copies
[GC]/ml) and influents (2.7 X 10> GC/ml). The comparison of the HAV removal values of the three different wastewater treat-
ment methods indicates that extended aeration and oxidation ditch activated sludge had better efficiency in removing viruses
than conventional activated sludge did. Molecular characterization revealed that the vast majority of HAV strains belonged to
subgenotype IA, with the cocirculation of subgenotype IB in wastewater treatment plants that collect tourism wastewater.

IMPORTANCE

This report provides important data on the incidence, behavior, seasonality, and genotype distribution of HAV in the environ-
ment in Tunisia, as well as the risk of infection derived from its occurrence in effluents due to inadequate wastewater treatment.
In addition, these findings seem to confirm that the prevalence of HAV depends on socioeconomic level, sanitary conditions in
the communities, sewage facilities, the locality, and the climate. The wide dispersion of HAV in effluents proves the inefficacity
of the current wastewater treatment processes used in Tunisia to remove virus; therefore, establishment of tertiary treatment
processes or replacement of the medium-charge activated sludge (conventional activated sludge) by the low-charge version (oxi-
dation ditch activated sludge) is absolutely needed. Rapid detection of the HAV genome in wastewater may provide a timely
warning sign to health authorities to implement population protection measures.

H epatitis A virus (HAV) is one of the most important human
waterborne viruses and constitutes the main cause of human
enteric hepatitis transmitted via the fecal-oral route (1). It is
widely prevalent in the world, as millions of new cases of HAV
infections occur worldwide every year (2). It was previously dem-
onstrated that areas with inadequate water supply and poor waste-
water facilities and hygienic conditions generally have very high
HAV prevalence (3, 4). Thus, the geographic distribution pattern
of HAV is highly correlated to the socioeconomic level and sani-
tary conditions (5-7). In fact, HAV infection is highly endemic in
developing regions, e.g., in South Mediterranean regions (6, 8),
where it is still frequently detected in wastewaters (9), while it is
much less frequently detected in industrialized countries. How-
ever, HAV can easily contaminate the environment due to the
large quantities of viral particles excreted by infected people,
symptomatic or not, which pass through the inefficient sewage
treatment plants (STPs) and reach water environments such as
rivers, lakes, and seas. Due to its nonenveloped nature, HAV is
very stable in the environment for long periods and is particularly
resistant to the current wastewater treatment processes (10, 11).
Even though Tunisia has developed its secondary sewage treat-

3834 aem.asm.org

Applied and Environmental Microbiology

ment plants (12), the quality of treated wastewater is still poor
(13). Unfortunately, Tunisia, among other Mediterranean coun-
tries with high endemicity of HAV infections, is using contami-
nated treated wastewater for irrigation and to refill aquifers to
palliate the lack of water resources (14), which may pose a real
threat for public health. Indeed, the lack of a specific system in
Tunisia for surveillance of HAV or other enteric viruses in waste-
waters (15) and the changing epidemiology of HAV (16) are
among the many risk factors (3, 5, 12, 17) that increase the poten-
tial human risk associated with viral contamination in wastewater.

Received 25 February 2016 Accepted 12 April 2016
Accepted manuscript posted online 22 April 2016

Citation Ouardani |, Turki S, Aouni M, Romalde JL. 2016. Detection and molecular
characterization of hepatitis A virus from Tunisian wastewater treatment plants
with different secondary treatments. Appl Environ Microbiol 82:3834-3845.
doi:10.1128/AEM.00619-16.

Editor: C. A. Elkins, FDA Center for Food Safety and Applied Nutrition
Address correspondence to Jesus L. Romalde, jesus.romalde@usc.es.
Copyright © 2016, American Society for Microbiology. All Rights Reserved.

July 2016 Volume 82 Number 13


http://orcid.org/0000-0003-4786-4773
http://dx.doi.org/10.1128/AEM.00619-16
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00619-16&domain=pdf&date_stamp=2016-4-22
http://aem.asm.org

HAV, a member of the genus Hepatovirus of the Picornaviridae
family, is classified into six genotypes (18, 19). Subgenotype IA
appears to be the most prevalent variant worldwide, whereas in
Europe and the Mediterranean region, a more heterogeneous pat-
tern has been found, with cocirculation of the subgenotypes 1A
andIB (17,20, 21). It has been demonstrated that the subgenotype
IA strain was predominant in Tunisia, while subgenotype IB was
rarely detected (4, 22).

The aim of the present study was to extend the previous
knowledge on the prevalence of HAV in wastewater in Tunisia
(4, 23) through the monitoring of five sewage treatment plants
with different characteristics during 13 months. The seasonal
distribution of HAV is described on the basis of the geographical
location of the studied areas and also on the basis of the origin of
influents, using quantitative and qualitative data which may give
more information about HAV circulation in our country. Indeed,
the efficiency of three different activated sludge processes (sec-
ondary biological wastewater treatment) in removing HAV was
calculated in order to evaluate the risk associated with the waste-
water and to demonstrate the need of improvement of the con-
ventional sewage treatment systems currently used in Tunisia and
other developing countries. In addition, we aimed to analyze the
distribution of emergent HAV subgenotypes, introducing the or-
igin of effluents as one of key factors that may provide a better
understanding of their circulation in Tunisia.

