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Abstract

Recently, aquaculture has emerged as the fastest growing food-producing sector accounting for
nearly 50% of the world's food fish and is an activity of economic importance worldwide.
Agquaculture systems are considered as one of the potential contributors to atmospheric methane
(CH4)—the second most important greenhouse gas (GHG). The present study was undertaken to
assess the influence of environmental variables on the abundance of culturable methanotrophs
(MOB), methane oxidation activity (MOA) and methane production activity (MPA) during a grow-
out cycle in zero-exchange shrimp pond growing whiteleg shrimp, Litopenaeus vannamei. During
the 96 days of culture (DoC), the abundance of MOB in the pond water and sediment, ranged
between 3.04 x 10° to 1.8 x 10* CFU mL™ and 3.36 x 10° to 3.17 x 108 CFU g}, respectively. The
mean potential rates of MOA and MPA in pond sediments were 392.71 + 53.06 pmole g*d* and
0.60 + 0.30 umole g*d?, respectively. The abundance of MOB and methane related activities were
strongly influenced by the dissolved nitrogen species and total organic carbon (p < 0.05). In addition
to providing the baseline data on microbial mediated methane activities, the study highlights the
importance of methane oxidation/production processes in commercial earthen shrimp aquaculture
system and the influence of environmental variables in regulating these processes. The results of this
study would aid in developing environmental friendly management processes to reduce the efflux of
GHG methane from shrimp aquaculture systems which is a thriving industry in the food sector.
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1. Introduction

Shrimp aquaculture is currently undergoing tremendous expansion due to its economic
importance across the world, to meet the protein requirement of burgeoning world population
(Klinger and Naylor, 2012; Yuan et al., 2019; Gamboa-Delgado et al., 2020). With a total production
of 4.97 million tonnes (~53% of the total shrimps and prawns production), the whiteleg shrimp,
Litopenaeus vannamei was the highest harvested crustacean species in the world during 2018 (FAO,
2020). By virtue of its attributes such as high density tolerance, physiological adaptability to
environmental variables like salinity and temperature, relatively faster growth during short culture
periods and omnivore feeding habit, have made L. vannamei the most dominant shrimp species for
large-scale commercial aquaculture (Gamboa-Delgado et al., 2020). Rapid large-scale transformation
from traditional aquaculture to the high-density and high-yield culture systems have the potential to
cause hypernutrification and eutrophication in the surrounding coastal ecosystems. Currently many
coastal areas worldwide are experiencing pollution from several anthropogenic sources (Hou et al.,
2016) and the effluents from aquacultutre systems may deteriorate the coastal ecosystem health.
Hence, an understanding of the variations of different environmental parameters and by-products
formed during shrimp farming will contribute to the improvement of the ecological and
environmental sustainability of shrimp farming.
In contrast to other natural water bodies, aquaculture ponds have potential in contributing to carbon
emissions by virtue of addition of management inputs to enhance aquatic production (Boyd et al.,
2007, 2010). With the progress of the culture, organically rich residues (uneaten feed, faeces and
detrital aggregates) that accumulate on the pond bottom provide abundant sources of labile organic
matter (carbon and nitrogen) to microbes, thereby stimulating the microbial decomposition (Green et
al., 2012; Chen et al., 2016; Yang et al., 2017b). This leads to concomitant decrease in pH (Fazli et
al., 2013) and dissolved oxygen levels thus triggering the development of anaerobic conditions. The
formation of anaerobic conditions in the pond sediment favors the production of green house gases
(GHGsS) like methane (CHa) and its subsequent ebullition into the atmosphere (Kruger et al., 2001,
Bastviken et al., 2004; Yang et al., 2017b; Yuan et al., 2019, 2021). Methane being the second most
important GHG has a global warming potency of 34 times higher than CO (Yang et al., 2019b) and
increased emissions of CH4 during shrimp culture, especially during the middle and late phase in the
brackish marsh ecosystem converted shrimp ponds (Yang et al., 2017a). This has a severe impact on
the global climate change hence the methane emission from aquaculture systems are a matter of
concern and needs to be monitored. However, the mechanisms involved in CHs cycling in
aquaculture ponds are not fully understood (Martinez-Cruz et al., 2017). The methane cycle consists

of distinct microbial taxa that are involved in the production and oxidation of methane thereby



controlling the methane emission from the ponds into the atmosphere (Fazli et al., 2013). In the
aquaculture ponds, the presence of substrates and anaerobic niches favor the production of methane
by methanogenesis. This CH4 gas gets released into the atmosphere from the sediment and water
column (Dutta et al., 2013; Neue et al., 1997). During the carbon mineralization more than 50% is
reported to get converted into methane through methanogenesis in the aquaculture ponds (Brigolin et
al., 2009). Methane thus released, can be oxidised under aerobic and anaerobic conditions by various
methanotrophic microbial groups (Kalyuzhnaya et al., 2019). These methanotrophs act as bio-filters
thus playing an important role in mitigating the emission of methane. Bastviken et al. (2011)
reported that about 80% of CHys is oxidised into CO2 by the methanotrophic bacteria (Kumaraswamy
et al., 2000). Hence, the sediment-water interface plays a significant role in the biogeochemical
cycling of CH4 in aquaculture ponds (Xiong et al., 2017). The balancing between the sources and
sinks of methane by methanogens and methanotrophs respectively, determine the net CHs4 flux from
the aquaculture ponds (Grinham et al., 2018; Sabu et al., 2021).

