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ARTICLE INFO ABSTRACT

Keywords: Shrimp aquaculture in India has made significant strides especially after the introduction of Pacific white shrimp
Penaeus vannamei in the year 2009. However, intensification of culture practice has exacerbated several disease issues. Apart from
Running mortality syndrome (RMS) infectious diseases, the Indian shrimp aquaculture has been witnessing certain syndromes, affecting productivity.
Pathogen

One such syndrome associated with significant morbidity and mortality is popularly termed as running mortality
syndrome (RMS) by shrimp farmers. Since 2011, RMS has been widely prevalent in the shrimp farms in Andhra
Pradesh (AP) and Tamil Nadu (TN). The affected shrimp show patches of whitish musculature in the abdominal
segments as a clinical sign with continuous low-level mortalities, especially after about 35-40 days of shrimp
culture. We tried to investigate if this kind of mortality is infectious in nature. Investigations conducted in 34
farms comprising 25 RMS affected and 9 healthy farms were tested negative for all the major OIE listed and other
pathogens such as white spot syndrome virus (WSSV), infectious hypodermal and hematopoietic necrosis virus
(IHHNV), monodon baculovirus (MBV), hepatopancreatic parvo virus (HPV), infectious myonecrosis (IMNV),
Taura syndrome virus (TSV), yellow head virus (YHV), and Penaeus vannamei noda virus (PvNV). Bacteriological
examination of haemolymph and hepatopancreas of RMS affected shrimp showed the predominance of Vibrio
spp., such as Vibrio parahaemolyticus and Vibrio azureus. Histopathological examination of the hepatopancreas
was found to be largely normal, except for haemocytic infiltration in the abdominal segments. Hemolymph of
affected shrimp was observed to have less concentration of major and trace minerals than healthy ones. Bioassay
through feeding RMS affected shrimp tissue to healthy shrimp and co-habitation experiment of healthy shrimp
with the affected animals failed to induce RMS. When maintained in water with optimal physico-chemical
parameters, affected shrimps showed recovery within 6-7 days. On the other hand, environmental parameters of
pond waters such as total ammonia nitrogen, nitrite nitrogen and turbidity were relatively higher than the
optimal values in RMS affected farms. Multiple correspondence statistical analysis of critical factors indicated
running mortality to be associated with high stocking densities, high nitrite-N, and high turbidity. Though the
study could not identify any specific known aetiological agent associated with RMS affected shrimp, failure to
reproduce the syndrome by bioassay, the recovery of affected shrimp under the optimal environmental condi-
tions and the positive correlation with critical environmental parameters and the stocking densities to mortality
rates clearly suggest RMS to be a pond ecosystem or pond management associated syndrome rather than in-
fectious in nature and thus can be overcome through best management practices.

Water quality parameters
Minerals

1. Introduction attributed to the successful introduction of Pacific white shrimp, Pe-
naeus vannamei, when India's brackishwater aquaculture sector was

Shrimp aquaculture has made significant progress over the last looking for alternate species, several positive attributes associated with
decade in India, with shrimp production reaching 487 thousand metric this species made it as a preferred choice for shrimp farming (Davis
tons during 2015-16, which was just about 144 thousand tons during et al., 2004). With the availability of specific pathogen free (SPF)
2006-07 (MPEDA, 2016). This enhanced production could be largely broodstock through import and verification of the disease free status at
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the aquatic quarantine facility (AQF) ensured the availability of good
quality seed in the country (Remany et al., 2010) and P. vannamei
culture expanded rapidly, particularly in the two Indian maritime
states, Andhra Pradesh and Tamil Nadu.

Over the last couple of decades, diseases such as white spot disease
caused by white spot syndrome virus (WSSV), yellow head disease
caused by yellow head virus (YHV) and Taura syndrome caused by
Taura syndrome virus (TSV) have heavily impacted shrimp aquaculture
in the Asiatic region and the Americas resulting in the collapse of the
shrimp industry. The combined loss from shrimp diseases at the global
level from 11 shrimp farming countries for the period 1987-1994, was
estimated at US$3019 million (Israngkura and Sae-Hae, 2002). WSD
alone is estimated to have caused losses of over US$6 billion since its
emergence in 1992 (Lightner et al., 2012; World Bank, 2014). Since
2009, the early mortality syndrome (EMS) or acute hepatopancreatic
necrosis disease (AHPND) has caused huge economic losses to shrimp
farming in China, Vietnam, Malaysia and Thailand. Shrimp production
in the Southeast Asian region dropped to about 60% and loss due to
AHPND was reported to be in excess of US$1 billion per year (FAO,
2013). AHPND was also detected in Mexico in 2013 with > 80%
mortality in about 50% of its shrimp farms in operation and the loss was
estimated to be US$116.2 million.

The Pacific white shrimp was introduced for brackishwater aqua-
culture in India in the year 2009 and the private sector embraced the
new species with great interest. However, soon it was realised that the
SPF status did not protect this species being affected by the existing
viral pathogens such as WSSV (Balakrishnan et al., 2011; Otta et al.,
2014). Disease issues continued to confront the shrimp farming sector,
affecting productions. Since 2011, P. vannamei farms in India were
encountering low and continuous mortalities. This condition results a
small percent shrimp mortality in the affected pond on daily basis. As
the mortality continues on daily basis till the rest of the culture period,
it is called as “Running Mortality Syndrome (RMS)”. Usually the RMS
started after 35-40 days of culture (DOC) with low mortalities and as
the culture progressed, the mortality rate also increased and the pro-
blem becoming acute at around 90 DOC and the farmers were forced to
prematurely harvest the crops. The development of white patches in the
junctions of 2nd to 4th segments was the only observable clinical sign in
RMS. This clinical sign of RMS was different from that described for
infectious myonecrosis virus (IMNV) (Poulos et al., 2006) or Penaeus
vannamei noda virus (PvNV) (Tang et al., 2007). In RMS, focal to ex-
tensive white necrotic areas in striated muscles, especially in the distal
abdominal segments and tail fan, which can become necrotic and red-
dened usually observed in infectious myonecrosis could not be ob-
served. Though RMS clinical sign was somewhat similar to that de-
scribed by Melena et al. (2012), it was wide spread in the latter case.

The main objective of this study was to understand the infectious
nature of this chronic mortality (running mortalities) of farmed Pacific
white legged shrimp carried out during 2013-2014 in the states of
Andhra Pradesh (AP) and Tamil Nadu (TN) in the southeast coast of
India based of the information on farming, microbiological, histo-
pathlogical and molecular diagnostic investigations. Additionally, pond
environmental parameters were also analysed randomly to obtain any
clue regarding its association with such parameters.

2. Material and methods
2.1. Information on the farms

Water, soil and shrimp samples were collected from a total of 34
farms comprising 16 from Nellore and 11 from West Godavari districts
in Andhra Pradesh and seven from Nagapattinam district of Tamil
Nadu. Out of the 34 shrimp farms, nine farms were healthy and the
remaining farms were affected with running mortality syndrome (RMS)
or continuous low mortalities. Samples were collected during three
stages; one during the early stage (between 35 and 45 DOC when

Aquaculture 500 (2019) 278-289

mortality starts), one in the middle phase (during 60 to 75 DOC) and
one during the time of harvest (90 to 120 DOC). Since we were inter-
ested in finding out the infectious agent associated with the disease,
more number of samples from different farms and different locations
were collected rather than frequent samples from few farms/locations.
General information including stocking density, pond area, source
water and health condition of shrimp was obtained from all the farms.
Details of mortality, onset of mortalities, its pattern and progress and
loss in production were collected from the affected ponds.