MATERIALS AND METHODS

Sampling. A total of 271 samples of wastewater, 136 at entry points (raw)
and 135 at exit points (treated), were collected from five sewage treatment
plants (STPs) located in different Tunisian urban regions. The STP of
Kairouan belongs to the Kairouan governorate, located in west-central
Tunisia, characterized by a semiarid hot climate. The Sousse-South STP
belongs to the Sousse governorate and the Dekhila, Sahline, and Jammel
STPs to the Monastir governorate. These four STPs are located in the
east-central coast of Tunisia, which is influenced by the Mediterranean
climate (Fig. 1). Samples were collected twice per month between Decem-
ber 2009 and December 2010. Each sample was collected at entry and exit
points in 2-liter plastic container that had been cleaned and kept at 4°C.
Wastewater treatment processes, physicochemical parameters, total num-
bers of inhabitants served by STP (expressed as population equivalents),
origins of influents (domestic, touristic, and industrial), and discharge
points of treated wastewater data were obtained from the National Office
of Sanitation (ONAS) and are listed in Table 1.

STPs. Wastewater at all the sewage treatment plants (STPs) is sub-
jected to secondary biological treatment with activated sludge (Table 1).
However, the following three types of activated sludge treatment were
involved in the study: conventional activated sludge (medium charge),
used by the Sousse-South and Dekhila STPs; extended aeration oxidation
ditch activated sludge (low charge), used by the Sahline and Kairouan
STPs; and extended aeration activated sludge (low charge), used by Jammel
STP. All the STPs follow the legal requirements of the Tunisian law included
in decree no. 2005-1991 (11-07-2005) (24) on environmental impact assess-
ment and the regulations in NT 106.02 (20-07-1989) (25) on the quality of
discharges according to the nature and particularities of the receiving envi-
ronment (physicochemical, bacteriological, and micropollutants) and in NT
106.03 (06-1989) (26) on the reuse of treated wastewater.

Virus concentration. Viruses were concentrated from wastewater
samples by the adsorption-elution method recommended by the U.S.
Environmental Protection Agency (27), with minor modifications (4).
Briefly, 100 ml of wastewater sample was supplemented with aluminum
chloride (AICI;) and adjusted to pH 3.5 with HCI. Viruses were then
eluted by using beef extract (pH 9) and concentrated by precipitation with
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polyethylene glycol (PEG) 6000. The pellet was resuspended in 3 ml of
phosphate-buffered saline (PBS) and stored at —20°C until use.

Total RNA was extracted from 150 wl of the concentrates with a
NucleoSpin RNA Virus kit (Macherey-Nagel, Germany) and resuspended
in a final volume of 50 pl of RNase-free H,O.

RT-qPCR assay. One-step real-time TagMan reverse transcription-
PCR (RT-PCR) was employed for the detection and the quantification of
HAV. Each reaction was performed using 5 pl of RNA solution with a
Platinum quantitative RT-PCR ThermoScript One-Step System kit (In-
vitrogen, France) using primers HAV240 and HAV68 and TagMan probe
HAV150 targeting the noncoding region at the 5" end (5’-NCR) (4, 28).
Amplification conditions were as follows: reverse transcription at 55°C for 1 h
and denaturation at 95°C for 5 min followed by 45 cycles of denaturation at
95°C for 15 s, annealing at 60°C for 1 min, and extension at 65°C for 1 min.
Only samples showing cycle threshold (C;) values of =39 were considered
positive and quantifiable. Samples showing C-values between 39 and 41 were
considered positive but nonquantifiable. To reduce the effect of potential
quantitative reverse transcription-PCR (RT-qPCR) inhibitors, extracted viral
RNA samples (undiluted and 10-fold dilution) were tested.

Viral RNA extraction and PCR efficiencies were controlled as previ-
ously described (4, 28). Thus, a known amount of mengovirus clone MC0
was spiked into concentrates before the RNA extraction process was per-
formed and was detected under the same conditions used for HAV. To
calculate extraction efficiency, the C;- value of a mengovirus-positive ampli-
fication control and the C;. value of each sample for mengovirus were com-
pared. RT-qPCR efficiency and the presence of RT-qPCR inhibitors were
evaluated by comparing the C; value of an internal control amplification,
containing 2.5 wl of positive control for HAV and 2.5 pl of extracted RNA,
with the C; value of the HAV-positive amplification control (28, 29).

HAV typing. To genotype the detected HAV strains, seminested RT-
PCR was performed to amplify a 222-bp fragment of the VP3/VP1 junc-
tion, employing specific primers for HAV as described previously (29).
Briefly, reverse transcription of extracted viral RNA was conducted at
42°C for 45 min using Moloney murine leukemia virus (M-MLV) reverse
transcriptase (Invitrogen, France) in a 20-pl reaction mixture. Both the
first and second rounds of PCR were performed using Immolase DNA
polymerase (Bioline, Germany). Amplification conditions for the first
round of PCR were as follows: an initial denaturation of 94°C for 5 min, 40
cycles of denaturation at 94°C for 45 s, annealing at 57°C for 1 min, and
elongation at 72°C for 1 min, and a final elongation at 72°C for 10 min.
The seminested PCR was performed under the same conditions as the first
PCR round except for the annealing temperature being set at 55°C. Am-
plification products were analyzed by electrophoresis using a 2% agarose
gel and visualized after ethidium bromide staining using a Gel-Doc appa-
ratus (Bio-Rad). PCR products were purified from the gel using a
QIAquick gel extraction kit (Qiagen) and sequenced.