Studies have reported that the methane emissions from various aquaculture practices are
influenced by factors such as high water salinity, substrate (Yang et al., 2019c) and dissolved oxygen
(Hu et al., 2016). Yang et al. (2020) reported that methane is emitted from the aquaculture ponds
majorly through ebullition. Erazo and Bowman (2021) studied the impact of aquaculture effluent
released into the mangrove ecosystem which could act as a source for methane emission rather than a
sink (Mabher et al., 2016). The above studies deals majorly on the methane emission rates from the
aquaculture systems. However the present study focuses on the interaction of microbial communities
involved in the production and oxidation of CH4. These activities significantly govern the net CHs4
emission. Hence, considering the global footprint of shrimp aquaculture, study on methane related
physiological microbial groups and its activity in relation to the environmental variables during the
96 days of culture of L. vannamei in zero-exchange shrimp culture system was undertaken. The
findings of the study would help in upgrading and improvising the farm management practices for

mitigating the emissions of GHG methane from shrimp aquaculture systems.

2. Materials and methods
2.1. Sampling site and farm management

A commercial shrimp farm located near Alvekodi village near Kumta town (Karnataka State,
India), south-western coastal India (Lat. 14.42° N; Long. 74.40° E) was chosen for the present study.
The farm is tide-fed from the adjoining mangrove creek located around 3 km from the coast. The
investigations for the present study were carried out in a biosecured zero-exchange shrimp pond

(water spread area, 0.84 ha; mean water depth,1.2 £ 0.10 m). The farm management practices



involved the stocking of certified shrimp seeds, stringent feed management, periodic water quality
assessment, probiotics application etc. The pond bottom was prepared (sun drying, fertilization and
liming) 30 days prior to the stocking of post larvae. During the pond preparation prior to larval
stocking 800 kg of agrilime was applied and during the production cycle agrilime, dolomite, calcium
hydroxide and calmag were added at different quantities on regular basis to buffer the pH and
alkalinity fluctuations. The culture pond was filled with dechlorinated and conditioned seawater from
reservoir followed by the application of inorganic fertilizer (4 ppm of urea:single super phosphate in
a ratio of 1:1). The farm-prepared liquid mixture containing rice/wheat bran, jaggery, yeast, cow
dung and protein sources (groundnut oil cake, old feed, buttermilk) were added (100 to 150 L) during
the initial 15 days of culture (DoC) for enhancing the natural pond productivity. This fermented
liquid mixture is expected to act as a probiotic and also help in regulating pH fluctuations and in

maintaining the optimum C:N ratio.

2.2. Stocking and feed management

Post-larvae (PL1g) of Litopenaeus vannamei which tested negative to white spot syndrome virus
by polymerase chain reaction test procured from a nearby shrimp hatchery were stocked after two
weeks of pond preparation. Before stocking into the pond, the PL1s were observed for visible signs of
morbidity and the stocking was done in the early morning hours at a density of 11 PLis m™. During
the culture, shrimps were fed with formulated pellet feed (CP-Aquaculture, India, proximate
composition, 38-40% protein; 5% lipids and 3% fibre) split into three rations a day. A progressive
decrease in feeding rate from 10% to 2% with the increase of shrimp body weight was followed. The

feeding rates were adjusted based on the monitoring of survival and shrimp biomass.

2.3. Culture conditions

The shrimp production cycle lasted for a duration of 96 days with zero-water exchange. During
the production to compensate the water loss through evaporation and seepage, fresh dechlorinated
water was added to maintain the minimum water depth (~ 1.2 m). The frequent monitoring of pH
helped in buffering the wide fluctuations with the application of hydrated lime and pH fixers. Paddle-
wheel aerators were operated with an aeration schedule of 8, 12 and 16 h d*! for 0-50; 51-80 and 81—
96 DoC, respectively for maintaining optimum dissolved oxygen (DO) levels in the pond.
Commercially available liquid and powdered probiotics were administered directly to the pond water
as well as with the feed. The consistent application of liquid probiotics ‘Super PS’ (mixture of
Rhodobacter spp. and Rhodococcus spp., ~ 10° CFU mL™) restricted the formation of hydrogen

sulfide (H2S), increased the DO levels, supported the non-pathogenic bacterial growth and helped



decomposition of the accumulated organic matter (carbohydrates, proteins and lipids). The
commercial feed-based probiotics containing Bacillus subtilis (108 CFU mL™) and vitamin-mineral

feed additive were also added for enhancing the growth and survival rates of shrimp.

2.4. Environmental parameters and analysis

The study involved nine sampling campaigns, 0 DoC (one day prior to transfer of post larvae)
and thereafter on 12, 25, 41, 55, 68, 78, 88 and 96 DoC. Water and sediment samples were collected
from three pre-determined points within the shrimp pond. The three pre-determined points in the
pond were close to pond outlet; middle of the pond and proximate to feeding tray in the pond and the
selection of these sampling locations were based on the positioning of paddle-wheel aerators. A
Niskin water sampler was used to collect pond water (30 cm above the bottom) and a handheld
acrylic core (50 mm diameter) was used to collect the sediment from the top 0-5 cm of the pond bed.
All the samplings were carried out at a fixed time of the day. Samples were transported aseptically in
an ice box to the laboratory for processing and analysis. Water temperature, pH and salinity were
measured in situ with the help of calibrated thermometer, portable pH meter (Cole-Parmer-99361-
12) and a handheld refractometer (Atago, Japan), respectively. The DO concentrations in the pond
water samples were estimated by Winkler’s method (Parsons et al., 1984). The biochemical oxygen
demand (BODs) was estimated according to the 5-day BOD test as per the method suggested by
Grasshoff et al. (2009). Content of total suspended solids (TSS) was estimated by filtration of a
known volume of water sample on pre-weighed Whatman GF/F glass fibre filter paper (47 mm
diameter; nominal pore size: 0.7 um). The filter paper was oven dried to attain constant weight and
the results were computed (Grasshoff et al., 2009). The concentrations of dissolved nutrients in the
pond were determined using the salicylate method for ammonium (NH4"), diazotization method
using nitrite (NO2"), cadmium column reduction followed by diazotization method for nitrate (NO3’)
and ascorbic acid method for orthophosphate (POs*) (Grasshoff et al., 2009). Water samples for
chlorophyll a (Chl a) analysis were filtered using GF/F, extracted overnight in 90% acetone and
analyzed spectrophotometrically (Parsons et al., 1984). The acetone extracts of Chl a were treated
with 10% HCI and analyzed for phaeophytin (Phaeo) pigments using spectrophotometer (Parsons et
al., 1984). All the environmental variables were analyzed in triplicate.