2.2. PCR analysis for viral pathogens

Gills, hepatopancreas, intestine and pleopods from healthy or
moribund shrimps with and without typical clinical signs were dis-
sected out and collected separately in 90% ethyl alcohol and RNA later
for the analysis of OIE listed DNA and RNA viruses. Another set of
samples were stored in ice and transferred to the laboratory for further
analysis. DNA and RNA was extracted from the respective tissue sam-
ples and subjected to PCR and agarose gel electrophoresis for the de-
tection of WSSV, IHHNV (infectious hypodermal and hematopoietic
necrosis virus), YHV (yellow head virus), IMNV (infectious myonecrosis
virus) and TSV (Taura syndrome virus) as described earlier (OIE, 2014;
Otta et al., 2014). The detection of MBV (monodon baculo virus) was
carried out as per protocol and described by Belcher and Young (1998).
PvNv (Penaeus vannamei noda-virus) was tested using the method of
Tang et al. (2007).

2.3. Bacteriological analysis

Haemolymph samples collected with a sterile syringe directly from
the heart and the hepatopancreas (HP) samples were inoculated on to
thiosulphate citrate bile salts agar (TCBS) and Zobell's marine agar
(ZMA) plates. Animals with typical clinical signs, the parts were washed
in sterile phosphate buffer saline (PBS), swabbed and inoculated on to
thiosulphate citrate bile salts agar (TCBS) and Zobell's marine agar
(ZMA) plates. Intestine and stomach of shrimp were inoculated into
tubes containing 2 ml sterile tryptose soya broth (TSB) with 1.5% NaCl.
All the inoculated plates and tubes were transported to the laboratory
and incubated at 30 °C in an incubator. After overnight incubation, the
plates were examined for the development of bacterial colonies. From
the TSB broth culture tubes, TCBS and ZMA plates were inoculated to
obtain pure cultures.

Morphologically distinct representative colonies from the culture
plates were further purified by streaking on fresh ZMA plates. The pure
colonies were grown in TSB containing 1.5% NaCl overnight and sub-
jected to phenotypic identification following biochemical key for the
identification of all recognized Vibrio spp. (Noguerola and Blanch,
2008). DNA was extracted from the overnight culture by the CTAB
method as described by Wilson (1994). The DNA was subjected to PCR
using primer pairs targeting the 16S rDNA gene as previously described
(Weisburg et al., 1991). The amplified PCR products were purified
using a gel extraction kit following manufacturer's protocol (Qiagen,
USA). These purified PCR products were sequenced and the bacteria
were identified by comparing DNA sequence data in the GenBank da-
tabase using the BLAST program available at the National Center for
Biotechnology Information website (http://www.ncbi.nlm.nih.gov).

The DNA was extracted from the Vibrio parahaemolyticus isolates
and PCR was carried out with metalloprotease gene specific primer to
further confirm the identity of V. parahaemolyticus (Luan et al., 2007).
The V. parahaemolyticus isolates were then tested by AP3 PCR protocol
to detect Tox A protein gene to detect if these isolates belonged to
AHPND (VPaypnp) Strains as described earlier (Sirikharin et al., 2014).
Additionally, the shrimp tissues such as hepatopancreas and stomach
were enriched by incubation in TSB supplemented with 1.5% NacCl for
4 h at room temperature and subjected to PCR to detect Tox A protein
gene by AP3 protocol. All these samples were subsequently also verified
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by the AP4 protocol for the presence of AHPND bacteria (Dangtip et al.,
2015).

2.4. Histopathology

Live and moribund shrimps were collected and fixed immediately
by injecting Davidson's fixative into the hepatopancreas and abdomen
region. After 24 h, the fixed samples were transferred to 70% alcohol
for storage. The hepatopancreas was dissected out and processed for
histology as described by Bell and Lightner (1988). The haematoxyline
and eosin (H & E) stained tissue sections were observed under a mi-
croscope (Leica, USA) and photographed.

2.5. Bioassay with affected animals

2.5.1. Test for recovery

Animals showing typical clinical signs of RMS from different farms
were collected and brought to the laboratory and 7-9 animals from
different farms were kept in a 1001 FRP tank with filtered sea water
under aeration. The salinity of water was 22 ppt and temperature 28 °C.
The animals were fed twice daily at 5% of their body weight. About
30% of tank water was replaced daily and the animals were observed
twice in a day for any mortality or abnormality.

2.5.2. Oral transmission of RMS

The transmission of RMS to healthy pathogen free juvenile
P.vannamei shrimps weighing ~8-10g through oral route was ex-
amined by feeding experiments. WSSV, IHHNV and MBV free status of
these shrimp was ensured by PCR protocols as described earlier. The
animals were distributed into three groups containing five shrimp each
in triplicate in 1001 FRP tanks and acclimatized for 72 h and fed with
commercial pellet feed. Shrimp with typical clinical signs of RMS were
collected from the farms and used for experimental transmission by
feeding. The shrimp were fed twice with the freshly homogenised meat
of RMS affected shrimp at the rate of 5% of body weight. Thereafter, the
shrimp were fed with CIBA grow-out pellet feed. A group of shrimp fed
only with CIBA grow-out pellet feed was maintained as control. The
shrimps were examined twice daily for any mortality or abnormality.

2.5.3. Transmission of RMS by co-habitation

The infective nature of RMS, if any, was examined by co-habitation
of affected animals with healthy animals. Five virus free healthy juve-
nile P. vannamei shrimps weighing ~8-10g were maintained along
with equal number of animals with clinical signs of RMS, separated by
nylon net in 500 L FRP tanks. These animals were maintained under
optimum water quality parameters and aeration. The animals were fed
with commercial pellet feed. The animals were observed twice daily for
any abnormalities or clinical signs of infection.

2.6. Collection and analysis of water, sediment and shrimp hemolymph
samples

2.6.1. Onsite measurements

Samples were collected only once from a single pond/location.
However, care was taken to represent the running mortality status, that
is samples were representatives of all the stages of the condition that is
otherwise prevailed in a single pond. Shrimp pond water quality
parameters such as pH, salinity, turbidity and soil redox potential were
measured immediately at the sampling site using multi-parameter
water quality analyzer (DS5, Hach, USA). Electrodes were calibrated
prior to analysis following manufacturer's instructions. The parameters
measured onsite were stored and viewed in the surveyor provided by
the manufacturer and recorded.

2.6.2. Collection of water, soil and shrimp hemolymph samples
Water samples from the culture ponds were collected in clean 11
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plastic bottles. Soil samples from the culture ponds were collected from
the sediment-water interface from corners and centre of ponds, pooled
and stored in air tight polythene bags and transported to the laboratory
in ice for further analysis. Hemolymph was drawn from ventral sinuses
of shrimps from each of the culture ponds separately using 1 ml sterile
syringe containing anticoagulant (0.45M NaCl, 0.1 M glucose, 26 mM
citric acid, 30 mM trisodium citrate,10 mM EDTA, pH 4.6) and trans-
ported to the laboratory in dry ice and stored at —80 °C for mineral
analysis.

2.6.3. Analysis of water and soil parameters

Calcium, magnesium, total hardness, alkalinity, total ammonia ni-
trogen (TAN), nitrite-N and sulfide analysis was carried out as per the
standard methods (APHA, 2012; AOAC, 1997). Soil samples were air
dried and ground to fine powder with mortar and pestle, passed initially
through 2 mm sieve and stored in air tight plastic bags until further
analysis. Some portion of the soils was again passed through 0.2 mm
sieve and stored for the analysis of organic carbon (Jackson, 1973). pH
and electrical conductivity (EC) were measured using pH and EC meter
(ELICO, India). Organic carbon content in soil was analysed by Walkley
and Black (1934) method.

2.6.4. Analysis of minerals in shrimp hemolymph

Shrimp haemolymph minerals were analysed using inductively
coupled plasma optical emission spectrometry (ICP-OES, Agilent 5100)
after digestion (Microwave PRO, Anton Par) using nitric acid and hy-
drochloric acid (Jannathulla et al., 2017). Briefly, 300 pl of hemolymph
was transferred to inert polymeric microwave vessels and to this, 6 ml
of HNO3 and 2 ml of H,0, were added, sealed carefully and transferred
to microwave digestion system. Digestion was performed with the
temperature setting of 180 °C for 10 min, 70 °C for 8 min and additional
10 min for venting. Digested samples were allowed to cool and made
upto a final volume of 10 ml with distilled water. The calibration curve
was plotted and checked for linearity at five different concentrations of
2, 4, 6, 8 and 10 mg1~! with 23 element standard mix (Merck, Cat No:
1.11355.0100). The analytical conditions were maintained at
0.6 1min~! nebulizer flow, 0.21min~! auxiliary flow and 151 min~!
plasma flow.