Phylogenetic analysis of HAV strains. The obtained sequences, in-
cluding 14 reference sequences retrieved from GenBank, were corrected
using the DNASTAR Lasergene SeqMan program (DNASTAR, USA) and
then aligned using MEGAG6 and the Clustal W algorithm (30). In addition,
three subgenotype IA sequences, two corresponding to clinical strains
TunS-01-0land TunS-05-01, identified in serum samples collected in
2001 from Jammel and Monastir hospitals, and the third corresponding to
environmental strain TunEU-05-01, collected from raw wastewater in the
Monastir region (2001) (31), were also included in the analysis. Inter- and
intragenotype nucleotide identity percentages were calculated using the
DNASTAR Lasergene MegAlign program. A phylogenetic tree was con-
structed using the neighbor-joining algorithm (32) with calculation of
distance matrices performed using the Kimura two-parameter model and
a reliability test of the tree performed by bootstrap analysis (1,000 repli-
cations) with the MEGAG6 program (30).

Nucleotide sequence accession numbers. Sequences obtained in the
present study were deposited in the GenBank database under accession
numbers LN898274 to LN898414.
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FIG 1 Location of the five Tunisian STPs included in the study. 1, Kairouan (KR); 2, Sousse-South (SS); 3, Dekhila (D); 4, Sahline (SH); 5, Jammel (J). Maps from
http://mapamundial.co/a/mapadeTunez#mapa; serial view map obtained from Google Maps (Imagery@2016 Landsat, Data SIO, NOAA, U.S. Navy, NGA,

GEBCO, map data @Google) under the Fair Use terms.

RESULTS

HAYV detection and quantification in wastewater samples. The
HAV genome was detected in 146 (53.9%) of 271 analyzed waste-
water samples collected from five STPs between December 2009
and December 2010. HAV rates in raw wastewater (66.9%) were
higher than those detected in treated wastewater (40.7%). How-
ever, HAV percentages in the studied STPs varied widely in both
raw and treated wastewater (Table 2) and ranged between 32.1%
and 96.3% in inflows and between 18.5% and 77.8% in outflows.
In raw wastewater, the highest rate (96.3%) was detected in the
Jammel STP, whereas the Sahline STP showed the lowest HAV
contamination rate (32.1%). Rates of positive samples decreased
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after primary and secondary treatments in all STPs except in the
Dekhila STP, where treated wastewater was found to be slightly more
contaminated than raw sewage (77.8% versus 74.1%) (Table 2).
HAV was also quantified by RT-qPCR in raw and treated
wastewater samples of the 5 STPs. The results corresponding to
calculations of the mean, minimum, and maximum numbers of
HAV genome copies per milliliter in inflows and outflows are
detailed by region in Table 3. Considering all the STPs together, no
reduction in HAV loads was observed in effluents (6.0 X 10> GC/
ml) compared to influents (2.7 X 10> GC/ml). The highest virus
titer detected in raw wastewater samples was observed in the STP
of Sousse-South (5.6 X 107 GC/ml), while the lowest concentra-

July 2016 Volume 82 Number 13


http://mapamundial.co/a/mapadeTunez#mapa
http://aem.asm.org

HAV in Tunisian STP

TABLE 1 Data from wastewater treatment plants (sewage treatment plants) involved in the study: wastewater treatment processes, numbers of population equivalents (domestic, touristic, and
industrial), discharge points, and physicochemical characteristics”

Population equivalent”

Physicochemical characteristic (mean value)

BOD
pH TSS (mg/liter)
(mean (mean  [mean COD Cl Temp
STP Wastewater treatment process  Total Domestic ~ Touristic ~ Industrial ~ Discharge point value) value)  value] (mg/liter)  (mg/liter)  range (°C)
Kairouan (KR) Oxidation ditch extended 250,570 238,540 530 11,500 River Oued Laataf 15—26.4
aeration activated sludge to Lake Sabkhet
(low charge) el Kalbia
Influents 7.0 = 1.0 440 557 1,408 497
Effluents 8.0*1.0 25 26 84 426
Sousse-South (SS)  Conventional activated sludge 325,150 270,968 31,000 23,182 River Oued el 15.8—30.1
(medium charge) Hallouf to sea
Influents 7.0+ 1.0 409 406 800 710
Effluents 8.0 1.0 43 48 117 639
Dekhila (D) Conventional activated sludge 44,615 31,345 3,080 10,190 River Oued NA°
(medium charge) Hamdoun to sea
Influents 7.0+ 1.0 348 335 1,040 1,597
Effluents 8.0 = 1.0 26 23 71 1,216
Sahline (SH) Oxidation ditch extended 11,350 0 11,350 0 River Oued 17—29.2
aeration activated sludge Hamdoun to sea
(low charge)
Influents 7.0+ 1.0 322 369 1,268 587
Effluents 8.0 = 1.0 13 21 70 489
Jammel (]) Extended aeration activated 83,610 80,430 0 3,180 River Oued el 15.9—29.4
sludge (low charge) Melah to sea
Influents 7.0+ 1.0 240 270 795 604
Effluents 8.0 = 1.0 25 30 106 639

@ STP, sewage treatment plants; TSS, total suspended solids; BOD, biochemical oxygen demand; COD, chemical oxygen demand.