The concentrations of total carbohydrates (CHO) in the pond sediment were estimated using
phenol-sulfuric acid method as described by Kochert (1978), with glucose as the standard. The total
protein (PRT) content was analyzed using Lowry’s Folin-Ciocalteu method with bovine serum
albumin as a standard (Lowry et al., 1951). Bligh and Dyer (1959) method using chloroform and

methanol extraction was used to determine the total lipid (LIP) concentrations in the sediment with



stearic acid as standard. Total organic carbon (TOC) in the pond sediment were analyzed by wet
oxidation method (EI Wakeel and Riley, 1957) with glucose as standard. The total nitrogen (TN)
content in the pond sediments was estimated by Kjeldahl digestion (Bremner, 1965) and total
phosphorus (TP) (Parsons et al., 1984).

2.5. Bacteriological groups

The total heterotrophic bacteria in water (THBw) and sediment (THBs) were enumerated by
spread plate technique on nutrient agar plates (Rodina, 1972) and the total anaerobic bacteria (TAB)
were enumerated using anaerobic agar medium (HiMedia, India) (Rodina, 1972). Abundance of
methane-oxidizing bacteria (MOB) in pond water and sediments were enumerated on nitrate mineral
salts medium (NMS) (Whittenbury et al., 1970). The enumeration of methanotrophs were performed
at ambient room temperature (26 + 2 °C) on NMS agar plates which were incubated in anaerobic
bags with a headspace of roughly 80% air and flushed with methane contributing 20% (Kalyuzhnaya
et al., 2019). The colonies were counted after 4-5 days of incubation. The source for each bacterial

group is indicated by ‘w’ and ‘s’ for water and sediment, respectively.

2.6. Methane related activities

The methane production activity (MPA) and potential methane oxidation activity (MOA) were
determined for the pond sediments for the entire production cycle. For detecting the rates of MOA,
slurries (in triplicate) were prepared using 1 g (wet weight) of pond sediment and 9 mL of pond
water (filtered and autoclaved) in a gas-tight vial (20 mL capacity) and vials, were purged with 0.1
mL of methane gas. To inhibit the methanogenic activity 100 pL of 2-bromoethanesulphonate
(Sigma-Aldrich, USA) was added. The gas-tight vials were incubated at ambient room temperatures
(26 £ 2 °C). The methane concentrations on days, 0 (Do) and 4 (Das) of incubation were estimated
following the headspace method (Gonsalves et al., 2011) using gas chromatography (GC) equipped
with a flame ionization detector (Shimadzu GC-2010). Nitrogen was used as a carrier gas (9 mL min-
1) and the oven temperature was maintained isothermally at 60 °C. The GC was calibrated using a
reference mixture of methane standards (concentration range, 1-5 ppm; Alchemie Gases &
Chemicals Pvt. Ltd.,, Mumbai, India). The methane oxidation activity for the sediments were
computed using Bunsen solubility coefficient according to Bastviken et al. (2002) and Tishchenko et
al. (2005). The values obtained were expressed as pmole gt d.

For estimation of MPA in sediments, slurries were prepared similarly as defined for MOA,
except that the vials were purged with 1 mL of acetylene gas to inhibit methane oxidation. At the

beginning of incubation, the vials were flushed with N> gas to maintain anaerobic conditions (Pack et



al., 2011). Methane concentrations were quantified based on the differences of values on Do and D4

(Gonsalves et al., 2011). The rates were calculated as mentioned above.

2.7. Statistical analyses

Before subjecting the data for statistical analysis, data on environmental variables were square
root transformed, and bacterial abundances were log (x+1) transformed. The significant
interrelationships between these variables were deciphered using Spearman correlation analysis
using the software Statistica version 12.0 (Zar, 1996). The correlation coefficient showed the
significant relationships between environmental variables and bacterial groups which influence the
methane related activities (MPA and MOA). Three levels of significance (p < 0.05, p < 0.01 and p <
0.001) were reported. The network diagrams for visualizing the significant relationships (p < 0.05)
were built using the software Cytoscape version 3.7.0 (Shannon et al., 2003). Principal component
analysis was performed for delineating a set of environmental parameters controlling the abundance
of bacterial groups using PRIMER 6 software (Primer-E Ltd., Plymouth, UK) after data

normalization.