2.7. Statistical analysis

The significance between RMS affected and healthy ponds with
respect to water and soil parameters and content of minerals in the
hemolymph was compared with student's ‘t’ test. A tool of categorical
data analysis i.e., Multiple Correspondence Analysis (MCA) was used to
find out the association between the categories of critical variables and
shrimp mortality. The statistical analysis was carried out with SAS
package.

3. Results
3.1. Farming information

The study area included Nellore and West Godavari districts in AP
and Nagapattinam district in TN (Fig.1), being major shrimp farming
hubs and reporting frequent episodes of RMS. Among the 34 farms, nine
farms were healthy and 25 farms were affected by varying degrees of
mortality. RMS affected farms undertaken for this study had wide
variation in terms of source water, stocking density and days of culture
(DOC) (Table 1). In one of the RMS affected farms, shrimp mortalities
started as early as 35 DOC and continued up to 120 DOC in some other
farms. The stocking density in these farms ranged from 24m~2 to
87m ™2 The stocking density in healthy ponds ranged from 24 to
45m~2, whereas it was 44 to 87m~2 in RMS affected ponds. The
source of water for the farms was either creek (n = 14), bore well
(n = 10) or a mixture of both (n = 10) in Nellore and West Godavari
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Fig. 1. Location of farms investigated for RMS in Andhra Pradesh and Tamil Nadu, India.
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Table 1
Location, water source and shrimp survival in normal and RMS affected farms.
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District (state) Source water Status

Healthy (SD)

Affected (SD)

Mortality during DOC

Survival (%) at harvest in RMS affected ponds

West Godavari (AP) (n = 11) Bore well (n = 7) 3 (24-30)
Creek (n = 2) 1(24)
Mixture of BW and creek (n = 2) 1(41)
Nellore (AP) (n = 16) Bore Well (n = 3) 0
Creek (n = 5) 2 (40-50)
Mixture of BW and creek (n = 8) 1 (40)
Nagapattinam (TN) (n = 7) Creek (n = 7) 4 (28-45)

4 (44-49) 48-85 32-46
1(57) 67-84 48

1 (46) 35-72 45

3 (47-70) 64-102 30-38
3 (62) 64-120 42-50
7 (47-87) 61-116 38-46
3 (45-60) 50-98 35-60

SD- shrimp stocking density m~ 2% AP: Andhra Pradesh; TN: Tamil Nadu; DOC:

Fig. 2. Typical clinical signs of RMS affected shrimp (white patches (arrow)
between 2nd and 4th segments).

districts, whereas the farms in Nagapattinam district had only creek as
the source water. RMS was observed in the 25 farms irrespective of
source water.

3.2. Clinical signs

The onset of the RMS was found to occur between 35 and 45 days of
culture (DOC), where a small portion of shrimp population suffered
mortality and the farmers could collect these dead shrimps by netting.
The shrimps suffering from this problem develop white patches be-
tween the 3rd and 4th abdominal segment (Fig. 2). As the problem
advances, animals show red discoloration of the body, stop feeding and
subsequently die. The mortality percentage then gradually increases as
the days of culture progresses. The mortality becomes severe at around
90 DOC and farmers were forced to harvest their crop prematurely. On
an average, about 40% of the stocked shrimp survive and grow to a
harvestable size. RMS often caused pond biomass to fall substantially in
farms with mortality rates reaching 70% (Table 1).

3.3. Detection of viral pathogens

All the shrimp tissue samples tested were negative for the OIE listed
viral pathogens (WSSV, IHHNV, TSV, IMNV and YHV) and also three
other commonly prevalent viral pathogens (MBV, HPV and PvNv) of
penaeid shrimp (Data not shown), suggesting that RMS may not be due
to any of these viral pathogens.

3.4. Bacteriological analysis

Out of the 34 farm samples processed, HP samples from 15 farms
did not produce any growth on TCBS medium. Phenotypic identifica-
tion of the 36 bacterial isolates from 19 farms indicated that these
isolates were predominantly Vibrio species. V. parahaemolyticus was
isolated from shrimp hepatopancreas samples of five farms, V. proteo-
lyticus and V.coralliilyticus from four farm samples each and
V.alginolyticus from three farm samples. Swabs taken from the shrimp

Days of culture.

Table 2
Bacteria isolated from gut / hepatopancreas of shrimp affected with chronic
mortalities.
Location of Farm Bacteria isolated on TCBS Predominant bacteria
shrimp farms (phenotypically identified)
West Godavari WG1 No growth -
WG2 V.parahaemolyticus, V. V.parahaemolyticus”
proteolyticus
WG3 V. proteolyticus, V.proteolyticus
V.parahaemolyticus
WG4 No growth -
WG5 No growth -
WG6 V.coralliilyticus, Vibrio V.coralliilyticus
azureus, V.nereis
WG7 V.alginolyticus, V. V.alginolyticus
proteolyticus,
V.parahaemolyticus,
WG8 Psedomonas sp., V.alginolyticus
V.alginolyticus
WG9 V.mimicus, V.alginolyticus V.alginolyticus
WG10 No growth -
WG11 No growth -
Nellore NE1 No growth -
NE2 No growth -
NE3 V.proteolyticus, V.proteolyticus
V.coralliilyticus,
V.alginolyticus,
NE4 No growth -
NE5 V.parahaemolyticus V.parahaemolyticus®
NE6 V.vulnificus, V.proteolyticus V.proteolyticus”
NE7 No growth -
NE8 No growth -
NE9 Vibrio proteolyticus Vibrio proteolyticus
NE10  No growth -
NE11 No growth -
NE12 V.coralliilyticus, Vibrio V.coralliilyticus
azureus
NE13  No growth -
NE14  V.alginolyticus V. natreigens”
NE15  No growth -
NE16  No growth -
Nagapattinam NG1 V.parahaemolyticus V.parahaemolyticus®
NG2 V.parahaemolyticus V.parahaemolyticus
NG3 V.alginolyticus V.parahaemolyticus
V.parahaemolyticus,
NG4 V.azureus, V.coralliilyticus, Vibrio azureus®
V.parahaemolyticus
NG5 V.fischeri, V.coralliilyticus Photobacterium
damselae”
NG6 V.coralliilyticus, V.coralliilyticus
NG7 V.coralliilyticus, V.vulnificus  V.coralliilyticus

@ Confirmed by sequencing 16 s rRNA gene.
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abdomen showing clinical signs did not show any bacterial growth.
Predominant isolates phenotypically confirmed as Vibrio species
were further confirmed by the 16 s rRNA gene sequencing (Table 2). All
the isolates identified as V. parahaemolyticus either phenotypic methods
or through 16 s rRNA gene sequencing were further verified by PCR
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Fig. 3. Histology of RMS affected shrimp hepatopancreas (A) and muscle
showing haemocytic infiltration.

amplification of VPM gene specific for V. parahaemolyticus. The identity
of V. parahaemolyticus was confirmed by amplification of a 675 bp
fragment of metalloprotease gene specific for V. parahaemolyticus
(Fig. 3). All the V. parahaemolyticus isolates and the TSB cultures from
stomach and intestine subjected to AP-3 PCR protocol could not amplify
the 336 bp AHPND target and also did not amplify any of the two
products (nested PCR) by AP4 primers, confirming that these V. para-
haemolyticus isolates did not belong to AHPND strain. The stomach and
intestine of RMS affected animals were also found to be AHPND ne-
gative by PCR (Data not shown).