¥ Population equivalents are expressed in numbers of subjects.
“NA, data not available.
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TABLE 2 Number and percentage of HAV-positive samples detected in raw and treated wastewater from five STPs during 13-month collection

period

Mo and sample

% HAV-positive samples (no. of positive samples/total no. of samples)

category Kairouan Sousse-South Dekhila Sahline Jammel Total
December 2009

Influents 100 (1/1) 0(0/2) 100 (2/2) 0(0/2) 100 (1/1) 50 (4/8)

Effluents 0(0/1) 0(0/2) 0(0/2) 0(0/2) 0(0/1) 0(0/8)
January 2010

Influents 100 (1/1) 0(0/2) 100 (1/1) 0(0/2) 100 (2/2) 50 (4/8)

Effluents 0(0/1) 50 (1/2) 0(0/1) 50 (1/2) 0(0/2) 25(2/8)
February 2010

Influents 100 (2/2) 50 (1/2) 50 (1/2) 0(0/2) 100 (2/2) 60 (6/10)

Effluents 0(0/2) 0(0/2) 100 (2/2) 0(0/2) 0(0/2) 20 (2/10)
March 2010

Influents 100 (3/3) 33.3 (1/3) 66.7 (2/3) 33.3 (1/3) 66.7 (2/3) 60 (9/15)

Effluents 66.7 (2/3) 33.3(1/3) 66.7 (2/3) 33.3 (1/3) 33.3 (1/3) 47 (7/15)
April 2010

Influents 0(0/2) 50 (1/2) 100 (2/2) 50 (1/2) 100 (2/2) 60 (6/10)

Effluents 50 (1/2) 50 (1/2) 100 (2/2) 50 (1/2) 0(0/2) 50 (5/10)
May 2010

Influents 50 (1/2) 50 (1/2) 0(0/2) 0(0/2) 100 (2/2) 40 (4/10)

Effluents 100 (2/2) 0(0/2) 100 (2/2) 0(0/2) 0(0/2) 40 (4/10)
June 2010

Influents 100 (2/2) 50 (1/2) 50 (1/2) 50 (1/2) 100 (2/2) 70 (7/10)

Effluents 50 (1/2) 100 (2/2) 50 (1/2) 0(0/2) 0(0/2) 40 (4/10)
July 2010

Influents 0(0/2) 100 (2/2) 50 (1/2) 50 (1/2) 100 (2/2) 60 (6/10)

Effluents 0(0/2) 100 (2/2) 100 (2/2) 50 (1/2) 0(0/2) 50 (5/10)
August 2010

Influents 66.7 (2/3) 100 (3/3) 100 (3/3) 100 (3/3) 100 (3/3) 93 (14/15)

Effluents 66.7 (2/3) 100 (3/3) 66.7 (2/3) 33.3(1/3) 33.3(1/3) 60 (9/15)
September 2010

Influents 100 (2/2) 100 (2/2) 50 (1/2) 50 (1/2) 100 (2/2) 80 (8/10)

Effluents 50 (1/2) 50 (1/2) 100 (2/2) 0(0/2) 50 (1/2) 50 (5/10)
October 2010

Influents 50 (1/2) 100 (2/2) 100 (2/2) 0(0/2) 100 (2/2) 70 (7/10)

Effluents 0(0/2) 50 (1/2) 100 (2/2) 0(0/1) 100 (2/2) 56 (5/9)
November 2010

Influents 50 (1/2) 100 (2/2) 100 (2/2) 50 (1/2) 100 (2/2) 80 (8/10)

Effluents 0(0/2) 50 (1/2) 100 (2/2) 0(0/2) 0(0/2) 30 (3/10)
December 2010

Influents 100 (2/2) 100 (2/2) 100 (2/2) 0(0/2) 100 (2/2) 80 (8/10)

Effluents 0(0/2) 50 (1/2) 100 (2/2) 0(0/2) 50 (1/2) 40 (4/10)
Total influents 69.2 (18/26) 64.3 (18/28) 74.1 (20/27) 32.1(9/28) 96.3 (26/27) 66.9 (91/136)
Total effluents 34.6 (9/26) 50 (14/28) 77.8 (21/27) 18.5 (5/27) 22.2 (6/27) 40.7 (55/135)

tion was detected in the Kairouan STP (6.7 X 10' GC/ml). In
treated wastewater, the highest and lowest HAV titers were also
observed in the Sousse-South (1.4 X 10® GC/ml) and Kairouan
(7.2 X 10" GC/ml) STPs, respectively. However, HAV titers found
in the Sahline STP in outflows (1.6 X 10° to 5.7 X 10° GC/ml)
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were similar to those observed in inflows (1.2 X 10° to 4.4 X 10°
GC/ml). Interestingly, in the Sousse-South and Dekhila STPs, the
number of HAV copies detected in treated wastewater was higher
than that detected in raw sewage, ranging from 1.7 X 10> to 1.4 X
10® GC/ml and from 1.7 X 10% to 2.9 X 107 GC/ml, respectively.
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TABLE 3 Quantification of HAV in raw and treated wastewater collected from five STPs during 13-month collection period as determined by

qRT-PCR*

Mo and sample category

Quantification range of wastewater HAV (GC/ml)