3. Results
3.1.Environmental parameters

All the measured water quality parameters during the culture period (Fig. S1) fell within the
optimal range for the growth and survival of L. vannamei. During the culture period, the temperature
varied from normal range of 25 "C to 32 °C (29.4 + 1.85 °C) and nearly alkaline pH values (7.91 +
0.08) were maintained. A wide variation in alkalinity values (80 to 140 mg L; 106.56 + 15.89 mg L-
1 recorded during the production cycle were largely due to the frequent application of lime to buffer
pH fluctuation. Salinity increased from an initial value of 32 (0 DoC) to 44 by the end of the culture
period (96 DoC) and L. vannamei is known to adapt to wide variations in salinity levels (Ponce-
Palafox et al., 2019). Concentration of total suspended solids (TSS) peaked during the middle of the
culture period and declined thereafter and remained low until the end of the culture period. Optimum
concentrations of DO (5.50 + 1.14 mg L) were maintained during the entire culture duration with
the help of paddle-wheel aerators and commercial oxygen releasing compounds. With the progress of
culture, the concentrations of Chl a (4.18 + 3.80 mg L) increased from the 0 DoC (0.69 + 0.05 mg
L) towards the end of the culture period (11.08 + 4.42 mg L1). Levels of nutrients showed a
decreasing trend after the 41 DoC. The concentration of NH4* (19.48 + 0.14 uM) peaked during the
middle culture period (41 DoC). On the other hand, the mean concentrations of NO> (13.66 + 0.49
MM) and NOs (122.76 £ 27.97 pM) showed a similar trend peaking on 12 DoC and declined



thereafter progressively with the DoC. The concentration of PO4* increased towards the end of the
culture period (19.14 + 1.56 uM). The mean concentrations of TN and TP in the pond sediments
during the culture period (dry weight) were 2.39 + 0.17 and 0.28 + 0.03 mg kg respectively and
varied within a narrow range. An increase in the concentrations of nutrients (NHs*, NO2> and NO3’)
and sediment TN and TP on 12 DoC was discernible. The average TOC in the pond sediment was
4.32 = 1.63%. During the production cycle, the mean content of CHO for pond sediment was 276.71
+ 87.02 ug g*. The mean LIP concentration was 2206.94 + 405.14 pg g'* with a sudden decline on
55 DoC and the mean concentration of PRT for pond was 311.46 + 83.41 pg g with a gradual
decline towards the 96 DoC. The survival rate, mean biomass and the food conversion ratio (FCR)

recorded during the culture were 78%, 20.83 + 0.5 g shrimp™ and 1.66, respectively.

3.2. Bacteriological abundance

The abundance of THBw increased by an order of magnitude on 12 DoC (5.5 x 10 CFU mL™)
from an initial count of 1.5 x 10° CFU mL™and dropped to 3.3 x 10* CFU mL™ post 41 DoC (Fig. 1).
The highest abundance of THBs was during the 41 DoC (1.0 x 10 CFU g?) and decreased
gradually to 3.3 x 107 CFU g at the time of crop harvest (Fig. 2). Both in water and sediment, the
abundance of TAB showed a decreasing trend from the initial to the final harvesting time. The
culturable TAB in water and sediment were more abundant during the initial stages of culture: 2 x
10° CFU mL! (water) and 8.8 x 10* CFU g (sediment), respectively and decreased with the increase
in shrimp biomass to 1.1 x 10* CFU mL™ and 7.4 x 10® CFU g on 96 DoC. The counts of TAB
peaked (0 — 30 DoC) during the initial stages of culture and progressively decreased after 30 DoC
(Fig. 1 & 2). The abundance of THBw showed the highest count when compared to the other
bacterial groups. The abundance of THBs was two-orders higher than those of TAB. The MOB in
the sediment ranged from 3.36 x 10° (0 DoC) to 11.2 x 10° CFU g* (96 DoC). Comparatively, the
MOB abundance was almost two-orders lower in the water: 5.2 x 102 (0 DoC) to 6.8 x 10° CFU mL™*
(96 DoC). However, the general trend of MOB population in water (Fig. 1) and sediment (Fig. 2)

was almost similar.

3.3. Methane related activities

The levels (umole g d?) of potential MOA and MPA in the shrimp pond sediments during
the production cycle is depicted in Fig. 3. The lowest rates of MOA (15.23 + 6.55 pmole gt d!) was
observed on 25 DoC and the maximum of 599.61 + 167.18 umole g* d* was on 55 DoC. The rate of
MOA did not show any specific trend during the entire production cycle. The rate of MPA in the
pond sediments peaked on 41 DoC (3.45 + 0.97 pmole gt d?), post 41 DoC, the rate of MPA showed



a declining trend till the harvest. The lowest MPA (0.102 + 0.05 pmole g* d*) was recorded on 88
DoC.

3.4. Interrelationship between environmental variables and bacterial abundance

The results of Spearman correlation analysis revealed the significant interrelationships
(p <0.05) between the environmental parameters and the bacterial groups which influence the rates
of MPA and MOA in the pond ecosystem (Fig. 4). The network of interactions between the bacterial
groups (water and sediment) and methane related activities (sediment) and various environmental
variables as revealed by Cytoscape network in shrimp pond is shown in Fig. 4. The abundance of
heterotrophs and anaerobes in both water and sediments showed significant positive correlation with
dissolved nitrogen species, while negative correlation was obtained for methanotrophs in water (Fig.
4). Similarly, TOC negatively correlated with THB and TAB in water and sediment. MOBw
positively correlated with TOC (p < 0.01, r = 0.556) and negatively correlated with NH4* (p < 0.01, r
=-0.569), NO2™ (p < 0.001, r = -0.686), NOs™ (p < 0.01, r = -0.519), THBw (p < 0.001, r = -0.600)
and TABw (p < 0.01, r = -0.582) in the water. In the sediment, the CHO (p < 0.05, r = 0.460) and
PRT (p < 0.05, r = 0.403) showed positive correlation with the MOBs, while negative correlated with
TABwW (p < 0.05, r = -0.782). The methane production correlated with ammonia (p < 0.001, r =
0.785), TOC (p < 0.05, r =-0.402) and TABs (p < 0.05, r = 0.420).