3.5. Histopathological studies

Histological sections of hepatopancreas of RMS affected shrimp
from most farms were normal, while some samples showed kar-
yomegaly and increased inter hepatopancreatic tubular space with
some haemocytic infiltration. The hepatopancreatic tubules appeared

Aquaculture 500 (2019) 278-289

intact in most cases. In some cases, the B-cells showed vacuolation and
the lumen contained a secretory granular material. The sections of these
samples did not show occlusion bodies suggestive of any viral infection
or cell necrosis or sloughing into the lumen as observed in the case of
AHPND (Fig.4). Sections from muscle showed necrosis associated with
haemocytic infiltration (Fig.4). Sections of gills were also largely
normal.

3.6. Transmissibility of RMS

The bioassay experiments were conducted to understand the in-
fectious nature of the RMS. After five days of tissues from the RMS
affected shrimp were fed to the healthy shrimp, the challenged animals
did not show any clinical signs of RMS. There were a few occasional
moralities similar to that of the controls (Table 3). The co-habitation of
the healthy animals along with affected animals did not result in
manifestation of clinical symptoms of RMS or shrimp mortality. How-
ever, the affected animals showed recovery indicated by progressive
disappearance of the white patches in the abdominal segments.

Further, the affected shrimp from different farms when maintained
in wet lab facility with optimum water parameters did not show any
mortality during the rearing period of 10 days (Table 4). Moreover, the
animals got completely recovered from the clinical signs during the
maintenance in the wet laboratory. All the recovered animals (based on
the clinical sign) were found healthy and active. The recovery of RMS
affected shrimp while rearing in sea water with optimal water para-
meters further suggests that the RMS might not be due to any infectious
agent.

3.7. Source water quality

The pH of the creek water and bore well waters in all the three
places did not differ significantly. However, there was a significant
variation in the salinity of both bore water and creek water within and
between the study areas. The salinity of bore well waters ranged from 7
to 38 ppt and creek water from 1.6-21 ppt. The salinity of the bore well
water feeding in farms in Nellore district was found to be higher than
the bore well water being used in farms in West Godavari district.
Similarly the salinity of creek water also varied considerably within and
between the study areas (2 to 5 ppt in West Godavari, 11 to 21 ppt in
Nellore and 4 to 12 ppt in Nagapattinam). The turbidity of the creek
water was higher and calcium, magnesium and total hardness levels
were lower than the bore well water in all the districts. The water
quality variables of source waters were well within the acceptable
limits except for the total ammonia nitrogen (TAN) which was found to
be higher than the optimum levels (Table 5).

3.8. Water and soil quality of healthy and RMS affected farms

Among the pond water quality parameters examined, turbidity and
TAN were significantly higher in the RMS affected ponds (Table 6). All

8 9 10 11 12 13 N P

675bp

Fig. 4. Confirmation of V.parahaemolyticus isolates based on the presence of metalloprotease gene (vpM): lanes 1to13, N-Negative control, P-Positive control M-

Marker (100 bp).
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Transmissibility of chronic mortality syndrome by bioassay and cohabitation experiments.

Experiment no  Nature of tissue used for No. of healthy animals in

Percentage mortality

Co-habitation study (Healthy animal  Percentage mortality /clinical

bioassay each tank (triplicate) within 5 days + affected animal (triplicate) signs within 5 days

1 Freshly dead animal with 5 Nil 5+5 Nil
clinical sign

2 Frozen tissue (—80 °C) of 5 Nil - -
dead animal with clinical sign

3 Freshly dead animal with 5 20 545 Nil
clinical sign

4 Freshly dead animal with 5 Nil 5+5 Nil
clinical sign

5 Freshly dead animal with 5 20 545 Nil
clinical sign

6 Freshly dead animal with 5 Nil 545 Nil
clinical sign

Table 4 3.9. Minerals in shrimp hemolymph
Recovery of running mortality syndrome affected shrimp in wet laboratory.

Experiment no  Source of animals: No. of animals in ~ Percentage Composition Of minerals in the .healt.hy .and affected ar.urnals he-
animals with clinical each tank mortality in molymph samples in the three sampling districts was categorized based
signs from RMS (triplicate) 10 days on the salinity (5-10, 10-20, 20-30 and 30-40 ppt) and source water
affected ponds (creek, bore well and mixture of both). In general there was a de-

1 (Farm —1) 3 Nil creasing trend of all major minerals (Ca, Na, K and Mg) in RMS affected

2 (Farm —2) 9 Nil animals compared to healthy animals except in 5-10 ppt salinity range

3 (Farm —3) 8 Nil for Ca, K and Mg (Fig. 5A) and Na (Fig. 5B). Similar trend was observed

4 (Farm —4) 7 Nil for trace minerals (Zn, Fe Cu, and Se) at all salinity groups except for Cu

5 (Farm —5) 8 Nil

the RMS affected ponds had higher TAN mean value (0.73 to 1.26 ppm)
than the permissible levels. Significant differences in nitrite and sulfide
values were also observed among healthy and affected ponds, whereas
no difference was observed in total alkalinity and total hardness. RMS
was found to occur even in low saline ponds in West Godavari district,
and hence salinity may not be playing any role on the occurrence of
RMS.

With regard to sediment quality parameters, the average values of
organic carbon and redox potential was 0.33 & 0.57% and —97 &
—110mV in healthy and RMS affected ponds respectively (Table 6). No
significant difference was observed in organic carbon values between
healthy and affected ponds. Higher organic carbon (0.6 and 0.57%) was
recorded in healthy and affected ponds of Nellore farms. No significant
difference was found in redox potential in healthy and affected ponds.
All the ponds had reducing conditions as indicated by the redox po-
tential. The pond soils of Nagapattinam district were more saline as
indicated by electrical conductivity (8.61 to 9.91 dS m™ Y compared to
West Godavari (1.66 to 2.99 dS m ') and Nellore (6.02 to 7.25 dSm™ 1)
and did not differ significantly between healthy and RMS affected
ponds.

(Fig. 6A) and Se (Fig. 6B) in 5-10 ppt group. The average values of Ca,
Na, K and Mg were 537, 3774, 280 & 94 ppm and 507, 3650, 256 and
77 ppm for healthy and affected animals, over different salinity ranges
respectively. Similarly, the average values of Zn, Fe, Cu and Se were 24,
0.416, 209 and 0.55 ppm and 20, 0.369, 188 and 0.478 ppm in healthy
and affected animals, in 5-10, 10-20, 20-30 and 30-40 ppt salinity
range, respectively. Significant difference (p < .05) was observed in the
composition of Na, Ca, K, Mg, Zn and Fe and no significant difference
(p = .05) for Se and Cu between the healthy and RMS affected shrimp.

With regard to source waters, no particular trend was observed
between healthy and affected animals with respect to major minerals
(Fig.5 A & B and Fig. 6 A & B). However, there was a decrease in trace
minerals in affected shrimp compared to healthy animals irrespective of
source water, except for Fe which was high in affected shrimp (0.48,
0.56 and 0.59 ppm) compared to 0.42, 0.3 and 0.58 ppm in healthy
shrimp with creek, bore well and mixture of both cultured farms, re-
spectively.