Kairouan Sousse-South

Dekhila

Sahline

Jammel

December 2009
Influents
Effluents

January 2010
Influents
Effluents

February 2010
Influents
Effluents

March 2010
Influents
Effluents

April 2010
Influents
Effluents

May 2010
Influents
Effluents

June 2010
Influents
Effluents

July 2010
Influents
Effluents

August 2010
Influents
Effluents

September 2010
Influents
Effluents

October 2010
Influents
Effluents

November 2010
Influents
Effluents

December 2010
Influents
Effluents

Mean influents
Mean effluents

3.2 X 107

2.7 X 10*—4.3 X 107 2.7 X 107

6.7 X 10'-3.7 X 10?
1.5 X 10*>-5.0 X 10?

5.4 X 10?
8.4 X 10!

1.5 X 10° 7.2 X 107

7.2 X 10"

1.4 X 10°
1.7 X 10°

2.8 X 10°-6.6 X 10°

7.3 X 10*
1.4 X 108

6.2 X 10>-5.6 X 107

9.9 X 10?
9.1 X 10"

5.8 X 10°

6.3 X 10°
4.8 X 10°

7.1 X 10?
1.3 X 10%

2.9 X 10?

2.9 X 107

1.3 X 10°
1.8 X 10*-1.8 X 10?

1.1 X 10°
7.4 X 10°-7.6 X 10*

3.3 X 102
9.6 X 10°-1.0 X 10°

1.9 X 10°-2.3 X 10°
1.7 X 10*>-9.6 X 10°

1.6 X 10°-8.4 X 10°
1.4 X 10°

9.7 X 10°
1.3 X 10*

1.6 X 10°

5.7 X 10°

9.5 X 10°

1.2 X 10°

4.4 X 10°

1.7 X 10°
9.4 X 10*

2.8 X

29X

1.6 X

3.4 X

1.9 X

1.7 X

2.2 X

9.7 X
1.1 X

8.9 X

4.0 X
8.3 X

53 X

4.0 X
1.7 X

1.7 X
55X

10°

10%-2.9 X 10°

10°-7.7 X 10°

10?

10°-4.1 X 10°

10°-2.2 X 10°

10°-7.6 X 10°

10'-1.6 X 10
10?

10%>-2.2 X 10°

10?
10?

10°-2.0 X 10°

10%-4.3 X 10?
10°

10°
10?

“ gRT-PCR, quantitative reverse transcription-PCR; GC/ml, genome copies per milliliter.

Seasonal variations. Results obtained for HAV detection were
analyzed to determine if there was any seasonal effect on the viral
circulation. Table 2 shows the occurrence of HAV during the 13-
month collection period in all detected HAV-positive wastewater
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samples in influents and effluents. In raw or treated wastewater,
HAYV was detected throughout the year, with certain seasonal vari-
ations. The largest percentages of raw wastewater samples with
positive results were detected in summer (77.1%), with a peak in
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TABLE 4 Percentage of HAV-positive wastewater samples in influents and effluents and percentage of virus removal by wastewater treatment

process

Wastewater treatment process

Conventional activated sludge (medium Extended aeration oxidation ditch activated Extended aeration activated sludge (low

charge)” sludge (low charge)” charge)®

% HAV-positive % HAV-positive % virus % HAV-positive % HAV-positive % virus % HAV-positive % HAV-positive % virus
Season  influent samples effluent samples removal influent samples effluent samples removal influent samples effluent samples removal
Winter 60 40 33.3 42.9 7.1 83.3 100 14.3 85.7
Spring 50 57.1 0 42.9 50 0 85.7 14.3 83.3
Summer 78.6 85.7 0 64.3 35.7 44.4 100 14.3 85.7
Autumn 91.7 75 18.2 50 9.1 81.8 100 50 50
Total 69.1 63.6 7.9 50 26.4 47.2 96.3 22.2 76.9

@ Treatment used by Sousse-South and Dekhila STPs.
b Treatment used by Sahline and Kairouan STPs.
¢ Treatment used by Jammel STP.

the month of August (93.3%), and in autumn (76.7%). In treated
wastewater samples, HAV was detected mainly in the summer
(51.4%), and a peak in the month of August (60%) was also ob-
served. However, as a different seasonal pattern for HAV was seen
in each STP, data were classified by the origin of influents (Table
1) and pooled by month (Tables 2 and 3).

In the Sahline STP, which collects only tourism waters corre-
sponding to 11,350 inhabitants, HAV was detected mainly in sum-
mer (71.4%), also showing a peak in August (100%). However,
the highest viral concentrations were found during June (9.5 X
10° GC/ml) and November (4.4 X 10° GC/ml). In the STP of the
Sousse-South region, which collects mainly domestic waters
(270,968 inhabitants) but also waters from areas of tourism
(31,000 inhabitants) and industrial waters (23,182 population
equivalent), the HAV prevalence was low in winter (37.5%), in-
creased slightly during the spring (42.9%), and peaked in summer
(85.7%) and autumn (100%). High viral concentrations were
noted in summer, with a maximum of 5.6 X 10’ GC/ml obtained
in the third week of August.