The results of principal component analysis (PCA) for assessing the magnitude of influence
of environmental variables on the bacterial groups and the methane related microbial activities are
summarized in the Table 1. Based on the eigen values (> + 0.2), the first five principal components
(PC) were retained and they explained a cumulative variance of 87.30%. The PC1 explained as much
as 40% of the total variance with positive loadings by NO2,, NOs™ and the bacterial groups such as
THBw, TABw and negative loadings by salinity, temperature, Chl a, Phaeo and TOC (Table 1). PC2
explained 18.5% of the variability and included negative loadings by pH, TSS, NHs*, CHO, MPA,
MOBs and phytoplankton abundance (Table 1). There was a significant positive loading for potential
MOA on this axis. PC3 explained 12.35% of the variance with positive loadings of DO, BOD, TP,
PRT, MOBs while the axis had LIP, TABw and THBs with negative loadings. PC4 and PC5
explained 10.55% and 5.9% of the total variability, respectively. This is indicated by the positive
loading of MOBs on PC4. PC5 was positively loaded with TN and PRT (Table 1).

4. Discussion

Aquaculture has emerged as the fastest-growing food-producing sector to meet the increasing
demand for aquatic products (Muralidhar et al., 2017; FAO, 2020). The emission of potential GHGs
mainly CHs and N2O (Yang et al., 2017a, 2017b) formed as end products from the degradation of



rich organic matter (Bridgham et al., 2013) during the aquaculture production has been documented
(Queiroz et al., 2019). Considering CH4 as the second most important GHG, few studies (Yang et al.,
2017a; Queiroz et al., 2019; Raul et al., 2020; Erazo and Bowman, 2021) on the emission of CH4 in
aquaculture systems have been investigated (IPCC, 2018). Yang et al. (2017a) reported a mean CH4
flux of 123 + 48 mg CHs m h'! from shrimp ponds, whereas Queiroz et al. (2019) reported a CHa4
flux of 0.8 mg CHs m? h'! from a mangrove site receiving shrimp pond effluents. Besides, coastal
marine shrimp ponds have significantly higher methane emissions compared to that from freshwater
aquaculture ponds (Hu et al. 2016) that could be attributable to the sub-optimal water quality (Hasan
and Soto, 2017).

The pond water quality gets influenced by the microbial processes, especially towards the end
of the production cycle (Moriarty, 1997; Funge-Smith and Briggs, 1998). In order to obtain
sustainable yields, shrimp farmers strive to maintain the key water quality parameters within the
desired levels by adopting best pond management practices including the application of probiotics
(Shariff et al., 2001; Nakayama et al., 2009). In a healthy shrimp farming system, the indigenous
microbial flora aid in the remineralization of organic nutrients and also tend to influence the methane
related activities (Sahu et al., 2008). Various complex biogeochemical processes (Holmer et al.,
2005; Yang et al., 2019b) including microbial methane related activities which form an integral part
of aquaculture pond ecosystems has seldom been taken into account while explaining the variability
in global methane budgets (Yang et al., 2020). The present study was undertaken in order to gain
comprehensive understanding of pond ecosystem functioning and magnitude of influence of
environmental variables that are intrinsically linked to the methane related microbial activities. Such
an information is crucial for achieving environmentally friendly standards for pond management and
for the sustainability of shrimp culture farms.

Environmental variables play an important role in determining the shrimp productivity and
health (Ray et al., 2011). These environmental variables influenced the microbial biogeochemical
processes which determine the pond dynamics (Sabu et al., 2021). Accumulation of dissolved
nutrients (NH4*, NO2", NOs™ and PO+*) and organic matter (uneaten feed, faeces and metabolites)
with the progress of the culture period tend to affect the water quality and shrimp productivity in the
zero-exchange shrimp systems (Ray et al., 2010). It has been documented that as low as ~15% of the
formulated feed (amounting to 24—37% of nitrogen and 11-20% of phosphorus) is assimilated as
shrimp biomass and the remainder is discharged into the pond water and sediment (Funge-Smith and
Briggs, 1998; Christopher et al., 2003). This accumulation of organic matter contributes to CHs
formation (Boyd et al., 2010; Boyd and Tucker, 2014). The paddle-wheel aerators used in

augmenting the DO levels are also known to contribute to the circulation and facilitate water column



mixing (Tendencia et al., 2015). Furthermore, maintenance of oxic conditions through aeration in
enhancing the microbial activity (Fernandes et al., 2010) such as the aerobic methane oxidation
(Yuan et al., 2019; Yang et al., 2019a) in shrimp ponds have been reported.

Bacterial and phytoplankton communities in the pond ecosystem recycle the nutrients
(Hargreaves 1998; Fellows et al., 2006). In the present study, THBw showed highly significant
correlation with dissolved nitrogen species (NH4*, NO2", NOz") and an inverse relationship with Chl
a (p < 0.001, r = -0.771) and phytoplankton abundance (p < 0.05, r = -0.435) implying the
occurrence of effective recycling and assimilation of nutrients (Lemmonier et al., 2010). Significant
negative correlation of phytoplankton abundance with NO2™ (p < 0.01, r = -0.503) and NOs™ (p <
0.01, r = -0.537), implies that the uptake of dissolved inorganic nitrogen by phytoplankton might
constitute the primary nitrogen removal pathway aiding in the growth and abundance of
phytoplankton populations (Hargreaves, 1998). An increase in dissolved nutrients during the initial
days supported the gradual establishment of the phytoplankton community in shrimp pond ecosystem
which has also been reported from our previous study (Fernandes et al., 2019).

