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Abstract: The strong demand for live spiny lobsters in Asian markets is being met by long-distance
airfreight. Holding lobsters out of water during transportation often results in mortalities due
to the accumulation of metabolites, especially ammonia. This study examined the potential to
improve the survival of tropical lobster species exported from India through the use of the food-safe
aquatic anaesthetic isobutanol, both with and without cold stunning, typically used prior to live
lobster transportation. The results of the study indicate that treatment with 50 ppm isobutanol in
ambient seawater temperature (i.e., 28 ◦C) prior to simulated live transport for 22 h significantly
reduces ammonia levels in the haemolymph in all four lobster species (Panulirus homarus, P. ornatus,
P. versicolor and P. polyphagus) compared to lobsters treated with cold stunning (i.e., 16.5 ◦C) with
and without 10 ppm isobutanol. Cold stunning at 16.5 ◦C combined with 10 ppm isobutanol reduced
ammonia levels compared to cold stunning alone only in P. ornatus. All experimental lobsters were
returned to ambient seawater after simulated transport and were alive after 48 h. These results
indicate that isobutanol has the potential to be used to suppress metabolism during the live transport
of tropical lobsters and to reduce mortalities during live transport.
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1. Introduction

Spiny lobsters are one of the most valuable seafood species in the world, with well
over USD 1 billion of harvest each year and extensive global trading [1–3]. With the strong
growth in a number of Asian economies, where spiny lobsters are highly prized, the market
demand and prices in the Asian region for spiny lobsters have increased dramatically in the
past 20 years. For example, the total imports of lobster by China grew from 3600 t to almost
18,000 t in the five years from 2009 [3]. As a consequence of the market demand, spiny
lobsters are now being shipped to Asia from fisheries in many distant locations, including
South Africa, Australia, New Zealand, India and Cuba, as well as from parts of North,
Central and South America. The Asian consumer market has a very strong preference for
live lobsters, with holding tanks of live lobsters a frequent sight outside seafood restaurants
and markets, with consumers paying premium prices for the live product. For example, in
China, the average import price of live New Zealand lobsters for the year of 2020 was USD
71.18 kg−1, whereas frozen whole lobsters from the same source had a much lower value
of USD 48.18 kg−1 [4]. Therefore, there is a significant advantage to global lobster traders
in being able to transport live lobsters long distances by airfreight with minimum mortality,
because the losses in transport are borne by the seller [3,5].

India has commercial fisheries for eight species of spiny lobsters and two species of
slipper lobsters [6–9]. The most important spiny lobster species are Panulirus polyphagus,
P. homarus, P. ornatus and Puerulus sewelli, whereas only minor fisheries exist for P. versicolor,
P. penicillatus, P. longipes and Linuparus somniosus. During 2019, a total of 1490 t of lobsters
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worth USD 23.1 million were exported from India. The mortality of lobsters during the
typical live transport of lobsters to market is estimated to be about 5% for normal shipments,
but much higher levels of mortality are frequently encountered and are mostly related to
the stress caused by post-harvest handling and live transport procedures [5,10]. The overall
losses in transit may be as high as 10%, representing a total loss of about USD 2.3 million to
India’s export trade in lobsters, and much higher when all live trade in spiny lobsters into
Asia is considered.

Lobsters show a considerable ability to survive out of water without oxygen exchange
over their gills by switching to anaerobic metabolism, for which they have considerable
capacity [11–13]. As a result, this physiological trait is exploited for the long-distance
live transport of spiny lobsters into Asian markets [3,5]. The physiology of a variety
of species of lobsters from cool and temperate waters undergoing transport in air has
been the subject of a number of studies, with the different species showing similar phys-
iological responses [10–15]. Lobsters are usually tolerant to a relatively wide range of
temperatures, and because they are poikilothermic, their metabolism can be suppressed
through a reduction in their body temperature [16,17]. Consequently, it is common prac-
tice among live lobster traders to use “cold anaesthesia” to reduce physical movement,
metabolic rate and oxygen demand, by cooling down lobsters to near the lower limit of
their temperature tolerance prior to shipment to produce a resulting increase in survival
during shipping [11,18–20]. For example, the survival of Panulirus japonicus after 24 h
emersion at 5, 15 and 25 ◦C was 100, 83, and 60%, respectively [21]. Similarly, the sur-
vival of Panulirus cygnus during emersion was significantly negatively correlated to air
temperature [18].