The Kairouan and Dekhila STPs collect mostly domestic water
(238,540 and 31,345 inhabitants, respectively), followed by indus-
trial waters (11,500 and 10,190 population equivalents) and a
smaller volume of water in areas of tourism (530 and 3,080 inhab-
itants), and had a similar pattern of HAV seasonal distribution,
with predominance during winter (100% and 85.7%, respec-
tively) and autumn (66.7% and 83.3%). Maximum numbers of
viral genomes have been detected in December in the Dekhila STP
(8.4 X 10° GC/ml). However, in the Kairouan STP, highest con-
centrations were found in June (6.6 X 10°> GC/ml) and Decem-
ber (5.8 X 10° GC/ml). Qualitative data showed that all influ-
ent samples taken in the month of June from this site were
positive for HAV.

Interestingly, in the Jammel STP, HAV was not affected by any
seasonal effect and was detected throughout the year at high per-
centages (100%) except in the month of March, in which the HAV
rate decreased to 66.7%. In this STP, the highest viral load (2.8 X
10° GC/ml) was obtained in December 2009. It is noteworthy that
the STP of Jammel collects mainly domestic waters (80,430 inhab-
itants) and a small volume of industrial waters (3,180 population
equivalent).

HAYV removal by biological wastewater treatment. In order to
evaluate the degree of viral contamination in effluents and the
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efficiency of wastewater treatment processes to remove viruses
and to assess the possible seasonal effect on HAV circulation in
effluents, viral rates was calculated and categorized by type of
wastewater treatment process and by month. HAV removal effi-
ciency after wastewater treatment is quantified in Table 4, and the
data clearly show a high level of resistance of HAV to the three
biological activated sludge treatment processes: conventional, ox-
idation ditch, and extended aeration activated sludge. The HAV
removal rate, considering all samples regardless the wastewater
treatment process, reached 39.1%.

Analysis of HAV data categorized by wastewater treatment
process showed a total failure of virus removal in the Dekhila and
Sousse-South plants using the conventional activated sludge pro-
cess, with a viral reduction rate of 7.9%. In those two plants, the
HAV level slightly decreased from 69.1% in raw wastewater sam-
ples to 63.6% in treated wastewater samples. The mean viral loads
in effluent samples were higher (Sousse-South, 4.8 X 10° GC/ml;
Dekhila, 1.3 X 10* GC/ml) than those detected in influent samples
(Sousse-South, 6.3 X 10°> GC/ml; Dekhila, 9.7 X 10* GC/ml) (Ta-
ble 3). Using the conventional activated sludge process, effluents
were found to be more contaminated than influents during spring
(57.1%) and summer (85.7%). In autumn, HAV was resistant to
treatment, with a viral reduction rate of 18.2%, while in winter,
the HAV reduction level achieved 33.3%. The highest HAV con-
centrations found in effluents were observed in July (up to 1.4 X
10® GC/ml for Sousse-South) and in May (up to 2.9 X 107 GC/ml
for Dekhila) (Table 3).

The Sahline and Kairouan STPs, using oxidation ditch acti-
vated sludge, showed a moderate efficiency rate of 47.2% for HAV
removal. No differences were observed in mean viral titer reduc-
tion rates, and HAV was detected at the exit points with mean
loads of 9.4 X 10* GC/ml and 1.3 X 10> GC/ml in Sahline and
Kairouan, respectively (Table 3). HAV was partially removed in
summer (44.4%) and efficiently cleared in winter (83.3%) and
autumn (81.8%). However, total ineffectiveness of the treatment
against HAV was observed in spring, when the HAV rate was
slightly higher in effluents (50%) than in influents (42.9%). The
highest concentrations of HAV in outflows were also detected in
spring (March) for both the Sahline (5.7 X 10° GC/ml) and Kair-
ouan (5.0 X 10* GC/ml) STPs, confirming resistance to the treat-
ment.

In contrast, in the Jammel plant, using extended aeration
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activated sludge treatment, the HAV removal rate reached
76.9% and the viral titer reduction was 1 log unit (1.7 X 107 to
5.5 X 10> GC/ml). Extended aeration activated sludge treat-
ment effectively removed 85.7% of the HAV genome in winter
and summer and 83.3% in spring and partially (50%) cleared
HAYV in autumn. Effluent samples showed HAV loads in Octo-
ber (up to 8.3 X 10> GC/ml) that were slightly higher than
those of influent samples (up to 4.0 X 10> GC/ml) as well as in
the first week of December 2010, in which HAV concentrations
reached 1.7 X 10°> GC/ml in outflows, in contrast to 4.0 X 10°
GC/ml in inflows (Table 3).

Molecular epidemiology of HAV in wastewater. Among the
146 samples positive for HAV, 141 sequences were obtained.
Analysis of the 225 bp of the VP3-VP1 region revealed that the vast
majority of sequences obtained (130 sequences) showed 94.7% to
96.9% similarity to the sequence of the GBM reference strain, and
those sequences were thus classified as representing subgenotype
IA, while 11 sequences belonged to subgenotype IB, showing
99.1% to 100% identity with the HM-175 reference strain. Phylo-
genetic analysis of sequences obtained within subgenotype IA
showed four unique sequences (D3, SS46, KR23, and D52) and six
clusters in the neighbor-joining tree (Fig. 2). Furthermore, sub-
genotype IA strains showed percentages of identity of 96% to
98.7% with clinical strain TunS-05-01 and 94.2 to 96.9% with
both the clinical TunS-01-01 strain and the wastewater TunEU-
05-01 strain. The 11 subgenotype IB strains clustered with the
HM-175 strain (cluster 7) and were detected in Sousse-South (5
strains), Sahline (3 strains), Dekhila (2 strains), and Kairouan (1
strain).