Heterotrophic ammonia assimilation helps in building cellular protein (Ray et al., 2010), this
was correborated with the positive correlation obtained for THB with NH4* (p < 0.001, r = 0.705),
as well as in the efficient uptake of inorganic nutrients by THB which was more than the
phytoplankton (Levdal et al., 2008; Liu et al., 2014; Sabu et al., 2021). The concentrations of all
dissolved nutrients were within the safe limits for the culture of L. vannamei throughout the
production cycle (Chien, 1992), except for a peak of NH4" on 41 DoC. The initial increase of NH4*
could mainly be due to the breakdown of abundant supply of labile carbon and nitrogen (protein
from uneaten feed, reduction of nitrogen species and shrimp excretion) (Brune et al., 2004) for the
microbial assimilation (Burford and Glibert, 1999; Yang et al., 2018). Negative correlation between
abundance of MOBw and NH4* (p < 0.01, r = -0.568) and NO_™ (p < 0.001, r = -0.686) explains the
competitive inhibitory effect of nitrogenous compounds on methane monoxygenase (MMO) enzyme
which regulates methane oxidation (Bodelier and Laanbroek, 2004; Nyerges et al., 2010, Stein and
Klotz, 2011). Nyerges and Stein (2009) reported that the ability of NH4" to act as cosubstrate and
competitive inhibitor of MMO enzyme varies amongst species of methanotrophic bacteria. Besides,
ammonia and nitrite are known to strongly influence methanotrophic activity and composition of
methanotrophic communities (Nyerges et al., 2010).

Apart from nitrogen, the high concentration of dissolved phosphate is of major concern for
the sustainable shrimp aquaculture (Boyd et al., 2007; Sabu et al., 2021). An increase in the
concentration of dissolved PO, towards the end of the culture period, was perhaps due to the

excessive remineralization processes (Burford et al., 2003) which could have stimulated the



phytoplankton growth. In the marine ecosystems, phosphonates are one of the major forms of
organic-P compounds which are also constituents of phytoplankton, particulate organic matter (Karl
et al., 2008; Kolowith et al., 2001; Benitez-Nelson et al., 2004; Kittredge et al., 1969). The formation
of methylphosphonate and its subsequent utilization result in the aerobic formation of CHs in the
coastal marine ecosystems (Karl et al., 2008; Sosa et al., 2019). During the concurrent metabolism of
methylphosphonate and phosphate, the uptake of the latter is more favored and this results in the
systematic reduction of CHs yield from the utilization of methylphosphonate (Karl et al., 2008). This
process of CHs production from the methylphosphonates could be inhibited by the increasing
concentration of dissolved phosphate in the pond ecosystem (Carini et al., 2014) and hence in the
present study an inverse relationship of PO4> with MPA was observed.

Significant relationships between pond water quality parameters and heterotrophic bacterial
population suggest the active role of microbes in processing the organic matter and the resultant
nutrients in the pond (Das et al., 2013; Sabu et al., 2021). MOBw and MOA positively correlated (p
< 0.05) with phytoplankton (Fig. 4). This could be due to the presence of methane formed from the
degradation of organic matter or from the methylated compounds (dimethylsulfoniopropionate)
which are produced as metabolic by-product of microalgae (Damm et al., 2008). This methane
undergoes oxidation by methanotrophs resulting in the release of CO; as an end product. The CO>
thus produced serves as substrate for phytoplankton and in turn leads to an increase in the DO levels
(Yang et al., 2019b). In addition, the increased Chl a concentration towards the end of the culture
period concomitant with the higher phytoplankton abundance reflects the increased photosynthetic
rates as observed by Fernandes et al. (2019). This effectively helps in the uptake of atmospheric CO>
and fixes into organic matter (Maberly, 1996; Gu et al., 2011; Wang et al., 2015). This organic
biomass eventually adds to the TOC in the sediment thus explaining the positive correlation of
phytoplankton with TOC (p < 0.001, r = 0.816). TOC is negatively correlated with THB in water (p
< 0.001, r =-0.679) and sediments (p< 0.001, r = -0.673) (Fig. 4). Thus implying that heterotrophic
bacterial communities are actively involved in the organic matter mineralization and nutrient biota-
interactions (Freitas and Godinho-Orlandi, 1991; Bhakta et al., 2006). In the present study, the
abundance of THB in the sediment (Fig. 2) was four times higher than that recorded in pond water
(Fig. 1). Abraham et al. (2004) reported a heterotrophic count of 1.02 x 10’ CFU mL™ in the semi-
intensive shrimp culture system on the day of harvest. In the present study, the highest abundance of
THB in water of 2.03 x 10° CFU mL™ was on 0 DoC and of 1.04 x 10%° CFU g in sediment on 41
DoC. This variation in the abundance of THB might reflect the obvious differences in stocking
density, species, and pond management practices (Ampofo and Clerk, 2003). Aquaculture pond

bottoms are recipients of a large amount of nitrogen, phosphorus and organic matter (Boyd, 1990;



1992) and these substances tend to accumulate in the bottom sediment. Accumulation of high
organic matter in the sediment layer is likely to result in anaerobic processes in the pond bottom
which lead to the formation of reducing conditions and the release of potentially toxic compounds
such as sulfide and methane (Boyd, 1992). In the pond water, abundance of TAB was an order higher
than those recorded in the sediment. This could be due to the mechanical aeration maintained in the
pond leading to the resuspension of the bottom sediments (Seo and Boyd, 2001; McGraw et al.,
2001) which serve as microniches for the anaerobes in the pond water. However, the mineralization
of organic matter results in the regeneration of nutrients at the sediment-water interface which act as
an important source of ammonia and a sink for dissolved oxygen (Hargreaves, 1998). Similar to
heterotrophs, the TABw and TABs showed significant negative relationship (p < 0.001) with
dissolved nutrients and TOC (TABw: r = -0.791; TABs: r = -0.839) (Fig. 4). In oxygen deficient
conditions, other electron acceptors are used to mediate the decomposition of organic matter. In both
pond water and sediment, the TAB significantly correlated with THB. The significant correlation of
THB, TAB with TOC reflects the decomposition of organic matter along with subsequent emission
of GHGs (Yang et al., 2017b). Content of sediment TOC recorded during the present study (1.68—
6.18%) was relatively higher than those reported previously from shrimp culture ponds (scampi
culture ponds, 1.24-1.3%; polyculture ponds, 1.33-1.39%) (Adhikari et al., 2012).