Spiny lobsters are ammonotelic, metabolising protein and producing ammonia as the
primary waste product, which is mainly excreted by diffusion from the haemolymph into
seawater across the surface of the gills [14,21]. Upon emersion, the excretion of ammonia
into seawater via the gills of the lobster is curtailed, leading to ammonia accumulating
in the haemolymph, which is toxic and causes morbidity and, ultimately, death in lob-
sters [21–23]. Besides ammonia, other changes in haemolymph chemistry from normal
baseline concentrations, such as lactic acid, pH and glucose, are considered important indi-
cators of physiological stress in spiny lobsters [18,22]. Changes in respiratory variables and
haemolymph composition, including acutely toxic levels of ammonia, during exposure to
air have been observed in the American clawed lobster, Homarus americanus [23]; the Euro-
pean clawed lobster, H. gammarus [24–26]; the southern red rock lobster, Jasus edwardsii [27];
and the Caribbean spiny lobster, Panulirus argus [28].

Anaesthetics have the potential to artificially depress the metabolic demands of live
marine organisms through the suppression of stress responses by dulling stress receptors,
reducing physical activity by immobilising nerve signals to muscles and by directly sup-
pressing metabolic rate. All of these effects of anaesthetics are likely to be advantageous
during the live transport of marine organisms in an oxygen-limited environment, reduc-
ing the risk of mortality due to metabolic stress [29]. Despite the potential usefulness of
anaesthetics for the live transport of seafood species, there has only been a limited number
of studies that have examined the potential of using anaesthetics in live crustacean trans-
port [30–34]. Consequently, anaesthetics are not currently widely applied commercially for
extending the live transport of crustaceans.

Crustaceans respond differently to anaesthesia than fish, and many commonly used
fish anaesthetics, e.g., tricaine methane-sulphonate, quinaldine and magnesium sulphate,
are ineffective on crustaceans, require excessively large dosages or are not considered to
be food safe [29,32]. Research on a variety of crustacean species has shown that eugenol
is a safe and effective anaesthetic [33–35]. For example, Malaysian river prawns, Machro-
brachium rosenbergii, anaesthetised with eugenol were found to have significantly lower
oxygen consumption than un-anaesthetised prawns [31]. However, anaesthesia was main-
tained in these experiments by holding the animals in a dosed solution of the anaesthetic
and moving them to clean water for recovery. Isoeugenol, the derivative of eugenol, which
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is commercially available as AQUI-S®, (AQUI-S NZ Ltd., New Zealand), was only found
to assist in the transport of the European crab, Cancer pagurus, when the crabs were main-
tained in a dosed solution of seawater during transport for 48 h [30]. Attempts to transport
crabs in air after treatment with AQUI-S® resulted in 100% mortality. However, low doses
of AQUI-S are used to reduce stress in live spiny lobsters while handling in preparation
for live transport [34]. However, experimental attempts to use AQUI-S at higher doses to
provide deeper anaesthesia and metabolic suppression throughout the period of live trans-
port of lobsters were unsuccessful due to the rapid clearance and recovery of the AQUI-S
by the lobsters [34]. The anaesthetics methyl pentynol and isobutanol have previously
been identified as effective general anaesthetics for the American lobster, although methyl
pentynol was found to be toxic at higher concentrations, i.e., in excess of 6000 ppm in clean
aerated seawater at 12 ◦C [36]. Isobutanol readily induced anaesthesia in adult American
lobsters held at concentrations ranging between 500 and 14,400 ppm in 10 ◦C seawater, and
lobsters treated with the highest dose recovered in clean seawater after spending an hour
out of water. Isobutanol is considered to be safe for human consumption, being a widely
approved human food additive [37] and occurring naturally in a variety of fermented
alcoholic beverages where it imparts a winey flavour. Being food safe, low cost and readily
available, isobutanol would make a useful aquatic anaesthetic for the live shipment of
tropical lobsters if it proved effective.