The seasonal occurrence of subgenotype IB was also studied. In
the Sousse-South STP, collecting mixed influents, subgenotype IB
was detected mainly during spring (2 strains) and autumn (2
strains) but was also detected in winter (1 strain). In the Dekhila
STP, which also collected mixed influents, it was present in spring
(1 strain) and summer (1 strain). In the Kairouan STP, with major
influence of domestic and industrial water, the only strain belong-
ing to subgenotype IB was detected in February. Finally, in the
Sahline STP, collecting only tourism influents, the presence of this
subgenotype was observed only during spring (1 strain) and sum-
mer (2 strains). Cocirculation of subgenotype IA and subgenotype
IB was observed in our study during April and August in the Sah-
line STP and during April in Sousse-South STP.

DISCUSSION

Contaminated treated wastewater discharged in the environment
is one of the main sources of viral diseases and is considered the
major vehicle for viral transmission (5), since enteric viruses en-
tering the STP are released to the environment and can reinfect
susceptible populations. HAV is shed in high numbers in the feces
of infected individuals, whether symptomatic or not, and ends up
in large quantities in raw sewage (1). Due to its high infectivity
with low doses and greater resistance to usual wastewater treat-
ments and the ability to survive for long periods in several envi-
ronments (33), HAV can contaminate soil, food, shellfish, and
natural water courses (34) and can then be transmitted to humans
by fecal-oral routes (35). Therefore, detection of HAV in sewage
would provide an important overview of its spread in an entire
population, revealing the appearance of asymptomatic infections,
and of its circulation between the environment and the human
population in a given area.
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HAV is still endemic in Tunisia, with a high/intermediate rank-
ing (4, 12,31, 36, 37), and in the Mediterranean region (8, 38, 39).
Despite the potential public health hazard linked to the use of
contaminated treated sewage, few studies have been carried out on
the prevalence of HAV in wastewater and its seasonal and geo-
graphical distribution in Tunisia. The present work describes a
large-scale environmental HAV surveillance, taking into account
several factors and different characteristics of the studied STPs
which complete our previous report (4) and offering a more ex-
tensive vision with respect to the occurrence and behavior of this
virus within the whole of central Tunisia. On the basis of the use of
molecular tools such as RT-qPCR and seminested PCR, high levels
of HAV were detected in raw wastewater samples, reflecting the
common presence of this virus in Tunisia. Despite of the improve-
ment of hygiene conditions in many urban areas, the incidence of
hepatitis has been not reduced in those areas. This result is in
accordance with environmental studies conducted in the country,
including analysis of wastewater samples, where HAV rates ranged
between 46% and 68.3% (4, 31, 40). Seroprevalence data in Tuni-
sia and in some regions of the Middle East and North Africa
showed high HAV endemicity also, with levels ranging between
839% and 96.4% (12, 31, 36, 37).

Analysis of the epidemiological pattern of HAV infection,
taking into account the socioeconomic and sanitary condi-
tions, geographic localization, and climate, showed that the
viral rate detected in the central Tunisia was slightly higher
(69.2%) than that detected in the central coast (65.7%). These
results are in line with those found in our previous report of a
study performed using environmental samples (4) and in other
seroprevalence studies demonstrating that higher HAV rates
were found in the inland region and in the south of Tunisia (37,
41) than in big coastal cities (36, 37). It has been reported that
HAYV infection is still highly endemic in developing countries,
with differences in epidemiological patterns that are mainly
associated with the development of socioeconomic and hy-
gienic conditions (3, 6, 7, 12).

Considering the four STPs located on the Mediterranean
coast, the HAV genome was found frequently throughout the
year, with high prevalence in summer and autumn. This find-
ing is in agreement with those from previous seroprevalence
studies (36, 42). However, present data from the west-central
region showed the same HAV pattern found in our previous
study (4) conducted in different STPs from the same area
which showed the highest number of positive samples in winter
and autumn also. Thus, geographic localization and climate
may play an important role in the seasonal variation of HAV
circulation. The quantitative results obtained were coherent
with the qualitative data, showing high (10”7 to 10* GC/ml)
HAV rates during summer, which might suggest the occur-
rence of outbreaks in this period.