3.10. Critical parameters contributing to shrimp mortality
It is clear that mortality of shrimp is not because of single stressor

(critical factor), but appears to be a combination of many stressors.
Many a times, though ammonia and sulfide exceed the optimum level,

Table 5

Physico-chemical characteristics of source water in three shrimp farming areas.
Water quality parameters West Godavari Nellore Nagapattinam

BW cw BW CwW CwW

pH 7.23 = 0.22 7.5 = 0.32 7.44 = 0.28 7.97 = 0.41 7.61 = 0.35
Salinity (ppt) 86 = 1.5 3+ 1.4 28 + 10 16 + 5.3 8 + 4
Turbidity (NTU) 115 £ 9 61 = 10 34 + 23 50 + 46 49 + 29
TAN (ppm) 0.072 + 0.028 0.458 + 0.14 0.412 = 0.327 0.321 = 0.147 0.180 = 0.03
Nitrite (ppm) 0.019 + 0.006 0.043 + 0.018 0.04 = 0.02 0.076 = 0.058 0.013 = 0.002
Ca (ppm) 426 + 232 42 * 5.6 443 *+ 96 338 = 144 269 + 222
Mg (ppm) 387 + 134 64 = 57 1297 *+ 456 910 = 285 305 = 192
Total hardness (ppm) 2681 *= 1030 375 = 245 6513 + 1840 4640 + 1450 1943 + 1354
TA (ppm) 357 += 127 187 + 10 215 = 16 170 = 63 172 = 27

BW- Bore well; CW- Creek water; TAN: total ammonia nitrogen.
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Fig. 6. Concentration of trace minerals in hemolymph of healthy and RMS af-

fected shrimp cultured in varying salinities and different source waters: A. Zinc
& Copper, and B. Iron & Selenium.

Table 7
Rating of critical parameters in relation to shrimp morality.

Critical parameter Mortality rating (%)

Nil mortality < 25% mortality > 25% mortality

Tubidity (NTU) <25 (L) 25-100 (M) > 100 (H)
TAN (ppm) < 0.5 (L) 0.5-1.0 (M) > 1.0 (H)
NO,-N (ppm) < 0.25 (L) 0.25-0.5 (M) > 0.5 (H)
SD (Nos.m ™ %) <40 (L) 40-60 (M) > 60 (H)

L: Low, M: Medium, H: High.

Table 8
Categorization of farms with respect to critical parameters and shrimp mor-
tality.

Mortality Rating of No. of farms under respective critical parameter
rating (%) critical rating
parameter
Turbidity TAN NO,-N  SD (Nos.m™?)
(NTU) (ppm)  (ppm)
0% L 3 4 9 5
M 0 5 0 4
H 6 0 0 0
< 25% L 4 3 1 1
mortality M 1 3 7 7
H 4 3 1 1
> 25% L 4 1 3 3
mortality M 0 2 7 7
H 12 13 6 6

L: Low, M: Medium, H: High.
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four quadrants and within the quadrants, the variables are associated
and are different from other quadrants. Moderate level mortality was
associated with medium stocking density, medium turbidity and
medium nitrite-N (quadrant-I). No mortality was associated with low
stocking density, medium turbidity and low nitrite N and low to
medium TAN values (quadrant-II). High mortality was associated with
high stocking density, high nitrite N, and high turbidity (quadrant-III).
Quadrant-IV has no direct association with mortality and high TAN in
this quadrant is very close to high mortality in 3rd quadrant (). The
MCA plot clearly showed that it is not the single critical factor re-
sponsible for the mortality, but a combination of factors determining
the mortality rates.

4. Discussion

The disease characterized by continuous low level mortalities
(running mortality) in P. vannamei farms after about 35 days of culture
has been causing significant concern among the shrimp farmers year
after year, after its reported emergence in 2011 from shrimp farming
hubs in Andhra Pradesh. Examination of affected shrimp for known and
the OIE-listed pathogens has revealed that the disease is not caused by
any these pathogens. The bacteriological findings indicated pre-
dominance of Vibrio species such as V. parahaemolyticus and V. azurius
in the haemolymph of acutely affected shrimp from RMS affected
ponds. V. parahaemolyticus isolates after confirmatory diagnosis using
the VpM PCR and rRNA sequencing followed by AP-3 PCR indicates
that these bacteria did not harbor the toxin genes present in the AHPND
strains. Viral and bacterial metagenomic studies could be useful to
identify unknown infectious agents involved if any. Since the bioassay
and co-habitation experiments indicated that RMS was not an infectious
disease, we did not carry out any metagenomic study. Haemolymphs
collected from normal and affected shrimps were mostly sterile.
Similarly, swab sample taken from the clinically visible affected muscle
part did not show growth of bacteria and thereby ruling out the pos-
sibility of any bacterial disease due to Vibrio harveyi (Zhou et al., 2012;
Soto-Rodriguez et al., 2012).

Further, the histological investigations on acutely RMS affected
shrimp did not have significant pathologies. The pathology of hepato-
pancreas was grade-1 and was not characteristic of AHPND as explained
by Tran et al. (2013). Melena et al. (2012) reported low mortalities
associated with muscle necrosis in Ecuadorian P. vannamei shrimp
farms and described macroscopic lesions involving opaque, whitish
discolorations in the abdominal muscles, with lesions in skeletal
muscle, including multifocal necrosis, fibrocytic inflammation and
phagocytosis. Although, in the present study, muscle showed some
necrosis associated with haemocytic infiltration, similar to IMNV af-
fected shrimp presenting coagulative to liquefactive necrosis, accom-
panied by moderate infiltration and accumulation of hemocytes (OIE,
2014), failure to detect IMNV and PvNv by RT-PCR ruled out their
involvement.

This RMS of shrimp under commercial production conditions con-
tinued through to harvest size. Usually, the mortality rate was slow
(< 1%/day), but the cumulative loss over time was high, often reaching
70%, compelling the farmers to harvest the crops prematurely. We
could not understand the progression from morbidity to death. As per
some farmers, reducing feeding for a few days was found to help reduce
shrimp mortalities. Some farmers reported adoption of best manage-
ment practices involving reducing stocking density and feed manage-
ment helped in reducing RMS problems.

It is very well proven that viral and bacterial diseases along with
poor physico-chemical parameters are the prime cause for mortality in
shrimp culture (Chamberlain, 1997). Earlier studies have proven sig-
nificant influence of temperature on WSSV (Raj et al., 2012) and pH
stress decreasing the resistance of white shrimp P. vannamei against V.
alginolyticus, affecting the immune response (Li and Chen, 2008).
Tedengren et al. (1988) explained that changes in salinity causes
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Fig. 7. MCA plot showing the shrimps mortality in association with critical parameters.

physiological stress which further decreases the tolerance to environ-
mental stressors. Hence toxicants and environment stressors can act in
synergistic manner possibly triggering pathogens from latency to
virulence stage. It is well known that reduced conditions prove to be
highly conducive for undesirable microbes such as sulfur bacteria
through which reduced compounds like hydrogen sulfide is produced
(Avnimelech and Ritvo, 2003). High level of organic carbon helps
proliferation of heterotrophic bacteria as these bacteria consume the
labile organic matter. Apart from the mineralization of organic matter,
they consume considerable amount of oxygen thus influencing the
water quality to a greater extent (Moriarty, 1997).

High sulfide values with maximum value of 0.174 ppm recorded in
this study, is by far higher than the acceptable limits in aquaculture
settings in RMS affected ponds. Generally, it is important to maintain
pond bottom in oxidized state to get rid of reduced compounds, espe-
cially sulfide which should be always below 0.03 ppm in aquaculture
ponds. The unionized form of sulfide can cross the lipid bilayer and
block the respiration of the cultured animal (NRC, 1977). Apart from
rendering direct toxicity, it also makes the cultured animal susceptible
to bacterial and viral pathogens (Hsu and Chen, 2007).

In the present study, relatively higher levels of nitrite and TAN were
recorded in ponds affected with RMS. TAN values in farms in West
Godavari, Nellore and Nagapattinam districts of 1.305, 0.866 and
1.616 ppm respectively were much higher than the optimal levels.
Further, nitrite N value of higher than 0.5 ppm in RMS affected ponds
could have created stress to the animals. The effect of ammonia-N on
physiological response or immune resistance of shrimp or other dec-
apods have been well documented (Cheng and Chen, 2000; Liu and
Chen, 2004). It is also very well proven that unionized ammonia can
cause serious damage by crossing cell membrane and at even low values
can become potentially toxic especially at higher pH. Liu and Chen
(2004) studied the immune response of white leg shrimp and reported
that high TAN levels made shrimp susceptible to V. alginolyticus infec-
tions.