Given the significant financial losses due to the mortality of live lobsters exported
from India, the aim of the present study was to determine whether isobutanol could be
used as an aquatic anaesthetic to improve the survival of four of the most valuable live
lobster species exported from India (P. homarus, P. versicolour, P. ornatus and P. polyphagus),
with isobutanol either used on its own or in conjunction with the typical chill-stunning
methods used for the live transport of spiny lobsters from India.

2. Materials and Methods
2.1. Experimental Animals

Given that the aim of this initial study was to assess the potential of isobutanol to
be used as an aquatic anaesthetic to improve the survival of four of the most valuable
live lobster species exported from India, a simultaneous experiment was conducted on all
four species (P. homarus, P. versicolour, P. ornatus and P. polyphagus) to avoid the potential
of experimental artefacts arising from serial experimentation with individual species.
Consequently, live spiny lobsters (100–300 g body weight, BW) of all four species were
collected from local commercial fishers near Chennai, India, immediately upon landing
their vessels to shore. Lobsters that had low vitality, were close to moulting, had missing
appendages, had signs of disease or had any physical injuries on the body were discarded.
Moult stage was assessed using the pleopod method developed for P. ornatus [38], and
standard behavioural reflex tests for live crustaceans were used for the identification of
lobsters of poor vitality [15]. The 100 selected lobsters were given a quarantine treatment
of 100 ppm formalin dip for 30 min before being acclimatised for 10 days in a 2000 L
recirculating fibre glass tank. Seawater was filtered to 20 µm through a biological filter
and was kept at ambient temperature (28 ◦C). The tank was kept covered so that the
lobsters only experienced dim light during daylight hours, and shelters were provided
for the animals. Lobsters were fed to satiation three times a day with a combination of
fresh green mussels (Perna viridis) and clams (Donax cuneatus). Lobsters were fasted for
24 h on day 10 prior to the start of the experiment, as wild-caught lobsters are normally
starved by live seafood exporters for at least 24 h before shipping. On day 11, preliminary
isobutanol dosage ranging trials were conducted with groups of 20 lobsters at seawater
temperatures of both 16.5 and 28 ◦C, representing the temperature of chill stunning used for
commercial lobster export and ambient seawater temperature, respectively. Lobsters were
assessed as being sufficiently anaesthetised when their appendages became immobilised,
including during subsequent handling, which would otherwise normally elicit an active
escape response [15]. A concentration of 10 ppm isobutanol was determined as the lowest
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sufficient dose to induce rapid (i.e., within 25 min) immobilisation at 16.5 ◦C and 50 ppm
at 28 ◦C.

On day 11, nine lobsters of each of the four species (P. homarus, P. versicolor, P. or-
natus and P. polyphagus) were randomly selected for the experiment. The lobsters were
closely examined, and any lobster in a pre-moult stage was excluded from the experi-
ment. Three lobsters per species were randomly assigned to one of the following three
experimental treatments:

(1) Standard chill-stunning transport: Lobsters were immersed in chilled seawater at
16.5 ◦C for 25 min and then tightly wrapped in paper and transferred to 70 × 40 × 40 cm
polystyrene boxes, which are typically used for air freight shipping of live lobsters. This is
a standard method used by live lobster exporters in Chennai, India.

(2) Chill-stunning transport with anaesthetic: Lobsters were immersed in chilled
seawater at 16.5 ◦C with 10 ppm isobutanol for 25 min and then tightly wrapped in paper
and transferred to polystyrene boxes. The concentration of 10 ppm isobutanol was based
on the results of the preliminary anaesthetic dosage ranging trials at this temperature.