Differences in seasonal prevalences were observed within the
coastal region, where the origin of the influents was the parameter
that best explained such variability. The highest level of viral con-
tamination was observed during the summer in the STP that col-
lects only tourism sewage (Sahline), while higher prevalences were
displayed during the summer and autumn in the STPs collecting
mixed domestic and tourism waters (Sousse-South and Dekhila).
Interestingly, a regular increase in the level of viral contamination
during summer was noted in these three areas, reaching the max-
imum in August. These results are in accordance with those found
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FIG 2 Phylogenetic analysis of the HAV strains isolated in raw and treated wastewater samples from five STPs in Tunisia during 13 months of study.
Wastewater sample codes: KR, Kairouan; SS, Sousse-South; D, Dekhila; SH, Sahline; J, Jammel. The phylogenetic tree was constructed using 223-bp
sequences of the VP3-VP1 region and the NJ algorithm with distance calculation by Kimua-2-parameter correction (MEGA®6). Only bootstrap values of
>50% are shown on the phylogenetic tree. Bar, 0.02 substitutions per nucleotide position. Sequences obtained in the present study were deposited in the
GenBank database.

previously (4) and have been explained by the fact of the proxim- Little is known about the efficiency of the wastewater treatment
ity of these areas to the coast and the consequent condensation of ~ processes used in Tunisia to HAV removal. Therefore, in the pres-
incoming tourism, mainly from neighboring countries such as ent study, a detailed comparative analysis of the levels of viral
Algeria and Libya but also from the European Union. contamination in outflows based on the origin of influents and the
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wastewater treatment process has been described. Note that, as in
other developing countries such as Algeria, Egypt, Morocco, and
Syria, Tunisia utilizes both primary and secondary treatment
plants where a range of wastewater treatment options are used,
and treatment levels differ between urban and rural areas (43). In
all these countries, with the increase in urban populations, some
sewage treatment plants do not have the capacity to process such
large volumes; consequently, retention times for wastewater treat-
ment become too short to be effective. Currently, Tunisian efforts
are focused on the upgrade to tertiary-level treatment (12). In
contrast to previous studies showing viral reduction rates of 20%
to 80% at STPs (4, 11, 44, 45), our qualitative and quantitative
data showed HAYV levels in the outflows that were similar to or
slightly lower than those in the inflows. These results point to a
potential health risk if final effluents are discharged into fresh or
marine water systems.

According to ONAS, several factors may affect the efficiency
and reliability of the treatment process in the STPs, namely, hy-
draulic and organic overloads of the STP, an antiquated state of
equipment and structures, lack of operating staft, and the inflow
of industrial wastewaters. In the present study, the influence of the
latter parameter on the treatment efficiency was demonstrated,
since the lowest HAV removal rates were found in STPs collecting
large volume of industrial wastewaters. Interestingly, in those
STPs and in a few other cases, the numbers of HAV copies in
treated wastewater were higher than those found in raw sewage.
These findings could be partially explained by the fact that raw
wastewater, especially industrial wastewater, contains high loads
of both organic and chemical pollutants as well as of heavy metals
that may inhibit the PCR (46, 47). The activated sludge process is
widely used by cities and communities where large volumes of
sewage should be treated in a cost-saving manner. The compari-
son of three secondary treatments showed a total failure of HAV
removal when conventional activated sludge treatment (medium
charge) was used. However, the extended aeration and oxidation
ditch activated sludge processes (low charge) used to overcome
some of limitations associated with the conventional activated
sludge process (40) showed high/moderate efficiency in elimina-
tion of HAV. These results are in accordance with previous studies
performed by Jamwal et al. (48).

Results of the phylogenetic analysis of HAV sequences ob-
tained from wastewater samples were in accordance with several
epidemiological studies showing the predominance of subgeno-
type IA in Tunisia over several years (4, 31, 42). Interestingly,
some strains belonging to this subgenotype were closely related to
European strains, confirming the circulation of this subgenotype
variant in the Mediterranean region (49). The presence of sub-
genotype IB is still infrequent in Tunisia (4, 22, 23). A slight rise in
the prevalence of subgenotype IB was observed in the present
study compared to results reported by other authors, who found
only 2% of this subgenotype in sewage or clinical samples (22, 23).
However, this could be explained by the large number of waste-
water samples included in this monitoring, which may increase
the possibility of detecting this rare subgenotype. Our results also
demonstrated that subgenotype IB was more prevalent in the
coastal area, especially in STPs collecting large volumes of tourism
wastewaters, with high numbers detected during spring and sum-
mer. Hence, this finding could validate the hypothesis that sub-
genotype IB, circulating in Europe, is imported by travelers during
Easter or summer vacations.
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Rapid detection of the HAV genome in wastewater may pro-
vide an early warning tool for use by health authorities to manage
and control the operation of STPs to avoid viral spread (50). This
report provides important data on the incidence, behavior, sea-
sonality, and genotype distribution of HAV in the environment in
Tunisia, as well as on the risk of infection derived from its occur-
rence in effluents due to inadequate wastewater treatment. These
findings seem to confirm that the prevalence of HAV depends on
the socioeconomic level, sanitary conditions in the communities,
sewage facilities, the locality, and the climate. The wide dispersion
of HAV in effluents proves the inefficacity of the current wastewa-
ter treatment processes used in Tunisia to remove viral particles,
whether infectious or not. Consequently, treated wastewaters dis-
charged in the environment, mainly in the sea, or reused in irri-
gation or for refilling aquifers present a real public health risk.
Hence, establishment of tertiary treatment processes or replace-
ment of the activated sludge at medium charge by the sludge atlow
charge is absolutely needed. Finally, in this study, we observed a
correlation between the incidence of subgenotype IB and the ori-
gin of influents, suggesting that this subgenotype variant could be
imported by travelers.
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