Several studies have indicated that the stressors in aquaculture are
mostly related to water and pond sediment quality (Lo and Kou, 1998).
Takahashi et al. (1995) reported that water quality parameters such as
pH, salinity, temperature and hardness make shrimp susceptible to
pathogens. Significant difference in the soil and water quality para-
meters between disease affected and unaffected ponds have been also
recorded (Krishnani et al., 1997). Stressors generally act on the immune

system of cultured animals and may help multiplication of pathogens
and the process of infection, causing associated mortalities. It is further
documented that the mortality rate was low in low saline ponds and
when the stocking density was reduced, farmers were able to harvest
the crop without RMS. Over stocking generally deteriorates the water
quality and increases the rate of disease transmission. Tendencia et al.
(2010) studied WSSV outbreak in intensive farms along with water
quality variables. Using logistic regression model, they concluded that
pond environmental factors such as pH and temperature are considered
as high risk factors for the infection but not necessarily for the disease
outbreak. They also reported that the ponds with lesser water trans-
parency are exposed to more stressful environment compared to ponds
with higher water transparency. In the present study, as reported by
farmers, temperature also found to be one of the important risk factor
for the occurrence of RMS. The low feed intake by shrimps during high
temperatures in ponds with high stocking density coupled with the
critical water parameters beyond the optimal range resulted in the
mortality of shrimps. We have also observed that combinations of cri-
tical environmental parameters are likely to make the animals more
stressed and subsequently resulted in mortality compared to these
parameters reported as singly by earlier researchers. MCA analysis re-
sults suggest that nitrite concentration above 0.5 ppm alone may not
have resulted in mortality, but in combination with other critical
parameters viz., TAN and turbidity might have resulted in high mor-
tality per cent.

In the present study, the levels of most of the major and trace mi-
nerals were found to decrease in RMS affected shrimp. Variation in the
concentrations of minerals in shrimp hemolymph has been observed
under different stress conditions (Boglio, 1995). In case of shrimp, the
ionic concentration of hemolymph is more or less similar as in the case
of water. But the stress induced on the animals by exposing them to
change in the water pH and TAN resulted in lowered mineral values.
Chen and Chen (1996) reported that increased TAN concentration re-
sulted in decreased hemolymph mineral concentration. Low level of
magnesium can cause increase in respiratory rate, which could translate
into reduced survival and poor growth rate (Roy et al., 2007). Po-
tassium is an intracellular cation having an important role in electrolyte
and acid-base balance of intracellular fluids (Gong et al., 2004; Cheng
et al., 2006). The reduction of this cation also would have resulted in
reduced survival in RMS affected ponds. Stress conditions showed lower
sodium (Na™) and Cl~ and higher K* concentration. It is reported that
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injection with biogenic amines (dopamine) showed transient elevations
in osmolality, Na™ and Cl~ levels in P.monodon (Chang et al., 2007)
and P.vannamei (Chiu et al., 2006; Liu et al., 2008). In the present study
also, it has been observed that in RMS affected shrimp, the concentra-
tion of major and trace minerals decreased suggesting that the animals
were stress conditions in most of the ponds. Recently it was reported
that combined exposure of ammonia and nitrite to Marsupenaeus japo-
nicus induced synergistic and simultaneous effects on respiratory
parameters, the acid-base balance and osmoregulation (Chen and
Cheng, 1996; Chen et al., 2013).

In shrimp aquaculture, high stocking densities coupled with use of
large amount of feeds are being practiced to maximize productions.
Many times due to poor pond management practices, critical water
parameters might be beyond the optimal levels irrespective of stocking
density. Organic matter that originates from unused feed and fecal
material settle at the pond bottom, followed by of microbial metabo-
lism, resulting in high amounts of nutrients and metabolites (ammonia,
nitrate, nitrite, sulfide) in high stocking shrimp ponds (Joseph et al.,
2001). Generally these are recycled either by native microorganisms or
by application of microbial products. Exposure to stressors originating
from pond water could compromise the immunity of aquatic organisms,
thereby increasing the risk of infection and physico-chemical condition
of pond may stimulate the proliferation of pathogens (Tendencia et al.,
2012). Pond soil serves as reservoir for many harmful pathogens. Viral
load in soil was reported to be of the orders of 10°~10'2 per gram which
is several folds higher than overlying water (Breitbart and Rohwer,
2005). A number of studies have revealed the relationship between
physico-chemical parameters and disease outbreak.

5. Conclusion

In the present study, investigations could not identify any known
bacterial or viral pathogen responsible for the RMS. The cohabitation of
RMS affected animals with healthy animals could not induce disease in
healthy animals. Rearing of RMS affected animals in sea water with
optimum environmental parameters resulted in complete recovery from
the clinical symptoms of RMS.

Given the condition of RMS, it would have been best to collect
continuous samples from the same pond throughout the prevailing
system and get accurate information regarding correlation of water
quality parameters with this syndrome. However, our main objective
was to find out if any infectious agent is associated with this condition
and therefore, we tried to collect as many samples possible from dif-
ferent locations with different ecosystems but representing different
stages of this condition. Nevertheless, as sampling was done at different
DOCs from several ponds, we tried to correlate the environmental
parameters with RMS with this limited sampling conditions.

In the absence of any etiological agent associated with RMS in the
present study, it appears that chronic shrimp mortality was due to in-
teraction of several critical environmental parameters and stocking
density higher than the optimum levels that are triggered under adverse
environmental conditions. The results of this study makes us assume
that the RMS is an aquaculture system associated syndrome, where
mortality of shrimp occurs whenever critical factors in the system are
not within the optimal ranges possibly due to poor management prac-
tices such as inadequate pond preparation and less time gap for the
ponds to dry between the crops. However, a more systematic study is
necessary to accurately predict this.

Acknowledgements

Authors are thankful to the former Director of ICAR-CIBA for pro-
viding the facilities to carry out this work. The financial assistance
through Indian Council of Agricultural Research (ICAR), New Delhi
(Grant ID: NICRA 1007628) and National Fisheries Development Board
(NFDB), Hyderabad, India (Grant ID: NFDB 1004097) is duly

288

Aquaculture 500 (2019) 278-289

acknowledged. Authors also thank shrimp farmers in the three districts
for providing access and samples for investigating this syndrome. The
help received from M/s Waterbase Pvt. Ltd. during field visits and
collection of samples from farms is duly acknowledged.

References

AOAC, 1997. Official Methods of Analysis of Association of Analytical Chemists, 18th
edn. Benjamin Franklin Station, Washington DC, USA.

APHA, 2012. Standard Methods for the Examination of Water and Wastewater, 22nd edn.
American Public Health Association, Washington, DC.

Avnimelech, Y., Ritvo, G., 2003. Shrimp and fish pond soils: processes and management.
Aquaculture 220, 549-567.

Balakrishnan, G., Peyalil, S., Kumaran, R., Theivasigamani, A., Kotiya, A.S., Solanki, J.B.,
Srinivasan, N., 2011. First report on white spot syndrome virus (WSSV) infection in
white leg shrimp Litopenaeus vannamei (Crustacea, Penaeidae) under semi intensive
culture condition in India. AACL Bioflux. 4, 301-305.

Belcher, C.R., Young, P.R., 1998. Colourimetric PCR-based detection of monodon bacu-
lovirus in whole Penaeus monodon postlarvae. J. Virol. Meth. 74, 21-29.

Bell, T.A., Lightner, D.V., 1988. A handbook of normal penaeid shrimp histology. In:
World Aquaculture Society. Special Publication, Baton Rouge.

Boglio, E., 1995. Measurement of Stress in Broodstock Leader Prawns Penaeus monodon
Following Capture by Trawling and Transport to Hatcheries. University of
Queensland, Queensland (PhD Thesis, 155 pp.).

Breitbart, M., Rohwer, F., 2005. Here a virus, there a virus, everywhere the same virus?
Trend. Microbiol. 13, 278-284.