(3) Ambient transport with anaesthetic: Lobsters were immersed in ambient seawater
at 28 ◦C with 50 ppm isobutanol for 25 min and then tightly wrapped in paper and
transferred to polystyrene boxes. The concentration of 50 ppm isobutanol was based on the
results of the preliminary anaesthetic dosage ranging trials at this temperature.

The three treatments were prepared simultaneously and held for 22 h, which is a
period that is typical of air freight transport times from Indian lobster processors to key
markets in Asia, such as Singapore and Hong Kong. In all treatments, two 500 mL bottles of
frozen seawater were added to the polystyrene boxes to help maintain a lower temperature
within the box. Temperature and humidity within the boxes were recorded every 60 min
with a hand-held digital combined thermistor/hygrometer probe poked through a small
hole into an internal air space in the polystyrene box. They were found to remain relatively
stable over the 22 h period, with an average temperature of 20 ◦C ± 1 S.E. and humidity
of 90% ± 5 S.E. After 22 h, the boxes were opened, and 0.5 mL of haemolymph was
extracted from the base of the fifth walking leg in each lobster with a disposable syringe
and accurately measured into a glass vial, and an aliquot of 0.5 mL of sodium oxalate
was immediately added to the haemolymph sample to prevent it from coagulating, and
the stoppered vials were vortexed briefly and immediately placed on ice. The lobsters
were returned to the acclimatisation tank and observed for 48 h for any sign or morbidity
or mortality.

2.2. Determination of Ammonia in Haemolymph

The haemolymph samples were immediately analysed in the laboratory for ammonia
using a colorimetric method, which is based on the chemical conversion of ammonia to
indophenol [39]. An aliquot of 2 mL of 80% ethanol was added to 0.4 mL of the lobster
haemolymph sample (containing 0.2 mL of haemolymph). The sample was centrifuged at
5000 rpm for 5 min. An aliquot of 1 mL of the supernatant was collected and combined with
2.5 mL of reagent A (10 g of phenol and 50 mg of sodium nitroprusside in 500 mL of distilled
water). For each haemolymph sample, a negative control or blank was run simultaneously,
which consisted of 0.8 mL of 80% ethanol, 0.2 mL of 10% sodium oxalate solution and
2.5 mL of reagent A. After 5 min, an aliquot of 2.5 mL of a solution prepared by dissolving
5 g of sodium hydroxide in 10 mL of sodium hypochlorite and diluted with 500 mL of
distilled water was added to the sample and blank tubes. After a further 5 min, the tubes
were incubated in a hot bath at 37 ◦C for 20 min and then cooled to room temperature
over 30 min before measuring their optical density at 625 nm. The optical density of
the blank was deducted from that of the sample, and the concentration of ammonia in
the haemolymph was calculated from a standard curve derived from analysing a set of
ammonia standards prepared by dissolving anhydrous ammonium chloride in distilled
water and analysing in the same manner as the haemolymph samples.



Fishes 2022, 7, 40 5 of 9

2.3. Statistical Analyses

Data for the ammonia concentrations in the haemolymph were tested to confirm nor-
mality using the Kolmogorov–Smirnov test and heterogeneity of variances using Bartlett’s
test. Means of haemolymph ammonia for the three treatments for the four lobster species
were compared with a two-way analysis of variance (ANOVA). If the ANOVA indicated
significant (p < 0.05) treatment effects, then the individual means were compared using
Tukey’s Honestly Significant Difference (HSD) test [40,41].