In the present study, the concentrations of TOC (organic matter from uneaten feed, dead
plankton, organic fertilizers) influenced the abundance of MOBw (p < 0.01, r = 0.556). The counts
of MOB in the sediments were two to three orders magnitude higher than pond water throughout the
culture period. The abundance of MOBs correlated with TSS (p < 0.01, r = 0.504) and sedimentary
CHO (p < 0.05, r = 0.46) and PRT (p < 0.5, r = 0.403) which represent the labile components of the
organic matter. Methanotrophs and their activity has been reported (Gonsalves et al., 2011;
Kamaleson et al., 2019) to be influenced by the labile organic matter such as CHO and PRT. The
organic matter serves s substrates for methanogenesis which is done by anaerobes. The high
abundance of TAB in the initial phase till 41 DoC might have contributed to the higher rates of MPA
towards the middle of the production cycle (41 DoC) followed by a decline. This decline in MPA
may be due to the gradual increase in the size of post larvae, frequency of aeration, feeding rates and
the luxuriant growth of microalgae with the progress of the culture. However, the attainment of
highest MOA on 55 DoC could be attributed to the higher aerobic microbial activities as a
consequence of increased aeration frequency and probiotic application (Yang et al., 2017a, Yang et
al., 2019a).

During the entire production cycle, the highest level of MPA in sediments (3.45 + 0.97 mole

gldt) was recorded on 41 DoC. The Spearman correlation analysis between methane related



microbial activities and environmental variables showed significant positive relationships of MPA
with TSS (p < 0.001, r = 0.846), NH4* (p < 0.001, r = 0.785), TABs (p < 0.00, r = 0.628), and
inverse relationships with POs% (p< 0.05, r = -0.454), Chl a (p < 0.05, r = -0.514) and TOC (p <
0.05, r = -0.438). This positive correlation of MPA with ammonia (Fig. 4) could be due to increase in
the nutrient availability (up to 41 DoC) in the pond which influenced the methanogenic activity
(Purvaja and Ramesh, 2001) (Fig. S1).

Methanotrophs also help in keeping the concentration of CHs at lower levels (Yang et al.,
2019c) by oxidizing CH4 to CO> for energy generation and growth (Trotsenko and Murrell, 2008).
Although the potential MOA ranged from 15.23 + 6.55 pmole g™d* to 599.61 + 167.18 pmole g™d?,
the frequent aeration can lead to rapid oxidation of methane in the overlying water column (Yang et
al., 2017a) which in turn could lower the levels of methane in the water column. Bastviken et al.
(2008) reported that 80% of methane produced in the deep wetland sediments could get oxidized in
the water column during transport. Besides, the chances of bioturbation triggered ebullition (bubble
flux from sediment) and diffusion of methane into the atmosphere are possible (Bastviken et al.,
2004; Tranvik et al., 2009). However, in the pond sediments, a complex array of environmental
variables seemed to influence the methane oxidation potential in the biosecured system as the MOA
showed negligible correlations with most of the physicochemical variables.

In the present study, the overall MPA was comparatively lower than the MOA in the pond
sediments. This is influenced by increased abundance of methanotrophic microbial population than
the methanogenic archaeal groups in water and sediment. Also, the pond management practices such
as the increased frequency of aeration, addition of probiotics and oxygen releasing compounds
provide favorable conditions for methanotrophic microbial communities to flourish over the
methanogenic archaeal groups. This enhanced activity of methanotrophs can utilize most of the CH4
(80%) produced via methanogenesis which leads to a higher MOA in comparison to MPA
(Kumaraswamy et al., 2000; Brigolin et al., 2009; Bastviken et al., 2011). The suppression of
methanogenic activity restricting the CH4 emission in the presence of higher levels of the dissolved
oxygen in the aquaculture ponds has been well documented (Raul et al., 2020; Kriiger et al., 2001).
All the above factors enhance the efficiency for MOA over MPA. The concentration of CHs in
sediment is directly related to the competition between methanogens and sulfate reducers and
denitrifiers; (Marinho et al., 2012). Results of PCA showed that abundance of MOB and methane
related activities interacted with salinity, temperature, dissolved nitrogen species, phytoplankton
pigments, TOC and other bacterial groups in the shrimp pond ecosystem. The Cytoscape network
diagram (Fig. 4) elucidated the complex interactions between various physicochemical and

biological parameters in relation to CHs cycle. The results obtained from the present study is



suggestive that concentrations of GHGs like CH4 is influenced by different environmental

parameters to varying extent and can also be impacted by aquaculture pond management practices.