Chamberlain, G.W., 1997. Sustainability of world shrimp farming. Global Trends. Fish.
Manage. 20, 195-209.

Chang, C.C., Wu, Z.R., Chen, C.S., Kuo, C.M., Cheng, W., 2007. Dopamine modulates the
physiological response of the tiger shrimp Penaeus monodon. Aquaculture 270,
333-342.

Chen, J.C., Chen, C.T., 1996. Changes of osmotic and electrolyte concentrations in the
haemolymph of Penaeus japonicus exposed to ambient ammonia. Comp. Biochem.
Physiol. C: Pharmacol. Toxicol. Endocrinol. 114 (1), 35-38.

Chen, J.C., Cheng, S.Y., 1996. Hemolymph osmolality, acid-base balance, and ammonia
excretion of Penaeus japonicus bate exposed to ambient nitrite. Arch. Environ.
Contam. Toxicol. 30, 151-155.

Chen, S., Shieh, L., Chen, J., 2013. Changes in hemolymph oxyhemocyanin, acid-base
balance, and electrolytes in Marsupenaeus japonicus under combined ammonia and
nitrite stress. Aquat. Toxicol. 130, 132-138.

Cheng, W., Chen, J.-C., 2000. Effects of pH, temperature and salinity on immune para-
meters of the fresh water prawn Macrobrachium rosenbergii. Fish Shellfish. Immunol.
10, 387-391.

Cheng, K., Hu, C., Liub, Y., Zheng, S., Qi, X., 2006. Effects of dietary calcium, phosphorus
and calcium/phosphorus ratio on the growth and tissue mineralization of Litopenaeus
vannamei reared in low-salinity water. Aquaculture 251, 472-483.

Chiu, H.T., Yeh, S.Y., Huang, S.C., Chang, C.C., Kuo, C.M., Cheng, W., 2006. Dopamine
induces transient modulation of the physiological responses of whiteleg shrimp,
Litopenaeus vannamei. Aquaculture 251, 558-566.

Dangtip, S., Sirikharin, R., Sanguanrut, P., Thitamadee, S., Sritunyalucksana, K.,
Taengchaiyaphum, S., Mavichak, R., Proespraiwong, P., 2015. AP4 method for two-
tube nested PCR detection of AHPND isolates of Vibrio parahaemolyticus. Aquacult.
Rep. 2, 158-162.

Davis, D.A., Samocha, T.M., Boyd, C.E., 2004. Acclimating Pacific white shrimp,
Litopenaeus vannamei, to inland, lowsalinity waters. In: Southern Regional
Aquaculture Center Publication No. 2601, pp. 8.

FAO, 2013. Report of the FAO/MARD Technical Workshop on Early Mortality Syndrome
(EMS) or Acute Hepatopancreatic Necrosis Syndrome (AHPNS) of Cultured Shrimp
(under TCP/VIE/3304), FAO Fisheries and Aquaculture Report No. 1053. (Rome).

Gong, H., Jiang, D.H., Lightner, D.V., Collins, C., Brock, D., 2004. A dietary modification
approach to improve the osmoregulatory capacity of Litopenaeus vannamei cultured in
the Arizona desert. Aquac. Nutr. 10, 227-236.

Hsu, S.W., Chen, J.C., 2007. The immune response of white shrimp Penaeus vannamei and
its susceptibility to Vibrio alginolyticus under sulfide stress. Aquaculture 271, 61-69.

Israngkura, A., Sae-Hae, S., 2002. A review of the economic impacts of aquatic animal
disease. In: Arthur, J.R., Phillips, M.J., Subasinghe, R.P., Reantaso, M.B., MacRae,
L.H. (Eds.), Primary Aquatic Animal Health Care in Rural, Small-scale, Aquaculture
Development. FAO Fish. Tech. Pap. No. 406, pp. 253-286.

Jackson, M.L., 1973. Soil Chemical Analysis. Prentice Hall of Englewood Cliffs, New
Jersey, USA.

Jannathulla, R., Dayal, J.S., Vasanthakumar, D., Ambasankar, K., Muralidhar, M., 2017.
Effect of fermentation methods on amino acids, fiber fractions and anti-nutritional
factors in different plant protein sources and essential amino acid index for Penaeus
vannamei Bood, 1931. Indian J. Fish. 64, 40-47.

Joseph, K.O., Gupta, B.P., Muralidhar, M., Krishnani, K.K., 2001. In: Menon, N.R.,
Madhusoodana Kurup, B., Philip, Rosamma (Eds.), Changing Patterns in the Soil and
Water Conditions of the Coastal Regions Due to Intensification of Shrimp Farming.
Aquaculture & Environment Centre for Integrated Management of Coastal Zones, pp.
157-169.

Krishnani, K.K., Rajendran, K.V., Joseph, K.O., Gupta, B.P., 1997. Soil and water char-
acteristics of shrimp ponds affected with viral disease. J. Inland Fish. Soc. India. 29,
37-42.

Li, C.C., Chen, J.C., 2008. The immune response of white shrimp and its susceptibility to
under low and high pH stress. Fish Shellfish Immunol. 25, 701-709.


http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0005
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0005
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0010
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0010
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0015
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0015
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0020
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0020
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0020
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0020
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0025
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0025
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0030
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0030
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0035
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0035
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0035
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0040
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0040
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0045
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0045
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0050
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0050
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0050
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0055
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0055
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0055
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0060
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0060
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0060
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0065
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0065
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0065
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0070
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0070
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0070
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0075
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0075
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0075
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0080
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0080
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0080
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0085
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0085
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0085
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0085
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0090
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0090
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0090
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0095
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0095
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0095
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0100
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0100
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0100
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0105
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0105
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0110
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0110
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0110
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0110
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0115
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0115
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0120
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0120
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0120
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0120
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0125
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0125
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0125
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0125
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0125
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0130
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0130
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0130
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0135
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0135

S.V. Alavandi et al.

Lightner, D.V., Redman, R.M., Pantoja, C.R., Tang, K.F.J., Noble, B.L., Schofield, P.,
Mohney, L.L., Nunan, L.M., Navarro, S.A., 2012. Historic emergence, impact and
current status of shrimp pathogens in the Americas. J. Invertebr. Pathol. 110,
174-183.

Liu, C.H., Chen, J.C., 2004. Effect of ammonia on the immune response of white shrimp
Litopenaeus vannamei and its susceptibility to Vibrio alginolyticus. Fish Shellfish
Immunol. 16, 321-334.

Liu, Hong-yu., Pan, Lu-qing, De-Bin, Zhen, 2008. Injection of biogenic amines modulates
osmoregulation of Litopenaeus vannamei: Response of hemolymph osmotic pressure,
ion concentration and osmolality effectors. Comp. Biochem. Physio. Part A 151,
191-197.

Lo, C.F., Kou, G.H., 1998. Virus-associated white spot syndrome of shrimp in Taiwan: a
review. Fish Pathol. 33, 365-371.

Luan, X.Y., Chen, J.X., Zhang, X.H., Jia, J.T., Sun, F.R., Li, Y., 2007. Comparison of dif-
ferent primers for rapid detection of Vibrio parahaemolyticus using the polymerase
chain reaction. Lett. Appl. Microbiol. 44, 242-247.

Melena, J., Tomala, J., Panchana, F., Betancourt, I., Gonzabay, C., Sonnenholzner, S.,
Amano, Y., Bonami, R.J., 2012. Infectious muscle necrosis etiology in the Pacific
White Shrimp (Penaeus vannamei) cultured in Ecuador. Braz. J. Vet. Pathol. 5, 31-36.

Moriarty, D.J.W., 1997. The role of microorganisms in aquaculture ponds. Aquacult. 151,
333-349.

MPEDA, 2016. Marine Products Export Development Authority (MPEDA), Cochin, India.
http://164.100.150.120/mpeda/pdf/press_release/mpeda_press_release_export_
statistics_2015_16_and_RGCA.pdf.