3. Results

All lobsters were alive after 22 h of simulated transport, and 48 h after being returned
to the water, all lobsters were active and showed no obvious signs of morbidity, such as
lethargy or a disinterest in feeding. There were significant differences in the ammonia
concentration of the haemolymph taken from the lobsters subjected to the three treatments
(F2, 24 = 134.39, p < 0.0001) and among the four lobster species (F3, 24 = 134.4, p < 0.0001)
(Figure 1). Tukey’s HSD comparisons showed that, for all four lobster species, the lob-
sters treated with 50 ppm isobutanol in seawater at ambient temperature had significantly
lower haemolymph ammonia than chill-stunned lobsters (p < 0.05) or chill-stunned lob-
sters treated with 10 ppm isobutanol (p < 0.05). The mean haemolymph ammonia was
between 35 and 55% less in lobsters treated with 50 ppm isobutanol in seawater at am-
bient temperature compared to the other two treatments among all four lobster species.
Panulirus ornatus, which were chill stunned and treated with isobutanol, also had signifi-
cantly lower haemolymph ammonia than lobsters that were only chill stunned (p < 0.05).
However, for the other three species of lobster, there was no significant difference in the
production of haemolymph ammonia in the chill-stunned lobsters or the chill-stunned and
isobutanol-treated lobsters (Figure 1).
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Figure 1. Mean haemolymph ammonia (±S.D.) for four species of tropical spiny lobsters after
being subjected to three simulated live shipping treatments over 22 h; (1) chill stunned in 16.5 ◦C
seawater, (2) chill stunned and 10 ppm isobutanol and (3) 50 ppm seawater with isobutanol at
ambient temperature (28 ◦C) (n = 3 per species per treatment). Different superscript letters represent
significant differences (p < 0.05) between the treatments within a species.
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4. Discussion

Although all lobsters from the three treatments survived the 22 h of simulated ship-
ping, the anaesthetic treatment of the four species of tropical spiny lobsters in ambient
seawater (i.e., 28 ◦C) with 50 ppm isobutanol consistently reduced the haemolymph am-
monia concentrations compared to chill stunning, or the combination of chill stunning
and 10 ppm isobutanol. The mean haemolymph ammonia concentrations in the four
species of lobsters treated with isobutanol and subjected to simulated live transport were
between one-third and one-half less than the mean haemolymph ammonia concentrations
of chill-stunned lobsters, which is the current method presently used by exporters of live
lobsters from India. However, at the conclusion of the simulated shipment, all lobsters
had elevated haemolymph ammonia concentrations, which are otherwise typically around
0.5–2 mmol L−1 in spiny lobsters under ambient conditions [21,28,42,43], which is slightly
higher than for most reports from other decapod crustaceans [44] (Figure 1). Elevated
haemolymph ammonia concentrations in lobsters are the result of periods of emersion, with
much higher levels than those observed in this study being able to be tolerated without
mortality in spiny lobsters. For example, 24 h of emersion in chill-stunned southern red
rock lobster caused haemolymph ammonia levels to increase to over 16 mmol L−1, but
the levels recovered to within the normal range by 12 h after the lobsters were returned to
seawater [43]. Likewise, in the temperate Japanese spiny lobster P. japonicus, haemolymph
ammonia levels increased to 39 mmol L−1 after chill stunning to 5 ◦C and simulated live
transport for 48 h with 100% survival [21]. Even higher levels of haemolymph ammonia
(i.e., 57 mmol L−1) were recorded in Japanese spiny lobsters that were chill stunned to 15 ◦C
and subjected to simulated live transport for 48 h, but these lobsters experienced nearly
20% mortality. The only previous study investigating emersion in tropical spiny lobsters,
P. argus, found that haemolymph ammonia levels doubled in 2 h from 0.42 to 0.8 mmol L−1

and rapidly returned to normal after re-immersion in seawater [28]. While the toxicity
of accumulated ammonia is thought to be a primary cause of morbidity and mortality in
the transport of live crustaceans, the overall physiological shift from aerobic homeostasis
in emersed crustaceans is multifactorial [10,12,15]. While it would have been possible to
run further biochemical assays on biochemical indicators from the haemolymph in this
study (e.g., lactic acid and glucose), this would have required the removal of a greater
volume of the haemolymph from the lobsters, potentially compromising their subsequent
survival. This is an opportunity for future research, particularly as the anaesthetic may have
differential effects on physiological pathways, which may be revealed through monitoring
a variety of biochemical indicators in the haemolymph.