5. Conclusion

The fate of methane emission from an aquaculture system is governed by the abundance and the
levels of activity of methane related bacterial communities. These communities are influenced by the
environmental variables which in turn vary in accordance with the pond management practices.
Considering a lacunae in the understanding of complex interactions between the above parameters,
the present study was aimed to study the role of these microbes in the pond water and sediment and
thus aid in developing mitigatory measures for aquaculture wastewater treatment. The in situ
bacterial communities in conjunction with pond management practices (feed, aeration, maintenance
of optimum pH levels, probiotics and oxygen releasing compounds etc.) result in the build-up of
dissolved nutrients and organic matter, thereby contributing to the methane production in the pond
ecosystem. The methane oxidation activity by the microbial community during the aquaculture
production could be a factor controlling the concentration of methane being effluxed from the
system. Future application of ecofriendly methanotrophs will be expected to minimize the emission
of methane. Besides, different bacterial groups with their varied activities contributed to the
bioremediation of aquaculture pollutants. The results of the present study provide a baseline
information on microbial processes and insights into the environmental factors which may aid in the
development of shrimp farming industry.
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Figures and Tables

Fig. 1. Temporal variation in the abundance (CFU mL™) of physiological bacterial groups: total

heterotrophic bacteria (THBw), total anaerobic bacteria (TABw) and methane-oxidizing bacteria

(MOBw) in the pond water during the cultivation of Litopenaeus vannamei in zero-exchange shrimp
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Fig. 2. Temporal variation in the abundance (CFU g?) of physiological bacterial groups: total

heterotrophic bacteria (THBs), total anaerobic bacteria (TABs) and methane-oxidizing bacteria

(MOBs) in the pond sediment during the cultivation of Litopenaeus vannamei in zero-exchange

shrimp system. Data presented is Mean = SD (n = 3).
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Fig. 3. Methane production (MPA) and potential methane oxidation rates (MOA) in (umole g* d?)

in pond sediments during the cultivation of Litopenaeus vannamei in a zero-exchange shrimp culture

system.
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Fig. 4. Network of interactions between the methane related variables with various environmental
parameters in the shrimp pond. The relationships with only significant correlation coefficient (r)
were plotted (p < 0.05).
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Note: In the above diagram, the positive correlations are denoted by bold black line (p < 0.001), bold
grey line (p < 0.01) and thin black line (p < 0.05). The negative correlations are denoted by bold red
line (p < 0.001), bold dash red line (p < 0.01) and thin red line (p < 0.05). THB - total heterotrophic
bacteria, TAB - total anerobic bacteria, Phyto - phytoplankton, Chl a - chlorophyll a, Phaeo -
phaeophytin, TSS - total suspended solids, TOC - total organic carbon, CHO - carbohydrates, PRT -
proteins, Temp - temperature, MOB - methane-oxidizing bacteria, MOA - methane oxidation
activity, MPA - methane production activity. The subscript 'w' and 's' denote water and sediment as

the sampling sources for the bacterial groups.



Supplementary Fig. S1. Temporal variation in the environmental parameters in the pond during the
cultivation of Litopenaeus vannamei in zero-exchange shrimp culture system. Data shown is Mean +

SD (n = 3).
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Note: TSS - total suspended solids, DO - dissolved oxygen, BOD - biochemical oxygen demand.



PC Eigen values | Variation Cumulative Variation (%)
(%)
1 11.2 40 40
2 5.18 18.5 58.5
3 3.42 12.35 70.85
4 2.98 10.55 81.40
5 1.65 59 87.30
Eigenvectors
Variables PC1 PC2 PC3 PC4 PC5
pH -0.05 -0.29 0.18 -0.04 -0.34
Salinity -0.23 -0.19 -0.17 -0.13 0.09
Temperature -0.26 0.09 -0.04 -0.05 -0.11
TSS 0.042 -0.398 0.024 -0.049 -0.019
NH4* 0.189 -0.268 -0.041 -0.199 -0.01
NO2 0.261 -0.007 -0.007 -0.216 0.089
NO3 0.272 0.043 0.082 -0.07 0.174
POs* -0.139 0.151 0.014 -0.44 -0.196
DO 0.062 0.161 0.423 0.196 -0.076
BOD 0.114 -0.029 0.404 -0.043 -0.365
Chla -0.286 -0.04 -0.078 -0.105 0.016
Phaeo -0.283 -0.083 -0.02 -0.119 0.082
TN 0.174 -0.03 0.182 -0.016 0.331
TP 0.069 -0.095 0.294 -0.382 0.084
TOC -0.27 -0.066 0.081 0.056 0.199
CHO -0.082 -0.372 -0.005 0.037 -0.026
LIP -0.105 0.024 -0.32 -0.32 0.185
PRT -0.042 0.115 0.302 -0.143 0.498
MPA 0.166 -0.333 0.00 0.008 -0.132
MOA 0.004 0.335 0.046 -0.251 -0.013
THBw 0.259 -0.115 -0.039 -0.136 0.078
TABy 0.22 0.163 -0.209 -0.051 -0.195
MOBy -0.162 0.014 -0.019 0.387 0.1
THBs 0.203 -0.137 -0.344 -0.047 0.063
TABs 0.269 -0.024 -0.156 0.039 -0.023
MOB; -0.087 -0.261 0.258 -0.144 0.178
Phyto -0.194 -0.244 0.025 0.114 0.073

Table 1 Summary of principal component analysis (PCA) of environmental variables in shrimp

aquaculture system. Loadings > =+ 0.2 are represented in bold.

Note: TSS - total suspended solids, DO - dissolved oxygen, BOD - biochemical oxygen demand, Chl
a - chlorophyll a, Phaeo - phaeophytin, TN - total nitrogen, TP - total phosphorus, TOC - total
organic carbon, CHO - carbohydrates, LIP - lipids, PRT - proteins, MPA - methane production
activity, MOA - methane oxidation activity, THB - total heterotrophic bacteria, TAB - total
anaerobic bacteria, MOB - methane-oxidizing bacteria, Phyto - phytoplankton abundance. The
subscript ‘'w' and 's' denote water and sediment as the sampling sources for the bacterial groups.