Noguerola, I., Blanch, A.R., 2008. Identification of Vibrio spp. with a set dichotomous
keys. J. Appl. Microbiol. 105, 175-185.

NRC (National Research Council), 1977. Hydrogen Sulfide. University Park Press,
Baltimore.

OIE, 2014. Aquatic Animal Health Code, 11th ed. World Organization for Animal Health,
Paris.

Otta, S.K., Arulraj, R., Praveena, P.E., Manivel, R., Panigrahi, A., Bhuvaneswari, T.,
Ravichandran, P., Jithendran, K.P., Ponniah, A.G., 2014. Association of dual viral
infection with mortality of Pacific white shrimp (Litopenaeus vannamei) in culture
ponds in India. Virus Dis. 25, 63-68.

Poulos, B.T., Tang, K.F.J., Pantoja, R.C., Bonami, J.R., Lightner, D.V., 2006. Purification
and characterization of infectious myonecrosis virus of penaeid shrimp. J. Gen. Virol.
87, 987-996.

Raj, S., Vijayan, K.K., Alavandi, S.V., Balasubramanian, C.P., Santiago, T.C., 2012. Effect
of temperature and salinity on the infectivity pattern of white spot syndrome virus
(WSSV) in giant tiger shrimp Penaeus monodon (Fabricius, 1837). Ind. J. f Fish. 59,
109-115.

Remany, M.C., Cyriac, D., Nagaraj, S., Rao, B., Panda, A.K., Kumar, J., Samraj, Y.C.T.,
2010. Specific pathogen-free assurance of imported pacific white shrimp Litopenaeus
vannamei (Boone, 1931) in the aquatic quarantine facility, Chennai. Curr. Sci. 99,

289

Aquaculture 500 (2019) 278-289

1656-1658.

Roy, L.A., Davis, D.A., Saoud, I.P., Henry, R.P., 2007. Supplementation of potassium,
magnesium, and sodium chloride in practical diets for the Pacific white shrimp,
Litopenaeus vannamei, reared in low salinity waters. Aqua Nutr. 13, 104-113.

Sirikharin, R., Taengchaiyaphum, S., Sritunyalucksana, K., Thitamadee, S., Flegel, T.W.,
Mavichak, R., Proespraiwong, P., 2014. A New and Improved PCR Method for
Detection of AHPND Bacteria. https://enaca.org/?id = 96&title = new-pcr-detection-
method-for-ahpnd.

Soto-Rodriguez, S., Gomez-Gil, B., Lozano, R., Rio-Rodriguez, R.d., Dieguez, A.L.,
Romalde, J.L., 2012. Virulence of Vibrio harveyi responsible for the bright red syn-
drome in pacific white shrimp, Litopenaeus vannamei. J. Invert. Pathol. 109, 307-317.

Takahashi, Y., Itami, M., Kondo, T., 1995. Immuno-defense system of crustacea. Fish
Pathol. 30, 141-150.

Tang, K.F.J., Pantoja, R.C., Redman, R.M., Lightner, D.V., 2007. Development of in situ
hybridization and RT-PCR assay for the detection of a nodavirus (PYNV) that causes
muscle necrosis in Penaeus vannamei. Dis. Aquat. Org. 75, 183-190.

Tedengren, M., Arner, M., Kautsky, N., 1988. Ecophysiology and stress response of marine
and brackish water Gammarus species (Crustacea, Amphipoda) to changes in salinity
and exposure to cadmium and diesel-oil. Mar. Ecol. Prog. Series. 47, 107-116.

Tendencia, E.A., Bosma, R.H., Verreth, J.A.J., 2010. WSSV risk factors related to water
physico-chemical properties and microflora in semi-intensive Penaeus monodon cul-
ture ponds in the Philippines. Aquaculture 302, 164-168.

Tendencia, E.A., Bosma, R.H., Primavera, J.H., Verreth, J.A.J., 2012. Effect of different
mangrove-to-pond area ratios on influent water quality and WSSV occurrence in
Penaeus monodon semi-intensive farms using the green-water culture technique.
Aquaculture 362-363, 72-79.

Tran, L., Nunan, L., Redman, R.M., Mohney, L.L., Pantoja, C.R., Fitzsimmons, K., Lightner,
D.V., 2013. Determination of the infectious nature of the agent of acute hepatopan-
creatic necrosis syndrome affecting penaeid shrimp. Dis. Aquat. Org. 105, 45-55.

Walkley, A., Black, L.A., 1934. An examination of the Degtjareff method for determining
soil organic matter, and proposed modification of the chromic acid titration method.
Soil Sci. 37, 29-38.

Weisburg, W.G., Barns, S.M., Pelletier, D.A., Lane, D.J., 1991. 16S ribosomal DNA am-
plification for phylogenetic study. J. Bacteriol. 173, 697-703.

Wilson, K., 1994. Preparation of genomic DNA from bacteria. In: Ausubel, F.M., Brent, R.,
Kingston, R.E., Moore, D.D., Seidman, J.G., Smith, J.A., Struhl, K. (Eds.), Current
Protocols in Molecular Biology. Vol. 2. John Wiley and Sons, New York, pp.
241-245.

World Bank, 2014. Reducing Disease Risks in Aquaculture, World Bank Report #88257-
GLB.

Zhou, J., Fang, W., Yang, X., Zhou, S., Hu, L., Li, X., Qi, X., Su, H,, Xie, L., 2012. A
nonluminescent and highly virulent vibrio harveyi strain is associated with “Bacterial
White Tail Disease” of Litopenaeus vannamei shrimp. PLoS One 7, €29961.


http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0140
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0140
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0140
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0140
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0145
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0145
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0145
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0150
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0150
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0150
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0150
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0155
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0155
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0160
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0160
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0160
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0165
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0165
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0165
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0170
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0170
http://164.100.150.120/mpeda/pdf/press_release/mpeda_press_release_export_statistics_2015_16_and_RGCA.pdf
http://164.100.150.120/mpeda/pdf/press_release/mpeda_press_release_export_statistics_2015_16_and_RGCA.pdf
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0180
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0180
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0185
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0185
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0190
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0190
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0195
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0195
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0195
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0195
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0200
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0200
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0200
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0205
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0205
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0205
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0205
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0210
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0210
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0210
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0210
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0215
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0215
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0215
https://enaca.org/?id=96&title=new-pcr-detection-method-for-ahpnd
https://enaca.org/?id=96&title=new-pcr-detection-method-for-ahpnd
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0225
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0225
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0225
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0230
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0230
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0235
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0235
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0235
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0240
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0240
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0240
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0245
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0245
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0245
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0250
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0250
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0250
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0250
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0255
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0255
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0255
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0260
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0260
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0260
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0265
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0265
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0270
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0270
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0270
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0270
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0275
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0275
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0280
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0280
http://refhub.elsevier.com/S0044-8486(18)31183-9/rf0280

	Investigation on the infectious nature of Running Mortality Syndrome (RMS) of farmed Pacific white leg shrimp, Penaeus vannamei in shrimp farms of India
	Introduction
	Material and methods
	Information on the farms
	PCR analysis for viral pathogens
	Bacteriological analysis
	Histopathology
	Bioassay with affected animals
	Test for recovery
	Oral transmission of RMS
	Transmission of RMS by co-habitation

	Collection and analysis of water, sediment and shrimp hemolymph samples
	Onsite measurements
	Collection of water, soil and shrimp hemolymph samples
	Analysis of water and soil parameters
	Analysis of minerals in shrimp hemolymph

	Statistical analysis

	Results
	Farming information
	Clinical signs
	Detection of viral pathogens
	Bacteriological analysis
	Histopathological studies
	Transmissibility of RMS
	Source water quality
	Water and soil quality of healthy and RMS affected farms
	Minerals in shrimp hemolymph
	Critical parameters contributing to shrimp mortality

	Discussion
	Conclusion
	Acknowledgements
	References