There has been little previous research on the use of isobutanol as an anaesthetic for
crustaceans. Isobutanol was found to be an effective anaesthetic for H. americanus, with
concentrations of 500–14,400 ppm applied at an ambient temperature of 10 ◦C inducing
anaesthesia rapidly in lobsters in as little as 1 min, with no detectable adverse effects for
anaesthetised lobsters after they were emersed for an hour and allowed to recover for up
to several hours [36]. These were much higher doses of isobutanol than those used in the
current study, suggesting that there is the potential to apply higher doses to these tropical
lobster species to extend metabolic suppression during live transport with a low risk of
overdose. For example, the current results indicate that, while lobsters treated with 50 ppm
isobutanol at 28 ◦C consistently had lower haemolymph ammonia after 22 h of emersion,
three lobster species dosed with 10 ppm together with chill stunning mostly showed no dif-
ference in ammonia levels to lobsters in the chill-stunning-only treatment. Panulirus ornatus
was the only species to show a small but significant reduction in haemolymph ammonia
when treated with chill stunning together with 10 ppm isobutanol, suggesting that this
species may be more sensitive to isobutanol than the other three species tested. It is also
possible that the efficacy of isobutanol increases with a rise in the temperature, as the
anaesthetic potency of many aquatic anaesthetics is affected by temperature [29,45]. For
example, the potency of ethanol on the crustacean Daphnia magna increases markedly with
water temperatures between 5 and 30 ◦C [45].
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While only 10 ppm isobutanol was required to produce an anaesthetic effect when
used in combination with chill stunning in seawater of 16.5 ◦C in this study, it is likely
that the majority of the observed effects on the lobsters were due to the temperature,
which is considered to be around the lower thermal limit for tropical lobster species.
However, the physiological effects of lowered temperatures on tropical lobsters are not
well described, and it is possible that, while the chill stunning of tropical lobsters may
suppress physical activity and stress during handling whilst packing and live shipping,
it may result in delayed physiological impacts caused by acute thermal stress. Delayed
physiological effects from chill stunning have previously been identified as an issue for the
live shipping of spiny lobsters from temperate waters [14,34,46]. The cost of physiological
recovery from acute thermal stress could be another possible explanation for the general
trend of higher ammonia levels recorded in the haemolymph of lobsters exposed to chill-
stunning treatments in this current study. Further investigation is required to ascertain
the physiological effects and practical advantages of using manipulated temperatures in
the live transport of lobsters. Likewise, given the promising results of this preliminary
study, further research is necessary to determine the optimal concentrations of isobutanol
required for different lobster species and for different combinations of temperature and
transport duration.

5. Conclusions

In summary, the results of this study indicate that treatment with 50 ppm isobu-
tanol at ambient temperatures significantly lowers metabolic stress as measured by the
haemolymph ammonia levels of tropical spiny lobster species subjected to live transporta-
tion methods compared to the currently employed method of chill stunning used in India.
An effective, non-toxic anaesthetic for crustaceans would greatly benefit the live transport
industry, reducing the stress and mortality of animals during the transport procedure.
Economic losses due to mortality during live transport are estimated to be well over USD
1 million per annum for the Indian live lobster export industry. Isobutanol is currently
accepted by the U.S. Food and Drug Authority as a food additive, which is commonly used
for flavouring [37], and shows good potential to be used as an anaesthetic for crustaceans,
especially spiny lobsters, during live transport. Further research is warranted to more
precisely determine the appropriate dosage and treatment protocol for the use of isobutanol
in live lobster shipment, either alone or in combination with temperature manipulation,
and to determine if there are any resulting organoleptic changes in lobsters resulting from
the use of this food flavouring additive.
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